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SUMMARY
The first aim of the paper is the characterization of fault-originated transients in power
distribution networks as a function of the fault location and of the measurement point. Both
fault location and of the measurement point are indeed correlated to the position of the faulted
branch and of the fault location through the paths covered by travelling waves originated by
the fault event.
The second aim of the paper is the identification of these paths, which is of importance for the
development of fast and reliable fault location procedure. To this aim, the paper illustrates an
algorithm, based on the continuous wavelet analysis of fault-originated transients, that allows
for a successful identification of the continuous frequency spectrum of fault transients. The
knowledge of that spectrum is then used to identify characteristic frequencies directly
correlated to the previously mentioned paths and, therefore, to the fault location.
The paper also presents the structure of a first prototype of fault locator, which implements
the proposed procedure. Finally, experimental tests aimed at verifying the performances of
that prototype are presented and the results discussed.
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1. INTRODUCTION
The accurate fault location in medium voltage distribution networks is one of the aspects
having a major impact on the quality of service in terms of duration of interruptions when
permanent faults occur. Moreover, switching transients associated to both fault location
techniques and subsequent manoeuvres for service restoration reconfiguration, may also affect
power quality of the distribution system [1]. Additionally, the increasing diffusion of
distributed generation calls for accurate and fast fault location procedures aimed at
minimizing the network service restoration time and, consequently, minimizing the nonsupplied power of this type of generation.
Various procedures for fault location assessment are described in the literature on the subject
(e.g. [2]). Some procedures analyze pre and post-fault voltage and currents from their steady
state values (e.g. [3-5]), whilst others are based on the analysis of fault-originated
electromagnetic transients, (i.e. travelling waves generated by the fault itself, e.g. [6-10]).
It is worth noting that the presence of dispersed generation in distribution networks can affect
the accuracy of fault location procedures based on the analysis of steady-state voltage and
currents. For these reasons, procedures that belong to the second of the above mentioned
categories may be less influenced by the presence of dispersed generation.
In this respect, the paper aims at discussing the accuracy of a fault location procedure based
on a combined use of the methods presented in [8,9] and [11,12]. In particular, in [11,12] such
a procedure is based on the wavelet analysis of fault-originated electromagnetic transients
performed by applying the continuous wavelet transformation (CWT) with specific mother
wavelets inferred from the voltage transient waveforms. The relevant analysis is aimed at
identifying characteristic frequencies associated to the faulted branch and to the fault location
[12,13]. Whilst in [11,12] the characteristic frequencies are estimated by means of a CWT
analysis of the transient waveforms only in frequency domain, in order to improve the fault
location accuracy the procedure that here is presented extends such an analysis to both time
[8,9] and frequency CWT decompositions.
The structure of the paper is the following: section 2 illustrates the characteristics of the
electromagnetic transients triggered by the fault occurrence and the relevant correlations with
the network topology; section 3 discusses the use of the wavelet analysis, with particular
reference to the continuous transform used to identify the characteristic frequencies of the
transient signal spectrum that are correlated to the fault location; section 4 describes the
structure of a fault location algorithm as well as its implementation into a specific prototype
which experimental characterization is also presented and discussed.
2. ELECTROMAGNETIC TRANSIENTS ASSOCIATED TO FAULTS IN RADIAL
DISTRIBUTION NETWORKS
A fault event into a power system can be associated to an injection in the power system itself
of a step wave triggered by the fault occurrence. The fault-generated step wave travels along
the lines of the network and gets reflected in correspondence of the line extremities which are
characterized by reflection coefficients whose values depend to the line surge impedances and
the impedances of the connected power components. In particular, the line extremities can be
grouped into three categories, namely: line terminations with power transformers, junctions
among lines, and the fault location. For each of these boundary conditions the following
assumptions can be reasonably made:
 extremities where a power transformer is connected can be assumed, for the traveling
waves, as open circuits, and therefore the relevant reflection coefficient is close to +1;
indeed fault-originated travelling waves are characterized by a spectrum with high1

frequency components for which the input impedance of power transformers is
generally dominated by a capacitive behavior [14];
 extremities that correspond to a junction between more than two lines are
characterized by a negative reflection coefficient;
 fault location: the reflection coefficient of the extremity where the fault is occurring is
close to -1, as the fault impedance value can be assumed lower than the line surge
impedance.
With the above illustrated assumptions and for a given network topology, it is possible to
determine a certain number p of paths each one delimited between two extremities: Fig 1
shows these paths for a simplified network topology composed by a main feeder and a lateral.
An observation point m where voltage or current waveforms are measured will see a certain
number of paths p* covered by the travelling waves. By making reference to Fig. 1 and to the
observation point m placed at of Bus 01, such an observation point is able to see three paths,
namely #01, #04 and #05.
The identification of these paths is clearly associated to the identification of both faulted
branch and fault location.
Fault transients
observation point m
Primary substation

Fault
location

Path 04
Path 01

Path 02
Bus 03

Path 05

Path 06

Bus 02

Path 03

Bus 01

Bus 04

Fig. 1 – Paths covered by travelling waves caused by a fault at Bus 02.

As illustrated in [12], each path p can be associated to a number of characteristic frequencies,
one for each of the travelling-wave propagation modes [15,16]. Indeed, it is worth noting that
the propagation of travelling 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 domain, the modal transformation matrix should be real and
their calculation in this paper is performed using the line constant routine of the EMTP [16].
Assuming that the network topology and travelling wave speeds of the various propagation
modes are known, frequency fp*,i of mode i through path p can be evaluated a priori as:
f p*,i 

vi
n p Lp

(1)

where vi is the travelling speed of the i-th propagation mode, Lp is the length of the p-th path
and np( N) is the number of times needed for a given travelling wave to propagates along
path p before attain again the same polarity. p-1 values are used to identify the faulted section
and the remaining ones to identify the fault distance between observation point m and the
fault location. In particular, by referring to the example of Fig. 1, frequencies associated to
paths #01and #05 are used to identify the faulted branch and the frequency associated to path
#04 to the fault location.
In order to clarify the concepts above illustrated, let us make reference to the results obtained
on a reduced-scale experimental setup aimed at reproducing the fault-transient responses of
2

single-phase cable feeders. The scale factor is of 1:50. Fig. 2 shows one of the topologies
adopted in [17] composed by a 1-km long main feeder with a 250-m long lateral branch
connected at the middle of the main. All cable lengths are divided by this scale factor whilst
the frequency of the power supply is multiplied by the scale factor in order to keep constant
the ratio between the feeding voltage wavelength and the cable lengths. The reduced-scale
cable lengths are reported in Fig. 2, along with the real-scale ones, in parenthesis. The
equivalent reduced-scale power supply frequency, for a real-scale rated frequency of 50 Hz, is
equal to 2.5 kHz. The cable lines are emulated by a single standard RG58 shielded cable,
characterized by a 50 Ω surge impedance and a measured inner-to-shield propagation speed of
1.786·108 m/s. The feeding voltage is provided by an Agilent 33120A function generator
placed in series with a lumped 10 kΩ impedance in order to represent, as a first
approximation, the primary substation transformer response to incoming fault-generated
travelling waves.
The fault between the cable shield and its inner conductor is generated by means of a fast
TTL-controlled micro-switch triggered by a National Instruments 9401 high-speed digital I/O
board. The fault-originated waveforms are recorded at a single point located at the junction
between the cable feeder and the 10 kΩ lumped impedance; this measurement point
represents, in the real scale, the medium voltage side of the primary substation transformer.
The signals are recorded by means of a LeCroy LT264 8-bit digital oscilloscope operating at
the sampling frequency of 1 GHz.
L = 20 m (1 km)
Phase-to-ground
fault location

L = 10 m (0.5 km)

Function generator
and 10kΩ impedance
Bus 01

Bus 02

L = 5 m (0.25 km)

Fault transients
measuring point

Bus 03

Bus 04

Fig. 2 – Topology of the a reduced scale setup aimed at reproducing electromagnetic fault transients.
Adapted from [17].

Fig. 3 shows the fault-originated voltage transients, measured at Bus 01 shown in Fig. 2 and
originated by a inner-to-shield fault. It can be observed that, as the fault triggered by the TTL
micro-switch can be assumed as a step-function source, the voltage transients of Fig. 2 can be
seen as the result of the superposition of different square waves, each one having a
fundamental frequency given by (1), in addition to the steady state voltage waveform. Table I
shows the theoretical frequencies observed at Bus 01 of Fig. 2 obtained by applying (1) to the
considered network configurations.
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Fig. 3 – Reduced scale voltage transients measured in correspondence of the Bus 01 of the reduced scale model
with the topology shown in Fig. 2. Adapted from [17].
Table I – Characteristic frequencies relevant to the propagation paths of topologies reported in Fig. 2 (reduced
scale cable length). Adapted from [17].
Path
Bus 01-02
Bus 01-03
Bus 01-04

Path length np·Lp
[m]
4x20 (np=4)
4x10 (np=4)
2x15 (np=2)

Theoretical frequencies fp,i
8
(inner-to-shield cable traveling speed equal to 1.786·10 m/s)
[MHz]
2.233
4.465
6.953

3. USE OF THE CONTINUOUS WAVELET TRANSFORM FOR THE
IDENTIFICATION OF THE FAULTED BRANCH AND THE FAULT LOCATION
Current or voltage fault transient signals are composed by the superimposition of the
industrial frequency waveform (constant low frequency component of large duration) and the
transient disturbance caused by the fault (time-varying high frequency component of short
duration). The resulting signal is therefore characterized by a continuous spectrum due to its
time-variant properties. The identification of characteristic frequencies fp,i by means of
traditional transformations, such as the Fast Fourier Transform (FFT), is certainly not
appropriate. Indeed, such an operator 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 fp,i 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) [18]. In particular, a signal TFR links a onedimensional time signal x(t) into a bi-dimensional function of time and frequency, Tx(t,f).
Typical examples of linear TFRs are the Short Time Fourier Transform (STFT) and the
Wavelet Transform.
As known, for STFT, similarly to FFT, the time-frequency resolution is constant and equal to
the duration of each subinterval adopted to divide the observed signal. Therefore, it is not the
more appropriate tool for the analysis of fault transients.
The wavelet transform, on the other hand, is a TFR, which allows a good frequency resolution
at low frequencies and a good time resolution at high frequencies [19]. In particular, it allows
for the analysis of high frequency components very close in time to each other and for low
frequency components very close to each other in frequency. These properties are indeed
suitable for the study of transient waveforms produced by faults.
The fault location here adopted is based on the use of the CWT. As known, such a
transformation applied to a signal x(t) provides the integral of the product between x(t) and
the so-called daughter-wavelets, which are time translated and scale expanded/compressed
4

versions of a finite energy function (t), called mother wavelet. This transform, equivalent to
a scalar product, produces wavelet coefficients C(a,b) representing the TFR bi-dimensional
function of time and frequency Tx(t,f). Coefficients C(a,b) can be seen as similarity indexes
between the signal and the so-called daughter wavelet located at position b (time shifting
factor) with scale a.
The analyzed part s(t) of the recorded signal x(t), which corresponds to a voltage or current
fault-transient, is usually characterized by a short duration of few milliseconds. Such a
duration corresponds to the product between the sampling time Ts and number of recorded
samples N. Therefore, in the numerical implementation of the CWT applied to the signal s(t),
the elements of matrix C(a,b) of are given by:





C  a, b   C a, iT  T
s
s

1 N  1 *   n  i  Ts 
s nT
 
s
a

a n  0 


 

(2)

where parameter a corresponds to the scale factor, and product i·Ts corresponds to the time
shifting factor b. It is worth nothing that if the center frequency of the mother wavelet (t) is
F0, the one of the daughter-wavelet *(at) is F0/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 so-called ‘scalogram’ which provides the
weight of each frequency component [20]:
Ecwt  a  

N 1

  C  a, nTs  

n 0

2

(3)

It is important to note that the use of classical mother wavelets (e.g. the Morlet one) does not
allow, in general, the identification of all the frequencies associated to the fault-originated
travelling waves paths. As shown in [12], this limitation can be overcome by means of an
appropriate definition of the mother wavelet, which, in order to maximize the similarity
indexes between the analyzed signal and the daughter-wavelet, can be inferred from the fault
transient itself, as proposed in [12].
The identification of the characteristic frequencies fp*,i associated to the fault location was
realized by inspecting the relative maximum peaks of the obtained scalogram ECWT(a)
provided by (3). Such an approach disregards the information provided by the CWT time
decomposition; they can however be used to successfully locate the fault too, as proposed in
[8,9].
The improvement introduced by the method here illustrated is due to the integrated timefrequency analysis which involves a two-step identification of the characteristic frequencies.
The first step consists of an initial estimation of such frequencies fp*,i as done in [12]. The
second step improves the initial estimate by identifying the time differences between local
maxima of the signal coefficients C(a,b), defined by (2), in a specific frequency range
centered in correspondence of the frequency fp*,i identified by the first step.
Let consider the reduced scale network topology shown in Fig. 2 and the relevant fault
transients of Fig. 3. Fig. 4 shows the scalogram of the signal energy values ECWT(a) obtained
using equation (3) to coefficients C(a,b) determined by means of the procedure described
[12]. The identified frequencies are shown in Table II. These results show that the error in the
identified characteristic frequency for the given fault location is equal to 11.3 % and a fault
location error equal to 12.7 %.
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Fig. 4 – Energy scalogram relevant to the CWT analysis of the fault transient of Fig. 3 relevant to the single
cable configuration of Fig. 2. Adapted from [17].
Table II – Characteristic frequencies relevant to the propagation paths of topologies reported in Fig. 2 (reduced
scale cable length). Adapted from [17].
Path

Path length
np·Lp
[m]

Bus 01-02
Bus 01-03
Bus 01-04

4x20 (np=4)
4x10 (np=4)
2x15 (np=2)

Theoretical frequencies fp,i
(inner-to-shield cable traveling speed
8
equal to 1.786·10 m/s)
[MHz]
2.233
4.465
6.953

CWT identified frequencies fp,i
by using the ECWT(a)
[MHz]
1.980
3.922
5.844

Fig. 6 shows the analysis for the identification of time differences between local maxima of
the coefficients C(a,b) in the frequency range centered in the first-step identified frequency
fp*,i= 1.980 MHz that corresponds to the fault location path (Bus 01 - Bus 02 of Fig. 2).
By making reference to this frequency, Fig. 5 shows coefficients C(a,b) in the frequency
range surrounding fp,i=1.980 MHz with a f = 0.25 MHz, which allows to identify a time
difference of 0.490 μs corresponding to a characteristic frequency of 2.04 MHz. This yields a
frequency error reduction of 8.6 % and a fault location error of 9.3 %. These values, which
may appear somewhat large, are instead to be interpreted as reasonably small, in view of the
reduced scale environment within which they have been inferred.
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Fig. 5 – Coefficients C(a,b) obtained by means of the CWT analysis applied to the fault transient of Fig. 3:
improved estimation of the characteristic frequency associated with the faulted path between Buss 01-02.
Adapted from [17].

6

4. PROTOTYPE OF AUTOMATIC SYSTEM FOR THE FAULT LOCATION IN
URBAN CABLE FEEDERS
The fault location procedure above described has been implemented into a test prototype of an
automatic fault locator system. The relevant characteristics and performances are illustrated
below.
The structure of the system is based on a modified version of a similar one developed for the
automatic measurement of lightning-originated transients in power distribution networks [21].
In particular, each phase voltage transient is measured by means of voltage-to-voltage
transducers (VVT) whose outputs are sent both to an event detection block and to an
acquisition and A/D conversion board. This last board can operate, with simultaneous
sampling, up to 100 MSa/s at 8 bits per channel, although its sampling rate has been set up at
10 MSa/s and the relevant recording time window has been fixed at 1 ms.
Concerning the event detection block above mentioned, it has been specifically designed to
detect voltage transients superimposed to the industrial frequency voltage waveform [22]. As
output, it provides a logic TTL signal that, in correspondence of a transient, acts as a trigger
for the A/D conversion board.
Considering that analyzed fault transients are characterized by a rather large frequency
spectrum, the VVT needs to be characterized by a relative large bandwidth. In order to satisfy
such a requirement, the selected VVT is composed by a compensated capacitive voltage
divider based on the Pearson Electronics VD305-A type and Fig. 6 shows the results of the
experimental determined transfer function (dividing ratio and the phase shift) in the frequency
range between 10 Hz ÷ 10 MHz. For each analyzed frequency, 50 measurements have been
performed: the cross marks of Fig. 6 represent the mean values, whilst the vertical bars the
95% confidence interval.
The dividing ratio of each VVT (see the solid horizontal line in Fig. 6a) is estimated as the
mean of the maximum and minimum values of the transfer function confidence intervals
within 1 kHz ÷ 1 MHz (dotted horizontal lines in Fig. 6a). Concerning the phase of the VVT
transfer function, it can be seen from Fig. 2b that, within the considered frequency range,
namely 1 kHz ÷ 1 MHz, the phase shift is close to zero.
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Fig. 6 – Example of the experimentally determined VVT transfer function: a) dividing ratio Vin/Vout; b) phaseshift. Adapted from [21].

In order to experimentally validate the performances of the fault locator prototype, it has been
decided to inject into the system – in particular in correspondence of the output voltages of
the VVT – voltage transients whose waveforms has been previously calculated using an
EMTP model and then reproduced by means of analog signal generators.
In particular, as the developed prototype is planned to be installed into a urban power
distribution system characterized by the presence of single-cable feeders only, the EMTP
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model has been conceived to represent such a condition. Fig. 7 shows the simulated power
system within the EMTP-RV environment [23-25].
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Fig. 7 – EMTP-RV model adopted to obtain fault transient waveforms in correspondence of the Bus_01.

The considered distribution system represents the primary 150/15 kV substation characterized
by a 5 MVA power transformer, for which the relevant  of capacitances has been also
represented. It feeds a 1 km single-cable feeder composed by a three-phase ‘elicord-type’
EPR 12/20 kV shielded cable characterized by the data reported in Table III. Each 200 m, a
secondary distribution substation is considered with its 15/0.4 kV power transformer (the
relevant  of capacitances of which have been also taken into account).
As it can be seen from Table III, the six propagation modes of the cable can be classified, as
expected, in the following way: three inner-to-shield similar propagation modes, two similar
shield-to-shield ones and a shields to ground one. As the majority of faults will occur between
the inner and the shield conductor, only the characteristics relevant to the inner-to-shield
propagation modes have been taken into account for the identification of the fp*,i.
Table III – Characteristics of the power distribution cables of the simulated distribution system represented in
Fig. 7.
Geometry and material characteristics
Inner conductor

Shield

Insulation

Ext. radius
[mm]

Resistivity
[·m]

Int. radius
[mm]

Ext. radius
[mm]

Resistivity
[·m]

Relative
permittivity

Insulation loss
factor

7.9

0.268·10-7

13

13.3

0.173·10-8

2.6

0.001

Propagation modes (calculated at 10 kHz)
n.

Surge impedance []

Propagation speed [km/s]

1

9.745

1.742·10

2

9.802

1.748·1005

3

9.746

1.742·1005

4

77.923

1.638·1004

5

15.034

8.483·1004

6

15.061

8.468·1004

05

Concerning the fault transients, five locations have been considered in correspondence of each
of the secondary substations, namely at 200 m, 400 m, 600 m, 800 m and 1000 m. Fig. 7
shows an example of fault transients observed at Bus_01, where the measurement point is
placed, due to a phase-to-shield fault of phase a in correspondence of Bus_05. The highfrequency voltage transients involve, as expected, the faulted phase and, as they are measured
within a time window of 1 ms, are not affected by pre and post fault steady state quantities.
Therefore, the fault location procedure can be considered as independent from the presence of
distributed generation.
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The voltage transient signals observed in correspondence of Bus_01 and associated to each
phase and to each of the selected fault locations are then transferred to three HP 33120A
analog function generators aimed at reproducing the signals with an output sampling rate of
10 MHz. It is worth noting that, in order to synchronize the function generators, an external
high speed TTL trigger signal is provided to the three devices by means of a National
Instruments 9401 board (100 ns rise time).
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Fig. 8 – EMTP-RV model adopted to obtain fault transient waveforms in correspondence of the Bus_01.

Table IV contains a summary of the performances of the developed fault location prototype
with reference to the five considered fault locations. Theoretical and identified frequencies
along with fault location errors are reported too. Concerning this last quantity, it has been
estimated, as done in [12], by means of the following equation
e% 

i
100
Lp 
Lp
n p  f pCWT
*,i

(4)

where: Lp is the length of the path associated to the fault location.
As it can be seen from the results of Table IV the fault location errors are contained within
2 meters, which means fault location errors lower than 1%.
Table IV – Fault location paths, relevant theoretical and identified characteristic frequencies and fault location
errors with reference to the distribution system of Fig. 7.
Theoretical
frequencies fp*,i
(inner-to-shield
cable travelling
speed equal to
1.742·108 m/s)
[kHz]

CWT identified
frequencies
fp*,i
[kHz]

Frequency
identification
error [kHz]

Fault
location
[m]

Fault
location
error%
[%]

Path

Lp
[m]

np

Bus_01 – Bus_02

200

4

217,69

215,8

1,89

201,70

0.85

Bus_01 – Bus_03

400

4

108,85

108,4

0,45

401,62

0,41

Bus_01 – Bus_04

600

4

72,563

72,4

0,163

601,18

0,20

Bus_01 – Bus_05

800

4

54,422

54,4

0,022

800,21

0,03

Bus_01 – Bus_06

1000

4

43,538

43,6

0,062

998,54

0,15
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5. CONCLUSIONS
An accurate fault location procedure has been presented, which is based on the analysis of
high frequency transients associated to the travelling wave phenomena occurring after a fault
event into power distribution networks. The theoretical background concerning the problem
of correlating the fault location to specific paths and to characteristic frequencies, thus
allowing the identification of both faulted branch and fault location has been covered.
The paper has then discussed the identification of these characteristic frequencies: the
continuous wavelet analysis applied to fault transients has been proved to be a suitable tool
for solving the problem of interest. A first experimental validation of the effectiveness of the
proposed procedure has been accomplished by means of a reduced scale cable distribution
system.
The paper has eventually illustrated the implementation of the proposed procedure into a fault
locator prototype, which structure has been defined on the basis of the experience previously
gained through the development of system for the measurement and acquisition of fast
overvoltage transients in power networks. The performance assessment of the prototype has
been accomplished experimentally by using real-time generated analog voltage waveform
transients previously calculated by means of an EMTP model representing typical single cable
feeders of urban distribution networks. The result of these tests has allowed us to conclude
that, with reference to the considered network configuration, the fault location errors of the
developed prototype are within 2 meters, with relevant percent fault location errors lower than
1%.
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