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Abstract — In this paper, we have proposed a modeling
technique for the classification of fault frequency components
according to the fault state and the optimal rotor design for an
increase in reliability and decrease in vibrations of an interior-
type permanent magnet (IPM) motor. For minimizing the
vibrations, optimal notches are designed. Fault states such as
dynamic eccentricity fault, stator turn fault, and their coupling
faults are modeled and analyzed using a nonlinear finite
element method (FEM) and fast Fourier transform (FFT).

I. INTRODUCTION

Generally, the lifetime and reliability of an IPM motor
are sharply decreased by mechanical vibrations [1]. In
addition, these mechanical vibrations not only become the
main cause for faults in the driving motor but also distort
the controlled excitation current [1, 2]. In particular, a stator
inter-turn fault (SITF), a type of electrical fault, is
frequently generated by mechanical stress and thermal stress
[1, 3]. SITF has caused a significant increase in the radial
force and unbalanced magnetic force according to the
simultaneous distortion of the air gap flux density and the
input current. Therefore, generation of an SITF leads to a
dynamic eccentricity fault (DEF). Moreover, when coupled
faults (CFs) by combination of DEF and SITF occur, the
generation of dynamic problems with additional vibration,
noise, and torque pulsation increases considerably. From the
viewpoint of fault detection and fault diagnosis, a
classification of fault frequency components according to
the fault type is essential for efficient fault response.
However, the modeling technique for the classification of
fault frequency components in an IPM motor having CFs
has not been proposed in detail as yet.

In this paper, a modeling technique for the CFs analysis
of DEFs with SITFs and a design technique for an IPM-type
brushless DC motor (BLDCM) are proposed in order to
obtain efficient fault response and vibration reduction.

Il. ROTOR SHAPE DESIGN FOR VIBRATION REDUCTION
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Fig. 1. Initial rotor and designed notch-type rotor for vibration reduction

In order to balance the distribution of radial force and
reduce the cogging torque, the rotor shape design is applied

to notches [4]. Having an appropriate notch shape on the
rotor pole face can help obtain a reduction in mechanical
vibrations because of the reduction in the spatial 2™
harmonic with the influx of the spatial 3™ harmonic
corresponding to the dispersion of the radial flux density
caused by the notch. The initial model (4 poles and 6 slots)
and the notch model for the reduction of the mechanical
vibration of an IPM motor are shown in Fig. 1. The notch
has a dead zone depth (6) and a dead zone position («) with
a dead zone width (y) of the radial flux density for the
reduction of the spatial 2" harmonic of the radial flux
density. The analysis method of the cogging torque is used
for the optimal design of these notches according to a space
harmonic field analysis [4]. In addition, an arc shape is
applied for the reduction of the cogging torque due to an
increase in the air gap near the pole transition.

I11. MODELING OF FAULT STATES

Fig. 2 presents the scheme of the proposed simulation
model for the analysis of the fault frequency components
and the electromagnetic vibration sources under CFs in an
IPM motor. Fig. 3 presents the detailed section of the DEF
and the SITF in CFs. In Fig. 3 (a), O, is the center of the
stator symmetry, Og is the rotor rotation center, and Og is
the rotor symmetrical axis. Further, x and y represent the
distance by which the rotor symmetrical axis is separated by
the DEF. In this paper, the DEF is defined as follows: x, y =
0.35 [mm]. Under the DEF, the symmetry axis of the stator
and the rotation axis of the rotor are identical, but the rotor
symmetry axis fluctuates. In such a case, the air gap around
the rotor is non-uniform and varies with time [5]. In Fig. 3
(b), asl and as2 represent the healthy and the shorted turn,
respectively, and i; represents the circulating current in the
shorted turns. Ry is the external impedance under the SITF.
This model includes the shorted turn for the calculation of
the circulating current induced by the variation of the
magnetic flux linking the shorted turn.
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Fig. 2. Scheme of proposed FEM model with CFs
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(a) Dynamic eccentricity fault

(b) Stator inter-turn fault
Fig. 3. Schematic representation of DEF and SIFT

IV. ANALYSIS AND RESULTS

The experimental sets for vibration measurement under
a no-load condition are shown in Fig. 4. Fig. 5 shows the
overall value of the tangential and radial components of
vibration with respect to the rotating frequency. The
vibration of the notch model is smaller than that of the
initial model. Fig. 6 shows an analysis of the characteristics
of the radial flux density in the air gap of notch model under
the normal state and CFs, where the Fr of the SITF is
applied at 25[%], the symbol Fr, which is referred to as the
“fault fraction (Fr)”, is defined as the ratio of the number of
shorted turns to the number of turns per phase. Here, the
CFs is a DEF coupled with an SITF (Fr = 25[%]). The
coupling of a DEF and an SITF leads to an asymmetrical
distribution of the radial flux density due to the non-
uniformity of the air gap and an imbalance in the input
current. This experiment used the Triaxial Accelerometer
(x=11.0[mV/G], y = 10.2[mV/G], z = 11.0[mV/G],
Company name : Dytran, Model No. : 3023a).

Fig. 4. Equipment and machine for the vibration measurement
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Fig. 5. Overall value of vibration with respect to rotating frequency
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Fig. 6. Radial flux density in full-load IPM-type BLDCM air gap

Magnetic flux density(T)

Torque(Nm)

0.2 —— Nomal state Coupled faults
—O— Only a stator inter-turn fault
12 15 18 21
Time(ms)
(a) Commutation torque under fault state
0.2

[ Normal state
[ZZZZ1 Only a stator inter-turn fault
[ Coupled faults

©

4X 8X 12X 16X 20X 24X
Harmonic order of rotating frequency

(b) Additional harmonic components caused by faults
Fig. 7. Commutation torque of notch model under various faults

Fig. 7 shows the additional harmonic components of the
commutation torque and the commutation torque caused by
various faults. In the case of only an SITF and CFs, integer
multiples of the 4X component appear because the
dependence of the circulating current on the PM of 4 poles
is increased. Here, 12X and 24X are the innate components
caused by a torque ripple and the cogging torque. Here, X
denotes a rotation frequency of 40 [Hz]. Maxwell software
was used for the FEM analysis.

V. CONCLUSION

In this paper, a modeling technique for the CFs analysis
and a design technique for an IPM-type BLDCM are
proposed in order to obtain efficient fault response and
vibration reduction. The rotor shape design for notches
bring about balance to the distribution of radial force and
reduce the cogging torque. In addition, the harmonics
component of the commutation torque analysis in event of
the fault can help to detect the type of fault.
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