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Magnetically Induced Vibrations in an IPM Motor Due to Distorted
Magnetic Forces Arising From Flux Weakening Control

D. Y. Kim, G. H. Jang, and J. K. Nam

PREM Lab, Department of Mechanical Engineering, Hanyang University, Seoul 133-791, Korea

This research investigates the characteristics of magnetic forces and magnetically induced vibrations due to changes in the phase angle
of applied current arising from flux weakening control of an interior permanent magnet (IPM) motor. The magnetic force is analyzed
using the Maxwell stress tensor method, and the vibration induced by the application of a rotating magnetic force is analyzed using the
mode superposition method. The experiments are conducted to validate the simulated vibrations due to the distorted magnetic forces.
This research shows that flux weakening control may increase the magnetically induced vibration due to increases in tangential magnetic
forces.

Index Terms—Flux weakening control, interior permanent magnet (IPM) motor, magnetic force, magnetically induced vibration.

I. INTRODUCTION

I NTERIOR PERMANENTMAGNET (IPM)motors, due to
their high torque output and a wide operating speed range,

have recently made their way into many varied industry appli-
cations such as home appliances and electric vehicles. The high
torque output is obtained by the use of both electromagnetic and
reluctance torques; a wide operating speed range is achieved
with flux weakening control, which decreases the back electro-
magnetic motive force (BEMF) by applying a negative d-axis
current, as shown in Fig. 1.
Many researchers have investigated flux weakening control.

Jahns and Kim et al. investigated an algorithm for flux weak-
ening control that is independent of motor parameters and op-
erating conditions [1], [2]. Zhu et al. showed that the iron loss
of IPM motors is larger than that of SPM motors even though
IPMmotors have a structure suitable for flux weakening control
due to their high demagnetization characteristics [3]. Kim et al.
investigated the forced vibration of a stator by the application
of magnetic force [4]. However, they did not consider tangen-
tial magnetic forces and vibrations caused by current variations.
Jiao et al. investigated flux weakening control to reduce radial
force [5]. They also characterized the radial magnetic force ac-
cording to varying d-axis current; they did not, however, con-
sider tangential magnetic forces and magnetically induced vi-
bration. The control algorithms and performance of flux weak-
ening control have been studied by several researchers, but the
characteristics of magnetic force and the vibration caused by
variation in the current have not yet been investigated. No re-
search has been reported on distorted magnetic forces and the
magnetically induced vibrations caused by flux weakening con-
trol.
This research investigates the characteristics of both radial

and tangential magnetic forces acting on the teeth of a stator as
well as the magnetically induced vibrations of a spoke-type IPM
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Fig. 1. Vector diagram in dq-axis reference frame.

Fig. 2. Structure of a spoke-type IPM motor with 8 poles and 12 slots.

motor under flux weakening control, shown in Fig. 2, according
to variations in the phase angle of applied current . The mag-
netic force is calculated by the 2-D magnetic finite element (FE)
method and the Maxwell stress tensor method. The vibration of
the motor due to the rotating magnetic force is calculated by the
3-D structural FE method and the mode superposition method.
The simulated result is validated by experiments in which the
phase angle of the applied current was varied.

II. FINITE ELEMENT ANALYSIS

A. Analysis of Magnetic Force

The phase current in motor windings under flux weakening
control is determined from the following:

(1)
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where and are the number of pole pairs, the rotating
speed, and the phase angle of the applied current, respectively.
The relationship between and shown in Fig. 1 is as
follows:

(2)

(3)

A 2-D magnetic FE model of the spoke-type IPM motor with
8 poles and 12 slots, shown in Fig. 2, was developed to calcu-
late the distribution of the magnetic flux density in the air gap.
The FE model has 98,643 elements. The magnetic force acting
on the teeth is calculated from the magnetic flux density of the
air gap using the Maxwell stress tensor method. The radial and
tangential magnetic force densities are defined by the following
equation [6]:

(4)

(5)

where is the permeability of air, and and are the
magnetic flux densities in the radial and tangential directions,
respectively.
Fig. 3 shows the variation of radial and tangential magnetic

force in a motor running at 15,246 RPMwith a rotor eccentricity
of 25 m, a phase current of 2.51 A, and a phase angle of 72 de-
grees as the rotor rotates 90 degrees. The radial magnetic force
is distributed along the tooth, but the tangential magnetic force
is concentrated on the tooth edge itself. The tangential magnetic
force on the left edge is bigger than that on the right edge and
generates the magnetic torque in the motor. The torque is de-
fined by the following equation:

(6)

Fig. 4 shows the simulated frequency spectrum of the radial
magnetic force acting on a tooth center. The 8th harmonics are
major components of the magnetic force because the magnetic
force repeats every 45 degrees, as shown in Fig. 3(a). The rotor
eccentricity also generates additional harmonics.
The magnetic force is also investigated according to varia-

tions in the phase angle of the applied current. In this research,
the q-axis current was kept constant to generate constant torque
and the d-axis current changed to control the phase angle of the
applied current. Fig. 5(a) shows that the radial magnetic force
decreases according to increases in the phase angle of the ap-
plied current. Figs. 5(b) and 6 show that the tangential magnetic
force and the torque ripple increase with increasing phase angle;
this is because increases in phase angle of the applied current
change the magnetic flux in the air gap to flow easily in a tan-
gential direction. The increased tangential magnetic force pro-
portional to the increase in phase angle of the applied current
explains the torque ripple increase as the phase angle between
applied current and BEMF increases.

Fig. 3. Simulated (a) radial and (b) tangential magnetic force densities ac-
cording to spatial position and angle.

Fig. 4. Simulated frequency spectrum of the radial magnetic force acting on
the center of a tooth.

B. Analysis of Magnetically Induced Vibrations

The 3-D structural FE model shown in Fig. 7 was developed
to simulate the vibrations induced by the magnetic force. The
FE model has 233,786 elements consisting of tetrahedral and
brick elements. The elastic modulus and shear moduli

of the stator are much smaller than that of the isotropic
material because the stator has a stacked laminated structure [7].
Thus, we make use of its orthotropic property to represent the
actual mechanical properties of the stator [8]. The developed
FE model of the stator is validated by comparing the simulated
natural frequencies with the measured ones via modal testing,
the results of which are shown in Table I. The vibrations due to
the application of the magnetic force are determined from the
following equation:

(7)

where , and are the mass matrix, the
damping matrix, the stiffness matrix, the nodal displacement
vector, and the equivalent nodal force vector, respectively. is
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Fig. 5. Simulated magnetic force densities according to variations in the phase
angle of the applied current: (a) radial magnetic force on the center of a tooth,
(b) tangential magnetic force on the left edge of a tooth.

Fig. 6. Simulated torque according to variations in the phase angle of the ap-
plied current.

determined frommeasured modal damping ratios. The vibration
of the motor is calculated by the mode superposition method,
represented by the following equation:

(8)

where and are the i-th mode shape, the modal dis-
placement, and the number of mode shapes used in FE analysis,
respectively. The thirty mode shapes are superposed to calcu-
late the acceleration after convergence was ensured.
The axial magnetic force is not included because the housing

is made of aluminum and there is no overhang between the stator
and the rotor to generate axial magnetic forces. Fig. 8 shows
the radial acceleration due to the magnetic force on point A
shown in Fig. 7. The pole harmonics (eighth and 16th) are the
major components of the vibration, and the tenth harmonic (2

Fig. 7. 3-D finite element model composed of housing, shaft and stator.

TABLE I
COMPARISON OF SIMULATED NATURAL FREQUENCIES OF THE STATOR AND

EXPERIMENTAL ONES

Fig. 8. Simulated radial acceleration on point A of the stator due to magnetic
force: (a) time (b) frequency.

540 Hz) originates from the rotor eccentricity and its structural
resonance.
Themagnetically induced vibration is shown in Fig. 9, plotted

against the phase angles of the applied current between 0 and 70
degrees. Themagnetically induced vibration decreases as the ra-
dial magnetic force decreases, as shown in Fig. 5(a); however, it
begins to increase again at a phase angle of approximately 60 de-
grees because of the influence of the rapidly increasing tangen-
tial magnetic force shown in Fig. 5(b). As previous researchers
have suggested, the simulated radial magnetic force decreases
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Fig. 9. Simulated acceleration of the 8th harmonic according to changing the
phase angle of the applied current.

Fig. 10. Measured frequency response of radial acceleration on point A of the
stator at a phase angle of the applied current of (a) 68 degrees (b) 72 degrees.

with increases in the phase angle of the applied current. How-
ever, the magnetically induced vibration could also increase by
the increase of the phase angle of the applied current.

III. EXPERIMENTAL VERIFICATION

Experiments are conducted to validate the simulated magnet-
ically induced vibrations due to the distortion of the magnetic
force arising from the flux weakening control. The phase angle
of the applied current is controlled by the change of the input
voltage of the inverter via an automatic voltage regulator (AVR).
The input voltage is varied between 220 and 270 V using the
AVR. The phase angle is decreased by decreases in the negative
d-axis current as the input voltage of the inverter is increased.
The acceleration is measured with an accelerometer on point A
of the stator, as shown in Fig. 7.
Fig. 10 shows the measured radial acceleration of the motor.

One of major excitation sources is the centrifugal force due to

the unbalanced mass of the rotor, which generates the first har-
monic, but the FE model does not include the centrifugal force,
so the first harmonic is not observed in the simulated acceler-
ation shown in Fig. 8(b). The frequency response of the sim-
ulated acceleration in Fig. 8(b) matches well with that of the
measured acceleration in Fig. 10(b) except for the lack of the
first harmonic. The overall level of the measured acceleration
decreases from 3.25 to 2.95 m/s when the phase angle of the
applied current decreases from 72 degrees at 220 V to 68 de-
grees at 270 V. The measured dominant acceleration of the 8th
harmonic due to the magnetic force decreases by 35% from 0.98
to 0.64 m/s , and the simulated one decreases by 27% from
1.43 to 1.03 m/s . This experiment validates the simulated re-
sult, showing that magnetically induced vibrations may increase
with increases in the phase angle of the applied current under
flux weakening control.

IV. CONCLUSION

This research investigates the effects of variation of the phase
angle of the applied current under flux weakening control on
magnetic force acting on the stator teeth and the magnetically
induced vibration of a motor. The radial magnetic force de-
creases with increasing the phase angle of the applied current
but the tangential magnetic force increases. The magnetically
induced vibration could increase when the effect of the tangen-
tial magnetic force begins to overtake that of the radial magnetic
force. The simulated magnetically induced vibrations are vali-
dated by experiments. It shows that the use of flux weakening
control could increase magnetically induced vibrations because
of increases in the tangential magnetic force. This research will
contribute to electromagnetic design and flux weakening con-
trol strategies to reduce the magnetically induced vibration of
IPM motors.
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