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Feature Extraction Method of Series Arc Fault
Occurred in Three-Phase Motor With Inverter Circuit
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Fengyi Guo , Senior Member, IEEE, and Baifu Li

Abstract—Series arc fault is one of the main causes of electrical
fire. In a three-phase motor with inverter circuit, it is difficult to ac-
curately identify series arc fault occurred in the lines at the back of
the inverter, especially when the power supply contains complicated
harmonics. To solve this problem, a new feature extraction method
of the series arc fault based on the current signal measured at the
front of the inverter (CSMFI) was proposed. The series arc fault
experiments under different harmonic power supply conditions
were carried out in the three-phase motor with inverter circuit.
Five-layer decomposition was performed on the CSMFI by using
empirical wavelet transform. The attractor track matrix (ATM)
of each decomposed signal was established. The fault features of
the series arc fault were obtained by calculating and selecting the
singular values of the ATM. The series arc fault was identified by
using an optimized support vector machine. The effectiveness of the
method and its applicability under different experimental condi-
tions were tested. The method can simultaneously identify the series
arc fault occurred in the lines at the front or back of the inverter by
analyzing the CSMFI. It also has strong anti-interference ability.

Index Terms—Attractor track matrix, empirical wavelet
transform, fault feature extraction, series arc fault, singular value
decomposition, support vector machine.

I. INTRODUCTION

IN AC power distribution system, due to the influence of
mechanical vibration, drag force, extrusion, and harsh envi-

ronmental conditions, problems such as looseness of electrical
connectors, corrosion of contact surfaces, and line extrusion
often occur. These problems will increase the contact resistance,
and cause glow or spark discharge. In serious case, a series
arc fault will occur. The series arc fault is accompanied by a
high temperature above 4000°C, which is much higher than the
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ignition point of combustible materials such as cable insulation.
The series arc fault is one of the main causes of electrical fire
[1]. In addition, when a series arc fault occurs in the three-phase
motor or three-phase motor with inverter circuit, it will cause the
power quality problems such as three-phase current unbalance,
the increase of harmonic, and so on. In this case, the energy
consumption, mechanical vibration, temperature rise, and noise
of the three-phase motor will also increase. The fault current of
series arc fault is lower than the normal operating current, so
the existing overcurrent protection devices cannot detect such
fault and realize fault protection. Therefore, it is necessary to
further study the detection method of the series arc fault and
then develop the arc fault circuit interrupter (AFCI). When the
AFCI identifies a series arc fault, it will act in time to power OFF

the circuit, so as to effectively avoid the electric fire caused by
the series arc fault.

At present, the research on the ac series arc fault is mainly
concentrated in civil, aviation, and industrial fields.

In the civil field, the research on the detection method of the
series arc fault was conducted for some typical household loads
such as an incandescent lamp, vacuum cleaner, electromagnetic
furnace, washing machine, electric drill, hair dryer, and so
on. Artale et al. [2] analyzed the refined frequency spectrum
between 0 and 500 Hz of the current signal by using Chirp-Z
transform (CZT), and obtained the fault features of the series arc
fault by calculating a set of low-frequency indicators. Qu et al.
[3] proposed a sparse representation method on the basis of the
Lp norm with an adjustable regularization order, and realized
the detection of the series arc fault by comparing residual and
projection coefficient. Lu et al. [4] used the wavelet coefficients
of current signal to construct a Hank matrix, and the mean,
root-mean-square (RMS), and standard deviation of the singular
values of the matrix were used as the feature of the series arc
fault. Wu and Liu [5] calculated the high-frequency coefficient of
the current signal by wavelet transform and used its energy as the
fault feature. Wang et al. [6] applied the raw current signal as the
input features of a convolutional neural network, and developed
an ArcNet model to detect the series arc fault. Kim et al. [7]
used the energy of a band-pass filtered voltage signal as fault
features and detected the series arc fault by using threshold
method. Jiang et al. [8] extracted the time domain, frequency
domain, and wavelet packet energy features of the current signal,
selected an effective feature combination for different loads by
using random forest algorithm, and then identify the series arc
fault by using a deep neural network.
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In the aviation field, the research on the detection method
of series arc fault was conducted for resistive load, resistance-
inductance load, resistance-capacitance load, transformer,
autotransformer rectifier, and so on. Zeng et al. [9] analyzed
the time domain and frequency domain characteristics of the
current signal, and calculated the standard deviation of the RMS
of the current, the standard deviation of dc component, and
the sum of the odd harmonics. These variables were used as
the fault features of the series arc fault. Cui and Tong [10]
analyzed the current data using Levene’s test and used its
significance levels as the feature of the series arc fault. Gao
et al. [11] conducted integrated empirical mode decomposition
of the current signal, selected the energy entropy of the modal
components with an obvious difference as the fault feature,
and utilized a back propagation neural network optimized by
Levenberg–Marquard algorithm to detect the series arc fault.
Cui et al. [12] conducted time-frequency analysis on the current
signal by using generalized S-transform, used the RMS and
energy of 2 kHz component as the features of the series arc
fault, and applied a support vector machine (SVM) to identify the
fault.

In the industrial field, the research on the detection method
of series arc fault was conducted for the switchgear, three-phase
motor load, and three-phase motor with inverter load. Parikh et
al. [13] used arc sound and arc light sensors to detect the series
arc fault in switchgear. Hussain et al. [14] used a differential elec-
tric field sensor to measure the electromagnetic signal radiated
by the series arc fault in switchgear. The signal was de-noised
by using wavelet transform and used as a basis for judging the
fault. Wang et al. [15] used a R7154 type photomultiplier tube
equipped with a filter to measure the ultraviolet power of the arc
radiation, and applied a set power threshold to detect the series
arc fault in switchgear. Zhang and Ma [16] collected the current
and arc light signals, and realized the detection of the series arc
fault in switchgear by using expert system evaluation method.
Saleh et al. [17] extracted the high-frequency components of
the current signal by using five exponentially modulated Kaiser
window-based high-pass filters, and utilized its phase as the fault
feature of the series arc fault. Gao et al. [18] constructed an
attractor track matrix (ATM) by analyzing the current signal
and calculated the singular values of the matrix. The singular
values were used as the fault feature. Guo et al. [19] constructed
a feature matrix of the current signal by S-transform, extracted
the singular value of the matrix as fault feature, and used an SVM
optimized by genetic algorithm to detect the series arc fault. Guo
et al. [20] constructed a gray image by using the wavelet packet
decomposition of the current differential signal, and obtained
the arc fault features by solving the gray-gradient co-occurrence
matrix of the gray image. The SVM optimized by a particle
swarm optimization algorithm was used to detect the series arc
fault. Li et al. [21] realized the detection and line selection of
the arc fault by using a recurrent neural network, which was
trained by directly using three-phase current signals. Gao et al.
[22] analyzed the change of single-phase current signal from
time domain to frequency domain by using fractional Fourier
transform, and extracted the fault feature of the series arc fault by
using the two-level block singular value decomposition (SVD)

method. Han et al. [23] used the kurtosis and skewness of the
fifth and sixth principal components of two current signals and
a voltage signal as the fault features of the series arc fault, and
then utilized a firefly algorithm optimized SVM to identify the
fault.

The power supply, environmental conditions, and the exper-
imental loads used in [2]–[12] are quite different from those in
the industrial field. In [24]–[27], a dc–ac type inverter is used as
the experimental load. But the signal type of its current signal
is completely different from that of the ac–dc–ac type inverter,
which are widely used in the industrial field. So it is difficult
to directly apply the research in [2]–[12] and [24]–[27] to the
general industrial field.

In [13]–[16], the physical characteristics of arc discharge such
as arc light, arc sound, and electromagnetic radiation, and so on
are used to detect the series arc fault in switchgear. In this case,
sensors must be installed near the location of the fault, so it
is difficult to effectively detect the series arc fault at unknown
positions in long distribution lines. In [17], it does not mention
the applicability of the proposed detection method of the series
arc fault to the industrial three-phase motor with inverter load.
The inverter is a kind of non-linear load, which will produce
lots of harmonic interference during operation. So it is more
difficult to detect the series arc fault in the three-phase motor
with inverter load than that in the three-phase motor load.

In our previous papers [18]–[23], some detection methods
of the series arc fault occurred in industrial three-phase motor
with inverter circuit were discussed. These methods still have
the following shortcomings.

a) All the proposed methods are assured that the series
arc fault occurs in the lines at the front of the inverter
(SAFOFI). However, the series arc fault may also occur in
the lines at the back of the inverter. How to detect the series
arc fault occurred at the back of the inverter (SAFOBI) has
not been studied yet.

b) The series arc fault experiments in [18]–[22] are conducted
with a commercial power supply in the laboratory. Due to
the power quality of the power supply used in the industrial
field is usually worse than that of a commercial power
supply, the proposed method does not consider whether it
is suitable to detect the series arc fault under poor power
quality conditions.

c) The feature extraction method of the series arc fault in [22]
and [23] requires a large amount of computation.

d) The method proposed in [23] can be used to detect the
series arc fault occurred in complicated harmonic circuit.
But it needs two current signals and a voltage signal
to accurately detect the fault. Three sensors in total are
needed to implement the scheme. It is inconvenient to
some extent.

For an inverter with ac–dc–ac structure, when a series arc
fault occurs at the back of the inverter, it will make the output
three-phase current of the inverter unbalance. Since the output
power of the inverter is obtained by the transformation of the
input three-phase power supply through the internal circuit of
the inverter, so the change of the output current signal of the
inverter will definitely affect its input current signal through the
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above-mentioned conversion circuits. Therefore, when a series
arc fault occurs at the back of the inverter, the output current of
the inverter will change. It will vary the current at the front of
the inverter, and cause the difference of the current between in
normal and arc fault state. No matter the series arc fault generated
in the lines at the front or back of the inverter, if we can identify it
by only analyzing the current signal measured at the front of the
inverter (CSMFI), it will save the current transformers installed
in the lines at the back of the inverter, reduce the calculation of
data analysis, and simplify the system.

To solve the above-mentioned problems, a new fault feature
extraction method of the series arc fault based on CSMFI was
proposed. The main academic contributions and innovations of
this article are as follows.

1) The experiments on SAFOBI under different harmonic
power conditions are conducted for the first time, and a
new idea to simultaneously detect the SAFOBI and the
SAFOFI by analyzing the CSMFI is proposed.

2) A novel fault feature extraction method with filtering
ability is proposed by using empirical wavelet transform
(EWT), reconstruction of attractor track matrix (RATM),
and SVD. It has the advantages of small computation and
strong anti-interference ability. The effectiveness of the
method is also verified under different testing conditions.

The rest of this article is structured as follows. Section II
describes the experimental platform, experimental scheme of
the series arc fault, and briefly analyzes the experimental results.
Section III introduces the basic theory and realization steps of
the feature extraction method in detail. Section IV analyzes the
detection performance (i.e., accuracy and operation time) of the
proposed method and several existing extraction methods by
using an optimized SVM. It also tests the effectiveness of the
method under different Gaussian noise interference conditions.
Section V verifies the applicability of the method under different
loads, inverter’s operation parameters, working current, and
transient arc faults conditions. Finally, Section VI concludes
the article and outlines future research.

II. SERIES ARC FAULT EXPERIMENTS

A. Experimental Platform

The experimental platform is shown in Fig. 1. A Chroma
6590 type programmable ac power supply was used as the
power supply. It can output a three-phase voltage with differ-
ent harmonic contents. The output voltage is 380 V and its
fundamental frequency is 50 Hz. A series circuit consisted of
a three-phase asynchronous motor and an inverter was used as
the experimental load. Here, a VFD110E43A type inverter was
used. Its rated power is 11 kW. Its input voltage is a three-phase
voltage, whose RMS is between ac 380 V and ac 480 V and
rated frequency is 50 Hz or 60 Hz. And the range of its output
frequency is from 0.1 to 600 Hz. An Y160M-6-11 kW type
three-phase motor was used. Its rated power is 11 kW. It has six
poles, and its rated speed is 970 r/min. The motor adopts delta
connection.

The series arc faults experiments under three kinds of working
state conditions were carried out. They are in normal state (i.e.,

Fig. 1. Experimental platform. (a) Structure. (b) Picture.

NS), the series arc fault occurred at the front of the inverter
(i.e., SAFOFI), and the series arc fault occurred at the back of
the inverter (i.e., SAFOBI), respectively. In NS state, there is
no series arc fault generator in the circuit. In SAFOFI state, a
series arc fault generator was connected in series at the position
of F1 in the A-phase circuit. In SAFOBI state, a series arc
fault generator was connected in series at the position of F2
in the A-phase circuit. Here, the A-phase is called fault phase.
A HAS14Z type current transformer was used to measure the
fault phase current signal. It was installed at the front of the
inverter in the A-phase circuit. The measured current signal was
transmitted to a computer by a data acquisition card, and was
displayed and stored in a self-developed application program.
The application program was developed by using a Labview
software. The sampling frequency of the signal is 10 kHz.

The series arc fault generator is shown in Fig. 2. A flat-headed
carbon rod and a pointed copper rod were used as the stationary
and movable electrode, respectively. The contact and separation
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Fig. 2. Series arc fault generator.

TABLE I
EXPERIMENTAL SCHEME

TABLE II
HARMONIC PARAMETERS OF U3-U6 POWER SUPPLY

of the two electrodes were achieved by controlling a stepper
motor. Then, an arc fault occurs during the contact and separation
of the two electrodes.

B. Experimental Scheme

The experimental scheme is shown in Table I. There are 18
groups of experiments. The experimental current is 12 A. Six
kinds of power supplies were used. In Table I, U1 is a commercial
power supply, U2–U6 are programmable power supplies. Where
U2 is an ideal three-phase power supply with standard sinusoidal
wave. U3-U6 are three-phase power supplies with different
harmonic contents and phase angle, as shown in Table II.

C. Analysis of Experimental Results

The measured current waveforms are shown in Fig. 3. The
inverter is a non-linear load. In normal state, the CSMFI is
shown in Fig. 3(a). When the power supply is U2, the CSMFI
presents double-peak characteristics. When the power supply is
U3-U6, the CSMFI appears burr and distortion. Especially in the
case of U4 and U6, the waveforms of the CSMFI become very

Fig. 3. Waveforms of the CSMFI. (a) NS. (b) SAFOFI. (c) SAFOBI.

complex. The increased burrs and high-frequency components
are similar to the fault features of the series arc fault, which
makes it difficult to extract the fault features. When a series arc
fault occurred at the front of the inverter, the CSMFI has very
obvious changes. It changes from double peaks to single peak, as
shown in Fig. 3(b). When a series arc fault occurred at the back
of the inverter, the CSMFI also has some changes. It changes
the amplitude difference of the double peaks and appears burrs
in some positions, as shown in Fig. 3(c). Compared with the
case, a series arc fault occurred at the front of the inverter, the
degree of waveform variation is much smaller in this case. Some
waveform features of the CSMFI were marked with red circles
in Fig. 3(a) and (c).

As shown in Fig. 3, no matter the series arc fault occurs at
the front or back of the inverter, it will have a certain impact
on the CSMFI. The fault features of the series arc fault can be
extracted by analyzing the CSFMI. However, when the series
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arc fault occurs at the back of the inverter, the fault features
included in the current waveform are much weaker. It is difficult
to effectively detect the series arc fault occurred at the back of
the inverter only by analyzing the time domain characteristics
of the CSMFI. So the further in-depth analysis of the CSMFI is
needed to obtain the fault features, and then realize the detection
of the series arc fault.

III. FAULT FEATURE EXTRACTION

The SVD has important applications in feature extraction
field [4], [18], [19], [28]. However, for a one-dimensional (1-D)
time series, it is necessary to establish a feature matrix first.
The commonly used methods include RATM [18], wavelet
transform [4], S-transform [19], and variational mode decom-
position (VMD) [28], etc. On the basis of wavelet analysis and
empirical mode decomposition, EWT was proposed by Gilles
in 2013 [29]. It is a new time-frequency analysis method with
the advantages of non-modal aliasing and smaller calculation
amount. EWT is a widely used signal feature extraction method.
But it was seldom applied in the detection of the ac series arc
fault.

To better extract the fault features of the series arc fault, EWT
was first used to decompose the CSMFI into different frequency
bands. It can avoid the high-frequency features of the series arc
fault being drowned by the high-energy power frequency com-
ponents. Then, a RATM was established for each decomposed
signal. Next, the singular values of each RATM were calculated
and selected. The selected singular values were used as the fault
features. The method has the following advantages.

a) It can extract a large number of fault features from each
decomposed signal by utilizing the excellent feature ex-
traction ability of SVD.

b) By selecting the singular values, the SVD filter is im-
plemented strictly, which makes the method have strong
anti-interference ability.

Therefore, the EWT-RATM-SVD algorithm was used to ex-
tract the fault features of the series arc fault.

A. Basic Theory

1) EWT: EWT can adaptively divide the Fourier spectrum
according to the signal features, and extract the modal compo-
nents with a set of orthogonal wavelet filters.

According to the Shannon sampling theorem, the Fourier
spectrum range of a signal can be set to [0, π]. The Fourier
spectrum is adaptively divided into N continuous bands, and
each band can be expressed as follows [30], [31]:

Λn = [ωn−1, ωn]n = 1, 2, · · · , N (1)

where ωn is the boundary of the frequency band interval. ω0=0,
ωN=π, and ω1∼ωN−1 are the midpoints of the frequency cor-
responding to the two adjacent minimums in the signal Fourier
spectrum.

With each ωn as the center, the interval division is completed.
And the corresponding band-pass filter is set for each interval
Λn by empirical wavelet. The width of the transition band of the
band-pass filters is Tn=2τn.

The construction formulas of the empirical wavelet function
and wavelet function are as follows:

∧
φ
n
(ω) =

⎧⎪⎪⎨
⎪⎪⎩

1; |ω| ≤ (1− γ)ωn

cos[π2β(
1

2γωn
(|ω| − (1− γ)ωn))];

(1− γ)ωn ≤ |ω| ≤ (1 + γ)ωn

0; other

(2)

∧
ϕ
n
(ω) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1; (1+γ)ωn ≤ |ω| ≤ (1−γ)ωn+1

cos[π2β(
1

2γωn+1
(|ω| − (1− γ)ωn+1))];

(1− γ)ωn+1 ≤ |ω| ≤ (1 + γ)ωn+1

sin[π2β(
1

2γωn
(|ω| − (1− γ)ωn))];

(1− γ)ωn ≤ |ω| ≤ (1 + γ)ωn+1

0; other

(3)

β(x) = x4(35− 84x+ 70x2 − 20x3) (4)

γ < min
n

(
ωn−1 − ωn

ωn+1 + ωn

)
. (5)

Let F−1[ ] represent the inverse Fourier transform, Wi(0, t)
is the approximate coefficient of the inner product operation
between the scale function and the signal, and Wi(n, t) is the
detail coefficient of the inner product operation between the
empirical wavelet function and the signal. Then, the signal i(t)
can be reconstructed as follows:

i(t) = Wi(0, t) ∗ φ1(t) +
N∑

n=1
(n, t)∗ϕn(t)

= F−1[Wi(0, ω) ∗ φ1(ω) +
N∑

n=1
(n, ω)∗ϕn(ω)]

. (6)

The signal i(t) can be decomposed into several modal com-
ponents, that is {

f0(t) = Wi(0, t) ∗ φ1(t)
fk(t) = Wi(k, t) ∗ ϕk(t)

. (7)

2) RATM: The ATM is a common method of architecting
a matrix for time series signals. Assuming a 1-D signal is X,
X = [x1, x2, · · ·xN ], then its ATM is

A =

⎡
⎢⎢⎢⎣
x1 x2 . . . xj

x2 x3 . . . xj+1

...
...

...
...

xm xm+1 . . . xm+j−1

⎤
⎥⎥⎥⎦ . (8)

Conventional ATM is also called Hank matrix. The data of
adjacent rows in the matrix differ by only one data point. So the
data of adjacent rows are highly correlated, and a large number
of data are re-used. In view of the above-mentioned problem, a
time delay step t can be reasonably introduced, and a new matrix
is obtained. The matrix is called RATM, whose expression is

A =

⎡
⎢⎢⎢⎣
x1 x2 . . . xj

x1+t x2+t . . . xj+t

...
...

...
...

x1+(m−1)t x2+(m−1)t . . . xj+(m−1)t

⎤
⎥⎥⎥⎦ . (9)

3) SVD: The SVD is an orthogonal matrix decomposi-
tion method. For a matrix Am∗n, there must exist two
unitary matrices Um∗m and Vn∗n, and a diagonal matrix
Σm∗n, to satisfy the equation A = UΣVT . Where Σm∗n =
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dig(λ1, λ2 . . . , λr, 0, . . . , 0), λ1, λ2 . . . , λr are the singular val-
ues of the matrix Am∗n. Singular value has good stability, and
it contains important information in the matrix. Moreover, the
important information is directly related to the magnitude of
the singular value. So the SVD was widely used in the field of
feature extraction and fault diagnosis [19].

B. Research on EWT-RATM-SVD Algorithm

In order to better extract the fault features of the series arc
fault in the CSMFI, a new feature extraction method based on
EWT-RATM-SVD was proposed. The implementation steps are
as follows.

1) Signal decomposition: The current signal of two cycles
was extracted. As the frequency of the current signal is
50 Hz, and its sampling frequency is 10 kHz, so there are
400 sample data for two cycles of the signal. In order to
eliminate the effect of current amplitude on signal analy-
sis, the RMS of the current signal was used to normalize
the CSMFI. The CSMFI was decomposed by EWT. By
analyzing the decomposition results of different layers, it
is finally determined that the current signal needs to be
decomposed into five layers.

2) Construction of the RATM: Five modal components
were obtained by conducting EWT decomposition on the
CSMFI. And the corresponding RATM for each modal
component was constructed. So there are five RATMs. In
order to ensure that the data is not re-used and lost, and
obtain a square matrix, the time delay step t is set to 20.
And the number of rows and columns of the RATM are
also set to 20.

3) Establishment of the fault feature vector: The SVD was
performed on the five RATMs, and twenty singular values
were obtained for each matrix. In order to filter the inter-
ference signal, the first two singular values of each RATM
were selected to establish the fault feature vector of the
series arc fault.

C. Fault Features Analysis of the Series Arc Fault

The EWT decomposition results of the CSMFI under U3 and
U6 power supply conditions are shown in Fig. 4. It shows that all
the modal components have certain changes when a series arc
fault occurs. When the series arc fault occurs at the back of the
inverter, the fault features included in these modal components
are more obvious than that in the original CSMFI signal.

The fault features of the series arc fault extracted by the EWT-
RATM-SVD method are shown in Fig. 5. The change of fault
features is very obvious when the series arc fault occurs at the
front of the inverter. While the change of the fault features of
the series arc fault occurred at the back of the inverter is less
obvious.

IV. PERFORMANCE ANALYSIS OF THE PROPOSED ALGORITHM

A. Identification Results of the Series Arc Fault

In order to test the effectiveness of the fault features extracted
by the EWT-RATM-SVD algorithm, a large number of identi-
fication tests of the series arc fault were conducted by using an

Fig. 4. EWT decomposition results of CSMFI under different power supply
conditions. (a) Under U3 power supply conditions. (b) Under U6 power supply
conditions.

Fig. 5. Fault features of the series arc fault.

SVM. The penalty parameter c and the kernel function parameter
g of the SVM are important, because they will directly affect the
identification results. So they are optimized by using the grid
search and particle swarm optimization (GS-PSO) algorithm.
The detailed optimization principle and calculation process can
refer to [32].

In Section II-B, a total of eighteen groups of experiments were
carried out, as shown in Table I. For each group of experiment,
200 segments of current data were intercepted. The length of
each data segment is two current cycles. The EWT-RATM-SVM
algorithm was used to calculate the fault features of each data
segment. So there are 3600 fault feature samples in total, which
corresponding to 3600 data segments. The category label of the
sample in normal state is set to 0, while the category label in
series arc fault state is set to 1. All the 3600 samples were equally
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divided into training samples and testing samples. Then, one-
fifth of the training samples were taken and used to optimize the
parameters of the SVM.

The SVM was optimized by using the GS-PSO algorithm.
The obtained optimal parameters c and g are 25.1 and 5.0,
respectively.

An SVM identification model of the series arc fault was
established with the training samples and the optimal parameters
c and g. The identification tests were carried out by inputting the
testing samples into the SVM identification model. It shows that
the identification accuracy of the series arc fault is 99.67%. The
false detection rate is 0.11%. The missing detection rate of the
series arc fault occurred at the front and back of the inverter is
0.06% and 0.16%, respectively. Here, the false detection rate
refers to the ratio of the number of samples judged as arc fault
state in normal state to the total number of testing samples. The
missing detection rate refers to the ratio of the number of samples
judged as normal state in arc fault state to the total number of
testing samples.

B. Comparison of Different Fault Feature Extraction Methods

In order to verify the superiority of the proposed method,
the following feature extraction methods were compared and
analyzed.

1) Reference [23]: Two current signals and a voltage signal
were used to extract the fault features. The kernel principal
component analysis (KPCA) was first conducted on these
signals. And then the kurtosis and skewness of the fifth and
sixth principal components of the KPCA were extracted
as the fault features.

2) Reference [19]: The S-transform of the CSMFI was car-
ried out, and an amplitude matrix was established. The
singular values of the matrix were calculated. Then the
obtained low-dimensional singular values were used as
the fault features.

3) Reference [4]: The wavelet transform of the CSMFI was
carried out, and a Hank matrix was constructed by using
the obtained wavelet coefficients. The SVD was performed
to the matrix, and the singular values were obtained. Then
the average value, RMS, and standard deviation of these
singular values were used as the fault features.

4) Reference [2]: The CZT of the CSMFI was carried out,
and the spectrums from 0 to 500 Hz were obtained. The
following variables were calculated and used as the fault
features. They are the average value of the low-frequency
spectrum difference of two-segment currents, the change
rate of the second, fourth, sixth harmonic, the average
value of the frequency spectrum, and the average value of
the current signal difference, respectively.

5) Reference [5]: The three-layer wavelet decomposition of
the CSMFI was conducted with DB10 wavelet basis, and
the energies of the high-frequency components were used
as the fault features.

6) Reference [28]: The VMD of the CSMFI was conducted,
and several modal components were obtained. A matrix
was constructed by using these modal components. The

TABLE III
ACCURACY AND OPERATION TIME OF THE SERIES FAULT DETECTION WITH

DIFFERENT FEATURE EXTRACTION METHODS

singular values of the matrix were used as the fault fea-
tures.

7) EWT-SVD: The five-layer EWT of the CSMFI was con-
ducted. A matrix was constructed by using the obtained
modal components. And the singular values of the matrix
were used as the fault features.

8) RATM-SVD: A RATM was constructed by using the
CSMFI. And the singular values of the matrix were used
as the fault features.

The fault features of the series arc fault were calculated by
using the above-mentioned eight methods. The calculation was
conducted by using MATLAB software installed in a computer.
The main frequency of the computer is 2.9 GHz. For each
method, the operation time of extracting fault features was
calculated.

There are eighteen groups of experiments in Table I. For each
measured current signal, 100 segments of current data were
intercepted, and the corresponding fault features were calculated
by using the EWT-RATM-SVD algorithm. So there are 1800 sets
of fault features in total, which were used as training samples.
An identification model of the series arc fault was established
with the GS-PSO optimized SVM.

The identification results of the series arc fault were tested in
the following three cases.

Case 1: For each measured current signal in all groups of the
experiment in Table I, 100 fault features were calculated and
used as the testing samples. The identification accuracy, in
this case, is labeled as A1.

Case 2: For each measured current signal in the first twelfth
groups of the experiment in Table I, 100 fault features were
calculated and used as the testing samples. They were used to
test the identification accuracy of the series arc fault occurred
at the front of the inverter. The corresponding identification
accuracy is labeled as A2.

Case 3: For each measured current signal in the 1st–6th group,
and the 13th –18th group of the experiment in Table I, 100 fault
features were calculated and used as the testing samples. They
were used to test the identification accuracy of the series arc
fault occurred at the back of the inverter. The corresponding
identification accuracy is labeled as A3.

The test results of the above-mentioned three cases are shown
in Table III. And the following conclusions can be obtained.

1) As for the first five fault feature extraction methods, which
were proposed in References [23], [19], [4], [2], and [5],
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TABLE IV
IDENTIFICATION RESULTS OF THE SERIES ARC FAULT UNDER DIFFERENT

LEVELS OF GAUSS NOISE CONDITIONS

the identification accuracy of the series arc fault occurred
at the back of the inverter is lower than 95%. The operation
time of the proposed method is the shortest.

2) As for the 6th and 7th fault feature extraction methods,
there is little difference in the identification accuracy of
the series arc fault. It indicates that the decomposition
performance of the VMD and the EWT algorithm is no
obvious difference under the experimental conditions in
this article. Since the calculation amount of the EWT is
much smaller than that of the VMD, the EWT algorithm
has more advantages from the perspective of real-time
performance.

3) Compared with the 7th and 8th fault feature extraction
methods, the operation time of the proposed method is
longer due to the combined calculations of the EWT and
the RATM. But the total operation time of the method is
still less than 1 ms. Moreover, the proposed method has
the highest identification accuracy. It also shows that the
operation of the EWT and the RATM in the EWT-RATM-
SVD algorithm is very necessary.

C. Anti-Interference Ability Test

In order to test the anti-interference ability of the proposed
method, the Gaussian noise with different signal-to-noise ratio
of 25 dB, 20 dB, 15 dB, and 10 dB was first added to the CSMFI.
The fault features of the series arc fault were extracted by using
the EWT-RATM-SVD algorithm, and then the identification
accuracy of the series arc fault under different levels of Gauss
noise conditions were tested by using the SVM recognition
model established in Section IV-A. The test results are shown
in Table IV. If the signal-to-noise ratio of the Gaussian noise
is not lower than 15 dB, the noise will have little influence on
the identification accuracy of the proposed method. When the
series arc fault occurs at the back of the inverter, since the fault
features included in the CSMFI are weak, the Gauss noise has a
greater impact on the identification accuracy.

V. APPLICABILITY OF THE PROPOSED ALGORITHM UNDER

DIFFERENT EXPERIMENTAL CONDITIONS

A. Applicability Test in the Three-Phase Motor Load Circuit

In order to test the applicability of the EWT-RATM-SVD
algorithm in other load circuits, another series arc fault experi-
ments were carried out in a three-phase motor load circuit. The
experimental scheme is shown in Table V.

The method stated in Section IV-A was used to test the
identification accuracy of the series arc fault. The identification
accuracy of the series arc fault occurred in the three-phase motor

TABLE V
EXPERIMENTAL SCHEME FOR THE SERIES ARC FAULT EXPERIMENTS IN A

THREE-PHASE MOTOR LOAD CIRCUIT

TABLE VI
EXPERIMENTAL SCHEME OF THE SERIES ARC FAULT EXPERIMENTS UNDER

DIFFERENT INVERTER’S OPERATION PARAMETERS CONDITIONS

TABLE VII
IDENTIFICATION RESULTS OF THE SERIES ARC FAULT UNDER DIFFERENT

INVERTER’S OPERATION PARAMETERS CONDITIONS

load circuit is 98.2%. Where the false detection rate is 1.8%,
and the missing detection rate is 0%. It shows that the proposed
method is also applicable to identify the series arc fault occurred
in the three-phase motor load circuit.

B. Applicability Test Under Different Inverter’s Operation
Parameters Conditions

For the series arc fault stated in Section II-B, the working fre-
quency of the inverter is 50 Hz, and the PWM carrier frequency
of the inverter is 8 kHz. In order to test the applicability of the
proposed method under different inverter’s operation parameters
conditions, the series arc fault experiments were added. The
experimental current is 12 A. The detailed experimental scheme
is shown in Table VI.

The method stated in Section IV-A was used to test the
identification accuracy of the series arc fault. The test results
are shown in Table VII. It shows that the identification accuracy
is higher than 95%. It means that the proposed method is also
valid when the working frequency or PWM carrier frequency of
the inverter varies.

C. Applicability Test Under Different Working Current
Conditions

In order to verify the applicability of the proposed method
at different working current of the circuit, the series arc fault
experiments under different working current conditions were
added. The working current was set to 14 A by adjusting the



11172 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

TABLE VIII
EXPERIMENTAL SCHEME OF THE SERIES ARC FAULT EXPERIMENTS UNDER

DIFFERENT WORKING CURRENT CONDITIONS

TABLE IX
EXPERIMENTAL SCHEME OF THE TRANSIENT SERIES ARC FAULT EXPERIMENTS

friction load in Fig. 1. The detailed experimental scheme is
shown in Table VIII.

The identification accuracy of the series arc fault occurred in
this case, was tested by using the method stated in Section IV-A.
Test results showed that the identification accuracy is 97.6%.
It means that the proposed method is still valid under different
working current conditions.

D. Applicability Test Under Transient Series Arc Fault
Conditions

In order to verify the applicability of the proposed method
under transient series arc fault conditions, additional transient
arc fault experiments were conducted by using the experimental
platform shown in Fig. 1. Here, the transient series arc fault
refers to the sudden occurrence of the series arc fault during the
normal operation of the circuit. In other words, it is the transition
process of the circuit from the normal state to the series arc fault
state. The transient series arc fault was generated by controlling
the reciprocating movement of the moving contact of the series
arc fault generator, which was shown in Fig. 2. The detailed
experimental scheme is shown in Table IX.

When the sample data is intercepted by using the CSMFI
signal measured in group no. 4–9 in Table IX, it must be ensured
that each sample data contains the transient process from the
normal state to the series arc fault state. The length of the sample
data in this work is 2 current cycles. Therefore, each intercepted
sample data is composed of the previous cycle and the next cycle
at the moment when the series arc fault occurs.

The identification accuracy of the series arc fault occurred in
this case, was tested by using the method stated in Section IV-A.
Test results showed that the identification accuracy is 98.9%.
It means that the proposed method is still valid under transient
series arc fault conditions.

VI. CONCLUSION

Aiming at the problem that there is no related research on the
detection method of the series arc fault occurred at the back of the
inverter in the three-phase motor with inverter circuit, a new arc
feature extraction method of the series arc fault was proposed.
The fault features can be extracted from the CSMFI by using
the EWT-RATM-SVD algorithm. It can be used to detect the

series arc fault occurred at the front and back of the inverter.
The following conclusions were obtained.

1) No matter the series arc fault generated at the front or back
of the inverter, the CSMFI will contain the fault features
of the series arc fault. It is feasible to use the CSMFI to
detect the series arc fault occurred in the front and back of
the inverter.

2) The proposed EWT-RATM-SVD method can extract ef-
fectively the fault features of the series arc fault occurred
in the three-phase motor with inverter circuit under com-
plicated harmonic power supply conditions. Even if there
is no current transformer installed at the back of the
inverter, the series arc fault can also be identified by using
the proposed feature extraction method and the GS-PSO
optimized SVM.

3) The proposed EWT-RATM-SVD method has strong anti-
interference ability. The Gauss noise, whose signal-to-
noise ratio is not lower than 15 dB, has little influence
on the results of the extracted fault features. Compared
with the existing methods, the proposed method has higher
identification accuracy and less calculation amount. It can
provide a reference for the feature extraction of a signal
in the arc fault or other fields.

In this article, the hardware implementation of the proposed
method was not discussed. Due to less computation, the method
has certain advantages in the microprocessor implementation.
In the future, we will continue to carry out the research on the
implementation of the method in commercial microprocessors,
and develop the corresponding AFCI.
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