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This paper deals with the study of discoidal Permanent Magnet machines using a method of field calculation based on the magnetic charges theory. This fast calculation method enables a systematic study of these devices. The presented method has been validated by a comparison with the classical FE method.

Three kinds of discoidal machines are studied and compared. The first is a classical machine with axially magnetized magnets with iron stator and rotor cores. The second and third use simple Halbach array configurations for the magnets with iron and ironless rotor core. This study illustrates the interest of the Halbach structures for this type of device.

Introduction

Axial flux Permanent Magnet discoidal actuators are particularly useful because they have a very small axial length. They can be used in a lot of applications where compacity is required as high speed generators, naval propulsion drive and automotive applications [START_REF] Profumo | Axial flux machines drives: a new viable solution for electric cars[END_REF][START_REF] Caricchi | Modular axial-flux permanent-magnet motor for ship propulsion drives[END_REF][START_REF] El-Hasan | Magnet topology optimization to reduce harmonics in High speed axial flux generators[END_REF]. These devices are now easier to build using iron resin composite for the soft iron cores.

For the same stator geometry, current density and specific electric loading, the performances of such a machine are mainly related to the induction level created by the magnets in the air-gap.

The classic way to study this type of machine is the 3D Finite Element method (3D FEM) which allows the field calculation in the structure. However, this solution is very cumbersome in terms of complexity and calculation time and very sensitive to the mesh quality. This method is therefore very difficult to use in a systematic design process. In this paper, a semi analytical method based on the magnetic charges theory [START_REF] Charpentier | Calculation of ironless PM couplings using semi-numerical magnetic pole theory method[END_REF] is used to calculate the induction in the device air gap. This method allows a very fast calculation of the main performances of 3 kinds of axial flux discoidal machines.

One classical structure (rotor with axial magnets) and two original structures (Halbach array with and without iron cores) of axial flux PM machines are studied using this way of calculation. These structures are compared for the same set of dimensions and for several number of pairs of poles.

The calculation results are validated by a comparison with those obtained using a classic nodal Finite Element method. 

Machines description

On the studied machines, the stator coils are attached to an iron discoidal core. The rotor is made with a cylindrical magnet ring fixed on a rotor core.

Three kinds of machines with three different rotor geometries are studied. In the first type of structure the magnet ring consists of alternated axially magnetized magnets (classic structure). In the second and third structures the magnet ring consists of axially and tangentially magnetized magnets fixed on the rotor core. These magnets form a simple Halbach Array [START_REF] Halbach | Design of permanent multipole magnets with oriented RE Cobalt material[END_REF][START_REF] Zhu | Performance of Halabach magnetized Brushless AC Motor[END_REF].

In the first and second cases, the rotor has an iron core. In the third case, the rotor has an ironless core. This third configuration is advantageous when a very low inertia is required. Figure 1 shows the geometry of the 3 structures for a 4 poles device.

Calculation method

According to the magnetic charges theory, an uniformly magnetized magnet in free space can be represented by portions of charged surfaces. The charge density in each face of the magnet is:

σ = -→ J . -→ n (1) 
Thus, an axially magnetized magnet can be represented by two charged horizontal disk sectors.

A tangentially magnetized magnet can be considered as two vertical rectangular charged planes. The influence of the stator and rotor iron cores is taken into account. If we consider that the iron core material has a very high permeability, the iron core inner surfaces can be considered as scalar equipotentials. Thus the field in the air gap can be calculated as the sum of the contributions of the charged planes representing the magnets and their mirrored images in the iron core surfaces. For an ironless rotor core with an iron stator core, only one image by plane should be taken into account. For an iron rotor core with an iron stator core, an infinite number of images should be taken into account for each magnet plane. These two configurations are shown in Fig. 2.

The induction created by a charged portion of plane S (rectangular or discoidal) in a point in the structure air gap P is:

-→ B P = ? ? S σ 4π --→ P S P P S P 3 dS (2) 
Where P S is an integration point in the charged surface. This formula can be calculated analytically for rectangular planes [START_REF] Charpentier | Calculation of ironless PM couplings using semi-numerical magnetic pole theory method[END_REF] (tangential magnets). For discoidal charged surfaces (axial magnets) the solution of the equation can be computed using a numerical integration method [START_REF] Tnl Patterson | On Gauss and Labotto based integration formulae[END_REF]. 

Simulation results

All the presented structures correspond to the same set of main geometric dimensions:

-The inner and outer radii of the magnet ring, r in and r ex , are equal to 2 and 4 cm respectively.

-The magnet ring thickness is 1 cm and magnetisation of the magnets is 1 T.

-The air gap value is 1 mm.

As an example, the axial induction in the stator core surface for all types of machine is calculated for the same number of pairs of poles: p = 6. The isovalues of the axial induction are given in Fig. 3 as functions of the radius and the angular position.

It can be noticed that the maximum value of the induction is greater than the magnet magnetisation in the second and third cases. This phenomenon is due to the particular disposition of the magnets (Halbach Array).

In Fig. 4, the first graph shows the average induction created by the magnets at the stator inner surface in front of the center of a rotor pole (r ∈ [r in , r ex ] and θ = π/(2p)) as a function of number of pole pairs. This study shows that for a given number of pole pairs the average induction in the second and third structure reaches a maximum value which is greater than the value of induction obtained with the first kind of structure. It can also be noticed that this value is bigger than the magnet magnetization. These values are related to the global performance in terms of torque of these actuators. The calculation time necessary to compute the data of the 3 curves of the first graph of Fig. 4 (36 computations) is only around 30 seconds in a Pentium IV 1.6 GHz using Linux.

To validate the semi-analytical method results, the average induction in front of the center of the pole has also been calculated with a nodal Finite Element code (Flux3D) using a scalar potential formulation. This calculation has been done for the same set of dimensions as the results obtained with the semianalytical method. The values of the average induction are given in the second graph of Fig. 4 as functions of the number of pairs of poles for the 3 kinds of structure. The calculation time necessary to obtain the data is around 5 hours in a Pentium IV 1.6 Ghz using Windows XP. It can be noted that the presented results are in good accordance with the semi-analytical method ones.

This FE study allows us to validate the presented method. It can be seen that the semi-analytical method results are nearest to those obtained by FE method for iron rotor cores cases than for ironless rotor cases. This is because in ironless case the leakage fluxes are more important, so the FE mesh must be very fine in all the study domain to obtain a good accuracy of the results.

Conclusion

In this paper a study of 3 kinds of discoidal PM machine is presented. The field calculation in the device is done using a semi analytical method based on the magnetic charges theory. This method is compared in the studied cases with the classical Nodal Finite Element method. This way of calculation appears to be a very fast and efficient tool for the design of such devices. The presented results underscore the interest of the use of Halbach array in discoidal PM machines.
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