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Abstract

:

The need of compact machines increased in recent years due to increases in raw materials’ price. Hence, many studies are currently being conducted on high-speed challenges to propose an optimal design methodology. AC losses in windings are often not included in the optimization process and are treated in post-processing by choosing a suitable conductor’s diameter to mitigate skin and proximity effects. This paper presents an optimization and design methodology for high-speed electric machines considering these losses, using models with an interesting trade-off between computation time and accuracy, which is helpful for large-scale optimization, in which more than 9,600,000 machines are evaluated. Optimizations are conducted on 100 kW high-speed one-layer V-shaped interior permanent magnet synchronous machines, widely used in vehicles thanks to their high power density, based on the specifications of the Peugeot e208, for different values of pole pairs and maximum speed. The influence of lamination thickness, fill factor, and maximum current density on the optimal design is also investigated. This paper concludes the utility of increasing speed to achieve high power density and proposes best alternatives regarding automotive constraints. Results show that the number of pole pairs is not always a key parameter in obtaining the lowest volume, especially at high speed.
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1. Introduction


The need for high-speed electric machines has seen rapid growth in recent years due to their numerous advantages in terms of mass and volume reduction and hence cost reduction. However, new phenomena appear at high-speed and need to be studied and considered during the design process. Many works have been done to determine challenges related to high-speed machines [1,2,3,4]. One of the main challenges is the mechanical constraints of the rotor. The maximum rotational speed should be designed to guarantee the mechanical integrity of the rotor. Another challenge is high-frequency phenomena that lead to significant losses at high-speed, which can cause damage to the machine if not well designed. Losses occurring in the machine have been studied and can be listed as follows: iron losses, permanent magnet losses, mechanical losses, and winding losses. At high speed, the latter, known as AC losses in windings, has recently received increased attention. At low speed, they are evaluated based on the Joule effect only; however, at high-speed, new effects known as the skin effect, proximity effect, and circulating currents appear and need to be considered.



Many works were conducted on the design and optimization of high-speed machines [5,6]. Reference [7] proposes topology modification of a flat inserted permanent magnet synchronous machine (PMSM) based on magnet segmentation to ensure a maximum rotational speed of 35,000 rpm. Geometric modifications of the rotor are also proposed in [8,9] to improve performances of the V-shaped interior PMSM (IPMSM) for vehicle application. Different machine’s topologies have been compared to select the suitable one for electric vehicle application [10] and high-speed application [11]. The results showed that a single-layer V-shaped IPMSM was the best candidate that respects automotive constraints. Both single- and double-layer V-shaped IPMSM with high fill factor and high maximum current density are good candidates for high-speed application. A multiphysics design and optimization methodology of single-layer V-shaped IPMSM for automotive applications based on metamodels was proposed in [12]. Surface-mounted PMSM (SM-PMSM) have also received interest for high-speed application due to their mechanical integrity, which can be satisfied with a sleeve. A multiphysics design and an optimization methodology of high-speed SM-PMSM for EV application based on 2D analytical models were proposed in [13]. However, in these works, high-frequency losses in windings were not included in the design and optimization process. AC losses in windings are often treated during post-processing by choosing a suitable conductor’s diameter to reduce high-frequency effects. At high-speed, this method could not be efficient. Consequently, the design and optimization process should include AC losses in windings. Three main models in the literature exist to evaluate losses due to the three high-frequency effects in windings mentioned above: analytical, finite element, and hybrid models. A multi-objective design optimization of SM-PMSM for automotive application, considering skin and proximity effects using analytical models, was proposed in [14]. Analytical models [15,16] have the great advantage of rapid computation time but lack precision and cannot be applied to complex rotor geometries. Contrarily, finite element models [17] are accurate but time-consuming, preventing their use for large-scale optimization. Hybrid models [18,19] are a good compromise between these two models. They can be applicable to any geometry and allow lower computation time than analytical models. A hybrid model for AC losses in windings was proposed in [18,19], which can be integrated into the optimization process by guaranteeing an exciting trade-off between accuracy and computation time.



Iron losses represent a noticeable part of losses in the machine, especially at high-speed. New manufacturing technologies have been proposed to produce laminations with lower thickness [20], which is essential in reducing iron losses at high-speed. Other parameters are worth studying for high-speed machines. Comparisons conducted on different machines in [11] showed that maximum current density and slot fill factor were two advantageous parameters for high speed. Increasing these parameters allows increased power and torque density. New adapted cooling methods [21] have been used to guarantee a high value of maximum current density. For conductors with a circular shape, a high fill factor can be achieved using die-compressed windings [22]. However, increasing maximum current density and fill factor can considerably increase the proximity effect between conductors. Hence, the influence of these parameters (lamination thickness, maximum current density, and fill factor) on the performances of the optimal design of high-speed machines is studied in this paper. By improving these three parameters, this will allow determining the best achievable performances of high-speed machines in terms of power density.



V-shaped IPMSM is the most widely used in electric vehicles among all types of synchronous machines due to its high power density. The electric vehicle Peugeot e208 is equipped with this machine, with a maximum rotational speed of 14,000 rpm. Tesla also uses this type of machine for its electric vehicle Tesla M3 with a maximum rotational speed of 20,000 rpm, which is currently the highest one used in the automotive industry. AVL [23] has designed and prototyped this machine for electric vehicle application, with the maximum rotational speed achieving 30,000 rpm. This paper aims to evaluate the utility of high-speed machines for electric vehicles and determines up to what speed it is worthwhile for automotive application. For this purpose, V-shaped IPMSM is selected for this study since it is of great interest. The machine will be optimized, based on specifications of the Peugeot e208, for four different values of maximum rotational speed: 15,000 rpm, 20,000 rpm, 30,000 rpm, and 40,000 rpm. In this work, more than 9,000,000 machines were evaluated during the optimization process. To evaluate the machine’s performances, we will use the design methodology of the V-shaped IPMSM described in [24]. However, since high-frequency losses in windings are not considered, an adapted optimization methodology, including hybrid models of AC losses in windings, is defined. The new optimization methodology is presented in this paper.



Section 2 presents the different definitions of high-speed machines in the literature. The methodology of the design and optimization of high-speed machines is described in Section 3. Section 4 presents the optimization specifications for an electric vehicle. Finally, optimization results and conclusions are presented in Section 5.




2. Definitions of High-Speed Machines


The notion of high speed is not only linked to a high rotational speed. Two electric machines with the same rotational speed but different outer rotor radii have different peripheral speeds; therefore, they may have various design constraints.



There is no unique definition of a high-speed electric machine in the literature. Multiple definitions of high-speed electric machines proposed by researchers are summarized in Table 1. Definition 1 characterizes qualitatively high-speed electric machines, whereas other definitions are based on quantified formulas. Definitions 2 and 3 are based on the rotor peripheral speed    V p   . Definition 4 is based on the notion of guide number [25]    D Ω  = Ω  (  rpm  )  ×   P  (  kW  )     , which is broadly used for high-speed electric machines in the literature [26,27].




3. Methodology of Design and Optimization of High-Speed Machines


The studied electric machine is an internal permanent magnet synchronous machine (PMSM). Permanent magnets (PM) are inserted in the rotor in a V shape, as shown in Figure 1. The rotor can contain multiple layers of magnets, but in the context of this work, we are only interested in the rotor with one layer of magnets. This machine is used in most electric and hybrid vehicles due to its high power density. The stator and rotor of the machine are geometrically modeled in [24]. The geometric parameters of a one-layer V-shaped IPMSM are listed in Table 2. The air gap length is a fixed parameter; hence, the number of geometric parameters of the stator and the rotor is 7 and 11, respectively, to which the active length of the machine is added. Therefore, the total number of the geometric parameters of the machine is 19. To these geometric parameters are added the excitation parameters for each operating point    P i   : current density and control angle. These will be discussed later in the section on optimization methodology.



3.1. Design Methodology of High-Speed Machines


In this section, the design methodology of high-speed machines is presented. First, the evaluation methodology of both electromagnetic and mechanical performances is presented. Then, models of losses occurring in the machine accounting for high-frequency phenomena are presented.



3.1.1. Electromagnetic and Mechanical Modelling


The electromagnetic performances of the machine are evaluated using a 2D finite element model. Simulations are performed using an Open Source XFEMM® integrated into Matlab®. The electromagnetic performances of the machine are performed using magneto-static evaluations at each angular position of the rotor, which reduces computation time. The latter can be reduced further by using mechanical and electrical symmetries of the machine, which makes it possible to launch the simulations on only one pole of the machine and 1⁄6 of the electrical period. Electromagnetic quantities are reconstructed based on these symmetries, as detailed in [24]. The machine has three phases and is supplied with sinusoidal current using an ABC model. Two variables are defined for each operating point: current density and control angle. The former allows defining ampere-turns based on the required fill factor and slot area. Hence, the number of winding turns is not previously known but is determined downstream of the simulations according to the evaluated induced voltage and maximum DC voltage [24].



The main objective of increasing the rotational speed is to obtain compact machines. The machine’s volume reduction must be done while guaranteeing the mechanical integrity of the rotor. Thin magnetic bridges allow the field lines to be conducted towards the air gap but negatively influence the rotor’s mechanical strength. Thus, evaluating the mechanical strength of the rotor is essential, especially for high-speed machines. The rotor is optimized by acting mainly, in the case of the studied machine, on dimensions of PM, air holes, and magnetic bridges separating the two magnets. Mechanical stresses are evaluated using a hybrid linear 2D model [24] combining the analytical method “the equivalent ring method” and finite element simulations performed using Matlab’s PDE Toolbox.




3.1.2. Losses Modeling


FEMM considers only low-speed phenomena. Hence, losses due to high-speed phenomena need to be modeled. Losses occurring in the machine are presented below, as is their model.



	
Iron losses:






Iron losses in the machine increase considerably at high frequency. The losses consist of three components: hysteresis losses, eddy current losses, and excess losses. Volumetric iron losses for a sinusoidal magnetic field are evaluated using the Berttoti model [30]:


   P  F e r   =  k  h y s t   f  B m 2  +  k  e d d y    1 T    ∫  0 T     (    d B   d t    )   2  d t +  k  e x c    1 T    ∫  0 T     |    d B   d t    |    1.5   d t  



(1)




where  f  is the frequency;    B m    is the magnetic field; and    k  h y s t    ,    k  e d d y    , and    k  e x c     are coefficients of hysteresis losses, eddy currents losses, and excess losses, respectively. This formula is applied to both the magnetic field’s radial and tangential components. This formula is applicable to a magnetic field with a sinusoidal waveform. However, for an arbitrary waveform, losses are evaluated by summing losses due to each harmonic, which can be obtained using Fourier series decomposition. This formula is applied at the level of each mesh using the magnetic field value obtained with simulations.



	
PM Losses:






Although the losses in the magnets are very low compared to the total losses in the machine, they must be evaluated to avoid damaging magnets, such as their demagnetization due to the increase in temperature. The instantaneous losses in each magnet are expressed using the following formula [31]:


   P  P M    ( t )  =    l  a c t      σ  P M       ∑   i = 1    N i     J  P M , i  2   ( t )  .  S i   



(2)




where    σ  P M     is the conductivity of the magnets,    N i    is the number of meshes in the magnet,    S i    is the area of each mesh  i  in the magnet, and    J  P M , i     is the current density value in the mesh  i  of the magnet expressed as follows:


   J  P M , i    ( t )  = −  σ  P M   .  [    ∂  A  z , i     ∂ t   −  1   S  P M       ∑   i = 1    N i      ∂  A  z , i     ∂ t    S i   ]   



(3)




where    S  P M     is the area of the magnet, and    A  z , i     is the vector potential evaluated at the mesh  i  and at each instant.



	
Mechanical Losses:






At high speed, mechanical losses increase and represent a significant part of total losses; hence, they must be accounted for during the design process. These losses consist of bearing and windage losses [32]:


   P  m e c h   =  P  b e a r i n g s   +  P  w i n d a g e    



(4)







Bearing losses are due to friction and depend on factors such as lubricant, type of bearings, rotational speed, pressure, and the load of the bearing. They are accessible by measurements and can be estimated by the following formula:


   P  b e a r i n g s   = 0.5 Ω μ F  D  b e a r i n g    



(5)




where  Ω  is the rotational speed,  μ  is the friction coefficient,  F  is the load applied on bearings, and    D  b e a r i n g     is the inner diameter of the bearings.



Windage losses consist of air gap losses    P  w i n d a g e , 1     and the losses at the end surfaces of the rotor    P  w i n d a g e , 2    :


   P  w i n d a g e   =  P  w i n d a g e , 1   +  P  w i n d a g e , 2    



(6)







The losses at the level of the air gap are expressed as follows:


   P  w i n d a g e , 1   =  1  32   k  C M  π ρ  D  o u t , r  4   l  a c t    Ω 3   



(7)




where  k  is the roughness coefficient representing the smoothness of surfaces of both the stator and the rotor,    C M    is the torque coefficient,  ρ  is the density of the fluid flowing through the air gap, and    D  o u t , r     is the outer rotor diameter. The coefficient  k  is equal to  1  in our study. The coefficient    C M    depends on the value of the Couette Reynolds number   R  e δ  =   ρ . Ω .  R  o u t , r   . δ  μ   , where μ is the dynamic viscosity of the fluid flowing through the air gap. The coefficient    C M    is expressed as follows:


       C M  = 10      (  2 δ /  D  o u t , r    )    0.3     R  e δ              R  e δ  < 64        C M  = 2      (  2 δ /  D  o u t , r    )    0.3     R  e δ     0.6               64 < R  e δ  <   5.10  2         C M  = 1.03      (  2 δ /  D  o u t , r    )    0.3     R  e δ     0.5                 5.10  2  < R  e δ  <   10  4         C M  = 0.065      (  2 δ /  D  o u t , r    )    0.3     R  e δ     0.2                 10  4  < R  e δ       



(8)







The losses at the end surfaces of the rotor are expressed as follows:


   P  w i n d a g e , 2   =  1  64    C M  ρ  Ω 3   (   D  o u t , r  5  −  D  i n n , r  5   )   



(9)




where    D  i n n , r     is the inner diameter of the rotor, and    C M    is the torque coefficient. The latter is expressed as a function of the tip Reynolds number   R  e r  =   ρ Ω  D  i n n , r  2   μ    as follows:


       C M  =   3.87   R  e r     0.5               R  e r  <   3.10  5         C M  =   0.146   R  e r     0.2               R  e r  >   3.10  5       



(10)







	
Winding losses:






Winding losses have usually been assumed to be induced by the Joule effect only. However, this effect represents only DC losses in windings, which is available for low-frequency design. Therefore, high-frequency phenomena in windings must be considered when designing high-speed electric machines. These phenomena are the skin effect, proximity effect, and circulating currents effect appearing in the case of parallel strands. In our study, only skin and proximity effects were considered. Circulating currents are not integrated into the design and optimization process since this effect strongly depends on the locations of the multiple strands, which are random in the case of circular wires. Therefore, this effect is not considered during the optimization process but can be studied during post-processing.



Skin effect losses, also called strand-level skin effect losses, in a conductor with a circular shape are formulated based on an equivalent resistance called skin resistance, as follows:


   P  s k i n   =  R  s k i n    I  R M S  2   



(11)




where    I  R M S     is the RMS value of the current, and    R  s k i n     is the skin resistance expressed as follows [33]:


     R  s k i n      R  D C     =  γ 2  .   b e  r 0   ( γ )  b e  i 0 ′   ( γ )  − b e  i 0   ( γ )  b e  r 0 ′   ( γ )    b e  r 0  ′ 2    ( γ )  + b e  i 0  ′ 2    ( γ )     



(12)




where


   γ =  d  δ .  2       δ =  1    π f  μ 0  σ         R  D C   =  l  σ S      b e  r n   ( x )  = R e  (   J n   (  x .  e  j .   3 π  4     )   )     b e  i n   ( x )  = I m  (   J n   (  x .  e  j .   3 π  4     )   )     b e  r 0 ′   ( x )  =   b e  r 1   ( x )  + b e  i 1   ( x )     2       b e  i 0 ′   ( x )  =   − b e  r 1   ( x )  + b e  i 1   ( x )     2      



(13)




where  γ  is a dimensionless parameter,  d  is the conductor’s diameter,  δ  is the skin depth,    R  D C     is the DC resistance,  l  is the conductor’s length,  σ  is the conductor’s conductivity,   b e  r n    and   b e  i n    are Kelvin functions of order  n ,   b e  r n ′    and   b e  i n ′    are the derivative of the Kelvin functions of order  n ,    J n    is the Bessel function of order  n , and  j  is the imaginary unit (   j 2  = − 1  ).



Proximity effect losses, also called strand-level proximity effect losses, in the case of a conductor with a circular shape, are expressed as follows [34]:


   P  p r o x i m i t y   =  1 T    ∫  0 T    π l σ  d 4    64      (    d B   d t    )   2  d t  



(14)




where   T = 1 / f   is the electrical period, and  B  is the magnetic field flowing through the conductor.



This formula is applied for each conductor based on the magnetic field flowing through it that can have an arbitrary waveform. In the case of a conductor with a circular shape, proximity effect losses can be evaluated without using radial and tangential components of the magnetic field since the conductor’s cross-section shape is the same on both axes. However, in the case of a conductor with a rectangular shape, proximity effect losses must be evaluated separately for each component [35].



Two methodologies are proposed in the literature to evaluate proximity effect losses [36,37]: detailed finite element analysis (DFEA) and simple finite element analysis (SFEA). DFEA requires drawing the conductors inside the slot and using a fine mesh to evaluate the magnetic field. In contrast, SFEA assumes a slot uniformly filled with conductor material, which allows using a coarse mesh. The latter has the great advantage of reduced computation time, making it suitable for large-scale optimization. Figure 2a shows a slot filled with conductors used for DFEA. Figure 2b shows its equivalent slot uniformly filled with conductor material and virtually placed conductors used for SFEA. DFEA and SFEA models are equivalent when the slot is uniformly and entirely filled, and ampere-turns are the same.



Losses due to both skin and proximity effects are evaluated separately. Total winding losses can be obtained using the orthogonality principle [38], which allows summing both losses under the assumption of a uniform magnetic field flowing through the conductor. Hence, winding losses are expressed as follows:


   P  w i n d i n g   =  P  s k i n   +  P  p r o x i m i t y    



(15)









3.2. Optimization Methodology of High-Speed Machines


In this section, we will present a new optimization methodology based on the one presented in [24], accounting for both skin and proximity effects during the optimization process.



Evaluating high-frequency losses in conductors requires the knowledge of the number of conductors, their diameter, and their locations in the slot. However, as mentioned in the previous section, the number of conductors is not known upstream of the simulation but is determined based on voltage constraint. Hence, we will propose the following methodology to evaluate the AC losses.



First, the geometric parameters of the electric machine and supply parameters at each operating point are determined. Skin depth is then evaluated based on the frequency value for each operating point.



Next, we will create a virtual 2D grid covering the slot as shown in Figure 3, where the pitches   d x   and   d y   along the x- and y-axes, respectively, are taken as equal to the lowest skin depth evaluated previously.



For each operating point, the magnetic field’s value at each node j of the grid is stored at each instant. Once the simulations are performed, the number of turns is determined based on the voltage constraint. It corresponds to the number of turns for one phase in each slot. Each turn corresponds to a bundle, which is composed of several strands connected in parallel. The number of strands in parallel (also called n.s.h.: number of strands in hand), their diameter, and their locations are essential for evaluating AC losses. Therefore, we are going to study several configurations of n.s.h. and strand’s diameter by virtually placing them in the slot, as shown in Figure 4b for the DFEA model to have equivalence with the SFEA model shown in (Figure 4a). This equivalence is guaranteed by respecting the following three conditions:




	
The distance between the strands must be guaranteed in order to take into account the thickness of the insulation,



	
The slot must be uniformly and completely filled,



	
The required fill factor must be verified.








The studied strand’s diameter ranges from 0.6 mm to 1 mm. Only manufactured values of strand diameter in this range are investigated. The studied n.s.h. ranges from 1 to 100. All values of n.s.h. and strand diameter are checked, and only feasible winding configurations that satisfy the three conditions above are selected. These three conditions allow realistic windings similar to those used in real electrical machines [39].



For each winding configuration (n.s.h. and strand’s diameter), the location of each strand is known thanks to its virtual location. The closest grid’s node to the center of each virtual strand is determined, as shown in Figure 5.



For each winding configuration, proximity effect losses are evaluated for each strand based on the magnetic field value stored during simulations at its closest grid’s node, as mentioned above, using SFEA model and Formula (14). Skin effect losses are also evaluated based on the strand’s diameter and frequency using Formula (12). Among all feasible winding configurations, the one with the lowest total winding losses is selected. Hence, in addition to the geometry of the electric machine and its excitation parameters, the optimization also proposes a winding configuration, which is the number of strands in hand, the strand’s diameter, and the strands’ locations in the slot. Designing the machine for a given driving cycle using finite element models requires very high computation time. Therefore, the number of operating points is reduced as proposed in [11,24]. In this work, as shown in Figure 6, electric machine performances are evaluated for two operating points    P 1    and    P 2   . The optimization is conducted using genetic algorithm (NSGAIII) with three objectives:




	
Objective 1: Mass of the machine,



	
Objective 2: Total losses at Point    P 1   ,



	
Objective 3: Total losses at Point    P 2   .








The optimization methodology is summarized in the following flowchart (Figure 7):





4. Specifications


In this section, we will present the required specifications, similar to the performances of the machine used in the electric vehicle Peugeot e208. Table 3 lists all the required specifications. Optimizations are performed for two operating points (Figure 6). The electric machine is optimized for four different maximum rotational speeds and three different numbers of pole pairs. This allows determining the optimal number of pole pairs of V-shaped IPMSM at each maximum rotational speed for transport application. Required torque at both operating points depends on the maximum rotational speed. Its value at points    P 1    and    P 2    is expressed as follows:


    T  P 2      (  N . m  )  =    P  m a x    ( W )     Ω  m a x    (  r a d / s  )        T  P 1      (  N . m  )  =  T  P 2    (  N . m  )  ∗  k Ω    



(16)







Many works in the literature [11,21] show the utility of using advanced technologies and high-speed to increase power density. Obtained results in [11] show that it is essential to increase both fill factor and maximum current density to achieve meaningful results in terms of power density for high-speed machines. The achieved fill factor is usually 45% for conductors with a circular shape, which is lower than hairpin windings composed of conductors with a rectangular shape that can achieve a fill factor of 65%. Increasing the fill factor for circular conductors requires advanced technologies, such as die-compressed windings [22]. Maximum current density can also be improved using advanced cooling methods [21]. Another parameter that is also worth studying is lamination thickness, which is directly affecting iron losses. These losses can be reduced by privileging thinner laminations. Manufacturers currently use these new technologies to achieve high power and torque density. For example, in order to achieve high torque density, the automotive company Tesla uses thinner laminations (0.25 mm) and a high maximum current density (33.7 Arms/mm²) in the electric machine used for its vehicle Tesla M3.



Optimizations are conducted for classic and new technologies to determine the utility of these new technologies at high speed. Table 4 presents details of each type. For each technology type, 12 optimizations are conducted. Each optimization concerns one value of maximum rotational speed and one value of pole pairs. Hence, the total number of optimizations to be conducted is 24.




5. Results


In this section, we are going to present, in the first step, the optimization results for each maximum rotational speed. Then, important conclusions and comparisons of optimal electric machines are presented. We define the following notations:




	-

	
   P  v o l    : Power density (kW/L);




	-

	
  P M / P  : Quantity of magnets per power (g/kW);




	-

	
  C o p p / P  : Quantity of copper per power (g/kW);




	-

	
   R  o u t − s    : Outer radii of stator (mm);




	-

	
   L  a c t    : Active length of the machine (mm);




	-

	
DSW: Distributed stranded winding;




	-

	
DHW: Distributed hairpin winding;




	-

	
   I 1  ,    I 2   : RMS value of current per phase at points 1 and 2 (Arms);




	-

	
   J 1  ,    J 2   : Current density at points 1 and 2 (Arms/mm²);




	-

	
   N  t u r n s    : Number of turns per coil;




	-

	
   R  p h    : Resistance per phase (  m Ω  );




	-

	
  n s h  : Number of strands in hand;




	-

	
   d  s h    : diameter of strand (mm);




	-

	
   η 1  ,    η 2   : Efficiency at points 1 and 2 (%);




	-

	
   P  J − 1   ,    P  J − 2    : Joules losses at points 1 and 2 (W);




	-

	
   P  I − 1   ,    P  I − 2    : Iron losses at points 1 and 2 (W);




	-

	
   P  A C − 1   ,    P  A C − 2    : AC losses at points 1 and 2 (W);




	-

	
   P  M − 1   ,    P  M − 2    : Mechanical losses at points 1 and 2 (W);




	-

	
  C T  : Classic technologies;




	-

	
  N T  : New technologies;




	-

	
   M   Ω  m a x    (  k . t r / m i n  )  − p − C T    : Optimized electric machines using classic technologies with p pole pairs and operating at maximum speed    Ω  m a x    (  k . r p m  )   ;




	-

	
   M   Ω  m a x    (  k . t r / m i n  )  − p − N T    : Optimized electric machines using new technologies with p pole pairs and operating at maximum speed    Ω  m a x    (  k . r p m  )   ;




	-

	
   M   Ω  m a x    (  k . t r / m i n  )  − p − C T  *   : Electric machine with highest power density using classic technologies with p pole pairs and operating at maximum speed    Ω  m a x    (  k . t r / m i n  )   ;




	-

	
   M   Ω  m a x    (  k . t r / m i n  )  − p − N T  *   : Electric machine with highest power density using new technologies with p pole pairs and operating at maximum speed    Ω  m a x    (  k . t r / m i n  )   .









Each optimization corresponds to a given value of pole pairs, maximum rotational speed, and technology type. We have an initial population of 400 individuals and 1200 generations, considering all the restarts to reach convergence at the Pareto front, representing 400,800 evaluated machines for each optimization. By combining the 24 optimizations corresponding to all the pole pair values, all the maximum rotational speed values, and the two types of technologies, we obtain 9,619,200 (=24 × 400,800) evaluated machines. To do this, we used two powerful computers: Intel® Xeon® X5690 3.47 GHz processor with 160 cores and AMD Ryzen™ Threadripper™ 3970X processor with 32 cores. All of these optimizations lasted 6 months.



5.1. Maximum Rotation Speed    Ω  m a x   = 15,000   rpm


Figure 8 represents the pareto front of machines using both classic and new technologies operating at    Ω  m a x   = 15,000   rpm   with p = 2, 3, and 4.



For classic technologies, machines with p = 4 have the lowest losses at point 1 (4–4.5 kW), high losses at point 2 (4–5.5 kW), and the lowest mass (32–35) kg. Machines with p = 3 have medium losses at point 1 (4.5–5.5 kW), the lowest losses at point 2 (3.5–4.2 kW), and medium mass (35–39 kg). Machines with p = 2 have the highest losses at point 1 (5.1–6.7 kW), high losses at point 2 (4.1–5.3 kW), and high mass (38–43 kg). Therefore, electric machines using classic technologies with p = 4 are the best candidates since they have the lowest mass and the best efficiency.



For new technologies, machines with p = 4 have the lowest losses at point 1 (5.2–6.4 kW), low losses at point 2 varying from 3.2 to 3.8 kW, and a low mass varying from 20 to 23 kg. Machines with p = 3 have medium losses at point 1 (7.7–8.8 kW), losses at point 2 mostly varying from 3.1 to 4.4 kW, and low mass (20.5–21.8 kg). Machines with p = 2 have the highest losses at point 1 (8.5–11.6 kW), losses at point 2 varying from 3 to 4.5 kW, and high mass (27–31 kg). Hence, electric machines using new technologies with p = 3 and p = 4 have the same range of mass, but the latter have better efficiency.



In the following, we select the machine with the highest power density for each pole pair and technology type, which will be compared to the electric machine used in Peugeot e208. These selected machines are represented in Figure 9, and their characteristics are listed in Table 5.



For CT-based machines, at point 1, iron losses increase with the number of pole pairs due to frequency. At point 2, the machine with p = 2 has high iron losses compared to machines with p = 4 and p = 3. The machine with p = 2 has a higher magnet flux because of the high number of turns, thus inducing more iron losses. Due to frequency, AC losses at points 1 and 2 increase with the number of pole pairs. Contrarily, joule losses at points 1 and 2 decrease by increasing the number of pole pairs. Indeed, decreasing the number of pole pairs leads to increasing the number of turns due to the voltage constraint. Consequently, the resistance, expressed as a function of the square of the number of turns, increases by decreasing the number of pairs of poles, leading to higher joules losses. Moreover, all machines have a high current density (14 Arms/mm²). It cannot be further increased due to the current reaching its maximal value defined in specifications (445 Arms), mainly due to the low number of turns. The current at point 2 increases with the number of pole pairs because of the need to flux weaken the machine at high frequency. It is important to note that joule and iron losses are dominant at points 1 and 2, respectively.



For NT-based machines, the number of pole pairs is also decreased by increasing the number of turns due to voltage constraints. Given the low number of turns of the machine with p = 4, its current density at point 1 is limited to 27.2 Arms/mm² because of the current reaching its maximal value defined in specifications, unlike machines with p = 2 and p = 3, whose current density at point 1 exceeds 31 Arms/mm² thanks to a higher number of turns. NT-based machines have slots with a small surface, which, given the same number of turns, leads to higher resistance per phase than CT-based machines. The current at point 1 is of the same magnitude as CT-based machines; this explains why joule losses are higher for NT-based machines. Similarly, joule losses increase by decreasing the number of pole pairs for the same reasons mentioned previously. Iron losses increase with the number of pole pairs due to frequency. Iron losses are lower for NT-based machines thanks to thinner laminations. To satisfy the required high filling factor, the optimization selects a smaller diameter and a greater number of strands in parallel compared to CT-based machines. This explains the low AC losses. The use of new technologies reduces efficiency at low speed (point 1) and increases efficiency at high speed (point 2).



The use of new technologies allows for having more compact machines, which leads to high power density and low amounts of magnets and copper for the three studied pole pairs values. We notice that the power density increases with the number of pole pairs for CT-based machines. The machine with p = 4 has the highest power density (18.9kW/L) with the best efficiency at point 1 (95.9%), good efficiency at point 2 (96%), a high amount of magnets (31 g/kW), and the lowest amount of copper (68.6g/kW). With a nearly similar amount of magnets, the machine with p = 2 has the lowest power density (15.5 kW/L), a low efficiency at points 1 (94.4%) and 2 (95.2%), and the highest amount of copper (92%). Therefore, the machine with p = 2 is not optimal. The machine with p = 3 has the lowest amount of magnets (26.8 g/kW), good efficiency at points 1 (95.5%), and 2 (95.9%) but a low power density (16.3 kW/L). Finally, the CT-based machine with p = 4 can be considered the best candidate.



For NT-based machines, results show that the machine with p = 3 has the highest power density (32.7 kW/L), the highest amount of magnets (24.6 g/kW), and a medium efficiency at points 1 (92.2%) and 2 (96.6%). The machine with p = 4 uses the lowest amount of magnets (16.8 g/kW) with the best efficiency at point 1 (94.3%) and point 2 (96.8%) and medium power density (28.8 kW/L). The machine with p = 2 has the lowest power density (24.4kW/L), low efficiency at point 1 (89.9%), and the highest amount of copper (42.2%), which makes it not optimal. Thus, the NT-based machine with p = 4 can be considered the best compromise regarding the amount of magnets.



Peugeot e208′s machine has a maximum current density of 16 Arms/mm² and uses 0.35 mm thickness laminations and a high fill factor thanks to hairpin windings. Therefore, it can be considered a CT-based machine. Based on obtained results, among all the CT-based machines, the machine with p = 4 has the highest power density (18.9 kW/L), while for the NT machines, using three pole pairs leads to the best power density (32.7 kW/L). These results can explain Peugeot’s choice of four pole pairs for its electric vehicle e208′s CT-based V-shaped IPMSM operating at    Ω  m a x   = 14,000   rpm  . However, the latter has a low power density (18 kW/L) compared to the optimized machines in this work. On the one hand, this can be explained by a slightly lower maximum rotational speed and, on the other hand, by the fact that Peugeot e208′s machine has been optimized by considering the machine’s price. The price of magnets being the highest explains the choice of the low amount of magnets used in the Peugeot e208 (18 g/kW) compared to optimized CT-based machines, as shown in Table 5. To guarantee the required performances, this reduction in the amount of magnets is made at the expense of other cheaper machine materials (iron and/or copper), which explains the low power density of the e208′s machine. Only NT-based machines allow a lower amount of magnets.




5.2. Maximum Rotation Speed    Ω  m a x   = 20,000   rpm


Figure 10 represents the Pareto front of machines using both classic and new technologies operating at    Ω  m a x   = 20,000   rpm   with p = 2, 3, and 4.



For classic technologies, machines with p = 4 have the lowest losses at point 1 (3.3–4.4 kW), the highest losses at point 2 (4.1–6.5 kW), and low mass (28.5–32.5 kg). Machines with p = 3 have medium losses at point 1 (3.7–4 kW), medium losses at point 2 (3.9–4.5 kW), and low mass (28.5–30.5 kg). Machines with p = 2 have the highest losses at point 1 (3.8–4.6 kW), the lowest losses at point 2 (3.4–4.3 kW), and high mass (38–42.3 kg). Machines with p = 3 can be considered the best candidates regarding their good efficiency and low mass.



For new technologies, machines with p = 4 have the lowest losses at point 1 (5.2–6.6 kW), low losses at point 2 (3.3–4.3 kW), and low mass (15–16.2 kg). Machines with p = 3 have high point 1 losses (6.5–9 kW), high point 2 losses (4.2–6.1 kW), and low mass (15–21 kg). Machines with p = 2 have high losses at point 1 (6.9–8.4 kW), low losses at point 2 (3.1–3.9 kW), and high mass (23.4–24.9 kg). Machines with p = 3 and p = 4 have low mass with the same order of magnitude, but the latter has higher efficiency at points 1 and 2.



In the following, we select the machine with the best power density for each pole pair value and technology type, which will be compared to the electric machine used in Tesla Model 3. These selected machines are represented in Figure 11, and their characteristics are listed in Table 6.



For CT-based machines, we notice that joule losses increase as the number of pole pairs decreases due to the increase of resistance for the reasons mentioned previously. Iron losses increase with the number of pole pairs because of the frequency. AC losses are of the same magnitude for machines with p = 2 and p = 3. The machine with p = 4 has higher AC losses due to higher frequency. Moreover, the dominant losses at points 1 and 2 are joule and iron losses, respectively. The number of turns decreases as the number of pole pairs increases due to voltage constraints. The machine with p = 2 has four turns, while machines with p = 3 and p = 4 have two turns. The resistance per phase, expressed as the square of the number of turns, is, therefore, higher for the machine with p = 2. With the same number of turns, machines with p = 3 and p = 4 have similar resistance per phase. To reach the torque for the machine with p = 3, the current density is increased to its maximum value (15 Arms/mm²) due to a low number of turns, which leads to a current nearly reaching its maximal value defined in specifications (442 Arms).



For NT-based machines, we observe that joule losses are very high compared to CT-based machines. Indeed, high current density allows reaching the same ampere-turns with a small copper surface area. Therefore, the resistance per phase is higher, which leads to higher joules losses. Contrarily, iron losses are low compared to CT-based machines, thanks to thinner laminations. For example, for the machine with p = 4, iron losses are equal to 600 W (2.5 kW) at point 1 (point 2) using CT, while they are equal to 300 W (1.5 kW) at point 1 (point 2) using NT. Machines with p = 2, p = 3, and p = 4 have 4, 3, and 2 turns, respectively. This choice is made based on voltage constraints. Machines based on new technologies are more compact, allowing the machine with p = 3 to have slightly more turns than the same machine with CT. The current density for the machine with p = 3 reaches its maximal value defined in specifications (33 Arms/mm²). In contrast, the machine with p = 4 is limited to 25.9 A/mm² due to the current limitation caused by the low number of turns. Moreover, joule losses are dominant at point 1. Given the high resistance value, joule losses are also dominant at point 2 except for the machine with p = 4, for which iron losses are significant due to frequency.



Tesla Model 3′s machine uses 0,25 mm thickness laminations, a current density of 33.7 Arms/mm², and a classic fill factor of 45%. Therefore, it can be considered an NT-based machine. Using CT, the machine with p = 3 has the highest power density (21 kW/L), good efficiency at points 1 (96.3%) and 2 (96%), and the lowest amount of copper (53.3 g/kW) but the highest amount of magnets (25.4 g/kW). The machine with p = 4 has a power density reaching 19.8 kW/L, good efficiency at points 1 (96.5%) and 2 (95.2%), and a low amount of magnets (20.1 g/kW) and copper (60.7 g/kW). With a low power density reaching 15.7 kW/L and a very high amount of copper (86.9 g/kW), the machine with p = 2 is the least favorable despite its high efficiency. The CT-based machine with p = 4 can be considered the best compromise regarding the low amount of magnets and a power density nearly similar to that of the machine with p = 3.



NT allows for increasing the power density and reducing the amount of copper and magnets. The machine with p = 3 has the best power density reaching 42.14 kW/L and the lowest amount of copper (27.7 g/kW) but uses the highest amount of magnets (21.5g/kW) and has low efficiency at points 1 (92.6%) and 2 (95.2%). The machine with p = 4 has a lower power density (36.47 kW/L), the lowest amount of magnets (12.3 g/kW), and better efficiency at points 1 (94.3%) and 2 (96.3%). With a low power density of 28.94 kW/L and a high amount of copper (39 g/kW), the machine with p = 2 is the least favorable among NT-based machines.



The machine with p = 3 is the best candidate in terms of power density for both technologies. This can explain Tesla’s choice of three pole pairs for its electric vehicle Model 3′s NT-based V-shaped IPMSM operating at    Ω  m a x   = 18,000   rpm  . Although the Tesla Model 3′s machine has a high power density of 37.5kW/L, it is lower than the optimized NT-based machine with p = 3. This difference can be explained, on the one hand, by a lower maximum rotational speed used by Tesla and, on the other hand, by the fact that the fill factor is higher for the optimized NT-based machines.



The NT-based machine with p = 3 uses 21.52 g/kW of magnets, higher than the Tesla Model 3′s machine with 8.91 g/kW of magnets. This can be explained by the fact that the latter has been optimized by considering an additional dimension, which is the machine’s price. As mentioned previously, the reduction in the amount of magnets, the most expensive material of the machine, is done to the detriment of the amount of iron and/or copper. This necessarily results in a machine with high mass, which explains the low power density of Model 3′s machine compared to the optimal NT-based machine with p = 3. Tesla opted for a low DC voltage (350 V) with parallel windings to respect the voltage constraint. Therefore, it requires a higher maximum current (850 Arms/mm²) to reach the maximal torque. In addition, Tesla opted for three slots per pole and per phase and a 0.9 mm air gap length, which allows for reducing harmonics losses.



With a power density of 42 kW/L, the NT-based machine with p = 3 is the candidate that nearly reaches the objective 50 kW/L power density set by the US Drive 2025 project. It is possible to further improve the power density by increasing the DC voltage, thus increasing the number of turns and increasing magnet flux. Increasing the maximum current density can also allow for reaching the 50 kW/L objective, but this will require the design of newer cooling techniques than those currently used, such as the cooling of end windings with oil sprays used in Tesla Model 3′s machine.




5.3. Maximum Rotation Speed    Ω  m a x   = 30,000   rpm


Figure 12 represents the pareto front of machines using both classical and new technologies operating at    Ω  m a x   = 30,000   rpm   with p = 2, 3, and 4.



For classic technologies, machines with p = 4 have medium losses at point 1 (3.7–4.2 kW), the highest losses at point 2 (5.9–6.8 kW), and high mass (23.5–25.5 kg). Machines with p = 3 have low losses at point 1 (3.6–4 kW), medium losses at point 2 (5–6.6 kW), and low mass (20–22 kg). Machines with p = 2 have high losses at point 1 (3.8–4.2 kW), the lowest losses at point 2 (3.8–4.4 kW), and medium mass (23.5–24.8 kg). Machines with p = 3 can be considered the best candidate regarding their mass and efficiency.



For new technologies, machines with p = 4 have low losses at point 1 (5.8–7.2 kW), high losses at point 2 (3.9–4.5 kW), and low mass (11.8–12.7 kg). Machines with p = 3 have low losses at point 1 (6.2–7.3 kW), low losses at point 2 (3.2–3.4 kW), and high mass (13–13.7 kg). Machines with p = 2 have high losses at point 1 (7.6–9.1 kW), medium losses at point 2 (3.5–4.1 kW), and medium mass (12.1–12.9 kg). Machines with p = 4 are the best candidate regarding their mass and efficiency.



In the following, we select the machine with the best power density for each pole pairs and for each technology type, which will be compared to the machine designed by AVL [23] operating at   30,000   rpm  . Optimized machines are represented in Figure 13 and their characteristics are listed in Table 7.



For CT-based machines, we notice that joule losses decrease by increasing the number of pole pairs, as observed for previous maximum rotational speed values. Due to frequency, iron and AC losses increase with the number of pole pairs. Joule and iron losses are dominant at points 1 and 2, respectively. The machine with p = 2 has three turns, while machines with p = 3 and p = 4 have two turns due to voltage constraints. Consequently, the resistance per phase is higher for the machine with p = 2, which explains its high joule losses. Joule losses are very predominant at point 1; this explains why the machine with p = 2 has high losses at point 1. Iron losses being the majority at point 2, the machine with p = 4 has the highest losses at point 2.



For NT, the machines with p = 2, p = 3, and p = 4 have 4, 3, and 2 turns, respectively, higher than CT-based machines because of more compact machines. Thanks to a high current density, a small amount of copper surface area is required to reach the same ampere-turns, which, added to an increased number of turns, leads to high resistance per phase. The current being of the same order of magnitude between machines of both technologies, joules losses are therefore higher for NT-based machines. Hence, losses at point 1, composed mainly of joules losses, are higher than CT-based machines. However, losses at point 2 are lower thanks to thinner laminations, which remarkably reduce iron losses. The high number of turns can also help minimize iron losses [40]. Indeed, although magnet flux increases as a function of the number of turns, the inductance increases as a function of the square of the number of turns, therefore, allowing the reduction of flux generated by the rotation of rotor/magnets. The machine with p = 3 has a current density at point 1 of 26.2 Arms/mm², lower than other machines because of the current limitation.



The 0.2 mm thickness laminations chosen by AVL drastically reduce iron losses. Little information is provided regarding the current density used by AVL. However, since the cooling system consists of injecting oil into the closed slots of the stator, the current density is necessarily higher than the usual value of 15 Arms/mm². Therefore, AVL’s machine can be considered an NT-based machine.



For CT, the machine with p = 3 has the highest power density (27.8 kW/L), the lowest amount of magnets (12.9 g/kW) and copper (48.5 g/kW), and the highest efficiency at point 1 (96.4%). The machine with p = 4 has the lowest power density (24.8 kW/L), high efficiency, and a medium amount of magnets (15.6 g/kW) and copper (57.1 g/kW). The machine with p = 2 has a low power density (25.2 kW/L), a high amount of magnets (18.9 g/kW) and copper (60.1 g/kW), and good efficiency. Thus, the CT-based machine with p = 3 is the best candidate.



For NT, the machine with p = 4 has the highest power density (57.7 kW/L), good efficiency, the lowest amount of copper (22.3 g/kW), and the highest amount of magnets (12.5g/kW). The machine with p = 3 has the lowest power density (48.1 kW/L), unlike the CT-based machine with p = 3. Its main advantage is the high efficiency and the low amount of magnets (7.9 g/kW). The machine with p = 2 has a medium power density (53.4 kW/L), a medium amount of magnets (10.6 g/kW) and copper (30.1 g/kW), and a low efficiency at point 1. Thus, for NT-based machines, the machine with p = 4 represents a reasonable compromise, followed by the machine with p = 2. The advantages of the machine with p = 3 are the low amount of magnets (7.9 g/kW) and the excellent efficiency. This can explain AVL’s choice of tree pole pairs for its designed NT-based V-shaped IPMSM. AVL’s machine and the optimized NT-based machine with p = 3 have power density equal to 45.5 kW/L and 48.12 kW/L, respectively. The high fill factor used for the optimized machine in this work can explain this slight difference. Further, AVL’s machine has closed slots, which allows for reducing harmonics losses and, therefore, the use of a 0.7 mm air gap length lower than Tesla Model 3′s machine. The information concerning the winding’s configuration has not been provided by AVL; however, given the maximum current value of 525 A and the high DC voltage of 800 V, the winding is probably in series, similar to the optimized machines.




5.4. Maximum Rotation Speed    Ω  m a x   = 40,000   rpm


Figure 14 represents the Pareto front of machines using both classical and new technologies operating at    Ω  m a x   = 40,000   rpm   with p = 2, 3, and 4.



For classic technologies, machines with p = 4 have medium losses at point 1 (3.1–3.3 kW), high losses at point 2 (7.5–8.2 kW), and high mass (25.5–26.4 kg). Machines with p = 3 have high losses at point 1 (3.7–4.2 kW), low losses at point 2 (4.6–5.7 kW), and high mass (25–27.5 kg). Machines with p = 2 have low losses at point 1 (2.6–4 kW), medium and high losses at point 2 (5.4–8.8 kW), and low mass (19.8–25 kg). Its losses at points 1 and 2 vary over a wide range of values. They can be separated into two groups: a first group where the losses at point 1 are high and the losses at point 2 are low and a second group where the losses at point 1 are low and the losses at point 2 are high. Machines with p = 2 are the best candidates in terms of mass.



For new technologies, machines with p = 4 have high losses at point 1 (6.45–7.25 kW), high losses at point 2 (4.5–4.8 kW), and low mass (8.8–9.4 kg). Machines with p = 3 have low losses at point 1 (5.8–6.35 kW), low losses at point 2 (3.2–3.5 kW), and medium mass (10.3–11.1 kg). Machines with p = 2 have low losses at point 1 (5.4–6.4 kW), low losses at point 2 (3.2–3.9 kW), and high mass (13–14.4 kg). Machines with p = 4 have the lowest mass, but the machines with p = 3 can be considered the best compromise in terms of mass and efficiency.



In the following, we select the machine with the best power density for each pole pairs and each technology type. These selected machines are represented in Figure 15, and their characteristics are listed in Table 8.



For classic technologies, the machine with p = 2 has the highest power density (30.3 kW/L), unlike previous values of maximum rotational speed for CT-based machines, with excellent efficiency at point 1 (96.9%) and medium efficiency at point 2 (92.6%). Its main disadvantages compared to other pole pairs are the highest amount of copper (42.6 g/kW) and magnets (13.4 g/kW). The machine with p = 4 has low power density (25.5 kW/L), good efficiency at point 1 (96.8%), low efficiency at point 2 (93%), the lowest amount of copper (32.4 g/kW), and high amount of magnets (12.7 g/kW). To respect the voltage constraint, the machine with p = 4 has one turn, resulting in a low magnet flux. The current density is limited to 14.2 Arms/mm² because of the current reaching its maximal value defined in specifications. The low number of turns leads to a low magnet flux and ampere-turns; hence, the optimization chooses a higher active length to achieve the required torque. The maximum active length initially defined as 200 mm has been increased to 210 mm for machines with p = 4 to reach the required torque. This results in a larger machine and, therefore, lower power density. With a single turn, the resistance per phase is low, which results in lower joule losses (2 kW at point 1). The latter is dominant at low speed; therefore, total losses at point 1 of the machines with p = 4 are low. Moreover, a small number of turns induces more iron losses [40] at point 1 (1 kW) and point 2 (4.6 kW). The latter being dominant at high speed explains the high total losses at point 2 for the machine with p = 4. The machine with p = 3 has low power density (25kW/L), good efficiency at point 1 (96.3%) and point 2 (95.3%), a medium amount of magnets (11.6 g/kW), and a high amount of copper (43.3 g/kW). It has two turns, which allows more ampere-turns. Therefore, the optimization slightly increases the current density to 14.4 Arms/mm2 and increases the slot’s surface thanks to the high outer radii of the stator. Furthermore, a higher number of turns means a higher resistance per phase and, therefore, higher joule losses (2.8 kW at point 1). The latter being dominant at low speed, total losses at point 1 of the machine with p = 3 are therefore high.



In order to design a machine, it is usual to choose a high number of pole pairs to reduce the volume of the machine. However, this conventional technique cannot be applied at high speed due to the limitations of the number of turns related to voltage constraints. Indeed, the results above show that the CT-based machine with p = 2 has the highest power density, contrary to the previous values of maximum rotational speed for CT-based machines.



For NT-based machines, the machine with p = 4 has the highest power density (68.2 kW/L) with the lowest amount of magnets (6 g/kW). It has the highest joule losses at point 1 (6.4 kW), unlike the previous values of maximum rotational speed for NT-based machines. Its iron losses (1.8 kW at point 2) are also high, which explains the lowest efficiency at point 1 (93.6%) and point 2 (95.7%). It has the lowest mass, unlike the CT-based machine with p = 4. This can be explained by the absence of the previously mentioned limitations thanks to a more compact machine and hence, a higher number of turns (two compared to one for CT-based machine), which no longer requires a high active length to reach the required torque. Once the limitations are lifted, thanks to the use of new technologies, increasing the number of pairs of poles leads to less voluminous machines. The machine with p = 2 is not optimal due to a low power density (52 kW/L) and high amount of magnets (8.9g/kW) despite its high efficiency at point 1 (94.2%) and point 2 (96.6%). The machine with p = 3 has a medium power density (63.9 kW/L) and high efficiency at points 1 (94.2%) and 2 (96.8%). However, its major drawback is the high amount of magnets (9.4 g/kW). Due to the current limitation, it has a high active length, allowing reaching the required torque. For NT, both machines with p = 3 and p = 4 can be considered a good compromise between the efficiency and the magnet’s amount. Although the amount of magnets is higher for the former, it is possible to reduce their cost. To do this, we can apply the solution proposed by AVL consisting of using magnets without rare earth, namely dysprosium (Dy) and terbium (Tb). Therefore, it is essential to perform a fine thermal analysis of the machine and to design new cooling techniques to avoid the demagnetization of the magnets.




5.5. Comparisons and Conclusions


Figure 16 represents the performances and characteristics of the optimal machines previously selected for each pole pairs, maximum rotational speed, and technology type. These characteristics are the power density, the efficiency at points 1 and 2, and the amount of magnets and copper. We notice that the power densities reached at    Ω  m a x   = 40,000   rpm   using classic technologies are of the same order of magnitude as the power densities reached at    Ω  m a x   = 15,000   rpm   using new technologies. Thus, to achieve high power density while avoiding problems related to bearings limitations and vibrations at high speed, it is preferable to use new technologies with a maximum rotational speed    Ω  m a x     up to   20,000   rpm  . Further, the machine    M  3 − 20 − N T     allows 57% volume reduction compared to the machine currently used in the Peugeot e208. This achievement matches the Europe Union’s ambitions of reducing machines' raw materials [41]. However, the density of losses in these compact machines increases considerably due to the high fill factor and current density. Therefore, future work needs to be conducted on innovative cooling techniques to evacuate generated losses.



New technologies allow more compact machines, reducing the amount of copper and magnets. The efficiency at point 1 is often reduced with the use of NT because of higher joule losses due to a higher resistance per phase. Indeed, a small copper’s surface is needed thanks to high current density. However, the efficiency at point 2 is improved with the use of NT thanks to a significant reduction of iron losses due to the use of thinner laminations. The high number of turns of some NT-based machines also contributes to reducing iron losses.



For CT-based machines, the number of pole pairs allowing the highest power density decreases when increasing the maximum rotational speed, as shown in Figure 16. At    Ω  m a x   = 15,000   rpm  , the machine with p = 4 is the best candidate in terms of power density (18.9 kW/L). At    Ω  m a x   = 20,000   rpm  , the machine with p = 3 is the best candidate in terms of power density (20.9 kW/L), closely followed by the machine with p = 4 (19.77 kW/L). The latter can be chosen given its low amount of magnets (20.14 g/kW) compared to the machine with p = 3 (25.35 g/kW). At    Ω  m a x   = 30,000   rpm  , the machine with p = 3 is by far the best candidate thanks to its high power density (27.84 kW/L), low amount of magnets (12.93g/kW), low amount of copper (48.52 g/kW), and high efficiency at point 1 (96.39%) and point 2 (94.42%). At    Ω  m a x   = 40,000   rpm  , the machine with p = 2 has the best power density, reaching 30.28 kW/L; an amount of magnets, 13.37g/kW, slightly higher than other machines; and a low efficiency at point 2 of 92.57%. As mentioned previously, the number of pole pairs is usually considered when choosing a machine with low volume. However, this property is not valid at high speed with the use of classic technologies, given the constraints and limitations due to the low number of turns and voltage constraints. Therefore, the number of pole pairs is not always a key parameter when selecting a machine with the highest power density at high speed when using classic technologies.



For NT-based machines, the number of pole pairs allowing the highest power density increases when increasing maximum rotational speed, contrarily to CT-based machines. At    Ω  m a x   = 15,000   rpm  , the machine with p = 3 is the optimal choice, reaching a high power density of 32.73 kW/L despite a low efficiency at point 1 (92.18%) and a high amount of magnets (24.64 g/kW). At    Ω  m a x   = 20,000   rpm  , the machine with p = 3 has the best power density reaching 42.14 kW/L, a high amount of magnet (21.52 g/kW), and a low efficiency at point 1 (92.57%) and point 2 (95.17 %). At this speed, the machine with p = 4 can represent a good compromise with a lower power density of 36.47 kW/L but a better efficiency at points 1 (94.26%) and 2 (96.24%) and a very low amount of magnets (12.3 g/kW). At    Ω  m a x   = 30,000   rpm  , the machine with p = 4 is the optimal choice reaching a high power density of 57.71 kW/L, good efficiency at point 1 (94%) and point 2 (96%), and a low amount of copper (22.34 g/kW) despite a high amount of magnets (12.5 g/kW) compared to machines with p = 2 and p = 3. At    Ω  m a x   = 40,000   rpm  , the machine with p = 4 is the optimal choice with a high power density reaching 68.15 kW/L and a very low amount of magnets (6 g/kW). Its only drawback is the low efficiency at points 1 (93.6%) and 2 (95.7%).



Figure 17 represents the optimized machines operating at the maximum rotational speed    Ω  m a x   = 15,000   rpm   and    Ω  m a x   = 20,000   rpm  , as well as other machines used in the automotive industry in the graph maximum speed–power density. Figure 18 represents the same machines in the graph maximum speed–quantity of magnets per power.



Current ball bearings used in automobiles operate up to 20,000 rpm. Given this limitation, it is preferable to keep the maximum rotational speed below this limit, as recommended by the US Drive 2025 project, and to use new technologies to design a machine with high power density, which allows for avoiding problems related to bearings and vibrations. For this purpose, the machine with p = 3 is the best candidate achieving a power density of 42.14 kW/L, getting close to 50 kW/L, the objective fixed in the US Drive 2025 project. The gray dashed line in Figure 17 describes the correlation between power density and speed for existing and optimized electric machines. This evident and high correlation means increasing power is mainly done by increasing speed. The same observation is obtained with the gray dashed line in Figure 18, which represents the correlation between the amount of magnets and speed. Based on this correlation, decreasing the amount of magnets is mainly done by increasing speed. Machines near the dashed line in both graphs use new technologies, which means that the use of new technologies also helps increase the power density and decreases the amount of magnets. As mentioned before, it is possible to further improve power density and minimize magnets amount by increasing the DC voltage, equal to 500 V, in our work. New cooling techniques must be designed to evacuate significant losses generated in NT-based machines, such as oil spray on the end-windings region or oil injection into the stator slots, solutions adopted by Telsa and AVL [23]. The use of new technologies allows for reducing the amount of magnets (Figure 18) and, therefore, the cost of the machine. As mentioned previously, it is possible to further reduce the cost of the machine by using magnets without rare earth materials such as dysprosium (Dy) and terbium (Tb), a solution proposed by AVL [23]. In order to do so, it is essential to guarantee the good cooling of the machine to avoid the demagnetization of the magnets. A fine thermal analysis of the machine must therefore be carried out to achieve a high power density with a reasonable price, which would meet the ambitious objectives of the US Drive 2025 project in terms of power density (50 kW/L) and price of the machine (USD 3/kW).





6. Conclusions


In this work, one single V-shaped IPMSM is optimized based on similar specifications of the Peugeot e208′s machine. Results show that this machine achieves the required performances for electric vehicles for maximum rotational speed up to 40,000 rpm. Achieved performances show that, to obtain high power density, it is worth using new technologies and keeping the speed below 20,000 rpm to avoid problems related to the bearings' speed limitation and vibrations. Therefore, efforts must be made on the design of advanced cooling techniques, which require a fine thermal analysis of the machine. Besides, this will also prevent designing a gearbox with a very high transmission ratio. It is important to note that the optimal choice of the number of pole pairs allowing the lowest volume of the machine mainly depends on the maximum rotational speed and the technologies used. Losses due to circulating currents were not included in the optimization process. One solution that can be proposed to mitigate this effect is using a skewed stator or rotor. Future work will be focused on this solution and thermal analysis of machines with high power density.
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Figure 1. One pole of single-layer V-shaped IPMSM. 






Figure 1. One pole of single-layer V-shaped IPMSM.



[image: Machines 11 00057 g001]







[image: Machines 11 00057 g002 550] 





Figure 2. (a) Slot filled with real conductors used for DFEA model; (b) equivalent slot uniformly filled with conductor material and virtually placed conductors used for SFEA model. 
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Figure 3. 2D grid on the slot. 
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Figure 4. Geometry of the machine used for (a) SFEA model and (b) DFEA model. 
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Figure 5. Nearest grid’s node to the center of the virtual conductor. 
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Figure 6. Operating points used for optimization. 
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Figure 7. Flowchart of multiphysics design optimization methodology of high-speed machine. 
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Figure 8. Pareto front of all electric machines operating at    Ω  m a x   = 15,000    rpm   . 
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Figure 9. (a)    M  15 − 2 − C T  *   , (b)    M  15 − 3 − C T  *   , (c)    M  15 − 4 − C T  *   , (d)    M  15 − 2 − N T  *   , (e)    M  15 − 3 − N T  *   , (f)    M  15 − 4 − N T  *   , (g) Machine used in Peugeot e208. 






Figure 9. (a)    M  15 − 2 − C T  *   , (b)    M  15 − 3 − C T  *   , (c)    M  15 − 4 − C T  *   , (d)    M  15 − 2 − N T  *   , (e)    M  15 − 3 − N T  *   , (f)    M  15 − 4 − N T  *   , (g) Machine used in Peugeot e208.



[image: Machines 11 00057 g009]







[image: Machines 11 00057 g010 550] 





Figure 10. Pareto front of all electric machines operating at    Ω  m a x   = 20,000   rpm  . 
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Figure 11. (a)    M  20 − 2 − C T  *   , (b)    M  20 − 3 − C T  *   , (c)    M  20 − 4 − C T  *   , (d)    M  20 − 2 − N T  *   , (e)    M  20 − 3 − N T  *   , (f)    M  20 − 4 − N T  *   , (g) Machine used in Tesla Model 3. 
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Figure 12. Pareto front of all electric machines operating at    Ω  m a x   = 30,000   rpm  . 
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Figure 13. (a)    M  30 − 2 − C T  *   , (b)    M  30 − 3 − C T  *   , (c)    M  30 − 4 − C T  *   , (d)    M  30 − 2 − N T  *   , (e)    M  30 − 3 − N T  *   , (f)    M  30 − 4 − N T  *   . 
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Figure 14. Pareto front of all electric machines operating at    Ω  m a x   = 40,000   rpm  . 
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Figure 15. (a)    M  40 − 2 − C T  *   , (b)    M  40 − 3 − C T  *   , (c)    M  40 − 4 − C T  *   , (d)    M  40 − 2 − N T  *   , (e)    M  40 − 3 − N T  *   , (f)    M  40 − 4 − N T  *   . 






Figure 15. (a)    M  40 − 2 − C T  *   , (b)    M  40 − 3 − C T  *   , (c)    M  40 − 4 − C T  *   , (d)    M  40 − 2 − N T  *   , (e)    M  40 − 3 − N T  *   , (f)    M  40 − 4 − N T  *   .
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Figure 16. Characteristics of optimal CT-based machines: (a-1) Power density, (b-1) efficiency at points 1 and 2, (c-1) quantity of magnets, (d-1) quantity of copper; and Characteristics of optimal NT-based machines: (a-2) Power density, (b-2) efficiency at points 1 and 2, (c-2) quantity of magnets, (d-2) quantity of copper. 
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Figure 17. Maximum rotational speed vs. power density for optimal machines and other machines used in hybrid electric vehicles (HEV). 






Figure 17. Maximum rotational speed vs. power density for optimal machines and other machines used in hybrid electric vehicles (HEV).



[image: Machines 11 00057 g017]







[image: Machines 11 00057 g018 550] 





Figure 18. Maximum rotational speed vs. quantity of magnets per power for optimal machines and other machines used in hybrid electric vehicles (HEV). 
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Table 1. Definitions of high-speed machines in the literature.
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	Definition
	Reference





	Definition 1
	“Every time rotational speed occurs as a major constraint, either directly or indirectly, in the conception and design of the electric machine, we are referring to a high-speed machine”
	[28]



	Definition 2
	   150    m  / s <  V p    
	[26]



	Definition 3
	   100    m  / s <  V p  < 250    m  / s   
	[29]



	Definition 4
	  Ω > 10,000    rpm    &    D Ω  >   10  5   
	[25]










[image: Table] 





Table 2. Geometric parameter of single-layer V-shaped IPMSM.
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Electric Machine

	
Parameters






	
Stator

	
Slot

	
5 parameters *




	
Outer radius

	
    R  o u t , s     




	
Inner radius

	
    R  i n n , s     




	
Rotor

	
PM

	
5 parameters *




	
Air holes (near PM)

	
5 parameters *




	
Air gap length

	
  δ  




	
Outer radius

	
    R  o u t , r   =  R  i n n , s   − δ   




	
Inner radius

	
    R  i n n , r     




	
Active Length

	
    l  a c t     




	
Operating Point    P i   

	
Current density

	
    J i    




	
Control angle

	
    ψ i    








* Parameters of slot, PM, and air holes can be found in [24].
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Table 3. Electric vehicle specifications of electric machine optimization.
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Quantity

	
Value






	
Maximum Power:    P  m a x    (  kW  )   

	
   100   




	
Flux Weakening Ratio:    k Ω   

	
  4  




	
Maximum Rotational Speed:    Ω  m a x    (  r p m  )   

	
   15,000   




	
   20,000   




	
   30,000   




	
   40,000   




	
Torque at Point 1:    T  P 1    (  N . m  )   

	
-




	
Torque at Point 2:    T  P 2    (  N . m  )   

	
-




	
Maximum Torque Ripple at Point 1 (%)

	
30




	
Maximum Torque Ripple at Point 2 (%)

	
50




	
Number of Pole Pair:  p 

	
2

3

4




	
Fill Factor    K  f i l l    (%)

	
45

65




	
Lamination Thickness   T  h  l a m    (  m m  )   

	
0.35

0.25




	
Remanent Flux Density of PM:    B r   ( T )   

	
1.2




	
Maximum Current Density:    J  m a x    (  A r m s / m m ²  )   

	
15

33




	
Number of Slots per Pole per Phase: spp

	
2




	
Air Gap Length (mm)

	
0.7




	
   DC   Voltage :    V  D C    ( V )    

	
500




	
Maximum Current per Phase:    I  p h − m a x    (  A r m s  )   

	
445




	
Windings

	
Distributed—Series




	
Yield Strength (MPa)

	
400
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Table 4. Parameters value of both classic and new technologies.
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Parameter

	
Type of Technology




	
Classic Technologies

	
New Technologies






	
Fill Factor

	
45%

	
65%




	
Maximum Current Density

	
15 Arms/mm²

	
33 Arms/mm²




	
Lamination Thickness

	
0.35 mm

	
0.25 mm
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Table 5. Performances and characteristics of optimal machines operating at    Ω  m a x   = 15,000   rpm   and machine used in Peugeot e208.
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	      M   15 − 2 −  C T   *     
	      M   15 − 3 −  C T   *     
	      M   15 − 4 −  C T   *     
	      M   15 − 2 −  N T   *     
	      M   15 − 3 −  N T   *     
	      M   15 − 4 −  N T   *     
	Peugeot

e208





	   p   
	2
	3
	4
	2
	3
	4
	4



	     P    m a x     (   k W   )    
	100
	100
	100
	100
	100
	100
	100



	     Ω    m a x     (   r p m   )    
	15,000
	15,000
	15,000
	15,000
	15 000
	15,000
	14,000



	     P    v o l     (   k W  /  L   )    
	15.5
	16.3
	18.9
	24.4
	32.7
	28.8
	18



	PM/P
	28.9
	26.8
	31
	19.8
	24.6
	16.8
	18



	Copp/P
	92
	79.8
	68.6
	42.2
	33.2
	30.4
	-



	     R    o u t  −  s      
	95.3
	97.6
	89.2
	79.3
	74.3
	82.2
	95



	     L    a c t      
	189
	176.8
	190.4
	182.7
	162.2
	152.9
	175



	    T    h    l a m      
	0.35
	0.35
	0.35
	0.25
	0.25
	0.25
	0.35



	     K    f i l l      
	45
	45
	45
	65
	65
	65
	~65



	     J    m a x      
	15
	15
	15
	33
	33
	33
	16



	     I    p h  −  m a x      
	445
	445
	445
	445
	445
	445
	370



	     V    D C      
	500
	500
	500
	500
	500
	500
	350



	Type of winding
	DSW
	DSW
	DSW
	DSW
	DSW
	DSW
	DHW



	     I  1  ,     I  2    
	380/199
	407/234
	435/257
	407/195
	428/229
	429/215
	-



	     J  1  ,     J  2    
	14.3/7.5
	14/8.1
	14/8.3
	31.7/15.2
	31/16.6
	27.2/13.9
	-



	     N    t u r n s      
	5
	3
	2
	5
	3
	2
	4



	     R    p h      
	13
	8.6
	6.7
	22.3
	15.1
	11.1
	



	    n s h    
	39
	50
	47
	52
	65
	70
	1



	     d    s h      
	0.9
	0.85
	0.9
	0.56
	0.52
	0.53
	-



	     η  1  ,     η  2    
	94.4/95.2
	95.5/95.9
	95.9/96
	89.9/96.7
	92.2/96.6
	94.3/96.8
	-



	     P    J  − 1   ,     P    J  − 2     
	5655/1559
	4294/1421
	3801/1332
	11,109/2552
	8345/2392
	5845/1537
	-



	     P    I  − 1   ,     P    I  − 2     
	270/2758
	344/1627
	435/1978
	159/545
	193/686
	263/1074
	-



	     P    A C  − 1   ,     P    A C  − 2     
	27/85
	25/140
	55/372
	9/40
	9/44
	12/41
	-



	     P    M  − 1   ,     P    M  − 2     
	35/637
	45.6/862
	34/610
	18/300
	23/390
	38/727
	-
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Table 6. Performances and characteristics of optimal machines operating at    Ω  m a x   = 20,000   rpm   and machine used in Tesla Model 3.






Table 6. Performances and characteristics of optimal machines operating at    Ω  m a x   = 20,000   rpm   and machine used in Tesla Model 3.















	
	      M   20 − 2 −  C T   *     
	      M   20 − 3 −  C T   *     
	      M   20 − 4 −  C T   *     
	      M   20 − 2 −  N T   *     
	      M   20 − 3 −  N T   *     
	      M   20 − 4 −  N T   *     
	Tesla Model 3





	   p   
	2
	3
	4
	2
	3
	4
	3



	     P    m a x     (   k W   )    
	100
	100
	100
	100
	100
	100
	202



	     Ω    m a x     (   r p m   )    
	20,000
	20,000
	20,000
	20,000
	20,000
	20,000
	18,000



	     P    v o l     (   k W  /  L   )    
	15.7
	21
	19.8
	29
	42.1
	36.5
	37.5



	PM/P
	21.1
	25.4
	20.1
	16.5
	21.5
	12.3
	18



	Copp/P
	86.9
	53.3
	60.7
	39
	27.7
	32.9
	-



	     R    o u t  −  s      
	96.8
	83.2
	88.1
	71.2
	63.7
	68.8
	110.3



	     L    a c t      
	178.2
	197.7
	187.4
	194.2
	173.8
	173.2
	131



	    T    h    l a m      
	0.35
	0.35
	0.35
	0.25
	0.25
	0.25
	0.25



	     K    f i l l      
	45
	45
	45
	65
	65
	65
	45



	     J    m a x      
	15
	15
	15
	33
	33
	33
	33.7



	     I    p h  −  m a x      
	445
	445
	445
	445
	445
	445
	850



	     V    D C      
	500
	500
	500
	500
	500
	500
	350



	Type of winding
	DSW
	DSW
	DSW
	DSW
	DSW
	DSW
	DSW



	     I  1  ,     I  2    
	392/205
	442/235
	415/219
	412/205
	378/256
	419/219
	-



	     J  1  ,     J  2    
	12/6.3
	15/8
	12.8/6.7
	27.9/13.8
	33/22.3
	25.9/13.5
	-



	     N    t u r n s      
	4
	2
	2
	4
	3
	2
	15



	     R    p h      
	7.8
	5.8
	5.7
	15.5
	18
	10.9
	-



	    n s h    
	49
	50
	48
	67
	54
	89
	19



	     d    s h      
	1
	0.85
	1
	0.53
	0.52
	0.48
	0.75



	     η  1  ,     η  2    
	96.1/96.4
	96.3/96
	96.5/95.2
	92.5/96.9
	92.6/95.2
	94.3/96.3
	-



	     P    J  − 1   ,     P    J  − 2     
	3610/989
	3378/959
	2936/819
	7921/1956
	7828/3591
	5791/1583
	-



	     P    I  − 1   ,     P    I  − 2     
	438/1887
	468/2176
	584/3000
	215/807
	211/837
	289/1591
	-



	     P    A C  − 1   ,     P    A C  − 2     
	31/150
	29/133
	91/452
	12/45
	12/95
	18/77
	-



	     P    M  − 1   ,     P    M  − 2     
	39/742
	51/1010
	44/849
	26/474
	30/568
	43/835
	-
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Table 7. Performances and characteristics of optimal machines operating at    Ω  m a x   = 30,000   rpm   and machines designed by AVL [23].






Table 7. Performances and characteristics of optimal machines operating at    Ω  m a x   = 30,000   rpm   and machines designed by AVL [23].















	
	      M   30 − 2 −  C T   *     
	      M   30 − 3 −  C T   *     
	      M   30 − 4 −  C T   *     
	      M   30 − 2 −  N T   *     
	      M   30 − 3 −  N T   *     
	      M   30 − 4 −  N T   *     
	AVL [23]





	   p   
	2
	3
	4
	2
	3
	4
	3



	     P    m a x     (   k W   )    
	100
	100
	100
	100
	100
	100
	150



	     Ω    m a x     (   r p m   )    
	30,000
	30,000
	30,000
	30,000
	30,000
	30,000
	30,000



	     P    v o l     (   k W  /  L   )    
	25.2
	27.8
	24.8
	53.4
	48.1
	57.7
	45.5



	PM/P
	18.9
	12.9
	15.6
	10.6
	7.9
	12.5
	-



	Copp/P
	60.1
	48.5
	57.1
	30.1
	34
	22.3
	-



	     R    o u t  −  s      
	74.7
	72.5
	87.2
	54
	63.6
	54.4
	75



	     L    a c t      
	196
	197
	146.6
	188
	151.2
	179.2
	175



	    T    h    l a m      
	0.35
	0.35
	0.35
	0.25
	0.25
	0.25
	0.2



	     K    f i l l      
	45
	45
	45
	65
	65
	65
	-



	     J    m a x      
	15
	15
	15
	33
	33
	33
	>15



	     I    p h  −  m a x      

    (   A r m s   )    
	445
	445
	445
	445
	445
	445
	525



	     V    D C     (  V  )    
	500
	500
	500
	500
	500
	500
	800



	Type of winding
	DSW
	DSW
	DSW
	DSW
	DSW
	DSW
	DSW



	     I  1  ,     I  2    
	444/212
	421/209
	439/214
	414/196
	423/193
	371/217
	-



	     J  1  ,     J  2    
	14.5/6.9
	15/7.4
	13.6/6.6
	32.1/15.2
	26.2/12
	32/18.7
	-



	     N    t u r n s      
	3
	2
	2
	4
	3
	2
	-



	     R    p h      
	5.88
	5.72
	5.35
	16.2
	11.47
	14.6
	-



	    n s h    
	47
	48
	48
	60
	89
	59
	-



	     d    s h      
	0.9
	0.85
	0.9
	0.52
	0.48
	0.5
	-



	     η  1  ,     η  2    
	96.2/96.1
	96.4/94.4
	96/94.3
	92.2/96.6
	94/96.8
	94.1/96.1
	92/93



	     P    J  − 1   ,     P    J  − 2     
	3480/792
	3053/751
	3100/734
	8333/1874
	6168/1286
	6040/2073
	-



	     P    I  − 1   ,     P    I  − 2     
	447/1989
	613/3619
	874/3182
	186/1111
	288/1156
	288/1092
	-



	     P    A C  − 1   ,     P    A C  − 2     
	33/120
	75/263
	171/756
	16/51
	26/95
	38/224
	-



	     P    M  − 1   ,     P    M  − 2     
	56/1150
	70/1487
	70/1571
	32/605
	39/792
	41/829
	-
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Table 8. Performances and characteristics of optimal machines operating at    Ω  m a x   = 40,000   rpm  .






Table 8. Performances and characteristics of optimal machines operating at    Ω  m a x   = 40,000   rpm  .














	
	      M   40 − 2 −  C T   *     
	      M   40 − 3 −  C T   *     
	      M   40 − 4 −  C T   *     
	      M   40 − 2 −  N T   *     
	      M   40 − 3 −  N T   *     
	      M   40 − 4 −  N T   *     





	   p   
	2
	3
	4
	2
	3
	4



	     P    m a x     (   k W   )    
	100
	100
	100
	100
	100
	100



	     Ω    m a x     (   r p m   )    
	40,000
	40,000
	40,000
	40,000
	40,000
	40,000



	     P    v o l     (   k W  /  L   )    
	30.3
	25
	25.5
	52
	63.9
	68.2



	PM/P
	13.4
	11.6
	12.7
	8.9
	9.4
	6



	Copp/P
	42.6
	43.3
	32.4
	21.7
	21.8
	23



	     R    o u t  −  s      
	74.5
	80
	75
	58.5
	50
	52.2



	     L    a c t      
	158.6
	183.6
	210
	162.8
	188.3
	163.5



	    T    h    l a m      
	0.35
	0.35
	0.35
	0.25
	0.25
	0.25



	     K    f i l l      
	45
	45
	45
	65
	65
	65



	     J    m a x      
	15
	15
	15
	33
	33
	33



	     I    p h  −  m a x      
	445
	445
	445
	445
	445
	445



	     V    D C     (  V  )    
	500
	500
	500
	500
	500
	500



	Type of winding
	DSW
	DSW
	DSW
	DSW
	DSW
	DSW



	     I  1  ,     I  2    
	370/256
	423/215
	443/224
	429/208
	445/194
	423/195



	     J  1  ,     J  2    
	14/9.7
	14.4/7.3
	14.2/7.2
	32/15.5
	31.7/13.9
	32.4/15



	     N    t u r n s      
	3
	2
	1
	3
	2
	2



	     R    p h      
	6.4
	5.3
	3.4
	10.6
	9.8
	11.9



	    n s h    
	38
	47
	45
	74
	77
	72



	     d    s h      
	0.9
	0.85
	0.9
	0.48
	0.48
	0.48



	     η  1  ,     η  2    
	96.9/92.6
	96.3/95.3
	96.8/93
	94.2/96.6
	94.2/96.8
	93.6/95.7



	     P    J  − 1   ,     P    J  − 2     
	2620/1256
	2880/743
	2026/518
	5858/1376
	5802/1112
	6394/1361



	     P    I  − 1   ,     P    I  − 2     
	520/5156
	895/2758
	1072/4668
	303/1076
	364/1036
	449/1788



	     P    A C  − 1   ,     P    A C  − 2     
	54/462
	121/590
	123/572
	17/65
	36/135
	80/341



	     P    M  − 1   ,     P    M  − 2     
	77/1768
	58/1248
	89/2000
	49/1067
	49/1028
	49/1062
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