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Abstract

:

In this paper, a hexagonal magnet shape is proposed to have an arc profile capable of reducing torque ripples resulting from cogging torque in a single-sided axial flux permanent magnet (AFPM) machine. The arc-shaped permanent magnet increases the air-gap length effectively and makes the flux of the air-gap more sinusoidal, which decreases air-gap flux density and hence causes a reduction in cogging torque. Cogging torque is the basic source of vibration, along with the noise in PM machines, since it is the main cause of torque ripples. Cogging torque is independent of the load current and is proportional to the air-gap flux and the reluctance variation. Three-dimensional finite element analysis (FEA) is used in the JMAG-Designer to analyze the performance of the conventional and proposed hexagonal-shaped PM AFPM machines. The proposed shape is designed to reduce cogging torque, and the voltage remains the same as compared to the conventional hexagonal-shaped PM machine. Further, optimization is performed by utilizing an asymmetric overhang. Latin hypercube sampling (LHS) is used to create samples, the kriging method is applied to approximate the model, and a genetic algorithm is applied to obtain the optimum parameters of the machine.
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1. Introduction


Permanent magnet machines are divided into three categories—axial, radial, and transverse machines—depending upon the direction of flux through the air-gap. AFMs have several benefits over radial and transverse flux machines. They have high a power-to-weight ratio and easily modifiable air-gaps [1,2]. The axial flux permanent magnet (AFPM) machines are widely used, especially for power generation and electric vehicle (EVs) applications, due to their high power density and their compressed structure [3,4,5,6,7,8,9]. Furthermore, AFPM machines perform exceptionally well at a wide range of rotational speeds, which is appropriate for low-speed, high-torque characteristics. A single-sided AFPM machine is discussed in this paper due to its compact size and low cost. However, similar to other machines, single-sided AFPM machines also suffer from torque ripples, mainly due to cogging torque [10].



In PM machine design, cogging torque is a concern since it adds undesirable harmonics to torque. There are various techniques that exist to overcome cogging torque [11,12]. Skewing is the simplest, most common, and most effective technique used in PM machines to decrease the cogging torque. It also decreases the high order harmonics in the back-EMF waveform [13]. Cogging torque reduction is still a considerable issue in PM machines. Investigating methods of cogging torque minimization is of high importance, and various methods are discussed and investigated in other work [14,15,16,17,18,19].



Another technique of reducing cogging torque is the stator slots-to-rotor poles ratio. In the integral slot machines, components of cogging torque that are produced by all of the magnets are in phase with each other, which results in a high resultant cogging torque. However, in the fractional slot machines, components of the cogging torque are out of phase with each other [11]. Hence, the resultant cogging torque is reduced since some of the cogging components are partially canceled. Generally, it is desirable to use a combination of slot and pole numbers that has a higher least common multiple [20]. There are also different methods for reducing torque ripples; the shifting and stepping of rotor magnets is one of the most effective methods [21]. Three-dimensional FEA is utilized for a more precise performance analysis of the AFPM machine as compared to the analytical methods. To achieve high efficiency, stator-sided iron must not be saturated, and torque ripples should be nearby zero.



In the AFPM machine, the pole length is measured from the inner side to the outer diameter of the rotor back iron. The circumference of the outer side of the rotor is larger than the inner side. Consequently, to increase the active utilization of the surface area of the rotor, a hexagonal shape is more advantageous than a rectangular or circular shape. In practice, circular-shaped magnets may not be used in AFPM machines, especially when a higher number of poles is required [22].



A symmetrical, sinusoidal-shaped radial flux permanent magnet machine (RFPM) was designed, which removes the harmonics of back-EMF more effectively and has been proposed as a method for obtaining reduced cogging torque [23]. In [24], a trapezoidal arc-shaped is introduced to reduce torque ripples and cogging torque. In arc-shaped PM, the effective length of the air-gap is increased, which is not identical across the one magnet; it is at its maximum at the pole edges and reaches its minimum at the center of the pole. Hence, the increased length of an air-gap reduces the magnetic flux between magnets; therefore, cogging torque and torque ripples are reduced.



Generally, permanent magnet motors have an overhang structure in which the length of PM is longer than the length of the stator’s stack. The overhang structure is commonly installed in PM machines to increase the air-gap flux density by concentrating magnetic flux [25]. The optimization of rotor overhang variation and PM overhang within the tangential direction is proposed to enhance the performance of AFPM machines.



Multi-objective optimization has received the most attention recently and is used in the optimization of electric machines. To improve the average output torque of the switched reluctance motor, a multi-objective optimization analysis is investigated in [26]. In [27], another optimization technique, based on particle swarm optimization (PSO), is discussed for cogging torque reduction and efficiency enhancement of the brushless DC motor. A 3D Pareto front linear induction motor with finite element model evaluation is optimized and analyzed in [28]. This paper performs the well-known, simple and practical optimization approach due to its suitability for non-linear data, as implemented in [29,30].



In this paper, a single-rotor, single-stator AFPM with a proposed PM shape is introduced. It utilizes the arc profile for the conventional hexagonal-shaped PM. The proposed hexagonal-shaped PM decreases the air-gap flux density, thus decreasing the cogging torque and torque ripple, which improves the performance of the machine. In addition, the optimization of the proposed model, which is obtained through a genetic algorithm (GA), further enhances its output characteristics by using asymmetric overhang. The research methodology, as described in [31], is presented in Figure 1.




2. Machine Topology and Design Process


The single-sided machine is the most fundamental of these topologies for AFPM’s. This arrangement contains one stator disc containing coils and one rotor disc containing magnets. Magnets in the rotor alternate between having south and north poles facing the stator, as shown in Figure 2.



In this topology, it is possible to attain a high ratio between the diameter and machine length. The topology normally consists of a compact design and offers low cost. The main disadvantage of single-sided topology is the major force attraction problem; because magnetic flux is coming from only one side, the attractive forces result in the bending of the yokes and high bearing losses. Table 1 shows the parameters of the basic model. The power of this machine is 2.5 kW and the frequency is about 700 Hz. A SRSS machine, with 14 poles mounted on the rotor and 12 slots on the stator having a double-layer winding, is used in this research.



The mathematical discussion of the basic model that is briefly discussed here is the same as the one discussed in [21]. The input power calculations can be made as discussed in (1).


   P  i n   = 2  m T     ∫ 0 T    E m  sin ( ω t )  I m  sin ( ω t ) d t     



(1)




where m, Em, and Im represent the phase numbers, the amplitude of back-EMF, and the phase current, respectively. The output power calculations are depicted in (2), where γ represents efficiency [29,30,31].


   P  o u t   = γ m  E m   I m   



(2)







The flux can be computed as in (3)


  φ =  φ m  cos (  N p   α r  )  



(3)




where φ denotes the magnitude of flux, αr shows the rotor position, and Np represents the number of rotor poles, respectively. The back-EMF can be expressed as in (4).


  e ( t ) =  N  p h    ω r   N P   φ m  sin (  N p   α r  )  



(4)




where Nph and ωr show the phase coil turns and the angular speed of the rotor, respectively. By combining (1) and (2), back-EMF is determined as in (5).


  e ( t ) =  N  p h    ω r   N P   k d   k f   B g   α i   1   N s     π 4  (  D  o u t  2  −  D  i n  2  )  



(5)




where kf, kd, Bg, Ns, Dout, and Din represent the air-gap flux density coefficient, the lux leakage coefficient, the air-gap flux density, the slot numbers, the pole arc coefficient, and the outer and inner diameters of the rotor, respectively. The armature current is computed as in (6) [29,30,31].


   I m  =    2   A e  π  D  i n     2 m  N  p h      



(6)




where Ae shows the electrical loading. By putting the (3) and (4) in (2), the input power is given, as shown in (7).


   P  i n   =     2  π 3      240      N p     N s     k d   k f   k  i o   ( 1 −  k  i o  2  )  A e   B g   α i   D  o u t  3   n  r p m   γ  



(7)




where kio represents the ratio of the inner and outer diameters and nrpm represents the rotor speed. Furthermore, the output torque can be computed as in (8).


   T  o u t   =    2    240    π 2     N P     N s     k d   k f   k  i o   ( 1 −  k  i o  2  )  A e   B g   α i   D  o u t  3  γ  



(8)







It is very clear from (7) and (8) that the power and torque are dependent on the Ae, Bg, and Np/Ns. From (7), the outer diameter can be represented as in (9).


   D  o u t   =     240  P  o u t    N s     2   π 3   N r   k d   k f   k  i o   ( 1 −  k  i o  2  )  A e   B g   α i   n  r p m   γ    3   



(9)








3. Proposed and Optimized Model


The proposed design is generated using the creation of an arc in the conventional model and is presented in the next subsection. Later, the proposed design is optimized to further improve the results presented in the subsequent section.



3.1. Hexagonal Conventional and Proposed Model Magnets


The conventional and proposed hexagonal magnets’ shapes are shown in Figure 3. The length and width, as shown in Figure 3, are kept the same in both the conventional and proposed models. Moreover, the volume of both of the models is also kept constant. However, the height of the PMs is different in order to keep the volume of the magnets constant. In order to preserve the constant volume, magnetic thickness is increased.




3.2. Optimization of Proposed Model


The asymmetric magnetic overhang concept is utilized to optimize the proposed model. The dimensions of the PM are varied by the inner and outer overhang. Extending the magnet on the upper side is termed as the upper overhang, and that on the lower side is the lower overhang. The volume of the magnet is kept constant. The magnets’ inner width, outer width, and height are also varied, as shown in Figure 4. The limits of the variables are shown in Figure 4.





4. Results and Discussion of Conventional vs Proposed Model


In this section, the various types of results are produced using the 3D transient FEA of both the conventional and proposed models. The proposed model is compared with the conventional model to show its improvements. The comparison is performed for cogging torque, back-EMF, three-phase voltage, VTHD, torque, torque ripples, and power.



4.1. Comparison of Cogging Torque and Back-EMF of Conventional and Proposed Models


The cogging torque and back-EMF of the conventional and proposed models are shown in the graphs in Figure 5 and Figure 6. The peak-to-peak cogging torque of the conventional model is 0.705 Nm and that of the proposed model is 0.45 Nm. The cogging torque is reduced in the proposed model due to the change in PM shape. There is a significant reduction in the cogging torque due to the proposed magnet shape. The percentage reduction in the cogging torque of the proposed model is 36.17%. This reduction in the cogging torque is due to the large, effective air-gap in the proposed model, which decreases the air-gap flux in the machine. Back-EMF in the proposed model is lower than in the conventional model due to the enhancement of the effective air-gap length. The back-EMF of the proposed and conventional models is 109.361 Vrms and 109.092 Vrms, respectively. The decrease in back-EMF is 0.245%. As can be seen, the decrease in cogging torque is more significant as compared to the decrease in the back-EMF. This is mainly because cogging torque is proportional to the square of the air-gap flux.




4.2. Voltage Total Harmonic Distortion (VTHD) of the Conventional and Proposed Models


The VTHD of both the conventional and proposed models is shown in Figure 7. The VTHD of the conventional hexagonal model is 1.33% and the VTHD of the proposed hexagonal model is 0.789%. The percentage decrease in VTHD is 40.6%. Thus, the proposed model has enhanced the fundamental back-EMF component as compared to the conventional model, due to the arc hexagonal-shaped PM. Thus, with the proposed PM shape’s smoothness in the back-EMF is enhanced, which will be helpful in further reducing the torque ripples.




4.3. Torque Analysis of Conventional and Proposed Models


The conventional and proposed models’ output torque is shown in Figure 8. The output torque of the conventional and proposed models is 3.5984 Nm and 3.56787 Nm, respectively. The output torque of both of the models is almost equal because both models have the same back-EMF. The torque ripples of the conventional model are 18.89% and those of the proposed model are 12.1%. Hence, with the proposed model, the amount of torque ripple is reduced significantly by 35.94%, and there is no significant change in average output torque.




4.4. Comparison of Conventional and Proposed Models


The performance comparison of the conventional flat hexagonal and the proposed arc hexagonal magnet models is specified in Table 2. Table 2 shows that the conventional model provides the most Vrms, Bg, torque ripples, VTHD, and Tcogging. Table 2 shows that cogging torque and torque ripples are reduced in the proposed model. Further, the air-gap flux density of the proposed model is reduced compared to the conventional model. Moreover, the results show that the reduction in VTHD is achieved with the proposed model in comparison to the conventional model. Furthermore, the back-EMF and torque levels in both of the models are almost the same.





5. Optimized Model Results and Discussion


The asymmetric magnetic overhang concept is utilized to optimize the proposed model, as shown in Figure 9. The dimensions of the PM are varied by the inner and the outer overhang. Extending the magnet on the upper side is termed as the upper overhang, and that on the lower side is the lower overhang. The volume of the magnet is kept constant. The inner width, outer width, and height of the magnets are also varied. Latin Hyper Cube (LHS) sampling is used to create the experiments. The krigging is used to approximate the function, and a genetic algorithm is used for the minimization of the objective function. The volume of the magnet is kept constant. The minimization of the cogging torque and the maximization of the back-EMF are the objective functions. The objective functions, constraints, and limits of the variables are described in (10), (11), and (12), respectively.


    M a x i m i z e   t h e   v o l t a g e     M i n i m i z e   t h e   c o g g i n g   t o r q u e    



(10)






    C o g g i n g   t o r q u e < 0.45 N m     V o l t a g e > 109.092    



(11)






    20 ≤  X 1  ≤ 26     16 ≤  X 2  ≤ 19     0.8 ≤  X 3  ≤ 1.7    



(12)







The convergence process of optimization for the objective functions and design variables is shown in Figure 10 and Figure 11, respectively. The cogging torque is reduced from 0.45 to 0.35, and voltage is increased from 109 V to 112.59 V. Then, the results are verified through finite element analysis.



5.1. Voltage and Cogging Torque Improvement in the Optimized Model


Voltage is improved in the optimized model, from 109.361 Vrms to 112.592 Vrms. The voltage comparison graph of the proposed and optimized models is shown in Figure 12. A considerable reduction in cogging torque is achieved during the optimization process, and the cogging torque is reduced from 0.45 Nm to 0.356 Nm. Figure 13 shows the improvements in cogging torque. The increase in back-EMF is obtained due to the asymmetric overhang effect, and the increase of 3.232 V is achieved while the reduction in cogging torque is 20.88%.




5.2. Power and Torque Analysis of Proposed and Optimized Models


The output power of the machine is improved, through optimization, from 2.26 kW to 2.47 kW. The output torque of the machine is improved from 3.859 Nm to 3.643 Nm peak-to-peak in the proposed model. The enhancement achieved in the output power is 0.21 KW, and 0.2 Nm torque enhancement is achieved in the optimized model. Moreover, a reduction in the torque ripple is achieved, from 12.1% to 9.55%. during the optimization process. Figure 14 and Figure 15 show the output power and torque of the proposed and optimized models.




5.3. Comparison of Performance for Proposed and Optimized Models


The performance comparison of the proposed arc hexagonal magnets and the optimized model is provided in Table 3, which includes Vrms, Bg, torque ripple, and Tcogging. The table illustrates that minimum cogging torque, output torque ripples, and maximum voltage are achieved in the optimized model, and all of these performance parameters are summarized in Table 3.





6. Conclusions


An AFPM machine with an arc hexagonal magnet shape is proposed to decrease cogging torque. In the proposed model, cogging torque is reduced, and output torque has been reduced due to an increase in air-gap length as compared to the conventional model. The VTHD of the conventional hexagonal-shaped model is 1.33%, and the VTHD of the proposed model is 0.789%; hence, the VTHD is reduced in the proposed model. The arc hexagonal-shaped proposed model is then further optimized to achieve reduced cogging torque and increased output torque. In the optimized model, cogging torque and torque ripples are reduced, the output torque is improved, and power is also increased as compared with the proposed hexagonal model. The performance characteristics of the optimized model exhibit improved results relative to the proposed and conventional models.
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Figure 1. Flow chart of design and optimization process. 
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Figure 2. Single-rotor, single-stator axial flux permanent magnet machine. 
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Figure 3. Conventional and proposed hexagonal-shaped magnets for AFPM machines. 
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Figure 4. Variables (overhang, height, and width) for optimization of the axial flux permanent magnet machine. 
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Figure 5. Cogging torque comparison for the conventional and proposed models. 
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Figure 6. Voltage comparison of the conventional and proposed models. 
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Figure 7. Voltage Total Harmonic Distortion of the conventional and proposed models. 
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Figure 8. Comparison of output torque for the conventional and proposed models. 
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Figure 9. Variables for optimization. 
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Figure 10. Convergence process for design variables. 
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Figure 11. Convergence process for objective functions. 
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Figure 12. Voltage comparison of the proposed and optimized models. 






Figure 12. Voltage comparison of the proposed and optimized models.



[image: Mathematics 09 01738 g012]







[image: Mathematics 09 01738 g013 550] 





Figure 13. Cogging torque comparison of the proposed and optimized models. 
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Figure 14. Comparison of power for the proposed and optimized models. 
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Figure 15. Torque comparison of the proposed and optimized models. 
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Table 1. Main dimensions and operating parameters of the conventional and proposed models.






Table 1. Main dimensions and operating parameters of the conventional and proposed models.





	Parameters
	Conventional/Proposed
	Units





	Outer diameter
	110
	mm



	Inner diameter
	64
	mm



	Axial length
	40/40.3
	mm



	Stator slots depth
	15
	mm



	Stator slots width
	5
	mm



	Stator core thickness
	10
	mm



	Rotor core thickness
	12
	mm



	Operating speed
	6000
	rpm



	Number of turns
	32
	-



	Length of magnet (Lm)
	22.5
	mm



	Side length (Ln)
	12.5
	mm



	Width (Wm)
	18
	mm



	Top and bottom width (Wn)
	9.5
	mm



	Magnetic gap
	1
	mm



	Magnet thickness
	2.5/2.8
	mm



	Arc height
	NA/1.8
	mm



	Flat portion (Hm)
	NA/1
	mm



	Height of center (Hn)
	NA/1.5
	mm
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Table 2. Performance Comparison of Conventional and Proposed Model.






Table 2. Performance Comparison of Conventional and Proposed Model.





	Model
	Conventional
	Proposed
	Units





	Voltage (Vrms)
	109.361
	109.092
	V



	Cogging torque
	0.705
	0.45
	Nm



	Bg (rms)
	0.548
	0.496
	T



	VTHD
	1.33
	0.789
	%



	Torque
	3.59
	3.56
	Nm



	Torque ripples
	18.89
	12.1
	%
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Table 3. Performance Comparison of Conventional and Proposed Models.






Table 3. Performance Comparison of Conventional and Proposed Models.





	Model
	Proposed
	Optimized
	Units





	Voltage (Vrms)
	109.092
	112.592
	V



	Cogging torque
	0.745
	0.356
	Nm



	Bg (rms)
	0.496
	0.481
	T



	VTHD
	0.789
	1.9
	%



	Torque ripples
	12.1
	9.55
	%
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