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Abstract

The most common fault type in MV distribution network is single line to earth fault. The
initial transients of earth faults are important especially for unearthed and compensated
neutral networks. The earth fault transient signals consist of many different frequency
components, which result from charging and discharging of the network capacitances. The
transient components provide valuable information for fault location purposes. The charging
component has higher amplitude and lower frequency than the discharge component and
hence is more suitable to be used for fault location purposes.

In this thesis, we discuss algorithms to locate an earth fault in unearthed or a compensated
neutral MV networks using the information of the measured transient signal. The networks
considered are assumed to be radially operated and they are modeled using Electromagnetic
Transient Program-Alternative Transient Program (EMTP-ATP). Five types of fault location
algorithms have been developed which are called general model (GM) algorithm, exact model
(EM) algorithm, continuous wavelet transform (CWT) based method, multiple regression
analysis (MRA) based method and artificial neural network (ANN). GM algorithm is developed
based on a simplified model of symmetrical components while EM algorithm is developed with
exact "pi”-model of symmetrical components. Both algorithms utilize the frequency of charging
transient to estimate the fault distance. CWT based algorithm requires both voltage and
current of transient signals to estimate the fault path inductance. MRA and NN algorithms
were developed using the transient signal measured from the secondary side of the MV/LV
distribution transformer. In addition, an algorithm to find a correct path towards the position
of fault in network which has many branches is presented.

The results from intensive simulations and experiments in actual distribution networks are
also presented in this thesis. The results are analyzed using signal processing techniques. The
algorithms apply continuous wavelet transform (CWT) to locate the dominant charge transient
frequency and extract the specific coefficient corresponding to the charge transient frequency.
In this thesis, the properties of Hilbert transformation (HT) are used to estimate the damping
attenuation of the transient signal.

Finally the performance of the proposed fault location algorithms is evaluated and the results
are compared. Based on the simulation results, it is found that the proposed algorithms work at
areasonable level of accuracy. The results from real experiment data show that both CWT and
GM algorithms have a comparable result.
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1. Introduction

1.1 Background and Problem Statement

This thesis focuses on single phase to earth faults in medium voltage (MV)
distribution feeders. Single phase to earth fault is the most common fault
type in power distribution networks. In Nordic countries, about 50% to
80% of the faults are of this type [1,2]. In Finland, about 70% of the per-
manent faults that occur in rural MV networks are caused by animals
and weather conditions, like thunder, snow, icing, storm, hard wind and
fallen trees [3]. One of the solution to reduce an earth fault in overhead
line feeders is by replacing the bare conductor to covered conductor type
of overhead line. However, the solution requires a huge amount of invest-
ment. Based on the statistics survey done by [4], a typical feeder construc-
tion in MV distribution network was a mixture of both covered conductors
and bare overhead lines on the same feeders. The share of covered conduc-
tors per feeder varies between 10% to 50% and all the permanent faults
at covered conductor feeders were earth faults [4].

In 2010, a fault statistic studied by utility company in Dresden Germany
shows that 75% of all faults are earth faults [5]. In Finland, over 80%
of the annual outage costs of customers are due to to faults in medium
voltage distribution networks [6]. In rural overhead networks, earth fault
currents are typically 10 - 40 A [7]. The small earth fault current is an
advantage to system operation and is unlikely to cause damage to the
power system components. However, the detection and localization of the
fault is difficult due to the small current that reduces the sensitivity of
the conventional relay which is normally based on currents and voltages
at power frequency.

Basically, electricity supply system differs from one country to another.
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In Finland and in most of countries in Europe the medium voltage (MV)
networks are operated with neutral isolated or resonant earthed systems
(i.e earthed via an arc-suppression coil also known as Peterson coil) [8].
The way the neutral is connected is important since it will affect the type
of protection system needed and power system component selection. In
isolated neutral networks earth fault currents are relatively small com-
pared with earthed systems. With unearthed or resonant earthed system,
the earth fault current is small and usually lower than the normal load
current. When earth fault happens, the outage cost are accumulated dur-
ing the time taken to locate and isolate the fault. In addition, a high fault
resistance might also contribute to the losses. It is not possible to de-
tect the high fault resistance using conventional feeder protection meth-
ods [9]. Therefore, it is very important to developed efficient methods for
locating the faults. In recent years, several earth fault location algorithms
in unearthed and compensated neutral networks has been developed and
proposed [10-15]. However, there is no single method that can be used
for locating a fault in all types of earth fault. Since the topology of distri-
bution network usually has many branches compared to the transmission
line, the task is even more tough since bare fault distance calculation
gives several possible places.

In general, fault location algorithms can be categorized to three types
[16], based on using fault generated signals, utilizing external signal sources
and knowledge-based approaches. The fault generated signals can fur-
ther be divided into three groups which are conventional [17-19], tran-
sients [20—23] and travelling waves [24-26]. Fault location algorithms
based on injecting an external signal e.g. with a pulse generator are still
being used by some of electric utilities nowadays. These algorithms use
the concept of analyzing the relationship between the transmitted and re-
flected pulse of the injected signal [27,28]. In another development the
injected signal is use of a different frequency than are present in the net-
work [29]. Several papers have proposed the use of knowledge based ap-
proach such as artificial neural networks, fuzzy set theory, expert systems
and genetic algorithms for locating a fault in distribution system [30, 31].
The successfulness of these methods is highly depending on the amount
and quality of the supplied data.

The initial transients of earth faults are important for fault location
especially in unearthed and compensated neutral networks. The elec-

tromagnetic transient during a few milliseconds after the fault inception
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will provide the available information for estimating fault location. Even
though the transient may cause problems to the conventional protective
schemes it may work properly under transient protective scheme. The
transient disturbance recorder can be installed at the monitored network
to support the conventional signal measurement that is only based on the
root mean square (RMS) voltage and current of the power frequency com-
ponent. Nowadays, fault localization and detection based on fault tran-
sient signals in transmission and distribution network has been a subject
of keen interest to utility and researchers [32-35].

With the upgrading of the distribution network towards the concept of
“SmartGrids”, more measuring and recording equipment such as smart
meter, microprocessor digital relay, digital fault recorder and multi utility
controller will be installed in low and medium voltage distribution substa-
tions. In order to adapt and apply the concept of distribution automation
system in the network, those equipments are monitored and time syn-
chronized. Thus, the realization of this kind of system will open more op-
portunity to control, optimize and enhance the reliability of current sys-
tem. This will also affect the development and enhancement of current
protection system and fault location algorithms in power networks.

The term fault location can be represented as the determination of the
faulty feeder, branch or line section. It also can be used as a general
term when we discuss about fault distance computation or estimation.
This dissertation proposes fault location algorithms based on earth fault
transient signals measured at secondary side of MV and LV distribution
transformers in order to locate a single line to earth fault in unearthed

and compensated neutral MV distribution networks.

1.2 Research Objective

In order to reduce the outage costs and to satisfy the quality of supply
requirements, fault location algorithms have to locate fault as soon as
possible and with an efficient way. This can be achieved by utilizing the
information of initial transients of earthed faults. The idea of using tran-
sient signal as a basis of developing fault location algorithm is not a new
thing. However, the formulation used to calculate the exact fault distance
may be different. In addition, the implementation and the execution of
algorithm might also be dissimilar. The main objective of this research

is to developed accurate and efficient fault location algorithms for locat-
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ing a single line to earth fault in unearthed and compensated neutral MV
distribution networks. The developed fault location algorithms mainly
utilize the information extracted from measured earth fault transient sig-
nal in MV substation and also from secondary side of MV/LV transformer.
The work is intended to develop a variety of fault location algorithms.
The developed fault location algorithms can be used as a tools to locate

and estimate the fault distance of an earth fault in a faulty feeder.

1.3 Research Contribution

The contribution of the research can be divided into three main cate-
gories. In the first category, there are fault location algorithms based
on measured transient signals using general model(GM) of symmetrical
components, exact model (EM) of symmetrical components and continu-
ous wavelet transform (CWT) based algorithm. The proposed algorithms
mainly use measured transient signal from MV side of the faulty feeder,
for example from MV main substation. In GM and EM algorithm, 4 gen-
eral models (GM) and 3 exact models (EM) of symmetrical components
has been presented and tested using simulated earth fault. Due to the
limitation of information of line parameters in real networks, only GM2
and CWT algorithm were tested using real recorded data. Based on the
results, GM2 and CWT algorithms managed to produce an acceptable ac-
curacy in estimating the fault distance in a real network.

In the second category, were the algorithms based on earth fault tran-
sient signals measured from the secondary side of the MV/LV distribution
transformer (DT). Fault location algorithm based on multiple regression
analysis (MRA) and artificial neural network (ANN) was developed in this
category. In addition, an algorithm which can be used as indication to se-
lect the correct path to the fault position when earth fault happens in a
network that have several branches was developed.

In the third category, a technique to measure the damping factor of
charge transient signal was proposed, based on continuous wavelet trans-
form (CWT) analysis and Hilbert transformation. CWT analysis is a pow-
erful tool to visualize the non-stationary signal such as earth fault tran-
sient. In this case, the calculated damping factor is used to estimate the
undamped charge transient frequency which in turn will be used to esti-

mate the fault distance in the GM algorithm.
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1.4 Organization of Thesis

The thesis is organized into the following chapters:

Chapter 2 presents general knowledge of earth fault transient signals.
The creation of charge and discharge transient signals when earth fault
is established is also presented. In this chapter, transient of suppression

coil current is also discussed.

Chapter 3 presents some known fault location methods based on earth
fault transient signals. Methods based on frequency of charge transient,
wavelet transform, differential equation, least square fitting, Fourier trans-

form, traveling wave and artificial intelligence are presented.

Chapter 4 presents the determination of transient components with a
signal processing method. In this chapter, filtering of 50 Hz components,
spectrum analysis using discrete Fourier Transform (DFT) and Time fre-
quency analysis are presented. Furthermore, identification of charge tran-
sient component is discussed. Then, analytic representation and damping

estimation using Hilbert transformation (HT) is presented.

Chapter 5 presents the proposed fault distance estimation algorithms
in this thesis. The proposed general model (GM), exact model (EM) and
continuous wavelet transform (CWT) fault distance based algorithm are
presented in this chapter. In addition, the proposed fault location algo-
rithms based on transient signals recorded from secondary side of MV/LV
distribution transformer, which are MRA and NN fault location algorithm
are discussed. Furthermore, a fault path indication algorithm will also

presented.

Chapter 6 presents performance evaluation of the proposed fault loca-
tion algorithms using EMTP/ATP simulation model. In this chapter, the
performance of proposed algorithms is evaluated with four simulated net-

work models.

Chapter 7 presents performance evaluation of proposed fault location
algorithms using transients recorded in real networks. In this chapter,

three real case studies are presented.
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2. Transients of Single Phase to Earth
Fault

This chapter studies the transient signals which are generated from sin-
gle line to earth fault. In [36], a technical analysis of transient phenomena
associated with earth fault in a three phase system is given. According
to [36], the transients are caused by redistribution of conductor voltage
throughout the whole system, with the fault location as the origin of the
change. When single line to earth fault occurs, two different processes are
superposed [37-39]. Both charge and discharge transient processes start
at the same time but with different duration. Figure 2.1 shows a typi-
cal single line to earth fault transient in the voltage and current of the
faulted phase. The depicted signals were recorded in a 20 kV overhead
line network.

In this chapter, we provide general knowledge about the transients which
arise during the single phase to earth fault. In the following section, the
process of charge and discharge transient will be explained using lumped
model of two feeders and the earth fault at phase 3 of faulty feeder as
shown in Figure 2.2 and Figure 2.3.

2.1 The Discharge Transient

In Figure 2.2, when earth fault is established at phase 3, the electric
charge stored in the earth capacitance of faulty phase of faulty and healthy
feeder has to be drained off starting at the fault location. The discharge
transient will propagate in both directions to the end of line with the speed
of traveling wave at certain characteristic impedance of the line. Then,
the traveling waves are reflected at the end of the line respectively. The
impedance of the faulty and healthy line, fault impedance at the fault lo-
cation and the grounding resistance are the important parameters which

affect the behavior of the discharge transient [37].
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Figure 2.1. An example of the earth fault transient signal in MV overhead line network.
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Figure 2.2. Discharge of faulty lines in isolated neutral network.

According to [38], the frequency of the discharge transient can be calcu-

lated as:
v

=g

(2.1)

where, v is the velocity of the traveling wave and I; is the fault dis-
tance. According to [16], due to the influence of the connected line at

the healthy feeder which contribute to the discharging of the capacitance,
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Equation (2.1) has to be modified and the discharge transient can be cal-
culated as:
v

fa= 4y +la) @.2)

where, v is the velocity of the traveling wave, /; is the fault distance and
Il represent the length of the connected line. Generally, the discharge
transient components are short duration high frequency components. The
discharge transient components are highly damped and disappear much
quicker than the charge transient component. Based on the real tests
conducted in [40], the amplitude of discharge component was typically 5
to 10% of the amplitude of charge component and their frequencies var-
ied through the range of 500 to 2500 Hz for distribution network. Based
on the Equation (2.1) and Equation (2.2), the fault distance significantly
affects the frequency of the discharge transient. In HV transmission net-

works, the discharge transient frequency is about 300 to 5000 Hz [16].

2.2 The Charge Transient

Due to the ground fault, the voltage of the sound phases rapidly increases
and subsequently increase the charge stored in their capacitances. In
Figure 2.1, rapid increase of two sound phases right after the inception
of the earth fault can be seen clearly. Figure 2.3 show the illustration of
charging process of healthy phases in isolated neutral network. In the
process, all the capacitive charging currents (I.) of the healthy and faulty
feeder have to flow over the fault location back to the transformer in phase
3. Assuming an earth fault is located at high voltage or medium voltage
substation, according to [37, 38], based on the simplified lump circuit as
shown in Figure 2.4, the frequency of charge component in undamped

condition can be calculated as:

Leqg = 1.5L7 (2.3)
e L L (2.5)

T VTCog  /3L(C + Cy)
where, L1 is the substation transformer phase inductance, C is the phase
to phase capacitance and C, is phase to earth capacitance of the network.
Equation (2.5) is used when the fault happens at the busbar or when the

inductance of the transformer is much higher compared to the line in-
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ductance. The faulty line inductance (Ly) can be added to transformer

inductance (L7) in Equation (2.5) for more exact solution.

Healthy feeder (Background network) L,

1
C— L, 2
1 <
HV/MV ” = ) L, | S
71 L
N Lz 2 Ce Ce Ce
Zr3 L _1 T
Faulty Feeder e :/:2158 L
———= 1
C - -
p— L2 g
1 5]
‘T L |7
Re [l

T

7 v
r————- ““‘:‘I“'/cm
|- —=—— —~———=Tc2A
I ————— —<«———-=1Ic1B
(R —~———— e

Figure 2.3. Charge of healthy lines in isolated neutral network.

The initial amplitude of the charge transient in an undamped case can

be calculated as:

4 Ve
= = 2.6
ic o VeweCeq (2.6)
1.5L;
2 (C+C.) ==

Figure 2.4. Equivalent circuit for charge transient calculation.

Assuming that the fault happens at the instantaneous phase voltage

maximum, then the transient amplitude is calculated as in Equation (2.7):

5o Ceqwc%
¢ 3Cewy ¢

2.7

where wy is the fundamental angular frequency, v is the instantaneous
phase to earth voltage at the fault moment and i, is the uncompensated

steady state earth fault current [40].
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Figure 2.5 shows an example of spectral information of earth fault tran-

sient voltage and current signals recorded from general model of three

sequence component networks. The general model will be discussed in

detail in Chapter 5. The spectral information is obtained using continu-

ous wavelet transform (CWT) analysis.
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Figure 2.5. An example of composite earth fault transient signal and its CWT analysis.
The red box referred most energy of charge transient component while the

black box is for discharge transient component.

In Figure 2.5, it shows that the charge transient component has lower

frequency and longer duration than the discharged transient component.
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The time-frequency localization of the earth fault transient signals shows
clearly the difference in terms of frequency and duration between these
two transient components. The scalogram in Figure 2.5 represents the
percentage of energy for each coefficient of the CWT analysis. The color
bar in the figure represents the level of percentage of energy calculated.
From the color bar the white color has the lowest energy while the red
color shows the highest. It is found that the charge transient compo-
nents carry much more energy than the discharge transient components.
The energy is at its highest level at the beginning of the fault inception
and then decreases towards the end of the signal. From the CWT analy-
sis, both analyzed signals gave almost similar information with regard
to the charge and discharge component. CWT analysis of simulated and
recorded real earth fault transient signals will be discussed further in
detail in Chapter 6 and Chapter 7.

Since charge transient components have lower band of transient fre-
quency and longer compared to discharge transient components they are
more suitable for the purpose of fault location and fault detection. Based
on real measurements recorded in distribution and transmission systems,
the typical value of charge transient is in the range of 100 - 800 Hz and
80 to 600 Hz, respectively [7,16].

2.3 Transient of Suppression Coil Current

In resonant earthed network, also known as compensated neutral net-
work, a Petersen coil is connected between the neutral point of the power
system and the earth. In this case, in addition to the discharge and charge
transients, we also have to consider the current of the suppression coil
circuit as shown in Figure 2.6. According to [7], based on the fault loop
impedance of the suppression coil, coupling transformer winding, faulty
line length and the fault, the equation for the voltage becomes:
di

Lp% + Ryi = Usin(wst + ¢y) (2.8)

where i is the current that is composed of transient and permanent cur-
rent, ¢ is the phase voltage peak value, w; is the fundamental angular
frequency, ¢, is initial phase angle, and L, and R, represents sums of the
inductances and resistances of the suppression coil, coupling transformer

winding, faulty line length and fault.
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Figure 2.6. Charge of healthy lines in a suppression coil network.
The current i in Equation (2.8), can be expressed as [7]:
0 ( ! )
. v -—) .
i= E[sm(wft + ¢y — @) —e T sin(dy — ¢)] (2.9)

where:

Z = \J(B)? + (wsLy)?

wrly

¢ = arctan
P

_ Ly

=R
In Equation (2.9), the transient signal includes fundamental frequency
component and exponential decaying DC component. The DC component
will be zero if the fault happens at the moment of zero of the permanent
current and in the maximum level at the moment of the permanent cur-
rent maximum. Using Thevenin’s theorem, the transient of suppression
coil is investigated using simplified equivalent circuit as shown in Fig-

ure 2.7 [7].
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=D g e

Figure 2.7. Equivalent circuit model of transient of the suppression coil [7].

The characteristic equation of the circuit in Figure 2.7 is given in com-

plex frequency domain as follow [7]:

5%+ 85 +wi (2.10)

The roots of the characteristic Equation (2.10) is given as:

Spo=—6+4/62 —w? (2.11)

where:

1
J =
6R;Ce

wo = VvV 3LcCe

where L. is the inductance of the suppression coil, C. is the total earth

capacitance per phase of the system and Ry is the fault resistance.
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3. Fault Location Methods Based on
Earth Fault Transient Signals

Transient signals have been used and utilized for many purposed in power
systems. Protection system for example is one of the areas in power sys-
tems where researchers and engineers have studied the characteristics
of the transient signal for the purpose of fault location and detection.
The main idea is to improve the efficiency and reliability that can bring a
higher performance of the system itself. Actually, using earth fault tran-
sients for the purpose of fault location is not a new idea. However, the
idea and the technique proposed by the researchers for their algorithms
might be different by one and another. With new technologies which of-
fer better, faster, cheaper and more robust services than their outdated
technologies, studies on fault location becomes more challenging and in-
teresting. In this chapter, an overview of several existing ideas related
to single line to earth fault location algorithms using earth fault initial

transient signals is presented.

3.1 Method based on Frequency of Charging Transient

Based on studies done by [38], when earth fault happens in a network,
the fault line inductance L; can be added to the transformer inductance
(L7) as given in Equation (2.5) for more exact solution. The frequency of

the charging transient can be calculated using following equation:

1 1
Je= %\/3(LT +L)(C+Ce) @1

where L7 is inductance of the substation transformer, L is inductance of
the line from transformer to the earth fault location, C is phase to phase
capacitance of the the whole network and C. is phase to earth capacitance

of the whole network. The inductance of the line corresponding to the
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location of the fault can be calculated by rearranged Equation (3.1) as

follow:
1

Lr=3@rppicrey (32)
The method is simple since only one measurement is needed per substa-
tion transformer. Another advantage is that the fault distance at different
feeders can be estimated only by knowing their line inductance [41].

A research done by [42], studied fault location in an unearthed neutral
network with various types of RLC-circuit with and without damping as
a basis of fault location algorithm. In this work, the algorithm used a
measured damped transient frequency and a frequency shifting factor a
for estimating undamped transient frequency. The proposed algorithm
estimates the fault distance with the information of the damped and un-
damped transient frequency, estimated frequency shifted factor, network
parameters and its configuration. The algorithm required a small number
of iterations for estimating the inductance of the faulty line.

In [7], the author proposed a correlation of transient frequency to the
fault distance as the basis of fault location. The method requires only one
measurement per substation transformer for measuring the transient fre-
quency. Furthermore, a data base on network components, real time data
on network connections and a computer model are needed. In this work,
the single line to earth fault circuit was modelled completely. The accu-
racy of the method was tested with simulated and real data. A similar
work has been done by a previous researcher with a simple RLC-circuit.
However, the simplifications and and approximations reduce the accu-
racy of the methods. A parametric on-line fault location method for dis-
tribution MV networks is proposed by [15]. The method uses the upper
frequency of free oscillations caused by the faulted phase capacitance dis-
charge in the transient process of earth fault as the basis of fault location.
In order to produce a distance to frequency response, five single phase arc-
ing ground faults at difference distances were initiated using horn elec-
trodes. The method used discrete Fourier transform (DFT) to calculate
the frequencies of the generated transient signals. According to [15], the
fault distance to frequency response curve has to be corrected when there

is a significant change of load or network structure.
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3.2 Wavelet Method

In case of a single phase to earth fault, the fault path inductance of the
faulty line is a composed of a series connection of zero, positive and nega-

tive sequence inductance as follows [40]:
1
Lf = E(Ll’p + Ll,n + LZ,O) -1 (3.3)

where, [ is the fault distance and L, o, L; ,, L; ,, are the inductance per unit
length of zero-, positive- and negative-sequence systems.

A fault location algorithm based on wavelet transform was presented
by [43] to estimate the fault path inductance of the faulty line length us-
ing transient signal. According to [43], the fault path inductance can be

estimated with the following equation:

T (kAL ) 34

Ly= iimag {Uw(kAt’ f)}
where U, and I, are the complex wavelet coefficients of voltage and cur-
rent and w is the angular frequency. According to [44], the algorithm first
determines the maximum wavelet coefficient of the current including the
amplitude, frequency and location of the wavelet. Using this frequency
with different time translations, the equivalent fault inductance can be
calculated. The 2 ms inductance interval, corresponding to 10 subes-
timates, is then determined with the smallest standard deviation. The
mean value of the inductance, calculated in this interval, is finally used
to determine the fault distance.

Researcher in [16] deals with an earth fault in subtransmission net-
works. His work related to transient based ground fault location using
charge transient. He proposed of to use discrete wavelet filter (DWF), the
FIR filter with the Gaussian wavelet and amplitude correction in filtering
specific coefficient of transient component. Instead of using DWT in many
frequency scales, DWF only uses a single scale where the transient is of
interest. However, the method still required a pre-processing technique
to locate the specific transient frequency. This is done by using discrete
Fourier Transform (DFT). The equation of DWF is given as follows:

(n — b)/a)?

2 (B o (nb
bWE Wl:mzx[n«e( pp2 MM 5 )

n

where, x[n| is a discrete function of the samples, a is scaling factor, b is
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the translation, § = /3/2 , wy = 5.336 rads~! and n is an integer vari-
able parameter which represents discrete time. In Equation (3.5), the
scaling factor is calculated from sampling frequency (f;) and the filtered

frequency of the charge transient (f.) as a = f5/f. [16].

3.3 Differential Equation Method

Considering an earth fault in electrical power network, the network can

be modelled with a simple first order model of a RL-circuit. The voltage

and current signals of the faulty phase have the following relation [45]:
di

u(t) = Ri(t) + L5 (3.6)

where u, i, R and L are the voltage, current, resistance and the inductance
of the faulty phase, respectively. According to [45], since the differentia-
tion is sensitive to higher frequency noise, the solution of above equation
is done by using the integration technique. With samples of voltage and
current signal, inductance L is calculated by using three equally spaced

pairs of voltage and current using trapezoidal rule as follows:

_ At (kg + i) (urg2 + wpi1) = Girro + k1) (Ukgr + ug))

2 ((igar +i5) Gra2 — k1) — (ikr + ka1) (s — i)

(3.7

An earth fault transient signal has been applied to differential equation
method by Schegner [46]. The total length of the time window was 16 to
24 samples, with sampling frequency of 10 kHz. Differential-equation al-
gorithms work in theory for all the voltage and current components which
satisfy Equation (3.6). The best result is, however, obtained if all the other

frequencies are first filtered out, except the charge transient [40].

3.4 Least Square Fitting Method

According to [47], considering the first-order line modelled with capaci-
tances neglected, the parameters of voltage and current transient wave-
form can be model directly using least square fitting method in time do-

main as follows:

i(t) = 15t + Les? (3.8)
u(t) = Ure't + Ue®? 3.9)

50



Fault Location Methods Based on Earth Fault Transient Signals

where, 512 = ¢ & jw,. is the complex frequency of the charging transient.
For oscillating transients, the amplitude coefficients U, Us, and I, Io,
are also pairs of complex conjugates. The voltages and currents of a line

written in complex frequency domain have the following relation:
Us = RI(s) + sLI(s) (3.10)

By separating the sub-components s; and s;, we obtain the following

equation:

Ui =R +s1LL (3.11)
Uy = RIs + soL1s (3.12)

Then, the fault distance is solved as reactance of the faulty line length:

Uy — Ui p

= —" 3.13
IiIx(s2 — s1) ( )

For proper computation, least square fitting methods require signal fil-
tering and pre processing. Equation (3.13) is the basic equation based on
first order line model. For better result, the model can be replaced with
a higher order model which includes capacitances at the close end of the
line [47].

3.5 Fourier Transform Method

An algorithm based on Fourier transform method was suggested by [48].
The basic idea is to solve the line impedance in the frequency domain.
In case of first order line model, the reactance of the faulty line length
is obtained directly as the imaginary part of the impedance calculated
from the corresponding frequency spectrum components of currents and
voltages of the faulty phase [48]. The distance to earth fault location is

obtained as follows:

IS

(w

(3.14)

7=

I~
—

w)
3Im(Z(w))
(Lio(w) + 2L p(w))w

l= (3.15)

where, Z(w), U(w) and I(w) are the frequency (w) component of impedance,

measured voltage and current, ;o and L;, are the inductance per unit
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length of zero- and positive-sequence per length of the faulty line. As
explained in [48], the fault distance is calculated as a weighted average
of the estimates made for the n dominating frequencies in the spectrum.
Also a higher order model, which allows for the phase to earth capaci-

tances, is presented in [48].

3.6 Traveling Wave method

Researchers have long been studying traveling wave transients for fault
location and fault detection purposes [49-53]. A fundamental concept of
using traveling waves when earth fault happens in the network is de-

scribed in Figure 3.1.

Fault location
;i ,

Amplitude

| ) S

T,

swrL

Figure 3.1. Propagation of traveling wave in power network due to earth fault.

When earth fault happens in a power network, it will create a transient
signal which propagates along the line as waves [64]. The waves will
travel across the line towards line ends and then a reflection will occur.
The process will continue until it diminished. The fault distance can be
estimated precisely by measuring the time difference between two consec-
utive peaks of waves and the knowledge of the wave velocity as given in

following equation [55]:
r=— (3.16)

where, z is estimated fault distance, t; = (t3 — ¢1) is the time difference
between two consecutive peaks and v is wave propagation velocity. The
wave propagation velocity depends on the overhead line parameters and
the traveling waves’ propagation path [55-58].

A research done by [57] shows that there is a correlation between the

typical frequencies of generated earth fault transient and the specific path
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of the network covered by the traveling waves originated by the fault.
Continuous wavelet transform (CWT) is used to identify the typical fre-
quencies. Fault location methods based on traveling waves have better
performance compared to the conventional and other transient fault lo-
cation methods [16]. However the method usually requires a high sam-
pling frequency in the range of MHz and the actual data need to be time-
synchronized [16,59—-62].

3.7 Artificial Intelligence Method

Over the past few decades, a number of fault location algorithms based
on artificial neural networks (ANN) have been developed, including event
signal characteristics neural network approach [63-65], wavelet analy-
sis and neural network approach [66-68], radial basis function neural
network approach [69-71], support vector machine and neural network
approach [72-74] and fuzzy and neural network approach [75-77].

A transient based ANN algorithm for locating single line to earth fault
has been developed in [78]. In this work, Multilayer Perceptron (MLP)
with one hidden layer was used as ANN-structure and was trained with
Backpropagation method. The ANN-structure has only one hidden layer
which is sufficient for representing any given input-output transformation
[78,79].

Two algorithms has been developed and presented in [14,78]. The first
algorithm uses either the phase voltage or the phase voltage and current
samples as input data and the second algorithm uses harmonic compo-
nents of the neutral voltage transient as input data. The transient re-
quired filtering and pre processing technique before it can be used as an
input data. Both algorithms use fault distance as an output value. The
first algorithm was compared with conventional algorithms which are dif-
ferential and wavelet algorithm. According to the author [78], the perfor-

mance of ANN was comparable to the conventional algorithms.
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4. Determination of Transient
Components with Signal Processing
Methods

Earth fault transient signal is non-stationary signal and it consists of
many frequency components. Therefore, determination of interesting part
of transient signal is very important and crucial since the fault location
algorithm is mainly based on the information of the specific transient com-
ponent. The error of the fault location algorithm could be high if the
wrong selection of transient component is used. In a real network, the
transient signal is recorded using a disturbance recording system that is
installed in substation. Nowadays, most of disturbance recording systems
are embedded in intelligent electronic devices (IEDS) that are aligned to
the protection, control, measurement and supervision of utility and in-
dustrial power distribution systems. A proper design of filters such as low
pass and anti aliasing filter that are used in IEDS is important in order
to maintain a correct information gathered from recorded transient signal
to be used in fault location algorithm. The transient frequency of inter-
est should fall inside the interested frequency band region. In order to
determine the information of the recorded transient signal, several signal
processing techniques have to be implemented. This chapter examines
a number of signal processing methods used to allocate and extract the

important part of the transient components.

4.1 Filtering of 50 Hz Component

Basically, the 50 Hz frequency component can be removed using comb
filters [80]. According to [40], the steady state of fundamental component

can be filtered using Equation (4.1) as follows:

g(t) = f(t) = f(t+T) (4.1)
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where ¢(t) is the output of the filter, f(¢) the original signal and T is the
period of fundamental frequency. In case of the fundamental frequency is

50 Hz, T is 20 ms.

4.2 Spectrum Analysis using Discrete Fourier Transform

Discrete Fourier transform (DFT) is probably one of the best known meth-
ods to transform the signal from time domain into frequency domain. It
has been used for a decade to estimate the amplitude and phase of the fun-
damental frequency and associated harmonics of current and voltage [81].
The Fourier transform (FT) and discrete Fourier transform (DFT) is de-
fined as [82]:

FT(f) = / ") ey (4.2)
N—-1 _27rkn

DFTK =Y aln]-¢ = N (4.3)
n=0

z[n] = 2(nTy),n =0,1,2,..,N — 1

where t is time, f is frequency, n and k are integer variable parameters,
and z[n] is a sequence obtained by sampling the continuous time signal
x(t) every T, seconds for N samples.

The fast Fourier Transform (FFT) is an algorithm used for computing
DFT with less computational effort and in an efficient way [83]. Both
forms have performed successfully for harmonic measurement and analy-
sis in many applications of power systems [84-93]. Even though, FFT
provide an efficient way to compute the transform digitally, the result of
the analysis is time averaged. The transformation contains only the av-
eraged information and does not provide any time-domain information
about the signal. It becomes inadequate when one is interested in the
local frequency contents of a signal or location specific features such as
charge and discharge transient component within the earth fault tran-
sient signal. In other words, it will not detect efficiently signals that have
sharp changes and it has the tendency to obscure transient [81,82,94-96].
Therefore, the analyzed signal of FF'T must be stationary. In order to over-

come this problem a time frequency analysis is required.
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4.3 Time-Frequency Analysis

A time frequency signal analysis is very important for interpretation of
transient signal components in both time and frequency. There are num-
ber of time-frequency methods available for decomposition of transient
signal into time-frequency plane such as short time Fourier Transform
(STFT) [97-100], Wigner-Ville transform (WVT) [101-104], Choi-Williams
distribution (CWD) [101, 105-107] and Wavelet transform (WT) [97, 98,
102,108-111].

Among all of these methods, wavelet transform has emerged in recent
years as one of the most favoured tool used by researchers and engi-
neers for analyzing transient signals in the areas of protection systems,
fault location, power quality, power system transients, partial discharges,
condition monitoring, load forecasting and power system measurements
[112-120]. Wavelet transform can be divided into two categories which
are discrete wavelet transform (DWT) and continuous wavelet transform
(CWT). ADWT can be calculated as follows [121]:

DWT(f,m,n) = \/%Zf(k) Y
0 %

where ¢ is the mother wavelet, the asterisk in Equation (4.4) denotes

n = hag' (4.4)

m
ag

a complex conjugate, a’ , kaj' are the scaling (dilation) and translation
(time shift) parameters respectively, and k and m are integer variables.
In mutiresolution analysis, DWT usually works within a frequency of
band. In DWT, the analyzed signal will be decomposed into a discrete
number of logarithmic frequency bands [82]. Using DWT to locate and
measure the transient component frequency may be prone to errors when
the transient component is located at the boundary of the frequency band
[122]. Hence, the error from that measurement will affect the fault loca-
tion algorithm as well. Compared to DWT, instead of using a decompo-
sition of frequency band to locate the charge frequency components, we
prefer determining specific frequencies that will be used in fault location
algorithm. In next section, an identification of charge transient compo-

nent using CWT will be discussed.
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4.4 Identification of Charge Transient Component

In this section, the identification of charge transient component is per-
formed using continuous wavelet transformation (CWT). The CWT pos-
sesses the capability of illustrating the frequency contents of the tran-
sient signal with respect to the time function. The main purpose that we
used CWT is first to identify the dominant transient frequency that cor-
responds to the charge transient component generated by the earth fault.
Second, after we identified the dominant frequency of the transient sig-
nal, the wavelet coefficients belonging to that dominant frequency will be
extracted which later will be used as the input of the fault location algo-
rithm.

Let us briefly explain the main features of this transform. According
to [43], the CWT is the inner multiplication of a wavelet family W, ;(¢)

with the signal s(¢) and it could be expressed as:
+oo o
Cla,b) = / s(t) - Wy p(t)dt (4.5)
In Equation (4.5), ¥, ;(t) are derived from a chosen function ¥(t) called

"mother wavelet" given as [43]:

1 gt
Vel @

The mother wavelet ¥(¢) must be short and oscillatory, and it must have

W, p(t) = )dt (4.6)

zero average and decay quickly at both ends [43]. In Equation (4.6), a and
b are the parameters for positive scale and time position (time shifting
factor). The ¥ in Equation (4.5) is known as the complex conjugate of ¥
and the output of CWT would be the wavelet coefficient denoted as C(a, b).
In literature, several mother wavelets have been used to analyze transient
signals [8,20,22,23,43,57,123]. In [16,43,122,124,125], Morlet wavelet
has been applied to earth fault transient signal for the purpose of fault
detection and fault location. Therefore, on the basis of their investigation
results the Morlet wavelet has been chosen in this study.

The expression of Morlet wavelet is given in Equation (4.7) as follows:
U(t) = el -1/ i2mht 4.7

In Equation (4.8), Fy is the center frequency of mother wavelet ¥(¢) and

A is a sampling period. According to [126], the pseudo-frequency F, asso-
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ciating to scale a, can be expressed as follows:

F
g to

Based on the output of the CWT, in Equation (4.9) SC represents the
percentage of the energy for each coefficient which is illustrated as so-

called "scalogram” and can be computed as [126]:

abs(C(a,b)*C(a,b))
sum(abs(C(a,b)*C(a,b)))

SC(a,b) = 100 (4.9)

From the obtained scalogram, the sum of percentage energy coefficient

associated to the same scale Es¢ can be calculated as:

N
Esc(a) =Y SC(a,b) (4.10)

n=1
Then, the detection of charge transient frequency is performed by inspect-
ing the peak amplitude of the obtained Eg¢. Figure 4.1 shows an example
of CWT scalogram of measured transient signal and its peak energy per-
centage detection. In Figure 4.1, it shows that the dominant transient
frequency is located at scale number 24. Then, with this information the
specific wavelet coefficient will be extracted and the damped charge tran-
sient frequency (wy,,) will be estimated with FFT algorithm. Since the
identification of charge transient component using CWT requires a step-
by-step process, which is heavy computational and time consuming, in
practical case the application is much more suitable for offline calculation

and analysis application.
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Figure 4.1. Example of the ouput of pre-processing of transient signal using CWT.

4.5 Analytic Representation and Damping Estimation Using Hilbert
Transform (HT)

In this section we discuss the application of Hilbert transformation to
estimate the damping («,,) of the transient signal. Assuming that the
transient signal has been identified and the specific transient component
has been extracted, as explained in previous section, then the extracted
wavelet coefficient will be transformed into the analytic signal using the

Hilbert transformation (HT). According to [127], the Hilbert Transform
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u(t) of a signal u(t) can be expressed as shown in Equation (4.11):
a(t) = (mt) " u(t) (4.11)

The significance of the Hilbert transform is that it is used to form so called
“analytic signal” or "pre-envelope” from a real data sequence. The analytic
signal U(t), the real signal u(t) and its Hilbert Transform a(¢) defines a

complex function as:
U(t) = u(t) + ju(t) (4.12)

Since the analytic signal is complex, it can be expressed in time domain
as [23,128]:

U(t) = A(t)e’*®) (4.13)
where:
A(t) = Vu2(t) + a2(t) (4.14)
= tan~? @
p(t) =t (u(t)) (4.15)
_de(t)
w(t) = i (4.16)

where A(t) is instantaneous amplitude, ¢(t) is instantaneous phase and
w(t) is instantaneous frequency. In this work, the analytic signal of ex-
tracted wavelet coefficient of voltage and current signal can be repre-

sented in Equation (4.17) and Equation (4.18) respectively as follows:

Uy (t) = up(t) + jiin(t) (4.17)

Ul(t) = ui(t) + ]ﬂq(t) (418)

where, u,(t) and u;(t) are the extracted wavelet coefficients of voltage and
current signal respectively, while @, and 4; are their Hilbert transforma-

tions.
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The main steps needed to obtain an estimation of the attenuation (a;,)

through Hilbert transformation can be summarized as follows [129],

(i) Assume that we have obtained the interesting part of the transient
signal which is extracted CWT coefficient of charge transient com-

ponent as shown in Figure 4.2(c)
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Figure 4.2. Example of the output from pre-processing of current transient signals using
CWT. (a) Simulated transient current (above) and its CWT scalogram (below),
(b) scale-dependent energy percentage distribution and (c) extracted CWT
coefficient
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(ii) Then, the Hilbert transformation is used to obtain the envelope of

the interesting part as a function of time as shown in Figure 4.3(a)

(iii)) The damping attenuation («,,) is estimated from the plot of instan-
taneous amplitude of the signal (Az(t)) versus time as given in Fig-
ure 4.3 (a). In Figure 4.3 (b), the attenuation (a,,) is the approxi-
mated slope of the logarithm of the amplitude peaks (InAz(t)). A
straight line can be fitted through a plot of the log of the peaks. Ba-
sically, the damping can be estimated slightly after the time of the
earth fault inception. For example, in Figure 4.3 (b), the damping
factor is estimated from the time of 0.03 seconds to 0.06 seconds. If
the damping is linear, a first order least square polynomial curve fit-
ting method will be sufficient to fit the curve. Otherwise, the damp-
ing can be estimated by calculating the slope of the amplitudes of

two successive peaks and then averaging it.
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(a) Instantaneous current amplitude signal decaying characteristic (red) and its envelope
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Figure 4.3. Example of instantaneous current amplitude, envelope and the linear decay-
ing of the extracted CWT coefficient of charge component.
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The undamped charge transient frequency (f,.,»,) can be estimated using

the following equation:

Wnm = 1/ a2, + wgm (4.19)

Fm = 2m (4.20)
2

where wgm, , fnm and «,, are estimated damped charge transient frequency
(rad/s) , estimated undamped charged transient frequency (Hz) and atten-

uation of the extracted wavelet coefficients, respectively.
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5. Fault Distance Estimation Using
Transient Signals

In this chapter, we discuss and propose fault distance algorithms based
on measured transient signals. In first and second section of this chapter,
algorithms based on the correlation of fault distance and the charge tran-
sient frequency are first presented using general network model (GM) and
then an exact model (EM) of symmetrical components. Both algorithms
require only a single measurement of the transient signal to estimate the
transient frequency. This can be obtained, for example from the main
substation of the network. The third algorithm is based on continuous
wavelet transform (CWT) of both voltage and current, and it is essentially
an impedance measurement algorithm. The function of using CWT to ex-
tract the charge transient signal has been explained in Chapter 4. The
proposed CWT algorithm has some similarity to an algorithm developed
in [43]. Their similarity and differences will be discussed in Section 5.3.
In this work, we also developed two earth fault location algorithms based
on the amplitudes and frequencies of the transient signals recorded from
the secondary side of the distribution transformers. The idea of using
transient signals measured from secondary side of MV/LV for the purpose
of fault location and fault detection is still new for most of the researchers,
in the area of power systems. We have developed two algorithms that use
multiple regression analysis (MRA) and artificial neural network (ANN)
to estimate the correlation of fault distance and the measured quantities
using this kind of transient signal. In addition, with the recorded tran-
sient signal from MV/LV side of secondary transformer, we propose an
algorithm that can be used to identify the correct path of fault location
towards the position of the fault in the network with tree structure. The
performance of proposed fault location algorithms in this chapter will be

discussed in the next chapter.
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5.1 General Model (GM) of Symmetrical Components

The main principle of the general model (GM) algorithm is based on esti-
mating the fault distance using its correlation with the single frequency
of the charging process during the earth fault. As explained in Chap-
ter 2, the charging transient is usually of higher amplitude and lower fre-
quency than discharge transient. In the algorithm, in order to estimate
the earth fault distance, we use the estimated earth fault charge transient
frequency and compare it with the calculated earth fault charge transient
frequency. The earth fault charge transient frequency is estimated using
CWT and FFT analysis as explained in previous chapter, while the calcu-
lated charge transient frequency is formulated using developed simplified
lumped parameter model.

The idea of using simplified model for locating an earth fault in power
system have been proposed by several researcher [40,42,129,130]. Accord-
ing to [40], in case of single phase to earth fault, an interconnection of its
phase sequence networks can be simplified into a composite forms of se-
quence networks as shown in Figure 5.1 and its description is given in Ta-
ble 5.1. In case of a compensated neutral network, the compensation coil
can usually be omitted since at the transient frequencies its impedance is
high compared to that of the network earth capacitances.

The general models developed by [40] as given in Figure 5.1 were used
to formulate the equation of charge and discharge transient frequency. In
order to examine the best choice of model to be used for estimating the
earth fault distance, four general models have been examined. The mod-
els are called as general model 1 (GM1), general model 2 (GM2), general
model 3 (GM3) and general model 4 (GM4). The details of the models
is explained in the following section. The advantages of the algorithm is
that only one measurement is needed per primary substation transformer.
The developed algorithm is used in simple iteration to compare the esti-
mated and calculated earth fault charge transient frequencies. Figure 5.2
shows the basic idea of estimating earth fault distance based on general
model of symmetrical component algorithm, the details flowchart of the
algorithms is given in Figure 5.7 at the end of this section. The next is
subsection concerned with a formulated equation that was developed from

the general model of symmetrical components of earth fault transient.
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(a) (b) (c) (d)
L
2Ly o+, 2
Lip,n Lo
R,
C, ?
C2
Lo Cp
C, Ry c
2L, (Cp/2) *
Ll
(e) (£) (9)
LZ
Lor Lipn
RZ
Rpr Rip o
CZ —

Ly g R,

Figure 5.1. The general model for ground fault transients. Positive and negative se-
quence networks (a), zero sequence network for isolated networks (b), the
composite connection for isolated networks without (¢) and with damping in-
cluded (d), model for load impedances (e), the equivalent circuit with loads
included for positive and negative sequence (f) and the combinations of all
sequence networks (g) [40].

Table 5.1. Description of the composite

components.
Composite
components Remarks
C 0.5C)
Cz CO
L1 2L
Lo 2Ly + Lio
L3 2Lpr
Ly 2Ly,
Ry 2Rp
Ra 2Ry, + R0+ 3Ry
R3 2Rpr
Ry 2Ry,
Notes:

Rt and L = resistance and inductance of sub-
station transformer, R; ,, , Rj o and Ly, , Lo =
sequence resistances and inductances of faulty
line length, Rpr and Lpr = resistance and
inductance of distribution transformer, C, and
Co= sequences capacitances of the network, Ry,
and L= resistance and inductance of compos-

ite loads and Ry = fault resistance.
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Recorded transient
signal

v

— Signal Processing
-Identification and extraction of charge transient
component
-Estimation of damping
- Estimation of charge transient frequency

!

General Model (GM)
- Calculate charge transient frequency

Compare the estimated and

calculated charge transient
frequency

Estimated
fault distance

Figure 5.2. The basic idea of fault location algorithm using general model of symmetrical
components.

5.1.1 General Model 1 (GM1)

Let us consider an equivalent circuit model for ground fault transients
as shown in Figure 5.3. The equivalent circuit is a composite form of
sequence networks. In the equivalent circuit, we neglected the influence
of sound lines, distribution transformers, low voltage loads and network,
compensation capacitors and the transmission network. From the circuit,
the characteristic equation of the circuit can be obtained by solving the
equations for voltages around the loops of the circuit. The derivation of
the characteristic equation for circuit in Figure 5.3 is given in Appendix
A Section A.1. A simplified characteristic equation of circuit in Figure 5.3

is given as follows:

S4L1L20102 + SS(LlRQOlcQ + LoR1C1C9)+
Sz(Llc'l + LoCo + L1Cs + R1R201CQ)+
S(R101 +R202+R102)+1 =0 (5.1)
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R, L, C,

——r—|
R,

Figure 5.3. The equivalent circuit for earth fault transient of general model 1 (GM1)
algorithm. [40].

In Equation (5.1), the estimated fault distance (I;) is included in parameter
Lo, where Ly = l¢(L;,+Li,+Lio). By substituting all the required param-
eters as given in Table 5.1 into Equation (5.1) and then solving the roots
of the equation, we obtain two pairs of complex frequencies with negative

real parts as follows:

51,2 = —0¢ ijwc (52)

S3,4 = —Qyq :I:jwd (53)

where, wy, we, ag and «. are damped natural frequency of the discharge
transient, damped natural frequency of charge transient, damping atten-
uation corresponding to discharge transient and damping attenuation cor-
responding to charge transient respectively.

In the presence of damping the charge and discharge transient signals
will oscillate with damped natural frequencies. Due to the damping, the
damped natural frequency is lower than undamped natural frequency. In
case of decaying oscillation at frequency wy and w, , the undamped natural

frequency is related to the damped natural frequency as follows [131]:

Wnd = Wg + (ad)Q (54)

Wne = Vw2 + (ac)? (5.5)

By substituting the above Equations into Equation (5.2) and Equation (5.3),

S1,2 and S3 4 now can be written as:

Si2=—acxjy/w2, — (a)? (5.6)
S34 = —aq * jy/wi; — (aq)? (5.7

where w,. and w,q are undamped natural frequency of charge and dis-
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charge transient. For damping factor ¢ < 1, Equation (5.6) and Equa-

tion (5.7), can now be written as:

Sl,2 = _chnc :tj w'rQL(: - (O‘c)Q (5.8)
834 = —CaWna £ j\/m (5.9)

where a, = (wpe and ayg = (4w,g. And, the damping factors for charge

and discharge transient are given as:

G = (5.10)

= | —F—~ (5.11)

Subsequently, the undamped natural frequency is related to the damping

factor as follows:

g = —2 (5.12)
Cd
.
Wne = (5.13)
Ce
Equation (5.12) and Equation (5.13) can further be expressed as:
Fri = (5.14)
27
fro = € (5.15)
27
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5.1.2 General Model 2 (GM2)

Let us consider the LC circuit as shown in Figure 5.4. The equivalent cir-
cuit is similar as in Figure 5.3 but without the effect of damping. From the
circuit, the characteristic equation can be obtained by solving the equa-
tions for voltages around the loops of the circuit. The derivation of the
characteristic equation is given in Appendix A Section A.2. The charac-

teristic equation of circuit in Figure 5.4 is given as follows:

S C LoCo + S*H(L1Cy + LyCy 4+ L1Co) +1=0 (5.16)
L2 C2
r—I|
Il

Figure 5.4. The equivalent circuit for earth fault transient of general model 2 (GM2)
algorithm. [40].

By substituting all the required parameters as given in Table 5.1 into
Equation (5.16) and then solving the roots of the equation, we obtain the

roots as two pairs of complex frequencies as follows:

SI,Q = ijwnc (517)
53,4 = :I:jwnd (518)

where w,. and w,4 are undamped natural frequency of charge and dis-
charge transient. Equation (5.17) and Equation (5.18) can further be ex-
pressed as in Equation (5.15) and Equation (5.14), respectively.
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5.1.3 General Model 3 (GM3)

In this section, we consider the equivalent circuit with the effect of load
impedances on the earth fault transients as shown in Figure 5.5. The com-
posite load impedance is the combination of impedances of the low voltage
network and impedances of the loads. The combination is connected as a
series connection. In a low voltage network, the most significant compo-
nent is the reactance of the distribution transformer [40]. However, in this
model we consider the resistances of the distribution transformer as well.
We may also consider the impedances of the low voltage lines which can
be connected in series to the impedance of the distribution transformer. In
transient analysis, a single load, with reasonable accuracy, can be mod-
eled as resistance and inductance [40]. The load is modeled as a connec-
tion of these components. In isolated and compensated neutral networks,
there is no path for zero sequence current through the transformer, there-
fore the load impedance only affects the positive and negative sequence
networks. In Figure 5.1 (g), the impedance of the composite load is cou-
pled in parallel to the network positive sequence capacitances.

R, L, cl2 R, I,
| VWA=

. L, . . .
E i, i, C | i, L, 3 i, R4§
R,

Figure 5.5. The equivalent circuit for earth fault transient of general model 3 (GMS3)
algorithm.

From the circuit, the characteristic equation can be obtained by solving
the equations for voltages around the loops of the circuit. The derivation
of the characteristic equation for circuit in Figure 5.5 is given in Appendix
A, Section A.3. A simplified characteristic equation of circuit in Figure 5.5

is given as follows:
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S%(L3L1L2CaLaCr)+

S5(C1L4L3LiRyCs + C1L3RyLy LyCy + C1 LyL3 Ry LyCo
+R4L4L1C1LoCoy + C1LyR3 L1 LoCo)+
S4(C1L4R3R1 LoCy + LyLy LyCy + C1LyR3Ly RoCo
+C1LyLsR1R2Co + RyLyR1C1LoCy + RyLyL1C1R2Co
+C1LsRyL1RoCy + LyL3LoCy + C1RsRyL1 LoCo
+C1L3RyR1 LoCo + L3LyL1Cy + L1L3C1Ly)+
S3(R4L4R1C1RyCy + C1 L3Ry R1 RyCy + C1R3Ry Ry Lo Cly
+C1L4R3R1 RoCy + C1R3Ry L1 RoCo + LyR3LoCy
+LyRyLoCy + LyL1RyCo + LyL3RoCo + RyL1 L2Co
+L3RyLoCo+ LyR1LoCo + L1 L3C1Ry + L1 L4C1 Ry
+L1R3C1Ly + L3R4 L1Cy + LyRyL1Co + R3LyL1Co
+R1L3C1Ly + LsLyR1Co)+

S2(L4R4R202 + LyR3RyCy + LyR1 RoCo

+RyL1R3Cy + R3RyLoCo + L3Ry R2Cy

+L1Ly+ R4R1LoCo + C1R3R4 Ry RoCo+

L3RyR1Co + R3LyR1Co + R3R4L1Cy + L1 R3C1 Ry
+L4RyR1Co+ R LsC1 Ry + R1LyC1 Ry + L3Ly

Y RiR3C1Ly) + S(R3R4RsCs + RyRy RoCy

+LyRy+ L3Ry + R3Ly + L1Ry + R3R4R1Co + R1R3C1Ry
+L4Ry) + RiRy + RsRy = 0

(5.19)

By substituting all the required parameters as given in Table 5.1 into

Equation (5.19) and simplifying the equation, the roots of the equation

have the following expression:

S12 = —ac £ jw.

S34 = —aqg £ jwg
)\1 = —ai
)\2 = —a2

(5.20)
(5.21)
(5.22)
(5.23)

where, wy, we, a4, ac, a1 and ay are damped natural frequency of the dis-

charge transient, damped natural frequency of charge transient, damping
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attenuation corresponding to discharge transient, damping attenuation
corresponding to charge transient and two local coefficients, respectively.
The undamped natural frequencies and damping factors of charge and
discharge transient can be added into Equation (5.20) and Equation (5.21)

as we explained in Section 5.1.1.

5.1.4 General Model 4 (GM4)

An equivalent circuit for undamped earth fault transient as shown in Fig-
ure 5.6 is similar as in Figure 5.4 except with additional reactance Ls
connected in parallel to C;. L; represents the imaginary part of total net-
work load impedances. In real network, the loads are scattered all over
the network. Hence, their reactance can be modeled as lumped and con-

nected parallel to the positive sequence network.

L2 C2
I
I

i
=(2) OLg ®c1:: BEF

Figure 5.6. The equivalent circuit for earth fault transient of general model 4 (GM4)
algorithm.

From the circuit, the characteristic equation can be obtained by solving
the equations for voltages around the loops of the circuit. The derivation
of the characteristic equation for circuit in Figure 5.6 is given in Appendix

A Section A.3. A simplified characteristic equation is given as follows:

S4C CoLy LoLs + S*(ChLyLs + CoLy Loy + CyLy Ls 4+ CoLoLs)
YL+ Ls=0 (5.24)

By substituting all the required parameters as given in Table 5.1 and in-
cluding L5 into Equation (5.24) and simplifying the equation, the roots of
the equation have the expression similar as in Equation (5.17) and Equa-
tion (5.18).
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Estimate the damped
and damping

B
L

fmn < fnc
Increase
Al; = 0.001

Figure 5.7. Flowchart for fault location algorithm using general model of symmetrical
components.
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In Figure 5.7, let us assume that an earth fault at one of the feeders has
been detected. First, the transient signal is recorded and sampled. Then,
signal processing is made to the recorded transient signal by using CWT
analysis as described in Chapter 4. From CWT, the wavelet coefficient
belonging to identified charge transient component is extracted. In the
next step, the extracted CWT coefficient is used to estimate the damping
factor ({,,) and damped transient frequency (f;,). Both estimated pa-
rameters are used to estimate the undamped transient frequency (fy,.).
Basically, the damped transient frequency (f4,,) can be used by general
model 1 (GM1) and general model 3 (GM3) algorithm provided that the
earth fault that happens has zero fault resistance. However, in a real
case, there is always some damping due to the fault resistance. There-
fore, in order to cancel the effect of fault resistance, we used the estimated
undamped transient frequency (f,.,) to be compared with the calculated
frequency (f.).

Assume that, general model 1 (GM1) algorithm is selected to estimate
the fault distance. The algorithm use simple iterative process to estimate
the fault distance. A low value of calculated fault distance (/) is used as
an initial condition of the iteration process. From the formulated equation
of general model 1 (GM1), we calculate the undamped natural frequencies
(fne) and compare them with the estimated undamped charge transient
frequency (f,.»,) that was recorded in the previous step. If the estimated
frequency is lower than the calculated frequency the iteration process will
be repeated by calculating the next calculated frequency (f,.) with the
increased fault distance by increment value (Aly). Finally, the estimated
fault distance (/) is successfully achieved if the estimated frequency (f,,,,)
is same or higher than the calculated frequency (f,.). In order to reduce
the number of iterations required to reach the final solution, the fault
distance increment value (Aly) can be increased to accelerate the iteration

process.
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5.2 Exact Model (EM) of Symmetrical Components

Early investigation done by [130, 132, 133] shows that the transient fre-
quency can be correlated to the fault distance by using the simple RLC-
circuit. However due to the reduction and simplification of the circuit the
accuracy of the methods is reduced. The accuracy can be improved if the
network can be modeled completely. Similar to the GM algorithm, the
main principle of exact model (EM) algorithm that we propose in this sec-
tion is based on estimating the fault distance using the single frequency of
the charging process during an earth fault. However, in exact model (EM)
algorithm, we take into account the effect of inductances of sound lines.
In addition, instead of lumped the line capacitances at the substation, we
model them as an exact m-model solution. In this solution, the lines are
modeled using exact m-model equivalent circuits as shown in Figure 5.8.
In Figure 5.8, the exact m-model based on sequence component equivalent
circuits represents the positive and zero sequence components of earth
fault transients where the distribution transformers, low voltage loads
and LV network have been neglected. In the model, we assume that the

negative sequence network and positive sequence network is identical.

(a)
Ly o oF Lio Lj,o
4115 4115
gl,o’ gl,o' gl,o Ql,o gj,o gj,o
=2 2 == —==2 2 == _—2 2 ==
b j=1 n
(b)
Ll,p ?F Ll,p Lj,p
4115 4115
Sip Cip S Cip L Sip Sip
=2 2 == ==2 2 = —2 2 =
S j=1...n

Figure 5.8. Exact m-model equivalent circuit with damping included. L, o, L;, are zero
sequence and positive sequence inductance of faulty line located in front of
the fault point (F). L; o, L, are zero sequence and positive sequence induc-
tance of faulty line located behind of the fault point (F). L; o, L;,, are zero se-
quence and positive sequence inductance of sound line. Lt is the inductance
of the transformer. n is the number of lines. Capacitances correspondingly.

In the exact model (EM) algorithm, the undamped complex frequency is

defined from the single phase to earth fault bus impedance matrix of the
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network in complex frequency domain. For single phase to earth fault, the
diagonal elements of the nodal transform impedance matrix in complex
frequency (s) is given as:

Zinls) = 520(5) + 22} (5) (5.25)

where Z, and Z},, are the zero and positive sequence diagonal elements
in the k node of the corresponding bus impedance matrix. In Equation (5.25),

positive and negative sequence impedance is assumed identical.
Zh(s) = ZE(s) (5.26)

The fault resistance (R;) was not required to be added to the equation.
This is because, in this work we purposely formed the impedance ma-
trix for undamped case of ground fault transient. Then, in order to esti-
mate the fault distance, we substitute the estimated undamped complex
frequency (f,..) of the charge transient for complex frequency (s) in Equa-
tion (5.25). Then, we solve the roots of a polynomial equation of Zj(s) = 0.
In the computer model, the lowest positive value of the roots from the
simulation results gives the estimated fault distance. The explanation of
exact the m-model equivalent circuit that was used in exact model (EM)
algorithm is the main subject of the next subsection. The flowchart for
estimating the earth fault distance based on exact model (EM) algorithm

is given at the end of this section.

5.2.1 Exact Model 1 (EM1)

An equivalent circuit of exact m-model for undamped case of earth fault
transient is presented in Figure 5.9. In this model, we have neglected the
effect of low voltage loads and LV network, compensation capacitors and
transmission network. The effect of the neglected components on fault lo-
cation performance is discussed in next chapter. As seen in Figure 5.9, we
purposely modeled the equivalent circuit for undamped case of earth fault
transient. This is because we want to avoid the effect of damping due to
fault resistance in fault location calculation process. The idea is to cal-
culate the undamped charge transient frequency from estimated damped
transient frequency and its damping factor of the earth fault transient
signal. The undamped charge transient frequency is then calculated, by

using the technique explained in Section 4.4 through Section 4.5. With
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the information of network components and real time data of their con-
nections, the equivalent circuit exact 7-model can be used in computer
simulation model using nodal analysis. As an example, Equation (5.27)
shows the sequence admittance matrix in complex frequency (s) of Fig-

ure 5.9 that has k number of buses.

(a)
D*Ly o FT k*Ly o Lj,0
4113 4115
N, 2 N, Ny
D*Cy o k*C, ,
—t — — 2 — —Cs,0 G5, 0=
D*Cy o k*Cy o
2 2
! j=1 n
(b)
D*Ly . FT k*L, N, Ljp
T A
2
D*C, ..
2F K*Cip égLT c, . C.
e e e e —xj,p =i, p—==
D*C; K*C 2" 2
2
S j=1...n

Figure 5.9. The equivalent circuit for earth fault transient of exact model 1 (EM1) algo-
rithm. Ly, L1, are zero sequence and positive sequence inductance of faulty
line located in front of fault point (F). L, , L, are zero sequence and pos-
1t1ve sequence inductance of faulty line located behind of the fault point (F).

Ljo, L;,p are zero sequence and positive sequence inductance of sound line.
Ly is t]he inductance of the transformer, k is a fault distance, T is the total
lenght of faulty feeder, D = T'—k is the total length of faulty feeder (T) minus
fault distance (k), N1 to Ny is the number of the buses and n is the number
of lines. Capacitances correspondingly.

Yii(s) Yiols) Yis(s) -+ Yi(s)]
Ya1(s) Yao(s) Yaz(s) -+ Yar(s)

Yoio(s) = | Y31(s) Yaa(s) Yis(s) --- Yii(s) (5.27)
| Yir(s) Yio(s) Yas(s) -+ Yia(s))

By inverting Equation (5.27), the sequence impedance matrix is ex-

pressed as follows:
Zo12(s) = [Yora(s)) (5.28)

Finally, in computer simulation model, the nodal transform impedance

matrix in complex frequency (s) is given as in Equation (5.25).
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5.2.2 Exact Model 2 (EM2)

In Exact Model 2 (EM2) algorithm we model a slightly different construc-
tion of exact m-model of undamped earth fault transient equivalent circuit
compared to the EM1 model. Both models have similar construction ex-
cept that in EM2 model, the line positive and zero sequence inductances
(Li o, Liy) located behind the fault point (F) of a faulty feeder section
is neglected . In addition, the capacitance in the faulty line feeder are lo-
cated depending on the location of the earth fault. For example, if the fault
happens in the middle of the faulty feeder, capacitance at fault point (F)
and bus N1 is shared for each half of the faulty line feeder capacitances.
However, if the fault happens at the end of the line, the capacitance is
higher at the fault point (¥), and vice verse.

We purposely invent the model as it is in order to observe the effect of
fault location with different exact m-model constructions. Similarly as in
EM1, in order to model it in computer simulation model, the information
of network components and real time data of their connections is required.
From the computer simulation model, we solved the impedance matrix in

complex frequency (s) as given in Equation (5.25).

- (a)
[ k*L, o Ljo N
N, 4115 4115 K
N,
k*cl,o gj,o
_ I I Y 4
D*Cy 5T T ST
(<] Jj=1...n
(b)
F
o k*Ly p N, Ly p N
N, 4115 K
k*Cy %LT Cip
_ D*C; pr— jr—} C. /1
P 2] P
o j=1...n

Figure 5.10. The equivalent circuit for earth fault transient of exact model 2 (EM2) al-
gorithm. L;o, L;, are zero sequence and positive sequence inductance of
faulty line located in front of the fault point (F). L; o, L;,, are zero sequence
and positive sequence inductance of sound line. Lz is the inductance of
the transformer, k is a fault distance, T is the total lenght of faulty feeder,
D = T —k is the total length of faulty feeder (7') minus fault distance (k), Ny
to Ny is the number of the buses and 7 is the number of lines. Capacitances
correspondingly.
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5.2.3 Exact Model 3 (EM3)

We propose the exact model 3 (EM3) algorithm with the use of exact
m-model as shown in Figure 5.11. The model is constructed similar to
exact m-model in EM2 algorithm, except that the sequence capacitance
(C10,Cp) of its faulty feeder section is located at bus N; as depicted in
Figure 5.11. Through the developed computer model, we simulate and
solve the impedance matrix in complex frequency (s) as given in Equa-
tion (5.25).

?F k*Ly o L o
4115 115 N
N, k
T*Cl,o — ::gj,o Qj,o::
2
S j=1 n
(b)
?F k*Llfp Ljrp
2113 Ny
N,
Lp
T*Cl,p:: % ::2gj,p 2gj,p::
b j=1...n

Figure 5.11. The equivalent circuit for earth fault transient of exact model 3 (EM3) al-
gorithm. L, L;, are zero sequence and positive sequence inductance of
faulty line located in front of the fault point (¥). L; o, L;,, are zero sequence
and positive sequence inductance of sound line. Ly 1s the inductance of
the transformer, % is a fault distance, T is the total lenght of faulty feeder,
D = T —k is the total length of faulty feeder (7') minus fault distance (k), N,
to Ny is the number of the buses and 7 is the number of lines. Capacitances
correspondingly.

In Figure 5.12, the flowchart shows the steps used by exact model algo-
rithm for computing the undamped transient frequency (f,,,,,) is similar as
explained in previous section. Let us assume that Exact model 1 (EM1)
algorithm is selected to estimate the fault distance. Then, using a esti-
mated damped transient frequency (fz,), we calculate the inductance per
unit length of line network using Frequency-Dependent(FD) Line Model
or known as JMarti FD model in EMTP environment. In EMTP envi-
ronment, we can calculate the sequence impedance of the line at specific
estimated charge transient frequency using line check calculation tools
provided that we have the details of line geometrical and electrical val-

ues. Next, the estimated undamped frequency (f,,,) and calculated line
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inductance is applied to computer simulation program that was built in
MATLAB environment to calculate Equation (5.25) and to solve the roots
of the polynomial equation. Finally, the lowest positive value of the roots

gives the estimated fault distance.

Recorded transient
signal

v Via,b,c)rL(a,b,c)

Signal Processing
CWT

! Cv(a,p) rCr(a,b)

Extract CWT coefficient

VCH't ! ICW&

v

Measure the damped transient frequency (fu)
and damping factor (c.)

v

Compute the undamped
transient frequency (f..)

Lo

v

Exact Model (1-4)
for estimated fault distance

.

Calculate the line impedance with
frequency-dependent (FD) line Model
in EMTP

!

Apply f.. into

1 2
Zy(s) = 5:’!&(:) e Zi(s)

v

Solve the roots of
polynomial equation of
Zyk (s)

!

Estimated
fault distance
(1:)

Figure 5.12. Flowchart for fault location algorithm using exact m-model of symmetrical
component.
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5.3 Continuous Wavelet Transform (CWT)

In this section, we propose a fault location algorithm based on continuous
wavelet transform (CWT). The developed CWT algorithm is similar to the
algorithm developed by [43] but slightly different process is used to esti-
mate the fault path inductance. [43], applied discrete wavelet transform
(DWT) to transient signal for fault distance estimation algorithm. The
algorithm first determines the maximum wavelet coefficient of current in-
cluding the amplitude, frequency and location of the wavelet. Later, the
fault path inductance is calculated using the maximum wavelet coeffi-
cients of current and voltage and its frequency. Finally, the fault distance
is calculated from estimated inductance using the same equation as is
expressed in Equation (5.30). A similar method can also be found in [16].

Assuming that the process of identification of charge transient compo-
nent and transforming it into analytical signal (U,(t), U;(t)) as described
in Section 4.4 and Section 4.5 is accomplished, the fault distance can be

estimated by first evaluating the inductance as follows:

1 Us(t)
Ly(t) = 3pIm {Ui (t)} (5.29)

where, L(t) is instantaneous value of inductance, f. is a estimated charge
transient frequency of the extracted wavelet coefficient, and U,(¢) and
U;(t) are the analytic forms of the extracted coefficient of voltage and cur-
rent transient respectively. Then, the fault distance (I;), can be calculated
by using Equation (5.30) as follows [43]:

[P T (5.30)

3(Lo + Ly + Ly)

where, LE,, L'l, L'2 are the inductances per unit length of the zero, positive
and negative-sequence systems respectively. The final value of the fault
distance (/) was selected based on the smallest standard deviation of the
mean value of the fault distance calculated in Equation (5.30) for a set
of subsequent samples. The flow chart representing the CWT algorithm

developed in this work is shown in Figure 5.13.
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Figure 5.13. Flowchart for fault location algorithm based on CWT.
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5.4 Transient Signal Recorded from the Secondary side of the
MV\LV Distribution Transformer

The concept of "SmartGrids" which has the characteristics of integrated,
merging monitoring, control, protection, maintenance of all the resources
for more efficient network management system [134], opens a great op-
portunity for installation of more measuring and recording devices in the
low voltage network. A study done by [135], proved that an advanced
AMR meter is able to work as an intelligent monitoring device for locat-
ing low voltage network faults and for monitoring voltage level. The in-
formation gathered from advanced AMR meter is transmitted using com-
munication infrastructure to the control center. In case that a transient
or disturbance recorder is installed at the MV/LV substation, a similar
concept as introduced by [135] could be applied for monitoring of tran-
sient signal. In recent studies, the transient signal of earth fault in MV
network is captured using transient recorder located at low voltage side
of a MV/LV distribution transformer [136,137]. When a fault happens in
medium voltage (MV) distribution feeder, the transient features can be
distinguished from the secondary side of the MV/LV distribution trans-
former. In this section, we propose an alternative approach for earth
fault location, based on the transient signal measured from the MV/LV
distribution transformer. Based on the typical transformer connections
and earthing practices in Finland, the MV/LV distribution transformer is
modeled as delta connected HV winding, star connected LV winding with
neutral brought out (DyN11) [138].

The algorithms are based on the observation, that when measuring from
primary substation towards the fault, the amplitude of the charge tran-
sient voltage is increased towards the fault location. Behind the fault, the
voltage is equal to the voltage in the fault point. In the parallel branches,
the voltage is the same as in the point of common coupling, as seen from
fault point. Hence, the fault location can be found by analyzing the am-
plitudes of transient voltages in different network locations.

The algorithms utilize the information gathered from the measured tran-
sient voltage signal recorded from the secondary side of the MV/LV distri-
bution transformer and tries to find the correlation between fault distance
and measured quantities using either Multiple Regression Analysis or Ar-
tificial Neural network. Using the similar technique as we describe in

Chapter 4 Section 4.4, we used CWT to identify the dominant transient
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frequency and extract its coefficients. Besides of the characteristics of the
extracted coefficients, the information of the total loads of the distribution
network is also required in this algorithm. In the next subsection, we ex-
plain the pre-processing stage of the measured transient signal gathered
from the MV/LV distribution transformers. The proposed algorithms are
depicted in Figure 5.14.

Recorded transient at
single MV/LV

substation
Via,b,e)
Signal Processing
CWT
Cv(a,b)
Extracting Features
(CWT)
Vcwt
Multiple Regression Artificial Neural
Analysis Network
i Y
Develop MRA Develop ANN
database ‘database
v v
Generate MRA model (ANN structure

Yy =58+ Bx + b, + B

}

) 4 Train ANN
Test inputs to
corresponding MRA

A 4

model —~ll
‘ ‘Test inputs to
corresponding NN
FL output l

FL output

Figure 5.14. Flowchart for MRA and NN fault location algorithms based on recorded
transient signal of single MV/LV distribution transformer.
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5.4.1 Pre-processing stage

When an earth fault happens in MV feeder, the transient signal can also
be detected from the secondary side of the MV/LV distribution trans-
former. The transient component can easily be distinguished from the
fundamental frequency component. Figure 5.15 shows an example of sim-
ulated transient signal recorded at the MV and LV side of the network.
In Figure 5.14, let us assume that an earth fault has been detected in
MYV network. From the assumption that an earth fault has been detected,
the transient signal measured from MV/LV distribution transformers is
recorded and sampled. Then, the recorded signal will be converted from
phase to line voltage. Later, the signal is analyzed with CWT and the
CWT extraction features process is applied to the transient signal as has
been explained in Chapter 4, Section 4.4. Figure 5.16 shows an exam-
ple of extracted CWT coefficient of transient signal recorded from MV/LV

distribution transformer.
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Figure 5.15. An example of simulated transient signal recorded at (a) the MV and (b) LV
side of the MV\LV distribution transformer
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It has been reported that the loads have a significant effect to the tran-
sient signal [40,139]. Therefore, due to this reason, the total load (MVA) of
the network prior an earth fault happens in MV network is also recorded.
Based on the extracted CWT coefficient characteristics, the peak value of
its FFT amplitude and its coefficient scale is recorded. Actually, the scale
of CWT coefficient is correlative to its frequency. Therefore, either one
of the parameters can be used. After computing and recording the two
characteristics of extracted CWT coefficients, with these two parameters
including the total load (MVA) of the network prior a to the earth fault
they are used as the inputs database of the MRA and ANN algorithms.
Multiple regression analysis (MRA), artificial neural network (ANN) and

correct path algorithms are the main subject of the following subsection.
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Figure 5.16. Characteristics of extracted CWT coefficient of transient signal recorded
from MV/LV distribution transformer.
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5.4.2 Multiple Regression Analysis (MRA)

A simple linear regression illustrates the relation between the dependent
variable y and the independent variable x based on the regression equa-
tion below:

¥i = Bo + Brx1 + € (5.31)

where, i = 1,2,3,....,n, 5 is intercept or constant, 3; is called slope or co-
efficient and e; refers to error term. Using the least squares method, the
best fitting line can be found by minimizing the sum of the squares ver-
tical distance from each data point on the line [140]. In this work we de-
veloped the formula in Equation (5.31) using MATLAB matrix commands
and the example of the MATLAB matrix commad is given in Appendix A
Section A.5. As shown in Figure 5.14, the database developed for MRA
algorithm is based on information gathered from measured transient sig-
nals of single MV/LV distribution substations. Since there are several
MV/LV substations in the MV network, based on our studies using simu-
lation model given in Chapter 6, Section 6.4 of this dissertation, we chose
the farthest MV/LV substation in simulation network model for develop-
ing the database. The reason why we chose that particular substation is
that, when the simulated single line to earth fault happens at the farthest
distance from the main MV substation, the estimated FFT amplitude of
extracted CWT coefficient of the chosen substation is the highest com-
pared to other substations. Also, we found that when the fault resistance
is increased and fault inception angle is decreased, the estimated FFT
amplitude of extracted CWT coefficient of MV/LV substations will subse-
quently be decreased. However, the question that which is the most suit-
able MV/LV substation could be used for the purpose of designing MRA
algorithm based on measured transient signal from MV/LV side of distri-
bution transformer is not being studied in this dissertation but perhaps
in future.

According to the multiple linear regression model the dependent vari-
able is related to two or more independent variables. The general model

for %k variables is of the form:

yi = Po + Brx; + Bozio + ... + Brzik + € (5.32)

where, i = 1,2,3,....n and k = 2,3,....,n , By is intercept or constant,

B is called slope or coefficient and e; refer to error term. The multiple
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regression model developed for fault location in this dissertation is defined

in Equation (5.33) as:

l= 0o+ 1A+ B2S+ 3L (5.33)

where, [ is fault distance, A is FFT amplitude of extracted CWT coeffi-
cient, S is scale of extracted CWT coefficient and L is total loads (MVA) of
the network prior to a single line to earth fault.

The developed multiple regression model used for fault location is spe-
cific for the network during the observation. The model needs to be rede-
veloped if there is a change in network configuration. The reason is, those
changes will affect the variables used in the developed multiple regres-
sion model. Therefore it is necessary to redeveloped the regression model
according to the condition of the network.

Using typical 20 kV isolated neutral distribution network simulated
using EMTP-ATP program, the proposed multiple regression model was
tested and the result and the performance will be discussed in detail in
Chapter 6, Section 6.4.

5.4.3 Artificial Neural Network (ANN)

An algorithm based on artificial neural network (ANN) has been dis-
cussed in Chapter 3. In case of fault location in MV network, several
researchers mainly used the data measured from MV substation or faulty
feeder in order to design a ANN algorithm. In this research we propose
a new approach for fault location in unearthed or compensated neutral
distribution system using combination of wavelet analysis and artificial
neural network (ANN) and based on measured transient voltage signals
recorded from secondary side of MV/LV distribution transformers. Accord-
ing to [141], using the relationship of dependent and independent number
of n samples, the formula created using artificial neural network (ANN)

analysis is in the following expression:

y=ANN(x1,22,....., Tp) (5.34)

where ANN is an implicit non mathematical function that can only can be
designated as ’knowledge base’. Basically, using the same dependent and
independent variables as developed for MRA formula can also be used for

artificial neural network analysis. A proposed designed neural network
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is constructed with a two layers, feed forward network with tangent sig-
moid hidden neurons and linear output neuron. The developed neural
network training function updates weight and bias values according to
Levenberg-Marquardt optimization algorithm. ANN architecture of the
proposed ANN algorithm is depicted in Figure 5.17.
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ERS
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Inputs

Figure 5.17. Architecture of neural network for estimate the fault distance.

The designed neural network has 3 inputs variables which contain valu-
able and relevant information for estimating fault distance. Each input
unit of neural network has a symbol associated with it where A is repre-
sented as the peak value of FFT amplitude of extracted CWT coefficient,
S is associated its coefficient scale and L is referred to total loads (MVA)
of the network prior to an earth fault. For fault distance estimation al-
gorithm in this work the ANN consists only one hidden layer. For this
kind of input-output task, one single hidden layer is assumed to be good
enough [79]. The outputs of hidden layer has sigmoid activation function
and are transferred to the output layer which is composed of only one
neuron which gives the estimated fault distance. It is important to train
and test the neural network with a large data set. The training process is
done in several times and each time the performance after each iteration
is saved where the performance is defined as the correlation coefficient
(r). Finally the saved trained network that has the highest value of cor-
relation coefficient (r) is used to for fault location algorithm. Since this
method is based on the ’knowledge base’ of the specific network, therefore
the NN have to retrain if there are any changes in terms of the network
topology.

The proposed algorithm have has tested using simulation model based
on a practical 20 kV unearthed network distribution network as shown

in Chapter 6 Section 6.4. The data set used in training and testing the
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neural network is given in Chapter 6, Table 6.3 and Table 6.4, respec-
tively. The result and performance of the algorithm will be discussed in

that chapter.

5.4.4 Correct path location in branches of feeders

In networks with several branches, indicating the correct fault path is
a separate issue. In fault location algorithm it is a difficult task if only
one measurement is used to identify the correct branch of a complex tree
structure kind of network. Therefore, we propose an algorithm that use
the transient signal recorded from secondary side of MV/LV substations as
the basis for identifying and selecting a correct path to the fault position.

The work flow of the algorithm is shows in Figure 5.18.
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Figure 5.18. Flowchart for correct path location algorithm based on recorded transients
of MV/LV distribution transformers.

The line to line fault voltage transient signal measured from the sec-

92



Fault Distance Estimation Using Transient Signals

ondary side of MV/LV substation transformer is processed with CWT sim-
ilarly as in Chapter 4 Section 4.4. Then the peak amplitude of the FFT fre-
quency spectrum of the extracted CWT coefficients for each substation is
identified and recorded. For correct path location, a fault distance should
be taken from the measured point at main HV/MV substation towards
the MV/LV substation which has highest recorded FFT amplitude of the
extracted wavelet coefficient. In other words, the highest recorded FFT
amplitude will indicate which MV/LV substation should we locate in order
to determine the correct fault location if there are several branches. The
proposed algorithm has been tested using a simulation model in Chap-
ter 6, Section 6.3. The result and performance of the algorithm will be

discussed in that chapter.
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6. Performance Evaluation of Proposed
Fault Location Algorithms Using
EMTP/ATP Simulation Model

In this chapter, the proposed algorithms are tested using transient signal
generated by a simulation model. The simulation of the voltage and cur-
rent transient is required and important in order to validate the proposed
fault location algorithms. In this research, we used Alternative Transient
Program (ATP/EMTP) as transient simulator. The program was chosen
because it is one of the most common simulation tools used by power en-
gineers and researcher for simulating transients [142]. The program soft-
ware contains extensive modeling capabilities for transmission lines, ca-
bles, breakers, loads, converters, protection devices, non-linear elements,
electromagnetic coupling, and major power electronics devices and equip-
ment. It also has an enhanced graphical user interface called ATPDraw
as a pre processor, which allows an easy entry of system topology and
data [143] . The program software will in future be referred to only as
EMTP.

In this chapter, four simulation models are presented. The first model
is according to general model of symmetrical component as we have dis-
cussed in Chapter 5, Section 5.1. In simulation model 2, we modeled the
unearthed neutral network with exact m-model as described in Chapter 5,
Section 5.2. Then in the following section, we investigate the earth fault
network using the line constants EMTP program and taking into account
their real geometrical and electrical values. In the last section of this
chapter, we tested the fault location algorithms with the modified system
from [144] and modeled the network using line constant EMTP program.
The earth faults are simulated with different scenarios such as fault dis-
tance, fault resistance, fault inception angle and also the effect of load.

Some results of this studies can be found in [137].
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6.1 Simulated Network Model 1

In the beginning of this work, we studied the correlation of fault distance
and the transient frequency using the general model algorithm as ex-
plained in Chapter 5 Section 5.1. The simulated network model was based
on the model as shown in Figure 5.1 (d) and (g). The model neglected the
inductance and resistance of sound lines, distribution transformer and
approximated the network capacitances as lumped components located
at the substations. According to the Thevenin theorem, the ground fault
transient can be produced by injecting a voltage of equal magnitude but
opposite sign compared to the phase voltage at the fault point [40]. The

description of the network model is given in the following section.

6.1.1 Description of the simulation and the network model

A schematic diagram of the simulated 20 kV unearthed medium voltage
network and its EMTP simulation model is shown in Figure 6.1(a) and
(b) [129]. The network is radially operated. It consists of 5 feeders with a
total of 100 km of overhead lines.

In EMTP simulation, a single line to ground fault was simulated in a
20 km long line and fault distances varied from 2 km to 20 km with 2 km
steps. The fault resistances varied from 0 © to 100 . The fault distance
was maintained at 2 km, 4 km, 10 km and 16 km when the varied fault
resistance was applied to the model. In addition, different fault voltage
inception angles were applied to investigate the sensitivity of transient
frequency and the performance of the fault location algorithm. Fault dis-
tance was fixed to 4 km and 16 km with zero fault resistance when fault
inception angle variation was applied to the model. A sampling frequency
of 20 kHz was used.

The specification of the various elements in the simulation model are
as follows: L= 5.6 mH, Rr= 0.04 Q, Li,= 1.0 mH/km, L; o= 5.0 mH/km,
Cip= 38.25 nF/km, Cyp= 6.12 nF/km, Rj = 0.60 %/km, Rjo= 1.30 /km,
Lpr=19.09 mH, Rp=0.18 Q, L1 _smva= 584.20 mH, L, 1opmva= 233.68 mH,
Ri,smva= 88.89 Q and Ry 1omva= 35.56 Q. The details of the various ele-
ment abbreviations can be found in Table 5.1. The simulation results are

discussed in the next section.
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Figure 6.1. A Schematic(a) and ATPdraw simulated network model(b) for earth fault
simulation analysis in 20 kV unearthed medium votage network. The details
of the abbreviations in ATPdraw simulation model can be found in Table 5.1

6.1.2 Result Analysis and Discussion

The performance accuracy of the GM algorithm has been investigated un-
der varied fault distances, several fault resistances, different fault incep-
tion angles and load conditions. In these studies, the performance accu-
racy used to evaluate GM algorithm is defined by mean absolute error

(MAEgMm) index as expressed in equation below:

n n
MAEcy = %Z GM; — 1] = % S jAGH 6.1)
=1 =1

where AGM; is the absolute error fault distance using GM algorithm,
GM; is estimated fault distance using GM algorithm, /; is exact fault dis-
tance and n is numbers of observation of fault distance error. Similarly, to
evaluate the error between estimated and calculated frequency and damp-
ing factor in the simulation result, the mean absolute error (MAE (., ) is

calculated with the following equation:

1 1 &
MAE(r¢p = — Y IAMfm — forGn = CH =~ DM G (62
i=1 i=1
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where A|{f;, (;}| is the absolute error of the parameters (f,(), f,, is es-
timated transient frequency, f. is calculated transient frequency, ¢, is
estimated damping factor and (. is calculated damping factor and n is
numbers of observation of parameter error.

Figures 6.2 and 6.3 shows the example of earth fault transient voltage
and current for earth fault located at 2 km, 10 km and 18 km at faulty line
feeder with overhead line as shown in Figure 6.1. The transient signals
were captured at location "M" as shown in Figure 6.1. The earth fault was
simulated at time t=0 and the signal was captured before the time switch

is "on" at t=0.005 second.

8000 E
s000f i i ; —Vv1
4000f

2000(X: 100
Y: 0

-2000f V 1

Voltage [V]
°

-4000F

-6000F

-8000[ . . . 4

0 100 200 300 400 500 600 700 800 900 1000
Sample Number [k]

(a) Transient voltage, [;=2 km

8000

6000F

4000

2000

2000

Vqoltage [V]
o

-4000

-6000[ 1

_800 L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000

Sample Number [k]

(b) Transient voltage, ;=10 km

8000 T T T

6000F

4000 1

vl

2000

ge
o

2000

Volta

-4000f 1

-6000F

_8000 L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000

Sample Number [k]

(c) Transient voltage, ;=18 km

Figure 6.2. Simulated transient voltage signal in the faulty phase when a single phase to
earth fault happens at a feeder in an example network with overhead lines.
The fault distances (i) are 2, 10 and 18 km from the substation. The fault
resistance is zero ohm.
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Figure 6.3. Simulated transient current signal in the faulty phase when a single phase to
earth fault happens at a feeder in an example network with overhead lines.
The fault distances (/) are 2, 10 and 18 km from the substation. The fault
resistance is zero ohm.

The earth fault is simulated at the instantaneous voltage maximum and
the transient signal is measured at the substation. Figures 6.2 and 6.3
shows that when lower fault distance, the peak amplitude of the tran-
sient signal (voltage and current) is higher. Correspondingly, when the
fault distance is increased the peak amplitude of the transient signals is
decreased.

As an example, a signal pre-processing output for a single phase to earth
fault with fault distance 10 km from substation is presented. The fault is

simulated with zero fault resistance and fault inception angle 90° (in-
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stantaneous voltage maximum). Figure 6.4 shows an example of the out-
put from pre-processing by CWT, Hilbert transformation (HT) and fast
Fourier transform (FFT) as described in Chapter 4.

In Figures 6.4 and 6.5, simulated voltage and current transient signals
from 10 km earth fault simulated case was analyzed and sampled starting
from the beginning of the fault inception. In Figure 6.4(a), a high density
of energy spectrum corresponding to the charge and discharge component
can be seen clearly from the instant of fault occurrence. Both charge and
discharge components can be seen from CWT scalogram of voltage tran-
sient. However, in case of CWT scalogram of current transient signal as
shown in Figure 6.5(a), only charge component is distinguished. Both sig-
nals have higher density of energy level (red color bar) appeared at the
beginning of the fault inception which then decreased towards the end of
the signal.

In Figures 6.4(b) and 6.5(b), based on the result of scale-dependent en-
ergy distribution, we recognize the peak amplitude of the energy percent-
age (%) that corresponds to the dominant energetic scales within the sig-
nal. Hence, the scales obtained from the highlighted peak are 23 and
24 for voltage and current signals, respectively. From the scale-energy
distribution spectrum, we can conclude that, for this case of earth fault
simulated transient signal, the charge transient component is more dom-
inant than the discharge transient component in both signals. Extracted
CWT coefficient of voltage and current signal is depicted in Figures 6.4(c)
and 6.5(c), respectively, while its FFT frequency spectrum is presented in
Figures 6.4(d) and 6.5(d). The peak amplitude in FFT frequency spectrum
is corresponding to the dominant damped transient frequency of the sig-
nal. In this case the value is 703.1 Hz. Figures 6.4(e) and 6.5(e), show an
envelope of extracted CWT coefficient fitted using polynomial curve fitting
technique in MATLAB environment. Hence, from these points, with the
estimated value of damped transient frequency and the damping factor,
the undamped transient frequency can be estimated.

In order to show the effect of high fault resistance on transient signal as
well as to the algorithm, the earth fault was simulated for fault resistance
up to 400 Q. Figures 6.6 and 6.7, shows the simulated current transient
signal and its CWT scalogram for fault distance of 10 km from the substa-
tion. The fault resistance was varied between 25 2 and 400 Q2. From the
result, it can be seen that the transient signal becomes short and more

damped when the fault resistance is increased.
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Figure 6.4. Example of the output from pre-processing of voltage transient signals using
'WT and Hilbert transformation. The fault distance is 10 km from the sub-
station. (a) Simulated transient voltage (above) and its CWT scalogram (be-
low), (b) scale-dependent energy percentage distribution, (c¢) extracted CWT
coefficient, (d) FFT frequency spectrum of extracted CWT coefficient, (e) lin-
ear decaying of extracted CWT coefficient.

101



Performance Evaluation of Proposed Fault Location Algorithms Using EMTP/ATP Simulation Model

Current [A]

50 100 150 200 250 300 350 400 450 500

i ]
4 Jo.15]
31 ]

o 2aifd 1
25 Charge.trantient. component ]
& 22 Jo.1
g 19| 1
1 ]
@13 4
10 Jo. 03]
9 ]
H ]
50 100 150 200 250 _ 300 350 400 450 500
Sample Number [k]
(a)
T T T T T
8 X: 24
sq i 8.182
&
o 6
H
§ st
g
h
a4
Har
g
&al
&
s
, . . | . | . N
5 1o 15 20 25 30 35 30 s 50
Scales[al
150
100
T 50
H
5 o
&
5
3 -so)
-100)
-150)
- . | | | | | | , |
50 100 150 200 250 300 350 400 450 500
sample Number [k]
(c)
70F X: 703.1 |
i 62.9a
60 A
E st J
B 50
y
$ a0 .
g
3
B o30f 4
5
g
= 20F —
10F q
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)
5.
4.
B
g,
B
o
8 2.
1
)

0 50 100 150 200 250 300 350 400 450 500
Sample Number [k]

(e)

Figure 6.5. Example of the output from pre-processing of current transient signals using
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'WT and Hilbert transformation. The fault distance is 10 km from the sub-
station. (a) Simulated transient current (above) and its CWT scalogram (be-
low), (b) scale-dependent energy percentage distribution, (c) extracted CWT
coefficient, (d) FFT frequency spectrum of extracted CWT coefficient, (e) lin-
ear decaying of extracted CWT coefficient.
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Figure 6.6. Example of the output from pre-processing of current transient signals using
CWT with the effect of fault resistance. The fault distance is 10 km from the
substation. (a) Simulated transient current (above) and its CWT scalogram
(below) with Ry=25 Q, (b) Ry=50 Q and (c) Ry=100 Q.
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Figure 6.7. Example of the output from pre-processing of current transient signals using
CWT with the effect of fault resistance. The fault distance is 10 km from the
substation. (a) Simulated transient current (above) and its CWT scalogram

(below) with R ;=200 2, (b) R;=300 Q and (c) R;=400 Q.

Figures 6.8 and 6.9 shows the scale-energy percentage distribution for

the simulated transient signal. Using the method for identification of

charge transient signal as explained in Chapter 4 Section 4.4, in this par-

ticular case the charge transient component can only be detected for earth

fault with fault resistance up to 200 2. However, if we observed the result
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of CWT scalogram in Figure 6.7(b) and (c), we can make a guess estima-
tion what is the scale corresponding to the charge transient frequency by
inspecting the maxima of the energy. The maxima of the energy in Fig-
ure 6.7(b) is located between scale 22 and 28, while in Figure 6.7(c), it is
located between scale 22 and 37. The arrows in Figure 6.7(b) and (c) show
the area of the maxima of the energy. The purple line in Figure 6.7(b) and
(c), shows the guess estimation of the scales that correspond to the charge
transient frequency of the measured transient signal.

The calculated and estimated frequencies and damping factor of the
charge transient signal as a function of fault distance are shown in Fig-
ure 6.10, and the tabulated results are found in Appendix C Table C1.
Based on the result shown in Figure 6.10, the calculated and the esti-
mated values have a good agreement. The range of estimated damped
frequency is between 1132 Hz to 507 Hz. In Figure 6.10(a) and (b), the
graph shows that the damped and undamped charge transient frequency
is decreasing when the fault distance is increasing. The damping factor is
increased when the fault distance is increasing. The mean absolute error
(MAE) index of damped and undamped transient frequency is about 10
Hz, and 0.0006 for damping factor, as shown in Appendix C Table C1.

The results of fault distance estimation error using GM1 and GM2 algo-
rithms for simulated earth fault with different fault distances is given in
Figure 6.11, and the tabulated results are found in Appendix C Table C2.
As shown in Figure 6.11, basically the results from tested algorithms are
almost identical. In overall the distance calculation error is less than 1.5
km. The MAE index calculated for all algorithms is 0.36 km, as given in
Appendix C Table C2. The fault distance error is slightly higher when the
fault happens at the middle and at the end of the faulty feeder. From the
results, we found that the lowest fault distance estimation error is when
fault is simulated at 18 km from the substation. The reason why it has the
lowest fault distance estimation error is because based on the comparison
between the estimated (f,,,) and the calculated (f,,,) undamped charge
transient frequency, it has the lowest error (Af,) as given in Appendix C
Table C1.
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Figure 6.8. Example of scale-dependent energy percentage distribution. The fault dis-
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tance is 10 km from the substation. (a) Scale-dependent energy percentage
distribution with R;=25 Q, (b) Ry=50 Q and (c) R;=100 Q.
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Figure 6.9. Example of scale-dependent energy percentage distribution. The fault dis-
tance is 10 km from the substation. (a) Scale-dependent energy percentage
distribution with R ;=200 €2, (b) Ry=300 2 and (c) Ry=400 (2.
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Figure 6.10. The comparison of simulation test result to the theory of earth fault tran-
sient. fic , fnc and (. are calculated using the GM1 equations. fuim , fam
and ¢, are estimated transient parameters from the simulated earth fault
transient waveforms. f4,, = estimated damped transient frequency (Hz), fi.
= calculated damped transient frequency (Hz), ¢,, = estimated damping fac-
tor, . = calculated damping factor, f,, = undamped transient frequency (Hz),
fnm = estimated undamped transient frequency (Hz) and f,. = calculated
undamped transient frequency (Hz)
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Figure 6.11. Comparison of the distance estimates obtained using general model (GM)
algorithms for the simulated single line to earth faults with varies fault dis-
tance. GM1/4,,, denotes a distance calculation error using general model 1
(GM1) with damped transient frequency (f4), GM1/,,, denotes a distance
calculation error using general model 1 (GM1) witfl undamped transient
frequency (f...) and GM2 denotes a distance calculation error using gen-
eral model 2 (GM2) algorithm.

Figures 6.12, 6.13, 6.14, 6.15 and 6.16 show the results of simulated
single line to earth fault transients with the effect of fault resistance,
and the tabulated results are found in Appendix C Table C3. In gen-
eral, referring to general model (GM) equivalent circuit, the transient
frequencies become lower when the resistance (R2) is increased. In Fig-
ure 6.12, the graphs show that the calculated and estimated frequencies
have small reduction when fault resistance is increased. The reduction
can be seen more clearly in estimated frequency when high fault resis-
tance (Ry = 100Q) is used. In Figure 6.13, the estimated and calculated
frequency is almost identical except when fault resistance is 100 €.

Based on the results in Figure 6.13 (a), (b) and (c), for fault close to
the substation and for the certain range of the fault resistances, the gap
between estimated and calculated frequencies can be seen more clearly.
Based on the MAE index shown in Appendix C Table C3, the mean abso-
lute error (MAE) index of damped and undamped transient frequency is
about 22 Hz. The value is slightly higher compared to the results without
the effect of fault resistance. The reason is due to the effect of fault resis-
tance to the transient signal. The fault resistance increases the damping
of the estimated signal. The MAE of damping factor is 0.01, this is about
17 times higher than MAE of the damping factor without the effect of fault
resistance. When damping is higher the transient almost disappears and
subsequently the identification of the charge transient component will be
difficult.
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Figure 6.12.
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Figure 6.13.
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Figure 6.14.
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Figure 6.15. Result of calculated (¢.) and estimated ({,,) damping factor with the effect
of fault resistance (Ry). Fault resistance (Ry)= 0, 25, 50, 100 Q. For details
of frequencies abbreviations see Figure 6.10.

As shown in Figure 6.15, the increment of damping factor is significant
when an increased fault resistance. In comparison between estimated and
calculated damping factor as shown in Figure 6.16, the difference is small
for the fault resistance less than 25 2, however the gap can be noticed
clearly when fault resistance is higher than 25 Q. In overall, with the
effect of fault resistance, the result of MAE of estimated and calculated
damped and undamped frequency, is two times higher than MAE of the

simulated earth fault without the effect of the fault resistance.
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Figure 6.17, shows the results of the estimated of fault location using
GM1 and GM2 algorithms with the effect of fault resistance, Appendix
C Table C4 shows the tabulated simulation results. Referring to Fig-
ure 6.17, we can see that result of the distance estimation error is almost
identical for the tested algorithms. In overall, the calculated MAE index
of all algorithms is less than 0.6 km, as given in Appendix C Table C4.
The fault distance error is lower when the fault is simulated at the mid-
dle of the faulty feeder with the fault resistance between 0 to 50 Q. As
expected, the fault estimation error is higher when the fault is located at
the end of the line. In overall, the fault distance error is less than 2 km.

Appendix C, Table C5 shows the results of simulated single line to earth
fault with the effect of fault inception angle. The fault inception angles
used are 0, 45 and 90 °. In overall, we found that the fault inception angle
does not affect the transient frequencies. Unfortunately, we found that
the process to locate the transient component becomes much challenging
since the lower fault inception angle will reduce the peak amplitude of
the transient, subsequently effecting the process of identification of the
charge transient component as shown in Figure 6.18.

In Figure 6.19, the results show estimates of fault location using GM1
algorithm. The fault distance estimation is calculated using a estimated
damped and undamped transient frequency. A single line to earth fault
was simulated with zero fault resistance. The MAE index of the simula-
tion result was 0.34 km.

Figure 6.20 shows results of calculated damped transient frequencies
with the effect of load and fault resistance. The frequency slightly in-
creases when the load is increased and slightly decreases when the fault
resistance is increased. The effect of load on damped transient frequency
is higher when the fault located close to the substation. Figure 6.21,
shows the estimated damped transient frequencies with the effect of load
and fault resistance. The estimated damped frequency shows significant

decrease when the fault resistance is increased.
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Figure 6.22, shows the effect of load and fault resistance on calculated
undamped transient frequency. It can be seen that, with the effect of 5
MVA and 12.5 MVA loads, the calculated undamped transient frequency
is almost not affected by fault resistance. Based on the result, it is found
that the undamped frequency with a higher load (12.5 MVA) has higher
frequency than the undamped frequency with a lower load (5 MVA). The
results shown in Figure 6.23, tell us that the estimated undamped fre-
quency with high load and lower fault resistance is greater than the esti-
mated undamped frequency having low load and high fault resistance.

In Figure 6.24(d), it can be seen that, the estimated and calculated
damping factor proved to be identical with small error. When the fault
resistance in increased the damping factor is increased as well. The re-
sult shows that, the damping factor with load B is lower than the damping
factor with load A.

The bar charts shown in Figures 6.25 and 6.26, present a comparison
of earth fault distance estimation error by GM algorithms when calculat-
ing earth fault distance in the simulated network. Appendix C, Table C8
shows tabulated overall distance estimation results. A single line to earth
fault was simulated at 4 km, 10 km and 16 km from substation for loads
5 MVA and 12.5 MVA. Earth faults were simulated with fault resistance
values of 0 Q2 , 25 Q, 50 Q2 and 100 €.

In overall, based on the results, we found that the fault distance esti-
mation error is less than 1 km when the fault resistance is below 50 (.
However, when fault resistance is 100 €2, the estimation error is increased.

In Figures 6.25 and 6.26, when fault happens at 4 km and with the fault
resistance less than 25 ), GM3 algorithm calculates the fault distance
with the lower error compared with the other algorithms. Unfortunately,
when the fault distance is simulated at 10 km, GM3 algorithm gives the
highest fault estimation error among all algorithms. It can be seen as
well that GM3 algorithm has the highest estimation error when the earth
fault happens at fault distance 16 km and with fault resistance 100 (.
The results from GM1, GM2 and GM4 algorithm are almost identical for
all cases of simulated earth faults. In overall, the MAE error of estimated
fault distance using proposed GM algorithms is less than 0.6 km, when

fault resistance is 50  or less.
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Figure 6.22. Comparison of calculated undamped frequencies with the effect of load and
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Figure 6.24. Calculated and estimated damping factor () with the effect of load and fault
resistance.
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Figure 6.25. Distance estimates with the effect of 5 MVA load and fault resistances for
general model networks.
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Figure 6.26. Distance estimates with the effect of 12 MVA load and fault resistances for
general model networks.
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6.2 Simulated Network Model 2

In this section, we discuss the accuracy of the single line to earth fault lo-
cation algorithms that has been explained in Chapter 5, Section 5.2. The
fault location algorithms used in this section are the accurate model EM1
and for the comparison, the simple model GM2. The accuracy of the meth-
ods was tested using the simulation model and the network example with
overhead lines. The performance accuracy of EM1 and GM2 algorithm
was investigated in various fault conditions. For EM algorithm, the per-
formance accuracy was defined by the mean absolute error (MAEgy) as
expressed as in Equation (6.3) below, while for GM algorithm, the perfor-

mance accuracy was defined as given in Equation (6.1).

1 1
MAEpy = — S IEM; — Ui = - > |AEM,| (6.3)
=1 =1

In 6.3, AEM; is the absolute error fault distance using EM algorithm,
EM; is estimated fault distance using EM algorithm, /; is exact fault dis-

tance and n is numbers of observation of fault distance error.

6.2.1 Description of the simulation and the network model

The single line diagram of the simulated unearthed medium voltage (MV)
network and its simulation model is shown in Figure 6.27. The simula-
tion model is based on the sequence component networks for the exact-r
solution for the earth fault transients. The system is 21 kV overhead
lines unearthed MV radial network and the line parameters are as fol-
lows: R;,=0.6 Q/km, R;0=1.3 /km, L;,=1.0 mH/km, L; o= 5.0 mH/km,
C15=10.71 nF/km, C} 0=6.12 nF/km, R7=0.0216 Q, L7=2.8 mH. We assume
the negative sequence parameters to be equal to the positive sequence

ones.
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(a) A schematic diagram of 21 kV, 98 km, un-
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(b) Simulation model based on symmetrical component equivalent circuit
for an earth fault located at the end of the faulty feeder

Figure 6.27. A schematic network diagram and its simulation model for a single phase
to earth fault in a distribution network. M denotes measurement point, F
refers to the fault location and Z; is the fault impedance. L5, L1|5, Lojs
are zero sequence, positive sequence and negative sequence inductance of
faulty line located in front of fault point (F). Ly;, L|; are zero sequence and
positive sequence inductance of sound line. L1 and Ry is the inductance and
resistance of the transformer, capacitances and resistances correspondingly.

The lines were modelled as a chain of exact m-model cells (1 cell per
10 km of the line). The network was 5 feeders and the earth fault was
simulated at feeder 5. The total length of the network is 98 km. All
faults with several different fault conditions were simulated with the soft-

ware package ATP (Alternative Transients Program), version of EMTP
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program where the circuit was realized using ATPDraw. The sampling
frequency was 20 kHz. In the simulation analysis, the load was either
0.4 MW, 0.8 MW, 2 MW or zero.

6.2.2 Result Analysis and Discussion

Figure 6.28 shows the results of the simulation without the effect of load
and with the effect of fault distance, fault resistance and fault inception
angle. The tabulated results can be found in Appendix C Table C9, C10
and C11, respectively. In order to study the performance of the tested
algorithms, in Figure 6.28(a), an earth fault was simulated at 10 points
starting from 2 km from measuring point (M) with 2 kilometer steps. In
case of the effect of fault resistances as shown in Figure 6.28(b), 3 different
locations of earth fault was simulated which are 4 km, 10 km and 16 km
from the measuring point. Only two fault distances were simulated for
the case of fault inception angle variation, which are 4 km and 16 km, as
presented in Figure 6.28(c). Based on the MAE results given in Appendix
C Table C9, C10 and C11, it can be seen, that the EM1 algorithm provides
better results than the GM2 algorithm.

As shown in Figure 6.28(a), the estimation error is increased with the in-
crease of fault distance for both algorithms. GM2 algorithm recorded the
highest error, when earth fault was located at 20 km from the substation.
For the earth fault distance of 4km, 10km and 16km, the estimation error
is further increased when fault distance is increased with the increased
of fault resistance, as we seen in Figure 6.28(b).

In Figure 6.28(c), it seems that fault inception angle does not affect both
algorithms when fault happens at fault distance 4 km, however, when
fault is located at 16 km the error is increasing for EM1 algorithm but
decreasing for GM2 algorithm.

If we carefully observe the results in Figure 6.28, Table C10 and Ta-
ble C11 in Appendix C, in case of fault distance located at 16 km from
fault distance, for GM2 algorithm estimation result, indirectly the effect
of increased of fault resistance and fault inception angle at 0 degree is de-
creasing the estimated undamped charge transient frequency (f,,,) and

at the same time improving the algorithm accuracy.
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Figure 6.28. The effect of fault distance, fault resistance and inception angle on fault
distance calulation. EM1 denotes the distance calculation error using ex-
actdmlodel 1 and GM2 denotes the distance calculation error using general
model 2.
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Figure 6.29 shows the results of fault location performance with the
effect of resistive load located at the end of each feeder. The tabulated
results can be found in Appendix C Table C12. In this part of simulation,
each feeder has same amount of load with three different cases which
were 400 kW, 800 kW and 2 MW.

Based on the MAE results given in Appendix C Table C12, it can be
seen, that the EM1 algorithm again provides better results than the GM2
algorithm. In overall, both algorithms have an increase of total MAE
when resistive load is added to the simulated network.

As shown in Figure 6.29, the fault distance error seems to be increased
when the load is increased. The more far the fault happens from the
substation the higher is the fault distance error. In Figure 6.29, in some
cases corresponding to GM2, we can see that the fault distance error is
slightly decreased when fault resistance is increased. In overall, the fault
distance estimation error is less than 1.5 km.

Figure 6.30 shows the results of fault fault location performance with
the effect of inductive load located at the end of each feeder. The tabulated
results can be found in Appendix C Table C13. In this part of simulation,
each feeder has same amount of load with three difference cases which
were 400 kVAr, 800 kVAr and 2 MVAr. Corresponding to the overall MAE
result shown in Appendix C Table C13, EM1 algorithm provides better
results than the GM2 algorithm.

It is found that the performance accuracy for EM1 algorithm is increased
with the effect of inductive load compared to than when it is been affected
by resistive load. However, in case of GM2 algorithm, the performance
accuracy is decreased with the effect of inductive load. In Figure 6.30, in
overall, the results show that the fault distance estimation error is less

than 1.5 km.
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Figure 6.29. Fault location performance with the effect of resistive load located at the
end of each feeder. EM1 denotes a distance calculation error using exact
model 1 and GM2 denotes a distance calculation error using general model
2.
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Figure 6.30. Fault location performance with the effect of inductive load located at the
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Figure 6.31 shows the results of fault fault location performance with
the effect of load for 0.9 and 0.5 power factor. The tabulated results can be
found in Appendix C Table C14 and Table C15, respectively. In this part
of simulation, each feeder has same amount of load with two difference
cases which were 400 KVA and 800 KVA.

Based on the MAE result given in Appendix C Table C14 and Table C14,
it can be seen, that the EM1 algorithm provides again better results than
the GM2 algorithm. By comparison of MAE results in Appendix C Ta-
ble C14 and Table C14, we found that both algorithms have a decrease of
MAE when low power factor is used.

In this work, the most influential source of error was resistive load.
Theoretically, the load can be compensated by adding the corresponding
impedance to the algorithm models. However, the data of load devices and
their transient impedances is difficult to get. Another way is to use the
curve fitting technique to compensate the error with known load condi-
tions.

Another source of error is inaccuracy in estimating the undamped com-
plex frequency. This error is caused by the inaccuracy in estimation of the
damping attenuation through Hilbert transformation method and also by
an inaccurate detection of charge transient component using CWT. When
the magnitude of fault resistance or resistive loads is increased, the tran-
sients become more damped, with the result that the estimation of the
charge transient frequency becomes more difficult which affects the over-
all computation of fault distance. In following section, the investigation of
performance accuracy of proposed algorithms is performed using JMarti
(frequency-dependent) line model which is more practical compared to the
exact-m solution that we presented in this section.

Considering which one of the algorithms is easy to be implement in real
operation, the general model algorithm should be much easier to be imple-
ment compare to the exact model algorithm. It is because its required a
simple iteration process to estimate the fault distance. While exact model
algorithm required a heavy computation to solve a higher order equation,

which generally may not be easy.
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Figure 6.31. Fault location performance with the effect of load with 0.9 and 0.5 PF lo-
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6.3 Simulated Network Model 3

In this section, we investigate the proposed fault location algorithms as
described in Chapter 5, which use the earth fault transient signals mea-
sured at the secondary sides of MV and LV distribution transformers to
locate the single line to earth fault. The performance accuracy of the
wavelet transform (WT) version of the algorithms, is defined by mean ab-

solute error (MAEwr) as expressed as in Equation (6.4) below:

1 < 1<
MAEw = = WT, — ;| = = AWT; 6.4
YL R YL S

In 6.4, AWT;, is the absolute error fault distance using WT algorithm, WT;
is estimated fault distance using WT algorithm, /; is exact fault distance

and n is numbers of observation of fault distance error.

6.3.1 Description of the simulation and the network model

A 20 kV, 227.6 km overhead lines, unearthed neutral MV network was
modelled using the JMarti line constants of ATP/EMTP program taking
into account the real geometrical and electrical values. A schematic dia-
gram of the simulated unearthed neutral medium voltage (MV) network
and its ATPdraw circuit are shown in Figures 6.32 and 6.33, respectively.
The configuration of the feeders and the ATPDraw circuit are given in
Appendix B, Figure B1. The overhead lines were energized by AC sinu-
soidal waveform via 110/20 kV, delta/star unearthed neutral transformer.
An earth fault was simulated at 11 difference places as indicated in Fig-
ure 6.32. Each of the simulated earth faults were performed for fault
resistances of 0 2, 25 Q2 and 50 2. For each case the fault inception angle

used were 45° and 90°. The sampling frequency used was 20 kHz.
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Figure 6.32. A schematic diagram of 20 kV, 227.6 km, unearthed neutral MV network.
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Figure 6.33. ATPdraw circuit for the simulated network model 3.

136



Performance Evaluation of Proposed Fault Location Algorithms Using EMTP/ATP Simulation Model

6.3.2 Result Analysis and Discussion

The results of single line to earth fault estimation with WT algorithm are
shown in Tables 6.1 and 6.2. In overall, MAE of WT algorithm is 1.09 km.
In Tables 6.1 and 6.2, it is shown that the fault location error is increas-
ing when the fault is located far from the measuring point and the fault
inception angle is small. Also the fault location error is higher when the
fault is located far from the measuring point and has a high fault resis-
tance. In overall, the fault distance estimation error is less than 5.2 km
and 6.52 km for simulation with test angle of 90° and 45°, respectively. It
is found that the test number with the longest fault distance (test num-
ber 5 (26.19 km)) calculated the highest fault location error. From our
experience in analyzing the transient signal, referring to Tables 6.1 and
6.2, when the magnitude of the fault resistance is increased the transient
signals become more damped and the fault location is more difficult.

Figures 6.34, 6.35, 6.36 , 6.37 and 6.38, show results of calculated CWT
FFT amplitudes of transient at MV/LV substation for fault at inception
angles of 90° and 45° which are used in correct path identification algo-
rithm. Based on the correct path identification algorithm, the highest
recorded FFT amplitude will indicate which MV/LV substation should we
locate in order to determine the correct fault location if there are several
branches in the network. Also, based on the test results, another assump-
tion is that if the fault distance estimation shows a large error in its cal-
culation, the correct path algorithm can still give us a good guess about
the fault position. However, this assumption cannot be true for all fault
positions. For instance, in Table 6.1, the fault is located at test number 1
which is 1.4 km from measuring point and the LV substation detected is
at substation S23. However, the nearest LV substation to the fault point
is substation S10. Similarly, for fault located at test number 2, 3, 4, 7
and 10. Therefore, the assumption can be used only if the fault happens
exactly at the section which located at the end of the feeder branches such
as the faults located at test number 5, 6, 8,9 and 11.

In this work, the zones were defined based on the location of the MV/LV
substation located in the same main branches. For examples, it can be
seen that MV/LV substations number S25, S26, S28, S29, S30 and S31
located in zone A, MV/LV substations number S14, S15, S16, S17 and S18
is located at zone B and MV/LV substations number S19, S20, S22 and
523 is located at zone C.
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Table 6.1. Test results of single line to earth fault for 90° fault inception angle using the
WT algorithm.

Test

number

(distance)

Test

Section

/ Node

Candidates

Substation detected

Fault location error (km)

Rfo

Ryos

Rys0

Rfo

Ryos

Rys0

MAE

(km)

1 (1.4km)

N9-N10

N9-N10,/

S23

S23

S23

-0.07

-0.43

-1.75

2 (11.7km)

N12

N11-N13y/
N24-N25
N24-N26

S20

S20

S20

0.53

0.52

-0.02

0.36

3 (22.8km)

N15-N16

N15-N16y/
N19-N21

S18

S18

S18

-0.07

-0.38

-1.44

4 (17.5km)

N13-N19

N13-N14
N13-N19,/
N27-N28
N27-N29
N30-N31

S20

S20

S20

0.58

-1.46

-0.84

5(26.19km)

N16-N18

N16-N17
N16-N18y/
N21-N23
N21-N22

S18

S18

S18

-2.09

-3.09

-5.11

6 (25.83km)

N21-N23

N21-N22
N21-N23,/
N16-N17
N16-N18

S23

S23

S23

-0.87

-1.24

-1.64

1.25

7 (10.18km)

N24

N11-N12
N11-N25,/
N11-N26,/

S29

S25

S25

0.75

0.05

0.91

8 (12.53km)

N24-N25

N12-N13
N24-N25,/
N24-N26

S25

S25

S25

0.64

0.25

9 (19.72km)

N27-N29

N14-N15
N19-N20
N19-N21
N27-N28

N27-N29,/

S29

S29

S29

-1.44

-2.16

1.4

10 (14.16km)

N26

N12-N13
N24-N27,/
N24-N30
N24-N25

S28

S28

S28

0.52

0.37

-0.78

0.52

11 (21.72km)

N27-N28

N27-N28,/
N27-N29
N16-N17
N16-N18
N19-N21

S28

S28

S28

0.34

-3.11

All simulation tests

*Note: Symbol(y/) in the table indicate the correct section
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Table 6.2. Test results of single line to earth fault for 45° fault inception angle

Test

number

(distance)

Test

Section

/ Node

Candidates

Substation detected

Fault location error (km)

Rfo

Ryos

Rys0

Rf()

Ryos

Rys0

MAE

(km)

1 (1.4km)

N9-N10

N9-N10,/

523

S23

528

0.15

-1.27

-2.06

1.16

2 (11.7km)

N12

N11-N13y/
N24-N25
N24-N26

S15

S15

S14

0.55

-0.23

3 (22.8km)

N15-N16

N15-N16y/
N19-N21

S18

S18

S18

0.52

-0.08

-0.42

4 (17.5km)

N13-N19

N13-N14
N13-N19,/
N27-N28
N27-N29
N30-N31

S20

S20

S20

-0.07

0.46

0.42

5 (26.19km)

N16-N18

N16-N17
N16-N18y/
N21-N23
N21-N22

S18

S18

S18

2

-2.26

-6.52

6 (25.83km)

N21-N23

N21-N22
N21-N23,/
N16-N17
N16-N18

S23

S23

S23

-1.38

-1.9

0.03

11

7 (10.18km)

N24

N11-N12
N11-N25
N11-N26y/

S31

S31

S31

0.96

0.45

-0.16

8 (12.53km)

N24-N25

N12-N13
N24-N25,/
N24-N26

S25

S25

S25

0.68

0.92

0.11

0.57

9 (19.72km)

N27-N29

N14-N15
N19-N20
N19-N21
N27-N28

N27-N29y/

S29

S29

S29

-0.67

-0.94

-3.84

1.82

10 (14.16km)

N26

N12-N13
N24-N27,/
N24-N30
N24-N25

S29

S29

S29

-0.84

0.68

-2.32

11 (21.72km)

N27-N28

N27-N28y/
N27-N29
N16-N17
N16-N18
N19-N21

S28

S28

S28

-0.19

-0.14

-2.44

0.92

All simulation tests

*Note: Symbol(y/) in the table indicate the correct section
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Figure 6.34. CWT FFT amplitude of MV/LV substation for fault test number 1 with fault
inception angle of 90° and 45°. The arrow indicates the substation with the
highest amplitude.

From Figure 6.35, for example CWT FFT amplitude of MV/LV substa-
tions for test number 7, it can be seen that MV/LV substations number
S25, S26, S28, S29, S30 and S31 estimated almost the same CWT FFT
amplitude value, where substation S29 estimated the highest value. S25,
S26, S28, S29, S30 and S31 is actually placed inside zone A, as shown in
Figure 6.32. Therefore, if any one of these substations indicated the high-
est amplitude for test number 7 earth fault, we can make an assumption
that the correct path should go through that zone. Similar assumption
can be used for test number 8, 9, 10 and 11. The assumption also can
further be used for fault located at other zone, for instant test number 3,
referring to result in Figure 6.36, where it shows that CWT FFT ampli-
tude of MV/LV substations for S15, S16, S17 and S18 have close value and
fault is located at Zone B. Therefore, based from the earlier studies of the
simulation results, zoning the branches gives the first indication of the
correct path of fault passage in the network. However, this assumption
cannot be used for exact correct path of fault location since more branches
were located inside the zone. From the simulation results in Figures 6.34,
6.35, 6.36, 6.37 and 6.38, the correct path algorithm managed to identify
the correct LV substation to be used as a guidance of calculating the fault
distance from the measuring point towards the fault position. Figures
6.39, 6.40, 6.41, 6.42 and 6.43 show an example of schematic diagram of

correct path identification for test number 2, 3, 4, 6, and 8, respectively.
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Figure 6.35. CWT FFT amplitude of MV/LV substation for fault test number 7, 2, 8, 10
and 4 with fault inception angle of 90°. The arrow indicates the substation
with the highest amplitude.
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Figure 6.36. CWT FFT amplitude of MV/LV substation for fault test number 9, 11, 3, 6

and 5 with fault inception angle of 90°. The arrow indicates the substation
with the highest amplitude.
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Figure 6.37. CWT FFT amplitude of MV/LV substation for fault test number 7, 2, 8, 10
and 4 with fault inception angle of 45°. The arrow indicates the substation
with the highest amplitude.
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Figure 6.38. CWT FFT amplitude of MV/LV substation for fault test number 9, 11, 3, 6
and 5 with fault inception angle of 45°. The arrow indicates the substation
with the highest amplitude.

144



Performance Evaluation of Proposed Fault Location Algorithms Using EMTP/ATP Simulation Model

N1 N2
44km
N3 N4 JIMVA N23
32km
25MVA N5 N6 J1IMVA
36km
A/Y N7 N8 g 1MVA N19
28km
i
N9 N10 MVA N1l N12 N3 |} N14 ¢ IMVA y15 10.1MVA 16 N1740 - IMVA
i
<H 2.8km 3.5km [| 5.4km [] 3.8km [F2.2km [| 3.9km [] 2.7km .
. gl 0.1MVA 0.1MVA 0.1MVA 0.1MVA
0.1MVA
& 5.48km
Legend:

é] Fault position
Fault number

---» Correct path
NX  Node number X

Figure 6.39. Test number 2 (11.70 km) correct path identification.
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Figure 6.40. Test number 3 (22.80 km) correct path identification.
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Figure 6.41. Test number 4 (17.50 km) correct path identification.
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Figure 6.42. Test number 6 (25.83 km) correct path identification.
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6.4 Simulated Network Model 4

In this section, we examine the performance of the methods based on mul-
tiple regression analysis (MRA), neural network (NN), GM algorithm and
EM algorithm with the simulation network model 4. The description of
the network model is given in a following section. Single line to earth
faults were simulated in a 20 kV unearthed neutral radially operated
MYV distribution network. The examined algorithms used the transient
voltage signal measured from the secondary side of MV/LV distribution
transformer to estimate the fault distance. The aim of the simulation is
to evaluate the proposed algorithms with alternative approaches as de-

scribed in Chapter 5, Section 5.4.

6.4.1 Description of the simulation and the network model

A schematic diagram and ATPDraw circuit of the simulated network is
illustrated in Figure 6.44 and Figure 6.45, respectively. The data of the
simulation network is presented in Appendix B Table B1. The network
consists of a total of 158.51 km overhead line (OH) network and 6 feeders.
The length of the faulty feeder is 22.51 km. The feeder OH lines are repre-
sented with the frequency dependent JMarti line model and its ATPDraw

line configuration is given in Appendix B, Figure B2.
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Figure 6.44. Schematic diagram of 20 kV isolated neutral MV network.
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Figure 6.45. ATPdraw circuit for the simulated network model 4.
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In this work, the transient signal is measured from the secondary side
of MV/LV substation number 24 (DT24), as shown in Figure 6.44. In order
to examine the performance of the algorithms, a large number of data sets
is required. The variation of the data sets used for formula construction
and testing in this work is given in Table 6.3 and Table 6.4, respectively .
In Table 6.3, the network model was simulated with 5 different load con-
ditions. For each load condition given in Table 6.3, the fault distance, fault
resistance and fault inception angle were varied. Similarly in Table 6.4,
the network model was simulated with load conditions as in Table 6.3 but
with different fault distance.

Table 6.3. Data generation for MRA and NN formulation. Fault resistances are 0, 25 and
50 Q. Inception angles are 90, 60 and 30 ° for load 1 and load 2. 90 and 45 °
for load 3, 4 and 5.

Load number 1 2 3 4 5

Number of variations

Fault distance 13 13 2 2 2
Fault resistance 3 3 3 3 3
Inception angle 3 3 2 2 2
Total 117 117 12 12 12

Data sets 270

Table 6.4. Data generation for testing the MRA and NN algorithm. Fault resistances are
0, 25 and 50 €. Inception angles are 90 and 45 °.

Load number 1 2 3 4 5

Number of variations
Fault distance 2 2 1 1

Fault resistance 2 2

| W N =

2 2
Inception angle 3 3 3 3
Total 12 12 6 6

Data sets 42

Using the data in Table 6.3, the formula obtained for MRA algorithm,

which corresponds to Equation (5.33), is given as:

[ = —15.4735 + 0.0052A4 + 1.0511S + 0.0621L (6.5)

where dependent and independent factors are: [ is fault distance, A is
FFT amplitude of extracted CWT coefficient, S is scale of extracted CWT
coefficient and L is total load (MVA) of the network prior to the single
line to earth fault. In this work, the random error ¢ in MRA model is ne-
glected. In case of ANN algorithm, the formula based on Equation (5.34)

constructed with 3 observed factors in this simulation can be expresses
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as:

= ANN(A, S, L) (6.6)

where, Equation (6.6) is a non-linear relation between [ and A, S and L
which cannot be expressed explicitly, therefore it has been designed as a
’knowledge base’. A detailed architecture of proposed ANN used in this
section is explained in Chapter 5, Section 5.4.3. In this simulation study,
the performance accuracy of MRA, NN, GM and EM algorithm has been
investigated with different fault conditions as given in Table 6.4. For MRA
and NN algorithms, the performance accuracy is defined by mean abso-
lute error (MAEygrA) and (MAEyy) as expressed as in Equation (6.7) and
Equation (6.8) below , while for GM and EM algorithms, the performance

accuracy is defined as given in Equation (6.1) and Equation (6.3), respec-

tively.
MAEnpa = zn: IMRA; — ;] = f | AMRA| ©6.7)
n =1 n =1
1< 1<
MAEyN =~ ;:1: INN; =l =~ ; |ANN;| (6.8)

where AMRA; and AN N; is the absolute error fault distance using MRA
and NN algorithm, M RA; and N N, is estimated fault distance using MRA
and NN algorithm, /; is exact fault distance and n is numbers of observa-

tion of parameter error.

6.4.2 Result Analysis and Discussion

An example of the comparison of FFT amplitude of extracted CWT coef-
ficient measured from 4 distribution transformers (DTs) is presented in
Figures 6.46, 6.47 and 6.48. The results show a relationship between esti-
mated FFT amplitude of extracted CWT coefficient and the fault distance,
plotted as a linear function with a positive gradient. Clearly, the FFT am-
plitude of the extracted CWT coefficient is considerably increasing with
an increase of fault distance. In Figures 6.46, 6.47 and 6.48, we can no-
tice a separation of the straight line between DTs, but the separation is
reduced when the fault resistance is increased and fault inception angle
is decreased. In the graph, the linear functions of DT12, DT17 and DT24
have almost similar gradient, and the differences become small when high

fault resistance and low inception angle were used.
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Figure 6.46. A comparison of estimated FFT amplitudes of extracted CWT coefficient at 4
different MV/LV distribution transformers (DT). A single line to earth fault
is simulated with varied fault distance and fault resistance. An inception
angle of 90° is used with Load 1 condition. DT5, DT12, DT17 and DT24
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Figure 6.47. A comparison of estimated FFT amplitudes of extracted CWT coefficient at 4
different MV/LV distribution transformers (DT). A single line to earth fault
is simulated with varied fault distance and fault resistance. An inception
angle of 60° is used with Load 1 condition. DT5, DT12, DT17 and DT24
represent the distribution transformer number 5, 12, 17 and 24.
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Figure 6.48. A comparison of estimated FFT amplitudes of extracted CWT coefficient at 4
different MV/LV distribution transformers (DT). A single line to earth fault
is simulated with varied fault distance and fault resistance. An inception
angle of 30° is used with Load 1 condition. DT5, DT12, DT17 and DT24
represent the distribution transformer number 5, 12, 17 and 24.
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Figures 6.49 and 6.50 show the results of fault location performance by
using MRA and NN algorithms at fault inception angles of 90 and 45 de-
grees. The tabulated results can be found in Appendix C, Table C16 and
C17, respectively. In comparison of calculated MAE of both algorithms, it
shows that NN algorithm performed slightly better than MRA algorithm.
Both algorithms have fault location error less than 1 km. It can be seen
that, fault resistance and fault inception angle have a small effect on the
result of the algorithms. It seems that the result of fault distance estima-
tion from simulated earth fault at 45 degrees of fault inception angle is
slightly lower than in the case of 90 degrees of fault inception angle.

Figures 6.51 and 6.52 show the results of fault location performance
by using GM(GM1, GM2, GM4) algorithms at fault inception angles of
90 and 45 degrees. The tabulated results can be found in Appendix C
Table C18 and C19, respectively. The results show that GM2 algorithm
was a bit better than GM1 and GM4 algorithms for fault inception angle
of 90 degree, with calculated MAE 0.88 km. In case of fault inception
angle of 45 degree, GM1 performed slightly better than the other two GM
algorithms. It is found that the results of MAE for all GM algorithms
worked better at fault inception angle of 45 degrees. In case of simulated
fault with inception angle of 90 degrees, the distance estimation error is
highest at fault distances of 7.86 km and 13.56 km. However, in the case
of fault simulated with inception angle of 45 degrees, the error of fault
distance 15.59 km is the highest.

Comparison of distance estimation errors calculated using EM (EM1,
EM2, EM3) algorithms with the effect of fault inception angle and fault
resistance are shown in Figures 6.53 and 6.54. Calculated MAE of EM
algorithms can be found in Appendix C, Table C20 and C21. From the
results, with the effect of fault inception angle of 90 degrees, it shows
that the MAE of EM3 algorithm is the lowest compared with the other
EM algorithms. But EM2 algorithm shows a slightly better performance
when fault inception angle of 45 degrees is used. EM algorithms distance
estimated error is less than 2 km when simulated earth fault is not af-
fected by the fault resistance. In overall, EM algorithms fault distance

estimation error was less than 4 km.
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Figure 6.49. Comparison of the distance estimate errors obtained from multiple regres-
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sion (MRA) and neural network (NN) algorithm with the effect of fault resis-
tance (Ry). Fault inception angle is 90°. MRA denotes a distance calculation
error using multiple regression and NN denotes a distance calculation error
using neural network algorithm.
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Figure 6.50. Comparison of the distance estimate errors obtained from multiple regres-
sion (MRA) and neural network (NN) algorithm with the effect of fault resis-
tance (Ry). Fault inception angle is 45°. MRA denotes a distance calculation
error using multiple regression and NN denotes a distance calculation error
using neural network algorithm.
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Figure 6.51. Comparison of the distance estimate errors obtained from general model
(GM1,GM2,GM4) algorithms with the effect of fault resistance (Ry). Signal
measured from MV/LV substation and fault inception angle is 90°. GM1
denotes a distance calculation error using general model 1, GM2 denotes
a distance calculation error using general model 2 and GM4 denotes a dis-
tance calculation error using general model 4.
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Figure 6.52. Comparison of the distance estimate errors obtained from general model
(GM1,GM2,GM4) algorithms with the effect of fault resistance (Ry). Signal
measured from MV/LV substation and fault inception angle is 45°. GM1
denotes a distance calculation error using general model 1, GM2 denotes
a distance calculation error using general model 2 and GM4 denotes a dis-
tance calculation error using general model 4.
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Figure 6.53. Comparison of the distance estimate errors obtained from exact model
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(EM1-EMB3) algorithms with the effect of fault resistance (R g). Signal mea-
sured from MV/LV substation and fault inception angle is 90°. EM1 denotes
a distance calculation error using exact model 1, EM2 denotes a distance
calculation error using exact model 2 and EM3 denotes a distance calcula-
tion error using exact model 3.
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Figure 6.54. Comparison of the distance estimate errors obtained from exact model
(EM1-EMB3) algorithms with the effect of fault resistance (R g). Signal mea-
sured from MV/LV substation and fault inception angle is 45°. EM1 denotes
a distance calculation error using exact model 1, EM2 denotes a distance
calculation error using exact model 2 and EM3 denotes a distance calcula-
tion error using exact model 3.
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In overall, the proposed algorithms are able to perform well with the
use of transient signal measured from the secondary side of the MV/LV
distribution transformer.

Considering the fault distance estimation results in this simulation,
NN algorithm shows a better performance compared with the other al-
gorithms. The lowest MAE calculated was 0.34 km and the highest was
1.18 km. The proposed fault location algorithms proved much more accu-
rate in this simulation model compared with previous simulation model
(model 3). We noticed that the number of branches in this simulation net-
work model is less than in the previous simulation network model. Also,
the length of the branches in simulation network model 4 is short com-
pared with the simulation network model 3. In this section, we did not
investigate the performance of WT algorithm because the transient sig-
nals that we used were measured from the secondary side of the MV/LV
distribution substation transformer.

It is worth to mentioned here that, based on our experience when pro-
cessing the measured transient signals, we found that it is more difficult
to analyze those measured transient signals when the fault distance is
far from the measuring MV/LV substation (DT24). In addition, with high
resistance values and low fault inception angles, the task is more critical.
This is because the damping will be increased and the transient signal is
damped much faster. In the following chapter, the proposed algorithms

are investigated using transient signals measured in real networks.
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7. Performance Evaluation of Proposed
Fault Location Algorithms Using
Transients Recorded in Real
Networks

Three real case studies are presented in this chapter. These consist of iso-
lated, compensated and partially compensated neutral MV distribution
networks. Two of the cases were conducted in Finnish distribution net-
works and the third is performed in a Czech distribution network. The
recorded data is used to test selected fault location algorithms that we
have proposed in Chapter 5. Due to the limitation of information of line
parameters in real networks, only GM2 and CWT algorithm were tested

using real recorded data.

7.1 Case study 1

In this case, an artificial single line to earth fault was carried out in a
21 kV Finnish overhead line network. The case consists of unearthed and
compensated neutral MV distribution networks in Vaasan Sdhké Oy. The
data was recorded with sampling frequency of 20 kHz. In this case study,
CWT and GM2 algorithms were used to estimate the fault distance. The
procedures used to estimate the fault distance based on the measured
transient signals are explained in Chapter 5 of this dissertation. The per-
formance accuracy of the selected algorithms was measured using MAE

as given in Equation (6.1) and Equation (6.4).

7.1.1 Description of Real Network Case 1

The parameters of the networks used in this analysis are given in Ta-
ble 7.1. The network diagrams of the field tests are shown in Figures 7.1,
7.2 and 7.3.
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Figure 7.1. Compensated neutral network test diagram for test 1-2, 0.76 km [40].
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166



Performance Evaluation of Proposed Fault Location Algorithms Using Transients Recorded in Real Networks

Table 7.1. Case 1 network parameters [40].

Test number 1-2 3-4 5-8
Network Compensated neutral Compensated neutral Isolated neutral
Voltage 110/21 kV 110/21 kV 110/21 kV
Transformer 25 MVA 10% 25 MVA 10% 16 MVA 10%
Arc supression 90 A 90 A

Substation load 12 MW 12 MW 2.7 MW
Lipn 1 mH/km 1 mH/km 1 mH/km
Lo 5 mH/km 5 mH/km 5 mH/km
Cp 10.1 uF 8.5 uF 2.1 uF
Co 9.7 uF 8.1 uF 1.2 uF
Earth resistance 0.32Q 0.32Q 0.20 Q
Soil resistivity 1000 Qm 1000 Qm 1000 Qm

7.1.2 Result Analysis and Discussion

The recorded fault voltages and currents are shown in Figures 7.4, 7.5,
7.6 and 7.7. As an example of pre processing used in this work, one single
phase to ground fault from test number 1 is presented in Figure 7.8 and
the output from fault distances algorithm based on CWT is depicted in
Figure 7.9. The results of estimated fault distance using CWT algorithm
for test number 1, 3, 5 and 7 are depicted in Figure 7.10.

The summary of the results are given in Table 7.2. In order to compare
the performance accuracy of both algorithms, we used similar information
and parameters determined from the measured earth fault transient sig-
nals for both algorithms. Based on the results, CWT algorithm produced
good results compared to GM2 algorithm. GM2 algorithm performed well
in compensated neutral network compared to its result in isolated neutral
network. The MAE calculated was 0.52 km. In case of GM2 algorithm,
the MAE calculated was 3.80 km. GM2 algorithm gave good results when
the fault distance is short and close to the measuring point and when the
effect of fault resistance was low. Unfortunately, when fault distance is
far from the measuring point, the fault distance estimation error is high.

The result is of no use if the fault distance and fault resistance is to high.

Table 7.2. Calculation results using CWT and GM2 algorithm.

Test 1 Ry CWT ACWT GM2 AGM2
number

1 076 0 038 -038 010 -0.66
2 076 0 017 -059 010  -0.66
3 1040 0 992 048 1000  -0.40
4 1040 0 981 059 990  -0.50
5 1420 0 1357 -063 1670  2.50
6 1420 0 1477 057 2120  7.00
7 1420 50 1412 -0.08 20.63  6.43
8 1420 50 1339 -081 2646 1226
MAE 0.52 3.80
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Figure 7.4. Recorded signals of single line to earth fault at 0.46 km.

168



Performance Evaluation of Proposed Fault Location Algorithms Using Transients Recorded in Real Networks

2 | | | | | | | | |

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Sample Number [k]

=

(a) Test number 3 phase voltage

[A]

Current

~300 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Sample Number [k]

(b) test number 3 phase current

ge [V]

Vo]l.ta

. i i i i i i i i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Sample Number [k]
(c) Test number 4 phase voltage
300
200
< 100
i}
50
[0]
d
5-100
O
-200
300 i i i i i i i i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Sample Number [k]

(d) Test number 4 phase current

Figure 7.5. Recorded signals of single line to earth at 10.40 km.
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7.2 Case study 2

In this section an artificial single line to earth fault was carried out in
a 22 kV Finnish overhead line network. The field test was recorded in
Lounais-Suomen Séhko Oy. The network is partially compensated neu-
tral network. The data was recorded with sampling frequency of 20 kHz.
In this case study, CWT and GM2 algorithms were used to estimate the
fault distance. The procedure used to estimate the fault distance was
based on the measured transient signal as is explained in Chapter 5 of
this dissertation. The performance accuracy of the selected algorithms

were measured using MAE as given in Equation (6.1) and Equation (6.4).

7.2.1 Description of Real Network Case 2

The parameters of the network are given in Table 7.3. The network dia-

grams of the field test are shown in Figure 7.11.

7.2.2 Result Analysis and Discussion

The recorded fault voltages and currents are shown in Figures 7.12, 7.13,
7.14 and 7.15. Figure 7.16 and 7.17 shows an example of output from
pre-processing of test number 4 transient signal using CWT analysis and
Hilbert transformation. The results of estimated fault distance using
CWT algorithm for test number 1, 3, 6 and 8 is depicted in Figure 7.18.
The summary of the results are given in Table 7.4. By comparison of MAE
for both algorithms, CWT algorithm performed slightly better compared
to GM2 algorithm. There are 2 results showing unacceptable accuracy
performed by GM2 algorithm where MAE increased significantly. The
lowest fault estimation error was 0.1 km and the highest was 12.40 km.
In this case GM2 algorithm gave good results when the fault distance
is far from the measuring point. In comparison with the result of GM2
algorithm in previous case study for fault distance far from the measur-
ing point, it seems that the algorithm has performed well in compensated

neutral network compared to its result in isolated neutral network.
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Table 7.3. Case 2 network parameters [40].

Test number 1-5 6-8
Network Partially compensated
Voltage 110/22 kV
Transformer 25 MVA 10.6%

Arc supression 85A
Compensation capacitor 1800 kVAr
Substation load 5.3 MW 6.9 MW
Lipn 1.1 mH/km

Lo 4.36 mH/km

Cp 18.7 uF 21.5 uF
Co 2.5 uF 3.6 uF
Earth resistance 0.6 Q

Ground resistivity 200 Qm
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Figure 7.11. Lounais-Suomen Sahko OY network test diagram [40].
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Figure 7.14. Recorded signals of single line to earth fault at 25.40 km (test number 5)
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Figure 7.18. Fault distances calculated using CWT algorithm.

Table 7.4. Calculation results using CWT and GM2 algorithm.

Test I Ry CWT ACWT GM2 AGM2
number

1 254 0 3034 494 2530 010

2 254 0 2982 442 2530 -0.10

3 254 0 2578 038 3670 1130
4 254 0 2102 438 2530 -0.10

5 254 0 2419 121 37.80 1240
6 360 0 3953 353 3670 0.70

7 360 0 3870 270 3610  0.10

8 360 0 3846 246 3550  -0.50

MAE 3.00 3.16
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7.3 Case study 3

In this section an artificial single line to earth fault was carried out in a
22 kV Czech compensated neutral network. The field test was recorded
by David Topolanek and his team from Brno University. The data was
used during his research visit in autumn 2012 at Aalto University. The
measured signal was recorded from MV substation and secondary side of
MV/LV distribution transformer. Due to the limitation of information, the

data was tested only with CWT algorithm described in Section 5.3.

7.3.1 Description of Real Network Case 3

The experiment was conducted in a compensated neutral distribution net-
work. Initially, there were 29 units of LV distribution transformers scat-
tered along the faulty feeder. However only 4 of them were selected for
the experiment. The network consisted of a mix of underground cables
and overhead lines. The average line parameters are as follows: positive
sequence inductance is 1.1459 mH per km and zero sequence inductance
is 4.4551 mH per km. In this case, we assumed the negative sequence
parameters to be equal to the positive ones. During the experiment, the
digital recorder units were installed in four selected 22/0.4 kV LV dis-
tribution transformers and at the 110/22 kV MV substation as shown in
Figure 7.19.

I
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M OTHER FEEDERS
110/22kv [~ *
R . >

Fault distance = 13.9km

éﬂ ggom [] 9398m  [| 3513m [| 3258m

912m 695m 1
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47 Fault position

Domanin Olesna Nove Mesto Pohledec

Figure 7.19. Schematic diagram of Czech distribution network.
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()

Figure 7.20. (a) Photo of one of the low voltage (LV) switch-boards and the digital oscil-
loscope used during the field test. (b) Connection of measuring probe at the
back of the LV distribution panel

The recorder sampling rate at MV substation, and at the LV substations
“Domanin”, “Olesna”, “Nove Mesto” and “Pohledec” were 50 kHz, 50 kHz,
20 kHz, 50 kHz and 28 kHz respectively. For the purpose of normaliza-
tion in calculation, all the recorded data were resampled to 32 kHz. The
sampling frequency used in this case study is slightly higher than the
previous case sampling frequency. Unfortunately, in this work, we did
not study the effect of sampling frequency on the performance of the algo-
rithm. Perhaps, in order to see its influence to the algorithms correctness,
it shall be investigate in future.

In order to verify the algorithm used in this paper, an earth fault was
simulated about 13.90 km from measuring point located at MV substa-
tion as shown in Figure 7.19. Three of the LV distribution substations
were located in front of the fault location, while the fourth LV distribu-
tion substation was located approximately 3 km behind the fault. During

the experiment a basic metallic earth fault was conducted so that affected
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phase was directly connected to the grounding system of the substation.
The experiment was also performed for the three basic levels of com-
pensation of the distribution system. The levels of compensation were
full compensation state, under compensation by about 15% and over com-
pensation by about 15%. The parameters and the states of individual

experiments conducted are given in Table 7.5.

Table 7.5. Description of actual single line to earth fault experiment.

Experiment Type of State of Ir Ic
number earth fault compensation (A) (A)
1 Metallic Ideal 267 267
2 Metallic Ideal 267 267
3 Metallic Ideal 267 267
4 Metallic Undercompensated 220 267
5 Metallic Overcompensated 305 267

*Note: I;, = current at Peterson coil, Ic=capacitive current of the network

7.3.2 Result Analysis and Discussion

The recorded fault voltages and currents are shown in Figures 7.21, 7.22,
7.23, 7.24 and 7.25. The fault location accuracy is measured with mean
average error (MAE) in km as in Equation (6.4). Table 7.6 shows the
results of the proposed scheme tested on the real recorded data. In overall,
the MAE for fault distance is 0.65 km. The fault distance for test number
1, 3, 4 and 5 calculated using CWT algorithm is depicted in Figure 7.26.
The summary of the results are given in Table 7.6.

In Table 7.6, the results show that by using the proposed algorithm we
managed to identify the correct LV substation to be used as indicator for
selecting a correct path towards the fault position. Based on the results,
the detected LV substation is located in front of the fault position. The dis-
tance between the detected LV substation and the fault location is about
118.5 meters, which is very close. The results from test number 1 to test
number 4 show that substation “Pohledec” record the second highest peak
amplitude. The substation is located 3.148 km behind the fault position.
In this experiment result, it seems that the first and second highest peak
amplitude of the LV substations gives us an indication that the fault is

located in the section between these two substations.
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Figure 7.21. Recorded signals of experiments 1.
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Figure 7.22. Recorded signals of experiments 2.
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Figure 7.23. Recorded signals of experiments 3.
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Figure 7.26. Fault distances calculated using CWT algorithm.
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Table 7.6. Test result of single line to earth fault using recorded signal.

Test
1 2 3 4 5
number
State of Under Over MAE
. Ideal Ideal Ideal
Compensation compensated compensated (km)
Fault
. 14.01 14.15 14.44 15.6 14.52

Location (km)
Error (km) -0.14 -0.25 -0.54 -1.7 -0.62 0.65
Secondary Amp. Amp. Amp. Amp. Amp.
substation IFFT| IFFTI IFFTI IFFT| IFFT|
Pohledec 1150.04 1187.78 1134.6 1106.2 1070.23
Nove

1163.74 1195.16 1135.3 11114 1067.95
Mesto
Olesna 1038.6  1007.38  939.44 908.58 895.97
Domanin 693.82 631.67  458.22 455.28 479.76
Detected Nove Nove Nove Nove

Pohledec

substation Mesto Mesto Mesto Mesto
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8. Conclusions and Future Work

This thesis presented fault location algorithms for earth faults in un-
earthed and compensated neutral networks using measured transient sig-
nals. The initial transients of the earth faults are important especially in
unearthed and compensated neutral networks. In this work, five types
of fault location algorithms based on initial transients of the earth faults
have been developed. Two of the algorithms were developed using the
measured transient signals from secondary side of the MV/LV distribu-
tion transformers. Five types of fault location algorithms developed in
this thesis are known as general model (GM), exact model (EM), contin-
uous wavelet transform (CWT), multiple regression analysis (MRA) and
artificial neural network (ANN) algorithms.

Considering the results from the simulated network model 1, we can
conclude that the damped and undamped charge transient frequency and
damping factor from the simulation agreed with the result calculated
by theoretical formula of the general model algorithms, with acceptable
small error. Based on the fault distance result, it was shown that GM1
and GM2 algorithms have almost identical result. It shows that, in order
to estimate the fault distance, by using the undamped charge transient
frequency, GM2 algorithm managed to compensate the effect of fault re-
sistance as well as the unknown resistive parameters of the circuit.

We compared the performance of EM1 and GM2 algorithms using se-
quence component network in simulation model 2. In overall, we conclude
that EM1 algorithm has performed much better than GM2 algorithm. The
main reason why EM1 algorithm performs much better than GM2 is that
the EM1 circuit model has a similar structure as the simulation network,
except that we purposely neglected the resistive part in EM1 model. On
the other hand, GM2 circuit model is more robust and simple. Both al-

gorithms used same signal pre processing technique to estimate the un-
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damped charge transient frequency.

Based on the results in simulated network model 3, CWT algorithm
works well in estimating fault distance using both voltage and current
of the earth fault transient signals. The performance of CWT algorithm is
slightly effected when the magnitude of the fault resistance is increased.
In this simulation case, by using the measured transient signal from sec-
ondary side of the MV/LV distribution transformers, we able to identified
the correct patch of fault location using the proposed algorithm.

MRA and NN algorithms have shown a good performance in estimating
fault distance in simulated network model 4. The network is typical MV
distribution network used in [144] with some modification on its data. In
order for MRA and NN algorithm to perform well, we need to developed
a database for having a relationship between the fault location and the
information gathered from the measured transient signals. In this simu-
lation case, the length of each feeder was almost the same (32 km, 20 km,
25 km, 40 km, 19 km and 22.511 km (faulty feeder). Based on the results,
GM and EM algorithms have shown an acceptable performance with this
kind of MV network. In overall, for GM and EM algorithms, estimated
fault location error is less than 3.5 km. In conclusion, it was proved that
using the recorded transient signal from the secondary side of the MV/LV
distribution transformer it is possible to present a good result of fault dis-
tance estimation.

The feasibility of the proposed algorithms was investigated using the
data from simulations and field experiments with fault resistance setting
up to 50 Q. Due to the limitation of real network, only CWT and GM2 algo-
rithms were evaluated. In overall, CWT has shown a better performance
compared with the GM2 algorithm. However, in terms of the accuracy the
difference is not so much. In some cases GM2 algorithm gave better result
than the CWT algorithm. Since GM2 can be implemented with only one
measurement it is a good option to install a transient recorder in some
small network with balanced length of its feeders, for instance in a rural
area.

It is worth to mention here that, since the proposed algorithms in this
thesis are based on earth fault transient signals, the limitations of the
proposed algorithms are related to the earth fault resistance, sampling
frequency, loads and also network configuration. The error is also caused
by the inaccuracy in the identification of charge transient component by

CWT and in addition by inaccuracy in the estimation of the damping at-
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tenuation through Hilbert transformation method. Whenever the magni-
tude of the fault resistance and the resistive load is increased, the tran-
sients become more damped, with the result that the estimation of the
charge transient frequency becomes more difficult, which affects the over-
all computation of the fault distance.

There are several things that can be done in the future to evaluate and
to improve the proposed algorithms. In this thesis we have managed to
test only two algorithms using real system data. Therefore it is important
in the future to evaluate the other algorithms with the real network mea-
sured data as well. The GM and EM algorithms’ performance is affected
by the configuration of the network. Therefore, it is important to study the
correction factor required to reduce the error due to unbalanced lengths
of the feeders with many branches. In this work, the simulation used only
OH lines, in the future we should consider developing the simulation net-
work with underground cables as well. The studies should consider the
effect of capacitances of underground cables which normally have much
higher value those of the OH line. It seems that measuring the transient
frequency from the secondary side of the MV/LV distribution transformer
opens new possibilities for the fault location algorithms. Therefore, in-
stead of using only one transient signal, it is worth to study in the future
the overall behavior of the voltages and currents at secondary side of the
MV/LV distribution transformers during the earth faults in the MV net-

work in order to develops new fault location and detection algorithms.
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A. Mathematical Derivations and
MATLAB Scripts

A.1 Derivation of Equation for General Model 1 Damped Natural
Frequencies

1

@
M

o [

o -
@
s

0
|
Il

Figure Al. The equivalent circuit for ground fault transient model 1

The equations for voltages around the loops of the circuit are in Laplace-

domain as follows

1

il(s)(R1+SL1+@)—Z’2(S)(R1+SL1) =0 1)
1
—Mmm+mm+umm+&+ﬂﬁsm+§?:§ @)

The current iz(s) can be solved by rearranging i, (s) from equation (1) and
substituting it into equation (2). After the substitutions and rearranging

the terms, equation (2) becomes:

i2(s)Q(s) = P(s) @)
where,

P(s) = C2E(SR1Cy + S?L10y + 1) (4)
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and

Q(s) = S*LyCyL1Cy + S3(RoCoLyCy + LyCyRCh)
+52(R202R101 + L1Cy + L1Cq + LQCQ)
+S(R1CQ + RoCo + RlCl) +1 (5)

A.2 Derivation of Equation for General Model 2 Undamped Natural
Frequencies
L, C,
—n—|
|

5(v) O L, @Cl::

Figure A2. The equivalent circuit for ground fault transient model 2

The equations for voltages around the loops of the circuit are in Laplace-

domain as follows

1
il(s)(SLl + 57611) — iQ(S)(SLl) =0 (1)
()1 +ia(s) STy + ST+ ) = g @

The current is(s) can be solved by rearranging i;(s) from equation (1)
and substituting it into equation (2). After the substitutions and rear-

ranging the terms, equation (2) becomes,

ia(s)Q(s) = P(s) 3)
where,
P(s) = (S*L1Cy + 1)ECy 4)
and
Q(s) = S LyCyL1Cy + S*(L1Cy 4 LaCy + Li1Cy) + 1 (5)
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A.3 Derivation of Equation for General Model 3 Damped Natural
Frequencies

Ry Ly

. Ly . .
E i, i, C | i, L, g i, R4%
R‘l

Figure A3. The equivalent circuit for ground fault transient model 3

The equations for voltages around the loops of the circuit are in Laplace-

domain as follows

1 1
il(s)(R1+SL1+8701)*Z'2(8)(R1+SL1) *i3(5)5701 =0 1)
1 E
—i1(s)(Ry + SLy) +ia(s)(Ra + SLy + SLa + 5702) =3 (2)
1 1
—Z'l(S)Sic(l+7;3(5)(R3+SL3+SL4+TC’1) —14(8)5.[/4 =0 3)
7i3(S)SL4 + i4(s)(R4 + SL4) =0 4)

From which the current i3(s) can be solved in the following steps, First
Solving i4(s) from equation (4) and substituting it into equation (3). Then,
solving i3(s) from equation (3) and substituting it into equation (1). Next,
solving i (s) from equation (4) and substituting it into equation (2). After

the substitutions and rearranging the terms, equation (2) becomes:
ia(s)Q(s) = P(s) (5)

where,

P(s) = ECy(S*LyL3C Ly + S3(L1R3C Ly + L1 L3C1 Ry
+ Ry L3C1 Ly 4+ L1 LyCyRy) + S?(L1 R3C Ry + Ry LyC1 Ry + LyLy
+ RyR3C Ly + L3Ly + R1L3C1Ry) + S(RsLy + Ry R3C1Ry + L1 Ry
+ LyRy + LyRy + L3R4) + R1 Ry + R3R4) (6)
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and,

Q(s) = SS(L3L1LyCoaLyCh) + S°(C1L4L3L1 RyCo + Cy L3Ry Ly LoCo
+ C1L4yL3R1LoCy + RyLyL1C1 LoCy + C1LaR3L1LaCo)+
S4(C1LyR3 Ry LoCy + LyL1LyCy + Cy1LyR3L1 RoCo
+ C1L4L3R1RoCo + RyLyR1C1LoCy + Ry Ly L1C1R2Co
+ C1L3R4L1RyCy + LyL3LoCy + C1R3Ry L1 LoCo
+ C1L3sRyR1LyCy + L3LyL1Cy + L1 L3ChiLy)+
S*(R4LyR1C1RyCo + C1 L3R4 R1 RyCo + C1R3RyR1 Ly Co
+ C1LyR3R1 RoCo + C1R3R4 L1 RoCo + LyR3L2Co
+ LyR4LoCo + LyL1RoCo + LyL3RoCo + RyL1LoCo
+ L3R4LoCo + LyR1LoCo + L1 LsC1 Ry + L1 L4C1 Ry
+ L1R3C1 Ly + LsRyL1Coy + LyR4L1Cy + R3LyL1Co
+ R1L3C1 Ly + L3LyR1Cy) + S*(LyR4R2Cy + LyR3RyCo
+ LyR1 RoCy + Ry L1 RoCy + R3RyLoCy + L3Ry RoCo + L1 Ly
+ RyR1 LyCy + C1R3RyR1 RoCo + L3Ry R1Co + R3 Ly R Co
+ R3R4L1Cy + L1 R3C1Ry + LyRyR1Coy + R1 L3C1 Ry
+ R1LyC1Ry+ L3Ly + R1R3C1Ly) + S(R3R4R2Cy + RyR1 RoCy
+ LyRy+ L3Ry + RsLy+ L1 Ry + R3RyR1Co + R1R3C1 Ry

+ L4R1) + R1Ry + R3Ry
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A.4 Derivation of Equation for General Model 4 Undamped Natural
Frequencies

© (Ded (Deb(D)-3

Figure A4. The equivalent circuit for ground fault transient model 4

The equations for voltages around the loops of the circuit are in Laplace-

domain as follows

1 1
’il(s)(SLl + Sicvl) — iQ(S)SLl — 13(9)576'1 =0 (1)
1 E
—il(S)SLl + iQ(S)(SLl + SLo + T@) = E (2)
1 1

From which the current is(s) can be solved in the following steps, First
Solving i5(s) from equation (3) and substituting it into equation (1). Next,
solving i (s) from equation (1) and substituting it into equation (2). After

the substitutions and rearranging the terms, equation (2) becomes:
ia(s)Q(s) = P(s) (4)
where,
P(s) = (S*L1L4Cy + Ly + Ly)ECy (5)
and

Q(s) = S LyCyLy L4Cy 4 S*(L1CoLy + LyCoLy 4 LoCoLy + Ly LyCh)

+L1+ Ly (6)
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A.5 Example of Matlab Script for MRA model

load X; % Independent variables

load Y1; % Dependent variable

load B1; % FFT amplitude of extracted CWT coefficient
load B2; % Scale of extracted CWT coefficient

load B3; % Total loads prior to earth fault

A=X"*X;

K=X"*X)"-1;

B=K*X"*Y1;
Y=B(1,1)+(B(2,1)*B1)+(B(3,1)*B2)+(B(4,1)*B3)
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B. ATPDraw OH Line Configurations
and Load Variation

B.1 ATPDraw OH Line Geometrical and Electrical Configurations

Al/Fe 34/6 sparrow
d=6.56 mm
r=0.847Q/km
soil resistivity=2300Qm
8.0m
M

Figure B1. Simulation network model 3 ATPDraw OH configurations

4 1.1m

Al/Fe 34/6 sparrow
d=10.11 mm

r=0.536Q/km

8.1m | 50il resistivity=2300Qm

Yy

A
Figure B2. Simulation network model 4 ATPDraw OH configurations
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B.2 Load Variation for Simulation Model 4

Table B1. Simulation model 4 data.

Length Dist. Load 1 Load 2 Load 3 Load 4 Load 5
Section ———— (kVA) (%)  Load Pf
(km) Trans. (DT) kVA kVA kVA kVA kVA
a 0.63 1.00 100.00  4.00 A 14.30 20.02 18.59 10.01 22.17 0.91
b 0.72 2.00 200.00  4.00 B 94.00 131.60 122.20 65.80 145.70  0.95
c 1.90 3.00 315.00 4.00 C 170.00 238.00 221.00 119.00 263.50  0.90
d 0.73 4.00 100.00  4.00 D 35.70 49.98 46.41 24.99 55.34 0.92
e 0.94 5.00 100.00  4.00 E 40.20 56.28 52.26 28.14 62.31 0.93
f 0.35 6.00 200.00  4.00 F 101.00 141.40 131.30 70.70 156.55  0.92
g 1.28 7.00 100.00  4.00 G 29.20 40.88 37.96 20.44 45.26 0.94
h 1.25 8.00 100.00  4.00 H 42.70 59.78 55.51 29.89 66.19 0.91
i 2.21 9.00 100.00  4.00 I 36.30 50.82 47.19 25.41 56.27 0.96
j 1.40 10.00 100.00  4.00 J 11.40 15.96 14.82 7.98 17.67 0.97
k 0.78 11.00 200.00  4.00 K 91.40 127.96 118.82 63.98 141.67 0.98
1 0.38 12.00 100.00  4.00 L 32.90 46.06 42.77 23.03 51.00 0.99
m 0.47 13.00 100.00  4.00 M 23.60 33.04 30.68 16.52 36.58 0.94
n 1.35 14.00 200.00  4.00 N 118.00 165.20 153.40 82.60 18290 0.95
0 0.50 15.00 100.00  4.00 (0] 63.60 89.04 82.68 44.52 98.58 0.98
P 0.49 16.00 315.00 4.00 P 154.00 215.60 200.20 107.80 238.70  0.99
q 0.74 17.00 100.00  4.00 Q 2.43 3.40 3.16 1.70 3.77 0.91
r 0.50 18.00 500.00 4.00 R 256.00 358.40 332.80 179.20 396.80  0.93
S 0.72 19.00 200.00  4.00 S 117.00 163.80 152.10 81.90 181.35  0.94
t 1.00 20.00 315.00 4.00 T 167.00 233.80 217.10 116.90 258.85  0.95
u 0.80 21.00 100.00  4.00 U 45.20 63.28 58.76 31.64 70.06 0.96
v 0.44 22.00 100.00  4.00 A% 25.90 36.26 33.67 18.13 40.15 0.97
w 0.71 23.00 100.00  4.00 w 49.40 69.16 64.22 34.58 76.57 0.98
X 2.23 24.00 100.00  4.00 X 21.10 29.54 27.43 14.77 32.71 0.92
f1 32.00 25.00 2000.00 6.00 F1 1000.00  1000.00 1000.00 1000.00 1000.00 0.90
2 20.00 26.00 2000.00 6.00 F2 1000.00  1000.00 1000.00 1000.00 1000.00 0.90
3 25.00 27.00 2000.00 6.00 F3 1600.00 1600.00 1600.00 1600.00 1600.00 0.90
4 40.00 28.00 2000.00 6.00 F4 1200.00 1200.00 1200.00 1200.00 1200.00 0.90
5 19.00 29.00 2000.00 6.00 F5 1100.00 1100.00 1100.00 1100.00 1100.00 0.90
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C. Tables of Simulation Results

C.1 Tabulated Results of Simulated Network Model 1

Table C1. Comparison of simulation test result to the theory of earth fault transient.
fac » fnc and (. are calculated using the GM1 equations. fam , fom and (m
are estimated transient parameters from the simulated earth fault transient

waveforms.
l fa ¢ In
(km) (Hz) (Hz)
fam fac A fq Cm Ce A¢ frnm fre A fn

2 1132.81 1164.22 -31.41 0.0038 0.0039 -0.0001 1132.86 1164.27 -31.41
4 976.56 985.82 -9.25  0.0093 0.0095 -0.0002  976.71 985.96 -9.26
6 859.38 862.41 -3.04 0.0165 0.0166  0.0000 859.61 862.66 -3.05
8 781.25 773.77 7.48 0.0224 0.0233 -0.0009  781.56 774.10 7.46

10 703.13 706.95 -3.83  0.0297 0.0292  0.0005 703.51 707.35 -3.83
12 664.06 654.51 9.55 0.0345 0.0341  0.0005 664.51 654.97 9.54
14 625.00 612.04 12.96  0.0389 0.0383  0.0006 625.49 612.55 12.94
16 585.94 576.77 9.17 0.0407 0.0421 -0.0014  586.47 577.33 9.14
18 546.88 546.90 -0.03  0.0445 0.0455 -0.0009  547.47 547.51 -0.04
20 507.81 521.19 -13.38 0.0491 0.0486  0.0006 508.48 521.85  -13.37
MAE 10.01 0.0006 10.00

Notes: [ = Actual fault distance (km), f; = Damped transient frequency (Hz), f4,, = Estimated
damped transient frequency (Hz), f;. = Calculated damped transient frequency (Hz), A f; = Error
of damped transient frequency (Hz), ¢ = Damping factor, ¢,, = Estimated damping factor, (. = Cal-
culated damping factor, A¢ = Error of damping factor, f, = Undamped transient frequency (Hz),
fnm = Estimated undamped transient frequency (Hz), f,. = Calculated undamped transient fre-

quency (Hz), A f,, = Error of undamped transient frequency (Hz), MAE = Mean average error.
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Table C2. Comparison of the distance estimates obtained using GM algo-
rithms for the simulated single line to earth faults with varies
fault distance.

1 (km) GMlsg,, AGMlgy, GMly,,, AGMlf,, GM2 AGM2
2 2.30 0.30 2.30 0.30 230 0.30
4 413 0.13 4.13 0.13 413 013
6 6.06 0.06 6.06 0.06 6.06  0.06
8 7.81 -0.19 7.81 -0.19 781  -0.19
10 10.13 0.13 10.13 0.13 1013 0.13
12 11.60 -0.40 11.60 -0.40 11.60  -0.40
14 13.35 -0.65 13.35 -0.65 13.35  -0.65
16 15.45 -0.55 15.45 -0.55 1545  -0.55
18 18.00 0.00 18.00 0.00 18.00  0.00
20 21.16 1.16 21.16 1.16 21.16 116
MAE (km) 0.36 0.36 0.36

Notes: [ = Actual fault distance (km), GM14,, = Estimated fault distance using
general model 1 and damped transient frequency (km), AGM14,, = Error of esti-
mated fault distance using general model 1 and damped transient frequency (km),
GM1y,,, = Estimated fault distance using General model 1 and undamped tran-
sient frequency (km), AGM1¢y,, = Error of estimated fault distance using general
model 1 and undamped transient frequency (km), GM2y,,,,, = Estimated fault dis-
tance using General model 2 and undamped transient frequency (km), AGM2 = Er-
ror of estimated fault distance using general model 2 and undamped transient fre-

quency (km), MAE = Mean average error.
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Table C3. Comparison of simulation test result to the theory of earth fault transient with the
effect of fault resistance. fqi., fn. and (. are calculated using GM1 equations. fan,
, fam and (., are estimated transient parameters from the simulated earth fault

transient waveforms.

l Ry fa ¢ fn
(km) ) (Hz) (Hz)
fdm fdu A fd Cm Ce AC fnm fnc A fn
0 1132.81 1164.22 -31.41 0.01 0.01 0.00 1132.86 1164.27 -31.41
5 25 1132.81 1164.53 -31.71 0.0536 0.0538 -0.0002 1134.44 1166.22 -31.77
50  1132.81 1165.30 -32.49 0.0980 0.0987 -0.0007 1138.29 1171.02 -32.73
100 1093.75 1168.32 -74.57 0.1650 0.1905 -0.0254 1108.95 1190.11 -81.16
0 976.56 985.82 -9.25  0.0171 0.0174 -0.0003  976.71 985.96 -9.26
4 25 976.56 984.95 -8.38  0.0594 0.0605 -0.0011  978.29 986.75 -8.46
50 976.56 983.10 -6.53  0.1013 0.1037 -0.0024  981.61 988.42 -6.81
100  937.50 976.11  -38.61 0.1594 0.1912 -0.0318  949.64 994.45  -44.81
0 703.13 706.95 -3.83  0.0333 0.0334 -0.0001  703.51 707.35 -3.83
10 25 703.13 705.87 -2.75  0.0663 0.0668 -0.0005  704.67 707.45 -2.78
50 703.13 704.08 -0.95 0.0995 0.1001 -0.0006  706.63 707.63 -1.00
100  664.06 698.26  -34.20 0.1387 0.1669 -0.0282  670.55 708.20  -37.65
0 585.94 576.77 9.17 0.0428 0.0441 -0.0013  586.47 577.33 9.14
16 25 585.94 575.88 10.05 0.0693 0.0717 -0.0023  587.35 577.37 9.98
50 546.88 574.57  -27.69 0.1024 0.0992  0.0032 549.76 57742  -27.65
100  546.88 570.64 -23.77 0.1403 0.1543 -0.0140 552.34 57756  -25.22
MAE 21.59 0.01 22.73

Notes: [ = Actual fault distance (km), f; = Damped transient frequency (Hz), f4,, = Estimated damped

transient frequency (Hz), f;. = Calculated damped transient frequency (Hz), A f; = Error of damped tran-

sient frequency (Hz), ¢ = Damping factor, (,, = Estimated damping factor, (. = Calculated damping factor,

A( = Error of damping factor, f,, = Undamped transient frequency (Hz), fy, = Estimated undamped tran-

sient frequency (Hz), fn. = Calculated undamped transient frequency (Hz), A f, = Error of undamped

transient frequency (Hz), Ry = Fault resistance (Q2), MAE = Mean average error.
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Table C4. Comparison of the distance estimates obtained of the GM algorithm meth-
ods with effect of fault resistance.

{ (km) R;(Q) GMlsg, AGMlygg, GMlf,, AGMlg,,, GM2 AGM2
0 2.30 0.30 2.30 0.30 230 0.30
) 25 2.30 0.30 2.29 0.29 229  0.29
50 2.30 0.30 2.25 0.25 225 025
100 2.70 0.70 2.55 0.55 255 055
0 4.13 0.13 413 0.13 413 013
. 25 4.13 0.13 4.11 0.11 410  0.10
50 4.13 0.13 4.06 0.06 406  0.06
100 4.70 0.70 452 0.52 452 052
0 10.13 0.13 10.13 0.13 10.13 0.3
0 25 10.13 0.13 10.09 0.09 10.09  0.09
50 10.13 0.13 10.02 0.02 1002 0.02
100 11.60 1.60 11.36 1.36 11.36  1.36
0 15.45 -0.55 15.45 -0.55 1545  -0.55
6 25 15.45 -0.55 15.39 -0.61 1539  -0.61
50 18.00 2.00 17.84 1.84 17.84  1.84
100 18.00 1.65 17.65 1.65 1765 165
MAE (km) 0.59 0.53 0.53

Notes: I = Actual fault distance (km), GM14,, = Estimated fault distance using general
model 1 and damped transient frequency (km), AGM1¢4,, = Error of estimated fault distance
using general model 1 and damped transient frequency (km), GM1y,,,,, = Estimated fault dis-
tance using General model 1 and undamped transient frequency (km), AGM1¢,,,, = Error of
estimated fault distance using general model 1 and undamped transient frequency (km), GM2
= Estimated fault distance using General model 2 and undamped transient frequency (km),
AGM2 = Error of estimated fault distance using general model 2 and undamped transient fre-

quency (km), Ry = Fault resistance (Q2), MAE = Mean average error.
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Table C5. Comparison of simulation test result to the theory of ground fault transient
with effect of fault inception angle. fq., fn. and (. are calculated using the
GM1 equations. fam , fnm and ¢, are estimated transient parameters from
the simulated earth fault transient waveform.

l Ry fa ¢ In
(km) (©2) (Hz) (Hz)
fdm fdc A fd Cm Ce AC fnm fnc A fn
90 976.56 985.82 -9.25 0.0171 0.0174 -0.0003 976.71 985.96 -9.26
4 45 976.56 985.82 -9.25 0.0171 0.0174 -0.0003 976.71 98596 -9.26

0 976.56 985.82 -9.25 0.0172 0.0174 -0.0002 976.71 985.96 -9.26
90 585.94 576.77 9.17 0.0428 0.0441 -0.0013 586.47 577.33 9.14
16 45 58594 576.77 9.17 0.0429 0.0441 -0.0012 586.48 577.33 9.14
0 585.94 576.77 9.17 0.0431 0.0441 -0.0010 586.48 577.33 9.15

MAE 9.21 0.0007 9.20

Notes: 1= Actual fault distance (km), f; = Damped transient frequency (Hz), f4,, = Estimated
damped transient frequency (Hz), f;. = Calculated damped transient frequency (Hz), A f4 = Er-
ror of damped transient frequency (Hz), ¢ = Damping factor, (,, = Estimated damping factor, (.
= Calculated damping factor, A¢ = Error of damping factor, f,, = Undamped transient frequency
(Hz), fnm = Estimated undamped transient frequency (Hz), f,.. = Calculated undamped tran-
sient frequency (Hz), A fy, = Error of undamped transient frequency (Hz), Ry = Fault resistance

(), MAE = Mean average error.

Table C6. Comparison of the distance estimates obtained of the GM
algorithm methods with the effect of fault inception angle.

1 (km) Angle °) GMls4, AGMlsg, GMlg, AGMlg,,,
90 413 0.13 413 0.13
4 45 413 0.13 413 0.13
0 413 0.13 413 0.13
90 15.45 -0.55 15.45 -0.55
16 45 15.45 -0.55 15.45 -0.55
0 15.45 0.55 15.45 -0.55
MAE (km) 0.34 0.34

Notes: [ = Actual fault distance (km), GM14,,, = Estimated fault distance
using general model 1 and damped transient frequency (km), AGM14,, =
Error of estimated fault distance using general model 1 and damped transient
frequency (km), GM1y,,,,, = Estimated fault distance using General model
1 and undamped transient frequency (km), AGM1},,,, = Error of estimated
fault distance using general model 1 and undamped transient frequency (km),

MAE = Mean average error.
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Table C7. Comparison of simulation test result to the theory of ground fault transient with the effect
of composite loads. fi., fne and (. are calculated using the general model 3 equations. fi,
, fam and (,, are estimated transient parameters from the simulated earth fault transient

waveforms.
l Load Rf fd C fn
(km) MVA) (@) (Hz) (Hz)
fam fe A fa Cm Ce A¢ Frm fne A fn
0 1015.63  1020.08 -4.46 0.0380 0.0388 -0.0009 1016.36 1020.85 -4.49
50 25 1015.63 1016.61 -0.99 0.0828 0.0853 -0.0025 1019.12 1020.33 -1.20
' 50 976.56 1011.57 -35.00 0.1311 0.1318 -0.0007 985.06 1020.47 -3541
100 976.56 996.34 -19.78  0.2093 0.2256 -0.0163 998.68 1022.71  -24.03
4
0 1015.63 1030.09 -14.46 0.0284 0.0288 -0.0004 1016.04 1030.52 -14.48
195 25 1015.63 1027.84 -12.22 0.0743 0.0754 -0.0011 1018.44 1030.77 -12.34
’ 50 1015.63  1024.01 -8.39 0.1194 0.1221 -0.0027 1022.94 1031.73 -8.79
100 976.56 1011.21 -34.64 0.1839 0.2163 -0.0324 993.51 1035.72  -42.21
0 703.13 714.78 -11.65 0.0438 0.0435 0.0003 703.80 715.45 -11.65
5.0 25 703.13 713.07 -9.95 0.0779  0.0777 0.0002 705.27 715.23 -9.96
' 50 703.13 710.56 -7.44 0.1106 0.1119 -0.0012 707.47 715.05 -7.58
100 664.06 703.08 -39.01 0.1592 0.1803 -0.0210 672.64 714.79 -42.14
10
0 703.13 719.16 -16.03  0.0403 0.0399 0.0005 703.70 719.73 -16.03
195 25 703.13 717.74 -14.61 0.0748 0.0741 0.0007 705.10 719.72 -14.61
’ 50 703.13 715.51 -12.38  0.1097 0.1084 0.0013 707.39 719.75 -12.36
100 664.06 708.58 -44.52  0.1773 0.1770 0.0003 674.75 719.95 -45.20
0 585.94 579.92 6.02 0.0492 0.0505 -0.0013 586.65 580.66 5.99
50 25 585.94 578.76 7.18 0.0761 0.0784 -0.0022 587.64 580.55 7.10
’ 50 585.94 577.15 8.78 0.1027 0.1062 -0.0035 589.05 580.44 8.61
100 546.88 572.57 -25.70  0.1454 0.1620 -0.0166 552.75 580.24 -27.49
16
0 585.94 582.53 3.41 0.0477 0.0488 -0.0011 586.61 583.22 3.39
195 25 585.94 581.48 4.46 0.0749 0.0767 -0.0018 587.59 583.20 4.39
’ 50 585.94 579.99 5.95 0.1017  0.1047 -0.0030 588.99 583.19 5.80
100 546.88 575.63 -28.75  0.1722  0.1607 0.0115 555.17 583.20 -28.04
MAE 15.66 0.0052 16.39

Notes: [ = Actual fault distance (km), f; = Damped transient frequency (Hz), f4,, = Estimated damped transient

frequency (Hz), f4. = Calculated damped transient frequency (Hz), A f; = Error of damped transient frequency (Hz),

¢ = Damping factor, ¢, = Estimated damping factor, (. = Calculated damping factor, A¢ = Error of damping factor,

frn. = Undamped transient frequency (Hz), f,., = Estimated undamped transient frequency (Hz), f,. = Calculated

undamped transient frequency (Hz), A f,, = Error of undamped transient frequency (Hz), Ry = Fault resistance (€2),

MAE = Mean average error.
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Table C8. Comparison of the distance estimates obtained of the GM algorithm methods with

effect of composite loads.

[ (km) MVA R;(Q) GM1 AGM1 GM2 AGM2 GM3 AGM3 GM4 AGM4
0 3.60 -0.40 3.60 -0.40 4.05 0.05 3.63 -0.37
5.0 25 3.57 -0.43 3.57 -0.43 4.02 0.02 3.59 -0.41
’ 50 4.01 0.01 4.01 0.01 4.44 0.44 4.04 0.04
100 3.83 -0.17 3.83 -0.17 4.27 0.27 3.85 -0.15
4
0 3.61 -0.39 3.61 -0.39 4.17 0.17 3.63 -0.37
19.5 25 3.58 -0.42 3.57 -0.43 4.14 0.14 3.60 -0.40
’ 50 3.52 -0.48 3.52 -0.48 4.09 0.09 3.55 -0.45
100 3.90 -0.10 3.90 -0.10 4.45 0.45 3.92 -0.08
0 10.12 0.12 10.12 0.12 10.39 0.39 10.14 0.14
5.0 25 10.07 0.07 10.07 0.07 10.34 0.34 10.09 0.09
' 50 10.00 0.00 9.99 -0.01 10.26 0.26 10.02 0.02
100 11.27 1.27 11.27 1.27 11.52 1.52 11.29 1.29
10
0 10.13 0.13 10.12 0.12 10.53 0.53 10.17 0.17
195 25 10.08 0.08 10.08 0.08 10.48 0.48 10.12 0.12
‘ 50 10.00 0.00 10.00 0.00 10.41 0.41 10.05 0.05
100 11.19 1.19 11.19 1.19 11.59 1.59 11.24 1.24
0 15.44 -0.56 15.44 -0.56 15.64 -0.36 15.45 -0.55
5.0 25 15.38 -0.62 15.38 -0.62 15.59 -0.41 15.39 -0.61
’ 50 15.30 -0.70 15.29 -0.71 15.50 -0.50 15.31 -0.69
100 17.63 1.63 17.62 1.62 17.82 1.82 17.64 1.64
16
0 15.44 -0.56 15.44 -0.56 15.80 -0.20 15.46 -0.54
19.5 25 15.38 -0.62 15.38 -0.62 15.74 -0.26 15.40 -0.60
’ 50 15.30 -0.70 15.30 -0.70 15.66 -0.34 15.32 -0.68
100 17.46 1.46 17.45 1.45 17.80 1.80 17.47 1.47
MAE (km) 0.51 0.51 0.54 0.51

Notes: | = Actual fault distance (km), GM1 = Estimated fault distance using General model 1 and

undamped transient frequency (km), AGM1 = Error of estimated fault distance using general model 1

and undamped transient frequency (km), GM2 = Estimated fault distance using General model 2 and un-

damped transient frequency (km), AGM2 = Error of estimated fault distance using general model 2 and

undamped transient frequency, GM3 = Estimated fault distance using General model 3 and undamped

transient frequency (km), AGM3 = Error of estimated fault distance using general model 3 and undamped

transient frequency (km), GM4 = Estimated fault distance using General model 4 and undamped tran-

sient frequency (km), AGM4 = Error of estimated fault distance using general model 4 and undamped

transient frequency (km), MAE = Mean average error.
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C.2 Tabulated Results of Simulated Network Model 2

Table C9. Comparison of the distance estimates obtained be-
tween EX1 and GM2 algorithm. f4,, , fnm and ¢ are
estimated transient parameters from the simulated
earth fault transient waveform.

1 fam ¢ fam EM1 AEM1 GM2 AGM2

2 1250.00 0.015 1250.13 2.23 0.23 2.88 0.88
4 1083.33 0.020 1083.56 3.91 -0.09 4.21 0.21
6 955.88  0.025  956.19 5.69 -0.31 5.70 -0.30
8 855.26  0.029  855.63 7.61 -0.39 7.37 -0.63

10 773.81  0.034 774.26 9.68 -0.32 9.20 -0.80
12 706.52 0.036 706.99  11.90 -0.10 11.22 -0.78
14 650.00 0.041  650.55 14.25 0.25 13.42 -0.59
16 625.00 0.043 625.58 15.48 -0.52 14.58 -1.42
18 580.36  0.047 580.99 18.03 0.03 17.04 -0.96
20 560.34 0.048 560.99 19.35 -0.65 18.34 -1.66
MAE 0.29 0.82
Notes:

| = Actual fault distance (km), fy,, = Estimated damped transient fre-
quency (Hz), ¢ = Damping factor, fn, = Estimated undamped transient
frequency (Hz), EM1 = Estimated fault distance using exact model 1 (km)
, AEM1 = Error of estimated fault distance using exact model 1 (km), GM2
= Estimated fault distance using General model 2, AGM2 = Error of es-
timated fault distance using general model 2 (km), MAE = Mean average

error.
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Table C10. Comparison of the distance estimates obtained between
EM1 and GM2 algorithm with the effect of fault resistance.
fdam » fanm and ¢ are estimated transient parameters from
the simulated earth fault transient waveform.

1 Rf fam ¢ Frm EM1 AEM1 GM2 AGM2

10 1083.33 0.0370 1084.08  3.90 -0.10 4.21 0.21
30 1083.33 0.0705 1086.04  3.88 -0.12 4.19 0.19

4
50 1083.33 0.1041 1089.26  3.84 -0.16 4.16 0.16
100 1015.63 0.1978 1036.09 4.51 0.51 4.71 0.71
MAE 0.22 0.32
10 773.81 0.0456  774.61 9.67 -0.33 9.20 -0.80
10 30 773.81  0.0707  775.75 9.64 -0.36 9.17 -0.83
50 773.81 0.0955  777.36 9.59 -0.41 9.12 -0.88
100 738.64 0.1634 748.69 10.46 0.46 9.91 -0.09
MAE 0.39 0.65
10 625.00 0.0529 625.88 1546  -0.54 14.56 -1.44
16 30 625.00 0.0737 626.70 1542  -0.58 14.52 -1.48
50 601.85 0.0980 604.76  16.61 0.61 15.66 -0.34
100 601.85 0.1498 608.72  16.38 0.38 15.45 -0.55
MAE 0.53 0.95
Overall MAE (km) 0.38 0.64

Notes: | = Actual fault distance (km), f4,, = Estimated damped transient
frequency (Hz), ¢ = Damping factor, f,, = Estimated undamped transient fre-
quency (Hz), EM1 = Estimated fault distance using exact model 1 (km) , AEM1
= Error of estimated fault distance using exact model 1 (km), GM2 = Estimated
fault distance using General model 2, AGM2 = Error of estimated fault distance

using general model 2 (km), MAE = Mean average error.

Table C11. Comparison of the distance estimates obtained between EM1 and
GM2 algorithm with the effect of fault inception angle. fuim , fam
and ¢ are estimated transient parameters from the simulated earth
fault transient waveform.

1 Angle (°) fam ¢ frm EM1 AEM1 GM2 AGM2

90.00 1083.33  0.020 1083.56  3.91 -0.09 4.21 0.21
4 45.00 1083.33  0.020 1083.56  3.91 -0.09 4.21 0.21
0.00 1083.33 0.020 1083.56  3.91 -0.09 4.21 0.21

90.00 625.00 0.042 625.56 1548 -0.52 14.58 -1.42
16 45.00 625.00 0.042 625.56 1548 -0.52 14.58 -1.42
0.00 601.85 0.043 60242 16.74 0.74 15.79 -0.21

MAE (km) 0.34 0.61

Notes: [ =Actual fault distance (km), f4,, = Estimated damped transient frequency (Hz),
¢ = Damping factor, f,m, = Estimated undamped transient frequency (Hz), EM1 = Estimated
fault distance using exact model 1 (km) , AEM1 = Error of estimated fault distance using
exact model 1 (km), GM2 = Estimated fault distance using General model 2, AGM2 = Error

of estimated fault distance using general model 2 (km), MAE = Mean average error.
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Table C12. Comparison of the distance estimates obtained between EM1 and GM2 algorithm with
the effect of resistive loads. The loads are located at the end of each feeders. fum ,
fnm and ¢ are estimated transient parameters from the simulated earth fault transient

waveform.
1 Load  Rf  fum ¢ Frm EM1 AEM1 GM2 AGM2
30 1250.00 0.095 1255.70 2.19 0.19 2.85 0.85
400 kW 50 1250.00 0.136 1261.80 2.14 0.14 2.81 0.81
100 1160.71 0.219 1189.53 2.78 0.78 3.31 1.31
30 1250.00 0.120 1259.16 2.16 0.16 2.83 0.83
2.00 800 kW 50 1250.00 0.173 1269.23 2.07 0.07 2.76 0.76
100 1160.71 0.223 1190.72 2.77 0.77 3.30 1.30
30 1354.17 0.107 1362.05 1.35 -0.65 2.23 0.23
2 MW 50 1250.00 0.158 1265.94 2.10 0.10 2.78 0.78
100 1250.00 0.206 1277.52 2.01 0.01 2.71 0.71
MAE 0.32 0.84
30 773.81 0.084 776.58 9.62 -0.38 9.14 -0.86
400 kW 50 738.64 0.114 743.46 10.63 0.63 10.06 0.06
100 738.64 0.177 750.51 10.40 0.40 9.86 -0.14
30 773.81 0.096 777.42 9.59 -0.41 9.12 -0.88
10.00 800 kW 50 738.64 0.127 744.67 10.59 0.59 10.03 0.03
100 738.64 0.189 752.16 10.35 0.35 9.81 -0.19
30 773.81 0.118 779.24 9.54 -0.46 9.08 -0.92
2 MW 50 773.81 0.143 781.88 9.46 -0.54 9.01 -0.99
100 738.64 0.204 754.52 10.28 0.28 9.74 -0.26
MAE 0.45 0.48
30 580.36 0.091 582.79 17.92 -0.08 16.93 -1.07
400 kW 50 580.36 0.111 584.00 17.84 -0.16 16.86 -1.14
100 560.34 0.167 568.29 18.85 0.85 17.85 -0.15
30 580.36 0.104 583.55 17.87 -0.13 16.89 -1.11
18.00 800 kW 50 580.36 0.125 584.91 17.78 -0.22 16.80 -1.20
100 560.34 0.180 569.62 18.77 0.77 17.76 -0.24
30 580.36 0.138 585.94 17.72 -0.28 16.74 -1.26
2 MW 50 580.36 0.158 587.78 17.61 -0.39 16.63 -1.37
100 560.34 0.215 573.81 18.49 0.49 17.49 -0.51
MAE (km) 0.37 0.89
Overall MAE (km) 0.38 0.74

Notes: [ = Actual fault distance (km), f4,, = Estimated damped transient frequency (Hz), ¢ = Damping factor,

frnm = Estimated undamped transient frequency (Hz), EM1 = Estimated fault distance using exact model 1 (km)

, AEM1 = Error of estimated fault distance using exact model 1 (km), GM2 = Estimated fault distance using Gen-

eral model 2, AGM2 = Error of estimated fault distance using general model 2 (km), MAE = Mean average error.
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Table C13. Comparison of the distance estimates obtained between EM1 and GM2 algorithm
with the effect of inductive loads. The loads are located at the end of each feeders.
fam » fnm and ¢ are estimated transient parameters from the simulated earth fault
transient waveform.

1 Load Rf  fum ¢ fom  EM1 AEM1 GM2 AGM2
30  1250.00 0.069 1253.03 2.21 021 286  0.86

400kVAr 50 1250.00 0.106 1257.02 218 018 284  0.84

100 1250.00 0.210 127856 2.00  0.00 270  0.70

30  1250.00 0.070 1253.05 2.21 021  2.86  0.86

2.00 800 kVAr 50 1250.00 0.106 1257.07 2.18 018 284  0.84
100 1250.00 0.174 1269.44 207 007 276  0.76

30  1250.00 0.070 1253.10 2.21 021 286  0.86

2MVAr 50 1250.00 0.107 1257.21 217 017 284  0.84

100 1250.00 0.176 1269.87 2.07  0.07 276  0.76

MAE  0.14 0.81

30 773.81 0071 77577 964 036  9.17  -0.83

400kVAr 50  738.64 0.101 74241 1066  0.66  10.09  0.09

100 738.64 0.147 74674 1052 052 996  -0.04

30 773.81 0.071 77574 9.64 -0.36  9.17  -0.83

10.00 800 kVAr 50  738.64 0.100 742.37 1066 0.66  10.09  0.09
100 738.64 0.165 74885 1046 046 990  -0.10

30 773.81 0.071 77574 964  -0.36  9.17  -0.83

2MVAr 50 77381 0.096 777.37 959 041  9.12  -0.88

100 73864 0.165 74895 1045 045 990  -0.10

MAE  0.47 0.42

30  580.36 0.089 582.67 17.92 -0.08 1694 -1.06

400kVAr 50 580.36 0.096 583.02 17.90 -0.10 1692  -1.08

100 580.36 0.143 58641 17.69 -0.31 1671  -1.29

30 580.36 0.076 582.03 17.96 -0.04 1698  -1.02

18.00 800kVAr 50 580.36 0.096 583.02 17.90 -0.10 1692  -1.08
100 580.36 0.143 58641 17.69 -0.31 1671  -1.29

30 580.36 0.076 582.03 17.96 -0.04 1698  -1.02

2MVAr 50 580.36 0.095 583.02 17.90 -0.10 1692 -1.08

100 580.36 0.144 58643 17.69 -0.31 1671  -1.29

MAE  0.15 1.14

Overall MAE (km) 0.26 0.79

Notes: | = Actual fault distance (km), fy,, = Estimated damped transient frequency (Hz), ¢ = Damping

factor, f,,m = Estimated undamped transient frequency (Hz), EM1 = Estimated fault distance using exact
model 1 (km) , AEM1 = Error of estimated fault distance using exact model 1 (km), GM2 = Estimated fault
distance using General model 2, AGM2 = Error of estimated fault distance using general model 2 (km), MAE

= Mean average error.
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Table C14. Comparison of the distance estimates obtained between EM1 and GM2 algo-
rithm with the effect of loads of 0.9 power factor. The loads are located at the
end of each feeders. fu,, , fnm and ¢ are estimated transient parameters from
the simulated earth fault transient waveform.

1 PF  (MVA) Rf fdam ¢ Fam EM1 AEM1 GM2 AGM2
30.00 1250.00 0.096 1255.86 2.19 0.19 2.85 0.85
400 50.00 1250.00 0.140 1262.46 2.13 0.13 2.80 0.80
100.00 1160.71 0.261 1202.36  2.66 0.66 3.21 1.21
2.00 0.90 30.00 1250.00 0.120 1259.03 2.16 0.16 2.83 0.83
800 50.00 1250.00 0.164 1267.13 2.09 0.09 2.77 0.77
100.00 1160.71 0.294 1214.23  2.55 0.55 3.13 1.13
MAE 0.30 0.93
30.00 580.36  0.090 582.72 17.92 -0.08 16.94 -1.06
400 50.00 580.36 0.110 58390 17.85 -0.15 16.86 -1.14
100.00 560.34¢ 0.165 568.15 18.86 0.86 17.86 -0.14
18.00 0.90 30.00 580.36  0.101  583.37 17.88 -0.12 16.90 -1.10
800 50.00 580.36  0.122  584.70  17.80 -0.20 16.82 -1.18
100.00 560.3¢ 0.177 569.32  18.79 0.79 17.78 -0.22
MAE 0.37 0.81
Overall MAE (km) 0.33 0.87

Table C15. Comparison of the distance estimates obtained between EM1 and GM2 algorithm with the
effect of loads of 0.5 power factor. The loads are located at the end of each feeders. fa
, fam and ¢ are estimated transient parameters from the simulated earth fault transient

waveform
1 PF  (MVA) Rf fam ¢ fam  EM1 AEM1 GM2 AGM2
30.00 1250.00 0.084 1254.40 2.20 0.20 2.86 0.86
400 50.00 1250.00 0.122  1259.47 2.16 0.16 2.82 0.82
100.00 1250.00 0.202 1276.18 2.02 0.02 2.72 0.72
2.00 0.50 30.00 1250.00 0.098 125605 2.18 018 285 085
800 50.00 1250.00 0.135 1261.63 2.14 0.14 2.81 0.81
100.00 1250.00 0.203 1276.46 2.01 0.01 2.72 0.72
MAE 0.12 0.79
30.00 580.36 0.081 582.28 17.95 -0.05 16.96 -1.04
400 50.00 580.36 0.101 583.34 17.88 -0.12 16.90 -1.10
100.00 560.34 0.156 567.25 18.92 0.92 17.92 -0.08
18.00 0.50 30.00 580.36 0.087 58259 17.93 -0.07 1694 -1.06
800 50.00 580.36 0.107 583.73 17.86 -0.14 16.87 -1.13
100.00 560.34 0.162 567.85 18.88 0.88 17.88 -0.12
MAE 0.37 0.75
Overall MAE (km) 0.24 0.77

Notes: | = Actual fault distance (km), fg4,, = Estimated damped transient frequency (Hz), ¢ = Damping factor,

fnm = Estimated undamped transient frequency (Hz), EM1 = Estimated fault distance using exact model 1 (km) ,

AEM1 = Error of estimated fault distance using exact model 1 (km), GM2 = Estimated fault distance using General

model 2, AGM2 = Error of estimated fault distance using general model 2 (km), MAE = Mean average error.
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C.3 Tabulated Results of Simulated Network Model 4

Table C16. Comparison of the distance estimates obtained from
multiple regression (MRA) and neural network (NN)
algorithm with the effect of fault resistance (Rjy).
Fault inception angle is 90°.

1 Load (MVA) Ry(2) MRA AMRA NN ANN
0 1.07 0.77 1.51 0.33
1.84 7.55 25 2.03 -0.19 2.28 -0.44

50 2.01 -0.16 2.22 -0.37

0 2.14 0.2 2.32 0.02
2.34 6.93 25 2.02 0.33 2.18 0.16
50 3.04 -0.7 3.02 -0.67

0 4.34 -0.11 4.28 0.17
4.45 6.97 25 4.17 -0.28 4.2 0.25
50 5.17 0.72 5.01 -0.56

0 8.71 -0.84 8.28 -0.42
7.86 6.93 25 8.5 -0.63 8.22 -0.35
50 8.46 -0.58 8.08 -0.22

0 8.63 -0.55 8.28 -0.2
8.07 7.55 25 8.47 -0.39 8.14  -0.06
50 8.43 -0.35 8.01 0.07

0 14.1 0.54 12.99  0.58
13.56 5.51 25 13.83 0.26 14 -0.43
50 13.74 0.17 13.8  -0.23

0 16.31 0.71 16.72 -1.13
15.59 7.78 25 16.07 0.47 16.22  -0.62
50 15.97 0.38 1584 -0.25

MAE (km) 0.44 0.36

Notes: [ = Actual fault distance (km), MRA = Estimated fault distance
using multiple regression algorithm (km), AMRA = Error of estimated
fault distance using multiple regression algorithm(km), NN = Estimated
fault distance using neural network algorithm (km), ANN = Error of esti-
mated fault distance using neural network algorithm (km), MAE = Mean

average error (km).
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Table C17. Comparison of the distance estimates obtained from
multiple regression (MRA) and neural network (NN)
algorithm with the effect of fault resistance (Ry).

Fault inception angle is 45°.

1  Load (MVA) R;(Q2) MRA AMRA NN ANN

0 2.04 -0.19 1.53 0.31

1.84 7.55 25 1.98 -0.14 2.23 -0.38
50 1.96 -0.12 2.16 -0.31

0 2.04 0.31 1.97 0.38

2.34 6.93 25 1.95 0.39 1.73 0.61
50 1.93 0.41 1.66 0.69

0 4.21 0.24 3.9 0.55

4.45 6.97 25 4.12 0.34 3.71 0.75
50 4.09 0.36 3.61 0.84

0 8.66 -0.8 7.86 0

7.86 6.93 25 8.5 -0.64 7.89 -0.02
50 8.45 -0.59 7.76 0.11

0 8.6 -0.53 8.23 -0.15

8.07 7.55 25 8.47 -0.39 8.33 -0.25
50 8.42 -0.34 8.27 -0.19

0 14.04 -0.48 13.25  0.32

13.56 5.51 25 13.81 -0.24 13.,561  0.06
50 13.73 -0.16 13.5 0.07

0 16.19 -0.59 15.75 -0.16

15.59 7.78 25 16.02 -0.42 16.09 -0.5
50 15.96 -0.37 16.03  -0.44

MAE (km) 0.38 0.34

Notes: [ = Actual fault distance (km), MRA = Estimated fault distance
using multiple regression algorithm (km), AMRA = Error of estimated

fault distance using multiple regression algorithm(km), NN = Estimated

fault distance using neural network algorithm (km), ANN = Error of esti-

mated fault distance using neural network algorithm (km), MAE = Mean

average error (km).
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Table C18. Comparison of the distance estimates obtained from general model
(GM1,GM2,GM4) algorithms with the effect of fault resistance
(Ry). Signal measured from MV/LV side and fault inception an-
gle is 90°.

1 Load (MVA) R;(22) GM1 AGM1 GM2 AGM2 GM4 AGM4

0.00 1.64 -0.20 1.59 -0.25 1.65 -0.12
1.84 7.55 25.00 2.80 0.96 2.47 0.63 2.52 0.74
50.00 2.80 0.96 1.91 0.07 1.97 0.20
0.00 2.80 0.46 2.74 0.40 2.79 0.50
2.34 6.93 25.00 2.80 0.46 2.48 0.14 2.53 0.24
50.00 4.17 1.83 3.40 1.06 3.45 1.15
0.00 4.17 -0.28 4.12 -0.34 4.15 -0.25
4.45 6.97 25.00 4.17 -0.28 3.86 -0.59 3.90 -0.51
50.00 5.94 1.49 5.31 0.86 5.34 0.93
0.00 7.30 -0.56 7.24 -0.62 7.27 -0.56
7.86 6.93 25.00 11.15 3.29 10.57 2.71 10.59 2.76
50.00 11.15 3.29 10.42 2.56 10.45 2.62
0.00 8.38 0.31 7.23 -0.84 7.26 -0.77
8.07 7.55 25.00 8.38 0.31 7.98 -0.09 8.01 -0.03
50.00 8.38 0.31 7.90 -0.17 7.93 -0.11
0.00 12.01 -1.56 11.96 -1.60 11.99 -1.55
13.56 5.51 25.00 16.40 2.84 15.92 2.36 15.95 2.40
50.00 16.40 2.84 15.31 1.75 15.34 1.79
0.00 16.40 0.81 16.30 0.71 16.33 0.77
15.59 7.78 25.00 16.40 0.81 15.92 0.33 15.94 0.38
50.00 16.40 0.81 16.07 0.48 16.09 0.54

MAE 1.17 0.88 0.90

Notes: l = Actual fault distance (km), GM1 = Estimated fault distance using general
model 1 (km), AGM1 = Error of estimated fault distance using general model 1 (km),
GM2 = Estimated fault distance using general model 2 (km), AGM2 = Error of estimated
fault distance using general model 2 (km), GM4 = Estimated fault distance using general
model 4 (km), AGM4 = Error of estimated fault distance using general model 4 (km),

MAE = Mean average error (km).
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Table C19. Comparison of the distance estimates obtained from general model
(GM1, GM2,GM4) algorithms with the effect of fault resistance (Ry).
Signal measured from MV/LV side and fault inception angle is 45°.

1 Load (MVA) Rf(©) GM1 AGM1 GM2 AGM2 GM4 AGM4
0.00 1.86 0.02 1.81 -0.03 1.87 0.10
1.84 7.55 25.00 1.86 0.02 1.84 0.00 1.90 0.13
50.00 1.86 0.02 1.74 -0.10 1.80 0.03
0.00 1.86 -0.48 1.81 -0.53 1.87 -0.41
2.34 6.93 25.00 1.86 -0.48 1.82 -0.52 1.87 -0.41
50.00 1.86 -0.48 1.74 -0.60 1.80 -0.48
0.00 3.59 -0.87 3.54 -0.91 3.58 -0.83
4.45 6.97 25.00 3.59 -0.87 3.40 -1.05 3.44 -0.96
50.00 3.59 -0.87 2.71 -1.74 2.76 -1.64
0.00 8.38 0.52 8.31 0.45 8.34 0.51
7.86 6.93 25.00 8.38 0.52 8.01 0.15 8.04 0.21
50.00 8.38 0.52 7.73 -0.13 7.76 -0.07
0.00 8.38 0.31 8.30 0.23 8.33 0.29
8.07 7.55 25.00 8.38 0.31 8.18 0.11 8.21 0.18
50.00 9.65 1.58 8.83 0.76 8.86 0.83
0.00 13.98 0.42 13.92 0.36 13.94 0.40
13.56 5.51 25.00 13.98 0.42 13.58 0.02 13.60 0.06
50.00 13.98 0.42 13.06 -0.50 13.08 -0.46
0.00 13.98 -1.61 13.89 -1.70 13.92 -1.64
15.59 7.78 25.00 13.98 -1.61 13.55 -2.04 13.58 -1.98
50.00 13.98 -1.61 13.09 -2.50 13.12 -2.44
MAE (km) 0.66 0.69 0.67

Notes: = Actual fault distance (km), GM1 = Estimated fault distance using general model
1 (km), AGM1 = Error of estimated fault distance using general model 1 (km), GM2 = Esti-

mated fault distance using general model 2 (km), AGM2 = Error of estimated fault distance

using general model 2 (km), GM4 = Estimated fault distance using general model 4 (km),

AGM4 = Error of estimated fault distance using general model 4 (km), MAE = Mean average

error (km).
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Table C20. Comparison of the distance estimates obtained from exact model

(EM1-GM3) algorithms with the effect of fault resistance (Ry). Sig-
nal measured from MV/LV side and fault inception angle is 90°.

1 Load (MVA) Rf(A) EM1 AEM1 EM2 AEM2 EM3 AEM3
0.00 1.24 -0.60 1.20 -0.64 1.19 -0.65
1.84 7.55 25.00 2.41 0.57 2.28 0.44 2.26 0.42
50.00 1.70 -0.14 1.63 -0.21 1.62 -0.22
0.00 2.74 0.40 2.58 0.24 2.56 0.22
2.34 6.93 25.00  2.42 0.08 2.29 -0.05 2.27 -0.07
50.00  3.51 1.17 3.30 0.96 3.26 0.92
0.00 4.31 -0.14 4.05 -0.40 3.99 -0.46
4.45 6.97 25.00  4.02 -0.43 3.78 -0.67 3.73 -0.72
50.00  5.63 1.18 5.31 0.86 5.19 0.74
0.00 7.73 -0.13 7.35 -0.51 7.12 -0.74
7.86 6.93 25.00 11.29  3.43 10.98  3.12 10.44 2,58
50.00 11.14 328 1083  2.97 1029 243
0.00 7.72 -0.35 7.34 -0.73 7.11 -0.96
8.07 7.55 25.00  8.53 0.46 8.15 0.08 7.86 -0.21
50.00  8.44 0.37 8.06 -0.01 7.78 -0.29
0.00 12.77 -0.79 1255 -1.01 11.83 -1.73
13.56 5.51 25.00 16.90  3.34 17.16  3.60 1578  2.22
50.00 16.27 2.71 16.43  2.87 15.18 1.62
0.00 1729  1.70 17.62  2.03 16.17  0.58
15.59 7.78 25.00 16.89  1.30 17.15 1.56 1578  0.19
50.00 17.05 1.46 17.34 175 1593  0.34
MAE (km) 1.14 1.18 0.87

Notes: [ = Actual fault distance (km), EM1 = Estimated fault distance using exact model 1
(km), AEM1 = Error of estimated fault distance using exact model 1 (km), EM2 = Estimated

fault distance using exact model 2 (km), AEM2 = Error of estimated fault distance using Ex-
act model 2 (km), EM3 = Estimated fault distance using exact model 3 (km), AGM3 = Error

of estimated fault distance using exact model 3 (km), MAE = Mean average error (km).
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Table C21. Comparison of the distance estimates obtained from exact model
(EM1-GM3) algorithms with the effect of fault resistance (Ry). Sig-

nal measured from MV/LV side and fault inception angle is 45°.

1 Load (MVA) R;(Q) EM1 AEM1 EM2 AEM2 EM3 AEM3
0.00 1.56 -0.28 1.49 -0.35 1.49 -0.35
1.84 7.55 25.00  1.61 -0.23 1.54 -0.30 1.53 -0.31
50.00  1.46 -0.38 1.40 -0.44 1.40 -0.44
0.00 1.56 -0.78 1.50 -0.84 1.49 -0.85
2.34 6.93 25.00  1.57 -0.77 1.50 -0.84 1.50 -0.84
50.00  1.47 -0.87 1.41 -0.93 1.40 -0.94
0.00 3.66 -0.79 3.44 -1.01 3.40 -1.05
4.45 6.97 25.00  3.51 -0.94 3.30 -1.15 3.26 -1.19
50.00  2.70 -1.75 2.55 -1.90 2.53 -1.92
0.00 8.88 1.02 8.51 0.65 8.19 0.33
7.86 6.93 25.00 8.56 0.70 8.18 0.32 7.89 0.03
50.00 8.26 0.40 7.88 0.02 7.61 -0.25
0.00 8.87 0.80 8.49 0.42 8.18 0.11
8.07 7.55 25.00 8.75 0.68 8.37 0.30 8.06 -0.01
50.00 9.45 1.38 9.08 1.01 8.71 0.64
0.00  14.82 1.26 14.80 124  13.79 023
13.56 5.51 25.00 14.46  0.90 14.40  0.84 13.44  -0.12
50.00 13.92  0.36 13.81  0.25 12.93  -0.63
0.00 14.79 -0.80 14.77 -082 13.76  -1.83
15.59 7.78 25.00 14.44 -1.15 1437 -122 1342 -2.17
50.00 13.96 -1.63 13.85 -1.74 1296 -2.63
MAE (km) 0.85 0.79 0.80

Notes: [ = Actual fault distance (km), EM1 = Estimated fault distance using exact model 1
(km), AEM1 = Error of estimated fault distance using exact model 1 (km), EM2 = Estimated
fault distance using exact model 2 (km), AEM2 = Error of estimated fault distance using Ex-
act model 2 (km), EM3 = Estimated fault distance using exact model 3 (km), AGM3 = Error

of estimated fault distance using exact model 3 (km), MAE = Mean average error (km).
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This dissertation focuses on single phase to
earth faults in medium voltage (MV)
distribution feeders. Single phase to earth
fault is the most common fault type in power
distribution networks. In Finland and in
most of countries in Europe the MV
networks are operated with neutral isolated
or resonant earthed systems. The way the
neutral is connected is important since it
will affect the type of protection system
needed and power system component
selection. In isolated neutral networks earth
fault currents are relatively small compared
with earthed systems. The initial transients
of earth faults are important for fault
location especially in unearthed and
compensated neutral network. The
electromagnetic transient provide the
available information for estimating fault
location. This dissertation proposes fault
location algorithms based on earth fault
transient signals measured at secondary
side of MV and LV distribution transformers
in order to locate a single line to earth fault
in unearthed and compensated neutral MV
distribution networks.
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