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Abstract

:

Wind turbine (WT) technology becomes more and more important due to the serious environmental and energy issues. The toothed poles outer rotor doubly salient permanent magnet (DSPM) generator with simple and durable design, high torque and high-power density has a great prospect in wind turbines application. The large diameter makes the construction of such a machine more convenient due to the installation of the turbine blades directly to the outer rotor generator surface. Nevertheless, the size of the generator must be increased to provide larger output power. This increases the generator’s mass. Thus, larger massive DSPM generators are undesirable in wind turbine design. In this paper, an optimization design procedure of the outer rotor doubly salient permanent magnet generator ORDSPMG is proposed for 10 kW WT application. The reduction of the generator weight is demonstrated and proofed. The considered machine version is characterized by having the same effective axial length and output torque imposed by the specifications relative to the 10 kW direct drive WT. An optimization procedure using a fast and effective method, namely the symbiotic organism search (SOS) algorithm coupled to a parametric two dimensional finite elements analysis (2D-FEA), is employed to optimize the machine parameters. The main parameters affecting the generator design are also analyzed. The results obtained reveal that the proposed generator topology presents low weight and thus high torque density among other satisfactory characteristics.
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1. Introduction


With the respect for the environment, strong incentives are driving the development of clean and innovative mobility and electricity production solutions [1]. In the field of electricity production, an increasing mobilization towards renewable energy is present, by exploiting different sources such as solar, thermal, photovoltaic, geothermal energy, wind power, hydroelectricity and biomass [2]. The performance of wind turbines is constantly evolving, taking advantage of the latest technological advances in the field of power electronics, electrical machines and construction materials as well as by the development of energy storage devices (electro-chemicals, batteries. fuel, supercapacitors) [3,4,5]. According to the rated speed of the wind turbine (WT), the WT drive concepts are classified into high speed drives (above 600 rpm), medium speed (where the speed is between 150 rpm and 600 rpm) and low speed ones (where the speed is in the range of 30 to 150 rpm [6,7,8].



In the high and medium speed ranges, the generator is driven, in most cases, via a -more or less complex- mechanical transmission gear apparatus (Figure 1a). The role of this gearbox is to adapt the blade speed to the generator speed, which makes it possible to use, at most cases, conventional electric machines. Therefore, the use of this type of mechanical speed adapter increases the maintenance requirements (gearbox lubrication) and in particular increases the overall volume and weight of the system. The medium drive concepts are preferable compared to the high-speed drive concepts for the reason that they come with 1- or 2- stage gearboxes with a higher generator pole number, which leads to low structural, investment and operating costs [6,7,9].



Overcoming the constraint posed by the mechanical speed adapter leads to the use of low speed drives and the development of new machines that are able to operate directly at reduced speed (Figure 1b), called “slow” machines or “direct drive” machines. The low-speed concepts seem better than the high and medium speed concepts since they present high reliability and improved efficiency, due to the elimination gearboxes including a reduction in maintenance and the installation costs (due to lesser number of components) and compact size leading to the simplistic design [10,11,12,13,14]. These machines (working as generators) are then designed taking into consideration specific criteria so that they can be integrated into the power generation system. They must impose high torques at low speeds, they must be particularly compact [11,12,13,14,15] but, at the same time, they should also meet the requirements concerning faults tolerance and provide less pulsating torque because the quality of the torque is linked to the acoustic behavior of the system.



The trend to simplify the energy transmission chain has been gaining ground day-by-day in the last few years, with the aim of increasing flexibility, efficiency, while reducing volume, mass, noise, and vibrations. The direct drive machines are usually of the synchronous type (wound rotor or with magnets) with a large number of poles. However, for the generator power range of 0.5–15 kW (depending on the variation in the rated speed of the wind turbine), are not suitable for low speed applications [6,7,9,16,17].



There are also other architectures of direct-drive machines given in the literature such as those with variable reluctance excited with permanent magnets [16,17]. They belong to a class of stator-active machines with double saliency. Such topologies are referred to as “doubly salient permanent magnet” (DSPM) machines; it is assumed that these machines are new, but in reality, they are reemerging [18], and they have stimulated the researchers’ interest in recent decades. The recent advances in several fields (e.g., sensors technology, power electronics, materials etc.) help the DSPM machines to obtain performances comparable to those of PM synchronous machines [6,7,17,19]. However, the majority of this type of machines proposed for the wind power application are with the stator and rotor pole number, respectively, 6/4, 8/6, 12/10, 36/24 [20,21]; these machines are efficient when it comes to applications at high and medium speeds, but they become unsuitable at low speed ones, because their volume is directly linked to the value of its sizing torque. Thus, the integration of a “slow” machine with high power (and therefore very high torque) characteristics is a technological challenge.



In this article, a solution to meet the requirements of a 10 kW wind turbine is proposed. It consists of the design of a low-speed generator for effective wind power conversion. The proposed generator belongs to the family of DSPM machines. Characterized by the large number of poles, which allow the increase of the number of stator and rotor teeth, it provides in turn the machine operation at low speed, large torque and high-power. Both of the permanent magnets (PM) and the armature windings are placed in the inner stator, whereas the outer rotor has neither PMs nor field windings, thus the rotor of these machines exhibits low weight and low inertia. All active parts are in the stator, which gives it simplicity, low cost and low volume. The wind turbine blades can be placed at the surface of the outer rotor, making the construction of the turbine more convenient and eliminating the mechanical transmission gearbox complications.



Various optimization methods for the electrical machine have been proposed in recent years (e.g., [11,22], the most proposed are metaheuristic algorithms, because these methods, have shown promising performance for solving most complicated objective functions with a large number design variables. All metaheuristic algorithms use a certain tradeoff of randomization and local search. Each algorithm has a way of exploring the search domain, in order to find the optimal solution that satisfies the desired objective function. The optimal solution remains difficult to find when the the number of design objectives and constraints will become relatively large. This is why in this work, the design optimization of the ORDSPG with single objective function is chosen.



The design optimization of this unconventional-type generator is achieved and evaluated using the so-called symbiotic organism search (SOS) algorithm coupled to a parametric two-dimensional finite elements analysis (2D-FEA). Torque density is chosen as the objective function to be maximized. The applied optimization method exploits the symbiotic communication strategies that organisms follow aiming to stay alive in an ecosystem. The population size and the maximum number of optimization function evaluations are the only input of SOS algorithm, i.e., there is no need for other controlling parameters. This property enhances greatly the algorithm’s robustness. To the authors’ knowledge, this is the first time where the specific algorithm is applied to the design optimization of outer rotor doubly salient permanent magnet generator (ORDSPMG) in general, and more specifically to provide its parameters in order to minimize the machine’s volume by maximizing the torque density.



The paper is organized as follows: in Section 2, the proposed machine topology as well as its operating principles are described. Section 3 presents an analysis for the sizing of the generator based on investigations of the critical parameters variations influence on the torque density, aiming to the derivation of an initial design. This analysis provides a thorough insight in the specific machine characteristics, necessary for its further optimization. The process of the design optimization of the ORDSPMG utilizing the SOS algorithm is presented in Section 4. The obtained results along with related discussion are given in Section 5. Section 6 presents an analysis with respect to torque components, energy ratio concept and the losses of the machine under study, while Section 7 concludes the work.




2. Toothed Poles ORDSPMG Topology Description and Operational Characteristics


2.1. Constructional Details


The examined toothed outer rotor DSPM machine (ORDSPM) is depicted in Figure 2. It should operate at 50 rpm and be able to deliver about 10 kW under 50 Hz. It has 48 stator teeth (i.e.,    N s  = 48  ) regrouped in 12 stator poles, whereas in each pole, there are 4 small teeth (i.e.,    N  d p   = 4  ). The coils are spatially distributed around each toothed stator pole. Each one of the stator slots contains winding coils that belong to two adjacent phases. Four concentrated coils are connected in series in order to form the winding of one phase. The three phases can be supplied separately or together depending on the converter control and its topology. A current density of   J =  k r  ×  J s  = 5   A/mm2 (where    k r  = 0.5   represents the slot fill factor) is considered into a supplied half slot.



The outer rotor has neither PMs nor field winding. The rotor’s teeth number (  N r  ) has a direct relationship with the supply frequency f and the rotating speed n as shown in Equation (1). For the specifications used in this paper, f is fixed to 50 Hz and the rotating speed n is fixed to 50 rpm. Therefore,   N r   is fixed to 64.


   N r  ≈   60 f  n   



(1)







In the proposed structure, the field does no undergo great variation in the magnetic parts of the stator yoke located between 2 stator poles (Figure 2). This location is chosen for the integration of 4 pieces of PM (number of magnet pairs    P m  = 2  ) which are used to magnetize the machine.



It is noted that the values of some structural parameters may give a realistic machine, according to the sizing law, if the following conditions are met as demonstrated in [23,24,25,26,27]:


      K =   N r   N  p s    ±  1 m         N  d p − m a x   = K        N  p s   =   N s   N  d p          ±  N s  ±  N r  =  K w  P +  K m   P m       



(2)




where   K w  ,   K m   and K must be integers. Also:


        N  p s    2 m   ≥ 1       0 ≤  N  d p   ≤  N  d p − m a x   = K       K > 1      



(3)




i.e., K is equal to the maximum number of teeth per statoric pole   (  N  d p   )  . The number of stator and rotor poles (  N  p s    and   N r  ) are chosen so that, when the teeth of a phase in the stator are in “conjunction” (with the related teeth in the rotor), then the teeth of the next phase in the stator are shifted according to:


   α e  =  τ m   



(4)




where  τ  is the tooth step given by:


  τ =  τ s  =  τ r  =   2 π   N r    



(5)




and   τ s  ,   τ r   are the statoric and rotoric tooth step respectively, which are depicted—among others—in Figure 3). Moreover, the stator and rotor teeth shape for the considered generator is trapezoidal. The shape of the teeth is also shown in the detailed view of Figure 3 and can be geometrically defined according to the following design parameters:




	
The rotor and stator teeth depth   h r   and   h s  ;



	
The teeth cyclic ratios   α  r 1   ,   α  r 2   ,   α  s 1   , and   α  s 2   .








with   (  α  s 1   +  α  s 2   )   ≤ 1 and   (  α  r 1   +  α  r 2   )   ≤ 1. The stator and rotor magnetic circuits are made of cold rolled nonoriented grain of M400-50A steel laminations (of 0.5 mm thickness). These lamination magnetic characteristics are given in Figure 4 and Figure 5. Rare earth material (  N d F e B r  ) is used for the PMs with magnetization   B r   = 1.29 T and with relative permeability   μ r   = 1.049. As the generator has the PM as an excitation source, in order to reinforce the total flux, the orientation of the magnets   (  ψ  p m   )   is chosen so that it does not oppose the coils flux (  L i  ) according to:


  ψ = L i +  ψ  p m    



(6)








2.2. Operation Principle


As mentioned, the proposed structure is a variable reluctance machine excited by magnets arranged in the stator. It has 3 phases, each phase is wound around of 4 toothed poles and each pole has four small teeth. Its power supply is obtained by rectangular phase currents. The phase supply is dependent on the aligned position and the unaligned position. The aligned position of a phase is defined to be the situation where the stator poles teeth and the rotor poles teeth of the considered phase are perfectly aligned; this position is called “conjunction” position. At this position, PMs-flux in the considered phase is maximum (Figure 6b). The PMs’ flux decreases gradually as the rotor poles’ teeth move away from the aligned position. When the rotor poles teeth are misaligned with the stator poles teeth, the position is called “opposite” position, where at this position, the PMs’ flux in the considered phase is minimum (Figure 6a). As the direction of PMs’ flux does not change for these two positions, it means that the PMs’ flux is unidirectional (see Figure 7) and therefore the cogging torque can be neglected.



A positive current is injected into armature coil when the rotor moves from the opposite (or unaligned) position to the conjunction (aligned) position over one electric period. This current produces flux of the same polarity with that of PM. This leads to the generation of positive torque. A smooth output torque is finally produced as a combined result of three phase operation. In this way, the rotor keeps moving forward continuously. According to the virtual energy theory, the average torque may be determined from the total energy per cycle, multiplied by the number of cycles for revolution, (  m ×  N r   ) and divided by   2 π   radians [28,29]:


   T  m e a n   = q  N r    (  W  c o n j    ′   −  W  o p p    ′   )   2 π    



(7)




where   W  c o n j    ′    is the magnetic field energy at the conjunction position and   W  o p p    ′    is the magnetic field energy at the opposite position.





3. Analysis of Important Aspects in ORDSPMG Design


The low speed ORDSPM machine gathers the pros of operating without gearbox in a direct-drive configuration. Nevertheless, its main drawback is the large volume related to high output torque. This is why in this work, the torque density (as per the following Equation (8)) is selected as the objective function to be maximized.


   T D  =   T  m e a n   M   



(8)




where   T D   is the torque density (in Nm/kg) and M is the total mass of active materials (i.e., copper, iron, PMs). For estimating the objective function, the energy is calculated by 2D-FEA for the two positions (named in this paper conjunction and opposite positions). The mean torque is then calculated according to Equation (7). In addition, it is known that the developed torque is proportional to the required output power and inversely proportional to the rotor speed, i.e., [30]:


   T  d e v   =   P  o u t   ω  =  k s   D  r − o u t  2  L  



(9)




where   P  o u t    is the output power,   k s   is a sizing constant,   D  r − o u t    is the rotor outer diameter, L is the stack axial length and  ω  is the rated angular speed. In terms of torque components, the following equation applies,


  T = i   d ψ   d  θ m    +  1 2   i 2    d L   d  θ m    −   d  W  p m     d  θ m     



(10)




where the first term of Equation (10) is related to the interaction of PMs with the armature currents and is called “hybrid torque”(Figure 8), while the second term is related to the reluctance variation and is called “reluctance torque” (Figure 8). The third term is the so-called “cogging torque”. This latter component exists even if there is no armature excitation and can be considered as a disturbance (Figure 9).



The following paragraphs describe important issues that should be taken into account. Moreover, the important parameters—as the search variables—are introduced along with the relevant constraints. Finally, the impact of these parameters is discussed.



3.1. Design Model Development and Constraints


As mentioned earlier, in wind power systems, the employment of machines with light volume and mass is a key feature [23,30,31,32]. However, the generators used are mostly of low-speed with a large number of poles and an outer diameter larger than the conventional generators [33]. Therefore, the wind turbine system construction can be improved by using an outer rotor type generator. Nevertheless, among the problems reported with the outer rotor machines, the major one refers to their overall volume, that is, in order to obtain larger output torque and power at rated low speed, the size of the generator must be increased (Equation (9)). This, in turn, increases the weight of the generator which is likely to be undesirable; the turbine tower must support the entire weight both of the nacelle and of the rotor hub.



The ORDSPM dimensions (whose geometric parameters are illustrated in Figure 3) change a lot as output torque is increased. This is due to the sizing law, which is given by (9). The stringent requirements of the wind turbine are: the rated torque and speed of the electric machine should be 3000 Nm and 50 rpm (as per Table 1). The blades of the turbine will be placed on the outer surface of the rotor, so, it is advisable to reduce the outer rotor diameter   (  D  r − o u t   )  , for a given axial length (L = 200 mm) in order to reduce the volume of the machine as well as the volume of the wind turbine, while maintaining the torque produced equal or greater than that required:


       D  r − o u t   < 600  mm        T  m e a n   ≥ 3000  Nm      



(11)







Moreover, the copper losses and the temperature rise of the ORDSPMG should be reduced at their minimum. As mentioned in [23,28,34], they are directly linked to the linear current density as imposed by (12)


  J =    I i  Z   π  D  r − o u t      



(12)




where   I i   is current per phase and Z is the total number of armature conductors. In addition, the average magnetic flux of the pole at the air-gap of the machine is,


   B  a v   =    Z s   ϕ p    π L  D  r − o u t      



(13)




where   Z s   is number of stator slots and   ϕ p   is flux per pole. An increase in   D  r − o u t    leads to an increase in the value of   B  a v    and consequently to the machine’s saturation and iron losses. Therefore, the   B  a v    value must be taken as an optimization constraint.



The magnetic permeability depends on the magnetic, mechanical and thermal behavior. The materials used in the core of the machine under study has the characteristic of being magnetostrictive. It is an intrinsic property of the material that depends on the magnetic field. This phenomenon can cause deformations of the structure (magnetostriction depends on the field and on the stress state of the material). So, a tradeoff must be made between the magnetic and mechanical properties.



So far, with respect to Figure 3, there are 14 parameters to be optimized, namely the rotor and stator yoke thicknesses   E r   and   E s  , the coil height   h b  , the angular slot opening  β , the rotor radius   R r  , the rotor and stator teeth depth   h s  ,   h r  , the teeth cyclic ratios   α  s 1   ,   α  s 2   ,   α  r 1    and   α  r 2   , the A point position (  R a  ,   β a  ), where   R a   is the distance between A point and the machine center, the magnet thickness   E m   and the outer rotor radius   R  r − o u t   . Here, in order to reduce the number of variables and simplify the optimization, the stator and rotor teeth parameters are chosen to be equal:   α  s 1    =   α  r 1   ,   α  s 2    =   α  r 2    and   h s   =   h r  . The range of design variables are given in Table 2. It is worth mentioning that the range of the design parameters has been obtained and justified after a parametric analysis which is given in the following paragraphs.



The influence of each geometric parameter of the ORDSPMG on the evaluation of the torque density is firstly performed. The procedure consists of varying a parameter while maintaining the others as constants, an action that makes it possible to identify the most sensitive parameters on the optimum value of the torque density and determine the research space of each parameter. The geometrical parameters of the reference machine are those which correspond to the first (initial) design. This initial design is achieved, by SOS algorithm, by choosing a wide search interval for each parameter. In order to normalize results, the quantities (shown in the following figures and commented in the next paragraphs) are given in relative values from this initial design (i.e., in p.u.).




3.2. Stator and Rotor Yokes Thickness Impact


From Figure 10a, it can be seen that the torque density increases initially as the thickness of the stator yoke   E s   increases. However, beyond an “optimal” value of   E s  , torque density starts to decrease. In addition, it is evident that too large values of   E s   encroach on the space allocated to the winding as well as on the thickness of the magnet. The chosen value of   E s   is supposed to be a compromise between torque, mass, available space for the slots and thickness of the magnet.



A similar behavior is noted in Figure 10b, where it is shown that an optimum torque density value can be obtained for a certain value of the thickness of the rotor yoke   E r  . Beyond this optimum value, the torque/mass ratio decreases with the increment of the rotor thickness   E r  . The thickness of the rotor yoke directly influences the magnetic induction levels developed by the magnets and by the windings current, by acting on the overall reluctance of the magnetic circuit. Saturation of the magnetic circuit for low   E r   values will limit the magnetic field values and will lead to limiting the torque density. Above a point, the rotoric magnetic circuit is hardly saturated any more, and the increase in the rotor yoke thickness results in the reduction in torque density due to the added rotor mass. Therefore, the thickness of this yoke must be reconsidered with each variation in the volumes of the magnets and/or the copper utilized.




3.3. Stator and Rotor Teeth Dimensions Impact


The shape of the teeth is defined by the 6 parameters:   α  s 1   ,   α  s 2   ,   α  r 1   ,   α  r 2   ,   h s   and   h r   as seen in Figure 3. It is, therefore, worth examining the influence of the height and width of the teeth (considering a constant tooth pitch  τ  =   2 π /  N r   ) on the torque density. A simplified analysis was performed assuming that:   α  s 1    =   α  s 2    =   α  r 1    =   α  r 2    and   h s   =   h r   (i.e., stator and rotor teeth have the same shape). Figure 11a,b show the evolution of the torque density with the widths and depths of the teeth. The limit of the height of the teeth depends on the two angles  β  and   β a   (pole opening and slot opening, Figure 3). The qualitative analysis showed that the torque density depends, among others, on two factors: saliency and magnetic saturation. For small values of the tooth depth (  h s   and   h r  ), the deeper the teeth, the greater the salient effect, which leads to an increase in the torque density. This benefit linked to the saliency effects will be offset by the high level of saturation for the high values of teeth depths. Thus, tooth sizes must result from a compromise between the location of the windings, the saturation of the teeth, the pole shape and the maximum torque density.




3.4. Pole and Slot Opening Angle Impact


Figure 12a depicts the impact of the stator pole opening (defined by the angle  β ) on the torque density. As shown in this figure, the variation of the pole opening angle has negligible effect on the torque density of the machine. However, a too large value would result in overlapping a stator pole on the adjacent stator pole. Pole opening angle  β  must result from a compromise between the saturation of the pole, the shape of the pole and the winding slot shape.



Similarly, Figure 12b shows the torque density variation as a function of the slot opening, which is now defined by the angle   β a  . The value of this angle is directly linked to the space that is available for the winding (slot area). The slot area decreases as higher values are assigned to the the angle   β a  . In other words, the number of needed ampere-turns to produce the required torque decreases. On the contrary, when the   β a   decreases, the saturation level of the iron of the stator pole increases. Apparently there is a contradiction and consequently a compromise has to be made.




3.5. Influence of the PM Thickness


The size of the magnet inserted in the stator yoke is an important parameter which must be taken into account when designing and sizing the machine. Its presence in the machine would lead to a gain in power offset by its cost. Figure 13a illustrates the variation of torque density as a function of the PM thickness. It is observed that the torque density remains practically constant as the thickness of the magnet is increased (there is a small variation of approximately 2%). This comes down to the fact that the presence of magnets in the machine increases the reluctance of the overall magnetic circuit (since the magnet permeability is close to that of air). Moreover, it leads to the decrement of the inductance and therefore of the corresponding magnetic flux through the considered phase (coils flux), while the flux from the PMs increases. Subsequently, the total flux (sum of the coils-flux linkage and PM-flux) embraced by the considered phase remains constant. This is why there is a small variation of the torque as the thickness of the magnet varies.




3.6. Influence of Slot Depth


Next, the impact of slot depth   h b   on the torque density is shown in Figure 13b. Obviously, the increase in the height of the slots results in a change in the space available for the winding. In fact, the higher the   h b   is, the more the winding section increases. The increase in   h b  , on the other hand, leads to a decrease in the torque to mass ratio. The value of   h b   must be chosen as a compromise between the area reserved for the winding, the stator yoke thickness   E s   and the height of the magnets. The variation of the torque to mass ratio versus the magnet height (  h m   =   E s  ) was shown in Figure 13a.



It is observed that torque density is very sensitive to the variation of   h m  . This is explained by the fact that the PMs flux varies linearly with   h m   and, additionally the torque density increases. The variation of the flux remains insensitive to the increase of the magnet height beyond a certain value of   h m  . This can be explained by the saturation of the magnetic circuit. Bigger   E r   is required to limit the saturation effects in the rotor. This leads to lower values of the torque density.




3.7. Current Density Impact


Finally, Figure 13c depicts the variation of the torque density versus the current density. As shown, for low values of the current density, the torque density varies linearly. For higher values of the current density, due to the saturation phenomena the variation becomes smaller [35,36]. On the other hand, the thermal energy losses increase very quickly. Thus, the choice of the current density must be a compromise between the torque density, the joule losses and the saturation phenomena.



The overall mentioned above parametric study, therefore, makes it possible to limit the search interval for each parameter. In this work, the parameter ranges are summarized in Table 2.





4. Symbiotic Organisms Search Algorithm Features for Problem Optimization


To find the optimal values of the design parameters of the studied machine, (summarized in Table 2), symbiotic organism search (SOS) algorithm coupled to a prametric two dimensional finite elements analysis (2D-FEA) is employed. This algorithm was originally presented by Cheng and Prayogo in [37], who proposed it as a very promising metaheuristic optimization algorithm that is based on cooperating behavior among organisms in the nature. Although SOS has been used so far in engineering problems (e.g., in [38]), it was applied for the first time successfully in electrical machine optimization problem in [39]. Here, it is the first time that SOS algorithm is used for an ORDSPMG optimization.



SOS Algorithm Principle


SOS exploits the symbiotic communication strategies that are used by the organisms aiming to stay alive in an ecosystem (population). There are three symbiotic strategies: (a) the mutualism, (b) the commensalism and (c) the parasitism. The process starts with a population, randomly generated, of size N (i.e., number of organisms) with values for the parameters need to be optimized according to their lower and upper bounds (universe of discourse) shown in Table 2. In this phase, the best organism (  X  b e s t   ) is identified and evaluated. The best organism corresponds to the organism (machine topology) which has a better objective function value (i.e., Equation (8)). Then, the population with the better objective function is updated in each iteration, by using the three aforementioned strategies [37,39]. These phases are mathematically given below:




	
Phase of mutualism: In this phase, two organisms of different species coexist in a relationship in which each finds individual advantages. Specifically, the two random organisms (let us denote them   X i  ,   X j    ( i ≠ j )  ) interact within themselves targeting the enhancement of their chances of survival. The new candidate solutions for   X i   and   X j   are obtained from Equation (14).


       X  i − n e w   =  X i  + r a n d  ( 0 , 1 )   (  X  b e s t   −  M v  ×  B  f 1   )         X  j − n e w   =  X j  + r a n d  ( 0 , 1 )   (  X  b e s t   −  M v  ×  B  f 2   )       



(14)




where


   M v  =    X i  +  X j   2   



(15)




and


   B  f 1   ,  B  f 2   = 1 + r o u n d  ( r )  ,   r ∈  [ 1 , 2 ]   



(16)







The vector   M v   is called the “mutuality vector” and describes the relationship between   X i   and   X j  . The term   (  X  b e s t   −  M v  )   represents the organisms’ efforts to increase survival. The   r a n d ( 0 , 1 )   is a vector of random numbers, while   B  f 1    and   B  f 2    are the benefit factors of interaction. They are random numbers (either 1 or 2). It is noted that the interaction may provide partial of total benefit to the organism. The original solutions are replaced by all the better values. Equations (14)–(16) represent the mutuality vector, giving the relationship between   X i   and   X j  .



	
Phase of comensalism: According to this symbiotic strategy, one organism (  X i  ) takes maximum benefit whereas the other one (  X j  ) remains without gaining any benefit and—at the same time—without suffering from the symbiosis. The new candidate solution of   X i   derives from Equation (17).


   X  i − n e w   =  X i  + r a n d  ( − 1 , 1 )   (  X  b e s t   −  X j  )   



(17)







At the above expression, the term (   X  b e s t   −  X j   ) reflects the benefit advantage to which the organism   X i   is being profited by the organism   X j  . The organism   X i   will be updated if the new fitness values is greater than the previous one.



	
Phase of parasitism: Here, the randomly selected organism   X i   acts as a parasite. It is modified by a random number. At the same time, the   p a r a s i t e _ v e c t o r   is created. A randomly chosen organism   X j   is treated as the parasite’s host. The   p a r a s i t e _ v e c t o r   and the organism   X j   fight for survival. If the fitness value of the   p a r a s i t e _ v e c t o r   is higher than the corresponding one of   X j  , the   X j   is damaged and the parasite takes its place in the ecosystem. Otherwise, the   X j   (having greater fitness) overcomes the   p a r a s i t e _ v e c t o r   and the parasite’s durability in the ecosystem deteriorates.








The optimization procedure is repeated until the stop criterion is met. In the SOS method, the search for the overall optimal solution (the best solution) is guaranteed, as it can be obtained through the symbiotic relationships between the current solution and one or the other of another random solution and the best solution of the population. Figure 14 shows the SOS algorithm logic in pseudocode form, while in Figure 15 the full algorithm flowchart used here is presented [39].





5. Optimization Results and Discussion


The SOS algorithm has been developed and adapted for the electromagnetic design and optimization of the ORDSPMG. The tuning parameters which were used in this study are:




	
Ecosystem organisms number:   e c  o  s i z e   = 50  ;



	
The maximum number of function evaluations:   m a  x  f i t − e v a l   = 400 × d  , where d = 11 is problem’s search variables number (problem dimension);



	
The maximum number of iterations:   m a  x  i t e r   = 500  .








A program of the SOS algorithm was developed in the MATLAB environment so that to permit its interaction with a FEA software. The program has been executed on a computer system whose processor has 6 cores/12 threads with clock speed at 3.3 GHz, while its RAM was equal to 16 GB. Three independent sets of simulations were performed, with each set comprised of 5 trial runs, in order to test the SOS algorithm’s robustness. It is noted that the optimal search variables values (obtained by the algorithm for each one of the conducted runs) were always almost identical between them. This proves that the SOS method exhibits robustness and superiority for the examined here electrical machine design problem.



The evolution of the torque density and its inverse (i.e., fitness function vs. function evaluations) is illustrated in (Figure 16). It can be easily seen that the convergence to the optimal design which satisfies all the applied constraints is obtained successfully by the adopted algorithm. The objective function variation, which in our case is the torque density, changes direction continuously over the optimization process (up to approximately 350 function evaluations), which means that the algorithm explores and exploits a large search space in order to converge towards the global optimum.



The values of the 11 search variables of the optimum “ecosystem organism” (optimal machine) obtained, along with the related quantities of interest (torque, mass and torque density) are summarized in Table 3. The resulting torque density, mean torque and mass of active parts are 18.89 Nm/kg, 3504.35 Nm and 185.44 kg respectively. For the given fixed axial length L = 200 mm, and considering the initial specifications given in Table 1, it can be observed that a) the outer rotor diameter is reduced about 5%, which means that that the volume of the machine is also reduced about 25% and b) the torque obtained is about 17% greater than the specified one. Thus, it can be said that the proposed solution fulfills by far the set requirements. Additionally, comparing the results of this work with the corresponding ones obtained in [26] (where the topology designed there had the same specifications but an inner rotor geometry), it can be said that an upgrade of 50% and almost 17% have been achieved regarding torque density and mean torque respectively. It should be noted that the machine cited in [26] is optimized by GA.



The comparison continues with other similar—population based—methods. Recently, in [27], the genetic algorithm (GA) and the particle swarm optimization (PSO) algorithms were applied to the same problem. Table 3 shows the results obtained there, in comparison with those obtained by the SOS algorithm. It can be seen that in terms of active machine mass, SOS provides a reduction of 32.4% compared to GA and 26% compared to PSO. In terms of torque density, SOS provides a solution of 34% increment compared to GA and 21.4% increment compared to PSO. The overall comparison justifies the importance of the SOS algorithm and the use of the proposed final topology in direct-drive wind systems.



The obtained (optimized by SOS) ORDSPMG’s magnetic flux density distribution in different regions is shown in Figure 17 where the rotor has been rotated by 360/64 = 5.625   ∘   relatively to the stator from its initial conjunction position. The value of the magnetic flux density on the different parts of the generator was found within acceptable limits (i.e., around 1.65 T). Regarding the teeth of the stator and the rotor, a slight saturation is observed. It should be noted, however, that this slight saturation which is due to the concentration of the flux appearing at the edges of the teeth is considered normal for doubly salient machines.



Further investigations were conducted based on the resulted topology. The variation of the related electromotive forces (EMFs) produced by the generator and their corresponding FFT analysis are shown in Figure 18a,b respectively. For the considered number of turns per phase, equal to 160 turns (40 turns wound around each one of the 4 stator poles comprising one phase), it can be seen that, EMF rms value produced is 160 V at 50 rpm. The inner-rotor counterpart machine studied in [26] (for the same number of turns per phase), produced an rms EMF of 120 V, that is, the proposed topology here provides 33.3% larger induced voltage. From Figure 18b it can be noticed that the amplitude of the second harmonic is approximately 35% of the fundamental. This harmonic affects the waveform of EMF and the power factor and increases the torque ripple. From a quantitative perspective, this harmonic will negatively deteriorate the energy efficiency and will increase the required converter sizing. It should be stated that the optimization process has been performed considering only the rated point of the system. However, further works can be led in the future to consider the whole operating cycle of the system.



Finally, the self inductance value as a function of current, at the two characteristic positions (opposite and conjunction), are depicted in Figure 19. For high values of current (practically above 80 A), the inductances corresponding to the two positions are found equal to 30 mH, allowing the reluctance torque to be neglected compared to the “hybrid torque” (Equation (10)).




6. Analysis of the Torque, Energy Ratio and Losses


As explained in the previous paragraphs, the output torque of the studied machine is composed of the torque which is owed to the stator and rotor saliency, the torque which is due to the interaction between the PM-flux and the coils currents and the torque which is due to the presence of the magnets. Figure 9 illustrates the FEM simulation results of the cogging torque versus rotor position (winding current set to zero). As shown in Figure 9, the value of the cogging torque is small, and its maximum value is approximately 100 Nm (2.85%). So, the cogging torque has minimal effect on the ripple output torque. The hybrid torque and reluctance torque versus current is presented in Figure 8. As shown, there is a slight difference between the hybrid and the reluctance torque. This difference decreases as the current increases.



6.1. Analysis of the Steady-State Torque Including All the Components


According to Equation (10), for the generator operating mode, a positive current must be applied when the inductance and the PM flux decrease. For this, an asysmetric inverter is adopted for the square current [11]. The DC bus voltage of the converter is kept as constant and equal to 800 V. The conducting time  θ  of the square current is defined   θ  o n    and   θ  o f f    as follows:


  θ =   θ  o f f   −  θ  o n     



(18)







The steady-state total torque (Figure 20) is evaluated for rated electrical speed (50 rpm) and rated current (80 A). The steady-state torque is constantly fluctuating around 3566.2 Nm. The maximum torque value is 3845.2 Nm, and the minimum torque value is 2930 Nm. The torque ripple factor of the machine is calculated by using Equation (19),


  R T =   (  T  m a x   −  T  m i n   )  T   



(19)







The torque ripple factor value is around 25%. The torque ripple is mainly caused by a second order harmonic (main harmonic causing the torque ripple), the stator and rotor saliency and current commutation (because of the high value of the phase inductance, the machine current needs some time to reach the current reference when closing the switches. Hence, more than one phase current exists in the conduction period defined in Equation (18). In further works, this torque ripple can be minimized as a function of the mechanical behavior of the system.




6.2. Energy Ratio


In order to evaluate the impact of the machine design on the converter sizing, the power factor is necessary. As the supply currents and voltages are not sinusoidal, different ratios are proposed to evaluate the global efficiency of the system static converter-machine [40,41,42]. In this work, the energy ratio proposed in [40] is used i.e., Equation (20). This ratio does not take into account the structure of the static converter, but it gives an idea of the nominal power of the converter compared to machine power.


  P F =   W ′   W +  W ′     



(20)




where   W ′   is the magnetic field coenergy and W is the magnetic field energy. In this work, since the machine contains permanent magnets, the   W ′   and W are given as follows:


   W ′  =   W ′   (  θ  c o n j   )  −  W ′   (  θ  o p p   )    



(21)






   W ′  + W =   W ′   (  θ  c o n j   )  −  W ′   (  θ  o p p   )   +  W  (  θ  c o n j   )  −  W  p m    (  θ  c o n j   )    



(22)




where    W ′   (  θ  c o n j   )    and    W ′   (  θ  o p p   )    are the magnetic field coenergy at conjunction position and opposition position respectively.   W (  θ  c o n j   )   is the magnetic field energy at conjunction position, and    W  p m    (  θ  c o n j   )    is the permanent magnet magnetic field energy at conjunction position. From Figure 21, the area   (  W ′  + W )   represents the total energy exchanged between the machine and the power converter. The area   W ′   represents the maximum energy available for electromechanical conversion. The studied machine reaches an energy ratio of around   0.66  .




6.3. Losses and Efficiency


The Joule losses in the DSPM under study are estimated by:


   P j  =  ∑  i = 1  3     R i   I  i − r m s  2     



(23)




where   R i   represents the resistance of the phase and   I  i − r m s    the rms current of the phase considered. Each phase is supplied by a square current of 50% duty cycle (a current   I m   is applied during the production of generator torque between 0   ∘   and 180   ∘   and a zero current during the production of motor torque between 180   ∘   and 360   ∘  ), thus the Equation (23) becomes:


   P j  =  1 2   ∑  i = 1  3     R i   I m 2     



(24)







In addition, the resistance of a phase is expressed:


   R i  =  N  p s    N t   ρ  c u     L  s p    S t   = 8  N t 2   ρ  c u     2   L +  l t       k r   S  s l      



(25)




where L is the machine length and   l t   the heads coil length,   S  s l    the area of the slot,   k r   the fill factor (equal to 0.5),   ρ  c u    is the electrical resistivity of copper and   N t   the number of turns around a stator pole.



The machine length for an average torque of 3000 Nm (which corresponds to the nominal torque fixed by the specifications indicated in Table 1) is 0.171 m. The maximum Joule losses, corresponding to the supply current of 80 A, are 0.8445 kW. The nominal losses, corresponding to the nominal supply current 60 A (Figure 8), are 0.475 kW. Analytical calculations (not shown here) of losses in magnets, in stator steel and rotor steel were also performed based on the Bertotti method [43]. Table 4 depicts the obtained results. According to this table, the total average iron losses represent 2.34% of the nominal power set by the specifications. So, by taking into account the Joule losses and the iron losses, for a current of 80 A and 60 A (nominal current) the efficiency value is 89.23% and 92.93% respectively.





7. Conclusions


In this paper, the analysis of the design and optimization of an outer rotor doubly salient permanent magnet generator (ORDSPMG), dedicated for a direct-drive wind system, by the SOS algorithm coupled with the finite element method was analyzed and presented. The objective goal was to reduce the total volume of the machine while producing the required torque and respecting all the design constraints. The optimal machine obtained through the optimization process satisfied, in terms of torque density, average torque, cost of materials, output power and overall volume; the specifications which were set for the chosen application and its performance are considered as acceptable. This indicates the flexibility and the capacity of convergence towards the global optimum, the computational efficiency and the robustness of the SOS algorithm method. The performances obtained with the proposed machine topology are by far better than those obtained previously with other similar optimization methods and also than those of the inner rotor counterpart machine studied previously by the authors. These better performances are in terms of the value of the magnetic flux density, the amplitude and the quality of the force, the magnetic induction, the torque density, the average torque, the total volume, etc. That means that the proposed generator performances are largely interesting for direct-drive wind system applications. Even if torque density, which is considered as the criterion to maximize in the optimization process, appears as one of the most important for the application, other criteria such as torque ripple, efficiency and power factor have to be considered. This is why the optimal design result is evaluated a posteriori considering these criteria to check if the results are suitable. In future works, an interesting track will be to use a multiobjective optimization approach to find a compromise between these different criteria.
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Figure 1. Typical wind energy conversion systems: (a) Use of a transmission gearbox and high-speed generator, (b) Without a transmission gearbox utilizing a low-speed generator. 
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Figure 2. Cross-section and constructional details of outer rotor toothed doubly salient permanent magnet generator (ORDSPMG) under study. 
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Figure 3. Detailed topology view of the examined ORDSPMG. 
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Figure 4. B-H curve of the M400-50A steel type used. 
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Figure 5. Relative permeability of the steel’s lamination sheet used. 
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Figure 6. Important rotor positions of an ORDSPMG (a) “opposite” position, (b) “conjunction” position. 
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Figure 7. Permanent magnets flux vs. electrical angle. 
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Figure 8. Hybrid and reluctance torque vs. current. 
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Figure 9. Cogging torque vs. electrical angle. 
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Figure 10. Impact of yoke thicknesses on the torque-density (a) stator and (b) rotor. 
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Figure 11. Stator and rotor teeth geometry impact on torque-density (a) teeth depth and (b) teeth width. 
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Figure 12. Opening angles impact on the torque density (a) pole angle, (b) slot angle. 






Figure 12. Opening angles impact on the torque density (a) pole angle, (b) slot angle.



[image: Energies 14 02055 g012]







[image: Energies 14 02055 g013 550] 





Figure 13. Torque density dependence on (a) PM thickness, (b), slot height and (c) current density. 
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Figure 14. Symbiotic organism search (SOS) algorithm in pseudocode form. 






Figure 14. Symbiotic organism search (SOS) algorithm in pseudocode form.



[image: Energies 14 02055 g014]







[image: Energies 14 02055 g015 550] 





Figure 15. Detailed flowchart of SOS algorithm implemented and applied to ORDSPMG optimization. 
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Figure 16. Objective function (torque density) and its inverse (fitness function) variation through the evolution of the optimization process. 
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Figure 17. Optimized ORDSPMG resulted after SOS algorithm application (design/properties, FEA mesh, flux lines and flux density distribution are depicted in combined view). 
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Figure 18. Obtained ORDSPMG electrical analysis: (a) EMF vs. electrical angle, (b) FFT analysis of EMF. 
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Figure 19. Phase inductance vs. current, calculated at opposite and conjunction positions. 
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Figure 20. Total torque waveform of the ORDSPMG under study. 
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Figure 21. Operating cycle of the machine per phase over an electrical period. 
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Table 1. Problem specifications.






Table 1. Problem specifications.










	Parameter
	Value
	Unit





	Rated speed n
	50
	rpm



	Rated power   P  o u t   
	10
	kW



	Rated torque   T  o u t   
	3000
	Nm



	Outer diameter (  2 ×  R  r − o u t    )
	600
	mm



	Axial length L (  f i x e d  )
	200
	mm



	Number of turns per phase
	160
	



	Copper fill factor
	0.5
	



	Air-gap thickness g
	0.5
	mm
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Table 2. Range of optimization variables.






Table 2. Range of optimization variables.





	Parameter (Search Variable)
	Lower Limit
	Upper Limit





	Rotor outer radius,   R  r − o u t   
	150 mm
	300 mm



	Stator and rotor teeth depth,   h s  ,   h r  
	3 mm
	15 mm



	Magnet thickness,   E m  
	5 mm
	35 mm



	Stator and rotor teeth cyclic ratios,   α  s 1   ,   α  r 1   
	0.15
	0.50



	Stator and rotor teeth cyclic ratios,   α  s 2   ,   α  r 2   
	0.15
	0.50



	Coil height,   h b  
	10 mm
	70 mm



	Slot radius,   R a  
	  R  r − o u t   /3
	   0.9 ×  R  r − o u t     



	Angular pole opening,  β 
	3   ∘  
	15   ∘  



	Angular slot opening,   β a  
	3   ∘  
	15   ∘  



	Rotor yoke thickness,   E r  
	15 mm
	50 mm



	Stator yoke thickness,   E s  
	15 mm
	50 mm
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Table 3. Final search variable and quantities of importance values found through   S O S   optimization, along with comparison with other methods.






Table 3. Final search variable and quantities of importance values found through   S O S   optimization, along with comparison with other methods.





	

	

	

	
Method

	




	
Parameters/Quantities

	
Unit

	
GA [27]

	
PSO [27]

	
SOS (Proposed)






	
Stator yoke thickness,   E s  

	
mm

	
37.623

	
34.298

	
40.91




	
Rotor yoke thickness,   E r  

	
mm

	
31.669

	
26.06

	
29.66




	
Coil height,   h b  

	
mm

	
53.921

	
49.56

	
52.12




	
Angular pole opening,  β 

	
    ∘   

	
6.573

	
6.838

	
8.61




	
Angular slot opening,   β a  

	
    ∘   

	
5.749

	
5.980

	
7.53




	
Slot radius,   R a  

	
mm

	
190.41

	
202.4

	
218.53




	
Stator teeth cyclic ratio,   α  s 1   

	

	
0.306

	
0.283

	
0.2596




	
Rotor teeth cyclic ratio,   α  r 1   

	

	
0.258

	
0.258

	
0.2596




	
Stator teeth cyclic ratio,   α  s 2   

	

	
0.390

	
0.500

	
0.3939




	
Rotor teeth cyclic ratio,   α  r 2   

	

	
0.323

	
0.409

	
0.3939




	
Magnet thickness,   E m  

	
mm

	
20.58

	
27.133

	
27.05




	
Stator teeth depth,   h s  

	
mm

	
9.062

	
10.32

	
7.7039




	
Rotor teeth depth,   h r  

	
mm

	
9.350

	
9.196

	
7.7039




	
Rotor inner radius,   R  r − i n   

	
mm

	
258.97

	
265.00

	
247.846




	
Output torque (average)   T  o u t   

	
Nm

	
3867.62

	
3907.80

	
3504.35




	
Active mass M

	
kg

	
274.49

	
251.14

	
185.44




	
Torque density

	
Nm/kg

	
14.09

	
15.56

	
18.89
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Table 4. Summarized losses calculation results (through FEA) of ORDSPMG.






Table 4. Summarized losses calculation results (through FEA) of ORDSPMG.





	Part of the Machine
	Mean Loss (W)





	Stator
	151.41



	Rotor
	79.81



	PM
	0.377



	Total
	231.596
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