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Abstract

:

This contribution discusses the degrees of freedom that could be advantageously exploited in the conception of permanent magnet (PM) machines in the context of very demanding applications, such as electrical vehicle traction. The aim is to inventory degrees of freedom identified in scientific and technical literatures. Identifying these additional degrees of freedom will help positively respond to highly constrained design problems, which are appearing due to the higher usage of electrical energy in many industrial and consumer products. The goal is also to stimulate new ideas in the design of PM synchronous machines.
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1. Introduction


Due to their attractive features, permanent magnet (PM) synchronous machines are being designed and used in several demanding applications, such as electrical traction (Toyota Prius [1], AGV Alstom [2]) (Figure 1) or renewable energy power conversion [3,4,5,6] (Figure 2).



In this contribution, techniques helping to improve the performance of PM synchronous machines, from a conceptual point of view, are reviewed. These techniques help increase the number of degrees of freedom in the design of PM synchronous machines (PMSM). These additional degrees of freedom allow PMSM to easily respond to demanding applications.



Figure 3 shows the general approach used in engineering when conceiving or designing an object [7,8]. It is an iterative process, especially when the specifications are not clearly established. The degrees of freedom, quoted in this contribution, should be understood as the techniques that can be advantageously exploited in order to improve the conception of an object, which corresponds to the outer loop in the design model presented in Figure 3b.



The shift of our societies towards more sustainable uses of energy is an example of this process. Eco-design is also an illustration of this iterative process over a very long time scale. Indeed, fossil energies when first discovered were largely exploited, regardless of their drawbacks, which has become more visible nowadays. This fact has pushed our societies to try to find more sustainable or at least less harmful alternatives.



Main new techniques proposed in recent scientific and technical literatures [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82] are overviewed and discussed. Some are well established and have been studied for decades, while others may be more confidential [78,79]. Even if hybrid excited machines have been studied for more than two decades, their use in industrial applications is limited [21,22].



Along with interesting overviews proposed in the scientific literature [83,84,85,86], this contribution proposes to look at the design of permanent magnet synchronous machines from a conceptual point of view, where the quoted degrees of freedom are concepts and techniques that may be used in the conceptualization of new structures (Figure 3a).



Although main concepts discussed in this contribution have been mainly developed for radial field rotating synchronous machines (Figure 4a), rotating (Figure 4a,b) and linear (Figure 4c,d) synchronous machines can be both concerned with these concepts and techniques.



In the next section, Section 2, additional degrees of freedom are identified. Then, design techniques allowing the integration of these degrees of freedom in PMSM structures are discussed in Section 3. Different concepts are introduced and discussed. In Section 4, some original designs of PM synchronous machines are proposed. Finally, the conclusions are presented in Section 5.




2. Degrees of Freedom Identification


Equation (1) gives general components of electromagnetic torque in PMSM. Torque expression will help to identify the different degrees of freedom that could be integrated in the optimal design of PMSM.


  T =  T  P M   +  T  R e l u c .   +  T  C o g g i n g    



(1)







In most applications, the cogging torque is a source of torque ripple, which designers are trying to reduce or dismiss [87]. Torque components that may be used to improve machine performances and introduce additional degrees of freedom are the two other components: PM torque (TPM), and reluctance torque (TReluc.).



Figure 5 shows the general vector diagram of the main electrical quantities of PMSM. This diagram will be used in order to express the two useful torque components and explicate the design parameters that could be used in order to improve the PMSM performance.



2.1. PM Torque Component


The PM torque can be expressed as follows:


   T  P M   = p ⋅  Φ  e x c   ⋅ I ⋅ cos  ψ   



(2)







In this equation, two parameters can have an effect on the structural design of PMSM: p (number of pole pairs), and Φexc (excitation flux). Structures with additional degrees of freedom where these two parameters are exploited will be presented and discussed in next section. The two other parameters, I and ψ, are control parameters. The amplitude of armature current I is limited by thermal constraints or by PM demagnetization constraints.




2.2. Reluctance Torque Component


The reluctance torque, in classical PM synchronous machines, can be expressed as follows:


   T  R e l u c .   = p ⋅  L d  ⋅   ρ − 1   ⋅  I 2  ⋅   sin   2 ⋅ ψ    2   



(3)







In this equation, four parameters can have an effect on the structural design of PMSM: p (number of pole pairs), Ld (d axis inductance), ρ (saliency ratio), and an additional parameter β that can be added (4). Structures with additional degrees of freedom where these parameters are exploited will be presented and discussed in next section.


   T  R e l u c .   = p ⋅  L d  ⋅   ρ − 1   ⋅  I 2  ⋅   sin   2 ⋅   ψ − β      2   



(4)







β is an angle reflecting the reluctance axis shifting regarding classical d axis (excitation flux axis).



In order to explain this additional degree of freedom, the superposition theorem is used. If magnetic saturation is neglected, the PM synchronous machines, where the air-gap reluctance is variable, can be seen as composed of two machines:




	(1)

	
A non-salient PM machine;




	(2)

	
A synchronous reluctance machine.









The two machines share the same shaft and are supplied with the same armature currents. Two Park’s referential frames can then be defined (Figure 6):




	(1)

	
One for the non-salient PM machine (dPM, qPM);




	(2)

	
One for the synchronous reluctance machine (dReluc., qReluc.).









β is defined as the angle between the two referential frames (Figure 6). The non-salient PM machine referential is aligned with the global one (Figure 5).



It can then be shown that the reluctance torque component is given by Equation (4). The saliency ratio given in Equation (4) is defined as


  ρ =    L q     L d     



(5)







Techniques allowing the shift in the inductance axis with respect to the PM maximum flux axis are presented in following section.





3. Structures with Additional Degrees of Freedom


In this section, a review of PMSM structures where the additional degrees of freedom are exploited will be presented. The aim is to explore how these techniques can be combined in order to cope with highly constrained design problems such as electrical traction, where both high torque and high speed operations are required, or aeronautical applications where the needs are expected to reach power densities as high as 20 kW/Kg [9], or renewable energy conversion where high torque density generators are needed [10].



3.1. Pole Changing PM Machines


In these structures, the number of pole pairs can be varied [11,12]. The number of pole pairs can be changed between two values. This can be done whether by using low coercive field PM (Alnico PM) [11] (Figure 7) or hybrid excited rotors [12] (Figure 8). In these structures the excitation flux can also be varied.



Machines where low coercive PM are used, as a means of varying the number of poles or for controlling the excitation flux, were first proposed in [11]. The author proposed to call them “memory machines”. Figure 7, taken from [11], illustrates the principal of memory machines where the number of poles is changed. The low coercive PM magnetization can be continually varied by applying a short pulse of stator current.



The machine shown in Figure 7 was designed to replace induction machines used in applications requiring discrete speed control [11]. This discrete speed control is realized by changing the number of pole pairs. The pole pairs number change is obtained by reconnecting the armature phase windings accordingly, and a current pulse is used whether to demagnetize certain magnets or to inverse the polarity of some others, to switch from an eight pole (Figure 7a) to a six pole configuration (Figure 7b), or to reverse the process and come back to the initial number of poles. To do so, a small amount of stator current is required thanks to the use of low coercive force PM.



Figure 8 shows similar machines where the changes are realized thanks to excitation coils [12]. However, some differences with the previous solution do exist. While for the first configuration (Figure 7) the poles number change is discrete, the structures shown in Figure 8 allow through the excitation current control to insure a continuous control of the air-gap magnetic flux. These machines (Figure 8) can be qualified as hybrid excited machines, which are discussed in the following section.



The second difference lies in the application. The structure shown in Figure 7 is intended to be used in applications requiring discrete speed control, while the structures shown in Figure 8 are used as car alternators, which is a continuous variable speed application.




3.2. Hybrid Excited Synchronous Machines


In these structures, the excitation flux is created by the contribution of two sources: PM and excitation coils [13,14]. These structures have attractive features and are therefore studied by many research groups. They can be exploited to reduce the use of expensive PM, where rare earth materials are used. Due to their advantageous characteristics, this type of machine has been identified as one of the emerging technologies of modern energy conversion systems [15,16,17]. They have been the subject of many review papers [13,14,18].



Figure 8 shows two hybrid excited rotors. These structures combine, to a certain extent, advantages of wound field excited machines and PM machines. The presence of excitation coils allows the control of excitation flux and therefore eases high speed operations.



In addition to the flux control ability allowed by the use of these machines, another important degree of freedom is offered through the adjustment of the share of the two excitation sources [13], i.e., PM excitation and the wound field excitation. This share is defined using the so-called hybridization ratio α [13]. This parameter is defined as the ratio between the PM flux linkage ΦPM and the maximum total excitation flux linkage Φexc max (6).


  α =    Φ  P M      Φ  e x c    max       



(6)







The appropriate design of the hybridization ratio (proportions of PM and excitation coils) helps improve the energy efficiency. Figure 9 illustrates how it is possible to shift the higher efficiency zone toward the most frequently solicited operating area.



The efficiency map computation is based on the hybrid excited synchronous machines model presented in Figure 10 [13,19]. Both Joule loss, in the armature and excitation windings, and iron loss are considered. The mechanical loss is neglected, but it can be easily considered if required. The total losses are given by


   P  L o s s   =     R s  ⋅ (  i d 2  +  i q 2  ) +  R e  ⋅  I e 2   ︸    Joule   losses    +      (   v  0 d  2  +  v  0 q  2   )    R f     ︸    Iron   loss     



(7)







Figure 11 shows the algorithm on which the efficiency maps computation is based [13,19]. Figure 12 shows three examples of hybrid excited structures [13,20]. One of the hybrid excited synchronous structures that is attracting much attention in recent years is the flux switching hybrid excited structure (FSHES) [20]. Figure 12c shows an example of FSHES. It is a 2D structure [20].



As compared to classical PM machines, the addition of a supplemental wound field excitation circuit brings a certain complexity, which should be compensated by the benefit obtained during operation. Furthermore, the number of additional tasks that may be required for the manufacturing of these machines should not be that high. Figure 13 shows a photo of a rotor of a hybrid excited claw pole machine that is used as a starter/alternator for classical vehicles [21,22]. To date, this is the sole industrial application of such machines.




3.3. Variable Flux Memory Machines


The basic idea of variable flux memory machines (VFMM) was first proposed in [23]. As hybrid excitation machines, the goal is to control the air-gap magnetic field. It is based on the use of low coercive force permanent magnets in the rotor, whose magnetization is controlled by the d axis armature current. The torque is mainly produced using the q axis component, avoiding therefore the risk of permanent magnet demagnetization.



The basic idea is similar to the structure shown in Figure 7, but instead of changing the polarization of the low coercive force magnets, the intensity of their magnetization is varied (controlled). The structure shown in Figure 7 is qualified as a “pole-changing memory motor” (PCMM), and the one shown in Figure 14 is qualified as a “variable flux memory motor” (VFMM).



Figure 14 shows the original variable flux memory machine studied in [23]. Thanks to their trapezoidal shape, the PM parts that can be easily controlled are the parts close to the shaft. These parts offer a low reluctant path to magnetic flux as compared to these located at the rotor outer radius. The control of magnetization depends on the value of the d axis armature current used for that purpose. The author in [23] compared the use of ferrite and AlNiCo magnets, and obviously the AlNiCo magnets needed much less id current to control their magnetization as compared to ferrite magnets.



Many variable flux memory machines (VFMM) have been developed and studied since the concept was first proposed, and they are still researched intensively [24].




3.4. Machines with Mechanically Controllable Air-Gap Flux


The structures presented in this section suppose an external mechanical action in order to modify the air-gap magnetic flux. Interesting overviews of such structures can be found in [25,26]. The modification of air-gap flux is aimed at realizing a field weakening. The need for a mechanical actuation makes these structures more likely to be costly solutions as compared to more classical field weakening techniques.



The modification of air-gap magnetic flux can be done by modifying the air-gap thickness, as shown in Figure 15, for an axial field machine. Figure 16 shows a picture, taken from [27], where the field weakening is realized by modifying the machine active length (overlap length between the stator and the rotor). Figure 17 shows another example of mechanical field weakening, where one rotor portion is shifted regarding the other portion, under the same stator, in order to reduce total air-gap magnetic flux [28,29]. Figure 18 shows other examples of field weakening realized by short-circuiting the PM magnetic field [30,31]. Authors in the different contributions related to the mechanical field weakening are proposing more or less original ideas for the actuation systems. The controlling forces may be generated by mixing electromagnetic and mechanical designs parameters.



The need for complex systems in order to shift certain parts is likely to stop the development of such systems. This type of structures is not attracting as much attention as the previous solutions for the control of air-gap magnetic field. In addition to the additional design effort that has to be provided, as compared to the other solutions, the presence of additional devices is increasing the risk of faults.




3.5. Inductance Axis Shifted Machines


These structures have been recently introduced and studied [32,33,34,35,36]. Figure 19 shows examples of such structures. Angle β, defined in Section 2.2, is advantageously exploited in order to increase the total torque. Figure 20 illustrates how the additional degrees of freedom related to the angle β is exploited. In the case of a machine with a TReluc.Max = TPM Max/2, as long as the inductance axis shifting does not induce a change in this proportion, the total torque may be increased by nearly 16% by setting β = −45 elec. deg. The interesting features of this technique can be used to reduce the required PM volume if the total maximum torque is kept constant. In [34], the authors designed a machine based on the Toyota Prius specifications where this technique has been used. Their design seemed superior to the existing one.



Figure 21a shows a rotor of a structure, patented by an industrial company [35], where the addition of slits inside the V shaped PM rotor helped increase the total torque. More recently the authors of [36] have proposed an alternative structure (Figure 21b), where the slits are placed outside the V shaped magnets. It seems that they have further increased the torque.



Structures shown in Figure 19a and Figure 21 are 2D structures, while the structure shown in Figure 19b can be qualified as a 3D structure, since it combines two different rotors, distributed in the axial direction. In general, 2D structures are easier to manufacture compared to the 3D ones. Machines overviewed in [36] have mainly a 2D structure.




3.6. Machines with Magnetic Gearing Effect


Figure 22 shows an example of a machine with a gearing effect obtained thanks to the Vernier effect [37,38,39]. This type of machine is used in low speed, high torque applications. This machine has a single mechanical port [40,41].



Figure 23 shows other structures with gearing effects, which are in fact composed of PM synchronous machines associated with a magnetic gear (pseudo direct drives (PDDs)) [42]. These machines have two mechanical ports [40,41].



While the coupling between the electrical machine and the magnetic gear is done in the axial direction, for the structure shown in Figure 23a, they are both integrated in the same plane as for the structure shown in Figure 23b,c.



Structures with a gearing effect are also qualified as “flux modulation structures” [43]. These structures may be designed for transportation applications [40,44], as well as for low speed energy conversion (renewable energy conversion) [41,45].



It should be noticed that even if all the structures shown till now are rotating structures, all presented techniques are applicable to linear structures. As an example, Figure 24 shows a linear magnetic gear [46].



Vernier machines suffer, in general, from a low power factor that implies the need for high power rated converters in order to supply them. Moreover, the magnetic gears use a huge amount of PM volume, which implies costly devices. Furthermore, in order to have high performance magnetic gears, rare earth-based PM are used, which also poses the problem of availability [47]. This is why an important research effort is being conducted to find alternatives to rare earths components for high energy PM [47].




3.7. Passive Rotor PM Machines


Having a passive rotor, or moving armature in the case of linear machines, helps to ease the cooling of electrical machines. Indeed, having passive moving parts means that all magnetic field sources, which are responsible for most of the losses, are located in the stator and are therefore easier to cool. It is much easier and efficient to cool stationary parts than moving ones.



Efficient cooling allows for improvement in the electrical machine’s performances by pushing up the permissible electric loading compared to natural cooled machines. It also helps insure stable performance over time by limiting the temperature rise.



Another interesting feature of passive rotor machines is the possibility of operating at high speed without requiring a special rotor design. An interesting overview of passive rotor machines, or stator PM machines, is proposed in [48].



Figure 12c and Figure 22 show examples of such machines. They both are flux switching structures.



However, having all magnetic field sources grouped into one armature limits the volume of ferromagnetic material, and as a consequence the magnetic saturation effect becomes very important. The overload capability is then limited [49].



In order to solve this problem, some authors proposed partitioning the armature holding the magnetic field sources, often the stator, into two parts, which helps increase the volume allocable to ferromagnetic material, and reduce the magnetic saturation impact on the performance.



Figure 25 shows three examples from the scientific literature. Figure 25a shows a radial field rotating machine [50], while Figure 25b,c show examples of linear machines [51,52].



Nevertheless, doing so will complicate the cooling (two separated armatures have to be cooled), increase the volume of these structures, and complicate their manufacturability. Mechanical stiffness of such structures may also be a concern.




3.8. Line-Starting PM Machines


Adding a line-starting capability to PM machines helps broaden their application scope. Indeed, with the new regulations imposing the use of more efficient machines, researchers and engineers are looking to replace the induction machines, whenever possible, by the more efficient PM machines.



Figure 26 shows an example of a line-start PM machine (LSPM) [53]. The line-start capability is obtained by accommodating a squirrel-cage in the PM rotor. Interesting studies on line-starting PM machines can be found in [53,54,55,56,57,58]. These machines are still studied [59,60,61,62,63], in particular for replacing induction machines, which have lower efficiency.



In [59], the authors confirmed that there exists a competing relationship between power factor (PF) and inertia of the rotor. It is therefore necessary to find a compromise. In [60], the authors used a solid rotor along with a squirrel cage in order to improve the asynchronous starting torque. In [61], the authors used a magnetic equivalent circuit model in order to classify the line-start permanent-magnet motors according to their ability to synchronize. They performed a parametric study based on the mechanical and electromagnetic characteristics parameters of different LSPM machines. In [62], the authors confirmed the improvement of efficiency when using an LSPM machine as compared to a comparable induction machine. As in a previous contribution [62], authors of [63] obtained better performance when using a LSPM machine as compared to a comparable induction machine. The initial design they adopted was based on a commercial induction motor [63].



The main problem with these machines is the presence of squirrel cages that are subject to induced currents responsible for additional joule losses. Indeed, even if operating at the synchronous speed, the air-gap magnetic field contains harmonics that will induce currents in the squirrel cages.




3.9. Improved Use of the Available Space


Electrical machines exist in different topologies, such as radial field or axial field rotating machines, or plane or tubular linear machines (Figure 4).



Axial field rotating machines allow theoretically a better space usage as compared to radial field machines and have therefore higher torque density [64].



Some authors have proposed to combine the radial field and axial field topologies in order to improve the torque density [65,66,67,68].



Figure 27a,b show two structures studied in [67,68], respectively. While in [67], the authors used a special armature windings configuration allowing for the covering of both the axial and radial surfaces, in [68], two separated stators with their respective armature windings were used for the axial field part and the radial field part, respectively. In both contributions, the authors reported improvement of the power density of these structures as compared to classical ones.



The idea behind the better usage of available space is to increase the air-gap area within a given available volume. The force production is proportional to the air-gap area. The multi-air-gaps principal was formalized in [69,70], and has been used in order to increase the force (or torque) density in electrical machines by many researchers [71,72]. Figure 28 shows an example of a linear machine where this principle has been used to reach higher force densities [71].



The availability of isotropic magnetic materials with good mechanical and electromagnetic characteristics is limiting the development of these machines. In the structure studied in [67], the authors used SMCs (soft magnetic composites) and laminated materials. Mechanical stiffness is also an issue for these machines [73].




3.10. Mechanical Modularity and Integration


Integration is a way to increase the power density of engineering devices. The main idea is to integrate different functions, realized by separated devices or parts, much closer whenever it is possible. For electrical drives, different integration aspects are discussed in the scientific literature [74,75,76,77,78,79,80,81,82].



Integration is often discussed for electrical drives to bring closer the power electronics converters and the electrical machines [74,75]. An interesting overview of this type of integration is presented in [74]. This is due to the fact that for the main large consumer products, the power levels and corresponding torque (or force) density are not too high, which does not require one to also explore mechanical integration.



Nevertheless, with the shift of our societies toward better usage of energy, new applications are emerging, such as wind turbine generators or electrical airplanes, where high power density and/or torque (or force) density electrical machines are required. Mechanical integration then becomes an important issue.



For the wind turbine market, the actual tendency is to develop offshore wind farms. Wind turbines are installed offshore, and for an installed power, it is better to have few units with high power, instead of many lower power units [81]. This is due to accessibility of the offshore regions where the wind turbines farms are installed, which limits the maintenance possibilities. It is then better to reduce the number of units in order to reduce the maintenance needs.



This results in high power density and high torque density electrical generators, where mechanical modularity and integration should be given particular attention.



The mechanical modularity is important, because it helps reduce the maintenance costs. It is much easier to carry small, low weight parts.



Mechanical integration is also important, because in electrical machines designed for applications requiring high power density and high torque density, the so-called “non-active” parts mass can exceed the active parts mass [9,80]. It is then pertinent to integrate different parts insuring different functions together [77].



Figure 29 shows a concept that was proposed for a 10 MW wind turbine, where an integration of the electrical generator’s rotor with the wind turbine blades has been conceptualized [82].



In [77], the authors proposed to integrate the bearing, or guidance, function with the electrical generator rotor. They proposed a buoyant rotor structure.



Mechanical integration is also discussed in the scientific and technical literature for smaller machines [78,79]. In [78,79], the authors proposed integrating the bearing function in the air-gap of linear tubular machines. The authors in [79] performed this integration for a surface mounted tubular linear machine. They reported a mitigated impact on the performance.



This section highlights the importance of having a multidisciplinary approach when designing electrical machines. The mechanical aspects should be given particular attention.





4. Idea Stimulation


Figure 30, Figure 31 and Figure 32 propose structures where some of the previously described techniques are combined. Figure 30 presents a parallel hybrid excited PM machine with a shifted inductance axis rotor, and in Figure 31 is presented a series hybrid excited synchronous machine with line-starting capability. Figure 32 shows a conceptual view of a linear tubular flux switching machine, where the bearing function is integrated in the machine air-gap [88].



Along with the reviewed techniques related to the design of permanent magnet synchronous machines, important improvements in the performance of electrical machines can be sought from the development of high-performance materials [89]. SMCs (soft magnetic composites), if their electromagnetic and mechanical characteristics are improved [89,90,91], may be advantageously used, and new manufacturing techniques such as additive manufacturing [92,93,94] may also bring some added value to electrical machines, in particular the 3D structures, mainly for the reduction of manufacturing costs.



It is obvious that combining these different techniques will complicate the design and construction process of such structures as compared to more classical PM machines. Nevertheless, this drawback should be put into perspective with the much more complex IC engines. Indeed, considering the number of pieces required for the construction of even the simplest IC engine, the construction of even the most complex electric machine requires much less operations and simpler production lines.



The concepts presented in this section have not been realized yet, but there is nothing preventing these solutions from being fully operational. A prototype based on the concept of Figure 32 will be designed. The practical feasibility will be the subject of a future contribution.




5. Conclusions


An overview of degrees of freedom that may be advantageously exploited in the design of PM machines has been presented in this contribution. The main aim is to stimulate new ideas and technique combinations for broadening applications of PM synchronous machines and/or to ease their design in highly constrained applications.



While increasing the power density can be obtained by increasing the operating speed, the increase of torque (or force) density is more challenging. The combination of the different discussed concepts, along with the use of appropriate materials, is mandatory to obtain a significant increase of the torque (or force) density of PM synchronous machines.



Degrees of freedom discussed in this contribution are those that could be exploited at the conceptual level. Their adoption must be analyzed in light of their suitability regarding the application specifications. They are complementary to the optimization approaches used at the components level [95,96,97,98].



The combination of these degrees of freedom results in more complex structures, but new manufacturing techniques are being developed, and it can be expected that the complexity issue can be overcome.



The overview of these degrees of freedom has highlighted the necessity of a multidisciplinary approach in the design of electrical machines. This is imposed by the electrical machines’ natures, which are electromechanical devices, and the need to consider the design at both the components and systems levels.



Presently, where new systems have to comply with different demanding constraints, engineers and researchers have to find solutions in different engineering domains, mainly electrical and mechanical engineering (Power Mechatronics) [99,100] in the case of electric machines and combine their advantages.
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Figure 1. PM synchronous machines (PMSM) used in traction applications: (a) Toyota Prius vehicle [1]; (b) Alstom AGV train [2]. 
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Figure 2. Wind turbine PM generators: (a) ABB 7 MW semi-integrated MS PMG for offshore wind turbines (image used with permission from ABB) [3]; (b) Siemens wind turbine [4]. 






Figure 2. Wind turbine PM generators: (a) ABB 7 MW semi-integrated MS PMG for offshore wind turbines (image used with permission from ABB) [3]; (b) Siemens wind turbine [4].



[image: Energies 14 03990 g002]







[image: Energies 14 03990 g003 550] 





Figure 3. Comprehensive model of the design process [7]: (a) product development cycle; (b) design process. 






Figure 3. Comprehensive model of the design process [7]: (a) product development cycle; (b) design process.



[image: Energies 14 03990 g003]







[image: Energies 14 03990 g004a 550][image: Energies 14 03990 g004b 550] 





Figure 4. PM synchronous machine topologies: (a) radial field rotating machine; (b) axial field rotating machine; (c) flat linear machine; (d) tubular linear machine. 
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Figure 5. Vector diagram of main electrical quantities of PMSM. 
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Figure 6. Park’s referential frames for the two machines (non-salient PM machine and the synchronous reluctance machine). 
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Figure 7. Illustration of memory machines principal [11]: (a) 8 pole rotor; (b) 6 pole rotor. 
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Figure 8. Hybrid excited machines with number of poles varying ability [12]: (a) 6/12 pole rotor; (b) 4/12 pole rotor. 
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Figure 9. Efficiency maps in the “torque/speed” plane: (a) α = 1; (b) α = 0.72. 
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Figure 10. Hybrid excited synchronous machines model: (a) d axis equivalent circuit; (b) q axis equivalent circuit; (c) excitation circuit model. 
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Figure 11. Algorithm for efficiency maps computation [13,19]. 
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Figure 12. Examples of hybrid excited structures [13,20]: (a) hybrid excited machine (radial field 2D structure); (b) hybrid excited machine (axial field 3D structure); (c) hybrid excited flux switching machine (2D structure). 
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Figure 13. Hybrid excited claw pole machine used as starter/alternator [22] (image used with permission from the author). 
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Figure 14. Original VFMM studied in [23]. 
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Figure 15. Axial field machine with variable air-gap [25]. 
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Figure 16. Brushless PM machine with variable axial rotor/stator alignment to increase speed capability [27]. 
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Figure 17. Mechanical field weakening using two rotor’s portions [28,29]. 
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Figure 18. Field weakening via PM magnetic field short-circuiting [30,31]: (a) [30]; (b) [31]. 
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Figure 19. Inductance axis shifted structures: (a) 2D structure [32]; (b) 3D structure [34]. 






Figure 19. Inductance axis shifted structures: (a) 2D structure [32]; (b) 3D structure [34].



[image: Energies 14 03990 g019]







[image: Energies 14 03990 g020 550] 





Figure 20. Torque components in classical PM machines (a), and inductance axis shifted structures (b). (a) Classical PM machines (β = 0 elec. deg.); (b) PM machine with an inductance axis shifting (β = −45 elec. deg.). 
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Figure 21. Inductance axis shifted structures: (a) [35]; (b) [36]. 
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Figure 22. PM flux switching structure with Vernier effect [37]. 
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Figure 23. Pseudo direct drive examples [42]. (a) Electrical machine and magnetic gear coupled mechanically; (b) Cross sectional view of an integrated pseudo direct drive; (b) Axial cut view of the integrated pseudo direct drive. 
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Figure 24. Linear magnetic gear [46]. 
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Figure 25. Partitioned stators flux switching hybrid excited machines: (a) [50]; (b) [51]; (c) [52]. 
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Figure 26. Line-start PM machine [53]. 
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Figure 27. Hybrid flux permanent magnet machines: (a) [67]; (b) [68]. 
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Figure 28. Multi-air-gap linear machine [71] (image used with permission from the authors). 






Figure 28. Multi-air-gap linear machine [71] (image used with permission from the authors).
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Figure 29. Conceptual view of an integrated wind turbine generator [82]. 
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Figure 30. Hybrid excited PM machine with a shifted inductance axis rotor. 
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Figure 31. Hybrid excited PM machine with line-start capability. 
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Figure 32. Conceptual 3D cut view of a TLFSPM structure with bearings integrated in the mechanical air-gap [88]. 
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