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Condition monitoring methods, failure identification
and analysis for Induction machines

Neelam Mehala, Ratna Dahiya

Abstract— Induction motors are a critical component of many
industrial processes and are frequently integrated in commercially
available equipment and industrial processes. The studies of
induction motor behavior during abnormal conditions, and the
possibility to diagnose different types of faults have been a
challenging topic for many electrical machine researchers. The
Motor Current Signature Analysis (MCSA) is considered the most
popular fault detection method now a day because it can easily detect
the common machine fault such as turn to turn short ckt, cracked
/broken rotor bars, bearing deterioration etc. This paper presents
theory and some experimental results of Motor current signature
analysis. The MCSA uses the current spectrum of the machine for
locating characteristic fault frequencies. The spectrum is obtained
using a Fast Fourier Transformation (FFT) that is performed on the
signal under analysis. The fault frequencies that occur in the motor
current spectra are unique for different motor faults. However this
method does not always achieve good results with non-constant load
torque. Therefore, different signal processing methods, such as Short-
time Fourier Transform (STFT) and Wavelet transforms techniques
are also proposed and compared in this paper.

Keywords—*Fault diagnosis, Fast Fourier transforms, MCSA,
Short time Fourier transform (STFT), Wavelet transform

I. INTRODUCTION

ADVANCES in digital signal processing technology have
enabled researchers to process more data in less time. As

a result, information that is not previously available can
be extracted from the collected data. In the light of these
developments, condition monitoring via MCSA has recently
drawn more attention from researchers. MCSA focuses its
efforts on the spectral analysis of the stator current and has
been successfully used in the detection of broken rotor bars,
bearing damage and the dynamic eccentricity [1]. MCSA
analyzes the stator current in search of current harmonics
directly related to new rotating flux components, which are
caused by faults in the motor-flux distribution [2]. The
advantage of this technique is that it is well recognized
nowadays as a standard due to its simplicity: It needs only one
current sensor per machine and is based on straightforward
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signal-processing techniques such as fast Fourier transforms
(FFT). The MCSA uses the current spectrum of the machine
for locating characteristic fault frequencies. The spectrum is
obtained using a Fast Fourier Transformation (FFT) that is
performed on the signal under analysis. But, the FFT in the
stator current is quite difficult to apply with accuracy due to
problems such as frequency resolution, magnitude accuracy at
steady state, and more generally, due to data processing [3].
Therefore, this paper also discusses some new methods (Short
Time Fourier Transform, Wavelet transform) based on stator-
current analysis for online fault detection in induction
machines, which would overcome the averaging problems of
classical FFT.

Fourier analysis has some serious drawbacks. In
transforming to the frequency domain, time information is
lost. When looking at a Fourier transform of a signal, it is
impossible to tell when a particular event took place. If the
signal properties do not change much over time - that is, if it is
what is called a stationary signal - this drawback isn't very
important. However, most interesting signals contain
numerous non-stationary or transitory characteristics: drift,
trends, abrupt changes, and beginnings and ends of events.
These characteristics are often the most important part of the
signal, and Fourier analysis is not suited to detecting them. In
an effort to correct this deficiency, Dennis Gabor (1946)
adapted the Fourier transform to analyze only a small section
of the signal at a time -- a technique called windowing the
signal. Gabor's adaptation, called the Short-Time Fourier
Transform (STFT), maps a signal into a two-dimensional
function of time and frequency as shown in figure 1.
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Figure 1: Short time Fourier transform

The STFT represents a sort of compromise between the
time- and frequency-based views of a signal. It provides some
information about both when and at what frequencies a signal
event occurs. However, this information can be obtained with
limited precision, and that precision is determined by the size
of the window. While the STFT compromise between time
and frequency information can be useful, the drawback is that
once we choose a particular size for the time window, that
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window is the same for all frequencies. Many signals require a
more flexible approach -one where we can vary the window
size to determine more accurately either time or frequency.
For this, wavelet analysis can be used. Thus, Wavelet analysis
represents the next logical step: a windowing technique with
variable-sized regions. Wavelet analysis allows the use of
long time intervals where more precise low-frequency
information is required and shorter regions where high-
frequency information is required.

The main aim of this paper is to discuss the importance of
FFT, STFT and wavelet transforms methods for stator-current
analysis to detect the faults in induction machines. Here, three
different signal processing solutions are attempted: The first
one is based on FFT, second is based on short-time Fourier
transform (STFT) and third one on wavelet transform. The
next section of this paper describes the most common faults in
induction motors (IM) and their diagnosis using FFT. Novel
approaches using STFT and wavelet decomposition are
discussed in Section Il and IV with some experimental
results. Finally, Section V presents some concluding remarks.

Il. FAULT DIAGONOSIS WITH FAST FOURIER TRANSFORMATION

MCSA depends upon locating by spectrum analysis specific
harmonic components in the line current produced of unique
rotating flux components caused by faults such as broken
rotor bars, air-gap eccentricity and shorted turns in stator
windings, etc. The motor current signature analysis method
can detect these problems at an early stage and thus avoid
secondary damage and complete failure of the motor. Note
that only one current transducer is required for this method,
and it can be in any one of the three phases [6]. The
equipment setup for measuring motor current is shown in
Figure 2.
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Figure 2(a): Secondary current measurement

Motor phase current is measured by a current transformer
(CT). The signal is fed into a signal conditioning unit, which
converts the measured current into voltage and also provides
proper filtering. The output from the signal conditioning unit
is connected to the data collection channel of a data
collector/analyzer. There are two types of circuits for
induction motors, namely main phase circuit and secondary
circuit. The preferred method for motor current measurement
is to clamp the CT onto the secondary circuit for the motor.
This is a low amperage circuit, usually less than 5 amps, and
is easily accessed in the switch gear cabinet for the induction
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motor, as shown in Figure 2(a). In the case of no secondary
circuit, CT may be clamped onto one of the main phase leads
to measure the motor phase current, as shown in Figure 2(b).
The signal conditioning unit also provides proper high pass
filtering for air-gap eccentricity test. It removes line frequency
content since the amplitude of the line frequency is much
greater than that of the eccentricity data [15]. It is very
important to follow safety procedures at all times when motor
current is measured. Another advantage of this method is that
it can be also applied online. An idealized current spectrum is
shown in Fig. 3.
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Figure 2(b): Main phase current measurement
A

I [db]

f [Hz]

f,(1-25) £, f(14+2s)

Figure 3 : Idealized current spectrum

The two slip frequency sidebands due to broken rotor bars
near the main harmonic can be clearly observed. Usually a
decibel (dB) versus frequency spectrum is used in order to
give a wide dynamic range and to detect the unique current
signature patterns that are characteristic of different faults [7,
8].

In the three-phase induction motor under perfectly balanced
conditions (healthy motor) only a forward rotating magnetic
field is produced, which rotates at synchronous speed,

m = f1.p , where f1 is the supply frequency and p the pole-
pairs of the stator windings. The rotor of the induction motor
always rotates at a speed (n) less than the synchronous speed.
The slip, s =(n —n)/ny , is the measure of the slipping
back of the rotor regarding to the rotating field. The slip speed
(n2 =m—-n= s.nl) is the actual difference in between the
speed of the rotating magnetic field and the actual speed of the
rotor.

The frequency of the rotor currents is called the slip frequency
and is given by [9]:

fa=ng.p=smp
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The speed of the rotating magnetic field produced by the
current carrying rotor conductors with respect to the stationary
stator winding is given by:

n+ny=n+m—-n=m

With respect to a stationary server on the fixed stator
winding, then the speed of the rotating magnetic field from the
rotor equals the speed of the stator rotating magnetic field,
namely, the synchronous speed. Both mentioned fields are
locked together to give a steady torque production by the
induction motor. With broken rotor bars in the motor there is
an additional, backward rotating magnetic field produced,
which is rotating at the slip speed with respect to the rotor.
The backward rotating magnetic field speed produced by the
rotor due to broken bars and with respect to the rotor is:

ny =n—nyg =n.(L—s)—sm =m (1-2s)......(3)
The stationary stator winding now sees a rotating field at:

m=m@l-2s) .. 4
or expressed in terms of frequency:

fb :fl(l—ZS) ...... (5)

This means that a rotating magnetic field at that frequency
cuts the stator windings and induces a current at that
frequency (f;). This in fact means that f, is a twice slip
frequency component spaced 2s f; down from f;. Thus speed
and torque oscillations occur at 2s #; and this induces an upper
sideband at 2s f; above f; .Classical twice slip frequency
sidebands therefore occur at + 25 f; around the supply
frequency [7, 9]:

Jp=QA%2s5)1

While the lower sideband is specifically due to broken bar,
the upper sideband is due to consequent speed oscillation. In
fact, several papers [14, 15, 16, 17, 18, 19, 21] show that
broken bars actually give rise to a sequence of such sidebands
given by:

Jfp =[£2ks) f k=1,2,3

Therefore the appearance in the harmonic spectrum of the
sidebands frequencies given by eqgn. (6) or (7) clearly
indicates a rotor fault of the induction machine.

The operators of induction motor drives are under continual
pressure to reduce maintenance costs and prevent unscheduled
downtimes that result in lost production and financial income.
Many operators now use online condition-based maintenance
strategies in parallel with conventional planned maintenance
schemes. This section discusses some common faults of
induction motors which can be online diagnosed with help of
MCSA.

A. Rotor bar analysis

The large starting currents in an induction motor, usually 5
to 8 times full load currents, occur when cooling is minimal
and result in maximum thermal and mechanical stresses. The
incidence of cracking in the region of the bar to end ring joint
is greatest when the star-up time is relatively long and when
frequent starts are required as part of a heavy duty cycle.
Fractures in the rotor bars or end rings will produce amplitude
and phase angle modulation of the supply current. This has
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been shown to produce sidebands around the fundamental
supply frequency f; at (1+2S)f;. The relative amplitudes of
these sidebands to the line frequency component form the
basis for the prediction of rotor circuit health. The previous
research [23] showed that an estimate of the number of broken
rotor bars can be determined from the following equation:

_ sina ®
. —Zp(27z i
where
o 27np

R

R = the ratio of the linear magnitude of the lower sideband at
(1-2S).f; to the magnitude of the supply current f;.
n = number of broken rotor bars
p = pole pairs
R = number of rotor bars or slots

In practice, the sideband components are much smaller than
that of the line frequency, usually 30 to 50 dB down. Thus, the
calculation equation can be arranged into a decibel (dB) form
so that it can be easily used with spectrum analyzers having a
logarithmic scale. However, the load influence does not show
up explicitly in the equation. A comparison study [24]
between the predicted number of broken bars using the
calculation equation and the actual number showed that the
dB difference changes with load variations. It also showed
that the equation underestimates the number of broken bars
and hence the degree of severity of the fault, particularly at
lighter loads. In order to predict broken bars with reasonable
accuracy, an empirical factor has to be added in the
calculations. The software package, such as ‘Motormonitor’,
has taken this approach and yielded satisfactory results in the
industrial environment.

frotor (1i 2ks) fl

The frequencies of spectral components in stator windings are
given by [13, 18, 21]

Where f£; is the electrical-supply frequency,

s is the per-unit slip, and k=1, 2, 3, .. ., respectively.

B. Stator-Winding Faults

The interturn short circuit of the stator winding is the
starting point of winding faults such as turn loss of phase
windings. The short-circuit current flows in the interturn
short-circuit windings. This initiates a negative MMF, which
reduces the net MMF of the motor phase. Therefore, the
waveform of airgap flux, which is changed by the distortion of
the net MMF, induces harmonic frequencies in a stator-
winding current as [17, 18, 21]:

Sstator = {%(1_S)ik}fl

Where p is the number of pole pairs,n=1, 2,3, . ..
1,35, ..., respectively.
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Figure 4 (a): Spectrum magnitudes of stator currents
(Healthy rotor bar)
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Figure 4(b): Spectrum magnitudes of stator currents
(Broken rotor Bar)
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Figure 4(c): Spectrum magnitudes of stator currents
(Corrosive rotor bar)
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Figure 5(a): Stator-winding-fault frequency spectra.
(Healthy motor)
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Figure 5(b): Stator-winding-fault frequency spectra
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C. System under Analysis

A case-study 3-phase, 440-V, 60-Hz, 5-hp, squirrel-cage
induction motor, was tested in the laboratory. This motor was
tested under healthy and one through four broken bars of rotor
faulty conditions while another 3- phase, 5-hp squirrel cage,
induction motor was tested under inter-turn shorts faults in
one phase of the stator windings.

D. Results

Fig. 4 (@), (b) and (c) show a comparison between the
current spectrum for a fault free machine, corrosive and
broken rotor bar. The spectral analysis clearly shows that if a
rotor fault is present, some components appear at the fault’s

400
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characteristic frequencies in the spectrum. These fault
characteristic frequencies are directly related to the shaft
rotating frequency and its sub-harmonics. All cases have 60
Hz line frequency a 0.5-Hz slip frequency with the 2-N- m
constant load. From eqgn. (9), the abnormal harmonic
frequencies of rotor asymmetry are obtained as 58.8 and 61.2
Hz with the harmonic constant £ = 1and the slip frequency 0.6
Hz. The power-spectrum magnitudes of left sidebands are
shown that the healthy, corrosive, and broken rotor bar have
—44, —-13, and —7.5 dB, respectively. In addition, the power-
spectrum magnitudes of the right sidebands are —26, —12,
and—6.5 dB, respectively. Power-spectrum magnitudes of the
lower and upper sideband have a tendency that the power-
spectrum magnitudes of the corrosive rotor bar have a position
between the healthy and broken rotor bar. Fig. 5 shows the
power spectrum magnitudes of stator currents obtained by
conducting an experiment on 3- phase, 5-hp squirrel cage,
induction motor. From egn. (10), the abnormal harmonic
frequency of a stator-winding fault, as illustrated by Fig. 5(b),
appeared at 334.6 Hz with the dominant harmonic numbers &
=1, n =20, and a slip frequency f;; = 4.6 Hz. Here, the inter-
turn short circuit of stator winding was used to realize the
condition of a stator-winding fault. In order to easily
investigate abnormal harmonics, large slips were introduced
by a heavy load.

1. FAULT DIAGNOSIS WITH SHORT-TERM FOURIER
TRANSFORMATION

It is the time-dependent Fourier transform for a sequence,
and it is computed using a sliding window. The STFT is a
Fourier-related transform that is used to determine the
sinusoidal frequency and the phase content of the local
sections of a signal as it changes over time [5]. In this method,
the spectrogram is used to estimate the frequency content of a
signal. The magnitude squared of the STFT yields the
spectrogram of the function, which is usually represented like
color plots as shown in figure 6. Moreover, these kinds of
images provide graphical information of the evolution of the
power spectrum of a signal, as this signal is swept through
time [6]. The spectrograms are also used in industrial
environments to analyze the frequency content and variation
of a non-constant frequency signal. In the case of non-
constant load torque of an induction motor, the spectrogram
could be used to show the changes in harmonic-current
amplitudes.

A. System under analysis

A case-study 3-phase, 440-V, 6-poles, 5-hp, squirrel-cage
induction motor, supplied by an AC drive operating under
scalar (open-loop) constant Volts per Hertz control was tested
in the laboratory. This motor has a cage with 45 bars, that is
7% bars per pole pitch, and it has 240 stator winding turns per
phase housed in a stator with 36 slots, that is six slots per pole,
and hence two slots per pole per phase. This motor was tested
under healthy and one through four broken bars of rotor faulty
conditions.
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Fig. 6: Three-dimensional spectrogram details for the 0-
180-Hz band, broken rotor bars.

B. Result and analysis

A short detail of the spectrogram and drawing the spectral
distribution of a signal along time is shown in Fig. 6. The
figure is scaled in decibels to obtain the best resolution. The
spectrogram shows the harmonics nearest to the main
frequency in detail, which result from broken rotor bars.
Spectrograms show the fault frequencies from the perspective
of time variation and could, therefore, be useful techniques to
apply to signals containing time-varying frequencies. In short,
spectrograms give a clear idea of the band where signal-
processing efforts have to be focused on. However,
spectrograms are based on STFT and require high processing
power to obtain good resolution. Thus, an improved
processing method is needed, and wavelet transform may be a
good choice [31].

IV. FAULT DIAGNOSIS WITH WAVELET TRANSFORM

Fourier analysis uses the basic functions sin(t), cos(t), and
exp(it). In the frequency domain, these functions are perfectly
localized, but they are not localized in the time domain,
resulting in a difficult to analyze or synthesize complex
signals presenting fast local variations such as transients or
abrupt changes [28]. To overcome the difficulties involved, it
is possible to "window" the signal using a regular function,
which is zero or nearly zero outside a time segment [-m, m].
The results in the windowed-Fourier transform [30]:

G,(w,t)= js(u)g(t - u)e_iwudu
Shifting and scaling a different window function, called in this

case mother wavelet, it is obtained the so called Wavelet
Transform.

oK)
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where a is the scale factor, u is the shift, ¢(¢)is the mother ~ bars which were artificially damaged. The fig. 9 presents the

. . results of an experiment.
wavelet and G (w,?)is the wavelet transform of function P

s(D). Approx.  Detail Detail Detail

The discrete version of Wavelet Transform, DWT, consists in Level 3 Level 3 Level 2 Level 1

sampling not the signal or not the transform but sampling the >< >< >< \

scaling and shifted parameters. This result in high frequency

resolution at low frequencies and high time resolution at high 0 L6 f8 f/4 2 f

frequencies, removing the redundant information . Fig 8: F for details and final

A discrete signal x[n] could be decomposed 9. ©- Frequency ranges cover tor details and fina
approximation.

x[n] Z @jo. k¢]0 k [n] * ]2]:0 Zd] KPjk [n] """ (13) Figure 9 (a): Wavelet decomposition for a healthy induction
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5 = 27 shifted by k.
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®ox [11]= 272 @(2' n— k) : scaling function at scale
s =27 shifted by k.

a, 4. : Coefficients of approximation at scale s = 2/°

Magnitude (4)

d ;. * Coefficients of detail at scale s = 2/

N= 2!: being N the number of sample of samples of x[n]

In order words, a discrete signal could be constructed by
means of a sum of a j — jo details plus a one approximation

of a signal at scale s = 27°

The details and the approximations at different scales could be
obtained by means of a tree decomposition showed in Fig. 7.
Level 1 detail coefficients

Scale 24

—{ ] —@~
il H ~{-

Level 3 detail coefficients
ofn] = ] —»@—‘ Scale 243

] Level 2 detail coefficients
i _'@_‘ Scale 242

Level 1 detail coefficients
Scale 241
Fig. 7: Wavelet tree decomposition with three-detail levels.

A. System under analysis
In this experiment, two induction motors 1.5 kw, 440V
was investigated for monitoring and diagnosis of broken rotor

Issue 1, Volume 3, 2009 15
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Fig 9(b): Wavelet decomposition for IM with broken bars.

B. Result and analysis

The motors were tested both under constant and non-
constant load torque. Under non-constant load torque, it was
expected that the amplitude of the harmonics and their
frequencies over the spectrum will change continuously. The
wavelet analysis breaks up the signal in several details and
one final approximation. The different components cover the
entire frequency spectrum with different bandwidths. The
frequency bands depend on the sampling frequency and
decrease as shown in Fig. 8. The highest band, which
corresponds to level-one decomposition, covers from fy/2 to
fJ/4. For the next decomposition level, both the center
frequency and the bandwidth divided into two.

Figs. 9 (a) and (b) show the wavelet decomposition, from
levels five to seven, for a healthy motor and for a faulty
motor, respectively. For the lower decomposition levels (high
frequency bands), there is no information about signal
variation available, and the wavelet decomposition appears
virtually only as a ground line. Low frequency details five to
seven are much more relevant for fault detection, because they
cover the frequency band corresponding to the supply and the
fault frequency [31]. Detail seven is primarily tuned with the
fault harmonic band, and it should be the preferred option in
diagnosing the condition of the motor. In case of a short
circuit produced between turns in a stator phase, not only an
unbalance appears in the currents but also fault harmonics due
to it.

V. CONCLUSION

In this paper, Motor current signature analysis for the
detection of induction motor faults based on FFT, STFT, and
wavelet analysis of stator current are discussed with some
experimental results which are useful for online diagnosis in
industrial applications. MCSA detects changes in a machine’s
permeance by examining the current signals and uses the
current spectrum of the machine for locating characteristic
fault frequencies. The spectrum is obtained using a Fast
Fourier Transformation (FFT) that is performed on the signal
under analysis. The fault frequencies that occur in the motor
current spectra are unique for different motor faults. However
this method does not always achieve good results with not
constant load torque. Therefore, this paper proposes a
different signal processing methods, such as short time
Fourier transforms (STFT) and wavelet analyses. The STFT
determines the sinusoidal frequency and the phase content of
the local sections of a signal as it changes over time. In this
method, spectrogram is used to estimate the frequency content
of a signal. The magnitude squared of the STFT yields the
spectrogram of the function, which is usually represented like
color plots. On other hand, Wavelet transforms show changes
on harmonics amplitude and distribution, and it is the suitable
transform to be applied on non stationary signals. At last, we
can conclude that the new methods such as Short-Time
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Fourier Transform (STFT) and wavelet analysis can
effectively diagnose shorted turns and broken rotor bars in
non-constant-load-torque induction-motor applications.
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