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Abstract


Consequent pole hybrid excitation synchronous (CPHES) machines have the advantage of symmetrical bidirectional magnetomotive force increments. Compared with a traditional hybrid excitation motor (HEM), a CPHES machine improves the disadvantage of asymmetry in the adjustment range when magnetization and demagnetization occur. The calculation and analysis of the cogging torque of the CPHES machine are complex due to the complicated structure. This paper proposes an analytical method for calculating the cogging torque of a CPHES machine. This analytical method converts the complex three-dimensional magnetic field problem into a two-dimensional magnetic circuit problem and, through the accumulation method, can quickly and accurately calculate the cogging torque of the CPHES machine. In contrast with the finite element method, the calculation results basically follow each other, but the analytical method is more efficient and omits complicated meshing. This is of great significance to the preliminary electromagnetic design and performance optimization of a CPHES machine.
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1. Introduction


The main magnetic field of a hybrid excitation motor (HEM) is jointly generated by the permanent magnet (PM) and the electric excitation winding, which can ensure high efficiency and realize the adjustment and control of the main magnetic field, thereby improving the speed range and driving performance of the motor, which is widely used in electric vehicles and other applications [1]. However, the traditional HEM has the defect of asymmetry of the bidirectional magnetomotive force (MMF) increment, limiting the motor’s speed adjustment range. A consequent pole hybrid excitation synchronous (CPHES) machine solves this problem and further improves the speed adjustment performance of the HEM [2]. This means that electric vehicles or aeronautic facilities equipped with CPHES machines have more flexible speed control. Moreover, the consequent pole structure reduces the requirement of rare earth material; it also avoids the PM demagnetization caused by the magnetization process and increases the service life of the motor. However, a motor with a consequent pole structure has an asymmetric air gap field, and the positive and negative asymmetry of the air gap flux density leads to a large number of even harmonics [3,4]. The cogging torque of a motor is defined as the change of the air gap field energy with respect to the position angle of the rotor, which causes the fluctuation of the motor output torque, especially when the motor is running at a low speed [5]. Compared with the traditional PM motor with only odd harmonics in the air gap field, the consequent pole structure motor with even harmonic air gap magnetic field has an exceptionally complex cogging torque generation [6]. Considering the many application domains of CPHES machines, especially in high-performance drive applications, reducing cogging torque is very important for motor design [7]. At present, the approach for reducing cogging torque mainly includes modifying the motor’s structural parameters and designing a control algorithm to absorb the effects of the magnetic interaction between rotor and stator [8,9].



However, it has always been difficult to calculate the cogging torque with a complex three-dimensional structure such as a CPHES machine. The field analysis is an important method for calculating the cogging torque. Its essence is to calculate the energy change in the air gap concerning the rotation angle. Cogging torque is determined by many factors, such as pole slot structure, PM remanence, PM dimensions, assembling position, and stator slot width [10]. Therefore, the application of the field analysis method must be based on the structure and characteristics of the machine to obtain more accurate analysis results. Yang [11] established the rotor reference system and the stator reference system when analyzing the cogging torque. Considering the influence of the stator slot effects and the rotor saliency effects, the air gap permeance model is divided into stator/rotor air gap permeance models. More accurate calculation results are obtained. Vicente [12] sliced the rotor sector of the axial-flux permanent-magnet motors and got the analytical model of the air gap field with different thicknesses of PMs at different rotation angles, achieving weakening of the cogging torque of the motor by changing the shape of the PMs. Li [13] established tangential and radial field analysis models for PMs to synthesize the electromagnetic energy of the air gap. In short, the field analysis method will become particularly complicated when dealing with complex motor structures. Therefore, it is necessary to simplify the complex three-dimensional magnetic field.



The finite element method (FEM) is mainly used to analyze the cogging torque of the motor. The FEM is a crucial numerical calculation method in computational electromagnetics. Its basic concept is to divide the solution domain into a finite number of subdomains. These subdomains are set as computing units and then established as functions on each unit to transform the original solution domain function into a combination of functions defined on each unit. These functions are further transformed into a matrix equation [14]. Theoretically, the smaller the size of the division unit is, the closer the finite element numerical solution is to the real solution of the physical problem [15]. However, in practical applications, the time required to solve the finite element equation increases sharply with increasing matrix order n [16]. Moreover, the meshing problem and the model singularity problem show that using the FEM to analyze the cogging torque of a complex three-dimensional (3D) structure motor has certain limitations.



Meshing has been a problem facing the development of high-precision FEMs. The traditional FEM has higher quality requirements for traditional four-node quadrilateral elements and eight-node quadrilateral elements. “Deformed” meshes can produce incorrect Jacobian matrices [17], which reduce the accuracy of the solution. Demenko et al. [18] used the FEM to calculate the force of a PM in a system and found that when the grid is unevenly distributed, the calculation relative error increases. This problem is because traditional FEM meshing technology is based on the isoparametric coordinate method. This type of linear displacement interpolation element technology cannot accurately describe the bending deformation that occurs on the element boundary. Therefore, in the structure of complex geometric shapes, the problem of mesh distortion is inevitable. For this type of meshing technology, element deformity will make the Jacobian matrix determinant abnormal, significantly reducing the element’s calculation performance in the deformed grid [19]. Jin et al. [20] showed that when dealing with the vector electromagnetic field problem of a complex three-dimensional structure, a solution with no physical meaning will be produced when the traditional FEM solution is used, which will seriously affect the calculation accuracy. To address the problem of grid distortion, some optimization schemes were proposed in [21,22,23], but the computational efficiency of these methods or their application in low-order elements are limited.



In addition, the traditional FEM cannot handle the singularity of the field at the corner edges and sharp points of conductors and materials [24]. Marechal et al. [25] dealt with an electrostatic field problem using the FEM; the calculation error of the FEM was significantly increased due to the singularity at the corner, and the efficiency was appreciably reduced. This defect is pronounced when the FEM processes complex three-dimensional structures, and any increase in singularity will introduce or amplify FEM calculation errors. To ensure the accuracy of the solution, extremely meticulous meshes have to be divided at the singular points, which presents a huge challenge to the meshing and consumes considerable time. Wen et al. [26] illustrated the construction principles of traditional tetrahedral elements in a 3D FEM. When dealing with singularities in 3D structures, these principles place more stringent requirements on the meshing of the elements. Xu and Wang et al. [27,28] used the traditional FEM to solve the singularity problem of an electromagnetic field model. Compared with the extended FEM, the traditional FEM needs to divide more grids to achieve a certain accuracy, which undoubtedly reduces the efficiency.



The FEM, as the mainstream method for calculating the cogging torque of a motor, has a reliable calculation accuracy guarantee. However, the accuracy and efficiency of the calculation are limited by the meshing and model structure when dealing with a complex 3D structure. Because the FEM has difficulty handling complex 3D models, this paper proposes a mathematical model that decomposes and converts an elaborate 3D model into a 2D model and then uses the superposition principle to quickly and accurately calculate the cogging torque of a CPHES machine.




2. The Structure and Principle of a CPHES Machine


A CPHES machine realizes bidirectional MMF incremental symmetry relying on unique motor construction and taking a 24-slot/2-pole CPHES machine as an example, as shown in Figure 1, the motor rotor is divided into two parts, the N-side and S-side, along the axial direction. The PM poles and iron poles of each part are alternately installed on the surface of the rotor. Corresponding to the rotor structure, the stator is also divided into an N-side and S-side in the axial direction. The stator winding contains a field winding and an armature winding. Both of these windings are AC windings. There is no DC field winding in the CPHES structure. Compared with a traditional HEM, the AC field winding of the CPHES machine replaces the conventional DC winding.



In the HEMs, including traditional HEMs and CPHES machines, there are three MMFs noted as    F  p m    ,    F  a     and    F  f    , generated by PM poles, armature windings, and field windings, respectively. In the traditional HEMs, when the field winding is supplied with forward or reverse direct current, the field MMF    F f    is fixed on the d-axis, as shown in Figure 2a,b. Based on the geometric relationship, it is easy to derive the following expression,


   F  0   −  F  −   ≤  F  +   −  F  0    



(1)




which indicates the demagnetization is inferior to the magnetization in traditional HEMs. The fundamental reason for this phenomenon is that the MMF produced by the DC field windings acts only on the d-axis. Consequently, the CPHES machine employs alternating current to control the spatial phasor of    F  f    , so that    F  f     and    F  0     are in the same phase, therefore the following expression holds,


   F  0   −  F  −   =  F  +   −  F  0    



(2)







Then the CPHES machines are equipped with the symmetrical capability of bidirectional field control, as shown in Figure 2c,d. Compared to traditional HEMs, the CPHES machines expand the range of field control and controllable speed.




3. Analytical Model of Cogging Torque in CPHES Machine


3.1. Simplification of 3D Field


Cogging torque is the interaction force generated by PMs and slot-tooth structure in relative motion. The CPHES machine has special interleaved PMs and iron poles on the rotor. Taking a 6-slot/2-pole CPHES machine as an example, as shown in Figure 3, when the winding is not energized, most of the magnetic flux flows from the PM N-poles to the PM S-poles, and only a few passes occur through the iron pole.



Subsequently, an FEA model of 24-slot/8-pole CPHES machine was built to calculate the magnetic flux distribution over two pole pitches, including a pair of PM poles and iron poles. Its magnetic flux pathway is similar to the above 6-slot/2-pole CPHES machine.



The calculation result is shown in Figure 4. Φall is the magnetic flux passing through a pole-pair pitch, and Φpm is the magnetic flux passing through a PM pole. Φall and Φpm almost maintain constant values. The difference between Φall and Φpm can be approximately regarded as the magnetic flux passing through the iron pole, which can be ignored.



Therefore, when calculating the cogging torque in a period, Φpm can be regarded as a fixed value, and the influence of the ferromagnetic flux on the calculation of the cogging torque can be ignored.




3.2. Two-Dimensional Analysis Model


First, the CPHES machine can be divided into two parts: one part of the rotor has only PM N-poles and iron poles, and the other division of the rotor has only PM S-poles and iron poles. As shown in Figure 5, i is the PM number, the range is (1–Np), where    l p    is the pole pitch, and Np is the pole-pairs number of the CPHES machine. The stator side is still divided into the N-side and S-side. Due to the characteristics of the cogging torque, when calculating the cogging torque, the armature winding and the field winding of the CPHES machine do not need to be energized, so the double-sided windings in the stator can be ignored.



In this paper, the air gap permeance of all PMs is calculated based on the displacement of each PM on the N-side and S-side relative to the cogging structure, thus obtaining the cogging torque according to the permeability. In accordance with the superposition principle, the total cogging torque of the entire CPHES machine can be obtained. The specific calculation process is shown in Figure 6.




3.3. Calculation Process


Taking into account the magnetic field distribution characteristics at zero current, the simplification is to transfer the complex 3D magnetic field problem of a CPHES machine into two models of the 2D magnetic circuit on the N-side and S-side for analysis. Taking the left arc of a PM-pole on the N-side as the starting point, the cogging torque corresponding to each PM N-pole is derived, and then to all PMs on the S-side is derived based on the spatial relationship between the N- and S-sides. The specific calculation steps are as follows.



The calculation formula of cogging torque is:


   T  c o g   = −  1 2   Φ 2    d R   d θ    



(3)




where    T  c o g     is the cogging torque, Φ is the magnetic flux across the air gap, and R is the magnetic resistance through which the magnetic flux passes. According to the relationship between magnetoresistance and permeability:   R =  1 P   ,     d R   d θ     can be further transformed into:


    d R   d θ   = −  1   P 2    ·   d P   d x   ·   d x   d θ    



(4)




where  P  is the permeance,  x  is the relative displacement, and  θ  is the mechanical angle, which is defined as the rotation angle corresponding to x.



Assuming that the magnetic circuit is not saturated, the permeance can be obtained by analyzing the air gap permeance model corresponding to the PMs on the N-side. Taking a segment of PM as an example, as shown in Figure 7, let the slot pitch be    l  s p    . The width of the stator teeth is    w t   , and the slot width of the stator is    w t   ,    w t  +  w s  =  l  s p    . The formula for calculating the permeance within a tooth pitch is,


   P  l s p   ( x ) =  {         μ 0  L x  g   (  0 ≤ x ≤  w t   )           μ 0  L  w t   g  +   2  μ 0  L  π  ln  [  1 +   π  (  x −  w t   )    2 g    ]   (  (  w t  ≤ x ≤  w t  +    w s   2  )  )           μ 0  L  w t   g  +   2  μ 0  L  π  ln  [   (  1 +   π  w s    4 g    )  ·   4 g + π  w s    4 g + 2 π ( 2 l − x )    ]   (   w t  +    w s   2  ≤ x ≤  l  s p    )         



(5)




where    P  l s p     is the function of permeance within a tooth pitch. L is the axial length of the N-side. therefore, the analytic formula for the permeance of any segment of PM on the N-side in the CPHES machine at any position is


   P i  (  x N  ) =  P m  (  x  r i g h t   ) −  P m  (  x  l e f t   )  



(6)




where    P i    is the permeance of the i-th PM pole.    x N    is defined as the relative displacement of the PM on the N-side of the CPHES machine.    x  l e f t    /   x  r i g h t     is the relative displacement of the PM pole’s current left arc/right arc in a tooth pitch    l  s p    .    P m  (  x  l e f t   )  /   P m  (  x  r i g h t   )   is the permeance corresponding to the left arc/right arc of a PM pole.



In Formula (6),


   x  l e f t   = mod [  x L  ,  l  s p   ]  



(7)






   x  r i g h t   = mod [  x L  +  τ m  ,  l  s p   ]  



(8)






   P m  (  x  l e f t   ) =  P   l  s p     (  x  l e f t   ) + N T  S  l e f t   (  P a  + 2  P b  )  



(9)






   P m  (  x  r i g h t   ) =  P   l  s p     (  x  r i g h t   ) + N T  S  r i g h t   (  P a  + 2  P b  )  



(10)




where    x L    is the displacement of the i-th PM pole’s left arc in the rotor coordinate system,    τ m    is the length of the PM pole along the tangential direction, Pa and 2Pb corresponds to the permeance of a stator tooth/slot. NTS indicates the integer number of slot or tooth pitches corresponding to the current position of the left arc/right arc of the PM. Accordingly,


   x L  =  x N  + ( i − 1 ) ×  l p   



(11)






  N T  S  l e f t   = f l o o r (    x L     l  s p     )  



(12)






  N T  S  r i g h t   = f l o o r (    x L  +  τ m     l  s p     )  



(13)






   P a  =    μ 0  L  w t   g   



(14)






   P b  =   2  μ 0  L  π  ln  (  1 +   π  w s    4 g    )   



(15)







Combining the above equations, the air gap permeance    P N   (   x N   )    corresponding to the PM of the N-side rotor in the CPHES machine at any position is obtained as


   P N   (   x N   )  =   ∑  i = 1   N p     P i     (   x N   )   



(16)







Thus, the cogging torque    T  c o g N     generated by the N-side is


   T  c o g N   =  1 2     Φ 2     P N  (  x N  )     d  P N  (  x N  )   d  x N      d  x N    d θ    



(17)







The method of analyzing the cogging torque corresponding to the S-side of the CPHES machine is roughly the same as that of the N-side. Because the S-side PM corresponds to the position of the N-side iron pole in space, as shown in Figure 5, when analyzing the S-side cogging torque, the left arc of the first PM S-pole can be defined as xs in the rotor reference system, which can be expressed in the plane position as


   x s  =  x N  + l p  



(18)







According to the above analysis method of the N-side, the air gap permeance    P s  (  x s  )   corresponding to the PMs on the S-side can be obtained as


   P S   (   x S   )  =   ∑  i = 1   N p     P i     (   x S   )   



(19)







Then, the cogging torque    T  c o g S     generated by the S-side is


   T  c o g S   =  1 2     Φ 2     P S  (  x S  )     d  P S  (  x S  )   d  x S      d  x S    d θ    



(20)







The total cogging torque    T  c o g     of the CPHES machine can be obtained by adding the cogging torque corresponding to the N-side and the S-side.


   T  c o g   =  T  c o g N   +  T  c o g S    



(21)









4. Verification


4.1. Dimensional Parameters


To verify the accuracy of the proposed analytical method for calculating the CPHES machine cogging torque, four CPHES machines with different slot/pole combinations were selected as examples for verification. Those combinations include 24-slot/2-pole, 24-slot/4-pole, 24-slot/8-pole and 24-slot/16-pole. Four machine models with different slot/pole combinations were established by analytical methods and 3D FEM. The main parameters of the four models are listed in Table 1.




4.2. Comparison of Calculation Results


The cogging torque of the CPHES machine calculated by the FEM and analytical method is consistent under different pole/slot combinations, as shown in Figure 8.



The comparison chart of the CPHES machine cogging torque is calculated by the analysis method and FEM. The analytical method can correctly and rapidly calculate the amplitude and period of the cogging torque of each pole/slot combination, and its analytical accuracy is immensely consistent with the finite element numerical solution. Compared with the traditional FEM, the analytical method does not need to consider the calculation errors caused by the grid division of the motor model, the complicated magnetic poles, and the motor structure. It also economizes considerable time and energy investment to improve the calculation efficiency.



In short, the analytical method proposed in this paper has exceptionally high accuracy and is an efficient method for calculating the cogging torque of a motor.




4.3. Experimental Verification


In this paper, the proposed analytical method for calculating cogging torque was verified by experiments, and a cogging torque measurement platform was built, as shown in Figure 9. In this platform, the prototype is a 24-slot/8-pole CPHES machine, and the specific parameters of the motor are shown in Table 1. The measuring range of the torque sensor is 300 mNm.



The measured cogging torque of the CPHES machine is compared with the FEM and analytical methods. The comparison outcomes are shown in Figure 10.



The experimental results and the cogging torque results obtained by the FEM and analytical methods are consistent in amplitude and frequency, which further verifies the effectiveness of the analytical method proposed in this paper.





5. Discussion


The cogging torque of the CPHES machine under different pole/slot combinations and structural parameters can be rapidly determined by the analytical method. For example, in Figure 11, when the rotor and magnetic pole structure remain unchanged, the effect of different slot numbers on the CPHES machine cogging torque can be quickly judged.



As shown in Figure 11a, the cogging torque of the 6-slot/2-pole motor is notably more significant than that of other motors with pole/slot combinations. Similarly, in Figure 11b,c, the cogging torque of the 36-solt/4-pole and 48-solt/8-pole motors is significantly lower than that of other motors with the same number of poles.




6. Conclusions and Further Research


Considering the limitations of the FEM in analyzing the cogging torque generated by the complex rotor poles and stator cogging structure of a CPHES machine, this paper proposes an accurate cogging torque calculation model for the CPHES machine. In this paper, four CPHES machines with different pole/slot combinations are used as examples, and the FEM and analytical method are used to calculate the cogging torque of the motor. The two calculation results are highly consistent, indicating that the cogging torque of the CPHES machine can be precisely obtained by using this calculation model. Because the calculation correctness of the FEM is very dependent on the model meshing, compared with the FEM, this method is far superior to FEM in terms of efficiency when the calculation accuracy is similar. Taking the 24-slot/8-pole CPHES machine as an example, about the time to calculate the cogging torque of one period, the proposed analytical method takes 0.45 s, and the 3D FEM takes 18 h. To further verify the practicability of the analytical method, this paper also built a cogging torque measurement platform for the CPHES machine. The measurement results are highly consistent with the calculation results of the analytical method.



In addition, this paper uses the analytical method to calculate the cogging torque of several common pole/slot combination CPHES machines. The analysis results show that under certain structural parameters, the cogging torque of a particular pole/slot combination motor is significantly lower than that of other pole/slot combinations, which provides an important theoretical basis for the cogging torque optimization and structural design of CPHES machines in the future. As a future extension of our work, this method will be applied to analyze cogging torque of CPHES machines with different PM shapes.
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Figure 1. Structure of CPHES machine. 
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Figure 2. Spatial phasor diagrams of MMFs in HEMs. (a) Demagnetization in traditional HEMs; (b) Magnetization in traditional HEMs; (c) Demagnetization in CPHES machine; (d) magnetization in CPHES machine. 
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Figure 3. The air-gap flux distribution in a 6-slot/2-pole CPHES machine. 
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Figure 4. The flux Φall and Φpm in a period of cogging torque. 
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Figure 5. Rotor space position. 
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Figure 6. Calculation process. 
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Figure 7. Air gap permeance model. 
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Figure 8. Cogging torque calculation results of CPHES machine: (a) 24-slo t/2-pole; (b) 24-slot/4-pole; (c) 24-slot/8-pole; (d) 24-slot/16-pole. 
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Figure 9. Cogging torque measurement platform. 
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Figure 10. Comparison of experimental results. 
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Figure 11. Cogging torque calculation results for the different number of slots. (a) 2-pole; (b) 4-pole; (c) 8-pole motors. 
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Table 1. The main parameters of the four models.
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	Parameter
	Value
	Parameter
	Value





	Outer diameter of stator core [mm]
	61
	Stator core length [mm]
	85



	Stator core inner diameter [mm]
	34.5
	Rotor core outer diameter [mm]
	30



	Stator yoke thickness [mm]
	4
	Rotor core inner diameter [mm]
	12



	Stator tooth width [mm]
	4.606
	Rotor yoke thickness [mm]
	18



	Air gap length [mm]
	2
	Axial length of yoke [mm]
	290



	PM thickness [mm]
	2.5
	Axial length of rotor shaft [mm]
	60



	Pole-arc coefficient
	0.85
	Axial length of rotor [mm]
	85



	Axial length of PM [mm]
	85
	Axial length of iron pole [mm]
	85
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