

  machines-10-00204




machines-10-00204







Machines 2022, 10(3), 204; doi:10.3390/machines10030204




Article



Optimization Design and Performance Analysis of a Reverse-Salient Permanent Magnet Synchronous Motor



Xiaokun Zhao[image: Orcid], Baoquan Kou *, Changchuang Huang and Lu Zhang





Department of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150001, China









*



Correspondence: koubq@hit.edu.cn (B.K.)







Academic Editor: Jose A Antonino-Daviu



Received: 10 February 2022 / Accepted: 9 March 2022 / Published: 11 March 2022



Abstract

:

The reverse-salient permanent magnet synchronous motor (RSPMSM) is a competitive candidate for electric vehicles due to its high torque density and high efficiency. This paper proposes an optimized RSPMSM by adopting a segmented permanent magnet structure. First, the structure, electromagnetic torque, and current control laws of the RSPMSM are introduced in detail. Second, the optimization design method of the RSPMSM is proposed by taking the torque and constant-power speed range as optimized objectives, with the saliency ratio as a constraint. The optimized model of the RSPMSM is determined using the genetic algorithm (GA). Further performance analysis and comparisons are made between the initial motor and the optimized motor. Finally, a prototype is manufactured, and the performance of the RSPMSM is verified through the finite element method (FEM) and experiments.
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1. Introduction


Permanent magnet synchronous motors (PMSMs) are being widely incorporated into electric vehicle (EV) drive systems due to their advantages, such as their high efficiency, torque/power density, and power factor [1,2,3,4]. For the drive motor used in EV drive systems, it is necessary to meet the requirements of a large torque output in the low-speed area and a wide constant-power speed range in the high-speed area. However, the permanent-magnet magnetic field is difficult to adjust, which limits the application of PMSM in situations involving wide constant-power speed range requirements [5,6,7,8,9,10].



To widen the constant-power speed range of the PMSM, many scholars have conducted substantial work. Reverse-salient permanent magnet synchronous motors (RSPMSMs) have attracted considerable attention due to their features, such as a wide constant-power speed range, flux-intensifying id at or below the rated speed, weak short-circuit current, and high working point of the permanent magnets (PMs) [11,12,13]. The RSPMSM was first proposed by the Italian scholar Bianchi in 1998. The author compared the conventional interior permanent magnet synchronous motor (IPMSM) with the RSPMSM and concluded that RSPMSMs have a wider constant-power speed range [14]. According to the main magnetic field direction, the RSPMSM can be divided into two types: radial and axial magnetic field RSPMSMs. Different measures are adopted in the RSPMSM with different main magnetic field directions. The PMs in the radial magnetic field RSPMSMs are usually designed to have “V,” “U,” “W,” and “M” shapes, which helps increase the air gap flux density and enables the design of thin PMs [15,16]. Ensuring a reasonable design and arrangement of the PMs can help decrease the d-axis magnetic resistance and increase the q-axis magnetic resistance, respectively. The magnetic barriers are simultaneously arranged on the rotor. The magnetic barriers do not considerably influence the d-axis magnetic resistance, but significantly increase the q-axis magnetic resistance [17,18,19]. An axial magnetic field RSPMSM usually increases the d-axis inductance, owing to the use of high-permeability materials. For example, the d-axis magnetic circuit involves the combination of soft magnetic materials and permanent magnetic materials. The results show that the flux-weakening performance of the RSPMSM can be optimized by adjusting the area ratio of the soft magnetic materials and permanent magnetic materials [20,21].



At present, the research focus of the RSPMSM is to propose new topologies. However, the approach to designing a suitable RSPMSM when a constant-power speed range is required remains unclear. The constant-power speed range is a key performance index for the RSPMSM design. Notably, the conventional IPMSM design method does not directly consider the constant-power speed range, torque, and saliency ratio at the same time. Therefore, such an approach cannot be realized to promptly and accurately design an RSPMSM with a large torque output at low-speed and a wide constant-power speed range at high-speed. No universal method exists for RSPMSM design. To meet the requirements of the EVs, this paper sets the torque and constant-power speed range as optimized objectives, and the saliency ratio as a constraint. Thus, the constant-power speed range, torque, and saliency ratio of the motors can be considered simultaneously in the motor optimization design process.



In this paper, an RSPMSM for EV drive systems is proposed. The main contribution and innovation of this paper lie in two aspects. First, through the ingenious setting of the d-axis magnetic bridge and the q-axis magnetic barrier, the constant-power speed range of the RSPMSM is larger than that of the conventional IPMSM, which solves the problem that the conventional IPMSM magnetic field is difficult to adjust. The flux-intensifying effect of the RSPMSM makes it have a high PM operating point, low no-load back EMF, and small short-circuit current. Therefore, the reliability of the RSPMSM is high, which is of great significance for EVs. Second, in the optimization design process, the constant-power speed range, torque, and saliency ratio are considered at the same time. This not only ensures a large torque output at low-speed and wide constant-power speed range at high-speed, but also ensures that the motor has the flux-intensifying effect, which provides a reference for the optimization design of the other RSPMSM.



The paper is organized as follows: In Section 2, the structure of the RSPMSM is introduced. The electromagnetic torque and current control laws are analyzed. Meanwhile, the constant-power speed range is defined. In Section 3, an optimization design method of the RSPMSM considering the constant-power speed range, torque, and saliency ratio is proposed. By establishing the initial motor model, identifying the significant factors, formulating the fitness functions, and performing multi-objective optimization, an RSPMSM model is determined. In Section 4, the basic characteristics of the RSPMSM are analyzed. In Section 5, experiments are performed on a prototype to verify that the RSPMSM has a wide constant-power speed range. Finally, the concluding remarks are presented in Section 6.




2. Structure and Characteristic Analysis


2.1. Structure of the RSPMSM


Compared with the conventional IPMSM, the Ld of an RSPMSM is greater than its Lq. The structure of the RSPMSM is shown in Figure 1. The stator is the same as the conventional IPMSM, but the rotor is different. Specifically, on the d-axis, the magnetic bridges and the PMs are connected in parallel to form a “V” shape. The length of the magnetic bridge is larger, and the thickness of the PM is thinner than that of the conventional IPMSM. The magnetic bridges increase the d-axis inductance Ld, namely, the smaller d-axis flux weakening (FW) current is required for the same FW flux. Thus, the magnetic field adjustment of the RSPMSM is easier. On the q-axis, the arc-shaped magnetic barriers are set to decrease the q-axis inductance Lq. The outer edge of the rotor is petal-shaped, and thus, the air gap is non-uniform. The air gap gradually increases from the d-axis to the q-axis. Upon completion of the above execution, the RSPMSM is proposed.



To show the relationship between Ld and Lq, the saliency ratio ρ is expressed as in Equation (1).


  ρ =    L q     L d     



(1)







The ρ values corresponding to the RSPMSM and conventional IPMSM are less than 1 and greater than 1, respectively. We usually realize reverse-salient characteristics through increasing Ld, but the increase in Ld is limited because the PM is located on the d-axis. If Lq is intentionally decreased to decrease ρ, the motor torque output capacity is expected to decrease. Thus, the ρ value of the RSPMSM should not be excessively small.




2.2. Electromagnetic Torque of the RSPMSM


The electromagnetic torque of the PMSM is shown in Equation (2).


   T  em   = p    ψ f   i q  + (  L d  −  L q  )  i d   i q     



(2)




where Tem is electromagnetic torque, p is the pole pair number, id and iq are d-axis and q-axis currents, and ψf is PM flux linkage.



The electromagnetic torque can be divided into PM torque and reluctance torque. In all operating states of the PMSM, the value of iq is always positive, and the PM torque is always the driving torque. However, whether the reluctance torque is the driving torque or braking torque depends on the inductance and current. The relationship between Ld and Lq of the RSPMSM is different from that of the conventional IPMSM. Thus, the reluctance torque is different; the torque of the two motors is shown in Figure 2. Tpm and Trel are PM torque and reluctance torque, respectively. When the phase of the current lags behind the no-load back-EMF, the value of the internal power factor angle is negative. For conventional IPMSM, when the value of the internal power factor angle is negative, the reluctance torque is the braking torque, and when the value of the internal power factor angle is positive, the reluctance torque is the driving torque.



Consequently, the maximum value of the electromagnetic torque Tem corresponds to a positive internal power factor angle. In contrast, for RSPMSM, when the value of the internal power factor angle is negative, the reluctance torque is the driving torque. The maximum value of the electromagnetic torque Tem corresponds to a negative internal power factor angle. Thus, to use reluctance torque, the RSPMSM exhibits different current control laws.




2.3. Current Control Laws of the RSPMSM


The Ld of an RSPMSM is greater than Lq. To use reluctance torque, the value of id is positive at or below the rated speed, and id strengthens the permanent magnetic field. The maximum torque per ampere (MTPA) curve lies in the first quadrant, as shown in Figure 3, where ω1, ω2 and ω3 are angular velocities. For the RSPMSM, the long axis of the voltage limit ellipse is parallel to the iq axis. The intersection point A of the MTPA curve, the current limit circle, and the voltage limit ellipse lies in the first quadrant. As the speed increases, the current vector gradually moves from points A to A1, and the magnitude of the flux-intensifying current id gradually decreases to zero. At point A1, id is neither in the flux-intensifying state nor in the FW state. As the speed continues to increase, the current vector gradually moves from points A1 to B. At this time, the RSPMSM adopts the FW control strategy, where id is the FW current. When the current vector moves from points B to C, the RSPMSM adopts the maximum torque per voltage (MTPV) control strategy. Notably, when the limit current is less than the characteristic current, the motor can only operate in the MTPA and FW state. For the conventional IPMSM, id always exhibits an FW effect.



Although both the conventional IPMSM and RSPMSM adopt MTPA, FW, and MTPV control strategies as the speed increases, the directions of the magnetic field generated by id are different. The id of the conventional IPMSM always corresponds to the FW currents. In contrast, the id of the RSPMSM is the flux-intensifying currents at or below the rated speed. As the speed increases, id changes from the flux-intensifying currents to the FW currents, and the FW currents only exist at high-speed. The internal power factor angle adjustment range of an RSPMSM is wider than that of a conventional IPMSM. Thus, the RSPMSM has a wide constant-power speed range speed.



To represent the speed range k, the relationship between back-EMF and main magnetic flux is studied. When the winding resistance and leakage reactance are ignored, the terminal voltage is equal to the back-EMF, as shown in Equation (3).


  U ≈ E = 4.44 f N  k w   Φ δ   



(3)




where U is the terminal voltage, E is the back-EMF, f is the frequency, N is the total number of each phase series winding turns, kw is the winding factor, and Φδ is the main magnetic flux.



For a PMSM, N and kw are constants. The terminal voltage is proportional to the speed. When the PMSM operates at a low speed, the terminal voltage is lower than the limit voltage. As the speed increases, the terminal voltage increases linearly with the speed. Limited by the capacity of the inverter, when the motor terminal voltage reaches the limit value, that is, when the PMSM is operating at point A in Figure 3, other measures must be taken to ensure that the terminal voltage does not exceed the limit voltage. Equation (3) shows that when the terminal voltage is equal to the limit value, the speed can only be increased by reducing the main magnetic flux.



The variation of the main magnetic flux represents the speed adjustment ability of the PMSM. When the speed remains constant, the back-EMF is proportional to the main magnetic flux; thus, the variation of the back-EMF represents the variation of the main magnetic flux. When the PMSM is operating at point A, the back-EMF is Emax. When all the components of the current are the FW currents id, the back-EMF is Emin. The speed range k is defined as in Equation (4).


  k =    E  max      E  min      



(4)







Notably, k can only be used as the basis for judging the constant-power speed range, not the actual speed range; the speed cannot be infinite due to the existence of back-EMF harmonics, motor mechanical strength limitations, and inverter switching frequency limitations.





3. Optimization Design of the RSPMSM


It is of great significance to widen the constant-power speed range and increase the torque of the RSPMSM. In the conventional IPMSM design process, the torque, constant-power speed range, and saliency ratio are not directly considered; thus, the conventional IPMSM design methods are not suitable for accurately designing the RSPMSM. In this paper, according to the relationship between the constant-power speed range, torque, saliency ratio, and motor parameters, the constant-power speed range and torque are directly considered in motor optimization design as the fitness functions. The design requirements of the RSPMSM are shown in Table 1. The materials of the RSPMSM are shown in Table 2.



The optimization design flowchart for the RSPMSM is shown in Figure 4. The process is divided into eight steps. First, according to the application of the RSPMSM, the motor design requirements are entered. Second, the main dimensions are calculated according to the requirements of the motor. Third, according to the rotor design method of the RSPMSM, measurements are taken on the d-axis and q-axis, respectively. A reasonable winding type is simultaneously selected. Upon completion of the above execution, the initial motor model is established. Fourth, it is determined whether the RSPMSM parameters meet the saliency ratio requirements. If not, the dimensions of the RSPMSM are re-determined. If the requirements are satisfied, the RSPMSM dimensions are further optimized. Fifth, the multi-objective optimization of the motor is conducted through genetic algorithm (GA) with the Tem and k as fitness functions, ρ < 1 as a constraint, and the dimensions of the rotor shape and PMs as optimization variables. Specifically, the significant factors are identified through fractional factorial experiments. The fitness function is obtained using the response surface method (RSM). Through GA optimization, the Pareto front is obtained, and the final dimensions of the RSPMSM are determined. Sixth, it is determined whether the optimized motor meets the design requirements in Table 1. If not, the dimensions of the RSPMSM are re-determined. If the requirements are satisfied, the next step is executed. Seventh, the electromagnetic characteristics of the initial motor and the optimized motor are compared and analyzed. Finally, a prototype is manufactured and tested to verify the characteristics of the RSPMSM.



3.1. Initial Model


The main dimensions are shown in Equation (5). According to the requirement indices for the RSPMSM, the main dimensions are determined. With reference to the design methods of the q-axis magnetic barriers and d-axis PMs of the RSPMSM, an initial motor model is established.


   D 2   l  ef   =   6.1 ×   10   − 3   P    α p   k  Nm    k  dp   n A  B δ     



(5)




where D is the inner diameter of the stator, lef is the stack length, P is the rated power, αp is the calculated pole-arc coefficient, kNm is the waveform factor of the air-gap flux, kdp is the winding factor, n is the rated speed, A is the electrical load, and Bδ is the maximum value of the air-gap flux density.



The inductance is a critical parameter that affects the constant-power speed range of the motors. The inductance of the motors with different winding types is considerably different. The research on the influence of different winding types on the performance of the PMSM has indicated that a PMSM with a fractional slot concentrated winding has a stronger FW capability than that for a PMSM with an integral slot winding. Under the same conditions, the d-axis inductance of a single-layer fractional-slot concentrated-winding PMSM is larger than that of a double-layer fractional-slot concentrated-winding PMSM [22]. In this paper, the RSPMSM adopts a single-layer concentrated winding.



The initial dimensions of the RSPMSM are shown in Table 3. The non-uniform air gap barriers are set at the q-axis. The PMs and soft magnetic materials are alternately arranged in a V-shaped on the d-axis to ensure that Lq decreases and Ld increases. Finally, an RSPMSM with ρ less than 1 is constructed, and the initial motor model parameters meet the requirement that the constant-power speed range is greater than 5:1.




3.2. Identify the Significant Factors


The determination of the shape and dimensions of the rotor is a key step in the design of an RSPMSM. The definition of each parameter of the rotor is shown in Figure 5. Five variables exist, specifically, the outer edge dimensions of rotors R1 and R2, the length of each segment PM bM, the thickness of the PM hM, and the angle of the V-shaped PM α. If each variable takes two values, 32 experiments are required, making it difficult to screen the significant factors. In contrast, the significant factors can be screened by conducting fewer fractional factorial experiments. This paper analyzes the significant factors by using Minitab software (https://www.minitab.com/zh-cn/, accessed on 9 February 2022). The constant-power speed range k and electromagnetic torque Tem are the responses.



Pareto charts and normal plots can be used to statistically analyze and screen the significant factors. The Pareto chart shows the absolute value of the standardized effect, as shown in the Figure 6a,c, in which the red dotted line is the reference line, and the standardized effect exceeding the reference line indicates that the factor is statistically significant. When analyzing the factorial design, the order of the items included in the model is set as two. The terms include first-order and second-order terms, among which the second-order terms only contain two items, BE and BC, indicating that other second-order terms do not influence the responses. The standardized effects of E, B, and C exceed the reference line, indicating that E, B, and C are statistically significant. The normal effect plot can reflect the magnitude, direction, and importance of the effect, as shown in Figure 6b,d. A value farther from 0 corresponds to a more statistically significant effect. Consequently, E, B, and C are significant factors, where E corresponds to a positive normalization effect, indicating that the responses increase when the value of the factor increases. B and C correspond to negative normalization effects, indicating that the responses decrease when the factor value increases. The significant factors are shown in Table 4.




3.3. Multi-Objective Optimization


Through the screening of significant factors, we see that the rotor outer dimension R2, the angle of the V-shaped PM α, and the PM length bM are significant factors, and thus, they are selected as optimization variables. In the process of optimization design, the reverse-salient characteristic of the motor should always be maintained, so the saliency ratio is taken as the constraint. To obtain an RSPMSM with a large torque at low-speed and a wide constant-power speed range at high-speed, the torque and constant-power speed range are taken as the optimization objectives, respectively.



The process of multi-objective optimization can be divided into the following steps: First, determine the optimization variable range using the rotor space constraints, mechanical strength constraints, and initial electromagnetic analysis. The range of the optimization variables is shown in Equation (6). Second, set ρ < 1 as a constraint. The constraint is shown in Equation (7). Third, establish fitness functions. The relationships between the significant factors and the responses are obtained using the RSM. Using the central composite design method, the response values k and Tem are obtained using the FEM. k and Tem are expressed in Equation (8). Fourth, compile a GA algorithm calculation program, substituting the optimization variables, constraints, and fitness functions.


      20   mm <  R 2  < 28   mm     54.8 ° < α < 56.8 °     5.5   mm <  b M  < 6   mm      



(6)






  ρ < 1  



(7)






      k = 264.3371 + 0.024038  R 2 2  + 5.259367  b M 2  + 0.025789  α 2  − 0.784448  R 2   b M      + 0.06041  R 2  α + 0.150586  b M  α − 0.24105  R 2  − 44.43726  b M  − 5.197255 α      T  em   = − 95.42043 + 0.004487  R 2 2  − 0.960856  b M 2  + 0.006902  α 2  + 0.018983  R 2   b M      + 0.006644  R 2  α + 0.026576  b M  α − 0.597151  R 2  + 22.23741  b M  + 0.589634 α      



(8)







The algorithm parameters are set as follows: the initial population size is 300, the number of iterations is 200, the crossover probability is 0.8, and the mutation probability is 0.5. The Pareto front and partial solutions are shown in Figure 7. After comprehensive consideration, the final point of the RSPMSM is chosen.



The optimization variable values corresponding to the final point are shown in Table 5. The initial rotor and optimized rotor of the RSPMSM are shown in Figure 8. After optimization, the changes of the rotor mainly include the following three aspects: First, the rotor shape changes. Second, the PM length is increased. Third, the angle of the PM increases. Although the rotor is changed slightly, the torque and constant-power speed range of the RSPMSM has been significantly improved, which will be analyzed in Section 4.





4. Performance Analysis of the RSPMSM


4.1. Field Distribution, Flux Density, and No-Load Back-EMF


To validate the optimization design methods, the electromagnetic characteristics of the initial motor and the optimized motor are compared and analyzed. The field distribution of the initial motor and the optimized motor are shown in Figure 9. Although the length of the optimized magnetic bridge is only reduced by 0.25 mm, the magnetic leakage of the magnetic bridge is significantly decreased, which is of great significance for improving the electromagnetic torque.



The air-gap flux density and no-load back-EMF of the two are shown in Figure 10 and Figure 11, respectively. The air-gap flux density and no-load back-EMF of the optimized motor increase mainly because the width of the magnetic bridge decreases and the flux leakage decreases. The peak value of the flux density is 1.09 T, indicating that the V-shaped arrangement of PMs corresponds to an enhanced flux density. The sinusoidal property of the no-load back-EMF is high, indicating that implementing a reasonable design of the rotor shape can help enhance the sinusoidal property of the no-load back-EMF.




4.2. Electromagnetic Torque


The electromagnetic torque is shown in Figure 12. The average torque of the optimized motor is 31.4 N·m, which is 10.4% larger than that of the initial motor; however, the amount of PMs in the optimized motor is 3.3% higher. Notably, the magnetic bridges reduce the PM torque. However, the RSPMSM with magnetic bridges has a larger Ld, a smaller PM flux linkage, and a smaller id required during the flux weakening state. When the limit current ilim is fixed, iq is larger, which helps maintain the PM torque and power at high-speed.




4.3. Constant-Power Speed Range


The torque-speed curves and power-speed curves of the initial and optimized motors are shown in Figure 13 and Figure 14, respectively. Through optimization, the torque and constant-power speed range have been improved. The constant-power speed range of the initial motor is 5:1. However, the constant-power speed range of the optimized motor is 7.25:1, which verifies the effectiveness of the optimization design method.





5. Experimental Verification


A prototype is manufactured for verification. The rotor and stator cores are machined by wire cutting. The RSPMSM adopts a single-layer concentrated winding. The rotor core and stator are shown in Figure 15.



The experimental platform is shown in Figure 16. A Lenze 9400 servo drive (https://www.lenze.cn/en-cn/, accessed on 9 February 2022) is used to drive and control the RSPMSM, a Magtrol dynamometer (https://www.magtrol.com, accessed on 9 February 2022) is used to provide the load torque. A Tamagawa resolver (https://www.tamagawa-seiki.com/, accessed on 9 February 2022) is installed on the shaft behind the rear end cover. The Lenze drive reads the rotor position through the Tamagawa resolver. The voltage and current limits are set to 220 V and 8.95 A, respectively. A power analyzer is connected between the prototype and the Lenze drive to record the actual voltage, current, speed, torque, etc.



The torque-speed and power-speed curves of the RSPMSM are shown in Figure 17 and Figure 18, respectively. The RSPMSM meets the requirements for a large torque output in the low-speed area and a wide constant-power speed range in the high-speed area. The experimental value of the torque is 29.7 N·m, 5.4% lower than the simulation result. The main reason for the error is that the simulated torque is the electromagnetic torque, and the experimentally measured torque is the actual output torque, which refers to the difference in the electromagnetic torque and the no-load torque. Limited by the switching frequency of the Lenze 9400 driver, the measured maximum speed is 5.5 times the rated speed. The trends of the torque-speed and power-speed curves measured in the experiment are consistent with those observed in the simulation. These findings verify the wide constant-power speed range of the RSPMSM.




6. Conclusions


In this paper, we propose that for the RSPMSM topology, its magnetic bridges are arranged on the d-axis and the magnetic barriers are arranged on the q-axis. The torque characteristic of the RSPMSM is different from the conventional IPMSM and the d-axis current id exhibits a flux-intensifying effect. Due to the optimization design execution, the electromagnetic torque is improved and a wide constant-power speed range is achieved. The results show that the proposed RSPMSM can operate in a wide speed range and exhibits good performance at a high speed. Specifically, the electromagnetic torque is 31.4 N·m, which is 10.4% larger than that of the initial motor. The experimental results of the constant-power speed range could reach 5.5, and the trends of the torque-speed and power-speed curves measured in the experiment are consistent with those observed in the simulation. The feasibility of the optimization design method is verified through the FEM and experimental results. The RSPMSM is suitable for use in EV drive systems.
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Figure 1. The structure of the RSPMSM. 
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Figure 2. The torque curve of the PMSM, (a) conventional IPMSM; (b) RSPMSM. 
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Figure 3. The PMSM current vector trajectory for (a) conventional IPMSM; (b) RSPMSM. 
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Figure 4. The optimization design flowchart for the RSPMSM. 
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Figure 5. The definition of each parameter in the rotor. 
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Figure 6. The Pareto chart and a normal plot. (a) The Pareto chart of the effects with response Tem. (b)The normal plot of the effects with response Tem. (c) The Pareto chart of the effects with response k. (d) The normal plot of the effects with response k. 
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Figure 7. The results of multi-objective optimization. 
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Figure 8. The rotors of the initial and optimized motors. 
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Figure 9. The field distribution of the initial motor and the optimized motor. (a) Initial motor. (b) Optimized motor. 
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Figure 10. The flux density of the initial motor and the optimized motor. 






Figure 10. The flux density of the initial motor and the optimized motor.



[image: Machines 10 00204 g010]







[image: Machines 10 00204 g011 550] 





Figure 11. The no-load back-EMF of the initial motor and the optimized motor. 
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Figure 12. The electromagnetic torque of the initial motor and the optimized motor. 
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Figure 13. The torque-speed curves of the initial motor and the optimized motor. 
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Figure 14. The power-speed curves of the initial motor and the optimized motor. 
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Figure 15. The prototype of the RSPMSM. (a) Rotor core. (b) Stator. 
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Figure 16. The experimental platform. 
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Figure 17. The torque-speed curves of the RSPMSM. 
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Figure 18. The power-speed curves of the RSPMSM. 
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Table 1. The requirement indices for the RSPMSM.
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	Requirements for the RSPMSM
	Value





	Rated power
	4 kW



	Rated voltage
	380 V



	Rated speed
	1200 rpm



	Saliency ratio
	ρ < 1



	Constant-power speed range
	k > 5
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Table 2. The materials for the RSPMSM.
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	Materials
	Parts





	DW465_50
	Stator, rotor, magnetic bridge



	NdFe35
	PM



	Copper
	Winding



	Vacuum
	Air, magnetic barrier
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Table 3. The initial main dimensions of the RSPMSM.
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	Parameters
	Value





	Stack length
	100 mm



	Stator inner diameter
	100 mm



	Stator outer diameter
	169 mm



	PM thickness
	3.6 mm



	PM length
	6 × 5.75 mm



	Magnetic bridges width
	1 mm



	Minimum air gap length
	0.8 mm



	Maximum air gap length
	4.5 mm
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Table 4. The significant factors of the RSPMSM.
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	Effect Type
	Parameters





	Significant
	R2, α, bM



	Not significant
	R1, hM
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Table 5. The final main dimensions of the RSPMSM.
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	Parameters
	Initial Values
	Optimal Values



	R2
	27 mm
	25 mm



	α
	55.8°
	56.8°



	bM
	5.75 mm
	6 mm
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