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Abstract--Transient motor current signature analysis has
become a mature technique for fault detection in induction motors.
By using start-up transients, the whole range of slip in the machine
is exploited to generate well-defined fault frequency patterns.
However, in the inverter-fed motor case, the fault-patterns is
always close to the supply frequency and often of low amplitude.
Therefore, it is difficult to distinguish and localize the fault-
patterns. In this paper, a novel method is proposed to create a new
fault-pattern; the proposed technique can concentrate the fault-
harmonic in a specific frequency bandwidth and avoid the spectral
leakage by reducing the supply frequency amplitude. The
methodology has been validated through experimental tests
carried out to detect broken rotor bar in an induction motor
started through a voltage source inverter.

Index Terms—Condition monitoring, fault diagnosis, induction
motors, signal processing, spectral analysis, stator current
analysis.

1. INTRODUCTION

NDUCTION motors (IMs) are widely used in industry due to

their excellent performance and high-robustness [1].
However, these electrical machines are susceptible to several
types of faults. It has been demonstrated that every fault
introduces an additional frequency component in the stator
current [2]-[3]. Broken rotor bar (BRB) is one of the most
difficult fault to detect since the additional frequency
component appears too close to the supply frequency. Several
methods have been used to detect BRB faults in IMs [4]-[5].
Most of the works still deal with line-fed IMs and under
stationary conditions. Recently, it is more common to see IMs
fed by voltage source inverters (VSI) [6]. Furthermore,
stationary operation is quite unusual in the industrial
environment due to the existence of voltage variations, speed
oscillations, and load changes; consequently, the detection of
faults must be approached under non-stationary conditions.

In this context, some researchers have developed techniques
allowing fault analysis under transient conditions [7]. For
instance, in [8] the authors proposed to use an adaptive time-
frequency (t-f) transform. This proposed strategy is based on
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the correlation between the stator current signal and a family of
pre-defined t-f atoms. An application of multi-rate digital signal
processing for diagnosing BRB can be found in [9]. The major
contribution of the authors is the development of a resampling
technique that allows separating the fault component from the
variable supply frequency. In [10], a combination between the
complete ensemble empirical mode decomposition and the
multiple signal classification (MUSIC) algorithm is proposed.
In this case, the proposed method allows decomposing the
signal in different modes, which makes fault identification more
accurate after removing the modes considered as noise. Another
methodology using a reassignment technique for sharpening the
t-f representation by relocating the data according to local
estimates of instantaneous frequency and group delay was
proposed in [11]. All the above-mentioned methods allow
tracking the fault-related frequency in the t-f plane. However,
these techniques have an important drawback since the energy
of the fundamental supply frequency is still higher than the
fault-related one; therefore, spectral leakage has an adverse
impact.

Recently, some works have proposed the use of
demodulation techniques to eliminate the fundamental supply
frequency and to extract a reliable fault indicator based on stator
currents measurements [12]-[14]. The application of a
demodulation process shifts the stator current spectrum along
the frequency domain in such a way that the fundamental
component is sent to the zero value. Consequently, subtracting
the average value from the demodulated signal eliminates the
masking effect of the spectral leakage. Several authors have
confirmed its usefulness for rotor asymmetries detection in IMs
[15]-[17], and in generators [18]-[19]. However, these methods
use the stator current signal and presume that the IM is line-fed
and in stationary conditions.

The main contribution of this research is the proposal of a
methodology based on an IM stator current non-uniform
demodulation under non-stationary conditions that detects BRB
faults. Although the demodulation technique is an effective
method for the steady state, it has not been applied to non-
stationary conditions yet. This concept of uniform
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demodulation is extended to non-uniform demodulation for the
non-stationary regime. This method isolates the fault-related
frequency from the variable source frequency in an inverter-fed
IM. The advantages of the proposed technique are its low
computational complexity of the signal processing and its
precise fault-related frequency detection.

1I. BACKGROUND

A. Broken Rotor Bar

The phase current of a healthy IM contains the fundamental
component and its harmonics. The breaking of a rotor bar
produces an amplitude modulation of the stator current. As a
result, two additional frequencies known as left-side harmonic
and right-side harmonic appear at w=(1-2s)w, and w,=(1+2s)w;
respectively [20]Ilthough, where w, is the main frequency, and s
is the rotor slip. The equations of the three stator currents for a
faulty IM can be written as follows:

i,(t)=1 cos(ot)+1, cos(wt+¢,)

+1_cos(w,t+,)+n,(t) @

i, (t) =1, cos(w,t —=*%) + 1, cos(ayt =% + ;)

+1, cos(, =% +,) +1,(0) (2)
i, () =1, cos(@xt —*7) +1, cos(wt =7 +¢,)
+I cos(w,t —*%+@,)+1,(1) &)

where /; corresponds to the amplitude of the fundamental
components, /i, I;» are amplitudes of the fault frequencies, ¢;
and @, are the phase angles, and #a, 1y, 71c are independent noise
signals due to the measurement system.

B. Sum of Adjacent Products

The sum of adjacent products (SAP) in an IM consists in the
sum of the products of every two-adjacent phase currents, for a
three-phase IM:

ib
i,O=[i, i, i]|i|=ij+ii+ii,

i

a

(4)

The spectrum of i,

is the result of two signal-processing
procedures: amplitude demodulation and a superposition of
sinusoids. In (4), the signal multiplication of two-phase currents
in the time-domain involves double frequency shifting along
the frequency-domain, one at the sum of the two original

frequencies and one at their absolute difference expressed by

x(t)cos(w, 1)« % |:e.i(w+w(,) :I 4 % [ e./(w—w,q

After the calculation of every product, a superposition of
sinusoids takes place when the addition is computed in (4).
Precisely, a destructive interference effect is produced since

)

fundamental components of demodulated signals differ in
phase. Hence, the superposition operation suppresses the large
amplitude of the demodulated fundamental and its harmonics.

Under ideal conditions, i.e. for a healthy three-phase IM, the
calculation of (4) lead to:

IROESSA Q)

It contains only a dc component, which can be easily suppressed
by subtracting the average value in the time-domain. When a
damage fault in the rotor bar occurs, the generated
demodulation is not only by w, but also by the sidebands w, and
wy; thus, the application of the SAP method to the currents in
the faulty IM gives

i (@) =31,(1,+1,)cos(2sawt +27%)+ 31,1 cos(4sw,t +2%)

lsap
“AL = A A =T @)

It can be noticed that the application of the method results in
three spectral components: a dc value, and two new fault terms
located at 25w, and 4sw,. As the dc value can be easily removed,
the theoretical components in isq related to BRB fault are the
oscillating terms.
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Fig. 1. Location of fault and fundamental components under stationary

conditions. Spectra under healthy and faulty condition for: a) One phase current,
b) Product of two phase-currents, and ¢) SAP method.

Fig. 1 shows the location of the frequency components of an
IM under stationary analysis. First, the stator current spectra for
a healthy and a faulty rotor are depicted in Fig. 1.a, where the
;s and the fault components are too close to each other.
Therefore, the amplitudes of w, and w, are affected by the
spectral leakage of the fundamental component. Secondly, Fig.

1.b shows the demodulated current spectra of 7,1, (e’”)for the

same healthy and faulty IM resulting from the product of two
phase-currents. The demodulation process shifts the original
spectrum to the left and the right by w,. Finally, the spectra of
the signals obtained by the SAP method are shown in Fig. 1.c.
The results show that the principal components are suppressed
for the motor with healthy rotor, whereas for the faulty rotor in



the spectrum [Yap(ejw) the main components are the fault

frequencies at 2sw, and 4sw,. Waveforms simulation for
stationary conditions in Fig.1 are presented assuming a line-fed
IM at a constant supply 230V/60 Hz, with a constant angular
speed of 3420 r.p.m. and slip of 0.05. Time domain signals were
generated for 60.6815 seconds with a sampling frequency
F=270 Hz. The peak values of the different frequency
components of ia(?), is(f) and ic(t) are: /=6.8 A, I=1=0.0054 A,
and ¢= ¢- =0.0. Spectra were obtained by applying the fast
Fourier transform algorithm (2'% points) to the simulated
sequences ia(?), id(f)is(t) and isqp(f) to illustrate the prposed
method.

C. Inverter-fed Induction Motor

When an inverter feeds the IM, voltage distortion is
introduced and each component of the stator voltage produces
a corresponding stator current component at the same
frequency. In this case, the stator current for a faulty IM can be
written as

(=D I,cos(har 1 +,)

h=0,13,..
+1,cos(wt+@)+1 cos(wt+¢.) (8)

where 6 is the current phase (6=a,b,c), h is the harmonic order,
and ¢ is the sinusoid phase. Applying the proposed method to
(8), the resulting isqp(?) signal model is given by

isap(t):0'0+ol+02+cr3+of O]
where
2 2
2
o, =3, +?‘+73) (10)
o (=211, Z cos(a 1 +¢,) )
O=a,b,c
12
o,(=7 Z cos(2m ¢ +yr) (12)
y=a.By
o,()=211 Y cos(3w1+@,) (13)
6=a,b,c
and
o, (1)=31,({,+1 )cos(2sw t+¢ )
+31,1, cos(4so t+2¢ ) (14)

where a=p.tps, f= pvtoc, or= 0-¢1 and y= p+¢,. When
the phase-currents are exactly balanced (a=0, b=-211/3, c=-
4 © /3) the total current iy, for a healthy motor is zero,
whereas for a faulty motor the is,, current contents two
harmonic components independent of the superposition
principle.

D. Short-time MUSIC Algorithm
Consider the multi-component signal isq(f), based on signal

3

model (9) it consists of a linear combination of (p=6) time-
harmonics from the set
{ef‘””’ (0" =(0!....0")eR” h= 1,...,p} (15)
The multi-component signal model in the discrete-domain is
expressed as:

p—1
i, [nl= Y 0@ 4 nin] (16)
h=0

where #[n] is a white Gaussian noise with zero mean and
constant variance. The basic idea of MUSIC algorithm is to
decompose isqp(f) into signal and noises subspaces. The task is
to find out the frequency support
p={00,,250,,4s0,,0,,20,,30,} from a sequence iswp[n]

sampled at t=(n,,...,n,), 0<n,<N,, d=1...,D. It is

possible to compute the time-frequency representation of the
signal by sectioning isqp[#] into overlapping frames, multiplying
the frames by a proper analysis window and applying the
MUSIC algorithm of each frame as follows

n=N, -1

Ovwsiclm,q]= lyap [n]w{n—mli]

0 . 5
oy E |e(a)) Tuk|
k=p+1

where Ny is the length sequence, n is the discrete-time index,
w[n] is a rectangular analysis window, m is the position of the
analysis window, / is the leap size between successive windows,
o is the size of the eigenvectors, and ¢ is the frequency index
[21].

(17)

III. SIMULATION RESULTS

A simulation scheme has been implemented in MATLAB by
creating synthetic waveforms based on the voltage and current
behavior of a VSI-fed IM. Synthetic waveforms were made by
analyzing a soft transient starting. The duration of simulated
data is 5 seconds for the transient state and 1 second for the
stationary state. Mechanical rotor speed (n) in r.p.m. is given
by:

n=@wx(l—s)
np

18)

where w; is the fundamental frequency of the input voltage in
Hz, np is the number of poles, and s is the rotor slip, usually
expressed in per-unit. Fig. 2, shows the slip variation between
1 and 0.02727 p.u. for a VSI started IM.

Time (s)
Fig. 2. Slip simulation waveform under a VSI-fed IM startup transient.



In time-varying conditions, such as startup transient the
trajectory of fault-harmonics cannot be easily detected by
conventional spectrum analysis, because w,(f) and w,(f) are
spread across a wide frequency range; furthermore, they are
close to the w,(f), making their correct observation difficult. In
fact, fault-harmonics vary as a function of time according to the
rotor slip and the supply frequency. The time-frequency content
of one IM phase current during a startup transient is presented
in Fig. 3. Fig. 3.a is related to a healthy rotor condition. The
fundamental frequency increases linearly in time from O to 60
Hz. The first odd harmonics, A3(f)=3w,(f) and hs(f)=5Sw(1),
introduced by the VSI, are also present in the #-f plane. As
mentioned in section 2, the bar breakage in the rotor produces
the appearance of fault-harmonics at w(f) and w.(7) in the
frequency domain. Fig. 3.b shows their corresponding fault-
trajectories, which evolve during the startup with positive slope
and close to w(?) in the #-f domain. Time-frequency profile of
the harmonic content for the line current under startup transient
is calculated by i.(f) = 60Hz/5sec ¢t + 120Hz/5sec t +
180Hz/5sec t. When rotor is faulty, the faul-related harmonics
are given by (1+£2s(f))wy(f), where w,(f)=60Hz/5sec ¢ and the
considered transient slip shown in Fig.2 is an exponentially
decreasing slip function s(¢) = me™ — 0.005, with m=1.037 and
n=-0.694.
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Fig. 3. Theoretical trajectories in VSI-fed IM startup. Conventional t-f analysis
for: a) healthy rotor, and b) faulty rotor.

The theoretical trajectories of the harmonic content of the isqp
current of a healthy and faulty motor are shown in Fig. 4. As a
consequence of the SAP method for a healthy induction motor,
all the significant frequency components are canceled each

other, hence imp contains only spectral residues (o, 02, 03)

located at (wy(¢), 2wy(f), 3ws(t)) as a result of (10)-(13). In
contrast, when a rotor bar is broken a non-uniform
demodulation produces a fault frequency component at
2s(f)wy(f), which is spread in a frequency bandwidth
proportional to the instantaneous slip and the instantaneous
ws(t). A theoretical t-f analysis of the i, is depicted in Fig. 4.b,
where a speed variation from 0 to 3502 r.p.m. in 5 seconds is
considered. As can be seen, the most relevant harmonic
evolution is the fault component; moreover, its trajectory is
concentrated in a certain narrow frequency range band, leading

to reliable fault detection.
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Fig. 4. Theoretical trajectories in VSI-fed IM startup of t-f analysis of the
signal for: a) healthy rotor, and b) faulty rotor.

IV. METHODOLOGY

The proposed fault detection procedure includes the
following processing stages:

1. First, a lowpass filter (LP) with cutoff frequency w=n/D is
used to band-limit the input signals; then the filtered signals are
down-sampled by a factor D. This combined process is called
decimation and limits the analysis in a frequency band (0 to
Fs/D) where F; is the sampling frequency. When the data
acquisition system Fj is very high, it is necessary to consider a
multi-stage decimation approach to reduce aliasing distortion
[22].

2. The decimated signals are LP filtered once more to avoid the
effect of spectral overlapping by demodulation. Now the time
with cutoff frequency is w=w, and satisfies w,<n-wo, where w,
is the maximum operating supply frequency and n=Fy/2. Then,
the multiplication of every two adjacent phase IM currents is
carried out.

3. Once the signals are band-limited and demodulated, the sum
of the products sample per sample provides the value of the
analysis sequence isap[n].

4. The signal is windowed with a size of w=130 of samples to
obtain a local spectrum by MUSIC algorithm. Finally, the
window is sliding by every 3 samples along the complete
sequence to compute the time-frequency decomposition. A
simplified block diagram of the digital signal processing for the
proposed method is illustrated in Fig. 5.
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Fig. 5. Simplified block diagram representation of the proposed method.

V. EXPERIMENTAL RESULTS

Experimental tests have been carried out to validate the
presented approach. For this purpose, a three-phase IM (WEG
model 00136APE48T) coupled to an alternator have been used.
The parameters of the motor are presented in Table I.

TABLE I

Induction Motor Parameters
Rated power kW 0.74
Poles unit 2
Rotor bars unit 28
Rated voltage v 230/460
Rated current A 2.9/1.4
Rated frequency Hz 60
Rated speed r.p.m. 3355
Efficiency % 75.5
Power factor p.u. 0.87
Rated torque Nm 2.1

The experimental tests consist in using a soft startup
controlled by a VSI (WEG model CFW08) to drive the IM.

The VSI drive uses pulse width modulation (PWM)
technique and is programmed with a v/f (scalar) linear control.
The v/f control principle adjusts a constant V/Hz ratio of the
stator voltage by feed-forward control. It serves to maintain the
magnetic flux in the IM at the desired level, which is adequate
for applications like pumps, fan drives, belt conveyors, and
others. The VSI parameters are reported in Table II.

TABLE II
Variable Source Inverter Parameters
Control method V/F, PWM, 16 bits

Commutation frequency 10 kHz
Rated output current at 220-240 V 7.0A
Frequency limits 0-66 Hz
Automatic torque Boost 1.0%
Slip compensation 0.0%
DC link voltage regulation 380V

The programmed startup duration is 5 seconds and employs
a linear frequency sweep from 0 to a selected operating
frequency w,. The stator phase currents were sampled at 12.0
KHz. All signals were recorded for 6 seconds; 5s of startup and
1s of steady-state regime. Two cases were tested; the former is
related to the VSI programmed with a conventional operating
frequency w,=60 Hz and, the latter to the VSI programmed with
a low w,=30 Hz. For both cases, healthy and faulty motor were
analyzed. The faulty condition was created drilling a 2.0 mm
diameter hole in the squirrel-cage bar. Fig. 6 shows the
experimental setup. The fault diagnosis technique was

implemented on a PC using Matlab software. The main
limitation of broken rotor bar detection from a controlled VSI-
fed motor is the closeness between supply frequency and the
fault harmonics in the frequency domain. Since fundamental
frequency amplitude is greater than the fault harmonics, the
energy from the fundamental spectral line is spread into
neighboring frequencies in the t-f domain. This difficult fault-
harmonic detection even with high-resolution techniques.
Time-frequency decomposition by short time MUSIC
algorithm of the conventional current signal is depicted in Fig.
7.

Inverter

[,

g
ee =88 ¢
=l oo\ .

Data acquisition
system

Motor
under test

(b)
Fig. 6. Experimental set up: a) Motor test-bench. b) Faulty rotor with one
broken bar.

Fig. 7 presents the t-f distribution of the line current for a
healthy machine, where the principal component is w,(f) from
0 Hz to a maximum pre-programmed 60 Hz. Fig. 8 corresponds
to the same machine with a faulty rotor.
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Fig. 7. Experimental result of inverter-fed IM startup (/=60 Hz). Time
frequency distribution of one-phase current for the healthy motor.

The t-f distribution shows the fundamental component and the
wi(f) harmonic, which apparently evolves parallel to the right
and very close to ws(?).
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Fig. 8. Experimental result of inverter-fed IM startup (/=60 Hz). Time
frequency distribution of one-phase current for the faulty motor.

Although the fundamental component and the left-side
harmonic are perceptible during the startup transient, their
trajectories in the time-frequency plane are very close to each
other. This proximity makes it difficult to separate clearly their
trajectories due to the important difference of energy between
them, and therefore hindering their use for rotor condition
monitoring purposes. It should be noted that since the energy of
the fundamental frequency is much greater than the energy of
the VSI harmonics, the evolution of harmonics /; and As is not
observable in the time-frequency representation. On the other
hand, Fig. 9 and Fig. 10. illustrate the application of the
proposed method and expose the clear difference between a
healthy motor and a motor with a broken rotor bar. Fig. 9
provides the t-f distribution of issy for a healthy motor, where
only two spectral components appear with small energy. One is
the main component w,(f) mapped by the method to o2(f) and

the other is a dc component from a phase-current also mapped
to o:(¢). Both o:(¢) and o2(f) arise because of an unbalance
between current-phases.
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Fig. 9. Experimental result of inverter-fed IM startup (/=60 Hz). Time
frequency distribution of iy, current for the healthy motor.

Fig. 10 shows the same frequency components in a faulty
condition analysis. However, the resulting t-f distribution of the
faulty motor isqp current reveals the presence of the broken bar
related-harmonic 2sw;(#), which is clearly observed especially
during the transient start-up. The fault harmonic evolution
drops in frequency after 5s due to the decrease of the slip as IM
reach its steady state. The fault frequency 4sw,(f) is not
observed in Fig. 10 since the amplitude 3/(Ir+/;) in (7) is much
greater than 3//,. In particular, comparing the fault frequencies
(1-2s(2))ws(f) and 2s()w,(t) in Fig. 8 and Fig. 10 respectively, it
is clear that the method facilitates the identification of a
damaged rotor.
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Fig. 10. Experimental result of inverter-fed IM startup (£,=60 Hz). Time
frequency distribution of iy, current for the faulty motor.

An additional test starting the motor with a different
operating frequency was made to verify the sensitivity of the
approach against power supply frequency variations. The
results in Fig. 11 illustrates that the frequency components have



a similar behavior under a supply frequency sweep from 0 to 30
Hz.
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Fig. 11. Experimental result of inverter-fed IM startup (£,=30 Hz). Time

frequency distribution of iy, current for the healthy motor.

It is important to note that the demodulation process
produces a time-variant double spectrum shifting in the startup
transient, which implies that all the harmonic-components from
the original one-phase current are double shifted according to
the instantaneous frequency w;. i.e. For example, the amplitude
of the spectral line at o2(¢) (linear ramp 0 to 60 Hz) in Fig. 11 is
the result of a sum of two shifted components from the original
one-phase current content. ws(f) (linear ramp 0 to fo=30Hz) and
h3(t) (linear ramp 0 to 90Hz) are shifted by the carrier (linear
ramp 0 to 30 Hz ) in a positive and negative side respectively.
As in real IM the three-phase currents are not perfectly
balacned, destructive interference does not attain its maximum
value in the superposition process resulting in a spurious
component located at o2() in the t-f distribution.

Frequency (Hz)

1 2 3 4 5 6
Time (s)
Fig. 12. Experimental result of inverter-fed IM startup (/=30 Hz). Time
frequency distribution of iy, current for the faulty motor.

It is also worth noting in Fig. 10 and Fig.12 that the energy
located at o2(¢) increase when the bar is broken due to the
asymmetries generated between current phases. Despite the
presence of these components, it is possible to precisely localize
the fault trajectories in Fig. 10 and Fig. 12. For the second case
of study in Fig. 12 it can be noticed that the fault harmonic is

very close to zero-frequency value, since ws(¢) is small during
the startup transient. However, comparing Fig. 11 and Fig.12 it
is clear that the presented method can be successfully applied
to IMs even in low-speed applications.

VI. CONCLUSIONS

Tracking of a new fault-harmonic product of non-uniform
demodulation and superposition has been proposed for
detecting BRB in IMs under large speed variation. The
proposed method was successfully applied to analyze signals
measured from a VSI-fed IM at different startup frequencies.
Its effectiveness to track the fault-harmonic was confirmed by
experimental results, proving that the technique is promising for
fault diagnosis under start-up transient and steady-state since
the fault-harmonic is separated and energy of the fundamental
frequency is reduced. Additionally, since the fault-harmonic is
a narrowband signal and a low-pass signal, the detection
method can be implemented even with data acquisition systems
that operates with a low sampling rate.
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