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Abstract—The real-time detection of the fault-induced tran-
sients on both transmission line terminals can allow the direc-
tional protection system to detect and locate faults in agreement
with a high-speed fault clearance. This paper presents a wavelet-
based method for real-time detection of the fault-induced tran-
sients. The method can detect whether the fault is within the
protected line and estimate the fault location through a commu-
nication link at both line terminals. The wavelet coefficients were
computed with both the Discrete Wavelet Transform (DWT) and
the Maximal Overlap Discrete Wavelet Transform (MODWT).
However, the MODWT provided faster fault detection and better
fault location. The method was implemented and evaluated by
means of the Real Time Digital Simulator (RTDS).

Index Terms—Fault-induced transients, fault location, trans-
mission line protection, real-time wavelet transform.

I. INTRODUCTION

IGH-SPEED fault detection and location are important
issues in power system engineering in order to clear
the faults quickly, restoring power supply as soon as possible
with minimum interruption. In this context, the traveling wave-
based protection can provide very fast relay operation in
transmission lines. However, the high-frequency components
of the traveling waves generated by the system faults are
not within conventional transducer bandwidths. On the other
hand, the traveling wave detection requires a high sampling
frequency, limiting its application. To overcome these draw-
backs, the fault-induced transients with a typical frequency
spectrum from a few hundred Hz to various kHz can provide
extensive information about the fault type, detection, location,
direction, and sustained time in satisfactory agreement with
real application in high-speed protective relays [1], [2], [3].
Fault-induced transients are non-stationary in both time and
frequency domains. In this way, voltages and currents with
fault-induced transients can be properly analyzed by using the
DWT. This transformation is a well-known powerful tool to
detect transients in power system disturbances [4], [5], such as
fault-induced transients in three-phase overhead transmission
lines. Much research has been focused on wavelet-based tech-
niques applied on analyzing power system transients [6], [7],
[8], detecting and classifying faults [9], [10], and estimating
the fault location [11], [12].
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The fault-induced transients can be detected in real-time by
means of the wavelet coefficient analysis [13]. The energies
of the wavelet coefficients have also been used to detect
and classify faults in real-time [14]. The real-time analysis
of the wavelet coefficients can lead to the development of
worthy fault detection and location methods to yield results
in satisfactory agreement with real protective applications.
Notwithstanding, the number of published papers regarding
the real-time fault detection and location methods based on
wavelet transforms has been small.

The MODWT is a variant of the DWT which does not
use the down-sampling process. In real-time applications, the
wavelet coefficients of the MODWT are computed in each
simulation time step or soon after each sampling process. As
a consequence, the fault-induced transients can be detected
faster by using the MODWT [13].

This paper addresses a fault detection and location method
based on the real-time analysis of the wavelet coefficients. The
proposed method is composed by three modules: 1) real-time
detection of the fault-induced transients by using the wavelet
coefficients of both the phase voltages and currents just at
local terminal; 2) Identification of internal or external faults
upon the protected line by using wavelet information from
both terminals; 3) real-time fault location estimation by using
wavelet information from both terminals.

The RTDS was used in order to evaluate the performance
of the proposed fault detection and location method. The
wavelet coefficients at first scale of both the MODWT and
DWT were used for fault-induced transient detection, and good
results were obtained. However, as expected, the fault-induced
transients were detected faster and the estimation of the fault
location was better with the MODWT-based method.

II. PREPROCESSING OF THE REAL-TIME FAULT
DETECTION AND LOCATION

Fig. 1 depicts a simplified flowchart of the proposed real-
time fault location method. The voltages and currents are
obtained from the system through potential transformers (PTs)
and current transformers (CTs), respectively. Anti-aliasing
filters with an appropriate cut frequency followed by analog to
digital converters are required to convert the signals into digital
signals. In this paper, the wavelet coefficients of the sampled
voltages and currents are computed in real-time. These coeffi-
cients are used by the proposed method in order to detect and
locate faults in real-time. The process to compute the real-
time wavelet coefficients are described in the remainder of
this section, and the real-time fault detection and location is
properly addressed in the next section.
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Fig. 1. Flowcharting of the preprocessing module.

The simulation time step of the RTDS is At=50 ps. In this
case, the sampling frequency used in this paper is f;=20 kHz.
Therefore, the frequency spectrum of the wavelet coefficients
at the first scale falls into the range [5,10] kHz [15]. As a
consequence, the wavelet coefficients at the first scale are
well-suitable for a fast detection of the highest frequency
components of the fault-induced transients [13]. In addition,
the real-time computation of the wavelet coefficients by using
only the first scale reduces the simulator efforts by comparing
with applications in which various wavelet decompositions are
required.

According to [16], the effectiveness of the wavelet analysis
is largely influenced by the choice of the mother wavelet.
However, the wavelet Daubechies 4 (db4) provides an accurate
detection of the fast transients in power systems [5]. The four
coefficients of the db4 filters provide a fast computation of the
wavelet coefficients, which is an excellent feature for real-time
applications [13].

The MODWT is a variant of the DWT. Both of them use
low- and high-pass filters to divide the frequency-band of
the input signal into low- and high-frequency components at
various scales. However, in contrast to the DWT, there is no
down-sampling process in MODWT [15]. As a consequence,
the wavelet coefficient computation of the MODWT requires
more computational effort. However, the MODWT provides
twice the amount of coefficients to be analyzed in real-time
(faster real-time analysis).

The computationally efficient pyramid algorithm of the
MODWT can be easily adapted for real-time computation of
the wavelet coefficients [13]. If the samples of the signal are
obtained in real-time, the wavelet coefficient soon after each
sampling process is given by

L
w(k) =" h(l)ax(k +1 - L), (1)

=1
since I{x(k-L+1),....x(k-1),x(k)}; w are the wavelet coeffi-
cients of a signal x; h are the coefficients of the wavelet filter.
The real-time simulator must be robust enough to solve the
network equations and also compute the wavelet coefficients.

III. REAL-TIME FAULT DETECTION AND LOCATION

In order to develop a wavelet-based method for fault de-
tection and location, the transmission power system shown in
Fig. 2 was modeled and simulated by using the RTDS. The
system is composed of two 500 kV, 400 km long transmission
lines: a protected line from bus 1 to bus 2 and an unprotected
line between buses 2 and 3. The line parameters were obtained
from actual transmission lines belonging to the Chesf utility,
a Brazilian power system.
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Fig. 2. Power system model.

The real-time fault detection and location (Fig. 3) is com-

posed of three modules:

« Fault-induced transient detection: The real-time detection
of the fault-induced transients is independently accom-
plished in each line end.

« Internal Fault detection: After the fault-induced transient
detection, the method in a specific bus needs information
from another one in order to identify either internal or
external faults.

o Fault location: taking into account the traveling wave ve-
locity, the fault is located according to the fault-inception
time at each line end.

When the proposed method is used at just one line end,

only the fault-induced transients are detected.
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Fig. 3. Flowchart of the real-time fault detection and location.

A. Fault-Induced Transient Detection in Real-Time

During the steady-state system operation the voltages and
currents are usually composed of a fundamental power fre-
quency component, some harmonics, and noises with low
and high frequency components. It is well known that power
system noises present normal probability distribution [17].

At steady-state operation, the wavelet coefficients of the
MODWT, at the first scale, are mainly influenced by the high
frequency noises of the signals (from 5 to 10 kHz). After
an extensive statistical analysis of actual oscillographic data
from Chesf power system, it was verified that the wavelet
coefficients can be approximated by a function with normal
probability distribution with parameters given by the magni-
tude average p and standard deviation o. Similar features of
the wavelet coefficients of the DWT were observed by [18].

Fig. 4 depicts the phase current of an actual oscillographic
record without transient disturbances. The wavelet coefficients
at the first scale and the related relative frequency histogram
are also shown in Fig. 4. A normal probability density function
with parameters given by the wavelet coefficient average and
standard deviation was also obtained. The estimated density
function and the density histogram match up quite well.
In this case, the wavelet coefficients at the first scale are
mainly due to the high frequency noises of the current and
can be approximated by a function with normal probability
distribution.
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Fig. 4. High frequency noise analysis during steady-state operation: (a) phase current; (b) wavelet coefficients at the first scale; (c) density histogram of the

wavelet coefficients.

According to the normal probability distribution function,
about 99.73% of the wavelet coefficient values fall into the
range [u-30, p+30]. During steady-state operation, all wavelet
coefficients of a signal (voltage or current) are expected to
be inside the range [W;, Wsal=[u-40, u+4o] (steady-state
thresholds).

For each phase voltage and current, both W7 and W5 are
computed in real-time considering the wavelet coefficients in
the last cycle. The wavelet coefficient at the current simula-
tion time step must present a value within the steady-state
thresholds, i.e.: w(k)e[Wy, Wa].

When a line fault occurs, such as a fault due to an insulator
flashover or fallen conductor, the abrupt change in voltage at
the point of the fault generates a high frequency electromag-
netic impulse called traveling wave which propagates along the
line in both directions away from the fault point at speeds close
to light velocity. As a consequence, fault-induced transients
with low and high frequency components can be observed
at each line end at a specific time after the fault inception.
These transients can be properly detected by using the wavelet
coefficients of voltages and currents: the wavelet coefficients
regarding the fault-induced transients are higher than the ones
related to steady-state.

Fig. 5 depicts the phase A voltage and current (v4 and i4)
at fault location, bus 1, and bus 2 (half cycle), regarding an
AG fault with ry=1 €, 6;=90°, and dy=45 km from bus 1,
simulated in real-time at the protected line of the power system
shown in Fig. 2. The wavelet coefficients of the voltages and
currents at buses 1 and 2 were also computed in real-time
(Fig. 5).

According to Fig. 5, ks is the sample related to the fault
inception time. However, due to the traveling wave propagat-
ing time, the fault-induced transients at buses 1 and 2 were
detected at samples ky; and kyo, respectively. The wavelet
coefficients regarding these transients usually present very
high values, mainly at k¢, and k¢ samples. Taking the wavelet
coefficients at steady-state as reference, a fast increasing (or
decreasing) of the wavelet coefficients at least in one of
the voltages and currents allows the fault-induced transient

detection in real-time. In this case, the wavelet coefficient of a
specific signal at the current simulation time step must present
a value outside the steady-state thresholds.

B. Fault Detection

Fig. 6 depicts a protected line with both internal and external
faults. The monitored currents at each line end are taken as
reference to be flowing into the protected line. In case of an
internal fault (Fig. 6(a)), the traveling waves before any re-
flection and refraction propagate against the monitored current
directions. As a consequence, the first wavelet coefficient peak
of a current at both line ends presents the same polarities. With
regard to external faults (Figs. 6(b) and (c)), the first wavelet
coefficient peak of a current at both line ends presents opposite
polarities to each other.
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Fig. 5. Fault-induced transients of an internal fault detected by using the
wavelet coefficients of the MODWT.
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When a fault is within the protected line and it is not in the
middle of the line, fault-induced transients will be detected at
distinct times at line terminals (Fig. 5). When these transients
are detected at one of the line ends, a communication link
between the buses is used in order to send information to
another one. In this paper, both the traveling wave propagation
time to cross the line and the communication time between the
buses are taken as the same (Ak samples).

After both the fault-induced transient detection and com-
munication between buses, the fault is taken as within the
protected line whether the first wavelet coefficient peak of a
specific current at both line ends present the same polarities.
For instance, in Fig. 5, the wavelet coefficient peak of phase
A current decreases at fault inception time at each line end.

Fig. 7 depicts the phase A voltage and current (v4 and i4)
at bus 1, bus 2, and fault location (half cycle), regarding an AG
fault with r,=14.9 Q, 0,=98.9°, and d;=70 km from bus 3,
simulated in real-time on unprotected line of the power system
shown in Fig. 2. The wavelet coefficients of these signals at
buses 1 and 2 were also computed in real-time and shown in
Fig. 7.

According to Fig. 7, the first wavelet coefficient peak of ¢4
at both line ends presented opposite polarities. In addition, the
difference between the samples related to the fault-inception
time at each line end is equivalent to the traveling wave
propagation time to cross the line (|ksi-kyo|=Ak).

C. Real-Time Fault Location

How to define the velocity of the travelling wave correctly
is critical to the accuracy of fault location methods based
on fault-induced transient or travelling wave analysis. Most
of fault location schemes consider the propagation velocity
of travelling waves as the velocity of light. However, it is
well-known that on multi-conductor transmission lines the
travelling waves propagate with different velocities in different
modes [19].
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Fig. 7. Fault-induced transients of an external fault detected by using the

wavelet coefficients of the MODWT.

The propagation velocity of the travelling wave was com-
puted by using the distributed parameter model of a long
transmission line. In this paper, by using the distributed
parameters shown in Fig. 2, the propagation velocity of the
travelling wave was taken as 98% of the velocity of light. By
using this velocity, the waves propagate AL km in one time
step of 50 us. Therefore, each sample from the fault inception
time (sample k) to the fault inception time at monitored bus
(samples ky¢; or kgo) represents a fault away AL~15 km.

According to Fig. 5, at bus 1, the fault-induced transients
could be detected 3 samples after the fault inception time
(kf1-ky=3: fault located about 45 km away from bus 1). On
the other hand, at bus 2, the fault-induced transients could be
detected 24 samples after the fault inception time (ko-k=24:
fault located about 360 km away from bus 1). This fault was
simulated on the protected line, 45 and 355 km away from
buses 1 and 2, respectively.

Taking into account the simulation time step At=50 us, the
sample amount equivalent to the traveling wave propagation
time to cross a 400 km transmission line is 27 samples
(Ak=27 samples). According to Fig. 7, at bus 2, the fault-
induced transients could be detected 22 samples after the
fault inception time (kf2-kr=22: fault located about 330 km
away from bus 2). On the other hand, at bus 1, the fault-
induced transients could be detected 49 samples after the fault
inception time (kyi-ky=49: fault located about 735 km away
from bus 1). This fault was simulated upon an unprotected
line, 330 and 730 km away from buses 2 and 1, respectively.
Beyond the polarities of the first wavelet coefficient peak of
the currents in both buses, the comparison between the fault
location estimation of both buses can also indicate whether a
fault is internal the protected line.



According to [14], [13], the sample regarding the fault-
induced transients at monitored buses (ky; and kjfo) can
be faster and accurately detected by means of the wavelet
coefficient analysis of the MODWT. However, the sample
regarding the fault inception upon the transmission line ky can
not be identified by means of voltage and current analysis at
a specific bus. Fortunately, the fault location can be estimated
through the samples k¢, and kyo, as follows
L*Af(k’f;*kfi)*v7 (2)
where d;; is the fault location estimation at bus ¢ by using
additional information from bus j; L is the line length; v is
the propagation velocity of the traveling wave; ky; and ky;
are the samples regarding the fault-induced transient detection
at buses ¢ and j, respectively. In this paper, v=0.98¢, where c
is the velocity of the light.

By using Eq. 2 with v=0.98¢, the fault location estima-
tion regarding the internal fault shown in Fig. 5 would be
d12=45.65 km from bus 1 and d2;=354.35 km from bus 2.
In this case, an internal fault is identified. With regard to the
external fault shown in Fig. 7, the fault location estimation
would be d;2=398.45 km from bus 1 and ds;=1.55 km
from bus 2. In this case, an external fault is identified. In
this paper, an external fault is identified when d;;>L-AL
and d;; <AL, or vice-versa. In addition, transients due to a
switching operation either on protected line terminals or other
power system equipment away from the protected line can be
detected as external faults.

In this paper, a communication link between the buses is
used in order to detect an internal fault and estimate the fault
location in each bus. The communication delay between the
buses was taken as Ak=27 samples. When the fault-induced
transients are detected at bus ¢, information regarding the
polarities of the wavelet coefficients of the currents and the
samples in which these transients were detected (ky;) are sent
to bus j. Therefore, the fault detection and location at bus j
is carried out at sample kj;j=k;;+Ak. As analogy, the fault
detection and location at bus i is carried out when information
from bus j were received, at sample kj;=k;;+Ak. Therefore,
the bus further from the fault will detect and locate the fault
faster.

dq;j =

IV. PROPOSED METHOD PERFORMANCE EVALUATION

The transmission power system shown in Fig. 2 was mod-
eled and simulated by using the RTDS. The proposed method
was also modeled by using the RTDS at two distinctive power
system points (buses 1 and 2) in order to detect and locate
internal faults upon a protected line (Fig. 8). The transducers
were modeled with typical parameters.
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aaallly!
or CB1 \§ Internal CB2 T \§ External
M fault M fault
Real-time Real-time
Fault Detection o B Fault Detection
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and Location and Location
Fig. 8. Power system model with the proposed fault detection and location

method.

In order to evaluate the performance of the wavelet-based
method for real-time fault detection and location, a total of
1000 faults on protected line was simulated in real-time, each
one with random values of fault resistance rfG{O, 50} Q,
fault inception angle 6y€{0°, 180°}, and fault location
dye{15, 385} km from bus 1. With regard to the fault type,
100 AG, BG, CG, AB, BC, AC, ABG, BCG, ACG, and
ABC faults were simulated. The fault-clearing time in each
simulation was about 75 ms (4.5 cycles of 60 Hz).

The fault detection and location method was performed
with both MODWT and DWT. The transients regarding the
fault inception time at each line end were identified with a
mean error of one sample (50 ps) by means of the real-time
MODWT and about two samples with the real-time DWT,
due to the down-sampling process to compute the wavelet
coefficients. Therefore, the faults were detected faster by using
the MODWT. With regard to the fault detection, in both
MODWT- and DWT-based methods, all faults were detected
as internal faults after the communication of the fault locators.

With regard to the fault location, the MODWT-based
method provided a mean error of 0.65% and 0.63% at buses 1
and 2, respectively. By using the DWT-based method, mean
errors of 1.05 and 1.02% were obtained at buses 1 and 2,
respectively. The mean error at fault location for all types
of faults is summarized in Tab. I. The fault location is not
influenced by the type of fault and provides better performance
with the MODWT.

A total of 1000 faults on unprotected line was also simulated
in real-time, each one with random values of fault resistance
rre{0, 50} €, fault inception angle 6<{0°, 180°}, and fault
location d;€{15, 385} km from bus 2. With regard to the fault
type, 100 AG, BG, CG, AB, BC, AC, ABG, BCG, ACG, and
ABC faults were simulated. The fault-clearing time in each
simulation was about 75 ms (4.5 cycles of 60 Hz). In all cases,
the fault-induced transients were successfully detected and the
faults were detected as external faults by using both MODWT
and DWT.

In order to improve the obtained results, a sensitivity
analysis of the effectiveness of the proposed wavelet-based
fault detection and location scheme with reference to different
mother wavelets have been performing and will be addressed
in future works.

TABLE I

PERFORMANCE EVALUATION OF BOTH MODWT- AND DWT-BASED
METHODS.

T ¢ Amount Mean error (%)
}EESHO of Bus 1 Bus 2
simulations MODWT DWT MODWT DWT
AG 100 0.6452 1.0656 0.6143 1.0556
BG 100 0.6535 1.0539 0.6336 1.0399
CcG 100 0.6047 1.0470 0.6570 1.0453
AB 100 0.6691 1.0730 0.6388 0.9686
BC 100 0.7002 1.1040 0.6590 1.0451
AC 100 0.7439 1.0722 0.5866 0.9264
ABG 100 0.7147 1.0802 0.6836 1.0098
BCG 100 0.5976 1.0581 0.5509 1.0605
ACG 100 0.6032 1.9443 0.6139 1.0094
ABC 100 0.6098 1.0004 0.6221 1.0373




The proposed fault location scheme can provide good
performance with high sampling frequency. However, good
results were obtained on real-time simulation of the RTDS by
using a sampling frequency of 20 kHz (simulation time step
of 50 us). Nowadays, this sampling frequency can be used
by high-speed protective relays. The proposed MODWT-based
analysis will be further implemented into a new directional
relaying scheme in order to design a reliable method for high-
speed fault clearance in protection systems.

V. CONCLUSIONS

The real-time fault detection and location based on the
wavelet coefficient analysis was very fast, performing both
the high-speed fault detection and good fault location. this
can make it a promising candidate for a protective relay-
ing algorithm. In addition, the method seems to be little
dependent on the conditions that would affect most of the
other algorithms, such as line parameters and fault parameters
(resistance, location, inception angle, and type).

The real-time fault detection and location method was
performed with both the discrete wavelet transform and the
maximal overlap discrete wavelet transform. The fault-induced
transients were detected faster and the faults were located
accurately by using the maximal overlap discrete wavelet
transform.

Taking into account the sampling frequency of 20 kHz
(value near the typical digital fault recorders), the obtained
fault location accuracy (mean error of about 0.63% with the
maximal overlap discrete wavelet transform) is quite remark-
able.
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