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Abstract

:

In this paper, an asymmetric rotor interior permanent magnet (ARIPM) motor with high demagnetization prevention capability and robust torque performance is proposed. The key contribution of this paper lies in two aspects. On the one hand, a novel asymmetric rotor with a shifted magnet axis is proposed to improve the demagnetization prevention capability and torque density. In order to obtain a proper asymmetric rotor topology of the ARIPM motor, the multi-physical performances, especially the PM demagnetization characteristics of five types of PM arrangements, are analyzed. Furthermore, an asymmetric rotor with V- and VV-type PM arrangement is preliminarily designed, considering the multi-physical performance balance and the potentially high anti-demagnetization ability. On the other hand, it is found that the asymmetric rotor structure can not only improve the nominal value of motor performance but also can enhance the resistance to the influence of manufacturing uncertainties. Therefore, multi-objective optimization of the ARIPM motor with rotor notch design is carried out to obtain an optimal motor structure with both high nominal value and robustness of motor performances. By comparing the simulation results with those of a benchmark motor, the superiority and validity of the proposed ARIPM motor are confirmed. Experimental tests will be carried out in the future to further verify the effectiveness of the proposed motor.
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1. Introduction


In recent years, interior permanent magnet (IPM) motors have been extensively researched for the advantages of high power density, high efficiency, and wide speed range when driving electric vehicles (EVs) and hybrid electric vehicles (HEVs) [1,2,3]. In order to maximize the power density and efficiency, Nd-Fe-B magnets are usually used in the IPM motor with a strong armature reaction magnetic field and bad temperature. Such a harsh working environment often leads to a high risk of permanent magnet (PM) irreversible demagnetization and results in the torque performance decline of IPM motors [4,5,6]. Moreover, in addition to the harsh operating environment, the manufacturing uncertainties during the manufacturing process also lead to the actual motor performance deviating from the design value, which further deepens the motor torque performance decline and even causes motor operation failure. These problems force motor designers to look for better design schemes to improve the torque performance robustness and the demagnetization prevention capability, especially in large-scale industrial production with strict requirements of performance consistency and safety.



Motor topology development and optimization are two main methods to improve the torque performance and demagnetization ability of IPM motors [7,8]. On the one hand, a variety of multilayer barrier synchronous reluctance motors and PM-assisted synchronous reluctance motors have been proposed to enhance the output torque and the utilization rate of reluctance torque [9,10,11]. Yet, these types of motors suffer from some drawbacks, like high torque ripple, complex rotor structure, and low output power compared with pure Nd-Fe-B PM motors. On the other hand, with the continuous upgrading and iteration of products, the PM arrangement of the IPM motor has been greatly changed. For example, the PM arrangement of the Toyota Prius motor has undergone updates and changes from a Flat-type PM arrangement to V- and U-type PM arrangements [12,13]. In [14], three models and prototypes with different PM arrangements (Flat, V, and double layer) were compared. It was concluded that the Flat-type PM arrangement is most likely to be demagnetized under high torque working conditions, while the V-type PM arrangement is most likely to be demagnetized under short circuit situations, and the double layer PM arrangement has the most robust characteristics on anti-demagnetization ability. However, the magnetic equivalent circuit method was used to design the motor structure, which might not be effective enough to obtain the optimal PM parameters and placement. Moreover, the above-mentioned researches mainly design and optimize the motor with symmetric rotor topology. However, for the symmetric rotor IPM (SRIPM) motors, the maximum current angle difference between the PM torque component and the reluctance torque component is basically 45°, resulting in both a low comprehensive utilization rate of the two torque components and relatively high d-axis demagnetization current.



Recently, the IPM motor with asymmetric rotor topology has received more and more attention [15,16,17,18,19]. Different from the conventional SRIPM motor, the ARIPM motor generates an asymmetric magnetic field, which brings the magnet-axis shift effect to improve the utilization rate of PM torque and reluctance torque, as well as reduce the d-axis demagnetization current. In [20], an ARIPM motor with a mixture of ferrite magnets and Nd-Fe-B magnets was proposed, and the performance comparison was made with the BMW i3 IPM motor. The results show that the proposed ARIPM motor has a better flux weakening ability and higher torque density. However, the authors achieve the asymmetric effect by using both Nd-Fe-B magnets and ferrite magnets. In order to achieve better performance compared to the initial design, additional ferrite PM material was added while maintaining the same amount of rare earth PMs, increasing the motor cost. Moreover, the mixture of ferrite magnets and Nd-Fe-B magnets causes the problem that the ferrite magnets are demagnetized by the Nd-Fe-B magnets when the rotor is manufactured separately. In [21], an ARIPM motor with mixed Spoke- and Flat-type PM arrangements was proposed, and finite element analysis (FEA) was used to verify that the proposed asymmetric rotor structure has better demagnetization prevention capability than the traditional symmetric rotor structure. However, only the nominal values of the motor performances were analyzed, and the effect of asymmetric motor structure on the motor performance robustness was lacking, considering the manufacturing tolerances and material property deviations in the manufacturing process. This makes the motor designers reserve the margin to ensure the safe operation of the motor, which not only limits the range of motor performance but also makes it difficult to ensure the consistency of motor performance in mass production.



The purpose of this paper is to investigate the design and optimization of an ARIPM motor with high demagnetization prevention capability and robust torque performance. The contribution of this paper mainly lies in two aspects. On the one hand, based on the performance comparison of five commonly used PM arrangements, a new asymmetric rotor topology with V- and VV-type PM arrangement is preliminarily designed, with consideration of multi-physical performance balance. The V-type PM arrangement is shifted to reduce the maximum torque current angle to further improve the demagnetization prevention capability. Meanwhile, multi-objective optimization is carried out for the optimal shift angle of V-type poles without sacrificing torque performance. On the other hand, considering the uncertain factors in the manufacturing process, i.e., manufacturing errors and material diversities, the performance robustness of the proposed ARIPM motor is analyzed and compared with a benchmark motor by finite element analysis. The results show that the proposed ARIPM motor not only has a high nominal average torque value and demagnetization prevention capability but also possesses robust torque performance under the influence of manufacturing uncertainties.



The organization of this paper is as follows. The basic model with five commonly used PM arrangements and the evaluation methods of motor performances are illustrated in Section 2. And the multi-physical performances are evaluated and compared for a good design foundation of an ARIPM motor in Section 3. Then, multi-objective design optimization of the ARIPM motor is carried out, and the mechanism of performance improvement is analyzed in Section 4. In Section 5, the superiority and validity of the proposed ARIPM motor are confirmed. Finally, the conclusions are given in Section 6.




2. Basic Models and Evaluation Method of Motor Performance


2.1. Basic Models


One effective method to improve the anti-demagnetization ability, torque performance, and other performances is by changing the topology of the IPM motor, especially the PM arrangement. Therefore, five basic models with different PM arrangements in the rotor are compared at first to achieve a proper asymmetric rotor structure with potentially high demagnetization prevention capability and comprehensive good multi-physical performance. The design requirements of the IPM motor are listed in Table 1, and Figure 1 shows the cross-sections of five basic IPM motor models. Each model is optimized to provide the required output torque without violating the design constraints. Moreover, for a fair comparison, only the design variables related to the PM arrangement are varied, and the PM material usage, stator structure, and winding configurations of the investigated five basic models keep the same.




2.2. Evaluation Method of Motor Performance


In this paper, the motor performance analysis is mainly performed by using 2D FEA, and analytical equations are used to interpret the simulation results. As for the evaluation index of PM demagnetization, the ratio of magnet volume that is irreversible demagnetized to the total magnet volume (in %) is regarded as an index to compare the irreversible demagnetization degree. It is calculated as:


  δ =   1 −   B  r 1   /   B  r 0        



(1)




where Br0 is the initial remanence, Br1 is the demagnetized remanence, as shown in Figure 2a. When δ = 0, the PM behaves without any demagnetization, and when δ = 1, the PM is totally demagnetized. For the PMs used in this study, the knee point appears on the demagnetization curve at high temperatures. This critical temperature used to analyze the PM demagnetization of five basic models is 140 °C, and the criterion for the flux density of irreversible demagnetization is 0.4 T at 140 °C, as shown in Figure 2b.





3. Motor Performance Comparison of Five Basic IPM Motors


This section compares the multi-physical performance of five basic IPM motors, including electromagnetic performance (Torque, inductance, and saliency ratio), thermal performance (efficiency and loss), mechanical performance (critical speed), manufacturing (manufacturing difficulty), and robustness (demagnetization ratio and robustness). Special attention has been paid to PM demagnetization performance because it significantly affects the operational safety and other performances of IPM motors. All of the results are compared and summarized to find a good design foundation for the asymmetric rotor structure of the ARIPM motor in Section 3. During the FEA simulation, the same voltage and current constraints are applied to the five basic IPM motors.



3.1. Torque Characteristics and PM Demagnetization Ratio


For a fair comparison of five basic IPM motors, the motor structures are selected to generate the same average torque with the same maximum current excitation, as shown in Figure 3a. Figure 3b shows the torque-speed curves of the investigated five basic IPM motors, and it can be seen that they provide similar average torque in the maximum torque per ampere (MTPA) region and different torque decrease speeds in the maximum torque per voltage (MTPV) region. Among them, the Flat-type IPM motor possesses the largest flux weakening region, the V-type IPM motor randing the second, and the other three types of IPM motors have basically the same torque-speed curves.



During normal working conditions, the MTPA and MTPV control strategies are adopted. Table 2 lists the maximum d-axis current id and current phase angle β of the investigated five basic IPM motors with MTPA and MTPV control strategies. Figure 4 shows the demagnetization map of the PMs of the investigated five IPM motors. Generally, the motor can still operate safely with the PM demagnetizing ratio of less than 2%. It can be seen that in addition to the V-type PM arrangement, the other four types of PM arrangements have areas with a demagnetization ratio of more than 2%, which leads to operation safety risks. The reasons for the PM demagnetization difference of the investigated five IPM motors are as follows:



In order to obtain the required output torque with limited PM volume, a large pole arc coefficient is needed to achieve the desired air-gap flux density. As a result, (1) for the investigated VV- and Delta-type IPM motors, the PM bodies are thin due to the relatively large number of PM segments, which leads to serious demagnetization. (2) for the investigated Flat and U-type IPM motors, except for the saturated outside magnetic bridges, the magnetic flux generated by the d-axis current can only pass through the magnetic barrier and PM bodies to form a closed loop, which also results in serious PM demagnetization on the PM corner. (3) the V-type IPM motor not only has more magnetic flux path in the rotor but also has relatively thick PM bodies, which result in a high demagnetization prevention capability.



In addition to normal working conditions, the extreme conditions in which the current phase angle β is 90° with the maximum phase current excitation are also analyzed. Figure 5 shows the comparison of the demagnetization ratio of the investigated five PM arrangements under different currents and temperatures. The half value of the maximum phase current 130A is defined as 1 pu in this paper. It can be seen that all of the investigated five IPM motors show good anti-demagnetization ability at the phase currents less than 2 pu or temperatures lower than 120 °C. While at larger currents or higher temperatures, the demagnetization ratio of the investigated motors will increase quickly. Among the investigated five IPM motors, the V-type IPM motor shows the best demagnetization prevention capability with the same amount of PM usage and output torque constraints.




3.2. Multi-Physical Performance Assessment


In addition to the torque characteristics, the other performances, including inductance, saliency ratio, cogging torque, maximum efficiency, core loss, PM loss, the maximum speed within material mechanical stress limitation (critical speed), and manufacturing difficulty, are compared, as listed in Table 2. It can be shown that noticeable differences between the designs exist and that the choice of the PM arrangement plays an important role. The differences mainly result from the different utilization ratios of PM flux and reluctance torque of each investigated PM arrangement. In order to clearly show the advantages and disadvantages of the investigated PM arrangements, an overall assessment represented by a radar map is shown in Figure 6. The investigated performances are divided into five categories, namely electromagnetic (Torque, inductance, and saliency ratio), thermal (efficiency and loss), mechanical (critical speed), manufacturing (manufacturing difficulty), and robustness (indicated by the mean value μ and standard deviation value σ of demagnetization ratio). As for the rating, the best PM arrangement in its class receives a rating of “5 points,” whereas the worst PM arrangement receives “1 point,” and the other PM arrangements receive their rating according to their relative position between the best and the worst value. It should be noted here that a high saliency ratio is considered to be of high importance and have relatively high weight during rating.



It can be seen from Figure 6 that all of the investigated types of PM arrangements have their advantages and disadvantages, without one standing out very much in all disciplines. Additionally, it is worth noting that each of the investigated motors might be further optimized to improve specific performance, but it is not the focus of this paper. Generally, the above studies provide a reference to choose the proper PM arrangement of the IPM motor for the research purpose of this paper. In the overall rating, the V-type PM arrangement slightly leads the ranking. It has the broadest area with comprehensive consideration of the investigated performances. The VV-type PM arrangement ranks second for its visible advantages of mechanical and thermal characteristics, making it better-suitable for high-speed applications. Moreover, the V- and VV-type PM arrangements perform well in terms of PM demagnetization robustness. Therefore, V and VV PM arrangements are selected for the design of the asymmetric rotor IPM motor with the potentially high anti-demagnetization ability and comprehensive good multi-physical performance balance.





4. Multi-Objective Design Optimization and Performance Improvement Mechanism of ARIPM Motor


4.1. Asymmetric Motor Topologies


Based on the results in Section 3, an ARIPM motor is proposed and optimized. The basic cross-section and parameter definitions of the ARIPM motor are shown in Figure 7. The design procedures of the ARIPM motor are as follows. Firstly, the V- and VV-type PM arrangements are grouped together with 45° spaced intervals. Secondly, the V-type pole is rotated along the circumference direction to improve the torque density and PM demagnetization prevention capability. The rotation angle is defined as the shift angle (Sa) in this paper. Thirdly, in order to reduce the torque ripple with low manufacturing cost, asymmetric rotor notches are also designed to substitute for the rotor step skew. Finally, the multi-objective optimization of the ARIPM motor is carried out by using the non-dominated sorting genetic algorithm II (NSGA II) [22]. The optimization problem of the ARIPM motor is:


    min :      f 1    x   =  T  r i p        f 2    x   = −  T  a v e _ p e a k        f 3    x   =  P  l o s s           s . t .      g 1    x   =  W  P M   − 1 ≤ 0      g 2    x   =  T  a v e _ p e a k   − 150 ≥ 0        



(2)




where Trip is the torque ripple, Tave_peak is the average value of torque with maximum phase current excitation, WPM is the weight of PM usage, and Ploss is the power loss of the motor, including copper loss, stator/rotor iron loss and PM eddy current loss. Figure 8a shows the Pareto front of the optimization results, and Figure 8b shows the motor structure of the selected best design. It can be seen that after the rotation of the V-type pole, the symmetry axis of the V-type pole no longer coincides with that of the rotor. The value of each design parameter of the ARIPM motor is listed in Table 3.




4.2. Effects of V-Type Pole Shift Angle


Figure 9 shows some parameters whose influence degree on torque and torque ripple is greater than 0.5. It is seen that the shift angle (Sa) of the V-type pole has a very significant impact on the torque and torque ripple. Detailly, Figure 10a shows the effect of the shift angle on the current angle and the torque, and Figure 10b shows the effect of the shift angle on the voltage and the flux linkage. It can be seen that with the increase of the shift angle, the current angle increases gradually. However, the torque, voltage, and flux link of the motor increase first and then decrease and reach the maximum value when the shift angle is −1.5 degrees. Therefore, compared with the SRIPM motor, the ARIPM motor can reduce the current angle while retaining the same torque by shifting the V-type pole. Specifically, for the ARIPM motor proposed in this paper, the value of average torque is the same as that of the SRIPM motor when the shift angle is −2 degrees.



Moreover, Figure 10c shows the influence of the shift angle on d-axis inductance Ld and q-axis inductance Lq. It can be seen that with the increase of the shift angle, the value of Lq first increases and then decreases, and the value of Ld first decreases and then increases. The difference between them, Lq − Ld, also shows a trend of first decreases and then increases. The value of Lq − Ld is closely related to reluctance torque and can be expressed as:


   T  R e l   =   3 p  4     L q  −  L d     i s    2  sin 2 β  



(3)




where TRel is the reluctance torque, p is the number of pole pairs, is is the phase current. According to the results shown in Figure 10c, the value of Lq − Ld reaches its maximum at −2 degrees. Therefore, it can be concluded that the utilization ratio of reluctance torque is increased with the asymmetric rotor structure.



Additionally, Figure 10d shows the torque and the maximum torque current angle with and without a shift angle of the V-type pole. It can be seen that the torque of the motor increases while the maximum torque current angle of the motor decreases from 35 degrees to 31 degrees with a shift angle of the V-type pole. The values of the q-axis current, iq, and d-axis current, id, can be expressed as:


       β  s h i f t   = β − S a      i  d _ s h i f t   = −  i s  sin  β  s h i f t   = −  i s  sin   β − S a        i  q _ s h i f t   =  i s  cos  β  s h i f t   =  i s  cos   β − S a        



(4)




where βshift, id_shift, and iq_shift are the maximum torque current angle, d-axis current, and q-axis current with a shift angle of the rotor pole, respectively. On the one hand, when the maximum torque current angle is reduced, the value of the q-axis current, iq, will increase, and the PM torque of the motor will also increase correspondingly. Therefore, the torque increase of the asymmetric rotor IPM motor also partly comes from the improvement of PM torque utilization. On the other hand, when the maximum torque current angle is reduced, the d-axis current will also decrease. Namely, the demagnetization current used to generate a magnetic field opposite to the rotor field decreases, which potentially increases the anti-demagnetization ability of the motor under the MTPA and MTPV control strategy.




4.3. Effects of Asymmetric Rotor Notch


Figure 11a shows the response surface model (RSM) of the rotor notch angles (Na1, Na2) and torque ripple. It can be seen that the design of the rotor notch can reduce the torque ripple effectively. Figure 11b shows the comparison of torque waveforms with the rotor notch and the rotor step skew method, respectively. It is seen that a similar torque ripple to that of the step skew rotor can be obtained by using the asymmetric rotor notch. At the same time, the manufacturing difficulty and cost of the motor can be greatly reduced by using the asymmetric rotor notch.





5. Performance Superiority Validation of ARIPM Motor


5.1. PM Demagnetization Prevention Capability and Nominal Electromagnetic Characteristics


In order to reveal the effects and advantages of the proposed ARIPM motor, an SRIPM motor, which was designed and prototyped with the same design requirements, is selected as a benchmark motor.



First, the PM demagnetization maps of the symmetric and asymmetric motors are compared, as shown in Figure 12. The PM temperature is set to 140 °C, and the keen point of irreversible demagnetization is 0.4 T. Figure 12b compares the flux density waveforms of a point on the PM corner of the investigated motors under different current excitations. It can be seen that under the excitation of maximum demagnetizing current, irreversible demagnetization will not occur in both motors. Meanwhile, the PM working point of the proposed ARIPM motor is higher than that of the ARIPM motor. In addition, Figure 12b also compares the PM demagnetization ratio of the investigated motors under different current excitations with the same amount of PMs. It can be seen that the proposed ARIPM motor has a lower demagnetization ratio compared with the SRIPM motor, which means that the proposed ARIPM motor has better anti-demagnetization ability. Therefore, the superiority of the PM demagnetization capability of the proposed ASIPM model has been validated.



Second, the electromagnetic characteristics of the SRIPM and ARIPM motors are compared, as shown in Figure 13. It can be seen from Figure 13a that the spatial distribution of the no-load air-gap flux density of the asymmetric rotor IPM motor is also asymmetric about the 0-axis. After the Fourier transformation, it is seen from Figure 13b that the amplitude of the fundamental flux density is improved. Moreover, the values of some low-order radial electromagnetic forces, which have significate effects on the noise and vibration of the investigated motors, are shown in Figure 13c. It can be seen that by the comprehensive use of asymmetric rotor structures and the rotor notch method, the radial electromagnetic force with a space order of eight and a time order of twp (S8T2) and a space order of 16 and a time order of four (S16T4) are reduced, while the radial electromagnetic force with a space order of 24 and a time order of six (S24T6) is increased. According to the law that the lower the order of radial electromagnetic force, the greater the impact on motor noise and vibration, it can be predicted that the proposed motor possesses good noise and vibration performance. This result can be verified by research on motor torque ripple improvement by using asymmetric motor structures in [23,24]. The motor torque waveforms with the same amplitude of phase current are shown in Figure 13d. It can be seen that the average torque of the IPM motor with the proposed asymmetric rotor increases by 2.4% compared with that of the IPM motor with the symmetric rotor.



After the electromagnetic performances and robustness validation of the proposed ARIPM motor, the efficiency map of the proposed ARIPM motor is also investigated, as shown in Figure 14. It can be seen that the maximum efficiency of the proposed ARIPM motor is above 97.4%, and the maximum speed of the MTPA working region is nearly 5000rpm, which fulfills the design requirements listed in Table 1.




5.2. Torque and Torque Ripple Robustness


Figure 15 shows the performance fluctuations considering the uncertainties of manufacturing tolerance and material deviation. Since the absolute values of the output performance of the two motors are different, the performance of the motors is normalized to ensure the fairness of the comparison. The nominal value, without considering any manufacturing uncertainties, is defined as 1pu. Figure 15a,b show the fluctuations of torque and torque ripple performance considering the manufacturing uncertainties (0, +0.2 mm) of rotor eccentricity. For a motor with robust performance, the fluctuation value after normalization is expected to be close to 1pu. Therefore, it is seen that both the values of torque and torque ripple of the ARIPM motor are closer to 1pu than those of the ARIPM motor. And Figure 15c shows the fluctuations of torque ripple performance considering the material deviation (−0.02 T, +0.02 T) of PM remanence. It also can be seen that compared with the IPM motor with the symmetric rotor, the performance fluctuation of the IPM motor with the proposed asymmetric rotor is much smaller. In this paper, the high-precision laser cutting method is selected for the cutting of the stator and rotor sheets, and the manufacturing uncertainty is ±0.01 mm. Thus, the manufacturing uncertainties of rotor notches can be ignored. Figure 15d shows the fluctuations of torque ripple performance considering the manufacturing uncertainties (−0.15 deg, +0.15 deg) of the skew angle. It can be seen that torque ripple fluctuation can be greatly reduced by using the rotor notch method.



Figure 16 shows the torque and torque ripple robustness considering the comprehensive effects of the investigated manufacturing uncertainties. It can be seen that the performance distributions of torque and torque ripple of the proposed ARIPM motor are more concentrated than those of the SRIPM motor. Meanwhile, the variation range (R), mean value (μ), and standard deviation value (σ) are calculated to indicate the performance robustness. It can also be concluded that the performance of the proposed ARIPM motor is more robust than that of the SRIPM motor.





6. Conclusions


In this paper, the design and optimization of an ARIPM motor with robust torque performance and demagnetization prevention capability are present. The rotor with asymmetric PM arrangements and asymmetric rotor notches is developed to improve the torque and torque ripple performance, as well as demagnetization prevention capability. Both the nominal value of the motor performance and the performance fluctuation considering manufacturing uncertainties are investigated. The results show that the proposed ARIPM motor not only has a high nominal average torque value and demagnetization prevention capability but also possesses robust torque performance under the influence of manufacturing uncertainties. In the future, a prototype will be manufactured to verify the simulation results.
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Figure 1. Cross-sections of five basic IPM motor models. (a). Flat-type motor; (b). V-type motor; (c). Delta-type motor; (d). VV-type motor; (e). U-type motor. 
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Figure 2. Demagnetization ratio definition and PM Demagnetization curve. (a) Demagnetization ratio. (b) PM demagnetization curve. 
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Figure 3. Torque characteristics of five basic IPM motors. (a) Peak torque waveforms. (b) Torque-speed curves. 
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Figure 4. Comparison of demagnetization ratio of different PM arrangements. (a) Flat-type PM arrangement. (b) V-type PM arrangement. (c) Delta-type PM arrangement. (d) VV-type PM arrangement. (e) U-type PM arrangement. 
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Figure 5. Comparison of demagnetization ratio of five PM arrangements under extreme conditions. (a) Effect of stator current. (b) Effect of temperature. 
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Figure 6. Comprehensive performance evaluation. 
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Figure 7. Parameter definitions of ARIPM motor. (a) Parameter definitions of the stator. (b) Parameter definitions of the rotor. 
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Figure 8. Optimization results. (a) Pareto front. (b) Optimal motor structure. 
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Figure 9. Sensitivity analysis results. (a) Degree of the impact of design parameters on the torque. (b) Degree of the impact of design parameters on the torque ripple. 
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Figure 10. Effect of shift angle on electromagnetic characteristics. (a) Effect of the shift angle on current angle and torque. (b) Effect of shift angle on voltage and flux. (c) Effect of the shift angle on the inductance. (d) Effect of shift angle on torque and maximum torque current angle. 
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Figure 11. Effect of asymmetric rotor notch. (a) RSM of the rotor notch on the torque ripple. (b) Comparison of torque with rotor notch and rotor skew. 
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Figure 12. Comparison of demagnetization of motors. (a) Flux density waveforms of motors. (b) PM demagnetization ratio of SRIPM motor and ARIPM motor under different currents. 
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Figure 13. Comparison of electromagnetic characteristics of motors. (a) Comparison of no-load air-gap flux density. (b) Comparison of harmonic of no-load air-gap flux density. (c) Comparison of radial electromagnetic force. (d) Comparison of rated torque. 






Figure 13. Comparison of electromagnetic characteristics of motors. (a) Comparison of no-load air-gap flux density. (b) Comparison of harmonic of no-load air-gap flux density. (c) Comparison of radial electromagnetic force. (d) Comparison of rated torque.



[image: Energies 16 03635 g013]







[image: Energies 16 03635 g014 550] 





Figure 14. Efficiency map of the proposed ARIPM motor. 
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Figure 15. Comparison of performance robustness of motors. (a) Torque ripple fluctuation considering rotor eccentricity uncertainty. (b) Torque fluctuation considering rotor eccentricity uncertainty. (c) Torque ripple fluctuation considering PM remanence uncertainty. (d) Torque ripple fluctuation considering skew angle uncertainty. 
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Figure 16. Torque and torque ripple robustness of motors. (a) Torque robustness of SRIPM motor. (b) Torque robustness of ARIPM motor. (c) Torque ripple robustness of SRIPM motor. (d) Torque ripple robustness of ARIPM motor. 
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Table 1. Design requirements of the IPM Motor.
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	Requirements
	Units
	Targets





	Maximum power
	kW
	70



	Maximum speed
	r/min
	16,000



	Rated speed
	r/min
	4500



	Maximum torque
	Nm
	150



	Maximum phase current (rms)
	A
	≤260



	Efficiency
	-
	≥96%



	Phase number
	-
	3



	PM weight
	kg
	≤1



	PM material
	-
	N38SH










[image: Table] 





Table 2. Multi-physical performance of the IPM Motor.
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	Item
	Flat
	V
	Delta
	VV
	U





	Maximum d-axis Current (A)
	358.9
	360.4
	357.2
	360.4
	338.9



	Current angle (deg)
	77.5
	78.6
	76.3
	78.6
	67.2



	Peak torque (Nm)
	154.9
	155.0
	154.9
	155.1
	155.1



	No load d-axis inductance Ld (mH)
	1.2236
	1.3058
	1.2908
	1.3529
	1.4815



	No load q-axis inductance Lq (mH)
	2.3384
	2.8729
	2.7518
	2.8255
	2.8385



	Saliency ratio Lq − Ld
	1.1148
	1.5671
	1.461
	1.44726
	1.357



	Cogging torque (mNm)
	114.85
	16.56
	8.79
	33.83
	202.13



	Maximum efficiency
	98.48%
	98.42%
	98.52%
	98.52%
	98.32%



	Efficiency ratio above 90%
	0.951
	0.971
	0.972
	0.975
	0.954



	Core loss at rated speed (W)
	146.2
	71.1
	90.3
	76.7
	143.2



	PM loss at rated speed (mW)
	29.70
	2.53
	12.38
	4.83
	18.65



	Critical speed at 400 Map (r/min)
	7350
	11600
	10550
	13150
	8500



	Mean value of demagnetization ratio (μ)
	0.694
	0.060
	0.339
	0.258
	0.345



	Standard deviation value of demagnetization ratio (σ)
	0.015
	0.009
	0.034
	0.021
	0.005



	Manufacturing cost of rotor sheet ($)
	1.41
	1.17
	2.25
	2.6
	2.13
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Table 3. Design parameters of the ARIPM motor.
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	Parameters
	Value
	Parameters
	Value





	Slot depth Hs2
	16.4 mm
	Slot opening Bs0
	0.9 mm



	Slot width Bs1
	3.7 mm
	Slot bottom width Bs2
	3.7 mm



	Tooth tip height Hs0
	0.8 mm
	V pole angle Pa1
	115 deg



	V opening angle Va1
	110 deg
	V notch angle Na1
	72 deg



	V shift angle Sa
	−2 deg
	V outer bridge length Ol1
	3.1 mm



	V outer bridge width Ow1
	1.4 mm
	V center bridge length Cl1
	4.7 mm



	V center bridge width Cw1
	2 mm
	VV top pole angle Pa2
	105 deg



	VV top opening angle Va2
	120 deg
	VV top outer bridge length Ol2
	2.4 mm



	VV top outer bridge width Ow2
	1 mm
	VV top center bridge length Cl2
	4.8 mm



	VV top center bridge width Cw2
	1 mm
	VV low outer bridge length Ol3
	2.4 mn



	VV low outer bridge width Ow3
	1.4 mm
	VV low center bridge length Cl3
	10 mm



	VV low center bridge width Cw3
	7 mm
	VV low pole angle Pa3
	158 deg



	VV low opening angle Va3
	90 deg
	V notch angle Na2
	88 deg
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