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A B S T R A C T

This paper presents the results of a pilot test performed on a real medium voltage distribution network in
Switzerland with the aim of assessing the performance of a fault location system relying on the Electromagnetic
Time Reversal (EMTR) method. To the best of the Authors’ knowledge, this is the first time that the EMTR-based
fault location technique is validated through live tests. The pilot network is a live radial medium voltage dis-
tribution feeder, which consists of 11.9-km long double-circuit lines operating at 18/60 kV and multiple 18-kV
three-phase laterals. The branched lines are overhead lines, underground cables, or mixed configuration with
lengths ranging from tens of meters to a few kilometers. The test involves solid- and resistive-type single-phase-
to-ground fault occurrences triggered along one of the laterals when the network is operational. The fault lo-
cation task is performed by a real-time industrial controller prototype that integrates the functions of fault
detection, data acquisition, time-reversal processing and Electromagnetic Transients simulations. Concerning the
methodological aspects, the EMTR Fault Current Signal Energy (FCSE) metric is used to determine the location of
the fault. The obtained results show that the FCSE metric is capable of accurately identifying the faulty phase and
the real fault location in all tested fault cases, with a location accuracy of less than 10 m.

1. Introduction

Fault identification and location is a crucial process for the opera-
tion of power networks. Restrictive reliability requirements in modern
electrical networks necessitate fast and accurate fault location proce-
dures to improve indices such as Customer Average Interruption Index
(CAIDI) and System Average Interruption Duration Index (SAIDI) [1].
As a consequence, the fault location function has been extensively
studied as a fundamental process to reduce these two indices (e.g.,
[2–8]). Nevertheless, despite a large amount of literature, the problem
of fault location still represents a challenge for the operation of both
transmission and distribution power networks.

The two fundamental norms adopted to assess the performance of
fault location methods are location accuracy and computational com-
plexity. Regarding the former norm, in general, it is affected by dif-
ferent factors including (1) number of measurement points, (2) pre-
fault system state, (3) reliability of communication link (for the case of
multi-end methods), (4) (unknown) fault impedance, and (5) presence
and amount of noise in measurements. The latter norm is also crucial in

view of the need of deploying a given fault location method in low-cost,
embedded and ruggedized hardware.

With respect to these two norms, among different fault location
methods, Electromagnetic Time Reversal (EMTR) has been recently
shown to be an effective method to locate different types of dis-
turbances in power systems (e.g., [9–16]). With particular reference to
power distribution networks, compared to the conventional fault loca-
tion processes (e.g., Fault Passage Indicators), the EMTR methods
provide the following advantages: (i) a single fault location device (i.e.,
single measurement point) without the need for communication chan-
nels, irrespective of the size and complexity of the network, (ii) cap-
ability of pinpointing the precise fault location rather than the fault
passage, (iii) applicability to inhomogeneous networks composed of
overhead lines and underground cables, and (iv) applicability to net-
works with presence of active injections associated with Distributed
Energy Resources (DERs).

The application of EMTR in the context of fault location problems in
power systems has been first studied in [10] by proposing the Fault
Current Signal Energy (FCSE) metric to identify the correct location of a
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fault occurrence. Its applicability for various transmission and dis-
tribution power networks has been subsequently discussed [10,17,18].

In order to evaluate the fault location performance of the EMTR
method in practical implementation, first a reduced-scale experimental
validation was performed in [10]. The setup was realized by using
standard RG-58 and RG-59 coaxial cables where real faults (short-cir-
cuit between the inner conductor and the shield) were hardware-
emulated. The EMTR-based FCSE method was validated with reference
to two topologies: a single transmission line and a T-shape network. In
both cases, the method was able to correctly identify the location of the
short circuit.

A first full-scale experimental validation of the EMTR-FCSE method
is presented in [19]. The experiment was carried out in a 677-m long
double-circuit transmission line in China. The line was unenergized,
and a voltage pulse was injected between one of the line conductors and
the ground to trigger travelling-wave propagation along the line. This
experiment shows the capability of the FCSE method to locate dis-
turbances such as lightning strikes or Conducted Intentional Electro-
magnetic Interferences (IEMI). However, it considered rather simple
network topology and did not run up against realistic emulation of
faults in operating power networks.

Up to date, EMTR-based fault location methods had never been
verified making use of live power networks subjected to real faults. In
this respect, this paper presents the results of a pilot experiment per-
formed on a real and operational medium voltage distribution network
in Switzerland. Indeed, to the best of the Authors’ knowledge, this is the
first time that the EMTR-FCSE method is validated on realistic power
networks under normal operating conditions and its performance is
evaluated with respect to faults of very different nature. In this respect,
the following observations are in order.

(1) The distribution network adopted to carry out the study is
characterized by a complex topology featuring multiple branches and
strong inhomogeneity (i.e., mixed overhead lines with underground
cables). One of the unique features of the EMTR-based fault location
method is that it requires only one observation point to locate the fault.
The conducted experiment allows demonstrating this unique feature for
the first time on such a complex and inhomogeneous grid.1

(2) The tested cases consider a range of intentionally-triggered
faults varying in types and impedances. To be specific, the pilot test
includes both solid and resistive single-phase-to-ground fault events. In
particular, the common cases of such phase-to-ground faults caused by
either a permanent short circuit or a transient arc discharge are con-
sidered in the study.

(3) The experimental study equally devotes attention to accom-
modate the demand of deploying the EMTR-based fault location
methods into a suitable hardware platform and also coupling it with a
proper sensing and triggering system. In the pilot trial, a ruggedized
prototype of an EMTR-based fault location system is developed, in-
tegrating the functions of fault detection, data acquisition, time-reversal
processing, and Electromagnetic Transients (EMT) simulations. In view
of the non-trivial aspects related to this deployment, details about the
implementation are given in the paper.

This paper is structured as follows: Section 2 briefly reviews the
algorithm of the EMTR-based FCSE method. Section 3 describes the
designed fault location system by introducing its architecture as well as
block functions in detail. In Section 4, the configuration of the pilot
distribution network and tested electrical fault cases are summarized.
The fault location performances of the EMTR-FCSE metric in the on-line

tests are reported in Section 5. In Section 6, we present a discussion on
the obtained results. Lastly, Section 7 concludes the paper with final
remarks.

2. EMTR-based fault location method

Electromagnetic Time Reversal (EMTR) fault location methods rely
on the Time Reversal (TR) focusing property [22–25]. In general, the
TR process requires multiple observation points (sensors) to ensure high
focusing quality. Nonetheless, in a closed-reflective medium, like power
grids, where the signals are confined within the medium, the process
can be successfully applied using a single observation point [26].

Based on the time-reversal invariance of the transmission-line
equations and their confinement within the boundaries of a power
network, a single-end EMTR-FCSE fault location method has been
proposed in [10].

The associated fault location procedure contains two stages:

(i) direct-time measurement: physical measurements of fault-originated
transient signals in a pre-determined observation point (e.g., pri-
mary substation);

(ii) reversed-time simulation: numerical simulations of fault currents
based on a digital model of the network where the direct-time
measurement is made.

The EMTR fault location procedure can be implemented using a
three-step algorithm:

(i) Fault-originated transient signals S t( ) are measured in a single
observation point within a recording time length T after a trig-
gering instant ttrigger :

+S t t t t T( ), [ , ].trigger trigger (1)

S t( ) contains the network steady-state frequency component (e.g.,
50 Hz) and the superimposed fault-originated high-frequency
transients S t( )tran .

(ii) The extracted transients with a duration Tw
DT are reversed in time as

S t( )tran :

= +S t S t S t S t T( ) ( ): ( ) ,tran tran tran tran
w

TR DT

(2)

where t T[0, ]w
DT . The superscript DT (abbreviation of direct

time) indicates that the signals are observed in the forward-pro-
pagation stage.

(iii) A number of guessed fault locations (GFLs) with a density asso-
ciated to a pre-defined fault location accuracy are defined:

= = …x x k K{ 1, 2, , },f f k, , (3)

and the time-reversed transients S t( )tran are back injected by nu-
merical simulation into the network model from the original ob-
servation point. The currents flowing through the GFLs are com-
puted as

= = …I t I t k K( ) { ( ) 1, 2, , }.x xf f k, , (4)

The FCSE metric calculates the current energy at each GFL. In view
of processing discrete signals, it reads

= =
=

x I i t t T M tFCSE( ) [ ( · )] · , · ,f k
i

M

x w,
0

2 RT
f k,

(5)

where Tw
RT is the duration of I t( )xf k, and t is the sampling time.

Similarly, RT (abbreviation of reversed time) in the superscript re-
presents the backward-propagation stage.

The EMTR-FCSE metric characterizes the estimated real fault

1 EMTR-based Fault location methods belong to the travelling-wave based
methodology. Type A single-end method (measuring the time difference be-
tween the arrival of the first wave front and its reflection) applies to homo-
geneous transmission lines. Type C single-end method (i.e., time domain re-
flectometry) and Type E single-end method (i.e., impulse current method) apply
to permanent faults [20,21].
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location with the maximum energy concentration through

=x arg max x| [FCSE( )]f estimated x f, ,f , (6)

3. Fault location system

The developed EMTR-based fault location system is composed of (1)
a sensing and measurement unit, (2) a data acquisition block, (3) a
triggering block and (4) an embedded platform to perform the EMTR
fault location process. The block diagram of the setup is shown in Fig. 1.
The block diagram also explains the adopted hardware support for each
block. With regard to the processing units, both the CPU processor and
reconfigurable FPGA of the controller are used. As can be seen, the data
acquisition capability is dependent on both units, while the block (3)
and (4) are support by the FPGA and the CPU of the controller re-
spectively. The LabVIEW programming environment is used to develop
the logic of the blocks (2) – (4).

3.1. Sensing/measuring unit

For measuring the fault-originated electromagnetic (EM) transient
signals and delivering the signals to the I/O module of the data ac-
quisition block, the sensing/measuring devices are expected to be
capable of: (1) having sufficient bandwidth to cover the frequency
spectra of the EM transient signals, and (2) transforming the fault re-
sponses (more than ten kV) to the withstand voltage level of the signal
cables as well as the data acquisition block. Given the above con-
siderations, a high-frequency high-voltage (HFHV) transducer is used.

Fig. 2 shows the transducer installed in the primary substation (serving
as the observation point) of the tested MV distribution network.

Table 1 summarizes the main specifications of the adopted voltage
transducer. The transducer, featuring a frequency band up to 500 kHz
with zero phase displacement, is capable of acquiring fault-originated
transient signals in general fault occurrences. Note that the transients
associated with faults that occur near the measurement unit (i.e., the
substation serving as the observation point) might present frequencies
up to the MHz range. In this case, post-phase correction can be applied
using the sensor’s transfer function, which is known and is character-
ized up to a frequency of 4.5 MHz (3-dB bandwidth).

It is worth mentioning that as the switching frequencies of the
measured fault voltage signals in the tested cases were below 10 kHz,
the selected sensor has sufficient bandwidth to measure the fault-ori-
ginated transient signals, moreover, does not require the frequency-
domain post corrections of the phases.

3.2. Data acquisition block

To sample the measured signals from the sensors, a NI 4-channel
high-speed (HS) digitizer is utilized. This module has independent
analog-to-digital converters (ADC) with a 14-bit resolution and can
operate in two acquisition modes: continuous mode and record mode.
In the continuous mode, the module transfers real-time data at an ag-
gregate rate of 4 MS/s across all channels. In the record mode, the
module stores samples into inboard memory at up to 20 MS/s/ch. It is
also possible to combine these two modes for advanced triggering
systems. This feature is exploited to develop a suitable triggering system
to detect the fault occurrence (see the next subsection).

3.3. Triggering block

There is a need for a proper triggering system to detect the high-
frequency transients resulting from the fault occurrence. Since these
transients are superimposed to the network steady-state frequency
component (e.g., 50 Hz), a simple threshold-triggering criterion is
generally inadequate. In this study, the triggering system developed by
the author of this paper in [27] (and originally proposed in [28]) is used
and is briefly described in what follows.

According to the logic structure of the triggering block shown in
Fig. 3, first, the ADC module is operated in the continuous mode, in
which it transfers in real-time the data at the rate of 1 MS/s. These data
(i.e., S t( ) in Fig. 3) are used as input to a first-order Butterworth low-
pass (LP) digital FIR filter, which outputs the low-frequency compo-
nents (i.e., S t( )l ) of the original signal. In the pilot tests, the LP cutoff
frequency was set as 1 kHz. The filtered signal is subtracted from the
original one, resulting in a processed signal containing only the high-

Fig. 1. Block diagram of the developed fault location system. The upstream
processes (i) – (iii) deliver fault-originated transient signals to the platform (iv)
implementing time-reversal operation and EMT simulations (of the EMTR
backward propagation).

Fig. 2. Medium-voltage transducer installed in the primary substation of the
tested network (courtesy of Murielle Gerber, EPFL).

Table 1
Voltage transducer specifications

Rated primary voltage Upn 18 kV
3-dB bandwidth 20 Hz – 4.5 MHz

Rated secondary voltage Usn 18 V

Fig. 3. Block diagram of the triggering block.
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frequency components (i.e., S t( )h ) characterized by a frequency spec-
trum larger than the cut-off frequency. Then, when the absolute value
of the obtained signal is greater than the pre-defined threshold value
(i.e., S ), it activates the recording mode of the digitizer.

3.4. Fault location platform

The EMTR-based fault location method is numerically implemented
on a ruggedized industrial controller that uses a dual-core Intel Core
processor and supports Windows Embedded Standard 7 operating
system. These features allow executing third-party Windows-based si-
mulation software on this chassis. In the performed tests, the EMTP-RV
simulation (e.g., [29,30]) environment is used to model the tested
distribution network and conduct the EMT simulations in the back-
ward-propagation stage of EMTR.

The platform processes the fault-originated transient signals deliv-
ered by the triggering block and provides fault information (e.g., fault
phase and fault location) as output, as illustrated in Fig. 1.

First, different elements of the considered network are modelled
using the network data provided by the utility. Based on the simulated
network, EMTP-RV generates the corresponding simulation file con-
taining information about network topology, components and their
parameters.

Next, the EMTR backward-propagation is simulated for every pre-
defined GFL. EMTP-RV updates the original simulation file by reading
the time-reversed transients and the locations of the transverse branch
emulating the fault occurrence, and runs the loop of simulating the fault
currents at the GFLs.

Afterwards, the generated simulation data are stored in the internal
storage of the platform, and the fault current vector of each GFL is
extracted from the output data. Subsequently, the energy of the fault
current signal (i.e., FCSE) is calculated and used as the metric to
identify the most likelihood fault location.

It should be noted that the fault location procedure will operate
after the relay maneuver and will be coupled with it. In this sense, the
fault location system process starts only after the relay intervention.
That is to say, the occurrence of fault is assumed to be known.
Therefore, the transients generated by non-fault events (capacitor bank
switching, tap changing transformer, etc.) will be disregarded.

Also note that the proposed method with only one observation point
would fail in case of gross errors (such as sensor failure) due to the lack
of redundant measurements.

4. Pilot network and fault cases

4.1. Pilot network

The pilot network is a radial medium voltage (MV) distribution
feeder connecting two distribution substations located in the region of

Fribourg, Switzerland (see Fig. 4), and is operated with a resonant
neutral (i.e., Petersen coil). The tested distribution feeder consists of
11.9-km long double-circuit lines (overhead lines) operating at 18/
60 kV and multiple 18-kV three-phase laterals branching from the main
feeder. The branched lines are overhead lines, underground cables, or
mixed configuration, with lengths ranging from tens of meters to a few
kilometers.

The MV side of the primary substation (i.e., substation A) feeding
the network was selected to serve as the single observation/monitoring
station for the EMTR method and equipped with the front-end voltage
transducer and the fault location platform described before.

As discussed earlier, the backward-propagation procedure of the
EMTR method requires to perform EMT simulations of the tested net-
work using the time-reversed transients. In the simulation environment
of EMTP-RV, the tested network is modelled by means of the constant-
parameter (CP) line and cable modules, according to the prior-knowl-
edge including detailed network topology and line/cable parameters
(both geometrical and electrical). As discussed in [13], we adopt the
EMTP-RV constant-parameter (CP) line model since that the frequency
dependency of the line parameters can be neglected in the frequency
range associated with fault-originated electromagnetic transients,
which does not exceed a few hundreds of kHz in the tested cases.

Considering the power transformers located at the substations, their
high-frequency input impedances are much larger than the character-
istic impedances of either overhead lines or underground cables in
power networks. As a consequence, the terminal power transformers
can be approximated with a high impedance [31]. To this end, in the
backward-propagation model, a 10 k resistor (per phase) was used to
represent the input impedance of the secondary winding of the trans-
former located at substations A and B.

4.2. Fault cases

The pilot tests were carried out by artificially triggering a single-
phase-to-ground fault along one of the network laterals, as this is the
most common fault type in distribution networks. Besides, as known,
fault impedances can vary in a wide range and may introduce sig-
nificant errors in different fault location methods. Therefore, the per-
formance of the EMTR methods and the developed fault location system
are assessed through both solid and resistive fault events.

In addition to the fault caused by a permanent short circuit, the pilot
test also considers the situation of transient faults. Specifically, two
types of arcing faults are applied: (1) single-arcing fault and (2) in-
termittent-arcing fault.

In the tests, the short-circuit-solid fault was realized by a switching
maneuver using a 24-kV ABB medium voltage switchgear. The arcing-
fault emulator was composed of a spark gap with two electrodes se-
parated by distances of 14 cm and 3.5 mm for the single- and inter-
mittent-arcing faults, respectively, as shown in Fig. 5. In the considered
cases, the equivalent impedance of the generated phase-to-ground arc

Fig. 4. Schematic representation of the tested MV distribution network. All the electricity nodes (e.g., pylons of overhead lines along feeder and junctions between
feeder and branch laterals) in the network are defined as the guessed fault locations (GFLs), which are numbered from 1 (i.e., phase a at the initial terminal of the
outlet cable from substation A) to 123 (i.e., phase c at the most distant load terminal).
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channel remains significantly smaller than the characteristic im-
pedances of the lines/cables in the tested network.

The resistive fault was emulated using a 30- (water) resistor added
into the discharge circuit of the voltage switchgear. Note that the
considered resistance value represents the typical fault impedance
measured in the tested distribution network.

The tested fault cases are summarized in Table 2.

5. Live test results

Prior to performing the on-line live tests, the accuracy of the EMTP-
RV model of the tested network was evaluated off-line by comparing
the simulation results with the measured fault-originated transients for
a given fault case. Then, the simulation model was deployed in the fault
location platform.

5.1. Off-line validation of the simulation model

A solid short-circuit fault was studied first for the purpose of as-
sessing the accuracy of modelling the objective network in the EMTP-
RV environment. The fault was triggered at the line-cable mixed lateral
terminal located in Location C (see Fig. 4), which is about 3.6 km away

from the monitoring substation A. Then, an identical fault case was
simulated using the network model developed in the EMTP-RV en-
vironment.

Fig. 6 compares the measured fault-originated voltage transients at
the faulty phase with the simulations. The Filter sub-block of the fault
location platform functions in extracting the high-frequency transients
from the fault signal (in which the fault-originated transients are su-
perimposed to 50-Hz fundamental frequency). According to the spec-
trum analysis module integrated into the Filter, the measured fault re-
sponse exhibits its high-frequency components at frequencies above
3 kHz. Given this, a 4th-order Butterworth high-pass FIR filter with a
cutoff frequency of 3 kHz was used.

For the sake of comparison, both waveforms in Fig. 6 are normal-
ized with reference to the respective maximum amplitudes. As it can be
observed, the simulated signal is in very good agreement with the
measured one. The frequency-domain components of the transients are
mainly concentrated at 4.452 kHz (measured transients) and 4.456 kHz
(simulated transients), respectively. As known, this frequency (also
known as fault switching frequency) is a function of time delay caused
by voltage/current wave propagating from fault location to observation
point. With regard to the travelling-wave based analysis, the model can
be considered to accurately represent the tested network in the simu-
lation environment.

It is worth mentioning that the time step of the corresponding si-
mulation in EMTP-RV was set to 50 ns, which is in accordance with the
fault location system’s maximum sampling rate (20 MS/s) that is de-
termined by the data acquisition block.

The filtering and simulation settings mentioned above were also
applied to the on-line tests.

5.2. On-line fault location test

As summarized in Table 2, two types of single-phase-to-ground
faults were triggered in a specific location (i.e., Location C in Fig. 4)
along the live network. For calculating the fault currents in the back-
ward-propagation stage, a series of guessed fault locations (GFLs) was
defined a priori. In this study, a total of 123 GFLs were defined along the
network model, with an average distance between two adjacent GFLs
being 245.7 m, as described in Fig. 4.

5.2.1. Solid fault
5.2.1.1. Short-circuit fault. Fig. 7 shows the voltage transient signals
measured at the observation substation A when a short-circuit fault was
generated in location C (see Fig. 4). The fault occurred during the
positive half period of phase a. As it can be seen, we use a 25-ms time
window, which is long enough to record the full transient process.

The filtered three-phase transients were inverted in time and syn-
chronously back-injected into the network model to simulate the fault
current at each GFL. In order to improve the computation efficiency, it

(a) 14-cm long spark gap (b) 3.5-mm long spark gap
Fig. 5. Two types of fault emulators with spark gaps used in the tests. (a) A 14-cm long spark gap used in single-arcing fault tests, and (b) A 3.5-mm long spark gap
used in intermittent-arcing fault tests (pictures provided by the utility).

Table 2
Considered single-phase-to-ground fault cases in the pilot test.

Fault type Fault impedance Fault cause

Solid fault Approx. 0 Short circuit
Single-arcing discharge

Intermittent-arcing discharge
Resistive fault 30 Short circuit

Fig. 6. Fault-originated transients respectively obtained from measurements
and simulations.
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is preferable to define the time window of the direct time (i.e., Tw
DT in

(2)) as small as possible to cut off the zero-amplitude components from
the transients. Fig. 8 depicts the faulty phase transients within a
duration of 2 ms. The transients of non-faulty phases (i.e., phases b and
c) are not shown, yet the same processing was also applied to these
signals.

Fig. 9 depicts the calculated current energy as a function of the
assigned ID numbers of the GFLs. Note that the positions of a b, and c
phases of the underground cable at the location C are numbered from
55 to 57. It can be observed that, node 55 corresponding to the real
fault location of the faulty phase (labeled with F in Fig. 4) is clearly
characterized by the maximum energy value among the defined GFLs.
Thereby, both the faulty phase and the exact location are determined
accurately according to the FCSE metric.

A similar test was repeated for a fault occurring near the zero
crossing of the phase voltage. As depicted in Fig. 10a, the fault was
generated when the faulty phase (i.e., phase a) voltage just crossed the
zero amplitude. As known, such fault can be challenging for some
travelling-wave based fault location methods due to the difficulty in
distinguishing the fault switching frequency as well as the decreased
signal-to-noise ratio of the filtered transients.

The filtered transients of the zero-crossing case are also shown in
Fig. 8, showing a relatively weaker oscillation compared with those of
the short-circuit fault case of Fig. 7. Despite this, the fault location
platform was able to detect the fault occurrence. More importantly, the
calculated FCSE metrics exhibit a very similar pattern as the ones ob-
tained in the case of Fig. 7. The real fault location can be identified with
the pronounced maximum of the current signal energies.

This example shows the capability of the EMTR-based fault location
method to correctly identify the zero-crossing type fault.

5.2.1.2. Single-arcing fault. Fig. 11a presents the voltage transient
signals measured at the observation substation A for a solid type
single-arcing fault case. The fault was triggered by an arc ignition
between the 14-cm spaced electrodes of the spark gap during the
negative half period of phase a. As the previous case, the fault occurred
in the node numbered 55.

Fig. 11b demonstrates the applicability of the EMTR-based fault
location system dealing with such arcing fault. As can be seen, the
maximum of the FCSE metrics indicates the fault position as well as the
faulty phase.

5.2.1.3. Intermittent-arcing fault. The intermittent-arcing discharge in
the presented study is specified with a double arc ignition during one
20-ms period. The inter-electrode distance of the fault emulator was
reduced to 3.5 mm. The resulting faulty signals are plotted in Fig. 12a.

Fig. 7. Voltage transient signals measured in the observation substation A
originated by a solid short-circuit fault occurring in location C.

Fig. 8. Fault-originated transients (of faulty phase a) truncated to a 2-ms
duration.

Fig. 9. Fault current signal energies calculated in the short-circuit fault case as
a function of the guessed fault location. The normalization is performed with
respect to the obtained maximal energy. The real fault location is numbered 55
in the backward-propagation model.

Fig. 10. (a) Voltage transient signals. (b) Fault current signal energies of the
zero-crossing short-circuit fault case. The previously-introduced normalization
approach is applied. The real fault location is numbered 55 in the backward-
propagation model.
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Still, the fault was triggered at the lateral terminal numbered 55 among
the GFLs.

As can be seen, unlike the previous cases, two transient processes
occur due to the first and subsequent phase-to-ground arcing dis-
charges. In the back-propagation stage, the simulations were first car-
ried out using a 2-ms time window as the previous case, in which only
the initial transients were time reversed and back injected. Then, the
time window was extended to 12 ms, taking into account the full
transients. The obtained distributions of the fault current signal en-
ergies are shown in Fig. 12b wherein the normalization is made with
reference to the calculated maximum energy when the full transients
(in =T 12w

DT ms) are considered.
It is worth observing that, when comparing the energies of the

current signals resulting from the respective time window settings, the
differences turn out to be mainly in a quantitative level, and in both
cases the location of the fault and the faulty phase can be clearly
identified.

5.2.2. Resistive fault
For the resistive fault case, a 30- resistor was connected in series

with the fault emulator. The acquired fault voltage signals are depicted
in Fig. 13a. As the previous case, the fault occurred in Location C.

By ignoring the presence of the mutual coupling between the con-
ductors, the faulty phase of the underground cable has a characteristic
impedance of 14.6 (i.e., considering the faulty phase as a single
coaxial cable), thereby the voltage reflection coefficient at the fault
location is positive, unlike the case of a solid fault. As can be seen in
Fig. 8, the transients generated by the resistive fault has much faster
damping compared to the solid fault case of Fig. 7. This also results in a
different distribution of the fault current signal energies along the GFLs,
as can be seen in Fig. 13b. Nevertheless, the real fault location and the
faulty phase are again accurately identified.

6. Discussion

6.1. Fault location accuracy

In practice, for the sake of minimizing the computation time (i.e.,
the operation delay between fault detection and fault location identi-
fication), the fault location functionality can be done in two steps. A
first step in which only electrical nodes (e.g., pylons of overhead lines
along the feeder, junctions between the main feeder and lateral bran-
ches, terminals of laterals) are considered as the guessed fault locations
(GFLs). For the tested feeder, a total of 123 electrical nodes are defined
as GFLs (see Fig. 4). This first step identifies, in a short time, the lo-
cation of the faulty line/cable region. Then, an offline analysis further
subdivides the faulty line/cable into shorter sections according to the
user desired location accuracy.

As can be seen in the presented results, the calculated FCSE metrics
show a second peak value at GFL No. 52, adjacent to the real fault
location (i.e., GFL No. 55). The GFLs No. 52 and No. 55 are the two
terminals of the 230-m long faulty underground cable (see Fig. 4). We
subdivide the cable into 23 sections in order to reach the location ac-
curacy of 10 m. Accordingly, the off-line simulations were performed
with a finer time step of 5 ns (smaller than one-tenth of the wave
propagation delay of the 10-m cable section).

In Fig. 14, the normalized FCSE metric is presented as a function of
the distance from the left end of the faulty cable. It is shown that the
FCSE metric reaches its maximum at the true fault location (i.e., the
right end of the cable) in the tested solid fault case (of Fig. 7) and in the
resistive fault case (of Fig. 13a). Because of their highly similar beha-
viours compared with that of the solid fault case, the FCSE metrics
calculated for the cases of arcing faults are not included in Fig. 14.

Fig. 11. (a) Voltage transient signals. (b) Fault current signal energies of the
single-arcing fault case. The previously-introduced normalization approach is
applied. The real fault location is numbered 55 in the backward-propagation
model.

Fig. 12. (a) Voltage transient signals. (b) Fault current signal energies of the
intermittent-arcing fault case using the initial transients in 2 ms (represented
with bars) and the full transients in 12 ms (represented with marked dashed
line). The normalization is with reference to the maximum energy resulted from
using the full transients. The real fault location is numbered 55 in the back-
ward-propagation model.
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The off-line analysis demonstrates that the EMTR method reaches a
better-than-10-m location accuracy for the tested faults. Yet, achieving
such accuracy level requires considerable computation time in the
backward-propagation simulations, and thus higher achievable accu-
racy was not tested.

6.2. Time window effect

The study in [18] analyzed the influence of the length of the ob-
servation window on the performance of the EMTR-FCSE method. In
the simulated fault case of [18], the entire fault-generated transients
were 200-ms long. The fault location was identified when applying a
limited time window truncating the full transients to a few ms, in which
only the initial transients were contained [18].

The pilot test also assessed the fault location performance of the
FCSE method considering different time window lengths. The above-

presented results refer to the use of a 2-ms time window, in which the
fault-originated transients have sufficiently decayed (see Fig. 8). In the
off-line analysis, the window length was further reduced to 1 ms, which
approximates a few oscillation periods of the transients. Even in this
case, for all the tested faults, the fault location could still be accurately
identified with the FCSE metric.

Taking the solid fault case of Fig. 7 and the resistive fault case of
Fig. 13a as examples, Fig. 15 compares the calculated FCSEs based on
the time-window lengths of 1 ms and 2 ms respectively. For the sake of
clarity, Fig. 15 does not depict the FCSEs of the unfaulty phases (b and
c) under the 2-ms setting, which were presented in the previous section.
As can be observed, the reduction of the time-window length does not
substantially change the patterns of the energy distribution at the GFLs.

6.3. Response time

In terms of the response time, the total execution time of the de-
veloped system realizing the EMTR methods is a function of different
steps mainly including (1) faulty signals acquisition and processing
(e.g., filtering and time-reversing); (2) backward-propagation simula-
tions using EMTP-RV (e.g., updating the modified simulation file for
each GFL and simulating fault currents using the updated file, and (3)
FCSE metric computations (e.g., importing the generated output file to
extract the fault current signal and calculating its energy).

7. Conclusion

This paper presented and analyzed the results of a pilot test evalu-
ating the EMTR-based FCSE method dealing with various electrical
fault cases emulated in a radial medium voltage distribution feeder. The
test involved two types of single-phase-to-ground faults, including solid
and resistive (e.g., 30- fault impedances) fault cases. In particular, the

Fig. 13. (a) Voltage transient signals. (b) Fault current signal energies of the
resistive fault case in which the fault impedance is 30 . The normalization
approach introduced in Fig. 9 is applied. The real fault location is numbered 55
in the backward-propagation model.

Fig. 14. Fault current signal energy as a function of the distance from the left
end of the faulty cable.

Fig. 15. Fault current signal energies calculated using the fault-originated
transients over two different time windows of 1 ms (represented with bars) and
2 ms (represented with marked dashed line). (a) The solid fault case of Fig. 7.
(b) The resistive fault case of Fig. 13a.
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tested cases covered a wide range of phase-to-ground faults caused by
short-circuit, single-arcing discharge or intermittent-arcing discharge.
The faults were artificially triggered at an overhead line-underground
cable mixed lateral terminal when the network was in service. The
fault-originated voltage transient signals were measured by a single
observation substation, which was 3.6 km away from the fault location.

A hardware prototype integrating voltage transducer, digitizer and
embedded controller was developed and used in the test to undertake
the tasks of fault detection, data acquisition and implementing the FCSE
methods.

The on-line test results prove that the EMTR-FCSE method is cap-
able of accurately identifying the fault location as well as the faulty
phase in all tested fault cases. Moreover, according to the off-line

analyses, the achievable location accuracy is lower than 10 m.
Specifically, the EMTR method is able to distinguish the true fault lo-
cation from its adjacent guessed locations when they are 10 m apart.

This is the first time that the EMTR-based fault location technique is
validated through live tests in a real distribution network.
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Appendix A

This section provides details about the configuration and electrical parameters of the tested MV distribution network. For ease of description, we
re-draw the schematic diagram of Fig. 4 to name and number pylons of overhead lines and underground cables present in the network. As illustrated
in Fig. 16, the pylons (abbreviated to P) are numbered from 1 to 33 and the cables (abbreviated to C) are from 1 to 9 (see Fig. 17). Tables 3 and 4
summarize the geometrical and electrical parameters of the overhead lines. Table 5 presents the types of the used underground cables.

Fig. 16. Schematic representation of the tested MV distribution network. P: Pylons. C: Underground Cables.

Fig. 17. Cross-section geometry of the overhead-line conductors.
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Table 4
Electrical characteristics of the conductors composing the overhead lines.

Section Conductor (solid)

Material Diameter [mm]

P1-P9, P9-P14, P14-P19, P19-P21, P21-P22, P22-
P24, P24-P29, P29-32

Aluminum 13.82

P9-P10, P19-P20, P29-P30, P32-P33 Copper 2.52
P14-P15 Copper 3.19

Table 5
Types of the underground cables.

No. Type

1, 5 Nexans GKT-F 3 × 1 × 150/25
2, 3 Nexans GKT 3 × 1 × 95/16

4, 6, 7, 9 Nexans GKT-F 3 × 1 × 50/16
8 Nexans XKDT 3 × 1 × 150/25

Table 3
Geometrical parameters of the pylons of the overhead lines.

Pylon Geometrical parameter

Type No. Vertical height [m] Horizontal distance [m]

ha hb hc da db dc

Double circuit A 1–9, 11–14, 21, 25–29 18.1 15.6 13.1 1.4 2.5 1.8
B 16–19 21.5 19 16.5 1.4 2.5 1.8
C 22 17.9 15.4 12.9 1.7 3 2.1
D 23, 31–32 21 18.5 16 1.4 2.5 1.8
E 24 20.6 18.1 15.6 1.7 3 2.1

Single circuit – 10, 20, 30, 33 13 12.4 11.8 – 0.75 –
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