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Abstract

:

This paper proposes a novel magnet-axis-shifted hybrid permanent magnet (MAS-HPM) machine, which features an asymmetrical magnet arrangement, i.e., low-cost ferrite and high-performance NdFeB magnets, are placed in the two sides of a “▽”-shaped rotor pole. The proposed magnet-axis-shift (MAS) effect can effectively reduce the difference between the optimum current angles for maximizing permanent magnet (PM) and reluctance torques, and hence the torque capability of the machine can be further improved. The topology and operating principle of the proposed MAS-HPM machine are introduced and are compared with the BMW i3 interior permanent magnet (IPM) machine as a benchmark. The electromagnetic characteristics of the two machines are investigated and compared by finite element analysis (FEA), which confirms the effectiveness of the proposed MAS design concept for torque improvement.
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1. Introduction


Due to their high torque/power density, high efficiency and excellent flux weakening capability, interior permanent magnet (IPM) machines are considered as competitive candidates for electric vehicles (EVs) [1]. In order to improve the reluctance torque and reduce the magnet usage, multi-layer IPM machines are widely employed in EV applications, such as the BMW i3 traction machine [2]. However, for the conventional IPM machines, the optimum current angle for maximizing reluctance and permanent magnet (PM) torques basically differs by a 45° electrical angle, which results in a relatively low utilization ratio of the two torque components. Consequently, in order to deal with this issue, hybrid rotor [3,4,5,6,7], dual rotor [8] and asymmetrical permanent magnet (PM)-assisted synchronous reluctance machines [9] have been recently developed. The constant power-maintaining capabilities of the hybrid rotor configurations are investigated by adopting the parameter equivalent circuit method, which shows that the hybrid rotor topologies have more degrees of freedom for a given constant power operating range [10]. Moreover, the theoretical analysis demonstrates that the PM usages of synchronous machines can be reduced by about 10% with the reluctance axis shifted by a displacement angle of about 60° [11]. The hybrid synchronous machines with a displaced reluctance axis are comparatively studied with conventional pure PM and electrically excited synchronous machines [12], which demonstrates that the hybrid topologies exhibit higher torque and high-efficiency operating range. In addition, the effects of shifting the PM axis with respect to the reluctance axis in PM machines are investigated [13], showing that the asymmetric salient PM machine exhibits higher torque and constant power speed range [14]. Nevertheless, the hybrid and dual rotor machines suffer from complicated structures, while the latter asymmetrical one is characterized by shifts of both magnet and reluctance axes that require relatively sophisticated computational design efforts.



Recently, in order to reduce the use of the rare-earth NdFeB magnets, the hybrid PM concept has been proposed and developed in rotor PM [15,16] and stator PM [17,18,19,20,21,22] configurations. Compared with the structure of conventional spoke-type magnets, the proposed hybrid PM topology exhibits better field weakening capability and lower total cost [15]. Besides, compared with a double-layer PM structure, the U-shaped configuration has good irreversible demagnetization withstanding capability [16]. Due to the variable magnetization state of the low-coercive-force AlNiCo magnets, the flexible air-gap flux adjustment and wide operating range with high efficiency can be readily achieved in stator hybrid PM machines [16,17,18,19,20,21,22]. A novel magnet-axis-shifted hybrid PM (MAS-HPM) machine combined with the asymmetric and hybrid PM concepts is proposed in this paper.



The purpose of this paper is to propose an MAS-HPM machine for torque performance improvement. The proposed configuration features an asymmetrical PM arrangement, i.e., low-cost ferrite and high-performance NdFeB magnets, which significantly reduces the difference of the optimum current angle for maximizing PM and reluctance torques. Hence, the torque capability can be further improved. In order to validate the merits of the magnet-axis-shift (MAS) effect, the IPM machine of an BMW i3 vehicle is used as a benchmark. The basic electromagnetic characteristics of the two machines are comparatively investigated, which confirms the validity of the proposed MAS design concept.




2. Machine Topologies and Magnet-Axis-Shift Principle


2.1. Machine Topologies


The topologies of the benchmark 2016 BMW i3 IPM machine and the proposed MAS-HPM machine are shown in Figure 1a,b, respectively. The main design parameters are tabulated in Table 1. It should be noted that the proposed machine shares the same inverter power ratings, stator structure, active stack length and air-gap length with the BMW i3 IPM machine. Meanwhile, in order to make a fair comparison, the rare-earth PM usages are identical in the two structures. The main difference between the two machines lies in the fact that two kinds of PM, i.e., low-cost ferrite and high-performance NdFeB magnets, are simultaneously employed in the developed MAS-HPM machine to achieve the MAS effect. The total costs of the magnets are given in Table 1. Due to the additional ferrite magnets, the proposed machine has a slightly higher total cost of magnets than the BMW i3 IPM counterpart. However, compared with the BMW i3 IPM machine, the ratio of the peak torque to the total cost of magnets in the MAS-HPM configuration is increased by about 7.81%, which indicates that the torque capability can be improved by 7.81% at the same cost of magnets.



The d and q-axes’ equivalent electrical circuits are illustrated in Figure 2. In the synchronous reference frame, the voltage equations for the PM synchronous machine are expressed as:


{ud=Rid−ωψquq=Riq+ωψd,



(1)




where R is the stator resistance, ω is the electric frequency, ψd and ψq are the d and q-axes’ flux linkages, respectively. id and iq are the d and q-axes’ current, respectively.



By the application of Kirchhoff’s voltage and current laws to both d and q-axes, the four equations can be obtained as:


{RFe,didi+ωψq=0−RFe,qiqi+ωψd=0id−idi−idm=0iq−iqi−iqm=0,



(2)




where RFe,d and RFe,q are the iron losses resistances in d and q-axes, respectively. idi and iqi are the iron losses currents in d and q-axes, respectively. idm and iqm are the d and q-axes’ magnetization currents, respectively.




2.2. MAS Principle


The total torque Ttotal of an IPM machine, including the PM torque TPM and the reluctance torque Tr, can be expressed as [23]:


Ttotal=32prψfiscosβ+34pr(Ld−Lq)is2sin2β=TPM+Tr,



(3)






TPM=32prψfiscosβ,



(4)






Tr=34pr(Ld−Lq)is2sin2β,



(5)




where pr, ψf, is, Ld and Lq are the rotor pole pair number, the PM flux linkage, the phase current and the d- and q-axes’ inductances, respectively. β is the current angle, which is defined as the angle between the phase current and open-circuit back electro-motive force (EMF) [24].



From Equations (3)–(5), it can be found that the optimum current angle for Tr is theoretically twice that for TPM. If the difference between the optimum current angles for maximizing the two kinds of torques can be reduced, the torque capability of the machine will be improved. To achieve this goal, this paper proposes an asymmetrical PM arrangement by employing the HPM configuration, i.e., low-cost ferrite and high-performance NdFeB magnets, which is termed as the MAS effect. In this case, the magnet axis is shifted while the reluctance axis is unchanged due to the symmetrical rotor configuration. Thus, the difference of the current angles γs when both TPM and Tr reach the maximum can be reduced, which can be defined as:


γs=βPM−βR,



(6)




where βR and βPM are the optimum current angles for the reluctance and PM torques, respectively.



The flux density distributions of the two machines are calculated by finite element analysis (FEA) and illustrated in Figure 3. It can be seen that the d-axis shifted by an angle αs in the proposed machine under the open-circuit condition, as shown in Figure 3a, which confirms the MAS effect. The reluctance d and q-axes are not changed in the two machines, as shown in Figure 3b, which is mainly attributed to the design of the symmetrical flux barriers in the two rotor configurations. The flux density distributions of the two machines at the peak current load condition are given in Figure 3c. Due to dual excited armature windings and PMs, the two machines under the load condition have higher flux densities than at other operating conditions.



To clearly understand the MAS effect, the open-circuit air-gap flux density waveforms are given in Figure 4. Compared with the d-axis in the BMW i3 IPM machine, the displacement of the actual d-axis occurred in the proposed topology, which means that the magnet and reluctance axes grow closer by using the HPM configuration. Consequently, the resultant current angles for optimizing the reluctance and PM torques are closer, which enables the torque improvement. Moreover, the fundamental amplitude of the air-gap flux density in the MAS-HPM machine are found to be 53.70% higher than that of the BMW i3 IPM machine, as reflected in Figure 4b. Due to the asymmetrical PM configuration, larger high-order harmonics of the air-gap flux density are observed in the MAS-HPM machine.





3. Electromagnetic Performance Comparison


In order to validate the MAS effect, the basic electromagnetic characteristics of the proposed MAS-HPM machine are comparatively studied with those of the BMW i3 IPM machine in this section. In order to reduce the computational time, 1:12 scale models are adopted for the two machines. The simulation time is 2.5 h.



3.1. Open-Circuit Performance


The back EMF waveforms of the two investigated machines are shown in Figure 5. Compared with the BMW i3 IPM machine, the proposed configuration exhibits a 53.54% higher back-EMF fundamental amplitude, which indicates that the magnet torque can be effectively improved by using the HPM configuration. In addition, the cogging torque waveforms of the two machines are shown in Figure 6, which experience the same periods due to the same numbers of stator slots and rotor poles. Because the air-gap flux density contains larger high-order harmonics, as shown in Figure 3b, the MAS-HPM structure has a higher cogging torque amplitude. The ratios of the cogging torque amplitudes to the corresponding peak torque values in BMW i3 IPM and MAS-HPM machines are 0.73% and 2.04%, respectively, which are lower than the acceptable value of 2.5%.




3.2. Torque Characteristics


The torque versus current angle characteristics of the two machines are illustrated in Figure 7. The PM and reluctance torques are separated by using the frozen permeability method [25]. It can be seen that the γs of the proposed MAS-HPM machine is smaller than that of the BMW i3 machine. As a result, a higher torque capability can be obtained in the HPM case, as evidenced in Figure 8. Moreover, due to the MAS effect, the ripple patterns of the PM and reluctance torques of the proposed machine are different, which results in a torque ripple offset effect. Hence the HPM configuration exhibits 55.99% lower torque ripple than the BMW i3 IPM machine, as shown in Figure 8b. The average torques versus phase current curves of the two machines are shown in Figure 9. It can be observed that the MAS-HPM machine has a higher torque capability regardless of the applied loads. As a whole, the feasibility of the proposed MAS-HPM design for torque performance improvement is clearly confirmed.




3.3. Torque/Power versus Speed Curves


The torque and power versus speed curves of the two machines are illustrated in Figure 10. It can be seen that the MAS-HPM machine exhibits higher torque and power than the BMW i3 IPM machine over the whole operating range, consequently achieving a better high-speed constant power-maintaining capability.




3.4. Irreversible Demagnetization


The flux density distributions of the magnets are illustrated in Figure 11. When the working temperature is set as 100 °C, the knee points of ferrite and NdFeB magnets are −0.15 and −0.6 T, respectively. It can be observed that the irreversible demagnetization of ferrite and NdFeB magnets does not occur. In order to quantitatively illustrate the flux density variations of magnets, five typical points are selected in three magnets, as shown in Figure 11. The corresponding flux density variations of the typical five points on magnets are given in Figure 12. It can be seen that the working points of ferrite and NdFeB magnets are greater than the respective knee points, which indicates that good demagnetization withstanding capability can be achieved.




3.5. Rotor Mechanical Analyses


The rotor mechanical strengths of the two machines are investigated at the maximum speed of 12,000 rpm in this section. The von Mises stress maps are shown in Figure 13. It can be observed that the peak stress of the MAS-HPM machine (268.8 MPa) is slightly lower than that of the BMW i3 IPM machine (282.4 MPa), which are both lower than the threshold yield value (396 MPa). Due to the differences in mesh subdivision, it can be observed that the mismatch between the maximal values occurs at the two sides of the symmetrical configurations. However, the difference in stress values between the points of the symmetrical structure is very small and thus negligible, as shown in Figure 13. As a result, it was confirmed that the proposed rotor configuration can withstand a larger centrifugal force at the maximum speed of 12,000 rpm.




3.6. Loss and Efficiency


The two machines have the same stators and windings, which indicates that the same copper losses can be achieved. The iron loss and efficiency are calculated and illustrated in Figure 14 and Figure 15, respectively. The iron loss pi, eddy-current loss pe and hysteresis loss ph in the laminated core are calculated as follows [26]:


pi=ph+pe,



(7)






pe=∑n{∫ironKeD(nf)2(Br,n2+Bθ,n2)dv},



(8)






ph=∑n{∫ironKhD(nf)(Br,n2+Bθ,n2)dv},



(9)




where Ke and Kh are the experimental constants obtained by the Epstein frame test of the core material, D is the density of the steel sheets, f is the fundamental frequency, Br, n and Bθ,n are the radial and tangential components of the flux density at each finite element.



The copper loss pcu and efficiency η can be calculated by:


pcu=3RaI2



(10)






η=ωTωT+pi+pcu×100%,



(11)




where Ra, I, and ω are the armature winding resistance, the phase current and the mechanical angular velocity, respectively.



The iron losses of the two machines under different speeds are given in Figure 14. It can be observed that the stator iron losses dominate the total iron losses in both machines at the rated load. The iron losses of the two machines are very close when the speed is lower than 4000 rpm. However, due to higher harmonics, the HPM structure produces a larger iron loss than the BMW i3 IPM machine when the speed exceeds 4000 rpm. Furthermore, the efficiency maps of the two cases are illustrated in Figure 15. The maximum efficiency of the proposed MAS-HPM machine (95.79%) is slightly higher than that of the BMW i3 IPM (95.57%). Due to the higher iron loss in high speed range, the proposed structure shows a relatively lower efficiency when the speed exceeds 10,000 rpm. Nevertheless, the MAS-HPM machine still exhibits a similar operating range when the efficiency is higher than 93%.





4. Conclusions


A novel MAS-HPM machine is proposed to achieve a higher torque capability and a wider high-efficiency operation range for EV applications in this paper. The basic electromagnetic characteristics of the proposed MAS-HPM machine and the benchmark BMW i3 IPM machine are comprehensively investigated and compared by FEA. Due to the MAS effect, the difference between the optimal current angles of maximizing the magnet and reluctance torques is reduced. In addition, it was found that the back-EMF and total torque of the proposed MAS-HPM machine can be effectively improved, compared with the conventional BMW i3 IPM machine. Moreover, the proposed machine shows lower peak mechanical stress, better field-weakening capability, higher peak efficiency and comparable high-efficiency operating range, which confirms the effectiveness of the proposed MAS design concept for performance improvement. However, due to higher harmonics, the proposed MAS-HPM configuration has higher cogging torque and iron losses in a high speed operating range.
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Figure 1. Machine topologies. (a) BMW i3 interior permanent magnet (IPM) machine. (b) The proposed magnet-axis-shifted hybrid permanent magnet (MAS-HPM) machine. 
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Figure 2. d and q-axes’ equivalent electrical circuits. (a) d-axis. (b) q-axis. 
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Figure 3. Flux density distributions of the two machines. (a) Open-circuit. (b) Reluctance axis with only armature windings excited. (c) Peak current load condition. 
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Figure 4. Open-circuit air-gap flux density. (a) Waveforms. (b) Spectra. 
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Figure 5. Back electro-motive force (EMF) waveforms at 3000 rpm. (a) Waveforms. (b) Spectra. 
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Figure 6. Cogging torque waveforms. 
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Figure 7. Torque versus current angle characteristics. (a) BMW i3 IPM machine. (b) MAS-HPM machine. 
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Figure 8. Steady torque. (a) BMW i3 IPM machine. (b) MAS-HPM machine. 
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Figure 9. Average torque versus phase current curves. 
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Figure 10. (a) Torque–speed curves. (b) Power–speed curves. (Irms= 375 A, Udc= 360 V). 
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Figure 11. Flux density distributions of ferrite and NdFeB magnets. 
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Figure 12. Variations of the working points of the five points on the ferrite and NdFeB magnets. (a) Ferrite magnet. (b) First-layer NdFeB magnet. (c) Second-layer NdFeB magnet. 
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Figure 13. Rotor von Mises stress distributions at the maximum speed (12,000 rpm). (a) BMW i3 IPM machine. (b) MAS-HPM machine. 
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Figure 14. Iron losses versus speed curves. 
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Figure 15. Efficiency maps. (a) BMW i3 IPM machine. (b) MAS-HPM machine. 
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Table 1. Main design parameters of the machines.
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Items

	
BMW i3 IPM

	
MAS-HPM






	
Stator slot number

	
72




	
Rotor pole pair number

	
6




	
Stator outer radius (mm)

	
121




	
Air-gap length (mm)

	
0.7




	
Rotor outer radius (mm)

	
89.3




	
Active stack length (mm)

	
132




	
Peak current (A)

	
530




	
Steel grade

	
TKM330-35




	
NdFeB grade

	
N35EH




	
Ferrite magnet grade

	
-

	
AC-12




	
NdFeB PM volume (mm3)

	
24,816




	
Ferrite magnet volume (mm3)

	
-

	
19,565




	
Total cost of magnets (￥)

	
51.3

	
53.1




	
Peak torque (Nm)

	
269.34

	
300.51




	
Peak torque/total cost of magnets (Nm/￥)

	
5.25

	
5.66




	
Working temperature (°C)

	
100












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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