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Recently,  there  has  been  an  increased  interest  in fault  detection  on electrical  machines  in steady-state
regimes.  Several  frequency  estimation  techniques  have  been  developed  to assist  the  early  detection  of
faults in  induction  motors,  especially  in line-fed  motors.  However,  in modern  industry,  the  use  of  inverters
is increasingly  present.  This  paper  presents  an analysis  for comprehending  the  challenge  in detecting
incipient  rotor  faults  using  the stator  current  signal  under  different  inverter  supplies.  The approach  is
based  on  the high-resolution  technique  known  as  multiple  signal  classification  (MUSIC).  In  this study,
ondition monitoring
ault detection
nduction motor
nverter

incipient  rotor  faults  in  a squirrel-cage  rotor,  prior  to the  complete  breaking  of  a rotor  bar,  are  better
identified  in  some  inverters  than  others.  The  proposed  approach  finds  the  adequate  MUSIC  order  that
facilitates  identification  of  bar  breakage  frequencies  for early  fault  detection  in  each  case  studied  from  a
wide set  of trials.  The  study  has  been  developed  to detect  incipient  rotor  bar breakages  in  an  inverter-fed

otor  u
ultiple signal classification
pectral analysis

three-phase  induction  m

. Introduction

Induction motors (IM) are considered the workhorse of indus-
ry, mainly because of their robustness, reliability, and low price.
espite these advantages, they are susceptible to failures and

equire condition monitoring to carry out effective predictive
aintenance practices [1]. Researchers have devoted considerable

fforts in the area of Motor Current Signature Analysis (MCSA)
2–5] for IM fault detection (FD) under different conditions that
re commonly present in industrial environments. MCSA has many
dvantages such as being non-invasive, it does not interfere with
otor operation, and it is less affected by environmental noise

ompared to vibration signals. Therefore, MCSA-based approaches
rovide a reliable monitoring of rotor health. Since spectral anal-
sis techniques are useful to identify faulty patterns in frequency
omain, Fast Fourier Transform (FFT) has been widely used [6]. FFT
akes use of Discrete Fourier Transform (DFT) using a computa-

ionally efficient algorithm [7]. However, it has some drawbacks:

t suffers from spectral leakage, lacks a good frequency resolution,
nd it also produces a noisy spectrum, especially in inverter-fed
M [8], which limits its reliability [9]. Certainly, FFT can be a use-
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nder  varying  load  situations.
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ful tool when the normal situation of the IM is in steady state. Yet,
the current signal is in fact time varying, which makes it more dif-
ficult to achieve the steady-state condition for FFT computation,
also demanding a long acquisition period and is impractical for low
slip applications [10]. Nevertheless, MUSIC and ESPRIT are suited
methods for analyzing signals with low SNR [11]. In [10], the Hilbert
transform is combined with ESPRIT to perform fault detection on IM
operating at low slip to improve BRB fault detection and to over-
come the limitations of the FFT. Authors in Ref. [10] stated that
ESPRIT has the capacity to avoid spectral leakage and its combined
application with the Hilbert transform has given good results to
detect a broken rotor bar (BRB) when the fault components are
close to the fundamental component [10]. Unlike FFT, MUSIC algo-
rithm can be computed from a much shorter acquisition period and
with lower memory requirements to locate BRB frequencies, pro-
ducing comparable results to those FFT-based methods [12], and
this is because the technique can be applied to a narrow frequency
band where the BRB components are present. Through decimation
on that frequency band, the required sampling rate is reduced and
thus, computation time is decreased.

Some key papers in the field [10,13–21] deal with the fault of a
BRB. For instance, Kim et al. [18] introduced an axis transformation

and average method for detecting a BRB using the current spec-
trum in an inverter driven induction machine. The results proved
to be more effective compared to FFT regarding fault diagnosis sys-

dx.doi.org/10.1016/j.epsr.2017.06.021
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http://www.elsevier.com/locate/epsr
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em costs. Other researchers [16] investigated the generation of
pecific frequency components related to induction motor faults
n inverter-supplied electric drive systems. Also, the authors in Ref.
19] dealt with the diagnosis of rotor faults in closed-loop IM drives.
heir main contribution was the use of the inverter to perform an
ffline test, equivalent to a single-phase rotation test. Ghorbanian
t al. [20] reviewed suitable techniques for FD, addressing fault
iagnosing procedures with different kinds of supply. This study
as focused partly on BRB considering motor supply and condition

hanges. However, although the detection of a BRB is a milestone
n the detection of IM rotor faults, the determination of an incipient
RB still remains a challenging situation in the literature. Early FD

s even more difficult in inverter-fed IM [20–22]. Since there are
o studies that consider the influence of various types of invert-
rs for dealing with early FD, a wrong conclusion may  be drawn
y generalizing from the behavior of the hitherto proposed tech-
iques by limiting themselves to only one power supply. Thus, the
iagnosis technique utilized must be applied under different sup-
ly conditions to show its potential to deal with incipient faults. FD
omplications in inverter-fed IM may  be explained by noise level
ntroduced by the inverter [16–18], which is originated by pulse

idth modulation (PWM)  technique, the control mode [21], and the
nverter model or brand. Each inverter model introduces different
ower conversion harmonics into the stator current spectrum [22].
hey contribute to the generation of inter- and sub-harmonics in
he stator current, negatively affecting the diagnosis. Consequently,
n the case of a partial BRB, differences among inverters may  be
bserved, and it is worth reporting some conclusions about the
etectability of this fault in these situations.

The main objective of this paper is to prove the potentiality of
igh-resolution spectral analysis to detect a BRB at an early stage

or different inverter feedings. The analysis is performed by using a
onsiderable number of trials of various inverters to supply an IM,
onsidering several load conditions, ranging from medium to high.
iven these load levels, MUSIC has been selected as the analysis
ethod to locate the characteristic spectral components, present

t the incipient rotor fault in an inverter-fed IM.  The analytical
ethodology consists of basically three stages: a preprocessing

tage that selects the most relevant samples; a high-resolution
pectral estimation of the BRB frequencies based on MUSIC; and

 third stage for quantifying the fault severity. Experimentation is
erformed to test the feasibility of this method using an IM and
hree different inverters.

. Application of MUSIC to the detection of incipient
roken bar fault

As is well known, the BRB-related components are given by Eq.
1), resulting in sidebands around integer harmonics [22]:

BRB = (k  ± 2ns) fs, n = 1, 2, 3, . . . (1)

here s is the per-unit motor slip, and k is the harmonic order.
The MUSIC algorithm estimates the frequency content of a signal

sing eigenvector decomposition of the autocorrelation matrix. In
his method, it is assumed that x[n], the discrete time stator current
ignal, is a sum of M complex sinusoids with white noise and it can
e expressed as follows:

[n] =
∑M

i=1
Āie

j2�fin + e [n] (2)

ith

¯ j�i

i = |Ai|e (3)

nd n = 0,1,2,. . .,  N − 1 where N is the number of sampled data, |Ai|
s the magnitude, fi is the frequency, �i is the random phase of i-
h complex sinusoid, and e [n] is white noise with zero mean and
tems Research 152 (2017) 18–26 19

variance �2. Rx is the MxM  autocorrelation matrix of x[n] and can be
expressed as the sum of signal and noise autocorrelation matrices
Rs and Rn respectively, as follows:

Rx = Rs + Rn =
∑m

i=1
|Ai|2e (fi) eH (fi) + �2I (4)

where m is the number of frequency components, the exponent H
denotes the Hermitian transpose, I is the identity matrix, and eH(fi)
is the signal vector given by:

e (fi) = [1ej2�fi ej4�fi . . .ej2�(N−1)fi ]T (5)

From the orthogonality condition of both subspaces, the MUSIC
pseudo-spectrum Q is given by:

Q MUSIC (f ) = 1

|eH (fi) vm+1|2
(6)

vm+1 =
∑M

k=m+1
vmvH

m (7)

where vm+1 is the noise eigenvector and is expressed as in Eq. (7).
This expression exhibits the peaks that are at exact frequencies of
the principal sinusoidal components, where e(f )Hvm+1 = 0.

The scalar integer and tuning parameter m,  also known as the
MUSIC order, is the signal subspace dimension. The performance
of the MUSIC algorithm depends on this value, and it determines
the dimension of the autocorrelation matrix, which is unknown
a priori. Indeed, there is no theoretical basis for computing the
exact value of m,  but a multi-objective optimization method, to
address this question, has been proposed in Ref. [15]. Mainly, in the
analysis of different inverter feedings, the corresponding autocor-
relation matrices should contain high enough eigenvalues for the
noise space and should be low enough not to highlight spurious
frequencies, all of which performed with a reduced computational
time.

3. Methodology and signal processing

A block diagram of the proposed methodology is shown in Fig. 1.
First, a one-phase stator current signal is acquired for each power
supply and rotor state. Then, band-pass filtering, for limiting those
frequencies outside a specific bandwidth, is applied before using
the FFT and MUSIC algorithms. Once a sizeable dataset of signals
is built from the laboratory experiments, the MUSIC algorithm is
tuned, applying it to those signals obtained under different motor
loads and rotor conditions.

The band-pass FIR filter designed is based on the
Parks–McClellan optimal filter order estimation, which is
implemented in the signal processing toolbox of MATLAB©.
The band-pass filter parameters are defined as follows: (1) The
band-pass frequencies are set at 42 Hz and 58 Hz, respectively,
considering that at higher loads, the BRB faulty components
are further separated from the fundamental frequency [23],
and the maximum slip of the trials at high loads has a per-unit
value of 0.065, which corresponds to values of LSH = 43.5 Hz and
RSH = 56.5 Hz. The frequencies are chosen based on the highest
load level since it is the limiting factor of the frequency band of
interest for locating the BRB components within that range; (2)
the first and second stop-band frequencies are assigned to be
30 Hz and 70 Hz, respectively. This step rejects those frequencies
related to lower and higher harmonics than the fundamental, and
(3) the attenuation at the stop-band is set at 40 dB, which requires

an order of 32 for the FIR filter. This FIR filter has been designed
to allow the observation of the frequencies of interest and to
eliminate the switching frequencies of the inverters located in the
kHz region.
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Fig. 1. (a) Block diagram of the proposed method, (b) flow

First, the methodology includes the accurate location of BRB
requencies, which is done with MUSIC in a time segment of one
econd. This is estimated by increasing the time interval from 0.1 s
nd abovein increments of 0.1 s. When the time interval is 0.5 s or
ower, the obtained spectra is as depicted in Fig. 2a for the case of
n ABB inverter-fed induction motor at high load, being unable to
ocate the frequency components clearly. When the time interval
s increased to 0.6 s, the results show that the frequency compo-
ents can be rightly located as shown in Fig. 2b, which establishes
he lower detectability limit for the time interval in MUSIC. Never-
heless, to have a safety margin in the location of the fault, a time
nterval of 1 s is chosen.
Second, the methodology requires the quantification of the BRB
requencies, indicated by the component magnitude, which is done
ith FFT in a time segment of ten seconds. This is estimated by

ncreasing the time interval from 1 s and above in increments of
t with the procedure steps for the rotor severity analysis.

1 s. When the time interval is increased to 10 s, the results show
that the frequency quantification can be accurately estimated as
shown in Fig. 3a. Therefore, with this interval of 10 s and a sampling
frequency of 50 kHz, a frequency resolution of 0.1 Hzis achieved.
For shorter time segments, the resolution method is poor for the
quantification phase, as can be seen in Figs. 3b–c. When the time
interval is 5 s or lower, the spectrum obtained shows a lower res-
olution, being unable to quantify the BRB frequency components
clearly. Figs. 3a–c, show the case of an ABB inverter-fed induction
motor at high load.

As a result, the signal length is reduced to 5000 samples with
a bandwidth of 250 Hz, which includes the frequencies of interest.

After the data acquisition stage, the Power Spectral Density (PSD)
of the signal is computed by using the FFT algorithm with a Hann
window to reduce the spectral leakage effect. These spectra will
be shown next for comparison purposes only. The signal process-
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Fig. 2. Influence of the acquisition time interval for frequency location with time
segments of (a) 0.5 s, and (b) 0.6 s.

Table 1
Number of data samples for the proposed application.

IM Supply Load level Healthy Partially BRB Fully BRB

ABB Medium load 30 15 15
High load 30 15 15

WEG Medium load 30 15 15
High load 30 15 15

TM Medium load 30 15 15
High load 30 15 15
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the above-mentioned peaks appear in the spectra. The signal faulty
Line-fed Medium load 30 15 15
High load 30 15 15

ng software has been implemented by using the MATLAB© Signal
rocessing toolbox. For FFT estimation, the data window length is
et to 4096 points. In both cases, the FFT spectrum and the MUSIC
seudo-spectrum are normalized and expressed in dB with respect
o the fundamental component. A flowchart of the steps made dur-
ng the analysis stage is detailed in Fig. 1b. In this study, a sizeable
est dataset has been analysed with 30 and 15 stator current sig-
als found to be statistically significant [24]. The signals correspond
o a motor in healthy and faulty states, two load levels, and vari-
us power supplies, as summarized in Table 1. The detection of the
RB fault using spectral analysis techniques is easier when the load

evel is high because the distance between the fundamental com-
onent and the BRB component is directly proportional to the load.
hen, at higher load levels, the separation of the BRB component
nd the fundamental frequency is greater. For this reason, two  load
evels were chosen: high and medium, the medium load case offer-
ng more challenging conditions for detecting a fault. The BRB is
erified by the presence of the left sideband harmonic (LSH) and
he right sideband harmonic (RSH), which are frequency compo-
ents around the fundamental frequency in the current spectrum,

s described in Eq. (1).

The tuning parameters of MUSIC are chosen accordingly by
eans of an iteration loop, which computes a fault index in the
Fig. 3. Influence of the acquisition time for severity quantification with time seg-
ments of: (a) 10 s; (b) 5 s, and (c) 1 s.

range of BRB frequencies of interest (see Fig. 1b). The fault index
(FI) is defined for the LSH and RSH harmonics as follows:

FILSH = AM
fLSH

− min
{

AM
fLSH

, AM
f1

}
(8)

FIRSH = AM
fRSH

− min
{

AM
f1

, AM
fRSH

}
(9)

Both FI are computed from the MUSIC spectrum as the differ-
ence between the peak amplitude values at each characteristic
frequency, AM

fLSH
and AM

fRSH
, and the minimum value found between

that peak and the fundamental component AM
f1

.
As the slips are known, the BRB frequencies can be located by

performing a peak search through the stator current PSD around the
fundamental component (frequency band of interest). The compu-
tational effort is mostly spent on the analysis for every m value
within the loop, which considers the complete set of experimental
signals.

This iterative analysis allows the most appropriate MUSIC orders
for the detection of different rotor conditions to be chosen. Within
the iterative loop, the fault information is accomplished first by
searching for the peaks of interest (fBRB frequencies) in the MUSIC
pseudo-spectrum and then, computing the prior fault indexes if
information calculated during this processing is stored in a data
matrix accordingly. Due to the stochastic nature of the signal, there
is no single order for obtaining information related to the early fault
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or every signal from the dataset obtained in the laboratory trials.
or this reason, three MUSIC orders have been chosen that present
etter discriminative behavior [15] among rotor states. They are
hosen as follows:

1) First, the average of the FI (10), computed in Eqs. (8) and (9)
or the LSH and RSH respectively, for each rotor state R, ith trial
ignal and range of MUSIC orders m analysed in the iteration (see
ig. 1b), are obtained.

Im,R = 1
Nt

∑Nt

i=0
FIi,R for m = 2, 3. . .,  160 (10)

here Nt is the number of trials for each rotor state. The minimum
m = 2) and the maximum value (m = 160) of m are consistent with
ef. [15].

2) Then, the difference between values computed as Eq. (10), for
1 and R2 rotor states, is calculated accordingly.

FIm,incip = FIm,R1 − FIm,R2 for m = 2, 3. . .,  160 (11)

3) Finally, these values are ordered following the univariate
rdering of data

studied in Ref. [24]. Let the �FIm,incip, be arranged in ascending
rder of magnitude as:

�FIincip(1) ≤ �FIincip(2) ≤ . . . ≤ �FIincip(n−2)

≤ �FIincip(n−1) ≤ �FIincip(n) (12)

The ith �FIincip(i) is the so called ith order statistic, where the

inimum is �FIincip(1), and the maximum is �FIincip(n). The MUSIC
rders chosen are those which correspond to the following order

tatistics: �FIincip(n), �FIincip(n−1) and �FIincip(n−2).

. Experimental setup

A squirrel cage IM by Siemens (model 1LA7083-4AA10), star
onnected and with two pole pairs, has been tested. The IM has

he following plate characteristics: 0.75 kW,  400 V, 1.86 A, 50 Hz
nd 1395 rpm as full load speed. The squirrel cage rotor bars have

 depth of 18 mm.  A layout of the laboratory setup is shown in
ig. 4. A magnetic powder brake provides the mechanical load to

Fig. 5. Dispersion of the MUSIC spectra computed at different samples when 
Fig. 4. General view of the laboratory set up with different rotor states shown in
the lower part: from left to right: healthy (R1), partially BRB (R2), and fully BRB (R3),
respectively.

the IM.  The motor is tested under four different power supplies:
direct on line and three inverters by ABB, WEG, and Telemecanique
(TM), their models being ACS355, CFW-11 and Altivar 66, respec-
tively. The three inverters are programmed with a scalar control,
which is one of the most commonly used in industry [25]. The
switching frequency is 4 kHz, except for the WEG  inverter which
is 5 kHz. Three rotor conditions are tested with each power supply:
healthy (R1), partially BRB with a 9 mm  depth drilled hole (R2) and
a fully BRB (R3), as can be seen in Fig. 4. Two  motor load levels are
also established to determine their influence on the detection of
the incipient rotor bar breakage. The resulting slip is 0.03 under a
medium load and 0.05 at full load. The stator current is acquired by a
LEM Hall-effect current transducer. Data are recorded by a National
Instruments NI cDAQ-9174 base platform with an NI 9215 acqui-
sition module. The sampling frequency is 50 kHz and the sampling
time is 10 s.
5. Results

The first step of the proposed methodology includes the accurate
location of BRB frequencies. Fig. 5 depicts the dispersion produced

the motor has a BRB, high load, and fed with a Telemecanique inverter.
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ig. 6. FFT and MUSIC for the ABB and WEG  supplies applied to the stator current 

roken  bar, R2 (s1 = 0.0272, s2 = 0.047); (c) ABB, fully broken bar, R3 (s1 = 0.0299, s2
s1  = 0.0277, s2 = 0.0478) (f) WEG, fully broken bar, R3 (s1 = 0.0254, s2 = 0.0489).

or determining the BRB frequencies from different samples of the
et of trials at one operating condition. In this case, signals belong-
ng to a Telemecanique inverter-fed motor with one broken bar,
nder high load are shown. Once the BRB frequencies are located,

n the second stage of the methodology, the fault severity can be
stimated through FFT. These steps would apply for the remaining
ases.

As an example, Figs. 6 and 7 show the PSD of some signals com-
uted with MUSIC, for the BRB frequencies location, and with FFT
or the severity estimation. These figures help to observe the dis-
riminating capability with the methodology used. The FFT spectra
how how the noise level complicates identification and extraction
f fault signatures whereas the MUSIC algorithm improves the loca-
ion of these components. Since MUSIC is sensitive to increments in
ault severity, it provides a closer observation of the incipient BRB
R2) signatures. The above-mentioned dataset of stator current sig-
als is analysed using the three chosen MUSIC orders, and is shown

n Table 2. In this case, the fault signature considered is the sum of
he LSH and RSH amplitudes [26,27].

Figs. 6a–c displays the PSD of some stator currents computed
ith FFT and MUSIC algorithms. Fig. 6a shows the PSD for the
ealthy case and Figs. 6b–c show the sideband frequencies for R2

nd R3 fault severities for the ABB inverter-fed IM,  respectively. In
his particular case, the technique enables perfect discrimination
etween the different motor conditions and for both IM load levels.
ollowing this procedure, results for the rest of the power supplies
h motor state and load: (a) ABB, healthy, R1 (s1 = 0.03, s2 = 0.05); (b) ABB, partially
56); (d) WEG, healthy, R1 (s1 = 0.035, s2 = 0.054); (e) WEG,  partially broken bar, R2

are obtained. Figs. 6d–f show the results for the WEG  inverter case
after applying the technique with the three parameters adopted.
It can be seen that maintaining the same MUSIC orders produces
differences in the detectability values for each fault severity. How-
ever, results summarized in Table 2 demonstrate that in the case of
medium load levels (LL1), fault detectability values for the incipient
BRB are not useful and significant. For the high load IM condition
(LL2), they seem better for the R2 fault severity than those observed
for the LL1.

Figs. 7a–c present the spectra of the stator current for the TM
inverter case. It is interesting to point to the high noise level present
in the FFT spectra, which hides the fault components in R2 severity.
Even MUSIC is not able to display them. The presence of this high
noise level makes this case the most difficult to analyse and only
the full BRB case is detected.

The line-fed IM is the last case analysed. Figs. 7d–f undoubtedly
show that the early BRB fault condition can be detected regardless
of the IM loads considered. In this particular case, MUSIC manages
to identify a partially broken bar with the three m orders consid-
ered.

Once the three MUSIC parameters are chosen from the itera-
tive procedure, a final analysis is performed. The analysis results

indicate that the most appropriate parameters are the following:

1) The order depends on the motor load level and the specific
power supply used. The most discriminating orders for detect-
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ig. 7. FFT and MUSIC for the Telemecanique and line-fed supplies applied to the s
M,  partially broken bar, R2 (s1 = 0.0360, s2 = 0.043); (c) TM,  fully broken bar, R3 (s
roken  bar, R2 (s1 = 0.0281, s2 = 0.0445); (f) Line, fully broken bar, R3 (s1 = 0.023, s2

ing BRB are those shown in Table 2. It has been experimentally
observed that higher orders are better at discriminating between
R1 and R2 fault conditions whereas this is not a favorable cir-
cumstance for the full BRB condition.

) The window and overlapping lengths of samples 200 and 199
respectively, are sufficient for obtaining the spectra.

As can be deduced from Table 2, one of the weaknesses of the
USIC pseudo-spectra is that the amplitudes obtained are a rough

stimate of the real energy of the frequency components as stated in
ef. [12]. However, these peaks cannot be directly extracted from
he PSD computed with FFT because it is necessary to know the
otor slip in advance and to acquire a large number of samples to
btain a good frequency resolution. Therefore, the required acqui-
ition time is very long, and also these peaks can be hidden by high
oise levels.

On the other hand, MUSIC offers the following advantages: (i) it
equires a much smaller number of samples; (ii) it can provide a PSD
ree of noise, and (iii) this leads to better location of the fault related
requencies. There is a negative exception when the motor is sup-
lied from a noisy inverter such as TM.  Nevertheless, there are cases
here the MUSIC pseudo-spectrum shows spurious frequencies,
nd identifying the fault harmonics is not straightforward. These
re the discarded cases, whose fault frequencies do not appear in
he MUSIC spectrum. Therefore, the results demonstrate that the
ype of power supply has a strong influence on the detectability of
urrent of each motor state and load: (a) TM,  healthy, R1 (s1 = 0.034, s2 = 0.047); (b)
308, s2 = 0.0443); (d) Line, healthy, R1 (s1 = 0.0313, s2 = 0.0463); (e) Line, partially
).

the incipient fault. The IM line-fed case is the easiest to detect. In
addition, after examining all the tests with the proposed method-
ology, the three MUSIC orders chosen enable us to achieve a better
study of each rotor condition separately, as they can be generalized
for a wide set of signals. This experimental methodology shows
that there is not a unique MUSIC order that enables us to obtain the
proper information for all rotor conditions.

6. Conclusions

This paper presents an FD study based on the MUSIC algorithm,
which provides results for noisy signals obtained from different
power supplies. This analytical methodology comprises an itera-
tive search of the algorithm parameters over an experimental set
of trials. It has been observed that parameter choice depends on
load level and the power supply considered. Furthermore, based
on the laboratory analysis, a unique MUSIC order does not help us
identify an incipient rotor fault. Thus, the three parameter selec-
tion enables us to identify (in some cases) intermediate severities
between the healthy state and complete BRB when detecting rotor
faults in squirrel-cage IM.  The particularity of this study lies in the
analysis of one-phase electric current stator signals with low SNR,

coming from the inverter supply. This noise content, coming from
different inverters, has been analysed in the context of its influ-
ence on FD. For steady-state approaches, it can be concluded that
MUSIC provides better results than those obtained with FFT only
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Table  2
Average detectability values for the full dataset after processing with FFT and MUSIC for the orders adopted under medium and high load conditions.

Power supply Load level MUSIC order MUSIC FFT
FILSH + FIRSH LSH + RSH

Rotor condition

R1 R2 R3 R1 R2 R3

ABB LL1 20 0 1 59 −160 −129 −98
30  0 4 59
40  1 7 58

LL2  18 1 19 71 −163 −127 −91
24  10 30 70
30  15 41 69

WEG  LL1 12 1 0 20 −152 −146 −95
14  2 0 53
16  5 1 53

LL2  16 12 29 66 −153 −133 −89
20  29 40 64
24  36 44 59

TM  LL1 80 0 0 43 −128 −129 −100
110  0 0 47
140  11 13 47

LL2  100 0 0 57 −129 −126 −95
120  0 1 59
130  3 0 60

Line-fed LL1 25 3 9 18 −166 −143 −102
30  4 13 27
35  5 13 30

b
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[

LL2  10 0 

12  0 

14  10 

ecause the proposed method helps to locate the faulty frequency
omponents with a smaller number of samples. However, the pro-
osed method requires two steps and it could involve a limitation.
hus, for future research, it would be desirable to continue work-
ng to achieve a quantification of the incipient fault with MUSIC or
nother method in a single step.
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