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Abstract

:

A surface-mounted permanent magnet (SPM) machine is widely used in many auxiliary parts of an electric vehicle, so its design level directly influences the performance of the electric vehicle. In the design process of the SPM machine, selecting the appropriate stator slot and rotor pole combination and pole arc coefficient is a necessary and important step. Therefore, in this paper, a 750 W machine is set as an example to research stator slot and rotor pole combinations and pole arc coefficients for the SPM machine. First, the design schemes of machines adopting different stator slot and rotor pole combinations are determined according to the winding coefficient, stator size, and electromagnetic performance requirements. Further, finite element models of SPM machines with different stator slot and rotor pole combinations are established by Ansys Maxwell. On this basis, the back electromotive force (back EMF), cogging torque, electromagnetic torque, and loss and efficiency of SPM machines are calculated and compared to select the better stator slot and rotor pole combinations. Further, effects of pole arc coefficient on cogging torque and electromagnetic torque are also researched to guide the selection of the pole arc coefficient in the design process of the SPM machine. Conclusions achieved in this paper will provide guidance for design of the SPM machine.
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1. Introduction


A surface-mounted permanent magnet (SPM) machine has many advantages, such as a simple structure, high efficiency, and low cost, and has been used in many auxiliary parts of electric vehicles. The performance of SPM machines has an important impact on the operation performance of electric vehicles.



To guarantee the smooth operation and decrease the noise of an electric vehicle, the cogging torque and electromagnetic torque ripple of the SPM machine need to be decreased. There are usually two methods to be adopted to decrease cogging torque and electromagnetic torque ripple. One of them is to reasonably design various inherent structural parameters of the machine, such as stator slot and rotor pole combination and pole arc coefficient. Another one is to adopt various kinds of auxiliary measures, such as skewing the stator slot [1,2], skewing the rotor pole [3,4], improving the PM shape [5,6], changing the magnetization pattern of the magnet [7], and changing the geometry parameters of the stator teeth or slot [8,9]. All the above auxiliary measures can effectively make the torque ripple decrease, but these measures will largely increase manufacturing difficulty.



Auxiliary measures should play an auxiliary role on the basis of a good design scheme. Hence, how to achieve a good design scheme should be the first thing to be considered in the design process of the machine. The stator slot and rotor pole combination and the pole arc coefficient have a significant effect on the electromagnetic performance of the SPM machine. Thus, in the design process of the machine, the selection of the stator slot and rotor pole combination and the pole arc coefficient is a necessary and important step. Aiming at this problem, some researchers have researched stator slot and rotor pole combinations and pole arc coefficients in the design process of some kinds of PM machines. In Reference [10], the stator slot and rotor pole combination principle of the flux-reversal PM machine is researched considering the magnetization mode of the PM and flux leakage. In Reference [11], the stator slot and rotor pole combination principle of the flux-reversal PM machine adopting a consequent pole structure is researched. Reference [12] researches effects of rotor pole number, stator slot number, and pole arc coefficient on loss, stress, and rotor temperature in order to guide the design for a high-speed PM machine. Reference [13] researches effects of rotor pole number and stator slot number on electromagnetic performance to guide the design for a PM wind power generator. References [14,15,16] research the stator slot and rotor pole combination in an SPM machine with concentrated winding. Reference [17] researches tooth-coil winding in the PM AC servo machine with different pole number and slot number. Reference [18] researches the effect of stator slot and rotor pole combination on electromagnetic noise in a machine with fractional slot concentrated winding. Reference [19] researches the effect of stator slot and rotor pole ratio on electromagnetic and cogging torques of the electric vehicle traction machine. Reference [20] researches the effect of stator slot and rotor pole combination on the EMF and inductance harmonics of a concentrated wound consequent pole PM machine. Reference [21] researches the effect of stator slot and rotor pole combination on the flux weakening capability of the PM machine with fractional slot concentrated winding. Reference [22] researches the selection of a stator slot and rotor pole combination in the design process of a PM machine for turrets with large diameters. References [23,24] research the effect of pole arc coefficient on the cogging torque in a surface-mounted PM machine. References [25,26] research the effect of pole arc coefficient on the magnetic field in a PM vernier machine and a PM linear synchronous machine, respectively. Both stator slot and rotor pole combination and pole arc coefficient are important geometry parameters in the design process of an SPM machine. Hence, it is necessary to research them simultaneously in the design process of the SPM machine.



Therefore, in this paper, a 750 W SPM machine is taken as an example to research the selection of the stator slot and rotor pole combination and the pole arc coefficient. This paper is prepared as follows: In Section 2, SPM machines with different stator slot and rotor pole combinations are designed, respectively, according to winding coefficient, stator size, and electromagnetic performance requirements. On this basis, in Section 3, the back EMF, cogging torque, electromagnetic torque, and loss and efficiency of SPM machines with different stator slot and rotor pole combinations are calculated and compared, respectively, to select better stator slot and rotor pole combinations. On this basis, in Section 4, effects of pole arc coefficient on cogging torque and electromagnetic torque are researched. The research conclusions achieved by this paper will provide guidance for the design of an SPM machine.




2. Design Schemes of SPM Machines with Different Stator Slot and Rotor Pole Combinations


In this paper, a 750 W SPM machine is taken as an example to research the stator slot and rotor pole combination. In the design process for SPM machines, except for the geometry parameters in the stator slot and the rotor pole and the number of conductors per slot, other geometry parameters should be the same, and they are listed in Table 1.



The winding coefficient is an important factor in selecting the stator slot and rotor pole combination of a machine. On one hand, it influences the distribution of the back-EMF waveform; on the other hand, it influences the magnitude of the back EMF and further influences the output torque capacity of the machine. Therefore, in the process of machine design, it is not suitable to select a stator slot and rotor pole combination with a too-small winding coefficient.



The winding coefficient is the product of short pitch coefficient, distribution coefficient, and skewing coefficient. In this paper, skewed slots are not adopted in machines, so the skewing coefficient is 1. Hence, the winding coefficient depends on the short pitch coefficient and the distribution coefficient in this paper. For the short pitch coefficient, the expression is the same in fractional slot and integral slot machines, as shown in Equation (1):


   k  d n   = sin ( n ×  π 2  ×  y τ  )  



(1)




where n is the harmonic order, y is the winding pitch, and τ is the pole pitch.



For the distribution coefficient, the expressions in fractional slot and integral slot machines are different. In the integral slot machine, the expression of the distribution coefficient is shown as follows:


   k  q n   =   sin q   n α  2    q sin   n α  2     



(2)




where q is the number of stator slots per pole per phase and α is the slot pitch angle.



In the fractional slot machine, the number of stator slots per pole per phase can be calculated as follows:


  q = Z / 2 m p = b + c / d = N / d  



(3)




where Z is the number of stator slots, m is the phase number, and p is the pole pair number. For example, for a three-phase machine with 10 poles and 33 slots, Z is equal to 33, m is equal to 3, and p is equal to 5. Correspondingly, b is equal to 1, c is equal to 1, d is equal to 10, and N is equal to 11.



In the fractional slot machine, the expression of the distribution coefficient is shown as follows:


   k  q n   =   sin ( N    α n   2  )   N sin    α n   2     



(4)







When d in Equation (3) is an even number, the expression of αn is shown as follows:


   α n  = D d  α m  n +   180  °   



(5)







When d in Equation (3) is an odd number, the expression of αn is shown as follows:


       α n  = D d  α m  n ;     P   is   even   number        α n  = D d  α m  n +   180  °  ;     P   is   odd   number      



(6)




where


    α m  =     60  °   N     D =   3 N P + 1  d    








where P is the smallest integer that makes D an integer; when d is an odd number, the pole pair numbers of harmonics are v = 6k ± 1 (v = 1, 5, 7, 11, 13, …); correspondingly, the harmonic orders are n = v/d. When d is an even number, the pole pair numbers of harmonics are v = 3k ± 1 (v = 1, 2, 4, 5, 7, …); correspondingly, the harmonic orders are n = 2v/d.



The winding coefficient under an arbitrary stator slot and rotor pole combination can be calculated by Equations (1)–(6). The number of stator slots is selected by comprehensively considering the stator size and the winding coefficient. Because the outer diameter of the SPM machine is small, the selected slot number is limited to 33. In addition, the number of conductors per slot is designed to guarantee the output torque capacity of the SPM machine under different stator slot and rotor pole combinations.



When the number of rotor poles is 4, the number of stator slots is 6, 12, 15, 18, 21, 24, 27, 30, and 33 and the corresponding number of conductors per slot, the winding pitch, and the winding coefficient are shown in Table 2.



Similarly, when the number of rotor poles is 8, the number of stator slots is 9, 12, 18, 21, 24, 27, 30, and 33, respectively. The corresponding number of conductors per slot, the winding pitch, and the winding coefficient are shown in Table 3. In addition, when the number of stator slots is 15, the winding coefficient is only 0.7109, so this stator slot and rotor pole combination is not selected in the design process of the machine.



When the number of rotor poles is 10, the number of stator slots is 9, 12, 15, 21, 24, 27, 30, and 33. The corresponding number of conductors per slot, the winding pitch, and the winding coefficient are shown in Table 4. When the number of stator slots is 18, the winding coefficient is only 0.7352, so this stator slot and rotor pole combination is not selected in the design process of the machine.



In addition, the slot types in the machines are all pear shaped and the values of slot opening width and height are the same, as shown in Table 1. The structure of a 4-pole and 24-slot SPM machine is taken as an example to show the structure of the machine researched in this paper, shown in Figure 1.




3. Effect of Stator Slot and Rotor Pole Combination


The machine design schemes corresponding to different stator slot and rotor pole combinations are given in the Section 2. On this basis, the finite element (FE) simulation models of SPM machines are established by Ansys Maxwell. Correspondingly, back EMF, cogging torque, electromagnetic torque, and loss and efficiency are calculated and compared under different stator slot and rotor pole combinations in this section. The corresponding calculation results will provide guidance in the selection of a stator slot and rotor pole combination.



3.1. Back EMF


The back EMF is a key performance index in the design process of a machine, whose fundamental magnitude and distortion rate influence the average value and torque ripple of the electromagnetic torque. Therefore, in this section, the fundamental magnitudes and distortion rates of back EMF under different stator slot and rotor pole combinations are calculated and compared.



When the number of rotor poles is 4, 8, and 10, variations in the fundamental magnitudes and distortion rates of back EMF with variation in the number of stator slots are shown in Figure 2, Figure 3 and Figure 4, respectively. It can be seen from Figure 2, Figure 3 and Figure 4 that the fundamental magnitudes of back EMF rarely change with the variation in the number of stator slots, which illustrates the rationality of design schemes under different stator slot and rotor pole combinations. But at the same time, the distortion rates of back EMF waveforms have a greater change with a variation in the number of stator slots, which illustrates that it is important to reasonably select the stator slot and rotor pole combination.



It can be seen from Figure 2, Figure 3 and Figure 4 that when the number of rotor poles is 4, 8, and 10, respectively, and when the number of stator slots is 15, 33, and 27, correspondingly, the distortion rate of back EMF is the lowest, as low as 3.82%, 4.33%, and 4.6%, respectively. On the contrary, when the stator slot and rotor pole combinations are 4-pole and 12-slot, 8-pole and 18-slot, and 10-pole and 15-slot, respectively, the corresponding distortion rate is the largest, up to 20.57%, 14.2%, and 19.35%, respectively.




3.2. Cogging Torque


Cogging torque is the inherent characteristic of a PM machine, whose value directly influences the output torque ripple of the machine. Cogging torque is directly related to the selection for the stator slot and rotor pole combination. Therefore, values of cogging torque under different stator slot and rotor pole combinations are calculated and compared in this section.



When the number of rotor poles is 4, the values of cogging torque under different numbers of stator slots are shown in Table 5. It can be seen from Table 5 that when the number of stator slots is 33, the cogging torque is the least, as low as 7.76 mNm, and is only 0.34% of the rated electromagnetic torque. In addition, when the number of rotor poles is 4, the values of cogging torque are all lower than 2% of the rated electromagnetic torque under the selected stator slot and rotor pole combinations except for the stator slot and rotor pole combinations of 4-pole and 6-slot and 4-pole and 12-slot.



Table 6 shows the values of cogging torque under different numbers of stator slots when the number of rotor poles is 8. It can be seen from Table 6 that when the number of stator slots is 27, the cogging torque is the least and its value is 2.55% of the rated electromagnetic torque. Thus, when the number of rotor poles is 8, the values of cogging torque are all larger than 2% of the rated electromagnetic torque under the selected stator slot and rotor pole combinations and pole arc coefficient. Further, the effect of pole arc coefficient on cogging torque will be further researched in Section 4.



Table 7 shows the values of cogging torque under different numbers of stator slots when the number of rotor poles is 10. It can be seen from Table 7 that when the number of stator slots is 21, the cogging torque is the least. Its value is 1.15% of the rated electromagnetic torque. In addition, when the number of rotor poles is 10, the values of cogging torque are lower than 2% of the rated electromagnetic torque under the stator slot and rotor pole combinations of 10-pole and 9-slot, 10-pole and 21-slot, and 10-pole and 33-slot.



In general, the larger the least common multiple between the number of rotor poles and the number of stator slots, the smaller will be the period of cogging torque and the lower will be the cogging torque. However, it can be seen from Table 5, Table 6 and Table 7 that the values of cogging torque do not change strictly according to the above rule. But on the whole, under different numbers of rotor poles, the values of cogging torque all have a decreasing trend with the increase in the least common multiple between the number of rotor poles and the number of stator slots.




3.3. Electromagnetic Torque


Electromagnetic torque is a key performance index that plays a decisive role in the operation stability of the SPM machine. Therefore, the average value and torque ripple of electromagnetic torque under different stator slot and rotor pole combinations are calculated and compared in this section. In addition, the armature current is set to be 4.6 A to calculate the electromagnetic torque under rated load condition.



When the number of rotor poles is 4, 8, and 10, the variations in the average values and torque ripples of electromagnetic torque with different numbers of stator slots are shown in Figure 5, Figure 6 and Figure 7, respectively. It can be seen from Figure 5, Figure 6 and Figure 7 that the average values of electromagnetic torque undergo little change with the variation in the number of stator slots, which illustrates that SPM machines under different stator slot and rotor pole combinations can have basically the same output torque capacity by reasonable design schemes. But the torque ripple of electromagnetic torque undergoes a larger change with the variation in the number of stator slots. So it is important to select the appropriate stator slot and rotor pole combination to guarantee the operation stability of the SPM machine.



It can be seen from Figure 5 that under the condition that the number of rotor poles is 4, when the number of stator slots is 33, the torque ripple of electromagnetic torque is the lowest, as low as 0.8051%. In addition, when the number of stator slots is 15 and 27, respectively, the torque ripple in both cases is lower than 2%, and the values are 1.6017% and 1.6482%, respectively. On the contrary, when the number of stator slots is 12, the torque ripple is the highest, up to 17.3297%. Meanwhile, when the number of stator slots is 6, 18, and 24, respectively, the torque ripple is also higher.



Similarly, when the number of rotor poles is 8, it can be seen from Figure 6 that when the number of stator slots is 27, the torque ripple of electromagnetic torque is the lowest, as low as 2.5884%. When the number of stator slots is 12, the torque ripple is the highest, up to 16.7879%. In addition, when the number of stator slots is 24, the torque ripple is also larger.



Similarly, it can be seen from Figure 7 that under the condition that the number of rotor poles is 10, when the number of stator slots is 21, the torque ripple of electromagnetic torque is the lowest, as low as 1.4725%. Meanwhile, when the number of stator slots is 33, the torque ripple is also lower than 2%, which is 1.6274%. In addition, when the number of stator slots is 24 and 27, respectively, the torque ripple is also lower, that is 2.39% and 2.3417%, respectively. Contrarily, when the number of stator slots is 15, the torque ripple is the highest, up to 18.5162%. Meanwhile, when the number of stator slots is 30, the torque ripple is also higher, that is, 14.2126%.



In addition, it can be seen from the results of research on cogging torque and electromagnetic torque that the stator slot and rotor pole combinations to make cogging torque and electromagnetic torque ripple lower are almost consistent. Among them, the corresponding stator slot and rotor pole combination to make cogging torque and electromagnetic torque ripple minimum are 4-pole and 33-slot, 8-pole and 27-slot, and 10-pole and 21-slot, respectively. In this section, research on effects of stator slot and rotor pole combinations on cogging torque and electromagnetic torque is conducted under the condition that the pole arc coefficient is 0.8. Under this pole arc coefficient, the values of cogging torque and electromagnetic torque ripple are all larger when the number of rotor poles is 8. Hence, effects of pole arc coefficient on cogging torque and electromagnetic torque will be looked at in Section 4.




3.4. Loss and Efficiency


Efficiency is another key performance index in the design process of an SPM machine. To calculate the efficiency of the SPM machine, the various losses in the machine need to be calculated first, including copper loss, iron loss, and mechanical loss. Among them, mechanical loss is related to the speed of the machine and has nothing to do with the stator slot and rotor pole combination. It is generally considered that the value of mechanical loss is 1% of the output power. In the SPM machines adopting different stator slot and rotor pole combinations, the resistance values are different due to the different winding arrangements and the number of conductors per slot, which results in differences in copper loss. Further, the stator slot and rotor pole combination influences the flux density at each point of stator and rotor cores and the frequency of the rotational magnetic field, which results in differences in iron loss in SPM machines adopting different stator slot and rotor pole combinations. In this section, values of various losses and efficiency of SPM machines adopting different stator slot and rotor pole combinations are calculated and compared.



Table 8, Table 9 and Table 10 show the values of various losses and efficiency under different numbers of stator slots, when the number of rotor poles is 4, 8, and 10, respectively. It can be seen from Table 8, Table 9 and Table 10 that the iron loss of the machine increases with the increase in the number of rotor poles. The reason is that the frequency of the rotational magnetic field increases with the increase in the number of rotor poles. Meanwhile, with the increase in the number of rotor poles, the coil pitch decreases and the end length of winding becomes shorter, which decreases the copper loss of the machine. Therefore, under different stator slot and rotor pole combinations, there is little change in the values of total loss and further little difference in the values of efficiency.





4. Effect of Pole Arc Coefficient


In Section 3, the pole arc coefficient is selected to be 0.8 to research effects of stator slot and rotor pole combinations on electromagnetic performances. However, the pole arc coefficient also has an important effect on cogging torque and electromagnetic torque and further influences the operation stability of the SPM machine. In Section 3, when the number of rotor poles is 4, 8, and 10, respectively, the corresponding stator slot number to minimize cogging torque and electromagnetic torque is the same. The corresponding stator slot and rotor pole combinations are 4-pole and 33-slot, 8-pole and 27-slot, and 10-pole and 21-slot, respectively. Based on these stator slot and rotor pole combinations, this section will research the effect of pole arc efficient on cogging torque and electromagnetic torque further to guide the selection of the pole arc coefficient.



4.1. Cogging Torque


Cogging torque has a larger effect on the stability of the output torque. Under the 4-pole and 33-slot, 8-pole and 27-slot, and 10-pole and 21-slot stator slot and rotor pole combinations, the influences of pole arc coefficient on cogging torque are shown in Figure 8, Figure 9 and Figure 10.



It can be seen from Figure 8, Figure 9 and Figure 10 that in the 4-pole and 33-slot machine, when the pole arc coefficient takes a value from 0.77 to 0.85, the values of cogging torque are all lower. Among them, when the pole arc coefficient is 0.77, the cogging torque is minimum, as low as 5.95 mNm, only 0.27% of the rated electromagnetic torque. In the 8-pole and 27-slot machine, when the pole arc coefficient takes a value from 0.76 to 0.78 or 0.83 to 0.85, the values of cogging torque are all lower than 2% of the rated electromagnetic torque. Among them, when the pole arc coefficient is 0.78, the cogging torque is minimum, as low as 34.17 mNm, only 1.47% of the rated electromagnetic torque. In the 10-pole and 21-slot machine, when the pole arc coefficient is 0.79 or 0.8, the cogging torque is minimum, as low as 27.07 mNm, 1.15% of the rated electromagnetic torque.



It can be seen from above analysis results that cogging torque can be decreased effectively by reasonably designing the pole arc coefficient.




4.2. Electromagnetic Torque


Similarly, the influence of pole arc coefficient on electromagnetic torque is studied under the 4-pole and 33-slot, 8-pole and 27-slot, and 10-pole and 21-slot stator slot and rotor pole combinations. The results are shown in Figure 11, Figure 12 and Figure 13.



It can be seen from Figure 11, Figure 12 and Figure 13 that with the increase in the pole arc coefficient, the average torque increases gradually but the change degree is not great. In the SPM machine with 4-pole and 33-slot, under an arbitrary pole arc coefficient, the electromagnetic torque ripple values are all lower. Among them, when the pole arc coefficient is 0.79, the electromagnetic torque ripple is the lowest, as low as 0.7241%. In the SPM machine with 8-pole and 27-slot, when the pole arc coefficient is 0.77, the electromagnetic torque ripple is the lowest, as low as 1.0387%. In the SPM machine with 10-pole and 21-slot, when the pole arc coefficient is 0.8, the electromagnetic torque ripple is the lowest, as low as 1.4725%. It can be seen from the above research results that electromagnetic torque ripple can be decreased effectively by reasonably designing the pole arc coefficient.



Therefore, by reasonably selecting the stator slot and rotor pole combination and the pole arc coefficient, the cogging torque and electromagnetic torque ripple can be weakened effectively. Further, the operation stability of the SPM machine can be improved effectively.





5. Conclusions


In this paper, a 750 W machine was set as an example to research the selection of the stator slot and rotor pole combination in the design process of an SPM machine. First, SPM machines with different stator slot and rotor pole combinations were designed, respectively. Based on this, key electromagnetic performances of SPM machines adopting different stator slot and rotor pole combinations were calculated and compared. On this basis, effects of pole arc coefficient on cogging torque and electromagnetic torque were researched. Some conclusions are drawn as follows:




	(1)

	
When the number of rotor poles is 4, the values of cogging torque under most selected stator slot and rotor pole combinations are lower than 2% of the rated electromagnetic torque.




	(2)

	
Under different pole pair numbers, the corresponding stator slot number to minimize the cogging torque and the electromagnetic torque ripple is the same. They are 4-pole and 33-slot, 8-pole and 27-slot, and 10-pole and 21-slot, respectively.




	(3)

	
The pole arc coefficient has a larger effect on the cogging torque. Under the condition that the stator slot and rotor pole combinations are 4-pole and 33-slot, 8-pole and 27-slot, and 10-pole and 21-slot, when the pole arc coefficients are 0.77, 0.78, and 0.79 or 0.8, correspondingly, the cogging torque is the lowest, as low as 0.27%, 1.47%, and 1.15% of the rated electromagnetic torque, respectively.




	(4)

	
The pole arc coefficient has a larger effect on the electromagnetic torque ripple. Under the condition that the stator slot and rotor pole combinations are 4-pole and 33-slot, 8-pole and 27-slot, and 10-pole and 21-slot, when the pole arc coefficients are 0.79, 0.77, and 0.8, correspondingly, the electromagnetic torque ripple is the lowest, as low as 0.7241%, 1.0387%, and 1.4725% respectively.




	(5)

	
The stator slot and rotor pole combination has a small effect on the efficiency of the SPM machine.









Therefore, by reasonably designing the stator slot and rotor pole combination and the pole arc coefficient, the cogging torque and electromagnetic torque ripple can be lowered a lot and the operation stability of the SPM machine will be improved. The corresponding research conclusions will provide guidance for design of the SPM machine.







Author Contributions


Conceptualization, L.G.; investigation, L.G.; methodology, L.G.; validation, H.W.; writing—original draft, L.G.; writing—review and editing, H.W. Both authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by the project supported by the National Natural Science Foundation of China under Grant 52007132.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xia, C.; Zhang, Z.; Geng, Q. Analytical Modeling and Analysis of Surface Mounted Permanent Magnet Machines with Skewed Slots. IEEE Trans. Magn. 2015, 51, 8104508. [Google Scholar]

	



Jagiela, M.; Mendrela, E.A.; Gottipati, P. Investigation on a choice of stator slot skew angle in brushless PM machines. Electr. Eng. 2013, 95, 209–219. [Google Scholar] [CrossRef]

	



Kurihara, K.; Yoshino, H.; Shimauchi, K. Surface Permanent Magnet Motors with Complicated Permanent Magnet Shapes Formed by Binder-less Net Shaping Process. In Proceedings of the 21st International Conference on Electrical Machines and Systems (ICEMS), Jeju, Korea, 7–10 October 2018; pp. 510–513. [Google Scholar]

	



Stoev, B.; Todorov, G. Torque Ripple Suppression in Surface Mounted PMSMs with Distributed Windings. In Proceedings of the 15th International Conference on Electrical Machines, Drives and Power Systems (ELMA), Sofia, Bulgaria, 1–3 June 2017; pp. 277–280. [Google Scholar]

	



Chen, Z.; Xia, C.; Geng, Q.; Yan, Y. Modeling and Analyzing of Surface-Mounted Permanent-Magnet Synchronous Machines with Optimized Magnetic Pole Shape. IEEE Trans. Magn. 2014, 50, 8102804. [Google Scholar] [CrossRef]

	



Wang, K.; Gu, Z.; Zhu, Z.; Wu, Z. Optimum Injected Harmonics Into Magnet Shape in Multiphase Surface-Mounted PM Machine for Maximum Output Torque. IEEE Trans. Ind. Electron. 2017, 64, 4434–4443. [Google Scholar] [CrossRef]

	



Ishak, D.; Rezal, M.; Tiang, T.L. Influence of magnetization pattern in three-phase permanent magnet synchronous machines. Electr. Eng. 2018, 100, 2667–2676. [Google Scholar] [CrossRef]

	



Wu, D.; Zhu, Z.Q. Design Tradeoff between Cogging Torque and Torque Ripple in Fractional Slot Surface-Mounted Permanent Magnet Machines. IEEE Trans. Magn. 2015, 51, 8108704. [Google Scholar] [CrossRef]

	



Wu, D.; Zhu, Z.; Xiao, G. Effectiveness of Terminal Voltage Distortion Minimization Methods in Fractional Slot Surface-Mounted Permanent Magnet Machines Considering Local Magnetic Saturation. IEEE Trans. Energy Convers. 2016, 31, 1090–1099. [Google Scholar] [CrossRef]

	



Zhu, X.; Hua, W. Stator-Slot/Rotor-Pole Pair Combinations of Flux-Reversal Permanent Magnet Machine. IEEE Trans. Ind. Electron. 2019, 66, 6799–6810. [Google Scholar] [CrossRef]

	



Li, H.; Zhu, Z. Investigation of stator slot/rotor pole combination of flux reversal permanent magnet machine with consequent-pole PM structure. J. Eng. 2019, 17, 4267–4272. [Google Scholar] [CrossRef]

	



Du, G.; Xu, W.; Zhu, J.; Huang, N. Effects of Design Parameters on the Multiphysics Performance of High-Speed Permanent Magnet Machines. IEEE Trans. Ind. Electron. 2020, 67, 3472–3483. [Google Scholar] [CrossRef]

	



Xu, P.; Shi, K.; Sun, Y.; Zhu, H. Effect of Pole Number and Slot Number on Performance of Dual Rotor Permanent Magnet Wind Power Generator Using Ferrite Magnets. AIP Adv. 2017, 7, 056631. [Google Scholar] [CrossRef]

	



Salminen, P.; Pyrhönen, J.; Libert, F.; Soulard, J. Torque Ripple of Permanent Magnet Machines with Concentrated Windings. In Proceedings of the XII Int. Symp. Electromagnetic Fields Mechatronics, Electrical Electronic Engineering (ISEF), Baiona, Spain, 15–17 September 2005. [Google Scholar]

	



Libert, F.; Soulard, J. Investigation on Pole-Slot Combinations for Permanent-Magnet Machines with Concentrated Windings. In Proceedings of the International Conference on Electrical Machines, Cracow, Poland, 5–8 September 2004; pp. 530–535. [Google Scholar]

	



Magnussen, F.; Sadarangani, C. Winding Factors and Joule Losses of Permanent Magnet Machines with Concentrated Windings. In Proceedings of the IEEE International Electric Machines and Drives Conference, Madison, WI, USA, 1–4 June 2003; pp. 333–339. [Google Scholar] [CrossRef]

	



Huth, G. Permanent-Magnet-Excited AC Servo Motors in Tooth-Coil Technology. IEEE Trans. Energy Convers. 2005, 20, 300–307. [Google Scholar] [CrossRef]

	



Min, S.G.; Sarlioglu, B. Investigation of Electromagnetic Noise on Pole and Slot Number Combinations with Possible Fractional-Slot Concentrated Windings. In Proceedings of the IEEE Transportation Electrification Conference and Expo, Chicago, IL, USA, 22 June 2017; pp. 241–246. [Google Scholar]

	



Lan, I.W.; Ho, H.W. Slot and Pole Ratio of Permanent Magnet Synchronous Motor for Cogging Torque and Torque Ripple Performance. In Proceedings of the International Conference of Electrical and Electronic Technologies for Automotive, Milano, Italy, 9–11 July 2018. [Google Scholar]

	



Dhulipati, H.; Mukundan, S.; Ghosh, E.; Li, Z.; Vidalanage, B.G.; Tjong, J.; Kar, N.C. Slot-pole Selection for Concentrated Wound Consequent Pole PMSM with Reduced EMF and Inductance Harmonics. In Proceedings of the International Conference on Electrical Machines and Systems (ICEMS), Harbin, China, 11–14 August 2019. [Google Scholar]

	



Min, S.G.; Sarlioglu, B. Analysis and Comparative Study of Flux Weakening Capability in Fractional-Slot Concentrated Windings. IEEE Trans. Energy Convers. 2018, 33, 1025–1035. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Joo, D.S.; Hong, D.K.; Chung, S.U.; Woo, B.C.; Koo, D.H. Permanent Magnet Motor Design for Turrets with Large Diameters. J. Magn. 2013, 18, 460–465. [Google Scholar] [CrossRef]

	



Chen, Q.; Shu, H.; Chen, L. Simulation Analysis of Cogging Torque of Permanent Magnet Synchronous Motor for Electric Vehicle. J. Mech. Sci. Technol. 2012, 26, 4065–4071. [Google Scholar] [CrossRef]

	



Jin, P.; Fang, S.; Siu-lau, H. Distribution Characteristic and Combined Optimization of Maximum Cogging Torque of Surface-Mounted Permanent-Magnet Machines. IEEE Trans. Magn. 2018, 54, 8200505. [Google Scholar]

	



Zhang, Y.; Lin, H.; Fang, S.; Huang, Y.; Yang, H.; Wang, D. Air-Gap Flux Density Characteristics Comparison and Analysis of Permanent Magnet Vernier Machines with Different Rotor Topologies. IEEE Trans. Appl. Supercond. 2016, 26, 0605105. [Google Scholar] [CrossRef]

	



Liu, X.; Gao, J.; Huang, S.; Lu, K. Magnetic Field and Thrust Analysis of the U-Channel Air-Core Permanent Magnet Linear Synchronous Motor. IEEE Trans. Magn. 2017, 53, 8201504. [Google Scholar] [CrossRef]








[image: Wevj 12 00026 g001 550] 





Figure 1. Structure diagram of a 4-pole and 24-slot surface-mounted permanent magnet (SPM) machine. 
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Figure 2. The variation in back electromotive force (EMF) with the variation in the number of stator slots when the number of rotor poles is 4. 
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Figure 3. The variation in back EMF with the variation in the number of stator slots when the number of rotor poles is 8. 
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Figure 4. The variation in back EMF with the variation in the number of stator slots when the number of rotor poles is 10. 
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Figure 5. The average value and torque ripple of electromagnetic torque under different numbers of stator slots when the number of rotor poles is 4. 
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Figure 6. The average value and torque ripple of electromagnetic torque under different numbers of stator slots when the number of rotor poles is 8. 
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Figure 7. The average value and torque ripple of electromagnetic torque under different numbers of stator slots when the number of rotor poles is 10. 
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Figure 8. Effect of pole arc coefficient on cogging torque in a machine with a 4-pole and 33-slot combination. 
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Figure 9. Effect of pole arc coefficient on cogging torque in a machine with an 8-pole and 27-slot combination. 
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Figure 10. Effect of pole arc coefficient on cogging torque in a machine with a 10-pole and 21-slot combination. 
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Figure 11. Effect of pole arc coefficient on electromagnetic torque in a machine with 4-pole and 33-slot. 
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Figure 12. Effect of pole arc coefficient on electromagnetic torque in a machine with 8-pole and 27-slot. 
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Figure 13. Effect of pole arc coefficient on electromagnetic torque in a machine with 10-pole and 21-slot. 
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Table 1. Common parameters of surface-mounted permanent magnet (SPM) machines adopting different stator slot and rotor pole combinations.






Table 1. Common parameters of surface-mounted permanent magnet (SPM) machines adopting different stator slot and rotor pole combinations.





	Parameter
	Value
	Unit





	Phase number
	3
	--



	Inner diameter of stator
	32.5
	mm



	Outer diameter of stator
	70
	mm



	The slot opening width
	1
	mm



	The slot opening height
	0.5
	mm



	Air gap length
	0.5
	mm



	Inner diameter of rotor core
	16
	mm



	Outer diameter of rotor core
	25.9
	mm



	Thickness of PM
	2.8
	mm



	Pole arc coefficient
	0.8
	--



	Effective value of rated current
	4.6
	A



	Grade of PM
	38UH
	--



	Remanence of PM (115 °C)
	1.125
	T



	Relative permeability of PM
	1.01
	--



	Grade of iron core
	DW360-50
	--



	Thickness of each silicon steel sheet
	0.5
	mm



	Maximum iron loss of silicon steel sheet
	3.6
	W/Kg
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Table 2. Machine design schemes when the number of rotor poles is 4 and the number of stator slots takes different values.
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	Number of Stator Slots
	Number of Conductors per Slot
	Winding Pitch
	Winding Coefficient





	6
	124
	1
	0.866



	12
	52
	3
	1



	15
	44
	3
	0.9099



	18
	36
	4
	0.9452



	21
	32
	5
	0.9531



	24
	28
	5
	0.933



	27
	26
	6
	0.941



	30
	22
	6
	0.9099



	33
	20
	7
	0.9284
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Table 3. Machine design schemes when the number of rotor poles is 8 and the number of stator slots takes different values.
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	Number of Stator Slots
	Number of Conductors per Slot
	Winding Pitch
	Winding Coefficient





	9
	74
	1
	0.9452



	12
	56
	1
	0.866



	18
	34
	2
	0.9452



	21
	32
	2
	0.8897



	24
	28
	2
	0.866



	27
	22
	3
	0.941



	30
	22
	3
	0.9099



	33
	22
	3
	0.869
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Table 4. Machine design schemes when the number of rotor poles is 10 and the number of stator slots takes different values.
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	Number of Stator Slots
	Number of Conductors per Slot
	Winding Pitch
	Winding Coefficient





	9
	84
	1
	0.9452



	12
	48
	1
	0.933



	15
	52
	1
	0.866



	21
	28
	2
	0.9531



	24
	26
	2
	0.925



	27
	24
	2
	0.8773



	30
	22
	2
	0.866



	33
	18
	3
	0.9456
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Table 5. The magnitudes of cogging torque under different numbers of stator slots when the number of rotor poles is 4.
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	Number of Rotor Poles
	Number of Stator Slots
	Least Common Multiple
	Cogging Torque (mNm)





	4
	6
	12
	146.93



	4
	12
	12
	90.98



	4
	15
	60
	15.48



	4
	18
	36
	41.4



	4
	21
	84
	12.19



	4
	24
	24
	32.79



	4
	27
	108
	8.54



	4
	30
	60
	34.14



	4
	33
	132
	7.76
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Table 6. The magnitudes of cogging torque under different numbers of stator slots when the number of rotor poles is 8.
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	Number of Rotor Poles
	Number of Stator Slots
	Least Common Multiple
	Cogging Torque (mNm)





	8
	9
	72
	74.39



	8
	12
	24
	319.09



	8
	18
	72
	83.41



	8
	21
	168
	61.56



	8
	24
	24
	369.91



	8
	27
	216
	59.99



	8
	30
	120
	74.47



	8
	33
	264
	63.28
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Table 7. The magnitudes of cogging torque under different numbers of stator slots when the number of rotor poles is 10.
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	Number of Rotor Poles
	Number of Stator Slots
	Least Common Multiple
	Cogging Torque (mNm)





	10
	9
	90
	46.69



	10
	12
	60
	69.41



	10
	15
	30
	534.60



	10
	21
	210
	27.07



	10
	24
	120
	53.09



	10
	27
	270
	49.03



	10
	30
	30
	242.13



	10
	33
	330
	29.04
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Table 8. Various losses and efficiency when the number of rotor poles is 4 and the number of stator slots takes different values.
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	Number of Rotor Poles
	Number of Stator Slots
	Electromagnetic Torque (Nm)
	Output Power (W)
	Mechanical Loss (W)
	Copper Loss (W)
	PM Eddy Current Loss (W)
	Iron Loss (W)
	Total Loss (W)
	Input Power (W)
	Efficiency (%)





	4
	6
	2.36
	741
	7.41
	53.53
	1.43
	9.49
	71.86
	812.86
	91.16



	4
	12
	2.36
	741
	7.41
	49.32
	0.38
	9.50
	66.61
	807.61
	91.75



	4
	15
	2.28
	716
	7.16
	48.94
	0.22
	10.01
	66.33
	782.33
	91.52



	4
	18
	2.36
	741
	7.41
	49.47
	0.13
	10.48
	67.49
	808.49
	91.65



	4
	21
	2.4
	754
	7.54
	52.94
	0.12
	10.45
	71.05
	825.05
	91.39



	4
	24
	2.3
	722
	7.22
	50.82
	0.09
	10.82
	68.95
	790.95
	91.28



	4
	27
	2.41
	757
	7.57
	54.55
	0.11
	10.96
	73.19
	830.19
	91.18



	4
	30
	2.25
	707
	7.07
	49.38
	0.05
	11.36
	67.86
	774.86
	91.24



	4
	33
	2.26
	710
	7.1
	50.67
	0.06
	11.58
	69.41
	779.41
	91.09
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Table 9. Various losses and efficiency when the number of rotor poles is 8 and the number of stator slots takes different values.
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	Number of Rotor Poles
	Number of Stator Slots
	Electromagnetic Torque (Nm)
	Output Power (W)
	Mechanical Loss (W)
	Copper Loss (W)
	PM Eddy Current Loss (W)
	Iron Loss (W)
	Total Loss (W)
	Input Power (W)
	Efficiency (%)





	8
	9
	2.27
	713
	7.13
	42.16
	0.90
	12.78
	62.97
	775.97
	91.88



	8
	12
	2.4
	754
	7.54
	41.61
	0.19
	18.31
	67.65
	821.65
	91.77



	8
	18
	2.34
	735
	7.35
	39.55
	0.14
	20.14
	67.18
	802.18
	91.63



	8
	21
	2.38
	747
	7.47
	42.30
	0.29
	20.59
	70.65
	817.65
	91.36



	8
	24
	2.25
	707
	7.07
	41.43
	0.08
	21.59
	70.17
	777.17
	90.97



	8
	27
	2.35
	738
	7.38
	38.05
	0.08
	20.68
	66.19
	804.19
	91.77



	8
	30
	2.35
	738
	7.38
	41.99
	0.13
	22.66
	72.16
	810.16
	91.09



	8
	33
	2.44
	766
	7.66
	45.46
	0.07
	22.84
	76.03
	842.03
	90.97
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Table 10. Various losses and efficiency when the number of rotor poles is 10 and the number of stator slots takes different values.
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	Number of Rotor Poles
	Number of Stator Slots
	Electromagnetic Torque (Nm)
	Output Power (W)
	Mechanical Loss (W)
	Copper Loss (W)
	PM Eddy Current Loss (W)
	Iron Loss (W)
	Total Loss (W)
	Input Power (W)
	Efficiency (%)





	10
	9
	2.38
	747
	7.47
	42.70
	0.80
	15.3
	66.27
	813.27
	91.85



	10
	12
	2.32
	728
	7.28
	35.30
	0.25
	19.79
	62.62
	790.62
	92.08



	10
	15
	2.45
	769
	7.69
	46.97
	0.18
	22.52
	77.36
	846.36
	90.86



	10
	21
	2.35
	738
	7.38
	36.69
	0.10
	24.7
	68.87
	806.87
	91.46



	10
	24
	2.38
	747
	7.47
	38.24
	0.08
	26.15
	71.94
	818.94
	91.21



	10
	27
	2.3
	722
	7.22
	39.20
	0.11
	27.15
	73.68
	795.68
	90.74



	10
	30
	2.18
	685
	6.85
	39.41
	0.08
	27.52
	73.86
	758.86
	90.27



	10
	33
	2.33
	732
	7.32
	36.83
	0.07
	27.3
	71.52
	803.52
	91.10
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