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The paper focuses on the synchronous reluctance machine rotor design. The rotor's shape in this machine should maximize the flux passing in the d axis while minimizing the flux in its q axis. This can be achieved by designing the rotor to respect the natural flow of the flux in the d axis in order to reduce the magnetic resistance while increasing the insulation in the q axis. The proposed design method in this paper is based on determining the analytical equation of the flux lines through a solid rotor. The analytical equation will allow the definition of the optimal curvature of the flux barriers. In a second phase, the width of the flux barriers is determined on the basis of the flux preservation theory in every flux segment. A comparison study using a finite elements simulation will allow us to validate the proposed approach.

I. INTRODUCTION

The Synchronous Reluctance Machine (SynRM) can be traced back to the early 1900 ′ s [START_REF] Kostko | Polyphase Reaction Synchronous Motors[END_REF]. However, it was lightly developed in the 20 th century even if it represents a possible alternative to AC drives due to its high efficiency and fast dynamic response [START_REF] Lipo | Synchronous Reluctance Machines: A Viable Alternative for A.C. Drives?[END_REF], [START_REF] Taghavi | A Sizing Methodology of the Synchronous Reluctance Motor for Traction Applications[END_REF], [START_REF] Boglietti | Experimental Comparison of Induction and Synchronous Reluctance Motors Performance[END_REF], [START_REF] Lipo | Synchronous Reluctance Drives[END_REF]. In the last two decades, the progress in the quality of magnetic materials and power electronics operating at high frequencies has led to the interest of many industrials by the SynRM. In particular, this interest was noticeable in the automotive traction applications [START_REF] Taghavi | A Sizing Methodology of the Synchronous Reluctance Motor for Traction Applications[END_REF], [START_REF] Malan | Performance of Hybrid Electric Vehicle using Reluctance Synchronous Machine Technology[END_REF] since it provides the following advantages :

• The rotor is potentially less expensive than the Permanent Magnet Synchronous Machine (PMSM) and the Induction Machine (IM) rotors due to the absence of permanent magnets and copper windings. • The absence of copper windings on the rotor reduces the temperature rise of the SynRM, therefore for the same temperature the SynRM can give higher performance than the IM. • The machine's reliability and robustness. Concerning the SynRM design, the stator and the rotor are generally treated independently. In other terms, for the stator design, the studies are based on alternative machines since the objective is to generate a rotating sinusoidal field which 1: Université de Toulouse ; INPT, UPS ; LAPLACE (Laboratoire Plasma et Conversion d'Energie) ; ENSEEIHT, 2 rue Charles Camichel, BP 7122, F-31071 Toulouse cedex 7, France. CNRS ; LAPLACE ; F-31071 Toulouse, France. Email: firstname.surname@laplace.univ-tlse.fr 2: Renault; 1 av. du Golf, 78084 Guyancourt, France. Email: firstname.surname@renault.com is the case of a PMSM and an IM. To achieve this objective, we vary the winding distribution in order to minimize certain harmonics or to optimize the winding factor [START_REF] Chen | A Permanent Magnet Assisted Synchronous Reluctance Machine with Fractional-Slot Winding Configurations[END_REF]. Even if recent studies correlate the rotor design to that of the stator [START_REF] Wang | Optimal Slot/Pole and Flux-Barrier Layer Number Combinations for Synchronous Reluctance Machines[END_REF], the majority of studies remain focused on the rotor design with the determination of the following parameters :
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• The number of the flux barriers • The width of the flux barriers • The form of the flux barriers Many studies were conducted on the rotor design in order to enhance the performance of the machine. For instance, in [START_REF] Moghaddam | Novel Rotor Design Optimization of Synchronous Reluctance Machine for Low Torque Ripple[END_REF], [START_REF] Fratti | Evaluation of Torque Ripple in High Performance Synchronous Reluctance Machines[END_REF], [START_REF] Bianchi | Torque Harmonic Compensation in a Synchronous Reluctance Motor[END_REF], [START_REF] Bianchi | Rotor Flux-Barrier Design for Torque Ripple Reduction in Synchronous Reluctance Motors[END_REF], [START_REF] Sanada | Torque Ripple Improvement for Synchronous Reluctance Motor using an Asymmetric Flux Barrier Arrangement[END_REF], the torque ripple in the machine was investigated and solutions were tested in order to reduce the high torque ripple of the SynRM which is an important limitation in most applications.

Other studies investigated the rotor design in order to increase the torque density of the machine. For example, in [START_REF] Lipo | Synchronous Reluctance Drives[END_REF], [START_REF] Fratti | Evaluation of Torque Ripple in High Performance Synchronous Reluctance Machines[END_REF], [START_REF] Matsuo | Rotor Design Optimization of Synchronous Reluctance Machine[END_REF], [START_REF] Staton | Maximising the Saliency Ratio of the Synchronous Reluctance Motor[END_REF], [START_REF] Kamper | Effect of Rotor Dimensions and Cross Magnetization on Ld and Lq Inductances of Reluctance Synchronous Machine with Cageless Flux Barrier Rotor[END_REF], the machine saliency ratio, which represents the ratio between the machine inductance in the d axis and the inductance in the q axis, is examined. The machine was designed to increase the machine saliency ratio, thus increasing the torque density.

The method proposed in this paper to optimize the rotor design is based on a physical approach from the determination of the potential vector in a solid rotor. The pattern of this potential vector allows to define the shape of the flux barriers, whereas its magnitude helps defining the thickness of the flux barriers. The paper is divided into 3 sections. In section II, the principles of the rotor design in a SynRM are recalled. In section III, the analytical equations of the vector potential and the shape of the flux lines are shown. The rotor design procedure from the potential vector is developed in section IV. Finally in section V, the proposed method will be validated using Finite Elements (FE) analysis and the solution will be compared with existing machine designs.

II. PRINCIPLES OF ROTOR DESIGN IN THE SYNRM STRUCTURE

The SynRM stator is similar to that of an IM. It generates a rotating field in the air gap of the machine. Its rotor is constituted of salient poles imposing a variable reluctance along the air gap. This anisotropy in the rotor will facilitate the crossing of the magnetic field generated by the stator in the direct axis (d axis) of the rotor rather than its quadrature axis (q axis).

Usually, three types of anisotropic rotor shapes are designed for a SynRM : the simple saliency rotor, the transversally laminated anisotropic (TLA) rotor, and the axially laminated anisotropic (ALA) rotor (see Fig. 1). A simple saliency rotor gives poor machine performance, however the TLA and the ALA rotor designs give competitive performances in comparison with the IM [START_REF] Lipo | Synchronous Reluctance Machines: A Viable Alternative for A.C. Drives?[END_REF], [START_REF] Boglietti | Experimental Comparison of Induction and Synchronous Reluctance Motors Performance[END_REF], [START_REF] Lipo | Synchronous Reluctance Drives[END_REF], in terms of torque density and efficiency. The bridges in a TLA rotor act as magnetic short circuit since they let the flux to pass in the q axis. Therefore, we can observe a minor performance advantage on the torque density scale in an ALA rotor with respect to the TLA rotor. However, in terms of manufacturing, the ALA rotor requires a more complex process, since a screw holds the flux segments and a nonmagnetic material is required to maintain the space constant between the segments. Consequently, the TLA rotor is the most adopted topology in the construction of SynRMs.

The number of flux barriers (the air segments of the rotor) can vary in a SynRM. Studies have suggested that the increase of flux barriers leads to a better canalization of the flux inside the rotor. Furthermore, a number greater than three flux barriers can give a saliency ratio of around 10 and competitive results with respect to the IM [START_REF] Wang | Optimal Slot/Pole and Flux-Barrier Layer Number Combinations for Synchronous Reluctance Machines[END_REF], [START_REF] Staton | Maximising the Saliency Ratio of the Synchronous Reluctance Motor[END_REF].

Moreover, the pole number of the machine is an important factor in determining the performance of the SynRM. Some studies have evoked this matter [START_REF] Lipo | Synchronous Reluctance Drives[END_REF], [START_REF] Vagati | Design Criteria of High Performance Synchronous Reluctance Motors[END_REF], however, a thorough study on this parameter in a general SynRM is not yet reported in literature. Nevertheless, a 4 pole machine is widely adopted [START_REF] Lipo | Synchronous Reluctance Machines: A Viable Alternative for A.C. Drives?[END_REF], [START_REF] Boglietti | Experimental Comparison of Induction and Synchronous Reluctance Motors Performance[END_REF], [START_REF] Wang | Optimal Slot/Pole and Flux-Barrier Layer Number Combinations for Synchronous Reluctance Machines[END_REF], [START_REF] Moghaddam | Novel Rotor Design Optimization of Synchronous Reluctance Machine for Low Torque Ripple[END_REF], [START_REF] Moghaddam | Novel Rotor Design Optimization of Synchronous Reluctance Machine for High Torque Density[END_REF]. The study of the pole number is not the subject of this paper. A rotor with 4 poles will be studied.

The basic principle of the rotor design consists of, on one hand, guiding the flux in the d axis with a minimal magnetic reluctance and, on another, minimizing the flux in the q axis. To do that, the design should take into consideration the natural flow patterns of the flux in the d axis in a solid rotor. Hence, the flux segments (the iron part of the rotor) should follow the flux lines present in a solid rotor. This method will ensure the minimal magnetic reluctance seen from a d axis point of view. In addition, the barriers width should be kept as large as possible in order to minimize the q axis flux.

III. ANALYTICAL APPROACH IN DETERMINING THE FLUX BARRIERS SHAPE

In order to determine the flux lines in a solid rotor, the analytical field equation can be determined on a simplified structure of the machine [START_REF] Nogarède | Machines Tournantes : Principes et Constitution[END_REF].

A. Simplified Machine Structure

Considering a synchronous machine with a solid rotor, several assumptions can be made to simplify the calculation of the potential vector in the rotor :

• The structure is constituted of three concentric cylinders corresponding to the shaft, the rotor and the stator armatures. The length of the machine is elevated compared to the rotor radius. Consequently, the edge effects are neglected and the field distribution is represented in a two dimensional coordinates system. In this regard, the vector potential can be written as follows :

A = A e z (1) 
• The stator winding is represented by an equivalent current sheet distribution over stator slot opening (see Fig. 2). The spatial distribution of the conductor density associated to the stator windings is thus reduced to a superficial distribution defined by the following equation :

k eq = K eq sin(pθ) (2) 
where K eq = m 2 IC, I is the current amplitude, C is the total number of conductors per pole and per phase, m is the total phase number, and p is the number of pole pairs of the machine.

B. Field Equations

In the approximation of the quasi stationary states, the modeling of the machine can be made by using Maxwell's equations and the constitutive principle of the materials in the machine. In consequence, the equation to solve can be derived from the potential as follows [START_REF] Nogarède | Machines Tournantes : Principes et Constitution[END_REF] :

∆A = 0 (3) 
where ∆ represents the Laplacian operator. In this study, we will neglect the air gap, thus limiting the study domains to the rotor and the stator.

A solution for equation ( 3) is [START_REF] Nogarède | Machines Tournantes : Principes et Constitution[END_REF] : 

A(r, θ) = (V 1 r + V 2 r -1 )(V 3 cospθ + V 4 sinpθ) (4) 
where r represents the distance of a given point from the center of the shaft, θ is the angle of the same point with respect to the phase a axis, and V 1 , V 2 , V 3 , V 4 are to be determined using the boundary conditions of each sub-domain. Furthermore, the flux density B and the H Field in the structure can be derived from the vector potential :

B = rot A = B r = 1 r ∂A ∂θ B θ = -∂A ∂r = µ 0 µ r H r µ 0 µ r H θ (5)
where µ 0 is the magnetic permeability of vacuum and µ r is the relative magnetic permeability of the material with respect to vacuum.

C. Field Crossing between Different Interfaces

Two Equations dictate the flow of the B and H fields between interfaces. First, the radial component of the flux density crosses unchanged through. This is given by Maxwell's equation [START_REF] Malan | Performance of Hybrid Electric Vehicle using Reluctance Synchronous Machine Technology[END_REF].

div B = 0 (6) 
Secondly, the tangential component of the H field undergoes a discontinuity in the presence of a superficial current distribution. These two phenomenas are equated in [START_REF] Chen | A Permanent Magnet Assisted Synchronous Reluctance Machine with Fractional-Slot Winding Configurations[END_REF] and [START_REF] Wang | Optimal Slot/Pole and Flux-Barrier Layer Number Combinations for Synchronous Reluctance Machines[END_REF].

|B rDomaine1 | r=ri = |B rDomaine2 | r=ri ∀θ (7) |H θDomaine2 | r=ri -|H θDomaine1 | r=ri = kp(θ) ∀θ (8)
where r i ∈ {a, b, c}.

D. Rotor Field Equation

In the case of a nonmagnetic shaft, only two expressions of the potential vector are calculated: the vector in the rotor A 1 and the vector in the stator A 2 . Using equations ( 7), ( 8) and ( 4) in ( 5) for the three interfaces: Shaft-Rotor, Rotor-Stator and Stator-Exterior, the expression of the vector potential in the rotor is obtained :

A 1 (r, θ) = µ 0 µ r m 4 1 -b 2 c 2 1 -a 2 c 2
(ra 2 r -1 )sinpθ a < r < b (9) where a, b and c represent the radius of the shaft, the outer radius of the rotor, and the inner radius of the stator respectively.

Figure 3 compares the flux lines between a FE simulation and the analytical solution we have obtained in a four pole machine. Knowing that the flux lines are found along the isopotential lines, the analytical drawing is determined by imposing equation ( 9) equal to a constant. In this section, the shape of the flux lines was calculated analytically and compared with the Finite Elements simulation method. The analytical solution of the flux lines represents the corner stone of the determination of the flux barriers' shape. As was stated in section II, the barriers whose shape follows the pattern of the flux lines in a solid rotor represents the minimal magnetic reluctance in the d axis while maintaining a high resistance in the q axis (see Fig. 4).

Analytical Solution

FE Simulation

IV. DETERMINING THE FLUX BARRIERS THICKNESS

Now that the shape of the barriers is known in the rotor, their positioning and their dimension is the subject of this section. The flux segment dimensions should absolutely take into account the flux distribution inside the rotor in order to optimize the magnetic interaction between the stator and the rotor and to maximize the torque density. This magnetic interaction is improved if the distribution of the magnetic flux is uniform in the rotor. In the light of that, equations ( 10) and ( 11), derived from ( 5), show the distribution of the flux density in a solid rotor.

B = rot A = B r = pV 1 (1 -a 2 r 2 )cospθ B θ = V 1 (1 + a 2 r 2 )sinpθ (10) 
where

V 1 = µ 0 µ r m 4 1 -b 2 c 2 1 -a 2 c 2 (11) 
The rotor will be then divided into N zones, where N represents the desired number of flux barriers (see Fig. 5). In order to determine the quantity of iron in each zone with respect to air,it is assumed that the flux in the zone passes only through the iron. Consequently, the quantity of iron is determined by the quantity of flux passing through. For that, we will consider the flux passing in the q axis where θ = π 2p . The corresponding flux density is shown in [START_REF] Bianchi | Rotor Flux-Barrier Design for Torque Ripple Reduction in Synchronous Reluctance Motors[END_REF]. The flux density is drawn along the q axis of the rotor in figure 6. In order to achieve an optimized uniform flux distribution in the rotor the quantity of iron should be proportional to the flux passing through. For that reason, the lengths of the flux segments L i follow the relation in equation [START_REF] Sanada | Torque Ripple Improvement for Synchronous Reluctance Motor using an Asymmetric Flux Barrier Arrangement[END_REF].

B = B r = 0 B θ = V 1 (1 + a 2 r 2 ) (12) 
L i L j = Zonei B θ (r)dr Zonej B θ (r)dr (13) 
where (i, j) ⊂ {1, 2, ..., N } 2 . On the other hand, the quantity of iron should be limited in the rotor in order to reduce the flux that passes through the q axis and increase the saliency ratio of the machine [START_REF] Matsuo | Rotor Design Optimization of Synchronous Reluctance Machine[END_REF], [START_REF] Staton | Maximising the Saliency Ratio of the Synchronous Reluctance Motor[END_REF], [START_REF] Kamper | Effect of Rotor Dimensions and Cross Magnetization on Ld and Lq Inductances of Reluctance Synchronous Machine with Cageless Flux Barrier Rotor[END_REF]. Hence, an insulation ratio Kwqcan be defined as the ratio of air to rotor length and can be expressed from the interior and the exterior radii of the rotor as in [START_REF] Matsuo | Rotor Design Optimization of Synchronous Reluctance Machine[END_REF]. The quantity of iron is shown in [START_REF] Staton | Maximising the Saliency Ratio of the Synchronous Reluctance Motor[END_REF].

Kwq = b -a - N i=1 L i b -a (14) 
Thus,

N i=1 L i = (b -a)(1 -Kwq) (15) 
By defining a proper Kwq for the rotor, the set of equations ( 13) and ( 15) can be solved in order to determine the iron distribution of the rotor.

V. SIMULATION AND COMPARISON

In this section, the design method defined in this paper will be simulated and compared with a typical design of a TLA SynRM (see Fig. 7). The machine simulated has 4 poles with 4 flux segments each. The insulation ratio (Kwq) is 0.5. In other terms, the rotor contains the same quantities of iron and of air. This value of Kwq has been shown as an acceptable value for maximal value of torque per current performance [START_REF] Moghaddam | Novel Rotor Design Optimization of Synchronous Reluctance Machine for High Torque Density[END_REF].

In table I, a comparison of the two designs is shown to verify the proposed method in this paper. The results indicate that the design based on the flux lines in a solid rotor can slightly improve the performance of the machine especially in the torque density. A SynRM rotor design based on the flux line patten in a solid rotor is discussed and examined in this paper. The equation of the flux lines in a solid rotor is determined by the intermediary of the vector potential which is calculated analytically. The thickness flux barriers, whose form follow the flux line patten in the rotor, is determined in order to equally distribute the field in the rotor in normal operation. After that, the proposed design method was put to test in the finite elements simulation method and showed an improvement with respect to a typical machine design. . This laboratory count about hundred permanent researchers, more than hundred PhD students covering the continuum of specialty, materials, plasmas and systems to the service of the conversion and the treatment of the electric energy. The field of scientific interest of Pr. Maurice Fadel concerns the modeling and the control of the electric systems more especially of the synchronous machine, the control law of the static converters with the help of direct predictive controls approach and the definition of control strategies for cooperative systems.
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 1 Fig. 1: Different Rotor Designs for a SynRM : (a) Simple Saliency Rotor, (b) Transversally Laminated Anisotropic Rotor, (c) Axially Laminated Anisotropic Rotor.
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 2 Fig. 2: Substitution of the Stator Excitation by a Current Sheet
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 34 Fig. 3: Comparison between the FE Simulation and the Analytical Solution of the Flux Lines
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 56 Fig. 5: Rotor Flux Zones
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 7 Fig. 7: Rotor Designs used in the Simulation : (a) Rotor Design defined as per the method described for Kwq = 0.5 and p = 2, (b) A Typical TLA Rotor Design with Kwq = 0.5 and p = 2.
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