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ABSTRACT:

This paper presents the mechanical fault detection in Squirrel Cage Induction Motors (SCIMSs). In this study, we
diagnosed the Rolling Bearing Element (RBE) faults in SCIM. Rolling bearing element faults is a major problem
among different faults, which cause catastrophic damage to rotating machinery. thus, early detection of the RBE faults
in SCIMs is a very important step. Among the key words of the mechanical vibrations for rotating electrical machines
is the vibration analysis. This technique is generally called Motor Vibration Signature Analysis (MVSA) which is
based on the vibration image. The vibration signal analysis is a one of the most important methods in the fault
detection field. MVSA is generally based on Fast Fourier Transform (FFT) of the vibration signal. This research work
has utilized the MVSA-FFT in detail, in order to detect the RBE faults. In addition, this study shows a new overlap
between the characteristic frequencies of the RBE faults. In order to make an accurate analysis; it is important to know
this overlap in advance. This new overlap has the advantage of expressing it by specific formulas which allows us to
verify the additional harmonics carefully. The acquisition data is performed experimentally in order to ensure a wise
decision.

KEYWORDS: Induction Motor, Fault Detection, Motor Vibration Signature Analysis, Outer Race Fault, Inner Race
Fault, Fast Fourier Transform, Vibration Signal Spectrum.

1. INTRODUCTION

Because of its advantages, the squirrel cage
induction motors are used more than 90% in the
industrial or domestic sector when comparing it with
other motor types. But like any other machine, SCIMs
can affect multiple faults under different causes.
According to the constituent elements of the SCIM, we
can notice the percentage faults in Fig. 1 [1]:
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100 Rotorfaults 1226
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Fig. 1. Percentage distribution of faults in SCIMs.

Rotating electrical machine monitoring is a very
important step in order to: avoid damage, increase the
system life, etc. Among the faults which can affect

rotating machines, we quote: the imbalance voltage, the
rotor or stator eccentricity, the broken rotor bars, the
short circuit in the stator and the RBE faults [2-7].

In order to detect different faults, we found several
techniques which are used in the diagnostic field [8-
10]. A great competition between the researchers is
accelerating to lead to a simple, efficient and precise
technique in the field of diagnosis of rotating machines.

Many works are concerned on the development of
an analytical model which leads a good simulation
[11], [12].

One of the simple techniques that occupy currently
a large part of the industry is the vibration analysis
which is based on the vibration image in order to
analyse their content. This analysis technique is often
called: Motor Vibration Signature Analysis (MVSA)
[13, 14]. In addition, these vibrations have several
influences on the electromagnetic phenomena in the
SCIMs. For this purpose, the cancellation of harmonics
under a control system is the goal of many works [15].

In fact, the goal of several vibration signal
processing methods is to fault detection in rotating
electrical machines in an early stage.
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A detailed study of the bearing failure by the
spectral analysis of the vibration signal has been made
carefully. The Fast Fourier Transform (FFT) of the
vibration signal allows us to extract the characteristic
frequencies of the RBE faults. In addition, we have
indicated new harmonic formulas that are responsible
for the overlap between some faults. The knowledge of
these formulas is a crucial step to make a good
diagnosis.

We did an experimental part which ensures the
acquisition of the vibration signal. In this regard, the
basic principles for the RBE faults detection using the
MVSA-FFT analysis of the vibration signal are
explained in the following sections.

2. TECHNICAL WORK PREPARATION

In this study, we used SCIM which has a
characteristic as follow: 3kW, p=2 (number of pole
pairs), f;=50Hz and 28 bars. Fig. 2 shows the induction
motor with some equipment in order to take the
measurements.

Fig. 2. Experiment setup dedicated to RBE faults.

We realized two RBE fault types: the Outer
Raceway Fault (ORF) and the inner raceway fault
(IRF). Photos in Fig. 3 illustrates the bearing element
faults. The bearing elements type of our induction
motor (3kW) is single-row ball and angular contact. It
belongs to the 6206 series which has 9 balls.

Fig. 3. Photos of ORF and IRF.
3. TECHNICAL WORK PREPARATION

So far, there has been no approach in the analysis
and final elimination of vibrations and/or noises.
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Vibration is considered one of the important goals to
achieve monitoring.

Recently, vibration analyses of rotating electrical
machines have been used by industrialists for
diagnosing faults. The identification of the problem
makes it possible to set up curative actions such as a
setting or the replacement of a defective part before the
breakdown of the machine. The MVSA of the electric
motor is one of the means which is used to monitor the
health of rotating machinery in operation.

Our goal is to study the RBE fault detection based
on the MVSA technique; that is, by analyzing the
vibration images induced by these faults. The
knowledge of these vibration images and the
kinematics of the machine will allow us to formulate a
judicious decision.

Generally, the RBE consists of four elements as
shown in Fig. 4:

Dy

Ball Cage
Fig. 4. Ball bearing dimensions.

In this study, we are interested to detect two fault
types of the RBE:

- The Outer Raceway Fault (ORF);

- The Inner Raceway Fault (IRF).

We have taken into consideration the operating
conditions of the induction motor: at no-load operation
and at load operation.

Note: In this study, all which is simulated in blue
designates the healthy state and all which is in red
indicates the faulty state.

The method is employed to test the efficiency of the
vibration analysis. The bearing element fault detection
lies on the experimental comparison between the
vibration signal spectrum in healthy and faulty state.
The characteristic frequencies (fenvib) in the spectra of
vibration signal are verified by the following formula:

- Outer raceway:

fen—vib-or = for :% fr(l—%cosﬂ) @)
- Inner raceway: :

fenvib-ir = fir :% fr(1+%003/5') 2
- Ball C
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D D2
fen—vib—gan = fg = D_Z f, (1—D—20052 B) (3)
Cc
- Cage:
f D
fch—vib—Cage = fC = ?r[ 1- D_b Cos(ﬂ)j (4)

The bearing element geometry is mentioned in Fig.
4,

It has been statistically shown in [8] that the
characteristic frequencies can be approximated for most
bearing elements with ball numbers between 6 and 12

by:

for =0.4N, xkx f, 5)

fr =0.6N, xkx f,

where,

(6)

k=123,.., fgis the supply frequency, f. is the
mechanical rotor frequency and Ny is the number of
balls equal 9.

3.1. Outer Raceway Detection

The vibration signal of a shock due to an ORF is
shown in Fig. 5. The time signal for a no-load operation
(s=0.004=0) will be analyzed by the fast Fourier
transform. It allows us to discover the new harmonics
due to the ORF. Fig. 6 shows the spectrum of the two
states of the SCIM: healthy in blue and faulty in red. To
clarify the fault indices, we present a zoom for different
frequency ranges. Fig. 7 shows the frequencies due to
the ORF with its amplitudes.

The different frequency bands help us to use the
signal correctly to reach a final decision on the SCIM
situation. The part of the lower frequencies (Fig. 7-c-d-
e) shows the existence of the characteristic frequencies
in accordance with the formula (5). However, it is
essential to indicate some formulas of overlap between
other faults in RBE. According to the frequency
formulas which characterize the RBE faults, and for a
good detection; it is necessary to distinguish the
frequencies which have the same value. From this
reason, we propose these formulas which show the
points of intersection between the characteristic
frequencies to be detected for: ORF, IRF and cage
faults.

3k x fop =2k x fq
kx for =9k x fg 7
2k x fop =27k x f.
with, k=1, 2, 3,.. .etc
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These formulas lead us to avoid any confusion in
the spectrum to be analyzed. Either this following
illustrative example:

We will take this case which deals with the ORF
and IRF. If the slip is equal to 0.004 (f,=24.9 Hz) for a
no-load motor operation, we thus obtain: for=0.4x(9)xf;
and fir=0.6x(9)xf.

Therefore, the value of 3xfor=268.92 Hz which is
equal to the value of 2xfr=268.92 Hz. The knowledge
of these intersections leads to a more precise detection.

The characteristic frequencies of the ORF have
successively appeared clearly with remarkable
amplitude. The frequencies which characterize this
fault are: 1xfor=89.64 Hz, 2xfor=179.28 Hz,
3xfor=268.92 Hz, 4xfor=358.56 Hz, 5xfor=448.2 Hz,
6xfor=537.84 Hz, etc.

We have also noticed several harmonic peaks
(sideband frequencies) which spaced around the
characteristic frequencies by the following formula
[16]:

fogr or =KX for £ k' x f, ®)

With, k and k’ are integers.

These values of the sideband frequencies (fssr-or)
will be changed systematically for a motor that operates
under load.
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Fig. 5. Instantaneous vibration signal (ORF, s=0.004).
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Fig. 6. Different frequency ranges of the vibratory
signal spectrum (ORF, s=0.004).
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Table 1. Recapitulation of some theoretical and
practical harmonics in the vibration signal spectrum
(ORF, s=0.004).
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Fig. 7. Vibration signal spectrum :(a) et (b) : 0-100 Hz,
(c) et (d) : 100-200 Hz, (e) et (f) : 200-400 Hz (ORF,
5=0.004).

Vibration signal spectrum is very rich in
information concerning the SCIM state under ORF.
The frequencies linked with kxfor are well determined.
The table below summarizes some characteristic
frequencies with its amplitudes.
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Formulae | Theore | Practic Amplitude
of for tical al [dB]
Values | Values
[Hz] [Hz] Healt | ORF
h
(s=0.00 | (s=0.00 Y
4) 4)
1x foq 89.64 90.2 7.69 | 34.32
2x fop 179.28 | 180.3 | 12.12 | 45.29
Ix f,—2f | 39.84 40.3 / 4.004
Ix foo — f, 64.74 65.2 / 23.32
2x f, —3f | 104.58 | 105.6 / 31.85
1x fOR + fr 11454 | 1151 / 43.04
1x fo, +3f | 16434 | 164.9 / 26.3

The variation of the load causes a variation in the
speed of rotation, so in sliding value. A load torque of
75% is applied to the SCIM; it makes the slip at the
value s=0.032. In this case, the characteristic frequency
values will be moved. The temporal signal of the
vibration signal is shown in Fig. 8. The spectrum of the
vibration signal of the Fig. 9 presents the frequencies:
87.12Hz, 174.24Hz, 261.36Hz, 348.48Hz, 435.6Hz,
etc. They are verified the formula of ORF frequencies.
The other frequency ranges confirm the accuracy of the
theoretical and the practical results.
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Fig. 8. Instantaneous vibration signal (ORF, s=0.032).
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Fig. 10. Presentation of the frequencies of lateral bands
around kxfor in the spectrum of the vibratory signal
(OR, s=0.032).
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All the frequencies shown in the Fig. 10-f are
connected with the formula (5). Based on this analysis,
we found the SBFs values around the characteristic
frequencies of the ORF. In addition, the spectrum of
the vibration signal is rich in harmonics for advanced
ranges of frequency (higher frequencies). Fig. 10 shows
these two interesting points. Fig. 11 illustrates the
appearance of significant frequencies at the bearing
fault when an amplitude margin of more than 0 dB is
allowed

Table 2 summarizes a set of harmonics
characterizing the ORF.
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Fig. 11. Zoom presentation of the sideband frequencies
around kxfog in the spectrum of the vibratory signal
(OR, s=0.032).

Table 2. Recapitulation of some theoretical and
practical harmonics in the vibration signal spectrum
(ORF, 5=0.032).

Formulae | Theore | Practic | Amplitude [dB]
of for tical al
Values | Values | Health | ORF
[Hz] [Hz] y
(s=0.03 | (s=0.03
2) 2)

1x f, 8712 | 875 | -1.36 | 19.18
2x fy, | 17424 | 175 | 1205 | 452

1x fn—2f | 3872 | 391 / 4.99
Ixf_ —f | 6292 | 633 / 17.26
2xf, —4f| 7744 | 783 / 123
2x f —3f| 10164 | 1025 / 23.04
3x . +3f| 33396 | 3351 I | 4246

According to this part which is based on the MVSA
technique, we can say that the important values of the
characteristic frequencies are visible. Therefore, the
analysis of the vibration signal spectrum allowed us to
detect the outer race fault easily.
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3.2. Inner Raceway Detection

To determine the nature of the IRF, we follow the
same steps of the spectral analysis of a vibration signal.
Fig. 12 presents the instantaneous values of the
vibration signal for two operating regimes. The
verification of the characteristic frequencies of the IRF
is presented in Fig. 12 for a no-load operation (s=0.004,
fr =24.9 Hz).

In Fig. 13, the additional harmonics are very
clear. They are logical with the formula (1.18). In
addition, sideband frequencies (SBFs) around the
characteristic frequencies are in correspondence with
the following formula [16]:

fogr g =kx fo £ k' x f, )

With, k and k” are integers.

The observation of the spectrum, for different
frequency ranges, shows the effectiveness of the
MVSA technique. The characteristic frequencies of
IRF were calculated as a function of the rotational
speed (f;) and the characteristics of the bearing (N,=9).
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Fig. 12. Instantaneous vibration signal for IRF; (a): no-
load, (b): 75% of the load.
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Fig. 13. Different frequency ranges of the vibratory
signal spectrum (IRF, s=0.004).
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We zoom in around different frequency ranges in
order to visualize the additional harmonics due to the
IRF.
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Fig. 14. Spectrum of a vibratory signal around
different frequency ranges (IRF, s=0.004).

A presentation of some characteristic harmonics
with their amplitude values is summarized in the
following table:

Table 3. Recapitulation of some theoretical and
practical harmonics in the vibration signal spectrum
(IRF, s=0.004).

Formulae | Theoret | Practical Amplitude [dB]
of fir ical Values
Values [Hz] Healthy | IRF
[Hzl | (s=0.004)
(s=0.00
4)
1x fq 134.46 134 22.63 52.3
Q
2% fIR 268.92 267.9 2.08 67.9
2
1x f, —3f 59.76 58.9 / 1.93
Ix f, —2f, 84.66 84.1 -3.07 19.6
A
1x fIR + fr 159.36 158.9 3.81 44.1
7
2x f, —3f, 194.22 193.1 / 26.4
4
3x f,—6f 253.98 253 / 35.4
A

We now present the vibration signal spectrum under
75% of the load (s=0.032). The vibration signal is the
identity of the induction motor which is linked at each
moment to the operating conditions. We can go to
spectral analysis to confirm the signatures of the IRF.
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Fig. 15 shows the FFT of the vibration signal for
different frequency ranges. We notice that the harmonic
values characterizing the IRF are appearing clearly. It
shows the effectiveness of the MVVSA-FFT technique.

SBFs around kfir exist along the spectrum by
kfirtk fr; with f=24.2Hz (and $=0.032). Moreover,
these characteristic frequencies appear clearly, even for
more advanced frequency ranges. Among them, we
obtain: 498.52 Hz, 546.92 Hz, 759.88 Hz, 808.28 Hz,
905.03 Hz, etc.

50

fxf T 2x | 3x f lax . «2xf) X108 e :
| | | y a
LR N I N\ m| x 100 v 215571 viiaer A oy @

X:24.2 X:48.3 X725 ; Y:38.92 [] T °
ok Y 30.51‘ v:27.63 | V’?”" i ::ig:ﬁm | - n I 5‘>< [ | 6‘\ | i 'x: 10
1 BN ILEhT WM i
| | |
50 | ; i ;
0
f F f f
| i |

Amplitude (dB)

0 20 40 60 200

i h

WW‘WW i | )

0 40 60 80 100 120 140 160 180 200
Frequency (Hz)

Fig. 15. Vibration signal spectrum (IRF, s=0.032).
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The results obtained ensure the accuracy of the
characteristic frequency values in the vibration signal
spectrum for the IRF. The additional frequencies of the
IRF are numerous throughout the spectrum.

Table 4 presents some theoretical and practical
harmonic values regarding the IRF.

RBE faults are dominant in the industry of a
significant percentage. Our analysis which based on
MVSA-FFT confirms the effectiveness of fault
detection in the rotating machines.

Table 4. Recapitulation of some theoretical and
practical harmonics in the vibration signal spectrum

(IRF, s=0.032).
Formulae | Theore | Practical Amplitude
of fir tical Values [dB]
Values [Hz] i
Healt IRF
Mzl | (=0.032 y
(s=0.03 )
2)

1xf, | 13068 | 1207 | 1278 | 54.03

2x .. 261.36 267.9 2.08 67.92

1x f, —3f | 58.08 57.3 / 8.45

1x f, —2f, | 82.28 81.4 / 16.74

1xf,—f | 10648 | 1056 | 407 | 42.98

r

1xf,+f | 15488 | 1538 | 141 | 44.54

1x f, +2f | 179.88 | 177.9 I | 3367

Vol. 13, No. 3, September 2019

We have studied the case of the ball bearings under
different operating conditions (at no-load and at the
load IM). The ORF gave good indices in the spectrum
of vibration signals. The same positive results were
obtained for the IRF. This explains the effectiveness of
the MVSA-FFT method in the diagnosis field.

4. CONCLUSION

The observation of vibration signal is widely used
in industry in order to detect many faults. The motor
vibration signature analysis which is presented in this
study has good indicators on the mechanical fault in
induction motor type. For this reason, the MVSA is
preferred until now for the fault detection in rotating
machines.

Our work verified the additional harmonics
carefully. In addition, we have indicated to a new
overlap formulas. These formulas are mandatory to
know them by the specialists who use the MVSA
technique.

Because of the disadvantages of FFT analysis;
many important information in the non-stationary or
semi-stationary signal can be flexibly exploited by
other signal processing technique.
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