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A Numerical Prediction Model for Vibration and
Noise of Axial Flux Motors

Sunghyuk Park, Wonho Kim, and Sung-1l Kim, Member, IEEE

Abstract—A numerical procedure to predict vibration and
acoustic noise due to electromagnetic excitation forces in an axial
flux motor (AFM) is presented and applied to a motor with
ferrite magnets for electric vehicles. The methodology includes
the calculation of radial magnetic forces exerted on stator inner
surfaces using electromagnetic solver to account for vibration and
noise of the motor. Fundamental and high-order harmonics of
the magnetic forces are then obtained via fast Fourier transform
process. Structural analyses such as modal and harmonic analysis
are conducted to investigate natural resonant frequencies of the
motor system and modal shapes highly responsible for vibration
of the frame and acoustic noise. Magnitudes of vibration displace-
ment on the motor housing surface and sound pressure level at a
given point in the space are predicted using harmonic and acoustic
analyses, respectively. Motor performance tests were conducted
to validate the model, and the results showed that the model
predictions agree well with the observations from the experiments.

Index Terms—Acoustic noise, axial flux motor (AFM), electro-
magnetic stress, noise measurement, numerical prediction, struc-
ture dynamics, vibration.

I. INTRODUCTION

N ORDER to ensure driving comfort, a great effort to reduce

levels of vibration and acoustic noise of traction motors for
electric vehicles has been made for the last couple of decades.
However, vibration and acoustic noise are still crucial problems
of traction motors particularly due to excitation forces with
high-order harmonics.

Several sources have been identified as contributing to vi-
bration and noise of electric motors through extensive ex-
perimentation. First, a fault in mechanical assembly such as
interaction between bearing and a rotor shaft can produce vibra-
tion and noise [1]-[4]. Second, ventilating air flowing through
an electric motor can generate aerodynamic vibration and noise
[5]-[7]. Vibration is also generated from a flawed coupling
between an electric machine and a load such as misaligned
shafts, belts, gear, and so on [2], [4], [8], [9]. The mount of a
motor to a foundation or other structures is also a crucial factor
for vibration and acoustic noise [2], [10], [11]. Finally, elec-
tromagnetic sources due to magnetic stresses with high-order
time and spatial harmonics, eccentricity, and rotor unbalance
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have been recognized to have the most significant effect on
the vibration and thus acoustic noise of electric motors [2],
[12]-[15].

To avoid time-consuming and instrumentation-intensive ex-
periments, a considerable amount of research has been done in
order to understand the mechanisms of vibration and acoustic
noise by using numerical modeling methodology [14], [16]-
[20]. However, these studies have a couple of limitation. First,
geometry of an electric motor system has been considered as
a two-dimension plane in both electromagnetic and structural
numerical analyses [18], [20]. This two-dimensional (2-D)
assumption has worked well and its results agree very well with
the experimental data in an electromagnetic analysis. However,
structural and acoustic behaviors such as natural frequencies
of the motor system and distribution of sound pressure depend
highly on its three-dimensional (3-D) shape and constraint con-
ditions [21], [22]. In addition, axial flux motors cannot be as-
sumed to be a 2-D model. Recently, acoustic noise and vibration
of axial flux motors have been predicted using finite element
method [23], [24]. Second, these studies have neglected high-
order harmonic force components of electromagnetic stresses,
while both of the fundamental and high-order time harmonics at
the same time excite stator inner surfaces [16]. To overcome the
aforementioned problems, this paper presents a procedure for
predicting vibration and acoustic noise due to electromagnetic
stresses of axial flux motors with both fundamental and high-
order time harmonics by incorporating a variety of numeri-
cal methodologies into a single 3-D multiphysical numerical
procedure.

The outline of this paper is as follows. First, to facilitate
the development of vibration and acoustic noise prediction
model, Maxwell stress tensor method and decomposition of
forces based on harmonic frequencies were briefly reviewed
for calculating radial and tangential magnetic forces on stator
tooth surfaces. Modal and harmonic structural analyses were
conducted to investigate the vibration behavior of the motor
system. An acoustic noise prediction model was then developed
by incorporating an acoustic indirect boundary element solver
and used to predict sound pressure level at an arbitrary point
in the space. Finally, the prediction model was validated by
comparing the actual noise measurement results with the model
prediction.

II. MODEL DEVELOPMENT

A. Specification of Motor

Recently, the authors of [25] designed an axial flux ferrite
magnet motor with a novel rotor configuration and verified its
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Fig. 1. Schematic illustration of an axial flux type motor and its d-(dashed)
and g-axis (solid) paths [25].
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Fig. 2. Exploded view of 3-D model of the motor.

TABLE 1
SUMMARY OF DIMENSION AND SPECIFICATION OF THE MOTOR [25]

Items Value (Unit)
Outer diameter 302 mm
Stack length 90 mm
Air-gap I mm
Permanent magnet (PM) Ferrite (NMF-12G)
Remnant flux density of PM 045T
. 120 V (at peak)
DC link voltage 144 V (at rated)
Max. (peak)'/ Rated power 1837775 kW
(continuous)
Max. (peak){ Rated current 240 /70 Arms
(continuous)
2500 / 7000 rpm (at peak)
Base / Max. speed 4000 / 7000 rpm (at rated)
Number of poles / slots 10/24

performance. Fig. 1 shows its configuration of the rotor and
stator with arrows indicating the magnetization directions of
ferrite magnets. Fig. 2 presents an exploded view of a 3-D
model of the prototype motor. Table I lists summarized spec-
ification of the axial flux type motor studied in this prediction
and validation process. It was observed that the torque value of
the prototype motor was high since bisecting a magnet into two
pieces creates an additional g-axis path, leading to efficiently
using reluctance torque component [25]. More detailed specifi-
cation and dimensions of the motor are listed in [25].
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B. Prediction Procedure Overview

The numerical procedure presented in this paper predicts
vibration and acoustic noise behaviors of electric motors over
a wide range of operation conditions. The model combines
an electromagnetic and structural analysis together with an
acoustic boundary element solver. First, electromagnetic forces
both in the axial direction and the direction parallel to a tooth
surface are calculated by integrating motor geometry, mate-
rial properties, and operating. Modal and harmonic analyses
are then conducted to obtain natural resonant frequencies and
corresponding modal shapes of the motor system. Excitation
forces in the frequency domain are then applied on the slot
tooth surface to calculate vibration of the motor outer surfaces.
Finally, acoustic noise due to the vibrating motor is predicted
as sound pressure level at a given distance from the motor.

This research has focused on vibration and noise generated
due to electromagnetic sources and assumed no rotor eccentric-
ity and rotor unbalance. Mechanical and aerodynamic vibration
and noise sources were also neglected.

C. Electromagnetic Analysis

Electromagnetic pressure on the slot tooth surfaces was
calculated using a 3-D electromagnetic solver, Opera3D. Fig. 3
presents components of a 3-D model of the axial flux type motor
studied in this work.

Magnitudes of electromagnetic pressures generated along
the air gap between the rotor and stator were calculated using
Maxwell stress tensor method [26]

1 1
—B;Bj — — B%};; 1
o 127 2#0 1] ( )

045 =
where o;; is a stress due to electromagnetic field, po is the
permeability of vacuum, B; and B; are ith and jth components
of the magnetic flux density in the air gap, relatively, and B is its
magnitude. Resultant forces applied on each tooth surface were
then obtained by multiplying the area of each tooth surface.

Fig. 4 shows an axial stress on the surface of slot 1 rotating at
the speed of 4000 rpm. Such forces were then decomposed by
fast Fourier transform (FFT) into a frequency domain in order
to account for the effect of high-order harmonic components
on vibration and noise behavior of the motor (Fig. 5). The force
components expressed in the frequency domain were then
translated into structural and acoustic analyses. It was observed
that these stresses fluctuate over time at a frequency of 667 Hz,
twice as high as the motor line input frequency, 333 Hz. In
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Fig. 5. FFT decomposition result of axial excitation force on slot #10 at

4000 rpm.

addition, the magnitude of the axial stress, Szz, was observed
to be significantly higher than the other stress components, Sxz
and Syz. As a result, the effect of such shear stress components
on structural vibration and acoustic noise were neglected in
this study.

D. Structural Analysis

Amplitudes of displacement and acceleration on the motor
frame surface increase as either of fundamental or any high-
order harmonic components of the excitation forces approaches
close to any of natural frequencies of the motor system. Me-
chanical resonance occurs when the frequency is equal to any
of natural frequencies.

It has been known in conventional radial-type motor that low
even-number circumferential modes on frame have a significant
effect on the airborne noise generation, while its axial vibration
is negligible. This is because magnetic forces are applied on slot
tooth surfaces covered with its cylindrical frame. In axial flux
motors, however, electromagnetic excitation forces are applied
on slot tooth surfaces in the axial direction. Vibration thus
generated is mainly transmitted to front and back covers on
which the stators are attached. This indicates that in axial flux
type motors vibration on the front and rear motor covers is
significant rather than on the surface along its circumference,
possibly leading to high acoustic noise in the axial direction.

Modal and harmonic analyses were conducted by structural
analysis solver, ANSYS. Natural frequencies and vibration be-
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Fig. 6. Modal shapes at natural frequencies of 1299 Hz (left) and 3078 Hz
(right).
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Fig. 7. Numerically predicted acceleration amplitude on the motor frame

surface and corresponding phase angle over a range of frequency.

havior of a motor system significantly depend on the mounting
condition of the motor to a foundation or other structure. In
order to reflect the actual constraint conditions of the motor
system, the front cover was assumed to be fully constrained to
the test jig. First two natural frequencies for axial vibration and
corresponding mode shapes obtained by ANSYS are presented
in Fig. 6. The axial flux motor system resonates as a frequency
of excitation force components moves close to any of its axial
resonant frequencies.

In order to investigate how the motor system responds to an
excitation force with various frequencies, a harmonic analysis
was conducted with a one newton (1N) unit force on a slot tooth
surface in an axial direction, and a magnitude of acceleration at
a point located on the motor front cover surface was calculated
over a range of force frequencies using ANSYS. The amplitude
of axial acceleration on the motor back cover and corresponding
phase angle is presented in Fig. 7, and it was predicted that

the first mechanical resonance is the most crucial and occurs at
1299 Hz.

E. Acoustic Analysis

Electromagnetic forces applied on the stator tooth surfaces
with both fundamental and high-order harmonic components
and natural frequencies with corresponding modal shapes were
incorporated into an acoustic boundary element solver, LMS
Virtual.Lab Acoustic to predict acoustic noise of the axial flux
type motor. As mentioned in the previous section, it has been
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Fig. 8. Sound pressure distribution at 1300 Hz rotating at 6000 rpm on the
surface with 1-m radius from the motor center. Solid and dashed arrows indicate
axial and radial directions, respectively.

assumed in this paper that vibration due to electromagnetic ex-
citation forces is the most dominant factor of the airborne noise,
and other noise sources such as mechanical, aerodynamic, and
other sources from load couplings were neglected.

Sound pressure, p, at a given point in the space was calcu-
lated by using

p(w) = {ATV(w)}" {vy(w)} 2)

where ATV is an acoustic transfer vector, w is an angular
velocity of a specific frequency with the range of interest, and vy,
is structural velocities on the motor frame surface. The normal
boundary velocities were obtained by using the results from the
modal analysis in the previous section

{op(w)} = iw[®n] {MRSP(w)} 3)

where ®,, is a matrix of the modal vectors, MRSP is a modal
response vector of the motor structure at a given frequency.
The sound pressure level at an arbitrary point in the space and
frequency was then calculated as in

p(w) = iw {ATV(w)}" [€,] {(MRSP(w)} . )

More details of the derivation and calculation methodology are
described in [27].

The distribution of sound pressure at a frequency of 1300 Hz
at a motor speed of 6000 rpm on the surface with 1-m diameter
from the center of the motor is presented in Fig. 8. It was noted
that unlike conventional radial type motors the magnitude of
sound pressure along the circumferential surface of the motor
is lower than one in the axial direction. This is so because
shear components of electromagnetic excitation forces have
been neglected as mentioned in the previous section and the
two stators were attached to both front and back covers in the
axial direction as shown in Fig. 2, leading to no significant
radial vibration of the motor frame. In addition, the magnitude
is high on the surface from the back cover than the front cover
because the vibration of the motor surface was predicted under
the boundary condition such that the front side of the motor was
fixed to the test jig.
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Fig. 9. Sound pressure level prediction results at the points 1 m from the
center of the motor in axial (solid) and radial (dashed) directions at 6000 rpm.

Fig. 9 presents the FFT results of predicted sound pressure
levels at the points 1 m from the center of the motor in axial and
radial directions. The motor was set to operate at its maximum
power condition at a speed of 6000 rpm. At 3100 Hz, sound
pressure levels at both directions were predicted to be approx-
imately 88.8 dB(A). This can be explained by the result that
the axial modal shape is predicted at 1299 Hz, while both the
back cover and cylindrical frame of the motor vibrate in both
axial and radial directions at 3078 Hz as shown in Fig. 6. It was
predicted that the amplitudes of sound pressure levels are higher
at the location of axial direction than radial direction over a
range of frequency, which indicates the vibration behavior in
the axial direction have more significant effect than in the radial
direction on acoustic noise in axial flux motors.

III. MODEL VALIDATION

To determine the effectiveness of using the model to predict
vibration and acoustic noise of axial flux type electric mo-
tors, vibration and noise were measured at the same operating
conditions and motor configurations used for the numerical
simulations to compare the experimental results with the results
from the model predictions.

A. Experimental Setup

The actual picture of the axial flux ferrite magnet motor
and the vibration measurement points is shown in Fig. 10.
Acceleration values in three axes were measured at the points
on the back cover and on radial frame surface of the motor
using B&K type 4520 triaxial accelerometer and FFT analyzer
system as indicated with arrows in Fig. 10. Each measurement
was replicated three times for given operating conditions.

B. Results and Discussion

Acceleration levels were measured from 1000 to 6000 rpm at
the maximum power region of the motor and the measurement
data of the axial acceleration on the motor back cover was
shown as a waterfall plot in Fig. 11. The fundamental frequency
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Fig. 10. Actual motor set fixed to the dynamometer and accelerometers for
measurement indicated with arrows.
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Fig. 11. Waterfall plot of axial acceleration amplitudes.

of electromagnetic stresses of 10-pole motors is two times as
high as its electric frequency. It was observed that magnitudes
of acceleration due to fundamental and harmonic components
of electromagnetic excitation forces are much higher than those
due to fundamental and harmonics of the rotor revolution
speed. The magnitude of acceleration is observed to be high
approximately at frequency ranges of 800 to 1000 Hz and
2900 to 3100 Hz for all rotating speed. This is because the
motor system resonates at such frequencies as described in
the structural analysis section. The difference between values
of prediction and measurement in frequency may be due to
the effect of additional mass and stiffness of winding and the
contact property between the stators and the motor frame.

Sound pressure level was measured at the point 1 m from
the center of the motor using B&K type 4191 free-field micro-
phone and Audio Analyzer system. A-weight acoustic filter was
applied to both experimental measurement data and prediction
values. Each measurement was replicated three times for given
operating conditions.

Sound pressure was measured during performance testing of
the motor and not in an anechoic chamber. As a result, the
measurement data contained not only the acoustic noise due
to vibrating surface of the motor system but background noise
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TABLE II
SUMMARY OF SOUND PRESSURE LEVEL (SPL)
MEASUREMENT AND MODEL PREDICTION

Motor speed Experimental result Model prediction

(rpm) SPL (dB(A)) SPL (dB(A))
1000 75 72.3

2000 87 89.1

3000 98 99.7

4000 105 102.5

5000 109 103.2

6000 114 107.6

from the test site and noise from the load motor of the test
dynamometer. The noise level measured with the motor stopped
was subtracted from each measured sound pressure level.

The overall measurement data of sound pressure level in the
axial direction were listed in Table II. The prediction results
until 4000 rpm were found to agree well with the experimen-
tal measurement within 3 dB, while the error between the
prediction and experimental results is approximately 6 dB at
speeds higher than 4000 rpm. This may be so because at higher
speeds significant acoustic noise is generated not only from the
test motor but also from the load motor. Further experiments
need to be done with a dynamometer and load motor outside
an anechoic chamber in order to improve the measurement
accuracy and to eliminate the effect of the background noise.

IV. CONCLUSION

A numerical methodology for the prediction of vibration and
acoustic noise of axial flux motors has been developed. The
procedure developed is capable of predicting the amplitude of
the surface displacement and distribution of sound pressure
at an arbitrary point in the space due to both fundamental
and high-order harmonics electromagnetic excitation forces
exerted on the surfaces of stator teeth. The following specific
conclusions can be made.

1) Electromagnetic forces were calculated by Maxwell
stress tensor method using a 3-D electromagnetic solver.
The force on each slot surface was then decomposed
by FFT into fundamental and high-order harmonic force
components with amplitudes and phase angles over a
range of frequencies.

2) Modal and harmonic analyses were conducted to obtain
natural frequencies and corresponding modal shapes of
the motor frame. Axial vibration modes have a significant
effect on vibration and airborne noise of axial flux motors.

3) Sound pressure level at a given point in the space was
predicted using an indirect boundary element analysis
solver by incorporating the effect of structural vibration
behavior and the combination of fundamental and higher
order harmonic forces.

4) The vibration and acoustic noise prediction methodology
was validated by actual experiments over a range of motor
speeds. The model successfully predicted the sound pres-
sure within errors in 3 dB at low speeds and up to 6 dB at
high speeds r between the predictions and experiments.
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