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Mal-operation of zone-3 of distance relays has been one of the main causes of widespread disturbances
and blackouts in power systems throughout the world. Under some non-faulty conditions, the measured
impedance may enter zone-3 and cause spurious trip of transmission lines. This can happen during
stressed system conditions such as power swing, extreme loading and voltage decline. In this respect,
there is an essential need to improve security of zone-3. Introducing a new two-dimensional decision
plane, this paper presents a new technique based on superimposed components of voltages magnitude
to discriminate non-faulty conditions from fault events. This way, not only the rate of change of the volt-
age magnitude but also its pattern of change is included into the decision logic. The proposed method is
able to provide high security and sensitivity in detecting non-faulty cases and prevents relay from unde-
sired trip in such conditions. The 39-bus New-England test system is used to demonstrate the effective-
ness of this method. The obtained results show that the proposed method is able to reliably distinguish
stressed conditions from fault events for different power system disturbances and considerably improves
security of distance relay.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Distance protection schemes are conventionally designed so as
to provide remote backup for all transmission lines (TLs) connected
to the remote end to enhance reliability of the power network pro-
tection system. For this purpose, it is desirable to cover longest fol-
lowing line at the next substation by zone-3 of distance relays.
Accordingly, reach of zone-3 of a distance relay might be extended
close to the TL load limit. In such cases, it is likely that the impe-
dance seen by the relay enters its operating characteristics under
stressed system conditions, e.g. power swing, extreme loading con-
dition, and voltage decline. This could lead to distance relay unde-
sired operation and might result in cascading trips in the power
system [1–4].

One of the main reasons of mal-operation of distance relays is
load encroachment [5]. Under normal conditions, the distance
relay mal-operation due to load encroachment can be prevented
by reducing the reach of zone-3 [6]. Rather, numerical distance
relays mostly provide a load encroachment element by which the
relay trip is blocked if while the positive-sequence voltage is
nearby the nominal value, the measured impedance is located
inside a predefined load area. This way, the relay tripping charac-
teristic is modified by excluding an load area corresponding to
the maximum load with the highest power factor in the impedance
plane [7–10]. Under extreme operating conditions of power sys-
tem, however, the load impedance might enter the relay tripping
zone and activate it, since such conditions are not commonly antic-
ipated in the setting calculations. In [11], an adaptive anti-
encroachment zone is proposed based on steady-state security
analysis. The proper performance of this technique is highly
dependent on communication system as it requires signals from
the remote end to make a proper decision.

Dynamic encroachment of the measured impedance into the
relay operating characteristics due to power swings subsequent
to a disturbance can also cause spurious trip by distance relays.
The conventional criterion used for identifying the power swing
condition is based on the rate of change of apparent impedance
seen by the relay [12–14]. Most of industrial relays use this crite-
rion in some manner to differentiate between fault and power
swing. In the GE D60 distance relay, the power swing condition
is identified if the impedance locus spends more than a certain
time between the outer and inner characteristics of the power
swing blocking (PSB) function [8]. The ABB REL670 relay uses
almost the same approach but since the initial swings are usually
not as fast as the later swings, it employs a different timer for
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the consecutive swings [9]. In SIEMENS 7SA612 relay, the impe-
dance vector calculated in 1/4 cycle intervals is monitored. If the
change from one sample to the next is smaller than a predeter-
mined value, and also not more than one of the two resistance
and reactance components of the impedance vector (R, X) has
changed its direction within one measuring window, the power
swing is recognized [10]. However, finding appropriate settings
for these algorithms need detailed stability studies for all possible
power swing scenarios on the system which is not an easy task on
a large power system [15].

In [16], it is shown that the resistance seen by the relay varies
persistently during power swing condition whereas it is almost
constant during fault events. However, recognizing power swings
based on this feature requires long time to make an appropriate
decision [17]. Jafari et al. [18] reported a scheme independent of
the rate of change of power system parameters which is based
on the locus of center of the admittance trajectory. Nonetheless,
this scheme is not verified for zone-3 faults in which the center
of admittance trajectory could be beyond the transmission line
admittance characteristic. Using mathematical morphology
(MM), a power swing detection method is proposed in [19] which
detects swings by analyzing current waveforms and detects faults
by analyzing voltage waveforms. But, the process of design and
selection of structuring element in MM is very complex for appli-
cation in a real power system. In [20], an algorithm based on the
support vector machine (SVM) is proposed for discrimination
between fault and power swing. Three phase current samples for
half cycle duration of post-fault/power swing are given as an input
to the SVM. However, the SVM classifier needs off-line training
using a large data set to become capable of recognizing similar pat-
terns under different conditions. Using both ends measurements, a
data-mining based intelligent differential relaying scheme is pro-
posed in [21] to provide supervisory control to the distance relays
operation. This scheme is able to recognize power swing conditions
within an acceptable time, but it is not a local technique. In [15] a
method based on relative speed of a fictitious equivalent machine
representing the entire system by its single machine infinite bus
(SMIB) equivalent from the relay location has been proposed to
discriminate stable power swings from unstable ones. If the rela-
tive speed goes through a zero crossing, the swing is classified as
a stable power swing, otherwise it is classified as an unstable
swing. But, this method requires a long time to make decision
and also it does not block the distance relay during unstable power
swings.

Voltage instability has been identified as one of the main rea-
sons for most of the recent power systems blackouts worldwide.
Under stressed voltage conditions, the voltage magnitude reduces
in most of the buses and consequently, the impedance seen by
the relay decreases. As a result, the measured impedance might
enter zone-3 of distance relays and cause undesired TL tripping.
In [22], an adaptive algorithm based on the rate of change of volt-
ages magnitude is proposed to distinguish voltage instability from
fault events and prevent zone-3 mal-operation. In [23], it is pro-
posed to use the rate of change of currents magnitude as well, to
make the algorithm more secure. But, this could make the algo-
rithm more susceptible to mal-operation during switching large
loads in which line current increases suddenly. Also, it cannot
detect power swing condition and an additional algorithm is
required to provide power swing blocking. In [24], a voltage
stability index is proposed to detect stressed voltage condition
and block the relay operation. Nikolaidis [25] proposed to modifies
the zone-3 characteristic if some predefined conditions are ful-
filled, indicating that a severe system situation is evolving. This
method detects the voltage stressed condition based on the rate
of change of apparent impedance during the transition between
two supervisory zones. But, finding proper setting for the supervi-
sory zones of all distance relays in a bulk power system needs
detailed dynamic studies and is extremely tedious.

In [26], a method based on wide area measurement system
(WAMS) is proposed in which critical relays that are prone to
undesired operation are identified using state estimation, and then
wide area control is used to block these relays. In [27], a
synchrophasor-based wide area backup protection is presented
which detects faults by comparing the calculated voltage of each
bus from more than one path. In [28], a fuzzy logic based method
combining different indices including angle, frequency, voltage and
damping information derived from WAMS data is used to prevent
mal-operation of relay during power swing condition. The intelli-
gent scheme proposed in [29], called online sequential extreme
learning machine (OSELM), blocks zone-3 during voltage instabil-
ity and also power swing conditions. This method needs data from
different PMUs installed in the transmission network to work
properly. Although WAMS based approaches can help to achieve
a secure backup protection, their reliable performance is highly
dependent on reliability of the communication system. Therefore,
depending on placement of measurement units, they may fail to
operate correctly if some of the measurement units are discon-
nected from the control center.

This paper introduces a new simple and powerful technique for
enhancing security of distance relay zone-3 using local measure-
ments. In order to distinguish fault events from stressed system
conditions, a two-dimensional decision plane is proposed which
uses the superimposed voltages magnitudes. The fault occurrence
is identified based on the trajectory of samples of defined indices
in this plane. This way, the change in the voltage during two sub-
sequent cycles is observed simultaneously. Accordingly, not only
the rate of change of the voltage magnitude but also its pattern
of change is incorporated into the decision making logic, which
helps to provide higher sensitivity and reliability in discrimination
of fault events. The proposed technique is evaluated using the 39-
bus New-England test system for different power system events.
The obtained promising results show that the proposed technique
is well capable to discriminate between faulty and non-faulty con-
ditions and can enhance security of distance relay zone-3 opera-
tion during stressed system conditions.

2. The proposed technique

2.1. Proposed discrimination feature

For a given signal xðtÞ sampled at the frequency of f s ¼ N � f , the
superimposed component can be defined as follows [30–32]:

DxðnÞ ¼ xðnÞ � xðn� NÞ � ½xðn� NÞ � xðn� 2NÞ� ð1Þ
where xðnÞ is the measured signal sampled at instant n, N is the
number of samples per cycle, and f is the power frequency. There-
fore, xðn� NÞ and xðn� 2NÞ are the signal samples measured one
cycle and two cycles earlier than the instant n, respectively.

The proposed algorithm is based on the superimposed voltages
magnitudes which are obtained using discrete Fourier transform
(DFT) algorithm. The above equation can be rewritten as follows:

DjvðnÞj ¼ jvðnÞj � jvðn� NÞj � ½jvðn� NÞj � jvðn� 2NÞj� ð2Þ

DjvðnÞj ¼ �k1 þ k2 ð3Þ
where k1 and k2 are defined as

k1 ¼ jvðn� NÞj � jvðnÞj ð4Þ

k2 ¼ jvðn� 2NÞj � jvðn� NÞj ð5Þ
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The indices k1 and k2 are used in the proposed algorithm to con-
struct a two-dimensional decision plane for discrimination
between faulty and non-faulty conditions. Since k1 and k2 corre-
spond to the change of signal during one cycle interval, the rate
of change of voltage is implicitly included into the decision logic.
Using the trajectory pattern of the defined indices in the proposed
two-dimensional plane, fault events can be well distinguished
from non-faulty stressed conditions. The following subsections
illustrate the distinctive feature of each event by which the pro-
posed algorithm recognizes fault events from stressed conditions
and blocks/unblocks operation of the distance relay zone-3.

2.2. Distinctive feature of fault event

During normal condition, both of the k1 and k2 indices are
almost zero. When a fault occurs, the voltage magnitude of the
faulty phases would decrease rapidly. As a result, k1 increases to
a positive value as soon as a fault occurs while k2 remains almost
zero until one cycle after the fault occurrence instant. Then after,
the value of k2 starts to increase while the value of k1 starts to
decrease.

A simple transmission system used for the preliminary simula-
tions is considered in Fig. 1. The value of the defined indices for
occurrence of a three-phase fault on this transmission system is
shown in Fig. 2. The full-cycle DFT is employed to extract the volt-
age fundamental frequency component. As a result, k1 increases
smoothly after the fault instant and reaches to its final value after
one cycle when all pre-fault samples are removed from the data
window. Then, it starts to decrease smoothly and reaches to zero
after two cycles. As can be seen, the pattern of k2 is similar to that
of k1 but it starts to increase one cycle after the fault instant. Fig. 2
(c) depicts the difference between the indices k1 and k2. As can be
observed, for a short circuit fault, the value of k1 � k2 is equal to k1
during the first cycle after the fault instant. The value of k1 � k2
becomes negative after almost two cycles and returns to zero three
cycles after the fault instant. The value of k1 þ k2 is also depicted in
Fig. 2(d).

2.3. Distinctive feature of power swing condition

During a power swing, the power flow between two areas of the
system oscillates due to fluctuation of the relative voltage phase-
angle between an electrical machine or a group of machines and
the power system voltage source. The power swing is observed
at the relay location as deviation of the power system frequency
from its nominal value and fluctuation of magnitudes of voltages
and currents waveforms.

For a slow power swing, the change of voltage during one cycle
is negligible, and hence the value of k1 is small. As shown in Fig. 3,
by using an appropriate threshold (TH1) for detection of fault
events, such slow swings do not exceed the threshold and can be
well distinguished from short circuit faults. For fast power swings,
however, the amount of the change of voltage during one cycle
might be considerable. This is not only because of fluctuation of
the voltage magnitude, but also due to the change of the frequency
of voltage waveform. This could cause the index k1 to exceed the
Fig. 1. Simple transmission system used for preliminary simulations.
threshold TH1 especially at voltage zero-crossing points. Indeed,
most of the methods proposed for power swing detection encoun-
ter difficulty during fast power swings.

It is worth noting that unlike a fault event, during a power
swing, the index k2 is not zero when k1 exceeds TH1 and its value
at this point is nearly equal to k1. Accordingly, the difference
between these two indices ðk1 � k2Þ would be smaller than TH1,
as can be observed in Fig. 3(c). Conversely, in the case of fault
events, the value of ðk1 � k2Þ is equal to k1 when k1 exceeds the
threshold. Therefore, the first criterion to recognize a fault event
is defined as follows:

if ðk1 > TH1&k1 � k2 > TH1Þ ) Fault Event ð6Þ
Fig. 3 depicts the values of the defined indices during power

swings with two different frequencies. To simulate power swing
condition in the simplified system shown in Fig. 1, the frequency
of the left hand side source ðf 1Þ is considered to be greater than
50 Hz while the frequency of the other source ðf 2Þ is fixed at
50 Hz. As can be seen, for a 2 Hz power swing, the value of k1 is
smaller than the threshold TH1. By increasing the frequency of
power swing, k1 exceeds TH1 when the swing frequency is consid-
ered to be 6 Hz. Desirably, as can be observed in Fig. 3(b), the value
of k2 is not zero when k1 passes TH1, and therefore ðk1 � k2Þ is
smaller than the threshold TH1. Thus, it can be confirmed that
the power swing condition would be properly distinguished from
the fault event by the proposed criterion given in (6).
2.4. Distinctive feature of load encroachment and stressed voltage
conditions

When a fault occurs in a power system, the voltage drops
rapidly at the fault point. Consequently, voltage magnitude mea-
sured by the relay changes significantly in the faulty phases at
the fault occurrence instant. On the contrary, during load
encroachment and stressed voltage conditions, the change of volt-
age is small during each cycle. In [23] and [22], a method based on
calculating the derivative of voltage has been proposed to discrim-
inate between fault and non-faulty conditions. It can be described
as follows:

DV
Dt 6 Threshold ) No Fault

Otherwise ) Fault Event

�
ð7Þ

As in this paper, the value of Dt is fixed and it is equal to one
cycle of the power frequency, the criterion given in (7) can be
rewritten as follows:

if ðk1 < TH2Þ ) No Fault ð8Þ
In fact, the criterion in (8) corresponds to the rate of change of

voltage magnitude during one cycle.
2.5. Distinctive feature of low voltage drop faults

In the case of low voltage drop faults, change of voltage magni-
tude might be small. This situation happens when a high resistance
fault occurs or the value of source impedance ratio is low, espe-
cially when the fault is located at the end of zone-3. In this condi-
tion, the amount of change of the voltage might be less than TH1
and thus, the criteria given in (6) would not be satisfied. However,
if the threshold TH2 is appropriately adjusted, the value of k1
would become greater than this threshold and therefore, such
faults can be distinguished from load encroachment and stressed
voltage conditions. For these faults, the index k2 is nearly zero
when k1 exceeds the threshold TH2. As a result, the value of
ðk1 � k2Þ is almost equal to k1 at this condition while it is smaller
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than the threshold for non-faulty conditions especially in the vicin-
ity of voltage collapse. This criterion can be written as follows:

if ðk1 � k2 < TH2Þ ) No Fault ð9Þ
As can be seen in Fig. 2, the maximum value of ðk1 þ k2Þ is

almost equal to the maximum value of k1 for the fault case. There-
fore, if for a low voltage drop fault, the value of k1 is smaller than
TH1, the value of ðk1 þ k2Þ at any instant, would be smaller than
this threshold as well. So, another criterion is defined as follows:

if ðk1 < TH1&k1 þ k2 > m � TH1Þ ) No Fault ð10Þ
where m is a constant factor greater than one used to make the cri-
terion more secure to ensure that measurement errors do not cause
incorrect decision during a fault case when the maximum value of
k1 is very close to TH1 but smaller than that.
2.6. The proposed two-dimensional decision plane

The criteria given in (6)–(10) can be described by the two-
dimensional decision plane shown in Fig. 4. For example, criterion
(6) forms area C in this plane. When a fault occurs, the index k1
starts to increase immediately. Thus, trajectory of the indices k1



Fig. 4. The proposed two-dimensional decision plane.
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and k2 begins from area A and then enters area C. If the samples
have entered area C, the algorithm would conclude that a fault
has occurred and issues an unblock command. In the case of
non-faulty conditions such as load encroachment, trajectory of
the defined indices remains in area A and the proposed algorithm
concludes that no fault has occurred. In addition, if the samples
have entered area D, a fast power swing would be recognized.

It should be noted that for the cases in which none of the crite-
ria given in (6)–(10) are satisfied, trajectory of the indices enters
area B but does not enter area C. This situation happens when a
low voltage drop fault has occurred. Similarly, for a fast power
swing, the samples may pass area B before entering area D. Thus,
it is not possible to decide whether it is a low voltage drop fault
or a power swing only based on locating the samples in area B.
In the case of a low voltage drop fault, trajectory of the indices
enters area B and without entering area D, this trajectory crosses
area A and the line k1 � k2 ¼ TH3, and then it will enter area E after
a while. So, when trajectory of samples enters area B, the algorithm
would wait till the trajectory has entered area E. If before entering
area E, trajectory has entered area D, a fast power swing is identi-
fied, otherwise it is concluded that a low voltage drop fault has
occurred. It should be pointed out that this decision plane is
formed for every three phases of voltage signals. So only for the
faulty phases, the fault is concluded in its related plane.

Fig. 5 shows trajectory of the defined indices in the proposed
decision plane for a three-phase fault and also a fast power swing
in the system shown in Fig. 1. It begins from the origin at
k1 ¼ k2 ¼ 0 and moves towards the right and after a short time,
it eventually returns back towards the origin. The values of TH1,
TH2 and TH3 are respectively set to 20%, 10% and �8% of the nom-
inal voltage and the safety factor m is set to 1.2. As observed in
Fig. 5(a), for the fault case, trajectory of the defined indices enters
area C. For the power swing case shown in Fig. 5(b), the trajectory
enters area B, meanwhile before entering area E, it first enters area
D, and thus a non-fault condition is concluded.

2.7. Flowchart of the proposed algorithm

The proposed algorithm is implemented by two parallel run-
ning subroutines. The first one, which is continuously executed
in the background, calculates the superimposed components and
determines the position of the defined indices in the proposed
decision plane. For each new relay input sample, if the area in
which the defined indices are located is different from that of the
previous sample, the new area is stored to the top of a buffer.
The second subroutine is executed only if the impedance trajectory
has entered the distance relay operating zone, to determine
whether a fault has occurred or not. If yes, the distance relay trip
would be unblocked. To do so, the position of the defined indices
determined and stored in the buffer by the parallel subroutine, is
used to make a decision.

The flowchart shown in Fig. 6 starts when the relay is switched
on. Tripping of distance relay zone-3 is blocked unless a fault is
identified by the proposed algorithm. At the moment of entrance
of the impedance trajectory into the zone-3 of distance relay and
as long as the impedance locus lies inside the zone-3, the second
subroutine is executed, and it would be checked to determine if
the defined indices k1 and k2 have entered the specified area C or
not. If the defined indices have entered this area, a fault would
be identified and zone-3 trip would be unblocked. If no sample
has entered area C but the indices have entered area B, the pro-
posed method waits until the samples move into area E of the deci-
sion plane. During this interval, the first subroutine is being
performed in parallel in the background as a new sample becomes
available. As illustrated previously, for the power swing condition,
the trajectory would pass area D before entering area E. Thus, if
before entrance of the define indices into area E, they have not
entered area D, it would be concluded that a fault has occurred.
2.8. Threshold selection

The threshold TH1 should be chosen in such a way that the val-
ues of k1 and k1 � k2 exceed this threshold only for definite fault
events, making sure that the fastest feasible power swing in the
system and severe non-fault voltage drops do not cause an unde-
sired unblock. Compared to the existing techniques which are
based on the rate of change of voltage magnitude, the proposed
two-dimensional decision plane permits to use a higher value for
TH1 since it is not necessary to simultaneously cover low voltage
drop faults by this stage.

The threshold TH2 should be chosen to distinguish low voltage
drop faults from load encroachment and stressed voltage condi-
tions. The lower the threshold TH2 is set, the faults with lower
voltage drops could be covered by the proposed algorithm.
Nonetheless, distinguishing voltage drops during non-faulty sys-
tem disturbances such as an equipment outage would become
more difficult. On the contrary, a higher value for TH2 provides
higher security, but the coverage of low voltage drop faults would
be reduced.

The threshold TH3 is used to form area E in the decision plane,
and should be chosen so as to ensure that during a fast power
swing, trajectory of samples of the defined indices does not move
directly from area B into area E without passing area D. Meanwhile,
it should be considered that this threshold should not be greater
than TH2, in order to make sure that the trajectory enters area E
after it has entered area B during a low voltage drop fault. Based
on various simulation studies, an appropriate value for TH3 is to
set it nearly equal to the absolute value of TH2 with a negative
sign.

In the event of low voltage drop faults, trajectory of the defined
indices would enter area B without entering area C. Then after, it
directly moves into area E and consequently, the fault would be
recognized. Otherwise, if some samples are located inside area D,
it would be concluded that a power swing has occurred. The safety
factor m is used to ensure that measurement errors and transients
generated during the fault do not cause the trajectory of defined
indices to enter area D, averting the proposed method from wrong
decision.

Indeed, the amount of voltage drop at a transmission network
bus depends on the network operating condition and topology,
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or in brief, the bus stiffness. Thus, to ensure that the proposed algo-
rithm is able to recognize fault events reliably under all possible
operating conditions, it is required to set the thresholds TH1 and
TH2 for the worst condition which corresponds to the maximum
stiffness of the bus. Meanwhile, since variation of the system iner-
tia could change the power swing frequency, the fastest power
swing condition should be used in setting calculations. In the IEEE
39-bus test system benchmark, based on extensive simulation
studies, we have found out that by using the voltage signal, it is
possible to reliably discriminate fault events under different oper-
ating conditions. However, for a rare transmission system in which
there is a considerable difference between the maximum and
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minimum short circuit levels, it might be better to use a combina-
tion of voltage and current signals. Under the maximum short-
circuit level condition, due to small network Thévenin impedance,
the amount of the voltage drop at the fault moment would be
smaller than that under the minimum short-circuit level. But, the
change in the current would be larger. Thus, a combination of these
two signals could help to make the algorithm more robust against
changes in the network.
3. Simulation studies

In this study, the 39-bus test system [33] provided in Appendix
A is used to evaluate the proposed algorithm performance. Exten-
sive simulations including low impedance faults, high impedance
faults, power swing, load encroachment and equipment outages
are carried out using DIgSILENT software [34]. The effect of tran-
sients of capacitive voltage transformers (CVTs) on performance
of the algorithm is also studied in this paper. In order to implement
the proposed algorithm, the obtained signals are recorded and are
transferred to another appropriate software. The measured signals
are first passed through a second-order antialiasing Butterworth
filter with a cutoff frequency of 400 Hz, and then the DFT algorithm
is used to estimate the fundamental component of voltage signals.
The sampling frequency used in the DFT calculations is considered
to be 1 kHz. Based on extensive simulation studies, the thresholds
TH1, TH2, and TH3 of the relay R1 located at bus 29 protecting line
29-28 are respectively set to 10%, 20%, and �8% of the nominal
voltage, and the safety factor is set to 1.2.

3.1. Fault event

Many simulation studies are carried out to investigate the pro-
posed algorithm performance in discrimination of fault events.
Due to space limit, only the results obtained for a 1-ph-g fault
on bus 26 is presented here, as an example. Fig. 7 depict trajec-
tory of the defined indices seen at bus 29 by relay R1. As can
be seen, in the case of low impedance fault, the trajectory enters
area C and hence, the fault is identified immediately. In the case
of high impedance fault, the trajectory enters area B, and after a
short time, it moves towards area E, without entering either areas
C or D. Therefore, in both cases, the fault is correctly recognized.
It should be noted that high voltage drops corresponding to low
impedance faults are identified in less than one cycle. But low
voltage drop faults (in this case high impedance faults), require
a longer time of about 2 cycles to be recognized. Nevertheless,
this time is still negligible compared to operation time of the
distance relay zone-3.
(a)

Fig. 7. Trajectory of the defined indices for
3.2. Load encroachment

During extreme loading conditions, the impedance measured
by a distance relay might enter its operating characteristics. It is
quite important that the relay discriminates load encroachment
from short circuit faults in order to avoid spurious tripping of a
transmission line and subsequent cascading trips.

To simulate load encroachment into zone-3 of relay R1, load on
bus 28 is gradually increased in six steps with the time intervals of
1 s. The amount of increased load at each step is considered to be
30% of the total load on bus 28. Fig. 8(a) shows the impedance
measured by relay R1. The trajectory of samples of the defined
indices in the proposed two-dimensional decision plane is depicted
in Fig. 8(b). It is observed that during load encroachment, the tra-
jectory remains in area A, and hence the proposed algorithm is able
to prevent the relay mal-operation.

3.3. Power swing

In this section the performance of the proposed algorithm dur-
ing a stable power swing and an unstable power swing is
investigated.

3.3.1. Stable power swing
In this case, a three-phase fault is simulated at t = 0.3 s on the

middle of line 29-26. This fault is cleared after 600 ms by isolating
the faulted line. Consequently, power swing occurs in the system
and the measured impedance enters zone-3 of relay R1 as shown
in Fig. 9(a). As the impedance remains in zone-3 for more than
the time setting of this zone, it can result in relay mal-operation.
As shown in Fig. 9(b), trajectory of the defined indices moves
within area A and opposite side of the proposed two-dimensional
decision plane and enters neither areas B nor C. Accordingly, the
proposed algorithm correctly prevents the relay from mal-
operation.

3.3.2. Unstable power swing
In this case, a three-phase fault is simulated on line 29-26 at

t = 0.3 s, and it is cleared after 1.2 s. The delayed fault clearance
results in an unstable power swing in the system. The impedance
measured by relay R1 is plotted in Fig. 10(a). In this case, the mea-
sured impedance enters zone 2 as well as zone-3 of relay R1. The
frequency of swings in the voltage waveform of bus 29, reaches
to about 7 Hz at the third swing cycle. Fig. 10(b) depicts the trajec-
tory of samples of the defined indices in the proposed two-
dimensional plane. As can be seen, since the swing frequency is
high, the trajectory enters area B. However, as samples enter area
(b)

a 1-ph-g fault, (a) Rf ¼ 0, (b) Rf ¼ 30 X.



(a) (b)

Fig. 8. Obtained results during load encroachment, (a) impedance seen by relay R1, (b) trajectory the defined indices.

(a) (b)

Fig. 9. Obtained results for the stable power swing, (a) impedance trajectory seen by relay R1, (b) trajectory of the defined indices.

(a) (b)

Fig. 10. Obtained results for the unstable power swing, (a) impedance trajectory seen by relay R1, (b) trajectory of the defined indices.
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D before entering area E, the fast power swing is well identified. It
can be concluded that the proposed algorithm is able to correctly
detect slow and fast power swings and discriminate swing condi-
tions from fault events.

3.4. Equipment outage

In the case of outage of an equipment, e.g. transmission
line, generator or transformer, the voltage of different buses
would be reduced which may cause the measured impedance
enter zone-3 of a distance relay. The proposed method should
detect these events and prevent undesirable relay trip. To
demonstrate the proposed method performance during equip-
ment outage, generator 8 and also line 29-26 are disconnected
one by one.

The obtained results for these two events are depicted in
Fig. 11(a) and (b). As shown, the trajectory of the defined indices
remains in area A and enters neither areas B nor C. As a result,
the proposed method concludes that no fault has occurred and
blocks the relay correctly.



(a) (b)

Fig. 11. Trajectory of the defined indices, (a) during generator 8 outage, (b) during transmission line 29-26 outage.
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3.5. Influence of CVT transients

Following a voltage drop in the system, the secondary voltage of
CVT might not be an exact replica of its primary side for a transient
period. The larger the voltage drop at the relay location, the larger
the CVT transients. Thus, since the proposed algorithm is based on
the voltage signal, it is necessary to investigate influence of CVT
transients on its performance. For this purpose, two faults with dif-
ferent amounts of voltage drops are simulated on line B-C of the
system shown in Fig. A.

Fig. 12 shows trajectory of the defined indices for these two
cases. As shown, when voltage drop is high, samples enter area C
of the decision plane and the fault is identified immediately irre-
spective of high CVT transients. Also when voltage drop is small,
trajectory of samples enters area B. In the latter case, the CVT tran-
sient is small and hence, its influence on trajectory movement is
negligible. The trajectory moves towards area E without entering
area D and the proposed algorithm recognize the fault correctly.
Therefore, the transient of CVT does not have any influence on per-
formance of the proposed method.

3.6. Power system frequency drift

To evaluate the proposed algorithm performance under drift in
the power system frequency from its nominal value, a number of
simulations are performed. The obtained results for the worst con-
dition in which the power system frequency is decreased to 48 Hz
are presented in Fig. 13. As can be seen, although there is no
(a)

Fig. 12. Trajectory of the defined indices from CVT output, (a) durin
fluctuation in the voltage waveform, its corresponding superim-
posed components (k1 and k2) are not zero. This is due to the fact
that the sampling frequency is considered to be constant (1 kHz),
which is equivalent to 20 samples per cycle for a 50 Hz signal. As
a result, the data-window length is not exactly equal to one cycle
of the input signal, resulting in leakage error in estimation of the
signal fundamental component. Since the superimposed compo-
nents are obtained by subtracting the voltage magnitude estimated
at any given instant from that estimated 20 samples earlier, the
frequency drift will cause error in the calculations. However, as
shown in Fig. 3, both k1 and k2 remain below the set thresholds.
Accordingly, as can be seen in Fig. 14, trajectory of the defined
indices remains inside area A of the proposed two-dimensional
plane, indicating that this condition is not incorrectly detected as
a fault event by the proposed algorithm.

3.7. Comparative assessment

In this section, the performance of the proposed algorithm is
compared with that of the existing methods presented in [4],
[22], and also the conventional PSB technique. These methods are
compared in response to different power system events.

In [4], a new method is presented to discriminate three-phase
faults from other non-faulty conditions. This method uses two
criteria. The first criterion is the magnitude of current signal
transients that should be more than a predefined value, and the
second one is the angle of positive sequence impedance measured
by the relay that should be more than a predefined threshold as
(b)

g a high voltage drop fault, (b) during a low voltage drop fault.
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Fig. 13. Obtained results for power system frequency drift, (a) voltage waveform (b) k1, (c) k2.

Fig. 14. Trajectory of the defined indices for the case of drift in the power system
frequency.
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well. If these two criteria are satisfied, a fault would be detected. In
[22], derivative of voltage signal is used to detect fault from non-
faulty cases. In this method if derivative of the voltage signal
exceeds a predefined value, occurrence of a short circuit fault is
concluded. The conventional PSB method employed in industrial
distance relays uses a zone called power swing detection (PSD)
Table 1
Results obtained by various methods for different power system events.

Description Conventional method Method pro

Generator 8 outage Trip* Block
30% sudden increase in load 28 Trip* Block
1-ph-g fault, Rf = 0X Trip –
1-ph-g fault, Rf = 20X Trip –
1-ph-g fault, Rf = 40X Trip –
Three-phase fault Trip Trip
Line 29-26 outage No entrance into zone-3 No entrance
Slow power swing Block Block
Fast power swing Trip* Trip*

* Indicates relay mal-operation.
zone. Based on the time interval that the impedance trajectory
travels between borders of the PSD zone, it is concluded that a
power swing and/or a fault condition has occurred, and the relay
trip is blocked in the case of power swing.

Table 1 presents the results obtained by the proposed algorithm
and that of the above mentioned methods for different power sys-
tem incidents, such as load encroachment, power swing, generator
and line outages and short circuit fault. In this table, the super-
script (⁄) indicates relay mal-operation. As can be seen from the
table, in most cases, the conventional method would operate incor-
rectly and hence undesirable tripping would occur. Since the
method explained in [4] does not consider single-phase-to-
ground (1-ph-g) faults, such faults are not considered for evalua-
tion of this method. Also, this method encounters difficulty in dis-
tinguishing fast power swings from three-phase faults, because
during a fast power swing, the rate of change of the current mag-
nitude in one cycle is large. Indeed, this method correctly distin-
guishes different stressed conditions such as load encroachment
and equipment outages from three-phase faults. The method
explained in [22] provides similar performance to the proposed
algorithm under stressed voltage condition. This method, however,
cannot distinguish power swing from short circuit faults, since it
only uses the change of voltage magnitude during one cycle, and
posed in [4] Method proposed in [22] Proposed method

Block Block
Block Block
Trip Trip
Trip Trip
Trip Trip
Trip Trip

into zone-3 No entrance into zone-3 No entrance into zone-3
Trip* Block
Trip* Block
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as was shown in Section 2.3, the amount of change in voltage mag-
nitude during each cycle could be significant for the case of fast
power swings. Since the proposed algorithm uses the change of
voltage magnitude in two subsequent cycles, and by virtue of the
two-dimensional decision plane, discrimination between fault
events and stressed conditions has been improved significantly.

The proposed method in this paper not only distinguishes
stressed voltage conditions such as load encroachment and equip-
ment outages from different types of faults, but also is able to
detect power swings even with high swing frequencies. In contrary
to the previously proposed algorithms, it can detect both of the
high and low voltage drop faults.

4. Conclusion

One important issue of distance protection scheme is to distin-
guish fault events from non-faulty disturbances such as power swing,
load encroachment and stressed voltage conditions in order to make
zone-3 of distance relays more secure and reliable. This paper pro-
posed a new method based on superimposed components of voltage
signal in a two-dimensional decision plane to distinguish fault events
from the non-faulty ones. Monitoring trajectory of superimposed
components of voltage magnitude in this plane, the proposed algo-
rithm not only includes the rate of change of the voltage magnitude
but also its trajectory pattern into the decision logic. The proposed
algorithm performance was evaluated for various power system
events, and also it was compared with some existing methods. The
obtained results demonstrate that the proposed algorithm can well
and reliably distinguish faults from non-faulty disturbances.
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Appendix A

Fig. A illustrates the single line diagrams of the simulated trans-
mission system.
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