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ABSTRACT

Modern power systems are expanding and growing to a large interconnected
system and the increased deregulation of utility markets have helped dedicated fault
location systems garner much attention. Short-circuit faults are the most common
and severe threat to power transmission lines. An effective and accurate fault
location estimation technique can greatly improve the operation of a power system
and provide useful information for fault analysis. This thesis proposes two alternative
simple fault location algorithms for two-end short and long transmission line based
on synchronized and unsynchronized measurement, respectively. Firstly, none line
parameter requirement for fault location algorithm based on two-end synchronized
measurement is presented. It is unconventional from the other fault location
algorithms since it does not involve the use of any line parameters. It just needs the
synchronized two-end measurement of voltages and currents in phasor quantities
and transforms it to sequence components. Hence, it can be used to accurately and
efficiently determine the distance to fault for all fault types. Non-ideal
synchronization is also investigated. As a result, data synchronization problem is
raised in this algorithm which demands careful consideration. Fortunately, two-end
unsynchronized data sampling for fault location algorithm on the long transmission
line is proposed to eliminate this problem and fulfill the economic considerations.
Synchronization operator and angle are determined non-iteratively and accurately by
combining only positive- and negative-sequence components for all fault types. This
is @ new approach to determine and select the valid solution of synchronization
operator and angle. These presented algorithms have been simulated and validated
thoroughly with credible fault data modeling obtained from ATP-EMTP software.
Through overall algorithm testing on various fault types and conditions with varying
fault location, fault resistance, ground resistance, and phase shift angle, it can be
proved that the algorithms efficiently and accurately determine the distance to fault
over the entire transmission line. Additionally, the accuracy and robustness of fault
location algorithms still maintain a high level even adding severe noise ratio 40dB.
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CHAPTER 1

INTRODUCTION

This chapter begins with the basic concept of fault location in order to
implement in the network. Due to the large-scale and complexity of the transmission
line in the power system, statement of the problems is also raised up in order to
push the attention on the faced problems. Then, aims of fault location
implementation and motivation are presented. Brief differences between fault
locator and distance relay are provided in order to clear the misunderstanding.
Scope and limitations are also set in this chapter for limiting the trend of proposed
fault location algorithm and the specific purposes of this study. Finally, thesis
organization is provided in the last section.

1.1 Basic Concept of Fault l.ocation

A typical electrical power system consists of generators, transformers,
transmission lines, and distribution lines. Failure on transmitting the electricity in the
power system can occur unexpectedly due to faults on the overhead transmission
line. Free marketing and deregulation have been introduced and imposed plenty of
seriously restrictive requirements to utilities on providing a continuity and reliability
of power supply as well as power transmitting, Contemporary power system provides
the continuity of power supply, dependability, and reliability to ensure the high
demand from the customers. Since restrictive requirements are really needed to
implement on the network, power system protection with supplementary equipment
functioned as fault location appeared to be the prime important [1-3].

Storms, lightning, heavy rain, short circuits caused by birds or external objects,
and insulation breakdown are the certain phenomenon to create the fault on the
transmission line. The permanent fault which is the serious failure due to the
mechanical breakdown must be repaired or isolated before returning the line to
retransmit. The restoration can be expedited unless the location of the fault is
known or estimated with acceptable accuracy. Fault locator is enhanced to locate
both permanent and temporary fault. This enables the deregulated environment and
can compete with other utilities in term of increasing the availability of the power
transmitting to customers.

In a modern country, the customers are sensitive to the outages. As a result,
fast and effective fault location methods, high-quality customer service, and supply



restoration are necessary. Identifying the fault location on the transmission line
results in minimizing of customer complain inversely increasing the reliability of the
network. Therefore, fault location is emphasized as one of the first function to be
integrated into modern substation control system.

Fault location function can be implemented into [3, 4]:

* Microprocessor-based protective relays
Digital fault recorders (DFRs)
Stand-alone fault locators

Post-fault analysis programs

1.2 Statement of Problems

A common problem faced during the fault occurrence is the specific distance
where it took place. As stated, the maintenance crews have to repair the damaged
part caused by fault before the line is reenergized. This means they have to inspect
along the entire line to find the damaged place. In the case of a long line and rough
terrain where the crews are difficult to inspect the line, outage time will increase due
to the lack of ability to speed up the service restoration. Moreover, troubles cannot
always be found by human inspection without prior indication of where the fault
took place. A part of temporary fault which is self-cteared results many difficulties for
inspectors as the weak spot cannot be figured out. This is mainly due to the outage
time which caused more inconvenient to customers, waste time and money for
inspection, and low reliability in the system which cannot follow the requirements of
the deregulation.

1.3 Thesis Motivations
1.3.1 Aims of Fault Location
Fault location disables many difficulties for fault inspection of the
maintenance crews by providing highly accurate of the specific location of a fault on
the transmission line. By reversing from the stated problem, aims of fault location
can be fulfilled as:
*  With the use of fault location, our power system will lead into one step
of the modern substation control system.
* [t saves time and cost of sending out repair crews to search for the
faulted point in the bad weather or unfriendly terrains.
* [t improves system reliability, and the reduction of customers complaints
will be proved as the restrictive requirements of deregulation.



* The weak spot on the line will be pinpointed in the case of a temporary
fault, so the plan of maintenance schedules can be fixed for avoiding
future problem.

1.3.2 Objectives of Proposed Fault Location Algorithms

In this research, two different fault location algorithms have been proposed
with utilizing two-end synchronized and unsynchronized measurement through lump
parameter line and distributed parameter line models, respectively.

The aim of the first fault location algorithm is to deliver and validate the
accuracy of proposed algorithm which determines the distance to fault on
transmission line without any knowledge of line parameters by processing
synchronized two-end measurement of voltages and currents in phasor quantities
and transform it to sequence components. Since it uses only positive- and negative-
sequence component, it can be used to accurately and efficiently determine all fault
types, i.e. balanced three-phase fault and unbalanced fault.

Moreover, the purpose of another presented fault location algorithm which
also provided in this study is to refine and validate the method for analytical
synchronization corresponding to all fault types by taking into account the
distributed parameter line model to ensure the high accuracy of the fault location
estimation from unsynchronized two terminals on long ideally transposed
transmission line. Only positive- and negative-sequence components were combined
together to get the unknown synchronization operator and angle for all fault types.
Then the fault distance can be calcutated non-iteratively after the accomplishment
of the synchronization from both terminats.

1.4 Differences between Fault Locator and Distance Relay

Fault locator and distance relay are not much difference because fault
locator is the developed function from distance relay and can exactly pinpoint the
fault location. However, there are some significant differences between these two
devices. Then, we can classify these differences in the following features [4]:

e Accuracy of fault location

s Speed of determining the fault position

s Speed of transmitting data from remote site

¢ Used data window

» Digital filtering of input signals and complexity of calculations

Through these features, fault locator is used for accurately pinpointing the
fault distance whereas distance relays just provide the indication of the general area
in term of the protective zone.



Distance relays are performed in an online mode and fault clearing time is a
very important consideration in the selection of protective relays and their éettings
which needed to be carefully determined. Fast clearing of faults has to be done in
short time. On the other hand, the calculation of fault location is performed in an
offline mode which can be made by human users to calculate in seconds or even
minutes.

Supervisory control and data acquisition (SCADA) can be associated with fault
location purpose while communication used by protective relays.

The fault interval lasts from fault incipience up to a fault clearing by a circuit
breaker, and usually, this takes around three fundamental frequency cycles which
are wider than required for fault location.

The operation of a distance relay may be significantly influenced by the
combined effect of load and fault resistance which is known as the reactance effect
(5, 6]. The distance relay may cause failed operation for a forward external fault, or
may not operate for an internal fault if the fault resistance is too large.

1.5 Scope and Limitations

In case of proposed algorithm using two-end synchronized measurement
which considered as phasor-based approach, the limitations are listed in order to set
the trend of the developed algorithm as follows:

* The transmission line was assumed as a short length of transposed line
(100km} with two terminals based on synchronized data sampling, so the
shunt capacitance in the derivation of the algorithm can be neglected.

* Since this presented algorithm separately determines the balanced three-
phase fault and balanced fault, the method of selection fault types is not
considered. Usually, it is provided by protective relays of a line.

* The method of improving the quality of extraction of voltage and current
phasors are not taken into account since Fast Fourier Transform (FFT) is
sufficiently sensitive to the decaying of the DC components in the fault
currents.

* To validate this algorithm, Alternate Transient Program — Electromagnetic
Transient Program (ATP-EMTP) was used to simulate the various fault
types with varying the fault resistances, and FFT function was applied to
extract the voltage and current phasors by Matlab.

* The random error introduced by irritated noise during Analog-Digital
Conversion (A/D) and non-ideal synchronization are considered as the
affected factors to the accuracy of the developed algorithm. Thus, these



factors were taken into account to clarify the effectiveness and accuracy
of the fault location algorithm.

In case of proposed algorithm using two-end unsynchronized measurement

which considered as impedance-based algorithm, the limitations are listed in order to

set the trend of the developed algorithm as follows:

The long transmission line (300km) modeled with distributed parameter
line model with the use of correction factors for representing series and
shunt parameters is strictly taken into account to ensure the high
accuracy of the proposed algorithm.

The presented algorithm is implemented for fault location on fully
transposed line, so technique based on the fundamental frequency of
voltages and currents appeared to be sufficient to fulfill the aim of fault
locating.

Positive- and negative-sequence component are assumed to be
presented in all fault types in order to reduce to manipulation of the
determination of the synchronization operator. Details of this assumption
will provide explicitly in Chapter 3.

To validate this algorithm, ATP-EMTP was used to simulate the various
fault specifications i.e. fault types, fault resistance, and ground resistance
have been considered over the entire line length, and FFT function was
applied to extract the voltage and current phasors by Matlab.

Second order analog anti-aliasing with 500Hz of the cutoff frequency
which corresponds to 10" harmonic was designed and applied by built-in
function in Matlab to filter the secondary signals of the current
transformers (CTs) and voltage transformers (VTs).

Random error which introduced by irritated noise during A/D conversion
and phase shift angle (pre-fault power flow direction) are further
investigated since these are the affected factors on the proposed
algorithm.

1.6 Thesis Organization

The rest of the thesis is organized as follows. In Chapter 2, theoretical

backgrounds which are the basic point to enrich the knowledge on transmission line

models, fault types, and methods of transforming the signals in time to frequency

domain are introduced. Also, a detailed literature is presented in which various fault

locating schemes based on transmission line characteristics are reviewed in order to
grasp all the information related to the developed algorithm. Lastly, factors affected

on the accuracy of the fault locating are briefly provided.



In Chapter 3, system modeling of the faulted point and problem formulation
are classified separately in term of using lump parameter line model and distributed
parameter model. Detailed algorithm derivations of these two different models with
using synchronized and unsynchronized measurement from two terminals,
respectively, are presented explicitly. In addition, a method for the determination
and selection of synchronization operator in all fault types is extended to overcome
the method using unsynchronized measurement. '

In turn, Chapter 4 illustrates the performance evaluation and simulation
results of the proposed algorithms by presenting detailed analysis on considered
affected factors and finally, Chapter 5 concludes the thesis and suggests
recommendations for future work.



CHAPTER 2

THEORETICAL BACKGROUNDS AND LITTERATURE

REVIEWS

This chapter introduced the theoretical backgrounds ie. fault types,
transmission line models, and time-frequency domain transformation of the signals
which are the basic point to enrich the knowledge involved with the devetoped fault
location algorithm. Also, detailed literature reviews are presented on how various
fault locating schemes have been developed. At the end of this chapter, fault
location error and factors affected on the accuracy of the fault locating are briefly
provided.

2.1 Fault Types

A fault is defined as the flow of a large current which could cause damages
on equipment. If the current is very large, it might interrupt the power in the
network. In addition, voltages below its minimum level could sometimes cause
failure to equipment.

The main characteristic of faults is related to fault impedance involved which
can ohviously be considered as fault resistance. Commonty, fault resistances contain
small value and in general, do not exceed 0.5 Q for inter-phase fault. However, its
value might higher during ground faults as tower footing resistance which may be as
high as 10 Q (7]

There are two types of faults which can occur on ftransmission line ie.
balanced fault and unbalanced fault also known as symmetricat and asymmetrical
fault, respectively. The majority of fault occurred on the transmission line are
unbalanced faults. Moreover, faults can be classified as shunt faults and series faults
[8]. Series faults are those types of faults which occur in impedance of the line and
does not involve neutral or ground, nor does it contacts any interconnection
between the phases. The voltage and frequency in this type of fault increase
whereas the current decreases in the faulted phases. For instance, the opening one
or two lines by circuit breakers. Reversely, shunt faults are the unbalance between
phases or between ground and phases whose current increase while voltage and
frequency decrease in the faulted phases. This research is considered on the shunt
faults which depicted in Figure 2.1



Figure 2.1 Typical shunt faults: (a) single line to ground, (b) double line, (c) double
line to ground, and (d) three-phase to ground

2.2 Transmission Line Models

Models of overhead transmission tines are considered in restrictive relation to
a certain application. Through different applications, the line models are taken into
account in relation to the following criteria:

» Representing a faulted line in the fault location algorithm

e Simulating faults for generating the fault data which is modified in

evaluation of the fault location algorithm [9, 10]

The representation of a faulted line in fault location algorithm is addressed in
this section. The assumption of the line model is very important to start up the
derivation of the fault location algorithm. In general, there are two types of line
models:

e Lumped parameter line models

e Distributed parameter line modets

2.2.1 Lumped Parameter Line Models

Lumped parameter line models are lines represented by lumped impedance
elements. The impedance parameters are calculated using a single frequency,
usually the fundamental power frequency. In the simplest lumped parameter model
of an overhead line, only the series resistance (R,) and reactance (X,) are included
as shown in Figure 2.2. Such a model which operated under balanced conditions is
considered adequate for representing a short line which is typically less than 80km
long [11].
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Figure 2.2 Lumped parameter line model

where [ is line length, @, is angular fundamental frequency

Under unbalanced conditions, mostly under faults, a three-phase line
representation has to be considered. Explicit representation of faulted lines, occurred
at the point F, together with equivalent sources behind the line terminal A and B are
presented in Figure 2.3(a). Assume as a short transmission line, only series parameters
are presented whereas shunt parameters are neglected as fllustrated in Figure 2.3(b)
[2,7].
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Figure 2.3 (a) Faulted line representation of two terminals transmission line, (b) Circuit
diagram of faulted line representation on lumped parameter line model

Generally, line impedance matrix z is not symmetrical and identical. To fulfill
this, completed transposition of the line is applied by exchanging the conductor
positions along the line in order to provide each phase (a, b, and c) occupies each
position for one-third of the line length as shown in Figure 2.4.
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Figure 2.4 Completely transposed section of three-phase line

From this point, the following impedance matrix which contained self-

impedances and mutual impedances is currently symmetrical as applied to the

completely transposed line.

3]

gs ém gm
= gm Es Em (2-1)
Z Z Z

=m
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Self- and mutual impedances can be calculated by the positive- and zero-

sequence line impedance as following equations:

g =Bt (2.2)
f X5
_Ey &
é"f 3 (2l3)

It is possible to apply the method of symmetrical components which

developed by C.L. Fortescue in 1918 to transform phase components to a set of

symmetrical components. For instance, the voltages from terminal A can be

transformed as:
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where V..V ,.V,,are zero-, positive-, and negative-sequence voltage from

side A

V ior¥ 4,V 4. are voltages from phase a, b, ¢
a=1£120°=-0.5+ j0.53 is a complex number with unit magnitude

and 120° phase angle

Analogously to Eqg. (2.4), the currents from terminal A can be formulated as:

1 1 I .[Aa
1 a 22 L (2.5)
1 g2 a | La
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where 1,,1..12r€ zero-, positive-, and negative-sequence current from
side A
I L1, are current from phase a, b, c
a is defined in Eq. (2.4)

The voltages and currents from terminal B are also transformed as one

achieved in Egs. (2.4) and (2.5), respectively.

2.2.2 Distributed Parameter Line Models

The distributed parameter line models are considered as the characteristic
transmission line model which provided more accurate results in the case of medium
or long transmission line. This model consists of series RL impedance along with
shunt admittance. Shunt admittance needs to be taken into account for the leakage
current for medium to long transmission lines. The voltages and currents along the
line are a function of both the distance x and time t whose generalized model is

depicted in the figure below.

A R, Ax L Ax R, Ax Lax  x R, Ax L,Ax ;

Vzt C;Ax T C;Ax —[ v C,qu -[ Vg
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P
e il

X I-x

Figure 2.5 Generalized distributed parameter line model

The equivalent 7 circuit illustrated in Figure 2.6 is applied more commonly
for impedance-based fault location atgorithm since the distributed parameter line

model can be used in phasors as well.

A g, Z,y sinh(y  id) Fol, ZaSONy [(1-d)) 1, B
o—r——y F ’ v .
Admittances - Admittances
V. DS g Ve || Tom—emTT ¥ Vg
tanh(O.SZmld) o tanh(O.SZM 1-4))
L .Zch —Z-eiL o
. . /Lv,- ‘

Figure 2.6 Distributed parameter line model for i symmetrical components of
faulted line



12

The presented algorithm in this model is also designed for the fully
transposed line as the case using lumped line model. Both the series impedances
and shunt admittances are expressed using:

. . th
* Surge impedance of line for the i sequences

Z
..Z.r:i = # (26)
Ly

where Z, =R, + jo L, impedance of line for the i symmetrical component
(Q/km)
Y, =G, + jo,C, admittance of line for the i symmetrical component
(S/km)
R,,L,.G,,C,  resistance, inductance, conductance, and capacitance
of line per kilometer length

¢ Propagation constant of the line for the ) sequence

Y=V Z..r le (2.7)

where Z,.Y,, are defined in Eq. (2.6)

2.3 Time-Frequency Domain Transformation

Voltage and current waveforms are considered as the input to process the
symmetrical components based on the phasors concept. They were derived on an
assumption that the post-fault state can be considered as a steady-state one. As a
result, fault voltages and currents are represented in a form of sinusoidal waveforms.
Unfortunately, there are some processes in which containing the DC components
with different frequency. Thus, this process is specifically considered in term of
transforming the wvoltage and current waveforms from the time domain to
fundamental frequency domain.

2.3.1 Fast Fourier Transform

This section provides only the concepts of the need of using FFT while
explicit equations of the determination of fundamental phasors ie. real part,
imaginary part, and phase angle of the fundamental phasor are not included here.
FFT is very sensitive to filter the measured signals by coding in Matlab.

When a fault occurs, the voltage and current waveforms become severely
distorted due to the presence of higher harmonics and a significant decaying DC
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component [12]. The presence of higher harmonics makes the fast estimation of
fundamental phasor quantities be very difficult and ultimately affects the
performance of the fault location algorithm. The speed and accuracy of which the
phasors are calculated play an important role in fast fault locating. Since both
algorithms proposed here does not consider to the quality of the phasors’
determination, it is known that FET approach is sensitive to decaying DC components
in the fault current. On the other hand, other methods such as an optimal
estimation theory [13] can also be used to extract the unknown phasors.

2.3.2 Analog Anti-aliasing Filters Built-in Function in Matlab

Most A/D converters are preceded by a filter that removes frequency
components which are beyond its range. In actual practice, sampling is usually higher
to provide some margin and make the filtering requirements less critical. The
sampling rate must be greater than or equal to two times the highest frequency
component in the input signals. If this rule is violated, unwanted signals appear in
the frequency band of interest. When selecting a filter, the goal is to provide a cutoff
frequency that removes undesired signals from the A/D converter input or at least
attenuates them to the point that they do not adversely affect the circuit. An anti-
aliasing filter is a low-pass filter that accomplishes this.

In this research, a method of selection and designing filters is not taken into
account, The proposed fault location algorithm utilizing synchronized measurement
is not considered to apply to analog anti-aliasing fitter since it is modeled as the
short transmission line which is not adversely affected by shunt capacitances.
However, second order Butterworth analog anti-aliasing filters with the cutoff
frequency 500 Hz which corresponds to 10" harmonic were applied by built-in
function in Matlab to filter the secondary signals of the proposed fault location
algorithm utilizing unsynchronized measurement. This is due to the proposed
algorithm is considered on the distributed parameter modeled on the long
transmission line.

2.4 Existing Fault Location Schemes

Fault location on the transmission line is an atiractive and desirable feature in
any protection scheme. The advantage is that it was designed to pinpoint the exact
location where the fault took place while distance relays installed for protection of
transmission line are able to furnish some information on the general area. It does
not need to be monitored online on the calculation of the fault distance since it can
be performed offline from the recorded data. Fault location algorithm that utilized
two-end measurement can have signal data fed from either synchronized sampling
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or unsynchronized digital fault recorders, generally known as phasor measurement
units (PMUs).

Numerous fault location algorithms have been elaborated and can be
broadly categorized as:

* Procedures based on the fundamental frequency voltages and currents,

generally known as an impedance-base principle.

* Time-domain based procedures such as traveling wave fault locators

e Non-conventional fault locating procedures such as those based on

Artificial Neural Networks (ANNs) [14].

The most popular and widely used in real applications refers to the
fundamental frequency based fault location procedures whereas the processes
based on travelling-wave are typically more costly due to the high sampling rate
requirements.

2.4.1 Review on the Existing Fault Location Algorithms Utilizing Two-End
Synchronized Measurement without Line Parameter Requirement
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Figure 2.7 Representative diagram of two-end synchronized measurement with the
aid of GPS for fault tocation

Two-end synchronized measurement in Figure 2.7 means a common time
reference of the synchronization angle from both terminals is facilitated by the aid of
Global Positioning System (GPS). Synchronized sampling of data from both terminals
makes the procedures of locating fault to be simple and accurate. Modern PMUs
based on GPS can reportedly achieve synchronization accuracy of £0.5 ps [15].

One-end measurement compared to two-end measurement offer less
computation and complexity, but the accurate resulted provided by those
algorithms is affected by line loading, fault resistance, and un-transposed line [16,
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17]. Thus, two-end fault location algorithms have been proposed with the aim of
overcoming the limitations of the one-end fault location techniques and improving
the fault location accuracy. _

Line parameter elements are only approximately constant which may vary by
line loading and weather condition. References [18-20] were proposed to calculate
the fault location by synchronized sampling. The disadvantage in these algorithms is
the need of line parameters and line length which needed to locate the fault
distance. This affected the accuracy due to the uncertainty of the line parameters.
However, due to these reasons, other algorithms in [21, 22] proposed without any
knowledge of line parameters. These two methods were operated with
unsynchronized data sampling by applying the iterative technique to find the
distance of line-line fault, but it cannot be used to locate the three-phase fault.

Although the two algorithms stated above have done effectively, the first
proposed algorithm in this thesis can be used to locate all fault types without line
parameter requirement. Detailed derivation of this algorithm is provided explicitly in
Chapter 3.

2.4.2 Review on the Existing Fault Location Algorithms Utilizing Two-End
Unsynchronized Measurement
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Figure 2.8 Representative diagram of two-end unsynchronized measurement for fault
location

Performing synchronized measurement results highly accurate, but the fact
remains that GPS assists PMUs are still not as widely adopted as they could be due
to economic considerations. In turn, unsynchronized measurement for fault locating
in Figure 2.8 appears more attractive in case GPS-based synchronization mechanism
is unavailable. Data measurements performed asynchronously do not have a
common time reference and consequently, the sampling instants at point A and B
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do not coincide. As a result of the mismatched sampling instants, a certain phase
shift, 8, exists between the waveforms recorded by the PMUs on either end.

In order to overcome this method, a common time reference has to be
identified by accomplishing the analytical synchronization. Conventional analysis on
the synchronization operator, which is really needed in the second proposed
algorithm, is calculated iteratively [21, 23]. In [24] were developed to avoid such
iteration, but the stage of improving the precision of the presented algorithm with
considering distributed parameter line model still needed iterative calculation. New
algorithm in [25] was integrated to completely avoid iteration, but the determination
of the unknown synchronization operator has to be separated between balanced
and unbalanced fault, Moreover, the procedure of selecting the valid solution is not
reached for all studied cases and continued to another step by comparing the
determined synchronization angles with the unique solution of synchronization angle
obtained by using the lump line model.

The second proposed algorithm in this thesis is to refine and validate the
method for analytical synchronization corresponding to all fault types by taking into
account the distributed parameter line model to ensure the high accuracy of the
fault location algorithm. Detailed derivation of this algorithm is provided explicitly in
Chapter 3.

2.5 Fault Location Error
2.5.1 Accuracy of Fault Location
The definition for the fault location error is given as follows [2]:

d—d,
error(%) = l——lL”'"’—’IIOO% (2.8)
where d,d_,, are the estimated and actual distance to the fault (km or p.u.)
! total line length (km or p.u.)

2.5.2 Factors Affected on the Accuracy of Fault Location
To improve the fault tocation estimation, it is critical to eliminate, or at least
to reduce errors possible for the considered method. It is worth to point out that a
particular factor affecting fault location accuracy has to be considered carefully in
relation to the analyzed method. Different factors affect the accuracy of fault
location method can be listed as follows:
e Inaccurate compensation for the reactance effect in the case of fault
location algorithm providing by one-end measurement.
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e Inaccurate fault types identification

e Inaccurate line parameters which do not match the actual parameters.
Even if the geometry of line conductors is accurately taken for calculating
the line impedances, the total line length could be known with some
error.

e The uncertainty of the line parameters, specifically for the zero-sequence
impedance. This impedance is affected by a soil resistivity, which may be
variable under the whole line route, and it is also dependent on weather
conditions.

e The insufficient accuracy of the line model in case un-transposed lines are
represented as being transposed -and line shunt capacitance is not
considered.

e The presence of shunt reactors and capacitors or series capacitor
compensating devices equipped with metal oxide varistors (MOVs).

e Load-flow unbalance.

e Errors of current and voltage instrument transformers: and unfaithful
reproduction of the primary signals due to their limited bandwidth.

e Insufficient sampling frequency and bit resolution of A/D system.

2.6 Summary

Considered fault  types which may occur on the transmission line are
specifically collected and modeled with different modeling i.e. lumped parameter
model and "distributed “parameter line model ‘on two terminals based on
synchronized and unsynchronized measurement, respectively. It begins with the right
configuration of the proposed algorithm which its-models ‘are very important in
designing the fault. location algorithms. Once the models are made, the method of
extraction the input signals is- applied to- get the ‘fundamental frequency which
analyzes every single point or.sample of the measured signals. Every concept on
how it involves in the proposed algorithm is presented in this chapter and factors
affecting the fault location method is a certain problem which should be more

consider on eliminating or minimizing.
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CHAPTER 3

SYSTEM MODELING AND DETAILED ALGORITHM

DERIVATIONS

in this chapter, the solution to the statement of the problems is modeled as
a fault location algorithm which classified separately in two different methods. The
mathematical models for the proposed algorithms are intended to make the
assumption on using synchronized and unsynchronized three-phase voltages and
currents from two terminals. Detailed derivation of the proposed algorithms is now
formulated in this chapter.

3.1 None Line Parameter Requirement for Fault Location Algorithm
Utilizing Two-End Synchronized Measurement

In this section, the proposed algorithm for fault location without line
parameter requirement will be presented. Thus, unbalariced and balanced three-
phase fault solution will be derived explicitly.

3.1.1 Derivation of Locating Unbalanced Fault

The considered fault location on two terminals of the transmission line is
already presented schematically in Figure 2.3(a) in Chapter 2. Unbalanced faults such
as single line to ground (SLG), double line (DL), and double line to ground (DLG) were
assumed to occur on the overhead transmission line. The fault location is denoted
by F, the fault distance (as measured from terminal A) by I, D is the total line tength,
and subscripts A and B represented as Terminal A and B of the line, respectively.
Voltages (%" and ¥2") and currents (15" and I3"°) are synchronously measured
at both line terminals.

Assuming that the transmission line is considered as a short line which is less
than 100 km long, so the shunt capacitance and the shunt conductance can be
neglected.

The proposed algorithm is designed for fault distance on a fully transposed
single transmission line which has identical line impedance, so symmetrical
components appear to be sufficient to fulfill the aim of this presented algorithm.
Zero-sequence is not beneficial to consider due to its uncertain impedance data.
Consequently, the unbalanced three-phase circuit using lumped parameter line
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model from Figure 2.3(b) can be represented by three equivalent circuits as the
positive-, negative-, and zero-sequence circuit. As mentioned, only positive- and
negative-sequence circuits which contained identical impedance will be used as
depicted in Figure 3.1, respectively.
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Figure 3.1 Equivalent circuit of single-circuit faulted line (a) positive-sequence and
(b} negative-sequence

From figure above, following equations can be expressed as [26]:
V-4l =V, -2(D~DI, (3.1}
Vip—dl,=Vn=2(D-Diy (3.2)

where V., V., 1, I, are the positive-sequence voltages and currents in
phasor quantities from both terminals
Vs Vs Ly Iy, are the nesative-sequence voltages and currents in
phasor quantities from both terminals
z is the identical positive- and negative line impedance
Obviously, Egs. (3.1} and (3.2) have two unknown terms z and z(D-!}, and
it is sufficient to be determined as two unknown variables with two equations
provided. Then the unknown terms give two formulae as follows:

7l = (KAI “Zsl)lﬂz “(KA: _Kﬂz)lm

- L—u laz —.I..Azim
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(ZAI —Km )lAZ _(ZAz _'KBZ )Lﬂ

D-I)=
Z( ) Lﬂlﬂz _L;zlsl

(2.4)

The distance to fault / can be expressed as the percentage of the total line
length D by the following expression:

l%:%loo (3.5)

The stated expression can be formed as below:

zl

1% = —=——
d+z(D-1)

100 (3.6)

Finally, by including Egs. (3.3) and (3.4) into Eq. (3.6), the distance to fault can
be calculated through the following formula:

1% = (Z,u “Zm )lﬂz "(K,u _Zaz)im
(K/u _Zm )(lAz s Liz)_(z,:z 7 ZBZ)(!AI + im)

(3.7)

Based on the explicit formula above which located the unbalanced fault on
the transmission line, the distance to a fault can be obviously obtained without any
information of line parameters. Flexible sotutions can be obtained if the developed
fault location algorithm is not involved with line parameter information.

Basically, it is just needed the processing of the synchronously recorded
voltage and current waveforms from both line terminals, identifying their phasor
quantities of the fundamental frequency 50 Hz, and determining the positive- and
negative- sequence voltage and current components. Then fault location can be
calculated precisely which makes this algorithm appear to be simple, accurate, and
robust.

3.1.2 Derivation of Locating Balanced Three-Phase Fault

Theoretically, the fault currents and voltages are identical along the three
phases during a balanced three-phase fault. It is totally sufficient to use only
positive-sequence components in the developed atgorithm respected with this fault
type. The positive-sequence equivalent circuit is presented in Figure 3.2 which V.

represents the fault voltage and R; is the fault resistance.
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Figure 3.2 Positive-sequence equivalent circuit of single-circuit faulted line

As stated previously, the positive-sequence equivalent circuit iltustrated in
Figure 3.2 can be written as follows [26):

ZAI _Elim _Km =0 (3.8)
Vi—2D~DLlgy =V, =0 (3.9)
Km 7 R.r-'(im +im) (3.10)

Substituting Eq. (3.10) into Egs. (3.8) and (3.9) gives two following equations:

VLGN
3 SR\ (R 3.11)
o AN (
ap-ny=Lo_Latinp (3.12)
lBl lBl

In this step, the unknown terms reveal with the fault resistance Rj. First, Rp
need to be determined in order to find the unknown collinear vectors zl and
z(D-1). Thus, Egs. (3.11) and (3.12) can be represented in the compact form as
follows:

gl = arc + .]aim

+ (bn + jbim)RF (313)

z2(D-D=c, + jc,, +(d, + jd, )Ry (3.14)

m m

where @, =Re[£‘ﬁ} a, = ImliZi], b, = Re[-é’"—ﬂ”—‘} B, = Im[—éﬁéﬂ]
lAl ZAI -{Al lzﬂ

c, = Re[gﬂ} c Im|:—KJ’—'j| d = Re\:— Ly+1y ], d = Im[— I +£Bl:|
Iy | " I ) Iy Ip

Il
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Egs. (3.13) and (3.14) can be grouped their real and imaginary parts
separately, so the following expressions hold:

Z[ = (are +breRF) + j(aim +bImRF) (315)

zZD-)=(c, +d R.)+jc, +d,R) (3.16)

Collinear vectors zZ and z(D-1) lie in the first quadrant of the complex
plane in which their real and imaginary parts must be greater than zero and can be
transformed into a polar form as they are determined by a vector magnitude and its
angle #. From Egs. (3.15) and (3.16) the angle @, which must be located in the range

0-90, can be determined as expressed in the following formutae:

ALY 8
tan @& = Zim T T
e by (3.17)
Coy +d,, Ry
tan @ = Zm L lim
ot Ky (3.18)

Next, single unknown R, will be determined by combining Eqs. (3.17} and
(3.18) together and used the determined R, to solve the unknown collinear vectors
by the following expression:

a,, + b, Re—c, +d, R;

i) i

ay b, Rpv=C,, )

(3.19)

It is obvious that from Eq. (3.19) the guadratic equation which solves R, can

be formulated:

R:+mR,+n=0 (3.20)
Where m= aimdn: + bfmcrc — aradim — brccr'm
bfmdre - bmdim
- aimcre - arucr'm
bimdre - bredim

Basically, two solutions are obtained from the quadratic equation (3.20):
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2
=m+~\m’ —4n (3.21)

(R.), = 2

=m—~m' =4n (3.22)

(R), = )

It is unable to identify the real value of R,. To perform it, one needed to
identify the value of phase angle g by substituting (R.), and (R;), into Eq. (3.17)

which gives the following expressions for phase angle &:

9] = arctan M)_'
a, + br-c (‘RF )I

(3.23)
aim + br'm (‘Rf* )2

8, =arctan
arc + bn: (RJ" )2

(3.24)

To discriminate the valid solution for angle €, the value which lies in the first
quadrant of the complex plane and the one which is closer to the typical value of
the line characteristic (e.g. 80) should be selected. Thus, the fault resistance R,
corresponding to the selected angle should be setected as the valid solution as well.
In the case in which one of the determined fault resistance lies in a quadrant other
than the first quadrant, then the other fault resistance is definitely the valid one.

Finally, the selected fault resistance would be included back into Egs. (3.15)
and (3.16). Then substitute them into Eq. (3.6) where this equation is also used in this
fault type and already stated in Derivation of Proposed Unbalanced Fault Locating
section in order to express the distance to fault in the percentage of the total line
length. Consequently, the unknown distance to fault for balanced three-phase fault
can be calculated through the following formula:

— (are + bre (RF )r) + j(aim + bim(RF )I) 100
(are + brc (Rf' )J) + j(aim + bim (Rf' )J) + (cre + dre (RF )I) + j(cim + dim(RF)f)

%

(3.25)

where i index representing both solutions of the fault resistance which need
to be determined prior to the selecting and substituting in Eq. (3.25)
The presented algorithm has the advantage that it does not require rigorous
procedures for determining the fault type or affected phase. For this algorithm, it is
sufficient to differentiate between balanced and unbalanced fault which can be
achieved by checking whether there is a separation of phase currents for 120 This
feature makes the proposed algorithm robust and flexible.



24

3.1.3 Flowchart of Proposed Algorithm Based on Two-End Synchronized

Measurement

Step 1: Sampling Data Collection from Both Terminals during Fault
K,t’ ."-f.ﬂ: Llr s

[Step 2: Fundamental Frequency Extraction by FFT in Phasor Quantity
( Magnitude and Phase Angle)

[ Stap 3. Symmetrical Component Transformatiorj

K,m,z;s Enu,z;s .‘E.J(I.z)s iﬁu,z)

|
' v

[ Step 4: Cases of Unbalanced Fault} Ftep 4; Cases of Balanced Fault J

[ Step 5: Fault Resistance Calculation J

Step 6: Selection of Valid Solution of Fault
Resistance from Quadratic Equation based on
the Angle & in Polar Form

No Step 7: Is &, greater than &, and closer to 80”7

h 4
Step 8:6, is Valid Solution Step 8:6), s Valid Solution
Corresponding to (Rr) Corresponding to (&),

h 4

Ecep ¢ Fault Location Performance]

Figure 3.3 Flowchart of proposed algorithm based on two-end synchronized
measurement
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3.2 Fault Location Algorithm on Long Transmission Line Utilizing Two-

End Unsynchronized Measurement
In this section, the second proposed fault location algorithm is derived. Single
developed fault location algorithm is presented without identifying the affected
phases or selecting the fault types. This makes this algorithm more flexible, robust,
and at the same time highly accurate in locating all considered fault types.

3.2.1 Prominent Formula for Locating All Considered Fault Types

Considered two-end unsynchronized measurement diagram for faulted point
on the transmission line is already presented in Figure 2.8 in Chapter 2. Current
transformers (CTs,, CTs,) and voltage transformers (VTs,, ¥Ts,) are put at both
terminals (A, B) to transform the signals to phasor measurement units (PMUs) in order
to get currents (57, I5™°) and voltages (%", ¥%*} in phasor quantities which are
the inputs for fault locator device (FL). These PMUs are not associated with GPS, so
this kind of measurement was considered as unsynchronized due to no common
time reference.

The proposed algorithm is implemented for fault distance on the fully
transposed transmission line, so symmetrical components appear to be sufficient to
fulfill the aim of this presented algorithm. Zero-sequence is not beneficial to
consider due to its uncertain impedance data. Theoretically, according to the
sequence component mathematical manipulation, negative-sequence does not
contain in the three-phase fault. However, in practice, a perfectly balanced system
does not exist. Even if the system is 100% balanced, it does not mean that negative-
and zero-seguence do not exist.

In [25] proposed the use of incremental positive-sequence, which is obtained
by subtracting the pre-fault quantities from fault quantities, instead of negative-
sequence in the case of the determination of synchronization operator in balanced
three-phase fault. It is worth to notice that the pre-fault signal is not atways in the
form of pure sinusoids since the indication of the appearing fault can be observed
just before fault occurrence [24]. Thus, the consideration of using the incremental
positive-sequence in such cases is unnecessary.

Due to these reasons, positive- and negative-sequence were assumed to be
presented in all fault types in order to reduce the manipulation of the determination
of the synchronization operator. Therefore, distance to faulted point can be obtained
without performing fault type selection of affected phase. The distributed parameter
line model utilized with correction factors for symbolizing series and shunt parameter
is considered in the equivalent circuit of faulted line for positive- and negative-
sequence as presented in Figure 3.4.
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Figure 3.4 Distributed parameter line model of fautted line for (a} positive-sequence
and (b} negative-sequence

Since fully transposed overhead line contains the identical impedance and
admittance parameters for the positive- and negative-sequence, the surge

impedance (Z,,,) and the propagation constant (y, ) are also uniform, and positive-

sequence is significantly used as shown in Figure 3.4. The wvoltage and current
phasors from terminal B are supposed as the base, whereas those from terminal A
are multiplied with the determined synchronization operator (e”) where § is the
synchronization angle,

After performing the analytical synchronization with the determined
synchronization operator, it would be clearly stated that such measurements
become synchronized and then fault distance can be located precisely as the cases
of using synchronized measurement by applying the prominent formula [27] in term
of positive-sequence as expressed in Eq. (3.26). However, this formula can also
perform with negative-sequence.

. s,
d = tanh"" Km, oYy, )~ Lol Slnh(Z”_l)—KA.m (3.26)
47 V y sinh(y 7) —Zodn COSh(Z,Ll) —Zada
where V%' =¥ e”*° synchronized positive-sequence voltage phasor
at terminal A
Iy =1,e" synchronized positive-sequence current phasor

at terminal A
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e”” = cos(8)+ jsin(8) synchronization operator to be determined
Z.. =Z,]¥, positive-sequence surge impedance

¥, = Z'”. .K.u, positive-seguence propagation constant

Z, positive-sequence line impedance (Q/km)

Y, positive-sequence line admittance (S/km)

Vs L positive-sequence voltage and current phasors
at terminal B

d distance from terminal A to faulted point F (p.u.)

! total transmission line length (km)

3.2.2 Determination of the Synchronization Operator

Through the consideration of the distributed parameter line model of faulted
line in Figure 3.4, the positive-sequence voltages corresponded to the faulted point F
seen from both terminats with superscript A and B can be written as [25]:

Vie =V " cosh(y ld)-Z,,1,e” sinh(y, Id) (3.27)
Vi =V g cosh(y, I(1~d))=Z., Ly sinh(y,, I(1- ) (3.28)

The following trigonometric identities from Eq. (3.28) can be expressed as:
c:c:»sh(z1 .r.l(l —-d)= cosh(Z] Ll) cosh(;_fI Jd)— sinh(Zl Ll) sinh(Zlle) (3.29)
sinh(ZI :,l (1-d)= sinh(Z”‘l) cosh(Z”‘ld) - cosh(;_/ml) sinh(y, /d) (3.30)

After the rearrangement by providing Egs. (3.29} and (3.30) into Eq. (3.28), the
following equation was obtained as:

V7, =4 cosh(y Id)+ B, sinh(y, Id) (3.31)

where 4, =V, cosh(y N—-Z,, I, sinh(y D)
B, =¥y sinh(y, D+Z,, Ly cosh(y, I}

By comparing ¥4, =¥, which corresponded to Eq. (3.27) equal Eq, (3.31), the

following equation is represented as:

(Cie” — A cosh(y, d)+(D,e” — B,)sinh(y, id) =0 (3.32)
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where 4,, B are defined in Eq,. (3.31)
C=Fa
D=—Z,1,

Once the positive-sequence was derived in Eq. (3.32), the analogous equation

for negative-sequence was obtained by:

(Coe”" — 4,)cosh(y, id) +(Dae” — B,)sinh(y, d)=0 (3.33)

where 4, =V, cosh(y, —Z., Lz, sinh(y, /)
B, =~V y,sinh(y, D+ 2., 1, cosh(y, )
G, =V,
D,==Z,. 1,

As stated, only positive- and negative-sequence are sufficient to determine
the synchronization operator. Thus, Egs. (3.32) and (3.33) are combined to form the

eqguation as follows:

(glejd — 1_.41 )(Qzeja T, Ez) ) (l_)|ej6 T E] )(C_jzejs — éz ) =0 (334)

where A4,, B, C,, D, are defined in Egs. (3.31) and (3.32)
4,, B,, C,, D,are defined in Eq. (3.33)

From Eg. (3.34), the synchronization operator is obviously determined by

solving the quadratic equation in complex form as bellows:

E@”Y +Fe” +G=0 (3.35)

where E=C,\D,-D,(,
£=Qléz +§1Q2 _Qlﬁz —.é122

G=4,B,-84,
in which 4,, B,, C,, D, are defined in Egs. (3.31) and (3.32)

4,, B,, C,, D, are defined in Eq. (3.33)

Basically, two solutions are acquired by the gquadratic equation. To distinguish
the real value of synchronization operator, the crucial selection was provided in

order to perform the analytical synchronization in the next section.
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3.2.3 Selection of Valid Solution for the Determined Synchronization
Operator

To select the valid solution is to clearly discriminate the magnitude of the

determined synchronization operators. One is rejected if its magnitude is not close to

unity.
(1-8)>[e"|>(1+2) (3.36)

where & error margin, which is considered as the tolerance of the possible
error in synchronization operator determination
i an index representing both solutions of the synchronization
operator in which contains the synchronization angle

The possibility in error margin &=0.01 was applied in the evaluation section
to declare the effectiveness of the proposed method. It is fact that Euler equation
provides:

e’ =cos(8) + jsin(8)=1 (S close to 0) (3.37)

It is obvious that once the valid solution of the determined synchronization
operator is selected, the synchronization angle is followed by the selected valid
solution since it is in the phasor quantity. The condition in Eq. (3.36) appears
definitely sufficient to perform the synchronization of the initially measured signals in
all fault types.



30

3.24 Flowchart for Proposed Algorithm Based on Two-End
Unsynchronized Measurement

[Step 1: Sampling Data Collection from Both Terminals during Fault]

Vi Vgl ds

Step 2: Filtering of Measured Signals by Second Order
Buttherworth Filter

Step 3: Fundamental Frequency Extraction by FFT in Phasor Quantity
( Magnitude and Phase Angle)

[ Step 4: Symmetrical Component Transformation ]
4 |4 I i

—AL2)? =01, 1y SA(L, 2)? 21, 2)

[ Step 5: Determination of Synchronization Operator ¢’ ’

y

[ Step 6: Selection of Valid Solution for the Determined Synchronization ]

Operator from the Quadratic Equation

No Step 7: Is |ef"‘*| fallen out this condition?
(I-g)> |e""'l >(1+¢)
£=0.01
Yes

[ Step 8:|e"°‘|is the Valid Solution ] [ Step 8¢ Iis the Valid Sotution ]

|

»
Cal

Y
[ Step 9: Analytical Synchronization Vi Loy ]

‘Step 10: Fault Location PerformanceJ

Figure 3.5 Flowchart of proposed algorithm based on two-end unsynchronized
measurement
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3.3 Summary

The method of finding the distance to faulted point has been derived in this
chapter which classified two different algorithms based on synchronized and
unsynchronized measurements. None line parameter requirement for fault location
algorithm based on two-end synchronized measurement appeared to be simple,
robust, and at the same time highly accurate to be implemented in the network.
Due to the assumption of locating the fault on the short fully transposed
transmission line, lumped line parameter model was used in this presented
algorithm. The derivation of this algorithm is explicitly detailed in locating balanced
and unbalanced fault covering with simple and low computation based on positive-
and negative-sequence component eguivalent circuits. The need of line parameters
is unnecessary which makes this presented algorithm more flexible while the
uncertainty of the line parameters, which is generally affected the accuracy of the
fault location estimation, is successfully eliminated.

Unfortunately, due to the economic reasons, the method of using the GPS
assisted PMUs is still in limit and cannot adopt as they could be. To refresh the
problem, the method using two-end unsynchronized measurement appeared to be
more attractive on fault location estimation. Distributed parameter line model is
taken into account in this presented algorithm in order to respect the transrission
line characteristic corresponded to long fully transposed transmission line. It just
needs the common-time reference of the measured signals. Only positive- and
negative-sequence component equivalent circuits were used simultaneously to
determine the synchronization operator. Consequently, the method of identifying the
synchronization operator and angle, which are really important to make the
analytical synchronization, is provided with the effective selection of the valid
solution of the synchronization angle. Once the synchronization angle is selected,
the distance to a fault can be performed precisely as the cases using synchronized
measurement. This presented algorithm does not require the identifying of the
affected phases or fault type selections, so it is flexible, robust, and highly accurate.
It is worth to point out that it can be easily implemented into the microprocessor-
based protective relays.



CHAPTER 4

PERFORMANCE EVALUATION AND ATP-EMTP

SIMULATION RESULTS

This chapter provides the performance evaluation and simulation results of
the proposed fault location algorithms which already presented the detailed
derivations in Chapter 3. The two terminals system shown in Figure 2.7 is simulated
first using synchronized measurement for locating the faults which are artificially
implemented in the network. Various fault types with varying the fault resistances
and ground resistance in the cases of excluding and including shunt capacitance were
tested and evaluated along the entire short transmission line. In the next part, the
two terminals system configuration depicted in Figure 2.8 is simulated using
unsynchronized measurement for determining the fault distance on the long
transmission line. Different fault specifications were tested and evaluated over the
entire transmission line. Considered affected factors are also presented in order to
investigate how it affected the proposed algorithms. Results of these two proposed
algorithms are presented in this chapter and provide high accuracy of the fault
location estimation. The results verify the efficacy and robustness of the proposed
solution on finding the fault on the transmission line.

4.1 Algorithm Evaluation for Two-End Synchronized Measurement

The presented fault location algorithm has been simulated and validated
thoroughly with credible fault data modeling obtained from ATP-EMTP software
versatile simulations of fault implemented on the test transmission line containing
400 kV, 100 km long. The parameters of the transmission line and both networks are
listed in the Tables 4.1 and 4.2, respectively.

Table 4.1 Transmission line parameters

Parameters Pasitive- and negative-sequence | Zero-sequence
Resistance [£2 /km] 0.065 0.195
Inductance [mH/km)] 0.95493 2.86479
Capacitance [nF/km] 10.5 5.0




Table 4.2 Parameters of both test networks

Parameters Terminal A | Terminal 8
Line to Line RMS Voltage [kv] 416 400
Phase angle [*] 30 10
Positive-sequence Resistance [2] | 1.0185892 | 0.6366183
Positive-sequence Inductance [mH] | 50,9395 31.8309
Zero-sequence Resistance [£2] 20371785 | 1.2732366
Zero-sequence Inductance [mH] 101.8589 60.6618

4.1.1 Evaluation of All Fault Types

SLG, DL, DLG, and 3LG faults were simulated at different locations with a
variety of fault resistance and ground resistance from 0Q to 100Q along the line. In
each case, the fault inception time was set at =23 ms. The sampling frequency was
f. =6.4 kHz . The data window size used for the FFT process to obtain the phasors
quantities was T, =20 ms (N=128 samples per data window). It was assumed that the
line was loaded before the fault inception and all phasors were in a natural way
perfectly synchronized.

4.1.1.1 Cases of Excluding Shunt Capacitance
A SLG fault was simulated at 40 km (observed from terminal A) over 100 km
of the total line length with a fault resistance R, =10Q as for the sample of the
result. Figure 4.1 shows the configuration of the SLG fault modeling which taken into
account the lumped parameter line model in ATP Draw.

Figure 4.1 SLG fault with lumped parameter line modeling modeled in ATP Draw

Figures 4.2 and 4.3 depicted the simulated voltage and current waveforms at
the terminal A and B, respectively. Sampled measurements of these voltages and
currents were used as the inputs to the algorithm which developed in Matlab.
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Figure 4.2 Voltage and current waveforms of SLG fault observed from terminal A
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Figure 4.3 Voltage and current waveforms of SLG fault observed from terminal 8
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Based on the voltages and currents synchronously measured at line
terminals, the unknown fault location is calculated using Eq. (3.7), as presented in
Figure 4.4.
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Figure 4.4 SLG fault with R, =10Q estimated fault location (40 km fault was
simulated in ATP-EMTP)

Fault Distance (%)

From Figure 4.4, it can be seen that the algorithm accurately determines the
fault distance and converges to the solution shortly after the fault inception. The
estimated distance to fault averaged over the interval 40-120 ms was 40.0168 km.



35

Obviously, the errors occurred during the convergence process are due to the
presence of the DC components in the fault current. Commonly, since FFT was used
in this extraction process, it is known to be sensitive to the decaying of DC
components.

Next, a DL fault was also simulated at 40 km (observed from terminal A) over
100 km of the total line length with a fault resistance R, =1002. Figure 4.5 shows

the configuration of the DL fault modeling which taken into account the lumped
parameter line model in ATP Draw.

Figure 4.5 DL fault with lumped parameter line modeling modeled in ATP Draw

Figures 4.6 and 4.7 depicted the simulated voltage and current waveforms at
the terminal A and B, respectively. Sampled measurements of these voltages and
currents were used as the inputs to the algorithm which developed in Matlab.
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Figure 4.6 Voltage and current waveforms of DL fault observed from terminal A
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Figure 4.7 Voltage and current waveforms of DL fault observed from terminal B
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Based on the voltages and currents synchronously measured at line
terminals, the unknown fault location is calculated using Eqg. (3.7), as presented in
Figure 4.8.
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Figure 4.8 DL fault with R, =100Q estimated fault location {40 km fault was
simulated in ATP-EMTP)

Fault Distance (%)

From Figure 4.8 it can be seen that the algorithm accurately determines the
fault distance and converges to the solution shortly after the fault inception. The
estimated distance to fault averaged over the interval 40-120 ms was 40.0023 km.

Beside above fault types, a DLG fault was also simulated at 40 km (observed
from terminal A} over 100 km of the total line length with a fault resistance
R, =1Q, R, =100 as the case of DL fault. Figure 4.9 shows the configuration of the

DLG fault modeling which taken inte account the lumped parameter line model in
ATP Draw.

+

Figure 4.9 DLG fault with lumped parameter line modeling modeled in ATP Draw

Figures 4.10 and 4.11 depicted the simulated voltage and current waveforms
at the terminal A and B, respectively. Sampled measurements of these voltages and
currents were used as the inputs to the algorithm which developed in Mattab.
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Figure 4.10 Voltage and current waveforms of DLG fault observed from terminal A
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Figure 4.11 Voltage and current waveforms of DLG fault observed from terminal B

Based on the wvoltages and currents synchronously measured at line
terminals, the unknown fault location is calculated using Eq. (3.7), as presented in

Figure 4.12.
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Figure 4.12 DLG fault with R; =1Q, R, =100Q2 estimated fault location (40 km

fault was simulated in ATP-EMTP)

From Figure 4.12, it can be seen that the algorithm accurately determines the
fault distance and converges to the solution shortly after the fault inception. The
estimated distance to fault averaged over the interval 40-120 ms was 40.0062 km.
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The last fault type, a 3LG fault was also simulated at 40 km (observed from
terminal A) over 100 km of the total line length with a fault resistance

R.=1Q, R =1Q. Figure 4.13 shows the configuration of the 3LG fault modeling

which taken into account the tumped parameter line model in ATP Draw.

4

Figure 4.13 3LG fault with lumped parameter line modeling modeled in ATP Draw

Figures 4.14 and 4.15 depicted the simulated voltage and current waveforms
at the terminal A and B, respectively. Sampled measurements of these voltages and
currents were used as the inputs to the algorithm which developed in Matlab.
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Figure 4.14 Voltage and current waveforms of 3LG fault observed from terminal A
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Figure 4.15 Voltage and current waveforms of 3LG fault observed from terminal 8
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As mentioned previously in the algorithm derivation of Chapter 3, fault
resistance R, needs to be determined and selected as valid one first in order to
substitute it into the collinear vectors z and z(D-1). Since the fault resistance R,
is determined by solving the quadratic equation, there are two solutions obtained
from it. The simple method is just investigated on the value of angle & which lies in
the first quadrant of the complex plane and the one which is closer to the typical
value of the line characteristic should be selected. The determined phase angles 8,
and 8, compiled by substituting the fault resistance (&), and (R.),, respectively
are depicted in Figure 4.16.
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Figure 4.16 Determined phase angles verified two solutions of fault resistance
obtained from quadratic equation

From this figure, the valid solution is clearly demonstrated as selecting the
phase angle 8, which is corresponded to (R,.),. This value is closer to the typical
value of line characteristic (e.g. 80) while another solution differs very much from the
valid one. Then fault distance is calculated using Eq. (3.25) as presented in Figure
4,17,
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Figure 4.17 3LG fault with R, =10, R,=1Q estimated fault location (40 km fault was
simulated in ATP-EMTP)

Fault Distance (%)
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It is worth to notice that phase angle 6, is not always the valid solution; it
depends on the value of phase angle which is closer to the typical value of line
characteristic. From Figure 4.17, it can be seen that the algorithm accurately
determines the fault distance and converges to the solution shortly after the fault
inception. The estimated distance to fault averaged over the interval 40-120 ms was
39.9812 km.

In order to further demonstrate the algorithm’s efficiency, unbalanced faults
and balanced three-phase faults are assumed to occur at different points along the
line were simulated. The results in percentage for the various fault locations are
presented from Figures 4.18 to 4.21. Based on the results, it can be verified that

accurate results were obtained over the range of transmission line.
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Figure 4.18 Various SLG fault with R. =10Q estimated fault location over the range
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Figure 4.21 Various 3LG fault with R, =1Q, R, =1Q estimated fault location over the

range of transmission line

The results for a variety of the unbalanced faults and balanced three-phase
faults with different locations and fault resistances by excluding line capacitance in
the modeling are gathered in Table 4.3. Results for 66 simulation tests have been
presented. The errors presented in the results have been calculated as a percentage
of the entire line length by using Eq. (2.8) and averaged over the interval 40-120 ms.

From Table 4.3 it can be concluded that the algorithm maintained a high
level of accuracy in locating all fault types with varying the fault location as well as
fault resistance. The error of the estimation for faults occurred in the middle of the
line are relatively smaller than those occurred close to line terminal. It is obvious
that the effect of fault resistance changed the amplitude of voltages and currents,
but the flexibility of the proposed algorithm is more robust since it is not involved
with line parameters. Additionally, it is unaffected by fault resistance varied from 0Q
to 100Q. The maximum error does not exceed 0.0637%
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Table 4.3 Fault location error [%] for all fault types excluding line capacitance

Fault Types Fault distance [%)]
10 25 40 60 75 90
SLG, R. =00 0.0453 | 0.0298 0.0173 | 0.0015 0.0117 0.0281
5LG, R. =100 0.c444 | 0.0290 0.0168 0.0015 0.0114 | 0.0276
SLG, R, =100Q2 0.0337 | 0.0216 0.0125 | 0.00t1 0.0081 0.0199
DL, R. =00 0.0043 | 0.0250 0.0084 | 0.0004 0.0019 | 0.0065
DL, R. =10002 0.0081 0.0053 0.0024 | 0.0001 0.0002 | 0.0028
DLG, R, =1Q, R, =0Q 0.0637 | 0.0250 0.0084 | 0.0004 0.0019 0.0147
DLG, R, =18, R, =100Q 0.0466 | 0.0182 0.0063 | 0.0004 0.0002 | 0.0049
3LG, R =16, R, =0Q2 0.0076 | 0.0163 0.0205 | 0.0137 0.0107 0.0051
3G, R, =1L R, =1Q 0.0084 | 0.0158 0.0188 | 0.0334 0.0058 0.0026
3LG, R, =1, R, =10Q 0.0029 | 0.0032 0.0009 | 0.0010 0.0022 | 0.0022
3LG, R, =1Q, R, =100Q 0.0084 | 0.0158 0.0188 | 0.0334 0.0058 | 0.0026

4.1.1.2 Cases of Including Shunt Capacitance

in the derivation of the algorithm, the shunt capacitance was assumed to be
neglected, but a realistic Pi-model in ATP-EMTP including line capacitance was used
to simulate all fault types. This may cause some errors in fault location estimation.
All fault types have been tested and validated in order to show the efficiency of the
proposed algorithm as the case of excluding line capacitance. The way of excluding
and including line capacitance is just changed the input value of the lumped RLC Pi-
equivalent 3 phase model in ATP-EMTP, so the configurations of all fault types are
originally maintained as the case of excluding line capacitance.

A SLG fault was simulated again at 40 km (observed from terminal A) over 100
km of the total line length with a fault resistance R, =10Q in considering the line
capacitance in the modeling. Figures 4.22 and 4.23 depicted the simulated voltage
and current waveforms at the terminal A and B, respectively. Consequently, these
waveforms will be used as the inputs for the developed algorithm in Matlab.
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Figure 4.22 Voltage and current waveforms of SLG fault captured from terminal A
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Figure 4.23 Voltage and current waveforms of SLG fault captured from terminal B

Based on the wvoltages and currents synchronously measured at line
terminals, the unknown fault location is calculated using Eg. (3.7), as presented in

Figure 4.24,
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Figure 4.24 SLG fault with R, =10Q estimated fault location (40 km fault was
simulated in ATP-EMTP)
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From Figure 4.24, it can be seen that the algorithm accurately determines the
fault distance and converges to the solution shortly after the fault inception even
shunt capacitance is also considered in the modeling. The estimated distance to
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fault averaged over the interval 40-120 ms was 40.0333 km. Basically, it depends on

the quality of the method for phasors extraction, while FFT was used in this

extraction and it is known to be very sensitive the decaying DC component.

Next, a DL fault, in this case, was also simulated at 40 km {(observed from

terminal A) over 100 km of the total line length with a fault resistance R, =100Q.

The procedure of locating fault is totally the same as the previous case. This

proposed algorithm is robust since it needs only the voltage and current waveforms

synchronously measured from both terminats as illustrated in Figures 4.25 and 4.26.
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Figure 4.25 Voltage and current waveforms of DL fault captured from terminal A
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Figure 4.26 Voltage and current waveforms of DL fault captured from terminal B

Based on the voltages and currents synchronousty measured at line

terminals, the unknown fault location is calculated using Eq. (3.7), as presented in

Figure 4.27. From Figure 4.27 it can be seen that the algorithm accurately determines

the fault distance and converges to the solution shortly after the fault inception. The

estimated distance to fault averaged over the interval 40-120 ms was 40.0141 km
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simulated in ATP-EMTP)
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As mentioned, all fault types need to be considered in this case, so a DLG
fault with fault resistance R, =1Q, R, =100Q was also simulated at 40 km (observed

from terminal A) over 100 km of the total line length. Figures 4.28 and 4.29 depicted
the simulated voltage and current waveforms at the terminal A and B, respectively.
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Figure 4.28 Voltage and current waveforms of DLG fault captured from terminal A
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Based on the voltages and currents synchronously measured at line
terminals, the unknown fault location is calculated using Eq. (3.7), as presented in

Figure 4.30.

Fault Distance (%)

100
90
80

70k~

60

a0

10
0

0

20

40 60

Time (ms)

120

Figure 4.30 DLG fault with R, =1Q, R, =100 estimated fault location (40 km fault

was simulated in ATP-EMTP)

From Figure 4.30, it can be seen that the algorithm accurately determines the
fault distance and converges to the solution shortly after the fault inception. The

estimated distance to fault averaged over the interval 40-120 ms was 40.0228 km.

The last fault type which considered in this case is a 3LG fault with fault
resistance R, =1Q, R, =1Q which was also simulated at 40 km (observed from

terminal A) over 100 km of the total line length as same as all the cases in order to
see how fault resistance make changes in the voltage and current waveforms. Figures
4.31 and 4.32 depicted the simulated voltage and current waveforms at the terminal
A and B, respectively.
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Figure 4.32 Voltage and current waveforms of 3LG fault captured from terminal B

The determined phase angles g, and 8, compiled by substituting the fault

resistance (R;), and (R..),, respectively are depicted in Figure 4.33.
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Figure 4.33 Determined phase angles verified two solutions of fault resistance

obtained from quadratic equation

From this figure, the valid solution is clearly demonstrated as selecting the

phase angle 8, which is corresponded to (R,),. This value is closer to the typical

value of line characteristic (e.g. 80) while another solution differs very much from the

valid one. Then fault distance is calculated using Eq. (3.25) as presented in Figure

4.34.

From Figure 4.34, it can be seen that the algorithm accurately determines the

fault distance and converges to the solution shortly after the fault inception. The

estimated distance to fault averaged over the interval 40-120 ms was 39.9570 km.
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Figure 4.34 3LG fault with R, =1Q, R, =1Q estimated fault tocation (40 km fault was
simulated in ATP-EMTP)

The results for a variety of the unbalanced faults and balanced three-phase

faults with different locations and fault resistances by including line capacitance in

the modeling are gathered in Table 4.4. The same amount of results for 66

simulation tests has been presented as the case of excluding shunt capacitance. The

errors presented in the results have been calculated as a percentage of the entire

line length by using Eq. (2.8) and averaged over the interval 40-120 ms. The

rmaximum error does not exceed 0.121%.

Table 4.4 Fault location error [%] for all fault types including line capacitance

Fault Types Fault distance [%6]
10 25 40 60 75 90
5LG, R.=0Q 0.1210 | 00717 | 00337 | 00151 | 00543 | 0.0983
SLG, R, =10Q 0201 | 00710 | 00333 | 00152 | 00539 | 0.0978
SLG, R, =100Q 0.1092 | 00635 | 00289 | 00155 | 00507 | 0.0902
DL, R. =0Q 00703 | 00392 | 00157 | 0.0163 | 00408 | 0.0772
DL, R, =100Q 0.0665 | 00366 | 00141 | 0.0165 | 00425 | 00735
DLG, R, =1€ R, =0Q 01371 | 0.0665 | 0.0249 | 0.0162 | 0.0408 | 0.0565
DLG, R, =1Q, R =100 0.1064 | 00505 | 0.0228 | 00162 | 00425 | 0.0663
3LG, R, =16, R, =0Q 0.0366 | 00559 | 00424 | 00450 | 00145 | 0.0206
3G, R =1Q, R =12 0.0394 | 00576 | 00430 | 00178 | 0.0147 | 0.0208
3LG, R. =1 R, =10Q 00914 | 00946 | 00807 | 00177 | 00350 | 0.0573
3LG, R. =18, R, =100C 0.0393 | 0.0576 | 00429 | 00178 | 00147 | 0.0207
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From Table 4.4 it can be concluded that the algorithm maintained a high
level of accuracy in locating all fault types with varying the fault location as well as
fault resistance even the shunt capacitance is considered in the modeling. It can be
noticed from the simulated trial tests as follows:

e If faults occurred in the middle of the line as the sample cases shown

above, the fault currents from both terminals are approximately the same
as the errors caused by shunt capacitance. Thus, the errors are relatively
small.

e If faults occurred close to either line terminal, there is a bigger difference
in fault currents from each line terminal and the errors caused by shunt
capacitance also differ. If the fault is closed to the terminal A, the line
capacitance has a much smaller influence on the fault curent than it has
on the fault current from terminal B. This leads to larger errors for faults
occurred closer to line terminal.

4.1.2 Investigation on Additive White Gaussian Noise (AWGN)

In reality, the non-linear effects on instrument transformers and errors
introduced during A/D conversion are factors which would be adversely affected the
accuracy of the fault location. Since this algorithm is based on the synchronized
measured voltages and currents, it needs to use fast communication channels
between two synchronized measurement units installed at the line terminal which
can be introduced by some iritate noises. Noise ratio 40dB is considered as the
severe noise introduced in the network. AWGN whose signal-to-noise ratio (SNR) 40dB
was randomly added to all simulation tests by Matlab. Noise is added to all voltage
and current waveforms from both terminals, but Figure 4.35 shows only the first
steady state cycle of original voltage waveforms from terminal A and added noise in
order to clearly see the irritated noise.
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Figure 4.35 Original and added noise for the 1™ cycle of voltages from terminal A
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The procedure of locating the fault still maintains the same steps as shown in
the samples of all fault types. This is showed only the final results after severe noise
Is considered. The errors presented in the results have been calculated by Eq. (2.8).
Results obtained for this investigation used the average value of 10-time simulations
in each case as given in Tables 4.5 and 4.6 which corresponded to cases of excluding
and including line capacitance, respectively.

From these tables, it can be seen that the accuracy of the proposed
algorithm in locating all fault types still applicable even considering with severe
noise artificially implemented in the network. The maximum error for cases excluding
and including shunt capacitance does not exceed 0.2685% and 0.3419%,
respectively.

Table 4.5 Fault location error [%] for all fault types considering severe noise ratio
40dB in case of excluding line capacitance

Fault Types Fault distance [%)
10 25 40 60 75 90
SLG, R.=0Q 0.1985 0.1213 0.0701 0.0043 0.0371 0.0762
SLG, R. =100 0.20491 0.1207 0.0707 0.0058 0.0408 0.0758
5LG, R, =100Q2 0.2180 0.1324 0.0759 0.0079 0.0462 0.0948
DL, R. =00 0.1182 0.1224 0.0605 0.0029 0.0204 0.0591
DL, R, =10052 0.1117 0.0707 0.0431 0.0040 0.0278 0.0622
DLG, R. =10 R, =08 0.2640 0.1219 0.0576 0.0039 0.0217 0.0285
OLG, R, =1Q, R, =100Q 0.2685 | 0.1376 | 0.0650 | 0.0037 | 00213 | 0.0129
3LG, R. =10, R, =00 0.1281 0.0666 0.0183 0.0838 0.1353 0.1504
3G, R. =10, R, =1Q 0.1204 | 0.0555 | 0.0055 | 0.1862 | 0.1354 | 0.1530
3LG, R. =14, R =100 0.0765 0.009% 0.0743 0.0119 0.1666 0.1586
3G, R. =18, R, =100 0.1206 0.0555 0.0055 0.1840 0.1372 0.1536

Table 4.6 Fault location error [%)] for all fault types considering severe noise ratio
40dB in case of including line capacitance

Fault Types Fault distance [6]
10 25 40 60 75 90
SLG, R, =00 0.2804 | 0.1881 0.0831 0.0144 | 0.0838 0.1455
SLG, R. =100 0.2841 0.1666 0.0837 0.0116 | 0.0808 | 0.1495
5LG, R, =10002 0.2986 0.1768 | 0.0948 00082 | 0.0889 0.1627
DL, R. =0Q 0.1916 0.1170 | 0.0605 0.0134 | 0.0637 0.1276
DL, R, =100 0.1920 0.1148 | 0.0571 0.0122 | 0.0696 0.1287
DLG, R: =1, R, =002 0.3419 0.1666 0.0773 0.0134 | 0.0711 0.1001
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DLG, R, =1Q, R, =100Q2 0.3073 0.1521 0.0779 0.0132 0.05%2 0.0840
3LG, R. =18} R, =080 0.0991 0.0267 0.0041 0.0526 0.0964 0.1250
3LG, R. =14 R =1Q 0.0896 0.0142 0.0188 0.1508 0.1169 0.1311
3LG, R. =19, R, =1002 0.0119 0.1028 0.1538 0.0069 0.1349 0.1045
3LG, R. =1Q, R, =100} 0.0800 0.0072 0.0180 0.1506 0.1323 0.115%

4.1.3 Investigation on Synchronization Error

As mentioned, this algorithm implements with the perfectly synchronized
measurements. A SLG fault with fault resistance R, =10Q was tested over the range
of the entire line by considering the time delay (ty) of the synchronized data
sampling which varied from 10 ps to 500 us from both terminals. The errors
presented in the results have been calculated by Eq. (2.8) and averaged over the
interval 40-120 ms.

Two different scenarios have been proposed to investigate on the
synchronization error which is considered as one of the affected factors to the
algorithm based on synchronized measurements. To demonstrate the tolerance of
the presented algorithm with the non-ideal synchronization, firstly, all measured
signals from terminal A were artificially delayed by 10 s to 500 ps (0.18° to 9°) which
corresponded to 1 to 50 samples in 50 Hz digitalized at 100 kHz. In addition, another
scenario has been offered by setting all measured signals from terminal B delayed
from 10 ps to 500 ps as well. Results for this investigation have been collected in
Tables 4.7 and 4.8.

From Tables 4.7 and 4.8 it can be concluded that the fault location error was
appeared to be higher by the fault occurred close to the end of the terminals, and it
was lower by the fault approached to the middle. For ty < 20 ps, the fault location
error is totally acceptable, while ty > 20 us would not be considered as acceptable
due to the high errors of the estimated faults occurred at the end of line terminals.

Table 4.7 Fault location error [%] considering synchronization error delayed from

terminal A
Time Delay (t,), (s] Fault distance {96}
10 25 a0 60 75 90
10 0.3996 0.2845 0.1445 0.0145 0.0792 0.1685
20 0.8043 0.5744 0.319 0.0358 0.1717 0.3748
30 1.2224 0.8741 0.4994 0.0577 0.2676 0.5884
40 1.6546 1.1841 0.686 0.0803 0.3668 0.8095
50 21013 1.5049 0.8791 0.1037 0.46%6 1.0385
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60 2.5634 1.837 1.0791 0.128 0.5761 1.2758
70 3.0413 2,181 1.2865 0.1531 0.6866 1.5218
80 3.5358 2.5377 1.5015 0.1793 0.8011 1.7769
90 40473 2.9076 1.7247 0.2065 0.9198 2.0418
100 4.5761 3.2915 1.9565 0.2349 1.0431 23167
200 79912 8.0989 4.8851 0.6136 2.5763 5.7680
500 58.609 13.553 23.150 9.3205 12.857 37579

Table 4.8 Fault location error [%] considering synchronization error delayed from

terminal B
Time Detay (), [us] Fault distance [%6]
10 25 40 60 75 90

10 0.3684 0.2647 0.1878 0.0263 0.0967 0.224
20 0.7333 0.5259 0.3450 0.0459 0.1802 0.4107
30 1.0871 0.7791 0.4975 0.0651 0.2610 0.5913
40 1.4303 1.0247 0.6454 0.0838 0.3391 0.7663
50 1.7634 1.2630 0.7890 0.1021 0.4146 0.9357
60 2.0867 1.4944 0.9285 0.1201 0.4876 1.0998
70 2.4006 1.7191 1.0640 0.1378 0.5583 1.2589
80 2.7057 1.9375 1,1958 0.1551 0.6267 1.4131
90 3.0022 2.1497 1.3240 0.1722 0.6929 1.5626
100 3.2905 | 2.3562 1.4487 | 0.1890 | 0.7569 1.7077
200 5.7885 4.1481 2.5367 0.3477 1.2953 2.9455
5G0 10.6372 | 7.6716 47421 0.80%0 2.1530 5.1424

4.2 Algorithm Evaluation for Two-End Unsynchronized Measurement
This presented fault location algorithm has been simulated and validated
thoroughly with credible fault data modeling obtained from ATP-EMTP software
versatile simulations of fault implemented on the test transmission line containing
400 kv, 300 km long. The parameters of both networks and transmission line are

listed in Table 4.9.



Table 4.9 Parameters of the test networks
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Components Parameters
RMS Voltage 416 kv
Phase Shift Angle o, =30
Terminal A
A (1.3124j15.0) Q
Zos (2.336+j26.6) Q
RMS Voltage 400 kv
Phase Shift Angle Gy =10
Terminal B
Ziss (2.620+j30.0) Q
Zoss (4.668+j53.2) Q
Fri (0.0276+j0.3151) Q/km
Z,, (0.2750+§1.0265) €2/km
Transmission line from A to B C'” 13.0 nF/km
C,, 8.5 nF/km
[ 300 km

4.2.1 Verification of Synchronization Performance

In order to clearly demonstrate the method of determination of
synchronization angles, the simulation of the test network is performed in normal
condition. Healthy phase voltages and currents from terminal A are depicted in
Figure 4.36. Very similar waveforms are obtained from terminal B.

Basically, the measured signals obtained from ATP-EMTP simulations are
perfectly synchronized. To demonstrate the effectiveness of the presented
algorithm, all measured signals from terminal A were artificially delayed by 18 (actual
value) which firmly tallies to 10 samples in 50 Hz digitalized at 10 kHz. The
calculated synchronization angles during steady-state operation, using Eq, (3.35), are

shown in Figure 4.37.
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Figure 4.36 Healthy phase voltages and currents observed from terminal A
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Figure 4.37 Calculated synchronization angles

From Figure 4.37 it can be confirmed that the developed algorithm starts with
the quite accurate determination of the synchronization angle. This is the first
approach to fulfilling the aim of finding fault on the long transmission line. Once the
analytical synchronization is made, the unknown fault location is calculated as the

cases of using synchronized measurement.

4.2.2 Evaluation of All Fault Types

SLG, DLG, and 3LG faults were simulated at different locations with a variety
of fault resistance as well as ground resistance from 1Q to 50Q along the line. The
represented models were depicted in Figure 2.1@), (c), and (d). The sampling
frequency was set £, =10 kHz . The data window size used for FFT process to obtain
the phasors quantities was 7, =20ms (N = 200 samples per data window). It was
assumed that the line was loaded and the fault inception time was set at =40 ms
in all considered cases. The CTs and VTs were deliberately modeled as errorless
instrument transformers. Second order Butterworth analog anti-aliasing filters
designed for 500 Hz of the cutoff frequency which agrees to 10" harmonic were
applied by built-in function in Matlab to filter the secondary signals of the CTs and
VTs.

The fault location estimation is performed in per unit (p.u.) value which
complies with the given parameters of the test network. Compared to the first
proposed algorithm, the presented algorithm in this section is taken into account the
distributed parameter line model to ensure the high accuracy of locating faults on
the long transmission line. This is so the effect of shunt capacitance is not a big deal.

To illustrate the procedures of locating a fault in this configuration, a SLG
fault, as for the sample of the result, was simulated to be taken place at 0.3 p.u.
(observed from terminal A) over 1 p.u. corresponded to 300 km of the total line
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length with a fault resistance R, =50Q. The configuration of the SLG fault modeling
in ATP Draw is presented in the Figure 4.38.

=

Figure 4.38 SLG fault with distributed parameter line modeling modeled in ATP Draw

The procedures for locating faults in this presented algorithm are not much
different from the previous one. It just needs to do the analytical synchronization of
the measured signals from both terminals. Figures 4.39 and 4.40 depicted the
simulated voltage and current waveforms at the terminal A and B, respectively.
Sampled measurements of these voltages and currents were used as the inputs to
the algorithm which developed in Matlab.
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Figure 4.39 Simulated Voltages and currents of SLG fault seen from terminal A
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Figure 4.40 Simulated Voltages and currents of SLG fault seen from terminal B

As mentioned previously, all measured signals from terminal A were
intentionally delayed by 18 (actual value) in order to show the strength of the
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presented algorithm in determining the synchronization operator and angle in even
faulted condition. The calculated and selected the valid synchronization operators
and angles using Egs. (3.35) and (3.36), respectively, in faulted condition are
illustrated in Figure 4.41.

From Figure 4.41 it is worth to notice that the algorithm was able to carry out
data synchronization during power system transients. The method of selection of the
determined synchronization operator is quite reliable with the proposed tolerance of
the possible error £=0.01.
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Figure 4.41 Calculated synchronization operators and angles in SLG fault

After performing the analytical synchronization, all measured signals appeared
as synchronized from both terminals as the case using synchronized measurement.
Then the fault location is calculated using Eg. (3.26) as plotted in Figure 4.42.

From Figure 4.42 the fault detection scheme successfully identified the
faulted point just only one power cycle after the fault inception. This clearly
demonstrates the robustness of the proposed algorithm.
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Figure 4.42 SLG fault with R, =50 estimated fault location (0.3 p.u. fault was
simulated in ATP-EMTP)
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Ancther fault type, a DLG fault was also simulated at 0.3 p.u. as the case of
SLG fault (observed from terminal A) over 1 pu. with a fault resistance
R, =1Q, R, =50Q. The configuration of the DLG fault modeling in ATP Draw is
presented in the Figure 4.43.
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Figure 4.43 DLG fault with distributed parameter line modeling modeled in ATP Draw

Figures 4.44 and 4.45 depicted the simulated voltage and current waveforms
corresponded to a DLG fault seen at the terminal A and B, respectively.
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Figure 4.44 Simulated Voltages and currents of DLG fault seen from terminal A
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Figure 4.45 Simulated Voltages and currents of DLG fault seen from terminal B

Power systems are subjected to high-speed transients that fade away within
the span of a few fundamental power cycles. It is worth to point out that good
accuracy of fault location is achieved and appeared mainly due to the limited ability
of the applied filter (second order Butterworth analog anti-aliasing with cutoff
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frequency 500 Hz) and method of phasors extraction (FFT process) to filter out the

transient distortions from the processed signals. Figures 4.46 and 4.47 depicted the

voltage and current waveforms after applying the filters from the secondary signals

of the CTs and VTs on terminal A and B.
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Figure 4.46 Filtered Voltages and currents of DLG fault from terminal A

Phase Yoltages (kV)

using Egs. (3.35) and (3.36),

. . L
60 80 100
Time (ms)

20 120

4000
f R
T T L Y AN
’ ; | f iy k ¢ W\ i .‘ o
2000 \ Y ¥} - I
g L } Ay \I - p
” KA ! [ {
T SV A I T R B T
g \ | l[ & i_; JF \{; i v
3 o I. R L
u T | } i [N
il g _.‘\ A | i i
£ % \ SNk -
2000/ ' ~ ik L)
YR I N O
'@/l i R ‘
4000 ) ) . . .
4] 20 49 40 80 100
Time {ms)

Figure 4,47 Filtered Voltages and currents of DLG fautt from terminal B

The calculated and selected the vatid synchronization operators and angles
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Figure 4.48 Calculated synchronization operators and angles in DLG fault
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After performing the analytical synchronization, the unknown fault location is
calculated using Eq. (3.26) and precisely identified as illustrated in Figure £.49.
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Figure 4.49 DLG fault with R, =1Q, R, =50Q estimated fault location (0.3 p.u. fault
was simulated in ATP-EMTP)
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The last considered fault type, a 3LG fault was also simulated at 0.3 p.u.
(observed from terminal A) over 1 p.u. with a fault resistance R, =1Q, R, =50Q2. The

configuration of the DLG fault modeling in ATP Draw is presented in the Figure 4.50.
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Figure 4.50 3LG fault with distributed parameter line modeling modeled in ATP Draw

Figures 4.51 and 4.52 depicted the simutated voltage and current waveforms
corresponded to 3LG fault seen at the terminal A and B, respectively.
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Figure 4.51 Simulated Voltages and currents of 3LG fault seen from terminal A
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Figure 4.52 Simulated Voltages and currents of 3LG fault seen from terminal B

Figures 4.53 and 4.54 depicted the voltage and current waveforms after
filtering out the distortion caused by the transients from the secondary signals of the

CTs and VTs on terminal A and B.
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Figure 4.53 Filtered Voltages and currents of 3LG fault from terminal A
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Figure 4.54 Filtered Voltages and currents of 3LG fault from terminal B
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The calculated and selected the valid synchronization operators and angles

using Egs. (3.35) and (3.36), respectively, in faulted condition are plotted in Figure

4.55.
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Once the valid solution of synchronization angle is selected, the analytical

synchronization is performed. Then unknown

fault location is calculated using Eq.

(3.26) and precisely identified as depicted in Figure 4.56.
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Figure 4.56 3LG fault with R, =1Q, R, =50Q estimated fault location (0.3 p.u. fault
was simulated in ATP-EMTP)
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From Figure 4.56 the presented algorithm successfully identified the faulted

point on the test network and agreed well with the expected theoretical results. All

considered fault types have been successfully tested and located as presented in

the samples.

In order to further demonstrate the algorithm’s efficiency, results for 54

simulations with different scenarios have been proposed and gathered in Tables

4.10-4.12, respectively. In these tables, a variety of different fault specifications i.e.

fault types, fault resistances and ground resistances which are the certain factors

affected to fault location algorithm have been considered over the entire line length.

The verifications of the fault distance were averaged over the interval 100-120 ms.

Table 4.10 Evaluation of SLG fault verified by using positive-sequence with g, =18

Fault |Determined Synchronization Operators and Synchronization Angles Verified Fault Distance
Distance Rp =10 Rp =500 Rp =10 Rp =500
pul |le%] V%] | 8] | &[T [|eff] | [ S| 87 | 6% |oip.ullerror [%lld [p.ulleror [9]
0.1 1.0002]1.2363|17.9864[162.11611.0002|1.2363|17.9864 (162.1161(0.1012| ¢.12 |0.1004| 0.04
0.2 1.0002|1.2333|17.9864)162.12191.0002| 1.2333|17.9864|162.1219(0.2006 | 006 |0.2000] 0.00
03 1.0001(1.2311]17.9865(162.1260|1.0001[1.2311|17.9865[162.1260|0.3004| 0.04 (03000 0.00
04 1.0001|1.2298(17.9866|162.1282| 1.0001 [ 1.2258{17.98661162.1283|0.4003| 0.03 [04001| 0.01
0.5 1.00011.2293(17.9867|162.1287|1.0001|1.2293|17.9867 | 162.1288|0.5003 | 0.03 |0.5002| 0.02
0.6 1.0001|1.2297|17.9868|162.1275|1.000111.2297|17.9868|162.1277|0.6002| 002 |0.6003| 0.03
0.7 1.0001|1.2309]17.9870|162.1252| 1.0001 | 1.2309{17.9869|162.1253|0.7001| 0.01 |0.7004| 0.04
0.8 1.0001|1.2330|17.9872(162.1224| 1.0001 [ 1.2331|17.9871[162.1222|0.7999] 0.01 {0.8005| 0.05
0.9 1.000211.2361|17.9873(162.11951.0002| 1.2361|17.9872(162,1188(0.8996 | ¢€.04 |0.5005] 0.05

Table 4.11 Evaluation of DLG fault verified by using positive-sequence withg, ., =18°

Fault |Determined Synchronization Operators and Synchronization Angles Verified Fault Distance
Distance Re=10Q R, =10 Rp = 1Q.R; =500 Rp = 1Q.R, = 10z = 10), R, =500
oud | le/% ]}l | &0 | &1 [|/%] | ¢ 82| | 6,19 | &[] |dIp.ul|eror (%] d [pul |etror [%]
0.1 |1.0002]1.2363]|17.9866|162.1161|1.0002(1,2363|17.9864|162.1161| 0.1004 | 0.04 | 0.1007 | 007
0.2 |1.0002|1.2333|17.9860|162.1224|2.0002|1.2333[17.9864|162.1224| 0.2002 | 002 | 0.2002 | 0.02
0.3 |1.0001|1.2311[17.98641162.1300]1.0001 |1.231117.9864 [162.1300| 0.3002 | 002 | 03002 | 0.02
04 11.0001[1.2297|17.9861|162.1438|1.0001|1.2297 |17.9861 [162.1438] £.4002 | 002 | 04002 | 002
0.5 [1.0001]1.2291(17.9854|162.1665)1.0001[1.2291[17.9854|162.1665| 0.5002 | 0.02 | 0.5003 | 0.03
0.6 |1.0001(1.2293]|17.9840|162.1959{1.0001§1.2293|17.9840{162.1960| 0.6002 | 0.02 | 0.6003 | 0.03
07 |1.0000|1.2305|17.9817|162.2246|1.0000|1.2305|17.9817|162.2246) 0.7002 | 0.02 | 0.7004 | 0.04
0.8 |1.0000|1.2330|17.9784|162.2314(1.0000(1.2330|17.9784|162.2313| 0.8002 | 0.02 | 0.8004 | 0.04
09 |1.0000]1.2367|17.974%|162.2135|1.0000|1.2367]17.9748|162.2131| 0.9002 | 0.02 | 0.5005 | 0.05
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Table 4.12 Evaluation of 3LG fault verified by using positive-sequence withg, ,, =18°

Fault |Determined Synchronization Operators and Synchronization Angles Verified Fault Distance
Distance Rp =10 R; = 14 Rp=10Ry = 50181 Rp = 10 Ry = 10|Rp = 10, Rg = 500
tpud | %] |le/%] | 60} | &1 [|/%] [1e/%] | & (71 | &[] |d [pul |error 9] d [p.u] [eror [%]
0.1 1.0002(1.2363|17.9864|162.1161(1.0002|1.2363|17.9864162.1161( 0.1001 [ 001 0.1001 0.01
0.2 1.0002|1.2333|17.9864(162.1224 | 1,0002 | 1.2333 17,9864 {162.1224| 0.2001 [ 0.01 0.2001 0.01
0.3 [1.0001(1.2311(17.9864(162.1299|1.0001 (1.2311]17.9864|162.129%| 0.3001 | 0.01 | 0.3001 0.01
0.0 [1.0001]1.2297(17.9862|162.1432|1.0001 | 1.2297}17.9862|162.1432| 0.4000 | 0.00 | 0.4000 | 0.00
0.5 |[1.0001]1.2290(17.9855|162.1651|1.0001 |£.2290{17.9855|162.1651| 0.4999 | 0.0t | 0.4999 | 0.01
0.6 |1.0001(1.2292(17.9843[162.1937(1.0001 |1.2292|17.9843|162.1937| 0.5998 | 0.2 | 0.3598 0.02
0.7 |1.0000]1.2303(17.9823])162.222211.0000|1.2303|17.9823|162.2222| 0.6997 | C.03 | 0.6997 0.03
0.8 |1.0000{1.2328}17.9794|162.2314(1.0000(1.2328(|17.9794|162.2314] 0.7997 | 0.03 [ 0.7997 0.03
0.9 |1.0000(1.2365]17.9762(162.2180|1.0000|1.2365|17.9762|162.2180| 0.8956 0.04. 0.8996 0.04

Based on the condition in Eq. (3.36), synchronization operators and angles are
successfully selected as valid solution which is close to actual value, 18, whereas
another solution differs very much from it. The relative error of the synchronization
angle does not exceed 0.02. This shows the strength of the presented algorithm
which starts with guite accurate identification of the synchronization angle. Once the
synchronization operator is determined, the fault distance is calculated by using Eq.
(3.26) and provided the high level of accuracy in locating all fault types as given from
Tables 4.10-4.12.

It is obvious that errors occurred during the convergence are due to the
presence of the DC components in the fault current. Commonly, since FFT was used
in this extraction process, it is known to be sensitive to the decaying of DC
components. The relative error of the distance to fault in all cases does not exceed
0.12%. Based on evaluative results, it can be concluded that the proposed algorithm
is unaffected by fault resistance and ground resistance for all fault types.

4.2.3 Investigation on Additive White Gaussian Noise (AWGN)

The use of PMUs in the reality can be disturbed by noise. This includes
electronic noise even some external events that affect the measured phenomenon.
Noise ratio 40dB is considered as the severe noise introduced in the network. AWGN
whose SNR is 40dB has been added to voltages and currents from both terminals by
Matlab. The error presented in the results obtained for this condition have been
used the averaged value of 10-time simulations within interval 100-120 ms in each

case as given in Table 4.13.
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Table 4.13 Fault location error [%] for all considered fault type evaluation with

censidering AWGN
Fault Verified Fault Distance Error (9]
Distance | _ SLG DL | 36 5LG DG | 36

(p.ul R.=1Q | R.=I1Q R, =1Q R.=50Q | R, =10, R, =50Q
0.1 0.123 0.044 0.013 0.054 0.066 0.013
0.2 0.057 0.020 0.011 0.007 0.021 0.012
0.3 0.041 0.018 0.010 0.002 0.018 0.010
0.4 0.037 0.020 0.000 0.004 0.021 0.001
0.5 0.035 0.022 0.006 0.025 0.031 0.006
0.6 0.017 0.023 0.015 0.028 0.032 0.018
0.7 0.004 0.024 0.024 0.048 0.039 0.027
0.8 0.014 0.022 0.032 0.049 0.041 0.031
0.9 0.037 0.020 0.040 0.052 0.050 0.040

From Table 4.13, it can be concluded that the algorithm still maintained a
high level of accuracy in locating all fautt types even the effect of severe noise in the
network has been considered and maximum error does not more than 0.1239%.

4.2.4 Investigation on Phase Shift Angle

Phase shift angle from both terminals which considered as one of the
affected factors was further investigated in order to ensure the efficiency of the
presented algorithm. Phase shift angle was changed by setting the terminal B as
delayed (@, =—10°, -206, .30 ), leading (CUB:lOc: 200, 30 ), and no phase shift angle

(@, =0y=0) to the terminal A,

4.2.4.1 Terminal B Delayed by (&, =-10, -20, =30 ) to Terrminal A
Tables 4.14-4.19 show the results of all fault types considering different phase
shift angles which were set the terminal B as delayed to the terminal A. The errors
presented in the results have been averaged over the interval 100-120 ms.
From Tables 4.14-4.19, it can be confirmed that the high accuracy of the
presented algorithm is still applicable even delayed phase shift angles from terminal
B are considered. The maximum error of fault distance and determined

synchronization angle in all cases do not exceed 0.08% and 0.03, respectively.
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Table 4.14 Determination of synchronization operators and angles in SLG fault with
R, =100, a,=0", 3,

actual

=18 in considering delayed phase shift angles

Fault Determined Synchronization Operators and Synchronization Angles

Distance ap = —10° ag = —20° ap =—30°

dipud | [ | 1e/%] | 6.1 &1 |l | e | &l | &0 |12 /] | &0 | &I
0.1 10002 | 1.4749 | 17.9863 | 162.1051 | 1.0002 | 1.2363 | 17.9864 § 162.1161 1 1.4359 [ 1,0000 | 161.9393 | 17.9859
0.2 10001 { 1.4738 | 17.9864 | 162.1068 | 1.0002 | 1.2333 | 17.9864 [ 162.1220 | 1.6746 | 1.0000 | 161.8771 | 17.9864
0.3 1.0001 | 1.4730 | 17.9865 [ 162.1081 | 1.0001 [ 1.2311 | 17.9865 [ 162.1263 | 1.5003 | 1.0000 | 161.8302 | 17.9865
Q04 1.0001 | 1.4725} 17.9866 | 162.1093 | 1.0001 | 1.2297 | 17.9866 | 162.1295 | 15169 | 1.0000 | 161.7968 | 17.9865
0.5 1.0001 [ 14724 | 17.9868 | 162.1107 | 1.0001 | 1.2292 | 17.9867 | 162.1322 | 1.5240 | 1.0000 | 161.7746 | 17.9862
0.6 1.0001 [ 1.4725| 17.9869 | 162.1127 | 1.0001 | 1.2294 | 17.9868 | 162.1346 | 1.5218 | 1.0000 | 161.7631 [ 17.9857
0.7 1.0001 | 147311 17.9871 | 162.1155 | 1.0001 | 1.2306 | 17.9870 | 162.1369 | 1.5099 | 1.0000 | 161.7635 | 17.9853
0.8 1.0001 | 1.4740 [17.9872 | 162.1192 | 1.0001 | 1.2327 [ 17.9871 | 162,1385 | 1.487% | 1.0000 | 161.7823 | 17.9848
0.9 1.0001 [ 1.4755 | 17.9873 | 162.1227 | 1.0001 | 12359 | 17,9871 | 162.1378 | 1.4547 | 0.9999 | 161.8299 | 17.9845

Table 4.15 Verification of the fault distance in SLG fault with R, =100, «,=0"

S.nes =18 N considering delayed phase shift angles
Fault Verified Fault Distance
Distance oy =—10 Gy =—20° o, ==30°
d [p.ul d [p.u] error [%] d [p.ul error [%4] d [p.u] error [%)]
0.1 0.1008 .08 0.1008 0.08 0.1006 0.06
0.2 0.2003 0.03 0.2004 0.04 0.2002 0.02
0.3 0.3002 0.02 03003 0.03 0.3003 0.03
0.4 0.4002 0.02 0.4003 0.03 0.4003 0.03
0.5 0.5002 0.02 0.5004 0.04 0.5004 0.04
0.6 0.6002 0.02 0.6004 0.04 0.6004 0.04
0.7 0.7003 0.03 0.7004 0.04 0.7004 0.04
0.8 0.8003 0.03 0.8004 0.04 0.8003 0.03
0.9 0.9003 0.03 0.9004 0.04 0.9002 0.02

Table 4.16 Determination of synchronization operators and angles in DLG fault with
R. =1, R, =10, o, =0", &

actual

=18 in considering delayed phase shift

angles

Fault Deterrnined Synchronization Operators and Synchronization Angles

Distance ag = —10° ag = —20° ag = —30°

d [pal le/®:| | fe/%| | & 7] & | e8] | 1% | &[] 871 | 1ef%] | le/%] | &[] & [°]
0.1 1.0002 | 1.4749 [ 17.9863 | 162.1051 | 1.0002 | 1.2363 | 17,9864 | 162.1161 | 1.4399 | 1.0000 [ 161.9395 | 17.9859
0.2 1.0001 | 1.4738 | 17.9864 | 162.1068 | 1.0002 | 1.2333 | 17.9864 | 162,1220 | 1.4745 | 1.0000 | 161.8740 | 17.9864
0.3 1.0001 | 1.4731 | 17.5863 | 162.1088 | 1.0001 | 1.2311 | 17.9864 | 162.1295 | 1.5002 | 1.0000 | 161.8021 | 17.5866
0.4 1.0001 | 1.0726 | 17.9860 | 162.1114 3 1.0001 | 1.2298 | 17.9861 | 162.1414 | 1.5163 | 1.0000 | 161.6892 | 17.9866
0.5 1.0001 1 1.4725{17.9851 | 162.1140 | 1.0001 | 1.2294 | 17.9854 | 162.1601 | 1.5225 | 1.0000 | 161.5099 | 17.9864
0.6 1.0001 | 1.4729 [ 17.9832} 162.1137 | 1.0001 | 1.2298 | 17.9839 | 162.1829 | 1.5188 | 1.0000 [ 161.2656 | 17.9860
0.7 1.0001 | 1.4738 | 17.9802 | 162.1056 | 1.0001 | 1.2312 | 17.9816 | 162.2029 | 1.5051 § 1.0000 | 160.9853 | 17.9852
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08 $1.00011.4753|17.9760 | 162.0820 | 1.0001 | 1.2336 | 17.9784 162.2025 | 1.4813 | 1.0000 | 160.7813 | 17.9837
0.5 [1.0001|1.4771|17.9715|162.0473 | 1.0001 | 1.2371 ] 17.9751 | 262.1803 | 1.4a74 1.0000 | 160.7116 | 17.9820

Table 4.17 Verification of the fault distance in DLG fault with R, =10, R, =100

@, =0, J,,, =18 in considering delayed phase shift angles

» Cocal
Fault Verified Fault Distance
Distance @y ==10° o, =-20° a, =30
d [p.u} d [p.ul error (%) d [p.u] error [%6] d [p.u.] error [%]
0.1 0.1004 0.04 0.1004 0.04 0.1004 0.04
0.2 0.1999 0.01 0.2000 0.00 0.2000 0.00
0.3 0.2999 0.01 0.2999 0.01 0.2999 0.01
0.4 0.3998 0.02 0.3998 0.02 0.3998 0.02
0.5 0.4998 0.02 0.4998 0.02 0.4998 0.02
0.6 0.5998 0.02 0.5998 0.02 0.5997 0.03
0.7 0.6998 0.02 0.6998 0.02 0.6996 0.04
0.8 0.7999 0.01 0.7997 0.03 0.7996 0.04
0.9 0.8999 0.01 0.8997 0.03 0.8995 0.05

Table 4.18 Determination of synchronization operators and angles in 3LG fault with
R.=1Q R =10Q, @, =0, &, =18 in considering delayed phase shift

3 actual

angles

Fault Determined Synchronization Operators and Synchreonization Angles

Distance g =—10° ag = —20° ap = —30°

dipud | &% [1e/%] | a1 | &1 [1ef5] [ 6,07 | &0 [ | /%] | & | &[]

0.1 [1.0002) 14749 | 17.9863 | 162.1051 [ 1.0002 | 1.2363 | 17.9864 | 162.1161 | 1.9390 1.0000 [ 161.9393 | 17.9859
0.2 | 1.0001 | 14738 | 17.9864 | 162.1068 | 1.0002 | 12333 | 17.9864 | 162.1220 1 1.4746 | 1.0000 161.8740 | 17.9864

0.3 11.0001 |1.4730 ) 17.9864 | 162.1088 | 1.0001 | 1.2311 | 17.9864 | 162.1299 1.5007 | 1.0000 | 161.7950 | 17.9866

04 [1.0001]1.4726(17.9861 | 162.1126 | 10001 | 1.2297 | 17.9862 | 162.1432 1.5182 | 1.0000 | 161.6764 | 17.9865
0.5 ]1.0001|1.4725]17.9853 | 162.1175 | 1.0001 | 1.2290 | 17.9855 | 162.1651 1.5276 | 1.0000 | 161.4766 | 17.9862
0.6 |1.0000)14729|17.9837 | 162,1215|1.0001 | 1,2292 | :7.9843 | 162.1937 [ 1.5288 1.0000 [ 161.2007 | 17.9857
0.7 _[1.0000 | 1.4740 | 17.9810 | 162.1202 | 1.0000 { 1.2203 | 17.9823 | 162.2222 | 1.5215 1.0000 { 160.8817 | 17.9847

08 [1.0000)1.4758|17.9772 |162.1054 | 1.0000 | 1.2328 | 17.9794 | 162.2314 | 1.5030 1.0000 [ 160.6471 | 17.9833
09 _[1.0000]1.4782| 17,9730 | 162.0797 | 1.0000 | 1.2365 | 17.9762 | 162.2180 | 1.4723 | 1.0000 160.5582 [ 17.9816

Table 4.19 Verification of the fault distance in 3LG fault with R, =10, R, =10Q

@, =0, 5,4 =18 in considering delayed phase shift angles

s Cociuat
Fault Verified Fault Distance
Distance &, =—10° o, ==20° a, ==30°
d [p.ul] d [p.u] error [%] d [p.ul] error [%9)] dlp.ul] error [94]
0.1 0.1001 0.01 0.1001 0.01 0.1001 0.01
0.2 0.2001 0.01 0.2001 0.0 0.2001 0.01
0.3 0.3001 0.01 0.3001 0.01 0.3001 0.01
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0.4 0.4000 0.00 0.4000 .00 0.4001 0.01
0.5 0.4999 .01 0.4999 0.01 0.500 0.00
0.6 0.5998 0.02 0.5998 0.02 0.599% 0.01
0.7 0.6997 0.03 0.6997 0.03 0.6998 0.02
0.8 0.7997 0.03 0.7957 0.03 0.7997 0.03
09 0.8996 0.0d4 0.8996 0.04 0.8996 0.04

4.2.4.2 Terminal B Leading by (&, =10, 20, 30 ) to Terminal A
Tables 4.20-4.25 show the results of all fault types considering different phase
shift angles which were set the terminal B as leading to the terminal A. The errors
presented in the results have been averaged over the interval 100-120 ms.
From Tables 4.20-4.25, it can be confirmed that the high accuracy of the
presented algorithm is still applicable even delayed phase shift angles from terminal
B are considered. The maximum error of fault distance and determined

synchronization angle in all cases do not exceed 0.06% and 0.138, respectively.

Table 4.20 Determination of synchronization operators and angles in SLG fault with
R, =100, &, =0, 8,,., =18 in considering leading phase shift angles

* Maciual

Fault Datermined Synchronization Operators and Synchronization Angles

Distance ag = 10° ag = 20° ag = 30°

dipud |l [ %] [ o) | & |l | ]| a1 | &) [1e®] )] | ol | &0
0.1 [1.0000|3.8652117.9845|162.0952 | 0.9998 | 56028 | 17.9753 | -17.8746 | 0.8613 | 1.0004 | -17.8354 | 17.9213
0.2 [1.0000 | 3.8691 | 17.9850 | 162.0921 | 0.9998 | 5.5907 | 17.9784 | -17.8721 | 0.8616 | 1.0003 | -17.8542 | 17.9402
0.3 | 1.0000|3.8719 | 17.9856 | 162.0899 | 0.9999 | 5.5822 [ 17.9809 | -17.8705 | 0.8618 | 1.0002 | -17.8670 | 17.9534
0.6 |1.0000|3.8737 | 17.9861 | 162.0889 [ 0.9999 | 55772 | 17.9828 | -17.8690 | 0.8619 | 1.0002 | -17.8729 | 17.9608
0.5 |1.0000(3.8743 |17.9865 | 162.0898 { 0.9999 | 5.5758 | 17.9639 | -17.8671 {0.8620 | 1.0001 | -17.8713 | 17.9622
0.6 | 1.0000] 38740 | 17.9869 | 162.093010.9999 | 5.5781 | 17.9841 | -17.8643 | 0.8621 | 1.0001 | -17.8625 | 17.9578
0.7 |1.0000]3.8727 | 17.9870 | 162.0987 09998 | 55840 | 17.9831 | -17.8607 | 0.8620 | 1.0001 | -17.8478 | 17.947%
0.8 [0.9999|3.8705 | 17.9869 | 162.1067 | 0.9997 | 5.5934 | 17.9810 | -17.8567 | 0.8619 | 1,0002 | -17.8302 | 17.9334
09 |09999|3.8673|17.9863 | 162.1157 | 0.9996 | 5.6061 | 17.9773 | -17.8544 | 0.8616 | 1.0003 | -17.8140 | 17.9152

Table 4.21 Verification of the fault distance in SLG fault with R, =10Q, a, =0

8,... =18 in considering leading phase shift angtes
Fault Verified Fault Distance
Distance ey =10° ey =20° a, =30
d [p.ul d [p.ul error [%] d[p.ul error {%)] d [p.u.] error (%]
0.1 0.1006 0.06 0.1004 0.04 0.1005 0.05
0.2 0.2000 0.00 0.1998 0.02 0.1999 0.01
0.3 0.2999 0.01 - 0.2696 0.04 0.2997 0.03
0.4 0.3999 0.01 0.3996 0.04 0.3996 0.04
0.5 0.4999 0.01 0.4996 0.04 0.49%96 .04
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0.6 0.5999 0.01 0.5996 0.04 0.5996 0.04
0.7 0.6999 0.01 0.6996 0.04 0.6997 0.03
0.8 0.8000 0.00 0.7997 0.03 0.7999 0.01
0.9 0.9001 0.01 0.8998 0.02 0.9001 0.01

Table 4.22 Determination of synchronization operators and angles in DLG fault with
Ry =1Q, R, =10, &, =0, 6,,,, =18 in considering leading phase shift

actiai

angles

Fault Determined Synchronization Operators and Synchranization Angles

Distance ag =10° ag =20° &g = 30°

dipud [ 121 1% | a1 | &0 |15 [1e5] | 6 | &0 [16%] [l ] a1 | 6@
0.1 1.0000 | 3.8652 | 17.9845 | 162.0952 [ 0.9998 | 5.6028 | 17.9753 | -17.8746 | 0.8613 | 1.0004 | -17.8354 | 17.9213
0.2 1.0000 | 3.8651 [ 17.9850 | 162.0921 | 0.99%8 | 55908 | 17.9783 | -17.8723 | 0.8616 | 1.0003 | -17.8546 | 17.9402
03 1.0000 | 3.8720 | 17.9853 | 162.0888 | 0.9999 | 5.5824 | 17.9804 | -17.8720 | 0.8618 | 1.0003 | -17.8711 | 17.9531
04 1.0000 | 3.8740| 17.9849 | 162,0838 | 0.9999 | 55781 | 17.9805 | -17.8776 | 0.8621 | 1.0002 | -17.8904 ] 17.9592
05 1.0000 | 3.8754 | 17.9832 | 162.0738 | 0,9999 | 55785 | 17.9775 | -17.8926 { 0.8626 | 1.0003 | -17.9212 | 17.9575
0.6 1.0000 | 38765 | 17.9793 | 162.0543 | 0.999% | 5.5861 | 17.9702 | -17.9234 | 0.8635 | 1.0005 | -17.9723 | 17.9496%
0.7 1.0000 | 3.8776 | 17,9729 | 162.0200 | 0.9999 | 5.5955 | 17.9580 | -17.9762 | 0.8648 | 1.0008 | -18.0527 | 17.9271
[¢X:] 0.9999 | 3.8787 [ 17.9640 | 161.9683 | 0.9998 | 5.6127 | 17.9418 | -18.0523 | 0.8666 | 1.00121 -18.1617 | 17.8997
09 0.9999 | 3.8791 1 17.9545 [ 161.9101 | 0.9998 | 5.6338 | 17.9245 | -18.1363 | 0.8684 | 1,0016 | -18.2756 | 17.8686

Table 4.23 Verification of the fault distance in DLG fault with R, =1Q R, =10Q

a, =0, 6, =18 in considering leading phase shift angles
Fault Verified Fault Distance

Distance &, =10° e, =20° o, =30°

d [p.u] d [p.u] error [%) d [p.u] error [%) d [p.ul] error (%]
0.1 0.1003 0.03 0.1003 0.03 0.1003 0.03
0.2 0.1999 0.01 0.19%9 0.01 0.1999 0.01
0.3 0.2998 0.02 0.2998 0.02 0.2999 0.01
0.4 0.3998 0.02 0.3998 0.02 0.3999 0.01
0.5 0.4999 0.01 0.4998 0.02 0.5000 0.00
0.6 0.5999 0.01 0.5999 0.01 0.6001 0.01
0.7 0.7000 0.00 0.7000 0.00 0.7003 0.03
0.8 0.8001 0.01 0.8001 0.01 0.8005 0.05
0.9 0.9002 0.02 0.9002 0.02 0.9006 0.06
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Table 4.24 Determination of synchronization operators and angles in 3LG fault with
R. =10 R =100, ¢, =0°, §

actual =

in considering leading phase shift

angles

Fault Determined Synchronization Operators and Synchronization Angles
Distance ag = 10° g = 20° ap = 30°

dlpul [ [ 1% | a1 | &1 1] [1e%]] 6,9 | &1 /%] | |ef%2] | &0 | &[]

0.1 [2.0000)3.8652|17.9845 [ 162.0952 [ 0.9998 | 5.6028 | 17.9753 | -17.8746 | 0.8613 1.0004 | -17.8354 [ 17,9213
0.2 [1.0000)3.8691]17.9850 | 162.0921 | 0.9998 | 5.5908 | 17.9783 { -17.8723 | 0.8616 1.0003 | -17.8546 | 17.9402
0.3 |1.0000]3.8721 | 17.9853 | 162.0888 | 0.9999 | 5.5825 | 17.5804 | -17.8724 0.8618 | 1.0003 | -17.8697 | 17.9528
0.4 |1.0000)38742|17.9851(162.0856 | 0.9999 | 5.5784 [ 17.9807 | -17.8750 | 0.8622 1.0002( -17.8852 | 17.9582
05 [1.0000)3.8758 | 17.9835|162.0788 | 09999 | 55792 | 17.9778 | -17.8858 | 0.8628 | 1.0003 -17.9081 | 17.9549
06 |09959 38774 [ 17.9801 | 162.0651 | 0.9998 | 5.5856 | 17.9708 | -17.9094 0.8637 | 1.0005 [ -17.9477 | 17,9421

0.7 |0.9999 38792 | 17.9742 | 162.0396 | 0.9998 | 5.5982 | 17.9591 | -17.9522 | 0.8652 1.0007 | -18.0153 | 17.9202
08 109998 )3.8815) 17.9659 | 161.9986 | 0.9997 | 5.6167 | 17.9431 | -18,0175 | 0.8670 1.0011 [ -18.1166 | 17.8919
09 [0.9998|3,8829 | 17.9568 | 161.9503 | 0.9596 | 5.6388 | 17.9257 { -18.0939 0.8687 { 1.0015 | -18.2342 | 17.8620

Table 4.25 Verification of the fault distance in 3LG fault with Ry =1Q, R, =10Q
@, = 0", & =18 In considering leading phase shift angles

> Caciuat =
Fault Verified Fault Distance
Distance o, =10 o, =20° @, =30°
d[p.ul d [p.u.] error [%)] d [p.w] error [%6) d [p.ul error [%6]
0.1 0.1001 0.01 0.1001 0.01 0.1001 0.01
0.2 0.2001 0.01 0.2001 0.01 0.2001 0.01
0.3 0.3000 0.00 0.3000 0.00 0.3000 0.00
0.4 0.4000 0.00 0.3999 0.01 0.3999 0.01
0.5 0.4999 0.01 0.4998 0.02 0.4998 0.02
0.6 0.5998 0.02 0.5997 0.03 0.5997 0.03
0.7 0.6997 0.03 0.6997 0.03 0.6996 0.04
0.8 0.7996 0.04 0.7996 0.04 0.7996 0.04
0.9 0.8996 0.0a 0.8996 0.04 0.8995 0.05

4.2.4.3 No Phase Shift Angle (&, = &z =0) from Both Terminals

Tables 4.26-4.27 show the results of all fault types considering no phase shift
angle from both terminals which are the last case of the verification of the presented
fault location algorithm. The errors presented in the results have been averaged over
the interval 100-120 ms.

From Tables 4.26-4.27, it can be confirmed that the hieh accuracy of the
presented algorithm is still applicable even no phase shift angle from both terminals
is considered. The maximum error of fault distance and determined synchronization
angle in all cases do not exceed 0.07% and 0.03, respectively.
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Table 4.26 Determination of synchronization operators and angles in all fault types

with @, =a, =0, &, =18 In considering no phase shift angles

actiol

Fault Determined Synchronization Operators and Synchronization Angles
Distance 5LG, Rp = 100 DLG,Ry = L{LRy = 100 3LG, Ry = 164 R, = 100

dipe] | [0 V%] | el | a1 |l [le®] | ol | &1 [l (%] | &1 | &1
0.1 1.0001 | 1.9599 | 17.9859 | 162.1006 | 1.0001 | 1.9599 | 17.9859 | 162.1006 | 1.0001 | 1,9599 | 17.9859 [162.1006
0.2 1.0001 | 1.9599 | 17.9861 | 162.1005 | 1.0001 | 1.9599 | 17.9861 | 162.1005 | 1.0001 | 1.9599 | 17.9861 }162.1005
0.3 10001 { 1.9599 | 179863 1 162.1005 | 1.0001 | 1.9599 | 17.9861 | 162.1002 | 1.0001 | 1.9599 | 17.9861 |162.1005
04 100011 1.9599 | 17.9865 | 162.1008 | 1.0001 | 1.9600 | 17.9857 | 162.0989 | 1.0001 | 1.9600 | 17.9859 {162,1002
0.5 1.0000 | 1.9599 | 17.9868 | 162.1020 | 1.0000 | 1.9603 | 17.9845 | 1620946 | 1.0000 | 1.9604 | 17.9848 |162.0985
0.6 1.0000 | 1.8600 | 17.9870 | 162.1004 | 1.0000 | 1.9608 | 17.9820 | 1620838 | 1.0000 | 1.9611 | 17.9826 |162.0925
0.y 1.0000 | 1.9602 | 17.9872 | 162.1083 | 1.0000 | 1.9617 | 17.9778 | 162.0616 | £.0000 | 1.9624 | 17,9788 [162.0780
08 1,0000 | 1.9605 | 17.9874 | 162.1138 [ 1.0000 | 1.9631 | 17.9719 | 162,0235 | 0.9999 | 1.5643 | 17.9735 |162.0498
0.9 1.0000 | 1.9610 | 17.9873 [ 162.1197 | 1.0000 | 1.9646 | 17.9657 | 161.9774 | 0.9599 | 196651 17.9677 |162.0135

Table 4.27 Verification of the fault distance in atl fault types with e, =a, =0

O, =18 in considering no phase shift angles
Fault Verified Fault Distance
Distance SLG, R, =1002 DLG, R, =1Q, R, =10Q ' 3LG, R, =1Q, R, =10Q
d [p.ul] d [p.ul error [%] d [p.u] error [96] d p.ul error [%4)
0.1 0.1007 0.07 0.1003 0.03 0.1001 0.01
0.2 0.2002 0.02 0.1999 0.01 0.2001 0.01
0.3 0.3001 0.01 0.2998 0.02 0.3001 0.01
0.4 0.4000 0.00 0.3998 0.02 0.4000 0.00
0.5 0.5001 0.01 0.4998 0.02 0.4999 0.01
0.6 0.6001 0.01 0.5999 0.01 0.5998 0.02
0.7 0.7001 0.01 0.6999 0.01 0.6997 0.03
0.8 0.8002 0.02 0.8000 0.00 0.7996 0.04
0.9 0.9003 0.03 0.900% 0.01 0.8996 0.04
4.3 Summary

Performance evaluation and simulation results of the proposed algorithms
have been presented in this chapter in order to show the success of the solution to
the statement of the problems. Rigorous evaluation has been performed with all
considered cases in the presented algorithms and provided highly accurate to the
fault location estimation on the short and long transmission line based on
synchronized and unsynchronized measurement, respectively. This proved the
effectiveness and robustness of the proposed fault location algorithms which can
identify the faulted point over the entire line length. Additionally, fault resistance
and ground resistance have been varied to ensure its effects on the proposed
algorithm. As the result, these algorithms are unaffected by fault resistance and
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ground resistance. AWGN whose SNR is 40dB has been artificially added to the
measured signals from both ferminals to indicate the reality of the measured
phenomenon which can be disturbed by noise. However, this severe noise still
maintains the high accuracy in locating all fault types. Since the first algorithm is
based on synchronized measurement, investigation on the synchronization error has
been considered. Time delay greater than 20 ps would not be considered as
acceptable due to the high errors of the estimated faults occurred at the end of line
terminals. Reversely, the second proposed algorithm is more attractive for economic
reasons and can overcome the non-ideal synchronization of the algorithm based on
synchronized measurement. Its effectiveness is come up with the quite accurate
determination of the synchronization angle which needed to make the analytical
synchronization. Once this approach is achieved, fault location estimation is
performed precisely as the cases using synchronized measurement. Different phase
shift angles from both terminals are also considered as delayed, leading, and no
phase shift angle from terminal B to terminal A. Based on the resulis coltected in the
tables, it can be proved that this presented algorithm still provided the high accuracy
in locating all fault types even phase shift angle is varied. This shows the
performance of the proposed algorithm with considering the affected factors on the
fault location estimation.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE

WORK

An effective and accurate fault location estimation technique can greatly
improve the operation of a power system and provide useful information for fault
analysis. It was designed to provide a rapid and reliable indication of the general
faulted area rather than fumnish fault distance estimates with pin-point accuracy.
Impedance-based fault location methods are considered as effective and
economical, and the two-end data measurement provides far more accurate results
compared to one-end data measurement. In this thesis, the solution to the
statement of problems is modeled as fault location algorithms which propose two
alternative simple fault location algorithms for two-end short and long transmission
line based on synchronized and unsynchronized measurement, respectively.

A part of this work, a parameters-free algorithm using two-end synchronized
measurement for fault location on short transmission line modeled with lump
parameter line modeling has been presented. It does not require the line parameters
to determine the distance to a fault; making it robust, accurate, and reliable. The
algorithm is based on the synchronously measured voltages and currents and used
the FFT which implemented in Matlab to obtain the phasor quantities. The
performed testing and evaluation with the fault data obtained from ATP-EMTP
simulations have been proved satisfactory performance and high accuracy of the
presented fault algorithm. Through algorithms testing on unbalanced faults and
balanced three-phase faults with varying fault location and fault resistances, it was
proved that the algorithm efficiently and accurately determines fault locations and it
is unaffected by fault resistance. Additionally, the algorithm was also noticed to
maintain a high accuracy even severe noise ratio 40dB was implemented. Non-ideal
synchronization with time delay greater than 20 s would produce the adverse errors
in fault location estimation. This means data synchronization between both terminals
is another issue that demands careful consideration.

To overcome this problem and fulfill the economic reasons, an impedance-
based algorithm for fault location on the fully transposed transmission line by
processing two-end unsynchronized measurement has been presented in another
part of this thesis. The distributed parameter line model is strictly taken into account
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to ensure the high accuracy of the presented algorithm. The proposed algorithm is
formulated in term of phasors of the symmetrical components. Only positive- and
negative-sequence components were used simultaneously to determine the
unknown synchronization operator and angle for all fault types. Thus, analytical
determination of synchronization operator of the inputs can be accomplished non-
iteratively by solving the quadratic equation in phasor quantity which contains an
absolute value of magnitude for synchronization operator and phase for
synchronization angle. The procedure of selecting the wvalid solution has been
provided to sufficiently discriminate the real synchronization operator among two
solutions, and it is definitely reliable for all trial tests. Consequently, the unknown
fault location is calculated precisely as the case of using synchronized measurement
after making the analytical synchronization. Through overall algorithm testing and
evaluation with the credible fault data modeling obtained from ATP-EMTP
simulations, the accuracy of the presented algorithm is very high and definitely
acceptable. Based on all successful trial tests, it can be proved that the algorithm is
unaffected by fault location, fault resistance, phase shift angle, and still maintained
the high accuracy even adding severe noise AWGN ratio 40dB.

The main contributions of this thesis can be summarized as follows:

e Fault location probtem on the transmission line is solved: the solution to
the statement of problems is modeled as fault location algorithms that
work principally with synchronized and unsynchronized measurement.

* Two fault location algorithms are developed for two fundamental power
system topologies: short and long transmission line entitled by none line
parameter requirement for fault location algorithm based on two-end
synchronized measurement; and two-end unsynchronized data sampling
for fault location algorithm on the long transmission line.

o The high accuracy of the proposed fault location algorithms are not
affected by fault location, fault type, high fault resistance, noise added,
and the pre-fault power flow direction (phase shift angle). Data
synchronization problem from both terminals is solved by the second
proposed algorithm which can be considered as more attractive to the
first proposed algorithm.

e The works done in this thesis have been presented in two conference
papers submitted to the 9" International Symposium on EMC and
Transients in Infrastructures and International Student Session (ISET/ISS)
which was held on 26-27 November 2015, Pattaya, Chonburi, Thailand;
and the International Conference of Electrical Engineering 2016 (ICEE2016)
which was held on 3-7 July 2016, Okinawa Jichikaikan, Okinawa, Japan.
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Future work on the topic of transmission line fault location could focus on
the designing algorithms to work with a un-transposed transmission line which should
be considered to be more challenge to this presented work. Transposition of
transmission lines ensures that the seguence components of the line’s impedance
are not mutually coupled which enables the circuit sequence networks to be dealt
with independently. Un-transposed lines have the effect of inducing inter-network
coupling between sequence impedances which convolutes the fault location
process. It would be necessary to resort to phase voltage, current, and distributed
impedance parameters when designing fault locators for un-transposed lines.

Additionally, these proposed algorithms should have been tested with the
real implemented transmission lines in Thailand or other countries to ensure its
strength on the real application rather than in simulations. The data presented in this
work have been collected from the well-known IEEE transaction on power delivery
which is really common for other authors to use it as the simulations and validations
of their proposed algorithms on fault location estimation.
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None Line Parameter Requirement for Fault
Location Algorithm Based on Two-End
Synchronous Measurements

D. Din and P. Yutthagowith

Abstract—This paper presents a new algorithm for locating
faulis in two-terminal transmission lines. It is unconventional
from other fault location algorithms since it does not involve
with the use of any line parameters. The voltages and currents
from all terminals are considered as inputs and synchronization
is needed, Fast Fourier Transform (FFT) was used to extract the
voltages and currents in phasor quantities. Consequently, the
fault location is determined. The proposed algorithm has been
tested and validated thoroughly with reliable fault data obtained
from ATP-EMTP simulations. The significant results with
various fault types and conditions including severe Additive
White Gaussian Noise (AWGN) ratio 40dB and synchronization
error analysis are reported and discussed.

Keywords—ATP-EMTP, Additive White Gaussian Noise,
Fault location, Fast Fourier Transform, Synchronous
measurements

I. INTRODUCTION

RREGULAR situations in power system can occur

unexpectedly due to the fault on transmission line. Reliable
and effective algorithms for locating the fault on overhead
transmission line have beconie an essential part of modern
transmission line protection schemes.

Numerous fault location algorithms have been developed
for decades. A number of approaches using data from
two-end terminals are more complex, but it reaches to the
accurate estimation of the unknown fault tocation {1, 2].
References [3] and [4] were proposed to calculate the fault
location by synchronous and asynchronous data sampling,
respectively. The disadvantage in these algorithms is the
need of line parameters and line length to locate the fault
distance. These affect the accuracy in the algorithms since the
line parameters may differ by line loading and weather
conditions. However, due to their uncertainty, another
algorithms in [5, 6] were proposed without any knowledge of
line parameters. These two methods were operated with
asynchronous data sampling by applying iterative techiique

D. Din is with the International College, King Mongkut's Institute of
Technelogy Ladkrabang, Bangkok, Thailand, 10520 (daro_din@ymail.con)

P. Yutthagowith is with the Department of Electrical Engineering, Facully
of Engincering, King Mongkut's Institute of Technology Ladkrabang,
Bangkok, Thailand, 10520 (kypeeraw(@kmitl.ac.th).
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to find the distance of line-line fault, but it cannot be used to
locate balanced three-phase fault. Although the two
algorithms stated above have done effectively, the proposed
algotithm used in this paper can be used to locate ali fault
types.

The aim of the presented paper is to validate a new
numerical algorithm, which determines the distance to the
fault on transmission line without any knowledge of line
parameters, by  processing  synchronized  two-end
measurements of voltages and currents in the phasor
quantities and transform it to sequence components. The
flexibility of this proposed algorithm still maintained the
accuracy of the fault distance by adding the severe Additive
White Gaussian Noise (AWGN) ratio 40dB.

II, DETAILED DERIVATION OF PROPOSED ALGORITHM

In this section, the proposed algorithm for fault location
without line parameter will be presented. Thus, unbalanced
faults and balanced three phase faults solution will be derived
explicitly.

A. Unbalanced Foult Approach

The considered fault location on two terminals of the
transmission line is presented schematically in Fig. 1. The
fault location is denoted by F, the fault distance (as measured
from local terminal) by /, D is the total line length, and
subscripts L and R reptesent as Local and Remote terminal of

the line, respectively. Voltage (V4" and V™) and currents

b, b, .
(7" and I;7) are synchronously measured at both line
terminals.

ahe
Ly
——r

I\Y\ L

-|- I
Bi K 7;,).!.'

Fig. | Faulted line representation of two terminals transmission line
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Assuming that the transmission line is considered as short
line which is less than 100 km long, so the shunt capacitance
and the shunt conductance can be neglected [7].

The presented algorithm is designed for locating faults ona
transposed  transmission  line which has identical line
impedance, thus the circuit from Fig. 1 can be represented by
three equivalent circuits as the positive- (p-), negative- (n-),
and zero- (0-) sequence circuit. Only p- and n- sequence
circuits will be used as presented in Figs. 2 and 3,
respectively.

vl

[l

¥

I

4

Ll

Fig. 2 Positive- sequence equivalent cireuit of the faulted line

Lof"
._b

2! l F _g(D—[) .!-I;f B
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noA
Kay

Fig. 3 Negative- sequence equivalent circuit of the faulted line

From figures above, following equations can be expressed
as [8]

vi—dlh =Vh—z(D=Nlg N

v~z = Vg ~2(D=DL; @

where V2, ¥i" IY", I}" ate the p- and n- sequence
voltage and current in phasor quantities from both line
terminals, respectively; z is the p- and n- sequence line

impedance.
Obviously, (1) and {2) has two unknown terms z/ and

z(D-1),and itis sufficient to be determined.
Then the unknown terms gives two formulae as following
IO i ) i ol )

- I -Lix

3

O 4 o U 31
] T

(4)

The distance to the fault / can be expressed as the
percentage of the total line jength D by the following
expression

!
% =—100 5)
b=7 (
The stated expression can be formed as below
%o =—Z——100 ©)
d+z(D-1)

15

So far, by including (3) and (4) into (6), the distance to the
fault can be calculated through the following formula

Wr -V~ ~Vadlh

I% = P n n # n " ’d r
(K{, "KR)(L, +£R) —(.K.L _ER)(LL +La)

100 (M

Based on explicit formula above which lacated the
unbalanced fault on the transmission line, the distance to the
fault solution can obviously be obtained without any
information of line parameters,

Basically, it is just needed the processing of the
synchronously recorded voltage and current waveforms from
both line terminals, identifying their phasor quantities of the
common frequency 50 Hz, and determining the p- and n-
sequence voltage and current components.

B. Balanced Three-Phase Fault Approach

The fault currents and voltages are identical along the three
phases during a balanced three-phase fault. Theoretically, n-
and 0- sequence components do not contain in this fault type.
Thus, only p- sequence equivalent circuit is used in the
developed algorithm as presented in Fig. 4.

zf it

"~

20— L)
—

I
Ye

’f*;-

Fig, 4 Positive- sequence equivalent circuit of the fuulted line

Vil

As stated, the p- sequence can be written as follows 8]

yi -2l -V =0 ®
Vh-z(D-NIz -V =0 (©)
Vio=Re (L +L0) (10)

Substituting (10) into (8) and (9) gives two following
equations

P’ P r
g=be litlig, an
TR ¥
ve I+l
z(D-i)=7—,’f-;L—]f-"—Rf (12)
=R =R

To determine R, {11) and (12) can be represented in the
compact form as follow:

o =a, + ja, +(b + bRy (13)
Z(D—‘r) =¢ + fe +(d, + jd, )R (14)
where
'VP V" 1”: + Iﬁ
a, = Re| == a, = Im| == b =Re| -=—==
I I L
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Ly +1
P
=1

» P

d] = RC[—' iL + lR
I

=R

b, =Im {—

y r
} o = Reli——f} ¢, =Im {%}
L Iy
} p =m{_zi %}
2 Iﬂ
=R

Equations (13) and (14) can be grouped their real and
imaginary parts separately, so the following expressions hold

2l ={a +HR.)+ jla, + D, R,) (135)

2(D-D=(c,+dR.)+ j(c, +d,R,) (16)

Vectors zl and z([D—/) can be transformed in a polar form

as they are determined by a vector magnitude and its angle €.
From {15) and (16) the angle 8, which must be located in the
range 0 - 90°, can be determined as expressed in the following
formulae

tang = 2 +oR; {17
a, +bR,

; 119—cz+d2R’ (1)
¢ +a R,

So far, R, will be determined by (17) and (18), and used to
solve the unknown collinear vectors
a+bR. o +d R,
a+bR, ¢ +dR,
It is obvious that from (19) the quadratic equation which
solves R, can be formulated

(19)

R:+mR; +n=0 (20)

where
. ad +he —ad, —be,

b,d, ~b,d,

m

o= &0 — 4G,
bd, ~bd,

Then the quadratic {20} provides two results

—m+~fm? —4n

2

—mn* —dn

—m
(Rp), = 5

It is unable to identify the correct value of R, . Substituting

(R,), = 20

22

(R, and (R.}, into (17) gives the following expressions for
phase angle 0

8, = arctan 02 Be) (23)
a, +b(R,),

8, = arctan 2228y 24)
a +b (R,
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To get the true value for angle 8, the value which [ies in the
first quadrant of the complex plane and the one which is
closer to the typical value of the line characteristic should be
selected. Thus, the fault resistance R, corresponding to the

selected angle should be selected as well.

The selected fault resistance would be included in (15) and
(16). Then substitute them into (6) where Unbalanced Fault
Approach section already stated. The unknown distance to the
fault can be calculated through the following formula

DS —
% =100 . (25)
(a,+ R+ jla, +bR,)
(g, + bR+ j{a, + bR, ) + () +d R+ jley +dyR,)

1L

The presented fault location algorithm has been
evaluated using fault data obtained from ATP-EMTP
software versatile simulations of faults in the overhead
transmission line of a 400 XV, 100 km long. The parameters
of the two networks and transmission line are listed in Table |
and II, respectively.

ATP-EMTP SIMULATION RESULTS

TABLE [
PARAMETERS OF 16 LGCAL TERMINAL AND REMOTLE TERMINAL

Parameters p- and n- sequence 0- sequence
Resistance [Q/km] 0.063 0.195
Inductance [mH/km] 0935493 2.86479
Capacitance [nF/km] 10,5 5.0

TABLE 1T

LINE PARAMETLRS

Parameters Local Terminal Remote Terminal
LL RMS Vollage [kV] 416 400
Phase angle [] 30 10
p- seq. Resistance [Q] 1.0185892 0.6366183
p- s2q. Inductance [mH] 50,9395 31.8309
0- gcq. Resistance [€2] 20371785 1,2732366
0- seq. Inductance [mE] 101.8589 60.6618

A, All Fault Types Evaluation

Single line to ground (SLG), double line (DL), double line
to ground (DLG), and balanced three-phase to ground (3LG)
faults were simulated at different locations with a variety of
fault resistance along the line. In each case the fault inception
time was set at r=23ms . The sampling frequency was

[, = 6.4kl . The data window size used for the Fast Fourier

Transform (FFT) process to obtain the phasors quantities was
T, =20ms (N=128 samples per data window). It was

assumed that the line was loaded before the fault inception
and all phasors were in a natural way perfectly synchronized.

Figs. 5 and 6 depict the voltages and current waveforms of
a single line to ground fault simulated at 40 km over 100 km
total length with a fault resistance R, =100 as observed

from the local terminal of the line. Similar waveforms would
be observed at the other terminal as well.

Samipled measurements of these voltages and currents were
used as the input to the algorithm which developed in Matlab.
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Consequently, the unknown fault location was calculated as
depicted in Fig. 7.

w

Phase Voltage:

Time [ms]

Fig. 5 Fault vollage waveforms at local lerminal
4
2 10 __

I

[A]

—

o

Phase Currents

e

20 40

Time [ms]

120

Fig. 6 Fault current waveforms at local terminal

100 : ‘ :
8of
60t
40}
200

%

Fault Distance [%]

4,0 | 8.0 ............................
Time [ms]

20

Fig. 7 SLG with Ry =10£2 estimated fault location (40km fault was simulated
in ATP-EMTP)

From Fig. 7, it can be seen that the algorithm accurately
determines the fault distance and converges to the solution
shortly after the fault inception. The estimated distance to
fault averaged over the interval 40-120 ms was 40.01684 kin.
Obviously, the errors occurred during the convergence
process are due to the presence of the DC componeats in the
fault current. Commonly, since FFT was used in this
extraction process, it is known to be sensitive to the decaying
of DC components.

In order to further demonstrate the algorithm’s efficiency,
unbalanced faults and balanced three-phase faults were
assumed to be occurred at different points along the line were
simulated. The results in percentage for the various fault
location are presented in Figs. 8 and 9. Based on the results, it
can be verified that accurate results were obtained over the
range of transmission line.

In the derivation of the algorithm, the shunt capacitance
was assumed to be neglected, but a realistic Pi-model in
ATP-EMTP including line capacitance was used to simulate
all fault types. Table 111 shows the results for a variety of the
unbalanced faults and balanced three-phase faults with
different locations and fault resistances by including line
capacitance in the modeling. Results for 60 simulation tests
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have been presented. The errors presented in the results have
been calculated as a percentage of the entire line length, in
accordance with [9], and averaged over the interval 40-120
ms,

! —4
Error(%)=|—“’c"'”'})—m”|100% (26)

& 8o e 15% -
t o i
2 50 - :
Z 0 o~ 40%,
= 30r 25% 1
g 10%

0 ; : ' : :

0 200 40 Timg%ns] 80 100 120

Fig. 8 Various SLG with Ry = 10 € estimated fault location over the range of
line

100 .

100 0%
& 38‘ 75% -
[+ 3 .
g gg 60%
= o 40%
i %0 5%
3 S9N 0% |
G~ 36 4T Te0 80 100 120
Time [ms]

Fig. 9 Various 3LG with Ry = 10 Q estimated [ault location over the range of
line

TABLE il
FAULT LOCATION ERROR [%] FOR ALL FAULTS TYPES INCLUDING LINE
CAPACITANCE
Fault Fault distance [%5]
Types 10 25 40 60 75 90
SLG,
Ry = 00 ¢,1210  0.0717 0.0337 00151 00543 0.0983
SLG,
Re = 100 0.1201 00710 00333 00152 00539 00978
SLG, -
R, =100Q 0.1092 00635 00280 00155 00507 00902
DL, 0.0703 00392 0.0157 00163 00408 0.0772
RF=OQ
DL,
Ry =100 0.0665 00366 0.0141 00165 00425 00735
s 01371 00665 00249 00162 0.0408 0.0565
Re =002
DLG,
Rp=100Q 0.1064 0.0505 00228 00162 00425 00663
3LG, 0.0366 00559 0.0424 00450 00145 0.0206
Ry =00
3LG, 0.0514 00946 00807 00177 00350 0.0573
Re =102
ILG,
Ry = 10082 0.0393 0.0576 00429 0.0178 00147 0.0207

From Table 111 it can be concluded that the algorithm
maintained a high level of accuracy in locating all fault types.
The error of the estimation for faults occurred in the middle of
line are relatively smaller than those occurred close to line
terminal. There is smaller difference in the fault currents from
both terminals, so the error caused by shunt capacitance also
smaller.
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B. Adding AWGN Ratio 40dB

Since this algorithm is based on the synchronized measured
voltages and currents, it needs to use fast communication
channels between two synchronized measurement units
installed at the line terminal which can be introduced by some
irritate noise. Noise ratio 40dB is considered as the severe
noise introduced in the network. AWGN ratio 40dB was
added to all simulation tests by Matlab. Results obtained for
this condition were calculated by (26) with the averaged value
of 10 time simulations in each case as given in Table 1V,

From Table IV it can be seen that the accuracy of the
algorithm is still applicable even considering with severe

noise in the network.
TABLE IV
FAULT LOCATION ERROR [%] FOR ALL FAULT TYPLES CONSIDERING
SEVERE NOISE RATIO 4003

Fault Faull distance [%]

Types 10 25 40 60 75 90
SLG, 02804 01681 00831 00144 00838 0.1455
Re = 002

SLG,

% oq 02841 0666 0037 00116 00308 0.1495
SLG, )

o0 02986 01768 00943 00082 00889 0.627
DL, .

g 01916 01170 00605 00134 00637 0.1276
DL,

Nligoq 01920 0148 0OSTI 00122 0.0696 0.1287
DLG, 03419 0.1666 00773 00134 00711 0.1001
Ry = 00

DLG, .
Roion 03073 0052100779 00132 00592 00840
3LG, 00991 00267 00041 00526 00964 0.1250
Ry =00,

3LG,

2q 0019 01038 DS 00069 01369 0.104s
LG,

g 00900 00072 DOISO 0506 01323 01159

C. Synchronization Ervor Investigation

As mentioned, this algorithm implements with the
perfectly synchronized measurements. SLG  with fault
resistance 10€2 was tested over the range of the entire line by
considering the time delay (ty) of the synchronized data
sampling from both terminals, The errors presented in the
results have been calculated by (26) and averaged over the

interval 40-120 ms.
TABLLE V
FAULT LOCATION ERROR [%] CONSIDERING SYNCIIRONIZATION ERROR

Time Faull distance [%]
Delay.[ps] 10 25 40 60 75 90

10 0368 02647 0.1878 0.0263 0.0967 0224
20 0.7333 0.5259  0.345 00459 0.1802 04107
50 1.7634 1.263 0,789  0,1021 04146 0.9357
70 24006  £7191 1064 0.1378 0.5583 1.2589
100 32005 23562 14487  0.189 09569 1.7077
200 57885 4.1481 25367 03477 12953 2.9455
500 10.6372  7.6716 47421  0.80% 2153  5.1424

From Table V it can be conclude that the fault location
error was appeared to be higher by the fault occurred closed to
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the end of the terminals, and it was lower by the fault
approached to the middle of the line. For ty < 20 ps, the fault
location error would be acceptable while ty > 20 ps would not
be considered as acceptable.

V. CONCLUSIONS

In this work, a parameters-free algorithm using two-end
synchronized measurernent for fault location on transmission
line has been presented. It does not require the line parameters
to determine the distance to fault; making it robust, accurate,
and reliable, The algorithm is based on the synchronously
measured voltages and currents and used the FFTs which
implemented in Matlab to obtain the phasor quantities.

The performed testing and evaluation with the fault data
obtained from ATP-EMTP simulations have been proved
satisfactory performance and high accuracy of the presented
fault algorithm, Through algorithms testing on unbalanced
faults and balanced three-phase faults with varying fault
location and fault resistances, it was proved that the algorithm
efficiently and accurately determines fault locations and it is
unaffected by fault resistance.

The algorithn was also noticed to maintain a high accuracy
gven severe noise ratio 40dB was implemented. Non-ideal
synchronization with time delay greater than 20ps would
produce the adverse errors in fault location estimation. The
authors are working on the distributed parameter line model
utilizing two-end unsynchronized measurements.
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Two-End Unsynchronized Data Sampling for Fault Location Algorithm on
Long Transmission Line
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Abstract

This paper delivers an impedance-based algorithm for fault location on long transmission line by processing two-end
unsynchronized measurement. The distributed parameter line model with use of correction factors for representing series and
shunt parameter is strictly taken into account. Unsynchronized measurement of voltages and currents from both terminals is
considered as the input to process the symmetrical components. First, the synchronization operator of the unsynchronized data
is determined by combining only positive- and negative-sequence components for all fault types. Thus, analytical
synchronization of the inputs can be accomplished non-iteratively. Consequently, the unknown fault location can be performed.
This presented algorithm has been simulated thoroughly with credible fault data modeling obtained from ATP-EMTP software.
Through algorithm testing on various fault types with varying fault distance, fault resistance, and phase shift angle, it can be
proved that the algorithm efficiently and accurately determines the distance to fault over the entire transmission line.

Keywords: ATP-EMTP, distributed parameter, fault location algorithm, transmission line, unsynchronized measuremert.

1 INTRODUCTION

Failure on transmitting the electricity in power system can
occur unexpectedly due to fault on overhead transmission
line. Effective and accurate fault location algorithm is a
beneficial task for speeding system restoration, reducing
outage time, and integrating into modern substation control
syster.

Availability of fault location methods have been elaborated
for decades. Numerous algorithms are derived by using
techniques based on fundamental frequency of voltages and
currents in term of impedance-based [1, 2]. References [3]
and [4] were proposed to calculate the fault location by
synchronized and unsynchronized data  sampling,
respectively. Performing synchronized measurement results
highly accurate, but it costs much on the need of global
positioning system (GPS). In turn, unsynchronized
measuremnent appears more attractive. In order to overcome
this method, a common time reference has to be identified
by accomplishing the analytical synchronization.
Conventional analysis on synchronization operator, which is
really needed in this study, is calculated iteratively [4, 3]. In
[6] were developed to avoid such iteration, but the stage of
improving the precision of the presented algorithm with
considering distributed parameter line model still needed
iterative calculation. New algorithm in [7] was integrated to
completely avoid iteration, but the determination of the
unknown synchronization operator has to be separated

between balanced and unbalanced fault. Moreover, the
procedure of selecting the valid solution is not reached for
all studied cases and continued to another step by comparing
the determined synchronization angles with the unique
solution obtained under using the lump line model.

The aim of the presented paper is to refine and validate the
method for analytical synchronization corresponded to all
fault types by considering the distributed parameter line
model to assure the high accuracy of the fault location
estimation from two terminals on fully long transposed
transmission line. Only positive- and negative-sequence
were combined together to get the specific value of
synchronization operator and angle in all fault types. Then
fault distance can be determined non-iteratively after the
accomplishment of the synchronization from both terminals.

2 DERIVATION OF PROPOSED ALGORITHM

A ! W2
{cTsa dZ, ://’ 1=z, CTso |
I F | IS |
a,b.e abe

i [ L
PMU L depiy |y
A V:J.b.c ry Vﬂ.b.c "
VTsa ry 4 7‘ !‘p_____—;”_'_" VTsp

Figure 1. Representative diagram of two-end
unsynchronized measurement for fault location



Considered two-end unsynchronized measurement diagram
for faulted point on transmission line is depicted in Figure 1.
Current transformers (CTs,, CTsg) and voltage transformers
(VTs,, VTsp) are put at both terminals (A, B) to transform
the signal to phasor measurement units (PMUs) in order to
get currents (I%0°,1%%°) and voltages (V% V%% in
phasor quantities which are the input for fault locator device
(FL). These PMUss are not associated with GPS, so this kind
of measurement was considered as unsynchronized due to no
common time reference.

The proposed algorithm is implemented for fault distance on
fully transposed, so symmetrical components appears to be
sufficient to fulfill the aim of this presented algorithm. Zero-
sequence is not beneficial to consider due to the uncertain
impedance data. Theoretically, according to the sequence
component mathematical manipulation, negative-sequence
does not contain in the three-phase fault. However, in
practice a perfectly balanced system does not exist, Even if
the system is 100% balanced, it does not mean that negative-
and zero-sequence do not exist.

In [7] proposed the use of incremental positive-sequence,
which is obtained by subtracting the pre-fault quantities
from fault quantities, instead of negative-sequence in case of
the determination of synchronization operator in balanced
three-phase fault. It is worth to notice that the pre-fault
signal is not always in the form of pure sinusoids since the
indication of the appearing fault can be observed just before
fault occurrence [6]. Thus, the consideration on using the
incremental positive-sequence in such cases is unnecessary.

Due to these reasons, positive- and negative-sequence were
assumed to be presented in all fault types in order to reduce
the manipulation of the determination of the synchronization
operator, Therefore, distance to faulted point can be obtained
without performing fault type selection. The distributed
parameter line model utilized with correction factors for
symbolizing series and shunt parameters is considered in the
equivalent circuit of faulted line for positive- (subscript 1)
and negative-sequence (subscript 2) as presented in Figure 2,

(a) 4 L"e"’ Zae Sinh(ZuM) Faly Lo Sinmu -4 ir.mfi
i T —
Et«.;_ .. Admittances W e Admittances R
ST e L -l
tanh{0.5y ) tanh(0.57, J(1-d))
Lo Zac
o- = o
e
(b) iiucﬁ g‘”‘ﬂlb"d) Fale Bare SIH,M‘(I -d) iy:f
R
%y Admittances Admittances
4, e L I I P [ i r ., ﬁ
S N S Vg [ [ e =
tanh(0.5y id) tanh(0.5y I(1-4d))
LIL 74:“.
Bl Lﬂ‘z °

Figure 2. Distributed parameter line model of faulted line for
(a) positive-sequence and (b) negative-sequence
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Since fully transposed overhead line contains the identical
impedance and admittance parameters for the positive- and
negative-sequence, the surge impedance (Z;;;) and the
propagation constant (y;,) are also uniform, and positive-

sequence is significantly used as shown in Figure 2. The
voltage and current phasors from terminal B are supposed as
the base, whereas those from terminal A are multiplied with
the determined synchronization operator (e/®) where § is the
synchronization angle.

After performing the analytical synchronization with the
determined synchronization operator, it would be clearly
stated that such measurements become synchronized and
then fault distance can be located precisely as the cases of
using synchronized measurement by applying the prominent
formula [2] in term of positive-sequence as expressed in (1).
However, this formula can also perform with negative-
sequence.

Wy Lzmcosh(xu,t)—zcu.ialslnh(xlr.t)~1§.?{" ) M
YilL Vgysinh{yspl) ~Zeirl pe CDSh(_KuU‘Ec:L!?;L

where

Syn. _ is
Vii =Vue

synchronized positive-sequence voltage
phasor at terminal A
synchronized positive-sequence current

phasor at terminal A

syn, 1)
L =1ne’

ef% = cos(8) +
Jsin{g) synchronization operator

Zo1 = o Z'4,,/ Yy positive-sequence surge impedance
Y1 =21 Y5, positive-sequence propagation constant

AT positive-sequence ling impedance($2/km)

Y positive-sequence line admittance (S/km)

Ve ls positive-sequence voltage and current
phasors at terminal B

d distance from A to faulted point F in p.u.

l total transmission line length (km)

2.1 Determination of Synchronization Operator

Through the consideration of the distributed parameter line
model of faulted line in Figure 2, the positive-sequence
voltage corresponded to faulted point F seen from both
terminals with superscript A and B can be written as [7]:

V=V s’ cosh(yy ld) ~ Zo1,d 41878 sinh(yy, 1d) (2)
Vi =Vn cosh(y;, 1(1 ~ d))
~Zalp Sinh(Zui(l —d) 3

The following trigonometric identities from (3) can be
expressed as;

cosh(ys, (1 — d)} = cosh(yi.D)cosh(ys, ld)
— sinh(yy, Dsinh(y,,id) (4)



sinh(yy 0(1 — d)} = sinh(yy cosh(y,, id)
- COSh(ZlL I)Sinh(z:u‘ ld) (5)

After the rearrangement by providing (4} and (5) into (3):

V%, = A, cosh(yy, ld) + B, sinh(yy, ld) (6)
where - B
Ay =V pycosh(yy ) — Zeypd gy sinh(yy, D
By = =Y pisinh(yyl) + Ze1pd g cosh(ya D)

By comparing V4, = V%, which corresponded to (2) = (6)
the following equation is represented as:

(Cqe%® — Ay) cosh(yy,ld) + (Dye’® — By) sinh(yy, ld) = 0(7)
where

A,, B are specified in (6)

Ci=Vam

Dy=—Zolm

Once the positive-sequence was derived in (7), the
analogous equation for negative-sequence was obtained by:

(C2e/® — 42) cosh(yi.ld) + (Dze”® — By) sinh(y;, Id) = 0(8)
where - ]
Az =V pzeosh(yal) — Zeayd s sinh(yy, D
By=—Vg Smh(Zu.I) + Zo1ul sz cosh(ya,l)
Ca=Va
Do=—=Zenula
As stated, only positive- and negative-sequence are

sufficient to get the synchronization operator. Thus, (7} and
(8) are combined to form the equation as follows:

_ﬂﬂ(Qzeja —-B)- (219}6 _1)L23f6 =0(9)

As, B4, €4, D are specified in (6) and (7)
Az, B2, Ca, D5 are specified in (8)

(Creft

where

From (9), synchronization operator is obviously determined
by solving the quadratic equation below:

E@®)? +Fel+6=0 (10)

where

E=C,D,-D.C,

£=D1£2+3 €2—018; - 4,0,

G=4:B,—-B14;
in which

Ay, B,, €4, D, are specified in (6) and (7)

Ay, B, Ca, D, are specified in (3)

Basically, two solutions are acquired by the quadratic
equation. To distinguish the real value of synchronization
operator, crucial selection was provided in order to perform
the analytical synchronization in the next section.
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2.2 Selection of Valid Solution for the Determined
Synchronization Operator

To select the valid solution is to clearly discriminate the
magnitude of the determined synchronization operators. One
is rejected if its magnitude is not close to unity.

(1—e) > el > +2) (11)
where
e error margin, which is considered as the tolerance of the
possible error in synchronization operator determination
{ index representing both solutions of the synchronization
operator in which contains the synchronization angle

The possibility in error margin € = 0.01 was applied in the
evaluation section to declare the effectiveness of the
proposed method. It is fact that Euler equation provides:

e/® = cos(d) + jsin(d) =1 12)

It is obvious that once the valid solution of the determined
synchronization operator is selected, the synchronization
angle is followed by the selected valid solution since it is in
the phasor quantity. The condition (11) appears definitely
sufficient to perform the synchronization of the initially
measured signals in all fault types.

3ATP-EMTP EVALUATION AND DISCUSSION

The presented algorithm has been simulated and validated
thoroughly with credible fault data modeling obtained from
ATP-EMTP  software versatile simulations of fault
implemented on the test transmission line containing 400kV,
300km long. The parameters of both networks and
transmission line are listed in the Table 1.

Table 1. Parameters of the test networks

Components Parameters
RMS Voltage 416 kV
. Phase Shift oy =30°
Tenging & 7 (1312415.0) @
Zosa (2.334-5j26.6) Q
RMS Voltage 400 kV
. Phase Shift ap = 10°
Terminal B Zoso (2.624+130.0) Q
Zose (4.668+j53.2) Q
z!, (0.0276+j0.3151) Q/km
‘Transmission Za1, (0.2750+1.0265) Q/km
line from CiL 13.0 nF/km
AtoB Co 8.5 nF/km
l 300 km

3.1 All Considered Fault Types Evaluation

Single line to ground (SLG), double line to ground {DLG),
and three-phase to ground fault (3L.G) faults were simulated



at different locations with a variety of fault resistance as well
as ground resistance along the line. The represented models
were depicted in Figure 3. The sampling frequency was set
fe = 10kHz. The data window size used for Fast Fourier
Transform (FFT) process to obtain the phasors quantities
was Ty, = 20ms (N = 200 samples per data window). It was
assumed that the line was loaded and the fault inception time
was set at t = 40ms in all considered cases. The CTs and
VTs were deliberately modeled as errorless instrument
transformers. Second order Butterworth analog anti-aliasing
filters designed for 500Hz of the cutoff frequency which
agrees to 10™ harmonic were applied by built-in function in
Matlab to filter the secondary signals of the CTs and VTs.
@—— ® *;—_-4: {©) fb:

S I

Figure 3. Represented models of considered fault:
(a) SLG, (b) DLG, and (c) 3LG

Basically, the signals of considered faults obtained from
ATP-EMTP simulations are perfectly synchronized. To
demonstrate the effectiveness of the presented algorithm, all
measured signals from terminal A were artificially delayed
by 18° which firmly tallies to 10 samples in 50Hz digitalized
at 10kHz. Through the performed evaluation, 54 simulations
with different scenarios and results have been proposed and
gathered in Tables 2-7, respectively. In these tables, a varisty
of different fault specifications i.e. fault types, fault
resistances and ground resistances which are the certain
factors affected to accuracy of the fault distance has been
considered over the entire line length. The verifications of
the distance to faulted point were used the averaged value
over the interval {100-120) ms.

Based on the condition (11}, synchronization operators and
angles are successfully selected as valid solution which is
close to actual value (18°) whereas another solution differs
very much from it. The relative error of the synchronization
angle does not exceed 0.02°. This shows the strength of the
presented algorithm  which starts with quite accurate
identification of the synchronization angle. Once the
synchronization operator is determined, the fault distance is
calculated by using (1) and provided the high level of
accuracy in locating all fault types as given from Tables 2-7.

1t is obvious that errors occurred during the convergence are
due to the presence of the DC components in the fault
current. Commonly, since FFT was used in this extraction
process, it is known to be sensitive to the decaying of DC
components. The relative error of the distance to fault in all
cases does not exceed 0.12%. Based on evaluative results, it
can be concluded that the proposed algorithm is unaffected
by fault resistance and ground resistance for all fault types.
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Table 2. SLG evaluation verified by using positive-sequence
with Ry = 10, Sperya = 18°

Fault Determined Synchronization Operators | Verified Fault
Distance and Synchronization Angles Distance
dipu] b e8] | lei®| | &) | 8207 | d[p.u] |error [%]
0.1 1.0002 | 1.2363 [17.9864 | 162.116| 0.1012 | 0.12
0.2 1.0002 | 1.2333 | 17.9864 | 162.122 [ 0.2006 | 0.06
0.3 1.0001 | 1.2311 | 17.9865| 162.126{ 0.3004 | 0.04
0.4 1.000]1 | 1.2298 | 17.9866 | 162.128| 0.4003 | 0.03
0.5 1.0001 | 1,2293 | 17.9867 | 162.129] 0.5003 | 0.03
0.6 1.0001 | 1.2297 | 17.9868 | 162.128| 0.6002 | 0.02
0.7 1.0001 | 1.2309 | 17.987 | 162.125]| 0.7001 | 0.0l
0.8 1.0001 | 1.233 | 17.9872|162.122| 0.7999 | 0.01
0.9 1.0002 | 1.2361 | 17.9873 | 162.12 | 0.8996 } 0.04

Table 3. SLG evaluation verified by using positive-sequence
with Ry = 504, §eryq = 18°

Fault Determined Synchronization Operators | Verified Fault
Distance and Synchronization Angles Distance
dipu] | fef®sl | lef%| | &1 | 8071 | d[p.u] |eror[%]

0.1 1.0002 | 1.2363 | 17.9864 | 162.116| 0.1004 [ 0.04

0.2 1.0002 | 1.2333 | 17.9864 [ 162,122 0.2 0

0.3 1.0001 | 1.2311 | 17.9865] 162.126| 0.3 0

0.4 1.0001 | 1.2298 | 17.9866} 162.128 | 0.4001 | 0.01

0.5 1.0001 | 1.2293 [ 17,9867 | 162.129| 0.5002 [ 0.02

0.6 1.0001 | 1.2297 | 17.9868 | 162.128| 0.6003 [ 0.03

0.7 1.0001 | 1.2309 | 17.9869 | 162.125] 0.7004 | 0.04

0.8 1.0001 | 1.2331 | 17.9871 | 162.122] 0.8005 | 0.05

0.9 1.0002 | 1.2361 | 17.9872| 162,119 ] 0.9005 0.05

Table 4. DLG evaluation verified by using positive-sequence
with Ry = 10, R, = 10, 8400 = 18°

Fault Determined Synchronization Operators [ Verified Fault
Distance and Synchronization Angles Distance
dpu) | [e%] | lef2] | 8,171 | 82171 | d[p.u] |emor [%]
0.1 10002 | 1.2363 [ 17.9864 | 162.116| 0.1004 | 0.04
0.2 1.0002 | 1.2333 [ 17.9864 | 162.122 | 0.2002 0.02
0.3 1.0001 | 1.2311 | 17.9864 | 162.13 | 0.3002 | 0.02
0.4 1.0001 | 1.2297 [17.9861 | 162.144 | 0.4002 0.02
0.5 1.0001 | 1.2291 [17.9854 | 162.167| 0.5002 [ 0.02
0.6 1.0001 | 1.2293 | 17.984 | 162,196 | 0.6002 | (.02
0.7 1 1.2305 | 17.9817] 162.225( 0.7002 | 0.02
0.8 1 1.233 [17.9784]162.231| 0.8002 | 0.02
0.9 1 1.2367 | 17.9749] 162.214| 0.9002 | 0.02

Table 5. DLG evaluation verified by using positive-sequence
with Rp = 10, R, = 508, §,0rua = 18°

Fault Determined Synchrontzation Operators | Verified Fault

Distance and Synchronization Angles Distance
dlpu} | e/ | [e2] | 61 | 8201 | d[p.u] |eror [%]
0.1 1.0002 | 1.2363 | 17.9864] 162.116] 0.1007 | 0.07
0.2 1.0002 | 1.2333 | 17.9864] 162.122] 0.2002 | 0.02
0.3 1.0001 | 1.2311 | 17.9864| 162.13 { 0.3002 | 0.02
0.4 1.0001 | 1.2297 | 17.9861] 162.144] 0.4002 | 0.02
0.5 1.0001 | 1.2291 | 17.98541162.167] 0.5003 | 0.03
0.6 1.0001 | 1.2293 | 17.984 1162.196| 0.6003 { 0.03
0.7 1 1.2305 | 17.9817] 162.225| 0.7004 | 0.04
0.8 1 1.233 | 17.97847162.231] 0.8004 | 0.04
0.9 1 1.2367 | 17.9748] 162.213| 0.9005 | 0.05




Table 6. 3LG evaluation verified by using positive-sequence
with Ry = 10, R, = 10, Sqene = 18°
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even the effect of severe noise in the network has been
considered and maximum error does not more than 0.123%.

Table 7. 3LG evaluation verified by using positive-sequence
with Ry = 10, R, = 508, 8 = 18°

Fault Determined Synchronization Operators | Verified Fault
Distance and Synchronization Angles Distance
dipu] | (5] | &%) | 6171 | 62 | d[p.] |error [%]
0.1 1.0002 | 1.2363 | 17.9864 | 162.116] 0.1001 | 0.01
0.2 1.0002 | 1.2333 | 17.9864 | 162.122] 0.2001 | 0.01
0.3 1.0001 | 1.2311 | 17.9864 | 162.13 | 0.3001 | 0.01
0.4 1.0001 | 1.2297 [ 17.9862| 162.143| 04 0
0.5 1.0001 | 1.229 | 17.9855| 162.165| 0.499% | 0.01
0.6 1.0001 | 1.2292 | 17.9843 | 162.194| 0.5998 | 0.02
0.7 1 1.2303 | 17.9823 | 162.222 ] 0.6997 { 0.03
0.8 1 1.2328 | 17.9794 | 162.231] 0.7997 | 0.03
0.9 1 1.2365 | 17.9762 | 162.218 | 0.89%6 | 0.04

3.2 Investigation on Additive White Gaussian Noise

The use of PMUs in the reality can be disturbed by noise.
This includes electronic noise even some external events that
affect the measured phenomenon. Noise ratio 40dB is
considered as the severe noise introduced in the network.
Additive White Gaussian Noise (AWGN) whose signal-to-
noise ratio (SNR) is 40dB has been added to voltages and
currents from both terminals by Matlab. The error presented
in the results obtained for this condition have been used the
averaged value of [0 time simulations within terminal (100-
120} ms in each case as given in Table 8.

From Table 8, it can be concluded that the algorithm still
maintained a high level of accuracy in locating all fault types

Fault Determined Synchronization Operators | Verified Fault

Distance and Synchronization Angles Distance Table 8. All fault types evaluation considering AWGN
dpa] | le5] | |eff] | &1 | 8 [ | d{pu] |emor [%] Fault Verified Fault Distance Error [%]

0.1 1.0002 | 1.2363 [17.9864] 162,116 0.1001 | 0.01 Distance | SLG | DLG [ 3LG SLG | DLG | 3LG
0.2 | 1.0002 [ 1.2333 [ 17.9864 ] 162.122| 0.2001 | 0.01 [p.u] |Re =10 |Re = 1), Ry = 10R; = 50Q|Rr = 14, R, = 500
03 | 1.0001 | 1.2311 |[17.9864] 162,13 | 03001 | 0.01 0.1 0.123 | 0.044 | 0.013 | 0.054 | 0.066 | 0.013
0.4 | 10001 | 1.2207 [17.9862] 162.143 0.4 0 02 | 0057 | 002 | 0011 | 0007 | 0.021 | 0.012
0.5 | 1.0001 | 1.229 [17.9855]162.165[ 0.4999 | 0.04 03 | 0041 | 0018 | 001 | 0.002 | 0.018 | 0.01
0.6 | 1.0001 | 1.2292 | 17.9843] 162.194| 0.5998 | 0.02 0.4 | 0037 | 002 0 0.004 | 0.021 | 0.0m
0.7 1 1.2303 | 17.9823] 162.222| 0.6997 | 0.03 0.5 | 0.035 | 0022 | 0.006 | 0.025 | 0.031 | 0.006
0.8 1 1.2328 | 17.9794| 162.231] 0.7997 | 0.03 0.6 | 0.017 | 0.023 | 0.015 | 0.028 | 0.032 | 0.018
0.9 1 1.2365 | 17.97621 162.218] 0.8996 | 0.04 0.7 | 0.004 | 0.024 | 0.024 | 0.048 | 0039 | 0.027

0.8 0.014 | 0022 | 0.032 | 0.049 | 0041 | 0.031
0.9 0.037 0.02 0.04 0.052 0.05 0.04

3.3 Investigation on Phase Shift Angle

Phase shift angle from both terminals which considered as
one of the affected factors was further investigated in order
to ensure the efficiency of the presented algorithm. Phase
shift angle was changed by setting the terminal B as delayed
{ag = —10° —20°—-30°), leading (az = 10°20° 30°),
and no phase shift angle (@, = ag = 0°) to the terminal A.
Tables 9-11 show the results of all fault types considering
different phase shift angles. The errors presented in the
results have been averaged over the interval (100-120) ms.

From Tables 9-11, it can be confirmed that the high accuracy
of the presented algorithm is still applicable even different
phase shift angles are considered. The maximum error of
fault distance and determined synchronization angle in all
cases do not exceed (.08% and 0.138°, respectively.

4 CONCLUSIONS

In this study, an impedance-based algorithm for fault
location on fully transposed transmission line by processing
two-end unsynchronized measurement has been presented.
The distributed parameter line model is strictly taken into
account to ensure the high accuracy of the presented
algorithm.

Table 9. SLG evaluation considering different phase shift angles with Ry = 100, &y = 0°, 85000 = 18°

Fault Determined Synchronization Angle and Verified Fault Distance Error
Distance ag =—30° ag = —20° ap =—10° oy = 0° ag =10° ap = 20° ag = 30°

pul | 6200 lemor[94]] &, F1 Jemor[%]] &, (%) |error [%]] &, 7] lemor{%)| 8. [7] [emor[%]] & [F] |error [%]| &3 [°] |ewror [%]
0.1 179859 0.06 |17.9864| 0.08 [17.9863} 008 |17.9859| 0.07 |17.9845| 0.06 [17.9753} 0.04 |17.9213] 0.05
0.2 17.9864| 0.02 [17.9864| 0.04 [17.9864] 0.03 |17.9861] 0.02 17.985 0 17.9784 | 0.02 [17.9402] 0.01
03 |17.9865| 0.03 |17.9865] 003 [17.9865] 002 |17.9863| 0.01 |17.9856[ 0.01 [17.9809| 0.04 |17.9534| 0.03
04 179865 0.03 |17.9866| 0.03 |17.9866| 0.02 |[17.9865 0 17.9861| 0.01 [17.9828| 0.04 |17.9608 | 0.04
0.5 179862 | 0.04 117.9867] 0.04 |[17.9868[ 0.02 |17.0868| 0.01 |17.9865] 0.01 [17.9839| 0.04 |17.9622| 0.04
0.6 179857 0.04 117.9868| 0.04 [17.9869| 002 | 17.987 | 0.01 [17.9869{ 0.01 [17.9841| 0.04 179578 0.04
0.7 [17.9853] 0.04 | 17.9087 | 0.04 [17.9871[ 0.03 |17.9872| 0.01 | 17.987 | 0.01 [17.9831| 004 |17.9479| 0.03
0.8 179848} 0.03 |17.9871| 0.04 |17.9872| 0.03 [17.9874] 0.02 | 17.9869 0 17.981 | 0.03 [17.9334] 0.01
0.9 [17.9845] 0.02 |17.9871} 0.04 |17.9873 0.03 [17.9873] 003 |17.9863]| 0.01 |17.9773] 002 |17.9152 0.01
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Table 10, DLG evaluation considering different phase shift angles with Ry = 10, R, = 100, a4 = 0°, 8,001 = 18°

Fault Determined Synchronization Angle and Verified Fault Distance Error

Distance g ==30° g = =20° g = =10* ag = 0° ag = 10° g = 20° ag = 30°
[pu] | 8 1°1 [emror [%])] &5 [°] lemor [%6]] 81 [F] |emor[%]} &1 [°1 lewor[%]| &, [F1 jermor [%]] 64 [°] jemror[%]] 62 [°] [error [%
0.1 17.9859| 0.04 [17.9864] 0.04 [17.9863| 0.04 [17.9859| 0.07 [17.9845] 003 |17.9753| 0.03 |17.9213| 0.03
0.2 | 17.9864 0 17.9864 0 17.9864| 0.01 }17.9861| 0.02 17985 | 001 117.9783| 0.01 |17.9402| 0.0l
0.3 17.9866| 0.01 [17.9864| 0.01 |17.9863[ 0.01 [17.9863| 0.01 |17.9853| 0.02 |17.9804| 0.02 |17.9531| 0.01
04 |17.9866| 002 |[17.9861]| 0.02 | 17.986 | 0.02 |17.9865 0 17.9849} 0.02 [17.9805( 0.02 [17.9592( 0.0l
0.5 17.9864 | 0.02 [17.9854| 0.02 |17.9851] 0.02 [17.9868| 0.01 |17.9832| 0.01 [17.9775| 0.02 |17.9575 0
0.6 17.086 | 0.03 |17.9839[ 002 |[7.90832| 002 | 17.987 | 0.0f [179793( 001 |17.9702]| 0.01 [17.9469]| 0.01
0.7 17.9852| 0.04 [17.9816| 0.02 |17.9802| 0.02 [17.9872( 0.01 ]17.9729 0 17.958 0 17.9271| 0.03
0.8 17.98371 0.04 [179784| 0.03 ] 17976 | 0.01 [17.9874| 0.02 | 17964 | 001 [179418| 001 |17.8997| 0.05
0.9 17.982 | 0.05 |17.9751| 003 {17.9715( 0.01 |17.9873| 003 [17.9545| 0.02 |17.9245| 0.02 [17.8686] 0.06

Table 11. 3LG evaluation considering different phase shift angles with Ry = 10, R, = 100, a3 = 0° §,cuq0 = 18°

Fault Determined Synchronization Angle and Verified Fault Distance Error

Distance ag =—30° ag =—20° ap =—10° ap = 0° &g = 10° ag = 20° ag = 30°
[pu] | 65[° {emor[%]]| &, [°1 |error [%3] &1 [°) lerror [%]| & [°] [ermor[%]]| &1 [F] |emor[%]| & [F] lemor[%]| &, "1 [error [%]
0.1 17.6859] 0.01 17.9864 | 0.01 17.9863 | 0.01 17.985% | 0.01 17.9845] 0.01 17.9753{ 0.01 17.92131 0.01
0.2 17.98641 0.01 |17.9864( 0.01 |17.9864| 0.01 [17.9861] 0.01 17.985 0.01 |17.9783] 0.01 [17.9402] 0.01
03 1798661 0.01 [17.9864| 0.01 |17.9864| 0.01 |17.9861] 0.01 |[17.9853 0 17.9804 0 17.9528 0
04 |17.9865{ 0.01 [17.9862 ] 17.9861 0 17.9859 0 17.9851 0 17.9807| 0.01 |17.9582]{ 0.01
0.5 17.9862 0 17.9855| 0.01 17.9853| 0.01 }17.9848| 0.01 [17.9835] 0.01 17.9778| 0.02 |17.9548% 0.02
0.6 17.9857] 0.01 [17.9843| 0.02 [17.9837| 0.02 |17.9826| 0.02 [17.9801]| 0.02 |[17.9708] 003 |17.9421]| 0.03
0.7 17.0847] 0.02 [17.9823| 0.03 17.981 0.03 [17.9788] 003 |17.9742| 0.03 |17.9591} 0.03 |[17.9202] 0.04
0.8 17.98331 0.03 [17.9794| 0.03 |17.9772] 0.03 [17.9735} 0.04 [17.9659| 0.04 |17.9431]| 004 |17.8919] 0.04
0.9 17.08161 0.04 [17.9762] 0.04 17.973 0.064 | 17.9677] 0.04 [17.9568) 0.04 |17.9257( 0.04 17.862 0.05

The presented algorithm is formulated in term of phasors of REFERENCES

the symmetrical components. Only positive- and negative-
sequence components were used to determine the unknown
synchronization operator and angle for all fault types. Thus,
analytical determination of synchronization operator of the
inputs can be accomplished non-iteratively by solving the
quadratic equation in phasor quantity which contains
absolute value of magnitude for synchronization operator
and phase for synchronization angle. The procedure of
selecting the valid solution has been provided to sufficiently
discriminate the real synchronization operator among two
solutions, and it is definitely reliable for all trial tests.
Consequently, the unknown fault location is calculated
precisely as the case of using synchronized measurement
after making the analytical synchronization.

Through overall algorithm testing and evaluation with the
credible fault data modeling obtained from ATP-EMTP
simulations, the accuracy of the presented algorithm is very
high and definitely acceptable. Based on all successful trial
tests, it can be proved that the algorithm is unaffected by
fault resistance, phase shift angle, and still maintained the
high accuracy even adding severe noise AWGN ratio 40dB.
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