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Abstract

:

A permanent magnet synchronous motor (PMSM) has advantages in applications such as electric vehicles and all-electric-aircraft because of its inherent characteristics of high power density. In order to further improve its power density, this paper proposes a novel rotor structure with a magnetic stripe, based on the “dual stator + Halbach array” topology of the PMSM, which leads to a PMSM with greater power density. Then, this paper proposes characteristic parameters such as the external air gap proportional coefficient K1 and the internal air gap proportional coefficient K2 of the novel rotor structure, and establishes the torque analysis model of the novel rotor structure and the corresponding motor. Simulation results show that the novel rotor structure can increase the average torque. Then, this paper establishes an optimization model, in which K1 and K2 are taken as optimization variables, a torque fluctuation of no more than 5% is set as a constraint, and the maximum average torque is set as the optimization goal. The results show that the optimized novel rotor structure with magnetic stripe can significantly improve the torque performance of the PMSM, and the optimization method proposed is efficient.






Keywords:


PMSM; novel rotor structure with magnetic stripe; air gap proportional coefficient; power density












1. Introduction


The permanent magnet synchronous motor (PMSM) is widely used in the electric vehicle industry due to its inherent characteristics of high power density [1]. In recent years, it has also received considerable attention in the field of more-electric-aircraft or all-electric-aircraft [2,3].



Torque density and torque fluctuation are two important parameters for measuring the performance of the PMSM. Under the premise that the torque fluctuation is less than a certain value, the larger the average torque, the better the performance of the motor. Among the factors that affect the torque performance of the PMSM, the fundamental wave amplitude of the radial component of the air gap magnetic flux density is generally proportional to the output torque, and it has a strong relationship with the waveform and amplitude of the radial component of the air gap magnetic flux density. If the waveform of the radial component of the air gap magnetic flux density can be improved to make it closer to a sinusoidal shape, or the amplitude of the radial component of the air gap magnetic flux density is increased, or even if the amplitude is greatly increased while sacrificing some sinusoidal shape, the fundamental wave amplitude of the radial component of the air gap magnetic flux density can be increased; the improvement of the fundamental wave amplitude of the radial component of the air gap magnetic flux density has always been the focus of research at home and abroad.



The amplitude and waveform of the air gap magnetic flux density are mainly determined by the magnetic field generated by the stator winding and the magnetic field generated by the permanent magnets. Therefore, the arrangement of the permanent magnets and the permanent magnet core of the rotor is very important for the torque performance of the PMSM. From the perspective of the arrangement of the permanent magnets, the main topological structures of the permanent magnet motor rotors include an interior permanent magnet machine (IPM), a surface mounted permanent magnet machine (SMPM), a heterogeneous pole permanent magnet machine (HPM), and an asymmetric salient surface mounted permanent magnet machine (APM) [4].



The permanent magnets of the IPM are embedded in the rotor, and are arranged in a circumferential direction to form a multi-pole motor [4]. Two adjacent permanent magnets with opposite N–S magnetic poles form one pole of the rotor. The arrangement of permanent magnets has evolved from a “ V ” type to a “   V ¯   ” type or even a “   W ¯   ” type [5], and the structural parameters have also been continuously optimized. The amplitude of the air gap magnetic flux density of the PMSM has been further improved with the help of high-performance rare earth permanent magnets [6,7]. Based on the IPM, some scholars use mechanical structures to dynamically change the position of the magnetically permeable material to dynamically improve the waveform and amplitude of the air gap magnetic density [8], so as to achieve good results.



The permanent magnets of the SMPM are installed on the surface of the rotor, and the magnetization direction of the permanent magnets in the traditional structure is arranged along the radial direction or in the direction opposite of the rotor [4,9]. A Halbach permanent magnet array is often used to increase the amplitude of the air gap magnetic density because its magnetic flux can be superposed on one side [10,11,12]. In recent years, the outer rotor permanent magnet synchronous motor with a Halbach array has gained the advantages of high air gap magnetic flux density and high speed, and has gradually attracted the attention of researchers and motor manufacturers [13,14,15]. In order to further improve the air gap magnetic density amplitude or waveform, some scholars started from the air gap magnetic field source, that is the permanent magnets. They divided the permanent magnets corresponding to each pole into several magnetic subassemblies, and then optimized the structural parameters such as quantity and thickness of the permanent magnets, the circumferential span of the permanent magnets, and depth of the base, which improved the air gap flux density waveform formed by the permanent magnets and resulted in the HPM [16]. The HPM can be regarded as a result of differentiating the permanent magnets and cores on the surface of an SMPM and optimizing the structural parameters. Other scholars started from the magnetic flux transmission path, reducing the magnetic resistance. They kept the arrangement of the rotor permanent magnets unchanged, and installed a trapezoidal iron core structure on the side of the permanent magnet while retaining the air area between the poles, and then optimized the parameters of the trapezoidal iron core structure, which improved the amplitude of the magnetic flux density formed in the air gap by the permanent magnets and resulted in an APM [17]. Compared with a SMPM, an APM has more structural parameters. After optimization, the number of permanent magnets can be reduced, and the output torque of the motor can be increased, thereby improving the power density of the PMSM. Moreover, it is needed to calculate the output torque for the PMSM with improved structure. Theoretical analysis is used for such calculation for a simple motor structure [18], while Finite Element Applications (FEA) is used for the complicated structures, such as for the flux-assisted spoke-type permanent magnet synchronous motor [7], the in-wheel motor [19] and other types of motors [20,21]. FEA is effective and reliable for simulating the magnetic field of motors as was proved by experiment in [7] and [19,20,21].



The above research shows that the improvement of the rotor structure is an important way to improve the torque performance of the PMSM, and exploring the new structure of the rotor has also become a research hotspot. In the above studies, whether it concerns the interior permanent magnet rotor structure or the surface-mounted permanent magnet rotor structure, there is no solid structure in the air gap that is located between the permanent magnet cylinder and the stator, therefore, when the theoretical analysis is carried out with a small air gap thickness, the radial component of the air gap magnetic flux density can be assumed to be a constant value [18]. The improvement of rotor structure is made to improve the amplitude and waveform of the radial component of magnetic flux density of the air gap as a whole, and good results were achieved. The thickness of the air gap should increase in consideration of factors such as heat dissipation and difficulty in manufacturing, however, the amplitude of air gap magnetic flux density will be reduced accordingly. In order to avoid a large decrease in the amplitude of the air gap magnetic flux density with increasing thickness of the air gap and to improve the waveform of the air gap magnetic flux density, a novel rotor structure is proposed in which magnetic stripes that extend into the air gap are installed between the rotor permanent magnets. The rotor structure of the surface-mounted permanent magnet synchronous motor is taken as an example for simulation analysis and structural parameter optimization.




2. Novel Rotor Structure with Magnetically Conductive Strips


2.1. Analysis of the Existing Rotor Structure Characteristics of SMPM


The rotor of a traditional surface mounted permanent magnet synchronous motor is composed of a shaft, a rotor backiron, a magnetically inert region and a permanent magnet [6]. The shaft is generally a solid shaft made of low-permeability material, the rotor backiron is a hollow shaft made of high-permeability electrical steel, and the magnetically inert region is used to isolate the shaft and rotor backiron. The radially magnetized permanent magnet segment is firmly fixed on the rotor backiron. The width of the permanent magnet is 2πα/p, where α is the pole arc coefficient and p is the number of pole pairs. The entire rotor is separated from the stator by an air gap.



For the SMPM, in addition to the above-mentioned radial magnetization arrangement, the most common type is the Halbach array arrangement. The magnetization direction of the permanent magnets of the Halbach array is not limited to the radial direction, which results in superposition of magnetic flux on one side [22]. Therefore, the Halbach array can significantly increase the magnetic density amplitude in the air gap and improve its sinusoidal property. In recent years, in order to further increase the power density of the PMSM, the external rotor permanent magnet synchronous motor with a Halbach array has appeared. It can both generate a higher amplitude of air gap magnetic flux density and higher speed, however, the heat dissipation must be considered when the power density increases, so a heat sink and forced air cooling was used to enhance heat dissipation [13,14].



There is a rotor and a stator in the motors described above, in fact, the radial flux permanent magnet synchronous motor also has other structures, such as one stator between two rotors, one rotor between two stators, or even multi-stage rotor-stators. Compared with the traditional motor structure described above, they have one or more sets of output torque, so their output torque is significantly increased under the same conditions [23,24].




2.2. Novel Rotor Structure and Work Principle


When the theoretical analysis of the magnetic circuit of the SMPM is carried out with a small air gap thickness, the radial component of the air gap magnetic flux density can be assumed to be a constant value. Therefore, the two-dimensional distribution of air-gap magnetic flux density is simplified to a one-dimensional problem where the air-gap magnetic flux density only changes with the electrical angle, which is convenient for analysis. In fact, when the thickness of the air gap is increased by taking into consideration factors such as heat dissipation and difficulty in manufacturing, and especially the compact structure of the motor, there is no better way of heat dissipation except for forced air cooling by means of an air gap. The amplitude of the air gap magnetic flux density decreases accordingly, and the radial component of the air gap magnetic flux density is no longer a constant value in the radial direction. The radial component of the air gap magnetic flux density is small at both ends of the air gap and large in the middle, and the position of its peak is determined by factors such as the stator magnetic field waveform, rotor magnetic field waveform and their relative strength. In order to avoid a large decrease in the amplitude of the air gap magnetic flux density when increasing the thickness of the air gap and to improve the waveform of the air gap magnetic flux density, a novel rotor structure is proposed in which magnetic stripes are installed between the rotor permanent magnets and extend into the air gap.



The stripe of structure occupies the air area between the permanent magnets of the rotor of the traditional SMPM with high permeability material and makes it extend into the air gap. Therefore, the magnetic flux generated by the permanent magnet can directly reach the inside of the air gap by means of a magnetically conductive strip made of a high permeability material, which indirectly reduces the air gap thickness while ensuring good heat dissipation conditions. Because the magnetic permeability of the magnetic stripe is much larger than that of air, the amplitude of the air gap magnetic flux density can significantly increase. In addition, in order to further increase the output torque, the structure with one rotor between two stators is used in this paper. As shown in Figure 1, the rotor is composed of an inner permanent magnet, an inner permanent magnet core, a magnetic isolation zone, an outer permanent magnet core and an outer permanent magnet, in order from the the inside to the outside. Among them, the permanent magnets are arranged in the form of a Halbach array. The permanent magnet core has a small thickness and is made of high permeability materials. The magnetic-isolation zone is made of low-permeability materials, which minimizes the coupling relationship between the torque generated at the inner gap and the torque generated at the outer gap. In addition, the rotor structure should also include some auxiliary structures, such as the rotor support structure and permanent magnet fixing structure, and the path of the torque output.




2.3. Structural Parameters and Characteristics


In order to accurately describe the structure of the magnetic stripe between the two adjacent permanent magnets of the rotor, this paper defines two structural parameters. They are called the external air gap proportional coefficient K1 and the internal air gap proportional coefficient K2, which are defined as follows:


   K 1  =    δ  o u t      g  o u t      



(1)






   K 2  =    δ  i n      g  i n      



(2)







As shown in Figure 2, δout is the length of the outer magnetic stripe above the outer permanent magnet and gout is the thickness of the outer air gap; similarly, δin is the length of the inner magnetic stripe above the inner permanent magnet and gin is the thickness of the inner air gap.



Compared with the conventional SMPM, this structure improves the rotor structure and keeps the stator structure unchanged. In fact, the geometric shape of the magnetic strip end that extends into the air gap and the width of the magnetic strip in the circumferential direction are all closely related to the torque performance of the PMSM. The geometric shape of the magnetic stripe selected in this paper is a sector shape on the axial section of the motor, and the width of the magnetic stripe in the circumferential direction is equal to the circumferential width of gap between the two adjacent permanent magnets.





3. Modeling and Analysis of PMSM with Magnetic Stripe on Rotor


3.1. Modeling of PMSM with Rotor with Magnetic Stripe Structure


In order to study the torque performance of the motor, this paper first establishes a three-dimensional structure model of the stator and rotor of the radial flux permanent magnet synchronous motor. The main structural parameters are shown in Table 1. It is worth pointing out that a larger air gap thickness is necessary due to insufficient stiffness of the dual air gap structure—a 2.5 mm gap length is taken as an example.



When COMSOL Multiphysics is used in simulation calculations, in order to correctly solve the output torque of the three-dimensional model, after determining the structural parameters of the three-dimensional model of the PMSM, it is necessary to determine its electromagnetic parameters and set the physical field, then add the necessary continuity conditions and set the rotor speed, and finally mesh and use the Maxwell tensor equation built into COMSOL Multiphysics to obtain the torque and magnetic flux density distribution of the motor model. The electromagnetic parameters of the PMSM are shown in Table 2.



In order to speed up calculations, the 1/4 sector form is used. Then the characteristics of the circumferential periodic arrangement on the motor structure are fully utilized, and with the built-in periodic conditions of the software, the complete torque output and the complete magnetic flux density distribution can be obtained.




3.2. Torque Calculation and Comparative Analysis


In order to correctly evaluate the output torque performance of PMSM, two general indicators are used to describe the magnitude and fluctuation of the output torque. They are called the average torque Trms and the torque fluctuation Trip, which are defined as follows:


   T  r m s   =      ∫  t 1   t 2     T t  d t      t 2 − t 1    



(3)






   T  r i p   =    T  max   −  T  min      T  r m s     × 100 %  



(4)







In the Equations (3) and (4), Tt is the time-varying torque, Tmax is the maximum torque in this period, and Tmin is minimum torque in this period.



The larger the Trms, the stronger the drive capacity of the motor. The smaller the Trip, the smoother the output torque of the motor, that is, the larger the Trms while the smaller the Trip, the better the torque performance of the motor.



In order to analyze the influence of the novel rotor structure on the torque performance of the PMSM, a simulation calculation was performed based on the torque analysis model of the PMSM established above. As shown in Figure 3, the output torque of the motor model without the magnetic stripe structure is shown in the red line. In the motor model with the magnetic stripe structure, K1 and K2 are taken as 0.55, and its output torque is shown in the green line.



According to Equations (3) and (4), Table 3 can be obtained by processing the original time-varying torque data shown in Figure 3.



As can be seen from Table 3, compared with the average torque of the non-magnetic stripe structure, the average torque of the PMSM with the magnetic stripe structure increases by 5.87%, and the torque fluctuation of the PMSM with the magnetic stripe structure increases by 2.9%. It shows that the novel rotor structure can significantly enhance the power density of the PMSM. The parameter combination (K1, K2) has a direct impact on torque performance. In order to further suppress the torque fluctuation while increasing the average torque, it is necessary to analyze the coupling relationship between K1 and K2 and their influence on torque performance, or even optimize the parameter combination (K1, K2).





4. Torque Performance Analysis of Novel Rotor Structure


4.1. Analysis of the Coupling Relationship between the Air Gap Proportionality Coefficients


The magnetic flux density distribution map can be obtained by the torque analysis model of the PMSM, as shown in Figure 4. The radial component of the magnetic flux density along the rotor circumferential direction at the centerline of the magnetic isolation zone can be obtained by measurement, as shown in Figure 5. It can be seen that the magnetic flux density of the magnetic isolation zone is extremely small and its peak value at the center line of the magnetic isolation zone does not exceed 3 × 10−4 T, which is negligible compared to the peak value of the air gap magnetic flux density. That is, the result of the magnetic isolation zone is good, and there is almost no magnetic leakage between the internal permanent magnets and the external permanent magnets. Therefore, it can be considered that there is no coupling relationship between K1 and K2; they are two independent variables.




4.2. Relationship between Air Gap Proportional Coefficient and Torque Performance


For the convenience of description, in this paper, the torque generated between the outer stator and the outer permanent magnets of the rotor can be defined as the external torque, and the torque generated between the inner stator and the inner permanent magnets of the rotor can be defined as the internal torque. Since K1 and K2 are two independent variables, the relationship between K1 and the average torque and the torque fluctuation of the external torque, and the relationship between K2 and the average torque and torque fluctuation of the internal torque can be studied separately. When studying the effect of K1 on the external torque performance, the remanence of the inner permanent magnets and the current of the inner stator winding can be set to 0, so the data of the external torque change with time can be obtained; that data can be processed to get the average torque and torque fluctuation of external torque. Then the value of K1 can be changed to get the torque performance under different K1, and finally fit the sampling data to get the relationship between K1 and the performance of the external torque, as shown in Figure 6. Similarly, the relationship between K2 and the performance of internal torque can be obtained, as shown in Figure 7.



Looking at Figure 6 and Figure 7, it can be seen that the average external torque has a maximum value when K1 falls near 0.35, and at the same time, the fluctuation of external torque is small. The average of internal torque has a maximum value when K2 falls near 0.55, at the same time, the fluctuation of internal torque is small. In order to further obtain the optimal combination of K1 and K2, it is necessary to continue to do parameter optimization.





5. Structural Parameter Optimization of Novel Rotor Structure


5.1. Optimization Model and Procedure


K1 and K2 are characteristic parameters for the rotor, which are defined in Section 2.3 as shown in Figure 2, and there is no coupling relationship between them, as mentioned in Section 4.1. Each one has its own effect on the average torque and the torque fluctuation of the dual stator motor respectively according to the analysis in Section 4.2 above. In Section 3.2 above, it can be seen that the driving capacity of the motor becomes stronger as the average torque increases, and the output torque of the motor becomes smoother as the torque fluctuation decreases. Therefore, there is a combination of characteristic parameters for the dual stator motor to make the average torque of the dual stator motor become larger and the torque fluctuation less. Under the premise that the torque fluctuation is less than a certain value, the larger the average torque, the better the torque performance of the motor. At the same time, considering that K1 and K2 are two independent variables, when the structural parameters of the novel rotor structure are optimized, K1 and K2 are taken as optimization variables, torque fluctuation of the total torque of no more than 5% is taken as a constraint, and the maximum average torque is taken as the optimization goal. The corresponding optimization procedure is as follows:




	(1)

	
Draw three-dimensional fitting graph of K1 and K2 and the average torque of the total torque, and the three-dimensional fitting graph of K1 and K2 and the torque fluctuation of the total torque. Since K1 and K2 are two independent variables, and the data of the internal torque and external torque change over time, the internal torque and external torque can be added based on time, and then the average torque of the total torque and torque fluctuation of the total torque under the combination of (K1, K2) can be obtained according to the Equations (3) and (4) Finally, the three-dimensional fitting graph of K1 and K2 and the average torque of the total torque can be obtained, as shown in Figure 8. Similarly, the three-dimensional fitting graph of K1 and K2 and the torque fluctuation of the total torque can be obtained, as shown in Figure 9.




	(2)

	
Get the feasible region X. Add the constraint Trip ≤ 5% based on the previous steps; the feasible region X of (K1, K2) can be obtained, as shown by the white area in Figure 10.




	(3)

	
Get the optimal solution. The maximum value    T  max  ∗    in the corresponding value range can be obtained, when the feasible region X is taken as the definition domain, by the graphical method shown in Figure 10, in which the contours of average torque can be used to find the maximum value in the feasible region X, or by numerical method. The maximum value of the average torque of the total torque is obtained when Trip ≤ 5% is satisfied.










5.2. Optimization Results and Verification


According to the optimization model, the optimization results can be obtained, as shown in Equation (5):


   {     T  max  ∗  = 12.9730 N · m      (   K 1 *  ,  K 2 *   )  =  (  0.35 , 0.5560  )       T  r i p  ∗  = 5 %     .  



(5)







Then, the optimal combination of (K1, K2), that is (0.35, 0.5560), is used to establish the torque analysis model of the verification experiment according to Section 3, and the result of the verification experiment is shown in Figure 11. Then the comparison of the result of optimization and the verification experiment can be obtained according to Equations (3) and (4), as shown in Table 4.



As shown in Figure 11 and Table 4, the result of the simulation verification experiment shows that the average torque at (K1, K2) = (0.35, 0.5560) is 12.9244 N·m, and the corresponding torque fluctuation is 3.74%, that is, the relative error between the simulation verification result and optimization result is 0.38%, and the torque fluctuation of the verification experiment is less than the torque fluctuation of optimization. It can be seen that the optimization results are in good agreement with the simulation results.



The effect of parameter optimization on the performance of torque can be obtained, as shown in Table 5. After parameter optimization, the average torque can be improved by 28.89% and the torque fluctuation can be reduced by 52.42%. In the example, the thickness of the air gap is taken as 2.5 mm; when the thickness of air gap is taken smaller, the average torque can be increased, but its increment can be reduced.





6. Conclusions


This paper proposes a novel structure with a magnetic stripe based on the “dual stator + Halbach array” topology of the PMSM for enhancing power density. The basic correlation of the engine parameters and the resulting torque are obtained. The study of engine performance was done using analytical calculations and COMSOL Multiphysics. Optimization of the proposed construction was performed in which the maximum average torque was the goal function, and the fluctuation of the torque was a limitation, as a result of which the main design parameters are obtained. The research results are concluded as follows:




	(1)

	
The structure of the rotor with magnetic stripes has a significant effect on the improvement of the average torque of the motor. Compared with the average torque of the non-magnetic stripe structure, when the magnetic stripe structure is taken as K1 = K2 = 0.55, the average torque increases by 5.87%.




	(2)

	
The relationship between the air gap proportional coefficient and the torque performance is very close, and the average torque of the external and internal torque has a peak value. When the external air gap proportional coefficient K1 falls near 0.35, the average torque of the external torque reaches a peak value, and when the internal air-gap proportional coefficient K2 falls near 0.55, the average torque of the internal torque reaches a peak value, as shown in Figure 6 and Figure 7.




	(3)

	
The optimization method is proposed for a novel rotor structure with magnetic stripes. Take K1 and K2 as optimization variables, and take Trip as the total torque with no more than 5% as a constraint, and take the maximum average torque as the optimization goal. The optimization results show that under the premise that Trip ≤ 5%, the average torque of the PMSM with magnetic stripes has the biggest increase when (K1, K2) = (0.35, 0.5560). It can reach 12.9244 N·m, increases by 28.89% compared with the average torque of the PMSM without optimization, and the optimization method proposed is efficient. After parameter optimization, the power density of the PMSM was further enhanced. In the example, the thickness of the air gap is taken as 2.5 mm, when the thickness of the air gap is taken to be smaller, the average torque can be increased, but its increment can be reduced.









These results were obtained by FEA, which has been proven to be effective and reliable for simulating the magnetic field of motors in [7] and [19,20,21]. It is worth pointing out that the novel structure proposed in this article may increase the complexity of the rotor structure, and experiments need to be enriched.
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Figure 1. Structure of the PMSM with a magnetic stripe in the rotor. 
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Figure 2. Partial view at A. 
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Figure 3. Effect of the magnetic stripe structure on the time-varying torque. 
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Figure 4. Magnetic flux density distribution. 
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Figure 5. Magnetic flux density at the center line of the magnetic isolation zone. 
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Figure 6. Relationship between K1 and the performance of the external torque. 
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Figure 7. Relationship between K2 and the performance of the internal torque. 
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Figure 8. Three-dimensional fitting diagram of the average torque. 
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Figure 9. Three-dimensional fitting diagram of the torque fluctuation. 
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Figure 10. The contour of the average torque in the feasible region X. 
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Figure 11. Time-varying torque of the simulation verification experiment. 
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Table 1. Structural parameters of three-dimensional model of the PMSM.
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	Parameter Name
	Value





	Inner diameter of external stator
	121 mm



	Cogging depth of inner and outer stator
	16 mm



	Cogging width of inner and outer stator
	10°



	Thickness of outer air gap
	2.5 mm



	Thickness of outer permanent magnet
	10 mm



	Thickness of outer permanent magnet core
	8 mm



	Thickness of magnetic isolation zone
	6 mm



	Thickness of inner permanent magnet core
	8 mm



	Thickness of inner permanent magnet
	10 mm



	Width of inner and outer permanent magnet
	8°



	Thickness of inner air gap
	2.5 mm



	Inner diameter of internal stator
	46 mm



	Axial length
	10 mm



	Width of inner and outer magnetic stripe
	1°



	External air gap proportional coefficient K1
	0.05–0.58



	Internal air gap proportional coefficient K2
	0.05–0.58
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Table 2. Input electromagnetic parameters of the PMSM.
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	Parameter Name
	Value





	Peak current of stator winding (I_max)/A
	100



	Current density of stator winding (J)/A/mm2
	10



	Remanence of permanent magnet (Br)/T
	1.2



	Speed (n)/rpm
	3000



	Electrical frequency of stator winding/Hz
	500



	Poles/slots
	20/24
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Table 3. Torque performance comparison of motors with or without magnetic stripe structure.
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	Performance
	Rotor without Magnetic Stripe
	Rotor with Magnetic Stripe





	Trms/N·m
	9.4712
	10.0274



	Trip/%
	7.80
	8.03
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Table 4. Comparison of the result of optimization and the verification experiment.






Table 4. Comparison of the result of optimization and the verification experiment.





	Performance
	Result of Optimization
	Result of Verification Experiment
	Relative Error





	Trms/N·m
	12.9730
	12.9244
	0.38%



	Trip/%
	5.00
	3.74
	-
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Table 5. The effect of parameter optimization.






Table 5. The effect of parameter optimization.





	Performance
	Before Optimization

(K1 = K2 = 0.55)
	After Optimization

(K1 = 0.35, K2 = 0.5560)
	Improvement





	Trms/N·m
	10.0274
	12.9244
	28.89%



	Trip/%
	8.03
	3.74
	−52.42%
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