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Abstract

Due to the integration of modern technology such as electric vehicles, the emphasis is expected
to shift from mechanical to electric power. Therefore, the need of increasing the power trans-
mission capacity of the electric grid gets highlighted. Since, the construction of transmission
lines is a tedious task owing to legalities, environmental impacts and high costs, the series
compensated transmission lines are gaining popularity due to lesser costs and faster construc-
tion time. The series capacitor compensated transmission lines are very crucial lines due to the
greater power being transmitted through them. Therefore, an accurate fault location becomes
a prerequisite for limiting the loss of revenue and power continuity. However, fault location in
series capacitor compensated transmission lines face multifaceted challenges due to the variety
of factors including but not limited to the presence of sub-synchronous frequency components
in the measured signals, interdependence of the fault current level and operation of series ca-
pacitor protection unit, presence of non-linear element, i.e., metal-oxide varistor as a part of
series capacitor protection unit and dependence of the existing fault location algorithms on
zero-sequence parameters of the series capacitor compensated transmission line which cannot
be estimated accurately. In this thesis, the task of fault location in series capacitor compen-
sated transmission lines has been explored in detail covering the entire spectrum of challenges
starting from signal processing to how to obtain the fault location value with the least amount
of uncertainty.

In this thesis, firstly a phasor estimation technique called the Enhanced Prony-DFT based
on analysis in discrete-time domain has been proposed which identifies and completely re-
moves the transients present in the measured signal, thus yielding highly consistent and ac-
curate phasors. Fault location in series compensated transmission line is used as metric for
the verification of the accuracy of estimated phasors. Thereafter, the focus is shifted towards
the fault location algorithms for series compensated transmission lines. All the studies found
in literature have considered the location of series capacitor in the middle of the transmission
line. Therefore, secondly the configuration of series compensated line when series capacitor
is located at one of its ends is also studied. It is discovered that the well-known fault location
algorithms for series compensated transmission lines yield significantly higher errors when the
series capacitor is located at the end of a transmission line. Therefore, rendering the already
existing fault location algorithms useless for practical applications. Thirdly, the impact of
series capacitor protection unit on fault location has been investigated which leads to a signifi-
cant observation that MOV may get bypassed before the interruption of the fault for numerous
fault scenarios. Therefore, a new complimentary fault location technique is proposed which
provides more precise and accurate fault location results for the fault scenarios where MOV
gets bypassed before fault interruption. The proposed complimentary technique is relatively
more immune to the adverse effects of measurement errors and errors in the estimation of zero
sequence components as compared to the existing techniques.

Keywords: Fault Location, Phasor Estimation, Series Compensation, Sub-synchronous
Frequency Components.
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Chapter 1

Introduction

The growing use of modern technology has caused society’s dependence on electrical power
to expand rapidly, and consequentially it has led to the ever increasing electrical power de-
mand. In order to meet the demand, newer generation plants including conventional and non-
conventional power plants have already or have been proposed to be built. However, con-
struction of power plants has little significance if there is no transmission capacity available to
transport the power from generation centers to load centers. Therefore, bigger corridors of bulk
power transmission, i.e., transmission lines are needed for connecting newer generating power
stations to load centers. Transmission lines are the largest components of a power system
which stretch out over large distances passing through various geographical and environmental
backgrounds. Therefore, the construction of newer transmission lines is a tedious task owing to
laws, environmental impacts, and prohibitive capital requirements. Therefore, the need arises
to explore the various avenues for enhancing the power transfer capacity of the transmission

lines. The power transfer capacity of a transmission line is given by (I.1),

_ Vs |VEl

P= ind (1.1)
| X

where, Vs is the sending end voltage; Vi is the receiving end voltage; X; is the transmission

line reactance, and ¢ is the power angle as shown in Figure The power transfer capacity
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V526 Vg 20
X, |

Figure 1.1: Simplified representation of a conventional transmission line

of the transmission line cannot be increased significantly by elevating the voltage levels as it
could result in the failure of the insulators while excessive increase in 6 compromises the steady
state as well as the transient stability of the power system. However, knowing the fact that X;
is inductive in nature, X; can be reduced, as shown in Figure by installing a capacitor in
series with the transmission line in order to compensate the inductive voltage drop across the
transmission line. The degree of capacitive compensation that can be put in a transmission
line varies from 20% to 70%. Such transmission lines have been referred to as series capacitor
compensated transmission lines (SCCTLs) in this thesis.

Since the inclusion of series capacitor compensates the inductive reactance of the line, the

expression for power being transfered across a SCCTL becomes as represented in (I.2)),

_|Vs| V&l

= SR Sine (1.2)
|X; — Xcl

where, X¢ is the reactance of the series capacitor. Since the denominator of the (I.2)) is smaller

than that of (1.1J), it results in a higher power transfer for the same value of Vg, Vi, and 9.

1.1 Series Capacitor Compensated Transmission Line

Different types of series compensation devices such as fixed series capacitor (FSC) and thyris-

tor controlled series capacitor (TCSC) are available for increasing the power transfer capability
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Figure 1.2: Simplified representation of a SCCTL

of a transmission line. TCSC provides variable series compensation which also provides dy-
namic power flow control, dampens the inter-area oscillations, and suppresses sub-synchronous
resonance (SSR) [1]. However, if the above-mentioned controls are not of primary concern,
FSC could be a more economical solution. Consequentially, series compensation using a fixed
capacitor has gained popularity as it enhances the power transferred across a transmission line
[3]-[4] with relatively less capital investment than to construct a new transmission line. Se-
ries capacitors also improve the steady state as well as transient stability of the power system
[5]. The testament to the wide popularity of SCCTLs can be established from Figure [1.3]
which shows the large number of SCCTLs present in the Hydro Quebec network. It could be
noted here that installation of a series capacitor in a transmission line could potentially result
in sub-synchronous resonance (SSR) if the predominant way of power generation is through
turbo-alternators. Since the main source of power generation in Hydro Quebec network is
through hydro-generators, the problem of SSR does not arise. Recently, two SCCTLs have
been employed in Hydro One network in Ontario in the two single-circuit transmission lines

between Hanmer at Sudbury and Essa at Barrie [S].

1.2 Series Capacitor Protection Unit

Since the voltage drop across series capacitor is directly proportional to the current flowing

through it, the need arises to protect the series capacitor against the over-voltages due to heavy
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line loading conditions or faults in the system. Thus, in order to limit the voltage drop across
series capacitor during a fault, a sophisticated protection system including metal oxide varistor
(MOV), spark-gap and a bypass switch controlled by a digital protection and control system is
employed [6] which is called series capacitor protection unit (SCPU) in this thesis while SCPU

along with the series capacitor is referred to as series capacitor unit (SCU).

The most general form of SCPU is shown in the Figure It consists of MOV, spark gap,
bypass switch controlled by a dedicated protection and control system [6]. However, SCPU
can be broadly categorized into three categories as follows: 1- Spark gap only configuration,
2- Gapless or MOV only scheme, 3- MOV-spark gap configuration. In the spark gap scheme
of SCPU, there is no MOV while in MOV only scheme there is no spark gap present in SCPU.
The MOV-spark gap scheme as shown in Figure |1.4]includes both, MOV and spark gap.

The spark gap only configuration has been used in the older installations of SCPU. During
the fault event if the voltage across SCU exceeds the protective level, spark gap operates im-
mediately. However, with the advancement of technology, MOV based SCPU configurations

have replaced the spark gap only schemes. In the case of MOV based configurations of SCPU,
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the protection of SCU is achieved by the partial conduction of fault current by MOV when
the voltage across SCU reaches a predetermined level. In this way, MOV conduction limits
the current flowing through series capacitor as well as the voltage drop across SCU at a safe
level. However, MOV starts dissipating energy during the process of fault current conduction,
resulting in the heating of MOV. If the energy dissipated by MOV reaches the predetermined
threshold, MOV is immediately bypassed. MOV is also set to be bypassed if the fault current
encountered is excessively high and greater than the bypass current threshold of MOV, thereby
avoiding the unnecessary heating of MOV. The way this bypassing operation of MOV is done
serves as the main distinction between MOV-spark gap and gapless scheme configuration of
SCPU. The bypassing of MOV is achieved either by an ignition of spark gap in MOV-spark gap
configuration or by the closing of bypass switch in gapless configuration of SCPU. However,
bypass switch operates with a time delay of around two-three cycles of fundamental frequency
as compared to only about 1-4 ms for spark gap. Therefore, this longer operating time of by-
pass switch translates into higher MOV energy dissipation requirements in the gapless scheme

['7].

1.3 The Importance of Fault Location in SCCTLs

The high power transfer capacity of SCCTLs makes them critical lines from the perspective of
profitable operation of a power system. Though fault in a transmission line is a rare event, but
it tends to be very severe whenever it occurs. Its severity is even higher in the case of a SC-
CTL. The line protection system of the faulted SCCTL clears the fault by isolating the faulted
transmission line from the power system. The amount of lost revenue due to the tripping of a
transmission line is proportional to the time it remains out of service. Therefore, tripping of
a SCCTL would result in higher revenue losses due to greater loss of the power to be trans-
mitted. For the quick restoration of the service, precise location of the fault is needed. Visual

scanning of the transmission line for the location of fault is not feasible due to the sheer size
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of the line. Hence, the mechanism of fault location is needed based on the voltage and current
measurements to accurately estimate the location of a fault, thereby greatly improving the time

required by maintenance crew to put line back into service.

1.4 Fault Location Algorithms

Fault locations algorithms utilize the measured voltage and current at the terminals to yield the
fault location. Fault location algorithms can be classified in number of ways. Depending on the
domain in which the calculations are being performed, the fault locations can be categorized
as time-based and phasor-based algorithms. They can also be classified into one-teminal or
two-terminal fault location algorithms depending on whether it utilizes the measurements from
one or both terminals of the transmission line. For two-terminal fault location algorithms, they
can further be classified into synchronized or non-synchronized algorithms, relying upon the

synchronization of the measurements obtained from both ends.

1.4.1 Time-based or Phasor-based Fault Location Algorithm

Various instantaneous-time-based or differential-equation-based fault location algorithms have
been proposed in (8], [9], [10] and [11]. Such algorithms are based on solution to the trans-
mission line differential equations obtained using instantaneous values of the measured current
and voltage signals in time domain, making them sensitive to the noise and harmonics present
in the measured signal. Time-based algorithms are also sensitive to current transformer (CT)
and capacitor voltage transformer (CVT) errors or any other unseen sources of error which
hinders the faithful representation of the primary signal at the secondary side of the instrument
transformer.

Phasor-based fault location algorithms, on the other hand, utilize the estimated phasors
from the measured signals. The phasor estimation algorithms such as Discrete Fourier Trans-

form (DFT) are able to attenuate noise and completely eradicate integer harmonics, thereby,
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Figure 1.5: Schematic: Single-terminal Fault Location

making phasor based fault location, immune to the noise and integer harmonics in the mea-
sured signal. Phasor-based fault location algorithms have been applied successfully to the

conventional transmission lines [[12], [[13]].

1.4.2 Single-terminal or Two-terminal Fault Location Algorithm

The single-terminal fault location algorithms can be found in older protection system, and less
critical lines where no communication link is available between the two ends of the transmis-
sion line. Single-terminal fault location algorithms use the signals from only one end of the
transmission line as shown in Figure [I.5] to estimate the seen impedance and corresponding
fault location, very similar to a distance relay. Like a distance relay, single-terminal algorithms
are also prone to errors for high impedance faults as can be justified from (1.3) where, the
current fed from the other terminal of the transmission line impacts the fault location algorithm

through term (/7) as follow.

.V Re(ls +1
d=2 = g Rt (1.3)
ZIS — ZIS

i
where, Vg and I are the sending end voltage and current, respectively; Vi and I are the
receiving end voltage and current, respectively; d is the actual fault location; d is the estimated

fault location; Ry is the fault impedance and Z is the impedance of the entire line. Since, Ry is
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Figure 1.6: Schematic: Two-terminal Fault Location

unknown, the effect of term (/1) on fault location result cannot be estimated.

It should be noted here that for the sake of simplicity in explaining the concept of single
and two-terminal fault location algorithms, series RL model of the transmission line is used,

and the mutual coupling between the phases is also ignored.

For the transmission lines where a communication system is available as depicted in Figure
two-terminal fault location algorithms are used invariably. In the case of two-terminal fault
location algorithms, two equations can be written using the measured signals from both ends of
the transmission line. In this way, the term containing fault impedance (Rr) can be completely
removed from the fault location equation as shown in @); thus, eradicating the effect of fault
impedance on the fault location result. In this way, the two-terminal fault location algorithm

overcomes the limitations of the single-terminal algorithm.

. Vs=Ve+IxZ

¢ =d= Iz (14

It should be noted here that the RL model of the transmission line has been used in the above
elaboration only due to its simplicity. However, in order to make fault location more accurate,

more precise model of transmission lines is utilized.
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Figure 1.7: Fault Location in SCCTLs: MOV model based

1.4.3 Synchronised or non-Synchronised

In two-terminal fault location algorithms, it is important for measurements from both the ends
of the line to correspond to the same time-instant. If the measurements have already been
synchronized, the fault location algorithm can be applied directly. However, if the measure-
ments have not been synchronized, then the measurements can be synchronized using pre-fault

measured data [[14].

1.5 Fault Location Algorithms for SCCTLs

In the presented thesis, only phasor-based, two-terminal algorithms have been discussed due
to their higher accuracy and robustness, as already mentioned in the Section The fault
location in SCCTLs becomes more complex because of the presence of MOV as a part of
SCPU. Now, due to the non linearity of MOV, the voltage drop across the MOV cannot be
estimated accurately. Therefore, leaving the fault location algorithms for SCCTLs with two
options, i.e., either to use the fault current dependent model of the MOV or to consider the
natural fault loops of the system under fault. Ruling out one option comes with the compulsion
of using the other. In [[15] and [[16]], attempt has been made to predetermine V-I characteristics
of MOV using its model in ATP-EMTP simulations for fundamental frequency which can then
be used for fault location as shown in Figure However, V-1 characteristics of MOV can

vary for different manufacturers, ambient temperature, and aging of MOV. Therefore, such
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Figure 1.8: Schematic diagram of a faulted transmission line

algorithms would be very project specific and are subject to errors since various factors that

affect MOV vary.

In [14]], authors have avoided the use of MOV model in the fault location algorithm;
therefore, consideration of natural fault loops becomes a necessity, forcing the usage of zero-
sequence parameters. The fault location algorithm proposed in [[14] is being used for the pur-
pose of analysis in Chapter [3]and 4] A brief description of the algorithm is presented here for
understanding the underlying principle, ignoring the mutual coupling among the phases and
using the RL model of the transmission line. The detailed examination of the proposed fault
location algorithm is presented in Chapter 3| The total fault current (/) and fault loop voltage
(V) for any fault in a transmission line are given by (1.5) and (1.6), respectively. It should be
noted that in this section, equations are written only for the faults lying in the section of the
transmission line in between SCU and receiving end (Bus2) called Subroutine 1. For the faults
lying in the section of transmission line between sending end bus (Bus1) and SCU, equations

can be written analogously called Subroutine 2.

Ir =1 + Iy (15)

Ve=Ve—(-d)1-m)Z Iy (1.6)

where, Vg and Ig are the sending end voltage and current, respectively; Vi and Iy are the

receiving end voltage and current, respectively; Z is the total impedance of the line; / is the
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length of the transmission line, d is the p.u. distance of the fault from SCU; m is the p.u.
distance of the location of SCU from the sending end bus (Bus 1).

The fault loop equation, i.e., can now be solved for fault location (d) and fault re-
sistance (Rp) by separating real and imaginary parts, assuming that all the faults are purely
resistive in nature [[14], [116].

Vr(d) — Rplp(d) = 0 (1.7)

The methodology of solving (1.7), by separating it into real and imaginary parts under the
assumption that faults in a transmission lines are purely resistive in nature, makes the proposed
algorithm essentially an argument comparison algorithm of the analytically estimated fault

loop voltage and current as demonstrated later in the Chapter [3]

1.6 Challenges and Motivations

1.6.1 Phasor Estimation

Any SCCTL is essentially an under-damped RLC circuit owing to the presence of line induc-
tance, series capacitor and small line resistance. Any fault in the power system acts as distur-
bance and triggers the transients which comprises of noise, harmonics, decaying DC (DDC)

along with sub-synchronous frequency components (SSFC). The frequency of the oscillation

is given by (/1.8])
Xc

fo:ﬁl XL+XS

(1.8)

where, f, is the sub-synchronous frequency component; X is the reactance of the series ca-

pacitor; Xs is the inductive reactance of the source; X; is the inductive reactance of the line.

In order to obtain accurate phasors and, therefore, fault location, it is important for a phasor
estimation technique to attenuate the transients significantly including SSFCs. Many tech-

niques can be found in literature for filtering out DDC [17] ,[18]], [19], [20]; however, very
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Figure 1.10: Oscillations: Estimated Phasor and Fault location

limited research has been reported regarding the attenuation of SSFCs. Figure [1.9] shows the
frequency response of real and imaginary filters of DFT. Now, examining Figure [1.9] it can
be observed that both real and imaginary filters are not able to attenuate SSFCs considerably.
Therefore, leading to the oscillatory and erroneous phasor estimation as observed in the previ-
ous section. Figure shows phasor estimation and fault location for AG fault at 80% of line
length in a SCCTL obtained from simulation in PSCAD and Matlab. It can be clearly observed
that the oscillations in the phasor estimation are further reflected in the fault location results.
Various phasor estimation techniques have been proposed in literature to deal with SSFCs. In
[22], it has been proposed to use reiterative short-window-DFT for estimating and eliminat-
ing SSFCs and DDCs from the measured signals. However, the proposed technique assumes
that the measured signal would either contain a SSFC or a DDC for a given fault scenario for
thyristor controlled series capacitor (TCSC) compensated transmission lines. However, it may
not be true for fixed capacitor compensated transmission lines as PSCAD simulations justify
that transients consisting of both SSFCs and DDCs are injected into the system at the incidence
of the fault. Moreover, the accuracy of the proposed technique in [22]] depends upon signal to
noise ratio (SNR). Similarly, a Fourier filter algorithm has been proposed in [23]] based on the

assumption that the transients found in the measured signals of the SCCTLs after the fault in-
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cidence consist either of three DDCs or one SSFC and one DDC. Again, this assumption may
not hold for all the system configurations and fault types. Moreover, both above techniques
are based on differentiation of the measured signals which makes them sensitive to the higher
noise level.

To overcome these problems, a long window offline phasor estimation technique has re-
cently been proposed in [24]] which has been referred to as Prony-DFT. The Prony-DFT in-
volves estimating the transients present in the measured signals through Prony analysis and
eradicating the transients from the measured signals to get a clean transient free waveform.
However, Prony analysis is applied to the averaged measured signals rather than the actual sig-
nal because the Prony analysis is sensitive to noise and averaging of the signals removes the
noise from the signal. Moreover, averaging also reduces the order of the signal by removing
the fundamental frequency and its integer harmonics from the signal. The transients identified
from the averaged signal are, thereafter, linked to the transients present in the actual measured
signal using the equations derived in [24]. However, the mathematical analysis that leads to
the derivation of these equations has been performed in continuous time domain while the im-
plementation of the algorithm is carried out in discrete time domain. This makes the proposed
technique in [24] vulnerable to the error of discretization. In order to limit the adverse impacts
of the error of discretization, a dedicated averaging filter has been proposed in [24]. Neverthe-
less, the proposed technique still depends upon the high sampling frequency of the measured

signal for its accuracy.

1.6.2 Fault Location Algorithm

The most promising phasor-based fault location algorithm for SCCTLs is proposed in [14]
which avoids the use of MOV model, therefore, making the use of natural fault loops imperative
[25]]. However, the proposed fault location has some shortcomings which are discussed in this

section.

1. A study has been done in [14]], when SCU is located in the middle of a SCCTL as shown
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Figure 1.11: Location of SCU in a SCCTL with SCU lying (a) middle of the line (b) at the line
end
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in Figure [I.T[(a). Although, the ’SCU in the middle’ arrangement seems to be more
general and the equations are more complex, including two subroutines and selection
algorithm. However, as shown in Chapter [2] the algorithm shows undesired sensitivity
when SCU is located at one of the ends of a transmission line as depicted in Figure
[[.TT[(b). Also, when the SCU is located in the middle, all faults that occur in transmission
line always lie at least 50% of the line length away from the bus that sees the same fault
current as the SCU. However, when the SCU is located on the side of a line, the faults
close to the SCU would result in higher involvement of MOV in the system, which affects

the accuracy of the fault location algorithm as demonstrated in Chapter

2. The proposed algorithm in [[14]] uses the natural fault loops for fault location which neces-
sitates the use of zero-sequence parameters of the transmission line for the ground faults,
which are the most common faults in a transmission line. The zero-sequence parame-
ters of the transmission lines are highly dependent on the soil resistivity which further
depends on the continuously varying weather conditions, such as temperature, precip-
itation, and in particular moisture content of the soil. thus, ambiguity always remains
about the accuracy of the estimated zero-sequence parameters. Moreover, the proposed
algorithm involves argument comparison of the analytically calculated fault voltage and
current using line end CT and CVT measurements [25]. CT and CVT errors may make
the proposed algorithm to be prone to errors when gradient of the argument of voltage
along the faulted section of the transmission line is very small. No evaluation was car-
ried out in [14] regarding the effects of zero-sequence parameters error and CT and CVT

errors on the performance of the proposed fault location algorithm.

3. All the proposed fault location algorithms found in the literature do not take into account
the status of MOV in the power circuit, i.e., it is assumed that MOV is always in the power
circuit during the entire duration of the fault. However, there is a possibility as discussed

in Chapter 4| that MOV may get bypassed before the fault gets cleared. Bypassing of



18 CHAPTER 1. INTRODUCTION

MOV of the faulted phases before fault isolation actually opens a window of opportunity
for developing a new complimentary fault technique, which could enhance the accuracy

of the fault location in SCCTLs.

1.7 Research Objectives

1.7.1 Phasor Estimation

1. In this thesis, it is intended to develop an enhanced Prony-DFT method, so as to over-
come the “mis-match” between the mathematical analysis and derivation of equations
carried out in continuous time domain while the implementation being done in the dis-
crete time domain as presented in [24]. The equations, relating the parameters of the
transients present in the average signal as obtained by Prony analysis to the parame-
ters of the actual transient components, would be derived in the discrete time domain.
Therefore, the proposed technique becomes immune to the error of discretization. This
thesis is also aimed at replacing the special averaging filter as proposed in [24], with a
conventional averaging filter. The performance of the new enhanced approach would be
evaluated through simulations in PSCAD and compared to the already existing Prony-

DFT and 4-cycle DFT technique.

2. Prony-DFT is an off-line complex phasor estimation technique which requires long data
window of 3-4 cycles. It is intended to study the fault location based on conventional

and online phasor estimation techniques.

1.7.2 Fault Location

A comprehensive analysis of the established fault location algorithm proposed in [[14] in lieu

of the following factors is carried out in this thesis:

1. Location of SCU in the transmission line:
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In order to expand the scope of fault scenarios, the SCU is moved from the middle of
the transmission line to one of its ends. The proposed fault location algorithm in [[14]
is then studied for the effects of SCU location in a SCCTL on the fault location results.

The detailed description and prognosis of the resulting errors are presented in Chapter 3]

2. Preposition of a new complimentary fault location algorithm for SCCTLs:
It is intended to develop a new complimentary fault location algorithm which gives a
better performance than the well known fault location algorithm presented in [14] for the

cases when MOV in the faulted phase(s) gets bypassed within the fault period.

1.8 Thesis Outline

This thesis is organized in to five chapters:

In the first chapter, an introduction to the research is presented along with the importance
of the research to the area of fault location in SCCTLs. In the second chapter, an offline
phasor estimation technique with special focus on the phasor based fault location in SCCTLs
is discussed. An enhanced approach to the already existing technique is also presented. In the
later part of the Chapter 2, the fault location obtained through conventional phasor estimation
techniques is discussed. The enhanced approach proposed in Chapter 2, is compared with the
existing technique and 4-cycle DFT through simulations in PSCAD and Matlab.

In Chapter 3, a well-known fault location algorithm is analyzed for the different locations
of SCU in a transmission line as all the previous studies have limited their focus to the configu-
ration when SCU is located in the middle of transmission line. The effects of interdependence
of magnitude of fault current and SCPU operation on the fault location results in a SCCTL,
are also presented in Chapter 3. The study performed is supported by PSCAD and Matlab
simulations.

In Chapter 4, a complimentary fault location algorithm for SCCTLs is presented which

improves the accuracy of the fault location results in the SCCTLs. The significance of the
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complimentary technique has been elaborated through simulations in PSCAD and Matlab. The
Chapter 5, summarizes the complete research work. Contributions and conclusion of the re-

search work are presented. This chapter also discusses the scope for future research prospects.

1.9 Summary

An introduction to the field of fault location in SCCTLs and the importance of the research
conducted in this thesis was presented in this chapter. Then the various issues and existing
proposed solutions associated with area of fault location in SCCTLs were discussed. Key
contributions of the research work were highlighted. The research objectives and a detailed

outline of the organization of the thesis was also provided in this chapter.



Chapter 2

Enhanced Prony-DFT for Fault Location

in Series Compensated Lines

2.1 Introduction

This chapter aims to explore and address the issues of oscillatory and imperfect phasor esti-
mation of the measured signals in series capacitor compensated transmission lines (SCCTLs),
with particular attention focused towards fault location. It has already been discussed in Section
[1.6.1] that the attenuation of sub-synchronous frequency components (SSFCs), present in the
measured signals of SCCTL, poses significant challenges for conventional phasor estimation
algorithms used in protective relays. The techniques presented in [23]] and [22] focus on the
online attenuation of SSFCs. However, the scope of the proposed techniques remains limited as
they are applicable to certain types and conditions of series compensated lines. Moreover, the
techniques presented in [23]] and [22] are based on the differentiation of the measured signals
which makes them sensitive to the presence of noise in the signals. In this regard, a new of-
fline technique, i.e, Prony-DFT has recently been presented in [24], where an attempt has been
made to identify the parameters of the transients present in the measured signals using Prony

analysis. Thereafter, the transient signal is regenerated and subtracted from the actual signal,

21
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yielding a clear signal which contains only fundamental frequency and its integer harmonics.
Phasors for the measured signal are then obtained by applying DFT to the resulting clear sig-
nal. Brief introduction to the methodology of the proposed technique of [24]] referred to as
Traditional-Prony-DFT is presented in this chapter. The area where Traditional-Prony-DFT
might show susceptibility to the error has been identified and addressed through the preposi-
tion of Enhanced-Prony-DFT. The performance of the Enhanced-Prony-DFT is then compared
with the Traditional-Prony-DFT and 4-cycle DFT through simulations carried out in PSCAD
and Matlab, covering comprehensive fault scenarios. As proposed in [24], capacitor voltage
transformer (CVT) is assumed to be present on the line side of SCU, so as to enable the use of
the well known fault location algorithm proposed in [12]].

Prony analysis forms the basis of Prony-DFT and Prony analysis needs 3-4 cycles of fault
data to provide accurate phasors. However, as discussed later in the Chapter [3|and ] such long
window of data may not be always available due to the operation of series capacitor protection
unit (SCPU). Therefore, fault location results obtained using the phasors estimated through
conventional phasor estimation techniques such as the Cosine algorithm, have been studied in
this chapter.

In this chapter, the Tradtional-Prony-DFT is explained briefly in Section [2.2] covering the
underlying concept, implementation and areas of further improvements. Enhanced approach to
Prony-DFT is presented in Section [2.4| which is validated through fault location analysis carried
out in PSCAD and Matlab in Section [2.5] The comparison of the Enhanced-Prony-DFT with
existing Prony-DFT is also given in Section The behavior of the fault location obtained

using phasors estimated by Cosine algorithm is explored in Section

2.2 Traditional-Prony-DFT

It is proposed in [24] that due to the sensitivity of Prony analysis to noise, the direct use of

Prony method to analyze fault current and voltage of a series capacitor compensated transmis-



2.2. TRADITIONAL-PRONY-DFT 23

sion line (SCCTLs) results in a considerable error. Therefore, a new Prony-DFT technique
is proposed in [24] which first uses an averaging digital filter to attenuate the noise, remove
the fundamental component and its harmonics from the measured fault current/voltage signal.
Then, Prony analysis is applied to the averaged transient signal to identify the most accurate
parameters of the transients present in the signal, by using the curve-fitting. The parameters of
the original transient signal are then estimated from averaged parameters by using the mathe-
matical relationship derived in the next section. After identifying the parameters, the original
transient signals is re-constructed. The reconstructed transient signal is then subtracted from
the original fault signal to obtain the fundamental signal. This fundamental signal is then fed

to 1-cycle DFT to estimate phasors.

2.2.1 Mathematical Analysis

The mathematical analysis that form the basis of Traditional-Prony-DFT as given in [24] has
been presented in this section.

In case of SCCTLs, fault current or voltage can be represented as a combination of fun-
damental frequency component (I), its integer harmonics (II), transient frequency components
including SSFCs, DDCs and non-integer harmonics (II), and noise as denoted by (2.1)). It is

important to note here that f;° is 0 in case of DDCs.

L M
i(f) = AjcosQRrfit + 1) + Z Arcos(k2nfit + ¢p) + Z Brewcosnfit + ¢°) +noise  (2.1)

I k=2 r=1

II 111

where

L is the total number of fundamental and its integer harmonics; M is total number of transient
components; A; and ¢, are magnitude and angle of the k" harmonic component, respectively;
k=1 represents the fundamental frequency component; f; is the fundamental frequency; B,, 7,,

. . h .
<, and ¢’ are magnitude, time constant, frequency, and angle of the r” transient frequency
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component, respectively.

The measured signal, i.e., i(7) is passed through a moving average filter to obtain i,,,(f) as
defined in (2.2). To simplify the use of Prony analysis, it is assumed that the first sample of
iave(?) belongs to t=0 rather than t=T. Hence, is defined from ¢ = t to ¢t + T instead of

t" =t — T to t to compensate the time reference shift in the Prony analysis.

1 t+T
lavg(1) = Tj; i(t") dt’ (2.2)

It is a known fact that the average value of the fundamental and its harmonic components
over the period of fundamental frequency component (T) is zero. In addition, averaging signif-
icantly attenuates the noise present in the measured signal. Therefore, we can rewrite (2.2 by

only considering the term (III) as below.

1 +7 L ,
() = f D Bietrcosufit +¢) dr (2.3)
t r=1

Integration by part theorem is employed to determine the analytical form of (2.3) which can be
rewritten as in (2.4) [26].

L
iwg(1) = )" ByeTrcos(2nfit + ) (2.4)
r=1

where

o )
B ==(B—2 — x2+12 (2.5)
T 1 + (1.2nf%)?

i Y,
$s = ¢F — arg(X, + jY,) = ¢ — tan™" ()7) (2.6)
X, = 1,.2nf e cosQufT) — .21 f* — e sinQnf*T) 2.7)
Y, = encosQafiT) + t,.2nf e sin2n fiT) — 1 (2.8)

It may be noted from (2.4) that the extracted signal through averaging filter, i.e., is,(?),
preserves its oscillation frequencies and time constants. However, the magnitudes and phase

angles undergo a change. The averaged signal i.e. i,,(#) is now analyzed using Prony analysis,
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the extracted signal’s parameters (B,, f*, <$§ and 7,) are estimated. Using these parameters, X,

and Y, are calculated from (2.7) and (2.8)), respectively. The transient signal parameters B, and

¢! are calculated from (2.9) and (2.10). Equations (2.9) and (2.10) are directly derived from

(2.5) and (2.6), respectively.
1+ (1,21

B, =TB,. LT (2.9)
N Y,
¢* = ¢ + tan™! (Y) (2.10)

It can be observed from the Section [2.2.1] that the equations linking transients present in
the averaged signal to those in the actual measured signals, are derived in the continuous time
domain in [24]. However, the implementation of the algorithm is done in discrete time domain

as given in Section[2.2.2]

2.2.2 Implementation

The process of obtaining accurate phasors for the proposed technique is shown in Figure
In the proposed algorithm, first, the sampled measured signal i[n], represented by (.11, is

passed through an averaging digital filter.

iln] = i(%) n=0,1.Np—1 @.11)

where N is the total number of measured signal samples and f; is the sampling frequency.
The conventional averaging filter is an N tap digital filter where N is the number of samples
per cycle and filter taps are equal to 1/N. Use of the conventional filter is an accurate estimate

of (2.2) only if the sampling frequency is very high.
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Figure 2.1: The flowchart depicting the flow process of Prony-DFT

In case of typical sampling rates in protective relays, a small difference is observed between
the responses of averaging filter in continuous and discrete time domains. This can adversely
affect the accuracy of phasor-based fault location algorithms. In order to avoid this problem,
it is proposed to use an N + 1 averaging filter as shown in (2.12)) to achieve higher accuracy
for a typical sampling frequency in protection relays. Figure[2.2] shows the percentage error of
both the conventional (ideal) and proposed averaging filter, for a test signal, i.e., 5S¢ cos(194t
+ 85.9°). Sampling rate is assumed to be 64 samples per cycle, i.e., N = 64 and f; = N X
f». Fundamental frequency shown as f, in Figure 2.1]is the estimated frequency to minimize
the error during off-nominal frequency operation. As shown in Figure [2.2] the conventional
averaging filter can introduce up to 1.8% of error while this is 0.02% in case of the proposed
averaging filter. The performance of the proposed averaging filter is evaluated for test signals

with different time constants, frequencies and initial angles.

N-1

1
fgln] = ) iln =11+ (

r=1

i[n] +i[n — N]

N ) (2.12)
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Figure 2.2: Error comparison of the ideal and proposed averaging filter

This filtered signal i,,[n] contains information about transient frequency components in-
cluding SSFCs, DDCs, and non-integer harmonics. These components are identified by Prony
analysis and compensated by the proposed algorithm. The length of i,,[n] after discarding
initial one cycle of transient response of digital filter is Nr — N. Assuming that the measured
signal length is four cycles and N is 64, the length of i,,[n] after removal of the first cycle

becomes 3 cycles = 3 X 64 = 192 samples.

Prony function available in MATLAB signal processing toolbox is employed to identify
and estimate parameters of different frequency components within i,,[n]. Prony analysis can
be carried out for different number of modes limited to half of the length of i,,[n], i.e., 96
in this case [27]]. Lower number of modes results in less accurate estimation [28]], therefore,
minimum number of modes in the study carried out in [24] is 10. Consequently, Prony anal-
ysis is repeated for number of the modes between 10 and 96. Due to the error in frequency
estimation, it is possible that the averaged signal contains modes with frequency close to the
fundamental and its integral harmonics. Reconstruction of these modes is avoided by exclud-
ing all the modes with frequencies within range of (3%) X p X f; where, p = 1 to 8 or the

frequencies above 8" harmonic from the signal identification process. A threshold of 3% is
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selected assuming maximum error of 3% in frequency tracking and 8" harmonic is selected to
capture low frequency components generated during non-single-phase faults. In each mode,

the residue of the input signal (i,,[n]) and the estimated signal by Prony analysis is computed.

S

5, ¢35, and 7,) corresponding to the mode which gives the minimum error

The parameters (B,,
or the best fit are chosen. If the minimum error is above the acceptable level, e.g., 5%, it is

recommended to avoid signal compensation to avoid introducing any extra error.

B, and ¢; are calculated as per (2.9) and (2.10)). Finally, as shown in Figure the transient
signal (i;4[n]) is reconstructed for Ny sample and subtracted from the original measured signal

signal i[n]. DFT is applied to the resulted signal to estimate the measured signal phasor.

2.3 Traditional-Prony-DFT: Areas for Improvement

The equations used in order to convert the parameters of the extracted signal from
the average signal to the actual transient signal, have been derived in continuous time frame.
Whereas, the implementation of the proposed technique has been done in discrete time do-
main, assuming that the equations in continuous time domain are a close approximation of
the equations in continuous time domain. However, as presented in Section [2.2.2] the con-
ventional averaging in continuous time domain and in discrete time domain as represented by
(2.4) and respectively, yields slightly different results which may introduce error in the
phasor estimation. Thus, a special averaging filter, as given in (2.12) has been proposed in [24]
which lowers the error considerably, thus, enabling the use of the expressions derived in the

continuous time domain.

s
r

Nevertheless, the parameters of the transients present in the averaged signal (B,, f*, AT;, and
7,) are still being related to the parameters of the actual transients (B,, f;’, ¢} and 7,) by using
the expressions given in (2.9)-(2.10), which have been derived in continuous time domain. This
mismatch between the mathematical analysis and implementation, being carried out in contin-

uous and discrete time domains, respectively, may make the proposed technique vulnerable to
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the error of discretization for other sampling rates.

In this chapter, the complete mathematical analysis is performed in discrete time domain,
leading to the derivation of equations in discrete time domain. Since, no interlinking of two
time domains is needed, therefore, the conventional averaging filter can now be utilized. Conse-
quently, the actual implementation of the whole process is backed with the exact mathematical

analysis, thereby, eradicating the possibility of error due to approximations and discretization.

2.4 Proposed Technique: Enhanced-Prony-DFT

The measured fault currents and voltages in SCCTLs, in discrete time domain, can be expressed
as (2.13). The fundamental component is represented by I; II depicts the integer harmonics,
and III represents all of the transients including DDCs and SSFCs. The noise encountered in

the measurements is separately noted in (2.13)).

L
ifn] = A, cos(ZH%n + o)+ ; Ay Cos(27rk%n + )

I I

M ,
o 1 s .
+ Z B,e7sr cos(27rzn + ¢,) +noise (2.13)

r=1

I

where n =0, 1, 2, ..., Ny — 1; Ny is the total of recorded samples; L is the total number of
fundamental and its integer harmonics; M is the total number of transient components; f is
the sampling frequency frequency; f; is the fundamental frequency; Ay, ¢, are the magnitude
and phase angle of k harmonic component; k = 1 represents the fundamental component;
B., 7., f* and ¢° are the magnitude, time constant, frequency, and phase angle of " transient
frequency component, respectively.

The measured signal is first passed through the conventional averaging filter as represented

by (2.14). Since, averaging filtering takes one full cycle of fundamental frequency to yield the
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first sample of the output, therefore, the first sample of i, will occur at » = N — 1 where
N = f,/ fi is the number of data samples per cycle of the fundamental frequency. However, for
making the implementation of the Prony analysis simpler, it is assumed that the first and last
samples of i,,, corresponds to n = 0 and n = Ny — N respectively, rather thann = N — 1 and

l’l:NT—l.

n+N-1

1 ,
iwln] = 5 ) i) (2.14)

’
n =n

It has already been mentioned in Section [2.2.2] that the average of the fundamental com-
ponent and its integer harmonics over one cycle of the fundamental frequency is zero and
averaging of sampled data also leads to the significant attenuation of the noise present in the
measured signals. Therefore, the only term that appears in the expression for the output of the
averaging filter as given in is the term representing the average of transient components

of the signal.

. _ lI’H—Z\f—l M B % 2 f_r‘ ’ s
lavg[n] = ¥ > > Brelst cos( TN + é?) (2.15)
n’:n r=1 ’

Equation (2.15)), when evaluated using Euler’s formula and summation of the geometric se-
ries, leads to the expression depicted in (2.16). The significance of the result obtained from the
averaging filter lies in the fact that the time constant (7,) and frequency (f;) of a each individual
transient component remains unchanged after averaging as evident from (2.16). Whereas, the
magnitude (B,) and the phase angle (¢,) of the transient signals do undergo a change as per
and (2.18)). Therefore, the application of Prony analysis to the average signal yields the

parameters of the average of each transient component (i.e., Er, ~j, 7, and f).

M —~ n s —_—
iggln] = 3 BT cos(27r§—”n +¢°%) (2.16)
r=1 $

where
B, =B, xK 2.17)

o =0 +a (2.18)



2.5. EVALUATION OF THE PROPOSED METHOD 31

K=—
N

2 L /s 3
e — 2e77 cos(2mE) + 1]

2 1 S
efsr — el cos(2n§—’) +1

1, S I S
e SIH(ZN%) err sm(27r%)
a = tan™! ' —tan™' | — =
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The parameters for the transients present in the actual signal i.e. (B,, ¢;, 7, and f;’) are obtained

using Prony analysis in conjuction with expressions given in (2.19) and (2.20) as applied in

[24]]. The transient signal is regenerated by using the obtained parameters and is then sub-
tracted from the measured signal, thereby, resulting in a transient free signal which contains
fundamental frequency and its integer harmonics only. Phasor estimation techniques such as
DFT can now be applied to the resulting clear signal which would yield very accurate phasors

for fault location.

(2.19)

Sl x| =

-« (2.20)

2.5 [Evaluation of the Proposed Method

Evaluation of the proposed technique is carried out through the signals obtained from the power
system simulation in PSCAD rather than the theoretically generated signal, as non-linear char-
acteristics of MOV cannot be represented accurately through theoretical signal. Figure [2.3]
shows the 500kV system considered in PSCAD for the study of the application of the pro-
posed technique, i.e., Enhanced-Prony-DFT to fault location in SCCTLs. Frequency dependent
model of transmission lines as available in PSCAD has been used for Line 1 and Line 2. A
30uF series capacitor is located at the Bus A which corresponds to 67.5% series compensation
of the Lines 1 and 2 equivalent inductance. The rated current for the series capacitor is 1180A.

As per the methodology mentioned in [25]], MOV rating after the consideration of overloading
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is 153kV. The line positive and zero sequence impedances are Z;; = (0.0179 + j0.3748) Q/km,
Zry = (0.3447 + j1.216) Q/km, respectively, and the line positive and zero sequence admit-
tances are Yz; = (0.1 x 1077 + j4.378 x 107%) U/km, Y,y = (0.1 x 1077 + j2.747 x 107°) U/km,
respectively. Positive and zero sequence impedances for sending end source are Zg; = (1+ j25)
Q, Zso = (8 + j50) Q, respectively and positive and zero sequence impedances for receiving
end source are Zg; = (1 + j38.5) Q, Zgo = (12 + j76) Q, respectively. Load angle is 30 ° with

receiving end source voltage lagging.

Voltage and current signals are obtained by using Current transformer (CT) and Capacitor
voltage transformer (CVT) models available in PSCAD. A second-order butter-worth low-pass
anti-aliasing filter with a cutoff frequency of 1920Hz 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 imported and resampled at 3840 Hz in Matlab. Voltage and current signals corresponding to
the fault duration are separated from the entire recorded data. The fault clearance interval in

the presented study is presumed to be four cycles of the fundamental frequency.

The implementation of Enhanced-Prony-DFT has been elaborated through its application to
phase A voltage of the sending end for a solid AG fault at 60% of the transmission line length
from Bus A as shown in Figure As evident from Figure (a), considerable amount
of SSFCs and other transients are embedded in the measured voltage signal. Figure [2.4] (b)
depicts that the actual averaged signal which is applied to Prony analysis is identical to the
average signal generated via parameters obtained through Prony analysis, thus, implying the
high accuracy of Prony analysis. The transient signal as shown in Figure [2.4] (c) for the entire
fault duration is generated, using Prony results and derived expressions in and (2.20).
The transient signal is then subtracted from the original signal to obtain the compensated signal.
Figure [2.4] (a) shows that the compensated signal is independent of transient and other off
nominal frequency components unlike original signal which is infested with a high degree of

transients.

Compensated signal is fed to DFT while the original signal is fed to 4-cycle DFT phasor
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Figure 2.3: Single-line diagram of the simulated system in PSCAD

estimation algorithm. Basis for selecting the 4-cycle DFT for the comparative performance
analysis of the Enhanced-Prony-DFT is its better ability to attenuate SSFCs than full-cycle
DFT. Figure [2.4] (d) shows that the estimated phasor obtained by Enhanced-Prony-DFT re-
mains consistent throughout the fault interval, therefore, implying that the proposed technique
is able to effectively, attenuate SSFCs and other transients. Since 4-cycle DFT estimates only
one phasor value for the entire fault data, the magnitude and angle of this phasor are depicted
in Figure (d). The results of both the phasor estimation techniques are fed to the fault lo-
cation algorithm proposed in [[12]]. Since, the actual value of the voltage phasor is unknown,
the accuracy of the respective phasor estimation techniques cannot be comprehended this way.
Therefore, the fault location has been used as an indicator of the relative accuracy of the pro-
posed phasor estimation algorithm. It should be noted that the final value for the fault location
by Enhanced-Prony-DFT is obtained by averaging the fault location results over three cycles
as proposed in [24]. In order to validate the performance of the Enhanced-Prony-DFT, a total
number of 84 fault scenarios have been simulated in PSCAD using the system shown in Figure
for different fault locations ( from 0% to 100% with steps of 20%), fault types (AG, BC,
BCG, ABC), fault resistances (AG: 0 Q and 10 Q, BC and BCG: 0 Q and 6 Q and ABC: 0 Q)
and fault instances (zero and peak points on wave).

The fault location results obtained from the Enhanced-Prony-DFT, has been compared with
the results obtained from Prony-DFT implemented as proposed in [24] (Traditional-Prony-

DFT) and 4-cycle DFT. The fault location error is defined as percentage of the length of the
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Figure 2.4: (a) Measured phase A voltage signal at sending end of Line 2 and its compensated
output, (b) actual average signal and Prony estimated average signal, (c) transient signal as
constructed by the proposed algorithm and (d) Phasor magnitude and angle of phase A voltage.
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Figure 2.5: Error in fault location using (a) Enhanced-Prony-DFT and 4-cycle DFT, (b)
Enhanced-Prony-DFT and Traditional-Prony-DFT

transmission line which is 350 km in this case. Figure [2.5] (a) shows that the fault location
obtained from Enhanced-Prony-DFT is highly accurate as compared to that based on 4-cycle
DFT. The maximum error in fault location is approximately 0.6% for Enhanced-Prony-DFT
which is about 4 times less than that of 4-cycle DFT. Also, the fault location error remains
below 0.5% consistently, except for 1 out of 84 cases in Enhanced-Prony-DFT, whereas fault

location based on the 4-cycle DFT witnesses errors higher than 1% on numerous occasions.

Figure2.5|(b) shows that Enhanced-Prony-DFT and Traditional-Prony-DFT have almost an
identical performance at the fault location in SCCTLs. However, Traditional-Prony-DFT relies
on the special averaging filter which uses more data samples than the conventional averaging

filter and the availability of the high sampling frequency to achieve a high accuracy [24]].



36 CHAPTER 2. ENHANCED PRONY-DFT For FauLT LocatioN IN SERIES COMPENSATED LINES

2.6 Fault Location: Cosine Algorithm

The Cosine algorithm and DFT are the most widely used phasor estimation algorithms. The
Cosine as well as mimic-DFT algorithms are able to attenuate DDCs present in the current
signal and have almost equivalent frequency response at SSFCs. In this chapter, the behavior
of the fault location obtained from the phasors estimated through the Cosine filter is observed

with respect to the one obtained from Traditional-Prony-DFT .

It can be observed from Figures. [2.6) and [2.7] that although the fault location obtained from
Cosine algorithm was oscillatory, however, the mean position of oscillations was close to the
actual fault location. Figures. and show that the fault location from phasors estimated
by Cosine algorithm oscillates around the fault location obtained from Traditional-Prony-DFT.
The ambiguity in the Cosine fault location that results from the oscillations can be reduced
by averaging it over the entire fault duration after discounting the response time of the Cosine
filter. Figure |2.8|shows that the error in the fault location obtained from the Cosine algorithm
though is comparatively higher, still it is comparable in performance to Traditional-Prony-DFT
for the system under study. Maximum error encountered using the Cosine algorithm is 0.62%

while for Traditional-Prony-DFT is 0.5%.

The results obtained from the Cosine algorithm, attain significance because in order to yield
accurate phasors, a window of 3-4 cycles is required by Prony-DFT which may not always
be available due to SCPU operation as shown in Chapter [3] and ] Nonetheless, the fault
location obtained through Cosine filter may become erroneous, if the estimated phasors by the
Cosine algorithm contains frequency in the range of 0-25Hz. The Prony-DFT on the other
hand completely removes all the oscillations and yields consistent phasors, thus, resulting in

the oscillation-free fault location.
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Figure 2.6: Fault Location using Cosine algorithm at 40% of the line length for different fault
types
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2.7 Summary

In this chapter, the Enhanced-Prony-DFT technique was proposed which estimates and re-
moves the transients from the measured voltage and current signals of series capacitor com-
pensated lines. The outout of the proposed technique is very accurate phasors for the purpose
of fault location in SCCTLs. Comprehensive fault location analysis carried out through simu-
lations in PSCAD and Matlab has demonstrated that the proposed technique attenuates SSFCs
effectively and provides very accurate phasor estimation and fault location as compared to the
4-cycle DFT. The avenue of obtaining fault location from phasors estimated by the Cosine al-
gorithm has been explored in this chapter. It is observed that the error in averaged fault location
obtained using the Cosine algorithm is slightly higher than the Prony-DFT for the particular

system under study.



Chapter 3

Loss of Accuracy in Fault Location of

SCCTLs

3.1 Introduction

Phasor-based fault location techniques have been applied successfully to traditional lines for
fault location [12]. The fault location technique for SCCTLs proposed in [24] is focused on
removing transients from measured signals. However, it is assumed that series capacitor unit
(SCU) remains active in the system for the entire duration of fault, which is not the case for
all internal faults. Also, the SCU is assumed to be located outside the zone lying in between
the line end CVTs, thus, enabling the use of traditional fault location algorithms. However, in
most of the applications of SCCTLs, SCU is located in the region lying between the end CVTs,
i.e., voltage measured by CVTs contains the voltage drop across SCU. Since the accurate
analytical estimation of the voltage drop across SCU is not possible due to the fault current
conduction through MOV, therefore, preventing the use of traditional fault location algorithms.
In [15] and [[16]], attempts have been made to predetermine V-1 characteristics of MOV using
ATP-EMTP simulations for the fundamental frequency component, but they do not take into

account the variations in MOV characteristics due to the factors such as MOVs from different

40
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manufacturers, aging of MOV and ambient temperature on MOV behavior. In [14] and [29],
the authors have avoided the use of MOV model by considering the natural fault loops, thereby,
avoiding any modeling inaccuracies. However, the performance of the fault location algorithms
has not been evaluated for the configuration of a SCCTL, when the SCU is located near one
of its ends. Moreover, the impact of spark gap and bypass switch operation has also not been
considered in [14]] and [29].

As a matter of fact, all of the existing publications have focused on the configuration when
SCU is located in the middle of the line, however, the configuration of SCCTL when SCU is
located at the end of the transmission line is being studied for the first time in this study. Both
the configurations of a SCCTL, i.e., when SCU is located near the end and in the middle of a
transmission line are studied in this chapter, under the influence of SCPU operation. Compar-
ative analysis is done and presented to show the impact of SCU location on the fault location
results.

In this chapter, SCPU and its functionality is described in Section Test system and
MOV sizing is described in Section [3.3] Brief description of a well-established fault location
algorithm for SCCTLs [14] is presented in Section Section investigates the effects of
SCPU operation on the results of fault location algorithm. Section [3.6]focuses on the effects of

SCU location on fault location algorithm, phasor estimation errors and transients.

3.2 Series Capacitor Protection Unit

To investigate the behavior of fault current in SCCTLs, first it is important to understand the
operation of series capacitor protection unit (SCPU). SCPU has already been described briefly
in Section [I.2] and here the details of SCPU have been discussed. In the early age of series
capacitor technology, only spark-gaps were used for over-voltage protection of the series ca-
pacitors. As technology advanced, MOVs have replaced or complemented spark -gaps and

newer installations are mostly equipped with MOV, spark-gap, bypass switch, and protection
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Figure 3.1: The flowchart depicting the operation of SCPU depending upon fault current level.

and control system. MOVs are preferred over spark-gaps as they enable fast and more precise
bypass and re-insertion of the series capacitor [6]. SCPU scheme without spark-gap is also an
option but in such schemes MOV is subjected to considerably higher duty [6]. Bypass switch
is employed to protect air gap from prolonged conduction and for bypassing the capacitor and
MOV unit during maintenance. Here, it is worth noting that operation of bypass switch could
be a single or three-phase operation. Generally, three phase operation is applied to bypass
switch while spark-gap is allowed to operate on faulted phase(s) basis for internal faults. [6].

SCPU operation can be categorized broadly into three categories as follows:

3.2.1 Operation 1

If very large fault current flows through SCU whose magnitude is greater than the bypass
threshold of MOV, spark-gap flashes within 1 ms after high current detection saving the MOV

from unnecessary heating and command is sent to close the bypass switch which operates with
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a time delay of an order of two power system cycles. There is a high probability that SCU will

be bypassed before the fault clearance occurs.

3.2.2 Operation 2

For intermediate fault currents, when the current is unable to buildup to bypass threshold value
but over-voltage occurs across SCU, MOV starts conducting and dissipating energy. If energy
so dissipated reaches a preset threshold value, protection and control system of SCPU ignites
the spark-gap. Fault usually gets cleared when the spark gap is still conducting. It should be
emphasized here that MOV energy dissipation threshold is a design parameter and it is typically
set such that MOV does not get bypassed for 3-phase close-in fault in the adjacent line for the

zone one line protection operating time.

3.2.3 Operation 3

When the fault current is comparatively low, neither MOV current nor energy reaches the
threshold value during fault interval. MOV keeps conducting until the fault is cleared by the
opening of line circuit breakers.

It can be observed that the behavior of different protection components is greatly governed
by the amplitude of fault current as also depicted by the flowchart in Figure3.1} At the same
time, operation of each SCPU element alters the state of power system, thereby influencing
the magnitude of fault current as well as introducing the transient conditions. Thus, it can
be concluded that the operation of series capacitor protection unit and the magnitude of fault

current are interdependent variables.

3.3 Test System and MOV Sizing

It becomes easier to understand and observe the SCPU operation and its effects on fault loca-

tion if it is demonstrated with simulated examples. Therefore, a test system is defined in the
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following section and the procedure to size MOV for the test system is presented thereafter.

3.3.1 Test System

A 500 kV, 350 km SCCTL is considered in PSCAD as a test case in this chapter. As shown
in Figure3.2] (a), 70% series compensation which corresponds to an equivalent capacitance of
29.11uF (91.1Q) is assumed at the middle of the line for System 1 whereas for System 2 it is
located adjacent to Busl (see Figurg3.2](b)). The line positive and zero sequence impedances
are Z;; = (0.0155 + j0.3719) Q per km, Z;, = (0.3546 + j1.0670) Q per km, respectively,
and the line positive and zero sequence admittances are Y;; = (0 + j4.4099 x 107%) U per km,
Yo = (0 + j2.7844 x 107%) U per km, respectively. Positive and zero sequence impedances for
sending end source are Zg; = (1 + j15) Q, Zgo = (2.4 + j25) Q respectively. Positive and zero
sequence impedances for receiving end source are Zg; = (1.2 + j18) Q, Zgy = (2.6 + j26.5) Q,

respectively. Load angle is 30 ° with receiving end source voltage lagging.

3.3.2 MOV Sizing

Rated current of 2000A, equivalent of (1750MVA), is considered for sizing SCPU. MOV rating
after considering an overload factor of 1.5 is calculated as 273kV (i.e., 1.5 X 2000Ax91.1Q).
MOV model of ASEA XAP-A, which is used in most of prior studies, is used in this chapter.
The voltage at intersection of MOV and series capacitor characteristics (Vpg — I) is the peak
protective level voltage (Vpk), i.e., S30kV in this case. Vpg signifies the instantaneous peak
value of voltage across SCU at which MOV starts conducting, thereby limiting the voltage

across SCU. Knowing Vpg, the protective level current (Ipg) is calculated from

Ve 530
Ipr = =
\/§Xc 1.414 x 91.1

=4.113kA 3.1

where Ipg is the RMS value of the minimum amount of the current through SCU that would

lead to MOV conduction. For protecting MOV against large fault currents, SCPU is set to
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Figure 3.2: (a) System 1 with SCU in the middle (b) System 2 with SCU adjacent to Bus1

immediately bypass the MOV through spark-gap if the MOV instantaneous current is above
the bypass current (/zp) where Igp=K X Ipg. K is a design parameter and is typically set to
bypass the MOV for most of the solid internal faults. A typical value of 2.17 is used for K as

per [30] which results in /zp=8.925 kA for the test system under study.

3.4 Fault Location Algorithm

A well-known fault location algorithm for series compensated lines has been proposed in [14].
In the proposed fault location algorithm, the authors have avoided the use of MOV model,
therefore, making the consideration of natural fault loops inevitable which further necessitates
the usage of zero-sequence parameters of the transmission lines for ground faults [[14]. Since
the zero-sequence parameters of the transmission lines are dependent on the weather and ge-
ographical factors, it may introduce ambiguity in the fault location results as discussed in the

Chapter 4]

Brief description of the algorithm is presented here for understanding the underlying prin-
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Figure 3.3: Schematic diagram showing the fault scenario in a SCCTL.

ciple. It should be noted that in this thesis, equations are written only for the faults lying in
the section of the transmission line in between SCU and receiving end (Bus2) called Subrou-
tine 1 for System 1 as shown in Figure3.2] For the faults lying in the section of transmission
line between sending end bus (Busl) and SCU, equations can be written analogously, called

Subroutine 2.

In the proposed technique, the authors have derived the expressions for sequence compo-
nents of fault current (Ir,) and fault voltage (Vr,) as the functions of fault location. Equations
(3.2) and (3.3) represent the fault sequence current and voltage, respectively, for any fault oc-

curring at per unit distance (d) as shown in Figure 3.3

Is cosh(y;lm) — %sinh(yilm) + Ig.cosh(y;l(1 — m)) — ;—Rif'sinh(yil(l —m))

I, =
Fi cosh(yl(1 — m)d)

(3.2)

Vi, = Vg,cosh(yil(1 — d)(1 — m)) — Z. Ig,sinh(y;l(1 — d)(1 — m)) (3.3)

where, i: 0, 1 and 2; Vi, and I, are the sending end voltage and current, respectively; Vg, and
I, are the receiving end voltage and current, respectively; Z, is the characteristic impedance of
the line for i’ sequence; ; 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 SCU; m is the p.u. distance of
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Table 3.1: Coeficients for finding Total Fault Current

Fault Type a a ag
AG 0 3 0
BCG @ -ala-a*| 0
BC 0 a—-a*| 0
ABC 1-a? 0 0

a = 1/120°

Table 3.2: Coeflicients for finding Fault-loop Voltage

Fault Type | afi afa | afy
AG 1 1 1
BCG -ala-a*| 0
BC -ala-a*| 0
ABC 1 - a? 0 0
a = 1,120°

location of SCU from the sending end bus. Equations (3.2)) and (3.3)), therefore, represent the
analytical calculated sequence fault current and sequence fault voltage using distributed model
of transmission line, sending end sequence current (/s,), receiving end sequence voltage (Vi)
and sequence current (I,). Now, using the identified fault type, (3.2) and (3.3), the analytical
expression for the total fault current and fault loop voltage can be obtained as shown in (3.4)

and (3.5)).

IF:aOIFO+a11F]+a21F2 (34)
Vi = aﬁ) VF() + lel VF1 + af2 VFZ (35)

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

(3.1)) and (3.2)).
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After obtaining fault-loop voltage (V) and fault current (/r), the fault loop model as given
in (3.6) is solved under the constraint that the faults in a transmission lines are always resistive

in nature i.e., Ry is a pure real number.

Vi(d) = RIp(d) =0 (3.6)

The methodology for solving (3.6) as presented in [[14] is to separate it into real and imaginary

parts and solve for fault resistance (Ry) and fault location (d) as shown in (3.7)),

Re(Vr(d)) — RpRe(Ip(d)) = 0

Im(Vp(d)) — RpIm(Ip(d)) = 0 (3.7

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 Busl and
SCU or between SCU and Bus2. It is proposed in [14] that for any particular fault scenario
both of the subroutines are 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
SCU is calculated using the voltage drop across SCU and the fault current through SCU for
both the subroutines. The equivalent impedance of SCU corresponding to the valid subroutine
has to be R-C in nature due to the presence of MOV and series capacitor in the transmission
line. Also, the degree of capacitive compensation should be less than that at the steady state
value because at steady state SCU is purely capacitive in nature [14]. Set of equations in
(3.7) when rearranged results in (3.8)), which shows that the proposed fault location algorithm
actually involves argument comparison of analytically obtained fault voltage (V) and fault

current (/). Therefore, the proposed fault location algorithm in [[14] is essentially very similar
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to the one proposed in [29] as far as the working principle is concerned.

Im(Vr(d)) _ Im(Ip(d))
Re(Vr(d))  Re(lr(d))

an-! (Im(VF(d))) ~ tan-! (Im(IF(d)))
Re(Vr(d)) Re(Ip(d))

LVp(d) = LIr(d) (3.8)

It can be concluded here that the proposed fault location algorithm for SCCTLs in [14] esti-
mates the arguments of fault voltage (V) and fault current (/r) as the function of fault location
(d). The value of d for which the arguments of both the analytically estimated quantities are

the closest to each other is considered as fault location result.

3.5 Effects of Operation of SCPU on Fault Location

As discussed in Section I, the state of system can change at different points of time depending
upon the level of fault current, energy dissipation threshold, operating time delay of bypass
switch and line circuit breakers. Thus, it becomes imperative to follow the time line of oc-
currence of the state changes and correlate them with the fault location results. This has been

elaborated in the following examples.

3.5.1 Example 1

Case under consideration is a BC solid fault at 175 km from Bus1 or 50% of line length (i.e.,
just right-side of SCU) in System]1. Placing the events in chronological order of occurrence,
the following is obtained: 1-Fault initiation at 0 ms, 2-bypass threshold reached (phase B), 3-
spark-gap ignition, 4-command for SCU bypass sent at 10.15 ms, 5-bypass threshold reached
(phase C), 6-spark-gap ignition, 7-command for SCU bypass sent at 10.93 ms, 8-three phase
SCU bypass at 43.48 ms, and 9-fault clearance at 66.66 ms. This case belongs to the Operationl
category of SCPU.
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It is apparent that among all the time intervals between two successive events, the time
intervals greater than the response time of the Cosine filter (i.e., 20.83 ms) are: 1- between
spark-gap ignition for phase C and three-phase SCU bypass (10.93ms-43.48ms) 2- three-phase
SCU bypass and fault clearance (43.48ms-66.66ms). Therefore, the steady state fault location
results, as represented by a solid line in the Figure3.5(a) will be yielded in the above identified
intervals after accounting for filter response time. It can be observed that steady state results are
less fluctuating and more accurate as compared to the transient results. Averaging the steady

state results over the total steady state time interval would yield the better fault location result.

3.5.2 Example 2

Case being considered is a BCG fault at 245 km from Bus1 or at 70% line length with fault
resistance of 6 ohms. This case falls under the category of Operation2 of SCPU. Current does
not cross the bypass current threshold but spark-gap gets ignited after the MOV energy crosses
the threshold value. Events, in order of occurrence are given below: 1-Fault intitaion at 0
ms, 2-MOV energy threshold reached (phase B), 3-spark-gap ignition, 4-command for SCU
bypass sent at 62.24 ms, 5-MOV energy threshold reached (phase C), 6-spark-gap ignition,
7-command for SCU bypass sent at 62.76 ms and 8-fault clearance at 66.66 ms.

The time interval between fault initiation and spark-gap ignition (Phase B) would give
steady state results before slipping into a transient state as shown by the solid line in Fig-
urg3.5(b). It is observed that after spark-gap gets ignited at 62.24 ms, the fault location results
depicted by a dashed line show a sudden departure from steady-state values which, if consid-

ered, could lead to an erroneous fault location.

3.5.3 Example 3

Now let us consider a solid AG fault at 315 km from Bus 1 or at 90 % of the line length.
As evident from event occurrence and their time frame, this case falls under the Operation3

category. Current as well as MOV energy fail to reach the threshold for spark-gap ignition,
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Figure 3.4: Equivalent impedance of the parallel combination of MOV and series capacitor
with respect to the fault current.

leading directly to a fault isolation. 1-Fault initiation at O ms, 2-fault clearance at 66.66 ms.
The entire fault duration interval yields steady-state but oscillatory results as depicted in Fig-
urg3.5(c). Therefore, averaging them over the entire fault duration interval would result in the
least uncertainty in the fault location.

Effects of different sets of SCPU behaviors on fault location have been studied in this
section. It can be concluded here that with proper identification of SCPU operating sequence

along with its time line, better fault location results can be achieved.

3.6 Effects of SCU Location on Fault Location

From power transfer capability perspective, the location of SCU in the middle of transmission
line is better but from installation and operation perspective, installing SCU at the line ends

is more practical and economical. In the process of investigating the performance of the fault
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Figure 3.7: Phasor estimation of fault current for a given fault scenario of AG fault for different
values of fault location (d)

location proposed in [14], for the configuration where the SCU is installed at the line end, it
was discovered that the fault current magnitude and angle remains almost constant as the fault
location is changed within 30% to 50% region. This happens due to the non-linear behavior
of the MOV. Figure [3.4] shows the variation of the impedance of parallel combination of series
capacitor and MOV, with respect to the per unit fault current. The reactive and resistive part of
the equivalent impedance are denoted by X and R, respectively. The closer faults tend to have
higher fault currents while SCU presents smaller capacitive impedance, therefore resulting in
lower line compensation and thereby lowering the fault current while the farther faults tend to
have lower fault currents while SCU presents higher capacitive impedance as shown in Figure

[3.4] resulting in higher line compensation and thereby increasing the fault current.

In order to justify the above statement, consider the case of a solid A-G fault at 140 km
from Busl or 40% of the line length in System 2. In this case, the spark-gap gets ignited after
the energy dissipation in MOV of phase A crosses the threshold value at 52.34 ms after the fault

incidence time. Results yielded by the fault location algorithm before it slips into a transient
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behavior due to the spark-gap conduction, are shown in Figure3.6] Note the significant error

and oscillatory behavior of the fault location.

The basic assumption in [14] that all the faults are purely resistive (i.e., imaginary part of
(Rr) = 0) in nature essentially implies that the arguments of Vy and Iy are equal as shown in
[3.8] Therefore, the proposed way of solving (3.6) for d and Rr by separating (3.6) into real
and imaginary parts is analogous of equating the analytically obtained arguments of V and /5
as obtained by (3.4) and (3.5). As regards to the magnitudes, the magnitude of V is obtained
by multiplying the magnitude of Iy by a scaling factor Rr. So, understanding the behavior of
(3.4) and under the influence of transients and non-linear characteristics is necessary for

analyzing the fault location algorithm.

It can be observed from the Figure3.7] that magnitude and in particular argument of I
does not undergo a considerable change, when value of d is varied from 30% to 60% for the
same fault at 40%. Therefore, (3.4) is not sensitive to the deviations in d. In other words,
for a given set of measurements of Vi, Is and I, significant deviations in d do not affect the
magnitude and argument of /. Now let us examine (3.5) which essentially represents the
analytical estimation of V using the Bus2 measurements, i.e., Vx and I as mentioned earlier
in Section IV. As the fault is moved near to the SCU, two phenomena occur simultaneously:
1- MOV starts conducting for longer time intervals, thus making system more non-linear. 2-
Elevation of error in phasor estimation of Vi and I due to increased non-linearity of the system.
Therefore, the process of finding Vy using now involves estimating highly non-linear Vx
using the erroneous phasors of Vg and Ig. Figure3.8] shows the measured fault voltage and
analytically estimated fault voltage phasor angle using (3.5). Note the eloquent error incurred

in angle estimation as expected.

Now, the fault location algorithm compares the insensitive argument of / to the erroneous
argument of Vy as calculated by (3.4) and (3.5) to determine the fault location. So it has
been demonstrated that the above fault location technique is highly susceptible to transients,

non-linear characteristics of the system or any other condition which produces error in phasor
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Figure 3.9: Comparison of fault location error in System 1 and System2

estimation. Given technique remains accurate as long as the estimated phasors remain accurate.

Though System 1 configuration seems mathematically more complicated and general, Sys-
tem 2 configuration is the one where possibility of encountering severe faults and MOV inter-
action with the system is greater. In System 1, all of the faults lie at 50% or at higher length in
the fault loop that contains SCU, thereby reducing the effects of CVT transients on the phasor
estimation. Moreover, there is always some amount of line impedance available to compensate
for the capacitive and non-linear behavior of MOV. In this way, the severity of fault is much
less in System 1 when compared to System 2. Above statements are further justified by the
fault location results shown in Figure3.9] Seeing that less than 50% faults are not possible for
System 1 configuration, Figurd3.9|shows only 50-90 % faults as depicted by solid line. It can
be observed that as the fault moves towards SCU from Bus2, the error in fault location keeps
on increasing and for System 2 the results become highly inaccurate because of the above

mentioned reasons as represented by dashed line in Figurg3.9] It should be noted here that the
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fault location results shown in Figure have been obtained by averaging steady state fault
location values over the total steady state fault time interval. Thus, it can be concluded that the
worst possible conditions for fault location algorithm for SCCTLs in terms of accuracy would
arise when SCU is located near the source and fault occurs at less than 50% of the line length
from SCU. Also any major changes in SCPU element thresholds and delays may result in a
different operation category of SCPU and consequently may change the fault location results.

It however, does not affect the inference of the study presented.

3.7 Summary

This chapter has been able to provide a practical insight into the functionality of SCPU and how
the operation of SCPU and fault current magnitude are interdependent events. Various issues
encountered by a fault location algorithm of SCCTLs such as operation of SCPU and location
of SCU in a line have been comprehensively studied. It has been demonstrated that errors
in fault location can be minimized by knowing the operating sequence of SCPU elements. It
has been observed that the most promising fault location algorithm for SSCTLs is susceptible
to errors in phasor estimation, which are more severe when the SCU is located near the line
ends. In conclusion, we can infer that fault location in SCCTLs needs to be approached as a

comprehensive task considering the aforementioned factors.



Chapter 4

Complimentary Fault Location Algorithm

for Series Compensated Lines

4.1 Introduction

As discussed in Chapter [I] the non-linear characteristics of MOV force the phasor-based fault
location algorithms to make a choice between use of a imprecise MOV model or the utilization
of zero-sequence parameters of the transmission line. Exclusion of one option comes with
the compulsion of using the other one. The approach presented in [15] and [[16] is aimed at
the predetermination of MOV V-I characteristics for all the fault current levels by using ATP-
EMTP model of MOV. This technique has advantage of avoiding the usage of zero-sequence
parameters when SCU lies at one end of the line (i.e., the case in majority of the configurations),
but predetermination of MOV behavior through an approximate model may not be true in all
conditions such as different ambient temperature and MOV pre-condition in case of reclosing
and aging.

In [14] and [29], authors have avoided the use of MOV model in fault location algorithm.
Therefore consideration of natural fault loops becomes a necessity, forcing the usage of zero-

sequence parameters of the transmission lines which are highly dependent on the soil resistivity.

57
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Figure 4.1: Location of SCU with respect to SCU in a SCCTL with SCU lying (a) outside the
zone between CVTs (System A) (b) inside the zone between CVTs (System B)



4.2. SCPU OperatioN: MOV BYPASSING 59

The soil resistivity varies widely depending upon the soil contents, the weather conditions such
as temperature, precipitation and in particular moisture content of the soil. Thus, accurate
estimation of zero-sequence parameters is not possible. Also such algorithms are essentially a
comparison of arguments of fault loop current and voltage, therefore the equation for finding
fault becomes a non linear equation. Also it has been shown by the author in the previous
chapter that such techniques become sensitive to measurement and phasor estimation errors
under specific fault conditions [25]].

At the incidence of a fault in a SCCTL, MOV starts conducting to limit the over-voltage
caused by the high fault currents across SCU. In this process, it starts dissipating energy which
may result in the overheating of MOV and causing MOV to get bypassed before the fault gets
cleared through ignition of spark gap or bypass switch operation. MOV may also get bypassed
if MOV is reinserted onto the fault at the time of the reclosing. Such bypassing operation of
MOV, makes it possible to estimate the voltage on the line side of SCU, accurately. Therefore,
a new fault location technique is presented in this chapter, for the fault scenarios where MOV's
in the faulted phases get bypassed before the clearance of the fault. The significance of the
proposed technique lies in the fact that it obtains the fault location by very limited use of the
zero-sequence parameters of the transmission line. It can be indicated here that the proposed
technique complements the existing fault location techniques to enhance the accuracy, if MOV
gets bypassed before the interruption of the fault by the line circuit breakers.

In this chapter, Section [4.2] describes the configurations and functionality of SCPU. The
proposed fault location technique is described in Section (4.3| Test system is described in 4.4

Evaluation and validation of the proposed technique is presented in Section4.5]

4.2 SCPU Operation: MOV Bypassing

As described in Section [I.2] SCPU can be broadly categorized into three categories: 1- spark

gap only configuration, 2- Gapless or MOV only scheme, 3- MOV-spark gap configuration.
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Spark gap only configuration has been used in the older installations of SCPU. During the
fault event if the voltage across SCU exceeds the protective level, spark gap operates immedi-
ately. In the modern applications, the MOV-spark gap configuration is utilized where very high
fault current levels are expected or MOV with abundantly high energy capacity is unavailable.
Therefore, for MOV-spark gap configuration the bypassing of MOV before the isolation of the
fault by line circuit breakers, is a fairly probable event. Bypassing of MOV is also very likely
in the event of reinsertion of SCU onto a fault in gapless scheme during reclosing. One key
point that can be brought forward here is that this bypassing of MOV can be effected on faulted
phase basis or on a three phase basis depending upon the operating philosophy of the utility.

As stated earlier, the proposed technique aims to analytically estimate the voltage drop
across SCU in the case of MOV bypass, therefore, making it applicable to all the SCPU con-
figurations. The proposed technique can also be applied to spark gap only scheme as the

proposed technique considers the presence of series capacitors in the non-faulted phases.

4.3 Proposed Fault Location

In the event of a fault, if a SCPU is designed to allow non-three-phase bypass of the series
capacitor and MOV through spark gap or by-pass switch, only the MOV located in the faulted
phase(s) conduct, while MOVs in the healthy phase(s) remain non-conducting. In other words,
series capacitors are exclusively responsible for the current conduction in the healthy phases,
thus, making the accurate analytical estimation of voltage drop across series capacitors possi-
ble. For faulted phases however, MOV along with series capacitor conducts the fault current.
Due to the fact that the impedance of MOV is a time varying non-linear quantity, accurate esti-
mation of voltage drop across SCU cannot be obtained in the faulted phase. Consequently, the
positive-sequence voltage obtained at the fault side of SCU becomes inaccurate which prevents

the successful application of traditional fault location algorithms to SCCTLs.

As it has already been discussed in the text above that a MOV gets bypassed due to ex-
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Figure 4.2: Schematic representation of SCCTL under fault conditions (a) Subroutine 1 (b)
Subroutine 2

cessive energy dissipation or due to the high fault current. Such bypassing operation either
through bypass switch or spark gap, results in the removal of series capacitor and MOV from
the power circuit in the faulted phase. Hence, making the analytical estimation of voltage at the
faulted end of SCU, feasible. The technique proposed in this chapter referred to as Method A,
is focused on obtaining voltage at the faulted end of SCU under such condition when MOV in

the faulted phase is bypassed and to use it towards the application of fault location in SCCTLs.

For the elaboration of the proposed fault location technique, the SCU is assumed to be

located at the per-unit-distance of m from the sending end bus (Bus S) as shown in Figure
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(4.2). The expressions for the proposed technique have been derived corresponding to the
fault at per-unit-distance of d; in the section between SCU and the receiving end bus (Bus R)
referred to as Subroutine 1 in this chapter. Also, k,, k; and k. are the coefficients which attain
the value 0 when the MOV in the corresponding phase has been bypassed and 1 if it has not
been bypassed. Expressions for the fault in the section between SCU and Bus S i.e., Subroutine

2 can be derived, similarly.

Firstly, the sequence components of voltage and current phasors at non-faulted side of SCU
i.e. Node M are obtained from the sequence components of the measured voltage and current

signals at Bus S through @.1)) and (4.2), respectively [31]].

VM =V cosh(my,l) — I Z,, sinh(my;l) (4.1)
Vs
1M =I? cosh(my,]) — Z—'sinh(myil) (4.2)

Cl

where i is 0,1 and 2 represent zero, positive and negative sequence components, respectively;
VS and I? are i" sequence voltage and current at Bus S; VM and IM are i sequence voltage and
current at Node M; Z,. is i’ sequence characteristic impedance of the line; ; is i sequence
propagation constant of the line; / is length of the transmission line; m is per unit distance of

SCU from Bus S.

Since the Node N is in the vicinity of Node M, the current at both Nodes is identical i.e.
IN = M. Now the voltage at Node N is related to the voltage at Node M through (4.3).

Mathematical analysis shown below represents the derivation process of the expression given
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in (4.3).

vy :%(V;‘V +aVy +a’VY)
:%((vjy — ki IV Xe) + a(VY — ks I X ()
+ @ (VY — ks I¥X())
:%(Vj‘” +aVi + VY — Xe(ky 1Y
+ky aly + kz P IM))

X,
=yM —?C(k1 M+ ky al¥ + ks 21

MN
AV

vV =v + AVIY (4.3)

where VY, Vi3I, V¥ and VY, V§, V¥ are phase voltages at Node M and N, respectively; I3/, I}/, I

*th

and IV, , I}, I)are phase currents at Node M and N, respectively; VN and I': i are sequence

A,,

voltage and current at Node N; X is impedance of the series capacitor.

Equation (4.3) can be simplified to (#.4), (4.5) and (4.6) depending upon the fault type and
corresponding MOV getting bypassed.
Phase-A MOV bypassed: k, = 0,k, = 1,k. =1

X
AVMN = _ ?C(a/lgl + 1)

X
=- ?C(Iﬁl +al¥ +a?1Y - 1Y)
_ Xc M M M M
——?(311 -y +1]" + 1))

X
= ?0(21{” — I -1 (4.4)
Phase-B and C MOVs bypassed: k, = 1,k, = 0,k. =0

X X,
AVMN = _ ?C(Iff) = ?C(I(’)” Ry Ly ) (4.5)
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Phase-A, B and C MOVs bypassed: k, = 0,k, = 0,k. =0

AV =0 (4.6)

The positive sequence voltage so obtained at Node N i.e. VI can now be utilized to obtain fault
location (d;) as a fraction of line length between Node N and Bus R using as shown in (4.7),

using the fault location algorithm proposed in [14].

dy

anh! (N i ) @7)

"y -m)l Dn

where

N, =V{cosh((1 = m)y,l) = Z, Ifsinh((1 — m)y,l) — VI

D, =Visinh((1 = m)y,l) = Z, Ifcosh((1 — m)y,l) — Z., I

VR and I} are the positive sequence voltage and current at Bus R, respectively. The final fault

location as yielded by Subroutine 1 (d}'), can now be calculated as shown in (4.8).

di =m+d; x (1 —m)

1 N,
—m + —tanh™! | =L (4.8)
yll Drl

For the same fault, Subroutine 2 would yield fault location (d,) as a fraction of the line length

between Node M and Bus S as represented in (4.9).

1 N,
dy = ltanh_l( 2) (4.9)

r2
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where

N,, =V$ cosh(my,l) — I Z,,sinh(my,[) — V!

D,, =V sinh(my,l) — Z, I} cosh(my, 1) — Z, 1"

Similarly, the final fault location obtained from Subroutine 2 is given by (4.10)).

ds =1 —(dy x m+ (1 —m))

1 :
- L tani” (g 2) 4.10)
Y1 2

Now, the numerators and denominators of (4.8]) and (4.10) are expanded using (4.1)), (4.2) and
(4.3). It results in the expressions shown in (4.11)) and (#.12).

N, = VRcosh((1 — m)y,l) — Z., I¥sinh((1 — m)y,])—
Vi cosh(my, 1) + I Z,, sinh(my, ) — AV}'Y
D, = VEsinh((1 — m)y,l) — Z., IXcosh((1 — m)y )+

V; sinh(my,l) — Z., I; cosh(my, 1) (4.11)

N,, = V¥cosh(my,l) — I} Z.,sinh(my,])—
Vicosh((1 — myy,l) + I} Z,,sinh((1 — m)y,l) — AVI'M
D,, = V¥sinh(my,l) — Z,, I} cosh(my, )+

VEsinh((1 — m)y,l) = Z, Ifcosh((1 — m)y,1) (4.12)

It can be observed from (4.4), (4.5) and (4.6) that AV"Y and AV depend upon the current
in the non-faulted phases only. AV"V is calculated using the current through Node M to N
while AV using current through Node N to M in the non-faulted phases. Since the current

in both the cases is equal in magnitude but opposite in direction, therefore implying that for
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any particular fault scenario AV = —~AVMN_ Examining (4.11) and (4.12) in lieu of the fact
that AV = —AV!" leads to the observation that N,y = —N,,. It can also be observed that
D,; = D,;. Now, using the identity: tanh ' (—x) = —tanh™!(x) in and li it can be

inferred that di = df.

Therefore, the above mathematical analysis shows that Method A as proposed in this chap-
ter yields the fault location through the usage of only one Subroutine, irrespective of the section
of the line in which the fault is lying. It can also be highlighted here that the Method A is able
to provide the accurate fault location results only if the time gap between bypassing of MOV
and fault interruption is more than the time response of the phasor estimation algorithm being
utilized. It is due to the fact that the bypassing operation of MOV changes the state of the sys-
tem and consequently alters the measured current and voltage signals which get reflected fully
in the estimated phasors only after the passage of the response time of the phasor estimation

filter.

It is important to note here that, expressions given in and highlight the de-
pendence of positive-sequence voltage at Node N on the positive, negative and zero-sequence
components of the current and positive-sequence voltage at Node M for single-phase to ground,
double-phase to ground and phase to phase faults. Thus, forcing the involvement of the zero-
sequence parameters of the transmission line in the computation of voltage at Node N. Since
the zero-sequence parameters are sensitive to many environmental and geological factors, am-
biguity always remains in their accuracy. However, the significant observation that can be
made here is that zero-sequence components of only current at Node M are involved in (.4)
and (@.5). It is a known fact that the current in a transmission line changes very less as we
move from one end of the line towards the fault point whereas the voltage gradient is very high
over the same distance. Therefore, error in the estimation of zero-sequence parameters of the
transmission line is not going to incur considerable error in estimated zero-sequence fault cur-
rent at Node M. Thus, making Method A to be less sensitive to the variations in zero-sequence

parameters as compared to the fault location algorithms using fault loop analysis as further
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demonstrated in this chapter.

4.4 Test System and MOV Sizing

In order to evaluate the performance of Method A, a test power system is considered in PSCAD
while fault location algorithm has been modeled in Matlab. Phasor estimation technique used in
this text is Cosine algorithm. Also brief methodology for sizing the MOV for the power system
specified in the PSCAD is presented thereafter. For the comparative analysis, the performance
of Method A has been compared with the fault location technique proposed in [14], which is

referred to as Method B in this chapter, hereafter.

4.4.1 Test System

A 500 kV, 350 km SCCTL is considered in PSCAD/EMTDC as a test case in this manuscript.
As shown in Figured.3] 70% series compensation which corresponds to an equivalent capaci-
tance of 29.11uF (91.1Q)) is assumed at the sending end of the line for System A and in the mid-
dle for System B. The line positive and zero-sequence impedances are Z;; = (0.0155+ j0.3719)
Qperkm, Z;, = (0.3546+ j1.0670) Q per km, respectively, and line positive and zero-sequence
admittances are Y;; = (0+ j4.4099 x 107°) U per km, Y; = (0 + j2.7844 x 107%) U per km, re-
spectively. Positive and zero-sequence impedances for sending end source are Zg; = (.5 + j7.5)
Q, Zso = (1.2 + j12.5) Q respectively. Positive and zero-sequence impedances for receiving
end source are Zg; = (1.2+ j18) Q, Zgry = (2.6 + j26.5) Q, respectively. Load angle is 30 © with
receiving end source voltage lagging. The basis for the low impedance values of sending end
source is that the spark gap configuration of SCPU is used for strong SCU buses as mentioned
in Section 4.2

Further, current and voltage signals are obtained by using CT and CVT models, respec-
tively, available in PSCAD. A 2" order anti-aliasing filter with a cutoff frequency of 1920 Hz

is applied to the output of each instrument transformer and its output is recorded with the sam-
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Figure 4.3: Single-line diagram of the simulated systems in PSCAD/EMTDC (a) System A (b)
System B

pling rate of 20 kHz. The recorded signal is imported and resampled at 3840 Hz in Matlab. The
resampled voltage and current signals are applied to cosine algorithm for phasor estimation, the
results of which are fed to the fault location algorithm. Nominal operating times of SCPU ele-
ments have been considered for the purpose of analysis which are as: Fault clearance time by
line breakers: 4 cycles of fundamental frequency, operating time delay of bypass switch: 2.5

cycles of fundamental frequency, operating time delay of spark gap: 1ms.
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4.4.2 MOV Sizing

Maximum MOV Current Threshold

The rated current of 2000A, equivalent to the transmission line capacity of 1750 MVA, is
considered for sizing SCPU. Detailed procedure for sizing MOV has been presented in [25]].
For the sake of simplicity, only threshold values and their significance has been presented in
this chapter. MOV rating after considering an overload factor of 1.5 is calculated as 273 kV.
The protective level current of MOV (Ipg) corresponding to MOV rating of 273 kV is 4 kA. Ipg
is the RMS value of the minimum amount of the current through SCU that would lead to MOV
conduction. For protecting MOV against large fault currents, SCPU is set to immediately
bypass the MOV through spark gap if the MOV instantaneous current is above the bypass

current (/zp) which is equal to 8 kA for the test system under the study.

Maximum MOV Energy Threshold

For practical applications, MOV in spark-gap configurations is designed to tolerate the energy
storage for four cycles of the worst possible case of external fault conditions without getting
bypassed while for gapless scheme MOV is sized corresponding to the most severe internal
fault. As already mentioned that in gapless scheme, MOV is immediately bypassed if SCU is
reinserted onto a fault at the time of reclosing. However, the only criteria for Method A to yield
accurate fault location results is that MOV in faulted phase should be bypassed. Therefore, the
maximum energy dissipation capacity of MOV has been put at 29 MJ as it would result in
the bypass of MOV for considerable number of fault scenarios and is in the range of practical
applications. The value of 29 MJ for the maximum energy dissipation capacity of MOV was

arrived at after running PSCAD simulation for different types and locations of the faults.
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4.5 Evaluation

It can be seen from Figure d.3]that System A offers higher range of fault scenarios than System
B because any fault in System B is located at 50% or greater length from the bus that sees
the SCU current. That is precisely the reason that System A configuration is selected for the
elaboration of the immunity of Method A to the errors in zero-sequence parameters and CT-
CVT measurements. However, to present the fact that only one subroutine is sufficient to
locate the fault in both segments of transmission line split by SCU, few fault cases have been
simulated in System B configuration of SCCTL. It should be noted here that the final value
of fault location is arrived at after averaging fault location results over the entire steady state

interval.

4.5.1 Effect of error in zero-sequence parameters

As already discussed in Chapter [3] Method B utilizes the fault loop current (Ir) and voltage
(VF) for the purpose of fault location and consideration of natural fault loops comes with the
compulsion of using zero-sequence parameters of transmission line for fault location in SC-
CTLs [25]. As explained earlier in the Section[4.1] ambiguity in the accuracy of zero-sequence
parameters always remains due to their dependence on environmental conditions, therefore,
Method B is expected to be prone to errors. Though, the authors in [14] have tried to minimize
the usage of zero-sequence currents in the fault location algorithm but still the usage of zero-
sequence voltage remains unavoidable for the single phase to ground faults which are the most
common fault events encountered in a transmission system [[14]].

The Method A however, uses only zero-sequence currents and signals from both ends of a
transmission line for fault location as shown in (4.4),(.5) and (.6). As pointed out earlier that
the current in a transmission line does not undergo a considerable change from line terminal
to the fault point. Therefore, the current is not affected considerably, by the error in zero

sequence parameters. Consequently, making the Method A, more robust as also illustrated by
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Figure 4.4: Effect of erroneous zero-sequence parameters on fault location

the simulation results.

In order to show the impacts of erroneous estimation of zero-sequence parameters of the
line on the fault location results yielded by the Method A and Method B, three sets of AG fault
were simulated. Deliberate errors of +5% and -5% were added to the zero-sequence parameters
for the two sets of simulations while third set had accurate zero-sequence parameters. Figure
4.4] shows the fault location obtained by both the techniques for A-G fault at 20% of the line
length for different errors in zero-sequence parameters of the system. As observed from Figure
[.4] that fault location results yielded by the Method A technique are almost identical to each
other irrespective of the error in zero-sequence parameters while Method B yields different
results depending upon the amount of error in zero-sequence parameters. It therefore, implies

that Method A is secure against the errors in zero-sequence parameters of the line while Method
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Table 4.1: Error in Fault Location for Solid AG Faults due to Erroneous Zero-sequence Param-
eters (% )

Errors in Technique Fault Location(%)
Zero seq(%) 10 20 30 40 50
0% Method A | 0.10 | 1.94 | 0.26 | 0.15 | 1.60
Method B | 0.38 | 0.01 | 0.95 | 0.82 | 0.31
50 Method A | 092 | 1.96 | 0.72 | 0.49 | 1.49
Method B | 3.90 | 3.55 | 3.68 | 3.31 | 2.34
59, Method A | 0.17 | 1.89 | 0.32 | 0.55 | 2.28
Method B | 4.23 | 3.53 | 1.43 | 1.68 | 1.77

B remains susceptible to such errors.

Table 4.1 compares the fault location results for both the techniques for different errors in
zero-sequence parameters and different fault locations. It can be seen that as the zero-sequence
parameters of the transmission line are changed, the Method A shows a lower error as well
as lesser fluctuations in fault location results while those obtained from the Method B have
higher deviations and errors due to its higher dependency on zero-sequence parameters. Since
the Method B relies on the consideration of natural fault loops for fault location, the fault loop
voltage in the case of BCG i.e., Vr = V3 — V( is independent of the zero-sequence voltage of
the system. That is precisely the reason that BCG faults were not studied in this study. The
blank columns in the tables mean that for that particular fault scenario, there is no MOV bypass
achieved or the time gap between bypassing of MOV and fault interruption was less than the

response time of the phasor estimation technique.

4.5.2 Immunity to CT/CVT errors

Due to the presence of internal leakage reactance and relay burden, the instrument transform-
ers are unable to reproduce exact signals at their output terminals. These errors become more
prominent when the system is passing through a transient state, which may lead to the phe-
nomena of CVT transients and CT saturation which further exacerbates the error in output of
instrument transformers. Therefore, phasors estimated from the secondary side measurements

of instrument transformers are unable to represent the signal at the input of the instrument
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Table 4.2: Maximum Error in Fault Location for CT-CVT errors (%)

Fault Techniaue Fault Location(%)

type 4 0 | 20 | 40 | 60 | 80

AG | Method A | = 324139 = | -
Method B | — | 5.76 | 2.87 | — | —

G | Method A [ =039 [ 101 | 165 | -
Method B | — | 391 | 2.96 | 2.05 | -

e | Method A [0.22 [0.54 | 084 - | -
Method B | 4.60 | 3.60 | 2.72 | — | -

ApC | Method A [ 0.16 [ 0.34] 053] 055 | 058

Method B | 3.54 | 3.70 | 3.05 | 2.19 | 1.12

transformer exactly.

In this section, both the techniques i.e. Method A and Method B have been analyzed for
the effects of errors in phasor magnitude and phase angle on the fault location results. In order
to show the effects of instrument transformer errors on fault location, deliberate error of 3° in
the phase angle and 2% error in phasor magnitude was added to the different combinations of
current and voltage phasors from sending and receiving end in the series of simulation runs.
Total of 288 cases were generated by repeating the fault conditions under the different sets of

crroncous phasors .

Two indices that have been used here to present the comparative analysis are: maximum
error and standard deviation of the fault location results for each set of simulations. Table
shows the maximum error encountered while Table [4.3] shows the standard deviation of the
fault location results for different types of faults at a particular fault location. Higher maximum
error found in the fault location results yielded by Method B translates into extra time needed
to scan the larger section of the transmission line for the faults. Similarly, higher standard
deviation for Method B results indicates the difficulty in calibration of fault location algorithm,
as the fault location results vary widely when error gets introduced in different sets of estimated

phasors.

Therefore, it can be concluded that performance of the Method A is superior as compared

to Method B under the influence of CT/CVT errors.
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Table 4.3: Standard Deviation in Fault Location for CT-CVT errors (% )

Fault Techniaue Fault Location(%)

type 4 0 | 20 | 40 | 60 | 80

AG | Method A | = [T63[215[ - | -
Method B | — | 6.74 | 426 | - | —

G | Method A [ = 084125 129 -
Method B | — | 4.15 | 3.32 | 2.36 | -

e | Method A [0.27 [ 1.25 [ 183 = | -
Method B | 4.25 | 3.94 | 320 | - | -

ApC | Method A 0.14[0.67 | 097 | 101 | 078

Method B | 3.31 | 527 | 4.13 | 2.84 | 1.45

Table 4.4: Results for Subroutine 1 and 2 of Method A
Actual Fault | Subroutine: Fault Type

Location(%) | Method A AG BCG BC ABC
60 Subroutine 1 | 60.2847 | 60.1018 | 60.3695 | 60.4918
Subroutine 2 | 59.4021 | 59.4191 | 59.5901 | 60.0211
20 Subroutine 1 - 80.1299 | 80.6173 | 80.2812
Subroutine 2 - 79.3847 | 79.6329 | 80.0159

4.5.3 One subroutine for both line segments

Method A requires only one subroutine to locate the fault in both the sections of the transmis-
sion line resulting from the bifurcation of the transmission line by the location of SCU. As
shown in Table that both of the Method A subroutines i.e. Subroutine 1 and 2 yield very
close fault location results. However, in [14] two separate subroutines have been proposed for
the faults in both the sections of the line. Both of the subroutines are run for a fault scenario

and result of one of the two subroutines is selected as per criterion given in [14]].

4.6 Summary

In this chapter, operational concept of SCPU was explored in synchrony with the fault location
in SCCTLS. In depth analysis of SCPU behavior led to the identification of the possibility of
accurate analytical estimation of line voltages from the bus measurements. Hence, resulting in

the preposition of a new fault location technique for SSCTLs. The proposed fault technique
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was verified and validated through comprehensive simulation runs in PSACD/Matlab. The
proposed technique is highly accurate and precise, though it does not cover all the possible
fault scenarios. In conclusion, it is a salient and straightforward enhancement to the existing

fault location techniques for SCCTLs.



Chapter 5

Summary and Conclusion

5.1 Summary

In Chapter 1, different aspects of series capacitor compensated transmission lines (SCCTLs)
and fault location in SCCTLs were discussed in detail. In the later part of the chapter under
Section the problem was defined and available solutions were discussed. Chapter 1 also
presented the insight to literature survey and author’s objectives and contributions of the the-
sis. In Chapter 2, a recently proposed offline phasor estimation technique, Prony-DFT was
discussed and an enhanced approach to Prony-DFT was presented for the application in the
field of fault location in SCCTLs.The Cosine algorithm was also discussed in lieu of the fault
location in SCCTLs and was compared relative to Prony-DFT. The study conducted in Chapter

2 was supported by simulations in PSCAD and Matlab.

In Chapter 3, it was demonstrated that the well-known fault location algorithm for SCCTLs
as proposed in [14]] yields highly inaccurate results when the location of SCU is changed from
the middle of the line to one of its end. It was also presented that the proposed algorithm
is essentially an argument comparison of the fault voltage and current. In Chapter 3, it was
proposed that in order to get the most accurate fault location results, it is important to follow

the time-line of operation of each element of SCPU. Simulations in PSCAD and Matlab were

76



5.2. CONTRIBUTION 77

conducted to demonstrate the observations.

In Chapter 4, a new complimentary fault location algorithm for SCCTLs was proposed

which considerably improves the fault location results when MOV gets bypassed before the

interruption of the fault. Another significant highlights of the proposed technique is that it

is highly independent of zero sequence parameters of the transmission lines and is immune

to the CT/CVT errors. The proposed complimentary algorithm was further evaluated through

comprehensive simulations run in PSCAD and Matlab .

5.2 Contribution

This research study has resulted in the following key contributions:

5.3

. An enhanced approach to Prony-DFT was proposed and implemented in discrete time

domain; therefore, making it independent of any assumptions needed to relate the dis-

crete time processes to its continuous time domain counterpart.

Fault location algorithms found in literature were only tested for the scenario when SCU
was located in the middle of the line. In this study, a widely used algorithm as proposed
in [14] was evaluated by putting it at the end of the transmission line. It was shown that

it becomes highly erroneous for certain fault scenarios in SCCTLs.

. A new complimentary fault location algorithm for SCCTLs was proposed which consid-

erably improves the fault location results when MOV gets bypassed before the interrup-

tion of the fault.

Future Research Work

. As demonstrated in this thesis, the existing fault location algorithms for SCCTLs yield

highly inaccurate results due to the fact that they use voltage from only one end of the
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transmission line along with the current from both ends. Therefore,research can be con-
ducted towards devising a fault location algorithm for SCCTLs, which uses the voltage
and current information from both ends of the transmission line to achieve a higher de-

gree of robustness and accuracy.

. Since the study so far has been focused entirely on the transmission lines compensated

with fixed series capacitor (FSC). The scope of the study can be extended by testing
the algorithm and possibly proposing new techniques when the line is compensated by

FACTS-based series compensation such as TCSC and SSSC.
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