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Radial forces between stator teeth and rotor claw inside a claw-pole alternator are investigated here. Typically three dimensional, the complete machine has been modelled as a coupled electric and magnetic circuit, with the aim of saving simulation time. Radial forces are obtained for several rotation speeds and stator currents. These results are compared with those of a 3D finite element analysis package, considered as reference results. A few typical results are also compared with measurements. Accuracy is sufficient to assess that the permeance network models, taking into account non linearities such as magnetic saturation, electronic commutations, and rotor movement, realise a good compromise between simulation time and precision.

I. INTRODUCTION

Currently, the finite element method (F.E.M.) gives very interesting results when studying rotating machines connected with electrical circuits, particularly magneticelectric coupled 2D versions [START_REF] Brisset | Numerical simulation of the transients of a switched reluctance motor using an electronic-magnetic-mechanical coupled finite element model[END_REF], [START_REF] Piriou | Coupling of saturated electromagnetic systems to non-linear power electronic devices[END_REF]. However, a large computation time is required : several hours on a work station; the use of FEM for a typical three dimensional (3D) machine will result in a prohibitive calculation time.

In order to address this problem, we propose a modelling approach based on a magnetic and electric coupled network.

Firstly, we shall account for the magnetic part with a permeance network, but these permeances are identified by 3D magnetostatic finite element calculations [START_REF] Binns | The analytical and numerical solution of electric and magnetic fields[END_REF], [START_REF]Opera-3D, Vector Fields software[END_REF]. It is the coupling of this network and the electrical circuits which is explained. This approach has already been tested and validated on one claw-pole alternator [START_REF] Hecquet | Modelling of a claw-pole alternator using permeance network coupled with electric circuit[END_REF] using two different machines [START_REF] Hecquet | Validation of coupled electric permeance network on a claw-pole alternator[END_REF], [START_REF] Hecquet | Modelling a claw-pole alternator using a permeance network coupled with electric circuits[END_REF].

Secondly, the results of computing magnetic forces for several speeds are presented. These results are compared with those obtained by 3D magnetostatic finite element calculations, but only on a subset of simulation points, because of the large simulation time required by the F.E. analysis [START_REF] Ramesohl | Three dimensional calculation of magnetic forces and displacements of a claw-pole generator[END_REF].

In conclusion, we demonstrate that it is possible to quickly obtain the temporal variation of forces with a 3D permeance network model with good accuracy.

Manuscript received November 3, 1997 M. Hecquet, hecquet@ec-lille.fr, P. Brochet, brochet@ec-lille.fr, http ://www.univ-lille1.fr/l2ep/ II. CLAW-POLE ALTERNATOR The particularity of this machine is that the field winding is composed of only one excitation coil enclosed by two pole wheels, or claw-pole, as shown in Figure 1. The flux concentration is greater in the claw-pole base, resulting in an axial flux machine called 'Modified Lundell Alternator'. 

III. 3D PERMEANCE NETWORK

The magnetic circuit of the machine is modelled by a bounded permeance network taking into account geometrical symmetry. Each part of the magnetic circuit is represented by its permeance [START_REF] Ostovic | Dynamics of saturated machines[END_REF]. The network topology is chosen according to geometrical considerations based on knowledge of the general direction of the flux tubes. To achieve this goal, a 3D magnetostatic finite element analysis is used to get the main and leakage permeances.

The network is determined for different operating conditions. Its size is kept to a minimum while still containing a topology capable of giving accurate results. Another topology is presented by [START_REF] Demenko | Equivalent RC networks with mutual capacitances for electromagnetic field simulation of electrical machine transients[END_REF], [START_REF] Worotynski | The accuracy of calculation of magnetics fields, inductance and forces in electromagnetic devices using the reluctance network method[END_REF]. A greater number of permeances or capacitors are defined and a better accuracy is obtained but the computing time is increased.

The determination of permeance network by our approach is different and is detailed in the following part. The magnetic circuit permeances are computed for materials with linear permeability but, in the simulation, a saturation effect is included using flux depending permeances, following the given B (H) curve of the material and using the relation (1) [START_REF] Hecht | A finite element simulation of an alternator connected to an non-linear external circuit[END_REF] :
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Hence, we obtain a permeance network for each armature of the alternator. Figure 2 shows an example of part of a permeance network of the claw-pole. The transversal permeance P amr is essential to take into account the armature magnetic reaction. 

A. Air-gap permeance

The air-gap permeance located between a stator tooth and a rotor node, shown in Figure 2, is defined to take into account rotor movement. The evolution of air-gap permeance with mechanical angle  is established using 3D magnetostatic finite elements for several positions of the stator and the rotor.

This calculation can be done automatically using a subroutine in the 3D package [START_REF]Opera-3D, Vector Fields software[END_REF]. This gives the value of airgap permeance for different rotor positions. Then, a trigonometric interpolation is used to obtain a continuous law, as shown in Figure 3. In this way, the permeance network is determined. Next, the coupling of this network with the electric circuits is detailed.

B. Electric and magnetic coupling

The alternator, with a direct voltage in the rotor coil and a constant rotor speed, produces three-phase alternating voltages. The electromotive forces (e.m.f.) of the stator are calculated with the well-known relation (2) for each phase:

V k = N s d dt j j   (2)
with  j , the flux flowing through the coil j and Ns, the number of turns stator coil.

The three-phases are connected to a six diode rectifier and a load. The alternator produces three alternating currents which are the origin of the magnetomotive forces in magnetic circuit of the stator. To establish the relationship between the electric current and the magnetomotive forces in the stator, a closed loop around the slot is considered, as shown in figure 4. A magnetomotive force (F i ) is associated to each tooth (i). Finally, using magnetic and electric laws, a system of equations (3) for calculating the magnetomotive forces is derived :
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(ne = tooth number) This gives ne equations which are not linearly independent. For the final slot, the last equation is replaced by the law:

Fi i=1 n = 0 e  (4)
Hence, a complete model is obtained : the supply, the magnetic circuit with the air-gap permeances, and the load. A part of the 3D permeance network is represented in Figure 5.

IV. SIMULATION RESULTS

Firstly, the results presented are typical. Figure 6 shows the plot of the phase stator flux under no-load versus rotor field current obtained by simulation and experiment. The simulation results are very close to the experimental measurements. Further results in reference [START_REF] Hecquet | Modelling a claw-pole alternator using a permeance network coupled with electric circuits[END_REF] demonstrate that this approach, the permeance network coupled with electric circuits, is quite interesting even if a few discrepancies appear. This is acceptable considering the simplicity of the model.

The model also gives electromagnetic torque [START_REF] Hecquet | Contribution à la modélisation des systèmes électrotechniques par la méthode des schémas équivalents magnétiques. Application à l'alternateur automobile[END_REF] The evolution of electromagnetic torque with the tooth effects, figure 8, is obtained under the following conditions : Ich=45A., N=3000 rpm., Vr=13.5V (rotor supply). The simulated electromagnetic torque compares well with the average rotor torque which was measured to be -6.5 Nm. The difference is due to the torque losses which were not taken into account in the simulation. The computing time is very small, one minute by period on an Alpha workstation.

One important possibility of the permeance network model is the ability to compute the magnetic forces applied to a stator tooth using these relations [START_REF] Hecquet | Contribution à la modélisation des systèmes électrotechniques par la méthode des schémas équivalents magnétiques. Application à l'alternateur automobile[END_REF]:
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with Fr(i) and Ft(i), the radial and tangential forces applied to the tooth (i), B(j,i) and F(j,i), the flux density and the magnetomotive force in the air-gap permeance (j) connected to the tooth (i), S the surface of the tooth (i), and P(j,i), the air-gap permeances.

In figure 9, the evolution of radial forces applied to an half-tooth, obtained by coupled permeance network is compared with the 3D magnetostatic finite element calculations for no-load.

For the 3D magnetostatic finite element computation two methods have been used :

-Method 1 : radial forces are determined using the relation [START_REF] Ramesohl | Three dimensional calculation of magnetic forces and displacements of a claw-pole generator[END_REF] 

for a laminar surface in the air-gap under a tooth (i).

The average radial force applied to this surface can be then obtained. This operation is repeated for different rotor positions.

-Method 2 : the average induction B on the same laminar surface is computed and Fr(i) is determined by the relation [START_REF] Hecquet | Validation of coupled electric permeance network on a claw-pole alternator[END_REF].

For radial force the simulation gives good results in comparison with the method 2, but method 1 gives some disparities due to the different method of calculation.

For the force module, the disparity is due to the axial force which is not taken into account in this model.

In addition, the chamfer introduces a disymmetry, as shown figure 9. In conclusion, the coupled permeance network gives radial forces and tangential forces with an excellent compromise between computing time and accuracy of results. This is obviously advantageous if the goal is to determine the radial force evolution for different speeds, as in figure 10, and for different stator currents, as in figure 11. The influence of the armature magnetic reaction can be seen in these figures. The maximum value of radial forces is found at the lower speed of 2000 rpm because there is less armature reaction at this speed. In comparison with the study presented by [START_REF] Ramesohl | Three dimensional calculation of magnetic forces and displacements of a claw-pole generator[END_REF], the advantage is the very small computing time, two minutes by period for the figures 10 and 11 with the alpha workstation, which allows on optimization process of this type of 3D machine. 

V. CONCLUSION

The proposed approach, based on a permeance network connected to an electric network, has been successfully tested on a claw-pole alternator. Hence, it is possible to model 3D electromagnetic devices taking into account rotation with a much reduced computing time. In addition, the model easily gives the electromagnetic torque and radial forces applied to stator teeth which are necessary to determine or to reduce the electromagnetic noise, for example. In future investigations, this approach will be used to optimize the claw-pole alternator and reduce radial forces.
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 567 Fig.5 : 3D permeance network. The low discrepancy between the simulation and the experiment is very encouraging and shows that the permeance network takes into account nonlinearities such as saturation. In a second experiment, stator phases are connected to a load resistor through a rectifier composed of six diodes. In figure 7, the computed stator electromotive forces and the experimental measurement are compared for a load resistor current (Ich) of 45A. 0 50 100 150 200 250 300 350 400 0
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 8 Fig.8: Calculated torque at 3000 rpm.
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 9 Comparison of the force evolution under no-load applied to an half-tooth.
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 10 Fig. 10 : Radial forces applied to a tooth (under no-load).
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 11 Fig. 11 : Radial forces applied to a tooth (under no-load).