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Abstract

Introduction: electrical networks are sensitive to faults, and among the most common types, one of the most difficult to detect is
the High Impedance Fault (HIF). This type of fault can go unnoticed due to its particular characteristics, such as the ground resistance
and voltage drops in the electric arc.

Objective: to propose a stochastic hybrid model for simulating high impedance faults, using the Ornstein-Uhlenbeck process to
describe the random nature of these faults. The model focuses on key HIF parameters: ground resistance and voltage drops in the
electric arc.

Methodology: the Ornstein-Uhlenbeck process is used to model the randomness of high impedance faults. Simulations are conduc-
ted to compare the numerical results with experimental signals reported in the literature. Additionally, both continuous and discrete
wavelet transforms are applied to the line current signal to analyze fault characteristics.

Results: the simulations show a qualitative similarity between the numerical results obtained and the experimental signals available
in the literature. Both continuous and discrete wavelet transforms reveal typical features of high impedance faults, validating the
effectiveness of the proposed model.

Conclusions: the proposed stochastic hybrid model for high impedance faults is effective in simulating this type of fault, and wavelet
transform analyses demonstrate its ability to identify distinctive characteristics of HIFs, which can improve the detection and diagno-
sis of these faults in electrical networks.

Keywords: high Impedance Fault, Stochastic Hybrid System, Stochastic Process, Continuous Wavelet Transform,
Discrete Wavelet Transform.

Resumen

Introduccion: las redes eléctricas son sensibles a fallas, y entre las principales, una de las mas dificiles de detectar es |a Falla de Alta
Impedancia (HIF, por sus siglas en inglés). Este tipo de fallas puede pasar desapercibido debido a sus caracteristicas particulares, como la
resistencia a tierra y las caidas de voltaje en el arco eléctrico.

Objetivo: proponer un modelo hibrido estocastico para la simulacion de fallas de alta impedancia, utilizando el proceso de Ornstein-Uhlen-
beck para describir la naturaleza aleatoria de estas fallas. El modelo se enfoca en los parametros clave de las HIF: |a resistencia a tierra y las
caidas de voltaje en el arco eléctrico.

Metodologia: se utiliza el proceso de Ornstein-Uhlenbeck para modelar la aleatoriedad de la falla de alta impedancia. Se realizan simula-
ciones que permiten comparar los resultados numéricos con sefiales experimentales reportadas en la literatura. Ademas, se aplican transfor-
madas de wavelet tanto continuas como discretas sobre la sefial de corriente de linea para analizar las caracteristicas de las fallas.
Resultados: las simulaciones muestran una similitud cualitativa entre los resultados numéricos obtenidos y las sefiales experimentales dis-
ponibles en la literatura. Se observa que tanto en la transformada de wavelet continua como en la discreta, aparecen caracteristicas tipicas
de las fallas de alta impedancia, lo que valida la efectividad del modelo propuesto.

Conclusiones: el modelo hibrido estocastico propuesto para fallas de alta impedancia es efectivo en la simulacién de este tipo de fallas, y
los anélisis mediante transformadas de wavelet demuestran su capacidad para identificar caracteristicas distintivas de las HIF, lo que puede
mejorar la deteccién y el diagndstico de estas fallas en redes eléctricas.

Palabras clave: falla de alta impedancia, sistema hibrido estocastico, proceso estocastico, transformada wavelet continua,
transformada wavelet discreta.
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Why was it done?

IThe study was conducted to address the detection of high-impedance faults (HIF), which pose a significant risk to
human, animal, and environmental safety. Given that these faults are challenging to detect and testing them under
real-world conditions can be costly and dangerous, the study aimed to develop new algorithms and methods for their
detection. In this context, simulation emerges as a useful tool but requires suitable models that reflect the random natu-
re of these faults. Therefore, the authors focused on creating a stochastic model to emulate the random behavior of HIFs.
What were the most relevant results?

The most relevant results of the study include the development of a stochastic model based on an Ornstein-Uhlenbeck
process, which successfully reproduced HIF signals similar to experimental ones. This model enabled time and frequency
analysis using wavelet transforms, revealing characteristics of HIFs that may be useful for the development of detection
algorithms. In particular, an increase in high-frequency power was observed during fault occurrences, providing valuable
insights into the behavior of these faults under simulated conditions.

What do these results provide?

The findings provide a solid foundation for future research and developments in HIF detection. By offering an accurate
mathematical model to represent the random variation of fault parameters, this study paves the way for the experimen-
tal calibration and validation of the model. Moreover, the combination of wavelet analysis with a stochastic model could
facilitate the training of neural networks for HIF detection, offering an innovative and efficient approach to improving
safety in electrical systems.
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Introduction

Electrical networks are sensitive to faults. Among the main faults, one of the most difficult ones
to detect is the High Impedance Fault (HIF) (1,2). HIFs do not represent a threat to electrical
equipment (3). However, since this fault is characterized by the presence of electrical arcs it
represents a high risk to people, animals and vegetation (4). HIF occurs when a conductor, broken
or unbroken, makes contact with a high impedance surface, such as a high impedance ground
surface, a deteriorated insulator or a tree branch (5). Given the high impedance of the contact
surfaces, the currents generated by this type of fault are insufficient to activate the conventional
over-current protection devices (6). Also, other characteristics of HIFs include asymmetry,
randomness, build-up, shoulder, and intermittency (7).

Due to the difficulty of detecting HIFs, different detection techniques based on analysis in the
domain of time, frequency and time-frequency have been proposed (8). One of the most used
techniques today is the Wavelet Transform (WT) (9). WT is a tool that allows to analyze the
behavior of a signal in the domain of the time and frequency (10). This tool is widely used for the
analysis and detection of the HIFs due to its non-stationary behavior.

Both real and simulated data are used to develop detection algorithms based on the WT and other
techniques (11). Carrying out real experiments poses a high risk to power grids; it is very difficult
to carry out experiments where the appearance of several simultaneous faults is contemplated. In
addition, collecting real data represents some associated monetary costs. However, the study of
complex scenarios can be done more easily in a simulated way (12).

Therefore, it is necessary to carry out a modeling stage as a step before performing simulations.
The modeling of HIFs has been the cornerstone of several researches (5,7,11). One of the first
approximations for a model was proposed by Emanuel in (13), which is presented in Figure 1. This
model uses diodes and DC sources to explain voltage drops due to electrical arcs. It also explains
some non-linear characteristics of the current signals. In this case, a distortion is generated through
the diodes, which physically represents the zero conduction moments. One of the characteristics
that is not clearly defined in Emanuel’s model is randomness. There are some works that, using
models-based Emanuel’s model and circuits simulators, have recreated a random behavior

(11,12,14). However, no analytical explanation of this behavior is reported.

Figure 1. Emanuel’'s Model

There is a another potentially complex situation in the modeling process that Emmanuel’s model
could arise. Due to the presence of diodes, a set of circuit topologies is generated. Each topology

depends on the state of the diodes (on, off). The number of topologies is 2%; where is the
number of diodes (15). However, not all topologies have to be presented in a simulation, some of
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them are physically impossible. An alternative for modeling systems that change topology is hybrid
systems (16). They are complex dynamical systems that combine the interaction of continuous and
discrete dynamics. Each continuous system is governed by a continuous vector field represented
through a system of ordinary differential equations. The discrete dynamics are usually represented
by graphs, finite state machines or automata.

Although hybrid systems have been used successfully for the modeling, simulation, and control
of complex systems, they cannot reproduce the random characteristics of some processes (17). As
a response to this lack, stochastic hybrid systems have been proposed. This kind of system adds
random uncertainty to the processes. These random uncertainties can be added to the systems of
equations in the form of Wiener processes, generating a Stochastic Differential Equations System

(SDES) (18).

In this paper, a stochastic approach for modeling HIFs is presented. The proposed model is
generated from some Emanuel-based models. Unlike some previously reported studies, this model
offers an explanation for the randomness of the fault parameters by means of stochastic differential
equations. The proposed model is presented as a hybrid stochastic automaton. Some simulations
are carried out in order to show the qualitative similarity between the results generated by the
proposed model and the experimental results reported in the literature. Finally, the continuous

and discrete Wavelet transform has been applied to the simulation results in order to show the
appearance of the fault in the time-frequency domain and to demonstrate the susceptibility of this
model to generate proper characteristics of the HIFs.

The rest of the content in this article is distributed as follows. In section 2, a complete description
of the mathematical modeling of a HIF using hybrid systems, SDES, and Wiener processes, is
presented. Section 3 presents the Wavelet Analysis of the system. In Section 4 a discussion on HIF
models is addressed. Finally, some conclusions are listed in Section 5.

Mathematical Modeling and Simulation

Consider a single-phase power distribution line like the one illustrated in Fig. 2(a). Some similar

line models have been used in (19). This model considers a distributed capacitances equal to in
parallel with the source and the fault to give it a bit more realism. In addition, the total capacitance

IS

(a) (b)

Figure 2. Model of a power line affected by a high impedance fault: (a) Line model, (b) HIF model.

The selected HIF model is based on the Emanuel model (13) and it is depicted in Fig. 2(b). This
model has already been widely reviewed in the literature (20-24). The physical meaning of the

parameters is as follows: By and Rx represent the ground resistance, Vs and represent the

voltage drop in the electric arc. During a time of the positive half cycle, the current flows through

DP, Rﬂ, and Vo, Likewise, during a time of the negative half cycle, the current flows through D, Ry,

Ingenieria y Competitividad, 2024 vol 26(3) e-21614343/ sept-dic

4 /20

doi: 10.25100/iyc.v26i3.14343


https://doi.org/10.1016/S1474-6670(17)36405-4
http://sec.eecs.berkeley.edu/papers/99/StoHyb/StoHyb.pdf
https://doi.org/10.3166/ejc.16.583-594
https://doi.org/10.1109/TPWRD.2015.2507541
https://doi.org/10.1109/61.53070
https://doi.org/10.1109/ECTICon.2018.8619950
https://doi.org/10.1109/TPWRS.2012.2215630

Wavelet Analysis of a High Impedance Fault Modeled as a Stochastic Hybrid System Products

and . This model reproduces some typical characteristics of high impedance faults such as non-
linearity and asymmetry in currents (1). The main disadvantage of this type of model is that it must
be empirically verified (8).

By analyzing the circuit in Figure 2 using Kirchhoff's voltage and current laws, a mathematical

model of the system can be obtained. Let X = [Ve1, I Veal and Vin = A sin(wt) Therefore, HIF
can be modeled with the following system of ordinary differential Equations (1) to (3):

dX, = Aw cos (wt)dt

1

1
Xy == (Xz — Loue)dt

where fout is the output current and it can vary according to whether the system is operating

normally (t < taiF) or if the fault has occurred (£ = tair). lous is defined as follows:

%5 ft<t
=
R, HIF 2)
Iyip ift = tyr
where I51F is the current of the HIF and it is defined as follows:
0 lpr = XH = _Vu VoL = tHIF
X3 — Vp ¥ -
i = AL=TE

R, f X3 B HIF 3)
XEI + Hz

7 ifXas-V At Ztur

n

Although the model in Equation (1) can represent the non-linearity and asymmetry characteristic
of HIF, it cannot represent their stochastic nature. There are works that have addressed the issue
of randomness in HIF. In an attempt to recreate this behavior, some studies have used circuit
simulation software and statistic switches (25). Another strategy consists of randomly varying

the ®» and Rx values (26). Other works vary randomly both the value of the resistors and the
value of the DC sources (24). Although the random nature of high impedance faults has already
been recreated in the studies cited above, none of these articles offer a complete explanation
of randomness modeling. Next, one of the main contributions will be presented, which is the
approach of a stochastic model, to explain the variation of the parameters.

Stochastic Modeling of the HIF parameters
It is observed in the literature that the normal distribution has been used to represent the random
behavior of resistance to earth and electric arc (27,28). With this in mind, Gaussian processes can
be proposed to model Ry Ry Vs, and . The Ornstein-Uhlenbeck process model is known to be a
Gaussian stochastic process with applications in physics (29), electrical engineering (30), financial
mathematics (31), and other disciplines (32). Consider the Ornstein—-Uhlenbeck process represented
by Equation (4):

dX = 8(u— X)dt + odW 4
The stochastic process is also known as the Vasicek model, and it is used in financial mathematics
to describe the evolution of interest rates (33). In this model, W stands for a Wiener process, s

the long-term mean, is the speed of reversion to the mean and is the instantaneous volatility.
Vasicek model is useful for representing variables that do not drift toward infinity, but instead
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oscillate around a mean value, .The term ? (b — X) is known as instantaneous drift, it is the force
that pulls the process towards the long-term mean. On the other hand, the stochastic term 7@W js

a white noise with variance @~ This term causes the process to oscillate erratically around the long-
term mean.

Based on the Vasicek model, a stochastic process is proposed for modeling the parameters (RP, R,
Vs, and ) of a HIF. Consider the SDES representing by Equation (5):
dR, = 8 (ug — R, )dt + ogdW;

dR, = Oz (ug — R,)dt + opdiW,

dV, = 6y (py — V, )dt + opdiv;

dVi, = 8y (wy —V)dt + oydiW
Note that Equation (5) consists of a system of 4 independent equations. The stochastic variables

are assumed to evolve independently; however, in a future work, some link could be generated
dR

(5)

between them. Also note that for simplicity, the same parameters have been assumed for “*# and

dRy in the same way for 4% and @V It could also be interesting to use different parameters to
model the behavior of the components of the positive half cycle (RF and VF) and the components

of the negative half cycle (F= and ); this could accentuate some typical characteristics of HIF, such
as asymmetry.

Stochastic Hybrid System

Hybrid systems are a kind of dynamical system that combine the interaction of continuous and
discrete dynamics. Continuous dynamics are time-driven, while discrete ones are event-driven

(18). One way of understanding hybrid systems is through a state machine or automaton, a hybrid
automaton. In this type of automaton, each discrete state contains a continuous system, usually
modeled by a system of differential equations. The transitions between the different discrete states
are given by the evolution of the continuous variables.

Hybrid systems have been applied for the modeling, analysis, and control of complex systems. This
type of model does not give rise to uncertainties, given the deterministic nature of the equations it
contains. However, there are processes and systems with uncertain behaviors in the real world, and
this is when the use of stochastic models is necessary. There are several ways to add randomness
to a hybrid model. One way is to add it to the continuous models, generating SDES. Another way
is to add uncertainty to the transition rules between the different states. The last way is by adding
uncertainty to both the continuous models and the transition rules (16). In this work, the first

way will be addressed, where uncertainty will be added to the different continuous models that
represent the HIF. Thanks to this, a set of SDES can be obtained.

By analyzing the HIF model of Figure 2 and the Equations (2) and (3), it is observed that four
different circuit topologies or states can be presented. The four states are depicted in Figure 3.
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(a) State 1 (b) State 2

(c) State 3 (d) State 4

Figure 3. Circuit Topologies

The first state represents the operation of the system in the absence of fault. In the second state,

there is no HIF current flow ({zzr = 0), since the voltage is not sufficient to generate an electric arc.
In the other two states there is an HIF current, since the voltage is sufficient to generate an electric
arc. The third state corresponds to a current flow in the positive half cycle, while the fourth state is
for the negative half cycle. By taking Equations (1), (2), (3) and adding the random dynamics for the
HIF parameters proposed in Equation (5), a stochastic differential equation system can be proposed

for each of the four states. €6 X = Ver In.Vea, Ry R Vo Vo g Vi = A sin(wt) Next, a stochastic
model for each state from Equation (6) to (9), is defined:

State 1. The system operates without fault, t < tar.
. dX, = Aw cos{wt)dt

1.
E:X: = E{Xl - RX: _Xg}dt

1 1
dX3 —E{_X:—R_an}dt ©)
dXy = Oz (pg — Xy)dt + ogdW)
dXg = Oz(ug — Xg)dt + ogdWW,
dXg = By(py — Xe)dt + oypdWs
\d X7 = By (py — X;)dt + opdW,

State 2. There is a fault, but no current flow through the fault, ¥ = txr and far = 0,
/ dX, = Aw cos{wt)dt
1.
E:X: = E{Xl - RX: _Xg}dt

1
dXg == Xodt
3 C -

dXy = Og (g — Xy)dt + ogdW)
dXz = Olug — Xg)dt + ogdW,
dXg = By (py — Xg)dt + opdiWy
\dX; = By (py — X;)dt + opdWW,

(7)
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State 3. Fault current flow in the positive half cycle, T = Tair.
/ dX, = Aw cos{wt)dt
1.
d-X: = E {Xl - RX: - Xa}dt

1 1.
ﬂ:XE = — X:__{_XE_XE_} dt
4 C Xy (8)

dXy = Og(ug — Xy)dt + opdW)
dXs = O (ug — X5)dt + agd W,
dXg = Gy — Xe)dt + apdWy
\dX; = 6, (uy — X7)dt + apdW,

State 4. Fault current flow in the negative half cycle, £ = Larr,
/ dX, = Aw cos{wt)dt
1
dX: = E{XJ_ - RX: _Xa}dt

1 1.

dX, = 8z (ug — Xa)dt + opdW)
dXz = Oz (ug — X5)dt + agdW;
dXg = By (uy — Xe)dt + apdWy
\ dX, = 8y (uy — X7 )dt + opd W,

Now four SDES associated with four different states have been determined. Therefore, the
complete system can be modeled through a stochastic hybrid automaton, as illustrated in Figure 4.

Figure 4. Stochastic Hybrid Automaton

Conditions €1:€z: €3 and  determine transitions between states and are event-driven. They are

defined below:

ci:t =tyr N Xg > X3 > —X7 3 fault occurs but the line voltage is insufficient to generate an

electric arc.

€2:t =tyr N X3 = Xe 3 fault occurs and the line voltage is higher than the arc voltage on the
positive half cycle.
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€3:t = tyr A X3 = —X7 3 fault occurs and the line voltage is lower than the arc voltage on the
negative half cycle.

sz — Xg =01 the line voltage drops until it reaches Ve. The down arrow denotes the decreasing
direction of the event.

c5:X3 — X =0T theline voltage rises until it reaches Ve, The up arrow denotes the increasing
direction of the event.

ce:X3 + Xe =0T the line voltage rises until it reaches —Va.

¢7:X3 + X7 =01 the line voltage drops until it reaches ~Va.
Simulations

To numerically test the performance of the proposed stochastic model, some
simulations have been carried out. The SDES were integrated using the algorithm
proposed in (34). A medium voltage line was simulated with the following parameters:

A =44006[V],w = 1207 rad, R = 0.1[Q], L = 1.3 [mH],C = 18 [nF],RL = 3593 [Q] Regarding

the stochastic parameters (88 +Ha: Hiv 2 Or and %), these were chosen by analyzing the ranges
of variation used in (11), where simulations were carried out by randomly varying the resistance
to earth from 150 [QQ] to 12 [kQ] and the DC voltage associated with the electric arc from 1.5 kV
to 10.5 kV. The mean value of the variation intervals was selected as the values of the long-term

expected values, that is, Hr = 6075 and My = 6000, The other parameters were estimated keeping
in mind the long-term variance of a Vacisek process. For the process described in Equation (4), the

T
long-term variance is equal to 22 . The other stochastic parameters have been estimated in such a
way that the long-term standard deviations are equal to half the lengths of the variation intervals.

Based on the above, the following values have been chosen: fr = 1.28, &, = 1.28,05 = 9480 5n(
oy = 7200 Thijs study has assumed the previous values in order to demonstrate that the model can
recreate the stochastic behavior of a HIF with greater qualitative proximity.

Figure 5 illustrates the stochastic behavior of the HIF parameters. Note that unlike a conventional
Wiener process, these random walks evolve in the vicinity of the long-term expected values.
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Figure 5. Stochastic behavior of the HIV parameters

On the other hand, Figure 6 shows the random behavior of the line current. Two simulation
scenarios have been considered. In the first, the fault occurs throughout the simulation period,

turr = 0. In the second scenario, the fault occurs in the middle of the simulation period, tar = 0.05

. Figures 6(a)(b) show the evolution of , which represents the line current considering the leakage
currents derived through the capacitance between the line and ground. On the other hand, Figures
6(c)(d) show the current of the HIF itself. It should be noted that in practice, the current that is most

likely to be observed is . It can be shown that the real fault currents obtained experimentally have
a great qualitative similarity to those obtained with the stochastic model proposed in this work. For
example, in (35) and (36), the experimentally obtained fault currents have great similarity in shape
with IL. Even the small erratic oscillations of the current are reproduced by the proposed model.
This is achieved thanks to stochastic modeling of resistance to ground. On the other hand, the arc

voltage models (VP and ) generate asymmetry in the current peaks.
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Figure 6. Stochastic behavior of the HIV currents

Figure 7 depicts the I-V characteristics. Figure 7(b) shows the characteristic generated by the HIF
proposed model; it can be seen that it is qualitatively similar to that obtained by Emanuel (13).
However, this characteristic curve would be very difficult to see in practice, unless the fault is
reproduced in a laboratory environment, such as in (36). A characteristic curve that is easier to
obtain in practice can be seen in Figure 7(a). In the central part of this curve, it can be seen that the
current is not zero when the fault voltage is not enough to generate an electric arc. This effect can
be explained with leakage currents, which in the model proposed in this work, are those currents
that flow through the capacitance between the line and the ground. Other studies have reported
similar characteristic curves (11,12,37).

10000 A 10000 -
5000 5000
= >
<+ 0 i w 0 -
N N
~5000 - —5000 -
-10000 - ~10000 -
T T T T T T
-1 0 1 -1 0 1
I [A] e [A]
@) I vs Vir (b) Tarr Vs Vir

Figure 7. I-V Characteristics, trir = 05,
Wavelet Transform Analysis

WT generates a time-frequency representation of a signal. This property allows WT-based methods
to adequately analyze signals with a time-varying spectrum, such as HIF current (8). Given the non-
stationary nature of HIFs, WT is one of the most widely used tools for their analysis and detection.
However, developing a systematic wavelet-based HIF detection algorithm is a challenging task. The
most serious difficulties in using WT includes the subjectivity for choosing the mother Wavelet and
narrow capability for high frequency analysis (38).

Unlike the Fourier Transform, WT uses wavelets instead of sines. Wavelets are families of functions
generated from a single signal, the Mother Wavelet. Each of the wavelets are dilated and translated
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versions of the mother Wavelet. Dilation allows the mother wavelet to be scaled so that information
on high and low frequencies can be obtained. On the other hand, translation is used to obtain time
information. Wavelets are oscillatory signals that rapidly drop to zero; they are also differentiable,
compact, and zero-mean (3). Figure 8 illustrates the wavelets used in this analysis.

(a) Complex Morlet (b) Daubechies

Figure 8. Continuous and Discrete Wavelets

WT analysis can be performed in two ways: Continuous Wavelet transform (CWT) or Discrete
Wavelet transform (DWT). The purpose of this section is to perform both continuous and discrete
wavelet analysis to the results obtained by the proposed stochastic model. This work seeks more
than to generate a HIF detection technique to establish a reference framework for HIF modeling
that could be used in future work for the training and adjustment of algorithms and models for HIF
detection. To carry out these analyses, Python library called PyWavelets were used. CWT and DWT

of the line current signal ( ) were carried out, in order to appreciate the appearance of the HIF fault
in the time-frequency domain.

Continuous Wavelet Transform Analysis

The CWT is defined such as is presented in Equation (10) (39):
: = 1 jt—b
WTo(an) = [ 7)o (=2)at (10)
- W (1 i

where ¥{-) is the mother wavelet, which is continuously scaled by factor of and continuously

translated by factor of . The so-called Complex Morlet Wavelet as a mother was used, as shown
in Figure 8(a). By applying the transform to the current signal, the results illustrated in Figure 9 will
be obtained. Figure 9(a) shows the results of the transform when the HIF occurs during the entire

simulation time (fxzr = 05) It can be faintly seen that the highest concentration of signal power
is around 60 Hz. In a more interesting situation, Figure 9(b) presents the results when the HIF is

located in the second half of the simulation interval (fur = 0-555).
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(a) tHfF = 0s (a) tHfF = [].055

Figure 9. Spectrogram of IL

It can be clearly seen how the occurrence of the fault alters the spectrum. Although this type of
analysis makes it possible to locate the occurrence of a HIF, its practical implementation in an
electrical protection system is not very viable, given its computational cost.

Discrete Wavelet Transform Analysis

WT has one type of discrete implementation, the DWT. This type of transformation is often used
for HIF detection due to its ease of implementation and its relatively low computational cost (3).

The DWT of a signal f(x) is defined as is presented in Equation (11) (40):

_ 1 _ n— kay
DWTs(py(m,n) = l,—_Zf'[_k]‘P —m
v agﬂ & %o

(1M

where ¥(-) is a discrete mother wavelet, which is scaled by factor of g and translated by factor of
kag' The above transformation is usually carried out by dilating the mother wavelet by a factor of
two (o = 2), which is known as the dyadic transformation (36,40).

The computational implementation of DWT is usually done using a filter bank, as illustrated in
Figure 10. First, the discrete signal flnlis discomposed in @1 and @1 by means of a low pass filter
gMland a high pass filter h[n] respectively. @1 is called approximation of the signal and contains

low frequency components. On the other hand, €1 is known as signal details and contains high
frequency components. Each stage is implemented with down sampling of the low-pass filter
output. This feature makes it easier to calculate higher coefficients but limits the number of filtering
levels to a maximum level of decomposition. Nevertheless, the implementation of a filter bank is
computationally efficient (40).
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Figure 10. DWT as a filter bank.

The DWT to the current signal  up to the sixth level of decomposition, was carried out. For this,
the well-known Daubechies as a mother wavelet, was used. It has been seen in the literature that
this wavelet has been applied for the detection of HIFs. The main reasons for its wide use include
powerful performance, easy implementation, sensitivity to signals with low amplitudes, low period,
and fast decay. From the entire Daubechies family, the Daubechies wavelet 14 (db14) was selected,
as in Figure 8(b).

Figure 11 illustrates the results of applying DWT to the line current, . This study has analyzed

the case where the HIF occurs in the middle of the simulation interval: tars = 0.05 5, Only the high
frequency components were illustrated (details) because these coefficients are the ones commonly
used in fault detection algorithms. It can clearly be seen how all the details begin to manifest just
when the HIF appears. Some oscillation at the beginning can also be seen, but this is due to the

simulation starting at £ = 0, which implies an initial discontinuity; the electric signals did not come

oscillating from £ < 0.
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Figure 11. DWT, tHIF = 0.05s,

These results show that the DWT allows to distinguish between a normal behavior and a HIF, when
a stochastic model is used to represent the HIF. It is important to note that the proposed model
allows to represent the typical random dynamics of a HIF. Applying DWT to the data generated

by model proposed in this work could generate characteristics more similar to those of a real HIF,
which would allow better training algorithms for HIF detection.

Discussion

There are studies of random behavior of the electric arc parameters using Gaussian models. This is
the reason for using a Gaussian process like the Ornstein-Uhlenbeck to model the HIF parameters.
However, from the literature that has been searched, no explanatory mathematical model of the
random variation of the HIF parameters has been found. This is the main contribution of this

work. Most of the reported works use simulators such as PSCAD or MATLAB to perform numerical
experiments. The task of modeling the entire system with equations was addressed, which was
undoubtedly a more time-consuming task but one that gave us more control over the simulations.
The continuous and discrete Wavelet transform has been applied to the line current data obtained
with the proposed model. In both types of transforms, the appearance of the fault has been
clearly evidenced. In the case of the CWT, it was observed in the spectrogram how when the fault
occurred, the power of the high frequencies increased, while the fundamental frequency seemed
to fade. On the other hand, through DWT, the high-frequency details were obtained up to the sixth
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level. It was possible to see how these coefficients took on significant values before the occurrence
of the failure. Obtaining experimental data from a HIF is a difficult task. Given its cost and danger,
it also limits the study cases according to the availability of elements to experiment. That is why
the modeling and simulation of this electrical phenomenon takes on great meaning and value. The
proposed model generates results that are qualitatively similar to the experimental ones and allows
considering different scenarios for the fault. Additionally, given that the behavior of randomness
through equations has been described, this model is susceptible to being adjusted and calibrated
through experimental validation. The results of a stochastic model like this in conjunction with a
morphological or wavelet analysis could provide better data to, for example, train a neural network
for HIF detection. This is something that could be validated in future work.

Conclusion

A hybrid stochastic model has been proposed to represent HIFs. The model employs a SDES
based on an Ornstein—Uhlenbeck process, specifically the Vasicek model. This model was used to
represent the random behavior of the parameters of the HIF: resistance to ground and voltage
drops in the electric arc. The proposed model reproduces some characteristics of high impedance
faults such as asymmetry and randomness. A qualitative similarity was observed between the
current signals obtained with the proposed model and some experimental results reported in the
literature.
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