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Abstract— Non invasive fault detection unit for an induction
motor has become an integral part of industrial drives. As the
current is the primary quantity to get affected by the non
uniform air gap flux, Motor Current Signature Analysis is
preferred as compared to vibration analysis for mixed
eccentricity fault detection in an induction motor. In this paper,
Power Spectral Density analysis is performed on the stator
current data samples obtained from modeling and simulation of
the induction motor. An Eccentricity Severity Factor is defined
and is shown that this factor increases with increase of air gap
eccentricity in the machine. Hence it can be used as a measure to
assess the degree of eccentricity in the machine.

Index Terms—Induction motor, Mixed eccentricity, Modeling,
Power Spectral Density, Winding Function Theory

I. INTRODUCTION

Fault diagnosis units for induction motors have become
essential components in industries. It can save huge amount of
money incurred by the industries due to machine failures. In
this regard, model based simulation studies always help in
identification of machine parameters to characterize the fault.
Hence a dynamic model of induction motor operating under
mixed eccentricity condition is developed using multiple
coupled circuit approach. 2D-Modified Winding Function
Theory (2D-MWFT) is wused to -calculate the mutual
inductance between the windings of the machine [1-3]. The
model is simulated to extract stator phase current for further
analysis to characterise the fault.

Non invasive methods such as vibration analysis and motor
current signature analysis (MCSA) are often employed for
condition monitoring of induction motors. The author in [4],
illustrates that MCSA is a powerful tool for broken rotor bar
and air gap eccentricity fault detection. An added advantage of
this method is that since the motor current is continuously
monitored in the protection unit of the induction motor, the
same unit can be employed to extract the stator current
without any additional investment.

Very often mixed air gap eccentricity fault is detected by
identifying the base frequency components around the
fundamental frequency component in stator current spectra
obtained from either Fast Fourier Transform (FFT) or Power
Spectral Density analysis (PSD) [2,4-7]. It can detect the
presence of mixed eccentricity condition in the machine but
the severity of the fault prediction is very difficult. Hence in
this paper Eccentricity Severity Factor is defined and is shown

that it can be used to predict the degree of air gap eccentricity
fault in the machine

The modeling methodology of an induction motor by
multiple coupled circuit approach is discussed in Section II. In
Section III, the simulation results obtained from the model are
presented. PSD analysis results are analysed and discussed in
Section I'V. Conclusion is presented in Section V.

II. MODELING OF INDUCTION MOTOR FOR AIR GAP ECCENTRIC
CONDITION

The machine is modeled using multiple coupled circuit
approach by considering stator as ‘m=3’ circuits and rotor as
‘n’ number of rotor loops where ‘n’ is the total number of
rotor bars. 2D-MWFEFT is used to calculate the mutual and self
inductances between windings. The main advantage of using
this method is that skewing of rotor bars can also be
considered during modeling. Matlab/SIMULINK platform is
used to develop the dynamic model of induction motor.

The turn functions of stator phase A and rotor loopl are
given in the Appendix. The stator turn function for the other
two phases B and C are obtained by shifting the stator turn
function by 60 and 120  degrees respectively. The turn
functions for other rotor loops are obtained by shifting the turn
function of rotor loopl by a,i where i=1,2,.n, where o, =27/n.
The model is developed in SIMULINK platform and its block
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The mutual inductance between two windings ‘i’ and ‘j’ is
calculated by 2D-MWFT by using Equation (1) [1-3]. Using
Equation (1), self and mutual inductances between stator

phases (Lg) and rotor loops (L) and mutual inductance
between stator and rotor loops (L) are calculated.
z=11
-

Li(8,) = Z Lj; (6, 2)
z=1

where Lij (0y,2) = 2my,r [(Pninj) _ (Pni>(Pnj)] N 11_1

(P)

where

Lij=mutual inductance between the windings ‘i’ and %’ in H
0, =rotor rotation angle in radians

z=section along axial length of rotor

n=turn function of winding ‘i’

nj=turn function of winding ‘j

po=absolute permeability

r=radius in m

[ =length of stack in m

P= permeance of air gap in m’

Equation (2) is used to calculate the permeance of the air
gap which can take into account mixed eccentricity condition
prevailing in the machine.

P(0,2,0,) = po(z) + ps(2) cos(® — p(2))
+ p,(2) cos(ZQ) - 2p(z))
where po, p1, P> and p are calculated as
84(z)sin (6,)
8(z) + 64(2z)cos (0,)

-2

p(z) = tan™?! (

5(z) = \/82 (z) + 83(z) + 284(z)85(z)cos (8;)

@) = —
Z) = —
Po 0

1 )(1—,/1—82@))
go/1 — 6%(2) 8(z)

1 )(1—./1—52@))2
Jo/1— 62(2) 6(2)

where J and &4 represent the static and dynamic eccentricity
indices respectively.

The resistances and inductances for each rotor rotation
angle are calculated in ‘m’ files and brought to the
SIMULINK model during simulation. Simulation results are
discussed in the following section.

p:(2) = 2(

p1(2) = 2(

III. SIMULATION RESULTS

The machine parameters considered for modeling and
simulation are given in the Appendix. The model is simulated
using Runge-Kutta4 and fixed step size of 0.00005seconds
for the eccentric condition of 40% static eccentricity and 30%
dynamic eccentricity in the machine. The simulated
waveforms are as shown in Figure2. The nominal load of 12
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Nm is applied at 1second. The developed machine model
can take the load even at the starting of simulation.
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Fig2. Dynamic Torque (T.) vs. Time, Speed (®) vs. Time, Stator phase
currents (I) vs. Time, Rotor loop currents (I;) vs. Time, Stator flux
linkages (i) vs Time, Rotor flux linkages (A;) vs. Time

During simulation, 20000 samples of stator phase current
of the machine at sampling frequency of 20 kHz are extracted
and stored for offline studies. All these data are filtered after
passing through alOkHz low pass filter using Hann window.
Further, analysis is carried out on these data to detect the
eccentricity fault which are explained in the following chapter.

IV. PSD ANALYSIS

Usually, Fast Fourier Transform (FFT) and Power Spectral
Density (PSD) analysis are performed on the stator current to
detect the presence of eccentricity in the machine. The results
obtained by the PSD analysis carried out on the extracted
stator current data of the machine with 40% static
eccentricity and 30% dynamic eccentricity prevailing in the
machine is as shown in Figure3.

The existence of sideband frequencies (f; and f,) around the
base frequency, at 73.57 Hz and 26.43 Hz under loaded
conditions are mainly due to prevailing mixed eccentricity
condition in the machine. If both static (SE) and dynamic
eccentricities (DE) exist together, low frequency components
near the fundamental [10] given by

fe=<li%(1—s)>.f k= 23... —(3)
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can be detected for all machines.
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Fig3. PSD analysis with 40% SE and 30% DE

PSD analysis results are verified with theoretically
calculated values of 75.68 Hz and 24.41 Hz for no load, and
73.24 Hz and 26.86 Hz for loaded conditions using the
Equation (3) where ‘p’ is the number of pole pairs, ‘s’ is the
slip and ‘f” is the fundamental frequency.

The presence of static and dynamic eccentricity can be
detected using MCSA [10]. The equation describing the
frequency components of interest is

(1-5)
p

f, = f, | (kR £ ng) +v -

Where ng=0 in case of static eccentricity and ng=1,2,3....... in
case of dynamic eccentricity (ng is known as eccentric order),
f) is the fundamental frequency, R is the number of rotor slots,
s is the slip, p is the number of pole pairs, k is any integer, and
v is the stator harmonics that are present in the power supply
driving the motor (v==1,£3,£5).

If both static and dynamic eccentricities exist together, low-
frequency components near the fundamental given by the
Equation (3) can be detected for all machines. These low-
frequency components also give rise to high-frequency
components as described by Equation (4)

However, these components are strong only for machines
whose pole pairs and rotor slot numbers are related by

R=2p[3(mtq)tr]tk
where , m+q=0,1,2,3,4....andr=0 or 1, k=1 or 2 .
It has been reported in the literature that with k=2, these
components are very weak and noticeable only under light
load conditions. [ 9]
For the machine chosen R=30, p=2
2p[3m+q) +r]+k =2%2[3x3—-1]—-2=30
2p[B3m+q) +r]+k =2%2[3x2+1]+2=30
Since the Equation (2) is valid only for k=2, the high
frequency components will be very weak and noticeable only
under light load conditions. For the machine chosen, these
high frequency components were found to be weak from PSD
analysis. Hence was not considered for further analysis.
PSD analysis gives information about the existence of
eccentricity but interpreting the degree of eccentricity is very
difficult as the margin of variation between these frequencies
is negligible. Authors [11] in their paper illustrate that DE
increases the amplitude of sideband components around PSH
which can be used for detection of dynamic eccentricity and
when the SE is increased, the amplitude of the sideband

-

components is increased as well; however, for a fixed load, the
frequency of sideband components due to the fault remain
constant..In the same paper it is reported that noise can affect
this index and fault diagnosis may produce an error.

Table 1-3, gives the details about sideband frequencies
around the base frequency for the machine which has
developed 20% dynamic eccentricity and variable static
eccentricities for full load (14.89 Nm), 53% load (8Nm) and

no load conditions respectively. Frequency resolution
considered is 1 Hz for PSD analysis.
Tablel: Full load with 20% dynamic eccentricity
oSE f; and Base f, and
° magnitude frequency magnitude
10| 26 -52.79 | 50 -39 | 74 -44.94
20| 26 -47.8 | 50 -4 74 -43.81
30| 26 -45.34 | 50 -4.07 | 74 -40.31
40 | 26 -43.07 | 50 -413 | 74 -38.03
50| 26 -36.42 | 50 -415 | 74 -36.98
Table2: 53% load with 20% dynamic eccentricity.
f, and Base f, and
%SE . .
magnitude frequency magnitude
10 26 -50.99 50 -4.35 74 -43.55
20| 26 -43.78 | 50 -4.46 | 74 -43.92
30| 26 -40.91 | 50 -453 | 74 -40.37
40 | 26 -38.82 | 50 461 | 74 -38.09
50| 26 -34.76 | 50 -465 | 74 -37.22
Table3: No load with 20% dynamic eccentricity.
o f, and Base f, and
%SE . .
magnitude frequency magnitude
10| 25 -46.25 50 -4.51 | 74 -44.82
20| 25 -39.45 50 -4.63 | 74 -47.89
30 25 -35.79 50 -4.71 | 74 -44.78
40 25 -36.36 50 -4.79 | 74 -40.15
50 | 25 -32.5 50 -4.88 | 74 -46.09

From Table1-3, following observations are made

1.  Amplitude of fundamental frequency in dB decreases
with increase in static eccentricity.

2. Amplitude of side band frequencies in dB increases
with increase in static eccentricity.(except no load)

3. The side band frequency components around
fundamental remain the same with increase in static
eccentricity.

4. Observation 3 can be attributed to the facts that speed
and hence slip is not affected with the increase in
static eccentricity.

Table 4-6, gives the details about sideband frequencies
around the base frequency for the machine which has
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developed 40% static eccentricity and variable dynamic

eccentricities for full load (14.89 Nm), 53% load (8Nm) and and
no load conditions respectively. (Amplitude of base frequency in dB —
_ Amplitude of upper side band frequency in dB)
Table4: Full load with 40% static eccentricity. ESF2 = Amplitude of base frequency in dB
f; and f; and Total Indicated Reading (TIR) of the motor provided by the
#DE magnitude Base frequency magnitude manufacturer controls the dynamic eccentricity level in the
machine. Even though 10% eccentricity is permissible,
3| 27 -9.59 >0 -4.01 | 73 | -55.08 manufacturer keeps this value as low as possible. Static
5| 27 -55.48 50 401 | 73 | -50.52 eccentricity exists in the machine even at the assembly stage.
71 27 -52.58 50 -4.02 | 73 | -47.61 For a stiff rotor shaft assembly like the chosen machine for
10| 26 -49.48 50 -4.04 | 74 | -44.53 analysis, static eccentricity is unlikely to change. Hence ESF
20| 26 -43.07 50 -4.13 | 74 | -38.03 are calculated for fixed static eccentricity value, with dynamic
30 26 -38.62 50 -4.28 | 74 | -33.94 eccentricity values being varied.
40| 26 -33.32 50 446 | 74 | -29.83 Eccentricity severity factors are calculated from the

extracted stator currents obtained via simulation of the
machine model for the machine running condition of 40%

TableS: 53% load with 40% static eccentricity static eccentricity and varied dynamic eccentricities.

f; and Base frequency f, and Calculated ESF1 and ESF2 values for the machine under full
eDE magnitude magnitude load, half load and no load are presented inTable7.
3 26 -55.38 50 -4.64 | 74 | -54.82
5 26 50.96 50 2447 | 74 50.39 Table7: %DE and ESF1 and ESF2 values.
7 26 -48.09 50 -4.49 | 74 | -47.43
10| 26 -44.92 | 50 -4.49 | 74 | -44.53 Full load 53% load No load
20 26 -38.82 50 -4.61 | 74 | -38.03
30| 26 -35.28 | 50 -4.79 | 74 | -33.66 %DE | ESF1 | ESF2 | ESF1 | ESF2 | ESF1 | ESF2
0] 26| 3238] 0] -03]7M] 2918 3 |-13.86 | -12.74 | -10.94 | -10.81 | -10.26 | -11.70
Table6: No load with 40% static eccentricity 5 -12.84 | -11.60 | -10.40 | -10.27 | -9.26 | -10.77
9%DE fy and Base frequency f and 7 |-12.08|-10.84 | -9.71 | -9.56 | -8.60 | -10.04
- Zr;‘agn‘;‘;d; — — gagnlt;:eél 10 | -11.25 | -10.02 | -9.00 | -8.92 | -7.97 | 9.19
s 25 | 4749 | S0 263 | 75| 5448 20 -9.43 | -821 | -742 | -7.25 | -6.59 | -7.38
o 25 | 2456 | s0 264 | 75| 5124 30 -8.02 | -6.93 | -6.37 | -6.03 | -6.38 | -5.74
10 | 25 | -21.78 | s0 266 | 75| -47.48 40 -6.47 | -5.69 | -54 -4.80 | -5.59 | -5.05
gg ;:: :i:zg ig :3;3 ;2 ::gég Using Table7, variation of ESFI and ESF2 are plotted
- . . against %DE and are shown in Figures4-5 for full load, half
40 | 25| -3444 | 50 23] 75| 3164 load and no load conditions of the machine
From Table4-6, following observations are made 000

1. Amplitude of fundamental frequency in dB decreases 200 4—H0—20—30—40—30
with the increase in dynamic eccentricity. .00

2. Amplitude of side band frequencies in dB increases with — -6.00 + % f eFullload
increase in static eccentricity. 7 800 o * .

3. The side band frequency components around = 1000 %;(* X e *33%load
fundamental change with increase in dynamic 1200 o2 ¢ Noload
eccentricity.(refer Table 4) 14.00 e.

4. Observation 3 can be attributed to the fact that with the 16.00
increase in dynamic eccentricity, speed with which %DE
machine runs increases and slip decreases.

In this paper Eccentricity Severity Factor (ESF) is defined as

(Amplitude of base frequency in dB — Fig4. %DE vs. ESF1
Amplitude of lower side band frequency in dB)

ESF1 =
Amplitude of base frequency in dB

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on March 25,2021 at 11:24:44 UTC from IEEE Xplore. Restrictions apply.



P
0.00
g 10 20 30 40 50
200
-4.00
¥
g 500 2 L] ® Full load
) x @
= 800 . *53% load
¥
- e + No load
10.00 @
Koo
1200 2@
L]
14.00
%DE

Fig5. %DE vs. ESF2

From Figures 4-5, it is concluded that eccentricity fault
severity factor increases with the increase in dynamic
eccentricity for an existing 40% static eccentricity in the
machine.

V. CONCLUSION

In this paper, an induction motor is modeled using 2D-
MWEFT and simulated for different eccentricity conditions.
Samples of stator current are extracted and stored for offline
studies.PSD analysis is performed on these data showed that
presence and degree of mixed air gap eccentricity can be
predicted very effectively. An Eccentricity Severity Factor is
defined and is shown that it increases with the increase in air
gap eccentricity. Hence it can be used to predict the degree of
a mixed air gap eccentricity prevailing in the machine.

APPENDIX
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2.2kW, 3hp,400/415V, 50Hz, 3®AC,1500rpm, 4pole squirrel
cage induction motor

Number of stator slots =24, Number of rotor bars =30,

Length of stacks =120mm, Effective air gap =0.35mm,

Mean radius of air gap=89.65mm,

Number of turns/phase =400, Stator resistance =7.6Q),

Stator leakage inductance =38.43mH,

Rotor bar resistance=0.00376Q2,

Rotor bar leakage inductance =44.52uH,

Rotor end ring segment resistance =0.0012 mQ,
Rotor end ring segment inductance =1.24uH,

Rotor inertia in GD?=0.024 kg-m>
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