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Abstrak

Koefisien flux bocor celah udara merupakan salah satu parameter utama yang harus ditentukan
terlebih dahulu pada desain awal atau untuk memperoleh perbaikan kinerja yang dihasilkan dari analisis
rangkaian magnetik untuk suatu jenis mesin listrik. Metode Finite Element tiga dimensi adalah metode
yang paling handal untuk memperoleh koefisien flux bocor yang akurat untuk motor axial-flux permanent
magnet (AFPM) sekalipun membutuhkan waktu yang lama dan tidak menguntungkan terhadap
perancangan awal maupun perancangan optimalisasi motor tersebut. Dengan mengganti model accurate
lumped-parameter magnetic circuit (LPMC) dan menghitung reluktan magnetik resultannya, persamaan
analitik untuk koefisien flux bocor dari suatu AFPM dapat diperoleh dan diverifikasi menggunakan metode
Finite-element 3D serta percobaan terhadap AFPM yang dipurwarupakan.

Kata kunci: Axial-flux permanent magnet motor (AFPM), leakage flux coefficient, lumped-parameter
magnetic circuit (LPMC), 3D-FEM

Abstract

Airgap leakage flux coefficient is one of the main parameters which must be given ahead of time
when performing initial designs or getting performance results by magnetic circuit analysis for any kinds of
electrical machines. Three -dimensional finite element method (3D-FEM) is the most reliable one to obtain
the accurate leakage flux coefficient for axial-flux permanent magnet (AFPM) motor which definitely takes
a much long time and is not advantageous to the motor’s initial and optimal design. By constituting the
accurate lumped-parameter magnetic circuit (LPMC) model and computing the resultant magnetic
reluctances, the analytical formula of the leakage flux coefficient of AFPM is given which is verified by 3D-
FEM and the prototyped AFPM experiment.

Key Words: Axial-flux permanent magnet motor (AFPM), leakage flux coefficient, lumped-parameter
magnetic circuit (LPMC), 3D-FEM.

1. Introduction

Axial-flux permanent magnet motor (AFPM) combines the advantages of disk motor and
permanent magnet motorll which has high efficiency, high power density, high ratio of torque vs.
moment of inertia, Therefore it can be used in direct-drive, low speed and high torque field such
as landsport application, areonautical filed or wind power generation system.

Three-dimensional finite element method (3D-FEM) is the most reliable one used to
design and analyze the AFPM, which definitely results in a time-consuming process and is
obviously unsuitable for its initial and optimal design. Therefore, magnetic circuit method should
be usually used at first for the AFPM as does for the normal radial-flux electric motor, and then
3D-FEM is employed to varify the analysis and design. Airgap leakage flux coefficient is one of
the main parameters which must be given primarily in magnetic circuit analysis for any kinds of
electric machines including the AFPM. The airgap leakage flux coefficient of several kinds of
motors are calculated in [1, 2] with the help of FEM, and the figures which describe relationship
between the coefficient and the motor's geometrical dimensions are depicted. Especially in
Reference[l], one 3D-FEM analysis for AFPM is transmitted equivalently to two two-
dimensional(2D) FEM ones named as radial-orientation one and axial-orientation one
respectively to get their respective leakage flux coefficients, then the whole airgap leakage flux
coefficient of AFPM is achieved by the two ones with the help of an empirical coefficient.
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Lumped-parameter magnetic circuit (LPMC) is very efficient in the analysis and design
of electric machine, by which analytical expressions for the motor’'s parameters such as airgap
leakage flux coefficient can be given. In paper [3], the lumped parameter magnetic circuit of a
radial flux motor was constituted to analyze the flux density and leakage flux. Paper [4, 5]
adopted the same method to analyze flux switch motors and obtained a satisfictory result.
However flux field in AFPM is three dimensional, the leakage flux is very different from that in
radial flux motors. Therefore in order to obtain an accurate airgap leakage flux coefficient in
AFPM conveniently, a more complex and accurgte 3D lumped-parameter magnetic circuit
model is constituted firstly in this paper, and then an analytical expression of the leakage flux
coefficient is obtained which was verified by 3D-FEM and the prototype experiment.

2. Lumped Parameter Magnetic Circuit Model of AFPM

The AFPM with fan-shaped magnet pole is given in Figure 1, and its simple linear
translational motor topology which consists of circumferential one and radial one are shown in
Figure 2 (a) and (b) respectively. To simplify the problem, it is assumed that there is no
saturation occuring in the steel region and the flux density produced by the armature current in
the stator windings is negligible. In Figure 2, the path 1 represents that of main air-gap flux
generated from region 1 as shown in Figure 3, path 2 represents that of magnet-to-magnet
leakage flux generated from region 2 as shown in Figure 3 and paths 3-5 refer to that of
magnet-to-rotor leakage fluxes respectively from regions 3,4 and 5 as shown in Figure 3. It is
obvious that every region area in Figure 3 relies on the motor structure variables which will be
determined in the following sections. According to Figure 2 and 3, the equivalent lumped-
parameter magnetic circuit model of AFPM can be constituted as shown in Figure 4, where the
variables are defined as follows.
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Figure 2. Simple linear translational AFPM topology
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Figure 3. Subregions of flux-passing area of magnet

Where:

Fs air-gap flux for one magnet pole;

F. flux source of one magnet pole;

Rs reluctance corresponding to F5;

R, reluctance of a magnet, corresponding to F;

Rnm reluctance corresponding to magnet-to-magnet leakage flux from region 2 in Figure 3;
R reluctance corresponding to magnet-to-rotor leakage flux from region 3 in Figure 3;
Ry reluctance corresponding to magnet-to-rotor leakage flux from region 4 in Figure 3;
Rmo reluctance corresponding to magnet-to-rotor leakage flux from region 5 in Figure 3.

Figure 4 can be reduced to Figure 5 easily, and air-gap flux and the flux leaving from
the magnet can be obtained as [3].
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From (1), (2) the air gap leakage flux coefficient can be expressed as
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Figure 4. Equivalent LPMC of AFPM Figure 5. A reduced form of Figure 4

3. Calculation of Mensioned the Reluctances
3.1 Reluctances corresponding to air-gap and magnet
The reluctances corresponding to air-gap and magnet can be expressed as

_q @
" ThA
_n ©
R mmA,

where, h,, is the magnetizing height of magnet, Yo and Y, are permeability of air and relative
permeability of magnet respectively, &, is effective length of the air gap taking into account the
stator slotting, and A, A< are the flux passing area of magnet and that of the air-gap
respectively and can be expressed as
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Where a,is pole embrace coefficient, p is pole-pair number and D, Dy are the outer and inner
diameter of magnet respectively.

3.2 Reluctances corresponding to magnet-to-rotor leakage flux from region 4 and 5

The expressions of the two reluctances can be obtained by calculating their
permeances. The circular-arc straight-line permeance model ® is one of the most satisfactory
techniques for modeling flux flowing in the air gap, and that to model magnet-to-pole leakage
flux from region 4 as depicted in Figure 6, so the resultant permeance P, is an infinite sum of
differential permeances and can be obtained by the integral as:

b :J-%Dmm Bpap myrdrdqg _ mga ,d . ma , (ED . _E)lnpd +h, 9)
EDm ’ p(r_%Dmi)"—hm p p 2 p d

m

In a same way the leakage flux permeance corresponding to magnet-to-magnet
leakage flux from region 5 can be obtained as
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P _ﬁom %2, myrdrdq _ mad m)ap( Ly ) in h, (10)
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Equation (10) is solved under the condition that the difference between the outer radius
of magnet and that of rotor is more than or equal to d., if this difference is less than &, replace
d. in equation (10) with this difference. Equation (9) is solved under the condition that the
difference between the inner radius of magnet and that of rotor is far larger than &..

Using the above equations, and noting that the reciprocal relationship between
reluctance and permeances, the needed reluctances can be expressed as:
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Figure 6. Permeance model of magnet-to-rotor leakage flux form region 4

3.3 Reluctances corresponding to magnet-to-rotor leakage flux from region 3 and
magnet-to-magnet leakage flux

Based on Figure 3, the circular-arc straight-line permeance models describing the
magnet-to-rotor leakage flux from region 3 and magnet-to-magnet one can be depicted as in
Figure 7 and Figure 8 respectively, and the resultant permeances can be easily achieved as
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If the distance between two adjacent magnet is less than 8./2, replace &, with TID,i(1-
0p)/4p in Equation (13).
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Figure 7. Permeance model of magnet-to- Figure 8. Permeance model of magnet-to-
rotor leakage flux form region 3 magnet leakage flux

3.4 The formula expression of airgap leakage flux coefficient
From the mentioned reluctances, we can obtain the parameters of Equation 3 as
follows:
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And then the air gap leakage flux coefficient can be easily obtained from Equation (3).

4. 3-D FEM and Prototype Experiment Verification

The prototyped AFPM with nominal specifications of 48 Vp¢c, 4 kW and 3000 rpm is
used to verify the above LPMC and then the leakage flux coefficient formula by its 3D-FEM
result and no-load prototype experiment. Its dimension specifications are given in Table 1, and
Figure 1, Figure 9 are its 3-D FEM structure and mesh grid diagram respectively. The air gap
leakage flux coefficient of prototyped AFPM are calculated with methods of LPMC and 3D-FEM
respectively when factitiously changing the air-gap length d. and pole embrace coefficient a,
and the comparison results are shown in Table 2. From Table 2 it can be seen that air gap
leakage flux coefficient of AFPM calculated with LPMC is very close to that with 3D-FEM. The
prototyped AFPM is fabricated as shown in Figure 10, which employs a little different rotor
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magnet structure compared with the mentioned AFPM model in the flank shape but with
average pole embrace coefficient of 0.9. The maximum value of no-load permanent magnet
induced voltage can be obtained as shown in Table 3 through the following three methods as
(1) magnetic circuit based on the presented LPMC and the resultant leakage flux coefficient, (2)
3D-FEM and (3) prototype experiment. It should be mentioned that the 3D-FEM result is based
on the same rotor magnet structure as the prototyped one but the magnetic circuit calculation is
based on the ideal rotor magnet structure of the foregoing analysis. From Table 3 It can be seen
that the magnetic circuit calculation is just a little difference from the 3D-FEM and prototype
experiment mainly resulting from a little rotor magnet structure difference. From the mentioned
comparisons of air gap leakage flux coefficient and no-load permanent magnet induced voltage
from different method, the presented LPMC and leakage flux coefficient formula of AFPM has
very high accuracy and is valid and suitable for the purpose of design and optimization.

Figure 9.

Figure 10. Stator and rotor of the prototyped AFPM

Table 1. Dimension specifications of prototype

Specifications Dimensions
Pole-pair number 4
Dmo (mm) 83
Dri (Mmm) 147
hm(mm) 4.3
de (Mm) 3
a, 0.9

Formula Expression of Airgap Leakage flux Coefficient of Axial-Flux Permanent Magnet Motor
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Table 2. Leakage flux coefficient obtained from LPMC and 3D-FEM

de/mm ap LPMC result  3D-FEM result  Error/l
3 0.9 11721 1.1357 3.1
3 0.8 1.1557 1.1015 4.7
3 0.7 1.1536 1.0968 4.9
2 0.9 1.0999 1.0773 2.0
2 0.8 1.0888 1.0509 3.5
2 0.7 1.0872 1.0499 3.4

Table 3. no-load Induced voltage of prototyped AFPM

Prototyped no-load Induced
AFPM voltage (V)
LPMC method 12.53
3D-FEM 11.8
Experiment 11.52

5. Conclusion

An accurate lumped-parameter magnetic circuit of axial-flux permanent magnet motor is
constituted in this paper, from which, analytical expression of air gap leakage flux coefficient is
obtained. The resultant analysis and calculation is verified by 3-D FEM and experiment of a
prototyped AFPM. As a result, the presented LPMC and air gap leakage flux coefficient formula
of AFPM has very high accuracy and is valid and suitable for the purpose of design and
optimization.
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