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Abstract

:

This article deals with the performance improvement of a toothed pole variable reluctance machine excited by permanent magnets housed in the stator yoke. The objective was to reduce the electromagnetic torque ripples caused by the structure geometry and by the supply technique. The machine was designed to meet the specifications of a small wind energy conversion system. The proposed solution improved the electromagnetic design of the new structure in order to minimize the variation of the reluctance. This improvement was obtained by action on the geometry of the structure (the location of the permanent magnets), by action on the stator and rotor tooth pitch, and by the application of an indirect control strategy called torque sharing function. The PSO optimization algorithm was applied in the first part for the optimization of the machine’s global parameters to maximize torque density and then, in the second part, for the research of the optimum tooth pitch parameters to minimize torque ripple. Static and dynamic performances were obtained using 2D-FEM and MATLAB/Simulink software. The results reveal that by action on the stator/rotor tooth pitch, the ripple torque was reduced by about 53%, and by approximately 76% with the used command technique.
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1. Introduction


Low-speed doubly salient permanent magnet (LS–DSPM) machines can be suitable for naval propulsion, wind energy, marine energy, new hybrid energy vehicles, and other fields thanks to the simplicity of their structure, low cost, high level of reliability, low-speed operation capability and maintenance-free operation [1,2,3,4,5,6,7,8,9,10]. However, the nonlinear electromagnetic characteristics of this structure lead to a large torque ripple. This is why torque ripple reduction has been one of the focuses of research in recent years. The proposed solutions are based on:




	-

	
Advanced control technique, which consists of applying indirect torque control [11,12,13,14,15,16,17,18,19].




	-

	
The second solution to improve the torque ripple consists in modifying the geometry parameters of the conventional structures and optimizing the design of unconventional ones [1,2,3,4,5,6,7,8,9,10]. In [1], the design optimization and comparison of two synchronous structures operating at low speed, which have PMs in the stator, are achieved. It has been shown that introducing permanent magnets (PMs) in variable reluctance machines (Figure 1) can improve output torque. In [2], a novel structure is proposed to reduce the cogging torque and the mutual inductance. In [3], two LS–DSPM machines with and without the Vernier effect were designed and optimized using genetic algorithms. The results reveal that the introduction of the Vernier effect principle in the LS–DSPM machines ameliorates the EMF form and reduces torque ripple. In [4], the study of the forms and dimensions of the teeth that minimize torque ripple is presented. In [5,6,11], it is demonstrated that the number of PM pairs and their location in the stator, the number of poles, the phase number, and the combination of the stator/rotor teeth numbers are parameters that influence strongly the machine performance and more specifically the torque ripple.









The work presented in this paper is based on the structure studied in [1,9]. In this structure, PMs are mounted in the stator, and the windings are located around salient stator poles, which have small teeth. The rotor does not include windings or PMs and has small teeth like the ones located on the stator poles. The absence of a PM or winding in the rotor causes a component of the reluctance torque, which is due to the variation of the reluctance. The air gap variation is due to the saliency of the stator/rotor core, which is considered one of the major drawbacks of this machine because it leads to the production of a wavy total torque (sum of reluctance torque and hybrid torque). Additionally, the PM’s location in this structure causes a slight asymmetry between the phase electromagnetic force (EMF) of phase one and the corresponding ones of the two other phases. This asymmetry is due to the fact that the magnet position in the stator yoke is not magnetically equivalent for all three phases. This asymmetry contributes also to torque ripple. Another source of torque ripple in this structure is due to its supply mode. The machine is generally powered by pulsed currents, which are applied to the machine during the rise or fall of inductance/PM flux. This mode of supply leads to high torque peaks during switching.



The proposed solution to reduce the ripple torque consists, in the first part, of improving the electromagnetic design of the studied structure. This design improvement is based on two principles. Acting on location of the permanent magnets allows eliminating the asymmetry between the three phases’ EMF voltage. Acting on the stator and rotor tooth pitch reduces the saliency effects on torque ripples.



The second part of the proposed solution is to apply a new control approach that is related to the switching region, which leads to a smooth output torque.



In the first part of this paper, the machines studied and the design optimization is presented. Two-dimensional FEM simulations were used in this design phase. Magnetic flux density distribution, flux lines and curves, back–EMF, magnetic flux, and torque curve network were examined. Secondly, the reduction of the ripple torque of the optimal machine by the TSF control technique was examined. MATLAB/Simulink software was used to simulate the dynamic performances of the proposed solution and control strategy.




2. Description and Modeling


In this study, the aim was to improve the performance of low-speed DSPM of the conventional structure studied in [1].



The proposed 3-phase LS–DSPM case study is presented in Figure 2. The designed machine operates at 50 rpm and is able to deliver about 10 kW. This corresponds to a rated torque of 2000 N.m. The studied machine has 48 small stator teeth (Ns) and 64 small rotor teeth (Nr) (this is why it is called a 48/64 structure). The main dimensions and material characteristics are the same as those of the machine studied in [1] and are given in Table 1. To improve the performance of the machine studied in [1], whose stator contains four pieces of PMs for magnetic field excitation, the stator of the new proposed structure contained six PMs magnetized in a tangential direction. The armature winding adopted was a 3-phase double-layer winding structure, shown in Figure 1. The armature coils were wound around 12 salient stator-tooth poles (Np = 12).



An uniform current density of   J =  k r  ×  J s    is considered into each supplied half slot (corresponding to a supplied phase), where    k r  = 0.5   represents the coil fill factor and    J s  = 5   A/mm2 the current density in the winding conductors.



Each stator pole had four small teeth (Ndp = 4). In this structure, to create an irregular air gap between the stator and the rotor pole (Figure 2), the stator tooth pitch   (  τ s   ) is taken to be different from the rotor one   (  τ r   ). Both pole pitches are given in Equation (1).


   {          τ  s  =   2 π    N s              τ  r  =   2 π    N r           



(1)







In order to operate the proposed machine at the same speed as the structure studied in [1], the stator tooth pitch was varied as given in (2). This action also reduces the air gap surface between the stator/rotor poles when they are in the aligned position (Figure 3b). This position corresponds to the complete overlap between the rotor/stator poles. The flux density reaches its maximum in this position. In contrast to the case when the tooth pitches stator/rotor are equal (Figure 3a), the flux linkage surface (air gap distance δ) in the small teeth of the stator/rotor pole was not equal (Figure 3b).


       τ   s  =   2 π    N  seq      



(2)







Nseq represents the corresponding number of stator teeth.



Taking into account only the reluctance effect, which is due to the structure core saliency, the reluctance torque produced by each phase can be expressed as:


   Γ r  =    δ L   R r    2  μ 0     B g 2   (  δ , θ , i  )   



(3)




where:



δ: air gap distance;



L: core axial length;



Rr: rotor outer radius;



μ0: air magnetic permeability, and Bg is the density of the air gap flux.



Magnetic Performance Calculation


The electromagnetic equations that can be resolved in different machine regions are given in (4).


   ∂  ∂ x    (  ν   ∂  A z    ∂ x    )  +  ∂  ∂ y    (  ν   ∂  A z    ∂ y    )  = − (  J z  +  J  pm   )  



(4)




where Az and Jz are the magnetic vector potential and current density in z–component, respectively. Jpm is the PM surface current density, υ is reluctivity. This equation was solved in 2D using the finite element method (FEM). This calculation was done using FEMM software.



The magnetic flux was obtained by integration of magnetic potential (which in 2D is limited to z–component) in the part of the slot areas corresponding to the winding, as shown in (5).


  ψ = N ×  L S   ∬   A z     dS   



(5)




where N is the number of turns, L is stack length, and S is the flux passage area.



The back–EMF, ek, in each phase was obtained from the phase PM flux (   ψ  pm − k    ), as given in (6).


   e k  = − N      d ψ    pm   − k   dt   ,   k = a ,   b   and   c  



(6)







The LS–DSPM works in the magnetic saturation region (Equation (4) is nonlinear). The torque phase    Γ k    can be calculated as follows:


   {       Γ k   (   i k  , θ , δ  )  =      δ LR   r    2  μ 0     B g 2   (  δ , θ ,  i k   )  +  i k    ∂  ψ  pm − k     ∂ t   ;   k = a , b , c       =  Γ r  +  Γ H         



(7)







In Equation (7), the first term represents the reluctance torque (   Γ r   ), and the second torque term represents the interaction torque (   Γ H   ), which is due to the interaction between the phase supply current and the PM flux.



The output (total torque) electromagnetic torques produced by the machine is:


   Γ  em   =  ∑   Γ k   (   i k  , θ , δ  )  ;   k = a , b , c  



(8)







Torque ripple (   Γ  rip    ), which is relative to the form of total torque, is expressed in (9).


   Γ  rip    ( % )  =  (     Γ  max   −  Γ  min      Γ  mean      )  × 100  



(9)




where    Γ  max     and    Γ  min     are the maximum and the minimum values of electromagnetic torque (total torque), respectively, and    Γ  m e a n     is the mean electromagnetic torque.





3. Design Optimization


The particle swarm optimization (PSO) method was applied to design the proposed machine. For comparison reasons, the external volume was kept the same as that studied in [1], whose dimensions are given in Table 1.



The design of the machine was realized as follows.



In the first step, the optimization method was applied to minimize torque density (10).


   F 1   ( x )  =    (     Γ  em    M   )    − 1    



(10)




where: M is the sum of the masses of copper, iron, and PMs.



The optimization variables are all the geometric parameters shown in Figure 4 and given in Table 2. The small teeth constituting the poles of the stator and the rotor had little impact on the total mass of the machine; this is why in this first phase of the design, the parameters of the pole teeth were kept equal to those of the reference machine (Table 2).



The geometric parameters of the structure studied in the [1] were retained for the initial design of the proposed machine (at the beginning of optimization process).



In a second step, once the optimal machine was obtained in the first design, the PSO algorithm was applied to minimize electromagnetic torque ripple by taking into account only the small teeth parameters (Table 3) as optimization variables. These small teeth had a direct impact on the shape and the value of the torque produced, because the passage of the stator field created by the PMs and the phase currents was taking place around them. This is why the determination of the parameters of small teeth was dissociated from that of the overall design (optimal parameters values obtained in the first step of design optimization). For this second step of optimization, the parameters given in Table 2 were fixed to the values determined in the first design.



Moreover, in order to keep a mean torque close to the nominal torque required by the specifications, the optimization was performed for a mean torque equal to or superior to the value 2000 Nm. This point was introduced as a constraint of feasibility in the optimization process.


   F 2   ( x )  =    (   1   Γ  rip      )    − 1    



(11)







The design process optimization via the PSO method is given in Figure 5. The optimization problem was written in the form of a Lua script program that was associated with FEMM software for the finite element electromagnetic analysis.



Particle swarm optimization was initialized with a population of machines. These particles are randomly positioned in the search space of the problem. For each particle, the values of the objective function is calculated and stored. These values correspond to the    p  best    . The best (   g  best    ) value of the objective function obtained is also terminated and stocked. Thereafter, for each iteration, the objective function of each machine is updated (by updating its “velocity” and “position”), after having compared it with that of its neighborhood value, and with the global best value. This action leads to the displacement of the particle in the search space.



Velocity (acceleration) is weighted by a random term, with separate random numbers being generated for acceleration toward    p  best     and    g  best    . The particle updates its “velocity” and “position” with the following equations [10,20]:


   {      v  (  t + 1  )  = χ ×  (  v  ( t )  +  C 1  ×  (   p  best   − x  ( t )   )   )  +  C 2  ×  (   g  best   − x  ( t )   )        x  (  t + 1  )  = x  ( t )  + v  (  t + 1  )         



(12)




where   x  ( t )   ,   v  ( t )   ,    p  best     and    g  best     are current position, velocity, fitness value, and best value tracked, respectively.



 χ  is the coefficient of constriction:


  χ =  2  φ − 2 +    φ 2  − 4 × φ      



(13)




where  φ  is the confidence coefficient.



   C 1    and    C 2    are the acceleration coefficients which are calculated as follows:


   C 1  =  C 2  =  φ 2  × random  (  0 , 1  )   



(14)







In the design optimization process of the proposed structure, an evaluation of the geometry to determine the geometric feasibility (feasibility test) was performed within the optimization algorithm for each candidate (set of parameters) element. This test allows for avoiding the study of geometrically impossible solutions. If the machine (i) with the dimensions xi is feasible, the calculation of output performance data is performed using the finite element method. Otherwise, all the parameters are initialized at random again until geometric feasibility is achieved.




4. Optimization Results and Discussion


The global optimization, which corresponds to the maximization of the torque density F1(x) (torque-to-mass ratio), was carried out in 50 iterations. The search for the global optimum took about 13 h. The characteristics of the used computer were: processor: Intel(R) Core(TM) 2.30 GHz, 16 GB RAM.



On the other hand, the search for minimum torque ripple, F2(x), which corresponds to the optimization of the small teeth parameters, was carried out with 30 iterations that represented around 4 h of calculation.



The PSO tuning parameters used were [10, 20]: φ = 4.1; χ = 0.7298; C1, C2 ∈ [0, 2.05]. The PSO parameters were chosen in accordance with [20].



4.1. Torque and Torque Ripple Evaluations


The evolution of the first objective function relative to the global parameters of the machine as a function of the number of iterations is presented in Figure 6, and the corresponding optimal parameters are illustrated in Table 4. The maximum torque density (the optimal machine) was approximatively obtained at iteration 35; beyond that, the objective function remained practically constant. The optimum torque density was 12.4 Nm/kg.



The evolution of the second objective function relative to the small teeth parameters, which corresponds to the ripple torque minimization versus the number of iterations, is presented in Figure 7. In addition, the optimal small teeth parameters obtained after step 2 are given in Table 5. The minimum ripple torque was obtained at iteration 21; beyond that, the objective function remained practically constant. The optimum ripple torque was reached and equal to 16%. With the optimization design approach, the ripple torque was reduced about 53% in comparison with the structure studied in [1].



Nevertheless, the torque ripple remains important. So in order to reduce the torque ripple to acceptable values, an indirect control technique was applied in Section 5.




4.2. Electromagnetic Characteristics


Two-dimensional FEM (FEMM software) was used to analyze the magnetic characteristic of the proposed structure in order to establish an electromechanical model of the structure.



4.2.1. Magnetic Flux Density Distribution and Flux Lines


The magnetic flux density distribution at no load in different machine regions is presented in Figure 8. It is shown that the highest magnetic flux density was focused on the poles and on the small teeth specifically at the aligned position (conjunction position). Nevertheless, recorded values did not exceed 1.45T.




4.2.2. Three-Phase EMF under 50 rpm


The electromotive force (EMF) generated by the studied machine at 50 rpm (Figure 9) had a sinusoidal shape and a very low harmonic content, THD = 8.8% (Figure 10). This characteristic was obtained by the fact of the non-equality between the value of the stator/rotor tooth pitches and therefore the irregularity of the air gap in the poles of the stator/rotor, which were face-to-face. It can be observed also that the EMF amplitudes of the three phases were equal. Compared to the EMF generated by the reference machine studied in [1], the location of permanent magnets allowed for the elimination of the asymmetry of the amplitude of EMF of the three phases.




4.2.3. Flux and Torque Curve Network Characteristics


The flux and torque curve of the studied machine are presented in Figure 11 and Figure 12, respectively. These characteristics were obtained by using 2D-FEM, by varying the phase current from 0 A to 120 A with steps of 1 A, and electrical angle from 0° to 360° with step 1°.



The flux curves (Figure 11) obtained were between those corresponding to θ = 0° (unaligned position) and θ = 180° (aligned position). These characteristics were linear for values of electrical angle θ close to 0°, and strongly nonlinear for values close to the aligned position. In Figure 12, it is also notable that the difference between the curves of the torque decreased as the current increased.



The flux linkage and the torque characteristics had nonlinear properties that strongly depended on the phase current values and the rotor position. These data of the torque and the flux were used in Section 5 to minimize the ripple torque by using TSF control.






5. Torque Ripple Minimization


An indirect control method named the torque sharing function (TSF) technique [11] was applied in order to minimize the torque ripple produced by the proposed machine. In this method, the imposed reference torque forces the output torque to follow up on it. The form of reference torque    (   Γ k *   )    used in this work is presented in Figure 13 and given by:


   Γ *    k  =  Γ d  ×  f c   ( θ )  ,   k = a ,   b   and   c  



(15)




where


   f c  =  {       3   θ  ov  2       (  θ −  θ  on    )   2  −  2   θ  ov  3       (  θ −  θ  on    )   3                       θ  on   ≤ θ ≤  θ  on   +  θ  ov         1                        θ  on   +  θ  ov   ≤ θ ≤  θ  off   −  θ  ov         1 −  3   θ  ov  2       (  θ −  θ  off   +  θ  ov    )   2  −  2   θ  ov  3       (  θ −  θ  off   +  θ  ov    )   3               θ  off   +  θ  ov     ≤ θ ≤    θ  off          



(16)







   θ  o n    ,    θ  o v    ,    θ  o f f     are the turn-on, overlap, and turn-off angles, respectively.    Γ d    is the desired torque value. In the studied case    Γ d  =   2000 Nm.



The data of nonlinear characteristics given in Figure 11 and Figure 12 were interpolated by the Kriging method [21,22], given in Equation (17), in order to generate reference currents (   i a *   ,    i b *    and    i c *   ). The letters were compared to the measured currents to control the active switching signal of an asymmetric converter. The global simulation of the whole system (machine, converter, and control) was executed in the MATLAB/Simulink environment based on the block diagram given in Figure 14.




    {      ψ  (  i , θ  )  =  a 1  +  a 2  i +  a 3  θ +    ∑   J = 1  N    α j  g  (       (  i −  i j   )   2  +    (  θ −  θ j   )   2     )        T  (  i , θ  )  =  a 1  +  a 2  i +  a 3  θ +    ∑   J = 1  N    α j  g  (       (  i −  i j   )   2  +    (  θ −  θ j   )   2     )        g  ( h )  =  h 2  ln  h  ,   avec   h =      (  i −  i j   )   2  +    (  θ −  θ j   )   2            



(17)





5.1. Results and Discussion


The torque waveform produced by the three phases, as well as the total torque as a function of the position, are shown in Figure 15. The current shape of each phase is presented in Figure 16. It is illustrated that, by applying the TSF control technique, the total torque obtained was practically constant. The torque ripple recorded was around 8%, with a torque maximal value of 2086.2 Nm, a minimal torque value of 1926.2 Nm, and an average torque of 2000 Nm. The ripple was drastically reduced by approximately 50% compared to that obtained with classical supply (Section 4) and by about 76% compared to the structure studied in [1]. These results allow us to conclude that the application of the TSF method to the control of the proposed machine produces a very smooth torque, which leads to a quiet operation of the machine and vibration reduction.




5.2. Impact of the Overall Angle in the Torque Ripple


In the commutation zone, when switching off phase a (for example) and powering phase b, the current in phase a decreased at the same time as the current in phase b increased. Due to the inductive property of the machine winding, the downward and upward currents occurred with delay (Figure 16). This phenomenon had a direct impact on the waveform of the total torque because the total torque generated dipped in these commutation zones. An adequate overlap angle leads to reduce the drop in this part of the machine’s torque, and therefore the torque ripple. As shown in Figure 17, the optimum value of the overlap angle for which the torque ripple was minimal is 60°.





6. Efficiency


To evaluate the efficiency of the studied machine, the joule and iron losses were taken into account.



6.1. Joule Losses Estimation


The joule losses were estimated by:


   P  cop   =   ∑   i = 1  3  (  R  ph    I m 2  )  



(18)







From the shape of the current (Figure 16), between [0°, 180°] it can be seen that, in phase a, for example, the current amplitude varied according to the position of the rotor. In the interval [0°–50°], the current amplitude was around 90 A, while in [50°–100°], the current amplitude was approximately 65 A, and between 100° and 180°, the current amplitude was around 120 A. This indicates that the average amplitude of the current supplying the machine’s phases was around 75 A, which transforms Equation (18) into (19).


   P  cop   =  3 2  (  R  ph    I m 2  )  



(19)




where Rth and Im are the resistance and current amplitude of the phase k (k = a, b and c). The phase resistance Rth is calculated by taking in account the conductors in the slots and in the end-windings [7].




6.2. Iron Losses Estimation


The mean iron losses in the proposed structure were evaluated using the classical Bertotti formula [23,24] and the knowledge of the information supplied by the used M400-50 A electrical lamination manufacturer data sheet.


   P  ir − mean   =  (   k h   B m  1.54   . f +  k e     (    dB  ( t )    dt    )    1.53   + σ    d 2    12      (    dB  ( t )    dt    )    1.55    )  0.92  



(20)







The first term in (20) is the hysteresis losses, the second is the excess losses and the third term is the classical eddy current losses. Bm is the mean value of the magnetic flux density.



In the studied machine, the rotor movement led to a variation of reluctance; therefore, a variation of flux density in the iron parts due to alignment and misalignment of stator/rotor pole teeth. Therefore, the iron losses were determined (using Equation (20)) according to the flux density variation in the different parts of the machine at one operating cycle.



The definition of the different coefficients used in Equation (20), and the values of joule and iron losses are summarized in Table 6.



According to the results of iron losses estimation (Table 6), it is shown that the totality of iron losses were localized in the stator (61.4%), and the global iron losses represented 2.27% of the output power. As for the joule losses, they represented 6% of the rated power, which means the efficiency of the proposed machine was around 92%. The efficiency of the machine could be improved by minimizing the joule losses. The latter can be minimized by changing the current in the control approach, as demonstrated in [25].



The efficiency of the proposed structure is practically the same as that of the conventional permanent magnet synchronous machine (PMSM) studied in [26]. The machines studied in [26] was designed for naval propulsion, and operated at 600 rpm and delivered 10 kW.



The active weight of the studied machine (including mass of iron, mass of copper and masse of PM) was 241.17 kg and that of the PMSM studied in [26] was about 41.40 (kg). Therefore, the weight of the proposed machine is approximatively 6 times greater than the weight of the PMSM machine studied in [26]. However, it should be noted that the machine studied in [26] operated at higher speed (600 rpm) than the studied DSPM machine and so the torque of this PMSM was 12 times lower than that of the studied DSPM. That means that studied DSPM has a higher torque-to-mass ratio.





7. Conclusions


In this paper, we present a contribution to the improvement of the performance of a LS–DSPM excited by PMs housed in the stator. The objective was to both improve the torque density and reduce the electromagnetic torque ripples generated by the machine. The solution proposed consists in firstly optimizing the electromagnetic design of the new structure and second, in the application of a torque-sharing function strategy for the machine’s control. An optimization algorithm based on PSO was applied first, for the optimization of the machine’s global parameters in order to maximize the torque density. In the second step, an optimization method was applied for the research of the optimum stator and rotor tooth pitch parameters to minimize torque ripple. Static and dynamic performances were obtained using 2D-FEM and MATLAB/Simulink software. At the end of this optimal design step, the proposed structure geometry with classical supply strategy produced a torque with a ripple of around 16%, but this was about 53% less than that produced by the previously studied structures. To improve this ripple, a torque-sharing function technique was applied for the control of phase supply currents. This technique allows for reducing ripple torque by approximately 76%. The optimization study presented in this paper shows that the proposed LS-DSPM can match the performance of a 10 kW 50 rpm wind turbine generator with the following advantages in comparison with other previously studied machines: lower magnet mass and cost, relatively small torque ripples, and simple winding manufacturing.
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Figure 1. Reference LS–DSPM machine [1]. 
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Figure 2. Proposed LS–DSPM machine. 
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Figure 3. Stator/rotor tooth pole pitch. (a) Regular air gap distance. (b) Irregular air gap distance. 
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Figure 4. Global parameters of the proposed machine. 
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Figure 5. Design optimization process flowchart. 
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Figure 6. Torque density versus iterations (F1(x)). 
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Figure 7. Torque ripple versus iterations (F2(x)). 
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Figure 8. Magnetic field distribution and flux lines at no load. 
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Figure 9. Three-phase EMF. 
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Figure 10. FFT of EMFs. 
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Figure 11. Magnetic flux versus electrical angle for different and phase currents ψ = f(i, θ). 
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Figure 12. Torque versus electrical angle and phase currents. Γ = f(i, θ). 
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Figure 13. Cubic form of the reference torque    (   Γ k *   )    for each phase. 
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Figure 14. Ripple torque control block diagram. 
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Figure 15. Overall torque waveform (at 50 rpm). 
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Figure 16. Current waveform (at 50 rpm). 
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Figure 17. Ripple torque versus overlap angle. 
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Table 1. Dimensions and material of the reference LS–DSPM machine [1].
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	Parameters
	Values





	Stator outer diameter, Do
	600 mm



	Active axial length, L
	200 mm



	Air gap, g
	0.5 mm



	Copper fill factor, kr
	0.5



	Current density, J
	5 A/mm2



	Number of turns per phase, N
	160



	Sheet thickness (M400-50 A)
	0.5 mm



	PMs type, NdFeBr
	Br = 1.29 T, µr = 1.049



	Rated speed n,
	50 rpm



	Rated power Pout
	10 kW



	Torque density
	12.60 Nm/kg



	Stator yoke thickness, Es
	31.4 mm



	Stator teeth depth, hs
	12.8 mm



	Rotor teeth depth, hr
	9.3 mm



	Magnet thickness, Em
	19.5 mm



	Stator teeth cyclic ratios, αs1
	0.32



	Stator teeth cyclic ratios, αs2
	0.33



	Rotor teeth cyclic ratios, αr1
	0.30



	Rotor teeth cyclic ratios, αr2
	0.44



	Coil height, hb
	50.7 mm



	Inner radius of rotor, Rr
	215.3 mm



	Angular pole opening, β
	5.5°



	Angular slot opening, βa
	8.1°



	Rotor yoke thickness, Er
	32.6 mm
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Table 2. Global search variable values.
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	Parameters (xi)
	Low Values
	Upper Values





	Stator yoke thickness, Es
	20 mm
	50 mm



	Stator teeth depth, hs
	12.8 mm
	12.8 mm



	Rotor teeth depth, hr
	9.3 mm
	9.3 mm



	Magnet thickness, La
	10 mm
	50 mm



	Stator teeth cyclic ratios, αs1
	0.32
	0.32



	Stator teeth cyclic ratios, αs2
	0.33
	0.33



	Rotor teeth cyclic ratios, αr1
	0.30
	0. 30



	Rotor teeth cyclic ratios, αr2
	0.44
	0. 44



	Coil height, hb
	20 mm
	50 mm



	Inner radius of rotor, Rr
	180 mm
	230 mm



	Angular pole opening, β
	2°
	15°



	Angular slot opening, βa
	2°
	15°



	Rotor yoke thickness, Er
	20 mm
	50 mm
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Table 3. Rotor/stator tooth pitch search variable values.
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	Variable (xi)
	Low Values
	Upper Values





	hs
	2 mm
	15 mm



	hr
	2 mm
	15 mm



	αr1
	0.10
	0.5



	αs1
	0.10
	0.5



	αs2
	0.10
	0.5



	αr2
	0.10
	0.5
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Table 4. Optimal global variable values obtained after 1st phase of optimization.
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	Parameters (xi)
	Optimal Values





	Stator yoke thickness, Es
	30.47 mm



	Magnet thickness, Em
	25.92 mm



	Coil height, hb
	39.14 mm



	Inner radius of rotor, Rr
	228.49 mm



	Angular pole opening, β
	5.77°



	Angular slot opening, βa
	8.34°



	Rotor yoke thickness, Er
	26.48 mm
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Table 5. Optimal search variable values.
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	Variable (xi)
	Optimal Value





	hs
	8.4 mm



	hr
	7.41 mm



	αr1
	0.30



	αs1
	0.28



	αs2
	0.35



	αr2
	0.37
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Table 6. Coefficients used in (20), efficiency and losses estimation values.
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	Coefficients/Performance
	Values





	Electrical conductivity, σ
	38.105 [S/m]



	Hysteresis losses coefficient, kh
	35.18 [Ws/m3T2]



	Eddy currents coefficient, ke
	12.26 [Ws2/m3T2]



	Thickness lamination d
	5.10−4 [m]



	Joule losses
	607.50 W



	Stator iron losses
	139.38 (W)



	Rotor iron losses
	87.56 (W)



	Total iron losses
	227 (W)



	Efficiency
	92%



	Iron density [kg/m3]
	7600



	Copper density [kg/m3]
	8920



	Active weight of machine [kg]
	7650
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