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INTRODUCTION

HE transport sector is a source of pollution and greenhouse gas production. Several cities have taken initiatives to promote the use of clean vehicles with a low level of harmful emissions. The electric propulsion offers a solution with no emissions and a good efficiency, with the opportunity to be powered by an electric energy that is becoming more and more renewable.

For this reason, researchers focus their attention on electrical motors. In [START_REF] Kobler | Development of a compact and low cost axial flux machine using soft magnetic composite and hard ferrite[END_REF] and [START_REF] Benlamine | Electromagnetic, mechanical and thermal analysis of a high-speed surface-mounted PM machine for automotive application[END_REF], the authors proposed respectively a compact and low-cost axial flux permanent magnet machine and a high-speed radial flux permanent magnet motor for automotive application. A switched reluctance motor (SRM) and an induction motor (IM) have been also designed and analyzed in [START_REF] Son | Design and analysis of double stator axial field type srm[END_REF] and [START_REF] Jurkovic | Induction Machine Design and Analysis for General Motors e-Assist Electrification Technology[END_REF] respectively, for automotive applications. Such an electric machine for traction applications requires basically high torque and power densities, a high starting torque, a wide speed range, a high efficiency for all operating points and over a wide speed and torque ranges, high reliability, robustness and, finally, an acceptable cost [START_REF] Zhu | Electrical Machines and Drives for Electric, Hybrid, and Fuel Cell Vehicles[END_REF]. Permanent magnets are commonly used in synchronous machines (PMSM) [START_REF] Zhu | Electrical Machines and Drives for Electric, Hybrid, and Fuel Cell Vehicles[END_REF][START_REF] Chan | The state of the art of electric and hybrid vehicles[END_REF]. They have a higher power density, a better efficiency and a more compact size compared to the IM and SRM. PMSM is therefore a good candidate for the expected application.

To increase the power density in the PMSM, several solutions are investigated in the literature. In [START_REF] Laidoudi | High-power density induction machines with increased windings temperature[END_REF], the authors proposed to reduce the mass of copper and steel sheets by increasing the current density. The use of high-performance rare-earth magnets to increase the energy density has been reported in [START_REF] Nagorny | Design aspects of a high speed permanent magnet synchronous motor / generator for flywheel applications[END_REF]. However, the environmental impact and the high cost are the major drawbacks of the previous solution. In order to improve the power density, several solutions exist as the use of an innovative magnetic steels such as grain-oriented steel sheets [START_REF] Kowal | Comparison of Nonoriented and Grain-Oriented Material in an Axial Flux Permanent-Magnet Machine[END_REF]. The slot/pole combination can be optimized to modify the winding factor and new type of winding, called fractional-slot concentrated windings (FSCW) are developed [START_REF] Cros | Synthesis of high performance PM motors with concentrated windings[END_REF] to maximize the winding factor. In [START_REF] Bekka | A Novel Methodology for Optimal Design of Fractional Slot With Concentrated Windings[END_REF] and [START_REF] Farshadnia | Advanced Theory of Fractional-Slot Concentrated-Wound Permanent Magnet Synchronous Machines[END_REF], the authors proposed new methodologies for optimal design of FSCW to increase the winding factor and, therefore, the power density.

The aim of this paper is to improve the power density and the efficiency by varying several parameters as the current density, the voltage, the mechanical power, and the rotational speed, by considering their maximum value permitted by the thermal or mechanical possibilities. This study is based on an analytical calculation coupled with a multi-objective optimization (Non-dominated Sorting Genetic Algorithm: NSGA2). In the first part, the authors present the electromagnetic design approach of a PMSM as well as the basic sizing equations: torque and back-EMF taking into account the mechanical and thermal limits defined in the literature. The aimed application context concerns electric sports vehicles. In the same part, the authors present the calculation method of the efficiency and the power density. In the second part of the study, a brief presentation of the multiobjective optimization "NSGA2" method is shown as well as the optimization parameters and their range of variation, the optimization constraints and the NSGA2 optimization tool parameters. In the third part, the results of the PMSM analytical design and multi-variable / multi-objective optimization (efficiency, power density) are shown. Also the impact of the different parameters (current density, rotation speed, voltage, and mechanical power) on the efficiency and the power density is presented. In the last part, a PMSM structure is chosen following the analytical design and optimization and it is validated with 2D-FEM analysis. The efficiency map of the structure is presented on the torque/speed plane.

II. ELECTROMAGNETIC DESIGN OF THE MACHINE
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A. Maier is with EREM, 60130 Wavignies, France (e-mail: adrien.maier@erem.fr). magnetic flux densities in the different parts of the machine (teeth, yoke, air gap) and the back-EMF.

A. Specifications

The targeted application context concerns the motorization of electric motorsport vehicles. The expected rated power-toweight ratio of the proposed machine is 8kW/kg, considering only the active parts. This operating point is defined in Table I. 

B. Choice of the Motor Topology

In this study, a three-phase interior permanent magnet synchronous machine (IPMSM) has been chosen. IPMSMs are known for their compactness due to the high energy density produced by the magnets. The mechanical strength of this type of rotor allows very high speeds to be reached at high power levels. In addition, the magnets are protected from the demagnetizing stator field. FSCW features shorter end windings, thus reducing the Joule effect losses and allows to design more compact machines, which makes FSCW a suitable winding topology for our application. A 12-slot/8pole topology is chosen as a test case; the geometry and the notations are shown in Fig. 1. 

C. Electromagnetic design

The method used in this paper starts by considering [START_REF] Pyrhönen | Design of Rotating Electrical Machines[END_REF] the torque T on the rotor as:

𝑇 = 2 𝜎 𝑡𝑎𝑛 𝑉 𝑟 (1)
where 𝜎 𝑡𝑎𝑛 is the tangential stress exerted on the rotor surface and 𝑉 𝑟 is the rotor volume. The tangential stress can be calculated as a function of the linear current density A (RMS value) and the peak value 𝐵 ̂𝛿 of the flux density 𝐵 𝛿 in the air gap:

𝜎 𝑡𝑎𝑛 = 𝐴 𝐵 ̂𝛿 √2 (2) 
Then, the RMS value of the induced voltage E is given by:

𝐸 = 𝜋 𝑅 𝑟 √2 𝜔 𝑟 𝑁 𝑘 𝑤 𝐿 𝛼 𝑖 𝐵 ̂𝛿 (3)
where 𝑅 𝑟 is the rotor radius, L is rotor length, 𝜔 𝑟 is the angular velocity, 𝑘 𝑤 is the winding factor fundamental, 𝑁 is number of turns per phase, and the product 𝛼 𝑖 𝐵 ̂𝛿 represents the average value of the air-gap flux density under one pole.

The flux density in the airgap can be approximated by:

𝐵 ̂𝛿 = 2 𝑝 ℎ 𝑝𝑚 𝑒 𝑝𝑚 𝜋 𝑒 𝑝𝑚 𝑅 𝑟 + 2 𝑝 ℎ 𝑝𝑚 𝑒 𝐵 𝑟 (4) 
where 𝐵 𝑟 is a remanent flux density.

D. Design approach

The combination of the equations leads to an expression giving the variation of the volume of the rotor as a function of several electrical parameters. It gives the way to follow to reduce the volume of the rotor and, thus, to increase the power density. If m is the number of phases and I is the stator phase current, the apparent power S is:

𝑆 = 𝑚 𝐸 𝐼 (5) 
The current can be written:

𝐼 ≈ 𝐴 𝜋 𝑅 𝑟 𝑁 𝑚 (6) 
By replacing the expression (3) and ( 5) in ( 4), we find:

𝐷 𝑟 2 𝐿 = 2 √2 𝑆 𝑝 𝑘 𝑤 𝐵 ̂𝛿 𝐴 𝛼 𝑖 𝜋 3 𝑓 ( 7 
)
where 𝑓 is the frequency.

The quantity 𝐷 𝑟 2 𝐿 translates the volume of the rotor of the machine. It expresses well the fact that the volume of the machine is, at a given power, inversely proportional to:

• The rotational speed,

• The flux density in the air gap,

• The linear current density.

Thus, if the speed is defined by the specifications or by the peripheral rotor speeds of the rotor on the one hand, and if, on the other hand, the flux density is limited, even with the best materials, to about 1.1 T in the air gap, only the linear load remains to reduce the volume. Its increase requires either the implementation of effective cooling solutions or the use of materials able to withstand the higher temperatures at the core of the machine. This problem is even more aggravated by the difficulty of evacuating the calories generated by the reduction of the volume.

E.

Efficiency analysis of PMSM The losses of PMSM mainly include four parts: losses in iron, magnets, copper, and mechanical losses. In this analytical design, the magnet losses and mechanical losses are not considered.

Iron losses arise from the establishment of magnetic flux in the laminations made of electrical steel. The iron losses 𝑃 𝑖𝑟𝑜𝑛 can be estimated by different models. Bertotti's model is applied; it decomposed the iron losses into three parts: the hysteresis losses 𝑃 ℎ𝑦𝑠 , the eddy current losses 𝑃 𝑒𝑑𝑑𝑦 and the excess losses 𝑃 𝑒𝑥 .

𝑃 𝑖𝑟𝑜𝑛 = (𝑃 ℎ𝑦𝑠 + 𝑃 𝑒𝑑𝑑𝑦 + 𝑃 𝑒𝑥 ) 𝑉 [START_REF] Nagorny | Design aspects of a high speed permanent magnet synchronous motor / generator for flywheel applications[END_REF] Considering only the first harmonic, the losses per volume unity are given by:

{ 𝑃 ℎ𝑦𝑠 = 𝑘 ℎ𝑦𝑠 𝑓𝐵 𝑚 2 𝑃 𝑒𝑑𝑑𝑦 = 𝑘 𝑒𝑑𝑑𝑦 (𝑓𝐵 𝑚 ) 2 𝑃 𝑒𝑥 = 𝑘 𝑒𝑥 𝑓𝐵 𝑚 1.5 (9) 
where 𝐵 𝑚 is the value of the flux density in the sheet. 𝑘 ℎ𝑦𝑠 , 𝑘 𝑒𝑑𝑑𝑦 and 𝑘 𝑒𝑥 are hysteresis loss factor, eddy-current loss factor and excessive loss factor, respectively.

The Joule losses in the winding of AC machines are due to the resistance of the conductors and the currents induced in them. These induced currents are the direct consequence of the variation of the field generated by the rotation of the magnets, by the conductors in their proximity (proximity effect) and by the time-varying current which passes through the conductor itself (skin effect). To make the design easier, only losses due to resistance are considered. Representation of an endwinding is presented in Fig. 2.

The copper loss in the stator winding can be expressed as:

𝑃 𝐽𝑜𝑢𝑙𝑒 = 3 𝑅 𝐼 2 (10) 
The total resistance R is calculated by taking into account the length of end windings 𝐿 𝑒𝑤 :

𝑅 = 2 𝑁 𝜌 𝑐𝑜𝑝𝑝𝑒𝑟 (𝐿 + 𝐿 𝑒𝑤 ) 𝑆 𝑐 (11) 
Where 𝑆 𝑐 is the conductor cross-section. The end winding length is calculated in the middle of the slot from this equation: According to the output power and losses of PMSM, the efficiency η can be determined as follows:

𝐿 𝑒𝑤 = (𝑤 𝑑 + 𝜋 𝜏 𝑠 2 ) 2 (12) 
𝜂 = 𝜔 𝑟 𝑇 𝜔 𝑟 𝑇 + 𝑃 𝐽𝑜𝑢𝑙𝑒 + 𝑃 𝑖𝑟𝑜𝑛 (13)

F. Calculation of Motor Volumes and Masses

The motor masses are obtained from the volume of each constitutive element and from the corresponding mass densities 𝜌.

The magnet volume 𝑉 𝑚𝑎𝑔𝑛𝑒𝑡 can be approximated as:

𝑉 𝑚𝑎𝑔𝑛𝑒𝑡 = 4 𝑝 ℎ 𝑝𝑚 𝑒 𝑝𝑚 𝐿 ( 14 
)
where 𝑝 is the pole pair, ℎ 𝑝𝑚 the magnet width and 𝑒 𝑝𝑚 the magnet thickness.

The magnet mass 𝑀 𝑚𝑎𝑔𝑛𝑒𝑡 is given by:

𝑀 𝑚𝑎𝑔𝑛𝑒𝑡 = 𝜌 𝑚𝑎𝑔𝑛𝑒𝑡 𝑉 𝑚𝑎𝑔𝑛𝑒𝑡 (15) 
The copper volume and mass can be approximated by: 𝑉 𝑐𝑜𝑝𝑝𝑒𝑟 = 6 𝑁 (𝐿 + 𝐿 𝑒𝑤 ) 𝑆 𝑐 [START_REF] Borisavljevic | Limits, Modeling and Design of High-Speed Permanent Magnet Machines[END_REF])

𝑀 𝑐𝑜𝑝𝑝𝑒𝑟 = 𝜌 𝑐𝑜𝑝𝑝𝑒𝑟 𝑉 𝑐𝑜𝑝𝑝𝑒𝑟 (17) 
The stator volume 𝑉 𝑠𝑡𝑎𝑡𝑜𝑟 is composed of yoke and teeth volumes

𝑉 𝑠𝑡𝑎𝑡𝑜𝑟 = 𝑉 𝑦𝑜𝑘𝑒 + 𝑉 𝑡𝑒𝑒𝑡ℎ (18) 
They can be approximated by:

{ 𝑉 𝑦𝑜𝑘𝑒 = 𝜋 (𝑅 𝑜 2 -(𝑅 𝑠 + ℎ 𝑠 ) 2 ) 𝐿 𝑉 𝑡𝑒𝑒𝑡ℎ ≈ 𝑄 𝑠 (𝑤 𝑡 (ℎ 𝑠 -ℎ 𝑡 ) + 𝑤 𝑡 + (𝜏 𝑠 -𝑜 𝑠 ) 2 ) 𝐿 (19)
where 𝑅 𝑜 is the outer radius of the stator, 𝑅 𝑠 the inner radius of the stator, 𝑄 𝑠 the slot number, ℎ 𝑠 the slot depth, 𝑤 𝑡 the tooth width, 𝜏 𝑠 the slot pitch, and 𝑜 𝑠 the slot opening.

The corresponding mass is calculated as:

𝑀 𝑠𝑡𝑎𝑡𝑜𝑟 ≈ 𝜌 𝑖𝑟𝑜𝑛 𝑉 𝑠𝑡𝑎𝑡𝑜𝑟 (20) 
The rotor volume and mass can be approximated by ( 12) and ( 13) where 𝑅 𝑖 is the inner radius of rotor:

𝑉 𝑟𝑜𝑡𝑜𝑟 = 𝜋 (𝑅 𝑟 2 -𝑅 𝑖 2 ) 𝐿 -𝑉 𝑚𝑎𝑔𝑛𝑒𝑡 ( 21 
)
𝑀 𝑟𝑜𝑡𝑜𝑟 = 𝜌 𝑖𝑟𝑜𝑛 𝑉 𝑟𝑜𝑡𝑜𝑟 (22)

III. FORMULATION OF THE OPTIMIZATION PROBLEM

In order to increase the power density and the efficiency at the same time, the best trade-off solution must be found. A multi-objective algorithm is used. In [START_REF] Deb | A fast and elitist multiobjective genetic algorithm: NSGA-II[END_REF], the authors proposed a new version of the NSGA algorithm, NSGA2 (Non-Dominated Genetic Sorting Algorithm), which is more efficient than its predecessor. The different steps of the optimization are shown in Fig. 3. In this study, the optimization criteria are the power density and the efficiency of the machine. Tables 2,3, and 4 give respectively the optimization parameters and their range, the optimization constraints referred to the bibliography [START_REF] Pyrhönen | Design of Rotating Electrical Machines[END_REF] [15] [START_REF] Borisavljevic | Limits, Modeling and Design of High-Speed Permanent Magnet Machines[END_REF], and the optimization tool parameters of NSGA2. All optimization parameters are of continuous type. 

IV. RESULTS OF THE OPTIMIZATION

The previously described genetic algorithm has been applied to maximize the power density and efficiency of the 12/8 topology. This topology, quite classical in the literature, is a good test case for our algorithm. Based on the previously defined specifications, the objective functions (efficiency and power density) have been drawn as a function of the current density and are presented in figures 4, 5 and 6. The Fig. 4 shows that the efficiency decreases when the power density increases. Fig. 5 and6 show that the increase of the current density leads to a decrease of the efficiency with an increase of the power density. The selected point highlighted on the curves are used in part five to validate the analytical design.

More parameters that greatly influence the power density can be identified. To do that, the variations of the objective functions for several operating points (different powers, different speeds, different voltage levels) are presented in Fig. 7, 8, and 9. In Fig. 7, the speed has been set to 10000 rpm and the DC voltage to 900V; optimization criteria can be shown for different mechanical power values (115, 145 and 175kW). The Fig. 8 shows the optimization criteria for mechanical power and DC voltage set to 115kW and 900V respectively and for different speed values (10000, 12500 and 15000rpm).

In figure 9, the mechanical power has been set to 115kW and the rotational speed to 10000 rpm; the optimization criteria are shown for different DC voltage values (400, 650 and 900V). The Fig. 7 shows clearly that the mechanical power increase leads to variations of efficiency and power density. However, increasing the rotational speed increases the power density but decreases the efficiency of the machine (Fig. 8). This can be explained by the increase in iron losses. The increase in voltage "only" causes a very slight decrease in power density and efficiency (Fig. 9), which is due to the increase in the number of turns. 

V. FINITE ELEMENT SIMULATION

A good way to validate the analytical magnetic design is to perform FE simulations. The operating point defined from the design in part four is shown in table 5. The mesh geometry of this machine is given in Fig. 10.

The solution obtained by the analytical design is modelled using FLUX2D software and it allows to obtain the variation of the torque, as shown in Fig. 11. The relative error on the average torque between analytical and FE simulations results is about 4.33%. It confirms the reliability of the analytical design. In Fig. 12, the authors present the map of the magnetic flux density distribution in the magnetic circuit. It shows a local saturation in the rotor and in the tooth tips. In the teeth, the maximum magnetic flux density level is about 1.8 T. This value represents the saturation level of the NO20 electrical steel, which means that, magnetically, the teeth are fully exploited. The cycle efficiency for different operating points has been calculated as a function of load and speed. The efficiency map shown in Fig. 13 is plotted for both operating modes: constant torque and flux weakening. The map is calculated by FEM considering the iron losses, eddy current losses in the magnets and Joule losses considering coil -ends. The skin effect/ proximity effect and the mechanical losses are not considered.

The energy efficiency is low at low speed and high torque. This is logical because the frequency is low and the Joule losses are high. It degrades with the flux-weakening as the speed increases and at low load. 

VI. CONCLUSION

In this paper, the authors proposed a method to maximize the power density of PMSM. The optimal design is based on a simplified analytical model combined with a genetic algorithm. The analytical magnetic sizing has been validated by FEM results, with a difference lower than 5%. If the power density can be increased by acting on the current density and the rotational speed, it is constrained by the thermal effect and by the mechanical effects. We can further increase the power density by changing the magnetic materials such as permanent magnets and steel sheets. As a perspective, using Grain Oriented Electrical Steel (GOES) or Cobalt Iron alloys (FeCo) as magnetic materials may be considered to improve the efficiency and power density.
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Fig. 1 .

 1 Fig. 1. Representation of the selected geometry.

Fig. 2 .

 2 Fig. 2. Representation of a double layer winding and corresponding end windings.

Fig. 3 .

 3 Fig. 3. Representation of the different optimization steps by NSGA2 [14].

  TABLE 2 DOMAIN OF VARIATION OF THE OPTIMIZATION PARAMETERS Parameters Range Magnet width (mm) [1, 10] Magnet length (mm) [10, 50] Current density (A/mm2) [1, 30] Inner radius of stator (mm) [70, 90] Axial length (mm) [70, 140] Width teeth (mm)

Fig. 4 .

 4 Fig. 4. Variation of the optimization criteria.

Fig. 5 .

 5 Fig. 5. Variation of the power density as a function of the current density.

Fig. 6 .

 6 Fig. 6. Variation of the efficiency as a function of the current density.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Variation of the optimization criteria for different mechanical powers.

Fig. 9 .

 9 Fig. 9. Variation of the optimization criteria for different DC voltages.

Fig. 10 .Fig. 11 .

 1011 Fig. 10. Mesh of the studied IPM machine.

Fig. 12 .

 12 Fig. 12. Rated magnetic flux density.

Fig. 13 .

 13 Fig. 13. Efficiency maps of the IPM motor.
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TABLE 4

 4 

	OPTIMIZATION TOOL PARAMETERS
	Parameters	Values
	Number of individuals	100
	Number of generations	200
	Number of variables	7
	Number of constraints	5
	Number of criteria	2

TABLE 5

 5 

	MOTOR PARAMETERS	
	Quantity	Value
	DC voltage	900 V
	Current	130 A
	Stator inner radius	76 mm
	Air gap length	1 mm
	Yoke height	13.2 mm
	Slot body width	20,1 mm
	Slot opening	4.03 mm
	Slot depth	15.56 mm
	Stack length	80 mm
	Magnet width	5.5 mm
	Magnet length	24 mm
	No of series turns per phase	36
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