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Abstract—Distance relays, in the power transmission systems,
are susceptible to the maloperation under certain system events,
such as power swings and voltage instability, which drive the
apparent impedance trajectories into the protection zones of the
relay. Fast and reliable detection of the symmetrical faults, occur-
ring during power swings, poses another challenge to operation of
the distance relays. This paper introduces a new classification and
protection scheme based on support vector machines (SVMs) for
offering supervisory control to the operation of the conventional
distance relays. The proposed scheme segregates the power system
events into faults, power swings, and voltage instability. This
paper also proposes a new index, called the relay ranking index,
for identifying the relays most vulnerable to the maloperation
due to power swings and voltage instability. The proposed SVM
classifiers can work in unison with the conventional distance relay
unit. The performance of the proposed scheme has been tested on
a nine-bus WSCC system and 39-bus New England system.

Index Terms—Distance relay, fault, phasor measurement unit
(PMU), power swing, support vector machines (SVMs), voltage
instability.

I. INTRODUCTION

D ISTANCE relays, with remote backup protection zones,
have been successfully used for many years as the most

common type of protection in the transmission lines. Undesir-
able operation of the distance relays affects the power system se-
curity, when the system is operating in a stressed condition. The
most common system scenarios, which affect the distance pro-
tection, are the power swings, load encroachment, and voltage
instability. Among these, the load encroachment problem can
be viewed as a static event [1]. Dynamic encroachments into
the protection zones of the distance relays are caused by power
swings and voltage instability.

The dynamic encroachment, due to the power swing, has at-
tracted a lot of attention of researchers in the protection area.
Power-swing blocking (PSB) schemes [2], [3] have been con-
ventionally used to prevent the tripping of the distance relay
by analyzing the rate of change of the impedance, measured by
blinders and timer. The major drawback of this scheme is that it
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does not respond to the faults occurring during PSB. Further, the
setting of the timer becomes tricky, as the frequency of swing
could be as low as 0.1–0.3 Hz or as high as 3–5 Hz.

To overcome the shortcomings of the conventional PSB,
many schemes have been suggested which utilize single or
multiple signals at the relay end to generate a blocking deci-
sion. The rate of change in power-swing center (PSC) voltages

has been utilized in [4] for discriminating
the power swings from the faults. The threshold for the rate
of change of the PSC voltage will have to be kept small for
identifying the faults occurring close to 180 phase shift. In
order to overcome this difficulty, Lin et al. [5] have utilized
a real and reactive power based cross-blocking scheme to
identify symmetrical faults occurring during power swings.
This scheme requires continuous detection of successive zero
crossings in and . Moreover, the effect of the fault
impedance on the threshold value selection of or
has not been considered in the scheme. The rate of change of
the resistance moving along the fault or swing trajectory
is another criterion developed in [6] to distinguish between the
fault and the swing conditions, and it was pointed out in [7]
that this scheme is better compared to the schemes based on
the rate of change of the PSC voltage or impedance. However,
this scheme becomes slow acting [6], if the fault occurs with
high fault resistance, or at the time when the angle between the
sending and the receiving end voltages is close to 180 . Discrete
wavelet transform (DWT) has been used in [8] to detect a fault
during the power swing. High sampling frequency, used in the
scheme, creates a bottleneck in differentiating the noise from
the fault, as the wavelets are susceptible to misclassification
due to the noise in the system.

As of late, supervised learning methods, such as the adaptive
neurofuzzy inference system (ANFIS) and support vector
machines (SVM), have been applied for PSB [9], [10]. A
PSB scheme has been suggested in [9] based on ANFIS
utilizing the variations in the measured impedance, current,
negative-sequence current, and the PSC voltage. Though this
scheme utilizes multiple signals, the derived inputs, such as

used in the scheme, bring in an inherent
limitation due to the assumptions involved in determining the
PSC voltages. In [10], an SVM-based blocking scheme has
been suggested to identify the symmetrical faults occurring
during power swings with a higher classification accuracy in
comparison with the ANFIS. An SVM is a machine-learning
tool that uses supervised learning to classify data into two
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or more classes. Since SVMs are based on the structural risk
minimization (SRM) principle, it offers larger generalization
capability compared to the other supervised learning methods
such as the artificial neural network (ANN).

In the event of voltage instability, undesired relay operations
may occur, and the zone with the longest reach is more suscep-
tible to the encroachment. However, there are only a few refer-
ences [11]–[14] which analyze the operation of the distance re-
lays in the framework of the voltage instability. Algorithms for
modifying the relay operational strategies have been proposed in
[11] and [12]. The work reported in [11] discriminates a sym-
metrical fault from a voltage-unstable condition, using
as the criterion. Using as the only criterion for identi-
fying a fault necessitates a very careful analysis of the system
for various switching events, such as line switching, capacitor
switching, reactor switching, etc., for fixing up the threshold
of the . An enhanced zone 3 algorithm was proposed in
[12] for discerning different system events, such as fault, load
encroachment, and voltage instability, utilizing the steady-state
and the transient components of the relay signal. In this scheme,
a fault is judged by the predominance of the high-frequency
components. However, switching of the parallel feeders can also
cause high-frequency transients to appear, which may be misin-
terpreted as a system fault. The other works in this area derive
the control strategies based on the relay margin optimization
[13], and suggest a line voltage stability index for the relay [14]
considering voltage stability as a static phenomenon.

The aforementioned limited review on the available literature
indicates that a distance relaying scheme, which can differen-
tiate between all dynamic encroachment events, such as power
swing and voltage instability, is nonexistent. Also, it is felt that
such a scheme should first ensure that the system event, which
leads to the dynamic encroachment, is not due to a fault falling
in the protective zones of the relay. This type of segregation is
imperative as it helps the system operator to initiate control ac-
tions at the local level for alleviating the voltage instability.

Considering the fact that all the distance relays in a system
may not be vulnerable to the dynamic encroachments [15], this
paper proposes a relay ranking index (RRI) for identification of
the critical relays in the system. Further, an SVM (SVM)-based
protection scheme has been proposed for segregating the power
system events into fault, power swing, and voltage instability.
Two sets of SVM-based classifiers have been proposed in this
paper. Classifier-1 differentiates a fault condition utilizing only
local signals. This classifier is able to block the relay operation
under voltage-unstable or power-swing conditions. A second
classifier is then proposed to carry out further analysis on the
type of the disturbance utilizing the local as well as the re-
mote signals. The effectiveness of the proposed scheme has
been demonstrated on two test systems, and the performance of
the classifier is compared with that of a conventional distance
relay and with an ANFIS [9]-based power-swing identification
scheme.

II. IDENTIFICATION OF CRITICAL RELAYS

The index RRI is defined as the ratio of the normalized ap-
parent impedance to the branch-loss sensitivity at the relay lo-
cation. The normalized apparent impedance measures the close-

ness of the impedance trajectory with respect to the zone 3 reach
setting of the relay. Branch-loss sensitivity indicates how impor-
tant a branch is to the voltage stability [16]. Hence, the proposed
index identifies the critical relays, which are sensitive to mal-
operation under power-flow redistribution due to contingency,
switching actions, or voltage instability.

A. Normalized Apparent Impedance (NAI)

Apparent impedance of a line seen by the relay, located
at node , can be defined as

(1)

The normalized apparent impedance (NAI), with respect to
the zone 3 setting of the relay, is defined as

(2)

where

voltage at the relay location;

voltage at the receiving end of line ;

zone 3 impedance setting of the relay.

From (1), it is observed that the larger the bus voltage angle
difference, the smaller the normalized apparent impedance.
Hence, the possibility of the apparent impedance trajectory
falling into the distance relay backup zone is greater with
the system events, such as power swing, overload, or voltage
instability conditions.

B. Branch-Loss Sensitivity (BLS)

Power loss in a transmission-line branch can be expressed in
terms of system states as

(3)

where

series admittance of the line ;

shunt suseptance of the line

Branch-loss sensitivity (BLS) of the line – with respect to
the system states is defined as

where

(4)
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Fig. 1. Block diagram of the proposed scheme.

(5)

(6)

(7)

The BLS factor is attributed to the distance relays in the
transmission lines. The RRI for the relay at node of the branch
– is defined as

(8)

RRI can be utilized in the security analysis module for
ranking the contingencies in terms of the relative values of the
RRI.

III. PROPOSED CLASSIFICATION SCHEME

The block diagram description of the proposed scheme is
shown in Fig. 1. The scheme follows a two-level classifier
structure, which works in unison with the conventional distance
relay. The relay impedance measurement unit in the figure
corresponds to the functions of a normal digital distance relay
block. The first-level classifier consists of a fault classifier
(SVM-1), which exercises supervisory control over the con-
ventional relay. A disturbance classifier (SVM-2) is included
in the second level, which further analyzes the system events
that cause the encroachments into relay trip zones.

SVM-1 generates a blocking signal for all of the other power
system scenarios except in the case of fault. It prevents the trip-
ping of the relay under the conditions of the excessive power
flow, stable/unstable power swings, and voltage instability. It
utilizes the rate of change in the locally measured relaying quan-
tities as inputs. SVM-1 classifies a fault condition with a label
“0” and generates a label “ ” corresponding to other scenarios.
The output of the SVM-1, in turn, decides the trip/block func-
tion of the conventional distance relay, thereby ensuring that
the relay is not driven to the maloperation during dynamic en-
croachments of the impedance trajectory. It also ensures that the
decision drawn is fast enough to maintain the system security.

When the output of the classifier-1 is “ ” and it is accom-
panied with a conventional relay pickup, further analysis is re-
quired by SVM-2 to classify those disturbances, which lead to
the dynamic encroachments in the relay’s tripping zone. This
study considers the power swings and voltage instability, which
are the two most common disturbance scenarios. Voltage insta-
bility in a power system is caused by the inability of the trans-
mission system to transfer the required reactive power to a load
bus due to high reactive power loss in the transmission network.
In practice, for a given system topology, there is a well-defined
relationship between the active and reactive powers and the volt-
ages in the system. The voltage instability condition is charac-
terized by LV profiles and increased reactive power consump-
tion by the lines. This property of the transmission lines has been
used, in this paper, for designing an SVM-based classifier for
differentiating the power swing and voltage instability. SVM-2
takes a set of inputs from local as well as remote locations for
generating a classified label at the output. The remote inputs
in this paper also include measurements from phasor measure-
ment units (PMUs) assumed to be available as a part of the syn-
chrophasor-based wide-area monitoring system [17].

IV. SVM FOR CLASSIFICATION

A. SVM—An Overview

The SVM is one of the relatively new and promising methods
for learning separating functions in pattern-recognition (classi-
fication) tasks, or for performing function estimation in the re-
gression problems. SVMs originate from the statistical learning
theory (SLT), developed by Vapnik [18] for a “distribution free
learning from data.” The performance of the SVMs is found
to be better than artificial neural networks (ANNs) due to the
reason that the ANNs essentially follow empirical risk mini-
mization (ERM), whereas the SVMs are based on structural risk
minimization (SRM) [19]. The classical adaptation algorithm in
ANN works on minimizing an absolute error or an error, while
SVMs minimize the Vapnik–Chervonenkis (VC) bounds [18].
According to Vapnik’s theory [18], minimizing the VC bounds
means that the expected probability of error is low, which im-
plies a good generalization [19].

SVMs have been successfully applied to various classifica-
tion and machine-learning applications [20], [21]. For classifi-
cation problems, the SVMs try to find a hyperplane to separate
the data points according to their classes so that the separation
between the classes is maximum. In such a case, the hyperplane
is said to be an optimal hyperplane. In a two-class training set
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, consisting of data points with as the th el-
ement of the -dimensional input vector and as the corre-
sponding class of , the optimal separating maximum margin
classifier is constructed in SVM by maximizing , where

(9)

subject to (10)

In (9) and (10), the terms “ ” and “ ”represent the weight vector
and the bias term, respectively. The solution is obtained in terms
of support vectors, which are the “ ” number of points closest
to the optimal separating hyperplane with the largest margin and
are defined by , .

However, for the purpose of dealing with the data, which
are not linearly separable, a nonlinear version of the SVM has
been developed in the literature, where the data are mapped to
a higher dimensional space with the help of a nonlinear trans-
form . Still, it may be possible that the transformed higher
dimensional data are also not completely linearly separable.
In order to deal with such cases, the objective function in the
quadratic optimization problem (9) is modified as follows:

(11)

subject to (12)

where , , are the non-negative slack variables and
“ ” is called the regularization parameter. “ ” determines the
tradeoff between the misclassification and maximization of the
margin between the classes.

The nonlinear transformation is usually accomplished by
using kernel functions, which are defined as

(13)

The most commonly used kernel function is the radial basis
function (RBF) as it can handle the case where the relation
between class labels and attributes is nonlinear. RBF is defined
as , , where “ ” is
the kernel parameter, which defines the nonlinear mapping
from the input space to high-dimensional feature space. In the
SVM-based classifiers, the most important parameter selection
includes the choice of kernel parameter “ ” and the selection
of regularization parameter “ .”

This paper has used LIBSVM [22] for the design of the SVM-
based classifiers. LIBSVM is a library for SVMs, which enables
the users to utilize the SVM as a tool easily. The RBF kernel
function has been used for the nonlinear mapping. An interac-
tive grid search method [22] has been applied to select the reg-
ularization parameter and the kernel parameter from the
SVM training data.

B. SVM-1 for Fault Classification

SVM-1 uses the concept of rate of change of relaying quanti-
ties for differentiating a fault condition from the other events,
such as power swings, or voltage instability. Local measure-
ments are utilized to avoid the time delay in the operation of

the relay. Multiple inputs are selected to ensure the correct op-
eration of the scheme. A principal component analysis (PCA)
[25] is conducted on a set of six inputs, namely, positive-se-
quence voltage and current phasors and real and reactive power
in the line. From the principal component vectors, the features
corresponding to the largest coefficients are selected. These are
found to be the positive-sequence complex voltage at relay lo-
cation , positive-sequence magnitude of current

, line real power flow , and reactive power flow .
The rate of change in these quantities is taken as the inputs to
the SVM-1 and it is computed by comparing the phasor values
with that of the previous cycle. Hence, the features selected for
the SVM-1 are

(14)

where , and “ ” is the sample count.
“ ” represents the number of samples/cycle and in this study

16.

C. SVM-2 for Disturbance Classification

The inputs to the SVM-2 are derived from locally available
data, along with the PMU data obtained from the receiving end
of the transmission line. The PMU phasor rate is chosen as 60
phasors/s [23] for the 60-Hz system. From the various measure-
ment quantities available at the relay location, the magnitude
of the voltage at the relay location, magnitude of the current
through the line, real power flow, and reactive power losses in
the line are taken as inputs to the classifier 2. Reactive power
loss is computed from the PMU measurements at the local and
the remote ends of the transmission line. Ten cycles’ input data
have been taken to form the feature vector for the SVM-2, con-
sisting of features.

V. SIMULATION STUDIES

The effectiveness of the proposed scheme has been tested on a
9-bus WSCC system [24] and 39-bus New England [13] system.
Test systems are simulated using PSCAD/EMTDC software.
Lines are modeled with distributed parameters, generators with
one axis flux decay dynamics (i.e., third-order model), [2] and
exciters are represented by the IEEE Type-1 model [2]. Each
transmission line is assumed to be equipped with two distance
relays, one at each end. All of these relays are modeled with

characteristics, having a zone 1 setting at 85% of the line
impedance, zone 2 at 120%, and zone 3 is set to cover the en-
tire adjacent line sections [21]. Conventional relays are modeled
with the PSB boundaries as concentric circles [9]. Following the
typical timer setting of 1.5–2.5 cycles [3], this study has consid-
ered a timer setting of 2.5 cycles for the conventional relay.

A. Nine-Bus WSCC System

Constant power load models are considered at three load
buses. In addition, a dynamic induction motor load is consid-
ered at buses 5 and 6, while studying the voltage instability.
The base-load condition corresponds to only the static loads in
the system. The nine-bus system is shown in Fig. 2 along with
the generation, load, and line flows indicated in per unit.
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Fig. 2. Single-line diagram of the WSCC 9-bus system.

TABLE I
RANKING OF DISTANCE RELAYS USING RRI

1) Identification of Critical Relays: For the base-load con-
dition, ranking of the relays has been carried out as explained
in Section II, using the RRI and is shown in Table I. The
second column in the table provides the normalized apparent
impedance (NAI) and the third column provides the BLS
attributed to the relays to depict their vulnerability toward the
voltage instability. RRI, computed for the relays, is shown in
the fourth column, and the last column indicates the ranking
of the relays based on the RRI. The ranking shown in Table I
demonstrates the effect of dispatch instructions, power-flow
scenarios, and the proximity of the large load center on the
RRI. For example, the lower value of the NAI is recorded for
the relays ( and ) in line 7–5 due to the power flow
as indicated in Fig. 2. Also, this branch recorded the highest
loss sensitivity, which is again a function of voltage magnitudes
and angular separation at the branch terminals, as explained in
Section II.

For demonstration of the SVM-based classifier, the study has
considered one of the critical relays , located near bus 7 in
line 7–5. This relay is selected instead of since the direc-
tion of the power flow in the line is from bus 7 to bus 5.

2) SVM-1 for Fault Classification: For the purpose of sim-
ulating power swings, a three-phase-to-ground fault is assumed

Fig. 3. Typical power-swing scenario-9-bus system. (a) Voltage plot during the
power swing. (b) Current plot during the power swing. (c) Impedance trajectory
during the power swing.

to occur in line 7–8 at 50% distance through an impedance of 10
. The fault is cleared after 0.2 s by opening the breakers at both

ends of line 7–8. This results in a power swing in the system.
The swing observed by the relay at bus-7 is plotted in
Fig. 3. Fig. 3(a) shows the phase-A voltage at the relay location
and Fig. 3(b) shows the current seen by the relay. The power
swing enters zone 1 of the relay, as shown in Fig. 3(c). This cor-
responds to an unstable swing as the trajectories enter zone 1.
It gives an indication of the existence of the electrical center in
the studied line. However, for stable or unstable swings, relays
should not operate, as they result in nonoptimal islanding of the
system. Hence, this paper derives a supervisory control signal in
the SVM-1 classifier, based on which trip/block command can
be given to the distance relay, as shown in Fig. 1.

Voltage instability conditions also cause the relays to see the
impedance trajectory encroachment to relay characteristics. One
such typical case is illustrated in Fig. 4 where the voltage insta-
bility is observed from a contingency condition of open status
of line 7–8 [Fig. 4(a)]. Further, a single-line-to-ground fault in
line 5–4 at 18.0 s aggravates the situation and leads to the
dynamic encroachment into relay characteristics [Fig. 4(b)].

3) Generation of Training Patterns for SVM-1: Since this
classifier is based on a supervised learning mechanism, it needs
to be trained for the possible scenarios of the power swings
and the voltage instability. Power swings of varying slip fre-
quencies are generated for the test system under two different
loading conditions and, subsequently, symmetrical faults during
the swing are simulated in the three protected zones of the relay
at various instants. Generated patterns are utilized to train the
SVM-based classifier. Power swings are generated in the system
by simulating a three-phase-to-ground fault in line 7–8, at dis-
tances varying from 10–90% from the relay end, through fault
resistance, varying from 1 to 100 , at different instants
of time . The fault is cleared in 200-350 ms by opening
the breakers at both the ends of the line 7-8. Variation in the
swing condition is brought in by varying the values of and

. Depending on the distance at which the fault occurs, the
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Fig. 4. Case of voltage instability causing maloperation of the relay-9-bus
system. (a) Positive-sequence voltage at the relay location during voltage
instability. (b) Impedance trajectory during voltage instability.

fault resistance value and the fault clearing time, the swing fre-
quency varies in the range of 1 to 6 Hz. Symmetrical faults are
subsequently simulated in zone 2 and zone 3 of the protected
line 7–5.

Voltage instability conditions have been simulated in the
system through load increase and through simulating the
single-line contingencies under stressed system conditions.
Dynamic loads have been added at buses 5 and 6 to realize
different scenarios of voltage instability. Generated patterns,
corresponding to the aforementioned scenarios, are utilized to
train the SVM-1. It is ensured that the patterns cover the entire
range of slip frequencies and voltage instability conditions
under different load compositions.

4) SVM-1: Training and Testing: The total training data set
consists of 55 771 patterns with five features, namely, ,

, , , and . Among these data, 40% patterns
correspond to the different fault scenarios, 30% correspond to
the power-swing conditions, and the balance of 30% accounts
for the patterns of the voltage instability conditions in the
system. An interactive grid search has been carried out for
the selection of the SVM parameters with in the range of
[0.0313, 32768] and varying in the range . The
best cross-validation accuracy of 99.24% has been achieved
with the value of 4096 and 8. Learning of the
SVM-1 has been carried out with these parameters [22]. Once
the training is completed, the final values of all parameters
of the trained SVM have been utilized for testing the unseen
patterns. The cases considered for the testing include the
symmetrical faults occurring in the protected zones of the
relay during power swings of varying slip frequency,
voltage instability conditions, and symmetrical/unsymmet-
rical faults during the voltage instability. Test data consist of
39 281 patterns. Symmetrical faults, occurring in the system,

TABLE II
ACCURACY OF CLASSIFIERS (9-BUS SYSTEM)

Fig. 5. Output of SVM-1 for a symmetrical fault during a slow power swing.
(a) Voltage seen by the relay during a slow power swing. (b) Output of SVM-1
for the slow power swing.

have been classified with a label “0” and the other samples,
corresponding to the power swing or voltage instability con-
ditions, with a label “ .” The results obtained in terms of
% testing accuracy No. of samples correctly classified

total number of samples presented are given in Table II.
5) Performance of SVM-1 Under Faults During Power

Swings: Fig. 5(a) shows the voltage seen at bus-7 under a slow
power-swing scenario. The power swing is caused by clearing
a three-phase-to-ground fault in line 7–8 at 5.2 s. The
duration of the fault is characterized by the voltage dip seen in
Fig. 5(a) and clearing the fault is associated with a voltage spike
seen at 5.2 s. The swing duration is seen in the figure from

5.2 to 7.3 s, where a symmetrical fault is simulated
in line 7–5 at 7.3 s. The output of the SVM-1 is shown
in Fig. 5(b). In this figure, until 5.0 s, the output of the
SVM-1 is high corresponding to the normal prefault condition.
At 5.0 s, a symmetrical fault was simulated external to the
line, and the same has been identified by the classifier by a “0”
label. Persistence of the fault for 5.0 to 5.2 s is identified
by SVM-1 with a “0” label. Momentarily at 5.15 s, the
output goes to high due to a misclassification. However, since
the signal is not persistent, it does not affect the relay operation.
During the power-swing period, 5.2 s to 7.3 s, the
SVM-1 blocks the operation of the relay by generating a “ ”
signal. Further, it identifies the fault condition at 7.3 s, and
the output level changes from “ ” to the “0” level.
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Fig. 6. Output of SVM-1 for a symmetrical fault during the fast power swing.
(a) Voltage seen by the relay during a fast power swing. (b) Output of SVM-1
for the fast power swing.

The performance of the scheme has been tested in the pres-
ence of fast swings too. Fig. 6(b) shows the output of the SVM-1
for a fast swing for 5.2 to 6.3 s [Fig. 6(a)], and it identifies
the occurrence of the fault during the power swing at 6.3 s.

For the same power-swing scenario, the encroachment to
relay characteristics is shown in Fig. 7(a). Fig. 7(b) shows the
conventional relay output where the relay picks up at 5.7
s. The PSB arrangement is unable to detect this fast swing
as the impedance trajectory crosses the boundaries within 30
ms. Moreover, the trajectory progresses into the primary zone
of the relay, which forces it to generate an instantaneous trip
command at 5.7 s as shown in Fig. 7(b).

The results are also obtained using the ANFIS-based ap-
proach, reported in [9], and the testing accuracy obtained is
76%, which is less than the proposed method. The result with
the ANFIS-based scheme is shown in Fig. 8 for a fast power
swing shown in Fig. 6(a). The scheme is unable to block the
relay operation during the power-swing period ( 5.2 s to

6.3 s) whereas the proposed scheme is able to implement it
effectively, as shown in Fig. 6(b).

6) Performance of the SVM-1 Under Voltage Instability: The
performance of the SVM-1 has been tested for voltage insta-
bility conditions as well. Fig. 9 shows the voltage at the relay lo-
cation (bus-7) following a load increase at bus 5. A voltage-un-
stable case is shown in Fig. 9(a), where a single-line-to-ground
(SLG) fault is simulated at 15.0 s. Fig. 9(b) shows the
classification label generated by the SVM-1, where it generates
a blocking signal until 15.0 s, and the classification level
changes at 15.0 s due to the fault. The presence of fault
accelerates the instability problem, and the system loses its sta-
bility at 16.0 s.

From the aforementioned test cases, it is seen that the SVM-1
is able to generate a blocking signal during power swings and

Fig. 7. Comparison with the conventional relay output-9-bus system.
(a) Impedance trajectory during the fast power swing. (b) Conventional relay
pickup during the fast power swing.

Fig. 8. Output of the ANFIS-based scheme [9] for the fast power swing.

Fig. 9. Output of SVM-1 for the voltage instability condition-9-bus system.
(a) Voltage at the relay location following the outage of line 7–8. (b) Voltage at
the relay location following the outage.

voltage instability conditions. Also, it releases the blocking as
soon as a fault condition is sensed.
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Fig. 10. Classification of the SVM-2 –9-bus system. (a) Voltage-unstable
case-9-bus system. (b) � in the line for voltage instability in the 9-bus
system. (c) � in the line for the power-swing-9-bus system. (d) Output of
the SVM-2 for the power swing and voltage instability.

7) SVM-2 for Disturbance Classification: SVM-2 has
been designed to classify the disturbances into power swings
and voltage instability. Since both of these events are slowly
evolving, 10 cycles’ inputs, as explained in Section IV
have been taken for the classification. Voltage instability events
are simulated by creating contingencies in the system and by
making the system more stressed through an increase in the
loading. Reactive power loss in the line along with the
real power flow, voltage, and current magnitudes at the relay
location are considered to be the key features in distinguishing
a power swing from voltage instability. The contingencies,
considered for simulating the voltage instability condition, are
the outage of lines 5–4 and 7–8, simulated one at a time. The
load increase is simulated by adding the dynamic loads at buses
5 and 6, apart from the constant power loads.

Fig. 11. Single-line diagram of the 39-bus New England system.

A total set of 1924 training patterns has been generated com-
prising an equal number of data corresponding to the power
swing and the voltage instability. Each pattern consists of 40
features. An interactive grid search is carried out for selecting
SVM parameters with the highest cross-validation accuracy.
Learning of the SVM-2 is carried out with the selected param-
eters 32 and 0.5. SVM-2 is trained with a classifying
label of “ ” for power swing and “ ” for voltage instability.
The testing accuracy is given in Table II.

The performance of the SVM-2 has been demonstrated on
two cases, one being the voltage instability and the other being
the power-swing case. A voltage-unstable case, seen by the dis-
tance relay at bus 7, is shown in Fig. 10(a), which is due to
the load increase at bus 5. Variation of the in the line for
this case is shown in Fig. 10(b). As the voltage instability is ap-
proached, becomes positive and starts rising. The output of
the SVM-2 for this case is shown in Fig. 10(d). It is seen that the
correct classification occurs at 8.33 s after the first input is given
to the SVM-2. This is quite expected as the line is initially ab-
sorbing the reactive power as can be seen from Fig. 10(b). Cor-
responding to a stable power-swing case, and the output
label generated by the SVM-2 are shown in Fig. 10(c) and (d),
respectively.

B. The 39-Bus New England System

A single-line diagram of the 39-bus system is shown in
Fig. 11, and the relay ranking details (top 10 critical relays) are
shown in Table III. In this system, the critical relay has been
identified as , located at bus 6, line 6–5.

The fault classifier SVM-1 has been designed with a testing
accuracy of 98.0%, and the disturbance classifier SVM-2 has
been tested with 97.4% accuracy. The performance of the
SVM-1 for detecting a symmetrical fault during a power swing
( 10.5 to 12.5 s) is shown in Fig. 12, where the classifier is
able to block the relay operation during the swing and identifies
the fault at 12.5 s, as shown in Fig. 12(b). Also, a typical
case of voltage instability at relay location (bus 6) is shown in
Fig. 13(a), and the blocking signal generated by the SVM-1
for the voltage instability case is shown in Fig. 13(b). The per-
formance of the SVM-2 has also been verified for classifying
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TABLE III
RANKING OF DISTANCE RELAYS USING RRI

Fig. 12. Classification for the fault during the power-swing-39-bus system.
(a) Current waveform for a fault during the power-swing-39-bus system.
(b) Output of the SVM-1.

Fig. 13. Classification for voltage instability-39-bus system. (a) Voltage insta-
bility following the outage of line 4-14-39-bus system. (b) Output of the SVM-1.

the system events into power swings and voltage instability.
However, due to limited space, the results are not shown here.

VI. CONCLUSION

A new classification strategy has been proposed based on
SVMs for offering supervisory control over the conventional
distance relay to avoid maloperation. This scheme classifies the
various power system events, which cause dynamic encroach-
ments in the distance relay characteristic. The main contribu-
tions of this work are as follows.

• A new index RRI has been proposed for the identification
of the critical relays in the system by considering the relay
margin as well as branch sensitivity toward the voltage in-
stability condition.

• Two classifiers, based on SVM, have been proposed.
SVM-1 is used for fast identification of the faults occur-
ring in the system and SVM-2 is utilized for distinguishing
between the power swings and voltage instability events.

• Performance of the proposed classifiers has been effec-
tively established on the 9-bus WSCC system and 39-bus
New England system for identifying the symmetrical faults
during slow as well as fast power swings and for blocking
the relay operation during voltage instability. The effec-
tiveness of the SVM-1 has been demonstrated by com-
paring its performance with that of the conventional dis-
tance relay.

• The proposed classifier has been found to be superior to the
ANFIS-based power-swing classification scheme [9]. The
scheme effectively discriminates the dynamic encroach-
ment events and differentiates the system events into power
swings and voltage instability by utilizing the transmis-
sion-line reactive power loss as a key indicator for the
voltage-unstable situation.
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