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Abstract—This work presents a comprehensive analysis of
the fault inception angle influence in the first wavefront
of the fault-induced traveling waves (TWs) for all types
of faults in a transmission line. The EMTP-ATP software
simulated fault-induced TWs for all transmission line fault types
considering the JMarti frequency-dependent transmission line
model, whereas an emulated transmission line in an experimental
setup generated fault-induced TWs of single line-to-ground faults
for validating the effects of the fault inception angle. This
work demonstrated that the energy of the fault-induced TWs
changes with the fault inception angle according to a squared
sinusoidal function, and pointed out the situations where there
is no TW in each type of fault. Besides the support for a better
understanding of fault-induced TWs, the analysis accomplished
here will be essential for further development of TW-based
detection, location, and protection methods.

Keywords—Traveling waves, fault inception angle, transmission
line protection and location.

I. INTRODUCTION

OVERHEAD transmission lines are usually long, and they
are subject to vandalism, weather, and environmental

conditions. Therefore, about 50% of faults in the electrical
power system occur in transmission lines [1]. Several issues
are a consequence of fault occurrences, such as loss of
stability, damages to system elements, and unavailability of
part of the power system. Therefore, it is necessary to clear
faults before exceeding the fault clearing time limit, improving
power quality and the people’s safety and reducing material
damage and power losses [2].

The most common transmission line protection schemes,
such as overcurrent and distance protections, apply phasor
estimation of the fundamental component, which usually
requires a power cycle delay time [2]. Additionally,
protection of high-voltage lines are subject to errors due
to shunt leakage current, current transformer saturation,
and decaying-direct-current [3]. All these problems induce
procedure errors such as false- or no-trip signals sent to
circuit-breakers. TW-based protection schemes are a promising
possibility since they are designed to be the fastest ones and
are less affected by the aforementioned issues [4].

Besides the protection, the accurate estimating of the fault
location is essential, and means fast transmission line recovery,
improving the availability and performance of the system [5].
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In this context, TWs carry important information about the
fault, such as the type of fault and the fault location, which
propagates in overhead transmission lines with a velocity
close to the velocity of light. Therefore, such information can
properly support fast and accurate transmission line protection
[4, 6] and automatic fault diagnosis methods, including the
fault detection, classification, location, and direction [5, 7–10].

The detection of TWs has limitations mainly due to
damped transients, specially for the zero-mode TW since
its energy is lower than that for the alpha-mode TW. This
can be seen in simulations and in real-world data. Therefore,
TW-based detection methods must face this problem. Several
mathematical tools have been applied by TW-based detection
methods, e.g, principal component analysis [11], mathematical
morphology [12], Park’s transformation [13], wavelet
transform [14], and differentiator-smoother filter [15], which
is used in commercial TW-based relays [16]. In addition,
the TW32, which is a traveling wave-based directional
function applied commercially, requires detection of zero-
and alpha-mode by means of the differentiator-smoother
filter and has presented good performance [6]. Most of
these methods report the challenge of detecting TWs for
specific fault inception angles. However, how exactly TWs
are affected by the fault inception angle in all types of faults?
This question is not well-reported in the literature.

This work presents a comprehensive analysis of the
fault inception angle influence in the first wavefront of
the fault-induced traveling waves for all types of faults.
The EMTP-ATP software simulated fault-induced traveling
waves for all transmission line fault types considering
the JMarti frequency-dependent transmission line model,
whereas an emulated AC transmission line in an experimental
setup generated fault-induced traveling waves of single
line-to-ground faults for validating the effects of the fault
inception angle. It is well-known that there are specific fault
inception angles where no traveling waves are generated,
termed as critical fault inception angle for TW-based methods.
However, this paper demonstrates that the critical fault
inception angles are different for all types of faults, and
they are a concern in SLG and line-to-line (LL) faults,
whereas TWs are always detectable in double line-to-ground
(DLG) and three-phase faults because there are relevant
TWs in at least on signal based on the fault inception
angle parameter. Furthermore, the first wavefront energy of
the fault-induced traveling waves changes with the fault
inception angle according to a square sinusoidal function.
Phase-, zero-, and alpha-mode traveling waves of currents
and voltages are evaluated in this paper. Besides the support
for a better understanding of fault-induced TWs, the analysis
accomplished here will be essential for further developing
TW-based detection, location, and protection methods.
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II. TW PROPAGATION THEORY

Faults in transmission lines result in TWs which propagate
towards the line terminals at a speed close to the speed of
light in overhead lines. Fig. 1 depicts the lattice diagram for
a fault on the middle of the line.

When the first wavefronts (vI, iI, vII, and iII) reach the line
terminals, some of this energy continues to propagate through
the system, as refractions (vIt and iIt), whereas another part
is reflected back toward the fault point (vIr and iIr). There,
they will again be reflected and refracted. Thus, refractions
and reflections will follow, generating waves with less and
less energy, until finally, the system reaches equilibrium more
than once.

The transmission line topology, as well as the parameters of
its conductors, determine the TW propagation velocity, which
can be estimated by v = 1/

√
LC, disregarding the losses,

where L and C are line distributed inductance and capacitance,
respectively. The TW transit time τ along the line is estimated
dividing the line length by its velocity. By applying a power
invariant transformation, like the Clarke’s one, it is possible
to obtain the velocities of the aerial (alpha) and earth (zero)
propagation modes.

III. THE REAL-TIME STATIONARY WAVELET TRANSFORM

The first-level RT-SWT wavelet coefficients associated with
the actual sampling time k/fs is given by [17]:

w(k) =

L-1∑
n=0

hψ(n)x(k − L+ n+ 1), (1)

where hψ are the coefficients of the wavelet filter; x is the
sampled signal, which can be a voltage or a current.

The spectral wavelet coefficient energy of the signal x
within a ∆k-sized sliding window is given by [18]:

ε(k) =

k∑
n=k−∆k+L

[w(n)]2, (2)

where k ≥ ∆k + 1; ∆k = L, which allows the fastest
extraction of the TWs.

IV. SEVERITY OF THE FIRST WAVEFRONT OF TWS

The wavelet coefficient energy during the first wavefront of
the TWs, termed in this paper as the first wavefront energy, is
proportional to the energy of this first wavefront. This is true
when: 1) the sampling frequency is high enough to isolate only
the TWs in the frequency spectrum of the wavelet coefficients,
which is from fs/4 to fs/2; 2) the first and second wavefronts
take place in a time enough to be distinguished, such as
in the best situation which is when the fault occurs on the
middle of the line. In this fashion, if the first wavefront is
relevant in magnitude, then the first wavefront energy will be
strong, whereas if the first wavefront is irrelevant, then the
first wavefront energy will present disregarded value.

The first wavefront energy is the area under the wavelet
coefficient energy as follows:

λ =

kt∑
n=ki

εw
x (n)fs, (3)
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Fig. 1. Lattice diagram.

where ki is the sampling associated to a time just before the
first wavefront arrival time and kt is the sampling associated
to a time after the first wavefront arrival time, but before the
second wavefront arrival time.

Fig. 2 depicts an example to compute the first wavefront
energy of a TW. The fault was simulated on the middle of
the line, where the time distance between the first and the
second wavefronts is one transient time. kt-ki was selected as
half transit time τ . kfwf and kswf are the actual sampling of
the first and second wavefront arrival time, respectively. Since
kt < kswf, the second wavefront of the TWs was not taken
into account.

V. SIMULATIONS OF TWS

A 60 Hz, 230 kV transmission system shown in Fig.
1 was modeled in the EMTP-ATP. The transmission line
with 200 km length, with topology presented in [6], was
modeled using the JMarti frequency-dependent line model
with ideal transposition and frequency response up to 10
MHz. The paramenters of the source connected to the Bus
I are: U = 230.091 6 1.536◦ kV, Z1 = 2.156 + j11.660
Ω/km, and Z0 = 11.484 + j31.504 Ω/km, whereas the
paramenters of the source connected to the Bus II are: U =
230.053 6 − 16.460◦ kV, Z1 = 2.156 + j11.660 Ω/km, and Z0

= 11.484 + j31.504 Ω/km, where U , Z1, and Z0 are voltage,
positive sequence impedance, and zero sequence impedance,
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respectively. A sampling frequency of 1 MHz was adopted.
The fault-inception angle was varied from 1 to 360 degrees, at
steps of 1 degree. The fault distance was taken in the middle
of the transmission line (dF=100 km) in order to avoid the
influence of the second reflection of the TWs in the detection
of the first wavefront. The fault resistance was Rf=0 Ω to
better highlight the effects of the fault inception angle in the
TWs. The alpha-mode velocity was estimated at 99.72% of
the speed of light, whereas the zero-mode velocity was about
93.94%. These propagation velocities were estimated with the
simulation of a phase A-to-ground fault, at Bus II, with a
measurement at Bus I.

A. General Features of the First Wavefront of TWs

Figs. 3, 4, 5, and 6 depict the first wavefront energy of SLG,
LL, DLG, and three-phase faults, respectively, in the base-10
logarithmic scale. They were normalized with the maximum
first wavefront energy of phase A in phase-A-to-ground (AG)
faults: max[λAG

A ] = 5.36× 10−4. Each figure depicts the first
wavefront energy as a function of the fault inception angle
for phase-, zero-, and alpha-mode currents at Bus I. The same
features were obtained for the voltages, which are not shown
in this paper. Specific details about each situation are provided
in the next subsections.

The Curve Fitting Toolbox of Matlab® was applied over
simulation results aiming the regression analysis of the
first wavefront energy as a function of the fault inception
angle for all fault types. Therefore, based on the standard
Levenberg-Marquardt optimization algorithm, the regression
analysis resulted in a formulation of the first wavefront energy
λ as a function of the fault inception angle θf, as follows:

λ(θf) = Λ0 + Λ1sin
2(θf + δ), (4)

where δ is an first wavefront energy shift angle; Λ0 and Λ1
are magnitudes of the first wavefront energy, i.e., they indicate
the severity of the first wavefront, which change with the fault
parameters. The first wavefront energy of the phase currents
(λA, λB, λC), the zero-mode current (λZero), and alpha-mode
current (λAlpha) measured at Bus I were assessed for each
simulation.

According to (4), the first wavefront presents maximum and
minimum values at specific fault inception angles according to
the type of fault. Table I summarizes the fault inception angles,
per type of fault, in which no TWs are generated (critical
fault inception angles), according to simulation results. The
maximum TWs are generated 90o after or before each
minimum point.

Despite presenting differences, SLG and LL faults have
something in common: their first wavefront energy reaches
the peak and valley values in the same fault inception angles
for all phase-, zero-, and alpha-mode curves. This means
that, for certain fault inception angles, the fault-induced TWs
are undetectable at any phase, zero-mode or alpha-mode.
Conversely, in the case of DLG and three-phase faults, this
issue does not occur because, for any fault inception angle,
there are at least two phases in which TWs can be detected,
even when there are no TWs on either zero- or alpha-modes.
Therefore, in theory, TW-based detection methods can detect

TABLE I
(CRITICAL FAULT INCEPTION ANGLES.)

Fault Component

Type A B C Zero Alpha

AG
0◦ 0◦ 0◦ 0◦ 0◦

180◦ 180◦ 180◦ 180◦ 180◦

BG
120◦ 120◦ 120◦ 120◦ 120◦

300◦ 300◦ 300◦ 300◦ 300◦

CG
60◦ 60◦ 60◦ 150◦ 60◦

240◦ 240◦ 240◦ 240◦ 240◦

AB
150◦ 150◦

All All
150◦

330◦ 330◦ 330◦

BC All
90◦ 90◦

All All
270◦ 270◦

CA
30◦

All
30◦

All
30◦

210◦ 210◦ 210◦

ABG None None
60◦ 60◦ 158◦

240◦ 240◦ 338◦

BCG
0◦

None None
0◦ 98◦

180◦ 180◦ 278◦

CAG None
120◦

None
120◦ 22◦

300◦ 300◦ 202◦

ABC
0◦ 120◦ 60◦

All
0◦

180◦ 300◦ 240◦ 180◦

TWs induced by DLG and three-phase faults for any fault
inception angle by using the phase-mode TWs.

B. Single Line-to-Ground Faults

According to Fig. 3, the peak values in AG faults match
with phase A current and voltage peaks at 90 and 270 degrees,
whereas the valleys, where no TW is detected, occur at 180
and 360 degrees. The healthy phases (B and C) present relevant
first wavefront energy, indicating that there are traveling waves
in health phases due to the mutual electromagnetic coupling
effects between the phase conductors according to the line
topology. However, the peak values of the healthy phases are
smaller than the faulty one. The first wavefront energy of
the zero-mode current also has significant values. The first
wavefront of TWs induced by BG and CG faults present the
same features, but with peaks and valleys in different fault
inception angles according to Table I.

In a practical application, TWs induced by SLG faults are
not detectable in specific fault inception angles. Therefore,
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TW-based detection, location, and protection methods will face
problems in faults with specific fault inception angles.

C. Line-to-Line Faults

The first wavefront energy of the phase-A-to-phase-B fault
(AB fault), in Fig. 4, have their peak values at 60 and 240
degrees, while the minimum values are at 150 and 330 degrees.
The first wavefront energy in phase C, the healthy phase, is
null even existing a mutual electromagnetic coupling with
the faulty phases because the TWs in its conductor result
from superposition between TWs with the same amplitude
but opposite polarity in the faulty phases. As expected in the
zero-mode, the first wavefront energy in any fault inception
angle is despicable. The first wavefront of TWs induced by
BC and CA faults present the same features, but with peaks
and valleys in different fault inception angles according to
Table I.

Line-to-line faults present more severe TWs than SLG faults
because the fault circuit is powered by two phases instead of
only one. For instance, the peak of alpha-mode first wavefront
energy in AB faults has a magnitude higher than the energy
peak in AG faults (Figs. 3 and 4).

In a practical application, TWs induced by LL faults are
not detectable in specific fault inception angles. Therefore,
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TW-based detection, location, and protection methods will face
problems in faults with specific fault inception angles.

D. Double Line-to-Ground Faults

According to Fig. 5, faulty phases in DLG faults present
relevant TWs irrespective of the fault inception angle. In
contrast, the healthy phase, the zero-mode, and the alpha-mode
have no TWs in certain fault inception angles (Table I). The
peak energy in all phases and alpha-mode TW takes place in
different fault inception angles. However, the peak energy of
the healthy phase takes place in the same fault inception angle
of the zero-mode TW.

For fault inception angles around 150 and 330 degrees, TWs
are dumped in phases A and B, whereas TWs in phase C,
the healthy phase, are the most severe (Fig. 5). Therefore,
depending on the fault inception angle, TWs of the healthy
phase are more significant than the ones in the faulty phases.

For fault inception angles around 60 and 240 degrees,
TWs of phase C, the healthy phase, and the zero-mode are
irrelevant. Therefore, there is TWs only in faulty phases, such
as in a LL fault. The first wavefront of TWs induced by BCG
and CAG faults present similar features, but with peaks and
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Fig. 5. First wavefront energy of ABG faults: (a) phase A; (b) phase B; (c)
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valleys in different fault inception angles according to Table
I.

In a practical application, TWs of phase currents induced
by DLG faults are always detectable for any fault inception
angle. Conversely, alpha-mode TWs, the most used by
TW-based methods, are not detectable in specific fault
inception angles (Fig. 5). Therefore, TW-based detection,
location, and protection methods will face problems in faults
with specific fault inception angles if alpha-mode TWs are
used.

E. Three-phase faults

According to Fig. 6, the peak energy of TWs in all phase
currents occurs in different fault inception angles. The same
features are true for the valley values. As expected in the
zero-mode, TWs in any fault inception angle are despicable.
In addition, three-phase faults present the most severe TWs
because the fault circuit are powered by all the phases (Figs.
3, 4, 5, and 6).

According to Fig. 6, TWs of a particular phase current are
irrelevant for specific fault inception angles. Therefore, there
are TWs only in two faulty phases in specific fault inception
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angles, such as in a LL fault. This feature would be a problem
for TW-based fault classification methods.

In a practical application, TWs of phase currents induced by
ABC faults are always detectable for any fault inception angle.
Then, TW-based detection, location, and protection methods
will not face problems related to the fault inception angle.

F. The Fault Resistance Influence in the Fault Inception
Angle Properties

The aforementioned effects of the fault inception angle are
true regardless the fault resistance. For instance, all the fault
scenarios used to evaluate the effects of the fault inception
angle in the traveling waves were one more time evaluated
considering the fault resistance of Rf = 33 Ω instead of Rf =
0 Ω. Figs. 7, 8, 10, and 11 depict the first wavefront energy of
AG, AB, ABG, ABC faults, respectively, by considering Rf
= 33 Ω and the fault inception angle from 0 to 360o. They
were normalized with the maximum first wavefront energy of
the AG fault: max[λAG

A ] = 4.13 × 10−4. This value is lower
than that in the case of Rf = 0 Ω (max[λAG

A ] = 5.36× 10−4)
because the energy of traveling waves decreases when the fault
resistance increases.

Comparing Figs. 7, 8, 10, and 11 to the related Figs. 3, 4,
5, and 6, despite different magnitude, the behavior of the first
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wavefront energy related to fault inception angle remains the
same regardless of the fault resistance. For instance, remains
the same the fault inception angles which occur traveling
waves with maximum and minimum energy, per type of fault.
In addition, the energy of traveling waves remains a squared
sinusoidal function with the fault inception angle.

VI. EXPERIMENTAL ASSESSMENT

The experimental setup shown in Fig. 9 was developed
to analyze the influence of the fault inception angle in the
first wavefront of TWs under conditions more similar to real
transmission lines and validate the analysis accomplished with
simulations. It is a three-phase version developed from the
single-phase experimental setup presented in [9, 19]. It allows
the generation, propagation, and measurement of TWs to assist
the study of TWs in controlled scenarios. The experimental
platform emulates a three-phase transmission line employing
a one-kilometer polypropylene flex cable with four insulated
copper wires with one square millimeter cross-sectional area.

As shown in Fig. 9, three insulated wires of the
one-kilometer cable are connected to each of the three phases
of the laboratory building main-grid at 127 V (RMS value):
VSA, VSB, and VSC. This connection point is called Bus I, where
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the neutral wire is grounded. The other end of the cable is
connected to a purely restive three-phase load with ZL = 100
Ω. This last connection point is called Bus II, and it is not
grounded. The fourth one-kilometer cable wire is connected
to the neutral of the main grid and is also grounded at that
point (Bus I). Its other end is connected to the neutral point
of the three-phase ungrounded load.

Only voltages could be measured with a sampling frequency
of 9.77 MHz. Fault resistors with resistance ZF = 33 Ω
were used in all fault configurations to avoid high fault
current levels, which could damage the various elements of
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Fig. 10. First wavefront energy of ABG faults (Rf = 33 Ω): (a) phase A; (b)
phase B; (c) phase C; (d) zero-mode; (e) alpha-mode.

the experimental setup. The fault application is controlled
manually through a push-button connected to switches. Since
the switches are electromechanical, there is a significant delay
between them while switching, which compromises the TW
analysis. Therefore, only SLG faults could be applied in this
experimental setup.

A thorough description of the experimental setup regarding
electromagnetic isolation, signal measurement, frequency
bandwidth response, data acquisition and analysis, strategy
for fault application, and the detailed evaluation of the TWs
propagation can be found in [9, 19].

Fig. 12 depicts the first wavefront energy of TWs induced
by AG faults experimentally. They were normalized based
on the maximum first wavefront energy of the phase-A
voltage: max[λAG

A ] = 1.48×10−5. By comparing the features
of experimental TWs in Fig. 12 with the TWs of simulated
AG faults in Fig. 3, then both fitted curves have peak values
and valleys at the same fault inception angle, both present the
same equation format, and the maximum value of the first
wavefront energy of the faulty phase is greater than the ones
of the healthy phases. Therefore, even using different system
topologies, the experimental and simulated results fitted well,
demonstrating the validity of the presented TW features.
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Fig. 11. First wavefront energy of three-phase faults (Rf = 33 Ω): (a) phase
A; (b) phase B; (c) phase C; (d) zero-mode; (e) alpha-mode.

VII. CONCLUSIONS

This work presented the influence of the fault inception
angle over the first wavefront of traveling waves considering
realistic computational simulations and experimental setup.
Some TW features are standard in all fault types, whereas
some TW features strongly change with the fault type.
These features are essential for designing TW-based detection,
location, and protection methods. In summary, the following
TW features are highlighted:
• The energy of TWs changes with the fault inception angle

according to a squared sinusoidal function, where TWs
present maximum and minimum values at specific fault
inception angles according to the type of fault.

• TWs are not detectable in specific fault inception angles
in SLG and LL faults, whereas they are detectable
for DLG and three-phase faults regardless the fault
inception angle. Therefore, TW-based detection, location,
and protection methods will face problems in SLG and
LL faults with specific fault inception angles.

• The detection of TWs based on the alpha-mode TWs will
be difficult in DLG faults with specific fault inception
angles, whereas the detection based on phase-mode TWs
would not be a problem.
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Fig. 12. First wavefront energy areas of AG experimental fault: (a) phase A;
(b) phase B; (c) phase C; (d) zero-mode; (e) alpha-mode.

• TWs of DLG and three-phase faults present features
similar to a LL fault in specific fault inception angles,
which would be a concern to a TW-based fault
classification.
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