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Abstract—To reduce the frequency and duration of interrup-
tions on the energy supply, electric utilities should adopt efficient
fault location approaches. Traveling wave-based methods are a
good alternative for fault location, as they are more accurate,
faster, and less affected by the fault characteristics than the
traditional impedance-based approaches. Basically, the accuracy
of traveling wave-based approaches depends on the precise
identification of the wavefronts arrival times in the meters, as
well as on their traveling wave velocities. However, most of the
traveling wave-based approaches adopt a single traveling wave
velocity to estimate fault locations, which may affect the accuracy
of the estimates since the waves tend to travel at different
velocities in conductors with different physical characteristics.
This paper investigates the effects of wave propagation velocities
on fault location estimates via traveling wave-based approaches.
Mathematical morphology is used to identify the arrival time of
the traveling waves generated by faults on the meters. Different
velocities, calculated based on the electrical parameters of the
network conductors, are used to determine the fault location in
a real distribution system.

Index Terms—Fault location, wave propagation velocity, trav-
eling waves, mathematical morphology, distribution systems.

I. INTRODUCTION

The industrial development and population growth have
caused an increase in complexity and size of distribution
systems, which provided the emergence of new regulatory
standards, requiring higher reliability, security, and quality of
power supplies [1], [2], [3], [4]. Due to equipment failure,
traffic accidents, animals, trees, weather conditions, etc., the
incidence of short-circuits in the network is the major cause
of interruptions on the energy supply system.

To reduce the frequency and duration of interruptions on the
energy supply, and decrease the economic and social losses,
effective fault location approaches should be adopted by
electric utilities [5]. The most used fault location approaches
in distribution systems are impedance- and traveling wave-
based methods [1], [6], [7], [8]. Impedance-based approaches
use voltages, currents, and network parameters information
to estimate the distance from a meter to the fault incidence
location. In some cases, load parameters are also needed.

Traveling wave approaches are more accurate, faster, and
less affected by the fault resistance, fault inception angle, and
fault type than the impedance-based approaches [9]. However,
these approaches require equipment with high sampling rates

and algorithms capable of identifying the instant of arrival
of the wavefronts to the meters. Consequently, they are more
complex, costly, and may require time synchronization [10].
Traveling wave approaches use the information contained in
the transients of current and voltage signals generated by
the faults. Then, the fault location is estimated through the
wavefronts’ arrival time on the meters and the velocity of the
traveling wave specified. These approaches can be based on
one- or two-terminal methods [6].

The accuracy of traveling wave approaches by one- or
two-terminal methods depends, among other factors, on the
precise identification of the wavefronts arrival times in the
meters, as well as on their traveling wave velocities. Several
approaches have been proposed in the literature to identify
the wavefronts and detect their arrival times, among which
Wavelet Transform (WT) [11], and Mathematical Morphology
(MM) [12] can be highlighted. Although WT is traditionally
more used, due to easy implementation and low computational
costs, MM emerges as a good alternative. Unlike WT, which
operates in time and frequency domains, MM acts on signal
waveforms directly in the time domain. It combines basic
morphological operations formed by addition, subtraction,
maximum and minimal operations, modifying or preserving
the desired information of the signals [12].

Traveling wave velocities are calculated using electrical
parameters such as the positive-sequence series impedance
and shunt admittance of the network. In typical distribution
systems, the network conductors have different physical char-
acteristics, implying distinct electrical parameters. Moreover,
these parameters change over the years due to the aging of the
conductors. Therefore, adopting a single traveling wave veloc-
ity to estimate fault locations via traveling wave approaches
may affect the accuracy of the estimates [13]. As such, it is
crucial to understand the effects of wave propagation velocities
on fault location estimates in distribution systems.

In this context, this paper analyzes the effects of the wave
velocities on two-terminal traveling waves-based fault location
methods that use only a single velocity to estimate fault loca-
tion in distribution systems. To this end, faults are applied in
a real distribution feeder modeled in ATP/EMPT, with several
available meters, and the fault locations are calculated for
each pair of meters using different traveling wave velocities.
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Clarke’s modal transformation is used to decouple the signals
in the phase domain into modal components. MM is applied
as a digital signal processing technique to detect the arrival
times of traveling waves in the meters from the signals in the
modal form.

The remainder of the paper is organized as follows. In
Section II, the basic concepts of traveling waves fault location
theory, and the two-terminal method is presented. Section
III reviews the basic concepts of MM and Clarke’s modal
transformation. Case studies are presented in Section IV.
Finally, conclusions are drawn in Section V.

II. TRAVELING WAVES BASED FAULT LOCATION
APPROACHES CONCEPTS

When a fault occurs in a power system, traveling waves
originate in the voltage and current signals. These waves travel
from the fault point F towards the line terminals, suffering
reflections, refractions, and attenuation. Fig. 1 presents a
Bewley’s lattice diagram, where the continuous and dashed
lines represent, respectively, reflections and refractions [6],
[12].

Fig. 1. Bewley’s lattice diagram. [6]

From Bewley’s lattice diagram shown in Fig. 1, the distance
from the fault to terminal A (dA) can be calculated by (1) or
(2) using data from one or two meters, where tA1 and tB1,
and tA2, respectively, the arrival times of the first and second
wavefronts reaching the terminals A and B, v is the wave
velocity, and L is the transmission line length. [6], [14].

dA =
(tA2 − tA1) · v

2
(1)

dA =
L+ (tA1 − tB1) · v

2
(2)

In this paper, the two-terminal approach is used to estimate
the fault location. Morphological filters are used to identify
the arrival times of traveling waves in the monitored terminals.
The wave velocity v is calculated based on the line parameters,
as shown in (3), where L1 and C1 are, respectively, the
positive-sequence inductance, and shunt capacitance.

v =
1√
L1C1

(3)

In typical distribution systems, the network conductors have
more than one electrical parameter configuration. According
to the meter positions, the traveling waves can travel through
the network conductors with different parameters at different
velocities. Therefore, defining the correct traveling wave ve-
locity needed to estimate the fault location distance from the
meter is a challenging task.

III. MATHEMATICAL MORPHOLOGY AND CLARKE’S
TRANSFORMATION

To highlight the wavefronts and identify its arrival times
on the meters, MM is used. In MM, two basics operators,
the so-called dilation, and erosion, operate directly in the
time domain, modifying the geometric aspect of the signal
locally [15], [12], [16]. These operators are calculated using
addition, subtraction, and extraction of maxima and minima,
representing a practical and computationally efficient tool.

Dilation and erosion are defined, respectively, by (4) and
(5), where f(z) is the input signal, and g(s) the Structuring
Element (SE), defined in the domains Df = {0, 1, ..., z − 1}
and Dg = {0, 1, ..., s − 1}, with z > s, where z and s are
integers.

(f ⊕ g)(z) = max

{
f(z − s) + g(s),

0 ≤ (z − s) ≤ z, s ≥ 0

}
(4)

(f 	 g)(z) = min

{
f(z + s)− g(s),

0 ≤ (z − s) ≤ z, s ≥ 0

}
(5)

Depending on the morphological filter type and SE, different
characteristics of the signal can be highlighted or attenuated.
In this paper, the Multi-Resolution Morphological Gradient
(MMG) is used to highlight the wavefronts reaching the
monitored terminals.

A. Multi-Resolution Morphological Gradient

MMG aims to depress stationary components and highlight
transients, extracting the rising and falling edges though two
flat SEs with opposite origins, as shown in (6) and (7), in
which the underlined element represents the origin of the SE
with size l [12]. In a flat SE, all elements are equal.

g+ = {01, 02, ..., 0l} (6)

g− = {01, 02, ..., 0l} (7)

The MMG is defined by (8), where ρag+ and ρag− are given,
respectively, by (9) and (10). The resolution level of the MMG
is indicated by a [12].

ρag = ρag+ + ρag− (8)

ρag+ = (ρ(a−1) ⊕ g+)(x)− (ρ(a−1) 	 g+)(x) (9)

ρag− = (ρ(a−1) 	 g−)(x)− (ρ(a−1) ⊕ g−)(x) (10)



B. Clarke’s Modal Transformation

The voltage signals in phase domain are decoupled into
modal components through Clarke’s modal transformation
to eliminate the influence that the phases wave propagation
velocities have on each other and identify the arrival times
wavefronts reach the meters. Clarke’s modal transformation is
defined by (11), where V a, V b and V c represent the phase
domain of the voltage signal and V α, V β and V 0 are the
voltage signal decoupled into modal components [17].V αV β

V 0

 =


2√
6

−1√
6

−1√
6

0 1√
2

−1√
2

1√
3

1√
3

1√
3

 ·
V aV b
V c

 (11)

IV. CASE STUDIES

Since by (2) only a single traveling wave velocity can be
adopted to calculate the fault location, the selection of the
traveling wave velocity can be a significant source of errors
in the fault location estimates.

To evaluate the impact of the velocity of the traveling
waves in fault location estimation, estimates using two distinct
velocities are computed. Simulations are performed on the
real 21-bus, 25 kV SaskPower distribution network [18] (Fig.
2), modeled in the ATP-EMPT [19]. Single-phase-to-ground
(SPG) faults are performed, as this is the most common type
of fault in distribution systems [4].

Fig. 2. SaskPower Network

The velocities are the [20]:
(i) Arithmetic Mean Velocity (AMV), which corresponds to

the arithmetic mean of the wave propagation velocities
in the electrical parameters between the meters, given
by (12), where r is the amount of electrical parameter
configurations between the meters.

(ii) Weighted Arithmetic Mean Velocity (WAMV), which
corresponds to the arithmetic mean considering the
length of each branch contained between each pair of
meters, given by (13), where vwamv is the WAMV
velocity, n is the number of branches between the meters,
w is the branch length against the distance between the
meters, and v(k−m)i is the propagation velocity of the
waves associated with the electrical parameters of each
branch connected by buses k and m.

vamv =
v(1) + v(2) + . . .+ v(r)

r
(12)

vwamv =

n∑
i=1

wi · v(k−m)i

n∑
i=1

wi

(13)

If there are different types of electrical parameters between
two meters, first, the velocities associated with each type are
calculated by (3). Then the AMV and WAMV velocities of
the pairs of meters are computed.

Due to the insensitivity of traveling-waves-based methods
to fault resistance value and type [6], a single fault resistance
of 1 Ω is considered for the simulations. The sample rate used
is 1.2 MHz, and meters are allocated on buses 1, 11, 12, 17,
and 21. SLG faults (on phase A) are performed at buses 2, 6,
7, 8, 9, 10, 13, 15, 18, and 20. The pairs of meters 1-11, 1-12,
1-17, 1-21, and 17-21 are chosen to evaluate the presence of
one, two, and three velocities.

The positive-sequence impedance and shunt capacitance,
as well as the propagation velocities, are shown in Table I.
For more information about the network, refer to [18]. The
distance between each pair of meters, WAMV and AMV
propagation velocities, as well as the branch lengths, are
summarized in Tables II, and III, respectively. Once the fault
locations are estimated, the errors are given by (14), where
dest and dactual are, respectively, the estimated and actual
distances from the bus with metering to the fault location.
The actual distances from the buses with meters to the fault
location, considering the pairs of meters defined previously,
are summarized in Table IV.

error = |dest − dactual| (14)

TABLE I
POSITIVE-SEQUENCE ELECTRICAL PARAMETERS - SaskPower [18]

-
Electrical Parameters

1 2 3
Series

impedance
(Ω/km)

0.3480 + j0.5166 0.5519+ j0.5390 7.3977 + j0.8998

Shunt
admittance
Mhos/km

j3.74×10−6 j3.59×10−6 j2.51×10−6

Propagation
velocity
(km/s)

271.21 ×103 271.01 ×103 250.85 ×103

A. Discussion

It is important to highlight that, for faults occurring outside
the path between the meters, the traveling wave-based methods
point to the closest bus as the fault location [4]. For this reason,
only the buses between the meters of each pair of meters are
tested. Assuming that the faults have already been detected,
the results are presented as follows.



TABLE II
WAMV AND AMV VELOCITIES AND DISTANCES BETWEEN METERS

Pair of
meters

Dist. between
meters (km)

AMV (km/s) WAMV (km/s)

1-11 37.01 271.11×103 271.15×103

1-12 20.92 271.21×103 271.21×103

1-17 34.92 264.36×103 266.96×103

1-21 38.94 264.36×103 266.54×103

17-21 18.50 260.93×103 253.48×103

TABLE III
BRANCHES LENGTHS

Branch Length (km)
1-2; 8-9; 10-11;

11-12; 8-13; 13-14;
13-15; 15-16; 15-17;

9-18; 18-19

2.414

2-6 16.092
6-7 4.023
7-8 5.150
9-10 4.506

18-20; 20-21 3.219

TABLE IV
ACTUAL FAULT LOCATION

Fault distance (km)
Faulted

bus
Bus with meter
1 11 17

2 2.41 - -
6 18.50 - -
7 22.52 - -
8 27.67 9.33 7.24
9 30.09 6.92 9.65
10 34.59 2.41 -
13 30.09 11.74 4.82
15 32.50 14.16 2.41
18 32.50 - 12.07
20 35.72 - 15.28

The errors obtained from estimating the fault locations using
the AMV are shown in Table V, whereas the errors of the
estimates calculated using the WAMV are presented in Table
VI. Analyzing the results shown in tables V and VI, it is
observed that the estimates found by the pair of meters 1-
12 are equal. This is due to the presence of a single electrical
parameter between the meters at buses 1 and 12, resulting in
equal AMV and WAMV. The estimates present good accuracy,
as a single propagation velocity does not represent a significant
source of errors.

The pairs of meters 1-11 and 17-21 have two electrical
parameters associated with them. The pair 1-11 has the Param-
eters 1 and 2, which have propagation velocities much alike

(see Table I). Therefore, their AMV and WAMV presented
almost the same values (271.12×103 and 271.15×103 km/s,
respectively), resulting in estimate errors slightly different. On
the other hand, the pair 17-21, despite similar estimation er-
rors, have parameter configurations (2 and 3) with propagation
velocities much different (see Table I). Such estimates were
achieved as a result of the similar values of AMV and WAMV
(260.934×103 and 253.483×103 km/s, respectively), obtained
as a result of the predominance of the Parameter 3 between
the meters 17 and 21.

Concerning the pairs of meters 1-17 and 1-21, which have
three electrical parameters between their meters, it is observed
that, in most cases, using the WAMV slightly enhances the
estimation accuracy. This is due to the contribution of each
electrical parameter to this propagation velocity. For example,
considering a fault at bus 2, the waves traveling through
the branches cover a distance significantly shorter through
Parameter 3 than through Parameters 1 and 2, implying a
WAMV velocity slightly greater than the AMV (see Table II).
Figs. 3 and 4 illustrate the results shown in tables V, and VI,
respectively.

TABLE V
FAULT LOCATION ESTIMATION ERRORS - AMV VELOCITY

Errors (m)
- Pair of meters

Faulted
bus

1-11 1-12 1-17 1-21 17-21

2 61 22.7 66.6 96 -
6 112 22.7 384.4 355 -
7 69 - 442.5 413 -
8 23 - 525.6 606.4 53.6
9 48 - - 597.2 76
10 61 - - - -
13 - - 406.2 - 31.6
15 - - 287 - 226.6
18 - - - 477.8 11
20 - - - 282.1 162
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Fig. 3. Fault location estimation errors - AMV velocity



TABLE VI
FAULT LOCATION ESTIMATION ERRORS - WAMV VELOCITY

Errors (m)
- Pair of meters

Faulted
bus

1-11 1-12 1-17 1-21 17-21

2 63 22.7 80.9 44.5 -
6 112.4 22.7 377.9 366 -
7 68.4 - 397 391 -
8 21.6 - 430.2 543.5 5.4
9 49.8 - - 514.3 85.2
10 63 - - - -
13 - - 285.8 - 95.7
15 - - 141.6 - 24.8
18 - - - 373.8 70
20 - - - 150 15
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Fig. 4. Fault location estimation errors - WAMV velocity

V. CONCLUSION

This paper discusses how the use of a single propagation
velocity affects the accuracy of fault detection algorithms
based on traveling wave approaches. Through the analysis
of fault simulations in a real distribution system, it is shown
that the velocity plays an important role in fault detection in
situations where there is more than one electrical parameter
associated with the conductors of the network.

For faults occurring on a path between two meters where
there are similar electrical parameters with close wave propa-
gation velocities associated with them, the obtained estimates
were close and presented good accuracy, reaching estimate er-
rors of around 20 m. On the other hand, when these velocities
were considerably different, the accuracy was compromised.
Furthermore, although some results were precise, many other
presented errors above 200 m. Estimates using the Weighted
Arithmetic Mean Velocity showed better accuracy in most
cases. This was achieved as a result of the weighted arithmetic
mean of the velocities associated with each electrical parame-
ter configuration, relating the length and electrical parameters
of each branch between these meters. The results also showed
that determining a single velocity is not a simple task; thus,
more studies are needed.
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