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Abstract :

Motor Current Signature Analysis has been
successfully used in induction machines for
broken rotor bars fault diagnosis. The method
however does not always achieve good results
when the load torque is not constant. For
proper results temporal analysis on
determined harmonics is needed. In this
paper, a novel diagnostic algorithm based on
a discrete wavelet transformation and RMS
calculation is developed. The method is also
examined on laboratory experimental data
where rotor broken bar faults are detected
successfully.

1- Introduction

As the backbone of modern industries,
induction motors are the most commonly
utilized electromechanical devices. These
machines often provide the core capabilities
for industrial advantages and the maintenance
of them is easy, profitable and essential to

most industries .A lack of coherence in
maintenance strategy may result in the loss of
important items of a plant and may be a huge
capitalized losses burden. In other words fault
diagnostics of induction motors are very
important to ensure timely maintenance,
increased operation reliability, safe operation,
and preventive rescue especially in large scale
industries.

Different faults of induction motors are
generally classified as either electrical or
mechanical faults. Different types of faults
include stator winding faults, rotor bar
breakage, misalignment, static and/or
dynamic air-gap irregularities and bearing
gearbox failures. The most common fault
types of these rotating devices have always
been related to the machine shaft or rotor [1],
[2]. Tt is estimated that about 38% of the
induction motor failures are caused by stator
winding faults, 40% by bearing failures, 10%
by rotor faults, and 12% by miscellaneous
faults. Rotor faults can result in excess heat,
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decreased efficiency, reduced insulation life,
and iron core damage. Therefore, early
detection of impending rotor faults and
appropriate maintenance can avoid more
severe motor failures [3].

Fault detection systems of induction motors
include at least two essential parts: feature
extraction part and classification part. Feature
extraction part extracts related features to
specific fault modes. These features are
usually obtained by processing the frequency
spectrum of stator current using fast Fourier
transform (FFT). There are some more
possible alternatives such as short-time
Fourier transform (STFT) and wavelet
transform. The classification part goal is to
classify different faulty modes from normal
mode. For example, Expert systems, artificial
intelligence (AI) and artificial neural network
are often used [1].

In recent years, there is importance progress
in the field of the fault analysis and
maintenance of induction machines, with the
extension of computer techniques, control
techniques, and advance intelligence
algorithms. Many methods of fault detection
are proposed, such as the knowledge based
method, the analytical model method and the
signal processing method. The knowledge
based method uses the interrelated
information of objects diagnosed and the
exact mathematics model of the system is not
needed in knowledge based method. The
precise mathematics model of object
diagnosed is needed in the analytical model,
including the state estimation, the parameter
estimation, the equivalence space, etc. In the
analytical model method the rigor diagnosis
condition is required and this method has lots
of limitation. The signal model is directly
used in the signal processing method for the
analysis of linear or non-linear systems,
avoiding the difficulty of extracting
mathematics models of objects. Signal
processing method makes the spectral
frequency analysis of the electric machines
stator current [4], [7], [8].

The waveforms associated with
electromagnetic transients are usually non-

periodic signals which contain both high-
frequency oscillations and localized impulses
superimposed on the main frequency and its
harmonics. Traditional discrete Fourier
transform (DFT) is not suitable for this kind
of waveforms because a periodic signal is
assumed in DFT calculations and power
system disturbances are subject to transient
and non-periodic components. The entire
frequency spectrum can be affected if a signal
is altered in a localized time instant [9].

The multiple-signal-classification method
with an algorithm to zoom on a specific
frequency range is proposed to overcome this
drawback and for extraction of the meaningful
frequencies from the signal. However, this
method has only been implemented on
stationary signals. Wavelet analysis is a new
branch of mathematics since the late of 1980s.
Wavelet transform technique provides a
powerful tool for the field of fault detection.
Wavelet transformation is both time-
frequency analysis, and time scale analysis,
with the multiresolution characteristic. It can
detect partial feature of the signal in both time
and frequency domain [4]-[8]. Induction
motor is modelled and rotor broken bars fault
is detected experimentally wusing park
transform [5]. In [6] variance of wavelet
coefficients energy in different areas is used
to detect broken rotor bars.

The objective of this paper is to present a
wavelet-based method for broken rotor bar
fault detection in induction machines
combined with RMS computation. The
remainder of this paper is organized as
follows:

Section II describes the most common faults
in induction motors (IM) and their diagnosis
using classical MCSA. A brief review of
wavelet transform and proposed detection
method is presented in section III, in section
IV experimental result obtained by FFT
calculation and wavelet transform are
presented and compared and finally the
summary and conclusions drawn from this
study are presented in Section V.
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2- SPECTRUM ANALYSIS OF STATOR

CURRENT

The rotating magnetic field induces rotor

voltages and currents at slip frequency and an

effective three phase magnetic field is

produced by these induced currents at slip

frequency with regard to the rotor.

Two different cases can be appeared.

1) Symmetrical cage winding — only

forward-rotating field

2) Asymmetric rotor — a backward-rotating
field with respect to the rotor will result at
slip frequency.

A voltage will be induced in the stator three

phases by this backward-rotating field at the

corresponding frequency and a related current

which alters the stator-current frequency

spectra also appears. Different faults will

result in different rotating fields in squirrel

cage induction machines such as broken rotor

bars, air-gap eccentricity, stator-windings,

short circuits and bearing damage.

The current frequencies associated with the

rotating fields are expressed by (1), (2), (3),

and (4).

1) Air-gap-eccentricity associated

frequencies.

f= f{n m(l_—sﬂ (1)
p

where m = 1, 2, 3 . . . is a positive integer
number, s is the per-unit slip, p is the number
of pole pairs and f, is the electrical supply

frequency associated frequencies.
2) Broken rotor bars.

fo= f{l(l_—s} n s} @)
p

where L =1,5, 7, 11, 13 . . . are the
p

characteristic values of the induction machine.
3) Bearing damage associated frequencies.

fore =| . % Fio

bng

f,= f{lib—dcos ﬂ} (3)
c2 Py

wherenis the number of bearing balls, f,
are the characteristic vibration frequencies,
b, is the ball diameter, p, is the bearing pitch

diameter, f, is the mechanical rotor speed in

hertz and P is the contact angle of the balls on
the races.
4) Shorted turns associated frequencies.

fo = f{1+ mzz(?ﬂ d.1)  medium

frequencies

fo = f{m(l —s)+ k} d.2) medium
P

frequencies (4)

where z,is the number of rotor bars or rotor

slots,and k=0,1,3,5...[10].

3- WAVELET TRANSFORM AND
PROPOSED METHOD

The wavelet transform [WT] is a powerful
tool in the field of power systems signal
processing [9]. It has the advantage of
flexibility in describing nonstationary signals
which is an important advantage for variable
load applications and power quality problems.
Similarly, wavelet transform is the breaking
up of a signal into shifted and scaled versions
of the source (or mother) wavelet. There are
many different wavelets.

The wavelet transform is divided into two
main  categories,  continuous  wavelet
transform or discrete wavelet transform [3]. In
wavelet transformation, the analysing wavelet
functions will adjust their time-widths to their
frequencies in such a way that lower
frequency wavelets will be very broad and
higher frequency ones will be narrower.
Therefore, transient components of the signal
in the upper frequency witch is isolated in a
shorter part of power frequency cycle can be
detected. The ability of WT to concentrate on
long time intervals for low frequency
components and short time intervals for high-
frequency components leads to Dbetter
evaluation of the signals with localized
transients [9].
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A. Continuous Wavelet Transform

Wavelet transform has the ability of
performing through a  multi-resolution
analysis (MRA), several overlapped
projections of a signal. For a signal f(t), the
generating function of the MRA can be
expressed as

ol =2 pl2it k) 5)

where, ¢ is the so-called mother wavelet; K is
the time shift factor, and j indicates the
decomposition level. The wavelet coefficients

obtained by applying an orthogonal wavelet
can be expressed as

0! = [ £ty Wt ©)

where, /) is the wavelet analyzing function.

For instance, Shannon, Morlet, Debauche,
Haar, etc, could be used. During the
transformation process, the mother wavelet is
shifted and scaled contiguously and the
correlation of the examined signal and the
mother wavelet produces the wavelet
coefficients.

B. Discrete Wavelet Transform

In discrete wavelet transform, the mother
wavelet is scaled in the power of 2. Therefore,
it is a good choice for implementation in
digital computers. Assume S is a discrete-time
signal to be decomposed using the discrete
wavelet analysis into its approximate and
detailed versions. In the first decomposition
level, the coefficients are CA | and cD o where,

cD X is the detailed representation of S, and CA X
is the approximate version of S. CA X and cD |

are expressed as

cA =Z::L(k—2n)s(k) (7)
cD, :ZH:H(k—Zn)S(k) )

where, L and H are the decomposition filters
of S(n) in CA and cD , respectively. The base

of the second decomposition level is CA1 and

the coefficients can be expressed as

n

cA, =2 L(k—2n)cA (k) ©)

k
D, = Y H(k-2n)eA k) (10)
Computation of the higher-level

decompositions has a similar way. Hence, it
can be seen that CA X is the approximate

version of the original signal S. L behaves as a
low-pass filter. If cD contains only high

frequency components of signal S, then H will
behave as a high-pass filter. After the
decomposition process, the original signal can
be reconstructed again.

This recursive process can be expressed as

S’=An+Dn+D Fon D + D

(n-1) 2 1
(11)
and if the detail and approximation
coefficients are not modified before the
reconstruction process then S’ will be equal to
S. Fig. 1 shows frequency distribution up to 3
levels of decomposition [3].
In Fig. 2 the implementation procedure of a
discrete wavelet transform is depicted. In this
picture s is the original signa, 2| denotes a
down sampling by a factor of 2, and LPF and
HPF are the Ilow-pass and high-pass
frequency filters respectively. The original
signal is divided into two halves of the
frequency bandwidth at the first stage and
sent to both LPF and HPF. The same
procedure will be repeated and the outpuggf
the LPF will be further cut into half of the
frequency bandwidth, and will form the input
of the second level; this procedure is repeated
until the signal is decomposed to the desired
level. From Nyquist’s theorem, if the
sampling rate of the original signal is f Hz,

the highest frequency that the original signal
could contain, would be f /2 Hz. This
frequency can be obtained at the output of the
high frequency filter (first detail). Thus, the
band of frequencies between f /2 and f /4
would be captured in detail 1; similarly, the
band of frequencies between f /4 and




Induction Motor Broken Rotor Bar Fault Detection Using Discrete Wavelet Transform

24" International Power System Conference

f. /8 would be captured in detail 2, and so on

[9].
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Fig.1 frequency distribution of 3 levels decomposition
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Fig. 2 implementation of discrete wavelet transforms

The sampling frequency in experimental test
is adjusted to be 1000 Hz and Table I shows
the frequency levels of the wavelet function
coefficients. Daubechies-8 and Daubechies-12
wavelet are used in this paper as mother
wavelet. The efficiency of Daubechies
wavelets based on the accurate reconstruction
of power system transient signals and the
suitability of this family for the analysis of
power system transients is the basis for
choosing Daubechies-8 and Daubechies-12
[9]. As it can be seen from (2), frequency of
goal harmonics for detection of broken rotor
bar faults are f [(1-s)+s], f,[5(1—s)*s], etc.

TABLE I. frequency levels of wavelet coefficients

Wavelet analysis Frequency components Hz
D1 500 - 250
D2 250 - 125
D3 125 -62.5
D4 62.5-31.2
A4 312- 0

Supply frequency of the test set is 50 Hz so
the frequency band of 30 Hz to 60 Hz is a
good choice for detection of broken rotor bar
fault. In this paper, relative RMS value of the

correspondent detail to the mentioned
frequency band is used as a diagnosis
parameter. Relative RMS value can be
expressed as
(detail RMS value) / (signal RMS value)
(12)
Where RMS value of the discrete signal S can
be determined by

= stj (13)

4- EXPERIMENTAL RESULTS

Experiments on a three-phase 1.5-hp 380-V
50-Hz induction motor are carried out for
normal and faulty conditions (two, three, four
and five broken rotor bars). The rated speed
of the induction motor is 1445 r/min. The
induction motor is run around full-load
condition, and the terminal voltages are
sinusoidal. Fig. 3 shows the block diagram of
the experimental setup used for the tests and
Fig. 4 shows the photograph.

Relative RMS value of the correspondent
detail to the mentioned frequency band is a
good choice for the detection of broken rotor
bars in induction motor. Tables 2 and 3 show
the variation of the proposed parameter for
healthy and faulty motor using different
wavelets. The experimental results show the
validity of the proposed approach to
successfully classify healthy and faulty
motors with high percentage of accuracy.
Fig.5-8 illustrate the wavelet approximation
and details diagrams of stator current signal in
different conditions of motor.

Used As Load

DC Generator H Induction Motor

Three Phase Currents

VVY

Data Acquisition System

Fig 3. Block diagram of experimental setup
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Fig.6 Wavelet decomposition of stator current using db-8
in faulty conditions (5 broken bars)
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Fig.4 Experimehtal Test setup: Motor-Generator System M"“

(Right) and data acquisition system (left) [5] 5 R
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Table.2 Variation of the proposed criteria in different ] o )
conditions of motor using db-8 wavelet Fig.7 Wavelet decomposition of stator current using db-

12 in healthy condition

Motor condition Relative RMS value of

the fourth detail
Healthy 0.04304 T NTTI TR |
Two broken bars 0.49105 T T R .
Three broken bars 0.13408 +\, e ———— }f 1"
Four broken bars 0.22820 7 v 7
Five broken bars 0.25790 '{UM@WW@U WW“\@WW}WMWM} |.

e

A

Table.3 Variation of the proposed criteria in different " y
conditions of motor using db-12 wavelet

=
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t

Motor condition Relative RMS value e

of the fourth detail
Healthy 0.06371 Fig.8 Wavelet decomposition of stator current using db-8
Two broken bars 0.48837 in faulty conditions (5 broken bars)
Three broken bars 0.13077 )
Four broken bars 0.22843 As it can be seen from tables 2 and 3, the
Five broken bars 0.25878 proposed criteria successfully differentiates

healthy and faulty rotor conditions. Since the
WWWWMFM ddalhb A proposed algorithm does not directly measure
| e -J the amplitude of a special fault related
_— frequency in stator current spectra, the
proposed criteria is not directly proportional

to the fault level.

b |
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M .-~ 5- conclusion
e e In this paper, a signal processing-based fault
Fig.5 Wavelet decomposition of stator current using db-8 detection approach is developed and tested for
in healthy condition the detection of induction-motor broken rotor

bar faults. The method is based on wavelet
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analysis of stator currents in combination with
RMS computation of wavelet coefficients.
The proposed method is in addition applied to
experimental data obtained from previously
test on a 1.5-hp induction motor and the
results show that the proposed approach has
the ability of detecting faulty conditions with
high accuracy.
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