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Abstract— Condition monitoring units are employed in
industries to monitor the health of the machines continuously.
Air gap eccentricity fault is one of the asymmetrical faults which
can result in the machine failure. Motor Current Signature
Analysis and Vibration Analysis are the two most popular
methods used for eccentricity fault detection in the induction
motor. In this paper, a study conducted on an induction motor to
analyse the effect of supply voltage unbalance on the method of
eccentricity fault detection by Motor Current Signature Analysis
is presented. A dynamic model of the induction motor suffering
from air gap eccentricity and has the capability to take unbalance
supply voltage is developed and the results obtained by
simulating this model are validated by the experiments conducted
on an induction motor suffering from inclined mixed eccentricity
and fed with unbalance voltage supply.

Keywords- air gap eccentricity, data acquisition system,
induction motor, Motor Current Signature Analysis.

L INTRODUCTION

Induction Motors are widely used in industries as
they are more reliable. But they too suffer from asymmetrical
faults such as stator turn-turn fault, rotor fault, bearing fault
and air gap eccentricity fault [1,2]. Industries employ fault
diagnosis units to detect the fault in the induction motor at the
earliest otherwise motor failure may lead to closure of plants
for some time resulting in heavy financial losses. 15% of the
asymmetrical faults are the air gap eccentricity fault. Static,
dynamic and mixed are three types of air gap eccentricity
faults in the induction motors. Motor Current Signature
Analysis (MCSA) is one of the fault detection methods
employed for eccentricity fault detection. Many research
papers have been published on eccentricity fault detection by
MCSA under balanced voltage supply condition [3, 4, 5]. The
mixed eccentricity fault in an induction motor is detected by
identifying the eccentricity characteristic side band frequency
components around the fundamental [5]. The amplitude of
these frequency components is used as an indicator to assess
the degree of air gap non uniformity in the machine. In this
paper, investigations conducted on an induction motor to study
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the effect of unbalance in supply voltage on the mixed
eccentricity detection by MCSA method are presented.

Unbalance in voltage supply fed to the induction
motor can result in the performance degradation of the motor
and also shortens its life. Small percentage of voltage
unbalance may results in large current unbalance in the motor
currents resulting in temperature rise and hence insulation
failure in the motor.

National Electrical Manufacturers Association
(NEMA) and International Electrotechnical Commission
(IEC) standards introduce independent definition for voltage
unbalance and one of these is normally used for analysis of
electrical machine [6]

(i) NEMA Definition

The voltage unbalance percentage (VUP) at the
terminal of a machine, based on the NEMA definition can be
expressed as

VUP maximumdeviationfromaveragevoltage

x100% (1)
averagevoltage

where only the value of the line voltages have been
considered.

(ii) IEC or Symmetrical Components Definition
The voltage unbalance factor at the terminal of a
machine based on the IEC definition, is as follows

VUF = Y2 x100% 2)
Vi
where V; and V, are the magnitude of positive and negative
sequence components of unbalanced voltages, respectively
[6].

This paper makes use of NEMA definition to study
the effect of unbalance supply voltage on the amplitude of
mixed eccentricity related frequency components by MCSA.
This investigation is carried out in two phases. In phase 1, a
dynamic model of an induction motor is developed whose
description is given in the Section II. Simulation results are
discussed in the Sections III and IV. In phase 2, experiments
are conducted on an eccentric induction motor operating under
various unbalance supply voltage conditions. In the Section V,
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results obtained by the simulating the model under various
unbalance conditions are validated by experimental results. It
is followed by the Conclusion in the Section VI.

1L MODELING AND SIMULATION

The dynamic model of the induction motor is
developed wusing multiple coupled circuit approach in
MATLAB/SIMULINK® platform [7,8,9]. The inductances are
calculated by using Modified Winding Function Theory [10]

and is given by (3)
<Pl’li ><PHJ >

(P)
where r is the mean radius of the air gap, ¢ is the axial length
of the stack, P is the air gap permeance, n; and n; are the turn
functions of i and j windings respectively.

The stator phase A and rotor loopl turn functions
considered for modeling the machine are given in Appendix.
For mixed eccentricity conditions prevailing in the machine,
the permeance P is calculated using (4) [11].

Lij =2n,u0r€ <Pl’lil'lj>— (3)

P(0,.$) =Py +P| cos (¢~ p(6,))+P; cos(29—2p(0,).... (4)

b o 1 1-V1-62 i
! 20 /1_52 5

d,sin(0,)
05 +0,sin(0,)

pO)= tanl(

5(9r)=\/552 +83+268,6,cos(0,)

where g,is the length of the air gap under healthy conditions,
¢ is the circumferential angle, 6, is the rotor position angle, J,,
04 and ¢ are the static, dynamic and mixed eccentricity indices.

The induction motor model developed in [7, 8] takes
stator phase voltages as input. Hence the model is suitable to
study the operation of motor under balanced conditions only.
To take into account of the unbalance in supply voltages, it is
necessary to modify the model which can take line voltages as
input. For machines having delta connected stator windings,
modifications in the model is not necessary as the line
voltages will be same as phase voltages.

But for a star connected machine modifications are
necessary in the stator system equations as described below.
The voltages equations for the stator loops in vector matrix
can be written as given in (5) [7].

i,

R, 00 dt

v.=lo R, 0 |1+ 30
s = b s T dt (5)

0 0 R, ar,

dt

where Vi=[v, v, Vc' ,v. Vv, and v, are the stator phase
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voltages , R, Rj, and R, are the stator phase resistances , 4, ,4,
and /. are the stator phase flux linkages and the stator flux is
given by

Laa Lab Lac Lar
Mg =|Lpa Lpp Lpc |Is +| Ly | Iy (6)
Lca ch Lcc Lcr

where L, Ly, L., are the mutual inductances between three
phases and L,,, Ly, L. are the stator phase self inductances, I
is a phase current vector =[i, i, ic]' ./, is a vector of rotor loop
currents = [i; i....... i, 1] and L, is the mutual inductance
between stator phases and rotor loops.

By manipulating (5) and (6), Vg, and Ay, are
obtained and are given in (7) and (8) respectively [9].

V,-Vp] [R, -R, 0

dhg
Vagu =| Vo=V [=]0 Ry R, Is+{%} 7
V.-V, | |-R, 0 R,
Aa— )‘b Laa—=Lba Lab—Lub  Lac —Lpc
Mg =|Ap—A¢ [=|Lpa —Lea Lpp—Lep  Lpe—Lee |
he— }»a _Lca - Laa ch - Lab Lcc - Lac
Lar - Lbr_
Ly~ Lo |1, ®)
Lcr - Lar |

For star connected stator, under both balanced and
unbalanced conditions, vector sum of three phase currents
(line currents) are always zero. Hence sum of its derivative
will also be zero. Hence it can be written as
dd, +I, +1.)

dt
where I, I, I, are line currents.

Equation (7) cannot be solved. Hence modifications
are done as given in [9]. Replacing the third row in (7) by (9),
(7) can be written as

I, +I,+I. + 0 )

v,-V,] [R, -R, 0 ,
V= Vo=V, |=[0 Ry —R, L +| L] (10
0 1 1 1
where A’ is given by
Aa— Ay
Asi-1 = Ay — A
0
Laa =Lba Lab =Lop  Lac =L Ly —Ly,
_{Lba—Lea Lob ~Lep  Lpe —Lec I+ Ly ~Lg, |L (1)
1 1 1 0
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Since the rotor winding are short circuited, so there is
no need for modification of equations on the rotor side. The
rotor equations and mechanical equation remain same.

Under unsymmetrical unbalanced condition,
magnitude and phase angles of the line voltages will not
remain the same. In order to obtain the phase angle of line
voltages, the triangle theorem and properties of line voltages
are used [12] and are calculated as follows

With V,, as reference, three line voltages are defined
as
Vab = Vap £0
ch = Vb04180—[3
Vea = VeaZ—-180+0a 12)

where a and § are defined as
2 2 2
_ Vop +Vi. + Ve
2Vab Vca
2 2 2
B Vi Vi tVéa
2Vabec

Vb, Vi and V,, are the line voltages.

Phase angles are computed in m-files with the
knowledge of magnitude of three line voltages and brought to
SIMULINK model along with the voltage magnitudes as
inputs to the model. The developed model is simulated for
various unbalance supply voltage conditions and the results
obtained are discussed in the following Sections.

III. SIMULATION RESULTS AND PSD ANALYSIS

The selected machine is a Delta connected, 3 hp
induction motor having 24 stator slots, 30 rotor bars, 4 poles
and the machine parameters are defined in Appendix. The
model is simulated using Runge Kutta method using a step
size of 0.00005 seconds for different mixed eccentricity
conditions for both conditions of balanced and unbalanced
supply voltages. 20000 stator data samples of stator phase
currents are extracted from the machine running under full
load and are filtered using a low pass FIR filter having cut off
frequency of 10 kHz. The chosen window is Hann.

Frequency analysis is performed on the stator current
data samples to study the effect of supply unbalance on the
eccentricity characteristic harmonic frequency components in
the current spectra. The spectra obtained by Power Spectral
Density (PSD) analysis performed on the data samples of
stator phase current of the machine having 30% static
eccentricity and 20% dynamic eccentricity under both balance
and unbalance conditions are shown in Figure (1). From the
figure, it is observed that mixed eccentricity characteristic
harmonics (fi-f;) and (fi+f;) are present in both the current
spectra. But under unbalance conditions third order harmonics
are also present in the current spectra.
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Fig 1. Stator phase A current spectra of the machine under (a) balance
supply (b) unbalance supply (2.03% )

The eccentricity related side band frequency
components around the fundamental are computed using (13)
and are compared with those obtained by PSD analysis in
Table (1)

f, =f, £kf,
where f, =f, ((1-s)/p) 13)

f; is the rotor frequency, f; is the fundamental frequency, s is

the slip and p is the pole pairs.

TABLE 1. COMPARISON OF ECCENTRICITY RELATED
HARMONICS IN STATOR PHASE A CURRENT

Full Load
Frequency f,-f, Hz o+, Hz
Components
PSD Analysis 26 Hz 74 Hz
Equation 26.16 Hz 73.74 Hz
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The results obtained by performing PSD analysis on
the stator phase A current data samples of the motor suffering
from mixed eccentricity condition and supplied with
unbalance voltages are presented in the following Section.

IV.  RESULTS AND DISCUSSIONS

Effect of unbalance is investigated for three
unbalance supply voltage conditions. They are categorised as

(i)Over Voltage unbalance Condition: In this case, line
voltage V,, is set at 400V and other two line voltages V,. and
V., are kept more than 400V

(i))Under Voltage unbalance Condition: Both the line voltages
Vi and V,, are maintained less than 400V while V,, is kept
constant at 400 V.

(iii)Mixed Voltage unbalance Conditions: In this case, study is
conducted by keeping V,,;, constant at 400V while one of V. or
V.. 1s maintained above 400V and the other below 400V.

The model is simulated for the air gap eccentricity
conditions of 20% static eccentricity and 20% dynamic
eccentricity for the above said three conditions of unbalance
voltage and the amplitude of the eccentricity related frequency
components are found from the current spectra obtained by
performing PSD analysis are tabulated in Table 2-4. The
percentage of unbalance is calculated using NEMA definition.

TABLE 2. VARIATION OF MAGNITUDE OF AIR GAP
ECCENTRICITY RELATEDHARMONICS UNDER
OVER VOLTAGE UNBALANCE

Percentage f-fe f+f;
Voltage (26Hz) (74Hz)
Unbalance Magnitude Magnitude
1%
(400,404,408) 4511 -35.53
Over e
Voltage % 44.43 35.13
Unbalance (400,410,415) ) .
3%
(400,417,420) 429 -35.01

TABLE 3 VARIATION OF MAGNITUDE OF AIR GAP
ECCENTRICITY RELATED HARMONICS UNDER
UNDER VOLTAGE UNBALANCE.

Percentage f-f, i,
Voltage (26Hz) (74Hz)
Unbalance Magnitude Magnitude
1%
(400,396,392) -46.79 -36.38
Under
2%
Voltage (400,392,384) -47.41 -36.95
Unbalance
3%
(400,385,380) -48.97 -37.31
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TABLE 4 VARIATION OF MAGNITUDE OF AIR
GAP ECCENTRICITY RELATED HARMONICS UNDER
MIXED VOLTAGE UNBALANCE.

Percentage fs-fr fs+fr
Voltage (26Hz) (74Hz)
Unbalance Magnitude Magnitude
1%
(400.396.404) -45.83 -35.94
Mixed
Voltage 2% 45.93 3591
Unbalance | (400,392,408) ’ '
3%
@00388412) | P8 -33.94

From Table 2-4, following observations are made

(i) With over voltage unbalance, the magnitude of air-
gap related harmonic component increases with
increase in percentage unbalance.

(i) With under voltage unbalance, the magnitude of air-
gap related harmonic component decreases with
increase in percentage unbalance

(iii) With mixed voltage unbalance, the magnitude of air-
gap related harmonic component remain nearly
constant with increase in percentage unbalance

The observations made from modeling and simulations
are validated by conducting experiments on an air gap
eccentric induction motor in the next section

V. EXPERIMENTAL RESULTS

3 hp squirrel cage induction motor is modified to
create inclined eccentricity in it. Two end brackets with bores
are mounted on either side of shaft and the it can be moved to
create inclined eccentricity in the machine. The motor is
coupled to a dc generator which is supplying the lamp loads
through which the machine is loaded. Inclined static
eccentricity of 0.1452 is created at one end is created while the
other end (coupling) is healthy. Machine suffers from inherit
dynamic eccentricity.

The data acquisition system is built as shown in
Figure (2). NI hardware, Hall Effect current transducers is
used to build the data acquisition system. Three current Hall
Effect transducers are used to sense the three phase currents.
They are converted to voltage signals in voltage conversion
box and signal conditioned in signal conditioner box.
LabVIEW® software is used to acquire and process the current
signals. 20000 stator phase current data samples are acquired
at 20 kHz through Data Acquisition Card (DAC) and stored as
Jdvm files for offline analysis. These data samples are further
filtered using a digital filter with 1kHz as cutoff frequency.
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Fig 2 Developed Data Acquisition System

Stator phase A current spectra obtained by PSD
analysis performed on the stator phase A current data samples
obtained from the machine operating 2% under unbalance
condition at full load is shown in Figure (3)

0 9 @ M 0 N 00 N
Freguency (Hz)

Fig 3 stator phase A Current spectra under unbalance condition (2%)

=
= -

From the current spectra of stator phase A current,
the mixed eccentricity related frequency components (f-f,),
(fa+f,) and (fi+2f,) are observed at 26.04 Hz, 73.9 Hz and
98.7 Hz respectively. The variation of amplitude of
eccentricity characteristic frequency components under over,
under and mixed voltage unbalance conditions are given in
Tables.

From the Table 5, following observations are made
With the increase in the percentage unbalance

(1)The magnitude of air-gap related harmonic component
increases under over voltage condition.
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TABLE 5 VARIATION OF MAGNITUDE OF AIR GAP
ECCENTRICITY RELATED HARMONICS UNDER
OVER, UNDER,MIXED VOLTAGE UNBALANCE

Percentage f-f f+f;
Voltage Magnitude Magnitude
Unbalance dB dB
1.97%
(400,408 408) -62.3 -70.36
Over
Voltage
Unbalance 4.86%
(400,414,420 6084 69.63
Under
2.02%
Voltage (400.392,396) -59.37 -68.17
Unbalance
3.04%
(400.396.388) -60.14 -71.09
Mixed
2.99%
Voltage (400.408,396) -60.84 -69.63
Unbalance
4.46%
(400,396.414) 6157 7301

(i) The magnitude of air-gap related harmonic component
decreases under, under voltage condition.
(iii))The magnitude of air-gap related harmonic component
decreases under, mixed voltage condition.
IV and V are

Results obtained in sections

summarised in the next section.

VI. CONCLUSION

In this paper, effect of unbalance in supply voltage on
the mixed eccentricity detection method by MCSA are studied
and analysed for various unbalance voltage conditions by
simulating a machine model of a 3 hp induction motor. The
result obtained by simulation of the model is validated by
conducting experiments on the same machine. It has been
found that voltage unbalance does affect the amplitude of the
eccentricity characteristic frequency components. It was
observed by both experimentally and modeling and simulation
that the amplitude of upper and lower eccentricity
characteristic side band frequency components around the
fundamental
(i)Increases with
unbalance.
(ii)Decreases with increase in percentage under voltage
unbalance.

(iii)Remain nearly constant with increase in percentage mixed
voltage unbalance under uniform eccentricity throughout the
air gap.

Hence it is necessary to account the the effect of
unbalance supply voltage while calculating the eccentricity
characteristic harmonics amplitude in the eccentricity
detection method by MCSA.

increase in percentage over voltage

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on April 05,2021 at 04:44:25 UTC from IEEE Xplore. Restrictions apply.



APPENDIX
Turn Function of stator phase A
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Turn Function of rotor loop1
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Ty ™ i i

®  (rad)
Machine Details:

2.2 kW, 3¢, 400/415 V,50 Hz, 4 poles, 1440 rpm
Number of stator Slots = 24

Number of rotor bars = 30

Length of stack = 120 mm

Effective air-gap = 0.35 mm

Mean radius of air-gap = 89.65 mm

Stator resistance = 7.6 Q

Stator leakage inductance = 38.43 mH

Number of turn per phase = 400

Rotor bar resistance = 0.00376 Q

Rotor bar leakage inductance = 44.72 uH

Rotor end ring segment resistance = 0.0012 mH
Rotor end ring segment leakage inductance = 1.24 uH
Rotor inertia = 0.029 kg-m”
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