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ABSTRACT

The objective of this paper is to show how a FDTD (Finite Differences in Time domain) software with thin oblique wire models, usually used to compute induced lightning indirect effects in aerospace systems, can be applied to evaluate DC currents on internal cables. A classical indirect lightning computation on a complex industrial system will evaluate time domain current responses on wires but needs a lot of computational resources in order to obtain the late-time currents responses. The direct current response on these wires will then give us access to the integral value of the whole time domain responses. This will allow reduction of the time domain exploration of the initial simulation and to accurately extrapolate late-time currents. Moreover this type of DC computation gives access to the resistances values between any points of the studied system; which can be considered as a "numerical ohmmeter".

LAPLACE EQUATION ON A CONDUCTING CARTESIAN MESHED OBJECT

Let us consider a conducting system with several types of conducting materials; this system is discretized on a stair case mesh in order to perform a FDTD [START_REF] Holland | Finite-difference analysis of EMP coupling to thin struts and wire[END_REF][START_REF] Yee | Numerical solution of initial boundary value problems involving Maxwell's equations in istropic media[END_REF] A finite difference approximation of this partial differential equation can be written as illustrated in Fig. 1: The 𝐵 𝑘 are fixed electrical potential values.

𝑆 𝑖 𝑑 𝑖 𝑎𝑛𝑑 𝜎 𝑖 are respectively, the surface, the length and the electric conductivity of the considered FDTD cell.  Using correctly chosen unknowns, i.e. k value in the 𝐵 𝑘 vector, one can create a difference of potential between 2 vertices of the geometry and then calculate the resulting DC current and DC resistance value. We can see this method as a numerical Ohm-meter as it is possible to pick any couple of vertices up in the FDTD model and have access to the resistance value between these two points.

This functionality has been implemented in the FDTD code named ALICE, developed by ONERA [START_REF] Parmantier | Méthodologie de modélisation/simulation 3D des effets EM d'une injection foudre sur le moteur TP400[END_REF][START_REF] Prost | Lightning-Induced Current Simulation Using RL Equivalent Circuit: Application to an Aircraft Subsystem Design[END_REF][START_REF] Volpert | Junqua ALICE paralelle V2.6 manuel d'utilisation[END_REF].

VALIDATIONS AND TEST CASES

In this section, we will provide validations of the DC computation using analytical solution comparisons. We will also show the interest of the proposed method on a more complex problem. We will explain how the DC results can be used in order to extrapolate the FDTD results in the time domain allowing therefore the use to perform correct frequency-domain transformation.

Analytical validation

Let us consider three thin rectangular lossy plates connecting two perfectly conducting (PEC) perpendicular plates as shown in Figure 3. The dimensions of the plates are 0.45m x 0.1m x 0.01m, and the 3-plates electrical conductivity are respectively 2000 S/m, 500 S/m and 50000 S/m.

We apply a constant potential of -1Volt on the left PEC plate and 1 Volt on the right PEC plate, creating a 2V potential difference U on the considered system. The small difference between analytical solution and simulation can be explained by the presence of the PEC surfaces that are not totally PEC in the simulation.

Comparison with FDTD simulation in the time domain

In this test case, the middle plate has been replaced by an oblique wire [START_REF] Guiffaut | New Oblique thin wire formalism in the FDTD method with multiwire junctions[END_REF][START_REF] Volpert | Etude d'un schéma différences finies hautes précision et d'un modèle de fil mince oblique pour simuler les perturbations électromagnétiques sur véhicule aérospatial[END_REF]. The conductivity of the plates is respectively 100000 and 20000 S/m. The oblique wire has a linear resistance of 0.01 /m and is 0.5204 m long.

Figure 4 : Oblique wire test case

The total resistance value of this system is 2.1794 m and the total current value with a voltage of 2V is 917.65 A. The current value on the wire is 384.26 A.

The ratio between the current on the wire and the total current is:

𝐷𝐶𝑤𝑖𝑟𝑒 𝐷𝐶𝑡𝑜𝑡𝑎𝑙 = 0.4188
This simple test case has been also computed by our FDTD code with exactly the same input data but with a wave form H instead of the continuous voltage as a source. And verify that this ratio is equal to the DC ratio.

In this case, the simulation time was long enough to compute the integral of the current on the wire. But, it is also possible to evaluate this term without long time simulation using the DC solution:

∫ 𝐼 𝑤𝑖𝑟𝑒(𝑡) 𝑡=𝑡𝑓 𝑡=0 = 𝐷𝐶𝑤𝑖𝑟𝑒 𝐷𝐶𝑡𝑜𝑡𝑎𝑙 ∫ 𝐼 𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 (𝑡) 𝑡=𝑡𝑓 𝑡=0 (8) 
Therefore, the integral value can be used to extrapolate the transient current on the wire.

Industrial test case

The method has been used on ONERA's distributed electric propulsion aircraft demonstrator, called AMPERE, in the context of indirect lightning effect simulations. The dimensions of the aircraft are 11 x 14.5 x 3 meters. This version of the demonstrator has composite and metallic parts, and a cable network inside. The simulations parameters are the following:

• Wires are short circuited with the meshed surfaces of the aircraft at their extremities • Wire crossings surfaces are without contact.

• Surface impedance of composite faces, Zs is 0.003 m • The resistivity of metallic faces is 1.0e-5  • Surfaces thickness : 5 mm • Wire radius : 2 mm • Linear resistances of the wires : 3e-3 /m

The spatial step of the FDTD mesh is 5cm and it contains 27988480 cells and 739 oblique wires. Two lightning injections have been considered: nose/tail and nose/wing. The outputs of the simulation are the 14 transient currents located on the cable network. In order to compute the currents in the frequency domain, a large number of iterations (37.5 millions) had to be performed in order to have all responses returned to zero, leading to a final simulation time of 0.003 s.

Figure 9: Transient currents results

DC simulations have been performed for both injection configurations. The outputs are the resistances of the structure between the two input and output lightning points and the DC current on the 14 outputs currents points. The large value of resistance for the nose tail configuration can be explained by the fact that the output point on the tail is located on a composite part.

As we can see it in the figures, the values of DC current on the wires differ from a configuration to another. Then we study the evolution of the current in the frequency domain with the number of iteration of the simulation. We can see that this frequency current converges towards the extrapolated solution when the number of iteration increases. 

CONCLUSION

We have presented a DC computation method implemented in a FDTD numerical code. This method gives interesting values of resistance on the studied model. These values are useful for the analysis of indirect lightning effect problems.

They can be also used to extrapolate transient solutions. As the method is included into the FDTD simulations, we can imagine using it on the fly to extrapolate transient current solutions while the FDTD code is running.

Point to point resistances values can also be used in a context of coupling 3D fields and multi conductors cables located above composite structures [START_REF] Junqua | Modelling Common Mode Impedances for Lightning Indirect Effects on Multiconductor Cables into Composite Aircraft Equipped with Current Return Networks[END_REF].

  indirect lightning effect simulation. Let us now define the Direct Current (DC) problem on this FDTD mesh: Considering the local Ohm's law (1) and the charge conservation equation (2): 𝑗 ⃗ = σ 𝐸 ⃗⃗  ∇. 𝑗 ⃗ = 0    𝑗 ⃗ is the current density, σ the electric conductivity and 𝐸 ⃗⃗ the electric field. We have ∇. (σ𝐸 ⃗⃗ ) = 0     𝐸 ⃗⃗ = -∇V where V is the electrical potential value. This gives the following expression: ∇. (σ𝐸 ⃗⃗ ) = σ 𝑥
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 3 Figure 3 : validation test case The resistance values of the plates can be analytically known using the following equation 𝑅 = 𝐿 𝜎𝑆
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 78 Figure 7 : ONERA's AMPERE demonstrator aircraft geometry
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 10 Figure 10: DC surface currents on the structure (Nose/Wing configuration)
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 12 Figure 12: DC on the 14 wires points
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 13 Figure 13: Truncated and interpolated transient current
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Table 1 :

 1 DC currrent results on the 2 lightning configurations

		DC current (A)	Resistance (mOhm)
	Nose/Wing	9974.4	0.2
	Nose/Tail	1063.1	1.88