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Abstract

In this paper a new technique for broken rotor bars diagnosis in induction machine at low load and non stationary
state is proposed. The technique is used in order to remedy the problem from using the classical signal-processing
technique FFT by analysis of stator current envelope. The proposed method is based from using discrete wavelet
transform (DWT) and Hilbert transform. The Hilbert transform is used to extract the stator current envelope. Then
this signal is processed via DWT. The efficiency of the proposed method is verified by simulation tests.
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1. Introduction

Three-phase induction motors are the "workhorses" of industry. They are the most widely used electrical
machines, for their reliability and simplicity of construction. In an industrialized nation, they can typically consume
between 40% and 50% of all the generated capacity of that country [1]. But, they are subject to failures, which may
be inherent in the machine itself, or due to operating conditions. Failure surveys [2], have reported that percentage
failure by components in induction motors is typically:
stator related (38%);
rotor related (10%);
bearing related (40%);
and others (12%).

But, in recent years, due to the need to support the severe voltage stresses of solid-state inverters, and to operate
in highly corrosive and dusty environments, the design and build quality of stator windings have achieved marked
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improvements, while cage rotor design has undergone little change [3]. So, nowadays, rotor failures account for a
larger percentage of total induction motor failures, with broken rotor bars being one of the most common causes [4].
Traditionally, the monitoring and diagnostic of broken rotor bars based on motor current signature analysis
(MCSA) [5] used as non invasive method to detect sidebands harmonics around the fundamental supply frequency
expressed by:
Joon = (1 £25)f (1)

Where £, is the related broken bar frequency, fis the power supply frequency and s is the slip.

However, at low load these components (172s)f are relatively close to the fundamental component, which makes
their detection much more difficult. To avoid this problem, the amplitude modulation (AM) of stator current induced
by rotor asymmetry is exploited in aid of diagnostic. In fact, the rotor fault effect can be localized in the stator
current envelope spectrum at frequency expressed by [6]:

Jo= 2ksf )

This last information has the ideal frequency location for a discrete wavelet transform (DWT) which has been
already applied directly to stator current for diagnosis of broken rotor bar faults in induction machine [7]. In this
case, the DWT is used as an efficient time-domain algorithm which gives optimal accuracy at low frequency and
non-stationary state.

Wavelet transform is an analysis method for time varying or non-stationary signals and uses a description of
spectral decomposition via the scaling concept. Wavelet theory provides a unified framework for a number of
techniques which have been developed for various signal processing applications [8]. One of its features is multi-
resolution signal analysis with a vigorous function of both time and frequency localization. This method is effective
for stationary signal processing as well as non stationary signal processing.

The main objective of this paper is proposing a method for the rotor fault diagnosis based on wavelet and Hilbert
transform. The proposed method consists in applying the DWT of stator current envelope, to compute the energy
associated to the rotor fault in the frequency bandwidth where the total rotor fault effect is localized. Then, this
energy computation is used to detect a rotor fault and to evaluate its severity at low load and non stationary state.

2. Hilbert transform of a phase stator current (HT)

The HT is a well-known signal analysis method, used in different scientific fields such as fault diagnosis [9],
geophysical data processing, detection of mechanical load faults in induction motors [10], diagnosis of rotor cage
faults in induction motors [11], and others.

The HT of a real signal x(#), such as the phase current, is used to emphasize its local properties. Mathematically,
it is defined as a convolution with the function 1/¢, as follows [2]:

HT (1) = () =—xx(t)=— [ X )

—oco

The divergence at ¢ = 7 is allowed for by tgking the Cauchy principal value of the integral. By coupling the x(¢)
and its HT, the so-called analytic signal (AS) x(t)is created:

X(1)=x(t)+ jy(t)=aft) ™" @)
where
att)=le+y))” “
O(t)=arctan(x(t)/ y(t))

Where a(?) is the instantaneous amplitude of x(¢), which can reflect how the energy of x(7) varies with time and
0(?) is the instantaneous phase of x(¢).
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3. Discrete wavelet transform (DWT)

The wavelet transform is a time—frequency analysis technique. It decomposes a signal in terms of oscillations
(wavelets) in both time and frequency. Its main idea is the dyadic band pass filtering process carried out by this
transform. Given a certain sampled signal S= (S}, S5 ... S,), the DWT decomposes it into several wavelet signals an
approximation signal a,, and » detail signals d; (j € [/,n]) [12]. The frequencies of approximation and detail signals
can be given by

f(d;)e [277V 27 f,] (6)
fla,)e[0,27"V f ] @)

More concretely, f; (samples/s): the sampling rate used for capturing S, the detail signal d; contains the
information concerning the signal components with frequencies included in the interval.

Therefore, the DWT carries out the filtering process shown in figure. 1. Note that the filtering is not ideal, a fact
leading to a certain overlap between adjacent frequency bands. This causes some distortions if a certain frequency
component of the signal is close to the limit of band.

‘ £ = 30Hz
/
a X |d Yoo _-X d, d
0 £ f f £
29 r 3 4 2

Fig. 1 Filtering process performed by the DWT.

Due to the automatic filtering performed by the DWT, the tool provides a very attractive flexibility for the
simultaneous analysis of the transient evolution of rather different frequency components present in the same signal.

In comparison with other tools, the computational requirements are low. In addition, the DWT is available in
standard commercial software packages. So no special or complex algorithm is required.

The wavelet energy (WE) is very usefully features for signal analysis [8]. The energy eigenvalue of each
frequency band is defined as:

5= Lo f ®

Where j = 1,2,2"_1 ;1 is the discrete wavelet decomposition time; D; is the magnitude in each discrete point of
the wavelet coefficient of the signal in the corresponding frequency band [13].

The eigenvalue E; contains information on the signal of the stator current for a motor behaviour. In addition, the
amplitudes of the deviation of some eigenvalues indicate the severity of the defect, which makes E; a good candidate
for diagnosing broken bars of the rotor.

4. Model of Induction Machine with Broken Rotor Bars Faults

Fig.2 illustrates rotor fault circuit diagram of induction machine, with the equivalent resistance, in the case of
broken bars. The model of a three phase induction motor in the reference frame (d-q) related to the rotor is [14]:

{xm: A(®)-x(t)+ Bu(t)

9
Wt)=Cx(t) ©
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with
U i
. . T ds ds
X = [lds lqs q)dr q)qr] , U= |:quj| » V= |:qu:|
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Req = Rr + L Q(HO )Rr
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cos(9, ) cos(0, )sin(0,)
cos(9, )sin(9, ) sin(0, )

Q(eo){ } nd o=y, m, =

w, . .
Q) = —L: is mechanical speed of the motor.

n,. and n, represent the number of broken bars and the total number of bars in the rotor respectively.

90 : an absolute localization of the faulty winding according to the first rotor phase.

R Lf w.P(r/2)p
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Fig. 2 Broken rotor bars mode

The expression of the torque is given by:

]; = p(iqsq)dr - ids‘bqr) (10)
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5. Simulation Results
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Several tests, for healthy and faulty rotor were carried out. In each case, after acquisition of one phase stator
current and extraction of its envelope via Hilbert transform, the FFT is applied to obtain the envelope spectrum. In
Fig. 4, the result of rotor broken bars sees an increase in the magnitude of harmonics amplitude of the stator current
envelope.
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Fig. 4 Spectrum of stator current envelope at low load (s=1%) :(a) healthy rotor; (b) one broken rotor bar; (c) two broken rotor bars
5.2 Application of the discrete wavelet transform DWT

Before the application of the DWT, first we have to select the type of mother wavelet and the number of
decomposition levels.
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e Selection of the mother wavelet

An important step is the selection of the mother wavelet to carry out the analysis. There are several wavelet
families with different mathematical properties have been developed [15].

For extraction of fault components, after development of multiple tests shows that a wide variety of wavelet
families can give the satisfactory results. In our case we have used Daubechies-44 as the mother wavelet for the
DWT analyses.

e Specification of the Number of Decomposition levels

The number of decomposition levels is determined by the low frequency components. For the extraction of the
frequency components caused by broken rotor bars, the number of decomposition level should be equal. This
number of decomposition level, N is given by [8].

log A

N, >int log(2) |+ (11)

Considering = 10000 samples/sec and f; = 50Hz, The frequency bands associated with each wavelet signal are
shown in Table 1.

Table 1.Frequency bands for wavelet signal.

Level  Approximations Details

J=9 a9 0-9.765 do 9.765-19.53

J=10 al0 0-4.88 d1o 4.88-9.765
J=11 all 0-2.44 dil 2.44-4.88
J=12 al2 0-1.22 di2 1.22-2.44

5.3DWT of the Stator Current envelope analysis

The "Daubechies wavelets" of different order are used to decompose the stator current of each machine. Fig. 5
shows the detail and approximation signals (d12, d11, d10, and d9) obtained by db44. The calculation of the energy
eigenvalue E indicates the variation of this energy, as shown in figure .6.
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Fig. 5 Details and approximation at low load (s=1%) for (a) healthy, (b) one broken bar, (c) two broken bars

In Fig.5 is displayed, the DWT of Stator Current envelope , the evolution in the observed frequency bands of the
relative signal to the rotor defect can be analyzed using coefficients d12, d11 and d10 to d9. While analyzing the
effect of the rotor defect in the bands of the frequencies of interest, one can see that the energy depends on the type
of defect. The difference between the healthy rotor and the deficient rotors is clearly shown in Fig.6.

In Fig. 5, the analysis of the signals resulting from the wavelet decomposition shows a particular variation at the
d12 level, which fits the characteristic pattern mentioned before, caused by the fault (broken rotor bars) in the
machine. We could find important differences for the motor broken rotor bars since they contain the frequency
components 2ksf, where give d12 all the information in the frequency band (1.22-2.44Hz) (Table 1). From this, it
can be affirmed that the method provides information about the presence of broken rotor bars at low load and non
stationary state.
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Fig. 6 Eigenvector changes at various levels of decomposed signals at low load (s=1%).

Fig.6 clearly shows the variation of the energy eigenvalue. One can observe that the energy stored in band 12
depends on the degree of the default. Obviously, the energy in level 12 represents the number of broken bars of the
squirrel-cage rotor.

6. Conclusion

In this paper, the approach signal analysis is used for broken rotor bar diagnosis in an induction motor based on
the stator current envelope. The approach uses two techniques such as, Hilbert transform and DWT. The proposed
method consists in applying the DWT of Stator Current envelope, to compute the energy associated to the rotor fault
in the frequency bandwidth where the total rotor fault effect is localized. Then, this energy computation is used to
detect a rotor fault and to evaluate its severity at low load and non stationary state. According the test results, that
the DWT provides a means of indicating the degree of asymmetry within the induction motor. Nevertheless, it does
not provide a clear indication about the severity of the fault. For that, we use the eigenvector as the indicator for
determining fault severity.

Appendix A. Parameters for induction machine

P Output power 1.1 KW
V, Stator voltage 220/380 V
I, Nominal current 2.6/43 A
n, Nomina speed 1425 rpm
R, Stator resistance 9.81 Q
R rotor resistance 3.83Q
L,, Mutual inductance 436 Mh
L, Leakage inductance of stator 76.2 mH
P Number of pole pairs 2

n Number of stator slots 48

n, Number of rotor bars 28

ngs Number of turns per stator phase 464
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