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ABSTRACT Locating fault position in a series compensated transmission line is a difficult task due to
the non-linear characteristics of the metal-oxide varistor which is present in the protection system of the
compensator. In this paper, a model-free two-terminal traveling wave-based fault location method for a series
compensated line is proposed. The techniquemakes use of two subroutines which calculate the fault locations
assuming that the fault position to be on the left and right side of the series compensator respectively. The
method then selects the correct fault location of the two by a special logic based on faulted half-section
identification. The first two traveling wave arrival times recorded at both the terminals of the line are used
in the method. The proposed technique does not require model information of the series capacitor and
transmission line. It has been verified using the PSCAD/EMTDC model of a 400-kV, 300 km transmission
line which is compensated by a fixed series capacitor in the middle and line ends. The performance of the
proposed method is compared with a commercially available classical two-ended techniques and setting-free
method.

INDEX TERMS Faulted half-section identification, series compensated lines, synchronized data, traveling-
wave-based fault locator.

I. INTRODUCTION
To meet the growing power demand, utilities have widely
installed series capacitors on long transmission lines [1].
The main purpose of series compensation in power systems
is a virtual reduction of the line reactance to enhance the
power system stability, damping of the power system oscil-
lations, better controllability of the power flow, and enhance
the power transfer capability of transmission corridors [1].
However, the protection and fault location (FL) for series
compensated line (SCL) is one of the most difficult tasks of
the intelligent electronic device (IED)manufacturers and util-
ity protection engineers due to the non-linear characteristics
of the series capacitor protection unit (Metal Oxide Varistor
(MOV)) [1]–[4] in the measurement loop.

Faults are inevitable in transmission lines due to natural
events such as storms, lightning, snow, rain, insulation break-
down, and other causes such as birds, tree branches, and
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other external objects [4]. Quick restoration of service could
reduce customer complaints, outage time, revenue loss for
the utilities [4], [5]. Restoration of power supply following a
permanent fault can be done only after the maintenance team
finishes the repair of the damage caused by the fault. For this
purpose, the FL is to be known, otherwise, the whole line is
to be inspected. Thus, it is important that the location of a
fault needs to be known with good accuracy. FL for a series
compensated line is one of the most crucial tasks for the IED
manufacturers and utility maintenance staff since such lines
usually spread over a few hundreds of kilometers.

FL techniques are mainly classified into three cate-
gories [5]; impedance, traveling wave (TW), and arti-
ficial intelligence-based techniques. Impedance-based FL
techniques are traditionally used by transmission utilities
because of simplicity and require low hardware cost [4]–[6].
Various impedance-based FL methods are proposed for
SCLs [8]–[15]. However, the precision of impedance-based
FL techniques [4] is influenced by fault resistance,
system non-homogeneity, measurement transformers
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inaccuracies [6], [7], and phasor estimation accuracy [14].
A fault on SCL introduces a sub-synchronous frequency com-
ponent along with a decaying dc component in the measured
fault signal. With such signal modulation, estimated phasors
will be oscillatory and erroneous [14], [15] and therefore
such a method has limited performance scope for SCLs.
Compared to impedance-based FL techniques [8]–[15],
TW-based techniques [16]–[28] are better suited for SCLs as
FL accuracy depends on the time of arrival of TWs and wave
speed. These methods are immune to various fault situations
and independent of installed equipment.

Two-ended TW based techniques are extremely pre-
cise and reliable to locate the fault on the transmission
lines [16], [17] than the single-ended methods [18], [19].
The single-ended methods pose difficulty in distinguishing
the waves reflected from the fault and the remote terminals,
as well as the waves reflected from the buses of adjacent short
lines connected to the monitored line [19]. Several two-ended
techniques are reported in the literature [16], [17] and
[20]–[27]. Two ended TW based FL technique based on syn-
chronized data [16], [17], electromagnetic time-reversal [20],
wide area measurement [21], distributed current sensing [22]
and unsynchronized data [23]–[25] are reported for uncom-
pensated transmission lines.

Two-ended synchronized data-based fault detection
and location are presented for SCLs in [26] and [27].
Single-ended TW based FL for series compensated technique
is presented in [28] using voltage and current measurements.
The fault locator is placed at the compensator and this method
requires the voltage and current measurements at the middle
of the line (i.e. at compensator) and this method may not
be economical for practical deployment. The accuracy of
the reported two ended methods [16], [17], [20]–[27] highly
depends on the wave speed (line parameters such as induc-
tance and capacitance per unit length). These line parameters
may not be correct always and depend on many practical
conditions such as weather, age of the conductor, tempera-
ture and sag, etc. The online estimation of line parameters
accurately is challenging with series compensation [29] due
to voltage and current inversions as well as the presence
of low-frequency oscillations during faults on lines close
to the capacitors [30]. Therefore, the FL accuracy with the
techniques as in [16], [17] and [20]–[27] may not be good
enough for SCLs. The wave speed adjustment by creating
faults at a known distance is available in [31]. For example,
with one end of the line open, energize the line from the
remote end and then capture the TW arrival time and calculate
the wave speed based on the known length of the line. This
technique requires an experiment to obtain the wave speed
which is a time-consuming procedure and not economical.

Setting-free phasor-based FL method for three-terminal
lines is presented in [32] using all terminal data and it may
not be suitable to SCL [4]. The FL is obtained by solving the
non-linear equations and which requires high computation
burden. Incremental quantity-based fault section identifica-
tion (FSI) for SCL is presented [33] and the accuracy of FSI is

influenced by fault resistance and a source impedance of the
line. Setting-free TW-based FL method has been reported
in [34] which requires both ground and aerial mode sig-
nals. The ground mode signals are highly attenuated and
available only for earth faults. A distributed TW-based
FL technique that uses measurements at three locations of
the line is proposed in [35] which does not require wave
speed. It requires measurement devices to be installed at
three locations on the line and therefore not cost-effective.
A method to avoid the limitation of wave speed (line param-
eters) is available in [36] for uncompensated lines. However,
this method requires a proper initial guess of the wave speed
and approximate latency information of the communication
channel. Further, this is a search-based method and depends
on the time difference between the first incident TW and the
one reflection from the fault point, at both the terminals of the
line. The technique may find limited performance for faults
close to the terminals of the line due to the requirement of
TW arrival times of incident and reflection waves from the
fault point, at both ends. Online parameter computation of
SCLs being difficult due to non-linear characteristics ofMOV
present in the measurement loop, there is a scope to find
an accurate model-free FL technique for series compensated
lines.

In this paper, a model-free FL method for series com-
pensated transmission lines using two ended synchronized
current measurements is proposed. In the approach, two fault
location subroutines are used by assuming the fault to be on
the left and right sides of the series compensator respectively.
Correspondingly, for one fault case, two FLs are calculated
using the first two TW arrival times measured at both the
terminals. Then the correct fault distance is selected from
the two using the faulted half-section identification (FHI)
information. The faulted half-section (FH) is determined by
comparing two indices computed using TW arrival times
recorded at both the terminals. The first FHI index is obtained
by taking the difference between the second TW arrival
time recorded at a remote terminal and the first arrival time
recorded at the local terminal of the line. The second FHI
index is calculated by taking the difference between the sec-
ond TW arrival time recorded at the local terminal and the
first arrival time measured at the remote terminal of the line.

The method does not require information of line param-
eters (or wave speed), compensation level at an instant,
or MOV model parameters. Accuracy of the proposed tech-
nique depends solely on the sampling rate of the data acquisi-
tion system and the precision of TW arrival time calculation.
The proposed FL method can be used for any line, including
SCL. The main contributions of this work are as follows:

(i) novel model-free fault location formulation which does
not require line parameters (or wave speed) and the formu-
lation also eliminates the effect of TW dispersion [37], [38]
on FL accuracy and (ii) identification of faulted half-section
using TW arrival times.

In recent developments, power companies are deploy-
ing the cloud-based platform, as part of their digitalization
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program [39]. Fault location is one of the applications
therein which can be calculated by uploading the disturbance
recorder data into the cloud from stations. The final FL infor-
mation is then sent to the field staff for faster restoration [39].
The proposedmethod is amenable to such new digital deploy-
ment; an added advantage over available FL methods. Being
model-free, the proposed solution is advantageous for prac-
tical deployment [39], even using such an emerging technol-
ogy. Further, once the fault location is known, the method can
produce an accurate estimate of the wave speed of the line for
any other possible applications. The proposed technique is
verified through the PSCAD/EMTDC simulations covering
various fault scenarios for 400-kV, 300 km line with series
compensation at middle and line ends, and found to be accu-
rate. The method is also tested with field fault data collected
from a 400-kV, 225km double circuit SCL [40], [41] in Indian
Power Grid between Jeypore-Gazuwaka substations.

II. PROPOSED METHOD
The proposed technique uses four functional modules: (i) the
model-free fault location formulation and (ii) the faulted half-
section identification logic, (iii) effect of the location of the
series capacitor and level of compensation, and (iv) illustra-
tive of the application of the proposedmethod. Thesemodules
can be implemented in an intelligent electronic device (IED)
platform with a signal sampling frequency of 1 MHz. The
details of the modules are provided below.

A. PROPOSED MODEL-FREE FAULT LOCATION
FORMULATION
Consider a SCL connecting to terminal A and B as shown
in Fig.1 (a) where the compensator is at the middle of the line.
The fault locator is placed at terminal A. The currentmeasure-
ments from both the terminal are available to the fault locator.
Various traveling wave detection and extraction methods are
available in the literature and this paper is not focused on the
process of traveling wave detection and extraction. Traveling
waves are extracted using a bandpass filter and the steps are
described in [16] and the same process is adopted in this work.
The TWs are extracted from the current signal and the first
two TW arrival times are used to achieve model-free FL and
FHI. Two fault cases are considered (i) fault on the left side
of the compensator (first half-section of the line) and (ii) fault
on the right side of the compensator (second half-section of
the line).

1) FAULT ON THE LEFT SIDE OF THE SERIES COMPENSATOR
Consider a fault (F1) in the first half (0 <d1 < lAB/2)
of the line (length of the line be lAB km). For the case,
the corresponding lattice diagram is shown in Fig.1(b). Note
that no TW reflections and refractions from the compensator
due to no impedance change at the capacitor [42] during the
first fewmilliseconds after the fault. From the lattice diagram,
we can write,

tA1 = t0A +
d1
v

(1)

FIGURE 1. (a). Single line diagram of series compensated line and
(b) lattice diagram for a fault in the left side of the compensator.

tA2 = t0A +
3d1
v

(2)

tB1 = t0B +
lAB−d1

v
(3)

tB2 = t0B +
lAB+d1

v
(4)

For the fault in the left side of the compensator, (1)-(4)
provide the location

d1 = [(tA2 − tA1)+ (tB2 − tB1)]
lAB

4(tB2 − tA1)
(5)

where, t0A and t0B fault inception time at terminal A and B
respectively, d1 = fault distance from the terminal A for

fault in the left side of the compensator and lAB = length of
the line.

2) FAULT ON THE RIGHT SIDE OF THE SERIES
COMPENSATOR
Consider a fault in the second half-section (lAB/2 <d2 < lAB)
of the line and its lattice diagram as shown in Fig.2 (b).

From the diagram, we can write,

tA1 = t0A +
d2
v

(6)

tA2 = t0A +
2lAB−d2

v
(7)

tB1 = t0B +
lAB−d2

v
(8)

tB2 = t0B +
3(lAB−d2)

v
(9)

FL can be obtained using (6)-(9) for the fault in the right side
of the compensator,

d2 = lAB − [(tA2 − tA1)+ (tB2 − tB1)]
lAB

4(tA2 − tB1)
(10)

where, d2 = fault distance from the terminal A for the fault
on the right side of the compensator.
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FIGURE 2. (a). Single line diagram of series compensated line and
(b) lattice diagram for a fault in the right side of the compensator.

Two FLs d1 and d2 are calculated using (5) and (10)
assuming the fault to be located on the left and right side of
the compensator respectively. To select the correct FL out of
these two values, we need to develop a faulted half-section
identification (FHI) logic. The details are explained below.

B. PROPOSED FAULTED HALF-SECTION IDENTIFICATION
LOGIC
In this section, we determine the FHI logic using the first two
TW arrival times measured at the two terminals of the line.
Consider the following two possible cases to determine the
FHI logic.

Case 1: Consider fault on the left side of the compensator.
From (1) - (4), we can calculate the two FHI indices,

FHI INDEX1 = tB2 − tA1 = lAB/v (11)

FHI INDEX2 = tA2 − tB1 = (4d1 − lAB)/v (12)

From (11) and (12), FHI INDEX1 (length of the line) is always
greater than FHI INDEX2 (four times of d1 minus length of the
line) for the fault on the left side (first half-section of the line)
of the compensator.

Case 2: Consider fault on the right side of the compensator
from end-A. From (6)- (9), we have,

FHI INDEX1 = tB2 − tA1 = (3lAB − 4d2)/v (13)

FHI INDEX2 = tA2 − tB1 = (lAB)/v (14)

From (13) and (14), FHI INDEX1 (three times of the length of
the lineminus four times of d2) is always less thanFHI INDEX2
(length of the line) for the fault on the right side (second half-
section of the line) of the compensator.

Special Case: Consider a fault at the midpoint of the line
or on the compensator. The absolute differences between
(tB2 − tA1) and (tA2 − tB1) is less than a threshold (e) then
the faulted half-section is classified as the midpoint of the
line or fault on the compensator. Then the final fault location

estimate is the mean of the d1 and d2. The details of the
algorithm steps are shown in Fig.3.

FIGURE 3. Flow diagram for the proposed method.

In this work, we used the threshold (e) and it is defined
as 2µs for 1MHz sampling frequency implemented in the
work. The threshold value is chosen based on the FL precision
requirement which in turn depends on the sampling rate. For
example, the accuracy that can be achieved with a 1MHz
sampling rate is ∼ ±300 meters (i.e. theoretically maximum
possible error = wave speed x signal sampling frequency).
This means a 1 µs (sampling interval) error in TW wavefront
arrival time calculation can lead to an error of 300 meters
assuming wave speed be approximately light speed. Consid-
ering a margin of two sample time error in TW arrival time
estimation, we have chosen the value of the threshold is 2µs.

C. EFFECT OF LOCATION OF CAPACITOR AND LEVEL OF
COMPENSATION ON FAULT LOCATION AND FHI
Series capacitors can be located anywhere on a transmission
line. Series capacitors can be placed at one or both ends of a
line as shown in Fig.4 (a) and (b) respectively, besides at the
middle. Though the FL formulation is derived for the capac-
itor at the middle, the same analysis can be applied to the
other configurations also. Further, the level of compensation
does not affect the formulation [42] as evident in the above
section. The FHI logic and analysis are also not affected by
the position of the capacitor and level of compensation.

D. ILLUSTRATIVE ON APPLICATION OF THE PROPOSED
METHOD
The proposed FL algorithm is explained here with an example
on a 400-kV, 50 Hz, 300 km transmission line as in Fig.1(a)
with 40% compensation at the middle (at lAC =150km from
terminal A). The source impedance and line configuration
used for the PSCAD/EMTDC simulations are provided in the
Appendix. The transmission line tower configuration used in
the simulation is shown in Fig.10. Current signals are used for
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FIGURE 4. Single line diagram of series compensator at (a) one end and
(b) both ends of the line.

capturing TWs as current transformer [43] has the advantage
of wider and flatter response and it is more consistent in TW
detection [16]. The synchronized current signals are mea-
sured at the terminals A and B of the line at a sampling rate
of 1MHz. The TWs are extracted using the bandpass filter and
the arrival times of TWs are calculated using a parabola-based
interpolation technique [16], which is robust and provides an
accuracy of 0.5 µs at 1MHz sampling rate [16]. The wave
speed is not required for thismethod. The FL, ‘d’ is calculated
at terminal A and % error of FL is expressed as in (15)

%Error =

∣∣∣∣Actual FL− Calculated FL
The total length of the line

∣∣∣∣ x100 (15)

For the illustration, a phase A-to-ground fault (F1) with a
fault resistance of 50� and fault inception angle of 600, on the
left side of the series compensator, at 100km from terminal
A is considered. For this case, Fig.5 shows the first two TW
arrival times measured at terminal A (tA1 = 346 and tA2 =
1033 µs) and terminal B (tB1 = 690 and tB2 = 1377 µs)
of the line. The FL d1 and d2 calculated using (5) and (10)
are 99.95km and -0.43km respectively. The calculated first
FHI index using (11) (FHI INDEX1 = 1031µs) is greater than
the second FHI index using (12) (FHI INDEX2 = 343 µs).
Therefore, the fault is identified to be on the left side of the
compensator (first half-section) and the final FL is 99.95km.
The FL error calculated using (15) becomes 0.01%.

After estimating the FL accurately, wave speed can
be calculated from (lAB/(tB2 − tA1)) and using FHI and
FL values. The obtained wave speed for the system is
2.91715282×108m/s which matches to the actual wave speed
(2.91698524×108m/s) as found from the parameters of the
line. This wave speed can be used in setting traveling
wave-based distance protection functions for the line.

Two other scenarios are used for the illustration and corre-
sponding results are summarized in Table 1. It is noted that
the highest error of FL is 0.024% (72 m) for the 300-km SCL.
The illustration reveals that the proposed technique identifies

TABLE 1. Three test scenarios to validate the proposed method.

FHI correctly and locates the fault accurately. The accuracy
of the method is independent of FL and fault type.

III. RESULTS AND ANALYSIS
In this section, we provide results of detailed testing of
the proposed FL method. Specifically, we carried out the
following studies: (A) comparison with classical two-ended
method, (B) performance analysis for fault inception close
to voltage-zero-crossing, (C) study of the influence of fault
resistance and fault type, (D) performance analysis under the
influence of signal noise and sampling rate, (E) performance
analysis for various locations of the series compensator,
(F) comparative assessment with the model-free method and
(G) validation with practical data (field record). The same
test system as described in Section II (D) is used for studies
Section III (A) to (F).

A. COMPARATIVE ASSESSMENT WITH COMMERCIALLY
AVAILABLE CLASSICAL TWO-ENDED METHODS
The FL calculated by the commercially available classical
two-ended methods [16], [17] needs wave speed of the line
which depends on the line parameters. Any error in these
parameters will affect the precision of the FL technique.
Such inaccuracies may occur due to aging, temperature, sag
of the conductor, etc., of the line. Several online parameter
estimation methods are available which may not work for
SCL due to non-linear characteristics of the MOV present
in the measurement loop. In this section, we compare the
proposed method with commercially established two-ended
methods [16], [17]. For this purpose, we have considered
phase-to-ground, phase-to-phase-ground, and 3-phase faults
with an arc resistance of 100, 50, and 20� respectively. The
fault inception angle (FIA) of 600 and different fault locations
of 50, 150, and 250 km from terminal A of the line are
considered. Accuracy of the proposed technique is assessed
for different errors ranging from 0.5% to 20% of the wave
speed. The evaluation results are provided in Table 2.
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TABLE 2. Comparative assessment of the proposed method with
commercially available two ended methods [16], [17].

For the classical double-endedmethods [16], [17], FL error
increases for higher errors in the wave speed which is an input
to the algorithms. The FL error becomes 3.29% even with a
10% error in wave speed. The impact of wave speed (v) error
on these methods is however less when the fault happens on
the compensator or in themiddle of the line. This is because in
these classical methods the equation used for FL calculation
is (d = lAB

2 −(tB1 − tA1)v/2) in which contribution of
lAB
2 the

portion to final FL is more compared to contribution from
(tB1 − tA1)v/2) portion. In contrast, the accuracy of the pro-
posedmethod is better and consistent across the test scenarios
as it does not dependent on the wave speed. Therefore, it can
be concluded that the proposed method is more suitable for
practical deployment for series compensated lines as for these
lines online parameter computation is very challenging.

B. PERFORMANCE ANALYSIS FOR FAULT INCEPTION
CLOSE TO VOLTAGE-ZERO-CROSSING
Faults occurring near voltage zero-crossing may subdue the
TWmagnitudes which also attenuate over long SCLs. There-
fore, it is important to validate the proposed method under
such conditions. Phase-to-ground and phase-to-phase faults
with fault inception at voltage zero-crossing are considered
for the study. Also, different RF of 20, 50 � for phase-to-
ground faults, and 10, 20� for phase-to-phase faults are used
for simulations. Two FLs, one at 125 and the other at 275 km
from the terminal of the line are simulated and the results
are presented in Table 3. From the table, it can be seen that

TABLE 3. Study for fault inception at the near-zero crossing of the
voltage.

the proposed method can locate faults accurately in these
conditions.

C. STUDY OF THE INFLUENCE OF FAULT RESISTANCE AND
FAULT TYPE
Various fault types with the variation of fault RF are simulated
FL at 275km from terminal A. The RF of each fault type is
varied from 0.1 to 100�. The results for the proposed method
and classical methods [16], [17] are listed in Table 4. It is
observed that the proposed method provides accurate results
even for high RF, while the classical methods show more
error for the remote fault. This is due to TWs dispersion
effect [37], [38] which is being mitigated in the proposed
method.

TABLE 4. Study of the influence of fault resistance and fault type.

D. PERFORMANCE ANALYSIS UNDER THE INFLUENCE OF
SIGNAL NOISE AND SAMPLING RATE
The performance of TW based FL methods depends on the
signal sampling rate and measurement noise. In this study,
we tested the proposed method with different levels of noise
in the current signal under varying sampling rates. A total
of 560 fault conditions are simulated and tested. The method
is robust against noise and sampling rate. The summary of
the considered fault scenarios is tabulated in Table 9 in the
Appendix. The results are provided in Table 5. The results
show that the proposed method can calculate the FL accu-
rately with an average and maximum errors of 0.07% and
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TABLE 5. Study of signal noise and Sampling rate on the FL precision.

0.37% respectively for the signal noise of 1% and a sampling
rate of 1MHz. The accuracy of TW based FL depends on
the TW time of arrival estimation [16], [24]. In the proposed
method, an advanced interpolation algorithm is used for TW
time of arrival estimation. It is also observed that errors
are noticeable when the method is implemented with lower
sampling rates, and when the noise level is more than 1%.
This is because the technique is unable to calculate accurate
second TW arrival time for close-in faults. The proposed
method is precise, and FL accuracy can be achieved within a
two-tower span (280-320m) distance using 1MHz sampling
rate.

E. EFFECT OF LOCATION OF THE SERIES COMPENSATOR
In this section, we tested the method for (i) compensator
at one end with a 50% of the fixed compensation and
(ii) compensator at both ends of the line with a 70% fixed
compensation as shown in Fig.4. Various fault types with
the variation of RF are simulated at FL of 125km from
terminal A. The RF of each fault type is varied from
0.1 to 50 �. The results for the proposed method are listed
in Table 6. From the table, it is evident that the accuracy of
the method is not affected by the location and compensation
level of the compensator.

TABLE 6. Study of the influence of compensator location.

F. COMPRATIVE ASSESSMENT WITH MODEL-FREE
METHOD
In this section, the performance of the proposed method is
compared with the model-free technique of [36]. This is a
search-based method and depends on the time difference
between the first incident TW and the one reflection from
the fault point, at both terminals of the line. Two cases
(F1 and F2) for analysis are simulated. For Case 1, a phase

FIGURE 5. TW arrival times measured at (a) terminal A and (b) terminal B
for a fault at 100km from terminal A of the line.

A-to-ground fault (F1) with RF = 50� and FIA of 600, FL at
125km from terminal A is considered. For this case, Fig.6 (a)
shows lattice diagram and Fig.6 (b) provides the first two TW
arrival times measured at terminal A (tA1 = 432 and tA2 =
1290 µs) and terminal B (tB1 = 604 and tB2 = 1362 µs) of
the line. The calculated FLs using the method [36] and the
proposed method are 125.12 and 124.951km (corresponding
%FL error 0.04 and 0.016) respectively. Here, arrival times of
fault point reflection at terminal A and B are measured tA2 =
1290µs and tB3 = 1805µs respectively for the method [36].

FIGURE 6. (a) Lattice diagram and (b) TW arrival times measured at
terminal A and terminal B for Case 1.

For Case 2, a phase A-to-ground fault (F2) with RF =
20� and FIA of 900 at 275km from terminal A is simulated.
For this case, Fig.7 (a) shows the lattice diagram and corre-
sponding first two TW arrival times measured at terminal A
(tA1 = 947 and tA2 = 1119µs) and terminal B (tB1 = 88 and
tB2 = 260 µs) of the line are shown in Fig.7 (b).
From the lattice diagram, 12th reflection is the fault

point reflection from terminal A and it is required for the
method [36]. The 12th TW reflection is attenuated and
therefore not possible to capture its arrival time reliably.
The method [36] is not able to calculate the FL for Case 2.
The proposed method requires only the first two TW arrival
times at both the terminals of the line and the calculated FL
and %FL error using the proposed method are 274.975 and
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FIGURE 7. (a) Lattice diagram and (b) TW arrival times measured at
terminal A and terminal B for Case 2.

0.008 respectively for this case. Themethod [36] finds limited
performance for faults close to the terminals of the line due to
the requirement of TW arrival times of incident and reflection
waves from the fault point, at both ends.

G. VALIDATION WITH PRACTICAL DATA
In this section, the proposed method is validated with field
data from a double circuit SCL [40], [41] in Indian Power
Grid between Jeypore-Gazuwaka as shown in Fig.8. FSC
is placed at Jeypore 400-kV substation end with 50% fixed
compensation. The total length of the line is 225km and the
current signal is measured before the FSC at Jeypore end and
Gazuwaka end with a sampling rate of 5MHz sampling [17].

FIGURE 8. Jeypore-Gazuwaka 400-kV double circuit series compensated
line in Indian Power Grid.

A phase-B-to-ground fault occurred on March 19, 2020,
on Jeypore-Gazuwaka line-1. Fig.9 shows the TWs captured
at Jeypore and Gazuwaka terminals for the fault and TW
arrival times are marked in the figure. The TW arrival times
obtained from the disturbance records are listed in Table 7.

TABLE 7. First two TW arrival time recorded at both the terminals.

FIGURE 9. TWs recorded at (a) Jeypore terminal and (b) Gazuwaka
terminal for Phase-B-to-ground fault at 175.12km of the line from
Jeypore end.

Based on the recorded TW arrival times, the FL d1 and d2
calculated using (5) and (10) are -429.123km and 175.268km
respectively. The calculated first FHI index (FHI INDEX1 =
−89 µs) is less than the second FHI index (FHI INDEX2 =
768 µs). Therefore, the fault is classified to be on the
second half-section of the line. The final FL is found to be
175.268 km from Jeypore end. The actual fault location iden-
tified by the substation staff is 175.12 km from the Jeypore
end. The FL error calculated using (15) becomes 0.065%. The
calculatedwave speed is 2.92968749X108m/s. This field case
demonstrated that the proposed method can locate the fault
within a two-tower span distance without using wave speed.

IV. CONCLUSION
In this work, a simple model-free TW based FL method for
a series compensated line is presented. The first two TW
arrival times from both terminals are the only inputs to the
fault locator. The wave speed, parameters of the line, or the
series compensator are not required to be known. A precise
faulted half-section identification logic, with respect to the
compensator, is developed using the first two TWs measured
at both terminals which facilitates the selection of the correct
fault distance out of the two estimates. Simulation results
show that the performance of the method for series compen-
sated line is accurate for various fault scenarios. The accu-
racy of the method is compared to a commercially available
classical two-terminal methods [16], [17] for error in wave
speed of the line. For the classical methods, the FL error
increases for higher inaccuracies in wave speed whereas,
the proposed method is independent of the wave speed. The
proposed method is also compared with the available setting-
free method and performance is superior for the faults close
to the terminals.

The method is also tested for various fault scenarios and
locations of the compensator. The simulation studies reveal
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FIGURE 10. Tower configuration for the simulated transmission line.

TABLE 8. Source impedances.

TABLE 9. Fault cases considered for the test system.

that it is possible to achieve FL precision of ± 300m using
1MHz sampling frequency. The proposed method is also
validated with field recorded data from a series compensated
line in Indian Power grid with an accuracy of a tower span.
The technique can be implemented in IEDs with a 1MHz
sampling rate to achieve FL precision of two tower span
distance.

The proposed method being free of the wave speed as an
input, does not necessitate field experiments or accurate line
parameters to obtain the same which is required in many
available methods. Any pre-defined setting is not required
and is cost-effective for practical deployment. The proposed
model-free approach is an attractive option to be incorporated
in control centers or cloud-based systems. Further, the wave
speed of the line can be calculated using the obtained fault
location information for other power system protection and
monitoring applications.

APPENDIX
See Figure 10 and Tables 8 and 9.
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