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Abstract—This paper studies a 10/12 Flux Switching
Permanent Magnet (FSPM) machine under static eccentricity
fault to assess the performance of the machine under different
operating conditions. Two-dimensional finite element method
(FEM) is used to model the complicated structure of the machine
in order to obtain accurate results. Furthermore, finite element
analysis (FEA) is used to obtain air-gap flux density, machine’s
torque and the force between stator and rotor under different
degrees of static eccentricity. Furthermore, Fourier analysis is
performed to study magnetic force and torque profiles. To the
best awareness of the authors, the effects of the eccentricity of
FSPM machines have not been studied previously.

Keywords— Eccentricity;Flux Switching Permanent Magnet
Machines(FSPM); Finite Element Analysis (FEA)

l. INTRODUCTION

Permanent-magnet (PM) brushless machines have been
extensively used for several applications because of their high
efficiency and high torque/power density [1]. Stator-PM
machines include Doubly Salient PM (DSPM) machine, Flux
Reversal PM (FRPM) machine, and Flux Switching
Permanent Magnet (FSPM) machines. In this kind of
machines, PMs can be cooled simply and the PMs will not be
exposed to the centrifugal forces of a rotating rotor [2]-[5].
FSPM machines have complicated structure in comparison
with other stator-PM machines. This type of machines is used
as one of high frequency inductor generators [6], [7].
Furthermore, FSPM machines are used in aerospace
applications [8], high-speed applications [9], wind turbine
application [10] and hybrid electric vehicles [11]. Over the last
few years, several publications have concentrated their interest
to design, analysis, and improve the FSPM structure in order to
attain the desired requirements [12]-[16]. Moreover, some
literatures have been done to improve the performance of
FSPM machines especially reducing cogging torque [17]-[19]
and back-EMF harmonics [20].

Generally, there are numerous types of fault which may
occur in electrical machines which are categorized into two
main groups according to their causes, external faults and
internal faults. Furthermore, these faults are consisted in
electrical faults and mechanical faults. Among these
deficiencies, bearing faults and eccentricity faults are the most
common failures in electrical machines. Static or dynamic
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Fig. 1. Schematic of proposed FSPM machine

eccentricity faults are among the mechanical faults that are due
to manufacturing imprecision of mechanical parts such as
unbalanced mass, bearing deficiency, misalignment and
excessive tolerances which cause a vibration and ultrasound
noise [21]. There is no literature discussing the effects of the
eccentricity on an FSPM and this paper is the first step in such
an analysis for FSPM.

In this paper, a three phase 12/10 flux switching permanent
magnet motor under static eccentricity fault is simulated at
different percentage of static eccentricity using two-
dimensional (2D) finite element analysis (FEA). Flux density
distribution of the machine is calculated and the output torque
is acquired. In addition, the force between rotor and stator of
the machine and torque profile with 40% eccentricity is derived
and compared with a faultless motor.

Il. MOTOR SPECIFICATIONS

The proposed FSPM machine is a three-phase 12/10
stator/rotor pole motor, as shown in Fig. 1. Major parameters
of the machine are given in Table I.

IIl.  FIINITE ELEMENT SIMULATION

In order to study eccentricity in FSPM machines, it is
essential to use an accurate modeling of all machine details
such as geometry and non-linear properties of the magnetic
materials. Analytical methods are complicated when precise
evaluation of saturation effects is needed.
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TABLE I. MAJOR PARAMETERS OF FSPM MACHINE

Quantity Value
Stator pole numbers (Ns) 12
Rotor pole numbers (N;) 10
Outer diameter of stator (Ds) 90mm
Active axial length (L) 25mm
Air-gap length (g) 0.5mm
Rotor pole width (L) 4mm
Outer diameter of rotor (D) 55mm
PM thickness (Lpm) 3.6mm
Stator tooth width (L) 3.6mm
Stator back iron thickness (y) 3.6mm
Number of turns per phase (Npn) 72
Rated current (1,) 14A
Speed (Ns) 400rpm

This issue can be overcome by using FEA which can apply
precise numerical approach. The finite element model of the
FSPM machine is created in CEDRAT Flux package in order
to study and analysis static eccentricity. Fig. 1 shows the
schematic of proposed FSPM machine. The machine has
concentrated winding with twelve coils which have star
connection. The coils of each phase are connected in series and
supplied by three-phase sinusoidal current waveforms as it is
shown in Fig. 2. The circuit is coupled to magnetic domain in
this study. Two different coordinate systems are defined for
each of rotor and stator. Stator coordinate system is fixed and
rotor coordinate system varies along positive direction of x-
axis in order to generate eccentricity and the rotor rotates
around globalist own coordinate system.
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Fig. 2. Circuit diagram of proposed FSPM machine

IV. STATIC ECCENTRICITY IN FSPM MACHINES

Bearing faults are the most regular sources of failure in
electric machines that causes ball fatigue which is the main
result of machine vibration. These vibrations in the air-gap are
considered as non-uniform air-gap which is called eccentricity.
Therefore, it can conclude that bearing faults change the air-
gap balance like eccentricity faults.

When there is a non-uniform air-gap between rotor and
stator, the axis of stator, the axis of rotor and rotation axis of
rotor are misaligned. Eccentricity can be categorized into three
types, static eccentricity, dynamic eccentricity and mixed
eccentricity. In the static eccentricity, the rotor rotates around
its own symmetrical axis, but the axis does not coincide with
the stator center as shown in Fig. 3.

In [22], [23] the definition of Static Eccentricity Factor
(SEF) is proposed which can be defined as follows:

T
SEF = 2100 (1)

Where “r” is the offset between the rotor and the stator axes
and “g” is the radial air-gap length in faultless condition.
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Fig. 3. Schematic representation of static eccentricity

V.  EFFECT OF ECCENTRICITY ON THE FLUX DENSITY

A. Flux Density Distribution

Flux density distribution of the faultless motor and the
motor with 40% static eccentricity are illustrated in Figs. 4 and
Fig. 5 respectively. As mentioned in part Ill, the static
eccentricity has happened along x-axis. It is observed that by
decreasing the air-gap length in right side of the machine,
machine’s reluctance in x-direction and consequently
amplitude of magnetic flux density growths to 2.911 T in
hotspots. However, on the opposite side, the air-gap length of
the machine goes up and consequently reluctance and
amplitude of magnetic flux density declines to 2.21 Tesla. So,
it can be concluded that the static eccentricity causes
asymmetric magnetic flux density distribution and harmonic
components in the air-gap field.

B. Air-gap Flux Density

The air-gap flux density is one of the crucial features in
electrical machines because every change in this characteristic
will affect other characteristics of motor. On the other hand, the
air-gap flux density shows the machine condition. Thus, by
monitoring air-gap flux density it is possible to foresee and
diagnosis. This characteristic in static eccentricity which is
non-uniform air-gap length should be analyzed. Air-gap flux
density in the radial direction is computed using 2D-FEM. Fig.
6 shows the normal component of air-gap flux density
computed by 2D-FEM simulation for both faultless motor and
motor with SEF=40%.

By comparing the results it can be concluded that static
eccentricity has high impact on air-gap flux density of the
motor. At the right side of the machine where the air-gap has
the smallest length, the air-gap flux density has the peak values
and on the other side where the air-gap has the maximum
length, the air-gap flux density has the minimum value. This
happens because the flux path reluctance is depended on air-
gap length and thus varying small value of air-gap has a great
impact on the value of air-gap flux density. In Fig. 7 maximum
value of air-gap flux density for various values of SEF is
shown. It can be seen that the static eccentricity lead to
increase the maximum air-gap flux density.
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Fig. 6. Air-gap flux density of the faultless and motor with 40% eccentricity
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Fig. 7. Maximum air-gap flux density versus different values of SEF

VI. EFFECT OF ECCENTRICITY ON MOTOR FORCE
CHARACTERISTIC

Electrical machines eccentricity is an important
consequence of bearing deterioration. Eccentricity disrupts the
magnetic field and the balance between the magnetic forces of
the machine and consequently resulting in unbalanced
magnetic force. This unbalanced force places more loads on the
bearing which can cause an increase in vibration at certain
frequencies specified by the motor configuration [24].

The machine that is studied in this paper is a radial flux
FSPM motor. Generally, when rotor and stator place in one
centerline and the air-gap between the rotor and stator is
uniformed, the resultant of acting forces between rotor and
stator of radial flux machines is near zero. But, when there is
an eccentricity fault, the resultant of acting forces between
rotor and stator is not near to zero any more. FEM simulation
shows that the magnetic force between the rotor and the stator
is periodic and the period of this force can be expressed as
follows:

2 360
T= N—nrad =—deg (2)

Fig. 8 indicates the effect of the static eccentricity on the
magnetic force of the faultless motor and the motor with 40%
eccentricity. This magnetic force is the result of interaction
between the air-gap flux density and stator and rotor teeth. The
exact nature of the produced force waves is a function of motor
dimensions and stator and rotor pole numbers combinations.
Furthermore, it can be seen that the motor force is increased by
increasing SEF.

Fig.9 () and Fig.9 (b) indicates the results of Fourier
analysis of magnetic force performed for SEF=0% and
SEF=40%, respectively. It is observed that the magnetic force
between stator and rotor produces extra 1%, 2nd 31 4t
harmonics orders. For the machine with SEF=40% the
amplitude of magnetic force content has a significant value in
comparison with the machine with SEF=0% which leads to
motor condition deterioration.
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. 8. A period of radial forces between rotor and stator at 40% eccentricity
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Fig. 9. Harmonic of magnetic force between stator and rotor, a): SEF=0%,
b): SEF=40%

Moreover, as it is indicated in Fig. 10, the mean value of
magnetic force increases by increasing the SEF.
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Fig. 10. Magnetic force versus different values of SEF

VIIl. EFFECT OF ECCENTRICITY ON MOTOR TORQUE
CHARACTERISTIC

As it was shown in section VI, static eccentricity increases
the amount of forces between stator and rotor. This non-
uniformed air-gap may cause an undesirable unbalanced torque
and bearings defect [22]. Usually, the Maxwell stress tensor
method is used to calculate the instantaneous torque of
machines. In symmetric condition, vectorial sum of the radial
components of the acting force is equal to zero and only
tangential torque causes to produce torque. However, in
asymmetric condition, the rotor is gravitated to stator, so the
radial components of the acting force have not been in a
balanced condition any more. Thus, it should be taken into
account in calculation of torque [25].

The presented method of calculating the machine’s torque
is valid for doubly salient machines too. But, according to
complex structure of FSPM machines, it is really difficult to
calculate the machine’s torque based on analytical methods.
Hence FEA is used to obtain machine’s torque. Fig. 11 shows
the waveform of torque which is produced in faultless and
faulty machine with SEF=40%. FEA is used in order to study
this torque under different values of SEF. The machine in
faultless condition has a little lower torque ripple in
comparison with the machine with SEF=40%. Also by
increasing the SEF the mean value of the machine torque is
reduced which is indicated in Fig. 12.

Fourier analysis of torque profile is performed for both
SEF=0% and SEF=40% and the results are shown in Fig. 13.
As it can be seen there is an increment in the torque 7%
harmonic order by increasing the SEF.



2.5 T I

———=-0%
40%
2 T
= ANAAAAAMAMMAAMAMMAAS
Z, 15
()
>
o
|§ 1
0.5
0

0 20 40 60 80 100 120 140 160 180
Angular Position of Rotor [deg]

Fig. 11. Torque of the faultless and motor with SEF=40%
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Fig. 12. Variation of fundamental torque with different values of SEF
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VII1.CONCLUTION

The effect of static eccentricity on an FSPM motor has been
studied through 2D-FEA. Use of this precise modeling makes it
possible to attain required characteristics.

The results of FEM model show that static eccentricity
deforms air-gap magnetic field and consequently leads to
produce an unbalanced magnetic force between rotor and
stator. Moreover, it is discovered that the produced magnetic
force has a remarkable value. Furthermore, it is observed that
the eccentricity does not vary the output torque profile
significantly. Also, the machine torque has elevated 7%

harmonic order which can be used for fault detection based on
machine vibration analysis. Also magnetic force between rotor
and stator is significantly elevated which leads to machine
condition deterioration. These facts have not been studied
before and the investigation can be useful for future studies.
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