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Abstract—The paper presents a fault location procedure for dis-
tribution networks based on the wavelet analysis of the fault-gen-
erated traveling waves. In particular, the proposed procedure im-
plements the continuous wavelet analysis applied to the voltage
waveforms recorded during the fault in correspondence of a net-
work bus. In order to improve the wavelet analysis, an algorithm
is proposed to build specific mother wavelets inferred from the
fault-originated transient waveforms.

The performance of the proposed algorithm are analyzed for the
case of the IEEE 34-bus test distribution network and compared
with those achieved by using the more traditional Morlet mother
wavelet.

Index Terms—Continuous wavelet transform, distribution net-
work, EMTP simulations, fault location, mother wavelet, power
quality.

1. INTRODUCTION

OWER quality of distribution networks, with particular
P reference to the number and duration of short and long in-
terruptions, depends on the annual number of faults and on the
relevant restoration times. The availability of accurate fault loca-
tion techniques can result in important reduction of restoration
times [1].

The fault location problem has been extensively investigated
and several approaches have been proposed in the literature.
These approaches can be grouped into the following main cat-
egories: 1) methods based on impedance measurement (e.g.,
[2]-[4]); 2) methods based on the analysis of fault-originated
traveling waves (e.g., [S]-[9]). It is worth mentioning that ex-
pert systems, often based on the use of neural networks, have
been also proposed (e.g., [10]-[12]).

Impedance measurement methods rely essentially on the
analysis at power frequency of voltage and current fault signals.
Fault location in transmission lines is the typical application
field of these techniques in view of the significant line length
and simple network topology. Their application to distribution
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networks, characterized by multibranched radial topologies,
may result in a decrease of the location accuracy.

Traveling wave methods involve the measurements of high-
frequency components as well as the implementation of com-
plex signal analysis techniques. They rely on the analysis of the
high-frequency components of fault-oriented transients which
are rather uninfluenced by the fault type and impedance [7].
Their use in distribution network has been already proposed typ-
ically coupled with the use of the discrete wavelet analysis (e.g.,
(6], [8D.

The method presented in this paper belongs to category ii)
and is based on the extension of the algorithm presented in
[13]. Voltage transients generated by the fault are analyzed by
using the continuous wavelet transformation (CWT); the pro-
posed CWT analysis, performed in frequency domain, is aimed
at determining peculiar frequencies that can be used to infer the
fault location assuming the network topology and line conductor
geometry known.

In order to overcome some limitation and to improve the per-
formances of the method proposed in [13], this paper proposes
an algorithm to build specific mother wavelets directly inferred
from the recorded fault-originated voltage transients. The influ-
ence of such a fault-inferred mother wavelet on the fault loca-
tion accuracy is analyzed, and the results compared with those
obtained by using the traditional Morlet mother wavelet, which
is one of the several mother wavelets proposed in the literature
(e.g., [14]-[19])).

The paper is structured as follows. Section II describes the
information that can be inferred from fault-originated traveling
waves and the adequacy of different signal processing tech-
niques that can be adopted to analyze fault transients. Section III
illustrates the algorithm for the definition of transient-based
mother wavelets and Section IV shows some application refer-
ring to the IEEE 34-bus distribution system [20].

II. PROPOSED TRAVELING-WAVE APPROACH

The proposed approach is based on the identification of
some characteristic frequencies associated with specific paths
in which the fault-originated traveling waves are propagating.
These characteristic frequencies can be identified by means of
adequate signal analysis techniques applied to the voltage or
current waveforms recorded at an observation point (typically
located at the lower voltage terminals of the transformer feeding
the distribution network).

0885-8950/$25.00 © 2008 IEEE
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Fig. 1. Example of the paths covered by the traveling waves associated to a
fault location placed between buses 812 and 814 of the first section of the main
feeder of the IEEE 34-bus distribution system.

A. Fault-Originated Traveling-Wave Paths and Associated
Characteristic Frequencies

Fault-originated traveling waves propagate along the network
and reflect at line terminations, junctions between feeders, and
the fault location. The relevant reflection coefficients depend
to the line surge impedances, the impedances of power com-
ponents connected to the network terminations and to the fault
impedance value.

A certain number of paths p, covered by the traveling waves,
can be associated to the observation point m where the voltage
or current waveforms are measured.

Assuming a network topology characterized by a main feeder
and some laterals (radial configuration), the number of paths
is equal to the number of network laterals plus the number of
feeder-lateral junctions. As an example, Fig. 1 shows a fault lo-
cation placed between buses 812 and 814 of the first section of
the main feeder of the IEEE 34-bus distribution system (addi-
tional details relevant to this model are reported in Section IV).
Four different paths can be identified and paths #1, #3 and #4 can
be associated to the relevant traveling waves and are contained
in the voltage or current waveforms recorded at the observation
point placed in correspondence of the bus 800 (medium voltage
side of the feeding substation).

Each path p can be associated to a number of characteristic
frequencies, one for each of the traveling-wave propagation
modes [21], [22]. Indeed, it is worth noting that the propa-
gation of traveling waves in multi-conductor lines involves
the presence of different propagation speeds. Therefore, the
identification of characteristic frequencies related to each path
p is separately carried out for the various propagation modes.
In order to apply the modal transformation matrixes in time-do-
main, the modal transformation matrix should be real and their
calculation in this paper is performed using the line constant
routine of the EMTP [22].

Assuming the network topology and the traveling wave
speeds of the various propagation modes are known, frequency
fp,i of mode ¢ through path p can be evaluated a priori as

fp,i =

v;

1
oLy ey
where v; is the traveling speed of the sth propagation mode,
L, is the length of the pth path and n,(€ N) is the number
of times needed for a given traveling wave to propagates along
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path p before attain again the same polarity. p — 1 values are
used to identify the faulted section and the remaining one to
identify the fault distance between observation point m and the
fault location.

In order to associate a characteristic frequency to each path,
we can see the fault as a step-function source triggered by the
fault occurrence. The fault-generated step wave travels along
the network and is reflected in correspondence to the above-
mentioned path extremities. Each extremity is characterized by
specific voltage reflection coefficient, namely:

* extremities where a power transformer is connected can
be considered as open circuits and the relevant reflection
coefficient is close to +1;

» extremities that correspond to a junction between more
than two lines are characterized by a negative reflection
coefficient;

* the reflection coefficient of the extremity where the fault
is occurring is close to —1, as the fault impedance value is
lower than the line surge impedance.

The coefficient n,, depends on the sign of the reflection coef-
ficients of the two path extremities, namely n,, is equal to 2 or
to 4 if the reflection coefficients have the same or opposite sign,
respectively.

B. Signal Analysis Techniques for the Identification of
Characteristic Frequencies of Traveling-Waves Paths

Current or voltage fault transient signals are composed by su-
perimposing the industrial frequency waveform (constant low
frequency component of large duration) and the transient dis-
turbance caused by the fault (time-varying high frequency com-
ponent of short duration). The resulting signal is therefore char-
acterized by a continuous spectrum due to its time-variant prop-
erties. The identification of characteristic frequencies f,; by
means of traditional operators, such as the fast Fourier trans-
form (FFT), is certainly not appropriate. Indeed, such an oper-
ator analyzes the signal with a constant frequency resolution that
depends to the width of the chosen observation time window.!

In view of the above, the identification of characteristic
frequencies f, ; should be accomplished by using appropriate
signal analysis techniques that allow the adjustment of the
signal spectrum versus time. Such a requirement is fulfilled
by implementing the so-called time-frequency representations
(TFRs) [23]. In particular, a signal TFR links a one-dimen-
sional time signal (¢) to a bi-dimensional function of time and
frequency, T, (¢, f). Typical examples of linear TFRs are the
short time Fourier transform (STFT) and the wavelet transform.

As known, STFT is a windowed Fourier transform in which
the observation interval is divided into a given number of subin-
tervals. For each subinterval, STFT is computed according to
the following equation:

~+o0 .
x(T)w(t —7)e ?“Tdr

Tsrrr(t, f) = / 2)

— 00

ITn order to provide an example, let consider that frequencies f, ; usually
ranges from few kHz to few tens of kHz and are contained in a time window of
the fault signals of a typical duration of 1 ms. Therefore, the application of the
traditional FFT to the fault signal results in a frequency resolution of 1 kHz that
is certainly inadequate to correctly identify frequencies f,, ;.
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where w(7) is the windowing function that defines the length
of the subinterval. Similarly to the Fourier transform, the main
characteristic of the STFT is that the time-frequency resolution
is constant and equal to the duration of each subinterval. There-
fore, it is not the more appropriate tool for the analysis of fault
signals.

The wavelet transform, on the other hand, is a TFR that allows
a good frequency resolution at low frequencies and a good time
resolution at high frequencies [24]. In particular, it allows for the
analysis of high frequency components very close to each other
in time and low frequency components very close each other in
frequency. These properties are indeed suitable for the study of
transient waveforms produced by faults.

The proposed fault location approach is based on the use of
a CWT. The CWT of signal z(t) is, as known, the integral of
the product between z(t) and the so-called daughter-wavelets,
which are time translated and scale expanded/compressed
versions of a finite energy function v (t), called mother wavelet.
This transformation, equivalent to a scalar product, produces
wavelet coefficients C'(a, b) that represent the TFR bi-dimen-
sional function of time and frequency T, (t, f). Coefficients
C(a,b) can be seen as similarity indexes between the signal
and the daughter wavelet located at position b (time shifting
factor) with scale a.

The analyzed part s(¢) of the recorded signal z(t), that cor-
responds to a voltage or current fault-transient, is usually char-
acterized by a short duration of few milliseconds. Such a dura-
tion corresponds to the product between sampling time 7’52 and
number of recorded samples N . Therefore, in the numerical im-
plementation of the CWT applied to signal s(t), the elements of
matrix C'(a,b) of are given by

C(a,b) = C(a,iTy)

-rn yv [0S0

where parameter a corresponds to the scale factor and product
i - Ty corresponds to the so-called time shifting factor b. It is
worth nothing that if the center frequency of the mother wavelet
() is Fy, the one of the daughter-wavelet ¢ (at) is Fy/a.

The sum of the squared values of all coefficients belonging
to the same scale, which are denoted as CWT signal energy
Ecwt(a), identifies a “scalogram” which provides the weight of
each frequency component [25]

Tl o

N—-1
Ewi(a) = Z(C(a,nTs))z. 4)
n=0
The identification of the characteristic frequencies f, ; asso-
ciated to the fault location is realized by inspecting the relative
maximum peaks of the obtained scalogram Eyt(a).

C. First Application Example: Balanced Solid Fault

As a first example, the proposed fault location procedure is
applied to the case of a three-phase balanced solid fault at bus
812 of the IEEE 34-bus distribution system simulated by means
of a model implemented in the EMTP-RV environment [26],

2All the examples provided in the paper make reference to a sampling fre-
quency equal to 10 MHz.

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 23, NO. 2, MAY 2008

TABLE I
THEORETICAL AND CWT-IDENTIFIED CHARACTERISTIC FREQUENCIES
RELEVANT TO THE PROPAGATION PATHS FOR A THREE-PHASE SOLID FAULT
LOCATED AT Bus 812 OF FIG. 1. THE RESULTS MAKE REFERENCE TO THE
MORLET MOTHER WAVELET. THE ANALYSIS REFERS TO PROPAGATION MODE 1

| Pat:‘h Theoretical frequencies f,; | cWT identified

en i i

Path np'ng (traveling wav:;zf:n; l)o propagation fre quency
(km) (kHz) (kHz)

800-812 | 4x22.57 3.29 3.70

800-808 | 4x11.14 6.68 -

800-810 | 2x12.92 11.52 9.60

[27]. Additional details on such a system, relevant transmis-
sion line propagation modes and implementation are given in
Section IV.

Locating the observation point m at bus 800 and the fault at
bus 812, three traveling-waves are contained in the fault tran-
sient. They are characterized by a common path-terminal, bus
800, and other three path-terminals corresponding to buses 812
(path #1), 808 (path #2) and 810 (path #3).

As reported above, if we consider, in a first approximation,
the fault as a step-function source triggered by the fault occur-
rence, the resulting voltage transient observed at bus 800 is the
sum of three square waves each one characterized by a main
frequency given by (1). Table I shows the theoretical frequency
values obtained by applying (1) to the considered example.

Table I also shows the characteristic frequency values ob-
tained by applying the CWT-analysis using with the Morlet
mother wavelet to the voltage transient recorded at the medium
voltage side of the feeding substation (bus 800).

The CWT-analysis is performed in a time window of 2 ms
and refers to propagation mode 1. The specific characteristics
of line propagation modes are given in Table III of Section IV.

Fig. 2 shows the obtained scalogram relevant to the signal
energy values E.y(a). As it can be seen from Fig. 2, the CWT
analysis is able to identify the frequencies related to path #1 and
path #3, whilst it is unable to identify path #2. The frequency as-
sociated with the second path is hidden by the other frequencies
due to the large filter amplitude related to the adopted mother
wavelet.

The location error is defined as

100
e% = L—
px

v;

. fCWT
p* P,

Lpw — )

where L, is the length of path px between the observation bus
and the fault location, v; is the propagation speed of mode %, 1,
is equal to 4 and f*\;”T is the CWT-identified frequency rele-
vant to path px.

The location error for the considered fault achieved by the
CWT analysis is equal to 10.9%.

III. DEFINITION OF MOTHER WAVELETS INFERRED
FROM FAULT-ORIGINATED TRANSIENTS
A. Requirements for the Definition of a Mother Wavelet

As known, the CWT allows for the adoption of arbitrary
mother wavelets that have to comply with the so-called admis-
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Fig. 2. Results of the CWT analysis of the mode 1 of the voltage transient
recorded at bus 800 for a three-phase solid fault at bus 812. The values are in
per-unit with respect to the maximum.

sibility condition
(6)

Sufficient conditions (SC) to satisfy (6) are SC-a) mean value
+oo
of 1(t) equal to zero, namely [ (t)dt = 0; SC-b) fast de-

crease to zero of ¥ (t) for t — too.

If the CWT backward transformation (7), i.e., the signal re-
construction, must be guaranteed, the choice of the number and
spacing of scales a as well as the choice of the mother wavelet,
should comply with the so-called orthogonality condition (e.g.,

[28])

400 +oo

o [ [ ctabmamn™E.

—00 — 00

N

The CWT adopted in the proposed fault location procedure
does not require to satisfy the orthogonality condition which is
needed if time-domain fault location approaches (e.g., [7], [8]),
based on reconstruction of the fault transient signal related to
each characteristic frequency, are used.

B. Algorithm for the Construction of a Mother Wavelet
Inferred From Fault-Originated Transients

We start from the concept that the CWT can be considered as
a filtering process based on the scalar product between daughter
wavelets and the analyzed signal. The maximization of such a
scalar product is related to the similarity between the mother
wavelet and the signal itself. Therefore, the proposed approach
builds the mother wavelet by applying the above sufficient con-
ditions to the initial part of the fault transient waveform.

The algorithm developed for building the mother wavelet is
composed by the following steps, which will be described next.
In order to illustrate the implementation of each step, the de-
scription refers to the case of a three-phase solid fault located
in correspondence of bus 814 of the IEEE 34-bus distribution
system.

1) Being s(t) the fault transient waveform relevant to a spe-

cific propagation mode, 3(¢) is extracted as the initial part
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Fig. 3. Fault voltage transient waveform of the propagation mode 1 observed
at bus 800 of the IEEE 34-bus distribution system for a three-phase solid fault
in 814; the selection of 5(¢) used to build the mother wavelet.
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of s(t). Function 3(¢) is used to build the mother wavelet
1 (t) and starts from the fault-occurrence time with a du-
ration At that corresponds to the minimum expected fre-
quency content of the analyzed signal. Fig. 3 shows the
voltage waveform of the propagation mode 1 observed at
bus 800 and the selection of the part of the fault transient
waveform 5(¢) used to build the mother wavelet.

3(t) is then normalized with respect to its maximum value.
To satisfy the above mentioned SC-a, 5(¢) is then shifted
in order to obtain a mean value equal to zero. Fig. 4 shows
the modified signal 3(¢) according with this step of the
algorithm.

Finally, in order to satisfy SC-b, the mother wavelet 1)(t)
is built as a series of several kA¢-shifted 5(¢) multiplied by
an exponential decay characterized by a time constant 7

2)

3)

p(t) = | Dt + kAL +5(t— kAL | T (8)
keN
with
o [E(t) 0<t< At
s(t)_{o t< 0t > At ©)

Fig. 5 shows the obtained mother wavelet.
The obtained mother wavelet (¢) given by (8) is indeed a
mother wavelet because its construction is in accordance with
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Fig. 5. Transient-based mother wavelet built from 3(¢) of Fig. 3(7 = 10~7).
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Fig. 6. Frequency domain spectrums of three daughter-wavelet (referring to
three different scales) of the transient-based mother wavelet of Fig. 5.
TABLE III

the two sufficient condition (SC-a and SC-b) that satisfy the
admissibility condition.

As known, the wavelet analysis consists in a filtering process
of the analyzed signal by means of subsequent constant-energy
shifting-filter given by the daughter wavelets

F(C(a,b)) = Va¥*(a - w)X(w) (10)
where F(C(a,b)), X (w) and ¥(w) are the Fourier transforms
of C(a,b), the fault signal z(¢) and the daughter wavelet v (¢)
respectively. According to this wavelet analysis basic concept,
Fig. 6 shows the frequency-domain spectrum amplitudes of
three daughter wavelets (referring to three different scales) of
the transient-based mother wavelet of Fig. 5. As it can be seen,
the three curves of Fig. 6 clearly refer to a constant-energy
shifting-filter.

Fig. 7 shows the comparison of the results obtained with the
CWT analysis by using the fault-inferred and Morlet mother
wavelets. The identified frequencies, as well as the relevant
paths, are reported in Table II.

As for the case illustrated in the previous section, the CWT
analysis referring to the Morlet mother wavelet is able to detect
only the frequencies associated with the first and second paths
while the frequency peak associated with the third path appears
hidden by the second peak. On the contrary, the CWT referring
to the transient-inferred mother wavelet allows the identification
of all the three frequencies.

VALUE OF THE MODAL PARAMETERS CALCULATED AT 1 KHZ OF
THE CONSIDERED OVERHEAD LINE CONFIGURATION, GROUND
RESISTIVITY EQUAL TO 100 2 m

Propagation
mode r / c % speed
(Q/km) | (mH/Kkm) |  (uF/km) Q) (km's)

0 0.984 2.367 | 5.82310% | 637.99 | 2.693-10"

1 0.136 0.908 1.243-10%% | 270.27 | 2.976-10"

2 0.065 0.875 1.273-10%% | 262.17 | 2.997-10°

IV. APPLICATION EXAMPLES OF THE PROPOSED ALGORITHM
FOR FAULT LOCATION IN DISTRIBUTION NETWORKS

The previous examples refer to the case of balanced solid
faults. In what follows, the performances of the proposed al-
gorithm are tested against for the cases of: 1) unbalanced faults,
2) variable values of fault impedance; 3) different exponential
decay time of the mother wavelet; and 4) different fault loca-
tions along the IEEE 34-bus distribution system, as described in
what follows.

A. Adapted IEEE 34-Bus Distribution Systems Adapted for
This Study

The IEEE 34-bus test feeder is composed by branches char-
acterized by different conductor configurations. In order to sim-
plify the network configuration, the following assumptions have
been made: 1) all the branches of the network are composed by
overhead lines which conductor configuration is the “ID #500”
reported in [20, Fig. 1] (three-phase plus neutral); 2) the network
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Fig. 8. Analyzed case study. ( a) IEEE 34-bus distribution system implemented
in EMTP-RV. (b) Transformer model.

loads are assumed located in correspondence of the line termi-
nations and connected by means of distribution power trans-
formers. Fig. 8(a) shows the IEEE 34-bus distribution system
topology implemented in the EMTP-RV simulation environ-
ment.

Concerning the power distribution transformers, they are rep-
resented by means of the parallel of a 50 Hz standard model and
a IT of capacitances in order to represent, in a first approxima-
tion, its response to transients at a frequency range around 100

TABLE IV
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CHARACTERISTIC AND CWT IDENTIFIED FREQUENCIES RELEVANT TO THE
PROPAGATION PATHS FOR A PHASE-TO-GROUND SOLID FAULT LOCATED AT
Bus 812 OF FIG. 1. THE ANALYSIS REFERS TO THE PROPAGATION MODE 0

Path fre;l'heore.tical CWT identified frequency
quencies f, ; (kHz)
Path Iength (traveling wave refer
np'Lp to propagation Transient- Morlet
(km) mode 0) based mother mother
(kHz) wavelet wavelet
800-812 | 4x22.57 2.98 3.90 3.80
800-808 | 4x11.14 6.04 6.00 -
800-810 | 2x12.92 10.42 13.00 9.40

kHz [see Fig. 8(b)]. The parameters adopted for the 50 Hz part
of the transformer model are the following: 5 MVA 150/24.9 kV
Vie = 9% for the substation; 1 MVA 24.9/0.4 kV V.. = 4% for
the loads and 2.5 MVA 24.9/24 9 kV V,. = 8% for the loads.

A constant parameter line model (CP-line model) is adopted
for the representation of the overhead lines [22]. The adoption
of a frequency dependent line model (e.g., the FD-line model
[22]) results in voltage transients close to those obtained with
the CP-line model. This is due on the one hand to the typically
limited length of distribution lines and, on the other hand, to the
typical frequency content of the fault transients, which does not
exceed a few tens of kHz.

Table III shows the modal parameters of the CP-line model
that refers to the considered overhead line configuration. The
modal parameters are calculated for a frequency equal to 1 kHz
and assuming the ground resistivity equal to 100 {2 m.

B. Unbalanced Grounded Faults

The type of fault (balanced or unbalanced) influences the
CWT signal energy E.¢(a) relevant to each propagation mode.
In particular, for the case of unbalanced faults, the propagation
mode 0 always results, as expected, in the larger energy con-
tent. Therefore, the propagation mode 0 (ground mode) is the
CWT-analyzed one for the case of unbalanced grounded faults.

Let consider a phase-to-ground solid fault located in corre-
spondence of bus 812 of Fig. 1. For this fault location, three
characteristic frequencies can be identified. Table IV shows the
comparison between the results obtained with the CWT anal-
ysis using the fault-inferred and Morlet mother wavelets. Also
for the case of unbalanced faults, the proposed approach, suit-
ably combined with the use of transient-based mother wavelet,
allows for the identification of all the characteristic frequencies.

C. Effect of the Fault Impedance

In this section, the effect of the fault impedance on the accu-
racy of the fault location algorithm is analyzed.

A phase-to-ground fault has been assumed at bus 806 of the
IEEE 34-bus distribution system. Such a bus has been selected
in order to analyze a fault location characterized by a single
path. Three different fault impedances have been considered,
namely 0, 10 and 100 €2 and the results are shown in Table V.
Such a table also reports the location accuracy, Ad, calculated
as the difference between the length of the path px*, between the



386

TABLE V
CHARACTERISTIC AND CWT IDENTIFIED FREQUENCIES RELEVANT TO THE
PROPAGATION PATHS FOR A PHASE-TO-GROUND FAULT LOCATED AT BUS
806 OF FIG. 1. THE RESULTS MAKE REFERENCE TO THE TRANSIENT-BASED
MOTHER WAVELET. THE ANALYSIS REFERS TO THE PROPAGATION MODE 0
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TABLE VI
CHARACTERISTIC AND CWT IDENTIFIED FREQUENCIES OF THREE-PHASE
SoLID FAULTS IN SOME BUSES OF THE IEEE 34-BuUS DISTRIBUTION
SYSTEM REPORTED IN FIG. 8(A). THE RESULTS MAKE REFERENCE TO THE
TRANSIENT-INFERRED MOTHER WAVELET

ra [ Trootiatenenies [ owt ot |, -
Impedance AN frequency | Fault location | Theoretical freq C";’T identified Ad
@) (kHz) (kHz) bus (kHz) ’e(‘l‘(‘:;';"y (m)
0 51.00 50.20 21.0 806 56.76 54.40 57.30
10 51.00 50.20 21.0 503 573 S wTTE)
100 51.00 51.60 15.3 810 =5 52 EYTT
812 3.32 3.80 2853
12 834 22.75 21.20 239.7
—1=10e-7 —— 1=10e-8 — 1 =10e-9 ----7=10e-10 836 15.80 13.70 721
WL 838 11.85 10.40 874.3
3 840 15.08 13.20 706.1
S gal 842 22.14 20.70 234.4
B 844 19.87 17.30 560.9
§ osl 846 15.35 12.3 1211.5
T 848 14.76 11.60 1374.2
5 ol 858 49.94 48.60 40.96
E ™ 860 19.26 17.60 367.1
o 862 15.61 13.40 791.4
02r 864 37.84 37.90 -3.09
0
0 TABLE VII

Frequency (kHz)

Fig. 9. Comparison between the results of the CWT analysis performed with
different mother wavelet exponential decay time. Analysis performed in the
mode 1 of the voltage transient recorded at bus 800 for a three-phase zero-
impedance fault at bus 814. The values are in per-unit with respect to the max-
imum.

observation bus and the fault location, and the CWT-identified
length of the same path.

As it can be seen, the accuracy of the proposed algorithm is
not influenced by the different fault impedance values. This re-
sult can be explained by considering that the variation of the
fault impedance results in a variation of the value of the reflec-
tion coefficient corresponding to the fault location but not in its
sign. Indeed, this last is the only responsible for a change in the
characteristic frequency of the fault path.

D. Influence of the Mother Wavelet Exponential Decay Time

In this section, the influence of the exponential decay time 7
of the mother wavelet expressed by (8) is analyzed. In partic-
ular, four different values of 7 have been considered, namely:
1077,1078,1072 and 10~1°. The relevant CWT analysis of the
voltage transient recorded at bus 800 for a three-phase solid fault
at bus 814 is reported in Fig. 9.

The results show that the increase of the exponential decay
time of the mother wavelet results in a decrease of the algorithm
performances in the identification of characteristic frequencies
of larger amplitudes. This result can be justified by considering
that the lowest is the exponential time decay, the larger is the
extension of the frequency spectrum of the daughter wavelet that
result in an increase of the matching between the frequencies
contained in the analyzed signal with the ones of the daughter
wavelets.

CHARACTERISTIC AND CWT IDENTIFIED FREQUENCIES OF PHASE-TO-GROUND
FAULTS IN SOME BUSES OF THE IEEE 34-BUS DISTRIBUTION SYSTEM
REPORTED IN FIG. 8(A). THE RESULTS MAKE REFERENCE TO THE
TRANSIENT-INFERRED MOTHER WAVELET

Fault location | Theoretical freq CVf\gqlgzzgged Ad
bus (kHz) (kHz) (m)
806 51.00 50.20 21
808 6.68 7.50 -1219.3
810 5.76 6.60 -1646.5
812 3.32 3.80 -2853
834 20.59 19.30 218.2
836 14.29 13.00 468.7
838 10.72 9.70 660.5
840 13.55 12.20 548.2
842 20.04 19.00 183.3
844 17.86 15.80 490.9
846 13.80 11.30 1077.7
848 13.36 11.00 1080.2
858 45.18 44.90 9.39
860 17.31 16.20 265.7
862 14.03 12.70 500.9
864 34.00 35.60 -88.9

E. Effect of Variation of Fault Position Along the IEEE 34-Bus
Distribution System

In what follows we extend our analysis by applying the pro-
posed algorithm to the location of single/three phase faults at
all the buses of the IEEE 34-bus distribution system. The re-
sults relevant to the three-phase fault are reported in Table VI
while the results of single phase faults in Table VII. Both tables
also report the location accuracy, Ad, calculated following the
same procedure described in previous Section I'V.

It can be observed that the proposed algorithm performs sat-
isfactorily for any of the fault positions.
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V. CONCLUSION

The paper has presented an improved version of a fault lo-
cation algorithm developed at the authors laboratory [13] based
on the analysis of fault-generated traveling waves by means of
the CWT. The improvement that has been here presented, dis-
cussed and tested, is based on the appropriate definition and use
of mother wavelets inferred from fault transient waveforms. The
definition of these mother wavelets allows indeed one to over-
come some limitation of the original algorithm, which was re-
lated to the use of traditional mother wavelets (e.g., the Morlet
one). In particular, the use of traditional mother wavelets does
not allow, in general, to identify all the characteristic frequencies
of the fault-originated traveling waves, along with the relevant
paths, associated with a specific fault location. This has been
confirmed by means of an extensive analysis carried out on the
IEEE 34-bus distribution system.

A comprehensive evaluation of the performance of the pro-
posed algorithm has been presented for different types of fault,
of their impedance and positions by making use of an advanced
simulation tool. The overall effectiveness of the proposed algo-
rithm has been proved.

Future research efforts will be devoted, on the one hand, to the
orthogonalization process of transient-inferred mother wavelet
in order to allow for the reconstruction of the transient signal
for each characteristic frequency: this is expected to improve the
algorithm accuracy by means of proper integration of time-do-
main fault location approaches [29]. On the other hand, the au-
thors feel worth adding that this paper represents the theoretical
basis for a fault location tool/device, which is expected to be the
object of a future research project.
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