Received: 24 October 2021 | Accepted: 02 December 2021

DOI: 10.37917/ijeee.18.1.5

| Revised: 02 December 2021

Vol. 18| Issue 1| June 2022

& Open Access

Iragi Journal for Electrical and Electronic Engineering

Original Article

Series and Parallel Arc Fault Detection Based on
Discrete Wavelet vs. FFT Techniques

Elaf Abed Saeed*, Khalid M. Abdulhassan, Osama Y. Khudair
Electrical Engineering Department, University of Basrah, Basrah, Iraq

Correspondence

*Elaf Abed Saeed

Electrical Engineering Department
University of Basrah, Basrah, Iraq.
Email: elaphabd96@gmail.com

Abstract

Arc problems are most commonly caused by electrical difficulties such as worn cables and improper connections. Electrical
fires are caused by arc faults, which generate tremendous temperatures and discharge molten metal. Every year, flames of this
nature inflict a great lot of devastation and loss. A novel approach for identifying residential series and parallel arc faults is
presented in this study. To begin, arc faults in series and parallel are simulated using a suitable simulation arc model. The fault
characteristics are then recovered using a signal processing technique based on the fault detection technique called Discrete
Wavelet Transform (DWT), which is built in MATLAB/Simulink. Then came db2, and one level was discovered for obtaining
arc-fault features. The suitable mother and level of wavelet transform should be used, and try to compare results with
conventional methods (FFT-Fast Fourier Transform). MATLAB was used to build and simulate arc-fault models with these
techniques.

KEYWORDS: Arc fault, Discrete wavelet transform (DWT), Fast Fourier Transform, Parallel arc fault model, Series arc

fault model.

. INTRODUCTION

Electrical fires are one of the most dangerous and
prevalent hazards of the twenty-first century. Over 2000
fires are recorded in Europe each year, according to Fire
Safe Europe, a European organization committed to
building fire safety, with buildings accounting for 90% of
all occurrences in the EU. Every year, over 4,000 people are
killed by fire in Europe, an average of 11 people each day.
7000 people are hospitalized to hospitals in Europe each
year as a consequence of serious fire injuries. [1]. As a
result, the arc fault is one of the causes. Series and parallel
arc faults are the two forms of arc faults. When a single
power conductor fails, the first and most typical kind
occurs. Between the neutral/ground and phase conductors,
a parallel arc fault arises.

Arc faults are detected using a variety of approaches,
including Arc Fault Circuit Interrupted (AFCI), Short-Time
Fourier Transform method, and Fast Fourier Transform. In
1998, the Arc Fault Circuit Interrupter (AFCI) was
introduced. The AFCI's intended duty of identifying arcs
that may contribute to fire triggers is explained in this
presentation. It compares the AFCI to overcurrent
protection equipment and ground-fault circuit interrupters;
current ratings for AFCI devices are 15 and 20 A at 120 V,
respectively. Industrial and commercial devices are now
unavailable. However, the technology lends itself well to
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these needs as long as the computer is geared to the load [2].
Detection and Implementation of Series Arc Faults In 2010,
based on the Short-time Fourier Transform. This technique
presents a substantial sequence arc fault detection method
based on three parameters to the 50Hz fundamental
variable, even and odd harmonics, using the STFT (STFT).
The detection algorithm's viability is partially validated by
results from a series of arc fault prediction tests and
unintentional tripping tests [3]. They also invented Fast
Fourier Transform-Based Real-Time Series AC Arc Fault
Detection. The Fast Fourier Transform was used to detect
real-time series AC arc faults in 2018. Using this tool, you
can identify current interference and compute the arcing
fault state on the device based on the spectrum from the FFT
measurement. This method, however, is inapplicable to
power-supply current with interruptions. Another problem
with FFT is the picket fence effect (resolution bias error),
which arises when a signal generates harmonics that are not
integral multiples of the resolution frequency [4].

In this paper, a suitable Simulink of series and parallel
arc faults is based on the arc gap energy-balance theory and
is created in MATLAB/Simulink. The arc current signal's
transient data is extracted using the discrete wavelet
transform. The fault moment is then calculated by analyzing
the singularity of the fault signal. The simulation results
demonstrate that this model is capable of accurately
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reflecting the features of real-world series and parallel
faults. Moreover, to investigate the various arc detection
technologies that are currently available and to evaluate
their limitations. With the use of MATLAB simulation,
examine and execute the new approach, Wavelet
Transformation, and compare the results with the traditional
method (FFT-Fast Fourier Transform).

1. SERIES AND PARALLEL ARC FAULT MODEL

Arc faults may be classified into two types: series and
parallel. The much more prevalent form of model is depicted
in Fig. 1 (a), and it occurs when a single power conductor
breaks. As a result of the connection in series, the maximum
arc current is restricted by the load current, which is
substantially less than the CB rated current, and the arc
current may or may not create enough heat to ignite a fire,
dependent on the load. [5].

When the insulator is damaged by mechanical, thermal
stress, or aging, a parallel arc fault occurs between the
neutral/ground and phase conductor [6]. The high-
impedance arc melts and carbonizes the insulator first in
this condition, following by the creation of the low-
impedance current path. Intense temperatures cause the trail
to develop, and if left unchecked, it might ignite a fire.

B R CIIIIEELTL ST ‘_
Arc
Arc |
® - & & |
Source Load Source Load

Fig. 1: (a) Series arc-fault. (b) Parallel arc fault.

A. Arc mathematical model

The arc fault is described as a self-sustaining electrical
discharge in conductive ionized gas [7], with circuit
operation conditions limiting the maximum current. Arc
may simply shorten the life of electrical devices or it can get
dangerous (for example, in metal conductors) and cause
spectacular occurrences like fires and explosions. The arc
fault is nonlinear, discontinuous, and lacks sinusoidal
features.

There are several models that may be used to

characterize its behavior. Cassie (for analyzing the arc
under high current and high plasma ambient temperature)
and Mayr's arc model are one of the most recognized.
[8]. The latter maintains a constant arc diameter and power
loss and represents arc conductance around zero current.
This model is excellent for arc fault modeling in residential
and office wiring since it works well for very low currents
(tens of Amperes). Mayr arc model is based on energy
balance theory, accordingly

Mayr’s arc fault model expression [9]:

d .
d_‘ZZeXl_Ploss 1)

Where:
%: storage energy variations per arc length

e Xi: input power per unit arc length.
i arc current.

IJEEE =

e: electric intensity in arc column.
P 10ss: power loss per unit arc length.

The model may be stated in the form of conductance
since the arc resistance value is relatively small [10].

N
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For Mayr's arc model, the differential equation given by:
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Where:

u: arc voltage, u = L X e

P,: Power loss in arc column,P, = L X P,es =u2 X g
u,: arc voltage constant

g:arc conductance

i=uxg

B. Model parameters

1) Determination of T
T: is the time constant of the arc fault, and can be

expressed as below:
axlp

T = (15)

Lp
Where:
Ip : is the peak current in the arc volt-ampere characteristic
curvet. Ip = 254
Alpha is the empirical value [9], take @=2.9 x 10
L p: is the arc length which is approximate-constant [9].
L, =2mm
2) Determination of u ¢
It is a constant voltage of arc and is expressed below [9]:
u. =25 XL,
(16)
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I11. ARC FAULT SIMULATION AND ANALYSIS

A. Series arc simulation analysis

It is developed simulation circuit design for assessing
the efficacy of the arc in MATLAB/Simulink platform. The
following are the arc simulation model parameters in this
case are listed in table (1), the simulation time ranges from
0 to 0.2 seconds, after which an arc current is generated by
using Controlled Current Source and measured using the
AM1 block. The VM1 block calculates the voltage across
the arc, and Rj,,q = 5 represents load resistance
(constants resistance of the load is assumed).

The differential equation editor (DEE) block is used
to describe Mayr arc model as shown in Fig.2.this block is
also calculating the arc current i, [9]:

lout =€¥Xu (16)

xo =log go 17)

go = le*sm (18)

Where: g, is the initial condition (initial arc

conductivity). The user defined function is used to build the
arc fault, so when the voltage source reach to a certain value
the arc initiated, the proposed MATLAB/Simulink model is
shown in from Fig.3.

B. Parallel arc simulation analysis

In the parallel arc model, the simulation analysis is the
same as the series arc fault analysis with the same model
parameters as listed in table (2), however the difference the
arc is controlled by using unit step function, and arc start
time is 0.05 sec, the load is short circuit for parallel arc fault
[11], the proposed Simulation model is shown in Fig.4.

In the simulation model of series and parallel shown in
Fig.3. and Fig.4 respectively, with model parameters, the

simulation of arc current waveforms of these models is
shown in Fig.5 and Fig.6.

[#] untitled71/DEE

|Ar-: fault model

Name:

# of inputs: 2
First order equations, fix,uk
(U2Y*(140. 0003825} ((u(1 P 2E042)1-1)

=0
log(10"4)

"~

Number of states = 1 Total=1

Output Equations, fl=,ul:
expix(1)*ul1)

| Help | | Rehuil-cll | Undo | | Done |

Status: READY

Fig. 2: The proposed DEE of Mayr arc model in
MATLAB.

Fig.5 shows series arc fault and it can be observed from
this figure, that when the voltage reached to a certain value
(220v), the arc is initiated.

Fig .6 shows the parallel arc current simulation result
with high current due to short circuit of load.
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Fig.3: Series arc fault simulation model.
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Fig.4: Parallel arc fault simulation model.
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Fig .6: Parallel arc current waveform.

IJEEE 4

The arc current waveform in these figures of series and
parallel arc faults is identical to a sinusoidal signal, but it
varies slowly in the zero-current region, which is defined as
‘zero-rest' and is also known as (flat shoulders) as shown in
Fig.5 and 6. In the time shown above, the output current is
extremely near to zero; it falls before reaching a value of
over-zero, but changes slowly until it reaches a value of
over-zero.

1VV. CONVENTIONAL FAST FOURIER TRANSFORM
METHOD FOR ARC DETERMINING

The Fast Fourier Transform is a mathematical method
that transforms data from the time domain into the frequency
domain. Simply put, the vertical axis is still amplitude, but
it is now measured against frequency rather than time [12].

The Fast Fourier transform (FFT) is a catch-all term for a
variety of algorithms. In contrast to the direct measurement
of the DFT, they all have a lower computational complexity.
The Cooley-Tukey algorithm [13], which decomposes the
original DFT into a set of smaller DFTs, is the most widely
used FFT algorithm. Two ways of decomposition are
decimation-in-frequency (DIF) and decimation-in-time
(DIT). They achieve speed, as with all FFTs, by reusing the
effects of smaller, intermediary computations to calculate
several DFT frequency outputs. The radix-2 Decimation in
Time (DIT) FFT algorithm method is used in this case.
Radix-2 DIT was selected because of its straightforward and
easy-to-implement form.

IV.WAVELET DETECTION

The series and parallel When a single-phase series and
parallel arc fault happen, the arc voltage and current
waveforms show considerable mutation and a large
singularity in the fault time. It is capable of extracting fault
information from complex transient waveforms and
calculating the fault moment. The Fourier transform is a
fundamental technique for investigating function
singularity. It can only identify the general nature of the
singularity due to the lack of spatial localization, making it
difficult to estimate the distribution of unique points in
space [12], [13]. To circumvent the disadvantages of the
Fourier transform, wavelet method is implemented to
properly localize the arc moment.

Because the CWT will give a lot of data redundancy by
accounting for every conceivable scale and shift step, it
turns out that choosing these steps on a dyadic basis will
make the analysis more efficient and space-saving [14], 15].
This concept has been used in the discrete wavelet
transform (DWT), which isa strong practical filtering
approach that allows for a quick wavelet transformation.

Signal analysis applications as seen in a previous
subsection may require the low frequency constituents of
the signal, other applications may require the high
frequency ones. It is for that reason, the conventions
approximations and details are usually common to the
DWT. Approximations represent the low frequency large
scale constituents of the signal, whereas details represent
the high frequency small scale signal constituents [14].
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The DWT generates signal approximations and details
by employing a collection of low and high pass filters. The
presence of such a collection of filters is dependent upon
the existence of two distinct sorts of functions, namely the
scaling function and the wavelet function, both of which are
unique to particular types of mother wavelets [14], [15].

The iterative process of analyzing the signal within the
set of DWT filters is called the Multi Resolution Analysis
(MRA). At the first decomposition stage, the signal enters
the low pass filter (LPF) specific to a certain mother wavelet
scaling function. The approximation coefficients (CA) will
be obtained after the convolution of signal samples with the
transfer function coefficients of such a filter and down
sampling by 2 [14].

To acquire the signal's detailed coefficients (CD) at the
first stage of decomposition, it must be sent through a high-
pass FIR filter (HPF) adjusted to the wavelet function, with
its samples convolved with the filter transfer function
coefficients, and then down sampled by two. At the second
decomposition step, the first stage approximation
coefficients will be handled identically to the input signal in
order to get the second stage approximation and detail
coefficients.

V. IMPLEMENTATION OF WAVELET & FFT
TRANSFORMATION IN MODEL

A. Series And Parallel Arc Fault Wavelet Analysis
Simulation Model

To design the series and parallel arc fault circuit with
Wavelet analysis it’s very important to selecting the best
mother wavelet function, having eight cycles and 256
number of samples per cycle means having a sampling time

i -5
(Ts) of S5ex50 which equals 7.8125 x 107> sec, the

inverse is the sampling frequency (fs) which equals 12.8
kHz. A program routine is written within MATLAB m-file
editor environment in order to perform the suitable mother
wavelet test. In this test, the wavelets used are the
Daubechies of the orders of 2 — 8 [116]. Test results for the
system are given in the Table (1), a plot revealing the
relation between each mother wavelet function and the
average error calculated is shown in Fig.7. It can be seen
from the results that the winner is the Db2 mother wavelet
due to having the least average error value. This mother
wavelet function can then be exploited in analyzing signals
to be presented to the decision-making system dedicated for
the detection of faults.

Now it’s also important to select the number of
decomposition level of wavelet analysis. Therefore, if the
aspects of signals to be extracted by the DWT can be
captured and discriminated at lower decomposition stages,
then such stages will be preferred over higher ones, as regard
to the selection of the best stage for the analysis, it is found
after performing a number of tests that the first

decomposition stage of the Db2 related DWT analysis is as
high, accurate, and computationally cost effective as
required to distinguish between healthy and faulty series and
parallel arc fault system states. And it’s found that CD1 in
the first level and the rest of the levels is the best detail
coefficient to extract the series and parallel arc fault
effectively.so, the first level was chosen for the presence of
CDlin it.

TABLE 1
Results of the Best Mother Wavelet Test
Mother Wavelet Average Error Value
Db2 1.4634e-08
Db3 1.3081e-07
Db4 2.8235e-08
Db5 4.5494e-08
Db6 2.8010e-08
Db7 3.4447e-08
Db8 6.0712e-08

=
@

Average Error Values
=
o

=
IS

0.2

o

Db2 Db3 Db4 Db5 Db6 Db7 Dba
Mother Wavelets

Fig:7. Best mother wavelet test results for the detection
scheme dedicated for the simple test system.

The mother wavelet function is Daubechies of order 2 is
the best mother wavelet here and the best level is 1.
Therefore, this analysis adopts db2 wavelet, analyzes arc
voltage and current waveforms in one-dimensional multi
scale. It is decomposed the two dimensions; the series arc
fault occurs when the voltage supply is reaching to ascertain
value. and the parallel arc fault occurs at 0. 05sec.where CAl
is the approximate coefficient and the CD1 is the details
coefficient 1, the model MATLAB/Simulink of series and
parallel arc fault is will be as shown in Fig. 8 and 9.
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The simulation model for series and parallel arc faults is
built in MATLAB/Simulink utilizing a dyadic filter bank
block in conjunction with a buffer block that conducts
frame-based processing from the DSP system toolbox in the
Simulink model. This procedure is the Dyadic Filter Bank's
Frame-Based Operation. The simulation model with a
wavelet detection model of series and parallel arc fault is
created in MATLAB/Simulink by employing a dyadic filter
bank block to build the wavelet detection online and a buffer
block with a buffer size of 2”n where n is the humber of
levels. This buffer block does frame-based processing from
the model's DSP system toolset. This procedure is the
Dyadic filter bank's Frame-Based Operation.

B. Series and Parallel Arc Fault FFT Analysis Simulation
Model

To simulate the FFT in MTLAB, we use the
implemented FFT Both the normal operation current and arc
fault current reanalyzed with FFT. MATLAB Simulink
online by using buffer is adopted and length of FFT is 64 the
radix-2 Decimation in Time (DIT) FFT algorithm method is
used in this case. Radix-2. The amount of data that can be
processed by Radix-2 is restricted to 2™[18],[19], it can be
seen from the simulation model of series and parallel arc
fault. the spectrum analyzer it used to shows the waveforms
in the frequency domain. This simulation models are online
model by using the implemented buffer tool. The proposed
simulation model in MATLAB/Simulink of series and
parallel arc fault with FFT technique respectively, are shown
in Fig.10 and 11.
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VI. SIMULATION RESULT

This section presents simulation results for wavelet
and FFT methods of series and parallel arc fault detection.

A. Simulation result with discrete wavelet detection.

The simulation result with wavelet detection model of
series and parallel arc fault with MATLAB/Simulink and
use dyadic filter bank block to build the wavelet detection.
These models are online simulation by using buffer as
shown in Fig.8 and 9.

MATLAB/Simulink wavelet transform and simulation
results of Arc current waveforms can be used to identify
where an arc fault happened. The Daubechies Wavelets are
an orthogonal wavelet family with compact support. This
enables high-quality extraction of localized signal
disruptions (ignoring fundamental components).

By least average of error, Daubechies wavelets db2
were determined to be capable of extracting arc-fault
information. The coefficients of the LPF and HPF FIR filters
were then determined and utilized in the method. The results
of its series and parallel arc fault operations are shown in
Fig.12 and 13.

Arc Current

Current in [A]

01 015

Time (seconds) .
Fault location
DWT,db2,CD1

Current in [A]

Time (seconds)

Fig .12: Simulation result of series arc fault using DWT
and db2.
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Arc Current & B. Simulation result with FFT Analysis
From the proposed simulation model of series and
parallel arc fault with FFT analysis implementation in
MATLAB/Simulink. The FFT results clearly show that the
harmonic amplitude of arc current is low when the circuit is
operating normally and when an arc fault happens, the
current spectrum’s amplitude increases also the numbers of
" harmonics are increase. This method determines whether or
Time (seconds) ' : not a certain frequency variable occurs and this knowledge
' ‘ Fault location is regardless of where this item occurs in time. This is why
Fourier Transformation is ineffective when the signal's
frequency varies over time, i.e., when the signal is non-
stationary. But to distinguish the arc faults from the healthy
signals, we analyzed these signals using FFT and found that
these results differ in the amplitude of harmonics of the
healthy and arc fault signals. To overcome this drawback of
FFT, we preferred DWT, the results of FFT technique of

Current in[a]

DWT db2,CD1

nt in [A]

Curre

o 015 series and parallel arc fault are shown in Figures from Fig.14
Time (seconds) to Fig.17.
Fig .13: Simulation result of parallel arc fault using DWT
and db2.

Frequency (kHz)

Fig. 14. Series healthy current waveform analyzed online with FFT Simulink

Fig. 15: Parallel healthy current waveform analyzed online with FFT Simulink.



Saeed, Abdulhassan & Khudair

81 TJEEE

No fault location

Frequency (kHz)
Fig. 16: Series arc current waveform analyzed online with FFT Simulink.

No fault location

Frequency (kHz)
Fig. 17: Parallel arc current waveform analyzed online with FFT Simulink.

TABLE 2 TABLE 3
The Series Fault Design Circuit Modified System The Parallel Fault Design Circuit Modified System
Parameters. Parameters.
Parameter Value Parameter Value
voltage source 311volt. Voltage Source Vs 311v
Frequency 50Hz Frequency 50Hz
arc length L 2mm Source Resistance 50
R1 50 - n
Start Time of Unit Step 0.05s
R2 0.00001¢0
Rioap 50 VI1. CONCLUSION

The identification of series and parallel arc faults was the
subject of this paper. A new MATLAB-based technique for
identifying household series and parallel arc faults was
provided. The paper proposed a suitable and effective arc
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modeling technique. The results demonstrate that this model
is capable of accurately reflecting the features of real-world
series and parallel arc faults. This paper shows the current
and voltage waveforms of arc faults in circuits with purely
resistive loads and it was discovered that arc faults have
distinct characteristics in their present arc. A discrete
wavelet transform of the arc current waveform was used; it
is capable of accurately determining the arc fault moment.
The frequency responses of the respective filter banks were
analyzed for wavelet analysis using the best mother wavelet
and appropriate number of levels. After that, the results are
utilized to compare the signal's FFT and discrete wavelet
techniques. Therefore, the frequency analysis of stationary
signals is done with FFT, which uses a fixed window and
does not find the moment when the arc starts, and the
amplitude harmonic of current is extremely low when the
circuit is operating normally, as seen by FFT results. When
an arc fault occurs, however, the current spectrum's
amplitude rises. The discrete wavelet analysis performs
much better than the traditional Fourier transform approach
because it provides a flexible time-frequency grid to analyze
signals whose spectral content changes over time, and it uses
avariable window to locate the time when the arc is initiated.
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