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A Novel Method for the Location of High Impedance Faults

Suiksha Gautam

(ABSTRACT)

In order to maintain the system reliability and minimize the impact of faults in a distribution
system, a timely restoration is needed which requires accurate fault localization. Locating
High Impedance Faults (HIFs) is specifically challenging because of their variable and non-
linear nature. Most existing approaches focuses on identifying the accurate fault distance
occurring in the main trunk of a system, often leaving lateral branches as blind spots. To find
the accurate distance to the fault in a lateral branches, a single ended fault location algorithm
is proposed that uses synchronized voltage and current measurements from PMUs positioned
along the trunk. Initially, a specific model that incorporates the particular characteristics
of the fault is developed in the spectral domain. Subsequently, a fault location algorithm
is developed that utilizes the change in a voltage of a healthy phase for calculating the
accurate distance to the fault. Extensive simulations performed across different systems at
different conditions proves the efficacy of the algorithm. Notably, a critical prerequisite for
the algorithm’s success is the presence of at least one healthy phase running parallel to the

faulty phase.



A Novel Method for the Location of High Impedance Faults

Suiksha Gautam

(GENERAL AUDIENCE ABSTRACT)

High Impedance Faults (HIFs) in power systems often involve dangerous arcing, posing
significant risks to life and property. Accurate fault location is essential to ensure timely
restoration of power and mitigate hazards. While existing literature typically focuses on the
location of faults in the main trunk lines, distribution systems with numerous lateral branches
require precise fault distance determination in these branches for faster restoration. This
study introduces a novel approach leveraging Phasor Measurement Units (PMUs) in main
feeders to pinpoint fault distances in lateral branches. By analyzing voltage variations in
healthy phases, the algorithm accurately determines the distance to the fault in the affected
phase. Extensive testing across various systems demonstrates the algorithm’s high accuracy.
The presence of a healthy phase parallel to the faulty phase is essential for the working of
this algorithm. This approach offers a promising solution for enhancing the accuracy of fault

location in distribution systems, thereby improving outage response times.
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Chapter 1

Introduction

The reliability, safety and power quality of electrical supply is a great concern for industrial,
commercial and residential customers given the facets of modern lives depend on uninter-
rupted electricity. Unlike their transmission counterparts, distribution networks are recog-
nized for their complex structure, featuring branches and tapped laterals that enable the
distribution of electricity to end-users. These networks extend across both rural and urban
areas, facing susceptibility to numerous fault sources, including adverse weather conditions,
bird contacts, vegetation growth, and equipment failures [1]. Around 5-20% of faults in distri-
bution systems are attributed to High Impedance Faults (HIFs), representing only instances
where these HIFs subsequently escalated into high-current short circuits[2]. A HIF occurs
when an energized conductor establishes poor contact with the ground or interferes with
the quasi insulating object such as tree,poles or other equipment [3]. In underground sys-
tem, they occur due to insulation degradation that exposes the energized conductor to high
impedance objects. HIF is characterized by low intensity of fault current and non-significant
change in the voltage which poses challenge for both the detection and the location of the
fault. Most notably, these faults accompany arcing phenomena which can lead to fire, intro-
ducing a potential hazard to public safety. In some instances when HIFs results in conductor
rupture, it can lead to the interruption of electricity [4]. The nonlinearity of arc resistance
and the relative low magnitudes of fault currents associated with HIFs create hurdles for its

precise detection and location|5].
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HIF is notably less common in transmission and subtransmission system, one reason being
the design of transmission system. As there is carefully planned clearance, the probablity of
downed conductor or contact with the tree limb is much lower. Even if these faults occur,
the short circuit power in transmission system is higher and the currents to the ground can
be detected more easily. Despite the extended tripping times and unselective trips associated
with HIF in transmission systems, these faults seldom go unnoticed due to the heightened
sensitivity of detection mechanisms. But, in distribution system there are various challenges
that are introduced by HIFs. The exploration of research pertaining to this fault category
began in 1970s [6]. Since, then subsequent research has focused on fault detection[7], [8].
However, the establishment of a comprehensive protective framework should encompass fault
localization, with the objective of minimizing the duration required for utility maintenance

teams to pinpoint the fault location and expedite the restoration of energy supply.[5].

1.1 Prior Work

For the location of high impedance fault time-domain, frequency-domain, and time-frequency
domain methods, have been studied. In [9], the authors have used time-domain approach
to estimate the fault distance and fault parameters using parameter estimation approach.
Emanuel model [10] is used for modeling HIF and involves resistance and inductance, with
positive and negative arc voltages switched based on the signal semi-cycle. The linear least
square estimation (LSE) method is utilized for estimating unknown parameters when line
capacitors are not considered in the equations. In scenarios involving capacitors, a nonlinear
least square estimation approach (NLLSE) is adopted, employing Newton’s method with
steepest descent to accommodate the non-linear relationship in parameter estimation. The

NLLSE is used to refine the estimates obtained from the linear LSE method. The method



is interesting but the location of the fault has been only evaluated in the trunk and the
fault in the branches hasn’t been studied. The utilization of a time-domain system may ex-
hibit certain constraints in contrast to frequency domain approaches, including the presence
of noise in the signal, harmonic distortion, and inherent challenges in implementation[11].
Thus, the author of [12], [13] propose a frequency domain method using impedance based
approach for HIF location with measurement only at one end. In [12], the authors have used
the fundamental frequency component for location of the fault. Due to the non-linear nature
of the fault, the resulting equation becomes underdetermined with three unknowns and two
equations. A moving time window approach is been proposed in [12] to convert it into an
overdetermined equation. By applying Fourier transform to a moving window, the resulting
equations become overdetermined, leveraging the constant magnitude and rotating phasor
concept. WLS minimization is achieved through the Newton-Raphson method, with higher
weight assigned to recently obtained samples. Fault current is initially calculated as the dif-
ference between pre-fault and post-fault current, and is refined iteratively until a specified
tolerance is met. Given the considerable variation of fault parameters during HIF, residual-
based method using a Binary Control Variable (BCV) is used for precise estimate selection
in the Weighted Least Squares (WLS) approach. Residuals exceeding 3 Standard Deviations
(SD) are ignored, setting BCV to zero. If below 3 SD, BCV is 1, indicating selection. The
proposed approach has been verified in IEEE 13 system model and a real distribution system
from the RGE SulPower Utility (Southern Brazil) with a very good accuracy. According to
the author of [13], employing a mathematical model that exclusively consider fundamental
components results in an overdetermined system of algebraic linear equations characterized
by a high degree of linear dependence. This can result in a parameter matrix that approaches
singularity, leading to solutions characterized by substantial estimation errors. So, in [13],
the author has used third harmonic component in addition to the fundamental to make the

system determined. A Parametric Error Processing (PEP) method, leveraging Composed
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Measurement Error Normalized (CMEN), is proposed for identifying and rectifying errors
in parameters associated with HIF current distortions. In the proposed method, sensitiv-
ity analysis revealed the method’s robustness in fault distance estimation under varying
fault parameters (arc voltage amplitude, fault resistance) and system load conditions. This
method has contributed a robust and effective analytical formulation for high impedance
fault location, offering improvements over existing techniques. However, the possibility of
multiple estimation problem in the presence of laterals hasn’t been explored and like any

other single ended impedance based method, it also faces multiple estimation problem.

In [14], the author introduces a two-ended impedance-based method for fault detection and
localization in transmission lines. The method is fault-type independent and utilizes a least
squares algorithm for accurate fault distance estimation. The proposed approach is appli-
cable to single line to ground faults, double line to ground faults and both low and high
impedance faults. As, this method doesn’t depend on the model of the fault, similar ap-
proach is used for both low and high impedance fault. The incorporation of the least squares
approach addresses noise and unmodeled effects, enhancing the accuracy of fault distance
calculations minimizing estimation errors. Through sensitivity analysis using analysis of
variance (ANOVA), the study identifies the distance of the fault, error in line parameters,
and noise in the signal as significant factors. Conversely, the nature of the fault, fault re-
sistance, and angle of incidence prove to be insignificant for the proposed method. The
approach achieves a commendable maximum error of 0.25%, with 80% of cases demonstrat-
ing an error below 0.015%. Authors have claimed that the method has the potential for
real-life applications. However, the use of a Digital Fault Recorder(DFR) at every node of
the power system makes this method economically infeasible. Similarly, the study of [15] in-
troduces a two-ended impedance-based method utilizing zero-sequence voltage and sequence

current for locating High Impedance Faults (HIFs). It uses Fortescue theorem to convert



phase impedance, voltage and current to sequence terms in both balanced and unbalanced
distribution system. It emphasizes the variation of induced voltage drop (AVg,t) in the
zero-sequence, highlighting its non-uniformity across different sections. This variability is
closely associated with the positive sequence current drawn by individual transformers (de-
noted as It,n and Ir,m, where 'n’ and 'm’ represent the number of transformers upstream
and downstream from the fault point). To address this, the author in [15] introduce a linear
approximation to rectify the induced voltage drop in the zero sequence. This correction aims
to improve the accuracy of estimates provided by meters M1 and M2. The correction is done
for negative sequence as well. The method is proved to be robust against load variation and
the presence of DG in the system. However, in scenarios where the fault occurs in the lat-
eral, the method can identify the lateral branch but lacks precision in determining the exact
distance to the fault. Placing an extra PMU in the lateral would give the exact distance to

the fault in the lateral.

There are several methods that combine signal processing with machine learning algorithms
for the location of the HIF. Signal processing tools are used for generating features for ma-
chine learning algorithms. In a recent study [4], the authors have reviewed the existing high
impedance fault location approaches and have proposed a new methodology to identify a
fault region using random forest algorithm. The main contribution according to the author
is to address the lack of consensus on input features, metrics and decision algorithm. Har-
monics are extracted using Stockwell transform that is an effective representation of time
varying harmonics. Energy of each harmonic at each cycle is computed for the phase and
neutral current measured at the substation. To ensure optimal feature selection with minimal
redundancy and maximal relevance, the minimal redundancy maximal relevance (mRMR)
approach is employed. And, the random forest algorithm is chosen to output the faulted

section due to its better accuracy. The method has good accuracy even in the presence of
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noise. However, the Stockwell transform algorithm is computationally expensive and can
hinder real time location of faults.Also, the performance of the algorithm heavily relies on
the quality of the training data. Similarly, the author of [16] uses synchronized phasor mea-
surement unit data as the input of ANN to identify the faulted lateral and the distance to
the fault from the first meter in an area. In the first step, the faulted phase and area of the
fault is identified and this information is used in the second step to calculate the distance
to the fault. The database for training the ANN incorporates various realistic scenarios, in-
cluding changes in feeder resistance due to temperature variations, load variations, different
distribution system topologies, and different positions, sizes and types of Distributed Gen-
eration (DG) units, as well as random fault characteristics such as different fault resistances
and locations at various phases. Multiple layer feedforward neural network is used with the
number of neurons variation from 1 to 50 in the hidden layer. Levenberg-Marquardt method
is used for backpropagation. The ANN model is given two extra inputs, sum of zero sequence
current to identify phase to ground fault and sum of negative sequence to detect fault. The
method has been verified on the IEEE-123 distribution system and a simple 6 bus system
with errors less than 1% for fault location. However, machine learning method requires large
amount of training data to train a specific system under different scenarios which might not
be available in a real case. Similarly, it is highly likely that the model trained for one specific

case and system doesn’t provide good accuracy for a different system.

1.2 Objective and Contribution

The main focus of this work is to develop a novel method to identify the distance to a HIF

in the branches of a distribution system. The following contributions are made in this work:

1. A novel single-ended method using measurements of healthy phases is developed for



calculating the distance to the fault from the measurement point.

2. The spectral leakage phenomenon while calculating phasors during HIF using rectan-

gular window is addressed.

3. Various simulations are conducted under different system conditions to verify the effi-

cacy of the fault location algorithm.

1.3 Thesis Outline

The thesis is organized as follows:

1. Chapter 1 provides an overview of the problem and delves into existing literature,
highlighting their contributions while also pinpointing their limitations, which serve as

the motivation for this research.

2. Chapter 2 explains how phasors are calculated for this work, spectral leakage phe-
nomenon while using different windows, and explains the HIF and distribution system

model.
3. Chapter 3 explains double ended FLA and a novel single ended FLA.

4. Chapter 4 summarizes the results, demonstrating the efficacy of the algorithm across

various scenarios.

5. Chapter 5 discusses the conclusion and outlines future direction of the work.



Chapter 2

Phasor Estimation and Fault Model

This chapter delves into Phasor estimation algorithm, spectral leakage phenomenon in phasor
computation and also describes the HIF model and exact distribution system model. These

models provide the framework for the work presented in this thesis.

2.1 Phasor Estimation

Measuring angles between distant point had been a great concern in power system. With
the advent of GPS technology, measurements can be referenced to the GPS time, synchro-
nizing devices across the grid. Standing at the forefront of this transformation are Phasor
Measurement Units (PMUs), adept at capturing real-time measurements of current, voltage,
and phase angles, time synchronized with high GPS precision. This extensive dataset, gath-
ered from multiple grid locations, significantly improves reliability and operational efficiency.
Various applications for PMUs have emerged, notably in fault location, where precise timing

and synchronization capabilities are important.



2.1.1 Fundamentals of Phasor Representation

A pure sinusoidal signal can be represented as:
z(t) = X,y cos(wt + @) (2.1)

where X, is the peak amplitude of the signal and w is the frequency of the signal in radians

per second. In phasor form, it can be represented as:

X = (%) [cos & + 7 sin ] (2.2)

X
e

the signal is corrupted with harmonics and noise. To extract the phasor of specific harmonic

where is the rms magnitude of the signal and ¢ represents the phase angle. In reality,

component of a signal, we need to perform a discrete Fourier transform (DFT) of the sampled

signal[17].

2.1.2 DFT and Fourier Series

Taking an input signal x(t) which is being sampled at uniform intervals kAT where (k =
0,+1,£2,43,.....) and yields sampled data x(kAT). To select N samples to perform DFT,
we need to multiply the signal with a windowing function w(t) which has unit magnitude
and spans over NAT. Within the window, we will have x(kAT) samples. It can be seen as

multiplying the signal x(t) with the windowing function w(t) and the sampling function Jt.

y(t) = 26 Ww(t) = S 2(kAL)I(t — kAT) (2.3)
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By taking the convolution of these three signals in the frequency domain, we can calculate

the DFT of the signal. The DFT of the signal is given as:

=

X(f) = w(EAT)e I2n/N (2.4)

e
Il

The Fourier series coefficients of a periodic signal can be obtained by dividing the DFT result
by the sum of the amplitude of all samples of a window. Thus, the Fourier series coefficents

for x(t) are given by:

o] 00 N-1
) 1 ) )
x(t) = g ae? 2R — 5 N E x(kAT)e’ﬂ”k"/N eI 2mkt/T (2.5)
k=—00 k=—oc0 n=0

Using the Fourier coefficients on sampled data, we can determine phasors for any harmonic.

2.1.3 Phasor representation using Fourier Series

Consider a sinusoidal function z(t) with frequency k fy expressed as:

z(t) = ay, cos(2mk fot) + by sin(27k fot) = 1/ (a2 + b2) cos(27k fot + ¢)

ak

where ¢ = tan™! (_—b’“>

The phasor representation Xy, of x(t) is given by:

Xk = \/az + bi@jd} = (CLk —jbk)

The estimated value of the kth harmonic component, X, using N samples per cycle is

computed using the relationship of DFT with fourier series as:
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Xk = N 2_: z(nAT) (cos(knf) — jsin(knd))

n=0

where,

0= %’r and N is the sum of the coefficents of a window

k is the harmonic number and 0 is for dc component, 1 is for fundamental and so on.
n is the sample number in a cycle.

It can be represented in matrix form as:

X<0) (Cw - ij>(0,0) (Cw - ij)(O,l) cee (Cw - ij)(O,Nfl) .ﬁE(l)
X(l) B 3 (Cw — ij)(LQ) (Cw — ij)(Ll) . (Ow — ij)(le_l) . :L‘(2)
N
| X (k)| | (Co = 3Swluwoy (Co=iSwun - (Co=iSwlun-n] [2(N)]
(2.6)

where, C,, = cos 2W”k:n S, = sin %k‘n

2.2 Spectral Leakage Phenomenon

To extract magnitude and phasor information from a specific segment of a signal using the

Discrete Fourier Transform (DFT), applying windows is essential. The rationale behind

employing the window is to generate a periodic function capable of replicating the original

signal’s samples within recurring windows [17]. The abrupt transition from non-zero to zero

values at the window edges especially for rectangular windows introduces high-frequency

components that spread across the entire frequency domain, causing spectral distortion.
1

Let’s assume that the signal is 2(¢) with a sampling frequency, fs = <;, where f; meets the

Nyquist criteria of being more than twice the maximum frequency present in the signal.
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Suppose the signal is comprised of a single frequency component.

z(t) = A,elomt

And the rectangular window is given as:

1 f0<t<T
Wr(t) =

0 otherwise

The signal with a duration T is given by the product of original signal with the window

function
xp(t) = z(t) * We(t)

The Fourier transform of z(t) is X,,(w) = A,, - 270, (w) and yields a single spectrum line,
indicative of a concentrated frequency component at wy. And the fourier transform of the
rectangular window is given as[18]:
: wT
sin (%) _ ./
Wr(w) = 202 ()
2
In accordance with the Fourier transform product theorem, the convolution of X,,(w) and
Wr(w) gives rise to the Fourier transform of xp(t). The fourier transform of rectangular
window represented in figure 2.1b is characterized by a narrow main lobe and wide side
lobes, exhibiting a small ratio between the main lobe and side lobes. This leads to significant

"leakage” of side lobes[19]. Leakage signifies that the energy associated with a specific
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frequency component spills into neighboring frequencies, leading to potential interference
and distortion in the analyzed signal. So, the spectrum of X,,(w) is no longer a single line
and spreads across the entire frequency range. When there are more side lobes present
alongside the main lobe, it leads to a decrease in the magnitude of the main lobe due to
leakage. The implications are more profound in the context of harmonic analysis. As energy
leaks from various harmonics, it introduces the risk of overlapping spectral components,
complicating the accurate identification and analysis of individual harmonic frequencies.
This phenomenon may lead to errors in the interpretation of harmonic content, affecting the
precision of harmonic analysis techniques. The errors produced by harmonic leakage can be

reduced by proper windowing of the signal.

Time domain
T

Frequency domain
T T T

T T 40
= Blackman
1 [ 1
Rectangular
08
g
i :
a 'E
< £
04
02
P N N (N N O (N E N B
o L L L L L -1 -0.8 -08 -0.4 -0.2 0 02 04 08 o8
10 20 30 40 50 &0 Normalized Frequency (== rad/sample)
Samples
(a) Different windows in time domain (b) Different windows in frequency domain

Figure 2.1: Windows analyzed for DFT computation

Spectral leakage is one of the reason some PMUs like the one developed by Arbiter Systems
provide a user selectable wide range of window functions [20]. The Hann (or Hanning) and
Blackman windows are often used because their side lobes exhibit a decrease in magnitude
as the frequency increases. The Hann, Hamming (2-term), Blackman (3-term), and Nutall

(4-term) windows share a common general equations and collectively belong to the Blackman-
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Harris family[20]. The general expression of Blackman-Harris family of windows is:

where M is the number of items minus 1.

CHAPTER 2. PHASOR EsTimMATION AND FAULT MODEL

(¥)

Window ao ay as as

Hann 0.5 0.5 - -
Hamming | 0.54 0.46 - -
Blackman | 0.42 0.5 0.08 -

Nutall 0.355768 | 0.487396 | 0.144232 | 0.012604
Flat-top 0.2810639 | 0.5208972 | 0.1980399 | —

Table 2.1: Parameters of Blackman-Harris family (Adpated from [20])

The time domain and frequency domain representation of different windows used for com-
parison in this thesis are shown in 2.1. It is evident that as the value of M increases, the side
lobe attenuates greatly reducing the spectral leakage[18]. However, the central lobe expands
with increase in M making it more challenging to distinguish between closely spaced fre-
quency components in the signal. This wider central lobe can lead to increased interference

between adjacent frequency components, reducing the accuracy of spectral analysis.

2.3 Distribution System Line Model

For precise estimation of voltage and current at specific nodes of a distribution system,an
exact line model of the distribution system can be used, facilitating reliable calculations

based on measurements from nearby nodes. If we apply Kirchhoff’s Current law at node q
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Node —p Node — q
Iap Iline a Zaa Ia q
Vapo— I—> W —> Vg
i Liiney, Zvh iZa;] Iy,
‘/bp -~ —> N Zac . V-bq
Icp Tiine Zee Zpe Icq
ch . —> —> Py ‘/cq
Ia C
[ Lately l é X [YVase] [Iabc]ql = X [Yape]
L i

Figure 2.2: Three phase line segment Model(Adapted from [21])

in figure 3.1, we obtain:

1
iineare)q = [abelq + 5 * [Yabe] * [Vabelq (2.7)

Applying Kirchhoff’s voltage law at node p, we have:

Vabelp = [Vavelq + [Zave] * [ineaselq (2.8)

Combining equation 2.7 and 2.8, we obtain a general equation represented as:

[Vavelp = la] * [Vavelq + [0] * [Laelq (2.9)

where,

[b] = [Z abc]

[u] is a 3 x 3 identity matrix
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Similarly, applying Kirchhoff’s current law at node P, we have,
. 1
[Labelp = [Ilinegpe)q + 3 * [Yabe] * [Vavelp (2.10)

Combining equation 2.7, 2.8 and 2.10, we obtain an equation whose general representation

is given as:
Havelp = [c][Vaelq + ] [Labelq (2.11)
where,
[C] - [Yabc] + i[Yabc]‘[Zabc]-[Yabc]
@) = (0] + 5 Vot [Zua] = [

Equations 2.9 and 2.11 can be written in combined form as:

[‘/abc]p _ [CL] [b] . [Vabc]q (2.12)

[Labelp [c] [d] [Laeq

6x1 6x6 6x1

To solve for voltage and current at node ¢ when these values are given at node p, we use:

-1

[‘/ébC]q _ [a] [b] ' [Vabc]p (2'13>

[Labe] q ] [d] [ abC]p

6x1 6Xx6 6x1
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2.4 Load Model

The load is modeled as a constant impedance because this is the most common model found

in recent literature [12], [13] in HIF location and its impedance is given as:

Vin
Pan*ann 0 0
Vi 2.14
O an_ijn O ( ’ )
Vc2n
0 0 Pepn—jQcn

where V, P and Q) denotes the nominal voltage and active and reactive power respectively.

2.5 High Impedance Fault Model

The impedance of the HIF is dependent on the resistivity of the soil, it’s moisture content
and the composition. In the test conducted in [22], the initial current is only 60% of the
full value of the fault current due to smaller effective contact between the conductor and
the soil, growing to full value in about three to four cycles. Due to smaller contact area,
the density of the current will be large and so the voltage gradient which leads to localized
arcing and ionization. Within three to four cycles, the current increases to its full value as
the arc penetrates the ground between soil particles, increasing effective contact resistance.
As the arc penetrates into the soil, moisture in the vicinity of the arc may be depleted,
potentially extinguishing the arc. However, this process is counteracted by the migration of
moisture from neighboring soil areas, which can reignite the arc. This phenomenon occurs
during the early stage of the failure and is known as intermittency. In contrast to the
arcing fault in transmission system that typically exhibit longer arc lengths, higher currents,

predominantly inductive impedance, and a uniform contact surface, HIFs are characterized
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by shorter arc lengths, lower currents, predominantly resistive impedance, and a non-uniform
contact surface due to varying resistivity across soil layers [23]. According to [10], [22], a

HIF has the distinct characteristics outlined below and represented in figure 2.3:

1. Non linearity between Voltage and Current due to the presence of electric arc
2. Build up period: During this period, the fault current’s amplitude steadily increases

3. Shoulder period: This period marks the stabilization of the fault current’s amplitude,

occurring after several cycles of current escalation within the buildup period.

4. Asymmetry: There is asymmetry between fault current cycles i.e. the amplitude of

positive cycle may become different than that of negative cycle.

Shoulder
R —
Period

~ Buildup period -

Fault current
o

. . . . . .
1 1.02 1.04 1.06 1.08 11 112 114 1.16
Time

Figure 2.3: Characteristics of fault current during HIF

As cited in [10], the amplitude of the positive half-wave of the fault current exceeds that
of the negative half-wave. The discrepancy in amplitude between the positive and negative
half-waves of the fault current is not influenced by factors such as electrode shape or the
material composition of the electric conductor (e.g., copper or aluminum). Instead, it is de-

pendent upon the moisture content and porosity of the surface in contact. When the surface
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experiences heating from a High Impedance Fault (HIF), the silica present in the soil acts as
a cathode, emitting electrons. This phenomenon results in smaller voltage drops when the

conductor is exposed to positive voltage, as outlined in [23].

Due to the risk and difficulty of obtaining oscillographic records through field test, sim-
ulation is the best option to test algorithms for either detecting or locating the HIF. For
simulation purpose, in order to build a realistic model of HIF, these stochastic properties have
to be accounted in the model. There are many methods to represent HIF in the literature,

each aiming to capture the characteristics of HIF'.

One notable model is the Emanuel model[10]. It consists of two diodes Dp and Dy, each con-
nected to dc sources and arranged in an anti-parallel manner. The magnitude of dc sources
are unequal to model the asymmetry of HIF. The diode and voltage source arrangement are
connected in series to the fault resistance and inductance. The value of Vp and Vi depends
on the system where the simulation is to be performed and the particular asymmetry under

consideration.

Voh

z

|D'

o

(@]
Figure 2.4: Emanuel Model

When the value of Vph > Vp, current flows towards the ground and when V,, < Vy, the

direction of current reverses. When the value of Vp < V,;, < Vi, no current flows through
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the model and this period models the arc phenomenon. Given that the current in the pos-
itive half-cycle is greater than in the negative half-cycle, it follows that the voltage across
the negative terminal (Vi) is greater the positive terminal (Vp). This model simulates only

the non-linearity and asymmetry characteristics of the fault current.

Another approach to represent the characteristics of HIF is described in [24]. This approach
incorporates two resistances connected in series, both of which exhibit time-varying behavior
regulated by the Transient Analysis Control System (TACS) module of ATP. The first re-
sistance, denoted as R1, is employed to emulate the asymmetry and non-linear properties of
the fault. It’s value is determined by analyzing the voltage and current during a steady-state
period of one cycle. The second resistance, Rs(t), is utilized to model the buildup period
(where the current progressively increases) and the subsequent shoulder period (where the
current remains constant before increasing again). It is assumed that during steady-state

conditions, there is no influence from the buildup and shoulder periods.

Ry(t) Ry(t)

Fault Point

Controlled by
TACS

Figure 2.5: HIF as two series connected TVRs

In [23], author presents values of R;(t) and Ry(t) for simulation of HIF in different types of

soils. The time-varying nature of R;(t) can be divided into two distinct phases: the buildup
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period, occurring from t; to ts , and the subsequent steady state period beyond t. This

behavior is approximated by a piecewise polynomial function:

Ant™ 4 A "V agt +ag, fort; <t <ty
Ry(t) = (2.15)

ao, for ¢ > ty

where, t¢; is the instant at which fault occurs and t,, is the instant at which fault reaches
a steady state. Equation 2.15 can be used to simulate fault in different soil conditions by
varying the coefficients of polynomial. For this thesis work, a modified Emanuel model is
used from [14] because of it’s simplicity to control the percentage of harmonic components
generated from the fault. The constant resistance in fig 2.4 is replaced by the time varying
resistance represented in equation 2.15. The value of Vp and Vy is used for controlling the
percentage of harmonic component and Ry is used for controlling the amplitude of fault
current. This model can represent buildup, shoulder, non-linear and asymmetry property of
HIF. Among the higher order frequency component, third harmonic component is dominant
in HIF followed by fifth harmonic component [25]. The percentage of the magnitude of har-
monic components relative to the fundamental component for one of the case in the model

is illustrated in figure 2.6.

X 180
Y 11.5633

X 300
Y 6.04634

Mag (% of Fundamental)

0 100 200 300 400

500 600 700 800 900 1000
Frequency (Hz)

Figure 2.6: Presence of higher order component in HIF



Chapter 3

Fault Location Algorithms

This chapter presents the two ended and a novel single ended fault location algorithm(FLA)

designed to determine the distance to a HIF. Firstly, a flowchart is presented explaining the

5

Obtain Voltage and Current signals from PMUs

at the two ends of a feeder
_ J

fault location procedure.

( Apply two ended fault location algorithm using
third harmonic component to find distance to
L the fault y

Is there a lateral
near the estimated
distance calculated
using two ended

No

Run a single ended fault location algorithm to
calculate the distance to the fault in lateral
branch

2 ¢

Figure 3.1: A flowchart describing the fault location methodology

22
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3.1 Fault location using two end synchronized harmonic

measurements

With the advent of GPS technology, we can get synchronized measurements at different
nodes of a power system. Algorithm that uses synchronized voltage and current at two
terminals for calculating the accurate distance to the fault are commonly referred as two-
ended algorithm. When HIF occurs in a power system, it injects significant third harmonic
component into the system. Thus, it can be analyzed as a current source injecting third
harmonic current into the system. Most of the harmonic current flows towards the source,
this assumption is based on the fact that the impedance to the substations is lower compared
to the loads when seen from the fault point[25]. Thus, the current flowing from fault towards
the load is negligible compared to the current flowing towards the substation. Consider two
PMUs as shown in fig 3.2, where PMU 1 is connected to the node near substation and PMU

2 is connected at the opposite end of a trunk.

Vi, hy Vy,

@_PMW -

Y Y \l Y

- PMU 2

""lll‘gﬁ =

Figure 3.2: A radial system
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Suppose the fault occurs at any point 'F’ between two PMUs. Considering the current source

at point 'F’ as shown in figure 3.3, the following relation can be expressed:

Vi=Vi+d-Zp- 1

dy+dy=1

Measurement Point Measurement Point

Vi ly = Vo I
192 | < —> (1-d) 2, 1

! q>

Ry

X

7]

Figure 3.3: HIF as third harmonic current source

where V; and I; are the third-harmonic voltages and currents measured by PMU; and V;
and [y are the third-harmonic voltages and currents measured by PMU, and d; and dy is
the percentage of a line from PMU; and PMU, to the fault respectively and V; is the volt-
age at the fault point. By solving above equations, we can find the distance to the fault.
Given the predominance of the third harmonic current in HIF, third harmonic components

of measurements are used for accurate calculation of the distance to the fault.

The error in the distance calculation is due to the fact that some leakage currents will
flow through lateral branches between two PMUs. In scenarios, where there are multiple
branches or tapped loads, the error in the calculation of distance goes on increasing, leading
to a progressive deviation in the accuracy of fault distance calculation. More PMU can be

deployed along the trunk to increase the accuracy. This method is able to calculate the
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distance to the fault when the fault occurs in the trunk of a power system. However, when
faults occur in any branches, then it is only able to identify the location in the main trunk
where the lateral is connected. This highlights the challenge of observing laterals through
PMUs placed at trunk’s ends. Placing an extra PMU at the end of the lateral can make the
lateral observable. However, distribution system have multiple lateral branches and PMUs
in distribution are still scarce. The combination of two end synchronized fault location al-
gorithm and a single ended fault location algorithm using fundamental component can be

used for finding the accurate distance to the fault in the lateral branch.

3.2 Problem with Single Ended Fault Location Algo-

rithm

Let’s consider a case with a HIF at phase C at d% of the line in a lateral. The phase C with

a HIF is represented in figure 3.4

Vih,

dZ.

(1‘d) ch

zIoad

,‘Il

Figure 3.4: HIF at Phase C
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The voltage at phase C can be represented as:

Voh, = d(Iph, Zac + Ion, Zve + Ioh, Zec) + Vi (3.2)
Voh, = dMpn + Iy Zse (3.3)
Where,
Vi =17 Ze

]w'phc = IphaZac + Ipthbc + [phCZCC
e = Zf + Zs

Zy and Z4 are the fault and arc impedance respectively.

Separating equation 3.3 into real and imaginary parts, we have,

d
Vo, M, Iy —Iy/
Tel= T | | Ry (3.4)
Vphcl Mphcl [fcl [fcr

Xre

Equation 3.4 has three unknowns and only two equations. So, the equation is underde-
termined. Thus, we need to find a new method to find the distance to the fault using

measurement at only one end for a HIF.

3.3 A Novel Single Ended Fault Location Algorithm

Algorithms that utilize voltage and current measurements of a single terminal to calculate

the distance to a fault are commonly referred to as single-ended algorithms. When the con-
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ductors are carrying current in a parallel path, their electromagnetic fields interact with each
other, leading to mutual coupling effects. This mutual coupling phenomenon is described
by the influence of current flow in one circuit to the voltage profile in the other circuit [26].
Therefore, the voltage profile in a specific circuit is not solely determined by the current
flowing through that particular circuit. Instead, it is intricately influenced by the currents

in its neighboring lines. In a normal condition, the voltage in three phases can be expressed

as:
‘/ag Zaa Zab Zac Zloada 0 0 Ia
Vig| = Zoa Zpp Zpe| T 0 Ziaa, O X 1y (3.5)
‘/cg an Zcb ch 0 O ZloadC [c

where,

Vag, Vg, and V4 are the line-to-ground voltages.

1,, I, and I, are the line currents.

ZLaas Ly, Zee Tepresent the self-impedance of different phases, and Zu,, Zac, Zoas Zoe, Zeas Zeb
represents the mutual impedance between phases.

Lioadas Lioadh, and Zigaq. denote the load impedances.

When a high impedance fault occurs in any phase, there is typically an observed increase
of approximately 10-20% in the current within that specific phase. Assuming all other
factors remain constant in a system immediately before and after the fault, this increase
in current influences the voltage profile in other phases. So, the change in the voltage in
other phases during fault is due to the increment of current in the faulted phase. In [27], a
two ended fault location algorithm is proposed to calculate the distance to the fault using

mutual impedance for a series compensated line. The Zero sequence and positive sequence
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impedance was needed for computing mutual impedance. The computed mutual impedance
is directly correlated with the distance separating the relay and the fault point. In order
to determine the distance to the fault in a lateral branch using measurements taken at two

ends of a trunk, a single-ended fault location algorithm is required. Let us assume that

tpretantt? Vopretaures A Ve o . are the fundamental prefault voltages in phase a,b and c
respectively. Similarly, I, . .5 o, eiue> @0 Lo, are the fundamental currents in phase

a,b,c respectively. Additionally, V,,Vy, V. and I, I, I. are the fundamental voltages and
currents in phase a,b and c respectively. Considering a fault in phase ¢ at a distance d%

from the measurement point, the change in voltage in phases a and b can be expressed as

follows:
Va - ‘/;‘prefault = (Ia - Iaprefault) : (Zaa + Zloada)
+ (]b - ]bprefault) : Zab + (]C - ICprefault) ' d : ZCLC

% - ‘/bprefault = (‘[b - Ibprefault) ' (be + Zloadb)

+ (I, -1 ) d - Zye

Aprefault

) Zpa+ (L. — 1

Cprefault

By solving any of the above two equation, we can find the distance of the fault from the
point in the trunk where the lateral is connected. The impedance of loads can be derived
from the pre-fault condition utilizing equation 3.5, which establishes the relationship between
voltage and current. During High-Impedance Faults (HIF), there’s a negligible change in
voltage at the fault point. Therefore, the current flowing through the load in the faulted
phase is assumed to remain approximately the same as it was four cycles before the fault
occurred while deriving equation 3.6. This assumption is the primary cause of the minor

error observed in distance calculations in the initial iteration.
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3.3.1 Estimation of Load Current in the faulted Phase

Since, the assumption of constant load current in the faulted phase in equation 3.6 introduces
a degree of error in the calculation of fault distance, there is an opportunity for refinement.
To achieve this precision, it is imperative to account for the variability in the load current in
the faulted phase and integrate it into equation 3.6. In refining fault distance calculations,
the initial estimate of fault distance for a three-phase system with a single line-to-ground
fault is derived from the average distance of the two healthy phases, while for a two-phase sys-
tem with the same fault, the initial estimate (d) corresponds to the fault distance computed
for the other healthy phase. Based on the initial estimate of distance(d), we use equation

3.7 to compute the load current in the faulted phase considering phase c as the faulted phase.

Ve=Vie+dx Iy X Zeg + Iy X Zop + 1.2 X Zy) 57)
3.7

Vfc - (1 - d) X (Ia X an + Ib X Zcb + ]loadc X ch) + Iloadc X Zloadc

where V. is the voltage at the fault point, Zjuq. is the impedance of the load in phase
C and I[jyuq4. is the phase ¢ post-fault load current. A modification of equation 3.6, which

incorporates change in load current, is depicted in equation 3.8.

Vo = V;lprefault = (Ia - ]aprefault) ’ (Zaa + Zloada)

+ (Ib - Ibprefault) : Zab + (‘[C - ] ) ' d ’ Zac + (‘[loadc - ]Cprefault) ’ (]' - d) ' Zac

Cprefault

(3.8)

V;) - %prefault = (Ib - ]bprefault) ’ (be + Zloadb)

+ (Ia - Iaprefault

) Zpa + (L. — 1,

Cprefault

) d Zbc+ (IloadC — 1

Cprefault

)+ (1 =d) - Zye
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Equation 3.8 is used for calculating the fault distance (d) incorporating the change in the

load current in the faulted phase.

3.3.2 A single lateral case

Consider a system as shown in figure 3.5 with two PMUs at two ends of a trunk and a single
lateral branch connected between these PMUs. The lateral branch has a load connected at
its end. All the line parameters are known. We use third harmonic measurements from two
PMUs to find the distance to the fault in the main trunk. If the obtained distance to the
fault is near to the lateral branch, we use a proposed single ended fault location algorithm
to find the distance to the fault in the lateral. The voltage at the point where the lateral
is connected can be obtained using accurate distribution system model given by equations

2.12 and 2.13.
Vi, |y Vy, I

@— PMU +V PMU ‘l

|1cal R |2cal

Load
Load

Figure 3.5: System with a single lateral

The voltage at the lateral can be obtained from both PMU1 and PMU2 in this case. These
values are very close to each other and we can take their average. The current flowing to

the lateral is calculated using KCL given in equation 3.9

[lateral - ]fal - ]gal (39)

where ¢ and I5* are calculated using equations 2.12 and 2.13. The percentage accuracy
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of the fault is calculated as:

|Actual fault location — Estimated fault location]|

E =
%Error Total line length

x 100 (3.10)

3.3.3 Two lateral case

Consider a system as shown in 3.6 where two PMUs are installed at the two ends of a trunk

and there are two laterals between them. Each lateral has load connected at its end. The

Vi, ly Vy, Iy

Ibranch

@_ PMU P j
IIaterahl IIateraIZl
Load

Load Load

Figure 3.6: System with two laterals

current that is flowing between two laterals is given by:

)i o Watenzll - ‘/lateraIQ 11
branch — 7 (3 )
branch

where, [Vipeliaterann is the voltage at the 1st lateral calculated using equation 2.13. And,
[Vaveliateraiz 1s the voltage at the 2nd lateral calculated using equation 2.12 The current

flowing in the 1st lateral is given as:

Y;ibc

]laterall - Ifal - ]branch - T X ‘/laterall (312)
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where I is obtained using equation 2.13.

Similarly, the current flowing in the 2"d lateral is calculated as:

}/abc
2

IlateralQ = Ibranch -

X ‘/lateraIQ - ]Sal (313)

where I5?! is obtained using equation 2.12.

In both single-ended and two-ended methods, the phasors at the node where lateral is con-
nected are accurate. Thus, it is expected that the fault distance would be accurate. There
can be a minor error in the fault distance estimation as the effect of shunt capacitance is not
included in the fault distance equation and some minor error from phasor computation. In
the case of three phase system, with a single line to ground fault, the errors in the distance
calculation would be almost same, and some difference is due to the fact that the system
is unbalanced and the current flowing in different phases is different and thus capacitive

current is different.
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Result

This section presents the main results obtained using the fault location methodology ex-
plained in Chapter 3. For the location of the fault in lateral branches, ATP-EMTP and
Matlab software is used for the simulation and the validation of different methodologies as is
the case in existing literature [12], [13]. As the voltages and currents signals obtained using
EMTP software are represented in time domain, the DFT algorithm described in Chapter 2

was used for estimating the phasors.

4.1 A single lateral Case

A HIF is applied along the length of a line to the system with a single lateral described in
3.5. The total length of the line is 3.048 km and is modeled through 7 circuits. The system
has a radial configuration and the voltage at the substation is 4.16 KV. A HIF with resis-
tance of 100 ohms was selected to limit the fault current to under 20% of the total current
measured by PMU at the substation. Similarly, the value of Vp and Vi are 900 V and 950 V
respectively for maintaining the required percentage of third harmonic in the fault current as
mentioned in [10] and the asymmetry of HIF. Initially, the distance to the fault is calculated
by applying two-ended impedance based method. Table 4.1 represents both the actual and
calculated distance to the fault from the PMU at the substation. From the table, we can

observe that in each case, the algorithm provides a fault distance very close to the actual

33
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Calculated Fault Distance

(m)

Expected Fault Distance (m)

304.8 292.6

1219.2 1208.22
2438.4 2435.96
3048 3049.83

Table 4.1: Comparison of Expected and Calculated Fault Distances

distance. However, there is a a small error attributed to spectral leakage from the lateral.
If the distance to the fault calculated using two ended FLA is close to any lateral, a single
ended fault location algorithm is run to verify if the fault has occurred in the lateral and

calculate the fault distance in the lateral branch.

Case: When a fault is applied at different phases and along the line in a lateral

branch:

For these cases, results of before correction corresponds to the result when the current
downstream of the fault point is taken as constant and results after correction corresponds
to results when the change in that current is incorporated in the calculation of fault distance.
The fault distance is computed using equation 3.6 and 3.8 for before and after correction
cases respectively. The error in the distance calculation is computed using equation 3.10.
Figures 4.1a, 4.1b, 4.1c, represents the error in the distance calculated as a function of the

fault distance for different phases.

During a HIF, there is a small change in the voltage at a fault point. A good initial es-
timate of the fault current Iy would be to assume it to be equal to the difference between
post-fault and pre-fault current which make the load current constant in the first iteration

[12]. However, this small change in the voltage also leads to a small change in the load
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Error vs Distance when fault is at phase A Error vs Distance when fault is at phase B
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Error vs Distance when fault is at phase C
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(c) Fault at Phase C

Figure 4.1: Faults at different phases

current in the faulted phase. From figures 4.1a, 4.1b, 4.1c, it becomes evident that incor-
porating the change in this current in the fault distance calculation reduces the calculated
error in the fault distance estimation. This makes sense because the part of a distribution
line downstream from the fault point, also has mutual impedance associated with it which
has an effect on the voltage of a healthy phase. Even though the change in the load current
is small, it has some contribution. Ignoring this current leads to an error in the estimation
of fault distance. Similarly, we observe a reduction in percentage error as the fault distance
increases in before correction cases. This phenomenon occurs because with an increasing
fault distance, the percentage of the line and therefore the impedance downstream from

the fault point decreases. Consequently, the influence of the mutual impedance, which has
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not been accounted for in the voltage change of the healthy phase, also decreases. When a
fault occurs at the end of a lateral line, precisely at 100% of its length, the calculated fault
distance before and after correction is same. This is due to the fact that in such cases, the
effect of mutual impedance of the entire line is already incorporated in the equation before
correction. In the cases after correction, we can observe that there is a very small error in
the fault distance estimation. The error in the distance estimation is almost constant with
the variation of fault distance along the line. One of the contributing factors to this error is

the neglect of the capacitive effect of a line. For all cases, the error is within 0.13%.

4.2 Two lateral Case

A system with two laterals, as described in Figure 3.6, and operating at 4.16 kV, is modeled
for this case. The total length of the line is 4.572 km, divided into three sections of 1.524 km
each, modeled with 7 circuits. The length of both lateral lines is 2.4384 km. HIFs are sim-
ulated along the line, lateral branches, and in different phases. The fault has a steady-state
value of 100 ohms, and the values of Vp and Vi are 900V and 950V, respectively. Initially,
a two-ended method using third harmonic voltage and currents measured by two PMUs is
applied to calculate the distance to the fault. Table 4.2 represents both the actual and cal-

culated distance to the fault from the PMU at the substation . From the table, we can see

Expected Fault Distance (m) Calculated (liil)ﬂt Distance
457.2 412.39
1524 1485.9
2743.2 2732.22
3657.6 3671.3
4572 4609.03

Table 4.2: Comparison of Expected and Calculated Fault Distances
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that the calculated fault distance is very close to the actual distance to the fault. Also, the
error is higher compared to single lateral system, as there are two laterals in this system and
this leads to a higher leakage current. A single ended method is applied in the case when
the fault distance calculated using the two ended method is near the lateral branch. The
fault is placed at intervals of 10%, from 10% to 100% along the lateral branch. Figure 4.2

represents graphs of the error as a function of the fault distance when the single ended FLA

is applied.

Error vs Distance when fault is at phase A Error vs Distance when fault is at phase B
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Figure 4.2: Faults at different phases

The minor error in the fault distance calculation in after correction case is the result of

ignoring capacitor current. The single ended FLA has a small error which is verified from
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simulations and thus it confirms that the fault is in the lateral branch. The trend in the
error percentage with respect to the distance to the fault is similar to a single lateral system
with error less than 0.2%. The analysis explained for the percentage error for faults in single

lateral system is valid for this system as well.

4.3 Six Bus System

Consider a six-bus system shown in Figure 4.3 with a main feeder and six lateral branches
with different lengths. The voltage at the substation is 13.8 KV. All the single-phase lateral
branches have been modified to two phases. There are six nodes with node 1 being the
substation node, and subsequent nodes numbered sequentially. The system has a radial

configuration. Three PMUs are placed along the main feeder. In [15], by placing two PMUs

400 kw 400 kw 101 kw
0.8 pf 0.8 pf 0.8 pf
ABC ABC AC
x
3
3 6
1 2 4
PMU 2im__{pmy |-2km
@_PMU 3km 3km Tkm 2km [Tkm 5
V1, |1 o V2, I2 ; V3, |3
5 3
400 kw
400 kw 71 kw 45 kw 0.8 pf
0.8 pf 0.75 pf 0.8 pf ABC
ABC BC AB

Figure 4.3: Six Bus System [15]

at the two ends of a main feeder, the author was able to measure the distance to the fault in
the main feeder. However, the laterals were a blind spot to their algorithm. Placing PMUs
in the described configuration and using algorithms described in chapter 3, we are able to

measure the distance to the fault when the fault occurs either in a trunk or in a lateral
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branch. A HIF with a steady-state resistance value of 500 ohms, and Vp and Vy values of
5000 V and 5500 V, respectively, is applied to the system. Fault is placed along the main
feeder and the laterals and the two-ended FLA is applied to compute the distance to the

fault from substation. The percentage errors in the fault distance estimation are shown in

Table 4.3.
fx?)ﬂ:%nlfssEZtii:cl)lg i;lrli) Computed Percentage Error
3 2.29
5 2.218
6 2.20428
7 2.22
9 0.43
10 0.25
11 0.09
12 0.41

Table 4.3: Percentage error in fault distance calculation using two-ended FLA

PMU 1 is placed at the substation node, PMU 2 at 7 km from the substation and PMU 3 at
12 km from substation. In cases where a fault occurs between PMU 1 and PMU 2, the error
is higher, as shown in Table 4.3. This higher error can be attributed to the fact that the
distance between these PMUs is larger compared to the distance between PMU 2 and PMU
3. Additionally, in the lateral branches between these PMUs, the load has relatively lower
impedance, allowing for higher leakage current. Thus, the load impedance in the lateral
branches affects the accuracy of fault location when two-ended FLA is used. In scenarios
where the fault occurs downstream from PMU 3, the fault distance computed using these
PMUs exceeds the total line length. Thus, we can verify that the fault is not in the line
between the PMUs. To accurately determine the distance to the fault downstream of PMU
3, a single-ended FLA is employed. Table 4.4 presents the results obtained using the single-
ended fault location algorithm when HIF is applied at a certain distance in different laterals.

The percentage error is calculated from the distance calculated including the change in the
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current downstream of the fault point and is given in Table 4.4.

CHAPTER 4. RESuLT

Fault Position

Fault Distance(of the

Percentage Error

lateral)
Node 6 towards 400 kw 2/3 0.93735
load
Node 6 towards 400 kw 1/6 0.9653
load
Node 6 towards 101 kw 1/2 0.6329
load
Lateral 5 1/2 0.05565
Lateral 5 1/200 0.53
lateral 1 1/4 0.13955
lateral 3 3/5 0.1652
lateral 2 1/3 0.8688

Table 4.4: Calculated distance to the fault using single-ended FLA

From the table , we can see that in all of cases, the percentage error is lower than 1%.

The analysis done for a single lateral case also applies here. A single-ended impedance-based

fault location algorithm encounters multiple estimation problems in the presence of two

branches, and this scenario arises at node 6 if a two-ended FLA is not used. For instance,

consider a case where a fault occurs at the middle of a lateral connected to a 101 kW load

at node 6. If we treat this particular lateral as the faulted lateral and calculate the distance

to the fault, we obtain the correct fault distance. However, if we assume the fault occurs

at the line section downstream from PMU 3 and calculate the fault impedance, we find the

fault to be at 92.49% of that line. This results in multiple estimations of the fault location,

which increases the overall recovery time. Running a two-ended FLA before a single-ended

FLA allows us to verify that the fault lies at the end of a line connected between PMU 2

and PMU 3, i.e. at node 6. Thus, we can confirm the correct faulted lateral.
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4.4 Comparison of different windows for phasor com-

putation

The Voltage and current signals generated by EMTP-ATP are in time domain. The pre-
fault and post-fault samples are multiplied with the factors of different windowing functions
and their fourier transform is computed. The rectangular, Hann and Blackmann windows
have been compared as they are the most common windows used in PMUs[20]. Figure 4.4
represents the error as a function of the fault distance when different windows are used.

From the figure, we can see that the error is higher for rectangular window compared to

Error vs Fault distance

Error vs Fault distance

1%]

Error

60 70 80 % 100

o
10 20 30 40 50
Fault distance [%]

10 20 30 4

0 50 6 K(
Fault distance [%]

(a) Fault in a system with a single lat-
eral (b) Fault in a system with two laterals

Figure 4.4: Fault at phase A in 2nd lateral

Hann and Blackmann windows, in all of the cases. This is due to the spectral leakage
phenomenon described in section 2.2. As a result, the voltage and current phasors are
slightly less accurate. When the fault distance is calculated using these phasors, there will
be higher deviation from the expected distance and thus the error percentage will be higher.
In the system with two laterals, the error is considerably higher when rectangular window
is used compared to other two windows. This increase in error can be attributed to the

estimation of voltage and current at nearby nodes using less accurate phasors and error goes
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on accumulating. Higher error has been observed in the estimation of Iy..,., in equation
3.11. Thus, when the system has prominent harmonic component in a signal, it is advisable
to use a PMU that uses a windowing function with smaller spectral leakage according to the
desired application. In this thesis work, Hann window has been used for every cases as the
errors calculated using both Hann and Blackmann window are almost same and the central

lobe for Blackmann window is wider than that of Hann window.

4.5 Sensitivity Analysis

4.5.1 Sensitivity to noise

A gaussian noise of SNR 45 db is added to the signals measured using EMTP-ATP software.
The DFT is performed using Hann window. Due to the addition of noise, there is some
inaccuracy in both the magnitudes and angles of the fundamental phasors. In HIF, there is
a small change in the current in the faulted phase, and thus smaller change in the voltage
in a healthy phase. The change in the voltage and current for different distance is close
to each other and thus even the small error in the phasors of voltages and current leads to
an error in the distance estimation. Fig 4.5 presents the percentage errors as a function of
distance without noise and with 45 db noise in the measurements. We can see in figure 4.5
that the algorithm is sensitive to the noise as the addition of noise has increased the error

in the estimation of the distance to the fault.

4.5.2 Sensitivity to load

Simulations were performed for all systems for different loading conditions. The HIF was

applied along the lateral branch and the fault distance was computed for each case. Figure
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Error vs Fault distance

Error %)
5

w0 50 0
Fault distance [%]

Figure 4.5: Estimated distance percentage error as a function of distance considering noise
in the measurement

4.6 represents the percentage error in the calculation of fault distance under different load
conditions for a system with two laterals. L1, L2, and L3 represents varying levels of load:
light, moderate, and heavy, respectively. The graph has some random characteristics but
the error percentage is still very close to each other. It proves that the algorithm is not
significantly sensitive to the load variations in a system. Thus, it is suitable in all systems

regardless of their loads.

Error vs Fault distance

70 80 % 100

0 50 0
Fault distance [%]

Figure 4.6: Estimated distance percentage error as a function of distance under different
load conditions



Chapter 5

Conclusions and Future Work

The objective of this thesis work was to develop a single ended fault location algorithm for
HIF that is able to find the distance to the fault in the lateral branch of a distribution

system. This was successfully achieved.

A model is developed that represents the physical characteristics of a HIF. A two ended
impedance-based method is implemented to find the distance to the fault in the main trunk.
For HIFs in lateral branches, a single ended FLA is required. Due to the non-linear nature
of the HIF, computing the fault distance using the measurement of a faulted phase results
in an underdetermined equation. During the fault, there is a change in the current in the
faulted phase which results in a change in the voltage of healthy phases. An equation is
developed that relates the fault distance with the change in the voltage of a healthy phase.
While the focus is primarily on single-phase-to-ground HIF, the algorithm works effectively
for rare but possible double line-to-ground HIFs as well. Extensive testing across diverse sys-
tems validates the reliability and accuracy of the algorithm. However, a notable limitation
of this algorithm is that it requires at least one healthy phase running parallel to the faulty
phase. The phasors have been computed using Hann window because of the spectral leakage
phenomenon associated with a rectangular window. The algorithm has been tested for dif-
ferent loading conditions and 45 db noise in the system. The algorithm has a non-significant

sensitivity to the loading conditions, however is sensitive to the noise.

44



45

For the future work, we can look into improving the accuracy of the algorithm in the presence
of noise. Similarly, accurate calculation of load impedance requires limiting lateral branches
between two PMUs to two. One can look into methods to estimate load impedance accurately
even with multiple laterals, reducing the number of required PMUs in the system for the

calculation of the fault distance.
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