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Abstract: In recent years, the electromagnetic time reversal (EMTR) theory has been successfully
applied for locating various sources of disturbances, such as short-circuit faults, in power systems.
In this paper, a theoretical analysis of the feasibility of applying EMTR to locate defects (corrosion
and break points) in grounding systems is presented. An EMTR algorithm to locate faults in buried
grounding wires is proposed and a comprehensive analysis with respect to some salient influencing
parameters, for instance, the ground conductivity, medium losses, the defect location and type (soft
or hard), is carried out. According to the obtained results, the proposed method appears to be very
promising for real applications. The need for experimental validation to confirm the applicability of
this method is emphasized.

Keywords: electromagnetic time reversal; grounding systems; defect location; break points; electrode
corrosion; telegrapher’s equations

1. Introduction

Grounding systems play a fundamental role in power systems and are responsible
for providing a low-impedance path to earth for fault currents and, at the same time,
ensuring a smooth distribution of potentials at the ground level to reduce the risk of
a person in the vicinity of grounded facilities being exposed to the danger of critical
electric shock [1]. According to most standards, copper is the main material considered for
grounding electrodes [1-3]. More recently, galvanized steel has also been used to construct
substation grounding grids and transmission line tower-foot grounding systems, taking
advantage of its low cost [4-6]. Such a design, however, requires special attention to
the corrosion of the steel. The corrosion process is primarily determined by the physical
and chemical properties of the soil in which the electrodes are buried, although other
factors, such as unqualified joints during construction, also play a role [7]. In general, the
corrosion of steel grounding electrodes is a serious issue, and can result in damage to the
electrodes and, in critical cases, can lead to breakpoints, deteriorating the performance of
the grounding system.

In this context, but not exclusively, the fault diagnosis of grounding systems is very
important and can help anticipate the punctual maintenance of degraded electrodes and
prevent the electrical system from becoming susceptible to risks due to the deterioration of
the grounding system. A common practice is the measurement of some indirect parameters
that can assess the status of the grounding system, for example, the grounding resistance [4].
Although this method can indicate—albeit with limited accuracy—that there is something
wrong with the grounding system, the information obtained is not enough to locate the
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defect points. In this case, the only way to locate such points would be to dig up the
entire grounding system and perform a point-by-point inspection, which is obviously a
blind search that is laborious, expensive and that can itself cause further damage to the
grounding system.

Other existing approaches for diagnosing defects in grounding systems are summa-
rized as follows.

The “electromagnetic method” is based on measuring the magnetic field produced at
the ground surface using the conductors of the grounding system under test in response
to either the injection of a current or the application of an excitation magnetic field above
the region where the electrodes are buried [6,8-11]. The method relies on the hypothesis
that grounding electrodes in different states produces different magnetic fields on the
earth’s surface and such a modification in the produced field could be used to identify fault
points in the grounding system. In the case of current injection, the current magnitude
must usually be high, in the order of hundreds of amperes, which may require specific
equipment, in addition to demanding strict personal safety constraints. In the case of
applying a magnetic field in the region where the grounding system is installed, it might
be difficult and laborious to guarantee that the moving route during the measurements
is consistent with the location of the buried electrodes. Furthermore, in both cases, the
method’s accuracy is limited by the used magnetic field sensors, which may be strongly
affected by the electromagnetic fields generated by the electrical system itself, depending
on the type and/or voltage level of the facility under test.

Electrochemical methods are based on the determination of the corrosion rate of the
electrodes through measurements or corrosion simulation models [7,12]. Given the highly
heterogeneous characteristics of soil, the determination of this rate may contain a high
degree of uncertainty, especially in the case of large grounding systems that are covered
under soils with different characteristics. In addition, although the method can be used to
roughly predict the corrosion state of a grounding system, it is not applicable for effectively
locating potential defect points.

The so-called network method is based on the idea that the grounding system can
be seen as a circuit network, where each conductor is a branch and each crossing point
between conductors is a node [13,14]. The resistance between two nodes of the grounding
system can be measured, provided that they can be accessed, for example, via down-lead
conductors. Then, monitoring the value of this resistance, called port resistance, can be used
to assess the state of the grounding system via a network model. An important limitation
of the method is the need for several down-lead conductors to access the grounding nodes
in order to obtain accurate diagnostics. Additionally, depending on the degree of the defect
in the grounding system, the modifications introduced in the measured port resistance can
be quite small, making it difficult to determine an assertive diagnosis.

In light of the foregoing considerations, this paper aims at investigating the feasibility
of applying the theory of time reversal (TR) to the problem of fault location in buried
grounding wires. The TR method was first developed in the field of acoustics [15-17] and
it was later extended to electromagnetism using the acronym EMTR (electromagnetic time
reversal) [18]. The EMTR method take advantage of the time reversibility of the wave
equation. More specifically, when the observed electromagnetic disturbances in specific
observation points of the system are time reversed and back-injected into the original
system, they refocus back on the source of the disturbance. The considered applications
of EMTR include locating lightning flashes (e.g., [19]), short-circuit faults (e.g., [20-23]),
lightning strikes and flashovers [24], series faults and partial discharges in coaxial line
networks and transformers (e.g., [25-29]). However, to the best of the authors” knowledge,
this is the first time that EMTR is applied to locate faults in bare wires immersed in a lossy
medium (ground).

The structure of this paper is as follows. Section 2 presents the modeling of grounding
electrodes with series faults (defects) together with a first assessment of the impact of such
a fault on the input grounding impedance. In Section 3, we present the principles of the



Energies 2023, 16, 5104

30f17

proposed time reversal procedure for fault detection and localization in grounding elec-
trodes. In Section 4, test cases are described, and in Section 5, the results of a comprehensive
sensitivity analysis on the feasibility of applying the EMTR method to locate defects in
grounding electrodes are presented. A discussion and summary of the main conclusions
and findings of this study are presented in Section 6.

2. Modeling Grounding Electrodes with Series Faults
2.1. Modeling Based on the Transmission Line (TL) Theory

Figure 1 illustrates a horizontal grounding electrode of length ¢ with a series fault
at a distance of ¢; from its left end. The fault is represented by a damaged section of the
electrode of length ¢, and the degree of damage can be classified as soft, for example, an
injtial corrosion process, or hard, associated with an advanced corrosion process or even a
breakpoint. For modeling the problem, the transmission line (TL) theory is used, and the
faulty electrode is represented through a cascade of three transmission lines of lengths /1,
lrand lp = € — {1 — £y, as indicated in Figure 1. The spatial distribution of voltage V (x, w)
and current I(x, w) along each line section for a given frequency w is described using the
telegrapher’s equations:

dVi(x, .
WD) ap + juol) 1, ), 8
dl(x,w) .
o = (g +jwe)V(xw). 2
9 air (po, €9, 6a=0) > X
di &,ﬁ,&, ground (ug, €g, Gg)

« 3N
£ radius a

Figure 1. Horizontal grounding electrode with a series fault.

In (1), zj,; and [ are, respectively, the per-unit-length (pul) internal impedance (due to
the magnetic field within the electrode) and inductance (due to the magnetic field in the
soil) of the grounding electrode. In (2), ¢ and c are, respectively, the pul shunt conductance
and capacitance due to the electric field in the soil. The conductance g is computed using
the expression proposed by Sunde for a buried horizontal wire given by [30]

el )

where 0y is the ground conductivity, £ is the electrode length, a is the electrode radius and
d is the depth of the electrode. Assuming a homogeneous medium, the pul capacitance of
the electrode is simply calculated as

c=(e4/0%)8, 4)

where ¢, is the ground permittivity.
The pul inductance of the grounding electrode is calculated using the following
expression proposed by King [31]

s ()
l=-=1lo -1, 5
27 |98\ /o ®)
where g is the ground permeability. Finally, the internal impedance is computed consider-
ing the exact solution for the internal impedance of a solid cylindrical conductor [32].
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It is worth mentioning that the use of the TL theory for modeling horizontal grounding
electrodes, assuming the calculation of the parameters applying (3)—(5), was shown in [33] to
provide sufficiently accurate results, taking as reference a full-wave method of moments ap-
proach. Finally, the spatial distribution of the voltage and current along the faulty electrode
shown in Figure 1 can be determined by solving the telegraphers’ Equations (1) and (2) for
each electrode section and incorporating the appropriate terminal conditions.

2.2. Computational Modeling

Taking as a reference Figure 1, the faulty electrode is modelled as a nonuniform
transmission line, which is represented through a cascade of three line sections. Each
section is characterized by a two-port model considering a Y-parameter representation.
The Y (admittance) parameters relate the terminal currents to the terminal voltages and are

defined as [34]
{—II((OE)SJ = {;m ﬂ W&?ﬂf ®)

where /g is the line section length and the parameters Y; and Y;, are given by

1 1
o= Zc tanh(yls)’ @
1 1
= 7 k(v bs) ®

In (7) and (8), Z. and vy are, respectively, the characteristic impedance and the propa-
gation constant associated with the k-th section denoted as

7, = | Zintk T jWk ©)
8k + Jwek

Y= \/(Zintk + ]wzk)(gk +jwck)r (10)

where z;,4, Ik, gk and ¢y are, respectively, the pul internal impedance, inductance, conduc-
tance and capacitance of the k-th line section.

Considering the series connection between the line sections, a global admittance matrix
representation can be obtained as

I =YgV, (11)

where If is the vector of the injected currents, V,, is the vector of the nodal voltages and ¥
is the global admittance matrix given as a combination of the admittance matrices of each
line section as detailed in [34,35]. Assuming the configuration shown in Figure 1, I and Vy
are4 x 1 and Y is 4 x 4. Figure 2 schematically illustrates the representation adopted for
the faulty electrode. It is noteworthy that a similar approach could be adopted assuming
more than one faulty electrode section.

The presented equations were implemented in a computational code in MATLAB
and its consistency was tested considering several benchmark examples of the frequency
response of nonuniform transmission lines [34,35].
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Figure 2. Modeling of the faulty electrode as a nonuniform transmission line represented as a cascade
of uniform line sections.

2.3. A First Assessment of the Impact of a Series Fault in Grounding Electrodes

In order to carry out a first assessment of the impact of a series fault on the performance
of a grounding electrode, the input impedance of a faulty electrode can be compared with
that of a healthy one. The input grounding impedance is defined as the ratio of the phasors
of the voltage at the feed point and the injected current in a given frequency range of
interest [36]. If a harmonic current of 1 A is injected at the left end of the electrode shown in
Figure 1 and the resulting voltage at the feed point V(w) is determined, then the grounding
input impedance is computed as

Zin(w) = 2L, 1)

To evaluate the impact of a series fault on Z;,(w), a 50-m long, 7 mm radius electrode
composed of steel (o, = 2.5 x 1077 -m) buried at 1 m depth in soil characterized by
0g =4mS/m, e, = 10gp and pg = p is assumed, where ¢y and ji are, respectively, the
vacuum permittivity and permeability.

Generally, two main categories of defects (faults) in grounding electrodes are con-
sidered: hard faults (breakpoints), which produce an important impedance discontinuity,
and soft faults (corrosion processes that might introduce modifications in the electrode
section and material), which lead to a less significant impedance discontinuity and are more
difficult to detect. In this paper, the hard faults were modeled simply as an open circuit,
while the soft faults were modeled by means of a small modification to the cross-sectional
area of the faulty electrode section.

Two types of faults, both at the midpoint of the electrode (x = 25 m), are considered:
(i) a soft fault, modeled by a 10 cm long damaged section with the equivalent radius reduced
from 7 mm to 5 mm (a reduction of approximately 50% in the equivalent cross-sectional
area of the electrode) and (ii) a hard fault, corresponding to a breakpoint. The soft fault
could be associated with a decrease in the cross-sectional area of the electrode and an
increase in its resistivity due to an initial or intermediate corrosion process.

Figure 3 shows the simulated grounding input impedance in the frequency range
between 10 Hz and 10 MHz, considering a nonfaulty electrode, labeled “NF electrode”,
and electrodes with soft and hard faults, labeled “SF electrode” and “HF electrode”, respec-
tively. The frequency range was defined in order to cover the different types of transient
phenomena to which a grounding system could be subjected, and which have different
representative frequencies; for example, short-circuits (low frequencies) and lightning
transients (high frequencies).
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Figure 3. Comparison between the magnitude of the input impedance computed for a grounding
electrode without defect (NF) and for electrodes with soft (SF) and hard (HF) series faults.

According to the results, in the case of the hard fault, a significant difference is observed
between the calculated input impedance for the nonfaulty and faulty electrodes, with an
increase in the magnitude of the latter’s impedance in the low-frequency range. As the
frequency increases, the difference between the two curves tends to decrease, and in the
high-frequency region of the spectrum, they basically overlap. This stems from the fact
that, with increasing the frequency, the effect of losses becomes more significant, and only
a limited length of the electrode (the so-called effective length) closer to the feed point is
seen by the injected current, presumably shorter than 25 m.

By analyzing the results obtained for the soft fault, it is seen that the modification it
introduced in the input impedance, compared to the nonfaulty electrode, is negligible. In
reality, the two curves are basically indistinguishable, and any difference between them
would possibly be of the same order of magnitude as the input impedance measurement
uncertainty in a practical application. This result highlighted the fact that, unless additional
terminals for current injection very close to the fault point are available, it would be quite
difficult not only to locate the fault point, but also to assertively identify the existence or
absence of a defect in the grounding electrode using conventional techniques.

3. Electromagnetic Time Reversal Applied to Locate Faults in Grounding Electrodes

A detailed discussion of the time-reversal invariance property of physical systems,
along with its application to a variety of problems in EMC and power systems, can be
found in [18]. A system is time reversal invariant with respect to a physical quantity if,
given a solution f(t) of its governing differential equations, the time-reversed function g(t)
given by (13) is also a solution.

8(t) = f(=t+k), (13)

where k is a constant related to the arbitrary reference origin for the time.

It can be shown that the differential equations describing the voltage/current wave
propagation along a lossless transmission line are invariant under a time reversal transfor-
mation [20]. Thus, for example, let f(#) be the resultant voltage at one end of a transmission
line produced by some source at a given point along it. Given the time reversal invariance
property, if the time-reversed signal g(t) is back-injected at the same end of the TL where
f(t) was determined, the signal will retrace the path followed in the immediate past and
converge to the source of f(¢).

Considering the grounding electrode shown in Figure 1, if a signal is applied to its
left end, any impedance discontinuity created by a series fault can be seen as a secondary
source producing a transmitted wave and a reflected wave. Thus, a TR process can be
applied to locate the defect. In Section 3.1 below, a basic time reversal procedure for fault
detection and localization in grounding electrodes is described. In Section 3.2, the issue
of losses, which are not negligible in the case of bare conductors buried in the ground,
is addressed.
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3.1. EMTR-Based Algorithm to Locate Faults in Grounding Electrodes

In the proposed EMTR algorithm, to locate defects in a grounding electrode, it is
assumed that its basic characteristics, namely, electrode radius and length, are known from
the design information. Additionally, the electromagnetic properties of the soil are assumed
to be known. Figure 4 illustrates the proposed procedure based on EMTR, which consists
of three main steps.

Ve(m,X)
Gaussian |

pulse
grounding wire without defect
’ \ Step 1

grounding wire with defect

Vig(o,X)

TR Vea(0 X) Step 2
I

grounding wire without defect

Ve(®,X)Ved(0,X) fault  gtep 3
point

- — > x
Figure 4. Basic steps of the EMTR-based algorithm to locate faults in grounding electrodes.

In the first step, a voltage Gaussian pulse is applied to the left end of the electrode
without a defect, and the spatial voltage distribution V;(w, x) along the electrode is com-
puted using the model based on the TL theory described in Section 2. The same Gaussian
pulse is applied to the electrode with a defect and the reflected signal V,;(w) is determined.
The latter signal is generally obtained through a measurement on the potentially faulty
grounding electrode under test. It is worth noting that the reflection coming from the open
end of the electrode can be filtered out knowing the electrode length.

In the second step, the reflected signal V,;(w) is time-reversed and back-injected
through numerical simulation into the grounding electrode without a defect. In the fre-
quency domain, the TR operator is represented by the complex conjugate of the Fourier
transform of the signal. Then, the spatial voltage distribution V,;(w,x) along the
electrode in response to V) (w), where * denotes the complex conjugate operator, is
numerically computed.

In the last step, a product, corresponding to convolution in the time domain, between
the functions V,(w, x) and V,4(w, x) is performed for each point x along the electrode. The
result of the convolution can be interpreted as a measure of the area overlapping between
the two functions. Considering the time reversal operation carried out in the second step,
the convolution is expected to reach a maximum at the point along the electrode that
presents an associated time delay equal to the time delay of the reflected wave from the
fault point.
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3.2. The Issue of Losses and Back-Propagation Models

The propagation constant along the grounding electrode can be computed considering
the parameters given in (3)-(5) as

Ye = \/(zim + jwl)- (g + jwe) = +jvg, (14)
f
where « is the attenuation constant and v is the phase velocity. Due to the losses, which
are generally frequency-dependent, the propagating signals along the grounding wire
experience both attenuation and distortion.

As detailed in [21], the telegrapher’s equations are not rigorously time reversal invari-
ant if the line is immersed in a dissipative medium. In the case of a bare wire buried in
the ground, the losses are closely related to the soil conductivity, being more significant
the higher the conductivity. In an attempt to deal with the issue of losses in the proposed
EMTR procedure to locate series faults in grounding electrodes, three back-propagation
(BP) models are considered [21]: inverted-loss, lossless and lossy.

The inverted-loss back-propagation model is implemented by changing the sign of the
real part of the propagation constant, i.e.,:

~

Jo=—a+ j%, (15)

where 1, is the adopted propagation constant for the back-propagation step. Note that this
is not a physical model, since the electrode itself became active and provided energy to the
signal that is propagating along it. However, this model can be numerically implemented.
In this case, it can be shown that the telegrapher’s equations are time reversal invariant.

In the lossless model, the losses in the back-propagation step are disregarded and the
resulting propagation constant is given by

~ LW

’)/E :]@/ (16)

where the phase velocity is assumed to be frequency-independent and equal to vy = \/%Tg/
where c is the speed of light and ¢, is the relative permittivity of the soil.
Lastly, in the lossy model, the ground losses are included in the back-propagation

step and the propagation constant 7. is assumed to be equal to ., given by (14). Even
though a lossy medium is not time-reversal invariant, in [21] this model was shown to lead
to accurate results in locating faults on overhead lines.

4. Tested Cases

In order to assess the feasibility of applying the EMTR technique described in Section 3
to locate faults in grounding wires under practical conditions, a comprehensive sensitivity
analysis with respect to some salient influencing parameters is performed through nu-
merical simulations. In the analysis, as in the example used in Section 2.2, a 50-m long,
7 mm radius horizontal grounding electrode buried at 1 m depth is considered. Two soil
conductivities are assumed, 0y = 4 mS/m and g = 0.4 mS/m; in all simulations, ¢ = 10¢
and p¢ = pio. Taking as a reference Figure 1, two fault points are tested: one near the left
end of the electrode at x = 10 m and another at the midpoint of the electrode at x = 25 m.
Finally, for each fault point, two types of faults are considered, namely, a soft and a hard
fault, modeled in the same way as described in Section 2.2.

For the sake of simplicity in assessing the feasibility of the method, a homogeneous
soil was considered. The assumed values of soil conductivity can be interpreted as the
apparent conductivity seen by the grounding electrode buried in a stratified soil; that is, the
equivalent homogeneous soil in which the grounding electrode presents a similar behavior
as if it was buried in the original stratified soil. A consideration of the stratified soil can be
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incorporated into the proposed approach, since the EMTR method can straightforwardly
deal with inhomogeneous media, as shown in [20,22].

In this study, we consider three different Gaussian pulses with maximum representa-
tive frequencies of approximately 1, 5 and 10 MHz. The Fourier transform of a Gaussian
pulse is given by

G(w) = T\/Eexp(—Tzfz) (17)

where the parameter 7 is adjusted according to the maximum desired representative
frequency fiax as
V2.3

T= . 18
T f max (18)
For each tested case, the product between V;(w, x) and V,;(w, x) is normalized and
plotted as a function of the position x along the electrode. This normalized product will
simply be called “normalized energy”.
Table 1 presents a summary of the tested cases.

Table 1. Summary of the tested cases.

Parameter Details
Electrode geometry 50 m long, 7 mm radius horizontal grounding electrode buried at 1 m depth
Soil parameters g =4mS/mand 0g = 04mS/m, ¢ = 10¢g and pg = o
Fault points x=10mand x =25m
Applied signals Gaussian pulses of frequencies of 1, 5 and 10 MHz

5. Results

In this section, we report the sensitivity analysis performed to assess the feasibility
of the EMTR-based algorithm proposed to locate faults in grounding electrodes. Firstly,
in Section 5.1, the accuracy of each assumed BP model is evaluated. In Section 5.2, the
influence of the frequency content of the injected pulse on the accuracy and resolution
in the fault location provided by the algorithm is discussed. In Section 5.3, the proposed
algorithm is tested considering different fault point locations. Finally, in Section 5.4, the
issue of locating soft faults is addressed.

5.1. Assessment of the Issue of Losses

Figure 5 shows the obtained results for a hard fault at the midpoint of the electrode,
assuming the injection of a 10 MHz Gaussian pulse, and considering the three back-
propagation models, namely, the inverted-loss model (labeled as “inverted-loss BP”), the
lossless model (labeled as “lossless BP”) and the lossy model (labeled as “lossy BP”). The
results are presented for soil conductivities of 4 mS/m and 0.4 mS/m.

According to Figure 5a, for the 4-mS/m soil, where the losses are more pronounced,
the inverted-loss back-propagation model was able to locate the fault at the correct position
(25 m). On the other hand, the lossless and lossy back-propagation models were not able to
accurately locate the fault. As seen in Figure 5b, for the 0.4-mS/m soil, the inverted-loss
and lossy BP models led to similar results and were able to locate the fault point correctly,
while the lossless model, again, was not able to identify the location of the defect.

As expected, the losses have an important influence on the EMTR fault location
accuracy. From the results, it was seen that the inverted-loss model for the back-propagation
resulted in an accurate estimate of the fault location and, therefore, from this point on, it is
assumed for the back-propagation step in the other evaluations of this paper.
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Figure 5. Normalized energy as a function of the position along the electrode for the three back-
propagation models and soil conductivities of (a) 4 mS/m and (b) 0.4 mS/m.

5.2. Influence of the Frequency of the Injected Pulse

Figure 6 shows the obtained results for a hard fault at the midpoint of the electrode,
assuming the injection of Gaussian pulses of different frequencies, namely, 1, 5 and 10 MHz,
and assuming soil conductivities of 4 mS/m and 0.4 mS/m.

1
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o o o o

o

=
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o N B O
X
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X - 1 1 1

0 5 10 15 20 25 30 35 40 45 50

x (m)

(b)
Figure 6. Normalized energy as a function of the position along the electrode considering the injection
of Gaussian pulses of different frequencies and soil conductivities of (a) 4 mS/m and (b) 0.4 mS/m.
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According to the results, increasing the frequency of the injected pulse enhances
the spatial resolution of the method. Such an enhancement is more noticeable for the
0.4-mS/m soil compared to the 4-m/S soil, since the decrease in the wavelength between
1 MHz and 10 MHz for the former is more significant than for the latter. Additionally, the
lower resolution obtained for the 1 MHz pulse and 0.4-mS/m soil presumably stems from
the longer associated wavelength (approximately twice as large compared to that for the
4-mS/m soil and same frequency). In general, the shorter the wavelength of the applied
signal in relation to the length of the electrode, the more accurate the method solution.

Finally, comparing the results obtained for the 4-mS/m and 0.4-mS/m soils, the curves
associated with the first are generally broader due to the greater dispersion associated with
the frequency-dependent losses. At any rate, the most notable finding from the results in
Figure 6 is that for both soil conductivities the fault point was correctly located even using
a 1-MHz pulse, suggesting that signals with a relatively low-frequency content could be
used for fault location in grounding electrodes.

5.3. Influence of Defect Location

Figure 7 shows the obtained results for a hard fault, considering the defect at x =10 m
and x = 25 m along the electrode. A 10 MHz pulse is injected and two soil conductivities
are assumed, 4 mS/m and 0.4 mS/m.
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Figure 7. Normalized energy as a function of the position along the electrode considering distinct
locations of the hard fault and soil conductivities of (a) 4 mS/m and (b) 0.4 mS/m. Red curve (defect
at x = 10 m), blue curve (defect at x = 25 m).

According to the results, assuming a hard fault, it was possible to successfully locate
the fault in both considered defect points and for both soil conductivities. For the 4-mS/m
soil, moving from x = 10 m to x = 25 m, a significant increase in the curve width is observed.
This effect, not seen for the 0.4 mS/m case, stems from the fact that, for points farther
from the signal injection point, the effects of the frequency-dependent losses become more
pronounced. This suggests that locating faults far from the signal injection point on very
long electrodes buried in high-conductivity soils may be critical. On the other hand, long
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electrodes are not expected in high-conductivity soils, since shorter electrodes are generally
sufficient to achieve a satisfactory grounding resistance value (typically below 10 (}).

5.4. Locating Soft Faults

Figure 8 shows the results obtained now considering a soft fault at x = 10 m and
x =25m. A 10 MHz pulse is injected and two soil conductivities are assumed, 4 mS/m
and 0.4 mS/m. As previously mentioned, a soft fault in a grounding electrode may be
related to a corrosion process that causes the wire to deteriorate, leading to a decrease in its
cross-section. As the impedance discontinuity introduced in this case is less strong than in
the case of a breakpoint, this defect can be classified as a soft fault.
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Figure 8. Normalized energy as a function of the position along the electrode considering distinct
locations of the soft fault and soil conductivities of (a) 4 mS/m and (b) 0.4 mS/m. Red curve (defect

at x = 10 m), blue curve (defect at x = 25 m).

As can be observed from the results, the proposed method was able to locate the
soft fault at both assumed fault points and for the two ground conductivities considered,
even though this fault introduced a nondiscernible modification in the grounding input
impedance, as shown in Figure 3. This remarkable performance of the proposed method
presumably stems from the strong focusing property of the EMTR-based locating algo-
rithms. Finally, it is worth mentioning that the so-called reflectometry-based techniques for
wire defect detection and location are not able to efficiently deal with the problem of soft
defect detection and with wires immersed in lossy media, as reported in the literature [37].
These aspects are overcome with the use of the EMTR-based algorithm, mainly considering
its focusing property and the possibility to deal with losses by applying the appropriate
back-propagation model.

6. Discussion and Conclusions

In this paper, we carried out a theoretical analysis of the feasibility of applying the
electromagnetic time reversal technique to locate faults in grounding systems. In the
analyses, a horizontal grounding electrode buried in low- and high-conductivity soils was
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assumed, and the locations of soft and hard faults at different points along the electrode
were evaluated. The results obtained illustrated the basic principle and the possibilities
offered through the use of the EMTR method for detecting and locating soft defects and
breakpoints in grounding electrodes.

In the carried-out simulations, Gaussian pulses of frequencies between 1 MHz and
10 MHz were applied. Even for a 1 MHz pulse, satisfactory fault detection and location
results were obtained, suggesting that the technique can be applied in practice without
the need of deploying expensive and fast electronic devices and strict EMC constraints.
It is worth noting that the higher the frequency of the applied pulse, the narrower the
peaks indicating the fault point. Thus, for a high spatial resolution, larger bandwidths
may be necessary. However, this does not seem to be an issue since, in most applications
in grounding systems, what is most important is knowing that there is a defect and its
approximate location.

An important result of the analyses presented in this paper is that the EMTR method
proved to be efficient for locating faults in grounding electrodes, even though they are
immersed in a medium with non-negligible losses. In fact, for the study at hand, the losses
raise two main issues. The first corresponded to the fact that both Maxwell’s equations
and the telegrapher’s equations are not rigorously time reversal invariant if we consider
dissipative media. To deal with this, three different back-propagation models were tested,
and it was shown that the inverted-loss BP model was able to correctly locate the fault point
for both low- and high-conductivity soils. The second issue corresponds to the need to
detect the signal reflected by the fault point, which, depending on the losses, can be difficult
to measure. Figure 9 shows the reflected signal generated by a breakpoint in the middle
of the same horizontal electrode analyzed in the paper buried in a soil of conductivity of
0.4 mS/m, and assuming the application of a 1-V, 10-MHz Gaussian pulse. It is seen that
the amplitude of the reflected signal is of the order of a few hundreds of mV, which is
easily detectable using appropriate signal conditioners. In the case of a soft fault, a reflected
signal of lower amplitude is expected, although still detectable. In this case, the amplitude
of the signal depends on the degree of the impedance discontinuity, which, in case of a
lossy medium, is frequency dependent. Finally, in the case of longer electrodes buried in
high-conductivity soils, where losses play an important role, a multiport characterization
of the grounding electrode might improve the efficiency of the technique. Furthermore, the
portable impulse generators developed in [38], which produce output voltages of up to
approximately 1 kV, could be used to improve the signal-to-noise ratio.
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Figure 9. Reflected signal from a breakpoint in the middle of a 50 m long electrode buried in soil of
0.4 mS/m.

The proposed technique was applied to a simple horizontal electrode arrangement,
which is representative of tower-foot grounding systems of power lines and buried wires
used for the interconnection of grounding systems for wind turbines on wind farms. How-
ever, it can immediately be extended to other arrangements, such as ring earth electrodes,
typically used in lightning protection systems (LPSs) of buildings, and arrangements that
have a few crossing points, such as four-star electrode arrangements. In the case of more
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complex arrangements, for example, substation grounding grids, due to the presence of
multiple junctions, which introduce additional intrinsic impedance discontinuities, a more
complex signal processing method should be implemented. Alternatively, a more powerful
EMTR technique could be applied, such as the time reversal multiple-signal classification
(TR-MUSIC). In [27], considering a scenario where losses were negligible, the TR-MUSIC
was shown to be a promising technique to locate faults in complex cable networks.

Compared to other methods for diagnosing defects in grounding systems, the pro-
posed method can be straightforwardly applied considering its single experimental step
that corresponds to applying a probe impulse voltage to one terminal of the potentially
faulty electrode and recording the resultant transient signal at the same terminal from
which the reflected signal from the defect point can be extracted. Since the measurement
can be carried out on a single-electrode terminal or on a few terminals if it is necessary
to increase the accuracy of the method, there is no need to move the measurement setup
along the entire route of the buried electrodes, such as what is required in electromagnetic
methods, which may be unfeasible, for example, in overhead lines depending on the site
where the structures are located. A further advantage of the proposed EMTR-based method
is that it proved to be able to also localize soft faults, which may be related to initial or
intermediate corrosion processes, allowing to anticipate maintenance in grounding sys-
tems. Locating such soft faults is very difficult using traditional techniques, such as the
network method, or through simply measuring the grounding resistance. In the case of
electromagnetic methods, the analysis of the output data for the classification of the type of
fault (hard or soft) is often performed manually, and it can be affected by the experience of
the engineer or, if performed using computational tools, it might depend on the algorithm
used for the classification.

Based on the above considerations and discussions, the proposed method appears
to be very promising for real applications. In Appendix A, a first proposal on how the
proposed method could be applied in practice to locate defects in grounding electrodes is
presented. Finally, the authors are involved in experimental developments to confirm the
application of the proposed technique for locating faults in grounding electrodes.
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Appendix A. Practical Application of the Proposed Method to Locate Defects in
Grounding Electrodes

This Appendix A presents a first proposal on how the proposed method could be
applied in practice to locate defects in grounding electrodes. In the following, it is assumed
that the basic geometrical characteristics of the grounding electrode, namely, the electrode
radius and length, are known from design information. It is also assumed that the soil
characteristics can be obtained from local measurements. The following steps summarize
the application of the method in practice. The mathematical operations were defined in the
time domain, although they can also be performed in the frequency domain.

1.  Animpulse voltage is applied between the potentially faulty electrode and an auxiliary
electrode (current return electrode), as shown in Figure A1. The frequency content
of the applied signal must be defined according to the desired spatial resolution



Energies 2023, 16, 5104 15 0f 17

for the fault location. The resultant voltage at the left end of the faulty electrode,
U4(t), is recorded using a measurement system. Such a system could be as simple
as an oscilloscope or a sophisticated data acquisition system. The distance between
the electrode under test and the current return electrode should be sufficient to
avoid mutual coupling between them. Additionally, to minimize the electromagnetic
coupling between the voltage and current leads, they are orthogonally positioned.

2. By means of a numerical simulation, the same impulse voltage is applied between the
grounding electrode without a defect and the current return electrode, and the voltage
at its left end v, (t) is computed. From the measured voltage v, () and the simulated
voltage v¢(t), the reflected signal from the fault point, v,4(t), can be determined.
Additionally, from numerical simulations, the spatial voltage distribution along the
electrode without a defect, v,(f, x), is determined.

3. The reflected signal v,4(t) is time-reversed and back-injected through a numerical
simulation into the grounding electrode without a defect and the spatial voltage
distribution, v,4(f, x), is determined.

4.  The signals v,(t, x) and v.4(t, x) are convoluted at each point x along the electrode.
This product is expected to reach a maximum at the defect point.
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Figure A1. Experimental setup to locate defects in grounding electrodes.
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