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Abstract

:

A novel asymmetric spoke-type interior permanent magnet (AS-IPM) machine is proposed in this paper. It utilizes the magnetic-field-shifting (MFS) effect to improve the torque performance, which achieves a high utilization ratio of both permanent magnet (PM) torque and reluctance torque. In addition, a general pattern of rotor topologies is proposed to represent all possible machine structures. Various rotor structures can be obtained by changing the design parameters of the general pattern. A non-dominated sorting genetic algorithm II (NSGA-II) is adopted to automatically search for optimal rotor configurations. With the aid of the optimization program, an asymmetric spoke-type rotor structure with improved performance is obtained. To showcase the advantages of the proposed machine, the electromagnetic performance is compared between a conventional spoke-type interior permanent magnet (S-IPM) machine and a proposed AS-IPM machine. The finite-element simulation results show that the optimal design of the AS-IPM performs a 7.7% higher output torque ripple due to the MFS effect while the total PM volume remains the same. Meanwhile, the torque ripple of the proposed structure is significantly reduced by 82.1%.
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1. Introduction


In recent years, interior permanent magnet (IPM) machines have become preferable choices for many applications due to their inherent high torque density, high efficiency, and high permanent magnet (PM) utilization ratio [1,2,3]. Several topologies have been well studied, such as bar-shaped, V-shaped, W-shaped, dual-layer V-shaped, and spoke-type IPM machines [4,5,6,7,8]. However, the torque density of IPM machines is expected to be further improved for the growing applications of electrified transportation.



Generally, the synthetic output torque of a PM synchronous machine is composed of PM torque and reluctance torque. Therefore, the torque performance can be improved by three methods, including enhancing the PM torque, improving the reluctance torque, and reducing the current angle difference between the peak values of PM torque and reluctance torque to realize an increased utilization ratio of both PM components. The third method, designated as the magnetic-field-shifting (MFS) effect, has attracted significant research attention recently. Numerous studies have been conducted to investigate the approaches to produce the MFS effect, which can be realized by the asymmetric rotor topologies [9]. The asymmetric rotor can be achieved by asymmetric rotor core topologies [10,11], asymmetric PM topologies [12,13], or both [14,15,16]. Two different asymmetric flux barriers were adopted between V-shaped magnets with different polarities in [10] and [11] to form asymmetric rotor cores. When the flux barriers were applied on the right-side cavity near the outer surface, the maximum torque was increased by 16.6%, and the torque ripple was reduced by about 18.7%. When the spoke-type flux barriers connected the inner and outer surfaces of the rotor, the torque of the proposed machine was increased by 4.6% with a 7.3% lower torque ripple. In addition, asymmetric PM structures achieved by different methods were well studied in [12,13]. The surface-inserted PMs in a hybrid-pole machine were shifted at a certain angle, while the V-shaped PMs kept the symmetric arrangement in [12]. With this special design, the angle between the PM and reluctance torque components was slightly reduced, and the average torque was improved by 4%. Another method proposed in [13] was realized by the adoption of extra ferrite magnets in the NdFeB magnets IPM machines. The two different types of magnets were assigned at each side of the V-shaped PMs to achieve the MFS effect. The proposed machine performed an 11.6% higher output torque ripple and a 6.9% lower torque ripple compared with the conventional symmetric structure. Moreover, various topologies of both asymmetric rotor core and asymmetric PMs were explored in [14,15,16]. An asymmetric rotor structure with inset PMs was proposed in [14]. This proposed machine exhibited a 14.2% torque improvement and a 37.9% torque ripple reduction. Different topologies of single-layer asymmetric V-shaped PMs with different sizes of side magnet machines were proposed in [15,16]. The output torque was increased by 8% in [15], and the torque ripple was reduced by 5.8% and 20.6% in [15] and [16], respectively. Obviously, the effectiveness of the MFS effect was verified by the torque improvement shown in the aforementioned studies. However, most proposed asymmetric machines exhibit a relatively high torque ripple, which is not applicable to industrial applications. Therefore, further study is required to achieve a high torque density and low torque ripple simultaneously.



Among various types of IPM machines, the spoke-type IPM (S-IPM) machine is one of the most popular candidates due to its simple rotor structure and great flux-focusing effect. Sufficient studies have investigated the topology and optimization of conventional S-IPM machines. The optimization of S-IPM machines has been performed according to the different situations. In [17], an S-IPM machine was optimized by allowing up to 3% irreversible demagnetization to achieve minimized PM weight. The S-IPM machine was also optimized with the consideration of FSAE autocross Germany track geometry for the FormulaStudent (FST) competition in [18]. Recently, various novel topologies of S-IPM machines have been proposed to improve torque performance, such as adding symmetrical flux barriers [19,20,21] and using asymmetric rotor design [22,23,24,25]. According to [19,20,21], both the flux barriers around the outer surface and the inner surface of the rotor made a significant contribution to the torque ripple reduction. The torque ripple was reduced by 56.3% and 58.5% in [19] and [21], respectively. The asymmetric rotor designs were realized by different methods. In [22], an asymmetric rotor with consequent-pole PMs was proposed. The average torque was increased by 2.7%, while the torque ripple was reduced by 27.8%. The asymmetric flux barriers near the outer surface of the rotor were adopted in [23,24]. In [23], the average torque was improved from 2.41 Nm to 2.62 Nm, while the torque ripple was reduced by 75.7%. Adding flux barriers is an effective way to improve machine performance, especially for asymmetric flux barriers, which combine the advantages of symmetrical flux barriers and asymmetric rotor design. The flux barriers in the V-shaped machine have been comprehensively studied in [26]. However, only the asymmetric flux barriers near the outer surface of the rotor have been investigated in the S-IPM machines. The location of flux barriers can be varied in the S-IPM machines. It can be located either around the inner circumference or near the outer surface of the rotor, or both. Hence, more possible rotor topologies with different locations of flux barriers need to be further investigated in the S-IPM machines. Moreover, the possible rotor structures by manual design are very limited. Therefore, a general expression that can represent possible spoke-type rotor structures with asymmetric flux barriers is highly expected.



This paper proposes a novel asymmetric spoke-type IPM (AS-IPM) machine, which is obtained with the assistance of a general pattern. The topologies of the conventional S-IPM machine and the proposed AS-IPM machine with flux barriers are elaborated in Section 2. Meanwhile, the MFS effect is introduced subsequently to reveal the mechanism of torque improvement. Then, the global optimization of machines is presented in Section 3, which takes the diversity of the flux barriers into consideration. To perform a fair comparison, a conventional S-IPM machine is analyzed and optimized first. Then, the stator design parameters are fixed, and the rotor topology of the AS-IPM is optimized with the assistance of the general pattern. Moreover, to showcase the improvement in the proposed structure, the performance is analyzed and compared with the conventional IPM machines in Section 4. Finally, this study is concluded in Section 5.




2. Machine Structure and Operation Principle


A conventional 48-slot 8-pole S-IPM machine is shown in Figure 1a. The outer diameter is 220 mm, the rated speed is 1500 rpm, and a single-layer distributed winding is adopted. To improve the torque performance of the conventional machine, a novel design technique called the MFS effect, which is realized by an asymmetric rotor structure, is utilized. Consequently, a novel AS-IPM machine is proposed, as shown in Figure 1b. The asymmetric flux barriers are employed in both the inner circumference and outer surface of the rotor. To make a fair comparison, the main design parameters are kept the same as listed in Table 1.



According to [9,27], the output torque that consists of PM torque and reluctance torque in a conventional S-IPM machine can be expressed as


      T e    =  T m  +  T r       =   3 P  2  (  ψ  f d    i q  +  ψ  f q    i d  ) +   3 P  2  (  L d  −  L q  )  i d   i q       =   3 P  2   ψ  p m    i s  cos β +   3 P  4  (  L d  −  L q  )  i s    2  sin 2 β      =  T  p m   cos β +  T  r t   sin 2 β     



(1)




where Te, Tm, and Tr represent the synthetic torque, PM torque, and reluctance torque, respectively. is, id, and iq are the phasors of armature current, d-axis, and q-axis current, respectively. ψpm, ψfd, and ψfq are the phasors of synthetic PM flux linkage, d-axis, and q-axis PM flux linkage, respectively. P is the pole pair number, and β is the current advancing angle.


   {     T  p m   =   3 P  2   ψ  p m    i s       T  r t   =   3 P  4  (  L d  −  L q  )  i s    2       



(2)







Theoretically, the angle difference between the peak values of PM torque and reluctance torque is 45 electrical degrees in a conventional symmetrical structure. The utilization ratios of both torque components are low. Different from the conventional design, torque improvement is achieved by utilizing PM torque and reluctance torque components better without any extra cost, which is known as the so-called MFS effect. The asymmetric structure can shift the current angle of the peak values of two torque components and reduce the angle difference between them. Hence, the synthetic torque of the proposed AS-IPM machine can be obtained by


     T e    =  T m  +  T r       =   3 P  2  (  ψ  f d    i q  +  ψ  f q    i d  ) +   3 P  2  (  L d  −  L q  )  i d   i q       =   3 P  2   ψ  p m    i s  cos ( β −  α s  ) +   3 P  4  (  L d  −  L q  )  i s    2  sin 2 β      =  T  p m   cos ( β −  α s  ) +  T  r t   sin 2 β    



(3)




where αs is the asymmetric angle in the AS-IPM machine. Intuitively, the torque can be improved by shifting the maximum point of PM torque and reluctance torque, which is achieved by adjusting αs in the AS-IPM machine, as shown in (3).




3. Design Optimization


The conventional S-IPM machine is optimized at first to make a relatively fair comparison. To obtain a wide variety of asymmetric rotor structures, a general pattern is proposed to cover as many rotor topologies as possible.



3.1. General Pattern


This general pattern can represent diverse topologies by changing its geometrical parameters, as shown in Figure 2.



In the general pattern, if w14 = 0, w12 = 0, w33 = 0, and w31 = 0, or h14 = 0, h34 = 0, h12 = 0, and h32 = 0, the conventional S-IPM can be obtained, which is the first rotor topology in Figure 2b.



If w14 = w33, h13 = h33, w12 = w31, and h12 = h32, the general pattern will lead to the S-IPM with a symmetrical flux barrier structure, which can strengthen the flux-focusing effect. It is shown in Figure 2b as the second to fourth rotor topologies.



Otherwise, the remaining asymmetric rotor topologies in Figure 2b can be generated with the combinations of arbitrary rotor design parameters. The asymmetric rotor structure can effectively use the MFS effect, which reduces the current difference angle between the maximum value of reluctance torque and PM torque to improve performance.



It should be mentioned that the proposed optimization method with a general pattern has two restrictions. On the one hand, the general pattern for optimizing the asymmetric flux barriers is utilized for achieving the MFS effect, which is only suitable for machines with both PM torque and reluctance torque. In other words, the types of electric machines are restricted to IPM machines or PM-assisted synchronous reluctance machines. On the other hand, the proposed method is able to obtain an IPM machine with the optimal structural design of the asymmetric flux barriers with a consideration of the cooperative effect of various flux barriers. However, the flux barriers should be designed in advance and added to the general pattern of rotor topology. As a result, novel flux barriers are required to be manually added to the existing general pattern of the rotor topology to enhance the practicability.




3.2. Optimization


In this paper, a non-dominated sorting genetic algorithm II (NSGA-II) is employed to find the optimal structures [28,29]. The optimization algorithm is coupled directly to the finite element analysis (FEA) to achieve a fully automatic process. The objectives are maximizing the average output torque and minimizing the torque ripple, which can be expressed as


  m i n  {       f 1   ( x )  ,      f 1   ( x )  = −  T  a v g          f 2   ( x )  ,      f 2   ( x )  =  T  r i p p l e          



(4)




where Tavg refers to the average output torque and Tripple is the torque ripple.



The design variables shown in Figure 2 and their variation range are given in Table 2. Meanwhile, the constraints of the optimization process are listed as


   {       V  P M   = 30   mL        R  i n   = 35.6   mm        T  a v g   ≥ 40   Nm        T  r i p p l e   ≤ 15 %        



(5)




where VPM is the PM volume, and Rin is the rotor inner radius.



The number of optimization generations is selected as 60, and the population in each generation is 100. In addition, the crossover factor and the mutation factor are chosen as 0.8 and 0.05, respectively. The process of the optimization is shown in Figure 3. It is worth noting that, different from the traditional optimization process, the current angle of maximum torque is also taken into account during the optimization. After initializing the design parameters, the design parameters generated by the algorithm are passed to FEA, and the current angle of maximum torque is calculated and returned first. Then, the current excitations of armature winding are modified by adding the initial current angle. As a result, the corresponding values of output torque and torque ripple are simulated by using FEA, and the results are returned to the algorithm for fitness evaluation. This additional step can significantly improve the calculation accuracy, which considers the change in the initial current angle caused by the MFS effect.



The optimization results of average torque and torque ripple are given in Figure 4. The Pareto front shows the tradeoff between the average torque and the torque ripple. Therefore, improving the torque without degrading the torque ripple is impossible. The optimal design is selected with the criteria of the largest average torque with a torque ripple lower than 2%. On the one hand, the h14 and w33 of the optimized rotor structure are largely reduced, as shown in Figure 5a. The flux barriers near the outer surface have little effect on performance improvement. On the other hand, the h12 and h32 of the optimized structure are increased, which makes the inner circumference flux barriers more obvious than in the original AS-IPM machine. Thus, the inner circumference flux barriers make the main contribution to the improvement in torque performance.





4. Performance Analysis and Comparative Study


To exhibit the merit of the proposed AS-IPM machine, the performance of the machine is analyzed based on FEA and compared to the conventional S-IPM machine. For a fair comparison, both machines are optimized, and the detailed design parameters are shown in Table 3.



4.1. The Effect of the Asymmetric Flux Barriers on Machine Performance


Figure 6 shows the optimal structures of both machines and their open-circuit magnetic field distribution. The corresponding flux line distribution is also given in Figure 7. It is clear that the asymmetric flux barriers of the proposed machine strengthen the flux-focusing effect and restrain a part of flux leakage. Hence, the utilization ratio of the PM and iron core is largely improved.



The no-load air gap flux density waveforms and the space harmonics are shown in Figure 8. Compared with the conventional S-IPM machine, the air gap flux density of the proposed AS-IPM machine is increased due to the improvement in the PM and iron core utilization ratio. As shown in Figure 8b, it is obvious that the magnitude of the fundamental working harmonic of 4 pole pairs has a notable increase.



The waveforms and spectra of the no-load back electromotive force (EMF) of Phase A are compared in Figure 8. It is clear that the proposed AS-IPM has a higher amplitude of back EMF. A slight axis shifting, which indicates the MFS effect, can also be observed in Figure 9a. Furthermore, as shown in Figure 9b, the AS-IPM also has a higher fundamental component and lower total harmonic distortion (THD), which contributes to better torque performances.



Figure 10 further reveals the mechanism of the torque enhancement in the proposed AS-IPM machine. A frozen permeability (FP) method [30,31] is adopted to accurately extract different torque components, including PM torque and reluctance torque in both machines. To perform an accurate torque calculation, the magnetic saturation and cross-coupling could not be ignored, which leads to a non-linear problem of separating two torque components. Hence, the synthetic torque is first obtained with all excitations. Then, the on-load permeability is saved and frozen, which changes the non-linear problem to the linear one. Consequently, the reluctance torque and PM torque could be well separated based on the FP method. Figure 10a,b depict the torque components versus the current advancing angles of both machines. Obviously, the PM torque and reluctance torque components reach the maximum values at different current angles, particularly in the conventional S-IPM machine. This results in a low utilization ratio of both PM torque and reluctance torque. In the conventional S-IPM machine, the angle difference between the peak values of the two torque components is quite large, which is about 33 electrical degrees. However, the angle difference in the proposed AS-IPM machine has been greatly reduced to only 9 electrical degrees. Therefore, the utilization of both torque components is improved, and the output torque is effectively increased in the proposed AS-IPM machine.




4.2. Performance Comparison of Conventional and Proposed Machines


In order to demonstrate the advantages of the proposed AS-IPM machine, a conventional V-shaped IPM (V-IPM) machine is also included in this part to achieve a comprehensive comparison. Figure 11 shows the torque comparison between the conventional IPM machines and the proposed AS-IPM machine. It can be observed in Figure 11a that the V-IPM machine has the lowest cogging torque, which is 0.065 Nm (peak-to-peak). Due to the facilitation of asymmetric flux barriers, the cogging torque of the proposed AS-IPM machine is significantly reduced, which is only 54.4% of the peak-to-peak value of the conventional S-IPM machine. As shown in Figure 11b, the output torque of the conventional V-IPM at a rated condition is 45.56 Nm, which is larger than the conventional S-IPM machine. However, the utilization of an asymmetric rotor structure in the proposed AS-IPM machine greatly improves the torque performance. The average torque increases by 7.7%, from 43.88 Nm to 47.255 Nm, and the torque ripple is reduced by 82.1%, from 10.67% to 1.91%. Therefore, the proposed AS-IPM exhibits the highest average torque and lowest torque ripple compared to both conventional IPM machines.



Figure 12 compares the average torque under different current densities. The proposed AS-IPM machine produces a higher average torque than the conventional IPM machines in the whole current range, and all the machines perform relatively good linearity. In addition, the more detailed performances of machines are also studied and listed in Table 4. Due to the same stator design, all machines have the same copper loss of 373.88 W. The conventional V-IPM has the lowest core loss, while conventional S-IPM and proposed AS-IPM machines are slightly elevated. The PM losses are very small in these IPM machines, which are ignored in the analysis of efficiency. Compared with the two conventional IPM designs, the proposed AS-IPM motor has the highest output torque. Therefore, compared with the conventional S-IPM and V-IPM machines (with respective efficiencies of 92.94% and 93.25%), the efficiency of the proposed machine (93.41%) is slightly improved.




4.3. Mechanical Analysis


The stress analysis is performed on the rotors of the conventional S-IPM and proposed AS-IPM machines. Figure 13 and Figure 14 show the equivalent stress on the rotor of conventional and proposed machines, respectively. It can be found that the maximum stress of the conventional rotor occurs at the inner flux bridge while it occurs at the outer flux bridge of the proposed asymmetric rotor. The maximum stress is 6.545 MPa on the conventional rotor, while 13.786 MPa on the proposed asymmetric. However, the maximum value of stress is increased in the proposed rotor structure. It is still much less than the yield strength of the material.





5. Conclusions


This paper proposes a novel 48-slot 8-pole AS-IPM machine that utilizes the MFS effect to improve the torque performance without the extra use of PM materials. The special asymmetric rotor structure effectively reduces the current angle difference between the PM torque and reluctance torque components. A general pattern is applied to generate different structures with various flux barriers. With the assistance of the optimization program, an asymmetric spoke-type rotor structure with better performance is obtained in a short time. In addition, the FP method is applied in the performance analysis to accurately evaluate the contribution of PM torque and reluctance torque to the synthetic torque. It shows that the proposed AS-IPM machine with asymmetric flux barriers performs better torque characteristics than the conventional S-IPM machine with the same PM usage. The average torque improves by 7.7%, and the torque ripple reduces by 82.1% simultaneously. Moreover, the efficiency of the proposed machine is as high as 93.41%, which is notably improved compared to the conventional machine. Consequently, the machine manufacturing cost can be effectively reduced, as the volume of the total machine can be decreased due to the improved torque density. Meanwhile, the possible vibration and noise problem can be alleviated as the torque ripple is greatly reduced. It should also be mentioned that the fabrication of the proposed asymmetric rotor structure would be relatively complicated due to the extra flux barriers. However, performance improvements can compensate for manufacturing difficulties. Therefore, the proposed AS-IPM machine is a competitive candidate among IPM machines.
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Figure 1. Machine structures. (a) Conventional S-IPM machine; (b) proposed AS-IPM machine. 
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Figure 2. A general pattern and its derivative structures. (a) General pattern; (b) possible rotor structures derived from the general pattern. 
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Figure 3. Optimization process. 
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Figure 4. Optimization results. 
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Figure 5. Comparison of the original and optimized AS-IPM machine. (a) Rotor topologies comparison; (b) output torque comparison. 
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Figure 6. Open-circuit magnetic field distributions. (a) Conventional S-IPM machine; (b) proposed AS-IPM machine. 
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Figure 7. Open-circuit flux lines distributions. (a) Conventional S-IPM machine; (b) proposed AS-IPM machine. 
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Figure 8. No-load air gap flux density. (a) Waveforms; (b) harmonics. 
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Figure 9. No-load back EMF. (a) Waveforms; (b) spectra. 
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Figure 10. Torque against current angle curves. (a) Conventional S-IPM machine; (b) proposed AS-IPM machine. 
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Figure 11. Torque performance comparison. (a) Cogging torque; (b) output torque. 
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Figure 12. Torque versus current density. 
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Figure 13. Stress analysis of conventional S-IPM machine (Unit: Pa). 
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Figure 14. Stress analysis of the proposed AS-IPM machine (Unit: Pa). 
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Table 1. Main design parameters of both machines.
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	Parameters
	Values





	Stator slots
	48



	Rotor pole pairs
	4



	Stator outer diameter
	220 mm



	Stack length
	50 mm



	Air gap length
	0.8 mm



	Current density
	6 A/mm2



	Slot filling factor
	0.5



	PM volume
	30 mL



	PM material
	N38EH



	Rated speed
	1500 rpm
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Table 2. Design parameters and variation range.
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	Parameters
	Unit
	Variation Range





	h11, h21, h31
	mm
	0.5–3



	h12, h22, h32
	mm
	0.2–5



	h23
	mm
	12–17



	h13, h33
	mm
	10–18



	h14, h24, h34
	mm
	0.2–5



	h15, h25, h35
	mm
	0.5–3



	w12, w14, w31, w33
	degree
	1–20



	w2
	mm
	3–8
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Table 3. Optimal design parameters of machines.






Table 3. Optimal design parameters of machines.





	
Parameters

	
Conventional S-IPM Machine

	
Proposed AS-IPM Machine






	
Rotor outer diameter (mm)

	
108.8




	
Rotor inner diameter (mm)

	
71.2




	
h11 (mm)

	
/

	
0.5




	
h12(mm)

	
/

	
1.93




	
h13 (mm)

	
/

	
15.4




	
h14 (mm)

	
/

	
0.37




	
h15 (mm)

	
/

	
0.6




	
h21 (mm)

	
0.5

	
0.5




	
h22 (mm)

	
1

	
0.6




	
h23 (mm)

	
15

	
16.4




	
h24 (mm)

	
1.5

	
0.5




	
h25 (mm)

	
0.8

	
0.8




	
h31 (mm)

	
/

	
0.5




	
h32 (mm)

	
/

	
2.15




	
h33 (mm)

	
/

	
12.4




	
h34 (mm)

	
/

	
2.65




	
h35 (mm)

	
/

	
1.1




	
w12 (deg.)

	
/

	
8.3




	
w14 (deg.)

	
/

	
2.4




	
w2 (mm)

	
5

	
4.57




	
w31 (deg.)

	
/

	
18.6




	
w33 (deg.)

	
/

	
1.8
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Table 4. Performance comparison.
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	Machine Type
	Conventional S-IPM Machine
	Conventional V-IPM Machine
	Proposed AS-IPM Machine





	Average torque
	43.88 Nm
	45.56 Nm
	47.255 Nm



	Cogging (peak-to-peak)
	0.329 Nm
	0.065 Nm
	0.179 Nm



	Torque ripple
	10.67%
	5.35%
	1.9%



	Copper loss
	373.88 W
	373.88 W
	373.88 W



	Core loss
	149.8 W
	144.4 W
	149.2 W



	Efficiency
	92.94%
	93.25%
	93.41%
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