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Abstract
In the outdoor erected overhead transmission lines, the probability of occurrence of a fault is high and it might lead to unstable
operation of the power system and interrupt the continuity of power supply. This work has proposed a methodology to detect
and classify such transmission line faults based on the signs of computed reactive power. The sign of reactive powers at both
ends of the transmission line is computed through the extracted fundamental components of voltage and current obtained
through the DFT algorithm. The discrimination of fault and normal operating conditions is achieved based on the signs of
reactive power at both ends of the transmission line. Further, a transmission line fault classification strategy has been developed
with the signs of computed reactive power. The method developed has been tested on the designed two-machine transmission
test system and modified WSCC-9 bus test system in the PSCAD/EMTDC and MATLAB tools for all types of short circuit
faults at various locations on the transmission line, with and without fault resistance, sudden change in load, with noisy input
signal, CT saturation conditions, etc. In all the cases, the proposed method ensures the accuracy of detecting and classifying
transmission line faults.

Keywords Fault detection · Fault classification · Transmission line protection · Reactive power · Fault resistance · PMU
(phasor measurement unit)

1 Introduction

The transmission line (TL) is an essential element which
connects the generation and the consumer point. Moreover,
it is a geographically long element in power systems and
spreads over hundreds of kilometers. When a fault occurs,
the voltage (V) and current (I) signals deviate from their
actual values, which can lead to an unstable condition or a
blackout if the protection system cannot quickly isolate the
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faulty section. Therefore, the protection scheme developed
by the protection engineer should retain the properties like
accuracy, sensitivity, selectivity and reliability.

The TL protection scheme based on digital distance
relaying consists of majorly three elements: fault detection,
classification and localization.Out of the three elements, fault
detection and classification mechanisms decide the speed
and accuracy of the digital protective relaying scheme [1].
Therefore, quick removal of faulty phase becomes inevitable,
enhance the quality of endowed power and boost the sys-
tem’s stability. Up to now, various researchers have proposed
many methods to detect and categorize TL defects by utiliz-
ing the electrical components of the transmission system.
The conventional protection schemes based on impedance
[2], traveling waves [3] and distance [4] are widely used in
transmission line protection. Themethods proposed based on
impedance and distance depend on system parameters. The
accuracy of these methods is low during stressed conditions.
The traveling wave-based methods required high sampling
frequency to extract the features from the sensed signals.
Due to this, the complexity and cost of the relay infrastruc-
turemay increase. Despite various approaches, consolidating
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all protection system functions into a single framework is
still a challenge. Therefore, the proposed method takes into
consideration of noise, HIF, various FIAs, CT saturation con-
ditions, and proposed a parameter independent approach for
recognizing and categorizing TL faults.

In the literature, the researchers used pre and post-fault
data of V and I to activate the protection system since
those wave-forms contain valuable information concerning
the short circuit faults. Various methods available in the pub-
lished reports to identify and categorize the TL faults are
presented in [5, 6] and [7]. These methods are categorized
into 3 and named prominent, hybrid and modern. Promi-
nent methods used in literature are fuzzy logic, Wavelet
and ANN to name a few. Hybrid methods consist of any
two combinations of prominent methods, and the modern
methods originated from Pattern recognition, Genetic Algo-
rithm, SVM and PMU-driven protection approaches, etc.
An overview on different techniques for fault identifica-
tion, categorization and location are presented in [8]. The
authors grouped most of the methods available in the litera-
ture into artificial intelligence (AI)-based techniques, signal
processing based techniques and emerging computational
intelligence methods.

The authors of [9, 10] used Wavelet Transform (WT)
based methods for TL protection. The method in [9] con-
sidered 240 kHz as sampling frequency ( fs), which is very
high for pragmatic implementation and the method oper-
ates based on a threshold value for fault detection. The
method proposed in [10] involves a dedicated communica-
tion channel and high sampling frequency. High fs increases
the cost of infrastructure for practical applications. Trav-
eling wave-based methods are presented in [11, 12]. The
method proposed in [11] required a set value for fault detec-
tion. The methods in [11, 12] use high sampling frequency.
Learning-based TL protection methods are presented in [13–
18]. [13] presented a self-attenuation Convolution Neural
Network (CNN) based feature extraction using DWT and
training data. DWT is used to analyze the faulty data and
it needs high fs . The authors of [14] uses graph CNN and
adopted V measurements for fault detection and unable to
detect the HIF. Moreover, it needs training data for classifi-
cation and localization of a fault. Authors of [15] have used
the combination of WT decomposition and Chebyshev Neu-
ral network (ChNN) to detect and classify transmission line
faults. Even though the methodology detects and accurately
classifies faults, it needs a higher fs for wavelet decomposi-
tion and huge data set is required for training as it uses ChNN.
A deep learning-based intelligent methodology has been uti-
lized in [16] to protect TLs using capsule network sparse
filtering (CNSF). The method converted the half-cycle data
into an image and estimated the system condition based on
the image signature. The method proposed in [17] used prin-
cipal component analysis (PCA) to categorize and locate the

faults on TL, which requires large amounts of data to train
the algorithm. In [18], the authors developed an unsuper-
vised feature learning and convolution sparse auto-encoder
based method for TL protection, which is system dependent.
A methodology proposed in [19] uses machine learning and
meta-heuristic algorithms to detect and classify faults and
it uses voltage as a threshold value to detect faults. A long
short-term memory (LSTM) artificial intelligence and deep
learning-based method was proposed to detect and classify
faults in [20] and it requires high data to train the algorithm.
All learning-based methods need huge data which is system
dependent to train the algorithm under different fault cases.
Moreover, highdata storage andhandling capacity infrastruc-
ture may increase the cost of the overall protection scheme.

In [21], a differential relaying algorithm has been pre-
sented and it estimates the Discrete Teager Energy (DTE)
with the help of the Hilbert-Huang transformation (HHT)
approach to identify the fault. However, the method identi-
fies the fault accurately and it requires a set value limit to
differentiate fault and the normal condition of the system
and it leads to a system dependent method. A multi-variable
signal processing technique has been presented in [22] and
used fault index derived with Stockwell, Hilbert transforms
and alienation coefficients. The developed fault index has a
threshold to detect the fault and has not addressed the HIF
detection. A protection scheme based on a fault index derived
from positive sequence admittance parameters is presented
in [23]. The scheme considered the set limit to identify the
fault and did not address the fault classification. A wide area
backup protection scheme developed in [24] uses the ratio of
injected fault component apparent power addition to the sub-
traction of the injected fault component apparent power of
both ends of a line. A TL protection methodology developed
in [25] used the single-end current measurements. A dif-
ferential current-based protection scheme developed in [26]
utilizes both ends current magnitude and phase angle data to
identify the faults. In [27], the authors have been proposed
an algorithm to detect and classify the TL faults by calculat-
ing phase mean indices (PMI) and used the global threshold
setting for fault detection. A wide area backup protection
method has been presented in [28] has utilized the change
in V for fault area selection of the network. For faulty line
section identification, the method used the least square tech-
nique to estimate the fault by using pre and post-fault line
parameters data and the method has not addressed fault clas-
sification. In [29], a sequence current-based pilot relaying
scheme has been presented using single-end current data.
Still, it has a threshold set for sequence current signal ratios
and can only discriminate symmetrical and unsymmetrical
faults. A relaying algorithm proposed in [30] uses differen-
tial current ratio to discriminate between fault and normal
situation and it requires a threshold. A set value centered
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Fig. 1 A two-machine power system model

strategy to discriminate the symmetrical faults and overloads
has been proposed in [31].

Majority of the TL detection and classification techniques
developed by the researchers of protection group are training
based such as deep learning, threshold set, dependent on-line
parameters or having high sampling frequencies. Therefore,
the proposedwork attempts tomakeprotection schemewhich
will work irrespective of fs , independent of line parameters
and able to detect the fault under different fault conditions
like all types of shunt faults, faults with various fault incep-
tion angles (FIA), fault through high impedance, noisy input
conditions, CT saturation and sudden change in load. The
key benefits of the proposed method are listed below:

• Can be implemented without changing the existing pro-
tection infrastructure.

• Easily detects and classifies the transmission line faults
under various operating conditions.

• Will not operate for the external faults.
• Works satisfactorily for HIFs, which is one of the prob-
lems in many existing methods.

• Able to work effectively with CT saturation and noise.
• Independent of system parameters.

Further the paper is organized with different sections. In
Sect. 2, the motivation of the work and mathematical back-
ground of the proposedmethodology are explained. Section3
presents the methodology used for the proposed approach.
Section4 discussed the results to support the efficacy of
the proposed methodology. The comparison of the proposed
approach with various methods used in the previous works
is provided in Sect. 5 and Sect. 6 concludes the highlights of
the work.

2 Motivation andMathematical Formulation

Here in this section a mathematical analysis has been
attempted to realize the sign of reactive power at both ends of
a TL during normal and faulted case. A two-machine doubly-
fed transmission system model shown in Fig. 1 is considered
for the analysis [32].

Let the terminal voltage of VS � δ1 of source S, VR � δ2
of source R, and the transmission line has an impedance of
ZL (pu).

The apparent power supplied by the source = V I ∗ (1)

where V and I are voltage and current, respectively.
From Fig. 1, the amount of apparent power supplied by

source S is

SS = VS

[
VR−VS

j X

]∗ = VSVR

X
sin δ + j

[
V 2
S −VSVR cos δ

X

]
(2)

where δ = δ1 − δ2
From the Eq. (2), the imaginary part represents the amount

of reactive power supplied by source S, denoted by QS .

QS =
[
V 2
S −VSVR cos δ

X

]
(3)

Similarly, the apparent power supplied by the source R,

SR = VR

[
VS−VR

j X

]∗ = VSVR

X
sin δ + j

[
VRVS cos δ−V 2

R
X

]
(4)

The imaginary part of Eq. (4) represents the amount of
reactive power supplied by source R, denoted by QR .

QR =
[
VRVS cos δ−V 2

R
X

]
(5)

Equations (3) and (5) are the reactive powers derived and
the following two cases has been considered to realize the
reactive power sign.

Case i: During Normal Operation

Under normal operating conditions of the system, the voltage
magnitude difference between both ends of a line is less.
Moreover, during stable operation the systems load angle
be between greater than zero and 900 [32], thus the value of
cos δ will be in between greater than zero and 1. Therefore, at
normal operating conditions of the system, V = VR ≈ VS =
1pu and the line reactance can be considered as constant.
After substituting the assumed values in Eqs. (3) and (5), the
signs of QS and QR are observed as positive and negative,
respectively. Hence, it is concluded that the signs of reactive
power supplied from the sources are positive and negative
simultaneously during the normal operating conditions of
the system. Besides, both sources meets the reactive power
demand and line reactive power losses.
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Fig. 2 Power system model representation during faulted situation

Case ii: During Fault Condition

Figure2 shows the systemduring fault condition representing
all system parameters, including the fault voltage denoted by
V f .

Let the value of the voltage at the fault point is V f with
respect to ground and V f �= 0 under non-bolted fault cases.

Now the reactive power supplied from the source S, i.e.,

QS =
[
V 2
S −VSV f cos δ1

X

]
(6)

Similarly, the reactive power supplied from the source R,

QR =
[
V 2
R−VRV f cos δ2

X

]
(7)

At the fault point, the value of fault voltage is either zero
or significantly less, and it depends on the value of fault
impedance, i.e., VS ≈ VR � V f .

From the above case study, during faulted conditions of
the system, the reactive power supplied from both ends of the
line or sources are positive. Moreover, the supplied reactive
powers fromboth the endswillmeet the reactive power losses
of the line. During normal operating situations of the system,
the reactive powers computed at both ends of the line are
simultaneously positive and negative.

3 ProposedMethodology

The proposed method computes the reactive power sign
based on the extracted fundamental components of V and I
at both ends of the line from the synchronized PMUdata. The
synchronized fundamental components of measured signals
are attained through a DFT algorithm. The method utilizes
the fundamental components of V , I and phase angle data
obtained from DFT to estimate the reactive powers of all the
three-phases with sign at both the ends of the line using the
expression shown in Eq. (8).

QXY = VXY IXY sin φXY (8)

where X represents the Source ‘S’ or source ‘R’ and Y rep-
resents A or B or C phases.

The proposed method has three different steps to identify
and classify the TL faults. First stage is the fault identifi-
cation process, second is to discriminate the grounded or
ungrounded fault and the third one is the fault classification
process. For fault identification, the following strategy has
been adopted to discriminate the normal and the faulted con-
dition of the system. If the signs of Q at two ends of the line
are positive then the method proposed identifies it as a fault,
otherwise the method considers the system is in normal oper-
ation or external fault. Once the proposed method identifies
the fault, it verifies if the fault is through ground, as per the
summation of the instantaneous currents (SIC) measured at
either ends of the line. The fault is treated as a grounded fault
if SIC is zero, otherwise it is considered an ungrounded fault.
Based on the decision from the second stage, the proposed
method starts classifying the faults.

For the classification of the faults, the method follows the
estimated sign of Q at two terminals of the line and the whole
strategy of fault classification is shown in the flow chart given
in Fig. 3. For instance, if the reactive powers of phase A at
both the ends of the line alone are positive and the SIC is
not equal to zero, then the method classifies the fault as AG.
If the SIC is zero and the sign of Q at both the ends of the
line for A and B phases are found to be positive and phase
C is not positive then the method classifies the fault as AB
fault. Similarly, the whole process of fault classification is
followed as per the flow chart shown in Fig. 3.

4 Results and Discussions

4.1 Test System and Simulation Parameters

A two-bus test system of voltage 400kV with a frequency
of 50Hz has been adopted to validate the proposed method.
The PSCAD/EMTDCandMATLAB/Simulink softwares are
used to simulate the adopted test system.

Figure4 shows the two-bus test systemconsidered, and the
parameters used for the simulation are given in Table 1 [33].
A frequency-dependent TL model is adopted to enhance the
accuracy of the simulation results [34]. Various simulation
studies have been done under varied fault conditions, such as
all conventional short circuit faults and CCFs at various loca-
tions of lines with distinct fault resistance (R f )s and FIAs. A
fs of 1kHz has been utilized for the entire simulation studies.

4.2 Validation of the Proposed Fault Detection
Methodology

The proposed method has been verified with various fault
cases, and the corresponding simulation results are presented
in the subsequent sections.
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Fig. 3 Flowchart of proposed
methodology

Case (i): Phase to Ground (PhG) Fault

The test power system designed has been simulated in
PSCAD/EMTDC software environment. An AG bolted fault
at 0.4s has been created at a distance of 0.5pu on the TL from
the bus S. The computed Q from the processed fundamental
components at both ends of the TL are placed in Fig. 5.

Figure5 shows that the computed Q of each phase from
bus S is positive, and from bus R named QR is negative until
the fault initiation, i.e., up to 0.4 s. After the fault incep-
tion, the sign of Q of phase A at both the buses is observed
as positive, and the remaining two phases’ Q flow remains
the same. Based on the observations, the method detects this
situation as a fault and gives the trip signal. Further, the pro-
posed method is verified for an AG fault with 0.01 �, 10 �,

Fig. 4 Doubly fed two-bus test system

30 �, 50 �, 100 � and 200 � R f s and the attained results
are shown in Table 2.
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Table 1 Parameters of two-bus test system

Parameters Value

Source parameters

Source S terminal voltage 400� 50 kV
Source R terminal voltage 400� 350 kV
f (Hz) 50

Line and load parameters

Length (km) 300

Rl1 per km 0.03293 �

Rl0 per km 0.2587 �

XLl1 per km 0.327 �

XLl0 per km 1.174 �

XCl1 per km 280.1 k�

XCl0 per km 461.254 k�

Per phase load at Bus S & R 100 MW, 25 MVAR

∗Suffix l =line;1= positive sequence;0=zero sequence

Fig. 5 Computed Q when AG bolted fault at t = 0.4 s

Fig. 6 Computed Q when AB-G fault at 0.4 s

In all the fault events, the method has identified the fault
within 10 ms after the fault initiation. Hence, the method
accurately detects the AG fault with different R f s. Similarly
the proposed method could detect the rest of the PhG faults
accurately.

Case (ii): Double Line to Ground Fault (DLG)

ABG fault with a R f of 10 � has been triggered on the TL
at 0.4 s with a distance of 0.5 pu from bus S. The obtained
waveforms of Q computed at both buses are shown in Fig. 6.

From the graphs shown in Fig. 6a, the Q computed is
observed as a positive with a magnitude change in the faulty
phases and the Q computed for the individual phase is
observed as a positive. Further, the Q of each phase computed
from the relay R measurements are exhibited in Fig. 6b.

The sign of Q of all the three phases are negative till the
fault inception, and after the fault inception, the sign of Q of
both A and B phases are positive and the C phase Q remains

Table 2 Results of A–G fault
detection with varied R f s

S. no. Fault resistance (�) Sign of QS Sign of QR Fault detection time (ms)

QA QB QC QA QB QC

1 No fault + + + – – – NA

2 0.01 + + + + – – 7

3 10 + + + + – – 9

4 30 + + + + – – 9

5 50 + + + + – – 10

6 100 + + + + – – 10

7 200 + + + + – – 10

∗NA = not applicable
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Table 3 Results of AB-G fault
detection with varied R f s

S. no. Fault resistance (�) Sign of QS Sign of QR Fault detection time (ms)

QA QB QC QA QB QC

1 No fault + + + – – – NA

2 0.01 + + + + + – 4

3 10 + + + + + – 4

4 30 + + + + + – 4

5 50 + + + + + – 4

6 100 + + + + + – 4

7 200 + + + + + – 4

∗NA = not applicable

Fig. 7 Computed Q when ABC fault at t = 0.4 s

negative. Hence, the method detects this situation as a fault
on the TL and issues the trip signal. Additionally, the method
has been tested with a fault through 0.01 �, 10 �, 30 �, 50
�, 100 � and 200 � resistances and the results obtained
are presented in Table 3. From the observations, the method
could detect ABG faults within quarter cycle.

Case(iii): Three Phase Fault (LLL)

AnABC fault is initiated at various places on the TL, and the
computed Q of each phase has been observed with different
faulty situations.

In all the fault cases, the Q of individual three phases at
both ends of the lines computed by the suggested approach
observed as positive. Figure7 shows the Q computed by the
proposed method when a three-phase fault is created at time
equal to 0.4 s on the TL at 0.7 pu distance. After the fault
inception, the sign of Q of all the three phases observed

from the simulations are found to be positive and the pro-
posed method detects this situation as a fault. Moreover, the
proposed method has detected the three-phase fault within
3 ms after fault initiation. Further, the proposed approach
has been verified with various R f from low to high and the
corresponding simulation outcomes are presented in Table 4.
Hence, it is justified that the proposed approach identifies the
ABC faults.

Case (iv): Cross Country Fault (CCF)

CCF is the simultaneous LG faults on any two phases of a
TL at two different locations and with same or different FIA
[35]. A CCF of two single phase-to-ground faults, AG and
BG are initiated at time t = 0.4s at two different locations.

The plots shown in Fig. 8 are the results obtained when a
CCF (AG at 0.4pu and BG at 0.5pu) triggered on the TL.
Figure8 shows that the Q computed by the proposed method
for the faulted phases happened to be simultaneously positive
after 0.4 s. Based on the observations, the proposed method
issued a trip signal to the circuit breaker. Further, simulations
have been done at various locations on the designed TL with
dissimilar R f s to verify the effectiveness of the proposed
method for a CCF. Then, the detection time for CCF with
fault through various R f s are presented in Table 5.

Based on the attained outcomes, it is concluded that the
method proposed identifies the CCF as well.

4.3 Performance of Fault DetectionMethodology
with Different FIAs

To check the effectiveness of the proposed method for fault
identification, a simulation study has been done with various
FIAs.

The graphical representation of three-phase V and I s of
both ends of the TL during and after an AG fault inception
on the TL at a distance of 0.5 pu with FIA of 450 is shown
in Fig. 9. From the processed measurements, the Q has been
computed, and obtained results are placed in the graph shown
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Table 4 Results of ABC fault
detection with varied R f s

S. no. Fault resistance (�) Sign of QS Sign of QR Fault detection time (ms)

QA QB QC QA QB QC

1 No fault + + + – – – NA

2 0.01 + + + + + + 3

3 10 + + + + + + 3

4 30 + + + + + + 3

5 50 + + + + + + 3

6 100 + + + + + + 3

7 200 + + + + + + 3

∗NA = not applicable

Fig. 8 Computed Q when CCF at 0.4 s

in Fig. 10. From the results it is clear that the computed Q
are positive after the fault inception. Further, the proposed
methodology has been verified with various faults with dif-
ferent FIAs and tabulated the simulations outcomes in Table
6. In all these cases, the proposed methodology has correctly

Fig. 9 Measured voltage and currents at bus S and R when AG fault
with FIA 450

detected the fault. Hence, the suggested method has been
examined for the faults with various FIAs.

4.4 Performance of ProposedMethod During CT
Saturation

The proposed method decision is based on the TL’s V and I
measurements.

The CT saturation may effect the method’s performance.
The CTs may get saturated due to the severe fault currents on
the TL [36]. Therefore, the suggestedmethod has been tested
by initiating various short circuit faults on the TL at different
locations with 1000/5A CT with secondary burden 10 �, 20

Table 5 Results of CCF
detection with varied R f s

S. no. Fault resistance (�) Sign of QS Sign of QR Fault detection time (ms)

QA QB QC QA QB QC

1 No fault + + + – – – NA

2 0.01 + + + + + – 4

3 10 + + + + + – 4

4 30 + + + + + – 4

5 50 + + + + + – 4

6 100 + + + + + – 4

7 200 + + + + + – 4

∗NA = not applicable
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Table 6 Faults initiated at
different FIAs

S. no. Fault type FIA Sign of QS Sign of QR Fault detection time (ms)

QA QB QC QA QB QC

1 AG 0o + + + + – – 7

45o + + + + – – 4

90o + + + + – – 4

2 ABC 0o + + + + + + 3

45o + + + + + + 3

90o + + + + + + 3

Fig. 10 Computed Q when AG fault with FIA 450

Fig. 11 Saturated CT current referred to primary when AG fault at
t = 0.4 s

Fig. 12 Computed Q with CT saturation when AG fault at t = 0.4 s

� and 30 � in the PSCAD/EMTDC and verified the results.
It is observed that the current waveforms obtained during CT
saturation deviate from unsaturated CT measurements.

Figure11 shows the phase A secondary currents referred
to the primary of CT when phase A to ground fault initiated
at 0.4 s with a burden of 30 � and the phase A currents
with unsaturated CT. The graphical representation of the
computed Q shown in Fig. 12 ensures the reliability of the
proposed method during CT saturated conditions. Further,
various fault cases with CT saturation effect are presented in
Table 7.

4.5 Performance of the ProposedMethod with Noisy
Input

A white Gaussian noise (WGN) of SNR 20, 30 and 40 dBs
are considered to check the proposed method’s effectiveness
during noisy input signal conditions [37].

The considered noise has been added to the measured V
and I signals. Further, the noisy signals are used as the inputs
and worked through the proposed method, and the obtained
results show that the suggested method can identify the fault
even during noisy signal situations. To support this claim, the
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Table 7 Results with CT
saturation condition

S. No. Fault type CT burden (�) Sign of QS Sign of QR Fault detection time (ms)

QA QB QC QA QB QC

1 AG 10 + + + + – – 8

20 + + + + – – 8

30 + + + + – – 9

2 ABC 10 + + + + + + 3

20 + + + + + + 3

30 + + + + + + 3

Fig. 13 Computed Q with SNR of 20dB noisy input signals

computed Q at both ends of a line when an AG fault on the
TL at 0.4 s with SNR 20dB noised signal inputs are depicted
in Fig. 13. From the simulation outcomes, it is concluded that
the noise input signals may not affect the method’s decision.
Further, the proposed method verified with V and I signals
with SNR of 20, 30 and 40dBs for different fault types. In all
situations, the method proposed is found to detect the faults
correctly.

4.6 Validation of the Proposed Fault Classification
Methodology

After detecting the fault, the proposed method decides the
involvement of ground by checking the SIC of either of the
relays based on the condition given in the flowchart shown in
Fig. 3. After deciding the grounding involvement of a fault,
the method classifies the type of fault. To check the perfor-
mance of the proposed methodology for fault classification,
all possible short circuit faults are simulated on a designedTL

in PSCAD/EMTDC at various locations on line with differ-
ent R f s at different FIAs. In all the fault cases, the proposed
method classifies the faults accurately. Further, the simula-
tion results obtained with BG, BC, CAG and ABC faults at a
distance of 0.5 pu are shown in Fig. 14 to support the accuracy
of the proposed approach.

Figure14a, b exhibit the computed Q at bus S and bus R
before and after the inception of fault. Figure14a represents
the computed Q at bus S of all the three phases and observed
as a positive before and after the fault inception at 0.4 s.
Further, the Q computed at bus R are shown in Fig. 14b and
observed as a negative before the fault inception except B
phase. The computed Q of B phase alone is observed as
a positive after the fault inception. Therefore, the method
classified the fault as BG fault. Figure14c, d represent the Q
computed for all the three phases at bus S before and after
fault inception at 0.4 s are positive and the Q computed at bus
R until the fault inception are negative, after 0.4 s the B and
C phases Q values are observed as a positive. Further, the
SIC is happened to be zero. Therefore, the method classifies
the fault as a BC fault.

Figure14e, f shows the computed Q for all the three phases
at bus S before and after fault inception at 0.4 s and observed
as positive. The Q computed at bus R till the fault inception
are negative and after 0.4 s, the C and A phases Q values
at bus R are observed as positive. Moreover, the SIC is not
equal to zero. Hence, the proposed algorithm classified this
as a CAG fault. Figure14g, h shows the computed Q for all
three phases at bus S are observed as a positive irrespective of
the fault and normal condition, but the computed three phases
Q at bus R till the fault inception are negative, and after 0.4
s the A, B and C phases Q are observed as positive, and the
SIC is happened to be equal to zero. Hence, the methodology
classifies the fault as ABC. Further, various types of short cir-
cuit faults on the TL at distances of 0.1pu, 0.5pu and 0.9pu
from bus S with different R f s are simulated, and the corre-
sponding outcomes are given in Table 8. In all these cases, the
proposed method has classified the faults accurately within
maximum of one cycle after the fault inception.
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Fig. 14 Computed Q of both the relays with different fault scenarios

4.7 Performance of ProposedMethodology with
WSCC-9 Bus System

AmodifiedWestern System Coordinating Council (WSCC)-
9 bus system is considered and designed in PSCAD/EMTDC
to confirm the performance of the proposed methodology
and the test system used is shown in Fig. 15, the line and
source parameters are used from [38] and the fs of 2 kHz is
considered throughout the simulations.

The designed system has been simulated with various
types of faults with different R f s, at different FIAs and at
various fault locations on a TL. Apart from these scenar-
ios, the proposed method has also been tested with external
faults, CT saturation and noise input signal conditions. In all
the scenarios, the proposed method has generated trip signal
at appropriate time. To support the efficacy of the proposed
approach, the three-phase V and I s, and computed Q at both
ends of the line obtained during and after an AG fault initi-
ated at 0.7 s with a distance of 0.5pu from bus 7 are shown
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Table 8 Outcomes of fault classification

S. no. Fault type, distance, R f (i A + iB + iC ) = 0 (Yes/no) Sign of QS Sign of QR Fault classified

QA QB QC QA QB QC

1 AG, 0.5 pu, 500 � No + + + + – – AG

2 BG, 0.7 pu, 100 � No + + + – + – BG

3 CG, 0.9 pu, 50 � No + + + – – + CG

4 ABG, 0.1 pu, 10 � No + + + + + – ABG

5 BCG, 0.8 pu, 0.01 � No + + + – + + BCG

6 CAG, 0.5 pu, 500 � No + + + + – + CAG

7 AB, 0.3 pu, 30 � Yes + + + + + – AB

8 BC, 0.6 pu, 50 � Yes + + + – + + BC

9 CA, 0.8 pu, 100 � Yes + + + + – + CA

10 ABC, 0.9 pu, 200 � Yes + + + + + + ABC

Fig. 15 Modified WSCC-9 bus test system

Fig. 16 Three-phase voltages and currents when an AG fault at 0.7 s

in Figs. 16 and 17, respectively. The plot shown in Fig. 17
shows the computed Q at both the ends of the line when
an AG fault on TL. It is observed from the plot that till 0.7
s the computed Q at both ends are positive and negative,
respectively. After 0.7 s, the computed sign of Q of phase
A is observed as positive at both ends of the line and the
proposed method detected this as an AG fault. Further, the
results obtained for all short circuit faults with various fault
scenarios are recorded in Table 9.

Fig. 17 Computed Q when AG fault at 0.7 s between bus 7 and bus 8

4.8 Performance During External Fault

The proposed method’s performance has been verified for an
external fault condition by initiating an AG fault at 50km
from bus 8 on the adjacent line (bus 8–bus 9).

The computed Q values are observed before and after the
inception of fault, and the same are shown in Fig. 18. The
observations show that the Q values computed at both ends
of the relays of line 78 (between Bus 7 and Bus 8) are not
simultaneously positive. Therefore, the proposedmethod has
not given the trip signal and retains the security of the pro-
posed relay algorithm for external faults.
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Fig. 18 Computed Q when AG fault on transmission line (Bus 8–Bus
9)

Fig. 19 Double circuit transmission test system

4.9 Validation on Double Circuit Transmission
System

A double-circuit line transmission system [39] (Fig. 19) with
two sources has been modeled and simulated in the PSCAD /
EMTDC software environment. Source and line parameters
are considered as per Table 1 and the length of the transmis-
sion lines of each circuit is 200km.

Various faults with different FIAs and at various locations
on the transmission line connected between bus-S and bus-R
of the circuit-1 have been initiated and the operation of the
proposed method has been verified.

To support the validity of the proposed method, an AB
fault is initiated on circuit-1 at a location of 0.75 pu from bus-
S with zero FIA. In this situation, the sign computed reactive
powers at both ends of the circuit-1 have been observed and
the graphical representation of the same is shown in Fig. 20.
It is evident from Figs. 20 and 21 that the signs of computed
reactive powers of all three individual phases of the circuit-1
at both ends till 0.6 s are not simultaneously positive. After
the inception of the fault i.e., after 0.6 s, the signs of com-
puted reactive powers of phase A and phase B of circuit-1 are
observed as simultaneously positive after 4ms and the signs
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Fig. 20 Computed Q during AB fault on transmission line (Circuit-1)

Fig. 21 Computed Q during AB fault on transmission line (Circuit-2)

Table 10 Sign of computed Q Sign RS1 RR1 RS2 RR2

QA + + + –

QB + + + –

QC + – + –

of computed reactive powers at both the ends of circuit-2 are
not simultaneously same. The signs of the computed reactive
powers at all the relays are tabulated in Table 10.

Further, the proposed method classified the fault as AB
as the sum of instantaneous currents equals zero and com-
puted reactive powers at both ends of phase A and phase
B of the circuit-1 are simultaneously positive. In addition,
the proposed method has been tested with all other fault
cases and abnormal situations. In all test cases, the proposed
method retains its essential relaying characteristics such as
reliability and sensitivity. It denotes that the proposedmethod
accurately detects and classifies transmission line faults on
double-circuit lines.

5 Comparative Study of The ProposedWork
with Other Approaches

The proposed method has been compared with the works
available in the literature based on the parameters given in
Table 11.

[23, 40] are focused on fault detection, and the papers have
not addressed about fault classification. Themethod in [23] is
limited to work up to 300 � R f , and the technique depends
on line parameters. The method in [40] may mal-operate
for sampling frequencies up to 3 kHz during external/reverse
faults and also for the single phase-to-groundHIFs at themid-
point of the line. The methods in [41] and [42] are proposed
to detect and classify TL faults however both the methods
cannot classify the exact faulty phase. The method in [41] is
not tested for CT saturation conditions and may mal-operate
for external faults, and it is a parameter-dependent algorithm.
The method in [42] has not been tested with noisy input sig-
nals, CT saturation conditions and external faults. Moreover,
the method is limited to work for the faults through R f up to
100 � only. The methods proposed in [43, 44] use the volt-
ages and currents to classify the faults, and the authors of the
papers still need to examine the operation of case studies of
the proposedmethod operation during HIF, noise, CT satura-
tion and external faults. In [44], the authors use the sequence
components of reactive powers to classify the TL faults. In
[45], positive sequence reactive powers at both ends of TL
are utilized for fault detection, and the method uses sequence
components of currents to classify faults. The authors have
yet to investigate the performance of the proposed method
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with different FIAs, HIF, CT saturation and external faults.
In [46], a differential protection method has been proposed
to detect TL faults using reactive power directions, and the
fault classification strategy still needs to be addressed. More-
over, the method in [46] is a system dependent one. With the
above discussion, it is evident that the methods described are
failing with two or more parameters considered in Table 11.
The proposed method in this paper gives accurate trip sig-
nal and classify the faults even during abnormal situations
of the system. Moreover, it is a parameter independent tech-
nique. Thus, the proposed approach is found to be superior
and outperforms when compared with the existing schemes.

6 Conclusions

An effective fault identification and classification method
has been proposed in this article based on the computed
reactive powers of both the ends of a TL. The proposed
approach estimates the reactive power sign using the fun-
damental components of the measured V and I signals. For
fault detection, the method gives trip signal if the computed
sign of reactive powers at both ends are positive. The method
classifies the fault based on the strategy developed in this
paper. Further, the proposedmethod is validated on a two-bus
transmission test system, double-circuit transmission sys-
tem and a modified WSCC-9 bus transmission test system
using PSCAD/EMTDC and MATLAB/Simulink softwares.
The proposed method has detected all types of TL faults,
including CCFs and it effectively working at different sce-
narios such as high impedance faults, different FIAs, noisy
inputs signal, CT saturation, and sudden change in load and
accurately detecting the faults within a half cycle. Further,
The method classifies all shunt faults within one cycle for
all the above-mentioned abnormal conditions. The results
denote that the proposed method is reliable compared with
other methods mentioned in the literature.
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