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I. INTRODUCTION

The goal of circuit breakers is to switch off currents in electric circuits. During this process, the contact opening ignites an electric arc which slides between two electrodes and is extinguished in splitter plates.

The force that yields the arc motion has two origins. The first one is the loop effect (the trend to increase the selfinductance of the circuit composed by the electrodes and the arc itself). The second one is due to the presence of ferromagnetic splitter plates which creates a classic reluctance variation effect and provides an arc attraction (see Fig. 1). The calculus of the force acting on arc has led to numerous previous works [START_REF] Song | 3D finite elements analysis of magnetic force on the arc chamber design of modeled case circuit breaker[END_REF]. In most part of them, only magnetostatic approaches are provided. However, the motion of the arc creates eddy currents in both electrodes and splitter plates. These eddy currents limit the force and decrease the performance of the current interruption process. In order to increase the efficiency of circuit breakers, it is then necessary to develop accurate models to calculate these eddy currents.

II. EDDY CURENTS EFFECTS IN ELECTRODES

To limit CPU times and validate ours models, we have decided to separate the evaluation of eddy current in splitter plates and in electrodes. It is based under the assumption that eddy currents in one region do not influence the other one. In this section, we are focused on eddy currents in electrodes (i.e. the loop effect). Splitters plates are then replaced by air.

Eulerian or Lagrangian descriptions can be used to describe moving conductors. In a first step, this paper compares results obtained with both approaches in order to validate the Lagrangian one.

a. Description of arc and air region

In this paper, we are focused on electrotechnical aspects. So, we have defined a very simple model for the arc. It is considered as a line with a square section and a constant translation velocity v is affected to it. Previous works have shown that eddy currents in arc can be neglected [START_REF] Slama | Electric railgun 3D modeling: computation of eddy current and Lorentz force[END_REF]. It is then possible to consider that the current density in it is uniform. No velocity effects are considered in arc and air regions. The equation to solve in both regions is then:
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b. Eulerian description of electrode

In Eulerian description, the co-ordinate system of the problem is fixed. The velocity term is integrated into the formulation by assuming its opposite value to the electrode. Hence, the geometry as well as the physical properties are time independent which causes the transient term to vanish Then, the Maxwell equations system are reduced to:
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where  is the conductivity of the material and  is its permeability.

Note that in the Eulerian approach is easy to implement and only one resolution is needed. It leads to low CPU computation times but it is limited to invariant geometries. In particular, in our application electrodes must be considered as infinite and splitter plates effects cannot be taken into account. Moreover, Eulerian description can lead to numerical instabilities for high Peclet numbers (> 4) and then requires upwind elements [START_REF] Heinrich | An upwind finite element scheme for two dimensinnonal convective transport term[END_REF].

c. Lagrangian description

To take into account the specific geometry of our device, it is necessary to develop a Lagrangian description, where each moving conductor has its own co-ordinate system. A step by step resolution is adopted and, at each time step, the arc position is shifted of a distance of vt. The following equations are solved by a finite difference time-stepping approach with an implicit scheme. In conducting regions with a translation motion, we have [START_REF] Lecomte | Electromagnétisme et problèmes couplés, Traité EGEM, électromagnétisme et éléments finis[END_REF]:
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where  is the conductivity of the material,  is the permeability and H is the magnetic field. d/dt denotes the convective derivative.

d. T0-T- Formulations

To solve (1) and ( 2) or (3), a T- formulation based on the electric vector potential T and scalar magnetic potential  [START_REF] Biro | Computation of 3D current driven skin effect problem using current vector potential[END_REF] with nodal approximation is used. To restore the Ampere's law, it is convenient to reduce the potential  with respect to the current in all different sources [START_REF] Slama | On solving connexity problems within modelling of massive conductors[END_REF].

Two kinds of conductors generate source field: the arc and the electrodes. As we said, there are not any eddy currents in the arc. It is then possible to take into account the effect of this source current with a simple inductor. Its effect T0arc can then be calculated by Biot and Savart's formula. However, it is necessary to introduce another auxiliary vector potential T0elec which is created by the two electrodes.

Two approaches are possible to calculate T0elec. The first one is to use an inductor, which crosses the electrode and carries total current [START_REF] Slama | Electric railgun 3D modeling: computation of eddy current and Lorentz force[END_REF]. T0elec is then calculated by Biot and Savart's law. The main advantage of this approach is its convenience of implementation to take into account the motion of the arc. However, this method needs a high mesh density everywhere in the conductor and is often too much memory consuming.

We preferred to use a preliminary static current flow. This is carried out by a FEM resolution imposing the potential on the output and the input faces of the electrode and a Newman boundary condition elsewhere. We obtain in each electrode i a static current density J0i. T0eleci is then calculated by solving a second FEM system:
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The magnetic expression of the field in air region is:
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eleci arc [START_REF] Biro | Computation of 3D current driven skin effect problem using current vector potential[END_REF] where  is then reduced with respect of current sources.

In the electrodes,  is reduced with respect to current sources and eddy currents:
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After these two preliminary FEM resolutions, it remains to introduce (9) and ( 10) in ( 1) and ( 2) (for Eulerian approach) or in ( 1) and (3) (for Lagrangian approach).

For Eulerain description, only one more FEM resolution is needed. For the Lagrangian one, at each step, the arc is displaced to obtain a new T0arc and the boundary conditions of the static current flow resolution are changed to obtain new T0eleci. Then, the global system is solved. Let's notice that for Lagrangian resolution no new mesh at each time step is needed. For both descriptions, the total current in the electrode i is:
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We applied these approaches to a geometry of electrodes (see Fig. 2). Eddy currents distributions for both descriptions can be compared (Fig. To compare both descriptions, eddy currents losses can be compute by integration over the electrode. Results shown (Fig. 5.) present a good similarity. We can consider the Lagrangian approach as validated. It has no numerical and it requires no particular condition over the geometry. Force acting on arc due to eddy currents can be calculated. It increases with the velocity i.e. integrated on the volume of the arc (Fig. 6.). Hence, the step by step description may be applied to model a whole circuit breaker with electrodes and splitter plates. However, let's notice that the calculated force is negligible compared to the loop effect (0,53N). In the following section, to reduce CPU time, we prefer only take into account eddy currents effect in splitter plates instead of using a global model.

III. EDDY CURENTS EFFECTS IN SPLITTER PLATES

In this section, eddy currents in the electrodes are neglected. Only reluctance effect is then evaluated. It is then possible to take into account the effect of the source current (electrodes + arc) with a simple moving inductor. To restore the Ampere's law, we reduce the potential  with respect to the current in the inductor. We have in the air region:
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where T0ind is the field created by the inductor and calculated by Biot and Savart's formula.

In the splitter plates region, in order to circumvent the socalled cancellation error in ferromagnetic part,  is reduced only with respect to eddy currents with a jump condition at the interface with the air region:
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It remains to introduce (8) and ( 9) in ( 1) and (3). At each time step, the position of the inductor is changed and a new T0ind is calculated. After resolution, Tf and  are obtained. Eddy currents density in splitter plates is then calculated with the following expression:
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This formulation has been tested on a geometry composed of three splitter plates. Figure 7 shows eddy currents density and figure 8 the Lorentz force acting on the arc (i.e. JB integrated on the volume of the arc). [START_REF] Slama | Electric railgun 3D modeling: computation of eddy current and Lorentz force[END_REF]), magnetostatic force due to splitter plates and magnetostatic force combined with eddy currents effects.

IV. CONCLUSIONS

We have developed new step by step formulations to calculate eddy currents that appear in a circuit breaker during current interruption phases. It has been validated by comparing it to the Eulerian approach. This formulation can be combined to obtain a global model of circuit breaker. Moreover, it is possible to apply it with distorted arc and with non-constant velocity. The main advantage of this approach is that no new mesh at each time step is required.
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 1 Fig.1. Circuit breaker with electrodes, splitter plates, arc and representation of loop effect.
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 2 Fig.2. Eddy currents density (A/m 2 ) in electrodes for Lagrangian description (v=20m/s, =5.10 7 /m, r=1, I=1000A). Only half geometry is represented.
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 3 Fig.3. Eddy currents density (A/m 2 ) in electrodes for Eulerian description (v=40m/s, =5.10 7 /m, r=1, I=1000A). Only half geometry is represented.
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 4 Fig.4. Eddy currents density (A/m 2 ) in electrodes for Eulerian description (v=40m/s, =5.10 7 /m, r=1, I=1000A). Only half geometry is represented.
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 5 Fig.5. Eddy currents losses versus velocity of the arc -Comparison between Lagrangian and Eulerian description (=5.10 7 /m, r=1, I=1000A).
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 6 Fig.6. Force due to eddy currents acting on arc versus velocity (=5.10 7 /m, r=1, I=1000A).
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 7 Fig. 7. Eddy current density (A/m 2 ) in splitter plates when the arc enters the slots (v=20m/s, =1.10 7 /m , r=1000, I=1000A)