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Abstract

:

This article investigates the comparison between two configurations of 20 MW offshore synchronous wind generators using ferrite and rare-earth permanent magnets. The optimization-based comparison concerns the torque ripple and active mass, which are two crucial criteria for offshore wind generators. Both generators adopt surface-mounted permanent magnet type with direct-drive technology to avoid problems associated with the gearboxes. The result shows that at the full-load condition, the ferrite permanent magnet generator can reduce the torque ripple to as much as 0.12%, while the rare-earth counterpart can be about 2.5 times lighter than the former one.
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1. Introduction


In various countries, renewable energy has recently witnessed a considerable proliferation in response to climate change and fossil fuels being exhausted to reach the goal of emission reduction set by the Paris Agreement. Thanks to its high potential, wind energy is gaining more and more attention with rapid technological advancement. Because offshore wind energy has a greater installed area, fewer surrounding barriers, and higher and more constant wind speeds than its onshore counterpart, it is a complementing energy source. The significantly high investment and operational costs are the main challenges to the development of offshore wind farms. With the same installed capacity, wind turbines with high nominal power are preferable to reduce the number of turbines, meaning that some costs such as the installation, operation, and maintenance can be reduced. However, the mass of some turbine components will be significantly increased, presenting difficulties in manufacturing, transportation, and installation [1].



Increasing the nominal power is a means to reduce the cost of energy. However, this will make longer blades, resulting in a lower shaft speed in the generator if direct-drive technology is used. Torque ripple, which is the torque fluctuation around its mean value, is worse at low speeds. Since torque ripple is one of the most critical concerns in high-performance applications, its direct effects on the generator, such as vibration, noises, and friction, can reduce the turbine’s performance and shorten its lifespan [2,3].



With a roughly 50% market share, the doubly fed induction generator is now the most widely used technology in the wind industry [4]. However, as the nominal power of wind generators is increasing, lightweight and compact-design generators are necessarily required. For high-nominal-power wind turbines, permanent magnet synchronous generators (PMSGs) have taken the lead in technology. The largest commercial turbine as of 2021 is a 16 MW turbine that will be launched in 2024 [5].



There are two commonly used materials for permanent magnets in PMSGs: rare-earth and ferrite. The rare-earth PM-based generator (RPMG) is advantageous in its impact and lighter design thanks to the high PM residual flux density. However, this increases the generator’s torque ripple due to the strong air-gap magnetic field, and the generator is more costly than the ferrite PM-based generator (FPMG). The comparison between these two types of PM is, therefore, essential. However, such a comparison for radial flux generators is limited, especially at high nominal power. In [6], authors compared these two direct-drive PM wind generators. The transverse flux PM types were adopted. The research analyses focused on operation principles, design procedure, and performance. It concluded that the ferrite PM candidate can have acceptable performance for low-cost wind turbine applications. Comparisons between direct-drive and geared wind generator concepts were conducted in [7], and the PMSG with surface-mounted rare-earth PM type was used. This research concluded that the PMSG is attractive regarding the annual energy yield. However, the counterpart with ferrite PM was not considered. In [8], authors compared the rare-earth and ferrite flux-switching types. It was found that the ferrite PM generator is supposed to be a good alternative to the rare-earth one with higher average efficiency. The mass of the ferrite PM generator is 2.4 times higher; however, its cost is approximately similar since the rare-earth magnets are much more expensive than ferrite ones. In [9], 10 kW flux-switching machines for a geared medium-speed wind generator using rare-earth and ferrite magnets were compared. Compared to the rare-earth PM generator, the ferrite one is able to save 35% active material cost but the torque density is 61.2% lower. A thorough analysis of the differences in performance between 10 kW rare-earth and non-rare-earth flux reversal wind generators was carried out in [10]. These generators have the PMs mounted on the stator pole shoe. It showed that the torque ripple for non-rare-earth generators is 64% lower than that of the rare-earth counterpart at the expense of a 2.6 times increase in mass. The research concluded that the non-rare-earth flux reversal wind generator is a practical alternative to the rare-earth one for medium-speed wind turbines with powers up to 10 kW.



This article will investigate the multi-objective optimization of a 20 MW PMSG direct-drive wind generator. Together with the torque ripple reduction, the active mass of the generator is another objective, as the light weight of the high-power wind generator is prioritized to lower the load put on the turbine’s tower and foundation. The reason for selecting such a high nominal power is that it aligns with the offshore wind turbine trend of rising nominal power and is thought to be in the ideal range for minimizing the levelized cost of energy [11]. The generator will be described and optimized using the particle swarm optimization (PSO) algorithm. The optimization-based comparison between RPMG and FPMG will be carried out. The article is organized as follows. Section 2 presents the methodology with details about the generator’s topology and a brief comparison between RPMG and FPMG. The results based on the particle swarm optimization are discussed in Section 3, followed by the conclusion in Section 4.




2. Methodology


2.1. Generator Configuration


In this research, the surface-mounted PM radial flux generator is chosen to mitigate the torque ripple and its associated noise compared to the interior PM type [12]. Although the interior PMSG releases a higher power factor and less copper loss [13], the surface-mounted PMSG is better suited for large wind turbines to boost the generator’s efficiency [14]. The wind energy conversion system is shown in Figure 1; the direct-drive technology is used by directly coupling the generator’s shaft to the blade hub. A step-up transformer and a back-to-back converter are used to interface the generator with the grid.



A double-layer winding configuration is adopted in the armature winding, which is preferable for direct-drive wind generators in terms of weight, cost, and torque ripple [15,16,17]. This article chooses a winding pitch factor of 5/6 to reduce the fifth and seventh harmonics. The one-pole-pair model is shown in Figure 2.



The generator’s parameters are detailed in Table 1. Two permanent magnet types including rare-earth and ferrite ones with the corresponding residual flux densities   B r   of 0.4 T and 1.1 T will be used. The non-linear magnetization curve, displayed in Figure 3, will be employed for both stator and rotor cores. The generator’s nominal power is expressed by (1) [18].


   P n  =  1 2   C p   ( λ , β )   ρ air  π  R blade 2   v n 2   



(1)




where   C p   is the power coefficient, and  λ  is the tip speed ratio defined as defined by (2). In this article, to maximize the captured wind power,   C p   and  λ  are chosen to be equal to 0.48 and 7, respectively.


  λ =   ω  R blade    v n    



(2)




where   R blade   is the blade length, and  ω  is the blade’s angular speed, which is the same as the speed of the generator’s shaft thanks to the direct-drive configuration.



For structural optimization, the particle swarm optimization (PSO), which will be discussed later, will be used. Nine optimization variables are summarized in Table 2.



The aspect ratio   K rad  , defined as the ratio between the generator’s axial length and its air-gap diameter, as in (3), strongly influences the generator’s total mass. Though the generator’s inactive mass is not taken into account in this research, it is considered as a design variable varying between 0.2 and 0.27, as recommended in [19].


   K rad  =   l s   D g    



(3)







The suggested mechanical air-gap length g for multi-megawatt generators is 1/1000 of the rotor diameter but not less than 3 mm, as in (4) [20].


  g = max  0.003 ,    R i  +  t r  +  t  p m    500    



(4)








2.2. Torque Ripple


An electrical machine’s instantaneous electromagnetic torque is made up of two parts: the mean torque and the periodic component, which is a function of time or the rotor’s position [21]. The periodic component causes torque ripple and can be calculated by (5) [21].


   T rip  =    T max  −  T min    T mean   · 100 %  



(5)




where   T max   and   T min   are maximum and minimum instant torques, respectively, and   T mean   is the mean torque.



In this article generators are modeled by the 2-D finite element method (FEM) using ANSYS Electronics. In this software package, the FEM model is presented in a text-data form; therefore, it can be accessed and modified easily with MATLAB. Moreover, thanks to the capability of ANSYS running in a batch mode without a graphical interface (BatchExtract) using a Python script, this allows an effective coupling between MATLAB and ANSYS. In ANSYS, the instantaneous electromagnetic torque is computed by the virtual work approach that at a constant current, electromagnetic torque is equal to the derivative of the magnetic co-energy   W m   with respect to rotor angle, as in (6) [22]. For finite-element analyses, this method is frequently utilized to calculate magnetic force distributions because of its benefits, which include high accuracy and the requirement to compute only one field solution.


  T =   ∂  W m ′    ∂ θ   =  ∑  k = 1  n   i k    ∂  ψ k    ∂ θ      |  i = c o n s t   −   ∂  W m    ∂ θ   |   i = c o n s t    



(6)




where   ψ k   is the flux linkage,   i k   is the phase current,   W m   is the stored magnetic energy, and  θ  is rotor angle.



The torque ripple can be divided into two main parts: the load-dependent torque pulsation that comes from the harmonic component of armature current and back-EMF [23], and the load-independent cogging torque that results from the interaction between the magnetic field of the PMs and the stator slot [24]. Cogging torque is a big concern in wind generators as it causes vibration and acoustic noises. It gradually reduces the generator’s performance, and shortens its lifespan [2].




2.3. Brief Comparison between RPMG and FPMG


As aforementioned, the RPMG has the advantage of high power density compared to the FPMG, and this reduces its size and mass. However, the air-gap flux density will increase, making the torque ripple of this generator higher than that of the FPMG. The analyses that follow will compare the two generators in terms of torque ripple, cogging torque, and air-gap flux density. A randomly chosen generator’s geometry, detailed in Table 3, will be used for those analyses. The no-load air-gap flux density comparison is shown in Figure 4. As can be seen, thanks to the strong magnetic field of the rare-earth PM, the air-gap flux density of the RPMG is much stronger than that of the FPMG. This explains the significantly high cogging torque of RPMG compared to that of the FPMG, as demonstrated in Figure 5.



The torque comparison at the armature current of 1000 A is shown in Figure 6.



The torque ripples, computed by (5), for RPMG and FPMG are 5.14% and 2.33%, respectively. As mentioned, the advantage of the strong magnetic field with rare-earth PM is also the drawback that significantly increases its torque ripple.





3. Results and Discussion


3.1. Optimization Algorithm


In this article, multi-objective particle swarm optimization (MOPSO) will be used to minimize the generator’s torque ripple and mass. The optimization algorithm, which was first introduced in 1995 [25], is classified as a stochastic optimization technique that was developed using a simulation model studying the movement of schools of fish or flocks of birds. Every particle can follow both its own and the best population’s positions and velocities, acting as a potential solution to the optimization problem. Each individual has a fitness value assigned to them, and these values are used to determine their updated location and velocity. Until the equilibrium or optimal condition is reached, each individual’s states will be continuously adjusted inside the multi-dimensional search space [26,27]. When the maximum number of iterations is reached or the swarm radius drops below a particular small positive constant, the algorithm is terminated [28]. The method by which the particles’ position and velocity are updated is controlled by (7) and (8), respectively.


   v  i d   n + 1   = ω  v  i d  n  +  c 1   r 1 n   (  p  i d  n  −  x  i d  n  )  +  c 2   r 2 n   (  p  g d  n  −  x  i d  n  )   



(7)






   x  i d   n + 1   = v  x  i d  n  +  v  i d   n + 1    



(8)




where  ω  is the inertial weight constant, and   r 1   and   r 2   are random numbers in the interval [0, 1] with uniform distribution. Constants   c 1   and   c 2   regulate the effect of the personal and global guides.   p  i d    and   p  g d    are personal best and global best, respectively.  ω  is 0.8 and   c 1   and   c 2   are 1 in this work.



The optimal location of each particle,   p  i d   , is determined by comparing its current position with its prior optimal position; on the other hand, the optimal solution of the swarm,   p  g d   , is determined by considering the set of non-dominated solutions updated in the preceding step. The particle swarm optimization’s basic flowchart is presented in Figure 7 [27]. In this article, the optimization stops once the predetermined number of iterations is reached.




3.2. General Optimization Strategy


The optimization formulations are summarized in (9), where several constraints are to be applied. The maximum current density   J max   of 6 A/mm   2   is imposed on the armature winding [29]. In addition, to enhance the design’s performance, the generator’s efficiency at the rated speed should be higher than 92% to be competitive [30].


      minimize X       f  ( X )  =     Mass      Torque  ripple            X =     { P ,  N a  ,  R  r i   ,  t r  ,  t  p m   ,  l t  ,  t s  ,  α  p m   ,  α t  ,  K rad  }        s . t .        P gen  ⩾ 20  MW           U  line - to - line   = 3 .  3  ± 5 %    kV          J ⩽ 6    A / mm  2            η rated  ⩾ 92 %     



(9)







There is a contradiction between the two optimization goals: reducing the torque ripple and mass of the generator because a larger generator may result in a smaller torque ripple. Larger magnetic air-gaps, for instance, can lessen an abrupt change in the flux density distribution of the air-gap, which in turn reduces the torque ripple. Larger air-gaps, however, result in a larger overall volume and mass of the generator. The overall mass is further increased by the need for more PM materials to maintain the air-gap flux density. The torque ripple and the mass may be influenced differently by other factors. For instance, extending the stator teeth will enhance the maximum current density by providing more space for the armature windings, but it will barely affect the torque ripple. The torque quality is not significantly affected by the stator and rotor yoke height because the air-gap flux density distribution is mainly independent of their thickness as long as they are not substantially saturated. The effects of several optimization variables on the cogging torque will be investigated first. Among variables, the stator tooth width and PM arc ratio are crucial ones because they have a direct impact on the flux density distribution in the generator’s air-gap.



There are essential influences on the torque quality from the PM width and the stator tooth width, which are related to the slot opening. One possible problem with the cogging torque amplitude is the decrease in slot opening width. When slot opening width is decreased, the air-gap permeance fluctuation may increase as a result of the local magnetic saturation boosted by tooth-tip leakage flux, leading to a greater cogging torque. However, as the slot opening is broadened, the variance in air-gap permeance increases, leading to an increase in torque ripple and cogging torque [31]. Additionally, the value of the relative PM width with the lowest ripple level is impacted by a bigger slot opening. As the slot opening width increases, the air-gap flux’s harmonics will also rise. These harmonics’ interaction with the space harmonics in the magneto-motive force will cause an increase in cogging torque and contribute to the torque ripple under load conditions. The latter harmonic component’s ripple can compensate for the cogging torque if the PM geometry is appropriately assigned, resulting in a smaller torque. Consequently, various load conditions will result in a change in saturation, meaning that the best design for the lowest cogging torque cannot achieve the minimal on-load torque ripple, and vice versa [32].



The influence of the stator tooth width and PM arc ratio on the cogging torque is investigated by varying one variable from 0.1 to 0.9 while the other remains constant. Variables and their values are summarized in Table 4.



The optimization results for RPMG and FPMG are reported in Figure 8a,b, respectively. The same setting parameters are used for both generator optimization: 432 and 50 iterations for the number of particles and iterations, accordingly. The dark symbols in each optimization result represent the final non-dominated solutions in the evolution (50 iterations) of the Pareto-fronts. In order to examine the convergence of the Pareto-fronts, the comparison between solutions at the 30th and 50th iterations for each generator is shown in Figure 9. As can be seen, not many differences are reported between the two orders of iteration for both generators.



The optimal Pareto-front comparison between RPMG and FPMG is displayed in Figure 10. There are 31 optimal solutions presented in the Pareto-front set of RPMG and 22 optimal generators for FPMG. In each Pareto-front, two solutions at the two extreme points are marked: one with the lowest torque ripple (F1 for FPMG and R1 for RPMG) and the other with the smallest mass (F2 for FPMG and R2 for RPMG). Overall information on these four generators is summarized in Table 5.



It is clearly shown that the FPMG is capable of reducing the torque ripple as the magnetic field in the air-gap is weaker compared to that of the RPMG. This requires a bigger machine, resulting in an increase in its mass. The bigger air-gap in the FPMG is also a reason for reducing its torque ripple. The air-gap length calculated by (4) will be longer when the machine is larger (see Table 5).



On these results, four specific generators, shown in Figure 11, are extracted for further analyses. The detailed design parameters of those generators are reported in Table 6. As can be seen, thanks to the high power density of rare-earth PM, the RPMG is much smaller in size compared to that of the FPMG. The axial lengths and outer diameters of those generators are also summarized in Table 6. Figure 12 shows the comparison between generators’ torque profiles. Due to the same power constraint of 20 MW imposed on all generators, the torques are very close to the mean values, which are 30.3 MNm.



The four generators’ cogging torque comparison is displayed in Figure 13 and their values with other performance indicators are summarized in Table 7. Additionally, the cogging torque is computed and displayed as a percentage of the mean torque; results exhibit a relatively low value in comparison to the recommended ratio of 2%, as in [33]. Having a low cogging torque for a PM wind generator would be beneficial for the cut-in wind speed, the speed where the torque produced by the wind overcomes the generator’s cogging torque and starts to move the rotor blades. As a result, the annual energy yield of the wind turbine is increased.



In addition to the comparison of torque quantities between generators, the overload capacity of four generators is investigated. Generators are usually designed with a high overload capacity to ensure a safe operation. In this analysis, the shaft speed remains constant (6.303 rpm), and the phase currents are varied between 0% and 400% of the rated value. The comparison, performed with per-unit values with respect to the nominal ones, between generators is demonstrated in Figure 14. The analysis shows a better overload capability of RPMG, which is about 30% higher at the current 400% of its rated value.





4. Conclusions


Optimizations to minimize both generator mass and torque ripple have been carried out for two types of wind generators using rare-earth and ferrite PMs. Due to the higher air-gap magnetic density, the rare-earth PM generator can reduce its mass to make it 2.5 times lighter compared to the ferrite PM one. However, this feature of the rare-earth PM also creates a higher torque ripple compared to that of the ferrite PM generator. By using ferrite PMs, the torque ripple can be lowered to as much as 0.12%, which is far below the recommended limit in the literature. Such a significantly low torque ripple of the ferrite PM generator would cause less mechanical fatigue for the generator. Therefore, the system’s reliability and the generator’s lifespan are improved. For offshore wind farms using very high-power turbines installed far from shore, this aspect becomes more and more important, as the maintenance time and cost can be significantly reduced. The comparison was made at the specific nominal power of 20 MW; however, similar comparisons for mass and torque ripple are believed to be applicable for another range of the turbine’s power. However, it should be noted that increasing the turbine’s power to a higher level would be very challenging, as the mass and volume of the turbine’s blades will be significantly increased. It is important to note that only the generator’s active mass was considered in this research and it solely accounts for a portion of the whole generator. The generator’s inactive mass was partly taken into account via the aspect ratio   K rad  . For a more comprehensive result, additional analysis taking into account the inactive mass calculation will be considered. Furthermore, a rule of thumb to define the air-gap length of a multi-megawatt generator (1/1000 of the rotor diameter but not less than 3 mm) was applied in this article, which might influence the result due to its apparent influence on the air-gap magnetic density distribution. This concept is worth studying for future research.
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The following abbreviations are used in this manuscript:



	PM
	Permanent magnet



	PMSG
	Permanent magnet synchronous generator



	PSO
	Particle swarm optimization



	MOPSO
	Multi-objective particle swarm optimization



	RPMG
	Rare-earth PM-based generator



	FPMG
	Ferrite PM-based generator



	FEM
	Finite element method
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Figure 1. Wind energy conversion system with direct-drive technology. 
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Figure 2. Surface-mounted PMSG model. 
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Figure 3. Magnetization curve of the core material for the stator and rotor. 
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Figure 4. Comparison of radial air-gap flux density between RPMG and FPMG at no-load condition.  τ  is the generator’s pole pitch. 
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Figure 5. Cogging torque comparison between RPMG and FPMG. 






Figure 5. Cogging torque comparison between RPMG and FPMG.



[image: Machines 11 01063 g005]







[image: Machines 11 01063 g006] 





Figure 6. Torque ripple comparison between RPMG and FPMG at the armature current of 1000 A (rms). 
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Figure 7. PSO algorithm flowchart. 
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Figure 8. Optimization results by Pareto-fronts. (a) FPMG result: Asterisk—all solutions through iterations. Triangle—Solutions of the last iteration. (b) RPMG result: Asterisk—all solutions through iterations. Circle—Solutions of the last iteration. 
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Figure 9. Comparison of the Pareto-fronts at 30th and 50th iterations. (a) FPMG. (b) RPMG. 
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Figure 10. Optimization results by non-dominated Pareto-front. Red triangles F1 and F2: FPMG solutions with the lowest torque ripple and mass, respectively. Red squares R1 and R2: RPMG solutions with the lowest torque ripple and mass, respectively. 
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Figure 11. Four generators marked in Figure 10. (a) Overall generator. (b) Models with one pole pair. 
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Figure 12. Torque ripple comparison of the four extracted generators. 
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Figure 13. Cogging torque comparison of the four extracted generators. 
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Figure 14. Overload capacity comparison of the four extracted generators. 
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Table 1. Main design parameters of the generators.
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	Parameter
	Description
	Value





	   v n   
	Nominal wind speed
	11.4 m/s



	   ρ  a i r    
	Air density
	1.225 kg/m   3  



	   P n   
	Rated power
	20 MW



	   C p   
	Power coefficient
	0.48



	   R blade   
	Blade length
	120.9 m



	  λ  
	Tip speed ratio
	7



	   ω shaft   
	Shaft speed
	6.303 rpm



	   U p   
	Rated line-to-line voltage
	3.3 kV



	   I  r m s    
	Phase current (rms)
	3499 A



	   k fill   
	Filling factor
	0.65










 





Table 2. Design variables of the generators.
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	Variable
	Description





	p
	Number of pole pairs



	   N a   
	Number of armature winding turns



	   R i   
	Shaft radius



	   t r   
	Rotor yoke height



	   t  p m    
	PM height



	   α  p m    
	PM arc ratio



	   l t   
	Stator tooth height



	   α t   
	Tooth width ratio



	   t s   
	Stator yoke height



	   K rad   
	Aspect ratio










 





Table 3. Arbitrary design variables for a brief comparison between RPMG and FPMG.
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	Variable
	Value





	p
	22



	   N a   
	2



	   R i   
	3.516 m



	   t r   
	0.106 m



	   t  p m    
	0.157 m



	   α  p m    
	0.72



	   l t   
	0.317 m



	   α t   
	0.449



	   t s   
	0.108 m



	   K rad   
	0.235










 





Table 4. Variables for the influence analysis of the tooth width and PM arc ratios.
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	Variable
	Value





	p
	22



	   N a   
	2



	   R i   
	3.516 m



	   t r   
	0.106 m



	   t  p m    
	0.157 m



	   α  p m    
	0.1 ÷ 0.9



	   l t   
	0.317 m



	   α t   
	0.1 ÷ 0.9



	   K rad   
	0.235










 





Table 5. Summary of four generators marked in Figure 10.






Table 5. Summary of four generators marked in Figure 10.












	
	F1
	F2
	R1
	R2





	Torque ripple [%]
	0.12
	0.25
	0.58
	0.75



	Mass [ton]
	326.6
	246.8
	125.9
	116.2



	Air-gap length [mm]
	12.26
	12.28
	9.01
	8.90



	Power [MW]
	21.39
	20.00
	21.32
	20.00










 





Table 6. Design parameters of the four extracted generators.
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	Variables
	Unit
	F1
	F2
	R1
	R2





	p
	-
	51
	49
	39
	39



	   N a   
	-
	1
	1
	1
	1



	   R i   
	m
	6
	5.99
	4.35
	4.30



	   t r   
	m
	0.036
	0.030
	0.039
	0.044



	   t  p m    
	m
	0.091
	0.112
	0.117
	0.099



	   α  p m    
	-
	0.780
	0.777
	0.678
	0.680



	   l t   
	m
	0.255
	0.178
	0.126
	0.130



	   α t   
	-
	0.481
	0.330
	0.416
	0.396



	   t s   
	m
	0.051
	0.056
	0.078
	0.064



	   K rad   
	m
	0.22
	0.20
	0.20
	0.20



	Stack length
	m
	2.748
	2.455
	1.802
	1.780



	Outer diameter
	m
	12.88
	12.76
	9.43
	9.29










 





Table 7. Torque and efficiency of the four extracted generators.
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	F1
	F2
	R1
	R2





	Cogging torque [kNm]
	33.75
	28.46
	53.91
	133.68



	  T mean   [MNm]
	32.44
	30.32
	32.30
	30.29



	Cogging torque [% of   T mean  ]
	0.103
	0.09
	0.17
	0.44



	Torque density [MNm/m   3  ]
	0.074
	0.083
	0.200
	0.080



	Eff