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Abstract
Power swing phenomenon occurred during single-pole auto-reclosing (SPAR) period is called asymmetrical power swing.
During symmetrical power swing, power swing blocking is used to block distance relay to avoid the selectivity property.
Therefore, fault detection is more challenging during asymmetrical power swing since open-pole condition introduces large
amount of negative and zero sequence components in voltage and current signals. Further, fault detection during power swing
and SPAR prevailed in a series compensated line is more challenging as the metal oxide varistor protecting series capacitor
imposes other frequency components. In this paper, a new superimposed negative sequence (NS) current-based technique is
proposed to detect the fault incepted in a series compensated line during asymmetrical power swing. The superimposed NS
current is calculated using phasor difference between the fault and prefault NS currents. The proposed technique exploits
the presence of substantial amount of superimposed NS current during asymmetrical power swing period to detect fault
accurately. A summation index is used to declare the fault when it crosses the threshold value. Transient data, obtained from
two systems simulated using PSCAD/EMTDC software, are used to test the performance of approach.

Keywords Fault detection · Single-pole tripping (SPT) · Power swing · Series compensation · Superimposed negative
sequence current

1 Introduction

Increased power demand, restrictions on building new cor-
ridors and new policies have compelled the transmission
network to operate close to the stability limit [1]. The acute
deficiency in power demand and other limitations can be
shorted out by inserting series capacitor in transmission lines
[2]. However, the fault incepted in such a line leads to genera-
tion of sub-harmonic and super-harmonic components due to
the operation ofmetal oxide varistor (MOV) and series capac-
itor (SC). Therefore, fault detection is one of the challenging
issues for protection engineers [3–8]. Power swing and SPAR
are twomajor stressed conditionswhich affect the fault detec-
tion process in distance relay [9–11]. Line disconnection, loss
of large amount of loads, and generator disconnection lead
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to mismatch in mechanical and electrical powers. As a con-
sequence, slow or fast oscillations are observed in voltage
and current signals available at the relay location [9]. During
symmetrical power swing, the distance relay remains silent
with the help of power swing blocking (PSB) element. How-
ever, if a fault occurs during power swing, the operatingmode
of distance relay is invoked as soon as possible.

SPAR is another stressed situation which also affects
the fault detection process in distance relay. In power sys-
tem, majority of faults are line-to-ground type. To maintain
power flow (in other healthy phases), stability, and synchro-
nism between two areas, single-phase tripping and reclosing
schemes are maintained instead of three-phase tripping and
reclosing [1,11]. However, this situation leads to the pres-
ence of substantial amount of negative and zero sequence
components in prefault voltage and current signals [9]. The
negative and zero sequence based distance relays are mal-
operated, and it is also observed that these relays are taken
out of service from healthy lines of double circuit system. It
is essential that the distance relay should detect the fault dur-
ing power swing and open-pole period prevailed in a series
compensated line and generate three-pole tripping signal as
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quick as possible to maintain stability of the system [11].
However, the distance relay should remain silent for asym-
metrical power swing period [9].

Fault detection during power swing present in series com-
pensated lines is mainly discussed in the literature [11–21].
Conventional schemes like rate of change of impedance,
concentric circle scheme, and swing center voltage (SCV)
are used to discriminate the fault and power swing condi-
tions [11]. In [14], it is described that the time taken by
the impedance or apparent resistance trajectory to enter the
zones of distance relay decides fault or swing conditions. For
fault condition, the trajectory enters the relay zones instan-
taneously, whereas for power swing, it enters slowly with a
time range of 100 ms or more. Hence, a time delay is main-
tained to discriminate the fault and swing period. However,
at certain fault conditions, relay may not operate since it
is blocked from operation during power swing period [18].
SCV is another conventional technique which determines the
voltage between two sources, and it fails for high resistance
and close-in faults [14].

In [12], the phase angle between the fault voltage and
current available at relay location is used to identify fault
during fast power swing (slip frequency of 5 to 8 Hz). But,
this technique has limitation for high resistance faults. The
angle of voltage available at relay location is compared with
the angles of estimated voltage at the fault point and zone
termination voltage [13]. Though this technique overcomes
the problem of high resistance fault, its performance is not
tested for open-pole period and series compensation cases.
In [15], fault detection, classification, and localization tech-
niques are proposed using S-transform and neural network.
The major demerit of these techniques is that their perfor-
mances are not tested for power swing, SPAR, and series
compensation cases and moreover the neural network-based
technique needs large number of training data set to obtain
final output. Another technique based on the time-frequency
transform known as S-transform is discussed in [16] to detect
the faults during power swing. The technique is dependent
on the threshold values and not tested for situations such as
SPAR and series compensation.

Technique as mentioned in [17] can detect direction of
faults during SPT period using the phase change in fault and
prefault NS currents. However, this technique is affected dur-
ing power swing as the angle oscillates within positive and
negative regions. It is not verified for series compensation and
high resistance fault cases. In [18,19], Prony and mathemati-
cal morphology-based methods are used to extract decaying
DC components present in a symmetrical fault current dur-
ing power swing. The Prony-based technique concentrates
on detecting three-phase fault, and it is dependent on fault
resistance, location, and inception time of the fault.

In [22], authors have calculated direction of different types
of faults incepted in a series compensated line using the phase

difference between fault and prefault positive sequence cur-
rents. This technique is affected during power swing and load
change period. The NS current-based techniques in [23,24]
are used to detect the fault incepted in a series compen-
sated line during power swing. However, the technique fails
for far-end high resistance fault. Differential power-based
technique is proposed in [20] to detect the three-phase fault
during power swing. But, this technique is only tested for
balanced fault condition. In [21], an adaptive power swing
detection criterion based on concentric circle model is devel-
oped by considering a ratio of the time required by the swing
locus to stay inside the internal circle and the time required
by it to pass through the concentric circles. In this work,
it is always a tedious work to set the boundary between
concentric circles, which depends on the system informa-
tion. In [25], Teager–Kaiser energy of negative sequence
current-based technique is utilized for fault detection dur-
ing power swing, but it fails during asymmetrical power
swing.

This paper aims to provide a solution for fault detection
during asymmetrical power swing using superimposed NS
current. The superimposed NS component of current is cal-
culated using phasor difference between fault and prefault
NS currents. During a symmetrical power swing, the pre-
fault and fault NS currents are substantial in comparison
with power swing. Further, the levels of prefault and fault
NS currents are increased due to presence of SPAR. The pro-
posed method exploits this feature and uses superimposed
NS current to detect the fault. Generally, superimposed tech-
nique does not require any reference index. However, this
summation index is used to prevent from unintended trip
due to varying loading condition during asymmetrical power
swing. The technique is independent of voltage information
and not affected by voltage distortion. Moreover, the high
impedance fault and load change do not affect the proposed
scheme.

2 Description of Test System and Analysis of
Asymmetrical Power Swing

2.1 System Description

To demonstrate the performance of the proposed technique
during asymmetrical power swing, a typical 400 kV, 50 Hz,
9-bus system (as shown in Fig. 1) is considered. In this test
system, three generators (600 MVA each) are connected at
bus-1, bus-2, and bus-3. System data have been provided in
“Appendix” [24]. Relay ‘R’ located at bus-7 is a test point
where fault detection process is to be carried out. The cur-
rent samples are stored at a sampling frequency of 1 kHz.
Further, the phasors of three-phase currents are calculated
using discrete Fourier transform (DFT) technique [22]. δ is
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power angle between bus-7 and bus-8. Line-78 is 70% series
compensated with series capacitor which is placed towards
bus-7. Capacitor bank of each phase is protected by MOV.
When the fault is close to relay bus, MOV operates as the
voltage across the capacitor crosses the threshold value [2].
Capacitor coupling transformer (CVT) and potential trans-
former (PT) ratios used at this relay location are 400A/5Aand
400kV:110V, respectively. The SPAR situation is incepted in
line-78 by opening the phase-a poles of B1 and B2, simulta-
neously following a line-to-ground fault of ag-type (phase-a
to ground fault) incepted in it. Further, to generate power
swing in the system as provided in Fig. 1, the three poles
of B3 and B4 are opened simultaneously following a three-
phase fault occurred in line-57. In this process, relay ‘R’
located at bus-7 experiences asymmetrical power swing. If
any fault occurs under such stressed conditions, relay has to
detect the fault promptly.

1
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2 7 98 3
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Load B Load C

5 6

R
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B3

B4

B2

Gen-1

T1

T3T2 Gen-3Gen-2

Fig. 1 400 kV, 50 Hz, 9-Bus power system

2.2 Signal Observations During Asymmetrical Power
Swing

The current signals measured at relay ‘R’ during asymmet-
ric power swing (i.e. prefault period) are shown in Fig. 2.
For first case, the current samples are collected and sequence
currents are calculated at relay location during symmetrical
power swing as shown in Fig. 2a. It is evident that there is a
presence of small amount of NS current and absence of zero
sequence current.Negative sequence current appears because
all three phases donot swing, simultaneously. In another case,
the current samples aremeasured during asymmetrical power
swing and corresponding calculated sequence currents are
shown in Fig. 2b. It is observed from Fig. 2b that the phase-
a current of line-78 is zero due to SPAR operation, but at
the same time, there is a presence of low-frequency com-
ponent along with the fundamental frequency component of
other healthy phases. This situation leads to the presence of
significant amount of negative and zero sequence compo-
nents along with positive sequence component of current.
The presence of substantial amount of NS current during
asymmetrical power swing opens an idea to use the superim-
posed NS current.

When a fault is incepted in a series compensated line,
consequently there are variations in other frequency com-
ponents, swing frequency, and current level which further
depend on the compensation level, location of series capaci-
tor, and operation of MOV protecting capacitor bank present
in each phase. To test this situation, a three-phase fault is
created at 2.8s in line-78 (70% compensated) at a distance of
100 km from the relay location with δ = 145◦ without con-
sidering SPAR. For such a fault, it is observed from Fig. 3
that the magnitude of fault current is substantially high. As a
result, the voltage across theMOV crosses its threshold value
and starts conducts. The capacitor is bypassed. As the mag-
nitude of fault current during three-phase fault is increased
(shown in Fig. 3a), MOV operates and capacitor is bypassed.

Fig. 2 Prefault phase currents,
positive (I1), negative (I2), and
zero (I0) sequence currents of
line-78 during a symmetrical
power swing b asymmetrical
power swing
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Hence, the modulation in current signal is present for the
initial period (i.e. one cycle) and subsequently, it dies out.
Another test case is considered by simulating a bcg-type fault
at far-end side (at 260 km from the relay end) with δ = 170◦,
and it is evident that the current signals (as shown in Fig. 3b)
are modulated to a greater extent as compared to previous
case (as shown in Fig. 3a). The reason for such a modulation
is that MOV doesn’t conduct since the voltage across it is
within the threshold in case of far-end fault. Another fault
case has been simulated during asymmetrical power swing.
A bcg-type fault is simulated at a distance of 100 km from
the relay location with presence of SPAR in line-78, and the
current signals are shown in Fig. 3c. It is observed that the
modulation present in current signals is more prominent in
comparison with the earlier case (as shown in Fig. 3a). How-
ever, in case of bcg-type fault occurred at far end, the current
signals (as shown in Fig. 3d) are further distorted and leading
to the presence of substantial amount of negative and zero
sequence currents.

2.3 Effect of Asymmetrical Power Swing on Distance
Relay [26,27]

To analyze the asymmetrical power swing, the relation
between three phase electrical output (Pe = Pmax sin δ) and
rotor angle (δ) can be explained by the swing equation which
is defined as

H

π f

d2δ

dt2
= Pm − Pmax sin δ (1)

where H is the inertia constant and Pm is mechanical input.
After consideration of effect of damping winding, the swing
equation is modified and provided as

H

π f

d2δ

dt2
+ D

dδ

dt
= Pm − Pmax sin δ (2)

where D is damping coefficient.
For disturbance in rotor angle (�δ), the swing equation can
be written as

H

π f

d2(δ0 + �δ)

dt2
+ D

d(δ0 + �δ)

dt
= Pm − Pmax sin(δ0 + �δ) (3)

With some approximations, electrical power can be written
as

Pe + �Pe = Pmax sin(δ0 + �δ)

≈ Pmax sin δ0 + (Pmax cos δ0) �δ (4)

After some approximation, (3) for change in rotor angle can
be written as

H

π f

d2�δ

dt2
+ D

d�δ

dt
+ Ps�δ = 0 (5)

where Ps is synchronizing power (Ps = Pmax cos δ0).
Initial conditions of (5) are provided in (6).

�δ|t=0+ = �δ0 and �δ̇
∣
∣
t=0+ = 0 (6)

Using (5) and (6), the change in rotor angle [26] can be
obtained as

�δ(t) = �δ0
√

1 − ξ2
e−ξωn t sin

(

ωnt + cos−1 ξ
)

(7)

where ωn = (π f Ps/H)0.5,ξ = D/2(π f Ps/H)0.5

From (4), it is evident that the change in electrical power
output is directly proportional to the change in rotor angle.
During asymmetrical power swing, three-phase power can
be defined as

PSPAR = Vb Ib + Vc Ic = V1 I1 + V2 I2 + V0 I0 (8)

In Fig. 3, the negative and zero sequence components of
electrical power appear with positive sequence component
during asymmetrical power swing as expressed in (8). Neg-
ative sequence power comes due to unbalancing and zero
sequence power comes due to generator grounding. Variation
of electrical power is dependent on load variation. It means
that asymmetrical power swing appears for long transmis-
sion lines where load variation is very high. From (7), initial
load angle variation is also the reason of asymmetrical power
swing generation. If it is very high, then power swing may
be generated due to the SPAR.

For analyzing the behavior of the distance relay during
asymmetrical power swing, a power swing (slip frequency
of 3.5 Hz) is created in line-78 as shown in Fig. 1. A bg-type
fault is initiated in line-78 during an unbalanced power swing
at t = 2.5 s with fault distance of 100 km and Rf = 100�.
The impedance trajectory enters the trip region of zone-1 at a
faster rate and stays there. Hence, relay should detect the fault
and generate the trip signal as quick as possible. Impedance
trajectory during asymmetrical power swing enters into the
trip region of zone 1, zone 2 and zone 3 as shown in Fig. 4a.
The impedance trajectory for a bg-type fault incepted in line-
78 at a fault distance 100 km and Rf = 100 � during
asymmetrical power swing also enters in mho characteris-
tics which is shown in Fig. 4b.
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Fig. 3 Phase currents measured
at bus-7 for bcg-type fault
during symmetrical and
asymmetrical power swings
with fault distance of a 1 km, b
100 km, c 1 km, d 100 km 2.7 2.75 2.8 2.85 2.9 2.95
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line-to-ground fault during
SPAR
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3 Proposed Fault Detection Scheme During
Asymmetrical Power Swing

Fault detection during asymmetrical power swing is chal-
lenging task because the modulation in current signal is
prevailed due to the operation ofMOVand series capacitor. In
this paper, superimposed NS current-based technique is pro-
posed to identify the fault incepted in a series compensated
line during asymmetrical power swing. The superimposed
component of NS current is provided as

∣
∣� Ī2

∣
∣ = ∣

∣ Ī2F − Ī2pre
∣
∣ (9)

where Ī2F and Ī2pre are the fault and prefault NS currents dur-
ing stressed system conditions. Further, a summation index
g is provided as

gn =
p

∑

n=1

[

(gn−1 + |�I2|n − ε)
]

(10)

where gn−1 is the previous value of g index and it is ini-
tialized with zero, p is total length of samples, and n is the
instant of magnitude of NS current. The value of ε depends
on the swing frequency rate (slow or fast swing) [28,29]. The
index as provided in (10) is used to detect the fault during
asymmetrical power swing. This index g is the summation
of successive absolute magnitude of superimposed NS cur-

rent. When the index exceeds threshold value (h), the fault
is registered by the relay.
A fault detection criterion can be provided as

g(n) > h (11)

If g(n) increases above the threshold ‘h’, then fault is
detected and a trip signal is generated. ‘h’ is selected on
the basis of the prefault values of superimposed NS current
generated during different fault situations. A rigorous sim-
ulation study is required to decide the threshold value. For
taking the decision of threshold value, more than 200 fault
cases are simulated for different system conditions such as
low loading and various compensation levels. Fromextensive
simulation study, it is observed that the maximum prefault
fault value of NS current is below of 0.0001. Therefore, value
of threshold is kept 0.001 with extra precautions to improve
selectivity property of the algorithm.

Flowchart for the execution of the proposed algorithm is
shown in Fig. 5. Initially, the prefault and fault three-phase
currents are sampled at a sampling frequency of 1 kHz. The
phasors of three-phase current signals are calculated using
DFT technique.
Thereafter, the NS component of fault and prefault currents
are calculated. Further, the superimposed NS current is esti-
mated using the expression as provided in (9). Finally, the
index ‘g’ is calculated using (10) and component with the
threshold value ‘h’. If the value of index ‘g’ crosses the
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Fig. 5 Flowchart for execution of the proposed algorithm

threshold, then fault is declared for further action at relay
end.

4 Performance Evaluation of Proposed
Technique

To test the performance of the proposed algorithm for dif-
ferent types of faults during asymmetrical power swing,
transient data are generated from the system (shown in
Fig. 1) which is simulated using PSCAD/EMTDC software
and used for further NS component calculation. Through-
out the simulation process, the nonlinear models of current
transformer (CT with Lucas model) and capacitor coupling
voltage transformer (CCVT) are considered. To calculate the
superimposed component of NS currents, 10 cycles of pre-
fault current signals are stored in relay memory. Different
fault cases are simulated and described one by one in the
following subsections to validate the performance of the pro-
posed approach.

4.1 Line-to-Ground Fault for Very High Fault
Resistance

To test the performance of the proposed scheme, a bg-type
faultwith fault resistance (Rf) = 400 � is incepted in line-78

(a)

(b)

(c)

(d)

Fig. 6 Results for bg-type of very high resistance fault (Rf = 400 �)
during asymmetrical power swing. a |I2|, b |�I2|, c Index, ‘g’, d Trip
signal

with δ = 170◦ and slip frequency of 3.5 Hz during asym-
metrical power swing. The performance plot for this case
is shown in Fig. 6. It is evident from figure that the mag-
nitude of NS fault current is very less. In this case, level
of fault current does not affect the performance of the pro-
posed technique since the magnitude of the superimposed
component is increasing after fault inception point. Finally,
the magnitude of index ‘g’ is growing in positive direction
and corresponding output is ‘1’, which perfectly declares the
fault condition.

4.2 Far-End Single Line-to-Ground Fault

For far-end fault, the fault path impedance is large and current
magnitude decreases considerably in comparison with the
prefault load current. To evaluate the output of the proposed
approach, a bg-type fault is created at t = 2.5 s for 250 km
away from relay end with Rf = 100 �.
The magnitude of NS current is considerably less for far-
end fault case but the level of superimposed NS current is
sufficient to detect the fault. The rise of summation index
as shown in Fig. 7 provides the indication of fault during
asymmetrical power swing.

4.3 Close-in Fault

Proposed technique is based only on current information, and
it is free from the voltage transient issues. Moreover, loca-
tion of CCVT (line side or bus side) also does not affect the
performance of the technique as it is free of voltage informa-
tion. For series compensated line, fault just after capacitor
bank leads towards voltage and current inversion situations,
which further add other frequency components in fundamen-
tal signals. To test such scenario, a bg-type fault is created at
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(a)

(b)

(c)

(d)

Fig. 7 Results for far-end bg-type fault (fault distance=250 km) during
asymmetrical power swing. a |I2|, b |�I2|, c Index, ‘g’, d Trip signal

(a)

(b)

(c)

(d)

Fig. 8 Results for close-in bg-type fault (fault distance=1 km) during
asymmetrical power swing. a |I2|, b |�I2|, c Index, ‘g’, d Trip signal

1 km from relay bus with Rf = 100� during asymmetrical
power swing (δ = 120◦). During this condition, superim-
posed NS current appears from prefault to fault period as
shown in Fig. 8. The rise in magnitude of ‘g’ clearly indi-
cates the presence of fault and corresponding trip signal is at
‘1’ consistently.

4.4 Experimental Results with Real-Time Digital
Simulator (RTDS)

The proposed technique is also tested on real-time plat-
form using real-time digital simulator (RTDS) procured from
RTDS Technologies Inc., Winnipeg, Canada. For such pur-
pose, 9-bus system as shown in Fig. 1 is developed using the
RSCAD software available in RTDS. The RTDS platform as
shown in Fig. 9 comprises PB5 processor boardswith awork-
station interfaced with various other auxiliary components. It

Fig. 9 Experimental setup

has an inbuilt RSCAD software package for performing the
necessary fault detection, classification and location process.

The necessary hardware-in-the loop (HIL) test bed using
real-time simulator and dSPACE are shown in Fig. 9. The
proposed algorithm for fault detection during asymmetrical
power swing is developed in MATLAB/Simulink. The algo-
rithm steps developed in Simulink environment are converted
into a C code and transferred to the dSPACE-401 processor
by means of Control Desk software. The processor has its
own Analog/Digital (A/D) and Digital /Analog (D/A) ports
with an input and output range of ± 10V to communicate
with RTDS. Real-time three-phase current signals available
at relay ‘R’ are delivered from the output port of GPC card
through Giga Transceiver Analogue Output (GTAO) card to
the processor (dSPACE-401) where the proposed algorithm
is present. It is to be noted that current signals available at
the output port of RTDS are scaled to the range of 10 V. The
algorithm embedded in the processor of the controller is exe-
cuted, and trip signal is generated in the form as output. To
demonstrate such a process, a cg-type fault is created in line-
78 at 60 km from relay ‘R’ location with Rf = 15 � during
asymmetrical power swing. The three-phase current signals
are sent to dSPACE through GTAO card. After execution of
the algorithm in dSPACE, the corresponding trip signal is
generated and it is captured by DSO-X2014 which is shown
in Fig. 10a, b. It is observed that the trip signal status is ‘1’
from the fault inception point onwards. For cg-type fault,
corresponding simulated results for three-phase current, NS
current, superimposed NS current, index, and trip signal are
shown in Fig. 10c–g, respectively.

In the similar way, a bcg-type fault is incepted in the
same line during asymmetrical power swing. Correspond-
ing experimental results are shown in Fig. 11a, b. It is
observed that the superimposed NS current is significant
after the fault inception point and the trip signal is generated
promptly to declare the fault accurately. To verify experi-
mental results, the same bcg-type fault is simulated using the
EMTDC/PSCAD software and the corresponding results are
shown in Fig. 11c–g. By comparing both the results obtained
from hardware and simulation platform, it is found that the
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Fig. 11 Dynamic performance plots (experimental and simulated) for the proposed technique for bcg-type fault incepted in line-78. a Experimental
three-phase currents and |I2|, b |�I2| and trip signal, c Simulated three-phase currents, d |I2|, e |�I2|, f Index, g Trip signal
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Fig. 12 Typical 39-bus system

superimposed NS current pattern is almost same and trip sig-
nal generation time matches with each other.

5 Performance Evaluation of Proposed
Scheme for New England 39-Bus System

To evaluate the performance of the proposed algorithm, New
England 10-machine, 39-bus system as shown in Fig. 12 is
considered. Line-23 is 60% series compensated. Relay ‘R’
located at bus-2 protects line-23 and considered as the test
point where the fault detection is to be carried out. SPAR is
initiated in line-23 by opening corresponding phase-a poles
of breakers (i.e. B1 and B2) present at both sides of the
line following an ag-type fault incepted in it. During SPAR
period, a three-phase fault is created in line-12 and cleared
by opening the breakers (i.e. B3 and B4) present at both sides
simultaneously. As a result, power swing is experienced in
voltage and current signals available at relay ‘R’ located at
bus-2. Here, the slip frequency is found to be 2.8 Hz. To
verify the performance of the proposed approach, two fault
cases are simulated and results are discussed in following
subsections.

5.1 Performance of Proposed Scheme During
Far-End High Resistance Fault

The performance of the proposed technique is tested for a
bcg-type fault by creating in the line-23 at t = 3.5 s for a
fault distance of 240 km with a fault resistance of 200 �

(a)

(b)

(c)

(d)

Fig. 13 Performance of the proposed scheme for bcg-type fault
incepted in line-23 (fault distance 240 km, Rf = 200�). a |I2|, b
|�I2|, c Index, d Trip signal

(δ = 150◦). For such a fault, the level of fault current is
considerably less. In such a case, there is a less possibility
of conduction of MOV as voltage across capacitor bank is
below of it’s threshold. It is observed that sub-synchronous
oscillation is more prominent for far-end fault case as MOV
conduction is negligible and capacitor bank conducts the
entire fault current [2]. However, the magnitudes of super-
imposed NS current and index as shown in Fig. 13b, c are
sufficient to declare the fault under such fault case.
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Fig. 14 |I2|, |�I2|, Index of
proposed scheme, trip signal for
bc-type fault incepted in line-23
(fault distance 150 km,
Rf = 5�) for different
compensation levels. a 20% and
b 60%

(a) (b)

Fig. 15 Capacitor current
(icapacitor), MOV current (imov),
Line current (ibline), |I2|, |�I2|,
Index, and Trip signal for
bg-type fault incepted at line-23
for different fault distances. a 7
km, b 200 km

(a) (b)

5.2 Effect of Different Compensation Level (20% and
60%)

To check the effect of compensation levels (20%and 60%) on
the proposed approach, a bc-type fault is incepted in line-23
at a distance of 150 km at t = 3.4 s with 20% compensation
under asymmetrical power swing. Corresponding results are
shown in Fig. 14a. It could be observed that the consistent
growth of the index in positive direction helps in detecting
the fault correctly.

The similar type of fault is created under similar situation
with 60% of compensation level. The corresponding results

are shown in Fig. 14b. The results obtained for such a fault
scenario are correct as the superimposedNS current is promi-
nent throughout the fault period, and the index has crossed
the limit well above the threshold. It is observed from var-
ious simulation studies that the voltage and current signals
available at relay end oscillate less for higher compensation
level during without SPAR situation. On the other hand, the
presence of SPAR in a series compensated line with higher
compensation level leads towards a more unbalancing situa-
tion.
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5.3 Effect of MOV Operation for Different Fault
Distance

In series compensated line,MOV is used to provide overvolt-
age protection for the capacitor bank present in each phase.
In normal conditions, MOV doesn’t conduct and the line
current is equal to the current flowing through the capacitor
bank. However, in case of close-in fault, the voltage across
series capacitor increases above the thresholdvalue andMOV
operates. To analyze the effect of MOV operation, a bg-type
fault is incepted in line-23 at 3.5 s with Rf = 0.01� at a dis-
tance of 7 km from relay location during asymmetrical power
swing. During this fault period, the line current (ibline) is the
resultant of currents throughMOV (imov) and capacitor bank
(icapacitor). It is observed that the values of superimposed NS
current and index ‘g’ are above the threshold and declaring
the fault correctly, even during MOV operation. The perfor-
mance of the proposed approach for such fault scenario is
shown in Fig. 15a.

The analysis is concentrated on far-end fault situation and
MOV operation. To demonstrate the performance of the pro-
posed technique for this situation, a bg-type fault is created
at 200 km fault distance with Rf = 0.01 at 3.5 s. The corre-
spondingperformanceplot is shown inFig. 15b. It is observed
that magnitude of the fault current is considerably less in
comparison with that of close-in bg-type fault as shown in
Fig. 15a. However, the magnitude of the superimposed NS
current is well above the desired value. Index grows in a
positive direction which is the indication of fault.

6 Comparative Study of Proposed Scheme

In this section, the comparative assessment of proposed tech-
nique with several conventional techniques is carried out.
Many research papers are available for detecting the fault
during symmetrical power swing for uncompensated lines.
Sample-to-sample and cycle-to-cycle comparison schemes
are not able to detect the fault during power swing due
to modulation in current and voltage signals. The con-
ventional techniques based on rate of change of apparent
resistance, swing center voltage (SCV), and superimposed
positive sequence current are considered for the compara-
tive assessment with the proposed scheme. To compare the
performances of these techniques with proposed approach,
a bg-type fault is created at 2.5 s in line-78 (70% compen-
sated) of Fig. 1 at a distance of 100 km from relay location
with a slip frequency of 3.5 Hz, δ = 170◦. The dynamic plots
of each of the conventional techniques (rate of change of R,
rate of change of SCV and superimposed positive sequence
current) and proposed method are shown in Fig. 16. It is
observed that the values of R and SCV are zero through-
out the fault period and their values remain high before the

(a)

(b)

(c)

(d)

Fig. 16 Comparative assessment of the conventional techniques with
proposed approach during asymmetrical power swing for bg-type fault
with R f = 100�. a R seen by the relay, b SCV, c |�I1|, d Index g

fault inception point. This situation leads towards a conflict in
deciding the threshold value. Though the superimposed posi-
tive sequence current based technique operates correctly, but
it operates wrongly for load change case. For such a fault
case, performance plot of the proposed approach is shown in
Fig. 16d. It is clear from the figure that proposed technique
works well and detects the fault within 3 ms.

The performances of other three conventional techniques
[18,19] are discussed for comparingwith proposed approach.
In [18], it is described that the presence of decaying DC com-
ponent of any phase current is the indication of symmetrical
fault during power swing. However, the presence of decaying
DC components for far-end high resistance line-to-ground
fault during power swing present in a series compensated
line could not be detected as the magnitude of DC compo-
nent during fault period is almost equal with the prefault
components. For testing purpose, a bg-type fault is created
at 2.5 s with a distance of 270 km with 200 � during asym-
metrical power swing for 20% series compensated line. For
such a fault case, decaying DC of phase-b current is shown
in Fig. 17a. It is clear that the amplitudes of decaying DC
components are almost equal with the prefault values and
therefore it is difficult to maintain threshold. Absence of
decaying DC component during high resistance far-end fault
creates problem in deciding the threshold to differentiate pre-
fault and fault condition. During prefault case, some amount
of decaying dc appears due to fast modulation of voltage and
current signals. However, for the same fault situation, the
fault can be detected by proposed approach correctly as the
index grows from the fault point onwards (Fig. 17d).

In [24], cumulative sum (CUSUM) of NS current-based
scheme is utilized for fault detection during power swing. To
evaluate the relative analysis, a bg-type fault (fault distance
250 km,Rf = 250�) is initiated at 2.5 s during asymmetrical
power swing for 20% series compensated line.
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(a)

(b)

(c)

(d)

Fig. 17 Comparison of the proposed scheme with existing scheme pro-
vided in [18] for 20% series compensated line for bg-type fault created
at 270 km with Rf = 200�. a |I2|, b |�I2|, c Index, ’g’, d Trip signal

(a)

(b)

Fig. 18 Comparison of proposed scheme with the scheme described in
[24] for 20% series compensated line for bg-type fault created at 250
km with Rf = 250�. a |I2|, b CUSUM of |I2|

It is observed from Fig. 18 that the value of CUSUM of
I2 is less after fault inception point, but its value is large
during prefault condition. This creates the conflict in decid-
ing the threshold value. For similar condition, performance
of proposed scheme is shown in Fig. 19. It is observed from
Fig. 19 that proposed techniqueworks for such a scenario cor-
rectly. The superiority of the proposed method with respect
to CUSUM method is mentioned as the lack of necessity to
define a threshold.
The main advantage of the proposed scheme is to provide
the solution for fault detection during asymmetrical power
swing. Proposed scheme has been tested for different com-
pensation levels and different types of fault conditions, and
it is found that it performs well in all system conditions.
Proposed scheme takes very less time (approximately 3
ms–5 ms) due to use of local end data. The variation of
negative sequence current from prefault to fault condition
makes the proposed scheme more useful for different fault

(a)

(b)

(c)

(d)

Fig. 19 Performance of proposed scheme for 20% series compensated
line when bg-type fault is created at 250 km with Rf = 250�. a |I2|, b
|�I2|, c Index of proposed scheme, d Trip signal

cases. This scheme is only dependent on the current infor-
mation; therefore it is free from the CCVT transients or
any variation occurred in voltage. Negative sequence current
is independent of system loading variations; therefore, for
superimposed negative sequence currents-based technique
provides the fault detection solution for varying loading con-
ditions also.

7 Conclusion

Power swing and SPT are two stressed system conditions
in power network. Fault detection during such conditions
for a series compensated line remains one challenging task.
In this paper, superimposed NS current-based technique is
proposed for the fault detection during aforementioned con-
ditions for series compensated line. Initially, SPT is created
in a particular line and after onwards power swing is cre-
ated in the same line. This technique uses the stored samples
of prefault current at the relay location. A change in sum-
mation of NS superimposed component is utilized for the
fault detection. The proposed approach is almost indepen-
dent of threshold value as the superimposed current values
before fault is approximately zero. However, the threshold is
maintained for a situation where the signal is having noise.
This scheme works well for different types of faults like
close-in fault, high resistance fault, single line-to-ground
fault, double line-to-ground fault, line-to-line fault, far-end
fault for different compensation levels, fault locations, power
angle, slip frequencies and fault resistances. This scheme
utilizes the magnitude of superimposed current, and it is
immune to voltage–current inversion. It is not affected from
CCVT transients in case of close-in fault as it is indepen-
dent of voltage information. Proposed scheme is also tested
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on 9-bus and 39-bus system using RSCAD/RTDS. The com-
parative assessment is also analyzed with different schemes.
It is found that proposed scheme provides accurate and fast
results.

Appendix

System data
Load-A=300MW, 100MVAr., Load-B=200MW, 75MVAr.,
Load-C=150 MW, 75 MVAr.
Generators:
Generator-1: 600 MVA, 22 kV, 50 Hz, 4.4 MW/MVA
Generator-2: 465 MVA, 22 kV, 50 Hz, 4.4 MW/MVA
Generator-3: 310 MVA, 22 kV, 50 Hz, 4.4 MW/MVA
Common parameters of generators:
Xd = 1.81 p.u., X ′

d = 0.3 p.u., X ′′
d = 0.23 p.u., T ′

d0 = 8 s,
T ′′
d0 = 0.03 s, Xq = 1.76 p.u., X ′′

q = 1.76 p.u., T ′′
q0 = 0.03 s,

Potier reactance (Xp)=0.15 p.u.
Transformers:
T1: 600 MVA, 22 kV/400 kV, 50 Hz, Delta/Grounded Star,
X = 0.163 p.u.
T2: 465 MVA, 22 kV/400 kV, 50Hz, Delta/Grounded Star,
X = 0.163 p.u.
T3: 310 MVA, 22 kV/400 kV, 50 Hz, Delta/Grounded Star,
X = 0.163 p.u.
Common parameters of Transformers:
Xcore = 0.33 p.u., Copper losses = 0.00177 p.u.
Transmission line:
Length of line-78 = 320 km., line-89 = 400 km., line-75 =
310 km., line-54 = 350 km, line-64 = 350 km.,
Line-69 = 300 km.
Data of each line:
Positive sequence impedance = 0.12 + j0.88�/km
Positive sequence capacitive reactance = 0.487M�km
Zero sequence impedance resistance = 0.309 + j1.297
�/km
Zero sequence capacitive reactance = 0.41934M�km
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