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Forced Vibration Analysis of an IPM Motor for
Electrical Vehicles due to Magnetic Force
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This paper discusses a method to analyze the forced vibration of an interior permanent magnet (IPM) motor due to magnetic force.
A structural finite element (FE) model of the IPMmotor that includes stiffness of ball bearings and laminated effect of core is developed
and verified by comparing the simulated natural frequencies and mode shapes with experimental data. A magnetic FE model is also
developed and both the radial and tangential magnetic forces are calculated in the air-gap. These forces are subsequently transformed
into equivalent nodal forces and applied to the structural FE model to investigate the forced vibration characteristics of the IPM motor.
It was found that the magnetically induced vibration of a stator mainly results from the contribution of the dominant harmonics of the
magnetic force and structural resonance. In addition, the magnetically induced vibration of the rotor mainly appeared as rigid body
modes due to the flexibility of ball bearings.

Index Terms—Forced vibration, interior permanent magnet (IPM) motor, magnetic force, radial force, tangential force.

I. INTRODUCTION

I NTERIOR permanent magnet (IPM) motor has been pro-
posed as a strong candidate of the driving source of electric

vehicles, not only because of its high torque output and high ef-
ficiency, but also because they are easily controlled over a wide
range of speeds. IPM motors retain the various shapes of per-
manent magnets inside the rotor core to increase the magnetic
flux density in the air-gap in such a way to utilize both magnetic
and reluctance torque. However, themagnetic force acting along
the teeth of the stator and the surface of rotor not only generates
torque to run the rotor, but also excites the IPM motor, which
in turn generates a significant amount of vibration and noise.
The vibration characteristics of IPM motors can be investigated
through a forced vibration analysis which is the response of the
IPM motor due to the excitation of magnetic force.
Several researchers have studied the vibration of an IPM

motor. Kim et al. investigated the forced vibration of a stator
due to magnetic radial force, but they assumed that the magnetic
radial force is applied to the center of the teeth [1]. Ko and Kim
compared the natural frequencies of a stator with the harmonics
of the radial magnetic force acting on a tooth, but they did
not investigate the tangential magnetic force [2]. Kim et al.
investigated the forced vibration of a rotor, but they assumed
that unbalanced magnetic forces acting on rotor surface were
applied to the center of rotor as centrifugal force and they did
not consider the gyroscopic effect [3].
In this research, a structural finite element (FE) model of an

IPMmotor that includes stiffness of ball bearings and laminated
effect of core is developed and verified by comparing the sim-
ulated natural frequencies and mode shapes with experimental
data. A magnetic FE model is also developed and both the ra-
dial and tangential magnetic forces are calculated in the air-gap.
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Fig. 1. (a) Top view of an IPM motor with 8 poles and 48 slots. (b) Side view
of an IPM motor.

These forces are subsequently transformed to equivalent nodal
forces and applied to the structural FE model to investigate the
forced vibration characteristics of an IPM motor due to mag-
netic force excitations.

II. MAGNETIC ANALYSIS OF AN IPM MOTOR

An IPM motor with 8 poles and 48 slots for electrical ve-
hicles was investigated. The motor rotates up to the maximum
speed of 12,000 rpm and generates 30 kW power. The stator is
constrained at 3 points, as shown in Fig. 1(a), while the rotor is
supported by 2 ball bearings, as illustrated in Fig. 1(b).
A magnetic two-dimensional finite element model with

16722 triangular elements was developed. The peak value of
the applied current to run the rotor at 3,600 rpm is assumed to
be 94.7 A. The magnetic flux densities are calculated around a
tooth as the rotor rotates every 0.5 (in electrical angle), which
is 23.1 s at 3,600 rpm. The radial and tangential magnetic
force can be calculated from the radial and tangential magnetic
flux density in the air-gap with the following equations:

(1)

(2)

where and are the radial and tangential flux
densities, permeability of air, and the radial and tangential mag-
netic forces, respectively. The radial and tangential magnetic
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Fig. 2. Distribution of the radial magnetic force along a tooth surface.

Fig. 3. Distribution of the tangential magnetic force along a tooth surface.

Fig. 4. (a) Frequency spectrum of the radial magnetic force at C (6 degrees).
(b) Frequency spectrum of tangential magnetic force at C (6 degrees).

forces acting along a tooth surface over 2 periods (45 degrees in
mechanical angle and 4.19 ms in time) are shown in Figs. 2 and
3, respectively. The frequency spectra of the radial and tangen-
tial magnetic forces at the tip of a tooth point C (6 degrees) in
Figs. 2 and 3 are displayed in Fig. 4. As evident in the figure, the
frequency components of the magnetic force are 8th harmonics,
which are multiples of the number of poles.

III. FREE VIBRATION ANALYSIS OF AN IPM MOTOR

A structural three-dimensional FE model was developed to
analyze the free vibration characteristics of the stator and rotor.

TABLE I
COMPARISON BETWEEN THE SIMULATED AND MEASURED

NATURAL FREQUENCIES OF THE STATOR

TABLE II
COMPARISON BETWEEN THE SIMULATED AND MEASURED

NATURAL FREQUENCIES OF THE ROTOR

The FE model for the stator consists of 36 wedge elements and
6 228 brick elements, while the FE model for the rotor consists
of 768 wedge elements and 13 624 brick elements. Laminated
cores of the stator and rotor are modeled by applying orthotropic
material properties. Because the core is laminated in the di-
rection, the elastic modulus and Poison’s ratio are tuned
from the modal testing. The shear modulus is determined from
the following equation [4]

(3)

where and are the elastic modulus, Poison’s ratio, and
shear modulus, respectively. The parameters and are
calculated in the same way as in (3). The effect of the coil
is included in the FE model by applying a larger density of teeth
than that of the yoke.
The natural frequencies and mode shapes are calculated

through modal analysis using ANSYS. Modal testing was con-
ducted to verify the simulated natural frequencies and modes
under free boundary conditions. The simulated and measured
natural frequencies of the stator and rotor are listed in Tables I
and II, respectively. As evident in the tables, the simulated
natural frequencies are in good agreement with the measured
data.
Amodal analysis of the stator and rotor with the constraints as

shown in Fig. 1 was also conducted for the next step of forced vi-
bration analysis. The natural frequencies andmode shapes of the
stator near the 8th harmonics when the rotating speed is 3,600
rpm (60 Hz) are shown in Table III, while the natural frequen-
cies and mode shapes of the rotor supported by ball bearings
at 3,600 rpm are listed in Table IV. The mode shapes of the
rotor are classified into rigid body modes and elastic deforma-
tion modes. Modes 1 to 5 are the rigid body modes in which the
rotor moves rigidly and motion is primarily dependent on the
stiffness of ball bearings. The higher modes are elastic deforma-
tion modes in which the rotor undergoes elastic deformation.
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TABLE III
NATURAL FREQUENCIES OF THE STATOR CONSTRAINED

AT 3 POINTS NEAR THE 8TH HARMONICS

TABLE IV
NATURAL FREQUENCIES OF THE ROTOR SUPPORTED BY

BALL BEARING AT 3600 RPM

Fig. 5. Nodal force distribution along the stator for a rotor position 0.

IV. FORCED VIBRATION ANALYSIS OF AN IPM MOTOR

A. Forced Vibration Analysis of the Stator

The magnetic forces calculated from (1) and (2) are trans-
formed to equivalent nodal force acting along the nodes of the
teeth of the structural FE model via the following equation:

(4)

where and are the magnetic force vector
calculated from the magnetic FE analysis, the shape function,
and the equivalent nodal force vector, respectively. As shown
in Fig. 5, equivalent forces are distributed along all teeth with
45-degree rotational symmetry because pole and teeth pairs re-
peat after every 45-degree rotation.

Fig. 6. (a) Radial reaction force at the constraint point in Fig. 5. (b) Its fre-
quency spectrum.

Fig. 7. Mode shape of the stator corresponding to the natural frequency of
2863 Hz.

The FE equation of the stator due to the excitation of nodal
force is given by

(5)

where [ ], [ ] and are mass, stiffness matrices and
equivalent nodal force vector, and are the nodal
acceleration and displacement vectors, respectively. In the
large-sized problem, it is not computationally efficient to apply
a direct integration technique to obtain the forced response.
In this work, mode superposition is employed to solve the FE
equation in (5) [5]. Here, 80 modes that contain the frequency
range up to the 64th harmonics of operating speed are included
in the analysis.
The radial reaction force acting on the constraint point of the

stator and its frequency spectrum are shown in Fig. 6. The 8th
and 48th harmonics are dominant in the radial reaction force.
The 8th harmonic of the reaction force is generated from the
8th harmonic of the magnetic force because this harmonic is
dominant in the magnetic force, as shown in Fig. 4. The 48th
harmonic of the reaction force arises due to resonance in which
the 48th harmonic (2 880 Hz) of the magnetic force matches the
natural frequency of the stator (2 863 Hz), as shown in Fig. 7.
The tangential reaction force and its frequency spectrum acting
on the constraint point are displayed in Fig. 8. As evident in the
figure, the tangential reaction force is much smaller than the ra-
dial reaction force because the radial displacement is dominant
in the vibration mode (see Fig. 7).

B. Forced Vibration Analysis of the Rotor

As shown in Fig. 1(b), the rotor of the IPMmotor is supported
by ball bearings, which can be considered as a stiffness element
with five degrees of freedom in the FE model. The stiffness
matrix of ball bearings was calculated using A. B. Jones’ theory
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Fig. 8. (a) Tangential reaction force at the constraint point in Fig. 5. (b) Its
frequency spectrum.

Fig. 9. (a) FE model of a rotor coupled with bearing stiffness elements.
(b) Nodal force distribution along the rotor for a rotor position 0.

Fig. 10. (a) Reaction force in the X-direction at bearing A in Fig. 1(b). (b) Its
frequency spectrum.

[6], and one end of the stiffness element is rigidly coupled with
the rotor while the other end is fixed to the ground as shown in
Fig. 9(a).
The forced vibration analysis of a rotor subjected to mag-

netic forces was also investigated via mode superposition with
30 modes. The FE equation of a rotating rotor due to magnetic
forces is given by

(6)

where [ ], [ ], [ ] and are the mass matrix, gyro-
scopic matrix, stiffness matrix including stiffness of ball bear-
ings, and the equivalent nodal force vector, respectively. Both
the radial and tangential forces are included in the forced vi-
bration analysis of the stator. However, in the rotor analysis,
only the radial force is applied to the surface of the rotor to in-
vestigate rotor vibration because the tangential force generates
a torque to rotate the rotor at a constant speed. The tangential
force contributes to the variation in speed of the rotor, but it
is not included in this study. The equivalent nodal forces dis-
tributed along the surface of the rotor are shown in Fig. 9(b).

Fig. 11. (a) Reaction force in the Y-direction at bearing A in Fig. 1(b). (b) Its
frequency spectrum.

The reaction forces in the X- and Y-direction at bearing A in
Fig. 1(b) and their frequency spectra are displayed in Figs. 10
and 11, respectively. As evident in the figures, the frequency
components of the reaction force are mainly composed of rigid
body modes from the rotor assembly and ball bearings. The
elastic vibration modes of the rotor assembly and ball bearings
are high enough so that the magnetic force does not excite them.

V. CONCLUSION

In this work, the radial and tangential magnetic forces in the
air gap of an IPM motor, the natural frequencies, the mode
shapes of a stator and rotor, and the forced vibration character-
istics of a stator and rotor with supporting ball bearings due to
radial and tangential magnetic forces were investigated. It was
found that the magnetically induced vibration of a stator mainly
results from the contribution of the dominant harmonic of the
magnetic force and structural resonance. In addition, the mag-
netically induced vibration of a rotor mainly appeared as rigid
body modes due to the flexibility of ball bearings. This research
can contribute to a reduction in the magnetically induced vibra-
tion and noise of IPM motors.
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