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1 Introduction

Transmission line fault detection and fault identification are major areas of research
due to the ever-increasing need for electric power and the remote location of power
generating stations from the major consumer centers. It is necessary to have a high
speed, reliable, secure and dependable protection scheme of the transmission lines
against the possible faults to ensure a reliable power supply. Today, the transmission
system uses different compensating devices to improve the flexibility and efficiency
of power transmission. Parallel transmission lines are also commonly used to increase
the economy. But all these introduce complex problems in the protection of the
transmission lines by increasing the difficulty in fault detection and location.
Protection schemes employing electromechanical protective relays working on
the conventional relaying principles (over current relay, differential relay, directional
relays distance relay, power line carrier protection, etc.) were commonly imple-
mented in the power system. As time progressed, microprocessor-based digital relays
have become common as they can integrate a number of different protection func-
tions in one unit and can incorporate communication and intelligent decision-making
capabilities in it. With the advent of phasor measurement units, wide area monitoring,
protection and control [1-4] has become possible and protection schemes based on
wide-area measurements have been developed and being tested and implemented.
Several transmission line protection algorithms have been developed by various
researchers utilizing different techniques for relaying applications. Traveling wave-
based [5-8] and transient-component-based fault detection schemes need higher
sampling rates for the capture of details in the signals. Protection algorithms for
multiterminal and double circuit lines should be carefully developed to include all
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the details pertaining to the effects of their configuration which may affect the accu-
racy of the algorithm [9-11]. In differential current-based techniques [12, 13] time
synchronization of data plays an important role. Compared to the protection algo-
rithms for uncompensated lines [14—34], algorithms for the compensated line [35—
53] requires special care to consider the effect of operating modes of compensating
device.

WAMS-based protection algorithms have the advantage of the availability of time
synchronized data from other locations of the system and improved reliability. Phasor
measurement units (PMU) located at different substations and generating stations
(Fig. 1) are the heart of WAMS. These intelligent devices can capture the voltage
and current information from the site, convert it to phasor form and time stamp the
phasors with the help of a GPS clock. PMUs are able to communicate with phasor
data concentrators (PDC) located at a regional control station. PDCs at different
regional control stations can communicate with a super PDC located at a higher
level control station to realize wide-area monitoring protection and control. Time-
stamped phasors obtained at the central control station can be processed to make
protective decisions.

This paper presents a comparative study of WAMS-based transmission line protec-
tion techniques available in the literature and is organized in the following manner.
The necessity of WAMS-based protection methods is explained in Section II. In
Section III, the different classification of fault detection techniques is discussed.
In Sections IV and V, WAMS-based protection techniques of uncompensated
and compensated transmission lines in the literature are reviewed. Section VI is
the comparative study of protection algorithms in [44, 45] developed for series
compensated lines and section VII is the conclusion.
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Fig. 1 Wide-area measurement system [4]
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2 Necessity of WAMS-Based Protection Schemes

Transmission lines carry the power generated in remote generating stations to the
load centers through long distances in the order of several kilometers. As all the
high-power transmission lines are overhead lines, they are prone to be faulty due to
lightning, storm, and other natural disasters. The faults may also be caused by aging
of the lines, overloading for a long time, or human errors in erecting the line. If the
faults persist in the line unattended, it may lead to cascaded tripping of the entire
generation and transmission systems and may lead to the damage of the power system
components. To prevent economic losses and to ensure stable, reliable, and secure
operation of the power system, it is essential to have a fast, reliable, and efficient
protection system, which has the ability to discriminate different types of faulty and
stressed conditions of the transmission lines and initiate correct protective measures
as fast as possible.

The transmission line faults are classified broadly as symmetrical faults and
unsymmetrical faults. Symmetrical faults are three-phase faults in which all the
three phases are simultaneously short-circuited. This type of fault is very rare
(<5%) but, if occurs, it is very severe and critical. It includes L-L-L and L-L-L-
G faults.Asymmetrical faults are faults in which all three phases are not involved
simultaneously. This type of fault includes L-G, L-L-G, and L-L, the most common
being L-G (70-80%). When a fault occurs, high currents flow in lines, causing large
voltage drops in lines involved and large voltage dips at fault points. The faults
initiate voltage and current transients and surges in the power system. These large
currents and transients may cause the failure of power system equipment and affect
the stability of the system. Conventional protection schemes use distance relays and
over-current relays for the transmission line fault detection.

With the increasing power demand, the number of double circuit lines and FACTS
controllers are being increased in the system to enhance the economy and flexibility
of power transmission. But the presence of FACTS devices and double circuit lines
makes protection a more complex issue with the existing protection schemes. To
improve the reliability and accuracy of the fault detection, classification, and location,
in the presence of new control devices and transmission schemes, the development
of WAMS-based protection schemes is an effective solution.

3 Classification of Fault Detection Techniques

The fault detection techniques available in the literature can be classified as shown in
Fig. 2. The classification is based on the requirement of information from line ends,
type of information required, tool used for fault detection, and type of transmission
line.
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Fig. 2 Classification of fault detection techniques

3.1 Based on the Requirement of Information from Line
Ends

Single-end methods: In single-end method, information from only one end is used for
fault detection and classification. The information used may be the change in voltage,
current, impedance, frequency components, or maybe traveling wave phenomenon.
Using suitable techniques, the occurrence of a fault can be identified and necessary
protective actions may be initiated. Over voltage, over current, and distance protection
schemes are usually implemented using single end information only.

Double/multi-end methods: In the double end or multi-end method, information
from both/all terminals of the line is utilized for fault detection and classification.
Usually, the differential relay principle is used in this method. A communication
channel is required in this case to compare the information from different locations.
But it is critical to ensure that the information being processed is time synchronized
and measurement errors are suitably dealt with.

WAMS-based methods: Wide area measurement based protection schemes use
time-stamped information measured using phasor measurement units located at
different locations in a power system. Usually, the time-stamped information from
different PMUs received at a phasor data concentrator located at a central control
station, and processed to generate a clear picture of the power system operation
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and/or to produce control signals accordingly. The development of phasor measure-
ment units has provided an opportunity of getting the time-synchronized view of the
operating conditions of the wide-area power system and to develop more reliable
and secure protection schemes.

3.2 Based on the Type Information Required

Power frequency component based methods: Fault causes variation in magnitude
and/or phase angle of voltage, current, and impedance measured at relay location.
This information can be utilized for fault detection, classification, and location.

Most of the works combine both magnitude- and angle-based information for
fault analysis.

Transient frequency components based methods: In this method, fault-generated
transient frequency components are utilized for fault detection and classification.

Traveling wave based methods: In this method, traveling wave properties of fault
generated transients are utilized for fault detection. Fast and accurate fault detection
and location are possible by this method. But requires a high sampling frequency.

3.3 Based on the Tool Used for Fault Detection
and Classification

Mathematical model based methods: Many of the fault analysis algorithms are based
on the mathematical model of the transmission system to be protected. For the
protection scheme to be efficient, the system parameters and characteristics are to be
accurately modeled.

Frequency transform based methods: Various frequency transforms are available
to detect the frequency contents in the fault-generated transients. By analyzing the
frequency contents of the voltage and current waves in the transmission line, faults can
be detected and identified. The frequency transforms like Discrete Fourier Transform
(DFT), Discrete Wavelet Transform (DWT), Fast discrete S Transform (FDST), etc.,
can be used for the frequency detection.

Intelligent systems based methods: Intelligent systems are used extensively for
fault classification and decision-making. ANN, FUZZY, ANFIS, SVM, Genetic
algorithms, and data analytics are used for classifying the fault and appropriate
decision-making.
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3.4 Based on the Type of Transmission Line

Protection methods of single circuit lines: Most of the existing transmission systems
are single-circuit lines. Fault detection of single-circuit lines is less complex when
compared to parallel or double circuit lines of a similar type as there will not be the
issue of coupling effects of fault currents and voltages.

Protection methods of double circuit lines: Double circuit or parallel transmission
lines are constructed because of economic reasons and right of way constraints.
The mutual coupling effect of the parallel lines complicates the protection and fault
detection schemes.

Protection methods of multi-terminal lines: Protection of multi-terminal lines is
another area of research. Multi-terminal lines are tapped transmission lines, for the
protection of which data from more than two terminals are required.

Protection methods of compensated lines: Fixed Series capacitors (FSC) are used
to improve the power transfer capability of the line by reducing the transmission
line impedance. They may cause under reach /over reach of the relay during fault
conditions, subsynchronous resonance and inversion of voltage and current at the
relay location. Flexible AC Transmission System (FACTS) devices are used in power
systems to achieve dynamic control of power flow, to improve transient stability of
the system, and to improve power transfer capability of the transmission line. These
devices cause mal-operation of distance relays and affect transient and steady-state
voltage and current response.

Accuracy and efficiency of fault detection and location algorithms depend on
the proper selection of the method considering the type of transmission line under
protection, type and availability of information acquired, and data analysis and
decision-making tools used.

4 WAMS-Based Protection Techniques for Uncompensated
Lines

Researches in WAMS-based protection technique are gaining importance as the
number of PMUs installed in the system is getting increased. WAMS has made
the availability of time-synchronized measurements from various substations and
power stations at a central control station using suitable communication channels.
This has made the wide-area system monitoring and protection efficient. As a result,
the operators at the station can be aware and vigilant of the current system condi-
tions and the digital relays using intelligent algorithms may be efficiently used for
the protection to avoid blackouts in the system.

Jiang et al.[14, 15] proposed an algorithm that estimates the line parameters using
the Clark transformation of the currents and voltages. Then a fault detection index
D is calculated in all modes and utilized for the detection and location of the fault.
In [16], the algorithm is improved including two fault detection indices M and D.
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These indices are calculated for all lines. If the magnitude of fault discrimination
index M is greater than zero, the relay identifies a fault in its zone and calculates the
fault location index D. For an internal fault, the magnitude of D converges to a value
between 0 and 1.

Eissaetal. [18] framed an algorithm to identify the faulty area using the magnitude
of the positive sequence component of the voltage. The faulty bus has the minimum
value of positive sequence voltage magnitude. The absolute angle differences of
positive sequence currents of all the lines in the faulty area are calculated and the
faulty line is identified as that with the largest angle difference.

Ma et al. [24] developed a wide-area backup protection scheme in which a
fault correlation factor (FCF), calculated using the fault steady-state components of
voltage and current, is used for faulty line identification. The buses are first grouped
into protection correlation regions (PCR) based on the PMU placement and system
topology. The faulty PCR is identified using the values of differential currents and
using the values of FCF calculated, the faulty line in the PCR is identified.

He et al. [25] suggested a backup protection algorithm in which the fault element
identification is done by the fault component voltage distribution. A ratio termed as
fault voltage ratio coefficient (FVRC) is calculated. The value of FVRC is greater
than 1 for internal faults. In this algorithm, only the substations satisfying preset
pickup criterion are allowed to communicate with the central station to reduce the
network communication traffic to enhance the speed of the faulty line identification.

Navalkar et al. [26] worked out a new remote backup protection scheme using
a residual vector defined using the outputs of a synchrophasor state estimator. The
norm of the residual vector is zero if there is no fault in the line and a fault on the
line is identified if the norm of the residual vector exceeds a small pickup value.

Jiang et al. [27] put forward a two-stage fault location algorithm. In the first stage,
the fault region is identified using a quantity named as matching degree which is a
function of fault distance. The matching degree is zero at the fault point and the buses
near the fault point will have smaller values. The lines connected to the suspicious
buses are marked as suspected lines. Matching degrees throughout the length of a
suspected line are calculated and the least value is selected for further comparison.
This process is repeated for all the suspected lines and the line with the least matching
degree is identified as the faulty line and the fault location is calculated using the
corresponding fault location factor.

Al-Mohammed et al. [28] published an algorithm in which Thevenin equiva-
lent impedance at the line terminals are calculated using three consecutive pre-fault
measurements and post-fault superimposed measurement from the corresponding
PMUs. These impedance values along with the line parameters and measured post
fault terminal voltages are used to estimate the fault point voltage in terms of fault
distance from both the terminals. When the two estimates are equal the corresponding
distance is identified as the fault distance.

Neyestanaki et al. [29] developed a scheme for backup protection in which first the
faulted zone is identified from among the predefined backup protection zones (BPZ).
When a fault occurs in a BPZ, the sum of positive sequence or zero-sequence currents
entering the zone will be relatively very high compared to the no-fault condition. This
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property is used for faulted zone identification. Faulted line in the BPZ is the line
with estimated fault distance that is within the acceptable range. If there is more than
one line satisfying the condition, then a relative residual error is calculated for such
lines and the line with the least error is identified as the faulty line.

Gopakumar et al. [30] suggest a method to detect and classify a fault occurring
anywhere in the system using the data from only one PMU placed at any one of the
generator buses in the system. The equivalent voltage and current phase angles at
the generator buses with respect to a rotating reference frame are calculated using
the Park’s transformation of the three-phase voltages and currents measured. The
variations over a time period are analyzed using FFT. The features extracted through
FFT are utilized for fault detection and SVM is used for fault classification.

Mallikarjuna et al. [31] put forward an algorithm for fault location in which the
magnitude of second and third harmonic contents of currents are used to detect
and classify a fault in a line. First, the faulty bus is identified using the equiva-
lent harmonic content in terms of second and third harmonics. Then the equivalent
harmonic contents of all the lines connected to the faulty bus are calculated. The
faulty line is that with the highest equivalent harmonic content. It can also detect the
stressed and transient conditions of the system using the magnitude of fundamental
phasors.

Leng et al. [6] have developed an algorithm based on the directional traveling
wave energy. The ratio of positive direction traveling wave energy and the negative
direction traveling wave energy is used to identify the direction of the fault and the
protection device association matrix is used to identify the faulty line.

5 WAMS-Based Protection Techniques for Compensated
Lines

Compensating devices are used to enhance the power transfer capacity of the line
and power system stability and to reduce line losses. This scheme helps the better
utilization of existing transmission lines. But compensating devices like fixed series
capacitors (FSC) and FACTS devices introduce complexities in the existing distance
protection schemes as they affect the impedance seen by the relay.

FACTs compensated transmission lines have FACTS controllers like TCSC, SVC,
and UPFC, which control the voltage at a point or active and reactive power flows
through the line with the help of power electronic controllers. The fast control actions
of these controllers introduce problems in the operation of the relays due to the change
in effective impedance, voltage, and current injection from the control devices and
due to the transients generated by the operating mode changes. The location and type
of FACTS device also affect the apparent impedance of the transmission line and trip
boundary of the relay.

Yu et al. [36] framed an algorithm for fault location of TCSC compensated line
which consists of two steps—pre-location and correction. In prelocation step, the
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fault location from two ends DR and DL are calculated using the voltages and currents
measured at two ends of a line. A correction step to identify the correct location is
proposed by repeatedly calculating the voltage at the other side of the TCSC and the
fault location with respect to both sides of the line section after TCSC and selecting
the fault location which converges fast. Selected fault location is correct only if the
calculated value of resistance RSE is positive. The algorithm is independent of the
model of the device and can be applied to any lines with series FACTs compensated
line.

Ahsaee et al. [38] proposed an algorithm for the protection of lines with a series
FACTS device, which treats the fault location problem as an optimization problem
in which the fault resistance and locations are considered as the decision variables.
A function J of the variables is defined using the circuit theory approach and its
two expressions JS and JR are formulated on the two sides of the FACT device
and minimized individually to get two minimum values from which the least value
is selected. The fault location and fault resistance are solved corresponding to this
selected minimum value of the function.

Nayak et al. [41] published a wide-area backup protection algorithm for a network
including a series compensated line. This algorithm utilizes the magnitudes of
sequence voltages to identify the faulty bus and fault type. An unbalanced fault in a
line is detected using the sign of the cosine of the angle between negative sequence
voltage and current at three different locations of the line—sending end, receiving
end, and after the series compensation device. A balanced fault in a line is detected
similarly using angle between positive sequence voltage and current.

Kang et al. [43] introduced an algorithm to find the fault location in a double
circuit series compensated line considering the zero-sequence coupling and shunt
capacitance effect based on the distributed parameter model. Two possible solutions
on either side of the devices are estimated and the solution is accepted only if the
estimated value of fault resistance is positive, the fault location estimate is in accepted
range and the series compensation device impedance calculated has a positive real
part and negative imaginary part.

Al-Mohammed et al. [44] present a fault loop calculation based algorithm for
series-compensated lines in which the line parameters are estimated using PMU
data. Bains et al. [45] worked on a supplementary fault location algorithm in the case
when the MOVs located in faulted phases are bypassed before fault clearance. This
algorithm estimates the voltage drop across the series compensation unit. Sequence
voltage and current phasors at the non-faulted end of compensating device are esti-
mated using the sequence components of the measured voltage and current at the line
end at the same side. The positive sequence voltage drop, across the compensating
device, when the MOV get bypassed, is estimated in terms of the line current in the
section. The fault distance can be estimated utilizing this estimated value of voltage
drop.

Ghorbani et al. [47] propose a backup distance protection scheme for lines in the
presence of SSSC compensation. Fault resistance is calculated based on active power
at the two ends of the protected line. Here, the measured value of voltage across the
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compensating device is used for modifying the impedance calculated by the relay
and to eliminate the effect of the series compensating device.

Mishra et al. [48] researched out a differential protection scheme for SVC compen-
sated lines based on the DWT Technique. It calculates the spectral energy of the phase
currents from both ends of the line and the differential spectral energy is used to detect
the fault.

Seethalekshmi et al. [49] proposed an adaptive scheme for distance relay of UPFC
compensated line which adapts to the trip boundary variations due to the UPFC
control parameter changes, fault impedance value, and system operating conditions.
UPFC control setting variations are calculated from the UPFC status data communi-
cated using PMU to the relay. The trip decision is taken by comparing the measured
impedance and the trip boundary settings.

Mojtaba Khederzadeh [50] proposed an adaptive protection algorithm for the
protection of UPFC compensated transmission lines. A fault detection index and a
fault location index are calculated using the sequence components of voltage and
current at the two ends of the line. The algorithm gives accurate discrimination of
internal and external faults.

Mallikarjuna et al. [51] developed an algorithm to avoid the malfunction of
distance relay in the presence of FACTS controllers. The impedance trajectory seen
by the primary and backup relays, corresponding to earth faults and line to line faults
are calculated using the WAMS-based data. If the calculated impedance falls in the
range of primary or backup relay impedance trajectory appropriate protection signals
are issued.

Biswas et al. [52] used superimposed current components for fault detection,
classification, and section identification of UPFC compensated lines. Kumar et al.
[53] proposed an algorithm for fault detection in UPFC compensated lines that is
able to detect high impedance faults and discriminate between internal and external
faults. It uses the differential apparent power to identify the faulty lines.

Dhenuvakonda et al. [54] put forward an adaptive distance relaying algorithm for
SSC-based double circuit line. It suggests a modification in impedance calculation
to adapt with the operating modes of the SSSC so as to avoid the mal-operation of
distance relay for the first zone faults.

Khadke et al. [55] suggest a differential admittance-based algorithm for the protec-
tion of FSC compensated lines. The algorithm computes the differential admittance
value at both ends of the line and checks whether it is higher than a set value over
the period of continuous five cycles to detect a fault.

Fault detection and fault location algorithms for compensated lines should take
special care of the protection issues introduced by the compensating device, to avoid
malfunctioning of the relays, and to get accurate results. Series compensated lines
are the most common among the compensated transmission lines and fixed series
capacitor compensation is found to be the simplest and most economic. [41-45]
present fault detection and location techniques for series compensated lines. In this
study, the fault loop calculation based fault location method in [44] and supplemen-
tary impedance based fault location method in [45] for series compensated lines are
selected for comparison.
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6 Comparative Study of Fault Loop Calculation Based
Method and Supplementary Impedance Method
for Fault Location in Series Compensated Lines

This section presents a comparative study of the fault loop calculation based algo-
rithm proposed by Al-Mohammed et al. [44] and supplementary impedance based
algorithm proposed by Bains et al. [45]. The study is carried on a two-machine system
with a series capacitor compensated line which is presented in [45]. Both methods
determine fault locations dA and dB (Fig. 3) using information from both terminals
of the series compensated line. But the second method considers the effect of bypass
gap operation. The simulation study is carried out using MATLAB/Simulink envi-
ronment (Fig. 4). The change in voltage across the series compensation unit during
fault with and without gap operation is illustrated in Fig. 5.

In the fault loop calculation based algorithm [44], the line parameters and
Thevenin equivalent of the system at a line terminal are continuously calculated
using the WAMS data. The line parameters are estimated online using the WAMS
data to avoid the errors caused by the change in parameters from time to time due to
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Fig. 3 Single-line diagram of series compensated line with possible fault positions
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Fig. 4 MATLAB Simulation model for the two-machine system with series capacitor compensated
transmission line
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Fig. 5 Voltage waveform across Series Compensation Unit (a) with gap operation (b) without gap
operation

the variation in environmental conditions and operating conditions. This method uses
three different sets of voltage and current measurements from both ends of the series
compensated lines. From the three sets of measurements, the Thevenin equivalent
voltage and impedance of the system at the line terminals are calculated. The line
parameters and voltage across the compensating device are estimated using the least
square method. A fault location algorithm estimates the fault distance from either
end of the line terminals with two different subroutines using the positive sequence
components of measured and estimated information applying the fault loop method.
From the two estimated values, the actual value of fault distance is selected using a
selection subroutine.

The supplementary impedance based algorithm [45] generates accurate fault loca-
tion even when MOV in any of the phases of the compensating device gets bypassed
by the operation of the bypass gap before the fault clearance. The sequence compo-
nents of current and voltage at one terminal of the compensating device are estimated
using the measured values of currents and voltages at the line terminal on the same
side of the compensating device. The voltage at the other terminal of the compen-
sating device can be estimated using these estimated values and impedances of the
compensating device. Under no-fault condition, the impedance of the compensating
device is equal to the reactance of the series capacitor. When any of the phases gets
bypassed by the gap operation, the impedance of that phase becomes zero. Fault
location is calculated using this value of terminal voltage. This algorithm is less
sensitive to the error in zero-sequence parameter estimation values and requires only
one subroutine to estimate the fault location from either side of the compensating
device.

Table 1 highlights the differences between fault loop calculation based algorithm
[44] and supplementary impedance based algorithm [45]. The performance of both
the algorithms is analyzed using MATLAB simulation studies. The values of system
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Table 1 Comparison of methods used in [44] and [45]
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No | Fault loop calculation based algorithm [44] | Supplementary impedance
based-algorithm [45]

1 Require three independent sets of phasors Require only one set of phasors from the
from the line terminals line terminals

2 Online estimation of line parameters for fault | Line parameters are not estimated online
location

3 Error in zero-sequence parameter estimation | Effect of zero-sequence parameter is
affects the value of fault location negligible

4 Requires Thevenin equivalent model Do not require Thevenin model to be
parameters at the line terminals of the system | estimated
to be estimated

5 Two different subroutines for fault location | Only one subroutine for fault location
estimation and a selection subroutine to estimation and a selection subroutine to
select the correct result are required select the correct result are required

6 Fault loop method is used for fault location | Do not require fault loop calculations

Table 2 Comparison of fault location error for different types of fault (without gap operation)

Fault type | Fault resistance | Maximum error (%)
© Fault loop calculation based Supplementary impedance
algorithm [44] based algorithm [45]
LG 10 5.351 2.381
100 6.932 4.876
LLG 10 3.346 2.142
100 4.232 3.859
LL 1 2.263 2.054
10 2.706 2.541
LLL 1 1.524 1.255
10 1.831 1.746

parameters are taken the same as those in [45]. The comparative study is limited to
the effect of variation of fault location and fault resistance only. Tables 2 and 3 give
the comparison of maximum error obtained for different fault types without and with
gap operation, respectively.

7 Conclusion

This paper presents a comparative study of the transmission line protection algo-
rithms. Different algorithms for the protection of compensated and uncompensated
lines are reviewed for comparison. In the compensated category, FSC compensated
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Table 3 Comparison of fault location error for different types of fault (with gap operation)

Fault type Fault resistance Maximum error (%)
) Fault loop calculation based Supplementary impedance
algorithm [44] based algorithm [45]
LG 10 6.132 2.897
100 9.157 3.553
LLG 10 5.934 3.126
100 7.592 5.023
LL 1 2.863 2.433
10 3.731 2.967
LLL 1 1.998 1.738
10 2.336 1.835

lines are the most economical and common solution for improving the transmission
capacity of the system, and hence the fault detection and location in FSC compen-
sated lines may be given due importance. A comparative study of the fault loop
calculation based algorithm and the supplementary impedance based algorithm for
series compensated lines is carried out and the results are presented in this paper.
The supplementary impedance based algorithm is found to be giving better results
with and without bypass gap operation of series compensation device.
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