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This study investigates the effect of static and dynamic eccentricities on the
performances of flux reversal permanent magnet (FRPM) machine with even
rotor pole number, i.e. FRPM machine with 12/10 stator/rotor combination.
No-load and load performances of the machine are investigated under three
rotor operating conditions including centricity, static eccentricity and
dynamic eccentricity. The investigation has been carried out using 2D-FEA.
It has been revealed that the 12/10 FRPM machine under normal operating
condition has no unbalanced magnetic force, due to the even pole number of
the rotor. On the other hand, such undesirable feature would be presented in
the 12/10 FRPM machine as a result of the existing of static and dynamic
eccentricities. ~ Both static and dynamic eccentric machines exhibit
unbalanced three-phase flux linkage as well as back-EMF. Moreover, three
operating conditions of the investigated machine have the same fundamental

cogging torque harmonic. However, low order harmonics are existed in the
static and dynamic centric machines and are not found in the centric
machine. Furthermore, about 16% less torque ripple delivered by the centric
machine compared with both static and dynamic counterparts.

This is an open access article under the CC BY-SA license.

©00

Corresponding Author:

Ahlam Luaibi Shuraiji,

Electromechanical Engineering Department,
University of Technology,

Baghdad, Iraq.

Email: ahlamly2009@yahoo.com

1. INTRODUCTION

Stator permanent magnet (SPM) machines have received many attentions, since the considerable
achievement on the permanent magnet materials [1-5]. The idea of such machines was first introduced by
Rauch and Johnson [6]. The SPM machines are generally classified to three types, which are doubly salient
permanent magnet (DSPM) machines, flux reversal permanent magnet (FRPM) machines and switch flux
permanent magnet (SFPM) machines. Having both exciting sources (the copper and the permanent magnet)
on the stator may be considered as the main distinguished feature of such machines [7-10]. Due to this
feature, the SPM machines possess the advantages of simple, passive and light rotor structure. Therefore,
these topologies cooperate the features of reluctance and permanent magnet machines. The concept of
the FRPM machine was presented in [11]. The machine was designed as a single-phase generator. It was
concluded that the machine has the advantages of uncomplicated and strong rotor structure with small inertia,
high speed ability and fault tolerance, while [12] discussed multiphase FRPM machines in which 3-phase
FRPM machine was designed and analyzed by 2D-finite element analysis (FEA). It was confirmed that such
machine is suitable for high as well as low speed applications and its simple structure and consequently low
manufacturing coast make the FRPM machine a good candidate for many applications. Moreover, three
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phase FRPM generator was designed for automotive sector in [13]. It was delivered that the generator has
low transient time and almost constant output voltage with fast speed change. Furthermore, [14] proposed
rotor poles pairing technique to reduce cogging torque of the FRPM machine. To minimize the flux-leakage
on the rotor poles of the FRPM machine, [15] placed flux barrier on the edges of the rotor poles, while [16]
introduced a new structure of the PM for the FRPM machine known as inset FRPM machine where the PM is
placed in parallel on the stator of the FRPM machine, to enhance the performance of the conventional
corresponding. It was stated that the inset FRPM topology shows a better performance compared to
the existing counterpart. In addition, the FRPM and DSPM machines were compared in terms of power
density in [17]. It was delivered that the higher power density was obtained by the FRPM machine compared
to the DSPM counterparts. Additionally, FRPM machine with full pitch winding was introduced in [18], to
enhance the machine power density. Besides, d-q equivalent circuit of the FRPM with full pitch winding and
concentrated winding were driven in [19]. Moreover, [20] anlysied and compared the perfromances of FRPM
machine with two PM arrangments, i.e. NS-NS and NS-SN. It was shown that the NS-SN arrangement had
higher speed and torque than that of the NS-NS.

Like other PM machines, FRPM machines will experience eccentricity in which both stator and
rotor centers are not coincided, due to the manufacturing imperfection. It should be pointed out that
the eccentricity is classified into static and dynamic eccentricities [21-24]. In static eccentricity the rotor
moves around its own center and minimum air-gap between the stator and the rotor is stationary. In contrast,
in dynamic eccentricity the minimum air-gap between the stator and the rotor rotates around the stator center,
while the rotor revolves around its own center. The exciting of the eccentricity is negatively affecting
the performances of PM machines, since it leads to unbalanced magnetic force, which results in noise and
vibration. The behaviors of the rotor PM and the SFPM machines have been intensely investigated under
the rotor eccentricity condition. However, the impact of the rotor eccentricity on the performances of
the FRPM machine has not been reported yet. Thereby, in this study the effect of the rotor eccentricities on
the performance of such machine will be comprehensively investigated. It is worth mentioning that 2D-FEA
is utilized to design and analyze the understudying machine.

2. MACHINE DESCRIPTION

The specifications of the 12/10 FRPM machine are shown in Table 1. On the other hand, a cross-
sectional of the understudying machine is depicted in Figure 1. It can be seen that the FRPM machine is
construed with salient pole rotor made of iron, while both windings and the PMs are located on the stator.
Each stator tooth has two PMs with opposite polarity. It should be noted that the windings are concentrated
windings, which are more preferable, since they lead to less copper usage resulting in copper loss reduction,
and machine efficiency improvement.

Table 1. Design parameters

Parameters Values
Stator pole number 12
Rotor pole number 10
Air-gap length (mm) 0.5
Outer radius of stator (mm) 45
Inner radius of stator (mm) 27.75
Shaft radius (mm) 10
Z-direction length (mm) 50
Speed (rpm) 500
PM thickness (mm) 3

Figure 1. FRPM machine configuration

3. PERFORMANCES COMPARISON
3.1. No-load

No-load performances of the 12/10 FRPM machine are compared at three operating conditions,
centricity, static eccentricity and dynamic eccentricity. Figure 2 shows three-phase flux linkage waveforms
for the machine under healthy (centric) as well as static and dynamic eccentrics conditions, when the rotor
rotates 360 electrical degrees. Notably, the centric machine delivers balanced three-phase flux linkage
waveforms. In contrast, both static and dynamic eccentric machines have unequal fundamental values for
their flux linkage, because of the irregular air gap, which is caused by the rotor eccentricity. Hence,
the phases, which have coils facing the narrow air gap shows higher flux linkage compare to these having
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coils facing the wide air gap. It must be mentioned that the differences between the fundamental values are
small and can be neglected. This is because the understudying machine size is small and has a small air gap
(0.5mm). Furthermore, three-phase back-EMF of the three operating conditions are illustrated in Figure 3. As
consequences of balanced and unbalanced flux linkage waveforms the healthy and eccentric machines show
balanced and unbalanced three-phase back-EMF waveforms, respectively. Moreovere, the predicted cogging
torque waveforms and the FFT for the machine with three operating conditions are compared in Figure 4.
Obviously, the centric and eccentric machines have the same fundamental harmonic (6th harmonic). low
order harmonics (1st, 2nd and 5th) are presented in both static and dynamic eccentric conditions, while they
are not excited for centric condition. The centric machine exhibits symmetrical cogging torque, however both
static and dynamic eccentric machines have asymmetrical cogging torque.
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Figure 2. Flux linkage for three operating conditions, (a) Waveform healthy condition. (b) FFT healthy
condition, (c) Waveform static eccentricity, (d) FFT static eccentricity, (¢) Waveform dynamic eccentricity,
(f) FFT dynamic eccentricity
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Figure 3. Back-EMF for three operating conditions, (a) Waveform healthy condition, (b) FFT healthy
condition, (¢c) Waveform static eccentricity, (d) FFT static eccentricity, (¢) Waveform dynamic eccentricity,
(f) FFT dynamic eccentricity
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Figure 4. Cogging torque comparison, (a) Waveform, (b) FFT
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3.2. On-load

Electromagnetic torque waveforms of the FRPM machine with three operating conditions are
compared in Figure 5. Moreover, torque ripple for the machine with the mentioned operating conditions are
illustrated in Figure 6. Although the machines have the same average electromagnetic torque for the three
operating conditions, the centric machine shows the lowest torque ripple followed by dynamic eccentric and
the static eccentric machine has the highest torque ripple.
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3.3. Unbalanced magnetic force
Usually, for the electrical machines, the electromagnetic force consists of radial and circumference
components. These components can be calculated based on the Maxwell stress method [25].
1
F= 32 (B} - BY) )

Fe =~ (B, * BY) )

where F,. and F; are the radial and circumference components of the electromagnetic force, while B,
and B, represent the radial and circumference components of the air-gap flux density. Moreover, p- is the air
permeability. In the rotary permanent magnet machines, the electromagnetic torque is contributed by
the circumference force, when the stator windings are excited. In contrast, the radial force has no contribution
to the electromagnetic toque, however, it leads to unbalanced magnetic force that causes vibration and noise.
The summation of the radial force for the ideal centric PM machines with even rotor pole is zero, however
the existing of the eccentricity in these machines makes the summation of such force to be unbalanced. In
this section the unbalanced magnetic force for the machine with three operating conditions for both no-load
and load will be predicted by 2D-FEA. The predicted unbalanced magnetic force for one electrical cycle at
centric, static and dynamic eccentricity conditions for no-load and load conditions are compared in Figures 7-
8, respectively. Obviously, the exciting of eccentric results in unbalanced magnetic force with average of
about 96 N and 98 N for no-load and load, respectively. The centric machine has no unbalanced magnetic
force at no-load as well as load operating. On the other hand, the values of unbalanced magnetic force with
the eccentric-distance for both machines under the mentioned conditions are listed in Table 2. Clearly, it can
be seen that the unbalanced magnetic force increases as the eccentric-distance. Both static and dynamic
eccentrics machines have the same values of the unbalanced magnetic force at low value of the eccentric
distance. However, at high value of such feature the static eccentric machine shows slightly higher
unbalanced magnetic value compared to the dynamic counterpart. It is worth mentioning that the eccentric
distance is defined by (3)

Ac
ed =7 ©)

where ed is the eccentric-distance, Ac represents the displacement between the rotor center to
the stator center and lg air-gap length.
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Table 2. Value of unbalanced magnetic force for different eccentric-distance for both static and dynamic
eccentricities (no-load and load operating conditions)

Eccentric-distance (mm) Unbalanced magnetic force (N)
Static Dynamic

No-load Load No-load Load
0 0 0 0 0
0.1 48.9 51.9 46.5 48.5
0.15 73.6 78.2 70.4 72.9
0.2 99.3 104.1 94.9 97.7
0.25 125.5 132.9 119.8 123.8
0.3 152.9 160.7 145.8 149.9
0.35 181.2 190.3 172.7 177.6
0.4 210.9 223.7 201.5 206.3

4. CONCLUSION

The influence of the eccentricity on the performance of 12/10 FRPM machine has been
comprehensively investigated using 2D-FEA. Both eccentricity types are considered. A comparison of three
operating conditions for the mentioned machine has been carried out. It has been shown that existing of static
or dynamic eccentricities will similarly effect the performance of the understudying machine. Unbalanced 3
phase flux linkage and back-EMF waveforms, low harmonic orders existing of cogging torque and about
16% higher torque ripple for both static and dynamic eccentric machines compared to the healthy machine.
In addition, the value of the unbalanced magnetic force increases with the increasing of
the eccentric distance.
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