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In this paper, we introduce a strategy to evaluate current on multiconductor electrical cables installed inside enclosures. This strategy consists of the hybridization of a FEM and a MTLN approach. The motivation of this strategy relies on the fact that the high order FEM scheme has less numerical dispersive effect than a usual first order scheme such as an FDTD scheme. More accuracy is thereby obtained in the MTLN response. This property is demonstrated on a generic test case configuration.

I. INTRODUCTION

Marketing industrial vehicles requires compliance with Electromagnetic Compatibility (EMC) standards. In this context, we are interested in the problem of currents induced on electrical cables installed in a vehicle illuminated by a electromagnetic (EM) plane wave. A commonly adopted approach to solve this problem consists in solving Maxwell's equations coupled with Multiconductor Transmission Line Network (MTLN) equations to model respectively the EM fields in the 3D structure and the electrical currents on complex multiconductor cables. When reaction on the induced currents on the incident fields (taken as sources to drive those currents) are neglected, this approach is known under the name "Fieldto-Transmission-Line" (FTL) and allows modeling of large wiring systems of industrial complexity because of its capacity to decouple 3D and MTLN problems as well as to account for MTLN models (whereas cable models embedded in 3D models are usually limited to thin single-wire models, which is a significant simplification). In EMC studies, the Yee scheme applied on a Cartesian mesh to evaluate Maxwell's equations is a widely used approach because of its numerous advantages. However, this technique is known to introduce a numerical dispersion error on the EM fields driving themselves an error on the induced currents on the cable models. To avoid this problem, one solution is to reduce the size of the mesh cells, but this strongly increases the computational costs. Therefore an other idea consists in applying a higher order scheme such as the Finite Element Method (FEM) to solve both Maxwell's equations, still on a Cartesian grid and MTLN equations. This approach gives more accuracy with fewer cells in the mesh and maintains reasonable computational costs. Moreover, by taking into account a higher order of approximation for the solution, calculations can be done at higher frequencies using the same cell size in the mesh. In the first and second sections of this paper, we describe the FEM method for Maxwell's equations and the MTLN equations. In the third section, we describe the hybridization principle between the two methods. Finally, in the last section, we present preliminary results obtained for a wire in a generic enclosure.

II. HIGH SPATIAL ORDER FEM METHOD TO SOLVE MAXWELL'S EQUATIONS

To evaluate EM fields (E, H) on Ω × [0, T ], we solve Maxwell's equations, on a computational domain Ω approximated by a Cartesian mesh with a high order (r) Finite Element Method (FEM) [START_REF] Deymier | New High order FDTD method to solve EMC problem[END_REF].

As an illustration, (1) shows the approximation used for fields. In the FEM scheme, for E x and H z components :

E x (t, x, y, z) = r i,j,k=1 E x ijk (t)L G i (x)L GL j (y)L GL k (z) H z (t, x, y, z) = r i,j,k=1 H z ijk (t)L G i (x)L G j (y)L GL k (z) (1) 
where L G i and L GL i are Lagrange polynomials defined on [0, 1] respectively by using r Gauss ((ξ g k ) k=1...r ) and r + 1 Gauss-Lobatto ((ξ gl k ) k=1...r+1 ) points. These points are also the quadrature points used to evaluate the integrals in the FEM scheme. By considering this approximation, we obtain a numerical scheme which provides an efficient and accurate solution for Maxwell's equations on EM fields.

III. MTLN FORMALISM FOR COMPLEX HARNESS

The organization of cables inside vehicles define networks of Multiconductor Transmission Lines (MTL) connected to nodes (also called "junctions") as presented in Fig. 1. On each MTL, we define unknown currents I i and voltages V i distributed along the conductors of the MTL that verify (2). C i , L i , R i and G i are the capacitance, inductance, resistance and conductance matrices of the MTL and E i the incident field. To close (2), we introduce on each conductor some limit conditions at the ends of the MTLs using several models of junctions that represent electrical circuits as illustrated in Fig. 2. To approximate (2), we decompose each MTL into several segments where the unknowns I and V are located respectively at Gauss and Gauss-Lobatto quadrature points. By using the Lagrange polynoms previously defined for the EM fields, we have :

   C i ∂ t V i + G i V i = -∂ l I i L i ∂ t I i + RI i = -∂ l V i + E i V i (t = 0) = I i (t = 0) = 0 (2)
I(t, x) = r i=1 I i (t)L G i (x) and V (t, x) = r+1 i=1 V i (t)L GL (x)
(3) As for Maxwell's equations on EM fields, this high order FEM to solve MTLN equations gives an efficient and accurate solution with low dispersion.

IV. HYBRIDIZATION PROCESS

The coupling terms between Maxwell's equations and the MTLN equations are given by the electric fields along the MTLs for the MTLN equations and the currents on the wires for Maxwell's equations [START_REF] Muot | A combined FDTD/TLM time domain method to solve efficiently electromagnetic problems[END_REF]. In this coupling process, the electric fields evaluated along the direction of the MTLs are taken as distributed generators of the MTLs and the J source term in Maxwell's equations is approximated by the sum of currents on the conductors of the MTLs, for the unknown fields located in the cell where the MTLs are located.

V. TEST CASE

In this preliminary version of the paper, we consider a perfectly metallic enclosure with an aperture. An electric wire connected to 50 Ω loads to the ground is routed inside the enclosure. The enclosure is illuminated by a Gaussian plane wave (of mean 3e-10 s and standard deviation 1e-10 s) at the level of the aperture, as shown in Fig. 3. The electrical current has been calculated in the middle of the wire using "full" FDTD and 3-order FEM models (for which the wire model is imbedded in the solver) on the one side (Fig. 4) and the full FEM model and a FEM/MTLN hybridized model on the other side (Fig. 5). FDTD and FEM models have a 0.5 cm cell-size and a 1.5 cm cell-size meshes respectively. Fig. 4 clearly shows a shift in time on the FDTD solution due to FDTD numerical dispersion. Fig. 5 shows that the hybridization technique using FEM provides almost the same results as the FEM full reference results. The slight amplitude difference is due to the fact that the hybridization used here did not account for the reaction of the wire current on the field (the FTL approximation which does not reproduce EM radiation phenomenon). The final version of the paper will provide other results on a more exhaustive test case made of several enclosures and a multiconductor cable network.
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 1 Fig. 1. Example of a multiconductor cable network modeling.
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 2 Fig. 2. Examples of electrical circuits in junctions.

Fig. 3 .

 3 Fig. 3. Wire in an enclosure illuminated by an EM plane wave.
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 4 Fig. 4. Current obtained in the middle of the wire by full FDTD and FEM methods.
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 5 Fig. 5. Current obtained in the middle of the wire by full FEM method and the hybridization of MTLN with FEM method.