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ABSTRACT This paper proposes a novel single-ended traveling wave-based fault location method for
unearthed overhead lines with a complex topology. The low fault current magnitudes of a phase-to-
ground fault in unearthed sub-transmission networks make ineffective the operation of the impedance-based
protection. The proposed method decouples the dependence of the traveling waves propagation modes on
the speed propagation of the line, to release the analysis of a multi-branched non-homogeneous line by
means of a single measurement terminal. The combination of the results obtained by analyzing different
propagation modes allows to determine the fault distance with errors in the order of tens of meters. The
proposed method has been applied to a multi-terminal and branched unearthed overhead line simulated in
EMTP-RV environment to identify 20 different faults, 10 before the line branch and 10 after it. In the majority
of the tested fault cases, the proposed technique allows identifying the fault location with an average error
lower than 0.3%. For faults in critical positions, for instance close to the line branch or to the measurement
terminal, the average error is lower than 10%.

INDEX TERMS Traveling wave, continuous wavelet transform, speed propagation, unearthed overhead
lines.

I. INTRODUCTION
A. MOTIVATIONS

stability especially in the frame of the energy transition from
fossil fuel to renewable energy sources [1]. Moreover, reliable

This work focuses on a new single-ended Traveling Wave
Based (TWB) fault location method for Over Head Lines
(OHLs) with a complex topology. The studies which focus on
the development of effective and accurate methods to identify
the fault position in high voltage (HV) OHLs are having a
growing interest in the power systems research field. This is
because, the correct and quick identification of the fault posi-
tion is essential to increase the availability of OHLs and of the
electrical network, in turn. In fact, a high level of transmis-
sion line availability is a key point to guarantee the network

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Xu

fault location procedures significantly reduce the costs to
identify the position of a permanent fault. This is particularly
true when the causes or the effects of a fault are difficult
to identify by means of a visual inspection. This is the
typical situation of phase-to-ground faults in unearthed (or
compensated) OHL sub-transmission networks, which are
characterized by very low fault current magnitudes and which
are mainly caused by the cracking of porcelain insulators,
which is extremely difficult to see [2].

In this context, the challenge is to develop reliable algo-
rithms to derive the fault position information from the
analysis of the fault current or voltages registered by suitable
measurement devices, characterized by a suitable sample rate.
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From the other hand, it is also important to limit the costs
necessary to equip power transmission lines with such fault
location tools.

B. LITERATURE REVIEW

The technical literature offers several techniques to locate the
position of faults in OHLs or hybrid transmission lines, which
are based on different physical principles. In summary, the
most common classification of such methods divides them
into Impedance Based (IB), Artificial Intelligence Based
(AIB) and TWB.

IB methods are effective and relatively simple to imple-
ment in earthed networks [3], [4], [5], but they are quite
challenging to apply in unearthed ones, since the fault current
is usually small compared to the load one [3], [6]. One
of the main difficulties in this approach lies in the fault
distance estimation without knowing the fault impedance.
Interesting researches in this field are carried out in [7],
[8], and [9]. Moreover, in [10], [11], and [12] the problem
of identifying the fault distance in unearthed network is
discussed.

AIB methods are especially suitable for networks with a
complex topology. The most common approach is to start
from current or voltage measurements which are then pro-
cessed by a neural network or alearning algorithm. In general,
several measurement devices are necessary to acquire the data
that must be processed by the Al algorithms to identify the
fault position, and so they are typically applied to distribution
networks.

Through the approach presented in [13], several machine
learning algorithms are applied to detect the fault position
in a transmission network through the application of voltage
phasors registered during the fault by means of virtual PMUs
simulated in Real-Time Digital Simulator.

In [14] micro-phasor measurement units are exploited to
locate the fault position in distribution networks by means
of a novel machine learning method. This method only uses
the recorded voltage at the sub-station and distributed gener-
ators. In [15] the back propagation neural network approach
is optimized by combining the genetic algorithm and cloud
theory to identify the fault position in distribution networks.
In [16], the fault position is estimated by training an adaptive
neuro-fuzzy inference system which receives as input the
current measured at the substation. The main limitation of
this procedures is the necessity of training the algorithms
each time the monitoring system is installed, by limiting the
flexibility of the methodology for different networks.

Regarding the TWB fault location methods, the technical
literature presents promising approaches which are applied
to OHLs or hybrid transmission lines. TWB methods are
based on the analyzes of the propagations and reflections of
the current or voltage traveling waves which are generated
whenever a fault occurs. Most methods start from the decom-
position of the fault voltages or currents in their propagation
modes, i.e. the aerials and the earth propagation ones, and
then process the signals by exploiting different techniques.
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A first typology of TWB methods is represented by
the double-ended approaches, which require at least two
measurement terminals, one at each end of the monitored
line [17]. From one hand, the presence of two or more
measurement terminals makes a complex network topology
easy to analyze, from the other hand this solution is more
expensive compared to the single-ended techniques.

In the double-ended method proposed in [18] the suc-
cessive variational mode decomposition is applied to the
aerial mode of the fault voltages, in order to obtain their
intrinsic mode functions. The method also requires the iden-
tification of the TW propagation speed, which is obtained
by the frequency—velocity characteristic curve. By consid-
ering the time-domain and frequency-dependent character-
istics of traveling wave, the fault distance is estimated
by combining the arrival time, frequency and propagation
velocity.

In [19], a non-contact measurement of traveling wave is
proposed, in order to achieve accurate fault location and time
of arrival detection on a two-terminal overhead transmission
line. Such method exploits the magnetic field sensor array on
each tower to measure the quality of current traveling waves
generated on the transmission line and locate the transient
disturbances after the occurrence of a short circuit. The results
show that in a the PSCAD/MATLAB simulation environment
the proposed method is very accurate.

In [20] the Maximum Mean Discrepancy approach is
used to categorize different transmission lines, and then
a double-ended convolutional neural network and long
short-term memory combination model is built for similar
lines. The fault features are extracted in an end-to-end form,
and the weights of combination model are determined by the
Q-learning algorithm to finally identify the fault position.

In [21] the effect of the sampling frequency on
two-terminal TWB methods is analyzed. The paper demon-
strates how such effect can be represented by well-defined
regions in a time-space diagram and that there is an error
component associated with the sampling frequency which
has to be considered in double-ended TWB fault location
approaches in order to improve them.

In [22], authors present a fault location algorithm which
does not require the two-end data to be synchronized and
which does not require to compute the TW propagation veloc-
ity. To identify the fault position, the time difference between
the arrival of the first incident fault-induced TW and the
successive reflection from the fault point is computed at each
line end, separately.

Differently from the double-ended techniques, single-
ended approaches are able to detect the fault by starting
from one measurement terminal. The main research challenge
for these methods is to deal with complex line topologies,
considering multi-terminal or branched lines with frequent
changes in the OHL tower configuration along the line
route and the presence of line in electromagnetic parallel
with the monitored OHL. In fact, such complex topologies
determine significant changes in the line surge impedance,
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by determining several TW reflections, and consequently
introducing different speed propagation.

Hence, it is difficult to correctly correlate the TW's detected
by the single measurement device with the points along
the line where they have been transmitted or reflected.
For this reason, several contributions in literature apply the
single-ended fault location approach to only two terminal
lines, with no branches and without considering the change of
the tower configurations along the line route. In this context,
an interesting approach is presented in [23], which is able to
consider hybrid transmission lines where the fault distance
is obtained by exploiting the detected arrival times of the
voltage TWs and their polarities.

This approach exploits the Wavelet transform to analyze
the fault transient voltage and it is not affected by the chosen
mother wavelet type. In [2], the authors develop a method
which exploits the earth-mode current to identify the fault
position for unearthed overhead lines with a simple topology.

In [24] a location function describing the energy distribu-
tion of traveling-wave catastrophe is exploited to derive the
fault position. The method is proven to be robust for non-
branched lines, but it requires improvement to be effective in
presence of branched lines.

The approach proposed in [25] processes the outputs taken
from different single-ended phasor-based fault location tech-
niques. To properly select the algorithms to be used in the
proposed solution, a Real-Time Digital Simulator is used
to carry out massive hardware-in-the-loop fault simulations
on test power systems. The main advantage of this method
lies on the fact that beyond estimating the fault distance,
it provides reliable fault search fields, which are useful to
improve the accuracy in locating the fault position. For simple
transmission line configurations, the method demonstrated to
be effective.

In [26], a novel function to estimate the time delay between
the fault-induced incident and reflected signals is exploited
to estimate the fault distance. The proposed method does
not depend on pre-classification of the fault type and it is
not affected by the low frequencies that may show up in the
correlation function output. Besides, it only needs the first
incident surge to be detected at the monitored bus. There are
also few contributions which analyze single-ended methods
applied to branched or multi-terminal lines. In [27], the ratio
of alpha-mode to zero-mode magnitude is used to identify
the fault section in hybrid overhead lines. The method also
considers the effect of TW reflections due to adjacent lines
in the fault section identification, so it is very versatile, but
it does not identify the exact position of the faults. In [28],
the change-points caused by the superposition of forward
TWs and backward TWs combined with TW arrival time
and polarity are used to identify the fault position. The pro-
posed method is very promising and it has been applied to
multi-terminal OHL with very good results, but the situation
of faults in branched OHL has not been discussed in depth.

In [29], a novel solution to identify reflected waves to
locate the fault position is presented, by means of speeded-up
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robust features. The reflected waves can be effectively sepa-
rated by dividing them into two inconsistent time windows
i.e., the initial wave and the reflected one, so that the first
singularity in each time window can be considered to be a
traveling wave front. The method proved to be robust and
it has been applied to lines with a complex topology. Since
the method is based on speeded-up robust feature, it is quite
complex to be applied in practice.

C. CONTRIBUTION

From the literature analysis, it emerges that the majority
of contributions which exploit single-ended approaches to
estimate the fault position in OHLs consider line configura-
tions which are very simple. Nevertheless, there are several
TW reflections which can interfere with the fault location
and which are strictly related to the line configuration (in
practical application, they are more complex than a simple
two-terminal structure). Hence, it is important to also analyze
more complex line topologies.

In fact, the main difference between the proposed approach
and the TWB methods in literature is the possibility of rec-
ognizing and erasing the TW reflections related to the grid
configuration. In particular, it is possible to erase the TW
reflections due to:

« the frequent changes of the tower structure along the line

route;

o the presence of lines in parallel with the monitored

one;

o the TW reflections coming from other lines starting from

the same bus of the monitored one;

o the TW reflections coming from line branches.

From the other hand, the presented approach is rela-
tively simple to implement since it does not require the
knowledge of the TW polarities and propagation velocities.
In fact, this method decouples the propagation mode from
the knowledge the TW propagation velocities, by unlock-
ing the limitation fixed by this dependence, so allowing the
study of more complex network configurations. Moreover,
additional algorithms to process the fault current signals are
not required, differently from some of the TWB methods
presented in literature to analyze complex network configu-
rations, to the best of the author knowledge. The present fault
location method has been developed for phase-to-ground
faults since they are the vast majority of the fault cases in
OHLSs, and the most difficult to detect in unearthed-operated
OHL networks due to the very low current magnitude. The
proposed method is based on the observation of the lat-
tice diagram of the line, so it is quite easy to implement.
Moreover, its accuracy is improved by the combination of
the results obtained by the three-mode propagation anal-
ysis. The developed approach is tested on a real network
model in the EMTP-RV simulation environment for several
phase-to-ground faults along the monitored line. Table 1
summarizes the main features of the proposed method com-
pared to some of the existing fault location methods in
literature.
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TABLE 1. Comparative table highlighting the contribution of the proposed method compared to the existing literature.

TW based double ™ basgd smg!e ended | TW based single ended
Impedance (applied to simple (applied to complex
Al based ended . -
based configurations) configurations)
[3-12] [13-16] Proposed
[18]][19]{[20]([21]| [2, 23] [24-26] |[27]|[28]|[29] method
Accuracy independence on neutral connection 4 Vi v iv|VvY v v VIiv|vY v
Accuracy independence on the fault impedance v Vi ivi|iv|Vv v v Vi iv|v v
Accuracy independence on the TW velocity or v v vyl v v v v
polarity
Accuracy independence on software training based v vy v v v Jlvly v
on measurement data
One measurement terminal i§ sufficient for each v v v vl v
monitored line
Method tested in lines with a complex configuration v VI iv|v 4
Identification of the fault point (not just the fault v v vyl v v v vl v
branch)
Additional adyanced software or algorlthm for v v slvlvl v v v v v
advanced signal processing is not required
a ., a9
4 ——i =C—uy )
—_— N T —_— ox ot
) )/ ‘-.\ chm where i, and v, are 3 x 1 vectors of current and voltage
-— N ”l -- phase components and L and C are 3 x 3 matrices of phase
Vi yml' €T inductances and capacitances, respectively.
——p N, "A T A convenient transformation can be introduced to study
h TCTC‘; ¢ the system by means of three independent modes. Differ-
\ 4 0

FIGURE 1. Electric model of an Over Head Line (OHL).

Il. TW PROPAGATION THEORY

To understand the main hypothesis behind the methodology
presented in this paper, it is useful to recall the theory of the
TW propagation along an OHL line.

A. RECALLS ON THREE-PHASE TW PROPAGATION ON
OHLS

A three-phase non-dissipative model of an OHL character-
ized by mutual couplings between conductors and between
conductors and the ground can be well represented by the
three-phase diagram of Fig. 1.

By assuming a symmetrical system without ground wires
the time-space relationships between phase currents and volt-
ages can be described by the well-known Heaviside matrix
equations [30], [31]:

5 | W L Ly Ly P i
——|wm|=Llun l ln|—|i (1)
0x | 3 ot £ |97 | i3
9 0 3 co + 2cnm —Cm —Cm 9 ui
—— || = —cm  co+2em  —cCm — | up
ax | . at
| 3 —Cm —Cm €0+ 2cm u3
2

where co is the phase to ground capacitance, ¢ is the
self-inductance and ¢, ¢;, are the mutual capacitances and
inductances between conductors, respectively. Equations (1)
and (2) can be written in a compact form as:

a

9
_ 0 =1
ax T o

3
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ent transformation matrices are used for phase to mode
transformation (e.g. Karrenbauer, Clarke, Wedepohl) in TW
applications [32], [33]. In this study, the Karrenbauer matrix
is exploited so the modal currents and voltages can be written
as a function of phase currents and voltages as follows:

&)

where i, and u,, are 3 x 1 vectors of current and voltage
modal components (named earth mode 0 aerial mode o and
aerial mode B) and T is the Karrenbauer matrix, which is
expressed by:

im = Tiy, uy = Tuy

111
T=-|1-10 6)
311 0 -1

Equations (3) and (4) can then be expressed as a function
of modal components as follows:

3 0.

— 5t = TLT la_t”" @)
3 3

—aim = TCT_IEum. (8)

Given the structure of R, L and C which reflects the perfect
symmetry of the studied system, the modal matrices Ly, and
Cm can be derived as follows:

L+2¢, O 0 6 0 0
Ly =TLT ! = 0 ¢—4¢, O =104 0
0 0 £—¢, 0 0 ¢
9)
co 0 0 cg 0 0
Co=TCT '=| 0c+3c, O =] 0c O
0 0 c+ 3cn, 0 0 cp
(10)
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From (9)-(10) it can be recognized that exists a perfect
equivalence between modal transformation and sequence
transformation for electrical line parameters calculation.
In fact, the modal inductances £, £, and £g are equivalent to
the zero-sequence, positive sequence and negative sequence
inductances, respectively. The same equivalences are valid for
sequence and modal capacitances.

The transformation matrix allows identifying the three
decoupled propagation equations, described by (7) and (8),
whose integration yields the well-known equations of the TW
along a conductive medium, not reported here for the sake of
brevity [34] (a solution was obtained by D’ Alembelt).

As a consequence of a transient event (phase-to-ground
fault, energization, load insertion etc..), voltage and current
TWs are generated from the section of interest and propagate
through the line in both directions, as long as they find a dis-
continuity like the substation transformer, a different branch
or the fault point (i.e. whenever a different surge impedance is
present). A discontinuity point generates a transmitted waves
and a reflected wave, with different amplitude depending
on the surge impedance of the branches connected to the
discontinuity point [35].

B. WAVE PROPAGATION SPEED OF MODAL
COMPONENTS

In the case of the ideal system described above, the propa-
gation speeds of TWs along the medium can be derived, for
each propagation mode, as follows:

1 1 1
= Vy = Vg =
Voo * NI P \/Eﬂcg

For a non-dissipative system, the speeds of the three prop-
agation modes along a OHL are identical and equal to the
speed of light ¢, leading to the relation vp = vy, =vg = ¢ [36].

Differently, in a real three-phase system, it is necessary
to consider the attenuation of the TWs due to the resistive
behavior. In particular, in such condition the wave speed is
less than ¢ and it is not constant over the time because of
the different attenuation of the frequency components of the
wave front caused by the skin effect in the conductors and
in the ground [37]. In such conditions, components of the
signal characterized by higher frequencies, damp faster than
those characterized by lower frequencies. This determines a
flattening of the wave front over the time. The main conse-
quence of this property is that the wave velocity of the entire
current signal changes as a function of time. In particular,
by hypothesizing a homogeneous line, the wave speed value
monotonically decreases when the TW propagates along the
line.

Since the skin effect on the conductor is negligible com-
pared to the one on the ground path, the speed propagation of
the aerial modes o and 8 can be assumed to be unchanged and
equal to the speed of light c. Otherwise, the speed propagation
of the earth mode component is more affected by this attenu-
ation since its current path involves the ground resistivity.

Vo

Y
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Some of the authors, in [2], proposed a methodology
to compute the earth mode propagation speed by consid-
ering the ground return path. By applying the Continuous
Wavelet Transform (CWT) [38] on the earth mode current,
it is possible to compute the wave speed of each frequency
component by selecting the proper spectral component of the
entire transient signal. The wave speed is constant for the
chosen frequency component, excluding small variations in
the discontinuity points. The wave speed for the earth mode
frequency component f* can be obtained by the following
equation:

w*
vo = — (12)
0

=~

where w* = 27f* and k{ is the imaginary part of the propa-
gation constant k:

ko = k{ + jko = /(ro + jo*lo)(go +jw*co)  (13)

where the parameters ro, £o, go and cq are related to the zero
sequence (for the considerations made above) and consider
the resistive behavior of the ground return.

By neglecting go, which is typically very small, especially
for OHL lines, it is possible to demonstrate that for frequen-
cies higher than 10 kHz the zero sequence parameters can be
expressed by [39]:

N Psoil

ro = 1,35 Psoil (14)
ha
4ha) 210 [ psoir
Lo = 1.3810 — )+ — (15)
0 g10 (deq ha v/ Iz
24 1
o ——F—— (16)

?10.%10 (%)

where pg0;; is the ground resistivity, d., is the equivalent
diameter of phase conductors while 7, is the average height
of conductors from the ground. The formulation (12) has
been applied in [2], for fault distance estimation purposes,
to compute the speed propagation of the earth mode on real
OHL at different frequencies. Nevertheless, the limitation of
this formulation is linked to its dependence on the geomet-
rical disposition of the monitored line and, for this reason,
it is accurate for simple OHL configurations. In fact, when
other adjacent OHLs are considered in the analysis and when
the OHL under analysis presents different phase disposition
and different heights along its path, the propagation speed
assumes multiple values. In this case, a fault location method
based on the lattice diagram in unable to choose a-priori the
speed associated to each TW reflection.

C. EARTH-MODE PROPAGATION SPEED AT HIGH
FREQUENCY

This paper proposes to overcome the limitations introduced
by the earth-mode propagation speed, in order to imple-
ment an algorithm which can be totally independent of the
propagation speed. With this aim, it is interesting to focus
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FIGURE 2. Speed propagation of the earth mode as a function of
frequency.

on the formulation (12) and to study its dependence on the
frequency. In particular, the purpose is to derive the limit
of (12) when frequency tends to infinite:

. 2nf 1
lim - - - = =c (17
f—o0 imag (J(ro + j2mfLo)j2mfeo) Voco

The step-by step solution of the limit is reported in
Appendix A. The result of (17) shows that, when the fre-
quency tends to infinite, the speed propagation of the earth
mode for a dissipative system tends to the speed of light (as
for the case of non-dissipative system). In Fig. 2, the prop-
agation speed of the earth mode component vy is computed
by increasing the frequency up to tens of MHz, considering a
standard OHLs of an Italian 60 kV grid. The result shows that,
with the increasing of the frequency, the propagation speed
approaches the speed of light c.

This consideration enables to use the speed of light as the
reference speed for every modal component, without losing
accuracy, whether the frequency component selected for the
TW analysis is sufficiently high, e.g., the highest recorded
by the instrument. Practically speaking, since the modern
devices used for detecting TWs can reach about 10 MHz of
sample rate, the approximation of (17) introduces an error of
about 1.5 % in the fault distance estimation.

This consideration, together with the ones discussed in
Section II-C, are exploited to implement a new fault location
method based on TW identification which can deal with big
network complexities.

Ill. NEW TRAVELING WAVE MATRIX IDENTIFICATION
METHOD (TWMI)

The purpose of the new methodology, called Traveling
Wave Matrix Identification (TWMI) method, is to deter-
mine the distance of a single-phase fault occurred along a
HV unearthed-operated OHL with a derived branch, from
a single-ended device equipped with a Traveling Wave
Detector (TWD).

The method also allows to consider the presence of
other OHLs connected to the same bus where the TWD is
connected and the discontinuities in the geometrical phase
disposition along the monitored line. The most general single
line diagram of the network under analysis is shown in Fig. 3.
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FIGURE 3. Single line diagram of the network under analysis.

A. WAVELET TRANSFORM AND SCALE SELECTION

After the fault occurrence, the TWD records the three phase
currents I, i, and i, with a sample rate of 10 MHz. The
adopted sample rate is not related to the present fault location
method for itself, but to the model complexity of the EMTP-
RV environment. In fact, the simulation environment requires
an integration step which is lower than the propagation con-
stant of the line model. In the specific case, due to the model
complexity, the minimum required integration step to have
the electromagnetic model convergence is equal to 10 MHz.
The three signals are processed by applying the modal trans-
formation in (5) and then the CWT, similarly to what has been
done in [2].

The CWT acts as a filter for specific frequency component
of the signal and it is extremely useful to isolate the reflected
and transmitted TWs originated from the fault section [38].

Based on the considerations expounded above about the
earth-mode propagation speed, the new methodology, differ-
ently from [2], extracts the lowest possible scales of the CWT
in which the propagation phenomenon is still detectable (it
has been verified that, for very low scales, no reflections can
be distinguished). In this study, the adopted mother wavelet
is based on the symlet 2 function, which is largely used for
CWT-based TW fault location methods [2], [40], [41]. The
choice of this mother wavelet has been confirmed also by
several tests, since it has been observed that it fits better with
our approach, probably because the symlet 2 shape is very
similar to the transient fault current waveform. Nevertheless,
in Section IV, the results are presented also for different
mother wavelets.

In order to identify the fastest phenomena, the CWT is
applied in cascade to filter the modal components until
only the higher frequencies remain. The output signals of
these processes are used to select the reflection peaks (as
expounded in the next session). Fig. 4 shows the transforma-
tions and the filtering process applied to the initial signals
ip(D). InFig. 4, y (s, ) are the CWTs of the signals iy, (0), s is
the scale factor, T is the shifting factor and ¥* is the complex
conjugate of the chosen mother wavelet. The coefficients si,
s1, s are the scales used for the three CWT filtering steps
and they have to be tuned for the line under analysis.

B. TW PEAK SELECTION: ELIMINATION OF EXTERNAL
REFLECTIONS

The signal Il (t) obtained by the CWT scale selection pro-
cess is then processed to extract the TW reflection peaks
useful to identify the fault distance.
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FIGURE 4. Flow chart for the wavelet scale selection.

The first step is the identification of the peaks associated
to reflections of TW originated from the fault section and
reflected by external line sections, out of the monitored line.

If a fault occurs in the monitored line, the TW reflected by
external lines (connected to the same node where the TWD
is installed) are originated by the first TW transmitted at the
instant ¢y (see Fig.5).

For this reason, the time instant related to the reflection of a
TW coming from external lines can be computed by knowing
the time instant of the first reflection peak detected by the
TWD and the propagation speed, by the following expression:

fos = 10+ =2 (18)
Vo
where fg [s] is the arrival time of the first reflection detected
by the TWD, L., [m] is the length of the external line and vg
is the propagation speed, equal to the speed of light.

This procedure can be similarly applied for all the lines out
of the monitored one.

The identification of the f.x time instants associated to
an external line or to the discontinuity along the line allows
finding the corresponding peaks of the signal IIL,(t) to be
ignored by the signal processing described in the reminder
of this section. The peak elimination process is performed
within a tolerance band of + .y around the 7.y instant.

C. TW PEAK SELECTION: IDENTIFICATION OF PEAKS OF
INTEREST
The increase in complexity of the grid around the monitored
line, together with the presence of mutual coupled line por-
tions, the presence of derived branches and the presence of
discontinuities along the line make the exploitation of the
classical criteria based on the peak energy content or the peak
polarity to identify the fault distance in a single-ended scheme
quite difficult to apply.

For this reason, this paper introduces a different fault dis-
tance identification criterion based on the knowledge of the
topology of the grid. In fact, the presence of discontinuities
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FIGURE 5. Scheme illustrating the identification of external reflections.

modifies the surge impedance of the line generating a
reflected and a transmitted wave.

By exploiting this physical phenomenon, the method con-
siders all the possible reflections of the TWs for each
discontinuity present along the line (therefore not only from
the fault and from the ends of the line) and through a com-
parative analysis identifies the correct peaks to compute the
fault distance.

To physically understand the methodology, refer to the
diagram in Fig. 6 where, for illustrative purposes, three dis-
continuities along the line are considered, namely disl, dis2,
dis3 in Fig. 6.

The two peaks corresponding to the time instants high-
lighted in black (t; and tepq) are those traditionally considered
for the calculation of the fault distance and allow the correct
estimation of the distance via the well-known (19) and (20):

_(t1 —10)vo
2

dend = Leng — M (20)
The other peaks that reach the TWD at times tggs(l), t;s(z)
and 14, originate from reflections coming from disconti-
nuities along the line. Similarly to what is done above in (19)
and (20), it is possible to associate each peak with the relative
time instant. In particular, two cases can be identified based
on the position of the discontinuity with respect to the fault
section. If the discontinuity is located after the fault section
(e.g. Lyis2) and Lyjg(3)), the expression that returns the correct
distance is given by (21), similarly to (20):

d (19)

(tgisg) — T0)V0
2
where Lgis is the distance between the TWD and the

discontinuity.
Otherwise, if the discontinuity is located before the fault

section, the expression that returns the correct distance is
given by (22):

dn— = Lyis() — 2n

(t;;s(/) — o)vo
2
Ideally, each peak recorded by the TWD is related to a
different formula between (19)-(22), but since the fault dis-
tance and therefore the real arrival sequence of the peaks is
not known a priori, the method applies simultaneously each
formula to each peak time instant, starting from the second

dn+ = Lais) + (22)
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FIGURE 6. Lattice diagram of a line considering the reflections from the
points of discontinuity.

peak recorded by the TWD (the first peak recorded is for sure
the one coming from the fault section). With this assumption,
for a line with ngjs internal discontinuities and mg;; derived
branches, the system of equations to be considered is:

di = (1 —2t0)V0
dn— = Laistn) — (&= v
s = Lasy + 0% 3
Ao = Lo — (x — 10)vo
| dona = L - (1 —2t0)V0

where x € {1,...,2nqis+3mgir+2},n € {1,..., ngis+mqir } and
m € {1,..., mgir }. Therefore, the total number of formulations
to apply is nyor =2ngis+3mgir+2 and the number of peaks to
extract from the recorded signal is npeaks = Mot +1.

The first npeaks peaks are selected from the signal Il (t)
in order of amplitude, from the largest to the smallest one.
Then, each formula of the system (23) is applied to each time
instant related to the selected peaks except for the first one
(the first peak detected corresponds to #y and it is used as a
reference for the application of (23)).

The result of this application is a n X 1yt matrix indicated
as fault distance matrix G in the following. The structure of
this matrix is represented in Fig. 7, for a line with ng;s =2 and
mgir =1. Each column represents the application of a different
formula of (23).

Each row refers to a time difference between the first peak
arrival time to and the arrival time of the other peaks selected
by the algorithm, ordered from top to bottom from the most
energetic peak to the lowest one.

It is worth noting that the peaks whose amplitude is below
a certain threshold compared to the amplitude of the first peak
detected are not considered by the algorithm.

For this reason, in some cases it is possible that the rows
of G are less then n,;, depending on the case under analysis.
The threshold parameter for this elimination process is called

Yiim-
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FIGURE 7. Construction of the fault distance matrix G.

D. SEARCHING THE FAULT DISTANCE BEFORE THE
DERIVED BRANCH

The matrix G contains 7, X1s,; numeric values in units of
length. In cases where one of the expressions of (23) related
to column j is applied to the time difference in row i corre-
sponding to the correct peak of the lattice diagram, the correct
fault distance is found in element (i, j). Therefore, if the first
Nt Most energetic peaks recorded after the first are actually
related to the formulas reported in (23), in each column of
the matrix there would be an element that corresponds to the
correct fault distance.

This does not always happen in practice, since, depending
on where the fault is located along the line, peaks may arrive
at the terminal from multiple reflections of other peaks which
do not necessarily correspond to one formula of (23).

However, it happens that there are elements of the matrix
with similar values in different columns, up to a certain
tolerance. Among these repeated elements, there is certainly
the correct fault distance.

The algorithm searches the matches among all the elements
of the matrix in different columns of the matrix, setting
a tolerance &.,,-. From the matching search, the following
empirically defined criteria may be applied by the algorithm:

o A: there are at least three correspondences in G for a
single distance: the fault distance is given by the average
of the distances identified by the matching search;

o B: there are at least three correspondences in G but for
several distances different from each other: the distance
is determined by means of a logic called BESTDIR
which exploits the distances between two points of
discontinuity, detailed in Appendix B (method B1).
If BESTDIR is not successful, the algorithm chooses
among the distances the ones whose matching values
are closest to the G(1,1) element, i. e. those that con-
sider more energetic peaks close to the TWD. If this
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last check indicates multiple distances, the algorithm
identifies these distances as possible candidates (method
B2);

e C: there are two or less correspondences in G for a
single distance or for multiple distances different from
each other: the BESTDIR algorithm is used (method
C1); if BESTDIR is not successful, the method chooses
among the distances the ones whose correspondences
are closest to the element G(1,1). If this last check indi-
cates multiple distances, the algorithm identifies these
distances as possible candidates (method C2);

o D: there are no correspondences in G: the fault distance
is given by the element G(1,1) i.e. by the most energetic
peak considered as coming from the first reflection from
the fault.

The flow chart in Fig. 8 summarizes the above-mentioned
cases and the operating logic of the method, starting from
the signals III,(t). The procedure is applied in parallel for
each of the three modal components so to obtain three fault
distance values.

The final fault position is estimated by combining the three
results as shown in Section IV.

The parameters used to build the flow diagram indicate
respectively:

e Dgpy: vector containing the distances with multiple
matches within the matrix G with tolerance &coyr;

o K vector containing the number of repetitions for each
distance in Dgpy;

e npept: number of different distances with the same num-
ber of repetitions within the matrix G;

o Dyt fault distance;

e BestDir: fault distance identified by the BESTDIR
function.

The procedure here reported does not cover the case where
the fault occurs after the derived branch. This specific case is
covered in the following paragraph and is represented in the
flow chart of Fig. 8 with the box “... searching fault after the
derived branch.”

E. SEARCHING THE FAULT DISTANCE AFTER THE DERIVED
BRANCH

The fault identification after the derived branch needs a cus-
tomized procedure since, when the fault occurs far from the
TWD, the number of reflections increases and the methods
above described sometimes return wrong results.

Take as a reference the lattice diagram in Fig. 9, related to
a fault occurring after the derived branch.

The TW that originates from the fault, as well as being
transmitted along the entire line and reaching the measure-
ment terminal at time fy, is reflected from the point of
line branching and generates another wave which in turn is
reflected at the derived branch end and reaches the TWD at
time tgir(1). Also, multiple reflections from the branch end can
arrive to the TWD at time fgir). The difference between the
arrival times of the two peaks recorded by the TWD, if used
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FIGURE 8. Flow chart summarizing the TWMI.

to calculate the fault distance with the usual formula (24),
returns the exact length of the branch:
Ly — (tair(k) — 10)vo
2

Since Lgir is known, it is possible to identify the peaks
reflected from the branch end directly from the fault matrix
G and in particular from the first column of the matrix, where
the distances computed with (24) (formally equal to (19)) are
located. The distance is identified within a certain tolerance
&dir,» SO the condition for the peak selection within the G
matrix is given by:

(24)

gp.1 — k- Lair| < &qir (25)

where gp 1 is the first column of G and k is a vector whose
dimension is the number of multiple reflections from the
derived-end branch. If exist elements of g, 1 satisfying (25),
i.e. gpx),1, the algorithm recognizes that the fault occurred
after the derived branch.

Then, the correct fault distance is identified from the
elements of the last column of G, for which the formula com-
puting the peaks as coming from the end-of-line reflection is
used. This assumption can be adopted since it is very likely
that the most energetic peaks recorded by the TWD in case
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FIGURE 9. Lattice diagram for a fault after the derived branch.

of faults far from the terminal are precisely those relating to
a reflection from the end of the line.

This observation arises from the fact that, when a fault is
located near the end-of-line terminal, the TW originated from
the fault point and reflected by the end-of-line are the first
to arrive at the TWD without further attenuations caused by
possible multiple reflections and therefore they present a high
energy content.

The element of the last column identifying the fault dis-
tance is the element just after the row where the elements of
gp(k),1 have been detected. Fig. 10 shows the flow diagram
that summarizes the procedure to locate the fault after the
derived branch. In the flow chart, idl=min(p— {pl}) and
idk = min(p- {p(k)}), where p is the vector containing the
indexes of the elements of the last column of G, p1 is the row
index of the element gp(1),1 and p(K) are the row indexes of
the elements gp),1.

The flow chart of Fig. 8 shows how the general method pre-
sented in section III-D integrates this new procedure. In fact,
if conditions (1) of Fig. 9 is not satisfied, the algorithm skip
after the block “...searching fault after the derived branch.”

IV. SIMULATION RESULTS

With the aim of testing the performance of the implemented
algorithm, the model of a real system is implemented in the
simulation environment EMTP-RV. Several faults are simu-
lated and the recorded currents are used as an input for the
TWMI algorithm.

The analyzed system is a portion of unearthed 50 kV
network located in Northern Italy, made up of the monitored
OHL and other OHLs connected to the bus where the TWD
is placed.

The model implemented in EMTP-RV is depicted in
Fig. 11. A single line diagram of the system under analysis
is shown in Fig. 12. The monitored line (in black in Fig. 12,
from Bus 1 to Bus 2) presents one derived branch (Lgjr)
and four different line stretches along its main path, each of
them characterized by a different tower top structure. Along
the stretch T1 the OHL is electromagnetically coupled with
another OHL installed on the same tower.

The detailed features of the monitored OHL are resumed
in Tab. 2 and the global features of the network are reported
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FIGURE 10. Flow chart of the fault distance search after the derived
branch.

in Tab. 3. The load supplied by the derived branch of the
monitored OHL is set to Sjpaqg =5 MW + j1 Mvar. The stray
capacitances of TR1, which have a non-negligible impact on
the earth-mode current behavior during the fault transient, are
modelled according to the considerations made by some of
the authors in [42].

Table 4 resumes the settings of the TWMI algorithm
adopted for the simulation presented in this section. A total
of twenty phase-to-ground faults has been simulated, ten of
which before the derived branch and the remainder after it.
The behaviors of the three phase currents flowing in the
Bus 1 are processed by the TWMI algorithm following the
fault event. The simulation has been performed by means
of a computer with a Intel(R) Core (TM) i7-7700K CPU @
4.20 GHZ processor and with 32 GB of RAM. The mean CPU
time to run each simulation for a single fault is 0.25 s.

Table 5 resumes the fault distances resulting from the
analysis of the three modal components for the faults before
the derived branch. The errors obtained for the faults before
the derived branches are, for each fault, far below 1%, with a
maximum absolute error of 32 m (for the fault at 3.63 km).

As shown in Tab. 5, the analyzes of the three modes not
necessarily use the same TWMI criterion but reaches the
same results. This demonstrates the effectiveness of the pro-
posed identification approach.

The analysis of the Beta mode, in average, is the one that
return the best results.

For faults close to the TWD, the algorithm is weaker and,
in some cases, returns two different possible solutions (for the
alpha and earth modes analysis).

Nevertheless, the combination of the three component
helps to identify the correct solution.

In order to exemplify the process used by the TWMI to
identify the fault, let us take as a reference the fault at 5.03 km.
Fig. 13 shows the three-phase current behaviors following the
occurrence of the phase-to ground fault.

Fig. 14 shows the earth-mode current resulting from the
Karrenbauer transformation.

Fig. 15 shows the signal III(t), resulting from the filtering
process of the CWT and the scale selection (refer to Fig. 4).
The CWT coefficients (CWC) are weighted on the amplitude
of the first peak detected. The peak selected by the algorithm
to build the fault matrix are circled in red. Instead, the peak
circled in black is excluded by the selection because it derives
from a reflection from an external line.
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FIGURE 11. EMTP-RV model.

TABLE 2. Detail of the monitored OHLs modelled in EMTP-RV.

T1 T2 T3 T4 Lair

Length [km] 2515 318 2121 3.624 0235

P [Qm] 1300 1300 1300 1300 1300
Conductor 141 141 141 1585 141
diameter [mm]

T00 [V/km] 0.257 0.257 0.257 022 0.257
Ground wire

Fage [Q/km] - - 6112 3191 -
D}ameter ground ) 75 105 )
wire [mm]

TABLE 3. Global features of the network modelled in EMTP-RV.

Line LW L@y LY TR1 TR2

126/ 52/

Voltage [kV] 50 50 50 50 S O
From bus 1 1 1 1 . B

To bus 2 2 4 5 . B

Length [km] 13.578 12.462 17.596 32.830 - -

FIGURE 12. Single line diagram of the system modelled in EMTP-RV.

For the sake of brevity, only the fault matrix G related to the
earth-mode component of the case under analysis is reported
in Table 6.
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TABLE 4. Setting of the TWMI algorithm.

Par. Value Unit Description

St 2 - Scale of the 1 CWT filtering

Si 2 - Scale of the 2™ CWT filtering

sm 0334 - Scale of the 3 CWT filtering

Text 1 s Tolerance for external peaks searching
Ngis 3 - Number of discontinuities
Mg 1 - Number of derived branches
Ecorr 25 m  Tolerance for matching searching in G
€Bdir 15 m Tolerance for BESTDIR algorithm
Edir 40 m  Tolerance for derived branch searching
Yim 0.5 % Threshold for peak elimination
Npeak - Number of selected peaks

TABLE 5. Results of TWMI for 10 phase-to-ground faults before the
derived branch based on the three modal components.

Fault Earth mode Beta mode Alpha mode TWMI Error

[km] [km] [km] [km] Method [%]*
0.62 0.62/1.90  0.62 1.91 C2/C2/D 0.02
162 090/1.62  1.63 0.9/1.61 C2/D/B2 0.05
252 253 2.48 2.48 D/A/B1  0.20
363 3.66 3.59 2.53 D/BI/D 024
503 5.05 5.04 5.05 A/A/A 0.10
643 643 6.43 6.43 BI/A/A  0.04
783 781 7.81 7.8 A/A/A - 0.19
8.54 854 8.52 8.54 A/A/A 005
925 923 9.4 9.23 CI/A/A  0.09
995 995 9.97 9.95 A/A/A - 0.05

*Percentage error computed with respect to the total length of the
monitored line, obtained by computing the average of the results related to
the propagation modes giving similar distances.

_140 phase a 100 phase b phase ¢
200
80
<-160
% 60 150
=]
2
g 40
O -180 100
20
-200 0 50
800 1000 1200 1400 800 1000 1200 1400 800 1000 1200 1400
Time [us] Time [pus] Time [us]

FIGURE 13. Simulated current following the fault at 5.03 km.

The empty spaces are negative values or values greater than
the monitored line length, so they are automatically deleted
by the TWMI algorithm. The green cells are the matching
distances identified by the algorithm.
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FIGURE 14. Earth-mode current related to the fault at 5.03 km.
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FIGURE 15. CWT coefficients resulting from the CWT filtering process,
related to the fault at 5.03 km.

TABLE 6. Fault matrix G of the earth-mode for the fault at 5.033 km.

5.05 279 | 491 | 7.56 | 12.88 | 15.00 | 5.14 | 8.53
2.53 530 | 742 | 5.05 | 10.36 | 12.48 | 7.66 | 11.05
2.82 5.02 | 7.14 | 533 | 10.65 | 12.77 | 7.37 | 10.76
4.90 294 | 506 | 741 | 1273 | 1485 | 5.29 | 8.68
5.23 261 | 473 | 7.74 | 13.06 | 15.18 | 4.96 | 8.35
10.11 12.62 | 17.94 | 20.06 | 0.08 | 3.47
8.59 1.37 | 11.10 | 16.42 | 18.54 | 1.60 | 4.99
7.58 026 | 2.38 | 10.09 | 1541 | 17.53 | 2.61 | 6.00
10.26 12.77 | 18.09 | 20.21 3.32

The algorithm has been tested also by applying different
mother wavelets in the CWT scale selection stage. In par-
ticular, the algorithm has been tested also for the Morlet
and for the Symlet 4 functions. Table 7 shows the output
results of TWMI for 10 phase-to-ground faults using Morlet
as mother wavelet, by analyzing the three-modal components.
Table 8 shows the results related to the Symler 4 function.
The results highlight that, for different mother wavelets, the
percentage error increases compared to the results obtained
with the Symlet 2 function, especially for faults close to the
measurement terminal and to the line branch. In general, the
Symet 2 is the mother wavelet giving the best results in terms
of percentage error for all the analyzed fault cases.

Fig. 16 compares the behavior of the wavelet scale selected
by the algorithm for the three mother wavelets. It is possible
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TABLE 7. Results of TWMI for 10 phase-to-ground faults using “Morlet”
as mother wavelet.

Fault Earth mode Beta mode Alpha mode TWMI Error

[km] [km] [km] [km] Method [%]*
062 0.62 0.62/1.89 191 C2/C2/D 0.01
1.62  0.90 1.64 0.18 C2/C2/D 533
252 25 0.18 2.50 D/D/C2  0.10
363 3.65 3.65 0.18 D/D/D  0.10
503 5.05 0.18 5.02 A/D/A  0.11
643 250 6.43 9.02 C2/A/Bl 4.93
783 571 7.83 7.84 A/A/BL 001
8.54 853 8.80 8.5 A/A/C1 005
925 926 8.81 8.81 Cl/A/A 323
995 024 8.90 8.90 C2UAA 173

*Percentage error computed with respect to the total length of the
monitored line, obtained by computing the average of the results related to
the propagation modes giving similar distances.

TABLE 8. Results of TWMI for 10 phase-to-ground faults using “symlet4”
as mother wavelet.

Fault Earth mode Beta mode Alpha mode TWMI Error
[km] [km] [km] [km] Method  [%]*
0.62 0.63 0.62 0.61/1.91 C2/D/B2 0.01
1.62 8.16 5.80 8.15 C2/A/B1 60.06
252 253 2.48 2.47 D/A/A 0.10
3.63 3.67 3.55 3.55 D/A/A 0.10
503 5.06 5.05 5.05 A/AJA 011
6.43 642 6.41 6.4 C2/A/A  0.15
783 2.12 7.79 4.18 A/B1/B1 34.58
8.54 853 8.53 7.10 A/A/B1  0.05
925 671 9.25 0.707 CI/A/D 4091
995 024 9.96 0.225 C2/A/D  71.64

*Percentage error computed with respect to the total length of the
monitored line, obtained by computing the average of the results related to
the propagation modes giving similar distances.
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FIGURE 16. Comparison between CWT coefficients for different Mother
Wavelets resulting from the CWT filtering process, related to the fault at
5.03 km.

to see that the morlet function is affected by an higher
attenuation.

As regards the fault after the derived branch, Table 9
resumes the fault distances resulting from the analysis of
the three modal components for the faults after the derived
branch. In this case, the algorithm manages to recognize, for
each fault, the branch in which the fault occurs.
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TABLE 9. Results for TWMI for 10 phase-to-ground faults after the
derived branch based on the three modal components.

Earth Beta Alpha Error
I[?l?::ll]t mode mode m;)de g’l‘zll\lild [Yo]*

[km] [km] [km]
10.06 10.82 10.04 10.05 PD2/PD2/A 0.16
10.42 10.85 10.40 10.40 PD1/PD1/P1 0.12
10.77 10.85 10.40 10.40 PD1/PD1/P1 2.70
11.12 10.76 12.40 12.40 PD2/PD1/P2 9.46
11.47 12.01 12.06 11.45 PD2/PD1/P2  4.16
11.82 10.81 11.76 11.76 PD2/PD2/P2 0.48
12.17 10.76 12.18 12.18 PD2/PD2/P2 0.03
12.52 12.51 12.51 12.46 PD2/PD1/P2 0.11
12.88 12.87 12.87 12.84 PD2/PD2/PD  0.04
13.23 13.22 13.29 13.17 PD2/PD3/PD2 0.44

*Percentage error computed with respect to the total length of the
monitored line, obtained by combining the results related to the propagation
modes giving similar distances.

As a first consideration, it can be observed that the
results obtained by the earth-mode analysis presents errors
on average greater than the one obtained by the other two
components. This is probably due to the greater attenuation
to which the earth mode component is subjected.

This phenomenon is true in general but becomes non neg-
ligible for faults far from the TWD. The combination of the
three modes returns, for the most, errors far below 1% also
in this case. Only three faults present errors over 1%, and in
particular the third fault (2.7 %), the fourth fault (9.46 %) and
the fifth fault (4.16 %).

The reason behind these greater errors in these three cases,
is that the correct distance is not present in the last column
of matrix G, but in the column related to the formula which
computes the distance based on the point of derivation. Fur-
ther research is necessary to overcome such loss of accuracy.

However, from the literature analysis [27], [29], it emerges
that the maximum errors of single-ended methods applied
to OHLs with a complex topology is comparable with these
values. Table 7 shows the fault matrix G resulting from the
analysis of the beta-mode of the fourth fault (at 11.12 km).
The red cell of Table 7 is the one automatically extracted
by TWMI and the green cell is the correct fault distance.
This result suggests that, for faults after the derived branch,
in some cases it is necessary to focus not only on the reflec-
tions from the end-of-line, which, as observed, do not always
generate a TW detectable by the TWD, but on those coming
from the point of derivation.

V. CONCLUSION

The paper presents the TWMI method, a novel TW-based
methodology which, by means of a single terminal, is able to
automatically compute the fault distance in a unearthed oper-
ated network with a complex topology, that includes derived
branches, line discontinuities and external lines. Authors
choose to investigate such operating condition since the
small value of the fault current complicates the fault position
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TABLE 10. Fault matrix G of the beta-mode for the fault at 11.12 km.

024 | 227 | 7.59 | 971 | 2.76 | 8.07 | 10.20 | 9.95 | 13.34
1.17 | 1.34 | 6.66 | 8.78 | 3.69 | 9.01 [ 11.13 | 9.01

10.02 12.53 | 17.85 | 19.97 | 0.17 | 3.56
11.18 13.69 | 19.01 | 21.13 240
10.24 12.76 | 18.08 | 20.20 333
048 | 2.03 | 735 | 9.47 | 3.00 | 832 | 10.44 | 9.71 | 13.10
2.77 506 | 7.18 | 5.29 | 10.60 | 12.73 | 7.42 | 10.81
142 | 1.10 | 642 | 854 | 393 | 9.25 | 11.37 | 8.77 | 12.16
235 | 017 | 548 | 7.60 | 486 | 10.18 | 12.30 | 7.84 | 11.23

detection and no methods in literature analyze this scenario
in depth. Moreover, the proposed approach is independent
of both the TW polarities and propagation speed, making it
relatively simpler and more versatile to apply.

The output of the methodology is the construction of a fault
matrix containing, for sure, the correct fault distance. The
algorithm is tested on a full flagged EMTP-RV model of a
real network, for 20 faults along the monitored line.

The results show that TWMI is able to automatically iden-
tify the fault distance for every fault before and after the
derived branch with a satisfying accuracy, by means of the
combination of the results of different modes of propagation.

Although the results are very encouraging, the present
approach still has some limitations that require additional
research activity. The first one is related to the adopted
sample rate. As mentioned, the minimum integration step to
obtain the model convergence is 10 MHz. Although there are
measurement devices with such sample rate available in the
market, further researches are ongoing to understand if the
present approach can work with the same accuracy even with
lower sample rates.

A second limitation of the present method is that the faults
after a line branch are identified with a lower accuracy com-
pared to the faults before the line branch. Even though in the
worst fault case the accuracy of the method is comparable
with the one of single-ended methods proposed in literature
for complex line topologies, this aspect could be improved
in the future. In particular, the carried-out analyzes suggest
that, in order to increase the precision of the algorithm, it is
necessary to focus, for faults after derived branches, not only
on the reflections coming from the end-of-line but also on
those coming from the point of derivation.

APPENDIX A
STEP-BY-STEP SOLUTION OF (17)
The limit (17) has a solution in the indeterminate form oco/co,
in which the order of the numerator n and denominator d
functions are the same:
n 00
lim ﬂ ~— (A1)
f—oo d(f) o0
This suggests that a finite solution is possible. First,
it seems convenient to isolate the frequency contribution by
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introducing the following expressions:

N 4h 210
ra = 135291 4 — 1.3810gy, (d—) by =2 o,
a eq

hq
(A2)

The expression of d(f) can thus be written as:

d(f) = imag (\/—4n2c0f2 (Ea + j—;) +j27'[C0raf\/]7)

(A3)

By recalling that the imaginary part of a square root of a
complex number, say z = a+jb, can be computed as:
imag (v/z) =

L b jll—a
|| 2
where, in this specific case:

a= —471’26Qf2 (Ea + %)
b= 27'rcoi"af\/]7

ol = 2T -\ a2 (0o + ) 472

the expression (A3) can be written as:

TfJf - \/4712 (Lav/F + E;,)z + r2+
27 2cof2 (za n %)

d(f) = + (Ad)

when f tends to infinite, it is possible to assume that:

472 (eaﬁ + zb)2 + 12~ 4x? (za\/f + &)2
a/f + )~ CaJf

ﬁb)
Za‘i‘_ ZZa
( i

s0 (A4) can be simplified as (by assuming f > 0):

d(f) ~ £,/472f2coly. (A5)

Finally, by recalling the initial limit in (17), it is possible to
write:
. 2nf 1
lim =
f=oo £2mf \/cola v colo
by only holding the positive solution and by remembering that
Ly = 4.

(A6)

APPENDIX B
BESTDIR FUNCTION: CALCULATION OF THE FAULT
DISTANCE BY EXPLOITING THE REFLECTIONS FROM THE
LINE DISCONTINUITIES
As already mentioned, the presence of discontinuities along
the line rises reflections of the TWs coming from the fault
which reach the TWD at different time instants.

If, on one hand, the presence of these discontinuities
increases the complexity in the identification of the fault
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FIGURE 17. Lattice diagram calculating the fault distance from the
BESTDIR function.
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FIGURE 18. Flow chart of the BESTDIR function.

distance, on the other it can constitute an advantage when
interpreting the peaks recorded by the TWD. In fact, if the
spatial distances between the discontinuities are known, and
thanks to the possibility of using the speed of light as propa-
gation speed, it is possible to convert the spatial information
into time-based one, relating the time differences between the
arrival of the different peaks at the TWD and the lengths of
the homogeneous sections of the line. In particular, consid-
ering a homogeneous stretch along the line equal to dyy, the
corresponding temporal distance can be computed by (B1) as
deduced from the lattice diagram of Fig. 17:

(& — ty)V()
2
where #; and ty are the arrival times of the two peaks orig-
inated from the fault and reflected from the starting point
and the final point of the homogeneous stretch dyy. The
algorithm, therefore, searches among all the selected peaks
the presence of time differences compatible with the spatial
distances between the discontinuities dxy (with a tolerance
egdir)- If the search is successful, the fault distance can be
calculated as an average of the elements of the matrix G in
the two rows corresponding to the two arrival times # and #y
and in the columns related to the two formulas referring to the

dyy = (B1)
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initial point and the final point of the homogeneous section.
The logic of this function is schematized in the flow chart of
Fig. 18.
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