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ABSTRACT

Induction motors are widely used prime movers for rotating
machinery in most of the industrial applications. Reliability
of the induction motors plays a significant role in reduction
in downtime of the machinery. Proper diagnostic procedures
are to be followed to assess the condition of the motor.
Based on the literature, it is found that the vibration analysis
is mostly used for diagnosis of rotating systems. However,
industrial experiences reveal that potential motor failures
have been observed very frequently even with proper
vibration based condition monitoring. Therefore, this paper
focuses on further investigations of whether the vibration
monitoring stand alone can properly diagnose the presence
of faults such as eccentricity in an induction motor or any
other alternative technique should be employed in addition
to the vibration monitoring for better diagnosis. In this
paper, experimental investigations have been carried out to
monitor the changes in the vibration and current spectrum of
an eccentric motor in its decoupled and coupled state with a
healthy rotor system.

1. INTRODUCTION

Condition monitoring techniques have been successfully
used by many industries to diagnose and identify the causes
of machinery failures at incipient stages of their
development so as to plan adequate maintenance actions at
appropriate time. Condition monitoring comprises as
diagnostics and prognostics. Diagnostics deals with fault
detection, fault identification and fault isolation while
prognostics deals with fault prediction and evaluation of
remaining useful life of machinery. Industrial machinery
generally consists of a prime-mover and the main system.
Electric AC motors are generally used as prime movers in
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industry. Many review papers on condition monitoring of
the rotating machinery and induction motors are present in
the literature (Jardine, A. K. S., Lin, D., & Banjevic, D.
2006; Mehrjou, M. R., Mariun, N., Hamiruce Marhaban,
M., & Misron, N. 2011). Common faults observed in
rotating machinery are unbalance, misalignment, looseness,
bearing failures, shaft bents, soft-foot, etc (Sinha, J. K., &
Elbhbah, K. 2013).

Many techniques such as vibration analysis (Tandon, N.
1994), acoustic emission analysis (Germen, E., Basaran, M.,
& Fidan, M. 2014), wear and oil analysis (Loutas, T. H.,
Roulias, D., Pauly, E., & Kostopoulos, V. 2011), motor-
current signature analysis (Acosta, G. G., Verucchi, C. J., &
Gelso, E. R. 2006; Didier, G., Ternisien, E., Caspary, O., &
Razik, H. 2007; MA Cruz, AJ Marques Cardoso, S. 2000),
infrared thermography technique (Bagavathiappan, S.,
Lahiri, B. B., Saravanan, T., Philip, J., & Jayakumar, T.
2013) etc have been used for fault detection of the above
stated faults through condition monitoring of the rotating
machinery. Nowadays, use of non-invasive condition based
maintenance diagnosis techniques are becoming an essential
requirement of the industries (Thorsen, O. V., & Dalva, M.
1995). This enables the maintenance personnel to reduce the
machine downtimes and also allows them to take necessary
actions before the occurrence of actual failures.

Motor current signature analysis (MCSA) is a widely used
non-invasive technique like vibration monitoring for fault
detection in electric drives. The MCSA is a non invasive
online monitoring technique which is used for detecting
various faults like broken rotor bar, eccentricity, bearing,
misalignment and shorted turn (Benbouzid, M. E. H., &
Kliman, G. B. 2003; Verma, A. K., Sarangi, S., & Kolekar,
M. H. 2014). Depending upon its nature of fault signal i.e.
stationary or non stationary, MCSA uses various fault
detection techniques like Fast Fourier Transformation (FFT)
analysis, Instantaneous power FFT, bi-spectrum analysis,
wavelet analysis, park vector approach. Mostly motor
current Fourier analysis is used for the detection of steady
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state fault conditions and wavelet analysis is used for
transient fault state conditions. This paper focuses on the
experimental investigations on the changes due to coupling
and decoupling on the motor’s signatures. The rest of the
paper is organised as follows. Air-gap eccentricity in the
induction motor and the methods for its diagnosis is
presented in section 2, followed by the experimental set-up
and test procedure in section 3. Section 4 deals with the
results and discussions of the experimental investigations of
the obtained signatures at fore-mentioned states for three
different speeds, along with their estimated similarity levels.
Conclusions and references are presented in the last two
sections.

2. AIR — GAP ECCENTRICITY

Induction motors are widely used prime- movers for various
industry applications. Many industries have successfully
implemented health monitoring of rotating machinery. It has
been found that proper diagnosis of the motors is also
required to avoid unforeseen downtime due to faults in the
induction motors. Faults in an induction motors may be due
to either electrical or mechanical sources. Electrically
induced faults are inter-turn faults, single phasing, insulation
damage, short-circuit, fluctuations in power supply etc.
Mechanical related faults for induction motors are rotor
broken bars, rotor eccentricity, bearing faults, bent rotor
shaft, cracked shaft, soft-foot, looseness etc.

Eccentricity occurs due to the non-uniform distribution of
air-gap between the stator and rotor in the motor (Barbour,
A., & Thomson, W. T. 1997). Eccentricity is classified as
static, dynamic or mixed type. Air-gap eccentricity is one of
the faults inherited in the induction motor even with good
control  over manufacturing tolerances.  Normally,
eccentricity within (5-10) % is considered as healthy
(Barbour, A., & Thomson, W. T. 1997). As presented in the
literature eccentricity can be studied either by observing the
sidebands with respect to rotor slot frequency (Eg.1) or at
supply frequency (Eq.2) (Barbour, A., & Thomson, W. T.
1997; El Hachemi Benbouzid, M. 2000; Obaid, R. R., &
Habetler, T. G. 2003).

fecc = fs |:( R+ Ny )[]-_Tsj t nws:| (€D)]

where, fo. : frequency components which are
functions of air-gap eccentricity.

fs :supply frequency,

R :no. of rotor slots,

ng : 0 for static and 1 for dynamic,
s :slip,

p :no. of pole pairs and nys : 1,3,5,7.

fo=f [u m[l_—sﬂ @
p

where, m:1,23,.....(any integer).

Nandi, S., Toliyat, H. A., & Li, X. (2005) proposed that
eccentricity in vibration spectrum can be detected at

1:v:(fizifsb) (3)
side-band

where, f : rotational frequency, fy, :
frequency around rotational frequency.

Model based approaches have been proposed to detect air-
gap eccentricity considering the asymmetrical distribution
of the winding slots in an induction motor (Toliyat, H. A,
Arefeen, M. S., & Parlos, A. G. 1996; Finley, W. R,
Hodowanec, M. M., & Holter, W. G. 1999; Liang, B.,
Payne, B. S., Ball, A. D.,, & Ilwnicki, S. D. 2002;
Holopainen, T. P., Tenhunen, A., & Arkkio, A. 2005).
Similarly a space vector angular fluctuation method is used
to detect bearing faults and misalignment in motor is
presented (Arkan, M., Calis, H., & Tagluk, M. E. 2005) and
a fuzzy inference model (Bae, H., Kim, Y. T., Lee, S. H,,
Kim, S., & Lee, M. H. 2005) is proposed by using Fourier
and wavelet analysis of stator current for broken rotor bar
detection. Discrete Wavelet Transformation (DWT)
technique is used to understand the behaviour of induction
motor in the presence of dynamic eccentricity (Antonino-
Daviu, J., Jover, P., Riera, M., Arkkio, A., & Roger-Folch,
J. 2007). An index is proposed based on recorded torque
with respect to time solved by time series data mining
technique (Ebrahimi, B. M., Etemadrezaei, M., & Faiz, J.
2011). Recently, a mathematical model has been presented
to study the mixed air gap eccentricity in an induction
motor by calculating the severity of static and dynamic
eccentricity at different load conditions (Maruthi, G. S., &
Hegde, V. 2013) at supply frequency as presented in (Eq. 4
& 5)

%SF. = Average_magnitude_of(fsifr)xloo
o magnitude _of (f,) )
%SF. — Average_magnitude_of(fsJ_r2fr)><100 (5)
* magnitude _ of (f,)

where, % SFse : severity of static eccentricity.
% SFpg : severity of dynamic eccentricity.
fs : supply frequency.

fsp : side-band frequency.
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3. EXPERIMENTAL SET-UP AND TEST PROCEDURE

Experimental set-up consists of a Spectra-quest make
machine fault simulator (MFS) used to conduct the
experimental study. MFS consists of three phase 1hp
induction motor coupled to a single rotor system through
variable frequency drive (see Figure 1a). Integrated circuit
piezoelectric (ICP) accelerometers and clamp meters are the
sensors used for the collection of signatures from induction
motor (see Figure 1b and 1c). A four channel OROS-OR34
DAQ system was used for data collection and analysis.

Figure 1. a) Experimental test set-up b) ICP accelerometers
c) Current clamp-meter.

Vibration signatures from the motor at drive-end bearing
were acquired in both the horizontal and vertical radial
directions. Motor current signature was also collected using
a clamp meter. The experiment was conducted at 50 Hz, 55
Hz and 60 Hz supply frequencies through variable
frequency drive (VFD) at 4096Samples/sec and the average
spectrum signatures were collected for the following cases:

a. Rotor system decoupled from motor

b. Rotor system coupled to motor
4. RESULTS AND DISCUSSIONS

4.1. Spectral Analysis

We observed the vibration spectrums of decoupled and
coupled motor at drive end in horizontal and vertical radial
directions along with the motor current spectrum. Spectrums
for both the states of the motor are analyzed to observe
whether there is effect of the coupling and decoupling of the
motor on its signatures.

In the decoupled state, a strong peak at ‘2f” compared to “1f’
in the frequency-domain of the vibration spectrums in both

the radial directions (see left column of Figures 2a, 2b, 3a,
3b and 4a, 4b) are present. Side-bands around  f  is clearly
visible in the vibration spectrum of radial vertical direction
and side-bands around “ f ” in the current spectrum of the
motor in decoupled state at all the three frequencies (see left
column of Figures 2c, 3c and 4c). In radial horizontal
direction, side-bands around “ f ’is partially visible at all the
three frequencies (see left column of Figures 2a, 3a and
4a). However, at “‘2f ’ the side-bands are clearly visible in
both the radial directions at 55Hz, 60Hz but is partially
visible at 50Hz. But at all the three frequencies ‘dB’ level at
‘2f * are more than that at * f * which clearly indicates the
motor eccentricity (Finley et al. 1999).
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Figure 2. “‘dB’ plot of a) Horizontal vibration b) Vertical
vibration c) current spectrums of motor in decoupled state
(left column) and coupled state (right column) at 50Hz.
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Figure 3. ‘dB’ plot of a) Horizontal vibration b) Vertical
vibration c) current spectrums of motor in decoupled state
(left column) and coupled state (right column) at 55Hz.

Figure 4. ‘dB’ plot of a) Horizontal vibration b) Vertical
vibration ¢) current spectrums of motor in decoupled state
(left column) and coupled state (right column) at 60Hz.
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In the coupled state, in both the horizontal and vertical
radial directions amplitude at ‘1f" compared to “2f" is
observed (see right column of Figures 2a, 2b, 3a, 3b and
4a, 4b). When motor is coupled to the rotor system, side-
bands around the rotational frequency * f ’ are not visible in
vibration ‘dB’ spectrum at all the three speeds in both the
radial directions. However, similar side-bands with little rise
in peak levels are observed in current ‘dB’ spectrum to that
of decoupled state (see right column of Figures 2c, 3¢ and
4c).

With the increase in the magnitude of the side band peaks,
the dB difference between ‘f;” and side-band peaks further
decreases below 42 dB indicating the presence of fault in
the motor (Maruthi, G. S., & Hegde, V. 2013). As the speed
increases the number of peaks entering the fault zone (i.e.
difference < 42 dB) also increases. Results for all the three
supply frequencies are presented in Table 1 &Table 2 (see
Appendix A).
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Figure 5. Supply Frequency vs Slip Frequency

In the coupled state, side-bands around * 2f * in vibration
spectrum are clearly visible at all the three frequencies in
both the radial directions and the ‘dB’ level of * 2f ’ is
comparable to that of * f °.This, clearly indicates motor
eccentricity. From the above observations, it is clear that
significant changes have been observed in the radial
vibration signatures when compared to the current
signatures of the motor in decoupling and coupling of the
rotor system. The effect of the eccentricity on the slip of the
motor for both the states is shown in Figure 5. It is
observed that slip frequency in both the states of the motor
is same upto the 55Hz and major difference is observed
there- after in the coupled state of the motor. Next sub-
section deals with the clustering analysis, to check the
similarity of the signatures in both coupled and decoupled
states of the motor.

4.2 Hierarchal Clustering Analysis

Unsupervised learning procedures are mainly classified into
non- hierarchical clustering and hierarchical clustering
techniques. Many times, the data has clusters which have
sub-clusters and sub sub-clusters and so on. Hierarchical
clustering sequence is a method that clusters two samples
into the same group based on their similarity level ‘k’ that
remains together at all higher levels. The most natural
representation of a hierarchical clustering is a corresponding
tree called as Dendrogram (Duda, R. O., Hart, P. E., &
Stork, D. G. 1999).

In this paper, hierarchical variable clustering analysis is
used to check the similarity level of vibration and current
spectrums (upto 15™ harmonic of supply frequency) of the
motor for both coupled and decoupled states using
MINITAB16 software. Variable clustering analysis is
carried using ‘single’ linkage method based on absolute
correlation distance between the respective spectrums of
coupled and decoupled states of the motor. Similarity level
in the case of horizontal direction is about 55.4% while
running at 50Hz then increased to 64.69% at 55Hz and
thereby reduced to 61.8% at 60Hz. In the case of vertical
direction it is only around 49.5% at 50Hz and decrease in
similarity level is observed with further increase in speed to
38.64% at 55Hz and to 24.53% at 60Hz. It can be concluded
that the similarity level between the vibration signatures of
both coupled and decoupled state of motor in the horizontal
radial direction is more than that of vertical radial direction.

Similarity level of current spectrum for both coupled and
decoupled states of motor is above 98% at all the three
supply frequencies considered in the experiment. It has also
been observed that the similarity level in current spectrum
partially changes w.r.t the supply frequency from 99.66% at
50Hz to 98.39% at 60Hz (see Figure 6).

—Honzontal vibration spectrum
--Vertical vibration spectrum
--Current spectrum

Similarity Level (%)

] 52 54 56 58 60
Supply frequency (Hz)

Figure 6. Supply Frequency vs Similarity Level
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This clearly indicates the effectiveness of MCSA technique
over vibration analysis for fault detection of induction motor
even when it is coupled with its rotor.

5. CONCLUSION

The focus of this paper is on the need of a proper health
monitoring system for assessment of the operational
condition of industrial prime-movers such as an induction
motor. It is found in the present experimental study that
even though vibration monitoring is an effective method for
health assessment of rotating machines, including electric
motors, it is not capable of identifying eccentricity fault in
the electric motors when it is coupled to the rotating system.
Vibration monitoring of electric motors is found to be
effective only if the data is collected after it is decoupled
from the rotating system. As in industrial cases, it is not
practical to implement such data collection methods as it
leads to the additional shut-down of the system and
requirement of the additional spares for decoupling.
Vibration monitoring is not able to effectively detect air-gap
eccentricity of motor in the coupling state. The present
study has shown that monitoring by motor current signature
analysis is very effective and efficient tool for diagnosing
air-gap eccentricity in the decoupled and coupled state of
the motor with equivalent similarity levels. Therefore, this
paper suggests that a combination of MCSA and vibration
monitoring will be more effective for the whole driver and
driven system in proper fault diagnosis without any
additional shutdown.

REFERENCES

Jardine, A. K. S,, Lin, D., & Banjevic, D. (2006). A review
on  machinery  diagnostics and  prognostics
implementing condition-based maintenance.Mechanical
systems and signal processing, 20(7), 1483-1510

Mehrjou, M. R., Mariun, N., Hamiruce Marhaban, M., &
Misron, N. (2011). Rotor fault condition monitoring
techniques for squirrel-cage induction machine—A
review. Mechanical Systems and Signal
Processing, 25(8), 2827-2848.

Sinha, J. K., & Elbhbah, K. (2013). A future possibility of
vibration based condition monitoring of rotating
machines. Mechanical Systems and Signal
Processing, 34(1), 231-240.

Tandon, N. (1994). A comparison of some vibration
parameters for the condition monitoring of rolling
element bearings. Measurement, 12(3), 285-289.

Germen, E., Basaran, M., & Fidan, M. (2014). Sound based
induction motor fault diagnosis using Kohonen self-
organizing map. Mechanical Systems and Signal
Processing, 46(1), 45-58.

Loutas, T. H., Roulias, D., Pauly, E., & Kostopoulos, V.
(2011). The combined use of vibration, acoustic
emission and oil debris on-line monitoring towards a
more effective condition monitoring of rotating

machinery. Mechanical systems and
processing, 25(4), 1339-1352.

Acosta, G. G., Verucchi, C. J., & Gelso, E. R. (2006). A
current monitoring system for diagnosing electrical
failures in induction motors. Mechanical Systems and
Signal Processing, 20(4), 953-965.

Didier, G., Ternisien, E., Caspary, O., & Razik, H. (2007).
A new approach to detect broken rotor bars in induction
machines by current spectrum analysis.Mechanical
Systems and Signal Processing, 21(2), 1127-1142.

MA Cruz, AJ Marques Cardoso, S. (2000). Rotor cage fault
diagnosis in three-phase induction motors by extended
Park's vector approach. Electric Machines &Power
Systems, 28(4), 289-299.

Bagavathiappan, S., Lahiri, B. B., Saravanan, T., Philip, J.,
& Jayakumar, T. (2013). Infrared thermography for
condition monitoring—a review. Infrared Physics &
Technology, 60, 35-55.

Thorsen, O. V., & Dalva, M. (1995). A survey of faults on
induction motors in offshore oil industry, petrochemical
industry, gas terminals, and oil refineries.Industry
Applications, IEEE Transactions on, 31(5), 1186-1196.

Benbouzid, M. E. H., & Kliman, G. B. (2003). What stator
current processing-based technique to use for induction
motor rotor faults diagnosis?. Energy Conversion, IEEE
Transactions on, 18(2), 238-244.

Verma, A. K., Sarangi, S., & Kolekar, M. H. (2014).
Experimental Investigation of Misalignment Effects on
Rotor Shaft Vibration and on Stator Current
Signature. Journal ~ of  Failure  Analysis and
Prevention, 14(2), 125-138.

Barbour, A., & Thomson, W. T. (1997, September). Finite
element analysis and on-line current monitoring to
diagnose air gap eccentricity in 3-phase induction
motors. In Electrical Machines and Drives, 1997 Eighth
International Conference on (Conf. Publ. No. 444) (pp.
150-154). IET.

El Hachemi Benbouzid, M. (2000). A review of induction
motors signature analysis as a medium for faults
detection. Industrial Electronics, IEEE Transactions
on, 47(5), 984-993.

Obaid, R. R., & Habetler, T. G. (2003, August). Effect of
load on detecting mechanical faults in small induction
motors. In Diagnostics for Electric Machines, Power
Electronics and Drives, 2003. SDEMPED 2003. 4th
IEEE International Symposium on (pp. 307-311). IEEE.

Nandi, S., Toliyat, H. A., & Li, X. (2005). Condition
monitoring and fault diagnosis of electrical motors-a
review. Energy  Conversion, |EEE  Transactions
on, 20(4), 719-729.

Toliyat, H. A., Arefeen, M. S., & Parlos, A. G. (1996). A
method for dynamic simulation of air-gap eccentricity
in induction machines. Industry Applications, IEEE
Transactions on, 32(4), 910-918.

Finley, W. R., Hodowanec, M. M., & Holter, W. G. (1999).
An analytical approach to solving motor vibration

signal



INTERNATIONAL JOURNAL OF PROGNOSTICS AND HEALTH MANAGEMENT

problems. InPetroleum and Chemical Industry
Conference, 1999. Industry Applications Society 46th
Annual (pp. 217-232). IEEE.

Liang, B., Payne, B. S., Ball, A. D., & lwnicki, S. D.
(2002). Simulation and fault detection of three-phase
induction motors. Mathematics and computers in
simulation, 61(1), 1-15.

Holopainen, T. P., Tenhunen, A., & Arkkio, A. (2005).
Electromechanical interaction in rotordynamics of cage
induction motors. Journal of sound and
vibration, 284(3), 733-755.

Arkan, M., Calis, H., & Tagluk, M. E. (2005). Bearing and
misalignment fault detection in induction motors by
using the space vector angular fluctuation
signal. Electrical Engineering, 87(4), 197-206.

Bae, H., Kim, Y. T., Lee, S. H., Kim, S., & Lee, M. H.
(2005). Fault diagnostic of induction motors for
equipment reliability and health maintenance based
upon Fourier and wavelet analysis. Artificial Life and
Robotics, 9(3), 112-116.

Antonino-Daviu, J., Jover, P., Riera, M., Arkkio, A., &
Roger-Folch, J. (2007). DWT analysis of numerical and
experimental data for the diagnosis of dynamic
eccentricities in induction motors. Mechanical Systems
and Signal Processing,21(6), 2575-2589.

Ebrahimi, B. M., Etemadrezaei, M., & Faiz, J. (2011).
Dynamic eccentricity fault diagnosis in round rotor
synchronous  motors. Energy ~ Conversion  and
Management, 52(5), 2092-2097.

Maruthi, G. S., & Hegde, V. (2013, December). Department
of Electrical and Electronics Engineering Smt. LV
Government Polytechnic, Hassan 573201 Karnataka
State, India. In Condition Assessment Techniques in
Electrical Systems (CATCON), 2013 IEEE 1st
International Conference on (pp. 207-212). IEEE.

Duda, R. O., Hart, P. E., & Stork, D. G. (1999). Pattern
classification. John Wiley & Sons.



INTERNATIONAL JOURNAL OF PROGNOSTICS AND HEALTH MANAGEMENT

APPENDIX: A
Side-band Vibration spectrum from Accelerometers ; |
State of the motor . Radial Horizontal Radial Vertical Current Spectrum from Clamp meter
Frequencies Direction Direction
g
—E é‘ f 50Hz 55Hz 60Hz 50Hz 55Hz 60Hz 50Hz 55Hz 60Hz
3 S s
I
3 80.5,21 - - 81,19 60,49 70,50 81,19 60,50 70,50
: ] €+, ff) | @5 ®LI9) | (6049 | (7050) ®LI9) (60,50) (70.50)
E é (fs +2f, | 1-21) B B E E (655,45) | (80,40) E (64.5,45) (80,40)
;.’. - (fs+3fr , fs'3fr) - - - - - (90,30) - - (90.5,30)
(Lé; < (fs+4fr , fs'4fr) - - - - (745,24) (100,19) - (745,35.5) (100,20)
g (fs+5fr , fs'5fr) - - - - - (110,10) - - (110,10)
w
(fs+6fr , fs'6fr) - - - - (86.5,36) - - (86.5,24)
g
—E g f 50Hz 55Hz 60Hz 50Hz 55Hz 60Hz 50Hz 55Hz 60Hz
3 3 s
I
- - - - - - 81,19 60.5,49.5 69.5,50.5
(fs"'fr ) (81,19) ( ) ( )
( - - - _ _ _ _ (64,45) (79.5,40)
=] fs+2fr ' fs'2fr)
% g (90.5,30)
© 5] (fs+3fr , 5-3f))
§ = (I01,195)
T S| Graf foaf) | | . - ' - (74:5:40)
$ (TI1,9.5)
. (fs+5fr ) fs'5fr)
t+6f, , f-6f) | T ] ] ' ) (65.25)

Table 1. Observed sideband peaks in fault zone (< 42 dB)

Magnitude of side-band frequency in radial
vertical vibration at supply frequency (dB)

50 Hz 55 Hz 60 Hz
-38.27 -39.41 -37.72

f+f, , ff) | (-76.42, | (-74.15,- | (-72.92,-
-70.31) | 76.54) | 71.47)

fs

Side-band
Frequency

< $+2f , f- | Not (-78.56,- | (-75.92,-
T 2f) Visible | 79.49) 84.12)
- %SFse - 49.87 % | 47.13 %
é 2§ % SFoe 52.16 % | 52.44% | 52.24 %

Table 2. Severity in dynamic and static eccentricity.
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