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Abstract

As more electric utilities and transmission system operators move toward the smart grid concept, robust fault
analysis has become increasingly complex. This paper proposes a methodology for the detection, classification, and
localization of transmission line faults using Synchrophasor measurements. The technique involves the extraction of
phasors from the instantaneous three-phase voltages and currents at each bus in the system which are then
decomposed into their symmetrical components. These components are sent to the phasor data concentrator
(PDC) for real-time fault analysis, which is completed within 2–3 cycles after fault inception. The advantages of this
technique are its accuracy and speed, so that fault information may be appropriately communicated to facilitate
system restoration. The proposed algorithm is independent of the transmission system topology and displays high
accuracy in its results, even with varying parameters such as fault distance, fault inception angle and fault
impedance. The proposed algorithm is validated using a three-bus system as well as the Western System
Coordinating Council (WSCC) nine bus system. The proposed algorithm is shown to accurately detect the faulted
line and classify the fault in all the test cases presented.
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1 Introduction
The widespread integration of new high-voltage trans-
mission in the scenario of modern power systems has
necessitated the need for an efficient wide-area protec-
tion system (WAPS). Since transmission lines span large
areas, the chances of a fault occurring in transmission
lines are also very high, which compromises system
reliability [1]. WAPS are incorporated in modern power
grid networks to monitor and detect any anomalies
across large areas of the power system to ensure the
reliable operation of the system. Transmission line fault
analysis is, therefore, a crucial part of the operation of
power systems. In this regard, this paper proposes a
robust technique for the detection, classification, and
location of transmission line faults based on the analysis
of symmetrical components of voltage and current
phasors.
Much of the previous works [2–5] in fault analysis in

power systems possess the inherent disadvantage of the

strong dependence on the network configuration. The
usage of wavelet transform extends to its collaboration
with soft computing techniques for fault analysis, as
reported in [6, 7]. However, these techniques are highly
dependent on the system parameters and cannot be applied
when the system topology changes. Utilisation of soft com-
puting techniques such as neural networks and fuzzy logic
[8, 9] has also been of significant research interest in power
system fault analysis due to their learning capability to
recognize fault events. Neural networks were adopted in
many fields of power system operation to improve
real-time protection of transmission lines [10–13], but they
depend on system parameters, and it is cumbersome to
efficiently train a neural network to recognize fault occur-
rences in large/ interconnected power systems.
The introduction of phasor measurement units

(PMUs) revolutionized the research in power system
measurement and control [14–28]. The wide range of
techniques for the incorporation of PMUs in power
system protection has been reported by Ramesh et al.
[14]. Phadke et al. [15] have proposed a fault detection
scheme based on sequence components of voltage and
current phasors, but the work is limited to a two-bus
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system and does not encompass fault classification and
localization algorithms.
In recent works, there has been a strong focus on opti-

mal PMU placement for power system observability and
protection [22, 23], but most of these methodologies
need an instantaneous static state estimation of the
power system either through circuit breaker status or
zonal protection status or both. In [24], the authors have
proposed a fault location methodology under dynamic
conditions wherein the spatial and temporal features of
the line voltages and currents are preserved to get
dynamic phasor estimates to perform fault location.
However, such techniques may not be fast, and the
accuracy and resilience of the proposed algorithm in
physical line models have not been validated. Other re-
cent works [25–28] have focused on the optimal place-
ment of PMUs in electric grids to minimize investment
costs and reduce uncertainty in measurements. In [23],
the authors have performed adaptive fault analysis by
dividing the system into backup protection zones, and
then using the value of the zero and positive sequence
current components to detect the presence of a fault.
However, the study does not indicate the ability to dis-
tinguish line faults from other transient events. In [25],
the authors have performed accurate fault analysis using
data obtained from a PMU device located at only one
bus in the transmission system. Such an approach is
economical and reduces the impacts of measurement er-
rors. The voltage and current phasors at all buses in the
system are computed using the data from a single PMU
device, and the fault analysis procedure is implemented.
Optimal PMU placement techniques depend on the se-
verity of contingencies that are considered, and sufficient
measurements must be available for the accurate detec-
tion and classification of transmission faults. However,
these works do not account for complete system observ-
ability for all possible contingencies, and the impacts of
PMU device outages may be severe in certain
contingencies.
Some papers on optimal PMU placement for power

system protection have adopted probabilistic approaches
[26, 27] to account for highly probable system contin-
gencies. These works focus on the placement of PMUs
at the most reliable buses to minimize the number of
required measurements to perform fault analysis. For
instance, the authors in [27] formulate a reliability-based
PMU placement problem based on the most credible
contingencies, but this approach may not work in all
power system contingencies, and the measurements
may not be sufficient to distinguish transmission line
faults from other transient events accurately. The fault
analysis procedure is also computationally intensive
and may be in the order of 8–10 cycles of the nominal
frequency.

Hence, an efficient fault analysis algorithm using
phasor quantities and high-speed processors is deve-
loped and validated through experimental results. The
proposed algorithm is equipped to distinguish between
permanent line faults and other transient events in the
transmission line. Our study also considers several fault
parameters such as the fault impedance, fault inception
angle (FIA) and location of the fault, and our algorithm
is shown to be immune to variations in these parame-
ters. The entire fault analysis procedure is completed
within 3–5 cycles of the nominal frequency, which
exhibits the robustness and speed of our algorithm. The
major contribution of our work is its universal appli-
cability to any power network topology, which is an
important advantage as many conventional techniques
are designed for specific network topologies or specific
types of power system contingencies.

2 Phasor measurement units
A phasor is a vector quantity which is used to represent
a sinusoidal signal regarding its magnitude and phase
angle. The magnitude of the phasor is equal to the Root
Mean Square (RMS) value of the sinusoidal signal.
PMUs are placed at each bus in a power system and are

used to measure the instantaneous voltages and currents
in a large network using a Global Positioning System
(GPS) synchronized time source for data synchronization.
This time synchronization source provides for the
synchronization of real-time measurements at remote
points in the network. The analog data obtained in the in-
dividual PMUs in a power network are converted to their
equivalent phasors and sent via high-speed communica-
tion channels to the PDC. At the PDC, phasor data
received from different PMUs connected to all buses in
the power network are used to initiate wide-area protec-
tion, control, and monitoring actions. This synchronized
phasor data provides the distinct advantage of incorpora-
ting fault analysis techniques in any power system. In this
paper, it is assumed that an excellent communication
channel is available via optical fiber cables for transfer of
data from the PMUs to the PDC.
The Discrete Fourier Transform (DFT) is used to

compute the phasor quantities from the original analog
signals. The input analog signal (x(t), which denotes the
three-phase voltage/current signal) is sampled at a speci-
fied sampling frequency (N samples/cycle). Within a
cycle, a phasor is estimated by applying the DFT on N
samples over a running window of one cycle of the
fundamental frequency (as shown in eq. 1). Successive
phasors are estimated by applying DFT on a new set of
samples which are obtained by discarding the first value
in the previous sample window and taking the next
sample in the successive sample window. The RMS value
of the DFT output is taken as the magnitude of the phasor
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quantity. For discerning transient events, the DFT outputs
are continuously generated to provide the phasor outputs.
The phasors that are obtained will be sent via communica-
tion channels to the PDC for fault analysis.

XðkÞ ¼
XN−1

n¼0
xðnÞe− j2πnk

N ; k∈½0;N−1� ð1Þ
In a polyphase system, asymmetrical faults are more

complicated to analyze as the voltage, and current
magnitudes in all the phases will not be equal. In the
proposed algorithm, the three-phase phasor quantities
are decomposed into their symmetrical components for
analysis. Fig. 1 depicts the methodology incorporated in
the proposed work.

3 Fault detection strategy using PMUs
Each substation in the power system has potential
transformers (PT) and current transformers (CT) to
monitor the three-phase bus voltages and line
currents. PTs are placed at each bus to measure the
bus voltage and CTs are placed at both ends of each
line connected to all the buses. The PT and CT are
connected to a PMU at the corresponding bus. The
PMUs convert these analog quantities to their equiva-
lent phasor quantities and transmit them to the
Phasor Data Concentrator (PDC).
If a disturbance occurs and happens to be an asym-

metric fault, there will be negative sequence components
introduced in the bus voltages and line currents. How-
ever, there is a complete absence of these sequential com-
ponents in case of a symmetric fault. In case of a
symmetric fault, the positive sequence current phasor
magnitude will be much higher than its normal operat-
ing value. Therefore, keeping in mind the possibility of
occurrence of both these types of faults, the fulfillment
of at least one of these conditions must be checked. The
proposed algorithm to determine the faulted bus is
shown in Fig. 2.
The first step in the proposed algorithm is to check

whether there is a presence of negative sequence voltage

phasor components at all the buses in the system, or if
the maximum value of the positive sequence current
phasors exceeds a threshold limit (τB). If one of these
two conditions is satisfied, it confirms the presence of ei-
ther a line fault or unbalanced loading. As long as neither
of these conditions is satisfied, there is no fault in the
system. The value of τB is taken to be 1.5 p.u (based on
experimental results) for the three-bus system that
is considered for demonstrating the algorithm. In prac-
tice, most of the EHV transmission lines are modeled
and analyzed before they are installed and commis-
sioned. Hence, the line parameters are easily available.Fig. 1 Block diagram of Proposed Fault Analysis Procedure

Fig. 2 Fault Detection Algorithm
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By using this data, simulation studies can be performed
to determine the threshold values for the fault detection
and classification algorithms. The threshold value is set
such that the algorithm ignores power system transients.
The discrimination between a fault and unbalanced

loading can be performed by computing the negative
sequence components of all the current phasors in all
lines of the system. If the maximum magnitude of the
negative sequence current phasor is greater than a
threshold (τi), this indicates the presence of a fault.
The value of τi is experimentally computed to be 0.3 p.u
for the three-bus system considered for demonstrating
the algorithm. If this condition is not satisfied, it indi-
cates unbalanced loading in the system. (If there is a
presence of unbalanced loading, it is indicated by the
algorithm but is not considered as a fault). In case of a
fault indication, the bus with the least value of positive
sequence voltage phasor magnitude is termed as the
faulted bus. In this paper, the faulted bus is one of the
buses which is connected to the faulty branch. It is the
bus which has the least value of positive sequence volt-
age phasor magnitude among all buses in the system.
When a fault occurs in a transmission line system, the
voltages at the buses connected to the faulted line drop,
which leads to large currents flowing through the other
phases, and even neighboring lines. Hence, this large
voltage drop requires the circuit breakers to act quickly
to remove the faulted line to restore the stability of the
system. For no other transient events does the voltage
of the bus drop very low permanently; else the entire
system would become unstable. Once the faulted bus is
identified according to our algorithm, the faulty branch
is then identified.
We denote the identified faulty bus as bus i. Let S be

the set of all branches connected to bus i. For the faulty
branch detection algorithm (presented in Fig. 3), only
the lines i-j which are connected to the faulted bus i are
considered to reduce the computational time. For
locating the faulty branch i-j, the differences of positive
sequence current phasor angles measured at both ends
of the lines (connected to the faulted bus) are computed
and is denoted by θcpij. The maximum value of θcpij
among all the positive sequence current phasor angles is
considered as the faulty branch. In a faulty branch, the
difference between the positive sequence current phasor
angles at both ends of the faulty branch would be larger
than the corresponding values in the healthy branches.
For validating the proposed fault detection algorithm,

a case study with a three-bus system is considered. The
following system parameters are considered for this
study: one generator bus (hereafter denoted as bus 1)
having a rating of 400 kV, 50 Hz and the load buses (bus
2 and bus 3) having a total power rating of 300 MVA.
These three buses are interconnected with 3 Extra High

Voltage (EHV) transmission lines, which are modeled in
MATLAB - SIMULINK.
The positive and negative sequence parameters of the

line resistance, line inductance, and line capacitance are
R = 0.01273 Ω/km, L = 0.9337 mH/km and C = 12.74 nF/
km respectively. The zero sequence parameters of the
line resistance, line inductance, and line capacitance are
R0 = 0.3864 Ω/km, L0 = 4.1264 mH/km and C0 =
7.751 nF/km respectively [24]. The line lengths are taken
as 200 km for each line. For the given 300 MVA, 400 kV
system, the threshold values τi and τB can be calculated
as 0.13kA (0.3 p.u) and 0.65 kA (1.5 p.u) respectively.

Fig. 3 Faulty Branch Detection Algorithm
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Fig. 4(a) shows the voltage waveform for ABG fault in
line 2–3 in the power system.
The fault detection algorithm operates within 8–10ms (less

than half a cycle), as shown in Fig. 4(b). The single line
diagram of the prescribed three-bus system is shown in
Fig. 5. Unbalances in the system should not be mis-
taken as faults and the algorithm is resilient to such
transient events.
A study involving LG fault is presented in Table 1 for

validating the fault detection algorithm. A case of a BG
fault at 90 km (from Bus 2) in line 2–3 is considered
(Table 1). The fault impedance considered is 10 Ω. As
the magnitudes of individual negative sequence compo-
nents of bus voltage phasors (V1

−
, V2

− and V3
−) are

greater than zero, it indicates the presence of
unbalanced loading or a fault. Next, it is observed that
the maximum magnitude of the negative sequence
component (IMax

−) is 1.33 kA, which is greater than the
threshold value (τi) which is 0.225 kA. This condition
indicates the presence of a fault (not an unbalanced
loading condition) and the next step is to identify the
faulted bus. For obtaining this, the values of the positive
sequence voltage phasor magnitudes at buses 1, 2 and 3
are obtained as V1

+ = 375.63 kV, V2
+ = 371.25 kV and

V3
+ = 370.06 kV respectively. The faulted bus in the

system is Bus 3, as it has the least value of positive
sequence voltage phasor magnitude.
For locating the faulty branch, the difference in positive

sequence current phasor angles measured at both ends of
the lines (connected to the faulted bus) are computed.
Since the faulted bus is detected as Bus 3, only line 2–3
and line 3–1 are considered. For making the process

simpler, θcpij is considered as the difference between the
positive sequence current phasor angles measured at both
ends in line ij, and the maximum value of θcpij among all
the positive sequence current phasor angles is considered
as the faulty branch. In this case, the values of θcp23 and
θcp31 are found to be 3.98 rad and 0.56 rad. The maximum
value of θcpij is 3.98 rad, which indicates that faulty branch
is line 2–3.
Extensive simulation studies were performed with

various types of faults at different fault distances, fault
inception angles and fault resistance. The fault bus
detection and faulty branch detection algorithm proved
to be successful in detecting faults within 1 cycle of the
nominal frequency for the three-bus system.

4 Fault classification strategy using PMUs
Fault classification is the next step that follows in the fault
analysis procedure. In the proposed work, the difference
in sending and receiving end current phasors at the two
buses of the faulty branch is calculated and is termed as
the differential current phasor (If ). Then the zero, positive
and negative sequence components of the differential
current phasor magnitudes are noted as α0, α1 and α2
respectively. The zero, positive and negative sequence
phasor angles of the differential current are noted as β0, β1
and β2 respectively. The following quantities are calculated
for the fault classification algorithm: γi01 = α0/α1, γi21 = α2/
α1, δi01 = (β0 - β1), and δi21 = (β2 - β1).
The ratios of the phasor magnitudes and the algebraic

difference in the phasor angles are indicative of the type
of fault and are hence used for fault classification. First,
γi01 is computed. If this value is equal to unity, it
indicates a line-ground fault, where the magnitudes of
zero, positive and negative sequence components of the
differential current are all equal. The type of fault is
further classified using the value of δi01. If the value of
γi01 is a value greater than zero and less than unity, it
indicates that the positive sequence component of the

Fig. 4 (a) Voltage at Bus 3 for an ABG fault created in line 2–
3 in the three-bus model at 0.1 s, (b) Fault Detection Signal
for the ABG fault created in line 2–3 in the three-bus model
at 0.1 s

Fig. 5 Single line diagram of three-bus model
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differential current phasor is distributed between the
zero and negative sequence components. This is there-
fore indicative of a double line-ground fault and the type
of fault is further classified using the value of δi21. If the
ratio of γi21 is equal to unity, it indicates that zero se-
quence components are absent in the differential current
phasor. This condition indicates a double-line fault and
the type of fault is further classified using the value of
δi21. If none of the conditions are satisfied, it is a sym-
metric fault. Fig. 6 depicts the fault classification algo-
rithm in detail.

4.1 Line-ground (LG) fault
Once the fault has been indicated as an LG Fault, the
corresponding phasor angle difference (δi01) is computed.
For an AG fault, the values of Ifb and Ifc would be zero.
Hence, the zero, positive and negative sequence compo-
nents of the differential current phasor would all be equal.
Hence, the value of δi01 is 00. In the case of BG and
CG faults, the phasors are rotated by angles of − 1200

(or 2400) and 1200 respectively. Hence, the value of
δi01 is 2400 in the case of BG fault, and 1200 in the
case of CG fault.

4.2 Line-line (LL) fault
Once the fault has been indicated as an LL Fault, the
phasor angle difference (δi21) is computed. For example,
in the case of an AB fault, Ifb = -Ifa, and Ifc = 0. By calcu-
lating the individual symmetrical components, the posi-
tive and negative sequence current phasors are obtained
as Ifa(1-a) and Ifa(1-a

2) respectively. The value of positive
sequence current phasor angle would be (φ-300), where
φ is the phasor angle of Ifa. Similarly, the value of

negative sequence current phasor angle would be (φ +
300). For AB fault, the phasor angle difference (δi21)
would be 600. Similarly, for a BC fault, the value of δi21
would effectively be (600 + 1200), which is equal to 1800,
and for a CA fault, the value of δi21 would be − 600.

4.3 Double line-ground (LLG) fault
Once the fault has been indicated as an LLG Fault, the
phasor angle difference (δi21) is computed. For example,
in the case of an ABG fault, Ifa and Ifb are non-zero,
while Ifc = 0. The positive and negative sequence current
phasors are obtained as (Ifa-aIfb) and (Ifa-a

2Ifb)
respectively. As in the case of LL faults, the value of δi21
would be 600. Similarly, for a BCG fault, the value of δi21
would be 1800 and for a CAG fault, the value of δi21
would be − 600.
For validating the proposed algorithm, a case study of

an AB fault (occurring at 120 km from Bus 2) on line 2–3
of the three-bus system is taken (discussed in Table 2).
The value of FIA considered is 1080 and fault impedance
is 10 Ω. The calculated magnitude values of the zero,
positive and negative sequence components of the
differential current phasor are α0 = 0.078 A, α1 = 3424.536
A and α2 = 3722.221 A respectively. Similarly, the computed
current phasor angle values for each symmetrical component
are calculated as β0 = 56.282°, β1 = 43.566° and β2 = 102.827°.
The ratio γi01 is computed and found to be equal to 0. Next,
γi21 is computed as 1.087. This condition denotes an LL
fault. The value of δi21 is computed to be 59.261°. From the
value of δi21, it is concluded that the fault is an AB fault.
Extensive simulation studies have been performed,

and few of the test scenarios have been presented in
Table 1 and Table 2. The proposed algorithm for fault

Fig. 6 Fault Classification Algorithm
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classification proved to be robust and accurate in the
distinction of all types of faults, with a processing
time of 1–2 cycles (after fault inception) of the nom-
inal frequency.

5 Fault location strategy using PMUs
For obtaining the complete fault information on the
transmission line, a fault location technique has been
presented which does not require any additional infor-
mation beyond the synchrophasor measurements that
are utilized for fault detection and classification. Fault
location techniques proposed in earlier works [16–18]
employ sophisticated algorithms to locate a fault. The
most commonly used fault location techniques are
impedance-based fault location methods. Single-ended
impedance-based fault location algorithm techniques
have several disadvantages [29]. They only work when
the fault voltages and currents recorded by the PMU
correspond to the faulted line. They also provide in-
accurate results in the presence of tapped lines or three
terminal lines. This situation necessitates the need for
double ended fault location algorithms which are highly
accurate but need measurements from both ends of the
line. This can only be achieved when PMUs are present
in all the buses. Hence, the proposed scheme takes ad-
vantage of data available from each bus of the system to
enable accurate fault location. The voltage and current
phasors at the two buses in the faulted branch (termed
hereafter as Bus a and Bus b) are taken. From these
phasor quantities, the positive sequence components of
the voltage and current phasors are extracted. Here, the
positive sequence components are used because they are
non-zero for all types of faults (zero sequence compo-
nents do not exist for non-ground faults and negative se-
quence components do not exist for symmetrical faults).
Fig. 7 shows the positive sequence circuit of the faulty

transmission line. Here Va
+ and Vb

+ represent the
positive sequence components of voltage phasors at
buses a and b. Similarly, Iab

+ and Iba
+ represent the

positive sequence component of line current phasors
flowing from buses a and b. Zpab represents the positive
sequence impedance of the faulty branch (identified
previously in the faulty branch detection algorithm).

From the case studies presented in Tables 1-3, eq. (2)
is independent of FIA, fault distance and fault resistance
and hence this algorithm can be used for all types of
fault resistance and fault types.
In the circuit shown in Fig. 7, a fault occurs at a dis-

tance d km from the bus a on a line of length L km. To
find the distance d without involving the unknown fault
voltage (VF

+), Kirchoff's Voltage Law (KVL) is applied
for the two loops (shown in Fig. 7).
Therefore,

Vþ
a −I

þ
abZpabd ¼ V F

þ

Vþ
b −I

þ
baZpab L−dð Þ ¼ V F

þ

Eliminating VF from the above two equations,

d ¼ Vþ
a −V

þ
b −I

þ
baZpabL

Zpab Iþba þ Iþab
� � ð2Þ

For explaining the fault location procedure, a case study
is assumed where a BG fault occurs at 90 km (from Bus 2)
in line 2–3 of the three-bus system (discussed in Table 1).
The value of FIA considered is 720 and fault impedance is
10 Ω. The positive sequence voltage phasors at Bus 2 and
Bus 3 (termed as Va

+ and Vb
+ respectively) and the

current phasors flowing from both ends of the line
(termed as Iab

+ and Iba
+ respectively) are used to calculate

the fault distance. The required values are obtained as Va
+

= (366.209 - 60.950i) kV, Vb
+ = (368.203 - 45.920i) kV, Iab

+

= (2.441–495.572i) A, Iba
+ = (− 470.969 + 421.825i) A.

Applying the relation shown in eq. (2), the fault location is
calculated as 87.685 km from Bus 2, and the fault is
created at 90 km from Bus 2. This calculation gives an
error of only − 1.16% in fault distance estimation.

6 Results and discussion
The proposed methodologies for fault detection, classifi-
cation and location have been validated successfully by
implementing the algorithm on a larger power system,
the WSCC nine bus model. Extensive simulation studies
have been performed with varying fault conditions and
fault parameters such as fault impedance and fault
distance. Transmission line faults are simulated in
MATLAB-SIMULINK to obtain various fault conditions.
The results of a few scenarios from the studies con-
ducted on the WSCC nine bus system are presented
below to demonstrate the efficacy of the algorithms.
The WSCC nine bus model (shown in Fig. 8) is a

standard nine bus model used in power system studies.
The rating of each generator is 400 kV, 50 Hz. The
power ratings of each generator are as follows: Bus 1 has
a power rating of 163 MW, 6.7 Mvar; Bus 2 has a power
rating of 71.6 MW, 27 Mvar; and Bus 3 has a power
rating of 85 MW, 10.9 Mvar.Fig. 7 Positive sequence circuit of transmission line
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There are nine EHV transmission lines in the power
network, and each is modeled as a distributed parameter
block with the following positive and negative sequence
parameters: R = 0.0234 Ω/km, L = 95.1 mH/km, C =
1.24uF/km. The zero sequence components of the line
are: R0 = 0.3885 Ω/km, L0 = 3.25 mH/km, C0 = 8.45 nF/
km respectively. The threshold values were determined
experimentally. The value of the threshold (τB) is 2.17
kA, whereas the value of the threshold (τi) is 0.43 kA.
Furthermore, for a 1000 MVA, 400 kV system base, 0.3
p.u of current corresponds to 0.43 kA, and 1.5 p.u of
current corresponds to 2.17 kA.

6.1 Fault scenario in the WSCC nine bus system model
A case of an ABG fault at 80 km (from Bus 1) in line 1–4
in the WSCC system (Table 3) is considered for demon-
stration. The value of FIA considered is 360 and fault
impedance is 1 Ω. The individual negative sequence

components of bus voltage phasors are non-zero. It is thus
ascertained that there is a presence of a fault or unba-
lanced loading. The maximum value of the negative se-
quence component (5.64 kA) is greater than the threshold
value (τi), which indicates the presence of a fault. From
the tabulated values of positive sequence voltage phasor
magnitudes at buses 1 to 9, it is determined that the
faulted bus in the system is Bus 4, as it has the least
magnitude value. The values of positive sequence current
phasor angle differences of line currents (i.e., the lines
connected to Bus 4) are obtained as θcp46 = 0.12 rad, θcp45
= 0.13 rad and θcp14 = 1.57 rad for line 4–6, line 4–5 and
line 1–4 respectively. This phasor angle difference
indicates that the faulted line is line 1–4.
For fault classification, the calculated magnitude values

of the zero, positive and negative sequence components
of this current phasor are α0 = 1.8 kA, α1 = 7.15 kA, and
α2 = 5.64 kA respectively. Similarly, the computed phasor

Table 3 Verification of Fault Analysis algorithm for ABG fault in WSCC Nine Bus System

Fault Detection, Bus identification and Faulted Line Identification

Fault
Created

V1
−

(kV)
Are all of (V1

−,
V2

−, V3
−, V4

−, V5
−,

V6
−,V7

−,V8
−,V9

−) >
0 (or) IMax

+ > τB?

I14
−

(kA)
I27

−

(kA)
I93

−

(kA)
I46

−

(kA)
I54

−

(kA)
I69

−

(kA)
I78

−

(kA)
I75

−

(kA)
I98

−

(kA)
IMax

− =max
(I14

−, I27
−,

I93
−, I46

−,
I54

−, I69
−,

I78
−, I75

−,
I98

−)

IMax
+ > τB (or)

IMax
− > τi (Y – Fault,

N – Unbalanced
Loading)

ABG,
Line 4–1,
80 km
from Bus 1,
FR = 1 Ω,
FIA = 360

22.31 Y 5.64 0.01 0.01 0.05 0.05 0.03 0.02 0.03 0.02 5.64 Y

Fault Created V1
+ (kV) V2

+

(kV)
V3

+

(kV)
V4

+

(kV)
V5

+

(kV)
V6

+

(kV)
V7

+

(kV)
V8

+

(kV)
V9

+

(kV)
Min V+ (kV) Faulty Bus Detected

ABG, Line 4–1,
80 km from
Bus 1, FR = 1 Ω,
FIA = 360

291.87 316.90 318.15 163.29 192.40 195.11 229.52 228.04 236.45 163.29 Bus 4

Fault Created θcp14 (rad) θ cp27

(rad)
θ cp93

(rad)
θ cp46

(rad)
θcp54
(rad)

θ cp69

(rad)
θcp78
(rad)

θ cp75

(rad)
θ cp98

(rad)
Max θcp
(rad)

Faulted Line
Detected

ABG, Line 4–1,
80 km from
Bus 1, FR = 1 Ω,
FIA = 360

1.57 0.00 0.00 0.12 0.13 0.00 0.00 0.00 0.00 1.57 Line 41

Fault Classification

Fault
Created

αi0
(kA)

αi1 (kA) αi2
(kA)

βi0
(rad)

βi1
(rad)

βi2
(rad)

γi21
(αi2/
αi1)

γi01
(αi0/
αi1)

δi21
(βi2-
βi1)
(deg)

Is
γi01 ≈
1?

Is
γi21 ≈
1?

Is 0 < γi01
< 1?

Fault
type

Is
δi21 ≈
600?

Fault
classified

ABG, Line
4–1,80 km
from Bus 1

1.80 7.15 5.64 0.71 1.59 2.59 0.78 0.25 56.14 N N Y LLG Y ABG

Fault Location

Fault Created Va
+ (kV) Vb

+ (kV) Iab
+ (kA) Iba

+ (kA) Distance (km) Error (%)

ABG, Line 4–1,
80 km from
Bus 1

291.815–5.752i 135.99–90.373i 1.686–6.781i 1.518 +
0.370i

79.76 −0.12
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angle values for each symmetrical component are calcu-
lated as β0 = 0.71 rad, β1 = 1.59 rad, and β2 = 2.59 rad.
The ratio γi01 is computed as 0.25. Next, the ratio γi21 is
calculated as 0.78. It is observed that neither γi01 nor
γi21 is equal to unity, but 0 < γi01 < 1. Hence, it is indica-
tive of an LLG fault and the value of δi21 is computed as
56.14°. Furthermore, the value of δi21 is checked and
δi21 ≈ 60°. Hence, it is concluded that the fault is an ABG
fault.
For fault location, the buses 1 and 4 are considered.

The required values are obtained as Va
+ = (291.815–5.752i)

kV and Vb
+ = (135.99–90.373i) kV respectively. Similarly,

the value of Iab
+ is (1.686–6.781i) kA and value of Iba

+ is
(1.518 + 0.37i) kA. By substituting these values in eq. (2),
the fault location is calculated as 79.76 km from Bus 1,
where the actual fault is created at 80 km from Bus 1. This
calculation gives an error of − 0.12% in fault distance
estimation.
Similar to the three-bus system, comprehensive fault

detection, classification and location studies of different
types of faults in the WSCC nine bus system were per-
formed, and the algorithms proved to be robust and suc-
cessful. It was possible to distinguish between transients,
non-fault conditions and persistent fault conditions
which are discussed in the future subsections. For the
WSCC nine bus system, the fault detection was accom-
plished successfully within one-half cycle of nominal
frequency (after fault inception), and fault classification

and location were also completed within 2 cycles of the
nominal frequency.

6.2 Transient events
Some of the common transient events that occur in a
power system are voltage drop because of overloading
and generator outage. The condition checks involving
negative sequence components and their threshold
values help to distinguish between the faulted condition
and transient events. Only the negative sequence
components exist when there is an unbalance amongst
the three phases of the system. When there is a gene-
rator outage, though the overall voltage of the system
might drop, the effect is uniform in all the three phases.
Hence, during this transient event, negative sequence
component of bus voltages will not exist. So, generator
outage will not be identified as a fault in the transmis-
sion system. Similarly, voltage drops caused by overloa-
ding is uniform in all the three phases. Even if it is not
uniform in all the three phases, the unbalance in the
system is much less compared to a fault event. Hence,
the negative sequence voltage component will be very
less or none in this case. During an unbalanced fault
event, the fault current in the faulted phase of the line is
enormous (ranging from 2 p.u to more than 40 p.u)
which is caused by corresponding unbalance in the
voltage level as well. Hence, the negative sequence com-
ponents arising from a faulted event is large and very
significant compared to unbalanced loaded conditions.
Hence, the threshold setting (which would be obtained
based on experimental studies of the system) based on
the negative sequence components helps distinguish
transient events from faulted events.

6.3 Normal loading condition
When there is no fault in the system, the voltage and
currents are expected to be nearly balanced. Hence, the
negative sequence component of the voltage phasors will
be nearly zero and the positive sequence current magni-
tudes would be around the loadable limit of the line.
Consider a normal loading condition or no-fault system
condition in the WSCC nine bus system (discussed in
Table 4). The value of negative sequence components of

Fig. 8 Single Line Diagram of WSCC Nine Bus system

Table 4 Verification of Fault Detection algorithm in WSCC Nine Bus System

Fault Detection

Fault
Created

V1
−

(kV)

IMax
+

(kA)
Are all of (V1

−, V2
−,

V3
−,V4

−,V5
−,

V6
−,V7

−,V8
−,V9

−) > 0
(or) IMax

+ > τB

I14
−

(kA)
I27

−

(kA)
I93

−

(kA)
I46

−

(kA)
I54

−

(kA)
I69

−

(kA)
I78

−

(kA)
I75

−

(kA)
I98

−

(kA)
IMax

− =max(I14
−,

I27
−, I93

−, I46
−, I54

−,
I69

−, I78
−, I75

−, I98
−)

IMax
+ > τB (or)

IMax
− > τi (Y – Fault,

N – Unbalanced
Loading)

Unbalanced
Load at Bus 1

2.05 0.83 Y 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 N

No Fault 0.00 0.873 N – – – – – – – – – – –
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bus voltage phasors (V1
−
, V2

−, V3
−, V4

−, V5
−, V6

−, V7
−,

V8
− and V9

−) are all equal to zero. Also, the maximum
value of positive sequence current phasors in all the
lines is computed. The value of IMax

+ = 0.873 kA, which
is less than the threshold value (τB). Hence, the
algorithm indicates that there is no fault in the system.

6.4 Unbalanced loading condition
During an unbalanced loading condition, there is the
presence of negative sequence voltage and line cur-
rents, but unlike a fault condition, they are small in
magnitude. A case of unbalanced loading is taken at
Bus 1 in the WSCC nine bus system (discussed in
Table 4), where the magnitudes of negative sequence
components of all the bus voltage phasors (V1

−
, V2

−,
V3

−, V4
−, V5

−, V6
−, V7

−, V8
− and V9

−) are all greater
than zero. Due to a limitation in space, these values
are not presented in Table 4. This condition indicates
the presence of unbalanced loading or a fault
condition. Next, the magnitudes of negative sequence
components of the line current phasors are also
obtained as: I14

− = 0.01 kA, I27
− = 0.01 kA and I93

− =
0.01 kA, I46

− = 0.01 kA, I54
− = 0.01 kA, I69

− = 0.01 kA,
I78

− = 0.01 kA, I75
− = 0.01 kA and I98

− = 0.01 kA. It is
observed that the maximum magnitude of the
negative sequence component (0.01 kA) is less than
the threshold value (τi). This condition is therefore
detected as an unbalanced loading (not a fault
condition).

6.5 Other advantages
The major advantage of the proposed algorithm is that it
can detect and classify faults with high accuracy and
speed as demonstrated in this paper. Apart from being
able to distinguish between the transient event and
persistent fault, another advantage of the proposed tech-
nique is that the system remains protected even when
one of the PMU fails. This is because the fault detection
and faulted line identification is based on the presence
of negative sequence voltage in the system and lowest
positive sequence bus voltage. When PMU present at
one end of the faulted line fails, the PMU at the other
end of fault line will still record the presence of negative
sequence voltages and will have lower bus voltage than
the other buses in the system. Hence, the loss or damage
of a PMU does not jeopardize the power system, which
is an important feature. The proposed fault location al-
gorithm utilizes PMU measurements from both ends of
the faulted line and is shown to be more accurate than
other impedance-based techniques. These features are
additional advantages for PMU placement at all the
buses in the network.

6.6 Time of operation and feasibility
Our proposed work completes the three stages of fault
analysis within 3–5 cycles of nominal frequency, which
is quite fast compared to other works in the literature
that implement optimal PMU placement algorithms. For
instance, in [27], the authors have undertaken a prob-
abilistic study with optimal PMU placement, wherein
the most credible contingencies are evaluated for fault
analysis; consequently, the total time for the execution
of fault analysis procedure is reported to be 0.4 s, which
is largely due to the processing time required to detect
the fault due to the limited number of PMUs. The ability
to perform rapid and accurate fault detection, classifica-
tion and location strengthen the practical applicability of
the proposed methodology.
The system monitored by a single PDC is mainly lim-

ited by the communication infrastructure and by the
computational capability of the processors. Hence, it is
not feasible to have vast geographical regions monitored
by a single PDC. Equivalent Thevenin impedances can
be used at the periphery of the system to represent the
rest of the grid.

7 Conclusion
With the increasing complexity of modern power systems,
the incorporation of WAPS is necessary for power system
protection. PMUs are highly preferred for this application
because of the numerous benefits they provide. A novel
methodology for rapid and high accuracy fault detection,
classification, and location using PMUs is proposed in this
paper. The presence of PMUs at all the buses provides
several advantages and increases the accuracy of the fault
analysis process. The algorithm can distinguish between
fault event and other transient events such as overloading,
unbalanced loading and generator outages. The robustness
of the fault detection algorithm and the ability of the pro-
posed methodology for fault analysis to be extended to
other systems are some of its key advantages. The pro-
posed algorithms are validated by extensive simulation
studies involving a variety of faults at different distances,
fault impedances and fault inception angles on two test
systems, a three-bus power system and the WSCC
nine-bus power system. From the studies performed, the
results indicate that a fault occurring anywhere in the sys-
tem can be correctly detected, classified and located. The
fault detection algorithm can detect the presence of a fault
within one power cycle. The speed of operation of the pro-
posed algorithm facilitates faster restoration of faulty
branches, hence reducing the power outage time and en-
hancing the reliability of the power system.
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