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Abstract—This paper presents a new method based on the elec-
tromagnetic time-reversal (EMTR) theory for locating faults in

power networks. The applicability of the EMTR technique to lo-

cate faults is first discussed. Using the classical transmission-line

equations in the frequency domain, analytical expressions are de-

rived to infer the location of the fault. The accuracy of the pro-

posed method is then discussed in relation to the number of obser-

vation points adopted to record the fault-originated electromag-

netic transients. Then, this paper illustrates the extension of the

proposed method to the time domain. The experimental valida-

tion of the proposed method is presented by making reference to

a reduced-scale coaxial cable system where real faults are hard-

ware-emulated. Finally, the application of the proposed EMTR-

based fault-location method to Electromagnetic Transients Pro-

gram-simulated cases is presented. The simulated test cases are:

a mixed overhead/coaxial cable transmission system and the IEEE

34-bus distribution test feeder. Compared to other transient-based

fault-location techniques, the proposed method presents a number

of advantages, namely, its straightforward applicability to inho-

mogeneous media (mixed overhead and coaxial power cable lines),

the use of a single observation (measurement) point, and robust-

ness against fault type and fault impedance.

Index Terms—Electromagnetic time reversal, fault location,

fault transients, power systems protection.

I. INTRODUCTION

T HE fault-location functionality is an important online
process required by power systems operation. It has a

large influence on the security and quality of supply.
In transmission networks, this functionality is needed for the

identification of the faulted line and the adequate reconfigura-
tion of the network to anticipate severe cascading consequences.
In distribution networks, fault location is more associated with
the quality of service in terms of duration of interruptions when
permanent faults occur. Still, with reference to distribution net-
works, the increasing use of distributed generation calls for ac-
curate and fast fault-location procedures aimed at minimizing
the network service restoration time and, consequently, mini-
mizing the unsupplied power.
As summarized in [1] and [2], various procedures for fault-lo-

cation assessment have been proposed for transmission and dis-
tribution power networks and, in this respect, two main cate-

Manuscript received September 06, 2012; revised January 24, 2013; accepted
February 26, 2013. Date of publication April 16, 2013; date of current version
June 20, 2013. Paper no. TPWRD-00932-2012.
The authors are with the Distributed Electrical Systems Laboratory (DESL)

and Electromagnetic Compatibility Laboratory (EMC), École Polytech-
nique Fédérale de Lausanne (EPFL), Lausanne 1015, Switzerland (e-mail:
reza.razzaghi@epfl.ch; gaspard.lugrin@epfl.ch; hossein.manesh@epfl.ch;
carlos.romero@epfl.ch; mario.paolone@epfl.ch; farhad.rachidi@epfl.ch).
Digital Object Identifier 10.1109/TPWRD.2013.2251911

gories can be identified: 1) methods that analyze prefault and
postfault voltage/current phasors (e.g., [3]–[5]) and 2) methods
that analyze fault-originated electromagnetic transients of cur-
rents and/or voltages, (i.e., travelling waves generated by the
fault itself, for example, [6]–[14]).
As discussed in [2], with reference to the case of distribu-

tion networks, typical methods used these days are based on
the estimation of the postfault impedance observed in measure-
ment points usually located in primary substations. With the hy-
pothesis of having a fully passive power system, such an es-
timation could provide useful information to locate the fault
when compared with the line impedance. However, the pres-
ence of other sources (e.g., associated with the increasing pen-
etration of dispersed generation) can largely affect the accu-
racy of these procedures. For these reasons, procedures that be-
long to the second of the aforementioned categories may be
less influenced by the presence of dispersed generation. This
is because postfault high-frequency electromagnetic transients
taking place within the first few milliseconds after the fault are
associated with the travelling waves originated by the fault it-
self. Therefore, these transients are not influenced by the in-
dustrial frequency power injections of distributed sources. The
major drawbacks of this second category of methods are: 1) they
require an assessment between the number of observation points
versus the number of possible multiple fault-location solutions
and 2) they require large bandwidth measuring systems.
Within this context and by referring to the second of the afore-

mentioned categories, this paper aims at investigating the pos-
sibility of applying the theory of time reversal to the problem
of fault location. This method was developed first in the field
of acoustics [15]–[18] and was more recently applied to elec-
tromagnetics (e.g., [19]–[22]). In what follows, we will make
reference to the time-reversal process applied to electromag-
netic transients using the acronym electromagnetic time reversal
(EMTR).
The basic idea of the EMTR is to take advantage of the re-

versibility in time of the wave equation. The transients observed
in specific observation points of the system are time-reversed
and transmitted back into the system. The time-reversed signals
are shown to converge to the source (fault) location. The EMTR
presents several advantages, namely: 1) applicability to inhomo-
geneous media [15] and 2) efficiency for systems bounded in
space [18] and characterized by complex topology (in our case,
networks with multiple termination).
In the literature related to fault location in wired networks, a

method based on the use of the so-called “matched-pulse re-
flectometry,” essentially based on the reflectometry approach
and embedding some of the properties of the EMTR, has re-
cently been presented in [23]. Another method based on the
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time reversal, called decomposition of the time-reversal oper-
ator (DORT) [24], was also proposed to locate soft faults in
wired networks [25].
In a previous study [2], the authors of this paper have

presented a preliminary discussion on the applicability of the
EMTR technique to locate faults in a single-conductor trans-
mission line using multiple observation points. This paper aims
at extending the applicability of such a fault-location technique
to the case of a single observation point and multiconductor,
inhomogeneous transmission lines (for example, composed of
a number of overhead lines and coaxial cables). In addition, this
paper presents: 1) an experimental validation of the proposed
fault-location method by making use of a reduced-scale coaxial
cable setup with hardware-emulated faults; 2) an illustration
of the proposed method’s applicability to complex distribution
networks (i.e., the one represented by the IEEE test distribution
feeders); and 3) an analysis of the robustness of the method
against the fault impedance and type.
The structure of this paper is as follows. Section II describes

the basic aspects of EMTR theory.Section III illustrates themain
characteristics of electromagnetic transients originated by faults
in power systems. In Section IV, the applicability of the EMTR
technique to locate faults is first presented and then, using trans-
mission-line equations in the frequency domain, analytical ex-
pressions are derived, permitting inference of the location of
the fault. In the same section, the time-domain implementation
of the EMTR-based fault-location technique is also illustrated.
Section V reports the experimental validation of the proposed
methodology using a reduced-scale model. Finally, Section VI
illustrates the application of the proposed method to two cases:
1) an inhomogeneous network composed of mixed overhead
coaxial cable lines and 2) a distribution network composed of
the IEEE 34-bus test feeder. In both cases, different fault types
and fault impedances have been considered. Section VII con-
cludes this paper by addressing the final remarks on the perfor-
mance of the proposed method.

II. BASIC CONCEPT OF THE EMTR TECHNIQUE

In this section, we examine the properties of the transmission-
line wave equations under time reversal[2]. The time-reversal
operator corresponds to the change of the sign of the time,that
is, to the following transformation:

(1)

An equation is defined as “time-reversal invariant’” if it is in-
variant under the application of the time-reversal operator. The
voltage wave equation for a multiconductor, lossless transmis-
sion line reads

(2)

where is a vector containing the phase voltages at posi-
tion and time , and and are the per-unit-length matrices
of the inductance and capacitance of the line, respectively. Time
reversing (2) yields

(3)

Therefore, if is a solution of the wave equation,
then is a solution too. In other words, as described in
[16]–[18] for ultrasonic waves, the wave equation is invariant
under a time-reversal transformation if there is no absorption
during propagation in the medium. In our specific application,
this hypothesis is satisfied if the transmission line is lossless.
However, since power network transmission lines are generally
characterized by small values for longitudinal resistance, the
applicability of EMTR to this case could also be considered.
This point will be further discussed in Sections V and VI
In practical implementations, a signal is necessarily

measured only during a finite period of time from an initial time
selected here as the origin to a final time , where
is the duration of the signal. To make the argument of the

time-reversed variables be positive for the duration of the signal,
we will add, in addition to time reversal, a time delay [26]

(4)

It is worth noting that although the EMTR is defined in the
time domain, it can also be applied in the frequency domain
using the following equivalence:

(5)

where is the Fourier transform of and de-
notes the complex conjugate.

III. ELECTROMAGNETIC TRANSIENTS ASSOCIATED WITH
FAULTS IN POWER SYSTEMS

A fault event in a power system can be associated with an in-
jection into the power system itself of a step-like wave triggered
by the fault occurrence. The fault-generated wave travels along
the lines of the network and gets reflected at the line extremities
which are characterized by reflection coefficients whose values
depend on the line surge impedance (characteristic impedance)
and the input impedances of the connected power components.
In particular, the line extremities can be grouped into three cat-
egories, namely: line terminals with power transformers, junc-
tions to other lines, and the fault location. As discussed in [14]
and [27], 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 voltage reflection coefficient is close
to ; indeed, fault-originated travelling waves are charac-
terized by a spectrum with high-frequency components for
which the input impedance of power transformers is gener-
ally dominated by a capacitive behavior with capacitances
values in the order of few hundreds of pF (e.g., [27]);

� 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 , as the fault
impedance can be assumed to be significantly lower than
the line surge impedance.

With the aforementioned assumptions and for a given net-
work topology, it is possible to determine a certain number of
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Fig. 1. Simplified representation of the postfault line configuration.

paths, each one delimited between two extremities. An observa-
tion point at which voltage or current waveforms are measured
will observe a superposition of waves that are traveling along
the various paths [28].
Therefore, we can conclude that the domain of application

of any fault-location method belonging to the second category
described in Section I is formed by a mono-dimensional space
(associated to the line longitudinal coordinate ) with given
boundary conditions.

IV. APPLICATION OF THE EMTRMETHOD TO FAULT LOCATION

The application of the EMTR to locate faults in a power net-
work will be based on the following steps: 1) measurement of
the fault-originated electromagnetic transient in a single obser-
vation point; 2) simulation of the back-injection of the time-re-
versedmeasured fault signal for different guessed fault locations
and using the network model; and (iii) assessment of the fault
location by determining, in the network model, the point charac-
terized by the largest energy concentration associated with the
back-injected time-reversed fault transients. These aspects will
be better clarified in the following sections.
In what follows, we illustrate the analytical aspects related to

the proposed EMTR-based fault-location method. As described
in [15]–[21], one of the main hypotheses of the EMTR method
is that the topology of the system needs to remain unchanged
during the transient phenomenon of interest. Fault transients in
power networks do not satisfy such a condition as the presence
of the fault itself involves a change in the network topology
when the fault occurs (i.e., at ). However, for reversed
times such that , EMTR is still applicable if the
guessed fault is considered at the correct location. On the other
hand, for a guessed location that does not coincide with the real
one, time-reversal invariance does not hold. As a result of this
property, time-reversed back-propagated signals will combine
constructively to reach a maximum at the correct fault location.
This property will be validated in the next sections using both
experimental measurements and simulation test cases.
In order to provide a more straightforward use of the EMTR

technique, we will make reference to a single-conductor over-
head lossless transmission line (see Fig. 1) of length . The line
parameters may refer to a typical overhead transmission line. In
particular, the surge impedance (characteristic impedance) is in
the order of a few hundred ohms.
We assume that at both line extremities, power transformers

are connected. Therefore, as discussed in Section III, they are
represented by means of high input impedances ( and in
Fig. 1). The fault coordinate is and fault transient waveforms
are assumed to be recorded either at one end or at the two ends
of the line. Since the line model is lossless, the damping of the

transients is provided only by the fault impedance, if any, and
the high terminal impedances and .
Finally, as the analyzed fault transients last for only a few

milliseconds, we assume that the prefault condition of the line
is characterized by a constant value of voltage all along the line
length .

A. Frequency-Domain Expressions of Electromagnetic
Transients Generated By the Fault

The aim of this subsection is to analytically describe the be-
havior of the line response after a fault. In order to express an-
alytically the line response, the problem is formulated in the
frequency domain. To specify the boundary conditions of the
two line sections of Fig. 1, namely, for and

. we can define reflection coefficients at
( of Fig. 1) and ( of Fig. 1) as

(6)

Without losing generality, coefficients in (6) could be as-
sumed as frequency independent within the considered short ob-
servation time.
Concerning the boundary condition at the fault location, we

assume to represent it by means of a voltage source lo-
cated at .
For the sake of abstraction, we represent the fault by means

of an ideal voltage source with zero internal impedance that, as
a consequence, represents a solid fault. Therefore, the voltage
reflection coefficient in this point of the line is . In
addition, in view of the lossless line assumption, the line prop-
agation constant, , is purely imaginary, namely: , with

. The analytical expressions of voltages observed at the
line terminals and in the frequency domain read

(7)

(8)

Note that the effect of the ground losses can be represented
as an additional frequency-dependent longitudinal impedance
[29]. However, except for the case of distributed exciting
sources (such as those produced by a nearby lightning dis-
charge), ground losses can be disregarded for typical overhead
power lines [30].
In the two following subsections, we will derive EMTR-

based analytical expressions that allow us to infer the location
of the fault, for both cases of multiple and single observation
points.

B. Frequency-Domain Application of EMTR by Using Two
Observation Points at Each Line Terminal

In principle,a number of observation points at which transient
signals initiated by the fault are measured could be used to apply
the EMTR technique. In the first step,it is assumed that two
observation points at both ends of the line are used.
Equation (7) and (8) provide the frequency-domain expres-

sions of fault-originated voltages at two observation points
located at the line terminals. In agreement with the EMTR,



1666 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 28, NO. 3, JULY 2013

Fig. 2. Representation of the EMTR applied to the single-line model of Fig. 1.

we can replace these observation points with two sources each
one imposing the time-reversed voltage fault transient, namely,

and , where denotes the complex conjugate.
Since the reflection coefficients and are almost equal to
1, it is preferable to use the Norton equivalents as

(9)

(10)

where and are the injected currents as shown in
Fig. 2.
Since the location of the fault is the unknown of the problem,

we will place it at a generic location . The contributions
in terms of currents at the unknown fault location coming
from the first and the second time-reversed sources and

are given, respectively, by

(11)

(12)

Introducing (7)–(10) into (11) and (12), we obtain

(13)

(14)

Therefore, we can derive a closed-form expression for the
total current flowing through the guessed fault location

(15)

In what follows, we will make use of (15) to show the capa-
bility of the EMTR to converge the time-reversed injected en-
ergy to the fault location.
Let us make reference to a line characterized by a total length
10 km and let us assume a fault occurring at 8 km.

The line is characterized by terminal impedances
100 and, for the fault, we assume .
By varying from 0 to , it is possible to compute the current
at the guessed fault locations using (15). The dotted line in Fig. 3
shows the normalized energy of (where the normalization has
been implemented with respect to the maximum signal energy
value of for all the guessed fault locations) within a frequency
spectrum ranging from dc to 1 MHz. From Fig. 3, it is clear that

Fig. 3. Normalized energy of the fault current signal as a function of the
guessed fault location with single (solid line) and multiple (dashed line)
observation points. The real fault location is 8 km.

Fig. 4. Representation of the EMTR applied to the single-line model of Fig. 1
where a single observation point is placed at the beginning of the line .

the energy of reaches its maximum when the guessed
fault location coincides with the real one.

C. Frequency-Domain Application of the EMTR by Using One
Observation Point at One of the Line Terminals

One of the main problems in power systems protection, in
general, is the limited number of observation points where
measurement equipment can be placed. In addition, fault-lo-
cation methods require, in principle, time synchronization
between the measurements. (In other words, the measurement
systems located at both ends of the lines should be capable
of time-stamping the transients by using the universal time
coordinate (UTC).)
Therefore, the demonstration that the EMTR-based fault-lo-

cation method could be applied also for the case of a single ob-
servation point, is of importance.
To this end, let us assume to observe the fault-originated elec-

tromagnetic transients only at one location, namely, at the line
left terminal. The network schematic in the time-reversal state
will be the one in Fig. 4.
Bymaking reference to the configuration of the previous case,

we can extend the procedure to the case where only one injecting
current source is considered. In particular, we can derive
from (9) the fault current at the guessed fault location as
follows:

(16)
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Fig. 5. Flow-chart of the proposed fault-location method.

Fig. 3 shows the normalized energy of concerning both cases
of one and two observation points within a frequency spectrum
ranging from dc to 1 MHz.
It can be noted that the energy of is maximumwhen

the guessed fault location is equal to the real one even for the
case of a single observation point. From Fig. 3, it can be fur-
ther observed that fault current energy curves feature additional
small peaks that correspond to incorrect fault location, although
the correct one can still be properly identified. In addition, the
two curves (corresponding, respectively, to one and to two ob-
servation points) provide the correct fault location with negli-
gible location differences.

D. Time-Domain EMTR-Based Fault-Location Algorithm

In the previous subsection, we have inferred closed-form ex-
pressions of the fault current as a function of the guessed fault
location. The purpose of this subsection is to extend the pro-
posed method to realistic time-domain cases.
The flowchart shown in Fig. 5, illustrates the step-by-step

fault-location procedure proposed in this study. As can be seen,
the proposed procedure, similarly to other methods proposed
in the literature (e.g., [8], [9]), requires the knowledge of the
network topology as well as its parameters. Such knowledge is
used to build a corresponding network model where the lines
are represented, for instance, by using constant-parameters line
models [31]. Then, we assume to record fault transients
(with for a three-phase system) at a generic observa-
tion point located inside the part of the network with the same
voltage level comprised between transformers.

The transient signal initiated by the fault is assumed to be
recorded within a specific time window, namely

(17)

where is the fault triggering time, and is the recording time
window large enough to damp out .
The unknowns of the problem are the fault type, location,

and impedance. Concerning the fault type, we assume that the
fault-location procedure will operate after the relay maneuver.
Therefore, the single ormultiphase nature of the fault is assumed
to be known. Concerning the fault location, we assume a set
of apriori locations for which the EMTR
procedure is applied.
Concerning the fault impedance, for all the guessed fault loca-

tions, an apriori value of the fault resistance, , is assumed.
As it will be shown in the section containing the application
examples (Section VI), different guessed values of do not
affect the fault-location accuracy.
Therefore, the recorded signal is reversed in time (1) and

back-injected from one or multiple observation points into the
system for each . As discussed in Section II, in order to
make the argument of the time-reversed variables be positive for
the duration of the signal, we add, in addition to time reversal,
a time delay equal to the duration of the recording time

(18)

(19)

As shown in Fig. 5, for each of the guessed fault locations,
we can compute the energy of the signal that corresponds to the
currents flowing through the guessed fault location as

(20)

where is the number of samples and is the sampling time.
According to the EMTR method presented in the previous sub-
section, the energy given by (20) is maximized at the real fault
location. Thus, the maximum calculated signal energies will in-
dicate the real fault point

(21)

V. EXPERIMENTAL VALIDATION

In this section, the experimental validation of the proposed
method is presented by making reference to a reduced-scale
coaxial cable system. Such a system has been realized by using
standard RG-58 and RG-59 coaxial cables where real faults
were hardware-emulated.
The topologies adopted to carry out the experimental val-

idation are shown in Fig. 6. As seen on the figure, the first
topology corresponds to a single transmission line while the
second one corresponds to a T-shape network where the various
branches are composed of both RG-58 and RG-59 cables (i.e.,
each branch has a different surge impedance but the same prop-
agation speed). Fig. 6 shows also the guessed fault locations
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Fig. 6. Topologies adopted for the reduced-scale experimental setup. (a)
Single transmission-line configuration (RG-58 coaxial cable). (b) T-shape
network made of RG-58 and RG-59 coaxial cables.

at which the current flowing through the fault was measured.
For each considered topology, transients generated by the fault
are recorded at one observation point, shown also on Fig. 6.
The fault-originated transients were measured by means of a
12-b oscilloscope (LeCroy Waverunner HRO 64Z) operating at
a sampling frequency of 1 GSamples/s. For the direct time, the
oscilloscope directly records voltages at the shown observation
points marked in Fig. 6(a) and (b). For the reversed time, the cur-
rent at each guessed fault locationwasmeasured by using a 2877
Pearson current probe characterized by a transfer impedance
of and an overall bandwidth of 300 Hz 200 MHz.1 It is
worth observing that the switching frequencies for the adopted
reduced-scale systems are in the order of fewMHz. The time-re-
versed transient waveforms were generated by using a 16-b ar-
bitrary waveform generator (LeCroy ArbStudio 1104) operating
at a sampling frequency of 1 GSamples/s (the same adopted to
record the fault-originated waveforms). The lines were termi-
nated by high impedances ( and equal to ) and the
voltage source injecting the time-reversed signal was connected
to the line through a lumped resistance of in order
to emulate, in a first approximation, the high-input impedance
of power transformers with respect to fault transients.
The faults were generated at an arbitrary point of the cable

network. They were realized by a short circuit between the
coaxial cable shield and the inner conductors. It is important
to underlie that these types of faults excite the shield-to-inner
conductor propagation mode that is characterized, for the
adopted coaxial cables, by a propagation speed of 65.9% of the
speed of light . It is worth noting that the limited lengths of
the reduced-scale cables (i.e., tens of meters) involve propa-
gation times on the order of tens to hundreds of nanoseconds.
Such a peculiarity requires that the fault emulator needs to
be able to change its status in a few nanoseconds in order to
correctly emulate the fault. The chosen switch was a high-speed

1It is worth observing that the switching frequencies for the adopted reduced
scale systems are in the order of few MHz.

Fig. 7. Schematic representation of the MOSFET-emulated fault adopted in
the reduced-scale experimental setup.

Fig. 8. Experimentally measured waveforms for a fault location 26 m for
the topology of Fig. 6(a). (a) Direct-time voltage measured at the observation
point located at the beginning of the line. Measured fault currents as a result of
the injection of time-reversed signal at guessed fault locations 23 m,

26 m (real fault location) and 28 m.

metal–oxide semiconductor field-effect transistor (MOSFET)
(TMS2314) with a turn-on time of 3 ns. The MOSFET was
driven by a National Instruments digital input/output (I/O)
card C/series 9402 that was able to provide a gate signal to
the MOSFET with a subnanosecond rise time and a maximum
voltage of 3.4 V. The schematic representation of the circuit of
the hardware fault emulator is illustrated in Fig. 7. Note that
the experiment reproduces solid faults since no resistors were
placed between the MOSFET drain and the transmission-line
conductors.
By making reference to the topology of Fig. 6(a), Fig. 8(a)

shows the measured direct-time voltage at the considered ob-
servation point for a fault location 26 m. The measured
voltage was then time-reversed and injected back into the line
using the arbitrary waveform generator for each of the 12 dif-
ferent guessed fault locations, that are indicated in Fig. 6(a).
For each case, the fault current resulting from the injection of
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Fig. 9. Normalized energy of the measured fault current as a function of the
position of the guessed fault location. The real fault location is 26 m.

Fig. 10. Normalized energy of the measured fault current as a function of the
position of the guessed fault location for the case of the topology presented in
Figs. 6(b). The real fault location is 34.1 m in RG-58.

the time-reversed signal of Fig. 8(a) was measured using the
Pearson current probe. Fig. 8(b)–(d) shows the waveforms of
the fault current at the guessed fault locations 23 m,
26 m, and 28 m, respectively, resulting from the injection
of the time-reversed signal.
The normalized energy of the measured fault current signals

is shown in Fig. 9 as a function of the guessed fault location
(also in this case, the normalization has been implemented with
respect to the maximum signal energy of the fault current in the
guessed fault location). As can be observed, the correct fault
location is uniquely and clearly identified.
Fig. 10 shows the same signal energy profiles for the case

of the topology of Fig. 6(b). In this case, the real fault location
is at a distance of 34.1 m from the source and in the RG-58
section of the network. As can be observed, also in the case of
a multibranched network with lines characterized by different
electrical parameters (i.e., inhomogeneous lines with different

Fig. 11. Schematic representation of the system under study implemented in
the EMTP–RV simulation environment.

surge impedances), the proposed methodology correctly identi-
fies the fault location.

VI. APPLICATION EXAMPLES

A. Inhomogeneous Network Composed of Mixed
Overhead-Coaxial Cable Lines

In this subsection, we present a first numerical validation of
the proposed technique. For this purpose, reference is made to
the case of a network composed of a three-conductor transmis-
sion line and an underground coaxial cable (see Fig. 11).
The overhead line length is 9 km and the cable length is 2 km.

They are modeled by means of a constant-parameter model
implemented within the EMTP-RV simulation environment
[31]–[33]. Both the overhead line and the cable parameters
have been inferred from typical geometries of 230-kV linesand
cables. The series impedance and shunt admittance matrices for
the line and cable are given by (22)–(25), shown at the bottom
of the next page, and have been calculated in correspondence
of the line and cable switching frequency. See (22) and (25) at
the bottom of the next page.
As can be observed, the simulated lines take into account the

losses, even though as discussed in Section III, the EMTR is, in
principle, applicable in a lossless propagation medium. How-
ever, as already seen in the experimental validation where real
cables with losses have been used, the proposed method was
still able to effectively locate the fault.
Concerning the line start and cable end, they are assumed

to be terminated with power transformers represented, as
discussed in the previous sections, by high impedances, as-
sumed, in a first approximation, equal to 100 . The supply
of the line is provided by a three-phase ac voltage source
placed at 0. A schematic representation of the system is
shown in Fig. 11. All of the fault transients that were observed
at the overhead line start in three observation points (OP1,
OP2, OP3) corresponding to the three conductors of the line
(left terminal).
Two fault cases are considered to examine the performance of

the proposed method for the case of inhomogeneous networks:
1) a three-phase-to-ground fault at 7 km away from the source
with a 0- fault impedance (solid) and 2) a three-phase-to-
ground fault at 5 km away from the source with a 100- fault
impedance (high-impedance fault). In agreement with the pro-
posed procedure, the position of the guessed fault location was
moved along the overhead and cable lines assuming, for the fault
impedance, apriori fixed values of 1, 10, and 100 . It is worth
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Fig. 12. Normalized energy of the fault current as a function of the guessed
fault location and for different guessed fault resistance values. The real fault
location is 7 km and real fault impedance is 0 .

noting that in order to find the fault location, it is assumed that
the fault type is known form other protective equipment.
Figs. 12 and 13 show the energy of the current flowing

through the guessed fault location for solid and high impedance
faults, respectively. These figures illustrate the calculated nor-
malized fault current energies for three apriori guessed values
of the fault resistance, namely, 1, 10, and 100 , as a result of
the injection of the time-reversed voltage at the observation
points (overhead line left terminal). In order to evaluate the

Fig. 13. Normalized energy of the fault current as a function of the guessed
fault location and for different guessed fault resistance values. The real fault
location is 5 km and real fault impedance is 100 .

accuracy of the proposed method, the position of the guessed
fault location was varied with a step of 200 m close to the real
fault location.
As can be seen, the proposed method is effective in identi-

fying the fault location in inhomogeneous networks even when
losses are present. The proposed method shows very good
performances for high-impedance faults and appears robust
against the apriori assumed fault impedance. The accuracy of
the method appears to be less than 200 m (assumed value for
the separation between guessed fault locations).

(22)

(23)

(24)

(25)
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Fig. 14. IEEE 34-bus distribution system implemented in EMTP-RV.

B. Radial Distribution Network: IEEE 34-Bus Test
Distribution Feeder

In order to test the performance of the proposed fault-location
method in multibranch and multiterminal networks, the IEEE
34-bus test feeder is considered. The model of this network is
the same as that adopted in [13] where, for the sake of simplicity,
the following assumptions have been made:
1) all transmission lines are considered to be characterized by
configuration “ID #500” as reported in [34];

2) the loads are considered to be connected via interconnec-
tion transformers and are located at lines terminations.

Fig. 14 shows the IEEE 34-bus test distribution network
implemented in the EMTP-RV simulation environment. Ac-
cording to the blocking behavior of the transformers for
travelling waves, such a configuration could be divided into
three zones where these zones are characterized by the buses
between two transformers. For this case study, only the first
zone is considered as it shown in Fig. 14. The observation
point for this network is located at the secondary winding of
the transformer and is shown in Fig. 14.

Fig. 15. Normalized energy of the fault current as a function of the guessed
fault location and for different guessed fault resistance values: (a) three-
phase-to-ground solid fault at bus 808 and (b) three-phase-to-ground
high-impedance fault at bus 812.

Four different case studies are considered to examine the
performance of the proposed method: 1) a three-phase-to-
ground fault at bus 808 with a 0- fault impedance; 2) a
three-phase-to-ground fault at bus 812 with a 100- fault
impedance; 3) a single-phase-to-ground fault at bus 810 with a
0- fault impedance; and 4) a single-phase-to-ground fault at
bus 806 with a 100- fault impedance.
The recorded transient signals are time-reversed and, for each

guessed fault location, the current flowing through the fault re-
sistance is calculated by simulating the network with back-in-
jected time-reversed signals from the observation points. As for
the previous cases, the normalized energy of this current is cal-
culated for all guessed fault locations with different guessed
fault impedances (i.e., 1, 10, 100 ). Fig. 15 shows the calcu-
lated fault current energy for: 1) a three-phase-to-ground solid

fault at Bus 808, and 2) a three-phase-to-ground high-
impedance fault at bus 812.
From Figs. 15 and 16, it is possible to infer the remarkable

performances of the proposed fault-location method for the case
of realistic multibranch multiterminal lines. In addition, the pro-
posed method appears, also in this case, to be robust against
solid and high-impedance faults as well as against different fault
types (phase-to-ground or three-phase ones).
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Fig. 16. Normalized energy of the fault current as a function of the guessed
fault location and for different guessed fault resistance values: (a) single-
phase-to-ground solid fault at bus 810 and (b) single-phase-to-ground
high-impedance fault at bus 806.

VII. CONCLUSION

We presented in this paper a new method to locate faults in
power networks based on the use of the EMTR technique. The
application of the EMTR to locate faults in a power network
is carried out in three steps: 1) measurement of the fault-orig-
inated electromagnetic transients in a single observation point;
2) simulation of the back injection of the time-reversed mea-
sured fault signal for different guessed fault locations and using
the network model; and 3) determination of the fault location
by computing, in the network model, the point characterized
by the largest energy concentration associated with the back-in-
jected time-reversed fault transients. Compared to other tran-
sient-based fault-location techniques, the proposed method is
straightforwardly applicable to inhomogeneous media that, in
our case, are represented by mixed overhead and coaxial power
cable lines. A further advantage of the developed EMTR-based
fault-location method is that it minimizes the number of obser-
vation points. In particular, the paper has shown that a single
observation point located in correspondence of the secondary
winding of a substation transformer is enough to correctly iden-
tify the fault location.

Another important advantage of the proposed method is
that its performances are not influenced by the topology of
the system, fault type, and its impedance. The aforementioned
peculiar properties have been verified in this paper by applying
the proposed method to different networks, namely: 1) a non-
homogeneous network composed of overhead coaxial cable
transmission lines and 2) the IEEE distribution test network
characterized by multiple terminations.
The proposed method has also been validated by means of

reduced-scale experiments considering two topologies, namely,
one single transmission line and a T-shape network. In both
cases, the proposed EMTR-based approachwas able to correctly
identify the location of the fault.
The resulting fault-location accuracy and robustness against

uncertainties have been tested and, in this respect, the proposed
method appears to be very promising for real applications.
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