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ARTICLE INFO ABSTRACT
Article history:

Received This paper analyzes the causes of vibrations in a solid-rotor induction
iecei"te‘zlin revised form motor (SRIM) through electromagnetic Finite Element (FE) simulations
ccepte .

P and laboratory measurements. The computed results are compared with
Keywords: vibration measurements, and the electromagnetic causes of vibrations
Finite element analysis were discovered, including the fault related reasons. The machine under
Electrical motors . investigation is a 300 kW, 60 000 rpm, three-phase SRIM for industrial air
Magnetomechanical coupling 3 . K A .

Vibrations compression. The FE simulations are carried out in an open source FE

library implemented in Matlab. Both magnetic forces and magnetostriction
deformations are accounted for in the simulations. This magneto-
mechanical coupling is implemented using a free-energy-based model. The
harmonic analysis of the vibrations revealed that, the supply frequency
components, the magnetic forces and the magnetostriction contribute to
the electromagnetic causes of vibration, while there is a significant amount
of vibration produced due to the rotor eccentricity in the motor.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The vibrations in electrical machines cause unwanted noise in neighboring environments and it can also
lead to diminished performance and lifespan of machines. Numerical simulations to analyze and predict
these vibrations are hence substantial in machine design. In industrial machinery, the noise analysis is a
complex procedure, because there are mechanical sources of vibrations apart from electromagnetic

reasons, and interference from nearby electrical and mechanical installations makes the situation more
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challenging.

This study examines the topic of vibration analysis predominantly from an electromagnetic standpoint
and correlated the findings with unbalances in the motor system. The study of vibrations and noise has
been a prominent topic in electrical machines and electromechanics for decades. Magnetic forces and
magnetostriction (MS) were found to be the major electromagnetic causes of vibration [1]. The severity of
these two phenomena depends on factors including the manner of machine excitation, type of the
machine and design parameters, for instance number of poles, airgap length, winding configuration and
type of materials used. The factors that make this study exclusive in magneto-mechanical analysis of high-
speed motors are; a comprehensive examination of electromagnetic factors such as electromagnetic
stress and MS has been done, including the contribution of eccentricity in motor vibrations using an all-
encompassing analytical model and comparison between analytical results, simulations and
measurements. Furthermore, combined FE and measurement-based magneto-mechanical vibration
analysis of solid-rotor high speed motor for industrial applications is an originality element of this work.

The use of solid rotor instead of cage rotor is usually employed for attaining the highest speed of
induction motors [2-4]. Also, solid-rotor motors can achieve steady-state stability and linearity of torque-
speed characteristics during the course of the whole speed range and has high mechanical integrity and
durability. The studies by Huppunen et al. [5] and Gieras et al. [6] on high-speed induction motor proves
these characteristics of SRIM. In this paper, the magnetic forces are computed using the Maxwell stress
tensor, based on the research by Arkkio [7] and the MS is taken into account in the magneto-mechanical
coupled model by making use of Helmholtz free energy density. An extensive study on the free-energy
based magnetomechanical model is presented by Fonteyn et al. [8] and Aydin et al. [9,10]. The
measurement of vibrations was done in the industrial installation site of the motor.

The presence of rotor eccentricity has been found to be a contributing factor in motor vibrations in
previous studies and the same is proved in this paper with the theoretical explanations and measurement
results showing eccentricity-induced frequency components. Dorrel et al. [11, 12] examined the
unbalanced magnetic pull in motors due to rotor eccentricity. Rodriguez et. al investigated the vibrations
occurred in an induction motor using the Maxwell stress tensor method and formulated the system
behavior under dynamic eccentricity [13]. The studies and experiments by Hamzaoui et al. shown in [14,
15] explain how the imbalance and misalignment defects can contribute to the vibro-acoustic behavior of
electrical motors. They experimentally and theoretically proved how the noise and vibrations are higher
in motors with defects compared to those without defects. Han et al. [16] studied the radial and tangential
forces caused by rotor eccentricity and proposed a magnetic equivalent circuit model. There are different
studies done in the past related to motor faults, in terms of the methods for detection of faults and
considerations in motor design accounting for vibrations [17-19]. A detailed study on the FE modelling of
the vibro-acoustics behavior of induction motors can be seen in the research of Wang et al. [20]. Recent
studies by Lin et al. propose some methods for reducing the vibration and acoustic noise in electrical
motors by optimizing magnetic forces [21]. Inspired from the previous researches and the methodologies

we have developed, this paper addresses the vibration problem in a high-speed induction motor with an
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extensive outlook on magnetic forces, magnetostriction and eccentricity.

2. Computational Methodology
2.1. Solving Magnetic Field and Magnetic Forces using FEA

The Maxwell equations of the magnetic field problem are solved numerically using 2D FEA. The
magnetic field in the machine core is assumed as two-dimensional and the three-dimensional end regions
of the stator are modelled by using constant end-winding impedances in the winding circuit equations.
Both the stator and rotor core are modeled as non-linear anhysteretic materials, where the stator is
electrically non-conducting, due to thin lamination, and the rotor is conducting. Practically, the time
variation of the magnetic field in an electric motor is not sinusoidal and hence, to solve the magnetic field
accurately, time-stepping method is required.

The induction motor is considered as a quasi-static magnetic system where the Maxwell field equation

can be written as follows:

DXE:-%_'? ()
OxH =J
(2)
H =vB
(3)
J=0E
(4)

where E is the electric field strength, B is the magnetic flux density, H is the magnetic field strength and J
is the current density. The magnetic reluctivity is V and o, is the electric conductivity of the material.

The vector potential formulation was used for the magnetic model, with the governing equation

DX(VDXA)+0'e%A+O'eDV=O (5)

where A is the vector potential, o, is the electrical conductivity, and V is the electric scalar potential for

the winding domains. Coupling with the stator and rotor circuit equations was established using the
Tsukerman formulation [25]. The electric conductivity of the iron core is set to zero in the simulations,
due to the fact that it is made of thin lamina.

The elastic model is represented as
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2
O (s,B)= p%u (6)

where o is the stress sensor, p is material density and, u is the vector of displacements. The linear strain

is denoted by €

£=1/20u+0u") (7)

For the non-linear strain tensor, the invariant model of [9-10] explained in section 2.2 was used,
enabling the inclusion of both Maxwell stress and magnetostriction. To obtain a first-order system, the
auxiliary variable v = %u was defined. The mechanical equation is solved in solid parts only, whereas the
magnetic equation is solved in the whole cross-section including the air regions.

The entire solver was developed by the authors in Matlab, based on the open-source SMEKLib library
[23]. As the formulation described yields a non-degenerate non-linear problem (assuming typical
boundary conditions), it is straightforward to solve with the Newton-Raphson method. The details on
computing the Jacobian matrix can be found in [26].

Maxwell stress tensor method gives the magnetic torque exerted on a ferromagnetic region by integrating

on a closed area around the region.

TEm:Nx(rm)ds:Nx{i(B m)B—ian} ds ®)

S S

where T is the Maxwell stress tensor, r is a vector representing rotor radius, (4, is the permeability of

vacuum and n is the normal unit vector of the integration surface dS.
The magnetic force can be calculated from the Maxwell stress tensor by the volume integral IV f.rdv.

This volume integral can be reduced to the closed surface integral over a surface S and the force formula

becomes

—il L _ 1 g lys=fl L g2- 1 «
F—@[E(BnB 2p0B njds @[2%(5 52)n+% E}aj d: 9)

where n and t represent the outward unit vector normal and tangential respectively to the differential
surface S.

The quantities inside Eq. (9) can be separated into normal component of traction (o,) and
circumferential component of traction (o).

1
o, =—(B’-B/ 10
: 2uo(r » (10)
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In order to analyze the spatial distribution and time dependence of the radial stress, it can be

developed into two-dimensional Fourier series [1]

amncos(mpy) cosfwt }+
© Pmncosmpp) sin(wt )+

Oy = A
' mZ:O r%o mn CmnsSin(mpp) cos(rwt)+

dmnsin(mpp)sin(rwt)

(12)

where m and n represent the space and time harmonic numbers, p is the number of pole pairs of the

machine, wis the rotational speed (rad/s) of the magnetic field, t and ¢ are the time and angular position

respectively. The other constants are calculated as

2121
__pw Pw -
bmn = 5 | | orcosmpp)sin(wt)dp df
27°pyr? 0 0
(14)

27T 21T
pw P w :
dmn= 5 | | orsin(mpp)sin(rwt)dp di
27°pyr? 0 0

(1/4) for m=n=0
A= (1/2) for m=0, n>0 and m>0, n=0
1 for m>0, n>0

(13)

(15)

(16)

(17)

The spatial order m represents the mode shape of the vibration, while the time order n determines the

corresponding vibration frequency. The radial stress calculated using Eq. (12) can be represented as a

sum of waves circulating clockwise and anticlockwise direction with respect to the rotational direction of

the motor. Then the radial stress can be written as
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| cosmpp+ nwt+ y_ )

3
I}
o

Q

1
Ms
A

The presence of an unbalance in the form of static or dynamic rotor eccentricity in the motor can
produce additional force components in stress distribution [17]. The dynamic eccentricity is illustrated in
Fig. 1. If there is no eccentricity and the stator and rotor are concentric, the resultant radial force acting
between the two cylindrical bodies is zero. The rotor eccentricity creates an unbalanced magnetic pull

[11] that even pulls the rotor further from the concentric position.

STATOR

ROTOR

Rotor center . :

( E/ : -
@ Stator_' 3
b

center |

Fig. 1. lllustration of dynamic eccentricity in a motor

For a motor with dynamic eccentricity, the airgap length is no longer constant and can be expressed as
[12,13],

9(¢.1) = g1 - de cos(27 fy = ¢ )] (19)

where g is the average airgap length, ¢ is the angular position along the airgap, d. is the degree of

dynamic eccentricity and f-is the rotor rotational frequency. For small values of dynamic eccentricity, the

airgap permeance /\ can be represented as [12],

A =1+ de cos(2f, - ¢ )] (20)
g

There is magnetic flux passing through the airgap even with the dynamic eccentricity. With this

assumption, the magnetic flux can be expressed as
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168 b(g.t) = A (#.1)] 1y is(#,t)dg (21)
169

170 where jsis the stator current density given by

171

172 js(@,t) =Jsin(rfd—pg) (22)
173

174 where f;is the fundamental supply frequency. Substituting (20) and (22) in (21) gives

175
b(¢,t) = B” cos(2rft— pp + B cos[(Z k- Zf )- @ B

176 (23)
+Bs"" cos[(27fg + 2rf ¥ - (p+ 1P |

177
3 3
178 where B, =£0°s. g Pl _Ffos o 24)
pg 2pg
179

180 The radial force per unit area can be expressed as

181

182 F(@,t) = ib2(¢,t) (25)
244,

183

184  Replacing (23) in (25) gives

185
1
F(g,t) =2—{( B")*cos(4rrfst+ 2pgp ) (26a)
0
BB cos(#ft- @) (26b)
BB, cos@ft+ g ) (26¢)
186 BB cos[(afg+ 2f -9 ] (26d)
B cos[(#fs— 2f, t-¢ 1} (26€)
2
+(BP) cosl2(zrfs + Zfr - 26+ B | (26f)
2
{BsPY)" cosl2(afs- &fr - 3t~ @) | (26g)
187
188
189 The equation (26) represents the frequency components when dynamic eccentricity is present.

190  Dynamic eccentricity may produce other vibrations than twice-supply frequency 2fg (26a), in addition to
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the rotational frequency f, . Those components are 2f, (26b) which is twice the rotor frequency,

2fg+ f, presented in (26d) and (26e), 2(fg+ f;) as shown in (26f) and (26g). To generalize the

frequency components in terms of the multiples of the supply frequency, the additional frequency
components can be quantified as2f | ,2f, | + frand 2(fg | + f,)where k is an integer. These frequency

components are affected by the slip and hence an additional +/- sf; term will be reflected in these
frequencies.

The radial stress shown in equation (18) can be written as

[e0] (00]
or = X Y Amncostpp+ mwt+dm ) (27)
m=0n=0

Due to the presence of dynamic eccentricity, the airgap permeance will have an additional term

N =gcos@—a)t—ad )where a, is the original position of the eccentricity. The radial airgap flux
&

density is

B = ¢, 1A +A,) = &cos(p (- wt)-§ ) [1+% cosp-wt-a, ) (28)

where g, = ecost), &,,is the m.m.f produced by the stator and rotor windings, &,is the amplitude of

the m.m.f. The equation (28) can be further developed as
B =B, cos(p@p-wt)-¢ )+ B cos[(pt 1)g-wt)y $*a, ) (29)

Eoly

where B, = B, x93 is the amplitude of eccentric magnetic flus density and B, =
d

is the amplitude

of the original flux density.
Now, from the relation g, = B? /244, the stress can be written as

0, =[B,"cos(2p p-wt)- )
+B/ cos(20p+ 1p-wt ¥ Z*a, ))
+ 4B,B, cos((Pp+ 1)g-wt ¥ 3(1% :
+ 4B,B, cost ¢-wt y %iad ))]f&o

(30)

Hence, without any eccentricity, there is only a stress wave rotating at Ncw=2 pw speed and with a

spatial order of m = 2p. In the presence of an eccentricity, new spatiotemporal waves occurs and these
terms are modulations at2(px1),2p+1and+1 of the spatiotemporal waves. Therefore, dynamic

eccentricities in a motor will produce modulations of the magnetic forces that are non-multiples of the

number of pole pair.
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From the abovementioned analytical model, it can be concluded that the dynamic eccentricity produces
additional force frequencies and subsequently the stator deformation and vibration will have the same
frequency components, due to its linear mechanical behaviour. The analytical model explains how the
different frequencies are originated under a dynamic eccentricity and this model is not used in the
simulations. However, the simulated frequencies agree with the analytical ones given in the results

section.
2.2. Energy based Magnetomechanical Model

In order to couple the magnetic and elastic properties of the material, the constitutive equations are
formulated from a Helmholtz free energy density i [8-10]. For an isotropic magneto-elastic material, ¥ is
expressed as a function of five scalar invariants, which depend on the magnetic flux density vector B and

the total strain tensor &:

B [(#B)
BZ

ref

1= B8 (31)

ref

= tre), |,=% tr(ﬁ) 1,=BEB | =

Bref
where Brer = 1 T. The first three invariants describe the elastic behavior of the material, and I3 (not defined
here) is not used, as linear elasticity is assumed. The fourth invariant corresponds to the single-valued
magnetization behavior and the fifth and sixth invariants determine the magneto-elastic coupling. Since
the permeability variation is independent of the hydrostatic pressure, in the fifth and sixth invariants, the

deviatoric part of the strain #- ¢ - £, , is used, where ¢, , is the hydrostatic strain. The expression for the

Helmholtz free energy density is then given as

“a a pt Yy
Y= 2/“ +2GlI —I/( ’T _Oé 51+zi4iﬁlj (32)

i=0

Here A and G are the Lamé constants of the material, vy is the reluctivity of free space and a;, £, yi are the
fitting parameters to be identified from measurements. The magneto-elastic stress and magnetization are

obtained as

ame(B,s)=% andM (B ¢) :—% (33)

The magnetic field strength vector is then computed asH =y,B-M . The magneto-elastic stress tensor

0. consists of elastic and MS related stress tensors.

Fifteen parameters were needed to model the properties of the studied material (0.5 mm non-oriented
Fe-Si electrical sheets) and they were determined using the experimental data obtained from a custom-

built uniaxial single sheet tester [22]. In the experimental process, the material was loaded with different
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stresses varying from 50 MPa compression (-) to 80 MPa tension (+) parallel to the flux density, and the
magnetization curves were measured. Afterward, the initial fitting of the single-valued model parameters
to the H-averaged measured magnetization curves was realized at various stress values, as shown in Fig.
2. Magnetic materials show reduced permeability under compression and high tension. This behaviour of
magnetic materials is modelled successfully using the model. Besides, increased permeability is observed
under low tensile stress as reported in [22]. It is worth mentioning that, although the material model is
identified only by using the uniaxial stress dependent B-H curves, it is able to predict the magnetic

behaviour of the material under multi-axial stress [10].
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— e e e
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16 e ?1’.-*}"* i
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“6 0.8 ek s
5 -';‘i“'"‘
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=04 I'.'{ Measured, o = 20.0 MPa |
. % Measured, 0 =60.0 MPa
0.2 4
\# - -
o* x :
0 500 1000 1500

Magnetic field strength (A/m)
Fig. 2. Fitting results of the single-valued model parameters with H-averaged magnetization curve measurements [10]

3. Vibration Measurements

3.1. Accelerations Measurement

The specifications of the solid rotor motor under investigation are given in Table I. For measuring the
acceleration, eight tri-axial accelerometers of Briiel&Kjzer type 4524B were used simultaneously and the
PULSE analyzer used was multi-axial Briiel&Kjeer LAN-XI type 3050-A-060, which is a real-time, multi-
channel sound and vibration data acquisition system. The accelerometers were attached at eight different
positions on the air compressor installation to measure the vibrations produced by the motor and other
equipments. A schematic diagram showing the placement of accelerometers around the motor structure
is given in Fig. 3. Two accelerometers were attached on the top of the compressor body in bearing planes
(numbered 1 and 2 in fig. 3), four were exactly next to the fitting points of the motor (number 3, 4, 5 and
6), and one in the inlet duct of cooling air (number 7) and the final one in the outlet duct (number 8). The

acceleration was measured in all the three directions, X-vertical, Y-horizontal, and Z-axial.
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Fig. 3. Schematic diagram showing the position of accelerometers around the motor structure

Table 1.

Specifications of the Solid-rotor Induction Motor
Specifications Unit Value
Power kw 300
Voltage (line-to-line) \'% 400
Rated speed rpm 60000
Number of poles 2
Stator outer diameter mm 250
Stator inner diameter mm 116

4., Results and Discussion

In this section, the measurement results are explained in the beginning and later, the simulation results

and the comparison of those with the measurements are explained.

4.1 Measured Vibration Spectra

The Fourier analysis of vibrations gives the frequency components present in them. Fig. 4 and Fig. 5
show the frequency components in the measured accelerations at sensor 1, in radial and tangential
direction respectively. The radial plots are given in black color and the tangential ones in blue. There are
higher values of acceleration components at frequencies 1000 Hz, 2000 Hz, 3000 Hz, 4000 Hz, 5000 Hz,

6000 Hz and 7000 Hz. The detailed analysis of these frequencies and sidebands are given in section 4.3.
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301 4.2 Simulation Results of Magnetomechanical Model

302 The energy-based magneto-mechanical model is used for simulating the motor in Matlab. The
303 magneto-mechanical model based on free energy principle was simulated with PWM supply having one
304 pulse per half period, as in the original measurement source. The results shown are from time-stepping
305 simulations with simulation time 0.015 s and has a time step length of 5e¢ s. The number of elements
306 were 2976. The second order mesh of the simulated motor is given in Fig. 6 and the flux density
307  distribution is shown in Fig. 7. The magnetomechanical problem was solved with the finite element
308 method implemented in Matlab using an open-source library [23]. For this purpose, second-order shape
309 functions were used for both the vector potential and the displacements. All field and windings circuit
310 quantities were strongly coupled. The rotation of the rotor was considered with the moving band
311 approach [24], and the same air-gap mesh was used to evaluate the weighted Maxwell stress tensor in the
312 air-gap.

313 In the radial displacement simulation, the displacement of the outer nodes of the stator and inner
314 nodes of the rotor were fixed to zero in tangential direction. The same were fixed in radial direction for
315  the tangential displacement simulations. The displacement at a point on the stator surface due to

316  magnetic forces and MS are given in Fig. 8. In Fig. 9, simulated displacement in three cases are given. The



317
318
319
320
321
322
323
324
325
326
327
328

329

330
331

332
333

334

displacement due to magnetic forces and due to MS are in phase and they get added up. Hence the final
displacement increases with the interaction of magnetic forces and MS in the case of the studied motor.
The Fourier analysis of the radial displacements, showing the frequency components are given in Fig. 10
for normal operation and in Fig. 11 with a dynamic eccentricity of 14%. The introduction of dynamic
eccentricity has produced additional components in the frequency spectrum.

In the simulated spectrum, there are high magnitude of displacement at frequencies 1000 Hz, 2000 Hz,
3000 Hz, 4000 Hz, 5000 Hz and 6000 Hz. It must be noted that, the aim of this study is not to determine
the amplitude of the induced deformation or vibration, but to find out the frequency components present
in them and to examine how they originated. This information also helps to analyze the contribution of
faults such as eccentricity in motor vibrations. The amplitude of the deformations and vibrations vary
with the type of motor (the size and power) and its load conditions [19]. The simulated tangential

displacements are shown in Fig. 12.

0.1 005 0 0.05 0.1

Fig. 6. The finite element mesh of the simulated motor in Matlab

Magnetic flux density (T)

-0.1 -0.05 0 0.05 0.1

Fig. 7. Magnetic flux density distribution in the motor cross section
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4.3 Analysis of Frequency Components and Sidebands

The theoretical study on magnetic forces and the frequency components contributed by dynamic
eccentricity are discussed in section II. A. The rotor rotational frequency f, is 1000 Hz, supply frequency

fsis 1008.75 Hz and the slip is 0.00875. The Fig. 13 shows the measurement results of the major radial

acceleration amplitudes above 1 m/s2around 2000 Hz, 4000 Hz and 6000 Hz frequencies. In Table 2, the
origination of different frequency components from the measurement shown in Fig. 13 are detailed.

In Fig. 14, the frequency components in the tangential acceleration are shown. The acceleration
corresponds to a displacement d and angular frequency @ = 2rf can be calculated by the formula ®2d.
For example, the amplitude of radial acceleration from measurement is 12 m/sz at 2017 Hz. In the
simulation, the computed displacement was 2.3 e-8 m at 2017 Hz. The acceleration from this
displacement is calculated as 3.7 m/s2. In the simulation, the rigid body motion and the frame of the

motor is not modelled, and hence the simulated acceleration will not have the effect of frame. This is the



362 reason behind the difference in the amplitude between measured and simulated accelerations. The

363 measurement data can also be influenced by the damping and resonance of the housing and support
364  structures of the motor.
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368 Fig. 13. Frequency spectrum of measured radial acceleration showing 2017 Hz, 4035 Hz and 6052 Hz and their sidebands
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370
371
372
373 Table 2.
374 Origination of frequency components in the spectrum of radial acceleration
375
Frequency Value (Hz) Sideband Value (Hz)
fs 1008.75
2fs 2017.5 2(fs-sfs) 2*(1008.75-(1008.75*0.00875)=1999
2p*2fs (2*1)*2017.5=4035 2p*2(fs-sfs) 2*(1008.75-(1008.75*0.00875)=3998
(2p+1)*2fs (2+1)*2017.5=6052 (2p+1)*2(fs-sfs) 3*2*(1008.75-(1008.75*0.00875)=5999
2fsi+fr ; k=1 | (2*1008.75)+1000=3017.5 | 2fs,Kk+fr +sfs (2*1008.75)+1000+ (1008.75*0.00875) = 3026
2fsx+fr ; k=2 | (2*2*1008.75)+1000=5035 | 2fsK+fr + sfs (2*2*1008.75)+1000+ (1008.75*0.00875) =5043

376
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381

382 In Fig. 15, simulated results of the major radial frequency components at 2017 Hz, 4035 Hz and 6052
383 Hz are given. It can be seen that the theoretically proven components are present in this simulated
384  spectra at the same frequencies like in the measurement as shown in Fig. 13. The same results were
385  achieved for tangential frequency spectra also. Hence, it can be concluded from the simulation and
386 measurement results that, the supply frequency, rotor frequency and the additional components due to

387  dynamic eccentricity are the major contributing factors of the motor deformation and thereby the
388  accelerations.
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Fig. 15. Frequency spectrum of simulated radial accelerations at 2017 Hz, 4035 Hz and 6052 Hz in the presence of dynamic
eccentricity

From the comparative study of measurement and simulated spectra, the frequencies present in both
measurement and simulation are matching when a dynamic eccentricity is present in the motor. This is a
significant result in terms of condition monitoring, assembling of the motor set-up and acoustic noise
problems. The extra frequency components due to eccentricity could contribute to additional acoustic
noise. In terms of amplitudes of the acceleration, the simulated spectra show rather similar outputs,
although a precise agreement cannot be attained, because the amplitudes can be affected by external
factors at the measurement set up and this will not reflect in the simulations. The results point out the
presence of dynamic eccentricity in the motor according to this study. This needs to be investigated to

find out the root causes of eccentricity that cause the unbalance in the motor system.

5. Conclusion

An extensive study on the electromagnetic causes of vibrations in a high-speed induction motor is
carried out for this paper. In the case of the investigated machine, while the fundamental supply
frequency components and its multiples cause vibrations, the presence of dynamic eccentricity contribute
additional frequency components and hence intensified the vibrations. The frequency components and

their sidebands induced by the eccentricity condition were found to be the same in both simulated and
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measured spectra. The contribution of dynamic eccentricity to the frequency spectra of vibrations is
explained and verified with detailed analytical models with measurement verification. Besides, it has
been inferred that, magnetostriction is a factor that needs be considered in vibration studies, since the
interaction of magnetic forces and magnetostriction could cause changes in magnitudes of the stator
vibrations. In the context of the sound and vibration studies in industrial environments, this study
provides a vital perspective on the importance of electromagnetic analysis of electrical machines.
Because, the results of this work imply that the root causes of the sound or acoustic noise emitting from
an electrical motor system can be from the active parts of the motor itself and those areas need to be
investigated before going for more mechanical and aerodynamic facets of the machine set-up. The future
part of this study will be Boundary Element Method (BEM) based acoustic noise analysis, and to analyze

the aeroacoustics effects in noise production.
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