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I. INTRODUCTION

Hybrid excitation machines combines advantages of wound excitation machines and permanent-magnet excited machines. Electric excitation offers a control of the magnetic field by controlling the excitation current while permanent magnet benefits from a high-energy density.

Many hybrid excited topologies were proposed in the literature and compared with PM machines. One of these topologies is the hybrid flux-switching machine presented in [1]- [4]. Due to a salient passive rotor, hybrid excited flux-switching permanent magnet machines have high robustness and thanks to permanent magnets localized on the stator the machine have high torque density.

In this study, a new hybrid excitation flux-switching machine is presented. The main characteristic of this machine is a global winding hybrid excitation.

In this paper we will, firstly, present the structure and the operation principles of this new hybrid excitation fluxswitching machine. Secondly, a 3D Finite Element model and the influence of DC Excitation Current on the no-load flux and on the short-circuit current will be presented. In order to validate the principle of operation of this new structure and the 3D FE analyses, a prototype machine was manufactured. The no-load and on-load tests of this machine will be presented.

II. PRESENTATION OF THE STRUCTURE

A. Topology

This machine is composed of a stator that includes armature coils, permanent magnets and a wound inductor (with global windings). The rotor is simply made of salient poles.

In our first version of the hybrid excited flux-switching machine [1]-[2], the magnetic structure has axial symmetry, this is a 2D structure. The excitation windings are composed of 12 windings and are located upon the permanent magnets. The new structure, presented in this paper, is has a global DC excitation windings. Figure 1 shows a 3D view of the proposed 12 slots and 10 poles machine.

The wounded excitation part is composed by the excitation winding and two armatures that are made, in the first prototype, by solid iron materials.

We study the possibility to manufacture them by soft magnetic composites (SMC). The second intrinsic characteristic of the machine is the value of the short-circuit current. In Figure 4, we present the evolution of these short-circuit current depending on the hybrid excitation current. We added the values of the thermal currents. To determine theses values, we applied a direct current as the resistance value increases by 40%. 

III. 3D FE ANALYSIS

The magnetic field is computed by using 3D FEA. Noload flux and machine in motor mode are explored.

We can see in Figure 5 and 

IV. PROTOTYPE VALIDATION

In order to validate the operating principle of this new structure a prototype is realized. The experimental results for no-load and on-load tests will be presented. In Figure 3, we introduced the no-load flux and the short-circuit current in Figure 4.

In order to test the performance of this new machine, we conducted tests in DC generator mode. The experimental test bench is shown in Figure 7 [4]. The tests were carried out with a value of the DC bus voltage of 300V. We find the characteristic curve of a synchronous machine coupled to a diode rectifier (see figure 8). We show the values of the various losses that we could measure. Copper losses in armature and excitation circuits are determined with the values of resistors and currents. We measure the torque with a balance assembly. We deduce the value of the mechanical power. Measuring the output power is knowing with the value of the continuous current output. The sum of the mechanical losses and iron losses is made by taking the difference between the mechanical power and the copper losses and the DC side power.

We are currently studying the models of iron losses and mechanical losses to distinguish them. 

V. COMPARATIVE STUDY OF THE TWO STRUCTURES OF THE EXCITATION CIRCUIT

A. Description of the structure

In our first version of the hybrid excited flux-switching machine, the magnetic structure has axial symmetry. This is a 2D machine as most electrical machines. We can see from the picture shown in the following figure one of the disadvantages of these machines with axial symmetry is what is called the'' heads'' coils, especially if the length of the laminations is low. In this paper we present a new arrangement of the excitation coil, one that is driven by a DC current. In Figure 10, we present the original configuration, where all the conductors are perpendicular to the magnetic circuit, and wherein the windings are cellular, that is to say that they are entirely made in one unit cell. The excitation coil is associated with a magnetic circuit, driven primarily by a continuous flow, as indicated by red arrows in the photo below. The principle is to'' turn'' by 90° the excitation circuit as shown in the following two pictures. As we can see from the previous pictures, the magnetic excitation circuit will need to be modified so that it can achieve a'' bridge'' magnetic while the magnetic circuit of the armature remains unchanged, as shown in next figures. 

B. Comparative studies of copper losses

We will compare the copper losses of excitation circuits for the two structures of magnetic excitation circuit.

 Cellular winding (initial solution):

 Global winding (new solution) :

With :

: copper resistivity : excitation current density slot number : winding area : active length : length of winding heads : average radius of the global winding

If one accepts that it is the ampere-turns are necessary to the magnetization of the magnetic circuit, we find that:

If in addition, we compare with the same slot section, the ratio of copper losses is:

(1) Numerical application: = 40 %; = 70 %. N S =12 ; L A =30mm ; L TB = 27mm ; R be_g_moy =52mm. = 3.6

We have verified experimentally, this value, or rather, the magnitude of the value between the copper losses of the excitation circuit for the two types of excitation circuit. For this, we measured, at ambient temperature, the resistance values of the different coils for the two structures: When comparing the two structures of the excitation circuit, for the same value of torque, we find for the annular excitation coil:

I exc = 4.8 A and I ind = 3.9 A P exc = 55 W and P ind = 33 W

In motor mode, to achieve a mean torque of 8 Nm at 600 rpm, we find for:  Cellular winding (initial solution): I exc = 9.8 A and I ind = 10 A P exc = 125 W and P ind = 155 W  Global winding (new solution) : I exc = 4.9 A and I ind = 6.9 A P exc = 57 W and P ind = 100 W

We find the expected trend well by the formula (1).

VI. CONCLUSION

In this paper, we present a new way to achieve the excitation circuit of a synchronous machine flux switching hybrid excitation.

For the study, we performed finite element calculations in 3D. We compared the 3D calculations with experimental tests. Tests in DC generator mode has also been made. This structure of the excitation circuit looks promising in terms of economic copper coil for excitation and in terms of losses. Studies are underway to optimize the shape and constitution of this circuit to minimize the mass of copper used and the copper losses. 
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 4 Figure 4: Short-circuit current versus excitation current. Comparison between 3D FE model and experimental results.

  Figure 6 the values of the flux density and the local saturation. It should be noted that the outer ring was made of steel for the prototype and this is what justifies the above 2 Tesla in the excitation circuit values. We are conducting a study of analytical modeling and optimization of the shape and constitution of this new excitation circuit study.
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 5 Figure 5: 3D FE analysis. Flux density map.
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 8 Figure 8: Experimental results in DC generator mode under 300 VDC.
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 9 Figure 9: View of the two winding.
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 10 Figure 10: Presentation of cellular windings.
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 11 Figure 11: Front view of the excitation circuit.
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 12 Figure 12: Front view with excitation circuit rotated by 90°.
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 12 Figure 12: Side view with excitation circuit rotated by 90°.
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 13 Figure 13: Description of half the excitation circuit.
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 14 Figure 14: Description of half the excitation circuit with the winding.
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 15 Figure 15: Picture of half the excitation circuit with the winding.



  Cellular winding : R exc = 1.3  ; R ind = 0.5   Global winding : R exc = 2.4  ; R ind = 0.7  In motor mode, to achieve a mean torque of 5 Nm at 600 rpm, with the initial machine with a winding cell excitation, we found: I exc = 9.8 A and I ind = 4.7 A P exc = 125 W and P ind = 33 WFor a machine with annular excitation coil, there is a relationship between the armature current and the excitation current.
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 1617 Figure 16: Excitation and armature currents for a constant torque at 5 Nm, for the machine with global winding.
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