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ABSTRACT

Analysis of different types of fault is an important and complex task in a power system.
Accurate fault analysis requires models that determine fault distances in a transmission line.
The mathematical models accurately capture behavior of different types of faults and location
in a timely manner, and prevents damaging power system from fault energy. The purpose of
this thesis is to use two methods for determining fault locations and their distance to the
reference end buses connected by the faulted transmission line. The two methods used in this
investigation are referred to as impedance-based and traveling wave methods. To analyze both
methods, various types of faults were modeled and simulated at various locations on a two-bus
transmission system using EMTP program. Application and usefulness of each method is
identified and presented in the thesis. It is found that Impedance-based methods are easier and

more widely used than traveling-wave methods.

Key words: Impedance based method, traveling wave method
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Chapter 1

Introduction

Electricity produced by a power plant is delivered to load centers and electricity
consumers through transmission lines held by huge transmission towers. During normal
operation, a power system is in a balanced condition. Abnormal scenarios occur due to faults.
Faults in a power system can be created by natural events such as falling of a tree, wind, and an
ice storm damaging a transmission line, and sometimes by mechanical failure of transformers
and other equipment in the system. A power system can be analyzed by calculating system
voltages and currents under normal and abnormal scenarios [1].

A fault is define as flow of a large current which could cause equipment damage. If the
current is very large, it might lead to interruption of power in the network. Moreover, voltage
level will change, which can affect equipment insulation. Voltage below its minimum level could
sometimes cause failure to equipment.

It is important to study a power system under fault conditions in order to provide
system protection. Analysis of Faulted Power System by Paul Anderson and Power System
Analysis by Arthur R.Bergen and Vijay Vittal offer extensive analysis in fault studies and

calculations.

Background

The purpose of this research is to provide the overview of different methods to calculate
the fault distance on a transmission line. Different methods based on two principles —
impedance theory and traveling-wave theory are discussed throughout this paper. Widely used
methods from both theories were implemented on a test system to calculate a fault distance
under different types of faults. A comparative analysis was performed to compare the
calculation errors in the implemented methods. In order to understand how to calculate the
fault distance on a transmission line, the following topics need to be explained:

1.1. Symmetrical Components

1.2. Types of Fault



1.3. Use of Symmetrical components for fault analysis

1.4. Wave on Transmission Lines

1.1. Symmetrical Components [1]

Power systems are always analyzed using per-phase representation because of its
simplicity. Balanced three-phase power systems are solved by changing all delta connections to
equivalent wye connections and solving one phase at a time. The remaining two phases differ
from the first by 120°. To analyze an unbalanced system, the system is transformed into its
symmetrical components for per-phase analysis.

Charles Legeyt Fortescue developed a theory which suggests that an unbalanced system
can be well defined using the symmetrical components. These three symmetrical components
are positive sequence, negative sequence and zero sequence. They are represented by “+”, “-”,
and “0” or “1”, “2”, and “0” for positive, negative and zero sequence respectively.

1.1.1. Positive Sequence: It consists of three phasors with equal magnitudes and 120° apart
from each other. The phase sequence are in the same order of original phasors.

1.1.2. Zero Sequence: It consists of three phasors with equal magnitudes and zero phase
displacement.

1.1.3. Negative Sequence: It consists of three phasors with equal magnitudes and 120° apart

from each other. The phase sequence are in the opposite order of original phasors.

Figure 1.1: Positive Sequence Figure 1.2: Zero Sequence Figure 1.3: Negative Sequence

Let’s take an arbitrary set of three phasors I, I}, and I.. It can be represented in terms of nine
symmetrical components as follows:
I, =10 +1}+1; (1.1)
L=+ +1;
I, =10 +1}Y+1I;



Where 12, I?, and I? are a zero sequence set; I}, I}, and I are a positive sequence set; and I,
Iy, and I; are a negative sequence set. The zero sequence set has equal magnitude phasors
with zero phase displacement and carries the following property:

=1 =12 (1.2)

A matrix form of equation (1.1) is written as equation (1.3).

£ I Vo Y
[Ib] =R+ |1f]|+ | (1.3)
10 I Ic

Let I be the current vector having components I, I;, and I,. Therefore 1°,I* and I~ are the
zero sequence set, positive sequence set, and negative sequence set respectively.
Vector notation of equation (1.3) is

I=1+1"+1"
Now to find the nine symmetrical components, taking @ = ejZTn = 14£120° . Multiplying
complex number I by a gives the magnitude unchanged but increased the angle by 120°. That
means it rotates I by positive angle of 120°. So, only three of the nine symmetrical components

may be chosen independently. Taking IS, I} and I as independent variables and expressing

other terms as lead variables. Applying to equation (1.4), we get

Iq 1 1 1
L{=121|+1}|a?|+1; | (1.4)
I, 1 a a?
Where,
a=1£120°=-0.5 + j0.866
a’ =1£240° = -0.5 - j0.866
Equation (1.4) is equivalent to:
Ig
[Ib] [1 a a] =41 (1.5)
1 a? alll; Iy
Then,
Ll 11 1]fk Iq
I; =§ 1 a a? Ib =A"1 Ib (16)
17 1 a? alll, I,

Now, we get



10=2 U+ 1y +10) (1.7)

I3 =3 (g +aly + a?I,) (1.8)

I; = § (I, + a1, + al,) (1.9)
Equations (1.7), (1.8) and (1.9) presents the zero sequence, the positive and the negative
sequence current respectively. Similarly, the zero sequence, the positive sequence and the

negative sequence voltage is presented by equations (1.10), (1.11) and (1.12) respectively.

V=3 (WatVy+ 1) (1.10)
A g (V, + aV, + a?V,) (1.11)
Vi =3 o+ a?Vy +al,) (1.12)

Equations (1.10), (1.11) and (1.12) can be written in matrix form as

3 Jr 1 1
|/ =3 1 a a||W (1.13)
/4 1 a*® alllg

1.2. Types of faults

There are two types of faults which can occur on any transmission lines; balanced fault
and unbalanced fault also known as symmetrical and asymmetrical fault respectively. Most of
the faults that occur on the power systems are unbalanced faults. In addition, faults can be
categorized as shunt faults and series faults [1]. Series faults are those type of faults which
occur in impedance of the line and does not involve neutral or ground, nor does it involves any
interconnection between the phases. In this type of faults there is increase of voltage and
frequency and decrease of current level in the faulted phases. Example: opening of one or two
lines by circuit breakers. Shunt faults are the unbalance between phases or between ground
and phases. This research only consider shunt fault. In this type of faults there is increase of
current and decrease of frequency and voltage level in the faulted phases. The shunt faults can

be classified into four types [1]:

1.2.1 Phase to ground fault
In this type of fault, any one line makes connection with the ground.
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Figure 1.4: Single Phase to ground fault

1.2.2 Phase to Phase fault
In this type of fault, there established the connection between the phases.

F

a a

b r

c c
l le l

z
f I
+ + +

—L

Figure 1.5: Phase to Phase fault

1.2.3. Double Phase to ground fault
In this type of fault, two phases established the connection with the ground.

a—x
b Y
C

Figure 1.6: Double phase to ground fault

1.2.4. Three phase fault
In this type of fault, three phase makes connection with the ground. This is severe fault.
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Figure 1.7: 3phase fault
1.3. Use of Symmetrical components for fault analysis [2]

Faulted power systems do not have three phase symmetry, so it cannot be solved by per
phase analysis. To find fault currents and fault voltages, it is first transformed into their
symmetrical components. This can be done by replacing three phase fault current by the sum of
a three phase zero sequence source, a three phase positive sequence source and a three phase
negative sequence source. Each circuit is solved by per phase analysis called a sequence
network.

The voltage equations and current equations in sequence components are already
discussed in section 1.1. In this section, all the sequence components of fault voltages and

currents for all faults types are determined.

1.3.1 Sequence Network for Single Phase to Ground Fault
Assuming that fault current (Ir)occurred on the phase a with fault impedance (Z¢) . The

voltages and currents at the point of fault are V, = Z¢I;,I, = 0,1, = 0
Voltage equation similar to equation (1.1) is

Vo=V + V" + Vo

= ZfIa
Since fault current in the phase b and the phase c is zero, equation (1.6) will be,
] 11 1]{a=F
Fl==z|1 a a?||,=0

3
1 a® «a

I; I,=0



I
R=1r=1I; =;f (1.14)
It implies that the sequence current are equal and sequence network must be connected in

series. The sequence voltage add to 3Z;I;

0+ — - — Ve
la=la =la = Zo+Z1+2Z;+3Zf (1.15)

Where,
Zo,Z41,Z, are a zero, a positive and a negative sequence impedance.

Equation (1.15) is used to find out sequence fault voltage.

1.3.2 Sequence Network for Double phase to ground fault
Assuming the phase b and the phase c are connected to the ground through the fault

impedance ( Z¢ ).

So, fault current on phase a, I, = 0

Since the phase b and the phase ¢ make connection, fault voltages at phase b and phase c are
Vy=V.=Z¢(Ip + 1) (1.16)

Fault currents is present in the phase b and the phase c, equation (1.6) will be

10 ) 1 1 11[,=0
=11 a a?|| b
17 1 a? «a I,

We get, 0 = g(lb +1) (1.17)
Vo =V, = Z3I (1.18)

v JL 1]V
Vi =3|1a a?l|0 (1.19)

/% la?allo

Equation (1.19) implies that
Vo =Va" =V
D+13+1;=0
Since the zero, the positive and the negative sequence voltages are equal which imply that the

sequence networks must be in parallel.

V=2 WatVy+ Vo) (1.20)



Since V), =V,

3V = (Vu + 2V,) = V2 + VF + V7 +2(Z319) (1.21)
From (1.18), we get, V;' = V-
3VL=VR + 2V,F + 2(Z;312) (1.22)
2V —2(Z;312) = 2V} (1.23)
2V =V —(3219) (1.24)
Fault current, [} = — (1.25)
rfa T ZZ(ZO+3Zf) ’
21t Zz+Zo+3Zf

0 _ _ Z2 +
la = Z,+Zo+3Zf la (1.26)

- _ _ Z0+Zf +
la = Z,+Z0+3Z; la (1.27)

In this way sequence current and voltage are calculated for double phase to ground fault.

1.3.3 Sequence Network for Phase to Phase Fault
Assume fault current (I¢) occur when the phase b and the phase ¢ make connection

with each other and taking Z¢ as the fault impedance.
Since the phase c makes connection the phase b, at point of connection V, =V,

Equation (1.13) can be written as

8 I PO Va
vl = 3 1 a a||V=VW (1.29)
/s 1 a* «a Ve
Equation (1.29) implies that
/AREN (1.30)
Since fault current is present in the phase b and the phase c only, equation (1.6) will be
I3 1 1 170
irl=z[1 2| | 1 1.31
a|l=3 a a‘l]|fr (1.31)
17 1 a? al|-I
Equation (1.31) implies that
I2=0andI} = -1 (1.32)

From Equation (1.24) we get,



1 j1
7= S(a- a®)ly = Tg

alp = —jV3 I} (1.33)
In this way sequence voltages and currents are calculated for the phase to phase fault.

1.4 Waves on Transmission Lines [2]

I, I+ 01 z0x I 1y
—_————— > — - - >
+ + + +

A 4
vy V+av yox Vv Vs

A
=
|

) >

A

Figure 1.8: Transmission Line
Considering the above transmission line in the sinusoidal steady state. Assuming series
impedance per meter and shunt admittance per meter to neutral are
(1.34)
(1.35)

Z=1+jwl
y=g+jwc
From figure 1.8,V,, I; are the per phase terminal voltages and currents at left and V,, I, are the
per phase terminal voltage and current at right. Considering a small section of line length
dx .Taking the series impedance and the shunt admittance of dx are zdx and ydx respectively.
The receiving end at right side is located at x=0 and the sending end at left side is at x=l.

Applying Kirchhoff’s voltage law and Kirchhoff’s current law to dx

aV = Izox (1.36)

ol = (V 4+ dV)yox = Vydx (1.37)
Equations (1.36) and (1.37) are rewritten as

v

== 1z (1.38)

I

Pl Vy (1.39)
Second-order of equations (1.38) and (1.39) are written as

2
BV av=y2Y (1.40)

dx2



2
91 _ yzl=y?1

dx2

y £ ,/yz , where y called the propagation constant, it is complex value.

The characteristic roots of the characteristic equation s — Y2 = 0 are
51,82 = Yy
The general solution for V is,

V= kleyx + kze_yx

VX4 o—¥X VX _g—¥X
= (k; + kz)%"‘ (ky — kz)%

= K, coshyx + K,sinhy
Where,
K, = ki+k,, K, = ky-k,
Similar equation for current [

I = K; coshyx + K,sinhyx

From figure 1.8, atx = 0,V = V,,I = I, which impliesthat K; =V,

Applying this to equation (1.38) and (1.39), we get

ovV(x=0) _
T I,z

a1(x=0) _
F I oy

Differentiating equation (1.45) and (1.46) with respect to dx

Z—Z = —K, ysinhyx + K,ycoshyx
Z—; = —K, ysinhyx + K,ycoshyx

Equating (1.49) with (1.47), we get

K, =21, 312 =Z,

_ LI _
===
Equating (1.50) with (1.48), we get

Where,

Z, 2 \/% is called the characteristic impedance of the line

10

(1.41)

(1.42)
(1.43)

(1.44)

(1.45)

(1.46)

(1.47)

(1.48)

(1.49)

(1.50)

(1.51)

(1.52)



Placing the value of K, in (1.44) and (1.46), we get
V =V, coshyx + Z.I,sinhy (1.53)
I =1, coshyx + Z—isinhyx
(1.54)
When x = [, the per phase voltages and the per phase currents at the end of transmission lines
are
Vi =V, coshyl + Z I,sinhyl (1.55)
I; =1, coshyl + Z—isinhyl (1.56)

In the figure 1.8, right side is load and equation (1.55) and (1.56) gives us voltage and current of
supply side i.e. left side in the fig 1.8 to satisfy load requirement.
From equation (1.42), we see that the phasor voltage VV has two terms k;e?* and k,e™"*. The
first term k;e"* is actually a voltage wave traveling to the right (incident wave) and k,e ¥ is a
voltage wave traveling to the left. The wave traveling to the left is the reflected wave. The
propagation constant and the characteristic impedance are important parameters of the
transmission line in terms of incident waves and reflected waves.
Propagation constant (y) £ a + jf
Where,
a is the attenuation constant which has an influence on amplitude of the traveling wave and
a=0.
[ is the phase constant and it has influence on phase shift of the traveling wave.
Substituting ¥ in (1.42) and finding the instantaneous voltage as a function of t and x,

v(t,x) = V2Rek,e®e/(@tHHBX) 4 \[2Rek, e~ e (@i=F) (1.57)

= v;(t,x) + v,(t, x) (1.58)
If we take a small length of line we can neglect a and taking only v,(t, x), v, is a sinusoidal
function of t for fixed value of x and also sinusoidal function of x for fixed value of t. As ¢t
increases, the voltage v, at points x also increases with following formula.

wt — fx = constant (1.59)

Here v, remains constant. A voltage wave traveling to the left with a velocity

11



ax w w

ot

B~ Imyzy

The reason the wave is travelling to the left is that increasing x means moving from right to left.

(1.60)

The effect of the neglected term e ~%* is to attenuate the wave when it moves to the left. This
wave is the reflected wave.

Similarly, if we consider a line of infinite length, @ > 0 that means there is no reflected wave.

1.4.1 Wavelet Transform [41]
Wavelet transform is a linear transformation like fourier transform. It decomposes the signal

into different frequency and also can locate the time of each frequency. In power systems there
are many non-periodic signals that may contain sinusoidal and impulse transient components.
For such types of signals time-frequency resolution is needed. The spectrum of those signals
cannot be extracted by fast fourier transform. To overcome the limitation of fast fourier
transform, wavelet analysis is used. Wavelet Transform is suited for wideband signals. It has a
multi resolution property that it will adjust time-widths to its frequency. Higher frequency
wavelets will narrow, and lower frequency will widen. Due to this property it is useful for
analyzing high frequency superposed on power frequency signals.

Continuous Wavelet Transform of signal f (t) is given by

WT(f,a,b) = =] (&) ¥ (£2) ot (1.61)
Where,
a is the scaling (dilation) constant and b is time shift constant.
¥ is the mother wavelet function, and asterisk tells us that it is complex conjugate.
In continuous wavelet transform, the mother wavelet is continuously dilated and translated.
This will produce substantial redundant information. Scaling parameter a is inversely
proportional to frequency. If a is large, mother wavelet is low frequency, and if a is small,
mother wavelet is high frequency. From figure 1.9 it is clear that high scales provide global

information of the wave whereas low scales provide the detail information of the wave.
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coefficients  x 10
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Figure 1.9: The top figure is the original signal. The figures below demonstrate the detail wavelet
coefficients at different scaling levels [14]

Discrete wavelet transform is used to find wavelet transform of samples waveforms.

Corresponding Discrete wavelet transform (DWT) is given by

"‘kagn) (1.62)

DWT(f,m,n) = <2 Ton f () ¥ (-
Where,
a, b of (1.61) are replaced by al' and ka}! respectively.
k ,m are the integers.
ay, by fixed constantand a, > 1 and by > 0.

Discrete wavelet transform based on filter bank is shown in figure 1.10.
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Figure 1.10: Filter bank interpretation of discrete wavelet transform [41]

Figure 1.10 shows that discrete wavelet transform has band-pass and low-pass filters at
each scaling stage. Signal C, is decomposed by high pass and low pass filters into two signals
C; and d; at scalel. C; is a smoothed version of the original signal. It contains only low
frequency components. Wavelet transform coefficient d; is a detailed version of original signal
[41]. Since it is filtered by a band pass filter it has higher frequency components. d;is also the
difference between the original signals Cy and C;. The number of samples in C; and d,are half
that of C, for the same observation period because high pass and low pass filters decomposed
a signal by the factor two [41]. Signal d; has detail occurrence of disturbance. Scale 2
decomposition is done in same way to the signal C;[41]. Similarly, C, is a smoothed version of
C; and C3 is a smoothed version of C,. The number of samples at scale 2 is half that of scale 1
and the number of samples at scale 3 is half that of scale 2, but the observation period is the
same for all scales as in figure 1.11. The mother wavelet oscillates rapidly within a short period
of time at scale 1. In this way the signal is dilated with different resolutions at different levels
for better observation of the disturbance event. At higher scales due to the dilation of the
signals, mother wavelet oscillates less. So mother wavelet become less localized in time at
higher scales. For that reason, fast and short transient disturbances are detected at lower

scales. Similarly, long and slow transient disturbances are detected at higher scales.
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Figure 1.11: The top figure is the original signal. The figures demonstrate the decomposing of signal
into three scales [42]

Figure 1.11 shows the decomposition of the original signals into three scale levels. At each
scale, the number of samples is half that of the previous level. The original signal has 4000

samples. At level 1 there are 2000 samples. At level 3 there are 1000 and 500 at level 3.
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Chapter 2

Review of existing fault distance calculation on transmission lines

Faults on transmission lines need be found out as quickly as possible otherwise they can
destroy whole power systems. Generally, fault location methods can be classified into traveling-
wave technique, knowledge based technique and impedance based technique.
In this research, only two methods were discussed. They are traveling wave and impedance
based method. Results from both methods were compared. In this chapter, past published
papers used to calculate the fault distance on a transmission line based on above methods

were discussed.

2.1 Review of existing fault distance calculation using impedance based method

Impedance based method uses the fundamental frequency of voltage and current
phasors from installed transducers such as numerical relays and fault recorders. Under this
technique, phasor voltage and current can be taken from both terminals or from single terminal
of a transmission line. Two-terminal algorithm provide more accurate results compared to
single-end algorithm because this two-terminal algorithm is not affected by fault resistance and
reactance. Phasor voltage and current data can be collected from two-ends of a transmission
line either by synchronized or unsynchronized. Synchronized data can be collected using GPS,
PMU. For the unsynchronized data, users have to first compute the synchronization error and
fault location is calculated. Since the synchronized method has to use the communication
device, it is more expensive than the unsynchronized method.

Impedance based method is widely used because of its simplicity and low cost. M.T.
Sant et al. in 1979 introduced the online digital fault locator which measures the ratio of
reactance of the line from the device to fault point [46]. After calculating the line impedance
per unit length, the fault distance on the line is calculated. If fault distance is calculated on the
measurement of reactance from one end of the line, accurate fault location cannot be
determined because of fault resistance. If the fault is ungrounded, fault resistance will be small
and it does not affect the precision of the fault location. In case of grounded fault, fault

resistance will be high and it will affect the fault location. Wiszniewski in 1983 presented the

16



new method which eliminate above error [15]. Fault distance is calculated by measuring the
reactance at one end of the line. The author calculates the phase shift between the total
current at one end of the line and current flowing through fault resistance. T. Takagi et al. in
1981 developed a new method which used current and voltage data from one terminal to
calculate fault distance on lines [53, 18]. A similar technique was proposed in [46, 47, and 53].
This method turned out to be inaccurate when fault resistance was present and fault currents
were contributed from both ends of the line. In 1988, M.S. Sachdev and R. Agarwal proposed
new fault location technique [4]. This method used post fault voltage and current from two end
terminals which were not required to be synchronized. The same technique was proposed by
D. Novosel et al. in 1996 [8]. Similarly, the author of [22] proposed a method for multi-terminal
single transmission lines using asynchronous samples from each terminal. In 1992, the author
of [19] proposed a fault location technique for multi-terminal two parallel transmission lines. In
1981 the author of [16] and in 1982 the author of [17] suggested a fault location method using
synchronized voltage and current from both end terminals of lines. Later on, more papers [7,
20, and 52] were issued following the same techniques for fault location calculation. M.
Kezunovic et al. in 1996 introduced new fault location method. A digital fault recorder was
equipped with Global Positioning System (GPS) to retrieve synchronized data from two end
terminals [5]. This reduced the computational burden. The solution was found to be more
accurate. The voltage and current samples from both ends were taken at a sufficiently high
sampling rate. Fault location technique proposed in [6] used Phasor Measurement Unit (PMU)
at both ends of a line to get synchronized voltage and current data from both ends. In 1992,
Adly A. Girgis et al. [7] proposed fault location algorithm applicable for two and three terminal
lines. In this method they considered synchronization errors in sampling the voltage and
current from two ends of the line. The author of [21] developed a fault location algorithm
based on voltage and current data from single-end terminals and two-end terminals of
transmission lines. In [8] data were taken from unsynchronized two-terminal lines to calculate
fault location on a line. In [9] the samples of voltages and currents at both ends of line were
taken synchronously and used to calculate fault location. In [10], fault location algorithm was

based on synchronized samples of voltage and current data from two ends of the line. [11]
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presented a new fault location algorithm based on phasor measurement units (PMUs) for series
compensated lines. The technique used in [12,13,15,18,47,51,53] used voltage and current
samples from one end of the line and the technique used in [4,7,20,49,52] used voltage and
current samples from both ends of the line. These techniques were dependent on types of
fault. Fault resistance and line capacitance were neglected, and balanced pre-fault loading
condition were considered. The author of [23] proposed a new concept called ‘distance factor’.
The algorithm he used to calculate fault location was independent of fault, pre-fault currents,
fault type, fault resistance, synchronization of fault locator placed at both ends of the line and
pre-fault condition either balanced or not. The procedure was based on fundamental
components of fault and pre-fault voltage at two ends of a transmission line. The author of [20]
described a very accurate fault location technique which used post-fault voltage and current
from both terminals. This technique was applicable to untransposed lines. [4, 48-51] techniques
were applicable for the transposed lines. The author of [24] proposed fault location algorithms
which used data from one end of the transmission line. This algorithm required only current

signals as input data.

2.2 Review of existing fault distance calculation using traveling wave method

The traveling wave fault location method is known as the most accurate method
currently in use. Fault location on transmission lines using traveling wave was first proposed by
Rohrig in 1931 [25]. In this method, when faults occur on transmission lines, an electrical pulse
originating from the fault propagates along the transmission line on both sides away from the
fault point. The time of pulse return indicates the distance to the fault point. This method is
suitable for a long and homogenous line. The disadvantage of the traveling wave method is that
propagation can be significantly affected by system parameters and network configuration [26].
It is also difficult to locate faults near the bus or faults that occurred near zero voltage inception
angle [27]. Under this method, we have single-ended fault location algorithm and double-ended
fault location algorithm. In single-ended algorithm, traveling time of the first wave away from
the fault point to terminal and the arrival of same wave after reflecting back from fault point is
always proportional to fault distance [28, 29]. In single-ended algorithm, fault location is

proportional to the first two consecutive transient arrival time. From measurements of the first
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two consecutive transient arrival times, fault location can be calculated. This algorithm is
consider to be erroneous because one should be precise in differentiating the wavefront.
Sometimes it is hard to identify the wavefront when wave is being lost due to disturbance.

The double ended algorithm was developed by Dewe et al. [30] in 1993. In double-
ended algorithm, fault location is proportional to the arrival time of waves at each end away
from the faults. This method needs communication link to get information from both ends so
that the data is at a common time base. This turns out to be expensive and complex compared
to single-ended algorithm. This method does not depend on reflections of wave from the fault
point to the terminal.

To analyze transient wave, fourier transform is used [34]. In Fourier transform, the
signal is decomposed into a summation of periodic and sinusoidal functions. The time and
frequency resolutions are both fixed. This analysis is suitable for slowly varying periodic
stationary signal. Traveling wave signal is always non-periodic and transient in nature. Fourier
Transform doesn’t work well on discontinuous signals. Because of that limitation, wavelet
transform has developed by Magnago et al. in [31]. The author of [37] made a comparison
between fourier transform and wavelet transform. In wavelet transform, dilation of a single
wavelet is done for analysis. It uses short windows at high frequencies and long windows at low
frequencies [32]. It can represent signal both in time and frequency domain, which helps to
figure out sharp transitions and fault location. The ability of wavelet transform to locate both
time and frequency makes it possible to simultaneously determine sharp transitions of signals

and location of their occurrence [31].
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Chapter 3

In this chapter, methodology which were followed to calculate the fault distance is
discussed. Single-ended traveling wave method and double ended impedance based method
were used to calculate the fault distance. For impedance based method principles used by the
author [8] were followed. For traveling wave, principle used by author [31] were followed.
Methodology

Tests were done on figure 3.1. Figure 3.1 is a single three phase transmission line system
having two generators. Phasor voltage and current are assumed to be available from both ends
of a single transmission line. This method is suitable for transposed and untransposed

transmission lines. It does not depends on fault resistance and source impedance.

Bus A 1, Ig Bus B

Figure 3.1: Faulted three phase transmission line

Fault locators are assumed to be located on both ends of the transmission line. When
faults occurred, recorded phasor voltages and currents were taken from both ends. Fault
distance is calculated using impedance based and traveling based method. The power system
was designed in EMTP (Electromagnetic Transient Program), special software for simulation and
analysis of transient in power system [44]. Algorithms of the traveling wave and the impedance
based method were written in MATLAB. Different fault types were made at different locations
on transmission lines. Fault voltages and fault currents from EMTP were taken and given as

input to MATLAB which gives the fault distance.

3.1 Impedance based Method
The algorithm used in this paper follows the work of [8]. This method uses fault voltage
and current from both terminal ends of transmission lines. Both ends are not synchronized.

Fault currents and voltages are taken from fault recorder such as relays placed at the end on a
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transmission line. This method is applicable for transposed and untransposed lines. It is not

dependent upon fault types, load currents, source impedance and fault resistance [8].

3.1.1 Transmission line without shunt capacitance
Let’s suppose fault occurs at some point which is m distance away from terminal A.V is

fault voltage. The fault voltage is given by:
(Ve)i = (V)i — mZ; = (1p); (3.1)
V)i = Vg)i — (1 —m)Z; = (Ig); (3.2)
Where, i=0, 1, 2 is the zero, positive and negative sequence
Z¢=source impedance
m=fault distance from terminal A on transmission line
V4, Vg = Three phase fault voltages at terminal A and B respectively
14, Iz = Three phase fault currents at terminal A and B respectively.
Z=line impedance which is equal to R + jX
Equating equation (3.1) and (3.2)
Va)i = (VB)i + Zi(Ig); = m* Zy x (Ip; + Ip;) (3.3)
Data from Bus A and Bus B are not synchronized .So, synchronization angle ¢ is added to

equation (3.3) to make the two terminals synchronized. So, terminal voltages at terminal A and

B becomes
Va)i = (Va)ita;+d (3.4)
(Ve)i = (VB)i£B; (3.5)
Similarly, equation for current is
(a)i = (g)i2yi+d (3.6)
Up)i = (Up)i406; (3.7)
Where,

a, B,y, 0= measured angles
Equation (3.3) can be written as

(Va)ie?® — (Vp)i + Zi(Ig); = m* Z; * (Iy, * €7° + Ig) (3.8)
Synchronization angle § can be expressed as cos(6) + jsin(8) . Equation (3.8) is expressed into

real and imaginary components as:
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Re(V,);sind + Im(V,);cos8 — Im(Vg); + (C4); = m((Cy);sind + (C,);cosé +
(Coi) (3.9)
Re(Vy);cos6 — Im(V,);sind — Re(Vg); + C3; = m((Cy);cos8 — (C3);sind +

(€3)) (3.10)
Where,
(€C1)i = R x Re(Ip); — X; = Im(1y); (3.11)
(C2)i = Ry x Im(I,); + X; * Re(l4); (3.12)
(C3)i = R; * Re(I); — X; * Im(Ip); (3.13)
(Ca)i = Ry x Im(Ip); + X; * Re(Ip); (3.14)

To find &§,equation (3.9) is divided by (3.10) and removing a number of terms, following
equations are developed:

a; * sind + b;cosé +¢; =0 (3.15)
Where,

a; = —(C3)iRe(Vy); — (C4)iIm(Vy); — (C1)iRe(V); — (C2)ilm(Vp); +

(C1)i (C3)i + (€2)i(Cy); (3.16)
b; = —(Cy)iRe(Vy); — (C3)iIm(Vy); — (C3)iRe(Vg); + (C1)iIm(Vp); +
(C2)i (C3)i + (C1)i(Cy); (3.17)

c; = —(C2)iRe(Vy); — (C1)iIm(V,); — (C4)iRe(Vp); + (C3)iIm(Vg);  (3.18)

The synchronization angle § is determined by an iterative Newton —Raphson Method. The

equation for the iteration are

_ o F(W
F(8,) = b; x coséy, + a; * sind;, + ¢; (3.20)
F(8,) = a; * cos6y — b; * sinéy, (3.21)

This method requires initial guess for &§.The iteration is terminated when the difference
between §;,,and &, is smaller than the specified tolerance. Once the synchronization angle is
determined fault location m is calculated from equations (3.9) and (3.10).

If equation (3.9) is used, fault distance is:
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__ Re(Vp)isind+Im(V 4)jcos§—Im(Vg);+(C4);

(C1)isiné+(Cz)ijcos8+(C4); (3.22)
If equation (3.10) is used, fault distance is:
__ Re(Va)icosé—Im(V 4);sind—Re(Vg);+(C3); (3.23)

(C1)icosé6—(Cy);sind+(C3);

Transmission lines are modeled according to their line length. Transmission lines shorter

than 50miles are considered to be short transmission lines. They are modeled by lumped
parameters as series resistance and inductance. Shunt capacitance is neglected. Transmission
lines more than 50 miles but less than 150 miles are considered as medium transmission lines.
Lines more than 150 miles are considered as long transmission lines. For medium and long
transmission lines shunt capacitance should be taken into account. These line are modeled by

distributed T or T model.

3.1.2 Transmission line with shunt capacitance
Shunt capacitance is modeled as shown in the figure below.

(1-m)Z

T
_l_\_ ¢! —zm)Y -‘—

L

Va Vg

J— lfault current

Figure 3.2: Faulted system with shunt capacitance

Series impedance and shunt admittance is

vxlxrm

Y y | tanh

5 =3 [%l (3.25)
2

Where,
v = ,/zy is the propagation constant.
I =Zisaline length.
m

z is the series impedance in ohms per mile and y is the shunt admittance in mhos per mile.
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3.2 Traveling wave method

Based on the traveling wave theory on [25], when fault occurs on transmission lines, a
wave will travel in both directions away from the fault point. It will continue to bounce back
and forth between the fault point and two-terminal bus until it reached the post fault steady
state. Traveling wave recorders (TWR) are assumed to be placed at the end of the line. From
the recorded fault voltages and currents, transient time taken by surge to travel from the fault
point to TWR is known. If the propagation velocity of the wave is known, distance to fault from
any station can be calculated. The propagation velocity of the wave depends on the value of
line parameter such as (inductance (L) and capacitance(C)). The fault location is greatly
dependent on propagation speed of the traveling waves [38-40]. Wave velocity is determines
by using the formula in (1.60). The transient wave might have other frequency components that
propagate along the line. To find the dominant frequency two methods are used widely [35].
The first approach is spectrum estimation [36] and second is wavelet transform [31]. In this
research, wavelet transform was used to extract the dominant frequency from the transient
wave. Daubechies wavelet is used to detect and locate the disturbance event [41-42].

Daubechies wavelet has many filter coefficients like Daub4, Daub6, Daub8, and Daub10.

db2 db3 db4 db5 db6
db7 db8 db9 db10

Figure 3.3: Nine members of Daubechies family [42]

The author of [43] presented that Daub4 and Daub6 wavelets are better for those
power system disturbances which are short and fast. Daub8 and Daub10 wavelet are suitable
for those disturbances which are slow transient. In this research, Daub4 wavelet was used.

In three phase transmission lines, traveling waves are mutually coupled, so there is no
single traveling wave velocity. The phase domain signals are decomposed into their modal
components by using modal transformation [31]. In this method, all transmission line are
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assumed to be fully transposed and therefore the well-known Clarke's constant and real

transformation matrix is used:

1 1 1
T=[2 -1 —1] (3.26)
0 V3 —3

Where,

T is the transformation matrix. The phase signals are transformed into their modal
components by using transformation matrix as follows:

Smode = TSphase (3.27)

Where,

Smode 1S the modal vectors and S,p4s is the phase signals vectors (voltage or current).
Equation (3.27) transformed the recorded phase signals into their modal components. There
are two modes: ground mode and aerial mode. The ground mode is also called model and the
aerial mode is also called mode 2. The ground mode is suitable for grounded faults. So, this
mode is not suitable for all types of faults. The aerial mode is suitable for both grounded and

ungrounded faults.

Single-ended algorithm

In this method there is no need to synchronize with the remote end of transmission
lines. Fault currents or voltages are taken from one end of the line and are transformed into
their modal components using (3.27). Fault distance is calculated with the difference in the

reflection time of two consecutive traveling waves from the fault point to that end.

3.2.1 Ungrounded fault
The ungrounded fault involves no significant reflection from the remote end bus. So

fault distance is calculated by taking the product of wave velocity and half of the time delay
between two consecutive peaks in the wavelet transform coefficient. Fault distance is

calculated using the below equation:

x = "Zﬁ (3.28)

Where v is the wave velocity of the traveling waves
tq is the time difference of the first two peaks of aerial mode wavelet transform coefficient in

scale 1.
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3.2.2 Grounded fault
In the grounded fault, reflection from the remote-end bus should be considered

depending upon the location of the fault on the line. The reflected wave from the remote end
bus may arrive after and before the reflected wave from the fault point. This can be verified

using Lattice diagram.

1TO00m 25m

Figure 3.4 Lattice diagram of remote-end fault

From the figure 3.4, at terminal A the first peak is the wave away from fault point.

Second wave is the reflected wave from terminal B.
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Figure 3.5 Lattice diagram of close-in fault

If fault occurs at first half of length of the line, wave from the remote end bus arrive
before the reflected wave from fault point. From the above close-in and remote-end fault, it is
clear that reflected wave from the remote-end bus always arrive after the reflection from the
fault point, if and only if, fault occurs at close half of length of the line. If fault occurs at remote-

end of the line, t; in equation (3.28) is the difference of first two peaks in scale 1. The two
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peaks are wavelet transform coefficient of aerial mode [31]. If the fault occurs within second
half of the line, t; is replaced by equation (3.29)
tqg =21 —t, (3.29)
Where:
T is the travel time for entire line length.
t,= the time difference between the first two peaks of aerial mode wavelet transform

coefficient in scale 1.
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Chapter 4

This chapter compares the results we get from traveling wave method and impedance

based method.

4.1 Results of traveling wave method for various fault types

Faults were made at different locations on a transmission line. Recorded fault current
were transformed into their modal components: ground mode and aerial mode. Ground mode
is significant only in grounded faults whereas aerial mode is significant for all types of faults.
The speed of the wave is nearly equal to the speed of the light. So, high sampling frequency
100MHz was used for accuracy. Sampling frequency of 100MHz was considered to be high
enough to capture the traveling waves. The transmission lines of length 46 miles were modeled
in EMTP. The aerial mode current samples waveform was given as input to MATLAB. In
MATLAB, the sampled waveform are decomposed into detail and approximation coefficients
wavelets using high pass filter and low pass filters respectively. The approximation coefficient
of wavelet transform is the smoothed version of the original signal. The detail coefficient has
the detailed occurrence of disturbances. Sampled waveform was broken down in scale 1,2,3,4
using Daubechies4 filter. In this research, aerial mode detail coefficient at scale 1 was used to
localize the disturbances for all fault types made at different locations on lines. Figure 4.1 is one
example of fault distance calculations for close in fault. Similarly, figure 4.2 is an example of
fault distance calculations for remote-end fault. MATLAB codes to find the fault distance is in
Appendix C.

Figure 4.1 is the detail coefficient wavelet in scale 1 during phase a to ground. Phase a
to ground fault was made at 8 miles away from Bus B. In order to calculate the fault distance,
first current samples from Bus B was transformed into their aerial mode and wavelet transform
was done in scale 1. Since, fault was grounded and fault occurred in close half end of the line,

fault location was calculated by using equation (3.28).
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x10 Wavelet Coefficients in Scale 1 during Phase a-ground
BT T T

X: 1.014e+005
Y:8.932e-012

X 1.042e+005
Y: 5.436e-012

1.015 1.02 1.025 1.03 1.035 1.04
x 10

x =2
2
Where,
v = 1
VvLC
v= . miles/sec
V1.578%10~3%7.894%10~9

= 283333.50 miles/sec
t; = The time difference between the first two consecutive peaks for grounded faults.
From the figure 4.1, the first peak appear at time 2.028315ms and the second peak appear at
time 2.084755m:s.

_ 283333.50(2.084755-2.028315)+1073
- 2

= 7.997miles

Figure 4.2 is an example for remote-end fault. Phase a to ground fault was made at
35miles away from Bus B. In order to calculate the fault distance, first current samples from Bus
B was transformed into their aerial mode and wavelet transform was done in scale 1. Since,
fault was grounded and fault occurred in remote-end of the line, t; of equation (3.28) was

replaced by equation (3.29).
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x 10 Wavelet Coefficients in Scale 1 during Phase a-ground

h X: 1.1€4005
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Figure 4.2: Phase a to ground at 35 miles away from Bus B.

Since fault is in the remote half of the line, equation (3.29) is used.
td =27 — tx
Where,

46

T=——=1.623528 * 10" *sec
283333.50

In figure 4.2, first peak appear at time 2.12359ms and second peak appear at time 2.201215ms.
ty = 2+1.623528 x 10™* — (2.201215 — 2.12359) * 1073

= 2.470806 = 10~*

_ 283333.50%2.470806+10™%
- 2

= 35.003miles .

Table 4.1 shows fault distance calculations for all fault types when faults were at middle of the

transmission line. All the figures of detail wavelet coefficient at scale 1 of all fault types are in

Appendix B.
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Table 4.1: Fault calculations for various fault types at 23 miles from Bus B

Fault Types Actual Fault distance(mile) Calculated Fault Distance(x)mile
Phase a to Ground 23 22.425
Phase b to Ground 23 22.425
Phase c to Ground 23 22.425
Line ab to Ground 23 22.425
Line ac to Ground 23 22.425
Line bc to Ground 23 22.425
Line a-Line b 23 22.995
Line b-Line c 23 22.995
Line a-Line c 23 22.995
3 Phase 23 22.995
3 Phase to Ground 23 22.995

Similarly, four types of fault were made at 8,12,24,35 miles away from Bus B and fault

distance is calculated which is shown in Table 4.2.

Table 4.2: Fault calculations for various fault types at various locations on transmission lines

Actual Calculated
Method Fault Types Distance(mile) Distance(mile)
8 7.783
12 11.676
Phase a to ground 24 24.584
35 35.003
8 7.999
. . 12 12.004
Line a-Lineb 24 24.004
. 35 35.003
Traveling wave method ) 7.783
. . 12 11.679
Line a —Line b to ground 24 24.584
35 35.003
8 7.997
12 12.002
3 Phase Fault 24 24.004
35 35.003

4.2 Results of Impedance based method for various types of fault
Likewise in the traveling wave method, various types of faults were made at different

locations on a transmission line. Recorded fault currents and voltages were transformed into
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their modal components. Fault voltages and currents from both terminals were transformed
into positive and negative sequence. Zero sequence voltages and currents calculation is not
recommended because zero sequence parameters are considered as uncertainties [8]. Negative
sequence voltages and currents can be used for all fault types [8]. However, it is not suitable for
balanced fault like three phase fault [8]. Positive sequence values can be used for all fault types
[8]. In this research, positive sequence was used for phase to phase fault and three phase fault.
For grounded faults, negative sequence parameters are used. The negative sequence and the
positive sequence parameters were taken from EMTP and given as input to MATLAB. Bus A and
Bus B were not synchronized. To synchronize the two Bus, Bus B was taken as a reference Bus
and the synchronization angle § is added to Bus A. The synchronized angle is determined by
iterative Newton-Raphson method in MATLAB. MATLAB codes used for this method is in the
Appendix C. Faults were made at 8, 12,23,24,35 miles away from Bus B. Figure 4.3 shows the
voltages and currents waveform at terminal B during three Phase fault at 35 miles away from

Bus B.

3 Phase Fault,Current waveform at Bus B

:
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Figure 4.3: 3 Phase fault at 35 miles away from Bus B
Figure 4.3 shows the current waveform at terminal B during three phase fault. Current
waveform was stable until the fault occurred. The fault occurred at 10ms. After the fault, the

current increased which is clear from the figure 4.3.
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3 Phase Fault, Voltage waveform at Bus B
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Figure 4.4: 3 Phase fault at 35 miles away from Bus B

Figure 4.4 shows the voltage waveform at terminal B during a three phase fault. Voltage
waveform was stable until fault occurred. The fault occurred at 10ms. Voltage waveform
decreased after the fault occurred. Since the source in EMTP was ideal source, it seems to be
stable even after the fault occurred. Voltage waveform and current waveform of terminal A and
B for all fault types at distance 35 miles away from Bus B is in Appendix B.

Fault distance calculations for various types of faults at 23 miles away from Bus B are
shown in Table 4.3.Table 4.3 presented both the magnitude and phase of fault voltages and

currents at both terminals A and B.

Table 4.3: Voltage and Current values of both terminals for various fault types at 23 miles from Bus B
using impedance based method
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Bus A Bus B

Voltage Current Voltage Current

Magnitude Phase Magnitud Phase

. e
Magnit Phase Magnitude Phase
ude

Actual Distance (mile)
Estimated Fault Distance
(mile)

Fault types

0.516667 3.13257 | 0.00014765 | 3.14078 23

N
w

0.46523 3.11793 0.00015097 | 3.14133

Phase a
to
ground

0.554245 3.13224 | 0.00024975 | 3.13042 23 23.06
0.55068 3.13240 0.00024047 | 3.12488

Phase b
to
ground

0.804974 3.13212 | 0.00030479 | 3.13717 23 23.00
0.80216 3.13190 0.00031175 3.14039

Phase ¢
to
ground

0.552370 3.13440 | 0.00020534 | 3.13757 23 22.85
0.55152 3.14005 0.00020086 | 3.13547

Phase ab
to
ground

0.995795 3.13741 | 0.00035441 | 3.13956 23 22.98
0.99684 3.13741 0.00035623 3.14083

Phase ac
to
ground

0.779452 3.13055 | 0.00033022 | 3.13926 23 23.00
0.78365 3.11447 0.00033022 3.13505

Phase bc
(o]
ground

8000.20 0.17453 0.00548613 1.74664 23 23.00
8000.20 | 4.461E-06 | 0.00547054 1.56925

Phase ab
fault

8000.20 0.17453 0.00548960 1.74558 23 23.33
8000.20 | 2.709E-06 | 0.00547157 1.56939

Phase ac
fault

8000.20 0.17452 0.00548337 1.74609 23 23.00
8000.20 | 2.431E-06 | 0.00547501 1.56906

Phase bc
fault

8000.22 0.17453 0.00548565 1.74797 23 23.00
8000.20 | 1.349E-05 | 0.00546668 1.57451

3 Phase
fault

0.966179 3.13297 | 0.00038512 | 3.13505 23 22.81
0.97686 3.13421 0.00038635 3.13972

3 phase
to
ground

Similar calculations were done for four types of faults which were made at different

locations on lines shown by Table 4.4.
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Table 4.4: Fault calculations for various fault types at various locations on transmission lines using

impedance based method
Method Fault Types Actual Fault Calculated Fault
Distance(mile) Distance(mile)
Impedance based Phase a to 8 8.74
method ground 12 13.8
24 23.30
35 34.84
Phase ab 8 8.74
fault 12 13.8
24 24.90
35 35.88
Phase ab to 8 8.74
ground 12 13.8
24 23.50
35 35.88
3 Phase fault 8 8.234
12 13.8
24 24.90
35 35.88

4.3 Accuracy of impedance based method and traveling wave method

Fault location accuracy is measured by the percentage error calculation as below:

|Actual length—Estimated location| "

100

%error =

Total length of

line

Table 4.5: percentage error in fault calculations using impedance based method and traveling wave

method
Fault types Actual Calculated Calculated % error % error
Distance Distance Distance ( Impedance (Traveling
(mile) Impedance based Traveling based wave
method (mile) wave method) method)
method (mile)
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Phase a to ground 8 8.234 7.783 0.5087 0.4717
12 13.8 11.676 3.9130 0.7043

23 23 22.425 0.0000 1.2500

24 23.30 24.584 1.5217 1.2696

35 34.84 35.003 0.3478 0.0065

Phase ab fault 8 8.74 7.999 1.6087 0.0022
12 13.8 12.004 3.9130 0.0087

23 23 22.995 0.0000 0.0109

24 23.90 24.004 0.2174 0.0087

35 35.88 35.003 1.9130 0.0065

Phase ab to 8 8.74 7.783 1.6087 0.4717
ground 12 13.8 11.679 3.9130 0.6978

23 22.85 22.425 0.3261 1.2500

24 23.50 24.584 1.0870 1.2696

35 34.57 35.003 0.9348 0.0065

3 phase fault 8 8.234 7.997 0.5087 0.0065
12 13.8 12.002 3.9130 0.0043

23 23 22.995 0.0000 0.0109

24 24.90 24.004 1.9565 0.0087

35 35.88 35.003 1.9130 0.0065

4.4 Summary

Table 4.5 shows the percentage error in fault calculation for various types of faults at
various location using both methods. The impedance based method has the highest error
compared to traveling wave method. Impedance method has the highest error at 12 miles and
least error when faults were at middle of the transmission line. The error in traveling wave

method is nearly zero. Traveling wave method has zero percentage of error for ungrounded

fault and has highest percentage of error for grounded fault.
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Chapter 5

CONCLUSION

Fault on the transmission line needs to be restored as quickly as possible. The sooner it is
restored, the less the risk of power outage, damage of equipment of grid, loss of revenue,
customer complaints and repair crew expenses. Rapid restoration of service can be achieved if
precise fault location algorithm is implemented.

Many algorithms have been developed to calculate the fault distance on the
transmission line. This paper gives the general overview of fault location calculation on
transmission line using impedance based method and traveling wave method. It discussed the
transmission line model, its sequence components, symmetrical components for fault analysis,
fundamental principal of travelling wave. Finally, results from both methods were compared.

The percentage error due to traveling wave method was zero but impedance based
method had the highest error of 3.91%. However, traveling wave method has many
disadvantages. Since fault location is half of the product of velocity of wave and time difference
between the first two peaks of the wave, transmission line might have multiple reflections from
bus and transformers. This might create difficulties in identifying the actual reflection from the
fault location.

Both methods have few advantages and disadvantages. The traveling wave method is
accurate and can calculate the fault location within a couple of seconds after a fault. But to
monitor the wideband transient signal and to process such signal to locate time, requires
expensive technological tools. Traveling wave speed is close to speed of light. So high sampling
frequency should be used to capture such fast waves. Therefore, it requires complex and
expensive equipment. Impedance based method is known to be simple and low cost. It does
not require the communication channel to exchange information between relays. Due to
limited measurement, this method usually has error in fault locating. It can provide precise
results only when fault is present for couple of cycles. Hence, this method is not suitable for
fault locating in EHV and UHV where faults are cleared in less than two cycles. This method also

causes issue for series compensated line.
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Both methods have few pros and cons. If relays that include both impedance based
method and traveling wave method are used to detect fault location, it would provide the best
responses under all fault conditions. When fault occurs at zero voltage, there will be no wave or
traveling wave amplitude might be too low for detection. In such situation, relays can identify
fault location using line impedance and current and voltage samples from local and remote

terminals of a line.
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Appendix A

Al.Test System Data
In this appendix, the system parameters used for both methods were presented.

Table Al Transmission lines of 46 miles is used to test and its parameters are presented below:

Parameters Sequence | Sequence 0
+,-
Resistance(Q/mile) 0.0350 0.0225
Inductance(mH/mile) 1.578 1.738
Capacitance(nF/mile) 7.894 6.794

Table A2 Power System Data

Date Bus A Bus B
Voltage(v) 8000 8000
Frequency(Hz) 60 60
Inductance (H) | 0.001194 | 0.001194
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Appendix B

B1.Voltages and Currents waveform at Bus A and Bus B for various fault types at 35miles
away from Bus B using Impedance based method

3 phase fault,Voltage waveform at Bus A
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Figure 4.5: Voltage Waveform at Bus A during 3 phase fault
Figure 4.5 is the voltage waveform at Bus A during 3 phase fault. The total length of line
between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B. Voltage
waveforms were stable until the fault occurred at 10ms, then voltage decreased. Since the

source was ideal, it was not clear in figure 4.5
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Figure 4.6: Current Waveform at Bus A during 3 phase fault
Figure 4.6 is the current waveform at Bus A during 3 phase fault. The total length of line
between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B. Current

waveforms were stable until the fault occurred at 10ms, then current increased.
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Figure 4.7: Current Waveform at Bus B during 3 phase fault

Figure 4.7 is the current waveform at Bus B during 3 phase fault. The total length of line

between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B. Current

waveforms were stable until the fault occurred at 10ms, then current increased.

3 Phase Fault,Voltage waveform at Bus B
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Figure 4.8: Voltage Waveform at Bus B during 3 phase fault

Figure 4.8 is the voltage waveform at Bus B during 3 phase fault. The total length of line

between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B. Voltage

waveforms were stable until the fault occurred at 10ms, then voltage decreased. Since the

source was ideal, it is not clear in figure 4.8.
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3 Phase to Ground,Voltage waveform at Bus B
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Figure 4.9: Voltage Waveform at Bus B during 3 phase to ground
Figure 4.9 is the voltage waveform at Bus B during 3 phase to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.
Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased. Since

the source was ideal, it is not clear in figure 4.9.
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Figure 4.10: Current Waveform at Bus B during 3 phase to ground
Figure 4.10 is the current waveform at Bus B during 3 phase fault to ground. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Current waveforms were stable until the fault occurred at 10ms, then current increased.
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3 Phase to Ground,Current waveform at Bus A
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Figure 4.11: Current Waveform at Bus A during 3 phase to ground
Figure 4.11 is the current waveform at Bus A during 3 phase fault to ground. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Current waveform was stable until the fault occurred at 10ms, then current increased.
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Figure 4.12: Voltage Waveform at Bus A during 3 phase to ground
Figure 4.12 is the voltage waveform at Bus A during 3 phase to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased.
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x 104 Phase ab to Gnd,Voltage waveform at Bus A

Figure 4.13: Voltage Waveform at Bus A during Phase ab to ground fault
Figure 4.13 is the voltage waveform at Bus A during phase a and phase b to ground
fault. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Figure 4.14: Current Waveform at Bus A during Phase ab to ground fault
Figure 4.14 is the current waveforms at Bus A during phase a and phase b to ground
fault. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current

increased.
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Phase ab to Gnd, Current waveform at Bus B
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Figure 4.15: Current Waveform at Bus B during Phase ab to ground fault
Figure 4.15 is the current waveform at Bus B during phase a and phase b to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current
increased.
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Figure 4.16: Voltage Waveform at Bus B during Phase ab to ground fault

Figure 4.16 is the voltage waveform at Bus B during phase a and phase b to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Voltage waveform were stable until the fault occurred at 10ms, then voltage

decreased.
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Figure 4.17: Voltage Waveform at Bus B during Phase ac to ground fault
Figure 4.17 is the voltage waveform at Bus B during phase a and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased. At 10ms, disturbance on phase a and phase c is seen in the figure 4.17.
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Figure 4.18: Current Waveform at Bus B during Phase ac to ground fault
Figure 4.18 is the current waveform at Bus B during phase a and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current

increased.
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Phase ac to Gnd,Current waveform at Bus A
[, T T

phase a

S — phase b
/ \ phase ¢

Figure 4.19: Current Waveform at Bus A during Phase ac to ground fault
Figure 4.19 is the current waveform at Bus A during phase a and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current

increased.
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Figure 4.20: Voltage Waveform at Bus A during Phase ac to ground fault
Figure 4.20 is the voltage waveform at Bus A during phase a and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Phase bc to Gnd,Voltage waveform at Bus A
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Figure 4.21: Voltage Waveform at Bus A during Phase bc to ground fault

Figure 4.21 is the voltage waveform at Bus A during phase b and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage
decreased.
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Figure 4.22: Current Waveform at Bus A during Phase bc to ground fault
Figure 4.22 is the current waveform at Bus A during phase b and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current

increased.
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Phase bc to Gnd,Current waveform at Bus B
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Figure 4.23: Current Waveform at Bus B during Phase bc to ground fault
Figure 4.23 is the current waveform at Bus B during phase b and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current
increased.
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Figure 4.24: Voltage Waveform at Bus B during Phase bc to ground fault
Figure 4.24 is the voltage waveform at Bus B during phase b and phase c to ground fault.
The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away
from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Line a-Line b Fault,Voltage waveform at Bus B
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Figure 4.25: Voltage Waveform at Bus B during Phase a make connection with Phase b

Figure 4.25 is the voltage waveform at Bus B during phase a make connection with
phase b. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Figure 4.26: Current Waveform at Bus B during Phase a make connection with Phase b
Figure 4.26 is the current waveform at Bus B during 3 phase fault to ground fault. The
total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from

Bus B. Current waveforms were stable until the fault occurred at 10ms, then current increased.
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Line a-Line b Fault,Current waveform at Bus A
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phase b. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles

away from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current

increased.
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Figure 4.27: Current Waveform at Bus A during Phase a make connection with Phase b
Figure 4.27 is the current waveform at Bus A during phase a make connection with
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Figure 4.28: Voltage Waveform at Bus A during Phase a make connection with Phase b
Figure 4.28 is the voltage waveform at Bus A during phase a make connection with

phase b. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles

away from Bus B. Voltage waveform were stable until the fault occurred at 10ms, then voltage

decreased.
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Line a-Line ¢ Fault Voltage waveform at Bus A
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Figure 4.29: Voltage Waveform at Bus A during Phase a make connection with Phase c
Figure 4.29 is the voltage waveform at Bus A during phase a make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles

away from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Figure 4.30: Current Waveform at Bus A during Phase a make connection with Phase ¢

Figure 4.30 is the current waveform at Bus A during phase a make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current

increased.
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Line a-Line ¢ Fault,Current waveform at Bus B
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Figure 4.31: Current Waveform at Bus B during Phase a make connection with Phase c

Figure 4.31 is the current waveform at Bus B during phase a make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current
increased.
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Figure 4.32: Voltage Waveform at Bus B during Phase a make connection with Phase c

Figure 4.32 is the voltage waveform at Bus B during phase a make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Line b-Line ¢ Fault Current waveform at Bus B
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Figure 4.33: Current Waveform at Bus B during Phase b make connection with Phase c

Figure 4.33 is the current waveform at Bus B during phase b make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current
increased.
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Figure 4.34: Voltage Waveform at Bus B during Phase b make connection with Phase c

Figure 4.34 is the voltage waveform at Bus B during phase b make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles
away from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Line b-Line ¢ Fault,Current waveform at Bus A
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Figure 4.35: Current Waveform at Bus A during Phase b make connection with Phase c
Figure 4.35 is the current waveform at Bus A during phase b make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles

away from Bus B. Current waveforms were stable until the fault occurred at 10ms, then current

increased.
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Figure 4.36: Voltage Waveform at Bus A during Phase b make connection with Phase c
Figure 4.36 is the voltage waveform at Bus A during phase b make connection with
phase c. The total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles

away from Bus B. Voltage waveforms were stable until the fault occurred at 10ms, then voltage

decreased.
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Phase a to ground,Current waveform at Bus A
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Figure 4.37: Current Waveform at Bus A during Phase a to ground fault
Figure 4.37 is the current waveform at Bus A during phase a to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Current waveforms were stable until the fault occurred at 10ms, then current increased.
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Figure 4.38: Voltage Waveform at Bus A during Phase a to ground fault
Figure 4.38 is the voltage waveform at Bus A during phase a to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased.
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Phase a to Ground, Voltage waveform at Bus B
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Figure 4.39: Voltage Waveform at Bus B during Phase a to ground fault
Figure 4.39 is the voltage waveform at Bus B during phase a to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased.
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Figure 4.40: Current Waveform at Bus B during Phase a to ground fault
Figure 4.40 is the current waveform at Bus B during phase a fault to ground fault. The
total length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from

Bus B. Current waveforms were stable until the fault occurred at 10ms, then current increased.
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Phase b to Gnd,Current waveform at Bus A
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Figure 4.41: Current Waveform at Bus A during Phase b to ground fault
Figure 4.41 is the current waveform at Bus A during phase b to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Current waveforms were stable until the fault occurred at 10ms, then current increased.
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Figure 4.42: Voltage Waveform at Bus A during Phase b to ground fault
Figure 4.42 is the voltage waveform at Bus A during phase b to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased.
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Figure 4.43 is the current waveform at Bus B during phase b to ground fault. The total

length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.
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Figure 4.43: Current Waveform at Bus B during Phase b to ground fault

Current waveforms were stable until the fault occurred at 10ms, then current increased.
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Figure 4.44 is the voltage waveform at Bus B during phase b to ground fault. The total

length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.
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Figure 4.44: Voltage Waveform at Bus B during Phase b to ground fault

Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased.
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Phase c to Gnd,Current waveform at Bus B
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Figure 4.45: Current Waveform at Bus B during Phase c to ground fault
Figure 4.45 is the current waveform at Bus B during phase c to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.
Current waveforms were stable until the fault occurred at 10ms, then current increased.
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Figure 4.46: Voltage Waveform at Bus B during Phase c to ground fault
Figure 4.46 is the voltage waveform at Bus B during phase c to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased.
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Phase ¢ to Gnd,Current waveform at Bus A
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Figure 4.47: Current Waveform at Bus A during Phase c to ground fault
Figure 4.47 is the current waveform at Bus A during phase c to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.
Current waveforms were stable until the fault occurred at 10ms, then current increased.
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Figure 4.48: Voltage Waveform at Bus A during Phase c to ground fault
Figure 4.48 is the voltage waveform at Bus A during phase c to ground fault. The total
length of line between Bus A and Bus B is 46 miles. Fault occurred at 35 miles away from Bus B.

Voltage waveforms were stable until the fault occurred at 10ms, then voltage decreased.

65



B2.Wavelet coefficient of various fault types at 23 miles away from Bus B using traveling
wave method:
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Figure 4.49: Detail coefficient of wavelets at terminal B during Phase a to ground fault
Figure 4.49 present the wavelet coefficient at Bus B during phase a to ground fault. Fault
was 23 miles away from Bus B. The sampled signal from EMTP was decomposed into four scale

levels using Daubechies4 filter. The distance between Bus A and Bus B is 46miles.
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Figure 4.50: First two consecutive peaks
The first peak is the time taken by surge from fault location to Bus B. The second peak is
the reflected wave from Bus B to fault location and back to Bus B. The first peak appeared at

2.0812558ms and the second peak appeared at 2.239295ms.
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x 10 Wavelet Coefficients in Scale 1 during Phase b-ground
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Figure 4.51: Detail coefficient of wavelets at terminal B during Phase b to ground fault

Figure 4.51 present the wavelet coefficient at Bus B during phase b to ground fault.
Fault was 23 miles away from Bus B. The sampled signal from EMTP was decomposed into four
scale levels using Daubechies4 filter. The distance between Bus A and Bus B is 46miles.
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Figure 4.52: First two consecutive peaks
The first peak is the time take by surge from fault location to Bus B. The second peak is
the reflected wave from Bus B to fault location and back to Bus B. The first peak appeared at

2.0812558ms and the second peak appeared at 2.239295ms.
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x 10 Wavelet Coefficients in Scale 1 during Phase c-ground
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Figure 4.53: Detail coefficient of wavelets at terminal B during Phase c to ground fault
Figure 4.53 present the wavelet coefficient at Bus B during phase c to ground fault. Fault
was 23 miles away from Bus B. The sampled signal from EMTP was decomposed into four scale

levels using Daubechies4 filter. The distance between Bus A and Bus B is 46miles.
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Figure 4.54: First two consecutive peaks
The first peak is the time taken by surge from fault location to Bus B. The second peak is
the reflected wave from Bus B to fault location and back to Bus B. The first peak appeared at

2.0812558ms and the second peak appeared at 2.239295ms.
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x 10 Wavelet Coefficients in Scale 1 during Phase ab-Ground
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Figure 4.55: Detail coefficient of wavelets at terminal B during Phase ab to ground fault

Figure 4.55 present the wavelet coefficient at Bus B during phase a make connection
with phase b fault. Fault was 23 miles away from Bus B. The sampled signal from EMTP was
decomposed into four scale levels using Daubechies4 filter. The distance between Bus A and

Bus B is 46miles.
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Figure 4.56: First two consecutive peaks
For ungrounded fault, time delay between any two consecutive peaks was taken. The

first peak appeared at 2.0812558ms.The second peak appeared at 2.239295m:s.
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x 10 Wavelet Coefficients in Scale 1 during Phase ac-Ground

Figure 4.57: Detail coefficient of wavelets at terminal B during Phase ac to ground fault

Figure 4.57 present the wavelet coefficient at Bus B during phase a make connection
with phase c. Fault was 23 miles away from Bus B. The sampled signal from EMTP was
decomposed into four scale levels using Daubechies4 filter. The distance between Bus A and

Bus B is 46miles.
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Figure 4.58: First two consecutive peaks
For ungrounded fault, time delay between any two consecutive peaks was taken. Here,
the first two consecutive peak was taken. The first peak appeared at 2.081ms.The second peak

appeared at 2.2392m:s.
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X 10" Wavelet Coefficients in Scale 1 during Phase bc-Ground

Figure 4.59: Detail coefficient of wavelets at terminal B during Phase bc to ground fault

Figure 4.59 present the wavelet coefficient at Bus B during phase b make connection
with phase c. Fault was 23 miles away from Bus B. The sampled signal from EMTP was
decomposed into four scale levels using Daubechies4 filter. The distance between Bus A and

Bus B is 46miles.
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Figure 4.60: First two consecutive peaks
For ungrounded fault, time delay between any two consecutive peaks was taken. Here,
the first two consecutive peak was taken. The first peak appeared at 2.081ms.The second peak

appeared at 2.2392m:s.
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x10 Wavelet Coefficients in Scale 1 during Phase ab Fault
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Figure 4.61: Detail coefficient of wavelets at terminal B during Phase ab fault
Figure 4.61 present the wavelet coefficient at Bus B during phase a make connection
with phase b. Fault was 23 miles away from Bus B. The sampled signal from EMTP was
decomposed into four scale levels using Daubechies4 filter. The distance between Bus A and
Bus B is 46miles.
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Figure 4.62: Two consecutive peaks
For ungrounded fault, time delay between any two consecutive peaks was taken. The

first peak appeared at 2.0812558ms. The second peak appeared at 2.24357m:s.
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x 10" Wavelet Coefficients in Scale 1 during Phase ac Fault

Figure 4.63: Detail coefficient of wavelets at terminal B during Phase ac fault

Figure 4.63 present the wavelet coefficient at Bus B during phase a make connection
with phase c. Fault was 23 miles away from Bus B. The sampled signal from EMTP was
decomposed into four scale levels using Daubechies4 filter.
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Figure 4.64: Two consecutive peaks
For ungrounded fault, time delay between any two consecutive peaks was taken. The

first peak appeared at 2.0812558ms. The second peak appeared at 2.24357m:s.
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x 10 Wavelet Coefficients in Scale 1 during Phase bc Fault
T T T

5
x 10

Figure 4.65: Detail coefficient of wavelets at terminal B during Phase bc fault

Figure 4.65 present the wavelet coefficient at Bus B during phase b make connection
with phase c fault. Fault was 23 miles away from Bus B. The sampled signal from EMTP was
decomposed into four scale levels using Daubechies4 filter. The distance between Bus A and

Bus B is 46miles.
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Figure 4.66: Two consecutive peaks
For ungrounded fault, time delay between any two consecutive peaks was taken. The

first peak appeared at 2.0812558ms.The second peak appeared at 2.24357ms.
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x 10 Wavelet Coefficients in Scale 1 during 3 Phase Fault-Ground
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Figure 4.67: Detail coefficient of wavelets at terminal B during 3 phase to ground fault
Figure 4.67 present the wavelet coefficient at Bus B during 3 phase to ground fault. Fault
was 23 miles away from Bus B. The sampled signal from EMTP was decomposed into four scale

levels using Daubechies4 filter. The distance between Bus A and Bus B is 46miles.
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Figure 4.68: First two consecutive peaks.
Figure 4.68 shows the first two consecutive peaks during 3 phase to ground fault. The

first peak appeared at 2.0812558ms. The second peak appeared at 2.24357ms.
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Wavelet Coefficients in Scale 1 during 3 Phase Fault

Figure 4.69: Two consecutive peaks of detail coefficients during 3 phase fault
Figure 4.69 present the wavelet coefficient at Bus B during 3 phase fault. Fault was 23
miles away from Bus B. The sampled signal from EMTP was decomposed into four scale levels

using Daubechies4 filter. The distance between Bus A and Bus B is 46miles.

x10 Wavelet Coefficients in Scale 1 during 3 Phase Fault
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Figure 4.70: Two consecutive peaks of detail coefficients during 3 phase fault
For ungrounded fault, time delay between any two consecutive peaks was taken. Peak
appeared at 2.081255ms and peak appeared at 2.24357ms was taken to calculate the fault

distance.
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Appendix C

C1. MATLAB code for travelling wave method
signal=scp16(:,2);%scpl6 is sampled wave taken from EMTP
%decomposition filter using Daubechies4 wavelet
[Lo_D,Hi_D] = wfilters('db4','d");

%reconstruction filter

[Lo_R,Hi_R] = wfilters('db4','r');

%it decomposes the signal into 4 level using 'db4' wavelet
[c,]] = wavedec(signal,4,Lo_D,Hi_D);

% it extracts the detail coefficients at level 4 from the wavelet
% decomposition structure [c,]

[cd1, cd2, cd3, cd4] = detcoef(c,|,[1 2 3 4]);

figure (1); plot (signal); title('Original signal');

figure (2); plot (cd1); title('Scale 1');

figure (3); plot (cd2); title('Scale 2');

figure (4); plot (cd3); title('Scale 3');

figure (5); plot (cd3); title('Scale 4');

C2. MATLAB code for impedance based method

The algorithm used by author [31] is followed in this research.
close all;

clc;

R= 0.035; %total resistance of transmission line
X=0.594; %total inductance of transmission line
al=.1838610; %magnitude of voltage at Bus A
b1=3.11045; % voltage phase at Bus A
a2=0.000238700; %current magnitude at Bus A
b2=3.13145; %current phase at Bus A

a3=0.951584; %magnitude of voltage at Bus B
b3=3.1467; % voltage phase at Bus B
a4=0.00035420187; %current magnitude at Bus B
b4=3.128703; %current phase at Bus B

cl= R*a2-X*b2; %coefficient

c2=R*b2 +X*a2; %coefficient

c3= R*a4d- X*b4; %coefficient

c4= R*b4 +X*a4d; %coefficient
a=-c3*al-c4*bl-c1*a3-c2*b3+cl*c3+c2*c4;

b= c4*al-c3*b1-c2*a3+cl*b3+c2*c3-c1*c4;
c=c2*al-c1*b1-c4*a3+c3*b3;
del=zeros(30,1);%synchronization angle at k iteration
dell= zeros (31, 1); %synchronization angle at k+1 iteration
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dell (1) =0;

fori= 1:30

del(i)= dell(i);

f1=b*cos (del (i)) +a*sin (del (i)) +c;

f2=a*cos (del (i))-b*sin (del (i));

dell (i+1) =del (i)-(f1/f2);

diff= abs(del1(i+1)-del(i));
m1=(al*sin(dell(i+1))+b1*cos(dell(i+1))-b3+c4)/(c1*sin(dell(i+1))+c2*cos(dell(i+1))+c4);
%fault distance in percentage from Bus B.

end
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