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Abstract

:

A new type of permanent magnet (PM) brushless claw pole motor (CPM) with soft magnetic composite (SMC) core is designed and analyzed in this paper. The PMs are mounted on the claw pole surface, and the three-phase stator windings are fed by variable-frequency three-phase AC currents. The advantages of the proposed CPM are that the slip rings on the rotor are cast off and it can achieve the efficiency improvement and higher power density. The effects of the claw-pole structure parameters, the air-gap length, and the PM thinner parameter of the proposed CPM on the output torque are investigated by using three-dimensional time-stepping finite element method (3D TS-FEM). The optimal rotor structure of the proposed CPM is obtained by using the response surface methodology (RSM) and the particle swarm optimization (PSO) method and the comparison of full-load performances of the proposed CPM with different material cores (SMC and silicon steel) is analyzed.
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1. Introduction


With the increasing environmental and fuel energy concerns, the focus on automotive electrification has dramatically increased in the last decade. The propulsion system of the vehicle has received much attention. Due to its high space usage, compact structure, low cost and excellent regulated performance, the CPM has been used for several decades as a vehicle alternator [1]. In order to improve the power density and the torque density of CPM, many unusual topologies have been presented and analyzed, such as the hybrid excitation CPM [2,3]. This kind of motor can prevent field leakage and increase the generator output capability, but it has electric brushes and a slip ring. This means that the manufacturing process and the maintenance cost will increase. In [4,5], the stator is a claw pole. The rotor is solid and the electric brushes and slip ring are cast off in this structure, but the leakage flux is larger. In [6], the stator and rotor are the claw-pole structure, and the ring PM is inset in stator yoke. Its power density is greatly improved, but the structure is quite complicated and not easy to manufacture. In [7], a brushless claw-pole double-rotor machine is proposed. The claw poles are separated from the stator and fixed on the outer rotor which is made of nonmagnetic and nonconductive material. PM segments are mounted on the inner magnetic rotor. The toroidal winding is enveloped by a U-shaped stator core. In [8], it has been found that the rotor-excited claw pole alternator exhibits a higher back-electromotive force production capability than the stator-excited claw pole alternator.



In recent years, the rapid development of powder metallurgy technique has provided a better way to make up for deficiencies such as the traditional manufacturing process of laminate being unfit for industrial manufacture of the claw pole machine with complex three-dimensional structure. The soft magnetic composites (SMC) material also has a lot of advantages such as magnetic and thermal isotropy, lower eddy current losses, easy and cost effective manufacturing process. The SMC material has often been applied in electrical machines with complex flux path and structure [9,10,11].



In this paper, a PM brushless rotor CPM with SMC core has been put forward. Its rotor is a claw pole structure and the PMs are mounted on the rotor surface. The combination fixing PMs on the surface of claws can weaken the leakage field and enhance the field of air gap. In order to improve its torque density and power density, the 3D FEM model is built, and the effects of the claw-pole structure parameters, the air-gap length and the PM thickness parameter of the proposed CPM on its output torque are investigated. The rotor geometry parameters (the thickness of pole tip l1, the thickness of pole root l2) and the length of air gap l3 are optimally designed by using the response surface methodology (RSM) [12] and the particle swarm optimization (PSO) [13,14] method. This work has significant implications for the parameter optimization of CPM. Finally, the comparison of full-load performances of the proposed CPM with different material cores (SMC and silicon steel) is analyzed [15].




2. 3D FEM Model and Magnetic Circuit of the Proposed CPM


The performances of the proposed CPM are determined by the PM material properties and the geometric dimensions, such as the air gap size, pole and yoke thickness. In order to design a high-performance CPM, some FEM and optimal methods must be used to compute and analyze its performances. Since the structure of the proposed CPM is relatively complicated, the 3D time-stepping FEM transient nonlinear model of the proposed CPM with practical geometries of stator and rotor laminations is developed based on the 3D finite-element commercial software (Maxwell-3D) [16]. The flux distribution, electromotive force (EMF) waveforms, output torque and cogging torque of the proposed CPM have been investigated by using the 3D TS-FEM transient nonlinear model.



Figure 1 shows the 3D model of the proposed CPM. PM is placed on outer surface of the claw; therefore, the installation of the PM has to slot into the claw and sheath. The stator and claw pole cores are made up of SMC material. Finite element mesh plays an important role in 3D FEM analysis, and the mesh quality directly affects the precision of the simulation results. Taking into account the necessity of the accurate results and an acceptable computation time, the number of elements in the 3D FEM model of the proposed CPM is 580,284. During the full-load simulation of the proposed CPM, the simulation time is set to 0.04 s, and the simulation step is set to 0.001 s, the CPU time for the 3D-FEA equation solving is 1 h. Figure 2 shows a quarter of the 3D finite element mesh plot of the rotor and stator cores of the proposed brushless PM rotor CPM.



Figure 3 illustrates the 3D flux paths through the magnetic circuit of the motor. According to the 3D flux path, in Figure 3, we can distinguish the following major steps of the flux path:

	
axially in the magnetic core surrounding the shaft,



	
radially in the rotor north plate,



	
axially and radially in the rotor north claws,



	
radially in the air gap to the stator teeth,



	
circumferentially in the lamination following its subdivision into two paths,



	
radially down in the air gap through the stator teeth facing the two adjacent rotor south claws,



	
radially and axially in the two adjacent rotor south claws,



	
radially in the rotor south plate, and



	
axially in the magnetic core to close the loop.









3. Output Torque Investigation of the Proposed CPM


According to the developed 3D TS-FEM model of the proposed CPM, the performance of the proposed CPM can be computed. In order to improve its torque density, the geometry parameters of the proposed CPM should be redesigned by using some optimal methods. In this paper, the relationships among the variations of the thickness of pole tip (l1), the thickness of pole root (l2) and the length of air gap (l3) with the output torque are investigated and the three parameters are optimized.



3.1. The Impacts of the Pole Tip Thickness and the Pole Root Thickness


The size and shape of the claw pole not only affects the air-gap magnetic field and electromotive force waveform, they also affect the economy of the motor, so they must be carefully determined. Owing to the magnetic field lines in the pole tip part being relatively fewer than that in the claw root part, and considering the magnetic flux leakage between claw poles and the axial uneven distribution of air gap magnetic field, the claw pole magnetic flux will be more complex. So the rotor claw pole dimensions need reasonable and optimal selection, especially in terms of the thickness of the pole tip and root.



This part aims at changing the value of l1 from 0.5 mm to 11 mm when l2 keeps constant 11 mm and the value of l2 from 0.5 mm to 11 mm when l1 keeps constant 0.5 mm respectively, then analyzing the change of average output torque with various l1 or l2, and choosing the high average output torque on the premise of saving consumables and holding the toughness and strength of claw pole. So when the l1 and l2 changes respectively, the curves are shown respectively with different colors in Figure 4.



From Figure 4, we find that, when pole tip thickness l1 increases step by step, the average output torque remains about the same value (32.8 N·m). On the other hand, the average output torque remains nearly constant after increasing to a certain value (33 N·m) with the increase of pole root thickness l2.




3.2. The Impact of the Air Gap Length


The air gap length (l3) can affect the output torque of the CPM. As a general rule, reducing the value of l3 is advantageous to improve the motor output torque during low speed running. However, with the increase of l3, the motor torque ripple value will decrease gradually, but when the l3 increases to a certain value, the torque ripple values will in turn increase.



With the above analysis, we must consider the motor output torque and torque ripple at the same time, choose a suitable l3, and, as far as possible, achieve a large output torque with small torque ripple. Therefore, changing the value of l3 from 0.25 mm to 1 mm by 0.05 mm step, we get the curve of output torque ripple versus the thickness of air gap l3 in Figure 5 and the curve of output torque versus the l3 in Figure 6. The output torque ripple ∆T is defined as the half of the difference between the maximum output torque and the minimum output torque [17]. From the output torque ripple curve, we can find that when l3 increases in the range of 0 mm~1 mm, the torque ripple reduces at first and then increases. As is often true in the theoretical analysis, the output torque decreases with the increase of l3.




3.3. The Impact of the Thickness of Magnet


The flux field of the rotor is generated by the PMs fixed on the claw pole, so the PM thickness (l4) should be taken account under the condition of invariable air-gap and volume of the CPM. Therefore, in this paper, changing the thickness of PM from 1.5 mm to 4.5 mm with the 0.5 mm step, we get the output torque and the torque ripple ∆T versus the l4 in Figure 7 and Figure 8. Figure 7 is the curve of output torque with different l4 and Figure 8 is the curve of output torque ripple ∆T versus l4.



From Figure 7, it can be seen that, when l4 increases, the magnetic strength will be higher and the output torque will increase following the magnetic strength. The torque ripple is different. From the output torque ripple curve in Figure 8, we find that, when l4 increases in the range of 1.5 mm~4.5 mm, torque ripple reduces firstly and then increases and is minimum when it is near 3 mm.





4. Rotor Parameters Optimization of the CPM


Response surface methodology (RSM) is an interpolation technique that fits a multidimensional function to its function values at some sample points on an arbitrary function domain. PSO is a population based stochastic searching and optimization algorithm. Since the PSO method has the capability to search for the global optimum with high probability and its convergence rate is fast, it is advantageous to be combined with RSM in FEM to determine the optimized geometrical sizes of the proposed CPM.



Figure 9 shows the slice contours of the output torque versus geometrical parameters (l1, l2, l3). From it, we find that, from the impact of geometrical parameters on the output torque, it is conductive to select the optimization method. The proposed optimal method is utilized to optimize the geometrical sizes of the proposed CPM, aiming to obtain a maximum output torque. A total of 1,309 sample points are computed using FEM, and approximation of the output torque T as a function of the geometry parameter (l1, l2, l3) is reconstructed by the RSM. The optimal solution is (3.5 mm, 7 mm, 0.2 mm), and the corresponding objective function value (output torque) is 56.54 N·m.




5. Performance Comparison of the Proposed Optimal CPM


In what follows, special attention is paid to the variation of the output torque, the air gap flux density profile with respect rotor position, the cogging torque and the core loss of optimal CPM at full-load. The comparative analysis of cogging torque, and core loss with different core materials (DW360 core and SMC core) are shown.



Table 1 shows the essential parameters of CPM. Figure 10 shows that the average value of the air gap flux density is about 1.5 T, and the magnitude of the 6th operational harmonic of the CPM is 2.0 T and the magnitude of the 18th harmonic is 0.48 T. Figure 11 shows the torque comparison before and after parameters optimization of the proposed CPM. The cogging torque comparison in Figure 12 and core loss comparison with different cores in Figure 13 are presented. Obviously, by optimizing the parameters, the output torque has a 10 percent improvement and with the SMC material core, the core loss see a valid decrease, as shown in Figure 13. The core losses of the CPM with SMC core (6 W) are smaller than the losses associated with the DW360 core (12.5 W). From all the simulation results, the performances of the CPM and the property parameters of material (DW360, SMC) are summarized in Table 2. The output power of the optimization CPM is 2.96 kW and the efficiency is 98.92%.




6. Conclusions


In this paper, a PM brushless rotor CPM with SMC core has been presented and its 3D TS-FEM transient nonlinear model has been developed. The design method of the proposed CPM is studied concerning the construction of the PM rotor, core material, claw-pole dimensions and air gap length. The rotor structure of the proposed CPM is optimized by using RSM and PSO optimal method. The power density and the torque density of proposed CPM benefit from a certain improvement with optimization, and the lower core loss is achieved with utilization of SMC. Consequently, the proposed CPM is more suitable for the direct drive system.
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Figure 1. 3D model of the motor. 






Figure 1. 3D model of the motor.
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Figure 2. Mesh plot model of the core. 






Figure 2. Mesh plot model of the core.
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Figure 3. Magnetic circuit of the motor. 






Figure 3. Magnetic circuit of the motor.
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Figure 4. Output torque versus the thickness of l1 and l2. 
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Figure 5. Output torque versus air-gap length l3. 
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Figure 6. Output torque ripple versus air-gap length l3. 
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Figure 7. Output torque curves with different PM thickness l4. 
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Figure 8. Output torque ripple curves with different PM thickness l4. 
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Figure 9. The slice contours of the output torque versus geometrical parameters. 
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Figure 10. The air-gap flux density waveform (a) of the CPM and its harmonic analysis (b). 
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Figure 11. Output torque comparison curves before and after optimization. 
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Figure 12. Cogging torque curves with different materials. 
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Figure 13. Core loss curves with different materials. 






Figure 13. Core loss curves with different materials.
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Table 1. The essential parameters of (CPM).







Table 1. The essential parameters of (CPM).







	
Rated power (kW)

	
3




	
Input current (A)

	
100




	
Speed (RPM)

	
500




	
Magnet type

	
NdFe35




	
Output torque (N·m)

	
56.54




	
Frequency (Hz)

	
50




	
Poles

	
12




	
Number of stator slots

	
36











[image: Table] 





Table 2. Performance results with different materials.







Table 2. Performance results with different materials.







	
Parameter

	
SMC

	
DW360






	
Kh

	
657.3

	
168




	
Ke

	
0

	
0




	
Kc

	
0.09

	
0.8




	
Output torque of full-load (N·m)

	
56.54

	
51.3




	
Average cogging torque (N·m)

	
0.64

	
0.71




	
Output power (kW)

	
2.96

	
2.68




	
Core loss (W)

	
6

	
12.5




	
Copper loss (W)

	
24.57

	
24.57




	
PM Loss (W)

	
1.6

	
1.6




	
Efficiency

	
98.92%

	
98.58%










© 2016 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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