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and Rene de Jesus Romero Troncoso, Senior Member, IEEE

Abstract—Fault detection in inverter-fed induction
motors is an actual industrial need. Many line-fed
machines are being replaced by inverter-fed drives for
improving control during startup and also for saving
energy. Broken rotor bars in induction motors is one of
the most difficult faults to be detected, particularly when
the motor is fed by an inverter in a soft startup. The
difficulty of detecting broken rotor bars is that the
characteristic fault-related frequencies are very close to
the fundamental frequency, and the amplitude of the
fundamental is significantly higher than the fault-related
frequency components. This paper proposes an effective
method that allows the detection of the broken rotor bar
fault in inverter-fed induction motors during a soft startup
transient based on a non-uniform resampling algorithm.
The proposed algorithm transforms the non-stationary
fundamental frequency into a stationary component by
non-uniform resampling, whereas the fault-related
components are considerably separated from the
fundamental one, making easier to follow their evolution
during the startup transient. Simulation and experimental
results demonstrate the effectiveness of the proposed
method to detect the fault.

Index Terms— condition monitoring, fault detection,
induction motors, inverters, multiple signal classification,
non-uniform sampling.
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I.  INTRODUCTION

HE induction motors (IM) are the most important electric

machines in many industrial applications due to their

excellent performance, low cost and robustness [1].
Although these machines are reliable and very rugged, the
possibility of unexpected faults is unavoidable [2-3]. From all
faults that IM can develop, the presence of a broken rotor bar
(BRB) is one of the most difficult to detect. This type of fault
may not show any early symptoms, propagating to the next
bars and leading to a sudden collapse, producing an abrupt
interruption of the process. Previous research works have dealt
with the monitoring and detection of this fault, even at early
stages of development, [4-6], but there is still opportunity to
make contributions to the field. It is well known that BRB
induces multiple current harmonics in the stator windings. The
technique for broken bar detection is performed by measuring
the sideband current harmonics, named left-side (LSH) and
right-side (RSH) harmonics [7-8]. They appear close to the
fundamental frequency component of the power supply (FC),
where the separation between them depends on the rotor slip s.
However, these frequency components are significantly
affected by the inverter operation where the main voltage
frequency is not fixed, the slip is usually low and spurious
harmonics are induced.

Some methods have been proposed to detect the BRB of
inverter-fed IM. For instance, in [9-10], a high-frequency
signal is injected in different spatial directions of the machine,
and the impedance is calculated. Wolbank ef al. [11] proposed
monitoring a rotor bar defect using the inverter to establish a
voltage pulse excitation and the built-in current sensors to
extract the fault indicators. However, these methods require
the motor to be disconnected from the load in order to make a
measurement in standstill. Nonetheless, this option is not
acceptable in many cases for economic and technical
concerns. Therefore, a number of methods based on the
steady-state current analysis of inverter-fed IM have been
studied. For instance, [12-15] proposed the frequency analysis
of stator current using different methods. Goktas et al. [16]
presented a study using analytical signal angular fluctuation.
In [17] an approach for condition monitoring using wavelets is
proposed. Although several techniques have been utilized for a
steady-state analysis, the BRB fault is tough to detect in an
inverter fed system. The analysis based on the transient
current presents potential advantages in comparison with the
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analysis based on steady-state. The reason is that fault
signatures in the time-frequency domain provide additional
information than the information provided by the frequency
spectrum only. In the frequency spectrum, the information
consists in the amplitude that the spectral components have in
specific frequency locations, without indicating the time when
they appear. The information from the time-frequency analysis
consists in the trajectories that the spectral frequency
components follow along the time line, not just the location of
the components in the frequency domain. The presence of
these trajectories in the time-frequency domain indicates that
the motor has a fault, [18]. Some techniques have been
proposed to detect BRB under the aforementioned conditions.
For instance, in [19] the fractional Fourier transform is used to
facilitate the fault diagnosis. Cusido et al. [20] proposed the
Short-Time Fourier Transform (STFT) in combination with a
Wavelet analysis to detect BRB with good results. In [21] an
adaptive transform uses a function called the time-frequency
atom; this permits a precise observation of fault components in
transient regimes, even if they are close to the main
component. However, all the research works mentioned above
require a previous knowledge of the time evolution of the fault
harmonics. Different techniques have been proposed to
overcome the aforementioned drawback. For instance, Stefani
et al. [22] applied a demodulation technique by using a
generator stator current in induction machines. In [23], it has
been proposed a methodology based on a modified version of
the Prony’s method that provides a high-frequency resolution
and an adjustable time resolution. Nevertheless, there are not
many works related to the detection of BRB in IM under the
operating conditions produced by an inverter during the
startup transient. It is still necessary to further explore other
methodologies.

Discrete resampling methods are promising signal
processing techniques recently used for fault detection of
rotating machinery. Digital resampling converts transient
signals into stationary ones, and this facilitates an effective
diagnosis of mechanical faults in wind turbines [24-27]. On
the other hand, it is proposed in [28] a resampling method for
the extraction of spatial-domain information and to track the
deterioration in electrified vehicle gearboxes. Zhu et al. [29]
proposed a turbocharger quality inspection system, in which
the resampling method is used to analyze vibrations generated
by the turbocharger running at variable speed. These results
demonstrate that the proposed techniques based on resampling
work well on extracting non-stationary harmonics from the
sampled data. Despite the efforts made in the cited papers, the
implementation of these methods required a large memory, a
shaft encoder or complex observers for implementation.
Therefore, it is desired a method that could provide accurate
BRB fault detection in IM under startup transient based on the
resampling method and without additional hardware.

This paper proposes a novel method for detecting the
presence of a BRB in inverter-fed IM during a startup
transient at reduced voltage and low slip. The proposed
approach  consists in  separating the fault-related
harmonics from the- FC via a non-uniform time resampling,
evading spectral overlap and smearing. The use of this
technique permits the separation of the-BRB components from

the FC and provides a very clear pattern in the spatial-
frequency domain to detect the fault. In the proposed method,
the voltage and current signals are uniformly sampled in the
time domain. According to the frequency characteristics of the
voltage signal, the non-uniform time resampling is then
performed for the current signal such that the FC and its
harmonics are converted to constant values. The multiple-
signal classification (MUSIC) method is used as spectral
estimation method of the spatial-frequency decomposition to
identify the fault signature, which is a characteristic trajectory
of the LSH in the spatial-frequency domain. The proposed
method is validated by a theoretical study and experimental
results for the detection of one BRB. In these experiments, the
uniform sampling is compared to the non-uniform sampling;
then, the MUSIC spectral estimation method is compared to
the well-known Welch and Burg spectral estimation methods;
afterwards, three different operating frequencies of the
inverter feeding the motor are tested; finally, the effects on the
fault detection of different mechanical loads are compared.
The proposed technique has the advantage of not requiring any
additional hardware for measuring or estimating the rotating
speed. Moreover, the low computational cost of the proposed
strategy permits its implementation in low-cost equipment
such as digital signal processors (DSP) or field-programmable
gate array (FPGA), which will allow us online fault detection.

IIl. BACKGROUND

This section introduces the basic theoretical framework
used in this work.

A. Broken Rotor Bar Fault

The detection of broken rotor bars in IM can be done by
observation of the sideband harmonics f,,, components as:

Fors = Fan H‘;}} (1)

where s is the per-unit motor slip, pis the number of pole
pairs of the motor, ky=135... are the characteristics values of

the motor, and £, is the electrical supply frequency [8].

B. MUSIC Algorithm

The subspace methods are known as high-resolution
methods that detect frequencies with low signal-to-noise ratio.
The subspace methods assume that the discrete-time sequence
x[n] can be represented by m complex sinusoids in noise ¢[n],
[30]; i.e.

xn]= Zml B.e”"" +e[n], n=012,---N—1 (2)

with
B =|Be* 3)

where N is the sample length, B;is the complex amplitude of
the i-th complex sinusoid, f, is its frequency e[n] is a sequence
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of white noise with zero mean and variance o2 .This method
uses the eigenvector decomposition of x[z] to obtain two
orthogonal subspaces. The autocorrelation matrix R of the
noisy x[n] is the sum of signal and noise autocorrelation
matrices (R, and R, respectively):

R=R,+R, > B (e () + o1 )

where p is the number of frequencies and the exponent H
denotes Hermitian transpose, I is the identity matrix and

e (f,) is the signal vector given by:

M (f)=[1 e/ .. o I2ND] )

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

o (6)

OMUSIC( ry — _
‘eH(f)va‘

where v,,,, is the noise eigen-vector. This expression exhibits
the peaks that are exactly at frequencies of principal sinusoidal
components where e’ (f)v,,., =0, [31].

In this work, a short-time MUSIC approach is computed to
obtain a time-frequency signal representation. The short-time
MUSIC is constructed by partitioning the signal into small
segments by using a sliding window; then each segment is
processed by the MUSIC algorithm, realizing a sliding-
window pseudo-spectrum of the signal. The short-time
MUSIC mitigates the effects of noise, evidencing only larger
frequency components. detection.

[ll.  PROPOSED NON-UNIFORM TIME RESAMPLING

In Inverter-Fed IM during the startup transient, the
fundamental voltage frequency is not fixed and the slip
becomes very low. Under the above conditions, the left-side
component, whose magnitude must be monitored for
diagnostic purposes, evolves in time parallel and very close to
the fundamental component. It turns out that the direct
application of motor current signature analysis (MCSA) to the
stator current is not effective. A simple solution for an
efficient diagnosis of BRB in inverter-fed IM during the
startup transient is presented here via non-uniform time
resampling.

A.Resampling

Resampling is an approach to determine the value of a
discrete-time sequence at arbitrary points in time. It denotes
the transformation of a discrete-time sequence with a given
sampling frequency f; into a discrete-time sequence having a

different sampling frequency f, .In the general resampling
method, the sequence x(n)=x(n7;), sampled with the input
sampling period 7; or correspondingly sampling frequency f,,
is transformed into the sequence y(m)= y(m7,), sampled with

the output period 7, or correspondingly sampling frequency
f, - The ratio between the output and the input frequency is
referred to as the conversion factor or the resampling ratio

L (7

R=Zo i - =
M

SN
SIS

where £ and M are integers. The resampling process can be
conceptually modeled as a resampling filter [32]. Let x(k) be

the impulse response of the prototype filter. The time domain
relationship among x(n), a(k) and y(m) is

yom) =" h(Mm — kL)x(k) ®)

The spectrum of y(m), can be determined in terms of the
spectrum of x(n) and the resampling ratio ./, as

Y(e/®) = %X(eﬂ”%’) )

An expansion or compression occurs in the spectrum due to
the resampling technique, proportional to the 1/, ratio. If the

time resampling ratio R is kept constant, the resampling
method is said to be uniform; otherwise, if the time resampling
ratio R varies according to a certain relationship, the
resampling method is said to be non-uniform.

B. Non-Uniform Time Resampling

Non-uniform time resampling establishes a time-dependent
relationship for the fundamental frequency in such a way that
it becomes a function of time R(s) = f(¢) . Then, the original

uniform time sampled x(») is converted into the resampled
signal y(m) with a time-dependent resampling ratio R() .
M(2) M(3)

e ————————======= —= === e

§§-..,,TmHHHh.l ?:THT:*X(H)*.”T_
g S JICHR VIS
________________ s_aFnBIé_(n_)__@.____L_@,‘-_J

o o]

Amplitude (A)

A )

L
sample (m)
Fig. 1. lllustration of a non-uniform time resampling of a chirp signal.

For the proposed methodology, the resampling ratio is
selected to be:

R =-E (10)

M)
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where L is set constant and As(r) is selected to be the number

of uniform samples that each cycle of the fundamental
frequency contains and its value is adjusted for each cycle.

This way, if the i-th cycle of the original signal contains
M, (r) uniform samples, the resampling rate is set to 7/, and

the resampled signal will have exactly L samples. Because L is
fixed, each cycle of the resampled signal will contain the same
number of samples, L, making the fundamental frequency of
the resampled signal a stationary component. The proposed
method computes the signal resampling with a non-uniform
factor in time for each cycle of the original signal. Fig.1
illustrates how a non-uniform time resampled sinusoid chirp is
resampled into a signal with the fundamental frequency made
stationary. Three cycles of the original signal are shown, each
with a different quantity of samples, and after the resampling
process, the chirp signal becomes a sinusoid signal with
constant frequency, having L samples in each resulting cycle.

The proposed algorithm is used to resample the stator current
of an inverted-fed IM at the startup transient as illustrated in
Fig.2.

v(n)

Uniform time
sampled voltage

i(n)
Uniform time
sampled current

Low Pass Delay
FIR Filter
ve(n) ig(n)

Filtered voltage Delayed current

v v
Resampling Ratio N Non-uniform time
Calculation . Resampling
R(i)
Resampling Non-uniform time
Ratio resampled current

Fig. 2. Schematic of the non-uniform time resampling method applied
to the stator current signal.

In the proposed method, one phase of the stator voltage and

current are measured for BRB detection. The overall algorithm

is described as follows:

1) Acquire the stator current and voltage signals with a fixed
and uniform sampling frequency f,.The result is v(z) and
i(n) wheren=1,2,3,...,N; being N the sample length of the
stator voltage and current uniform acquisitions.

2) Filter the voltage signal from noise to obtain the
fundamental component of the voltage supply; the
resulted filtered signal is v . (n).

3) Delay the stator current signal by the same amount of the
voltage filter group delay; the result is i, (n).

4) Obtain the number of samples per cycle am(i), with
i=123,..Nc, from the filtered voltage signal f(n) as

reference by counting the samples between two zero-
crossings during each i-th cycle.

5) Calculate the non-uniform resampling ratio R(;) = L/M (i),

where L is the target number of samples for each cycle of
the voltage signal in order to convert it into a stationary
signal with constant frequency f = f, /L.

6) Resample the uniform current signal i, (») at the non-
uniform time resampling rate R(;). The result sequence is

the non-uniform time resampled stator current ; ().

C. Theoretical Validation

To wvalidate the proposed methodology, the major
components of a stator phase voltage and stator phase current
are synthetically generated:

(11)

v, ()=V, sin(a)ft)
i,)=1, sin(a)ft +a)+ I, sin(o, +a,)+ 1, sin(w, +a,) (12)

where rolpsasap,a,, are the amplitude of the fundamental

voltage component, the amplitude of the fundamental current
component, phase angle of the fundamental component, phase
angle of the left and right side BRB components, respectively.

2200
% F—~ W\
$-200 1 3
Time (s)
(a)
g 6
<
o
5
o 1 2 3 4 ¢
Time (s
(
g 6
<
o
5 .
o 606 24 54 1562 210

97
Cycles (c)
(c)

Fig. 3. Theoretical time domain startup transient of an IM with a
BRB fault: (a) Uniformly-sampled voltage, (b) Uniformly-sampled
current, (c) Non-uniformly resampled current.

The frequency pattern o, , = (1+ s)w, i produced in the IM

current due to the BRB fault. The corresponding synthetic
stator voltage and current are depicted in Fig. 3a and 3b,
respectively. Fig. 3¢ shows the resampled stator current via the
non-uniform time resampling. Notice that first second of the
current signal is mapped into 6 cycles; the next second is
mapped into 18 cycles, whereas the following seconds are
mapped into 30, 43, 55 and 61, respectively. This is due to the
non-uniform time intervals of the original signal for each
cycle.

The theoretical time evolutions of the main frequency
components contained within the stator current of an inverted-
fed IM during 5s startup transient followed by 1s of a steady-
state regime are shown in Fig. 4. The figure has been plotted
assuming a linear variation in time of the s, fixed by the
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inverter, from 0 to 60Hz in 5s, and a rotor frequency from 0 to
57 Hz during the same time interval. BRB fault related
harmonics are dependent of the motor slip, which is given by:

S:fc_fr (13)

During the soft startup operation of the motor, gradually
controlled by the inverter, the rotor speed changes very slowly
and the BRB fault related frequencies evolve very close to the
fundamental frequency [21]. Fig. 5 depicts the theoretical
evolution of the FC, LSH, and RSH after the stator current is
non-uniformly time resampled. The figure shows how the
fundamental frequency is transformed into a stationary
component, whereas the LSH and RSH fault-related
components are separated from the fundamental one,
facilitating the identification of their evolution trajectories.
This separation of the LSH and RSH from the fundamental
component, due to the proposed method of non-uniform
resampling, improves the diagnosis of the BRB fault.

120

—— FC
—— Fr

100+ —— LSH
~—RSH

[02]
o

Frequency (Hz)
5 3

N
o
‘\

\\

Fig. 4. Theoretical trajectories of the fundamental component (Fc), the
rotor frequency (Fr) and the fault related harmonics, left-side (LSH)
and right-side (RSH), of the uniformly sampled stator current signal.

120
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©
o
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o

0 35 70 105 140 175
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210

Fig. 5. Theoretical trajectories of the fundamental component (Fc), the
left side harmonic (LSH) and the right side harmonic (RSH) of the non-
uniform time resampled stator current.

[V. EXPERIMENTAL SETUP

The experimental setup consists in using a soft startup
controlled by an inverter model WEG CFWO0S8 to feed the

motor under test. The startup signal consists in a linear ramp
from 0 to the nominal 220 Vac with the frequency increasing
from O to a selected operating frequency in a period of 5s. Fig.
6a shows the experiment setup where two different 1-hp three-
phase induction motors (model WEG 00136APE48T) are used
for testing the performance of the proposed methodology. The
tested motors have 2 poles, 28 bars and a rated voltage supply
of 220 Vac. The applied mechanical load consists in an
ordinary alternator. The current signal is acquired using a hall-
effect sensor model LOSP050D15, from Tamura Corporation.
A 16-bit 4-channel serial-output sampling analog-to-digital
converter ADS8341 from Texas Instrument Incorporated is
used in a proprietary data acquisition system. The sampling
frequency is set to f,= 12 kHz obtaining 60,000 samples

during 5s of the induction motor startup transient and 12,000
samples during 1s of the steady state regime. The BRB
condition is produced by drilling a 2.0 mm diameter hole in a
bar of the rotor, without harming the rotor shaft. Fig. 6(b)
shows the rotor with the broken bar used during the test.

<

Inverter

ee . . ies |
= A

Data acquisition
system

Motor
under test

(b)
(a) Experimental setup of the test bench. (b) Rotor with one
broken rotor bar.

Fig. 6.
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Four experimental cases of study are developed to test the
proposed method under different conditions of interest for the
fault diagnosis. All experimental cases of study compare the
results between the healthy motor and the motor with the
broken rotor bar condition. The first case of study makes the
comparison between the uniform sampling and non-uniform
resampling, whereas the rest of the conditions are fixed. The
second case of study compares the efficiency of MUSIC as
spectrum estimation method vs. the Welch and Burg methods.
The third case of study presents the effects of different
operating frequencies at the inverter that feeds the motor. And
the fourth case of study shows the effects of changing the
mechanical load at the motor.

V. EXPERIMENTAL RESULTS

In the four cases of study, and for all the conditions that
are compared, each condition under comparison is presented
in three graphs. The first graph presents the spatial-frequency
decomposition of the healthy condition of the motor, the
second graph shows the spatial-frequency decomposition of
the motor with the broken rotor bar, and the third graph is
obtained as the difference between the faulty to the healthy
condition. The third graph is a detection indicator of the
presence of the fault because it enhances the presence of the
LSH component when it is present, while suppressing the
fundamental frequency, which results in an enhanced plot of
the presence of the fault.

The signal processing of the acquired experimental data is
implemented in the Matlab Digital Signal Processing Toolbox.
To reduce the computation time and to optimize the pseudo-
spectrum estimation, after the data acquisition stage, the signal
is decimated. As a result, the frequency region, where the fault
frequency evolution of the broken rotor bar condition will be
observed, is limited to the 0-120 Hz frequency range. In all
studied cases, the stator voltage and current signals have the
same time duration of 6s: 5s covering the soft startup transient
and 1s for the steady-state regime. The stator current signal is
divided into segments of 200 data points each one.

A. Case 1 Uniform vs. Non-uniform Resampling

In the first case of study the operating frequency is set to 60
Hz with a mechanical load representing half (50%) of the
nominal load for the motor and MUSIC as spectrum
estimation method. In this experiment it is compared the
difference obtained between using a uniform sampling rate
(standard method) and a non-uniform sampling rate (proposed
method).

The MUSIC algorithm, with a modal order of 6, is used to
analyze each segment of the spatial-frequency decomposition,
and the result forms the sort-time ST-MUSIC pseudo-
spectrum.

The results of this case of study are depicted in Fig. 7. Fig.
7(a) depicts the pseudo-spectrum of the uniformly sampled
current signal of a healthy motor, whereas Fig. 7(b) shows the
uniformly sampled current signal of the motor with one BRB.
Fig. 7(c) depicts the detection indicator for the uniform
sampling. Notice that the LSH is almost imperceptible for a
uniform sampling. On the other hand, Fig. 7(d) depicts the

non-uniform resampled current signal of the healthy motor;
Fig. 7(e) shows the non-uniform resampled current signal of
the motor with one BRB, and Fig. 7(f) depicts the detection
indicator graph of the non-uniform resampling method. In
these cases, it can be noticed that the fundamental frequency
has been transformed into a stationary signal and the LSH is
separated from the FC, making its trajectory in the spatial-
frequency domain clearly visible in the corresponding pseudo-
spectrum.

In the results of the healthy motor, it is remarkable that the
fundamental frequency becomes a constant value in the
spatial-frequency domain, and there are no other spectral
components present. Regarding the results of the faulty motor,
in Fig. 7(c), it is barely noticeable the presence of the LSH
caused by a BRB fault. Meanwhile, Figs. 7(d) to 7(f) show the
results of the non-uniform resampled stator current analysis
for the healthy and faulty motors. The proposed method
converts the fundamental component trajectory into a
horizontal line. This transformation makes easier to
distinguish the evolution of the fault-related component, even
when the slip is low, because the LSH trajectory is separated
from the trajectory of the main harmonic. Therefore, the
detection of the faulty condition is improved when the non-
uniform time resampling algorithm is applied to stator current.

Figs. 7(d) to 7(f) are used for comparison to the rest of the
cases of study.

B. Case 2 Spatial-frequency decomposition

The second case of study uses a non-uniform sampling rate
with 60 Hz of operating frequency and 50% of mechanical
load. This experiment compares the efficiency of the spectrum
estimation methods between Welch, Burg and MUSIC. Figs. 7
and 8 comprise the results of this comparison. Figs. 8(a) to
8(c) present the spatial-frequency decomposition for the
Welch method of the healthy motor, the motor with the BRB,
and the detection indicator graph, respectively. Figs. 8(d) to
8(f) depict the graphs for the Burg method and Figs. 7(d) to
7(f) show the graphs for the MUSIC method.

From this comparison it can be noticed that the MUSIC
spatial-frequency decomposition method gives clearer results
for detecting the presence of the LSH indicating the fault than
the Welch and Burg methods. The performance of MUSIC is
better than Welch and Burg methods in the presence of noise.

C. Case 3 Effects of the operating frequency

The third case of study uses a non-uniform sampling rate
with MUSIC as spectrum estimation method and 50 % of
mechanical load. This experiment compares the effects of
three different operating frequencies set to 12, 30, and 60 Hz.
Figs. 7 and 9 contain the results of this comparison. Figs. 9(a)
to 9(c) present the spatial-frequency decomposition for the
operating frequency set at 12 Hz; Figs. 9(d) to 9(f) depict the
spatial-frequency decomposition for the operating frequency
set at 30 Hz; and Figs. 7(d) to 7(f) show the spatial-frequency
decomposition for the operating frequency set at 60 Hz.

Results show that the proposed method is able to detect the
presence of the LSH component of the BRB fault for all the
operating frequencies at the inverter from 12 and up to 60 Hz.
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D. Case 4 Effects of different mechanical loads

The fourth case of study uses a non-uniform sampling rate
with MUSIC as spectrum estimation method and 60 Hz of
operating frequency. Three load conditions are compared with
no load, 50%, and 100% of nominal load. Figs. 7 and 10
present the results of this comparison. Figs. 10(a) to 10(c)
present the spatial-frequency decomposition for the motor
driving no mechanical load; Figs. 7(d) to 7(f) depict the
spatial-frequency decomposition for the motor driving 50% of
the nominal mechanical load; and Figs. 10(d) to 10(f) show
the spatial-frequency decomposition for the motor driving
100% of the nominal mechanical load.

In this case of study, the proposed method is able to detect
the presence of the fault-related LSH component when the
motor is mechanically loaded; yet, the presence of the fault is
not noticeable when the motor is working with no load, which
is a limitation of the method. Anyhow, a motor working with
no load is not a realistic operating condition because the motor

Healthy-Uniform

120 120

100 100
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(=]
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40
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in general always drives a load, where the proposed method is
effective in detecting the presence of the fault.

E. Computational cost

The proposed method is implemented under Matlab in a
desktop PC with an Intel Core i7 CPU running at 3.1 GHz and
8-GB RAM. The complete method includes three
computational stages: digital filtering, resampling process, and
spatial-frequency decomposition. Once the signal is acquired,
the digital filtering stage is computed in 1.30ms and the
resampling process takes 33.20ms to be computed. The
spatial-frequency decomposition lasts 93.70ms, 275.10ms, and
359.31ms for the Welch, Burg, and MUSIC methods,
respectively. The total computation time is 128.20ms,
309.60ms, and 393.81ms whether the Welch, Burg or MUSIC
spatial-frequency decomposition method is used. Considering
that the acquisition process takes 6s and the proposed method
takes below 0.5s, the computational burden is kept low.
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Fig. 7. Spatial-frequency decomposition using MUSIC for a motor with 50% mechanical load and operating frequency set at 60 Hz, (a) Healthy
with uniform sampling, (b) BRB and uniform sampling, (c) Detection indicator with uniform sampling, (d) Healthy with non-uniform sampling, (e)
BRB with non-uniform sampling, and (f) Detection indicator with non-uniform sampling.
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Fig. 8. Spatial-frequency decomposition using non-uniform sampling for a motor with 50% mechanical load and operating frequency set at 60 Hz,
(a) Healthy with the Welch method, (b) BRB with the Welch method, (c) Detection indicator with the Welch method, (d) Healthy with the Burg
method, (e) BRB with the Burg method, and (f) Detection indicator with the Burg method.
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Fig. 9. Spatial-frequency decomposition using MUSIC with non-uniform sampling for a motor with 50% mechanical load, (a) Healthy with an
operating frequency set at 12 Hz, (b) BRB with an operating frequency set at 12 Hz, (c) Detection indicator with an operating frequency set at 12
Hz, (d) Healthy with an operating frequency set at 30 Hz, (e) BRB with an operating frequency set at 30 Hz, and (f) Detection indicator with an
operating frequency set at 30 Hz.
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Fig. 10. Spatial-frequency decomposition using MUSIC with non-uniform sampling for a motor with an operating frequency set at 60 Hz, (a)
Healthy with no mechanical load, (b) BRB with no mechanical load, (c) Detection indicator with no mechanical load, (d) Healthy with 100% nominal
load, (e) BRB with 100% nominal load, and (f) Detection indicator with 100% nominal load.

VI.CONCLUSIONS

In this paper, a novel methodology for the diagnosis of
broken rotor bars in inverter-fed induction motors is presented.
The proposed method consists in a non-uniform resampling of
the stator current signal with the voltage source from the
inverter as the reference signal for the resampling process. The
result is a separation of the fault-related harmonic trajectory
from fundamental component evolution. This transformation
of the trajectories facilitates the observation and identification
of the progression of the fault-related components during a
soft startup transient. Furthermore, the method overcomes the
disadvantage of spectral leakage and can be used at a very low
slip IM operation. Moreover, the proposed method does not
require using speed sensors or speed estimation techniques.
Experimental results have confirmed the effectiveness and
advantages of the proposed methodology for the diagnosis of
broken rotor bars in induction motors fed by inverters. The
technique can also be applied to detect other faults in inverter-
fed IM during soft startup transients.
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