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This paper presents the application of a finite element multiscale method, based on the homogenization technique, to the prediction 11 of classical losses in soft magnetic composite materials. The experimental results, obtained for a wide range of frequencies and for 12 various toroidal samples with different cross sections, are explained by using the considered model. It has been found that the classical 13 losses are influenced by the dimensions of the sample, as well as by the conductivity and the length of the random contacts between the 14 grains.

I. INTRODUCTION OFT MAGNETIC Composites (SMC) appear as very 21

promising in many industrial applications, as for example 22 in high speed electrical machines [START_REF] Chebak | Analytical Computation of the 317 Full Load Magnetic Losses in the Soft Magnetic Composite Stator of 318 High-Speed Slotless Permanent Magnet Machines[END_REF]. Indeed, their granular structure leads to a significant reduction of the classical loss contribution, which, however, can become important at the frequency increase [START_REF] Wang | Prediction and Measurement of 321 Iron Loss in a Short-Stroke, Single-Phase, Tubular Permanent Magnet 322 Machine[END_REF]. Moreover, unlike conventional laminated materials, SMC exhibit isotropic magnetic properties, which can make them suitable in machines with 3D flux paths, such as axial flux machines [START_REF] Liew | Analysis and 324 Performance Evaluation of an Axial-Field Brushless PM Machine 325 Utilising Soft Magnetic Composites[END_REF]. They also possess isotropic thermal properties [START_REF] Marignetti | Thermal Analysis of an Axial Flux 328 Permanent-Magnet Synchronous Machine[END_REF], which is an important feature for loss dissipation.

An accurate loss prediction is essential for a reliable optimization of electrical machines using such materials. Since the classical loss gives the most important contribution in high frequency applications, this paper focuses on a modeling approach for the computation of eddy currents in SMC materials.

SMC are composed of grains made of a magnetic material (often pure iron). The grains are resin-insulated from each other and then compressed under high pressure. During the compaction, random contacts can appear between grains, as pointed out in [START_REF] Yanhong | Modeling of soft magnetic 331 composites[END_REF]. These random contacts are responsible for a SMC bulk conductivity, which is much lower than the one of the grains, but not negligible, giving rise to eddy current circulation at macroscopic scale (sample size).

A model for computing the SMC equivalent permeability taking into account the grain contacts has been proposed in [START_REF] Cyr | Methodology to Study 333 the Influence of the Microscopic Structure of Soft Magnetic 334 Composites on Their Global Magnetization Curve[END_REF]. Here, a micrograph image is exported to an electromagnetic finite element software and used to deduce an equivalent permeability, which is found in good agreement with the measurements. Such an approach could be extended also to eddy current computations, but it is limited to very small samples because of the huge number of 53 mesh elements required for a reliable discretization. Other 54 authors have analyzed so small samples that the effects of 55 current paths flowing from grain to grain at the sample scale 56 are negligible [START_REF] De La Barrière | Loss separation in soft magnetic composites[END_REF]. Only the microscopic eddy currents 57 flowing at the grain scale have been taken into account, 58 considering rectangular grains. However, this simplifying 59 assumption is usually not verified in electrical machine 60 applications, where non negligible intergrain currents are 61 present. Therefore, in [START_REF] Zidaric | Soft magnetic composite 339 in design of BLDC motor[END_REF] the classical loss contribution has 62 been evaluated by introducing a loss decomposition into two 63 terms: the first one is due to the eddy currents at the grain 64 scale, the second one is related to the eddy currents at the 65 macroscopic scale and linked to the bulk resistivity. 66 However, this loss summation is not straightforward from a 67 mathematical point of view. 68

This paper proposes the use of a method based on a multi-69 scale homogenization technique [START_REF] Bottauscio | Electromagnetic phenomena in heterogeneous media: Effective 343 properties and local behavior[END_REF], successfully applied to 70 different non-homogeneous materials, such as ferrites [START_REF] Fiorillo | Approach to magnetic losses and their frequency dependence in Mn-347 Zn ferrites[END_REF]. 71

The main difficulty encountered here is to model the random 72 contacts between grains using the homogenization method. 73

In the first part of the paper, the experimental evidence of the 74 macroscopic eddy currents is shown. Then, the idealized 75 model of the contacts between grains, to be used in the 76 homogenization process, is introduced. The last part of the 77 paper presents the comparison between the experimental 78 results and the model. 79

II. EXPERIMENTS 80

The presence of macroscopic eddy currents flowing from 81 grain to grain at the sample scale is put in evidence in this 82 section. This evidence is based on the remark that only the 83 macroscopic eddy current term, unlike the loss contributions 84 at the grain scale (hysteresis, excess, and local eddy 85 currents), can be responsible for a dependence of the specific 86 loss on the sample size and shape. The analysis presented in 87 S Manuscript received August 15, 2011 Corresponding author: Olivier de la Barrière (e-mail: barriere@satie.enscachan.fr). Digital Object Identifier inserted by IEEE [START_REF] De La Barrière | Loss separation in soft magnetic composites[END_REF] shows that a toroid with a square cross section S = 5×5 88 mm 2 seems to be small enough to neglect macroscopic eddy 89 currents. Indeed, when decreasing the section to 2.5×2. 
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