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Abstract

:

The rotor loss of rare earth permanent magnet synchronous motor (PMSM) affects the efficiency and reliability of the motor and is an important research direction of rare earth permanent magnet synchronous motors. In this paper, the influence of rotational speed on the loss of the rotor core and the permanent magnet is analyzed through the analysis of the motor magnetic field and rotor loss calculation. Specifically, with the increase in rotational speed, the weak magnetic current increases, the amplitude of flux density change in the rotor core decreases, and the loss of the rotor core also decreases. The greater the influence of the harmonic current magnetic field on the outside of the rotor, the greater the loss. The core loss on the rotor is mainly distributed on the outside of the rotor. For further engineering applications, this paper analyzes the loss composition of three kinds of motors with different rotor structures and judges the optimal scheme based on the minimum loss. Finally, the correctness of this research is verified by comparing the experimental and simulation results of two kinds of motors with different rotor structures. The research content of this paper can provide a reference for the loss analysis and optimization and rotor structure selection of rare earth permanent magnet synchronous motor rotor design.
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1. Introduction


For PMSM powered by pulse width modulation (PWM), the space and time harmonics of the air gap magnetic field will cause a large eddy current loss in the rotor core and permanent magnet, resulting in rotor heating, permanent magnet demagnetization, and other problems, seriously threatening the safe and reliable operation of the motor. In order to improve the efficiency and operation reliability of the motor, the accurate calculation of the rotor eddy current loss of the PMSM and the research of the method of reducing eddy current loss have been paid more and more attention.



Generally, research on rotor eddy current loss is mainly carried out from the following aspects: the influence of time harmonics caused by inverter and space harmonics caused by fixed rotor structure on rotor eddy current loss in PMSM is analyzed from the principle as well as how to optimize control parameters, optimize stator and rotor structure, and rationally divide permanent magnet to reduce eddy current loss. With the high price of PMs, how to reduce the use of PMs to reduce the cost of motors has also become one of the research hotspots [1].



Z.Q. Zhu et al. [2] established a rotor eddy current loss model of a surface-mounted PMSM (SPMSM) including a stator core, air gap, PM, and rotor core in polar coordinates, which is currently recognized as a relatively accurate two-dimensional analytical model. In [3], the time-step finite element method was used to analyze the loss of the PM and solid mild steel rotor of the concentric-winding fractional slot SPMSM.



In [4,5], Yamazaki et al. analyzed the loss of PM after taking carrier harmonics into account in an interior permanent magnet synchronous machine (IPMSM) driven by PWM through a three-dimensional finite element method. The results without considering the carrier harmonics are compared. The research shows that the carrier harmonics of the inverter are the main cause of the loss of PM and the axial length of the block permanent magnet should be less than the skin depth of the eddy current caused by the harmonics to reduce the loss. In [6], the impact of a rare earth permanent magnet separating on reducing eddy current losses in synchronous motors was analyzed. Most of the losses of PMs are caused by the carrier harmonics of the inverter and the effect of reducing eddy current losses by separating permanent magnets in IPMSMs is smaller than that of SSPMSMs. It is mainly due to the increase in reaction field caused by high-frequency harmonic eddy currents. In [7], the influence of optimized stator slot shape and rotor bridge on the reduction in PM in weak field areas in an IPMSM was studied. In [8], the influence of separation on the reduction in PM in concentric-winding PMSM was studied. Different harmonic frequencies and rotor structures (such as surface-mounted type and interior type) were affected differently.



For fractional slot concentric-winding permanent magnet motors, the magnetomotive force harmonics, especially the low-order magnetomotive force harmonics, may cause large eddy current loss of the rotor. Aiming at this problem, Bianchi et al. introduced the influence of magnetomotive force space harmonics on rotor loss in fritter-slot wound permanent magnet motors in [9,10,11], established an analytical model to calculate rotor loss caused by magnetomotive force space harmonics, and discussed the relationship between the pole-slot match and rotor loss. Reference [12] studied the influence of stator slotting and rotor magnetomotive force harmonics on rotor loss. Experimental results showed that rotor loss under load was caused by rotor magnetomotive force harmonics and that rotor yoke magnetic field saturation would limit rotor loss.



Reference [13] carried out two kinds of simulation analysis of harmonic current loss of 150 kW IPMSM, that is, the co-simulation of time harmonic current caused by non-sinusoidal voltage excitation generated by space inverter and the simulation of the current source. The difference between the two simulation results is close to 500% and the experimental results are close to the co-simulation results, respectively. Reference [14] studies the effects of the switching frequency and DC voltage on rotor loss, winding loss, and stator loss of an SPMSM. The research shows that loss of PM is very sensitive to switching frequency. The high DC voltage and low switching frequency will increase rotor loss.



In [15], the finite element method is adopted to compare and analyze the influence of different stator structures on the performance of high-speed PMSMs and the influence of the slotting effect on stator iron loss, rotor eddy current loss, and cogging torque is discussed. Reference [16] compared the total iron loss and PM loss of three kinds of rotor structures (type “一” interior, “V” interior, and surface-mounted) in fractional slot PMSMs under constant torque and in weak field areas. The results show that the iron loss of fractional slot PMSM is larger than that of SPMSM but the loss of PM is smaller. The separation of permanent magnets will reduce the loss, which is more obvious in the IPMSM.



In [17], the time-step transient finite element method is adopted to analyze the permanent magnet loss of SPMSMs. The authors believe that when the permanent magnet is divided into more than two blocks per pole, the permanent magnet loss calculated based on the spatial harmonic method may be incorrect. Since each block has an edge, which means that the temperature distribution of the permanent magnet is uneven, the demagnetization of the permanent magnet should be carefully considered. Reference [18] describes the influence of the resistivity of the iron ring at the back of the rotor on the eddy current loss of the rotor in a permanent magnet with an outer rotor ring permanent magnet and fractional slot-concentrated winding permanent magnet motor. In [19], the average loss of the permanent magnet of concentrated winding SPMSMs with different pole-slot matches was studied. The calculation model considered four cases in which the ratio of the harmonic wavelength of the magnetometer to the magnetic pole width of the permanent magnet. In [20], Guohui Yang et al. focused on the influence of stator slot opening of permanent magnet synchronous motor on the loss of permanent magnets. Reference [21] proposes a new calculation method for power loss of permanent magnet based on a two-dimensional finite element and fitting method which can achieve the balance of rapidity and accuracy of calculation of permanent magnet loss with sinusoidal input.



In general, the rotor loss in PMSM mainly includes rotor core loss and permanent magnet loss which are caused by the air gap permeability, the space harmonic, and the time harmonic caused by the stator current. For integer slot PMSM, the inverter carrier harmonic is the main cause of PM loss of permanent magnets. Generally, the main measures taken to reduce eddy current loss of permanent magnets are a reasonable partition of permanent magnets and high switching frequency. Relatively speaking, the research on eddy current loss of rotor core is not deep enough. In recent years, the high rotor eddy current loss caused by harmonic magnetomotive force and space harmonic in fractional slot concentrated winding permanent magnet motor is one of the hot research topics of rotor loss.



Therefore, this paper studies the method of reducing the eddy current loss of the rotor core, starting from optimizing the rotor structure of the IPMSM. The research on rotor loss of permanent magnet synchronous motor is extended from the permanent magnet loss to the comprehensive consideration of rotor core loss and permanent magnet loss. References for accurately evaluating the rotor loss model and optimizing rotor selection in the motor design stage are provided.




2. Motor Design Specification


The motor design specification is shown in Table 1.



The motor employs a 72-slot 12-pol. In order to withstand the challenging heat dissipation conditions, the rotor is equipped with high-temperature samarium cobalt permanent magnets instead of NdFeb permanent magnets.




3. Rotor Core Magnetic Field Analysis


In the weak magnetic area (3000 rpm~6000 rpm), the flux density at three specific positions on the rotor is analyzed over time for rotational speeds of 3000 rpm, 4000 rpm, 5000 rpm, and 6000 rpm. The locations of points A, B, and C are illustrated in Figure 1 where points A and B reside on the q axis while point C resides on the d axis.



The finite element analysis model is built using Ansoft maxwell 2016. At different speeds, the radial and tangential flux density of three points A, B, and C on the rotor vary with time, as shown in Figure 2. With the increase in the rotational speed, the weak magnetic current increases, namely the magnetic field in the weak field area, the tangential flux density at point C decreases, the radial flux density at point A and point B increases, and the amplitude of the flux density change gradually decreases. The amplitude of tangential flux density on the q-axis and radial flux density on the d-axis are relatively small.



The higher the upper part of the rotor is affected by the harmonic current magnetic field, the larger the corresponding loss. Due to the large magnetic resistance at the permanent magnet, the rotor core loss is very small and almost negligible. Through the analysis, it can be seen that the loss on the rotor is mainly the eddy current loss of the core and the eddy current loss of the permanent magnet distributed on the outside of the rotor.



On the rotor, harmonic analysis is carried out on the flux density of A, B, and C points. At the same speed, the harmonic frequency of A, B, and C points is the same, which is basically consistent with the harmonic frequency of the A-phase current. This paper only lists the harmonic analysis results of the flux density at point C at each speed, as shown in Figure 3.



As can be seen from the figure, the influence of higher time harmonics on the flux density of the rotor is very obvious and the main harmonic times at 3000 rpm are 20/27, 47/48, and 68/74. At 4000 rpm, the main harmonic frequency is 16/22, 37/38, and 53/54/60. At 5000 rpm, the main harmonics are 18/19, 30/31 and 42/43/49. At 6000 rpm, they are 15/16, 24/25/26, and 35/41.




4. Rotor Loss Calculation


According to [22], the total eddy current loss of the permanent magnet can be calculated from the harmonic eddy current density.


    W   m a g   =   ∑  n      W   n   =   ∑  n        ∭    V   m a g               J   n       2     2 σ   d v          



(1)




where n is the harmonic order, σ is the conductivity, V is the volume of the permanent magnet, and Jn is the eddy current density of the permanent magnet under the n-th harmonic.



The eddy current density of the permanent magnet at a certain time is shown in Figure 4.



Table 2 and Figure 5 present the stator core loss, permanent magnet loss, rotor core loss, and copper loss of the motor at different speeds in weak field areas. As the rotational speed increases, there is a corresponding increase in Id while the amplitude of flux density change in the rotor core decreases, leading to a reduction in rotor core loss.



The cloud diagram of rotor core loss at different speeds is shown in Figure 6. It can be clearly seen from the figure that the rotor core loss of the motor is mainly located on the outside of the rotor, especially at the flux density saturation.




5. Influence of Rotor Structure on Rotor Loss


In order to improve the reliability of the motor, by optimizing the rotor structure, the magnetic field analysis and loss calculation of the IPMSMs with V-type and double V-type IPMSM are carried out to further explore the motor design method to reduce the rotor loss



5.1. Analysis of the Rotor Core Magnetic Field


Only the rotor structure was changed for the two motors. The magnetic field distribution of V-type and double V-type IPMSMs under rated load (3000 rpm and 1110 Nm) is shown in Figure 7.



For PMSM, the magnetic circuit in the rotor of the motor will change without changing the amount of PM and only changing the rotor structure. At the same time, this will also have a certain impact on the stator and rotor loss of the motor. In order to minimize the changing factors, only the influence of the rotor structure change on the rotor loss of the motor is studied and the stator windings of the motor remain unchanged during the optimization process of the V-type and double V-type IPMSMs. In addition, the optimized no-load back potential of the two motors is basically the same (185.6 V and 189.2 V, respectively; at 3000 rpm, the difference is 1.94%) and then the magnetic field distribution and rotor loss of the two rotor structures of V-type and double V-type IPMSM are analyzed.



The flux density cloud diagram under the rated load of the motor is shown in Figure 8 and the flux density waveform under the rated load at the same position points A and B on the motor rotor is shown in Figure 9. Point A is on the q axis and point B is on the d axis.



As can be seen from Figure 7 and Figure 8, magnetic leakage on the rotor is obvious and the magnetic isolation position is prone to local saturation. The double V-type IPMSM has more partial saturation due to the large number of permanent magnets and magnetic isolation. According to the position Angle θ0 = 60° and the electrical Angle θr = 20° at the end of the adjacent flux barrier, the double V-type rotor structure is more reasonable. Under normal circumstances, due to the rotor size and magnetic steel size, it is impossible to change the channel position θ0 without changing θr. When the samarium–cobalt permanent magnet with a relatively small magnetic energy product is used to design a double V-type rotor structure, the options of θ0 and θr are limited. If the permanent magnet material with a higher magnetic energy product is used, the rotor structure of the multi-layer IPMSM can have more combinations of θ0 and θr.



Figure 9 shows the flux density waveform at points A and B on the rotor under rated load; Figure 9a,b are the flux density waveform of the V-type IPMSM under the load of sinusoidal current source and SVPWM. By comparison, it can be seen that the calculated flux density changes are smooth under the condition of a sinusoidal current source and the time harmonics under SVPWM loading increase significantly. In the process of motor design, if only the motor loss under the load of a sinusoidal current source is considered, it is likely that the rotor heat dissipation design is unreasonable due to the small rotor loss; even the motor is damaged due to the rotor overheating. Figure 9b,c shows the flux density waveforms of V-type and double V-type IPMSMs under SVPWM loading. Under rated load conditions, the flux density amplitude at point B on the d-axis is very close but the amplitude of double V-type IPMSMs fluctuates more.



Figure 10 shows the air gap flux density of “一”-type, V-type, and double-V-type IPMSMs under a rated load. Compared with “一”-type, air gap flux density of the V-type and double-V-type is closer to sine.



In the electromagnetic field analysis of the motor, the excitation sources generally include a sinusoidal current source, a sinusoidal voltage source, and inverter space vector pulse width modulation (SVPWM). The loss analysis results of the sinusoidal current source and sinusoidal voltage source are similar to some extent. Therefore, harmonic analysis of current and flux density under two excitation modes of sinusoidal current source and SVPWM will be carried out; the influence of harmonic on loss results will be further analyzed.



The A-phase current of the sinusoidal current source of the V-type IPMSM and the rated load of the SVPWM excitation are shown in Figure 11. It can be seen that the current harmonics under the SVPWM power supply are obvious. Harmonic analysis of the A-phase current is carried out and the A-phase harmonic current, as shown in Figure 12, is obtained.



As can be seen from Figure 12, the harmonic current under the sinusoidal current source is mainly a low-order harmonic current and the amplitude of harmonic current is relatively small. The main harmonic current number under SVPWM power supply is 23.5 ± 2.23.5 ± 4.47 ± 1.71 ± 2, that is, 19, 21, 22, 25, 26, 28, 46, 48, 69, and 73 times.



The amplitude of flux density harmonic components at point A and point B of the sinusoidal current source and SVPWM-rated load of V-type IPMSM is shown in Figure 13. As can be seen from the figure, similar to the situation of A-phase harmonic current, the higher harmonics under the sinusoidal current source are less while the flux density harmonics under SVPWM are more.



The harmonic analysis results of an A-phase harmonic current and flux density under the SVPWM of double V-type IPMSM SVPWM are shown in Figure 14 and Figure 15. Compared with V-type IPMSM, the harmonic flux density of double V-type IPMSM is significantly reduced.




5.2. Calculation of Rotor Loss


The loss on the rotor of PMSM mainly includes two parts, namely, rotor core loss and PM loss. Due to the rotor heat, the dissipation condition is generally poor; the rotor loss in the PMSM under SVPWM will cause higher rotor temperature rise and even lead to irreversible demagnetization of permanent magnets and motor rotor burnout. The purpose of optimizing rotor structure is not only to reduce rotor core loss or PM loss but also to find the best motor design method to meet the requirements of electromagnetic load and thermal load of the motor. Therefore, on the basis of the analysis of motor current and rotor flux density, the rotor loss of the motor needs to be accurately analyzed.



The rotor permanent magnet current density under SVPWM excitation at a certain time is shown in Figure 16 and the rotor loss under sinusoidal current source and SVPWM excitation is shown in Figure 17. As can be seen from the figure, the rotor loss under the sinusoidal current source is very small which is inconsistent with the actual situation. In the process of studying rotor loss, the results of the sinusoidal current may seriously underestimate the temperature rise of the rotor. Under the excitation of SVPWM, the loss of permanent magnet of double V-type IPMSM is higher than that of V-type. However, relative to the reduction in stator current time harmonic component, the flux density harmonic component in the stator rotor core is also reduced and the rotor core loss of the double V-type IPMSM is much lower than that of the V-type.



The distribution cloud diagram of rotor core loss is shown in Figure 18. The eddy current caused by harmonic magnetic field is concentrated on the rotor surface so the rotor eddy current loss is mainly concentrated on the rotor surface, especially at the flux density saturation.



The losses of “一”-type, V-type, and double V-type IPMSMs are shown in Table 3 and Figure 19. The loss changes (%) of V-type and double V-type are based on the “一” type. As can be seen, the rotor core loss of the V-type and double V-type IPMSMs is significantly reduced compared to the “一” type. Even if the loss of permanent magnet is increased, the total rotor loss is still reduced. The way of optimization is to change the arrangement of permanent magnets. The change in magnetic circuit and the increase in magnetic leakage inevitably lead to the reduction in back EMF of no-load. Under the same load requirements, the copper loss increases with the increase in the current and the eddy current increases with the increase in the time harmonic current. However, after optimization, the air gap flux density is closer to sine and the reduction in space harmonics leads to the reduction in stator core loss and rotor core loss. Compared with the “一” type IPMSM, the winding loss of the V-type is increased and the core loss is reduced. The core loss of the double V-type IPMSM is significantly reduced.





6. Experimental Verification


At present, there are few experimental verification methods for permanent magnet loss, including the loss separation method and direct measurement method.



The loss separation method is to subtract other types of losses (stator and rotor iron loss, winding copper loss, mechanical loss, etc.) during the operation of the permanent magnet synchronous motor from the total loss obtained to obtain the permanent magnet loss. This method is simple and easy to implement. However, this method usually inherits the errors of other loss measurements, resulting in larger errors in the measurement of permanent magnet losses.



The direct measurement method needs to accurately predict the temperature change in the permanent magnet through a temperature sensor and then obtain the permanent magnet loss according to the temperature field model of the motor. The arrangement of the temperature sensor in the rotor is limited and it will have a certain impact on the structure of the rotor and the electromagnetic field of the motor. The implementation of this method is more difficult.



After comprehensive consideration, the correctness of the simulation results is verified by the total electromagnetic loss of the motor. The purpose is to no longer separate the losses. Thus, the measured eddy current loss of the permanent magnet is prevented from inheriting other losses.



Two prototype rotor cores of V-type and double V-type are manufactured, as shown in Figure 20. Figure 21 shows the test bench.



Under light load conditions (to the same as in Table 3), the total input power of the PMSM is measured by the power analyzer and the output power is obtained by connecting the torque sensor on the rotor side of the PMSM. Then, the total loss of the PMSM is the difference between the input power and the output power. The electromagnetic loss of PMSM is obtained by subtracting the mechanical loss from the total loss.



The output power of the double V-type IPMSM is about 68.5 kW while the input power is about 85 kW. For the V-type IPMSM, the output power is about 70 kW while the input power is about 85 kW.



In the preceding experiment, it was learned that the other loss of the V-type IPMSM was about 7 kW.



According to Li Chunlan’s research in [23], the empirical formula for mechanical loss is as follows:


  P =   K L n D   2    



(2)




where K is the empirical coefficient and the general value is     1.7 × 10   − 8    ;



L is the length of the motor;



n is the speed of the motor;



D is the outer diameter of the motor stator core.



It can be seen that the rotor topology is not a factor affecting the mechanical loss. Therefore, the mechanical loss of double V-type IPMSM and V-type IPMSM are the same at the same structural size and the same speed. In other words, the mechanical loss of double V-type IPMSM is also 7 kW.



Therefore, it can be calculated that the electromagnetic losses are 9.5 kW and 8 kW, which is basically consistent with Table 3 (8.13 kW and 7.75 kW, respectively). The errors are 15% and 3%, respectively.



The error may be due to the following reasons:




	(1)

	
There are errors in the experimental and simulation results of the two motors which may be due to the unseparated errors that lead to the difference between the experimental and the simulation results;




	(2)

	
The error for double V-type IPMSM is larger, which may be because the empirical Formula (2) can be further optimized by considering more factors. Thus, it is more accurate to speculate the mechanical loss of double V-type IPMSM.










7. Conclusions


The research in this paper can provide reference for the loss analysis and optimization and rotor structure selection of rare earth permanent magnet synchronous motor rotor design. The space harmonic magnetic field caused by motor structure and the time harmonic magnetic field caused by non-sinusoidal stator current lead to rotor core loss and PM loss in the rotor of PMSM. The rotor loss caused by space harmonics and time harmonics caused by PWM excitation is analyzed. The main work and conclusions are as follows:




	(1)

	
In the area of weak magnetism, the radial and tangential flux density at different positions on the rotor at different speeds are analyzed. With the increase in rotational speed, the weak magnetic current increases, the amplitude of flux density in the rotor core decreases, and the eddy current loss of the rotor core also decreases. The higher the upper part of the rotor is affected by the harmonic current magnetic field, the larger the corresponding loss. Therefore, the core loss on the rotor is mainly distributed in the outer part of the rotor;




	(2)

	
Based on the “一” type IPMSM, the magnetic field analysis and loss calculation of the V-type and double V-type IPMSM are carried out by optimizing the rotor structure. After optimization, the air gap flux density of the double V-type is closer to sine than that of V-type IPMSM.









Comparing the analysis results of rotor loss under the excitation of sinusoidal current and SVPWM, it can be seen that the rotor loss under the load of sinusoidal current is very small. The influence of time harmonics on the eddy current loss of the rotor must be considered in the analysis of eddy current loss.



Based on the analysis of this paper and the current development trend of rare earth permanent magnet synchronous motors, the influence of subsequent control algorithms and the innovation of optimization algorithms should be further studied. At the same time, it is difficult to separate and measure the rotor loss from other losses in the rotating working condition and its experimental principle and design are worthy of further research.







Author Contributions


G.Y. conceived the proposed method, analyzed the data, and drafted the manuscript; H.W. and D.W. carried out the experiment; P.Z. and Y.Z. contributed analysis tools; S.J. provided some suggestions for drafting the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data is unavailable due to privacy or ethical restrictions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kim, M.-J.; Cho, S.-Y.; Lee, K.-D.; Lee, J.-J.; Han, J.-H.; Jeong, T.-C.; Kim, W.-H.; Koo, D.-H.; Lee, J. Torque density elevation in concentrated winding interior PM synchronous motor with minimized magnet volume. IEEE Trans. Magn. 2013, 49, 3334–3337. [Google Scholar] [CrossRef]

	



Zhu, Z.Q.; Ng, K.; Schofield, N.; Howe, D. Improved analytical modelling of rotor eddy current loss in brushless machines equipped with surface-mounted permanent magnets. IET 2004, 151, 641–650. [Google Scholar] [CrossRef]

	



Ugalde, G.; Zhu, Z.Q.; Poza, J.; Gonzalez, A. Analysis of rotor eddy current loss in fractional slot permanent magnet machine with solid rotor back-iron. In Proceedings of the XIX International Conference on Electrical Machines—ICEM 2010, Rome, Italy, 6–8 September 2010; pp. 1–6. [Google Scholar]

	



Yamazaki, K.; Abe, A. Loss analysis of interior permanent magnet motors considering carrier harmonics and magnet eddy currents using 3-D FEM. In Proceedings of the 2007 IEEE International Electric Machines & Drives Conference, Antalya, Turkey, 3–5 May 2007; pp. 904–909. [Google Scholar]

	



Yamazaki, K.; Abe, A. Loss investigation of interior permanent-magnet motors considering carrier harmonics and magnet eddy currents. IEEE Trans. Ind. Appl. 2009, 45, 659–665. [Google Scholar] [CrossRef]

	



Yamazaki, K.; Shina, M.; Kanou, Y.; Miwa, M.; Hagiwara, J. Effect of eddy current loss reduction by segmentation of magnets in synchronous motors: Difference between interior and surface types. IEEE Trans. Magn. 2009, 45, 4756–4759. [Google Scholar] [CrossRef]

	



Yamazaki, K.; Kanou, Y.; Fukushima, Y.; Ohki, S.; Nezu, A.; Ikemi, T.; Mizokami, R. Reduction of magnet eddy-current loss in interior permanent-magnet motors with concentrated windings. IEEE Trans. Ind. Appl. 2010, 46, 2434–2441. [Google Scholar] [CrossRef]

	



Yamazaki, K.; Fukushima, Y. Effect of eddy-current loss reduction by magnet segmentation in synchronous motors with concentrated windings. IEEE Trans. Ind. Appl. 2011, 47, 779–788. [Google Scholar] [CrossRef]

	



Bianchi, N.; Fornasiero, E. Impact of MMF space harmonic on rotor losses in fractional-slot permanent-magnet machines. IEEE Trans. Energy Convers. 2009, 24, 323–328. [Google Scholar] [CrossRef]

	



Bianchi, N.; Bolognani, S.; Fornasiero, E. An overview of rotor losses determination in three-phase fractional-slot PM machines. IEEE Trans. Ind. Appl. 2010, 46, 2338–2345. [Google Scholar] [CrossRef]

	



Fornasiero, E.; Bianchi, N.; Bolognani, S. Slot harmonic impact on rotor losses in fractional-slot permanent-magnet machines. IEEE Trans. Ind. Electron. 2012, 59, 2557–2564. [Google Scholar] [CrossRef]

	



Alberti, L.; Fornasiero, E.; Bianchi, N. Impact of the rotor yoke geometry on rotor losses in permanent-magnet machines. IEEE Trans. Ind. Appl. 2012, 48, 98–105. [Google Scholar] [CrossRef]

	



Jeong, T.-C.; Kim, W.-H.; Kim, M.-J.; Lee, K.-D.; Lee, J.-J.; Han, J.-H.; Sung, T.-H.; Kim, H.-J.; Lee, J. Current Harmonics Loss Analysis of 150-kW Traction Interior Permanent Magnet Synchronous Motor through Co-Analysis of d-q Axis Current Control and Finite Element Method. IEEE Trans. Magn. 2013, 49, 2343–2346. [Google Scholar] [CrossRef]

	



van der Geest, M.; Polinder, H.; Ferreira, J.A. Influence of PWM switching frequency on the losses in PM machines. In Proceedings of the 2014 International Conference on Electrical Machines (ICEM), Berlin, Germany, 2–5 September 2014; pp. 1243–1247. [Google Scholar]

	



Zhang, G.; Wang, F.; Shen, Y. Reduction of rotor loss and cogging torque of high-speed PM machine by stator teeth notching. In Proceedings of the 2007 International Conference on Electrical Machines and Systems (ICEMS), Seoul, Republic of Korea, 8–11 October 2007; pp. 856–859. [Google Scholar]

	



Azar, Z.; Wu, L.J.; Evans, D.; Zhu, Z.Q. Influence of rotor configuration on iron and magnet losses of fractional-slot IPM machines. In Proceedings of the 5th IET International Conference on Power Electronics, Machines and Drives (PEMD 2010), Brighton, UK, 19–21 April 2010; pp. 1–6. [Google Scholar]

	



Wang, J.; Atallah, K.; Chin, R.; Arsh, W.M.; Lendenma, H. Rotor eddy-current loss in permanent-magnet brushless AC machines. IEEE Trans. Magn. 2010, 46, 2701–2707. [Google Scholar] [CrossRef]

	



Cavagnino, A.; Lazzari, M.; Miotto, A. Impact of the rotor back-iron resistivity on the rotor eddy-current losses in fractional-slot concentrated windings PM machines. In Proceedings of the 2011 IEEE Energy Conversion Congress and Exposition, Phoenix, AZ, USA, 17–22 September 2011; pp. 1604–1611. [Google Scholar]

	



Aslan, B.; Semail, E.; Legranger, J. General analytical model of magnet average eddy-current volume losses for comparison of multiphase PM machines with concentrated winding. IEEE Trans. Energy Convers. 2014, 29, 72–83. [Google Scholar] [CrossRef]

	



Yang, G.; Wang, X.; Yang, C.; Wang, D.; Wu, H.; Wang, X. Effect of Slot Opening on Permanent Magnet Power Loss of a Permanent Magnet Synchronous Machine Driven by PWM. Energies 2022, 15, 7485. [Google Scholar] [CrossRef]

	



Yang, G.; Zhang, C. Computationally Efficient PM Power Loss Mapping for PWM Drive Surface-Mounted Permanent Magnet Synchronous Machines. Appl. Sci. 2021, 11, 3246. [Google Scholar] [CrossRef]

	



Wakao, S.; Fujiwara, K.; Tokumasu, T. Useful formulas of analytical investigation in electromagnetic filed computation (part 6). In The Papers of Joint Technical Meeting on Static Apparatus and Rotating Machinery; IEE: Tokyo, Japan, 2005. [Google Scholar]

	



Li, C. Analysis of Temperature Field and Performance of Hairpin Motor; Chongqing University of Technology: Chongqing, China, 2021. [Google Scholar]








[image: Energies 16 07423 g001] 





Figure 1. Three typical position points on the rotor of the motor. 
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Figure 2. Variation of rotor flux density with time at different rotational speeds (n). 
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Figure 3. Analysis of magnetic density harmonics at point C on the rotor at different speeds. 






Figure 3. Analysis of magnetic density harmonics at point C on the rotor at different speeds.



[image: Energies 16 07423 g003]







[image: Energies 16 07423 g004] 





Figure 4. Current density of a rotor permanent magnet under load. 
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Figure 5. Motor losses at different speeds. 
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Figure 6. Rotor core loss at different speeds. 
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Figure 7. Magnetic field distribution under the rated load of the motor. 






Figure 7. Magnetic field distribution under the rated load of the motor.



[image: Energies 16 07423 g007]







[image: Energies 16 07423 g008] 





Figure 8. Flux density distribution under a rated load. 
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Figure 9. Flux density of rotor points A and B under a rated load. 
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Figure 10. Flux density of the air gap at rated load. 
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Figure 11. Sinusoidal current source of V-type IPMSM and A-phase current under SVPWM-rated load. 
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Figure 12. Sinusoidal current source of V-type IPMSM and A-phase harmonic current under a rated load of SVPWM. 
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Figure 13. Amplitude of the flux density harmonic component of V-type IPMSM. 
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Figure 14. A-phase harmonic current of double V-type IPMSM at a rated load under SVPWM. 
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Figure 15. Amplitude of magnetic flux density harmonic component of double V-type IPMSM at a rated load under SVPWM excitation. 
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Figure 16. Current density of the permanent magnet at a rated load under SVPWM excitation. 
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Figure 17. Rotor loss at a rated load under sinusoidal current and SVPWM excitation. 
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Figure 18. Rotor core loss. 
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Figure 19. Motor loss under load. 
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Figure 20. Motor prototype. 
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Figure 21. Controller and test bench. 
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Table 1. The main parameters of 350 kW PMSM.
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	Parameter
	Value
	Parameter
	Value





	Rated power/kW
	350
	Rated speed/rpm
	3000



	Maximum power/kW
	550
	Maximum speed/rpm
	6000



	Rated torque/Nm
	1114
	Rated AC voltage/V
	440



	Outer diameter of stator/mm
	482
	Silicon steel sheet
	B20AT1500










 





Table 2. Motor losses at different speeds.
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	Speed/rpm
	Torque/Nm
	Id/A
	Iq/A
	Stator Core Loss/kW
	PM Loss/kW
	Rotor Core Loss/kW
	Copper Loss/kW





	3000
	1114
	270
	505
	2.08
	0.54
	0.57
	4.22



	4000
	835.5
	345
	360
	1.95
	0.39
	0.40
	3.48



	5000
	668.4
	410
	243
	1.92
	0.48
	0.38
	3.46



	6000
	557
	460
	165
	2.08
	0.42
	0.28
	3.45










 





Table 3. Motor loss and loss change rate.
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	Rotor Type
	Back EMF of A-Phase/V
	Stator Core Loss/kW
	PM Loss/kW
	Rotor Core Loss/kW
	Copper Loss/kW
	Total Electromagnetic Losses/kW





	“一” type
	202.3
	2.08
	0.42
	0.55
	4.78
	7.83



	V-type
	183.8
	1.92
	0.48
	0.40
	5.33
	8.13



	%
	
	−7.7
	14.29
	−27.28
	11.51
	3.8



	Double V-type
	188.0
	1.65
	0.61
	0.21
	5.28
	7.75



	%
	
	−20.7
	45.24
	−68
	10.46
	−1.0
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