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1. Introduction

Abstract. The current study proposed a novel Traveling Wave (TW)-based protection
algorithm for power transmission lines using intelligent systems. This algorithm is
composed of two parts: the first part of the algorithm distinguishes the internal faults from
the external ones, and the other one classifies the fault types and determines the faulted
phases. In this research, first, Teager Energy Operator (TEO) was employed to extract TW
signals and then, Hidden Markov Model (HMM) was utilized to distinguish the internal
faults from the external ones according to the output of TEO. Of note, classification of
the fault types and selection of the faulted phases are two important tasks in protection
algorithms. In this regard, this study presented a very accurate and robust classification
algorithm based on fuzzy systems. This algorithm took into account different ratios of
the modal components of the faulted current signal as the input variable of fuzzy systems.
The test system was then simulated in PSCAD software and the algorithm was applied
in MATLAB. Testing the proposed algorithm with a large number of test signals under
different fault conditions confirmed the robustness of both algorithms in terms of internal
fault and fault type classifications.

(© 2022 Sharif University of Technology. All rights reserved.

until the transient components such as DC offset and
high frequency transient signals damp out. This can

A powerful protection system can considerably improve
the reliability of power systems. Given that new
power systems are more prone to instability owing
to their complicated structure, development of a fast
and reliable protection system is of importance more
than ever. For years, protection systems have operated
based on the power frequency component, which was
not fast enough in Extra High Voltage (EHV) networks
[1]. In most of these methods, the relay should wait
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highly affect the protection scheme as well as the
reliability of the system.

To develop high speed directional relays, Trav-
eling Wave (TW) directional protection scheme was
proposed as an alternative to the traditional scheme.
In this type of protection scheme, the fault-generated
high frequency components, known as disturbance in
the conventional methods, are used for fault detection,
fault location identification, and even fault-type classi-
fication.

In [2], the reflection coefficients of the current
TWs were used to identify the fault location. An
algorithm based on some methods such as four-
polarity comparison, time-synchronized pilot protec-
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tion scheme, and high-frequency unblocking was sug-
gested in [3] for protection of high-voltage transmission
lines. In addition, a TW-based method was proposed
in [4] to protect the transmission lines in the presence
of renewable energies. Wavelet Transform (WT) was
used in [5-7] for the extraction of TWs.

Through TW principle, some papers have at-
tempted to identify only the direction of the fault
[8]. In [g8], a directional protection scheme was devel-
oped for a multi-terminal DC system equipped with
an inductive DC terminal. One of the important
challenges in this regard is to identify whether the
fault is within the protected zone or in the external
one. In this respect, the correlation matching method
was used in [9] to distinguish between the internal
and external faults. The algorithms presented in
[8] and [9] require some information from both sides
of the transmission line whose reliability depends on
the reliability of the communication link. In [10],
an algorithm was proposed based on a combination
of WT and Principal Component Analysis (PCA) to
protect the transmission lines. In this algorithm,
the fault location was determined based on the time
difference between the first and second TWs. Section 4
discusses the drawbacks of the mentioned algorithm.
A single-ended TW-based fault-location algorithm was
presented in [11] to protect the transmission lines
which was based on the TW natural frequencies
and a non-linear objective function constructed by
TW natural frequencies. However, this algorithm
may fail to function effectively in the case of high-
impedance or low-inception-angle faults. TW-based
algorithms are also used for the protection of the
High Voltage DC (HVDC) transmission lines [12,13],
inverter-dominated micro-grids [14], and distribution
systems [15]. A directional relay based on the ap-
parent surge-impedance created by the initial TWs
was discussed in [16]. Here, S Transform (ST) was
used in the algorithm to extract the phasor of the
initial voltage and current TWs according to which
the apparent surge impedance was measured. The
identification of high-impedance faults was neglected
in this reference. Several protection schemes were
presented in [17,18] for protection of three- or multi-
terminal transmission lines. In [19,20], wide-area fault-
location systems were employed to protect the power
systems.

Classification of the fault type and selection of
the faulted phases assist the relay in choosing different
algorithms to deal with different fault types. 1In
[21], a decision-tree-based method was used for this
purpose. Salehi and Namdari [22] calculated the first
local modulus maxima of WT of the modal compo-
nents and then, performed fault type classification
and faulted phase selection based on the acquired
quantities and some other numerical criteria. In [23],

the fault type was classified for parallel transmission
lines. Referenced studies [21-23] used numerical in-
dices to accomplish their objectives using deterministic
algorithms; however, a reliable fault type classification
method was not promised. Moreover, the numerical
criteria should change with a change in the protected
system. In [24], a combination of TWs and fuzzy
logic was considered to protect a multi-terminal HVDC
system. The fault type identification process was
performed in [25] using fuzzy system. In the case
of the double phase to the ground faults at some
inception angles, the TW amplitude of the faulted
phases might be smaller than that of the healthy one
due to mutual coupling among different phases. Of
note, the study in [25] neglected this issue in the
clagsification process.

Both CT and CCVT considerably affect TWs
which, despite their importance [26,27], have not been
taken into consideration in the previous TW-based
protection algorithms.

In this regard, the current research employed a
single-ended and probabilistic algorithm to distinguish
between internal and external faults. In addition, it
classified the fault type and selected the faulted phases.
To this end, first, the sampled voltage and current
signals passed through the CCVT and CT, respectively,
to enter the relay. Teager Energy Operator (TEO) was
then used in this paper to extract the TWs from the
faulted voltage and current signals. Next, the polarity
of the voltage and current TW signals were checked out
to determine whether there was a forward or backward
fault. In case of the presence of a forward fault, the
output of TEO was modified and named as Teager
Output Curve (TOC). Hidden Markov Model (HMM)
was considered in the proposed algorithm to identify
the internal faults from the external ones using the
TOC of the input signal. HMM is a probabilistic clas-
sification algorithm that is extensively used in signal
processing tasks. Finally, the fault type classification
was completed using the modal components of the
current signals.

The proposed algorithm in this study is consid-
ered as the first TW-based algorithm which uses a
probabilistic method for the internal fault identification
with no dependence on any deterministic criterion.
Here, the TEO, which was used to extract TWs, is
devoid of the WT drawbacks such as the complexity of
computations and need for a proper mother wavelet.
Its data window contains only three samples which can
extract TW with acceptable resolution. The test re-
sults of the proposed algorithm based on the extensive
test signals simulated by PSCAD/EMTDC software
are indicative of the robustness of this algorithm whose
effectiveness can be guaranteed considering the impacts
of CT and CCVT as well as other factors that affect
the TW signals.
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2. Basic principles

2.1. TW principles

TWs are generated when a disturbance, such as a
short circuit, occurs in a transmission line. They are
high frequency voltage or current signals that travel
from the fault point to both sides of the transmission
line. The amplitude of the generated TWs significantly
depends on the fault inception angle (voltage angle),
fault resistance, and fault type. For a single-phase line,
the initial values of the voltage and current TWs (v
and 4, ) are as follows [10]:

Zo

L0 1
Zo+2R; (1)

v =
1 V1

=~ = 2
Zo+2R; 1T 7y (2)

i1
where vy denotes the instantaneous voltage of the fault
point at the fault instant, Z, the wave impedance of the
transmission line, and Ry the fault resistance.
The propagation speed of the TWs can be calcu-
lated through Eq. (3) [28]:

1
V== 3
where L and C are the inductance and capacitance
of the distributed model of the transmission line,
respectively.

When these waves reach discontinuity or a point
where the line impedance changes, some of them will
continue their path, while the rest reflect backward.
The reflection coefficients of the voltage and current
TWs are as follows [10]:

Z - Z,

K, = : 4

T TN 7, (4)
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where Z is the impedance of the discontinuity point in
the same direction as that of the arrived wave.

2.2. Modal transform

Phase-to-modal transform was applied to convert the
dependent phases of a three-phase system into three
independent components called the modal components.
The Karen-Bauer phase-modal transform, suggested
in this paper, can be defined through the following
equation [23]:

PATEE R
o) sl V)

where o and (§ are the aerial modes, and 0 is the
ground mode used to identify the grounding faults.

As observed in Eq. (6), @ mode shows the relationship
between the two phases “a” and “b” and 8 mode is the
relationship between the phases “a” and “c”. In the
process of fault type classification and faulted phase
selection process, consideration of the relationship
between phases “b” and “c” is essential. In this regard,

a redundancy matrix is defined as Eq. (7) [23]:
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2.3. Comparison of the impact of CT and

CCVT on TWs
CT and CCVT, the devices used for signal measure-
ment, are equipped with energy storage facilities in
their structure. Such equipment provides a limited
frequency response bandwidth for both CT and CCVT.
In order to compare the impacts of CT and CCVT
on the TWs, both inputs and outputs of these devices
were taken into account. Figures 1 and 2 show the
alpha mode of the faulted voltage and current signals
before and after passing through the CCVT and CT,
respectively. In addition, these figures are attributed
to an Ag fault occurred at a distance of 40 km from
the relay location at the fault inception time of 0.064
seconds. Of note, Ag fault confirms that phase “A” is
the faulted one that is connected to the ground.

Figures 1 and 2 indicate that the frequency
response bandwidth of CT is much better than that
of the CCVT, as already mentioned in [29]. Therefore,
it is suggested that the current TWs be incorporated
into the protection algorithm.

The impact of CT is better understood while
considering its frequency transfer function, as shown
in Eq. (8) [26]:
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Figure 1. Alpha mode of voltage and current signals
before passing through CCVT and CT.
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Figure 2. Alpha mode of voltage and current signals
after passing through CCVT and CT.
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Figure 3. The magnitude of CT transfer function versus
frequency.

The CT transfer function shows that at low frequencies,
almost no change occurs in the frequency characteris-
tics of the input signal. However, the amplitude of high
frequency components was attenuated by CT. Figure 3
shows the magnitude of the frequency transfer function
of the CT versus frequency.

In this paper, the sampling frequency was mea-
sured as 200 kHz. Therefore, according to the Nyquist
theory, the frequency components up to 100 kHz can
be analyzed. As observed in Figure 3, in the frequency
range of 0-100 kHz, up to 25% of the frequency
component amplitudes are attenuated by the CT.

3. Feature extraction and classification tools

This study employed TEO to extract TWs. In
addition, it used HMM in the proposed algorithm
to determine whether or not the fault is inside the
protected line.

3.1. Teager Energy Operator (TEO)
TEO is a nonlinear signal operator that was first
developed by Teager and Teager [30]. Then, Kaiser [31]

100 km

D
90 km

Figure 4. Single line diagram of the simulated test

Relay

system.

suggested the application of this operator in extracting
the energy of a specified signal. More details about the
TEO functions were provided in [32].

3.2. Hidden Markov Model (HMM)

HMM is a probabilistic method which is commonly
used in the classification processes. It contains two
different stages of testing and training. In the training
stage, HMM blocks should be trained by an adequate
number of train signals. In the testing stage, an
unidentified signal enters all HMM blocks and the
Maximum Likelihood Probability (MLP) for each block
is determined. The input signal belongs to the HMM
block with the greatest MLP. For example, two HMM
blocks are trained here: one for the faults along in the
protected line and the other for the faults outside the
protected line. As a result, both internal and external
faults can be distinguished from each other. More
details about the HMM formulations were given in
[33,34]. Section 4.2.2 elaborates the HMM application
in this study.

4. The proposed algorithm

Figure 4 presents the power system which is considered
as the test system where line AB is the protected line.

Deterministic methods as well as the algorithm
presented in [10] consider the time difference between
the first and second TWs, hence not reliable enough.
There are two different faults given in Figure 4: One
is 20 km from the relay point in line AB and the
other is 20 km from bus B in line BD. As shown in
Figure 5, the time difference between the first and
second TWs, arriving at the relay location, is just the
same. Therefore, the algorithm may cause a wrong
action here.

In this research, the internal and external faults
were first distinguished from each other and then, the
fault location was identified in two sections of signal
preparation and classification process.

4.1. The identification of forward and
backward faults

Karen-Bauer modal components were used to identify

the forward and backward faults. The first TW was

extracted from both voltage and current signals. The
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First fault (in line AB)

Second fault (in line BD)

Figure 5. Lattice diagram for the two mentioned faults.
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Figure 6. Three phase faulted current signals.

first voltage and current TWs are represented by Av
and Az, respectively. If Av is assumed to be a rise in
the voltage signal, then it is positive; otherwise, it is
negative. If Ai is assumed to be a rise in the current
signal, it is positive; otherwise, it is negative. Based on
Eq. (14), one can conclude that the faulted signals are
related to either a forward or backward fault.

Forward fault : At x Av <0,

Backward fault : Ai x Av > 0. (9)

4.2. Identifying internal and external faults
Followed by detecting a forward fault, it should be
determined whether or not the fault is inside the
protected line. Figure 6 shows the three phase current
signals related to a single phase to ground (Bg) fault
that occurred 40 km away from the relay location. The
fault inception time is 0.061 seconds, and the fault
resistance in 0 €.

In order to better show the TW signals, the
current signals between times 0.06 and 0.065 seconds
are magnified, as shown in Figure 7. The respective
modal components are listed in Figure 8.

4.2.1. Signal preparation
Applying TEO: In order to extract TWs, TEO was
applied to the modal components of the current signal.
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Figure 7. The magnified three phase current signals.
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Figure 8. Modal components of the phase currents shown
in Figure 7.

Figure 9 shows the alpha mode of the faulted current
signal given in Figure 8 as well as the obtained TEO
result.

TOC generation: The TEO output should be prepared
to be used for training HMM blocks. In this regard,
the peaks related to the TEO outputs were extracted
to form TOC. Note that a combination of one rise and
one fall is regarded as one peak. Each point in TOC
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Figure 10. TOC of the signal in Figure 9.

is related to a peak in the TEO result. The first 15
peaks of the TEO result are considered to form the
TOC. Figure 10 shows the TOC of the signal shown in
Figure 9.

Scaling process: Fault impedance and fault inception
angle affect the magnitude of the TWs. However, these
factors should not undermine the performance of the
algorithm. The only thing that should be different for
the internal and external faults is where the successive
TWs are reflected or transmitted from. Therefore,
TWs are scaled between 0 and 1. The formulation is
given below:

ky = ]-/(ymax - ymin)7 (10)
Y =Y~ Ymin, (11)
Ynew = kyyl7 (12)

where Ymin and ymax are the minimum and maximum
values of the TOC, respectively, and “y” indicates each
point of TOC.

4.2.2. Classification process

In the case of fault occurrence, TOC of the faulted
current signal was analyzed by HMM. HMM can
discriminate between the TOCs of the internal and

29 (2022) 1925-1938

external faults. The difference between the two sets
of patterns comes from the difference between the
reflection coefficients of the buses with which TWs are
facing.

HMM has two different stages of training and
testing. These stages are as follows:

Training stage: In this stage, two different HMM blocks
are trained. The first HMM block is trained by ade-
quate numbers of TOCs related to the internal faults
and those related to the external faults were employed
to train the second HMM block. In this respect,
different internal and external faults with different fault
locations, impedance, and inception angles were taken
into account. Figure 11 shows the TOC of the a modal
current signal of a typical internal fault and a typical
external fault, respectively.

As observed in Figures 11 and 12, the most
prominent difference between these two signals, i.e.,
the difference between the magnitude of the first TW
and that of the next ones, is greater for the internal
faults than for the external faults, mainly because the
first TW experienced no refraction but the TW of
the external fault was refracted while passing bus B
in Figure 4. Moreover, the successive reflections were
different in the internal and external faults. The result
of the training process generates two matrices for each
HMM block characterized by one transmission matrix
and an emission matrix.
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Figure 11. TOC related to the internal fault.
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Figure 12. TOC related to the external fault.
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Testing stage: In order to ensure protection for the
protected lines, TEO was applied to the line current
signal. The data window of TEO contains three
samples. When a fault occurs, the generated TWs are
detected based on the TEO results. After detecting 15
successive TWs, TOC is generated. Then, the scaling
process is performed. The resulting curve is entered
into both HMM blocks, and the MLP is calculated for
each HMM one. The generated MLP of the internal
and the external fault HMM blocks is indicative of a
similarity of the TOC of the test signal to that of each
of the internal and external faults, respectively. If the
MLP related to the internal fault HMM block is higher
than its counterpart, the test signal is classified as an
internal fault and the relay trips the line. Otherwise,
the test signal is classified as an external fault.

4.3. Fault classification and faulted phases
selection

The initial current TW, extracted by TEO, was used
for fault type classification and faulted phase selection.
Of note, the modal components of the current signals
were used in this process. Then, a proper fuzzy system
was utilized to determine the fault type.

The magnitude of the TW depends on the fault
inception angle and fault impedance. In order to nullify
the impact of these parameters, it is recommended to
consider the ratios of the modal components (I,/1g,
I,/1I,, Ig/1,) in the decision-making process. Here,
Iy, I3, and I, are the amplitudes of the initial current
TW of alpha, beta, and gamma modes, respectively.
For each of these fault types, the ratio of the first TW
amplitude of the zero sequence to the maximum of that
of the three modal components (which is called zero-
ratio here) is considered to identify grounded faults
from ungrounded ones. Table 1 presents the results
of extensive experiments at all possible fault inception

29 (2022) 1925-1938 1931

angles, different fault impedances, and different fault
distances for different fault types.

Further experiments were then carried out to
discriminate between the double phase to the ground
faults. According to Table 1 and further analysis of
double phase to the ground faults, it can be concluded
that:

When zero-ratio > 1075:

o If 095 < 4= < 1.05 and 100 < 4 < 2 x 10 and

100 < I" < 2x10° | then Ag fault is concluded;

e If100 < L= < 2% 10° and 0.95 < fﬂ' < 1.05 and
1077 < I“ < 0.005, then Bg fault is concluded

o If 1077 < I—; < 0.005 and 1077 < ,—3 < 0.005 and
0.95 < % < 1.05, then Cg fault is concluded;

e Otherwise, a double phase to ground fault is con-
cluded.

When zero-ratio < 107°:

o If35 < “ <45and35< “ < 4.5 and 0.95 <
L” < 1.05 then AB fault is concluded7

° If02< ” <03and095< " < 1.05 and 3.5 <
1/3 < 4.5, then AC fault is concluded

° If095< ‘" <105and02< " < 0.3 and 0.2 <
I/’ < 0.3, then BC fault is concluded

° O‘cherv&use7 a three-phase fault is concluded.

When there is a double phase to the ground fault phase:

o If 107° < zero-ratio < 0.16 and % >1and &= > 1,
then ABg fault is concluded;

Table 1. Values of selected parameters for different fault types.

Zero-ratio I./1Ig I./I1, Iz/1,

Ag 0.1~0.9 1~ 1.02 150.3 ~ 1.5 x 10° 148 ~ 1.5 x 108

Bg 0.1 ~0.9 150.3 ~ 1.5 x 10° 1~1.02 6.5 x 1077 ~ 6.6 x 1073

Cg 0.1~0.9 6.5x 1077 ~6.6x107% 6.5x 1077 ~ 6.6 x 1073 1~1.02

AB 1.2x 10719~ 6 x 1078 3.9~4.1 3.9~4.1 0.97 ~ 1.01
AC 12x1071% ~ 6 x 1078 0.24 ~ 0.25 0.97 ~ 1.01 3.9~ 4.1

BC 12x107 1%~ 6x 108 0.97 ~ 1.01 0.24 ~ 0.25 0.24 ~ 0.25
ABg 0.0021 ~ 1.0773 0.1 ~22.7 0.01 ~ 42.6 0.05 ~ 42.1
ACg 0.0021 ~ 1.0773 0.02 ~ 49.1 0.02 ~ 18.3 0.02 ~ 23.1
BCg 0.0021 ~ 1.0773 0.04 ~ 32.6 0.03 ~ 46.9 0.04 ~ 27.3
ABCg 9.77 x107% ~ 5.8 x 1077 0.002 ~ 712 0.002 ~ 2.6 x 10° 0.001 ~ 2.6 x 10®
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e If 107% < zero-ratio < 0.16 and %; < 1 and % > 1,
e v

then ACg fault is concluded;

e If 107% < zero-ratio < 0.16 and % < 1 and % <1,
v vy
then BCg fault is concluded;
e If0.16 < zero-ratio< 0.37 and (f',; > 1 and % <1

or vice versa), then ABg fault is concluded;

e If 0.16 < zero-ratio< 0.37 and ( % > 1 and
or vice versa), then ACg fault is concluded.

<1

o If 0.16 < zero-ratio< 0.37 and ( 4= > 1 and
el
or vice versa), then BCg fault is concluded;

<1

e If 0.37 < zero-ratio and {= < 1 and = < 1, then

I I,
ABg fault is concluded;

o If 0.37 < zeroratio and L > 1 and £ < 1, then

1/3 I’y
ACg fault is concluded;

o If 0.37 < zero-ratio and L= > 1 and %

BCg fault is concluded. !

> 1, then

2

According to Table 1 and gathered rules for
the proposed algorithm, there are two Sugeno-based
fuzzy systems with four variables. Each variable has
its specific membership functions. Table 2 lists four
variables and their related membership functions.

In the first fuzzy system, Ag, Bg, Cg, AB, AC,
BC, double phase to ground and three-line faults are
distinguished from each other and their fuzzy output
indexes are 1 to 8, respectively. Double phase to ground
faults (ABg, ACg, and BCg) are distinguished from
each other through the second fuzzy system. The

29 (2022) 1925-1938

output indices of the second fuzzy system are 1, 2, and 3
which are related to ABg, ACg, and BCg, respectively.
Figure 13 shows the flowchart of the proposed
algorithm. Figures 14 and 15 present the internal fault
identification and fault type classification blocks.

5. Simulation and results

In order to demonstrate the feasibility of the applica-
tion of the proposed algorithm, different testing and
training signals were generated by PSCAD/EMTDC
software, and the rest of the protection algorithms
were implemented by MATLAB. In this regard, a
400 kV transmission network was simulated in PSCAD
software, and the data were generated at a sampling
frequency of 200 kHz. A saturable 1600A /5A CT with
a flux density of 1 Tesla on its knee point was also
utilized to extract the current signals. The CCVT
of the system was wrought by two capacitors and a
voltage transformer. The overall transformation ratio
for CCVT was calculated as 231 x 103 V/115V.

5.1. Internal fault identification

A large number of internal and external faults were
generated through the simulated system. Then, the
TOC of each signal was generated and used in the
training process. Fault distance, fault inception angle,
and fault impedance were changed to generate different
internal and external faults. The fault distance from
the relay location for the internal and external faults
was changed from 2 km to 98 km and 102 km to 188 km,
respectively. In addition, the fault inception angle and

Table 2. Variables and membership functions for fault classification and faulted phases selection algorithm.

max(Ii(:Iﬁ,I_,) Io‘/Iﬁ Ia/Ify Iﬁ/I’Y
MF type Trapezoidal Trapezoidal Trapezoidal Trapezoidal
—0.01,0, —0.01,0, —0.01,0, —0.01,0,
MF;
1075,2 x 107° 0.1,0.12 0.1,0.12 0.1,0.12
10725 x 1075, 0.1,0.12, 0.1,0.12, 0.1,0.12,
MF,
0.9,1 0.8,0.9 0.8,0.9 0.8,0.9
MF3 - 0.8, 0.9, 1.8, 2 0.8,0.9, 1.8, 2 0.8, 0.9, 1.8, 2
MF, - 1.8,2,5,5.5 1.8,2,5, 5.5 1.8,2,5,5.5
90,100, 2 x 10°, 90,100, 2 x 10°, 90,100, 2 x 10°,
MF5 -

2.5 x 10°

2.5 x 10°

2.5 x 10°
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v

Export a proper trip command

Calculating the fault location

End

Figure 13. Flowchart of the proposed algorithm.

Performing TEO No

Table 3. Simulation results for the internal fault
identification.

Ag AC BCg ABC
Inception angle 48 deg 90 deg 36 deg 120 deg
R 5Q 10 © 0.01 © 1Q
Distance 10 km 50 km 30 km 70 km
MLP _internal =~ -19.05 -25.07 -312.33 -13.62
MLP_external  -19.19 -31.64 —695.96 —1136.2

fault impedance for both internal and external faults
were changed from 2 to 178 degrees and from 0 to 50
Q, respectively. Different fault types were considered
in the train signals. Faulted signals that are different
from the train signals are commonly used to assess the
performance of the proposed algorithm. Table 3 shows
some of the obtained results.

According to the results, the MLP of the internal
fault HMM block was greater than that of the external
fault. For example, an AC internal fault with the fault
inception angle of 90 degrees and fault resistance of
10 © in the middle of the transmission line is observed
in the third column of Table 3. Here, the MLPs of the
external and internal faults were measured as —31.64
and —25.07, respectively. Obviously, the MLP of the
internal fault is greater than that of the external fault;
for this reason, the fault is considered internal.

5.2. External fault identification

In order to evaluate the performance of the proposed
algorithm, the external faults were simulated and used
as the test signals. Table 4 shows the results of the
proposed algorithm to identify the external faults.

( Input a TOC )

A 4

Testing by internal fault HMM block

Calculating probability (P1)

A 4

Testing by external fault HMM block

Calculating probability (P2)

External fault End

Figure 14. Internal fault identification block.
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v
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Single phase or double
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v
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Fuzzy decision
making

Double phase to
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fault is identified

Decision on

ABg,ACg or BCg
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Figure 15. Fault type classification block.

Table 4. Simulation results for the external fault

identification.
Bg AB ACg ABCg
Inception angle 45 deg 90 deg 60 deg 135 deg
R 5Q 10 © 0.01 © 1Q
Distance 120 km 130 km 140 km 150 km
MLP _internal -30.4 -30.14 —65.22 -29.15
MLP_external —24.7 —29.86 —40.72 —28.27

The results also indicate that the proposed algo-
rithm can accurately identify the external faults and
prevent the relay from sending a trip command for
them.

5.3. The identification of high-impedance
faults
To investigate the impact of high-impedance faults
on the performance of the proposed algorithm, some
high-impedance faults are considered whose current
signals are used as the test signals for the proposed
algorithm. Table 5 shows the results of testing the
proposed algorithm with high-impedance faults.
According to Table 5, the proposed algorithm
exhibited appropriate performance in case of high-
impedance faults.

5.4. The impact of close-in faults
To ensure the proper performance of the proposed

Table 5. Simulation results for high-impedance faults.

Bg AC BC ABg

Inception angle 30 deg 120 deg 70 deg 90 deg
R 50 Q 30 Q 5Q 30 Q
Distance 70 km 50 km 90 km 30 km
MLP _internal -23.99 -18.30 —22.71 —29.71
MLP _external ~ —43.40 -19.06 —23.86 —41.91

Table 6. Performance of the proposed algorithm face
with close-in faults.

Ag BC BCg ABCg

Inception angle 45 deg 90 deg 30 deg 60 deg
R 0.01 Q 10Q 0.01 Q 10 ©
Distance 2 km 2 km 5 km 5 km

MLP _internal -20.84 -39.07 1887 -139.63

MLP_external  -110.76 -88.32 -21.66 —631.74

algorithm, the close-in faults were investigated. Table 6
shows the results of identifying the close-in faults using
the proposed algorithm.

5.5. Low inception angle faults

Low inception angle faults are faults whose phase
voltage value is close to zero. For these faults, the
amplitude of the generated TWs is quite low which can
be considered a challenge for the TW-based protection
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Table 7. Simulation results for low inception angle faults.

Ag Cg AB AC
Inception angle 5 deg 65 deg 155 deg 35 deg
R 0.01Q 0.01Q 001Q 0.01Q
Distance 40 km 40 km 40 km 40 km
MLP_internal  -29.65 -36.16 —17.45 —-28.80
MLP_external ~ -34.48 -37.86 -31.73  —40.39

algorithms. To evaluate the performance of the pro-
posed algorithm in case of low inception angle faults,
some of these faults were simulated and used as the
test signals, the results of which are given in Table 7.
According to Table 3, the low inception angle for
a Cg fault is 65 degrees. Assume that the zero-crossing
of phase “A” is 0. Then, the zero-crossing of phase
“C” becomes 60 degrees. The low inception angle for
an AC fault is 35 degrees. Since the amplitudes of the
TWs are quite low for a double-phase fault and the
voltage values of the two faulted phases are equal, the
corresponding angle for an AC fault is 30°.

5.6. Fault classification and faulted phase
selection

A large number of test signals were used to evaluate

the performance of the proposed algorithm in terms

of fault type classification and faulted phase selection.

These signals were generated by changing the inception
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angle, impedance, and location of the faults. The
results from fault classification highlighted the ability
of the proposed method to appropriately classify all
faults, hence the highest possible accuracy. Some of
the related results are given in Table 8 where the
outputs of the first fuzzy system are indices from 1
to 8, corresponding to Ag, Bg, Cg, AB, AC, BC,
double phase to ground faults, and three-phase faults,
respectively. The outputs of the second fuzzy system
are indices from 1 to 3 represented for ABg, ACg, and
BCg faults, respectively.

Consider the AC fault in the third column of
Table 8. The value of the zero ratio shows that the
fault is not grounded. The values of I, /I3, I, /I, and
I3/1, show that phases A and C are the two faulted
phases.

5.6.1. Classification of high-impedance faults
The proposed classification algorithm should work
appropriately when facing faults with any impedance.
As a result, faults of high resistance are generated,
and the TWs in their current signals are used as the
test signals for the proposed classification algorithm.
Table 9 shows the obtained results in this regard.
Table 9 emphasizes the capability of the proposed
classification algorithm to accurately classify high-
impedance faults. For example, as observed in the last
column of this table, the value of zero-ratio is indicative
of the presence of a grounded fault. Moreover, accord-

Table 8. Simulation results for the classification algorithm.

Ag AC BCg ABCg

Inception angle 36 deg 36 deg 45 deg 90 deg
R 1Q 10 Q 0.01 @ 1Q
Distance 30 km 30 km 7 km 5 km
I./1s 1.01 0.252 17.4835 5.9929

1o /1, 1.7 x 10° 1.0161 0.6512 2.8583

Ig/1, 1.7 x 10° 4.0323 0.0372 0.4769

Zero-ratio 0.1277 6.5 x 10710 0.2384 1.2x 107"
Fuzzy index 1 5 7.3 8

Table 9. Results of the classification algorithm for high resistance faults.

Bg BC ABg BCg
Inception angle 36 deg 36 deg 36 deg 36 deg
R 50 Q 50 Q 50 Q 50 Q
Distance 30 km 30 km 30 km 30 km
I./1s 2.5 x 10° 0.9802 4.5048 8.332
I./1L, 0.9878 0.2475 3.5758 0.6728
1s/1, 3.9 x 1077 0.2525 0.7938 0.0807
Zero-ratio 0.1261 3.3x 10710 34 %1071 0.0531
Fuzzy index 2 6 7,1 7,3




1936

S. Hasheminejad/Scientia Iranica, Transactions D: Computer Science & ...

29 (2022) 1925-1938

Table 10. Simulation results for the classification of close-in faults.

Ag AC BCg ABCg

Inception angle 36 deg 36 deg 36 deg 36 deg
R 0.01 @ 1Q 0.01 1Q
Distance 3 km 3 km 3 km 3 km
I./1s 1.0064 0.2513 10.5532 6.1099
I./1L, 2.6 x 10° 1.0105 0.5851 2.8205
Ig/1, 2.6 x 10° 4.021 0.0554 0.4616

Zero-ratio 0.8132 3.3 x 10710 0.2353 L1x 1077
Fuzzy index 1 5 7,3 8

Table 11. Simulation results for low inception angle faults.

Cg AB BC ACg

Inception angle 65 deg 125 deg 95 deg 35 deg
R 1Q 0.01 © 5Q 10

Distance 20 km 40 km 60 km 80 km
In/1s 4.24 x 1073 3.97 0.254 2.112
I./I, 4.37x107° 4.02 1.03 8.83
Is/1, 1.03 1.013 4.06 4.18

Zero-ratio 0.0157 5x 1077 3x107° 0.2284
Fuzzy index 3 4 6 7,2

ing to the values of other ratios and the fuzzy rules, the
existence of a BCg fault can be proved.

5.6.2. Classification of close-in faults

Table 10 shows the performance of the proposed clas-
sification algorithm in terms of the classification of the
close-in faults.

5.6.3. Classification of low-inception-angle faults

The proposed classification algorithm is able to effec-
tively classify the faults with low inception angle. To
this end, different faults with low inception angles were
taken into consideration, as shown in Table 11.

5.7. The tmpact of noise on the algorithms
In order to evaluate the performance of the proposed
algorithms in noisy conditions, some random noises
were added to the test signals. Figure 16 shows the
alpha mode of the contaminated signal and its TEO
output. The signal is attributed to an AB fault with the
fault inception angle of 65 degrees and fault resistance
of 0.01 Q occurring 40 km away from the relay location.
Here, the outputs of the internal and external fault
HMM blocks were calculated as —120.71 and —838.13,
respectively. Therefore, the faulted signal is classified
as an internal fault.

The faulted current signals are used as the test
signals for the fault type classification and faulted
phase selection. In this process, ﬁ—ﬂ =3.896, % =4.107,

o mode (kA)

TEO output

501 ]

Il 1 L L
0.0635 0.0637 0.0639 0.0641
Time (sec)

Figure 16. Noisy current signal and its TEO output.

% = 1.054, and zero-ratio = 0.001. These parameters
S

are used as the input of the fuzzy system. The output

index of the fuzzy system is 4, indicating the existence
of an AB fault.

6. Conclusion

The algorithms proposed in this research can highly
improve the Traveling Wave (TW)-based protection
of transmission lines. In this regard, Teager Energy
Operator (TEO) as an easy method could effectively
extract TWs with high resolution and low mathemat-
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ical calculations. For the internal fault identification,
application of a probabilistic method (HMM) instead of
deterministic algorithms would lead to establishment of
a much more reliable method characterized by different
networks and fault situations. Deterministic algo-
rithms use a limited number of criteria for internal fault
identification or fault type classification. On the con-
trary, intelligent algorithms are multi-criteria in nature,
hence more reliable for engineering applications. It
should be mentioned that consideration of the ratios of
the initial current TWs of the modal components along
with a fuzzy system made the proposed classification
algorithm fast and accurate, thus enabling it to make
correct decisions in any given fault situation.
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