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ABSTRACT As aresult of the increase in penetration of inverter-based generation such as wind and solar,
the dynamics of the grid are being modified. These modifications may threaten the stability of the power
system since the dynamics of these devices are completely different from those of rotating generators.
Protection schemes need to evolve with the changes in the grid to successfully deliver their objectives of
maintaining safe and reliable grid operations. This paper explores the theory of traveling waves and how
they can be used to enable fast protection mechanisms. It surveys a list of signal processing methods to
extract information on power system signals following a disturbance. The paper also presents a literature
review of traveling wave-based protection methods at the transmission and distribution levels of the grid and
for AC and DC configurations. The paper then discusses simulations tools to help design and implement
protection schemes. A discussion of the anticipated evolution of protection mechanisms with the challenges
facing the grid is also presented.

INDEX TERMS Electromagnetic transient simulation, fault location, feature extraction, power systems

protection, signal processing, traveling wave.

I. INTRODUCTION

Power system protection is a vital operating component of
power systems to detect and isolate faults. A protection sys-
tem is expected to meet sensitivity and selectivity require-
ments. Sensitivity refers to the ability to detect and isolate
faulted regions fast enough to avoid damaging the other
equipment in the power system. Selectivity refers to the intel-
ligent and optimized isolation of faults to minimize the num-
ber of customers experiencing power outage. Synchronous
generators produce up to six times the rated current during
fault conditions [1]. Inverters on the other hand typically do
not supply currents above 1.2-1.5 times the rated value [2].
New protection systems are needed to maintain the safe and
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reliable operations of the grid in the face of the changes
brought by the increase of inverter-based resources such as
wind and solar. Electric grid reliability has also been compli-
cated with the increasing amount of inverter-based generation
on the grid that causes the total inertia of the system to
decrease because rotating generation is substituted for power
electronic based generation. In low inertia power systems,
the speed of the protection system is critical to remove the
fault quickly before the grid reaches instability and is not
able to recover. The increasing penetration of renewables in
the system means that the protection system must be able
to operate much faster, but also be less sensitive to rapidly
changing dynamics from intermittent generation. In order to
improve system reliability and resilience, there has been a
decreasing trend in the time it takes protection elements to
disconnect and break the fault from the system. This has led
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to the development of new fast-tripping protection schemes
(FTPS), such as traveling wave (TW) protection.

TW protection schemes are based on high-frequency mea-
surements and determining the arrival time of the fault
wave signature. The high frequency electromagnetic transient
propagates through the system at roughly the speed of light,
allowing the protection equipment to detect the wave in less
than 1ms after the fault. For systems with important pen-
etration of inverter-based resources, this has the advantage
of removing the fault much faster to avoid instability with
the reduction in system inertia. In addition to improving
system stability, a traveling wave is not dependent on the
magnitude of the fault current injection, so it has the ability
to detect faults in systems with high penetrations of renew-
able inverter-based generation with low short-circuit current.
Some of the other benefits include being able to detect arcing
or temporary high impedance faults, not being sensitive to
fault type or resistance, and the ability to work in system with
line compensation. Finally, as discussed later in the paper,
using the precise arrival times of the wave, TW protection
schemes provide very fine accuracy for determining the loca-
tion of the fault on the line, which improves repair times
by accurately dispatching crews. TW protection provides the
benefits of accuracy and reliability for the grid of the future
with renewable inverter-based generation.

FTPSs has gained a lot of attention in recent years. Given
the large number of published work on FTPS, a thorough sur-
vey on existing approaches will be of particular importance.
This paper attempts to bring together the existing FTPS for
AC and DC power systems of different voltage levels. This
paper will act as a comprehensive and thorough reference for
the researchers and practicing engineers working in the area
of power system protection. To this end, this paper reviews
a wide range of FTPS in transmission and distribution AC
systems as well as high voltage and medium voltage DC grids.
Moreover, the existing software packages for simulation and
analysis of high frequency fault components are surveyed.

The rest of this paper is organized as follows. Section II
introduces the theory of TWs in power systems. Section III
provides details on different TW detection and extrac-
tion methods discussed in literature. Section IV gives a
detailed literature review of different applications of TW
for fast-tripping protection schemes. Section V reviews
patented and manufactured protection schemes based on
TWs. Section VI reviews the different tools used in industry
and research to develop protection schemes. Section VIII
discuss the limitations of TW-based protection techniques.
Section VII gives a summary of the state of the art. Section IX
discusses the future trends for protection. Finally, Section X
outlines the conclusions of this work.

Il. THEORY AND APPLICATION OF TW IN POWER
SYSTEMS

A. PRELIMINARIES

TWs are electromagnetic waves which are propagated along
the power system equipment (e.g., lines, cables, etc.) as a
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result of a disturbance occurring in the power system. The
disturbances can be defined as any fault, lightning, switching,
etc. When these high frequency electromagnetic transients
reach a power grid junction or terminal at which the circuit
parameters are changed, the incident TW is divided into two
TWs. A portion of the incident TW is reflected back while the
other portion is refracted to the neighboring equipment at that
specific terminal. Depending on the circuit parameters at both
sides of the terminal, the amplitude of reflected and refracted
TWs change accordingly. The reflection rate is defined as the
ratio of the amplitudes between reflected and incident TWs.
The refraction rate is defined as the ratio of refracted TW
amplitude over incident TW amplitude. On each equipment,
TWs keep hitting the terminals and are reflected back; their
amplitudes are gradually attenuated after the incident [3], [4].
The so-called Bewley’s lattice diagram [5] is an illustrative
approach for describing this process. A sample lattice dia-
gram is shown in Fig. 1.

Incident

Terminal A
d [eUIWLId ]

FIGURE 1. Sample lattice diagram.

TWs along transmission lines are governed by the teleg-
rapher’s equations which are coupled differential equations
that determine the voltage (v(x,?)) and current (i(x, t)) at
any point in time and space. In phasor domain the general
solutions to these equations are

I(x,t) = Ife 7" + 1y ™™ 1)
Vi, 1) = Ve " +Vyetr? )

where IJ s VO+ » Iy, V, are Laplace transforms of the
time functions representing the so-called traveling waves. x
denotes the distance measured from the incident point, and y
denotes the propagation constant. In the case where I, V(;r ,
Iy, V, represent single frequency sinusoids, transformed
back to time domain the expressions in (1) and (2) represent
sinusoidal waves propagating along the transmission line in
the +x and —x directions. In time domain

v, 1) = Re [Vierre| 3)
Vo[ costr = px+9) @)
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where V is the phase of VOJr . The propagation constant is made
of real and imaginary parts as

y =a+jp &)

a and B describe the attenuation constant and phase constant
for each frequency component of the TWs [6]. A similar
procedure to the one detailed in (3) and (4) for VJ can be
done for all the components of (1) and (2) to obtain their
time domain representation. It is important to note that the
frequency-dependent propagation constant is also described
by

¥ = V(R +jwL)(G + jwC), Q)

where R, L, G, and C are the per unit length of cable
resistance, inductance, conductance, and capacitance. w is
the angular frequency corresponding to a specific frequency
component of TW. The propagation velocity of the TW can
be defined as v = “/g [7], which shows that the higher
frequency components of a TW travel faster than lower fre-
quency components, asymptotically approaching the speed
of light c. Moreover, higher frequency components are asso-
ciated with a larger o and are more attenuated than lower
frequency components. The reason is that « is directly propor-
tional to R which adopts a higher value for higher frequency
components due to the so-called skin effect leading to [8].

B. TW FOR FAULT LOCATION
Fast acting protection schemes play an important role for
enhancing the resilience and stability of modern power grids.
These schemes can be highly effective in some critical inci-
dents which can have detrimental impacts on society, e.g.,
wildfires caused by the broken power lines. To this end,
TW-based FTPS have gained much attention. These schemes
mostly rely on the identification of high frequency com-
ponents of TWs under a fault condition. They utilize the
detected TWs for classifying and locating faults on transmis-
sion and distribution lines. The TW-based protection schemes
can be categorized based on different factors in terms of the
techniques and infrastructure required to implement them.
From the communication infrastructure requirement point
of view, TW-based protection schemes are divided into
single-ended and double-ended schemes. The single-ended
versus double-ended TW-based protection schemes are
reviewed in [9]. Double-ended schemes rely on a communi-
cation link from the remote terminal of the line to transmit
the arrival time of incident TW at the remote terminal. The
arrival time of incident TWs at local and remote terminals
is used to identify the fault location. The requirement for
a communication link in these schemes is a reliability bot-
tleneck because when the communication link is compro-
mised, the TW-based protection scheme fails to properly
locate the faults. On the other hand, single-ended schemes
obviate the requirement for a communication infrastructure.
They usually rely on the arrival time of incident TW and
first reflected TW from the fault location. The idea of using
communications for TW-analysis has been extended beyond
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FIGURE 2. Smoother-differentiator technique [12].

double-ended schemes and there exist some research showing
that having information of multiple sensors in the network is
helpful for TW-based fault location [10]. From another point
of view, TW-based protection schemes can be divided into
passive and active schemes. Passive schemes only use the
TWs created by the faults at either terminals of the line to
detect and locate the fault. On the other hand, active schemes
inject a high frequency signal into the faulted transmission
line and calculate the time difference between the injected
signal and its reflection to find the fault location [4], [11].

Ill. TW DETECTION AND EXTRACTION METHODS

This section presents an overview of the theory of differ-
ent methods used to analyze power system waveforms with
the objective of extracting information on TWs and more
generally for fault detection. This section presents a list,
by no means exhaustive, of nine methods for power system
waveform analysis in Subsections III-A-III-J. The section
ends with a discussion on the different presented methods in
Subsection III-K.

A. TW ANALYSIS USING DIFFERENTIATOR-SMOOTHER
FILTER

In order to identify the time of arrival (TOA) of TWs, in [12],
a sequence of a smoother and a differentiator is utilized to
determine when the peak of the current TWs occurs. In the
proposed method, a high pass filter is first utilized to reject
power frequencies (i.e., 60 Hz component and higher order
harmonics). Then, a time stamping method is used to identify
the peak of the TWs. In the time stamping method, a smoother
is first employed to remove the distortions from the wave-
forms. The smoother is a low pass filter which makes the
rising edge of the current TW less steep. Then, a differentiator
is applied to the output of the smoother. The differentiated
waveform has a peak value which corresponds to the instance
that the smoothed TW signal has the steepest slope. The
output of the differentiator looks like a parabola. Therefore,
a parabola interpolation-based method can be used to identify
the time of the occurrence of the peak, which is interpreted as
the arrival time of the TW.

B. TW ANALYSIS USING WAVELET TRANSFORM

The wavelet transform (WT) is the result of works developed
in different areas and in different points in time [13]. The first
wavelet was proposed by Haar in 1909 [14] when the concept
was not fully formalized. In the ’80s and in the context of
quantum physics, the continuous wavelet transform (CWT)
was formalized [15]. The WT was partly developed as a tool
to analyze time and frequency information simultaneously.
That is, with the WT frequency contents can be localized
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in time (as opposed to the Fourier Transform where the
frequency content is for the entire duration of the analyzed
signal). Wavelet analysis requires a basis function called
mother wavelet (1(¢)) that needs to have a mean of zero and
decay in time. The CWT of signal x(¢) is defined as

Wela,r) = / XOVEdt = 0,95 (D)

—0o0

where

1 (t—r) %)
d/u,r—ﬁl/f a (

is a scaled and time-shifted version of the mother wavelet.
The CWT W(s, 7) is a two-dimensional representation of the
one-dimensional signal x(¢). The scale factor a is used to
stretch or compress ¥ (¢) to analyze the different frequency
components of a signal. Small values of a will compress ¥ (¢)
to analyze the fast frequency components while large values
of a stretch the mother wavelet to allow for analysis of the
slower frequency components of x(¢).
The discrete wavelet transform (DWT) is defined as

m

Woim, k) = —— 3" x[nlg [w} ©)

NG 4
where g[n] is the mother wavelet. The convention used in (9)
allows for the scaling and time-shift parameter to be a func-
tion of m (@ = ay and T = nby ag). Note that the CWT
in (7) and the DWT in (9) yield two dimensional functions in
time and scale, not frequency, however in most applications
it is easy to find a relationship between scale and frequency.
Note also that the WT is subject to the uncertainty principle
of signal processing where both time and frequency cannot be
located very precisely; the better the resolution in frequency,
the worse it would be in time and vice versa.

Constructing wavelets is an important task of wavelet anal-
ysis. Multiresolution analysis (MRA), advanced by Mallat in
the late "80s [16], is a practical approach for constructing
wavelets and fully implementing the DWT. MRA details the
procedure to obtain orthonormal wavelet basis with compact
support. MRA can be implemented by a series of high-pass,
low-pass filters and decimators as shown in Fig. 3. Respec-
tively, approximation a;[n] and detail d;[n] signals are the
outputs of the low and high-pass filters. It is important to note
that in power systems applications, it is common to use the
reconstructed coefficients of the WT [17].

The WT has been used in protection applications since
the ‘90s [18]-[22]. The common feature of all these works
is that they use the ability of WT to localize in time the
occurrence of high frequencies, which indicate the pres-
ence of TWs. Different works localize high frequencies to
estimate the TOA of TWs and others use the properties
of the frequency to classify the faults. The performance of
these methods is dependent on the mother wavelet and the
Daubechies wavelets are the most commonly used in power
system applications [10], [23]-[27]. The exact function, e.g.
‘db4’ or ‘dbl5’ is dependent on the application and other
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FIGURE 3. Schematic diagram of MRA.

parameters such as the sampling frequency of the data. The
B-spline wavelet which is constructed using a spline function
has also been used in the analysis of power system signals
[28]-[30]. Some works have also studied the effect of the
mother wavelet on their results [20], [31]-[33]. Another
work [34] proposes its own custom wavelet constructed from
recordings of disturbances in voltage signals.

C. TW ANALYSIS USING HIGH FREQUENCY SAMPLING
AND TIME-FREQUENCY REPRESENTATION

Some of the surveyed techniques for identifying the TOA
of TWs are usually implemented in a double-ended fashion
and identify the fault location based on the arrival time of
TWs at the terminals of the power line. On the other hand,
time-frequency representations can be utilized to extract the
high frequency components of TWs. Time-frequency repre-
sentations are tools used to represent non stationary signals
and analyze their time and frequency contents simultane-
ously. The Short Time Fourier Transform (STFT) is a linear
version of these tools. The WT explained in Section III-B can
also be interpreted as one of these tools when there is a clear
relationship between scale and frequency. In addition to these
linear methods, there exists a set of bilinear time-frequency
representations. The most widely known of such represen-
tations is the Wigner-Ville Distribution (WVD) proposed by
Wigner in the 1930’s [35]. For a continuous time signal x(t),
the WVD is defined as

* T * T —2mjft
Wwvpt, f) = | x (r + —)x (: - —) 2T gr  (10)
—o0 2 2

where the WVD is the Fourier Transform of the central
covariance. The WVD is part of larger class of time frequency
distributions (TFDs) known as the Cohen class which are
described by

o= [ [ )

d(T, Ve T gy dy dv - (11)
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where the two dimensional function ¢(t,v), is called the
kernel. When the kernel takes the Gaussian form defined as
2.2

dr,v)=¢ o (12)

the TFD obtained is known as the Choi-Williams distribution
(CWD). Note than when the kernel takes a value of 1 the TFD
obtained is the WVD.

TFDs have been used in protection applications in the same
way as the WT: to help determine the high frequencies caused
by TW in power system signals [36]—[38].

D. TW ANALYSIS USING MATHEMATICAL MORPHOLOGY
Mathematical morphology (MM) is a theory that provides
tools for analyzing signals and images (two-dimensional sig-
nals). It was initially developed in the 1960’s by Matheron
and Serra for the analysis of binary images [39], [40]. MM is
based on different branches of mathematics such as set and
lattice theory and is used to analyze and modify the shape
of the signal to analyze. The analysis of the signal requires
another signal of predefined shape called the structuring
element. MM is based on two elementary operations: dilation
and erosion. For a one dimensional signal x[#] and structuring
element s[n], dilation is defined as

yaln] = (x @ s)[n] = max{x[n —m] + s[m]}  (13)

with 0 < n-m < n and m > 0. For the same signal and
structuring element, erosion is described by

Yeln] = (x © s)[n] = min{x[n +m] —s[m]} ~ (14)

with 0 < n+m < nand m > 0. Dilation is the dual
operation of erosion, however, they are not the inverse of each
other. These operations are nonlinear. The next two main MM
operations are opening and closing and they are based on
the two elementary operations. Opening is simply an erosion
followed by a dilation while closing is a dilation followed by
an erosion. MM is very computationally efficient.

MM has been used as a tool to develop protection schemes
[41]-[47], mainly to detect high frequency distortions of
the raw or transformed power system signals. These dis-
tortions are the results of TWs. The performance of MM
in these applications is mainly related to the structuring
element and the type of MM operations used to analyze
the signal. These final operations are a composition of the
main operators, opening and closing as described above.
The closing-opening-difference-operation (CODO) [44],
[48], opening-closing maximal and close-opening mini-
mal (OCCO) operation [49], and the close-opening open-
closing morphological gradient (CO-OCG) transform [50]
are some examples of these final operations. The work in [51]
develops MM filters for polarity detection to propose a high
speed protection scheme using traveling waves.

E. TW ANALYSIS USING KALMAN FILTER
Proposed in 1960 for linear systems [52], the Kalman Fil-
ter (KF) is a recursive estimation technique used in diverse
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applications such as tracking and data prediction. The classi-
cal KF formulation requires the model of the system in state
space form and discretized in time domain

Xp+1 = Frxg + wy (15)

where x;, are the states of the process or system at time &, Fi
is the state transition matrix, and wy is the noise of the system.
In addition, a model of the observation or measurement of the
process is assumed to be described by,

zr = Hyxg + vi (16)

where H is the observation matrix, v; is the measure-
ment noise, and z; are the measurements to which the user
have access. The KF is a mean squared error minimizer
and requires knowledge of the statistics of the process and
measurement noises. The KF works in two steps cyclically.
These steps are: State prediction and measurement update.
In the state prediction step the state at the current time step
is “predicted” using the state estimate of the previous time
step. In the measurement update step, the observation or
measurement at the current time step is used to improve or
“update” the estimate of the current time step. Extensions to
this filter have been proposed for nonlinear systems; the most
common of which are the Extended Kalman Filter (EKF) [53]
and the Unscented Kalman Filter (UKF) [54]-[56]. For non-
linear systems the process and measurement equations in (15)
and (16) take the forms of

Xp+1 = f(Xg) + Wi (17)
Zr = h(xg) + v (18)

The EKF works by linearizing (17) and (18) using a Taylor
approximation at each time step so they become of the form
in (15) and (16). The UKF is based on the unscented trans-
form that is used as a statistical linearization of the state and
covariances of the filter. The performance of KF is related to
how well the actual system resembles the model (represented
by equations(15) and (16) in its linear form or (17) and (18)).

In the power system protection application that uses KF the
model of the system (or a signal) is that of a simple sinusoidal.
This model is often extended to include harmonics. This
model in state space form is nonlinear and hence the EKF
or UKF extensions are used. KF methods do not require
a sample window of data to analyze; they produce a new
estimate as soon as a new data sample is received.

Kalman Filters have been used since the *80s in protection
applications. In the works in [57]-[59] the fault is detected
by determining anomalies in the KF estimated power system
signals (amplitudes of currents and/or voltages). Kalman fil-
ters have also been used recently in protection applications,
[60]-[62], by the same set of authors, use an EKF approach
to estimate the TOAs of TWs. These works propose
double-ended methods for fault location based on the TOA
of TWs. While in [60] the TOA are determined based on
singularities of the estimated amplitudes of the power system
signals, in [61] the TOA is determined by looking at the
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residual of the KF states. The work in [62] also uses the
residual for determining TOAs but it is meant exclusively to
detect lightning strikes, a feature that is reflected in the model
used by the KF.

F. TW ANALYSIS USING TEAGER ENERGY OPERATOR

The Teager Energy Operator (TEO) was proposed by Teager
in the *80s and early "90s to introduce nonlinearities to speech
modeling [63]. Based on that work, Kaiser, in the early "90s
proposed an algorithm to compute the energy of a signal
and studied the properties of the operator [64], [65]. For this
reason the TEO is sometimes referred to as the Teager—Kaiser
Energy Operator (TKEO). In discrete time the TKEO is
defined as

Wl = X7 — Xpp1Xk—1 (19)

where xy, is the signal to analyze at time instant k. The TKEO
can be interpreted as a nonlinear transform that can be used
to estimate the instantaneous energy of a signal. Calculating
the TKEO only requires three samples of a signal and is
computationally very efficient.

Recently, the TKEO has been used to extract the TWs
of power system signals. A series of works [66]-[68] by
the same group of researchers have proposed fast protection
schemes that use the TKEO to analyze the TW of the modal
components of power system signals. Based on the infor-
mation extracted with the TKEO the fault is classified and
actions are taken accordingly.

G. TW ANALYSIS USING PRINCIPAL COMPONENT
ANALYSIS

Principal component analysis (PCA) is a statistical tech-
nique used to reduce the dimensionality of data sets where
the variables are potentially highly correlated. The ori-
gins of PCA are difficult to determine but the earliest
description of the technique are attributed to Pearson and
Hotelling [69], [70].

Typically, a dataset is pre-processed to have a zero mean
and a unit variance before using PCA on it. For a dataset
(x| i = 1,...,m} of m different variables and with
x® e R” that has been pre-processed as mentioned above,
using PCA the data can be represented as

”1T x®
Ty®
o= | ert (20)

u] x
where the vectors uy, ..., u; are called the first k principal

components and correspond to the first k eigenvectors of the
empirical covariance matrix X, defined as

1 & T
=) x@Ox0 21
m;x x 2n

Note that the new vector y is of dimension k which is
lower than the initial dimension n and that eigenvectors u;
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form an orthogonal basis to represent the data. PCA is often
used in datasets to reduce the redundancy and to make it easy
to determine if patterns arise.

PCA has also been utilized to help develop better pro-
tection schemes [28], [71]-[74]. PCA is typically used to
help classify faults and to reduce the time of operation the
protection device needs to take action. These methods use a
windowed version of the signals to analyze, and require a sig-
nificant amount of data, normally in the form of simulations
of multiple faults under different conditions.

H. TW ANALYSIS USING EMPIRICAL MODE
DECOMPOSITION (EMD) AND HILBERT HUANG
TRANSFORM (HHT)

The Empirical Mode Decomposition (EMD) is a tool for
analyzing non-stationary signals that often represent non-
linear dynamics. It works by decomposing the signal into
various components called intrinsic mode functions (IMFs)
which are always in the time domain (as opposed to other
methods like the Fourier transform or the WT which make
use of the frequency domain). The EMD is a crucial step of
the Hilbert-Huang Transform (HHT) which was proposed by
Huang in in 1996 [75]. For a signal or time series x(¢) the
EMD is defined as

x(t) =Y cit) + ralt) (22)

i=1

where ¢;(¢) is the i IMF and r,(r) is the residue from
which no IMF can be extracted. The process of extracting the
IMFs, called the sifting process, is beyond the scope of this
work and can be found in [75]. An IMF is a function that:
(i) the difference number of maxima and minima is at most 1
(meaning it only has one extreme between zero crossings),
and (ii) has a mean of zero. IMFs are notorious because they
admit well-behaved Hilbert transforms (HT) and they are
orthogonal in practice (though not guaranteed in theory).

The Hilbert-Huang Transform (HHT) consist of decom-
posing the analyzed signal (x(¢)) in IMFs via the EMD,
and applying the HT to them to obtain the instantaneous
frequency. The signal x(¢) can be expressed as

x(0) =Y ain)e J (o) dt (23)

i=1

where the residue is disregarded on purpose. The form of (23)
is similar to the Fourier transform and hence it can be seen as
a generalized Fourier expansion where the coefficients and
frequencies are time-varying.

When a power system fault occurs, due to TWs,
the subsequent signals (voltages and currents) are non-
stationary. EMD and HHT have been used to analyze these
non-stationary signals to detect and extract TWs and enhance
the operation of protection systems [76]—[80].

Extensions to EMD such as the variational mode decom-
position (VMD), which is more robust for sampling and
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noise, have been proposed [81]. This technique has also been
applied in protection applications [82].

I. TW ANALYSIS USING PARK’s TRANSFORMATION

The Park transformation is a tensor to convert vector spaces.
It transforms signals of a three-phase stationary reference
frame to a rotating reference frame. This means that bal-
anced sinusoidal (AC) signals become DC signals under the
Park transformation. The DC signals are then usually easy
to manipulate and analyze. The Park transformation was
introduced in the late 1920s by R.H. Park in a paper on how
to model synchronous machines [83]. It was very important
because it has the property of time-varying impedances from
the analysis of synchronous machines. For a three phase
signal ugpe = [ug up uc]" the Park transformation is defined
as

2 2
cos(d) cos(d— ?) cos(0+ ?)

Ud 2 . . 2 ) 2w Ua
ug | == | —sin(@) —sin( — —) —sin(@+—) up
3 3 3
40 1 1 1 Ue
2 2 2
(24)

where ug,0 = [ug uy up]" are DC quantities known as the
direct (d), quadrature (q), and zero (0) components.

The Park transformation has been used in protection appli-
cation primarily because the ‘d’, ‘q’ and ‘0’ are affected
following a fault in the system. Analyzing some or all of this
components has been as a means to detect faults [84]-[86].

J. TW ANALYSIS USING MACHINE LEARNING
ALGORITHMS
Machine learning (ML) is the study of learning algorithms
that improve their performance in a defined task based on
some given experience. The term machine learning was first
used in the late *50s by Samuel [87]. The fundamental com-
ponent of ML is a set of data that is obtained by the experience
and its main focus is on how a process/algorithm can program
itself (adapt) using this experience and an initial structure.
ML is related to other fields such as computer science, statis-
tics, and adaptive control theory, among others. Fig. 4 shows
a general ML system. This figure shows two sets that can be
respectively associated with data set inputs and outputs X and
Y, and a function (pattern) that relates them. Fig. 4 also shows
the data set of inputs and outputs (X1, ¥1) . . . (Xy, ¥n) and the
set of learning algorithms .4 and hypothesis (or structures or
models) H.

The main learning algorithm paradigms are:

o Supervised learning — these type of algorithms have
inputs x; and outputs y; clearly defined. These algo-
rithms then use the information of the data set (also
called training data) to build or improve the structure
from H (this structure is a mathematical model).

o Unsupervised learning — these type of algorithms have
only input data x; without clear information about the
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FIGURE 4. Schematic of the components of machine learning. Adapted
from [88].

output. Given this lack of feedback these algorithms
mainly work by finding commonalities in the data to
cluster them.

« Reinforcement learning — these type of algorithms have
input data x; some output data that is graded. These
algorithms try to determine what are the best actions to
take to maximize a reward (stemming from the grades
of the outputs).

The main types of hypothesis sets or models are:

o Artificial Neural Networks (ANN) [89], [90],
o Decision Trees [91],

o Support Vector Machines (SVM) [92],

« Bayesian Networks [93].

In power systems protection applications ML models have
been applied to better detect, determine, and classify faults.
They are usually used in conjunction with other extrac-
tion methods presented in this section, such as mathemat-
ical morphology or wavelet transform. Typically, the other
method is used to pre-process the data and obtain a reduced
order representation of the power system signals. References
[94]-[98] present works where SVM has been used in detec-
tion and classification of faults while the work in [99], [100]
uses ANNSs for the same purpose. The ML work in protection
is done with supervised learning techniques for the most part
because the data is usually classified. ML techniques are
useful because they can perform in tasks for which they were
not explicitly designed but they have the downside of needing
a considerable amount of data to construct a complete data set
that allows for robust model selection.

K. DISCUSSION AND COMPARISON OF TW ANALYSIS
METHODS

This section has presented nine different methods for extract-
ing TW information from power system signals (or some
associated effects) with the objective of detecting, identifying
and classifying faults in the system. The list of presented
methods is by no means exhaustive but it does comprise of the
most popular and effective methods for TW analysis found in
the literature. Table 1 shows information and a comparison on
the methods with respect to their computational complexity
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TABLE 1. TW Detection and Extraction Methods.

Method Model- Window- tSl:ll.-legel: (;:‘ase gg or Transmission Is prototype

based based P or distribution = commercial-
ized?

Smoother-Differentiator N Y Both Both Transmission Y [101],

Technique [102]

Wavelet Transform Both Both Both N

High Frequency Sampling and N Both Both Both Y [103]

Time Frequency Representations

Kalman Filter Both AC Both N

Teager Energy Operator Both AC Transmission

Principal Component Analysis Both AC Transmission

revN

Empirical Mode Decomposition N Y Both Both Transmission

revN

Hilbert Huang Transform N Y Both AC Transmission N

Mathematical Morphology N Y Both Both Both N

Park’s Transformation N N Three-phase AC Both N

Machine learning Optional Optional  Both Both Both N

and on whether they can be used with single or three-phase
data. Table 1 shows that ML approaches due to their vari-
ety can have low or high computational complexity. It is
worth noting that some of these approaches can have low
computational complexity in normal operations but a high
computational complexity when training and obtaining the
optimal model. The only method that requires three-phase
information is the one that uses the Park Transformation.
However, note that because sometimes it is easier to analyze
the data coming out of the Park Transform (or other modal
transform) with any of the other methods, this causes them
to be only suitable for three-phase data. The third column
in Table 1 refers to the ability of the presented methods to
work in real-time. For real-time operations most methods
require a window of data to operate. This window determines
the amount of data available to perform the analysis. Methods
that require a window of information are computationally
more expensive and have a delay in their output, both of
which are dependent on the length of the window. This
becomes a crucial parameter in their performance. Kalman
Filter based methods are recursive algorithms that produce
an output estimate when a new data point arrive. Because
they are recursive the new data point depends indirectly on
all previous data points. The Park Transformation and the
TKEO methods do not require a window either, and unlike
the KF they are not recursive. Most methods discussed do not
required a model of the signals or the system that generates
them, they are rather signal processing techniques that take
input data and analyze them with the appropriate tools and
whose structure does not depend on these data. The KF and
PCA methods do require a model and their performance is
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dependent on it. Most methods are dependent of particular
parameters from the structuring element in MM-methods to
the level of decomposition and mother wavelet in WT-based
methods. In Table 1, we have also compared these techniques
based on their specific application (i.e., AC versus DC or
transmission versus distribution). Some of these techniques
have only been used for fault location in AC systems, while
the others have been utilized for both AC and DC systems.
Moreover, it is specified whether these techniques have been
used in a manufactured TW relay or not.

IV. APPLICATION-BASED CLASSIFICATION OF TW-BASE
PROTECTION SCHEMES

A. AC POWER SYSTEMS

1) TRANSMISSION SYSTEMS

In the following, the TW methods for transmission system
protection are divided into single-ended and double-ended
categories:

Single-Ended Methods: In [104], a TW-based protection
for transmission lines is proposed that uses both the time
and frequency domain of the waveform. This is done to
avoid any confusion with a reflected waveform that is present
when the algorithm only uses the time domain of the TW.
To this end, continuous wavelet transformation (CWT) is
utilized. This method is single-ended and does not require any
communication infrastructure. The proposed method is veri-
fied on a 500 kV transmission system in PSCAD/EMTDC.
Reference [24] proposes a distance protection scheme based
on DWT and Kalman filtering methods. The paper verifies the
proposed method for solid ground faults, phase faults, high
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impedance and nonlinear ground faults, and line charging
on a 500 kV transmission system using PSCAD/EMTDC.
dbl and db4 are used as the mother wavelets. Reference [23]
proposes using DWT to perform ultra-high speed relaying in
UHYV transmission systems. The series compensated trans-
mission lines or MOV’s have varying impedance which is
addressed in this paper. The proposed method uses DWT
with db3 as the mother wavelet. The proposed method is
verified using EMTP/ATP on a 750 kV transmission sys-
tem. In [105], a time-domain DWT-based method is pro-
posed. This method does not need to calculate any phasors
as opposed to more common phasor-domain methods. In the
phasor-domain approach, DWT solutions have trouble filter-
ing out some harmonics of the signals. Using the DWT in
the time-domain space should allow a more robust protection
scheme where harmonics are not an issue. db8 is used as the
mother wavelet. The proposed method is verified on a 230 kV
transmission system using Matlab. Reference [60] utilizes
an adaptive Kalman filter for identification of TWs. The
adaptive extended Kalman filter estimates the instantaneous
amplitudes of the TWs. The method combines the estimated
optimal state of the wave (without noise) and a noise additive
component. It compares the received TW to its estimates
of what the TW of a certain distance should look like to
determine the location of the fault. ATP is used to verify
the effectiveness of the proposed method on a 220 kV trans-
mission system. In [106], single-ended TW-based protection
of transmission systems is studied. This paper focuses on
analyzing the boundary elements effect on high frequency
current differences. These boundary effects are used to deter-
mine if the fault is internal or external. The paper focuses on
the stabilization process during the fault period to determine
the boundary element effect on the harmonics. The paper
simulates the algorithm using PSCAD/EMTDC. Reference
[107] uses DWT in time-domain on a hybrid system con-
sisting of a three phase wind generator, three phase load in
parallel with the generator, and a 120 kV transmission system.
As they discovered in their findings, to get a proper accuracy
in detecting the fault they needed to choose a proper mother
wavelet and given certain faults on the transmission system
the signal decomposition will vary. In [108], fault location
in transmission lines is performed using extreme learning
machine on TW frequencies. TW frequencies are detected
from the transient frequency spectrum extracted using FFT.
Extreme learning machine is used as a regression method for
improving fault location capability. The proposed method is
verified on a 380 kV overhead transmission system modelled
in ATP/EMTP. In [95], SVM is applied to the DWT coef-
ficients for fault location and classification. The proposed
method is verified on 230 kV transmission system simulated
in ATP. In [78]-[80], EMD is used to analyze the TW fault
components. These techniques have been applied to high
voltage transmission lines where the sampling frequency of
EMD varies from 1 kHz to 1 MHz. Single-ended TW-based
protection using PCA has been utilized in [71], [73]. These
methods are verified on high voltage transmission systems.
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Double-Ended Methods: In [109], a protection scheme
using TWs for Ultra High Voltage (UHV) transmission lines
is proposed. This paper specifically looks at the character-
istics of coupling capacitor voltage transformers and cur-
rent transformers and their influences on TWs. This paper
also validates its prototype protection scheme on a 750 kV
UHV transmission line. TWs are analyzed using DWT with
derivative of the cubic B-spline function as mother wavelet.
The proposed method is double-ended and requires commu-
nication from the remote terminal of line. This paper uses
EMTP to verify the validity of the proposed method. In
[67], a TW-based protection scheme for parallel transmis-
sion lines is proposed. This scheme notably uses the Teager
Energy Operator (TEO) to analyze the TW. The TEO only
needs three samples to perform its analysis so its resolu-
tion is extremely high. This speed allows the algorithm to
separate successive TWSs that enter the relay. This paper
uses PSCAD/EMTDC to verify the proposed method on
a 400 kV transmission system. Reference [110] proposes
a protection scheme based on placing a relay on termi-
nals of two parallel transmission lines. The scheme uses
a wavelet transform to detect disturbances on the lines as
well as estimating the corresponding phasors. Then, it com-
pares the magnitudes of the currents and phasors between
the two lines. However, backup protection is needed as this
method cannot detect all types of faults. The proposed method
requires communication from remote terminals. It uses DWT
with db4 as the mother wavelet. The proposed method is
verified using PSCAD/EMTDC on a 400 kV transmission
system.

Reference [111] proposes a method for protecting UHV
transmission lines using a differential TW approach. How-
ever, this method does rely on limited communication. The
authors are trying to achieve both high sensitivity and high
reliability. This paper proposes applying DWT to the TWs
with the derivative of the cubic B-spline function as the
mother wavelet. EMTP is used for verifying the proposed
method on a 750 kV transmission system.

In [112], the double-ended fault location method is used
for analyzing the TW dispersion effect on transmission lines.
This method is verified on a 500 kV, 414 km transposed
transmission line that is modeled in ATP/EMTP.

The geometry of the transmission line is introduced to
a classical J. Marti model in which the frequencies of the
line are analyzed. This reference simulates a single line
to ground fault at the 100 km on the line. The simula-
tion studies consider changing the transition resistance and
fault inception angle. The simulation results show that the
proposed method renders less error compared to the tradi-
tional methods. Double-ended TW-based protection using
PCA has been utilized in [74]. This method is verified on
a high voltage transmission system. In [77], HHT is used
to implement a fast-tripping differential protection approach
for shunt-compensated transmission lines. The proposed
approach is verified on 230 kV transmission system simulated
in PSCAD/EMTDC.
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2) DISTRIBUTION SYSTEMS

In [34], voltage TWs are analyzed by CWT. An algorithm is
also proposed to build the mother wavelet using the voltage
transients generated from the original fault. This is then com-
pared to the traditional Morlet mother wavelet. The proposed
method is verified on IEEE 34 Bus system using EMTP-RV.
This method is single-ended and does not require any com-
munication infrastructure. In [113], [114], a TW-based pro-
tection system for medium voltage distribution systems with
distributed generation is proposed. The proposed method
only uses local high-frequency current measurements. This
method does not require communication links. Also, a distur-
bance classification algorithm is derived to reduce the risk of
any false tripping due to other incidents that may produce a
TW. The proposed method is verified on IEEE 34 Bus system
using EMTP-RV.

Reference [115] proposes a TW-based protection scheme
that only uses current measurements and needs limited
communication. A simple exchange of binary signals with
neighboring terminals is required along with local cur-
rent measurements. The lack of any voltage measurements
makes this scheme immune to any loss of voltage. The
simple binary signal also makes it more robust to loss of
communication channels. The proposed method is verified
on IEEE 34 Bus system using EMTP-RV. Reference [30]
proposes a TW-based protection method that can detect
high impedance single-phase-to-ground faults. The scheme
uses DWT and modulus maxima. It identifies the fault
by comparing it to a non-faulted feeder. The paper simu-
lates the proposed method on a 35 kV distribution system
using EMTP.

The work in [116] proposes a method for short circuit fault
detection in low-voltage distributed systems. The method
is termed morphology-wavelet filter and is based both on
wavelet transform and MM. In [36] a method for detecting
high impedance faults (HIF) in distribution systems using
TFA is proposed. The distribution used is the CWD. The
method removes the fundamental component before using
the TFA and then the dimensionality of this information is
reduced using PCA. The fault detection is based on SVM.
Reference [37] is a continuation of [36] to propose a fault
location scheme for distribution systems that is active and
in which a Chirp-like signal is injected in the system. Both
works use PSCAD/EMTDC simulations. The work in [117]
presents a method to detect HIF in distribution networks.
The method uses DWT for feature extraction of current and
voltage waveforms. A nearest neighbor clasifier is used on
the RMS values of the DWT to differentiate between normal
operations and HIF. In [45] a method based on MM is pro-
posed for the detection of HIF. The specific operator used is
the closing opening difference operator and is performed only
in voltage waveforms. The paper argues that the distortion
in voltage waveforms (caused by TWs) is more consistent
than in current waveforms. This work uses PSCAD/EMTDC
simulations.
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It should be noted that most of the work at the
distribution-level has been tested and validated with simu-
lations and sometimes with hardware in the loop platforms.
There is still a need for experimental setups to help validate
and advance these techniques to real-world applications.

3) AC MICROGRIDS

In [118], a TW-based distance protection for microgrids with
inverter-based distributed generators is proposed. This paper
also focuses on the fault characteristics of inverter-based
distributed generations. The paper uses DWT for TW identi-
fication. Using Chaari complex wavelet, this paper proposes
a mother wavelet construction method that creates mother
wavelets based on the characteristics of signals. The pro-
posed method is verified on a low voltage microgrid with
the operating voltage of 400 V. The microgrid is simulated
in Matlab/Simulink.

B. DC POWER SYSTEMS

In the following, the existing protection schemes based on
traveling waves for High Voltage DC (HVDC) and Medium
Voltage DC (MVDC) power systems are reviewed.

1) HVDC SYSTEMS

The fast tripping protection schemes in HVDC systems are
proposed in [119]-[126]. In [119], the frequency charac-
teristics of TWs is used to develop an HVDC line protec-
tion scheme. The proposed method utilizes the first locally
measured TW and focuses on the frequency component and
polarity of TW rather than its arrival time. This method
accommodates the primary operating time of less than
0.5 ms. It is also sensitive to high-resistance faults. The
proposed method is verified on a 400 kV DC system using
PSCAD/EMTDC. In [120], a TW-based protection technique
is proposed which accounts for the power developed by
both the forward and backward TW. The amount of power
generated by these TWs can be used to determine if the fault
is external or internal. This method will rely on taking both
current and voltage measurements in order to calculate TW
power. The proposed method is verified on a 400 kV DC
system using PSCAD/EMTDC.

Reference [121] proposes a method for TW-based backup
protection of a transmission line in an HVDC system. This
paper analyzes the characteristics of TWs for internal and
external fault currents and uses the characteristic differences
to develop a backup protection scheme. The advantages of
this method are a reliable way to detect high resistance faults
and low computational burden. The proposed method is ver-
ified on a 400 kV DC system using PSCAD/EMTDC.

Reference [122] proposes a TW-based protection scheme
for a line-commutated converter-based-high-voltage DC
transmission line. The proposed method can detect high resis-
tance DC line ground faults. A TW propagation calculation
method is developed that reduces the impact. A normal-
ized voltage change rate factor introduced which is utilized
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for identifying internal faults from external faults. The pro-
posed method is verified on a 800 kV DC system using
PSCAD/EMTDC.

In [123], another approach for the protection of
line-commutated converter-based-high-voltage DC is pro-
posed that accounts for the electro-magnetic coupling effect
between double circuit HVDC transmission lines. This paper
proposes a modal transform-based scheme that considers
the wave front magnitude of modal voltage traveling waves.
The proposed method accounts for the linear combinations
of modal components rather than each independent modal
component. The proposed method is verified on a 500 kV
DC system using PSCAD/EMTDC.

In [124], a TW-based protection scheme for multiterminal
HVDC systems is proposed. Continuous wavelet transform
is utilized to calculate the arriving time of first TWs at all
converter stations. In this method, the multiterminal HYDC
system is modelled by a graph and a low memory demanding
technique is proposed to identify the portion of graph that is
faulted. The proposed method is verified on a 110 kV DC
system using PSCAD/EMTDC.

In [125], the surge arrival time difference between the
ground mode and line mode TWs is used for the fault
detection on multiterminal HVDC systems. This paper uses
mathematical morphology for the detection of surge arrival
time difference. The proposed method is verified on 500 and
800 kV HVDC systems.

Reference [126] proposes a multiterminal differential pro-
tection for HVDC systems which is verified in PSCAD. The
proposed protection scheme combines fault detecting and
locating principles, fault isolating tools, and fault current
limiting technologies. Derivative-based wavelet transform
is utilized with db4 and Harr as mother wavelets is used
to extract the high frequency fault components. In [127],
a hybrid TW/distance protection for HVDC transmission line
is proposed. The proposed method is based on monitoring the
phase angles of characteristic harmonic impedance values.
Moreover, the WT is utilized to detect faults in the regions
that are not covered by the harmonic impedance monitor-
ing technique. The proposed scheme is verified by simulat-
ing Hydro-Quebec HVDC benchmark in Matlab/Simulink.
In [128], the transient current increments and its distribution
over the line are calculated to detect and locate faults on an
HVDC system. The proposed method is verified by simu-
lating a 500 kV HVDC system in RTDS. In [129], a direc-
tional pilot protection for a multi-terminal HVDC system
is proposed that utilizes the transfer function and specific
characteristics of the TW currents. The proposed method is
verified by simulating a 400 kV HVDC system in RTDS.
In [130] a method to discriminate faults in HVDC systems
based on the WT is proposed. The approach relies on analyt-
ical analysis to determine the parameters of the WT. It has an
important discussion on the selection of the mother wavelet.
The approach is validated initially with PSCAD simulations
and then in hardware in the loop using RTDS. A real-time
fault protection strategy for multiterminal HVDC systems is
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proposed in [131]. This strategy is based on the real-time
boundary wavelet transform (RT-BWT) and it uses only local
measurements. It was tested using real-time simulations.

Reference [132] proposes a high speed phaselet-based
distance relaying scheme. The proposed method is imple-
mented on an FPGA and uses IEC 61850 as the communica-
tion Sampled Value and Generic Object Oriented Substation
Events (GOOSE) protocols. The Full-cycle discrete Fourier
transform (FCDFT) and half-cycle DFT are too slow and
have issues with harmonics. The phaselet scheme achieves
a fast sub-cycle response. The algorithm runs a lot of parallel
phaselet calculations, so a FPGA is proposed over the digital
signal processor for faster implementation. The proposed
method is experimentally tested on a 400 kV transmission
system using RTDS.

2) MVDC SYSTEMS

MVDC microgrids are emerging at the distribution level due
to their improved efficiency compared to AC systems. More-
over, they facilitate the effective integration of distributed
energy resources with DC nature (e.g., photovoltaic and bat-
tery energy storage systems) by avoiding redundant energy
conversion stages. However, the protection of DC microgrids
is a challenging task due to the unique signature of DC fault
currents, which is their high magnitude right after the fault
occurrence and fast attenuation of the peak current in a couple
of milliseconds. The high magnitude of fault currents can
enable the internal protection of power electronic convert-
ers, used to integrate distributed energy resources (DERs),
to save their internal power electronic switches that in turn
results in the outage of DERs and loss of the integrity of DC
microgrid. Therefore, designing a fast operating protection
scheme that satisfies the fault-resiliency of DC microgrids
is of paramount value. Moreover, the protection schemes
are preferred to be communication-independent to effectively
operate under communication network outages [7]. In [6],
a TW-based method for MVDC microgrids is proposed. This
method is unique in that it only needs to look at the first
locally measured TW and focuses on its waveshape properties
and polarity rather than its arrival time. The proposed method
accommodates a TW capturing unit as well as a time constant
estimation unit. Once the TW is captured, it’s time constant
is estimated to locate the fault. The response speed of this
method is within a few microseconds. The scheme also does
not require any communication and solely relies on local
measurements. The proposed method is verified on a 2.5 kV
DC microgrid using PSCAD/EMTDC. Reference [133] uses
wavelet transform and artificial neural networks (ANN) to
detect and classify faults in MVDC shipboard power sys-
tems. The features of different faults are extracted using
wavelet transform multiresolution analysis (with dbl0 as
mother wavelet) and Parseval’s theorem which relates the
energy of the fault signal to the energy of wavelet coefficients.
This paper uses ANN to classify faults after the fault current
features are extracted. The proposed method is tested on a
2.5 kV DC shipboard power system using RTDS.
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C. POWER SYSTEMS WITH RENEWABLE ENERGY
INTEGRATION

The integration of clean renewable resources, such as wind
and solar, typically interfaced with the grid via power elec-
tronics converters, is changing the operations of power sys-
tems and their associated protection mechanisms. The work
in [134] presents a good overview of the challenges faced by
the protection community with a high penetration of renew-
able energy. The works on TW protection for power systems
with renewable energy penetration can be roughly divided in
two categories: those for hybrid transmission lines and those
for microgrids.

Hybrid transmission lines are those composed of overhead
lines and underground lines. This type of transmission system
is common for interconnecting certain types of renewable
sources such as offshore wind power plants. The work in
[135] proposes a fault-location technique for hybrid multi-
terminal transmission lines. This work uses the differences
in arrival times of the TWs for fault location. The arrival
times are determined using the DWT to the first mode of
the Clarke transformation of the voltages. This work uses
EMTP-RYV simulations for testing. Reference [136] proposes
a single-ended method based on TWs for fault location on
transmission lines where overhead lines are combined with
underground cables. It uses the DWT to analyze the aerial
mode, using the Clarke transformation for fault location
and identification. Reference [137] is an applied work on
extending TW fault locating techniques from two-terminal
homogeneous lines to multiterminal and hybrid transmission
lines. The work in [138] proposes a method for fault location
in hybrid transmission lines using TWs. The differentiating
factor of this work from previous research is that the fault
location is performed without any assumption regarding the
velocity of propagation of the TW. In related research, [139]
proposes a technique for fault location and detection of a
TCSC-compensated two terminal line that connects a wind
power plant. The method uses the fast discrete S-transform
to analyze modal information of the three phase current for
extracting TW information. This information is used for fault
detection by analyzing the times of arrival. Each of these
methods is able to improve the integration of renewable
resources that connects to the system via hybrid transmission
lines.

In the microgrid and distribution systems space some work
has been devoted to TWs as a solution for integrating addi-
tional renewables. In [140] a model-based method for fault
detection for inverter dominated microgrids is proposed. The
method does not require communications and is intended to
overcome the two type of errors that protection systems can
have: breakers not tripping when they should, called blinding
in this work, and breakers tripping when they should not,
called nuisance tripping. The work in [46] is also for an
inverter dominated microgrid and uses MM filters to extract
information on TWs. The approach proposed in this work
is tested with simulations conducted in PSCAD/EMTDC for
a 20 kV microgrid. Reference [141] proposes a TW based

72960

scheme to isolate single-line-to-ground faults in distribu-
tion networks including distributed generation. The scheme
uses WT to analyze TW information and is tested using
the ATP/EMTP software platform. Other works have been
cited previously like work [6] in IV-B2, and the works for
distribution systems [113]-[115] in IV-A2.

V. REVIEW OF PATENTED AND MANUFACTURED
TW-BASED PROTECTION SCHEMES

A. TW-BASED PROTECTION PATENTS

In [142], [143], a variety of different techniques for calcu-
lating fault location using TWs in an intelligent electronic
device (IED) are disclosed. The IED includes different mod-
ules including a TW detection module and a fault location
estimation module. The fault location estimation module uses
the arrival time of the first TWs at both ends of the power line
to calculate the fault location. In [144], a TW-based protec-
tion scheme for HVDC transmission lines is disclosed. This
patent includes methodologies for estimating the amplitude
of TW at the fault location, calculating the fault resistance,
estimating pre-fault voltage value at the fault location, and
calculating surge impedance of power line. Using voltage
measurements at both sides of the line, the proposed method-
ologies can estimate the TW magnitude and pre-fault voltage
at the fault location. The patent also discloses a fault detec-
tion device that comprises the above-mentioned estimation
and calculation algorithms. Reference [145] discloses a fault
sensing system using TWs. The proposed method is based
on estimating at least one TW of current or voltage at each
position and comparing them against some determined TW
thresholds. In [146], the TW-based protection is performed
using a Rogowski coil and a processor. The Rogowski coil is
placed on the power system to detect the TWs resulting from
faults on the transmission lines. The output of the Rogowski
coil and the original TW signal are used in the processor to
identify the fault location. This method is also double-ended
and relies on the TW arrival time at both ends of the line.
In [147], a time reversal process is proposed which uses
electromagnetic waves initiated by faults. This method is
single-ended and calculates a time inversion of the measured
TWs to identify the fault location.

B. MANUFACTURED TW-BASED PROTECTION RELAYS

Even though there are many research articles available
that address fast-tripping fault location using TWSs, only a
few of TW-based relays are commercially manufactured.
In [101], [102], the smoother-diffrentiator technique dis-
cussed in Section III.A and the patent disclosed in [142]
are utilized to create time-domain fast-tripping protection
relays. In these manufactured relays, a TW-based differen-
tial element, an incremental-quantity distance element, and
a TW-based transfer trip scheme are incorporated to detect
faults within 1 to 5 ms. Using ultra-high sampling of mea-
sured current and voltage values, [103] calculates the arrival
time of TWs at both terminals of a power line to identify
the fault location. [103] can find the fault location with an
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accuracy of less than 50 m in a few milliseconds. This solution
can effectively work for AC and DC high voltage power lines.

In recent years, there have been some pilot projects verify-
ing TW-based protection in both AC and DC systems. The
time domain technology in [101] has been commissioned
and employed by an electric power utility as mentioned in
[148]. The manufactured relay in [103] has been also verified
through some pilot projects [149]. Some TW-based protec-
tion pilot projects for HVDC systems in Canada and Germany
are discussed in [150].

VI. REVIEW OF SIMULATION TOOLS FOR TW-BASED
PROTECTION SCHEMES

Given the specific signature of high frequency components of
fault currents, the tools utilized for the simulation and study
of protection schemes should accommodate a high-fidelity
simulation of fault scenarios. To this end, this paper reviews
and compares the existing commercial software packages that
are suited for studies of protection schemes.

A. DESCRIPTION OF COMMON SOFTWARE PACKAGES
FOR ASSESSING PROTECTION SCHEMES

1) EMTP-RV AND ATP

The Electromagnetic Transients Program (EMTP) originated
in the seventies from the Bonneville Power Administra-
tion and its theory and usage are well documented in the
EMTP ‘Theory Book’ [151] as well as in the proceeding
of the International Conference on Power System Tran-
sients [152]. In the ’90s, various groups, such as Manitoba
Hydro(PSCAD/ RSCAD) [153], Development Coordination
Group (EMTP-RV) [152], and others, began to commercial-
ize the EMTP code, while the original code was remained
in the public domain under the name ‘Alternative Transients
Program’ (ATP). Other tools such as Matlab/Simulink’s Sim-
power/Simscape [154] also use many of the models originally
created for ATP. ATP Draw was developed as a public domain
graphical user interface by the European EMTP_ATP user’s
group [155].

ATP was originally developed to study switching transients
in long, extra- and ultra- high voltage (EHV, UHV) trans-
mission lines. ATP uses the simple trapezoidal rule and the
method of companion networks [151], to solve the differential
equations that apply to a power system model. Nonlinear
elements are most commonly accommodated via compensa-
tion techniques, which may require special treatment [151].
EMTPR-RV [152] uses an iterative solution for nonlinear ele-
ments. As with any simulation method the user must carefully
understand and model not just the main elements in a system,
but all parasitics as well. Over the last fifty years, the code has
grown to include the modeling of rotating machines, trans-
formers, substation equipment, power electronics and control
systems. Some key features include nonlinear models (e.g.,
saturation), frequency dependence models, corona and arc
models and statistical analysis. Some of these models involve
simplifying assumption that the user must understand. A large
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library of models, many of which have been field tested,
is available. ATP normally is used on a multicore desktop
or workstation, but has been compiled to run on Graphical
Processor Units(GPU) [156] and real-time implementations
have also been reported (e.g., [157]).

2) PSCAD/EMTDC

PSCAD/EMTDC is a robust tool for simulating time domain
instantaneous responses and electromagnetic transients in
electrical systems. This software solves the electromagnetic
and electromechanical systems’ differential equations in the
time domain. Differential equations are calculated based on
a fixed time step basis. PSCAD/EMTDC accommodates the
simulation of transients on lines and cables using a fre-
quency dependent (phase) model. The frequency dependent
model is built upon a TW model in which all line/cable
parameters are frequency dependent. Moreover, the model’s
internal transformation matrices are all frequency dependent.
This facilitates the detailed simulation of different frequency
components of TWs. In the frequency dependent model,
curve fitting is utilized to approximate the impedance and
admittance of line/cable with a N order approximation.
Users can specify a frequency range for these calculations.
Another useful component in PSCAD/EMTDC library is its
discerete wavelet transformation. This component calculates
the wavelet coefficients for different sampling frequencies.
Users can choose a variety of mother wavelet functions
including Harr, Daubechies, Symlets, and Coiflet [153].

B. LINE/CABLE MODELS USED FOR THE

SIMULATION OF FTPS

The most simplistic approach to model a transmission line
is using the IT-model. However, this model exhibits consid-
erable shortcomings for the proper simulation of transient
phenomena. The first one is that it uses a lumped-parameter
scheme, losing sight of the distributed parameter nature of the
conductor, which in turn makes it only suitable for short lines
(lines that are much shorter than the transient wavelength 1).
All transmission line parameters are modeled at a single
frequency (e.g., 60 Hz). The second one is that the differential
equations used for modeling the voltages and currents in the
line (e.g., telegraph’s equations) are time-independent, which
limit the modeling to a steady-state condition and fails to
capture any transient behavior of the line.

The most complete models that capture all of the temporal
behavior of lines are the ones that incorporate the distributed
nature of the line parameters and that include partial differ-
ential equations (in space and time) in order to provide a
more complete solution for the representation of voltages and
currents at any point in the line at any given time.

Another important feature of these models is the inclu-
sion of the frequency-dependent characteristic (or surge)
impedance as well as the propagation constant. This is impor-
tant because as frequency increases the skin effect and the
earth-return current (soil effect) become more prevalent, and
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it is important to capture these effects on the electromagnetic
transient model.

There are two types of frequency-dependent models: the
modal domain and the phase domain model. The modal
domain model developed by Marti [158], decouples the
lines in a multi-phase line by using real-constant transfor-
mation matrices. This allows to treat each line indepen-
dently as an uncoupled mode. This matrix transformation
method provides excellent results when dealing with bal-
anced systems, but it becomes inaccurate when the system in
unbalanced.

The modal domain model develops the line equations
between nodes k and m in the frequency domain. These
equations can be synthesized into two equivalent Thévenin
circuits with impedance equal to the characteristic (or surge)
impedance as a function of frequency, and with voltage
sources representing the past history of the transmission line.
When converting these equations back to time domain, two
convolution integrals need to be performed: one with the
characteristic impedance, and the other with the propagation
matrix. By fitting the propagation matrix with rational func-
tions in the frequency domain, the integral can be evaluated
very efficiently because in the time domain the propagation
constant is an exponential. In this way the convolution inte-
gral is reduced to what is called a recursive convolution.
Furthermore, if the input is assumed constant during the time
step of the integration, then, an analytical, closed form for the
recursive convolution can be obtained [159].

The second frequency-dependent model, the phase domain
model, avoids the problems associated with the mode trans-
formation matrices by directly working the formulation in
the phase domain [160]. The phase domain model is accurate
for all transmission line configurations, even if the lines are
unbalanced. This model is the most advanced and accurate
time-domain line model, it is considered to be the universal
line model [161], [162].

If the objective is to capture TWs for fast-tripping pro-
tection schemes (FTPS) during simulation, a frequency -
dependent model in phase domain should be used. There
are mainly four models in the phase domain [160]: the Taku
Noda model [163], the Z-line model [164], the idempotent
line model [165]-[168], and the Nguyen direct phase-domain
model [169].

In the Taku Noda model, the telegraph’s equations are
manipulated algebraically in the frequency domain to obtain a
set of two coupled equations: one for the sending and the other
one for the receiving current. The n-conductor transmission
line is represented by two independent current sources repre-
senting the history of the line and delayed by 7, the minimum
traveling time between terminals k and m. Each conductor
on each side of the circuit is connected to ground by its
characteristic admittance Y. Transforming these equation to
time domain requires eight convolutions. The computing time
of these convolutions can be improved by replacing them with
the ARMA (Autoregressive Moving Average) model in the
z-domain.
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The challenge of superposition of traveling times in the
coupled-phase waves in the phase domain modelling is solved
in the Z-line approach by the superposition of an ideal wave
propagating at the speed of light, and a second wave that is
shaped by the parameters of the line which are a function
of frequency. The Z-line model consists of two sections of
lines connected in series: the ideal section and the section that
accounts for the losses [164].

The third model, the idempotent model, avoids the problem
of using eigenvectors for the treatment of the modal trans-
formation matrices. The use of multiple-choice eigenvector
functions becomes more problematic when there are repeated
eigenvalues. Instead, this model represents the phase-domain
propagation function e~"”** (a matrix function) as a linear
combination of the natural propagation modes e~ "* (scalar
functions) with idempotent coefficient matrices [165].

By using rational functions for the synthesis of the propa-
gation function, the idempotent matrix, and the characteristic
impedance, time-domain exponential functions are obtained
as the elements of these matrices. In this way, The compu-
tation time of each operation is faster since the exponential
functions allow the use of recursive convolutions [160].

Prior methods to Nguyen’s rely on real and constant trans-
formation matrices for conversion between the modal and
the phase domains. These models become more and more
inaccurate as the asymmetry of the line increases. Direct
phase-domain modeling techniques address this problem but
the numerical stability of the efficiency of the solution could
be affected [169].

Nguyen’s method, also a direct phase-domain method,
removes the stability concern of the solution by employing
a different fitting routine. This is a modified version of the
fitting routine developed by Marti [158], [170]. Also, the time
domain characteristic impedance and time domain propaga-
tion function matrices are composed of elements that are
linear combinations of exponential functions. In this way the
time domain convolutions are evaluated very efficiently using
fast recursive methods [158], [170].

Nguyen’s direct method is extremely useful when mod-
eling transmission lines with a high degree of asymmetry.
It is also a good alternative to analyze induced voltages on
railways that run parallel to a three-phase line [160], [169].

C. HARDWARE-IN-THE-LOOP SIMULATION OF FTPS

1) Opal-RT HYPERSIM

Advances in parallel computing are allowing the proliferation
of Hardware-in-the-Loop (HIL) real-time simulators. HIL
systems provide a testing platform that permits the rapid
prototyping of control schemes and their incorporation into
simulation environments either in real time or offline. This
simulation scheme is referred to as Control-Hardware-in-
the-Loop (CHIL). Furthermore, HIL systems also permit the
addition of power interfaces, such as power amplifiers or
power converters, into the simulation testbed. Such a setup
is called Power-Hardware-in-the-Loop and is largely used to
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FIGURE 5. Timeline diagram of surveyed TW techniques.

test and validate commercially available power conversion
devices such as inverters and DC-converters. Hypersim is
an EMT-domain simulation environment created by Opal-RT
Technologies which allows testing and optimization of con-
trol and protection systems used in power grids [171]. With
the proper hardware, Hypersim can run real-time simulations
with fixed time step resolutions down to 40 us. Whereas,
while working offline, it allows simulation time steps as low
as 200 ns. For transient sub-cycle analyses involving TW
dynamics, high resolution simulations are crucial in deter-
mining arrival times of TWs.

2) RTDS

Real Time Digital Simulator (or RTDS) is a similarly attrac-
tive platform for fast, reliable, accurate and cost-effective
simulation of complex power systems and power electron-
ics devices. RTDS uses parallel processing to accommodate
HIL simulation and testing through a set of analog/digital
inputs/outputs. The Traveling Wave Relay Testing (TWRT)
functionality enables RTDS to be used for testing TW pro-
tection relays in an HIL closed loop testbed. To effectively
simulate TWSs, the convectional Bergeron transmission line
models that are simulated at 25-50 us time step cannot
be utilized as they fail to model the attenuation of TWs.
However, this tool incorporates frequency dependent phase
domain transmission line models that can be simulated at
small time steps (1-3 us) required for TW testing. Users can
model multiple line segments to simulate faults at multiple
locations as well as physical transposition [172]. TWRT has
been used to test a commercial TW relay according to [173].

VIl. SUMMARY OF THE STATE OF THE ART

This paper cites works from 1981 to date regarding protection
schemes based on different methods to extract information
on TWs or distorted waveforms. A timeline diagram of the
different extraction methods is presented in Fig. 5. This
figure shows that very early on work started with methods
such as mathematical morphology and the Kalman filter.
More recently, there are works with other methods such as
EMD and the smoother-differentiator technique. For research
purposes, the WT is perhaps the most popular method for
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FIGURE 6. Histogram of the simulation software used by the papers cited
in this work.

protection applications; work with this method started in the
mid-"90s. The cited works use a number of different software
to generate data with TW information to test their proposed
protection techniques. In addition, some of these works use
recordings of actual data. Fig. 6 shows the 12 different soft-
ware or data categories of the papers cited by this work.
These data shows that 9% of the works do not reference
the software or the type of data they use. The most popular
software is PSCAD/EMTDC with 35% of the cited works
using it. ATP/EMTP is second with 20% of the works using it.
Matlab/Simulink is used in 11% of the works, while Matlab
only is used in 3% of the works. The distinction between
Matlab/Simulink and Matlab was done because that is how
the papers themselves refer to the software. Around 8% of the
works mention using an EMTP-type of software, but they do
not mention the specifics. Data generated by real-time digital
simulation and actual data from recordings are used around
3% and 2% of the time respectively.

Fig. 7 shows the application of the papers referenced in
this work. The figure shows that overwhelmingly most works
are for transmission level applications with more than 60% of
them dedicated to it. The second most common applications
are distribution with 16% and HVDC with 9%.

VIil. LIMITATIONS OF TW-BASED FAULT LOCATION
Even though fast-tripping protection schemes often uti-
lize TW-based fault location techniques, there are some
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limitations that can affect the practical implementation
of these schemes. In these cases, the standalone opera-
tion of TW-based protection schemes can endanger the reli-
ability of power grids. These limitations are summarized as
follows:

1) For lower voltage level power systems, capturing high
frequency TWs of currents can be a challenging task.
In [174], it is mentioned that for power grids with
operating voltages lower than 35 kV, the current TW
front value is attenuated, which may make it ineffec-
tive for fault location applications. On the other hand,
[174] recommends the use of voltage TW for these
networks. However, the voltage TW can be highly
impacted by the frequency response of the voltage
transformers (VT).

2) To effectively capture the TWs in low voltage power
grids, ultra high resolution data sampling is required
to extract high frequency components of TWs at the
expense of increased computational complexity and
burden.

3) The presence of tap points on overhead lines impacts
the TW magnitude and its arrival time, which dete-
riorates the performance of TW-based fault location
techniques [174].

4) The frequency response of coupling capacitor
VTs (CCVT) can attenuate the high frequency compo-
nents of TWs, which renders inaccurate performance
of TW-based fault location schemes [175].

IX. FUTURE SCOPE AND TRENDS

The nature of power systems is evolving to accommo-
date more and more inverter-interfaced devices. Renewable
resources, mainly wind and solar PV, are those primarily
responsible for this evolution. In addition, the traditional
boundaries of transmission and distribution are going to be
blurred in future grids partly because of the widespread
installation of inverter-based distributed energy resources
(DER). These fundamental changes to the grid will require
that protection mechanisms adapt accordingly in order to
maintain the secure operation of the system. Fortunately,
along with the aforementioned changes in grid configuration,
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there are new technologies in monitoring and control that can
be used to design and implement novel protection schemes.

It is anticipated that protection schemes will make use of
data sampled at ultra high resolutions which are necessary
to capture the high frequency components of TWs and are
of particular importance for fault detection and location in
distribution systems. The future grid is going to have more
sensing devices and will communicate more data out of
them is going to be communicated. These data can be lever-
aged with machine learning/artificial intelligence methods to
develop data-driven protection schemes for fast detection and
classification of system faults. Future protection schemes are
also expected to be informed by data available in different
parts of the system, even remote in areas. Such an idea
already exists with synchrophasor data but in the future time
synchronized point-on-wave measurements might be avail-
able. Because future protection schemes need to be resilient,
these schemes will also be adaptive, robust to communication
failures, and system changes. At the local level, protection
schemes will use all information available, that is, local volt-
ages and currents (and quantities derived from them such as
power and frequency). Techniques aimed at predicting the
occurrence of faults will also be leveraged in future protective
equipment.

Another game changer in future protection schemes is the
inclusion of protective and fault detection functions to the
power-electronics interfaces of DERs, by making an extended
use of all the available local measurements that these inter-
faces take, such measurements can provide valuable informa-
tion in helping to discern abnormal grid conditions. In such
configuration the protection of the system is distributed with
the DER penetration. The inclusion of protection mechanisms
to the interfaces of DER can also enable active protection
schemes where the protective equipment inject controlled and
unnoticeable signals to the grid to determine the occurrence
of faults.

X. CONCLUSION

This paper presents the basic theory of TWs in power systems
and how it can be used to design protection schemes that
act much faster than traditional approaches. Such schemes
are expected to be paramount to maintain the reliability and
secure operations in future grids with higher contributions
of inverter-based generation. The paper presents the most
widely used signal processing methods to extract information
of TWs in power system waveforms. The specific charac-
teristics of each method are detailed and they are compared
when appropriate. The paper then presents a survey of pro-
tection schemes at the transmission and distribution levels for
both ac and dc systems. It is shown that protection schemes
using TWs have been studied at the transmission level for
several decades however at the same type of ideas have only
sparsely been explored at the distribution level. The paper
also presents a review of the most commonly used tools for
performing research in power system protection.

VOLUME 9, 2021



F. Wilches-Bernal et al.: Survey of TW Protection Schemes in Electric Power Systems

IEEE Access

ACKNOWLEDGMENT

This article describes objective technical results and analysis.
Any subjective views or opinions that might be expressed in
the article do not necessarily represent the views of the U.S.
Department of Energy or the United States Government.

REFERENCES

(1]

[2]

(3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

B. Kroposki, B. Johnson, Y. Zhang, V. Gevorgian, P. Denholm,
B.-M. Hodge, and B. Hannegan, “Achieving a 100% renewable grid:
Operating electric power systems with extremely high levels of variable
renewable energy,” IEEE Power Energy Mag., vol. 15, no. 2, pp. 61-73,
Mar. 2017.

N. Fischer. Protection of Inverter-Based Resources. Accessed:
May 18, 2020. [Online]. Available: https://www.esig.energy/protection-
of-inverter-based-resources/

L. Bewley, “Traveling waves on electric power systems,” Bull. Amer.
Math. Soc., vol. 48, no. 8, pp. 527-538, 1942.

M. A. Aftab, S. M. S. Hussain, I. Ali, and T. S. Ustun, “‘Dynamic protec-
tion of power systems with high penetration of renewables: A review of
the traveling wave based fault location techniques,” Int. J. Electr. Power
Energy Syst., vol. 114, Jan. 2020, Art. no. 105410.

L. V. Bewley, “Traveling waves on transmission systems,” Trans. Amer.
Inst. Electr. Eng., vol. 50, no. 2, pp. 532-550, Jun. 1931.

K. A. Saleh, A. Hooshyar, and E. F. El-Saadany, “Ultra-high-speed
traveling-wave-based protection scheme for medium-voltage DC micro-
grids,” IEEE Trans. Smart Grid, vol. 10, no. 2, pp. 1440-1451, Mar. 2019.
K. Saleh, “Protection of direct-current systems,” Ph.D. dissertation,
Dept. Elect. Comput. Eng., Univ. Waterloo, Waterloo, ON, Canada, 2017.
[Online]. Available: https://uwspace.uwaterloo.ca/handle/10012/12601
D. Hess and J. Gold, “A practical guide to cable selection,” Nat. Semi-
cond. Corporat., Santa Clara, CA, USA, Appl. Note 916, 1993, pp. 1-12.
A. Di Tomasso, G. Invernizzi, and G. Vielmini, “Accurate single-end and
double-end fault location by traveling waves: A review with some real
applications,” in Proc. AEIT Int. Annu. Conf. (AEIT), Sep. 2019, pp. 1-6.
M. Korkali, H. Lev-Ari, and A. Abur, “Traveling-wave-based fault-
location technique for transmission grids via wide-area synchronized
voltage measurements,” IEEE Trans. Power Syst., vol. 27, no. 2,
pp. 1003-1011, May 2012.

P. Gale, P. Crossley, X. Bingyin, G. Yaozhong, B. Cory, and J. Barker,
“Fault location based on travelling waves,” in Proc. 5th Int. Conf.
Develop. Power Syst. Protection, 1993, pp. 54-59.

E. O. Schweitzer, A. Guzman, M. V. Mynam, V. Skendzic, B. Kasztenny,
and S. Marx, “Locating faults by the traveling waves they launch,” in
Proc. 67th Annu. Conf. Protective Relay Eng., Mar. 2014, pp. 95-110.
S. Mallat, A Wavelet Tour of Signal Processing, 2nd ed. New York, NY,
USA: Academic, 1999.

A. Haar, Zur Theorie der Orthogonalen Funktionensysteme. Gottingen,
Germany: Georg-August-Universitat, 1909.

A. Grossmann and J. Morlet, “Decomposition of hardy functions into
square integrable wavelets of constant shape,” SIAM J. Math. Anal.,
vol. 15, no. 4, pp. 723-736, Jul. 1984.

S. G. Mallat, “A theory for multiresolution signal decomposition:
The wavelet representation,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 11, no. 7, pp. 674-693, Jul. 1989.

N. Perera, A. Rajapakse, and R. Jayasinghe, “On-line discrete wavelet
transform in EMTP environment and applications in protection relaying,”
in Proc. Int. Conf. Power Syst. Transients (IPST), 2007, pp. 4-7.

O. Chaari, M. Meunier, and F. Brouaye, “Wavelets: A new tool for the
resonant grounded power distribution systems relaying,” IEEE Trans.
Power Del., vol. 11, no. 3, pp. 1301-1308, Jul. 1996.

F.H. Magnago and A. Abur, “‘Fault location using wavelets,” IEEE Trans.
Power Del., vol. 13, no. 4, pp. 1475-1480, Oct. 1998.

C. H. Kim and R. Aggarwal, “Wavelet transforms in power systems. Part
1: General introduction to the wavelet transforms,”” Power Eng. J., vol. 14,
no. 2, pp. 81-87, Apr. 2000.

C. H. Kim and R. Aggarwal, “Wavelet transforms in power systems. Part
2: Examples of application to actual power system transients,” Power
Eng. J., vol. 15, no. 4, pp. 193-202, Aug. 2001.

M. Parsi, P. Crossley, P. L. Dragotti, and D. Cole, ‘“Wavelet based fault
location on power transmission lines using real-world travelling wave
data,” Electr. Power Syst. Res., vol. 186, Sep. 2020, Art. no. 106261.

VOLUME 9, 2021

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

S. M. A. Saleem and A. M. Sharaf, ““Ultra high speed protection of series
compensated transmission lines using wavelet transforms,” in Proc. Can.
Conf. Electr. Comput. Eng., 2006, pp. 1130-1134.

A. H. Osman and O. P. Malik, “Transmission line distance protection
based on wavelet transform,” IEEE Trans. Power Del., vol. 19, no. 2,
pp. 515-523, Apr. 2004.

C. Aguilera, E. Ordufia, and G. Ratta, “Adaptive noncommunication
protection based on traveling waves and impedance relay,” IEEE Trans.
Power Del., vol. 21, no. 3, pp. 1154-1162, Jul. 2006.

N. Zhang and M. Kezunovic, “Transmission line boundary protection
using wavelet transform and neural network,” IEEE Trans. Power Del.,
vol. 22, no. 2, pp. 859-869, Apr. 2007.

S. P. Valsan and K. S. Swarup, ‘“Wavelet transform based digital protec-
tion for transmission lines,” Int. J. Electr. Power Energy Syst., vol. 31,
nos. 7-8, pp. 379-388, Sep. 2009.

P. Jafarian and M. Sanaye-Pasand, “A traveling-wave-based protection
technique using wavelet/PCA analysis,” IEEE Trans. Power Del., vol. 25,
no. 2, pp. 588-599, Apr. 2010.

'W. Chen, O. P. Malik, X. Yin, D. Chen, and Z. Zhang, “Study of wavelet-
based ultra high speed directional transmission line protection,” IEEE
Trans. Power Del., vol. 18, no. 4, pp. 1134-1139, Oct. 2003.

X. Dong, J. Wang, S. Shi, B. Wang, B. Dominik, and M. Redefern,
“Traveling wave based single-phase-to-ground protection method for
power distribution system,” CSEE J. Power Energy Syst., vol. 1, no. 2,
pp. 75-82, Jun. 2015.

F. B. Costa, “Fault-induced transient detection based on real-time analy-
sis of the wavelet coefficient energy,” IEEE Trans. Power Del., vol. 29,
no. 1, pp. 140-153, Feb. 2014.

F. B. Costa, “Boundary wavelet coefficients for real-time detection
of transients induced by faults and power-quality disturbances,” IEEE
Trans. Power Del., vol. 29, no. 6, pp. 26742687, Dec. 2014.

J. Chen, T. Phung, T. Blackburn, E. Ambikairajah, and D. Zhang,
“Detection of high impedance faults using current transformers for sens-
ing and identification based on features extracted using wavelet trans-
form,” IET Gener., Transmiss. Distrib., vol. 10, no. 12, pp. 2990-2998,
Sep. 2016.

A. Borghetti, M. Bosetti, M. Di Silvestro, C. A. Nucci, and M. Paolone,
“Continuous-wavelet transform for fault location in distribution power
networks: Definition of mother wavelets inferred from fault originated
transients,” IEEE Trans. Power Syst., vol. 23, no. 2, pp.380-388,
May 2008.

E. P. Wigner, “On the quantum correction for thermodynamic equilib-
rium,” in Part I: Physical Chemistry. Part II: Solid State Physics. Berlin,
Germany: Springer, 1997, pp. 110-120.

A. Ghaderi, H. A. Mohammadpour, H. L. Ginn, and Y.-J. Shin, “High-
impedance fault detection in the distribution network using the time-
frequency-based algorithm,” IEEE Trans. Power Del., vol. 30, no. 3,
pp. 1260-1268, Oct. 2014.

A. Ghaderi, H. A. Mohammadpour, and H. Ginn, “Active fault
location in distribution network using time-frequency reflectometry,”
in Proc. IEEE Power Energy Conf. lIllinois (PECI), Feb. 2015,
pp- 1-7.

S. Na, N. Kishor, K. Uhlen, and S. R. Mohanty, “Detecting instant of
multiple faults on the transmission line and its types using time—frequency
analysis,” IET Gener., Transmiss. Distrib., vol. 13, no. 22, pp. 5248-5256,
Nov. 2019.

G. Matheron. (1967). Elements Pour Une Théorie des Milieux Poreux.
[Online]. Available: http://infoscience.epfl.ch/record/27350

J. Serra, Image Analysis and Mathematical Morphology. New York, NY,
USA: Academic, 1983.

J. F. Zhang, J. S. Smith, and Q. H. Wu, “Morphological undecimated
wavelet decomposition for fault location on power transmission lines,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 53, no. 6, pp. 1395-1402,
Jun. 2006.

Q. H. Wu, I. E. Zhang, and D. J. Zhang, “Ultra-high-speed directional
protection of transmission lines using mathematical morphology,” IEEE
Trans. Power Del., vol. 18, no. 4, pp. 1127-1133, Oct. 2003.

S. Ouyang and J. Wang, “A new morphology method for enhancing power
quality monitoring system,” Int. J. Electr. Power Energy Syst., vol. 29,
no. 2, pp. 121-128, Feb. 2007.

S. Gautam and S. M. Brahma, “Guidelines for selection of an optimal
structuring element for mathematical morphology based tools to detect
power system disturbances,” in Proc. IEEE Power Energy Soc. Gen.
Meeting, Jul. 2012, pp. 1-6.

72965



IEEE Access

F. Wilches-Bernal et al.: Survey of TW Protection Schemes in Electric Power Systems

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

72966

S. Gautam and Brahma, ‘““Detection of high impedance fault in power dis-
tribution systems using mathematical morphology,” IEEE Trans. Power
Syst., vol. 28, no. 2, pp. 1226-1234, May 2013.

X. Li, A. Dysko, and G. M. Burt, “Traveling wave-based protection
scheme for inverter-dominated microgrid using mathematical morphol-
ogy,” IEEE Trans. Smart Grid, vol. 5, no. 5, pp. 2211-2218, Sep. 2014.

Q.-H. Wu, Z. Lu, and T. Ji, Protective Relaying of Power Systems Using
Mathematical Morphology. New York, NY, USA: Springer, 2009.

S. Gautam and S. M. Brahma, “Application of mathematical morphology
based filters to detect a power swing,” in Proc. IEEE PES Gen. Meeting,
Jul. 2010, pp. 1-6.

G. Li, M. Zhou, Y. Luo, and Y. Ni, ‘“‘Power quality disturbance detection
based on mathematical morphology and fractal technique,” in Proc.
IEEE/PES Transmiss. Distrib. Conf. Expo., Asia Pacific, Aug. 2005,
pp. 1-6.

X. Lin, H. Liu, H. Weng, P. Liu, B. Wang, and Z. Q. Bo, “A dual-
window transient energy ratio-based adaptive single-phase reclosure cri-
terion for EHV transmission line,” IEEE Trans. Power Del., vol. 22, no. 4,
pp. 2080-2086, Oct. 2007.

F. Namdari and M. Salehi, “High-speed protection scheme based on
initial current traveling wave for transmission lines employing mathemat-
ical morphology,” IEEE Trans. Power Del., vol. 32, no. 1, pp. 246-253,
Feb. 2017.

R. E. Kalman, “A new approach to linear filtering and prediction prob-
lems,” J. Basic Eng., vol. 82, no. 1, pp. 35-45, Mar. 1960.

B. A. McElhoe, “An assessment of the navigation and course corrections
for a manned flyby of mars or venus,” IEEE Trans. Aerosp. Electron.
Syst., vol. AES-2, no. 4, pp. 613-623, Jul. 1966.

E. A. Wan and R. Van Der Merwe, “The unscented Kalman filter for non-
linear estimation,” in Proc. IEEE Adapt. Syst. Signal Process., Commun.,
Control Symp., Oct. 2000, pp. 153-158.

S. J. Julier and J. K. Uhlmann, “New extension of the Kalman filter to
nonlinear systems,” Proc. SPIE, vol. 3068, pp. 182-194, Jul. 1997.

S. J. Julier, “The scaled unscented transformation,” in Proc. Amer. Con-
trol Conf., vol. 6, 2002, pp. 4555-4559.

A. A. Girgis, “Application of Kalman filtering in computer relaying of
power systems,” Ph.D. dissertation, Iowa State Univ., Ames, IA, USA,
1981.

A. A. Girgis, W. Chang, and E. B. Makram, ‘“‘Analysis of high-impedance
fault generated signals using a Kalman filtering approach,” IEEE Trans.
Power Del., vol. 5, no. 4, pp. 1714-1724, Oct. 1990.

A. A. Girgis and E. B. Makram, “Application of adaptive Kalman filtering
in fault classification, distance protection, and fault location using micro-
processors,” IEEE Trans. Power Syst., vol. PS-3, no. 1, pp. 301-309,
Feb. 1988.

Y. Xi, Z. Li, X. Zeng, X. Tang, X. Zhang, and H. Xiao, “Fault
location based on travelling wave identification using an adaptive
extended Kalman filter,” IET Gener., Transmiss. Distrib., vol. 12, no. 6,
pp. 1314-1322, Mar. 2018.

Y. Xi, X. Zhang, Z. Li, X. Zeng, X. Tang, Y. Cui, and H. Xiao, “Double-
ended travelling-wave fault location based on residual analysis using
an adaptive EKF,” IET Signal Process., vol. 12, no. 8, pp. 1000-1008,
Oct. 2018.

Y. Xi, Y. Cui, X. Tang, Z. Li, and X. Zeng, “Fault location of lightning
strikes using residual analysis based on an adaptive Kalman filter,” /EEE
Access, vol. 7, pp. 88126-88137, 2019.

H. Teager and S. Teager, “Evidence for nonlinear sound production mech-
anisms in the vocal tract,” in Speech Production and Speech Modelling.
Dordrecht, The Netherlands: Springer, 1990, pp. 241-261.

J. FE. Kaiser, “On a simple algorithm to calculate the ‘energy’ of a
signal,” in Proc. Int. Conf. Acoust., Speech, Signal Process., 1990,
pp. 381-384.

J. F. Kaiser, “Some useful properties of Teager’s energy operators,” in
Proc. IEEE Int. Conf. Acoust. Speech Signal Process., vol. 3, Apr. 1993,
pp. 149-152.

S. Hasheminejad, S. G. Seifossadat, M. Razaz, and M. Joorabian,
“Traveling-wave-based protection of parallel transmission lines using
Teager energy operator and fuzzy systems,” IET Gener., Transmiss. Dis-
trib., vol. 10, no. 4, pp. 1067-1074, Mar. 2016.

S. Hasheminejad, S. G. Seifossadat, and M. Joorabian, “New travelling-
wave-based protection algorithm for parallel transmission lines during
inter-circuit faults,” IET Gener.,, Transmiss. Distrib., vol. 11, no. 16,
pp. 3984-3991, Nov. 2017.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]
[88]
[89]
[90]
[91]
[92]

[93]

S. Hasheminejad, S. G. Seifossadat, M. Razaz, and M. Joorabian, *“Ultra-
high-speed protection of transmission lines using traveling wave theory,”
Electr. Power Syst. Res., vol. 132, pp. 94-103, Mar. 2016.

K. Pearson, “LIII. On lines and planes of closest fit to systems of points
in space,” London, Edinburgh, Dublin Phil. Mag. J. Sci., vol. 2, no. 11,
pp. 559-572, Nov. 1901.

H. Hotelling, “Analysis of a complex of statistical variables into principal
components,” J. Educ. Psychol., vol. 24, no. 6, p. 417, 1933.

R. Aguilar, F. Perez, and E. Orduna, “‘High-speed transmission line pro-
tection using principal component analysis, a deterministic algorithm,”
IET Gener., Transmiss. Distrib., vol. 5, no. 7, pp. 712-719, 2011.

E. Vazquez, J. Castruita, O. L. Chacon, and A. Conde, “A new approach
traveling-wave distance protection—Part I: Algorithm,” IEEE Trans.
Power Del., vol. 22, no. 2, pp. 795-800, Apr. 2007.

E. Vazquez-Martinez, ““A travelling wave distance protection using prin-
cipal component analysis,” Int. J. Electr. Power Energy Syst., vol. 25,
no. 6, pp. 471-479, Jul. 2003.

K. Divyasri, S. S. Bhat, and A. A. Reddy, “‘Traveling-wave distance prote
action using principal component analysis for a doubly fed system with
synchronized measurements,” in Proc. Int. Conf. Power Embedded Drive
Control (ICPEDC), Mar. 2017, pp. 254-259.

N. E. Huang, Z. Shen, S. R. Long, M. C. Wu, H. H. Shih, Q. Zheng,
N.-C. Yen, C. C. Tung, and H. H. Liu, “The empirical mode decomposi-
tion and the Hilbert spectrum for nonlinear and non-stationary time series
analysis,” Proc. Roy. Soc. London A, Math., Phys. Eng. Sci., vol. 454,
no. 1971, pp. 903-995, Mar. 1998.

Z. Guo, J. Yao, and Z. Tan, “Hilbert-Huang transform-based transient
busbar protection algorithm,” IET Gener., Transmiss. Distrib., vol. 9,
no. 14, pp. 2032-2039, Nov. 2015.

S. Biswal, M. Biswal, and O. P. Malik, “Hilbert Huang transform based
online differential relay algorithm for a shunt-compensated transmission
line,” IEEE Trans. Power Del., vol. 33, no. 6, pp. 2803-2811, Dec. 2018.
D. Wang, H. Gao, S. Luo, and G. Zou, “Ultra-high-speed travelling wave
protection of transmission line using polarity comparison principle based
on empirical mode decomposition,” Math. Problems Eng., vol. 2015,
pp. 1-9, Jan. 2015.

S. Hong, B. Wang, and X. Liu, “Transmission line traveling wave fault
location based on empirical mode decomposition de-noising,” in Proc.
Int. Conf. Electr., Electron. Mechatronics, 2015, pp. 30-33.

J. Liu, J. Duan, H. Lu, and Y. Sun, “Fault location method based on
EEMD and traveling-wave speed characteristics for HVDC transmission
lines,” J. Power Energy Eng., vol. 3, no. 4, pp. 106-113, 2015.

K. Dragomiretskiy and D. Zosso, ““Variational mode decomposition,”
IEEFE Trans. Signal Process., vol. 62, no. 3, pp. 531-544, Feb. 2014.

Y. Xu, C. Zhao, S. Xie, and M. Lu, “Novel fault location for high
permeability active distribution networks based on improved VMD and
S-transform,” IEEE Access, vol. 9, pp. 17662-17671, 2021.

R. H. Park, “Two-reaction theory of synchronous machines generalized
method of analysis—PartI,”” Trans. Amer. Inst. Electr. Eng., vol. 48, no. 3,
pp. 716727, Jul. 1929.

F. V. Lopes, D. Fernandes, and W. L. A. Neves, “A traveling-wave
detection method based on Park’s transformation for fault locators,” IEEE
Trans. Power Del., vol. 28, no. 3, pp. 1626-1634, Jul. 2013.

F. V. Lopes, D. Fernandes, and W. L. A. Neves, “Transients detection in
EHYV transmission lines using Park’s transformation,” in Proc. PES T&D
2012, 2012, pp. 1-6.

P. Gopakumar, M. J. B. Reddy, and D. K. Mohanta, “Adaptive fault
identification and classification methodology for smart power grids using
synchronous phasor angle measurements,” IET Gener., Transmiss. Dis-
trib., vol. 9, no. 2, pp. 133-145, Jan. 2015.

A. L. Samuel, “Some studies in machine learning using the game of
checkers,” IBM J. Res. Develop., vol. 3, no. 3, pp. 210-229, Jul. 1959.
Y. S. Abu-Mostafa, M. Magdon-Ismail, and H.-T. Lin, Learning From
Data, vol. 4. New York, NY, USA: AMLBook, 2012.

M. H. Hassoun, Fundamentals of Artificial Neural Networks. Cambridge,
MA, USA: MIT Press, 1995.

D. Graupe, Principles of Artificial Neural Networks, vol. 7. Singapore:
World Scientific, 2013.

J. R. Quinlan, “Induction of decision trees,” Mach. Learn., vol. 1, no. 1,
pp. 81-106, 1986.

W. S. Noble, “What is a support vector machine?”” Nature Biotechnol.,
vol. 24, no. 12, pp. 1565-1567, Dec. 2006.

R. E. Neapolitan, Learning Bayesian Networks,
Upper Saddle River, NJ, USA: Prentice-Hall, 2004.

vol. 38.

VOLUME 9, 2021



F. Wilches-Bernal et al.: Survey of TW Protection Schemes in Electric Power Systems

IEEE Access

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]
[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

P. K. Dash, S. R. Samantaray, and G. Panda, ““Fault classification and
section identification of an advanced series-compensated transmission
line using support vector machine,” IEEE Trans. Power Del., vol. 22,
no. 1, pp. 67-73, Jan. 2007.

H. Livani and C. Y. Evrenosoglu, “A machine learning and wavelet-based
fault location method for hybrid transmission lines,” IEEE Trans. Smart
Grid, vol. 5, no. 1, pp. 51-59, Jan. 2014.

S. R. Samantaray and P. K. Dash, “High impedance fault detection
in distribution feeders using extended Kalman filter and support vec-
tor machine,” Eur. Trans. Electr. Power, vol. 20, no. 3, pp. 382-393,
Apr. 2010.

U. B. Parikh, B. Das, and R. P. P. Maheshwari, ‘“‘Combined wavelet-SVM
technique for fault zone detection in a series compensated transmission
line,” IEEE Trans. Power Del., vol. 23, no. 4, pp. 1789-1794, Oct. 2008.
A. A. Yusuff, C. Fei, A. A. Jimoh, and J. L. Munda, ‘“‘Fault location in
a series compensated transmission line based on wavelet packet decom-
position and support vector regression,” Electr. Power Syst. Res., vol. 81,
no. 7, pp. 1258-1265, Jul. 2011.

J.-A. Jiang, C.-L. Chuang, Y.-C. Wang, C.-H. Hung, J.-Y. Wang,
C.-H. Lee, and Y.-T. Hsiao, ‘A hybrid framework for fault detection, clas-
sification, and location—Part I: Concept, structure, and methodology,”
IEEE Trans. Power Del., vol. 26, no. 3, pp. 1988-1998, Jul. 2011.

J.-A. Jiang, C.-L. Chuang, Y.-C. Wang, C.-H. Hung, J.-Y. Wang,
C.-H. Lee, and Y.-T. Hsiao, “A hybrid framework for fault detection,
classification, and location—Part II: Implementation and test results,”
IEEE Trans. Power Del., vol. 26, no. 3, pp. 1999-2008, Jul. 2011.

Schweitzer ~ Engineering  Laboratory.  SELT400L.  Accessed:
Mar. 25, 2021. [Online]. Available: https://selinc.com/products/T400L/
Schweitzer ~ Engineering  Laboratory. ~ SELT40IL.  Accessed:

Mar. 25, 2021. [Online]. Available: https://selinc.com/products/T401L/
Altanova Group. Global Monitoring for Overhead Lines. Accessed:
Mar. 25, 2021. [Online]. Available: https://www.altanova-
group.com/en/products/global-monitoring/tfs-2100-¢

F. Deng, X. Li, and X. Zeng, “Single-ended travelling wave protection
algorithm based on full waveform in the time and frequency domains,”

IET Gener.,, Transmiss. Distrib., vol. 12, no. 15, pp.3680-3691,
Aug. 2018.
S. Zubi¢ and P. Balcerek, “Security and speed assessment of a new

distance protection algorithm based on the wavelet transform,” in Proc.
Mod. Electr. Power Syst. (MEPS), Jul. 2015, pp. 1-5.

W. Huang, G. Song, C. Zhang, and K. Jiang, “‘Analysis of single-ended
protection based on boundary element for transmission lines,” J. Eng.,
vol. 2018, no. 15, pp. 1234-1238, Oct. 2018.

B. K. P. R. Nandi, “Detection of fault in a hybrid power system using
wavelet transform,” in Proc. Michael Faraday IET Int. Summit, 2015,
pp- 203-206.

D. Akmaz, M. S. Mamis, M. Arkan, and M. E. Tagluk, “Transmission
line fault location using traveling wave frequencies and extreme learning
machine,” Electr. Power Syst. Res., vol. 155, pp. 1-7, Feb. 2018.

X. Dong, S. Luo, S. Shi, B. Wang, S. Wang, L. Ren, and F. Xu, “Imple-
mentation and application of practical traveling-wave-based directional
protection in UHV transmission lines,” IEEE Trans. Power Del., vol. 31,
no. 1, pp. 294-302, Feb. 2016.

A. H. Osman and O. P. Malik, “Protection of parallel transmission
lines using wavelet transform,” IEEE Trans. Power Del., vol. 19, no. 1,
pp. 49-55, Jan. 2004.

L. Tang, X. Dong, S. Luo, S. Shi, and B. Wang, “A new differential
protection of transmission line based on equivalent travelling wave,”
IEEE Trans. Power Del., vol. 32, no. 3, pp. 1359-1369, Jun. 2017.

H. Jia, “An improved traveling-wave-based fault location method with
compensating the dispersion effect of traveling wave in wavelet domain,”
Math. Problems Eng., vol. 2016, Feb. 2017, Art. no. 1019591.

N. Davydova and G. Hug, “Traveling wave based protection for medium
voltage grids with distributed generation,” in Proc. IEEE Manchester
PowerTech, Jun. 2017, pp. 1-6.

N. Davydova and G. Hug, “Travelling wave protection with disturbance
classification for distribution grids with distributed generation,” J. Eng.,
vol. 2018, no. 15, pp. 830-835, Oct. 2018.

N. Davydova and G. Hug, ‘“Wavefront-based protection for active distri-
bution grids,” in Proc. IEEE PES Innov. Smart Grid Technol. Conf. Eur.
(ISGT-Europe), Sep. 2017, pp. 1-6.

L.-A. Chen and P. Zhang, “Detection and protection of short circuit fault
based on morphology-wavelet,” in Proc. IEEE/PES Transmiss. Distrib.
Conf. Expo., Asia Pacific, Aug. 2005, pp. 1-5.

VOLUME 9, 2021

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

T. M. Lai, L. A. Snider, E. Lo, and D. Sutanto, ‘“High-impedance fault
detection using discrete wavelet transform and frequency range and
RMS conversion,” IEEE Trans. Power Del., vol. 20, no. 1, pp. 397-407,
Jan. 2005.

L. Jin, M. Jiang, and G. Yang, “‘Fault analysis of microgrid and adaptive
distance protection based on complex wavelet transform,” in Proc. Int.
Power Electron. Appl. Conf. Expo., Nov. 2014, pp. 360-364.

K. A. Saleh, A. Hooshyar, E. F. El-Saadany, and H. H. Zeineldin,
“Protection of high-voltage DC grids using traveling-wave frequency
characteristics,” IEEE Syst. J., vol. 14, no. 3, pp. 42844295, Sep. 2020.
M. Ikhide, S. Tennakoon, A. Griffiths, H. Ha, S. Subramanian, and
A. Adamczyk, ‘“Transient-based protection technique for future DC
grids utilising travelling wave power,” J. Eng., vol. 2018, no. 15,
pp. 1267-1273, Oct. 2018.

Y. Wang, Z. Hao, B. Zhang, and F. Kong, “A pilot protection scheme for
transmission lines in VSC-HVDC grid based on similarity measure of
traveling waves,” IEEE Access, vol. 7, pp. 7147-7158, 2019.

J. Wu, H. Li, G. Wang, and Y. Liang, “An improved traveling-wave
protection scheme for LCC-HVDC transmission lines,” [EEE Trans.
Power Del., vol. 32, no. 1, pp. 106-116, Feb. 2017.

Y. Ma, H. Li, G. Wang, and J. Wu, “Fault analysis and traveling-wave-
based protection scheme for double-circuit LCC-HVDC transmission
lines with shared towers,” IEEE Trans. Power Del., vol. 33, no. 3,
pp. 1479-1488, Jun. 2018.

S. Azizi, M. Sanaye-Pasand, M. Abedini, and A. Hassani, ““A traveling-
wave-based methodology for wide-area fault location in multiterminal
DC systems,” IEEE Trans. Power Del., vol. 29, no. 6, pp. 2552-2560,
Dec. 2014.

N. Tong, X. Lin, Y. Li, Z. Hu, N. Jin, F. Wei, and Z. Li, “Local
measurement-based ultra-high-speed main protection for long distance
VSC-MTDC,” IEEE Trans. Power Del., vol. 34, no. 1, pp. 353-364,
Feb. 2019.

S. Lu, “DC cable short circuit fault protection in VSC-MTDC,” M.S. the-
sis, NTNU, Trondheim, Norway, 2015.

F. D. Marvasti and A. Mirzaei, “‘Hybrid travelling wave/distance protec-
tion for HVDC transmission lines based on phase angles of characteristic
harmonic impedances,” Electr. Eng., vol. 1.180, pp. 1-14, Mar. 2021.
X. Zheng, M. H. Nadeem, N. Tai, S. Habib, B. Wang, M. Yu, and Y. He,
“A transient current protection and fault location scheme for MMC-
HVDC transmission network,” Int. J. Electr. Power Energy Syst., vol. 124,
Jan. 2021, Art. no. 106348.

C. Zhang, G. Song, L. Yin, R. Xu, Y. Li, L. Yang, and X. Dong, “Appli-
cation research on pilot protection method for multi-terminal hybrid line-
commutated converter/modular multilever converter-based high voltage
dc system,” IET Gener., Transmiss. Distrib., vol. 15, no. 1, pp. 71-85,
2021.

V. Psaras, D. Tzelepis, D. Vozikis, G. Adam, and G. Burt, “Non-unit pro-
tection for HVDC grids: An analytical approach for wavelet transform-
based schemes,” IEEE Trans. Power Del., early access, Sep. 18, 2020,
doi: 10.1109/TPWRD.2020.3024818.

L. Sabug, A. Musa, F. Costa, and A. Monti, “Real-time boundary wavelet
transform-based DC fault protection system for MTDC grids,” Int. J.
Electr. Power Energy Syst., vol. 115, Feb. 2020, Art. no. 105475.

X. Jin, R. Gokaraju, R. Wierckx, and O. Nayak, “High speed digital
distance relaying scheme using FPGA and IEC 61850,” IEEE Trans.
Smart Grid, vol. 9, no. 5, pp. 4383-4393, Sep. 2018.

W. Li, A. Monti, and F. Ponci, “Fault detection and classification in
medium voltage DC shipboard power systems with wavelets and arti-
ficial neural networks,” IEEE Trans. Instrum. Meas., vol. 63, no. 11,
pp. 2651-2665, Nov. 2014.

V. Telukunta, J. Pradhan, A. Agrawal, M. Singh, and S. G. Srivani, ‘“‘Pro-
tection challenges under bulk penetration of renewable energy resources
in power systems: A review,” CSEE J. Power Energy Syst., vol. 3, no. 4,
pp. 365-379, 2017.

R. J. Hamidi and H. Livani, ‘“Traveling-wave-based fault-location algo-
rithm for hybrid multiterminal circuits,” IEEE Trans. Power Del., vol. 32,
no. 1, pp. 135-144, Feb. 2017.

H. Livani and C. Y. Evrenosoglu, “A traveling wave based single-
ended fault location algorithm using DWT for overhead lines combined
with underground cables,” in Proc. IEEE PES Gen. Meeting, Jul. 2010,
pp. 1-6.

S. Marx, Y. Tong, and M. Mynam, “Traveling-wave fault locating for
multiterminal and hybrid transmission lines,” in Proc. 45th Annu. Western
Protective Relay Conf. Spokane, 2018, pp. 1-11.

72967


http://dx.doi.org/10.1109/TPWRD.2020.3024818

IEEE Access

F. Wilches-Bernal et al.: Survey of TW Protection Schemes in Electric Power Systems

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]
[146]

[147]

[148]

[149

[150

[151]

[152]

[153

[154

[155]

[156

[157

[158]

[159]

[160]

[161]

[162]

[163]

72968

O. Altay, E. Gursoy, A. Font, and O. Kalenderli, “Travelling wave fault
location on hybrid power lines,” in Proc. IEEE Int. Conf. High Voltage
Eng. Appl. (ICHVE), Sep. 2016, pp. 1-4.

B. Sahoo and S. R. Samantaray, ““An enhanced fault detection and location
estimation method for TCSC compensated line connecting wind farm,”
Int. J. Electr. Power Energy Syst., vol. 96, pp. 432—441, Mar. 2018.

H. Al Hassan, A. Reiman, G. Reed, Z.-H. Mao, and B. Grainger, “Model-
based fault detection of inverter-based microgrids and a mathematical
framework to analyze and avoid nuisance tripping and blinding scenar-
i0s,” Energies, vol. 11, no. 8, p. 2152, Aug. 2018.

Q. Jia, X. Dong, and S. Mirsaeidi, “A traveling-wave-based line pro-
tection strategy against single-line-to-ground faults in active distribution
networks,” Int. J. Electr. Power Energy Syst., vol. 107, pp. 403—411,
May 2019.

E. O. Schweitzer, A. Guzman, V. Skendzic, and M. V. Mynam, “Fault
location using travelling waves,” U.S. Patent 2014 0074414 Al,
Mar. 13, 2014.

E. O. Schweitzer, A. Guzman, V. Skendzic, and M. V. Mynam, “Fault
location using travelling waves,” Australia Patent 2012323949 B2,
Jan. 15, 2015.

J. Wang, J. Pan, and R. Nuqui, “Travelling-wave based fault protection
of high-voltage transmission lines,” U.S. Patent 2014 0254053 Al,
Sep. 11, 2014.

N. Johannesson, ““Method for sensing a fault in a power system based on
travelling wave currents,” U.S. Patent 9316 671 B2, Apr. 19, 2016.

L. Kojovic and J. Esztergalyos, “Travelling wave based relay protection,”
U.S. Patent 7535233 B2, May 19, 2009.

M. Paolone, F. Rachidi-Haeri, H. Mahmoudimanesh, R. Razzaghi,
and G. Lugrin, “Fault location using travelling waves,” U.S. Patent
009465067 B2, Oct. 11, 2016.

Schweitzer Engineering Laboratory. SEL, PNM are First to
Apply Time-Domain Technology for Protection of High-Voltage
Transmission Lines. Accessed: Mar. 25, 2021. [Online]. Available:
https://selinc.com/company/news/124184/

Altanova Group. TFS2100E Helping St. Lucia Reducing Outages.
Accessed: Mar. 25, 2021. [Online]. Available: https://www.altanova-
group.com/en/news/the-panama-project-3

H. Bjorklund and N. Nordtorp, “Next generation of line and cable fault
locator for HVDC transmissions,” in Proc. CIGRE, 2018, pp. 1-10.

W. Scott-Meyer and L. Tsu-Huei. (1984). Electro-Magnetic Transietnts
Program (EMTP) Theory Book. Accessed: Jun. 1, 2020. [Online]. Avail-
able: http://www.dee.ufrj.br/ipst/ EMTPTB.PDF/

EMTP Software. EMTP. Accessed: Jun. 1, 2020. [Online]. Available:
https://www.emtp-software.com/

Manitoba Hydro International. PSCAD. Accessed: Mar. 21, 2020.
[Online]. Available: https://www.pscad.com/software/pscad/overview/
Mathworks. Simscape Electrical. Accessed: Jun. 1,2020. [Online]. Avail-
able: https://www.mathworks.com/help/physmod/sps/

L. Prikler and H. K. Hgidalen. ATPDraw. Accessed: Jun. 1, 2020.
[Online]. Available: https://www.atpdraw.net/

Y. Song, Y. Chen, Z. Yu, S. Huang, and L. Chen, “A fine-grained parallel
EMTP algorithm compatible to graphic processing units,” in Proc. IEEE
PES Gen. Meeting | Conf. Expo., Jul. 2014, pp. 1-6.

E. Perez and J. de la Ree, “Development of a real time simulator based on
ATP-EMTP and sampled values of IEC61850-9-2,” Int. J. Electr. Power
Energy Syst., vol. 83, pp. 594-600, Dec. 2016.

J. R. Marti, “Accurate modelling of frequency-dependent transmission
lines in electromagnetic transient simulations,” IEEE Trans. Power Appl.
Syst., vol. PAS-101, no. 1, pp. 147-155, Jan. 1982.

N. Watson and J. Arrillaga, Power Systems Electromagnetic Transients
Simulation. Edison, NJ, USA: IET, 2002.

L. Restrepo, G. Delgado, and F. Castro-Aranda, ‘““Modelos de lineas de
transmision para transitorios electromagnéticos en sistemas de potencia,”
Revista Energia y Computacion, vol. 16, no. 1, pp. 21-32, 2008.
Manitoba Hydro International. (2018). PSCAD User’s Guide, Version
4.6.0. Accessed: Apr. 20, 2020. [Online]. Available: https://www.pscad.
com/uploads/knowledge_base/pscad_manual_v4_6.pdf

J. De Silva and L. Kothalawala. Modelling Cables and Transmission Lines
With PSCAD/EMTDC. Accessed: Apr. 21, 2020. [Online]. Available:
https://www.pscad.com/knowledge-base/article/363

T. Noda, N. Nagaoka, and A. Ametani, “Phase domain modeling of
frequency-dependent transmission lines by means of an ARMA model,”
IEEE Trans. Power Del., vol. 11, no. 1, pp. 401-411, Jan. 1996.

[164]

[165]

[166]

[167]
[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

F. Castellanos and J. R. Marti, ““Full frequency-dependent phase-domain
transmission line model,” IEEE Trans. Power Syst., vol. 12, no. 3,
pp. 1331-1339, Aug. 1997.

F. Castellanos, J. R. Mart{, and F. Marcano, ‘‘Phase-domain multiphase
transmission line models,” Int. J. Electr. Power Energy Syst., vol. 19,
no. 4, pp. 241-248, May 1997.

F. J. Marcano, ““Modeling of transmission lines using idempotent decom-
position,” M.S. thesis, Univ. British Columbia, Vancouver, BC, Canada,
1996.

F. J. Marcano, “Idempotent line model: Case studies,” in Proc. Int. Conf.
Power Syst. Transients, 1997, pp. 1-6.

M. Zubiaga and S. Aurtenetxea, Energy Transmission and Grid Integra-
tion of AC Offshore Wind Farms. London, U.K.: Intech, 2012.

H. V. Nguyen, H. W. Dommel, and J. R. Marti, “Direct phase-domain
modelling of frequency-dependent overhead transmission lines,” IEEE
Trans. Power Del., vol. 12, no. 3, pp. 1335-1342, Jul. 1997.

L. Martf, ““Simulation of transients in underground cables with frequency-
dependent modal transformation matrices,” I[EEE Trans. Power Del.,
vol. 3, no. 3, pp. 1099-1110, Jul. 1988.

Hypersym Reference Guide Manual, Opal-RT Technologies and Hydro
Quebec, Montreal, QC, Canada.

RTDS Technologies. Travelling Wave Relay Testing. Accessed:
May 15, 2021. [Online]. Available: https://www.rtds.com/wp-
content/uploads/2019/08/TWRT-Travelling-Wave-Relay-Testing.pdf
RTDS Technologies. Travelling Wave Relay Testing Case
Study. Accessed: May 15,  2021. [Online].  Available:
https://knowledge.rtds.com/hc/en-us/articles/360037052734-TWRT-
Traveling-Wave-Relay-Testing

A. Fedorov, V. Petrov, O. Afanasieva, and 1. Zlobina, ‘“‘Limitations of
traveling wave fault location,” in Proc. Ural Smart Energy Conf. (USEC),
Nov. 2020, pp. 21-25.

R. Reis, F. Lopes, W. Neves, and D. Fernandes, Jr., “Influence of coupling
capacitor voltage transformers on travelling wave-based fault locators,”
in Proc. Int. Conf. Power Syst. Transients, 2015, pp. 1-8.

FELIPE WILCHES-BERNAL (Senior Member,
IEEE) received the M.S. degree in control systems
and signal processing from Université Paris-Sud
XI, Orsay, France, and the Ph.D. degree in electri-
cal engineering from the Rensselaer Polytechnic
Institute, Troy, NY, USA. He joined the Elec-
tric Power Systems Research Department, Sandia
National Laboratories, Albuquerque, NM, USA,
in 2015, where he currently works as a Senior
Member of Technical Staff. Since joining in San-

dia, he has served as a Key Technical Contributor and a PI/Co-PI of
multiple projects in the power systems integration area. His research interests
include power system stability and control, renewable energy and smart
grid technologies, and signal processing and control techniques applied to
power systems. He was a Key Contributor of the team that was awarded the
2017 Research and Development 100 Award for developing a control system
for active damping of inter-area oscillations.

ALI BIDRAM (Senior Member, IEEE) received
the B.Sc. and M.Sc. degrees from the Isfahan Uni-
versity of Technology, Iran, in 2008 and 2010,
respectively, and the Ph.D. degree from The Uni-
versity of Texas at Arlington, USA, in 2014. He is
currently an Assistant Professor with the Depart-
ment of Electrical and Computer Engineering, The
University of New Mexico, Albuquerque, NM,
USA. Before joining The University of New Mex-
ico, he worked with Quanta Technology, LLC,

where he was involved in a wide range of projects in electric power industry.
His area of expertise lies within protection, control, and coordination of
energy assets in power electronics-intensive energy distribution grids. He has
received the IEEE Albuquerque Section Outstanding Engineering Educator
Award, the New Mexico EPSCoR Mentorship Award, the University of
Texas at Arlington N. M. Stelmakh Outstanding Student Research Award,
the Quanta Technology Shooting Star Award, the IEEE Kansas Power and
Energy Conference Best Paper Award, and the Cover Article of Decem-
ber 2014 in IEEE Control Systems. He is an Associate Editor for the IEEE
TRANSACTIONS ON INDUSTRY APPLICATIONS.

VOLUME 9, 2021



F. Wilches-Bernal et al.: Survey of TW Protection Schemes in Electric Power Systems

IEEE Access

MATTHEW J. RENO (Senior Member, IEEE)
received the Ph.D. degree in electrical engineering
from the Georgia Institute of Technology. He is
currently a Principal Member of Technical Staff
with the Electric Power Systems Research Depart-
ment, Sandia National Laboratories. His research
interests include distribution system modeling
and analysis with high-penetration PV, including
advanced software tools for automated analysis of
hosting capacity, PV interconnection studies, and
rapid quasi-static time series simulations. He is also involved with the IEEE
Power System Relaying Committee for developing guides and standards for
protection of microgrids and systems with high penetrations of inverter-based
resources.

JAVIER HERNANDEZ-ALVIDREZ (Member,
IEEE) was born in Delicias Chihuahua, Mexico.
He received the B.S. degree (Hons.) in electri-
cal engineering and telecommunications from the
Monterrey Institute of Technology and Higher
Studies, Monterrey, Mexico, and the M.Sc. and
Ph.D. degrees in electrical engineering from New
. Mexico State University, Las Cruces, NM, USA.
\‘ He has worked with Thomson Consumer Elec-
v tronics (formerly RCA) and Delphi Automotive
Systems, where he developed a background in power electronics as a
Hardware Design Engineer. Later, he moved towards software testing and
automation. He also worked as a full-year Intern and later as a Postdoctoral
Researcher with Sandia National Laboratories, where he conducted research
in the areas of: dc to ac converters, integration of solar inverters into the
grid, modeling of inverters under fault scenarios, and protection schemes
for micro-grids. He currently works as a Senior Research and Development
Engineer with Sandia National Laboratories.

PEDRO BARBA (Member, IEEE) received the
B.S. degree in electrical engineering from the
Monterrey Institute of Technology (ITESM), Mex-
ico, and the M.S. and Ph.D. degrees in electri-
cal engineering from Michigan State University.
He is currently a Member of Technical Staff with
the Electric Power Systems Research Department,
Sandia National Laboratories. Before joining San-
dia, he was a Product Design Engineer with Delphi
Automotive Systems and then a Power Engineer
in distribution systems at El Paso Electric. He has served as an Adjunct
Professor with the College of Engineering and the College of Business
Administration, The University of Texas at El Paso. His current research
interests include modeling traveling waves on transmission and distribution
systems, and optimization methods for energy storage systems. He is a
member of Phi-Kappa-Phi, Tau-Beta-Pi, and Eta-Kappa-Nu.

BENJAMIN REIMER received the bachelor’s
degree in electrical engineering from Purdue Uni-
versity, in 2014, and the master’s degree in elec-
trical engineering from The University of New
Mexico, in 2020, where he wrote his master’s
thesis on microgrid protection. He currently works
as an Engineer with the Controls, Stations, and
Protection Group, PNM. His research interest
includes new and emerging technologies to help
modernize and upgrade electrical infrastructure.

VOLUME 9, 2021

RUDY MONTOYA received the B.Sc. degree in
mechanical engineering from The University of
New Mexico, in 2020. He is currently pursuing
the M.Sc. degree in mechanical engineering with
the Department of Electrical and Computer Engi-
neering, The University of New Mexico. He is
currently a Research Assistant with the Depart-
ment of Electrical and Computer Engineering, The
University of New Mexico. His research interests
include power systems protection with an empha-
sis on renewable energy impact. His main research interests include SMART
microgrid technologies and the considerations and contributions of different
types of distributed energy resources in such systems.

CHRISTOPHER CARR received the Associates
degree in liberal arts from the Clovis Commu-
nity College, the bachelor’s degree in electrical
engineering from NMSU, and the M.Sc. degree
in power systems engineering from the Klipsch
School of Electrical and Computer Engineering,
College of Engineering, New Mexico State Uni-
versity (NMSU), in 2020. He is also a Graduate of
the Electric Utility Management Program.

OLGA LAVROVA (Member, IEEE) received the
B.Sc. degree in physics and the M.Sc. degree in
EE from St. Petersburg State Electrical Engineer-
ing University and the Ph.D. degree from UCSB,
in 2001.

She is currently an Associate Professor with
the Electrical and Computer Engineering Depart-
ment, Klipsch School of Electrical and Computer
m Engineering, New Mexico State University. Prior

to that, she was a Principal Member of Technical
Staft at the Photovoltaics and Distributed Systems Integration Department,
Sandia National Laboratories. Prior to that, she held a position of an Assistant
Professor with the Electrical and Computer Engineering Department, The
University of New Mexico. Her current research interests include photo-
voltaics and nano-scale semiconductor structures for photovoltaic appli-
cations, smart grids, renewable energy, controls of electric grid, smart
grids and renewable energy integration, electric storage systems, and power
electronics.

72969



