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Abstract

:

In electric motors, the use of rare-earth magnets has been increasing rapidly. A stronger magnet force of the magnet enables the motor’s higher performance, resulting in the most high-performance motors generally using rare-earth magnets. However, these magnets have two crucial disadvantages: the potential restrictions on the supply of rare-earth magnetic materials and the sharp fluctuation in price. Thus, many recent researches focus on developing high-performance electric motors and reducing the use of critical rare-earth magnets. By increasing the torque density of the motor, we can reduce the use of permanent magnets. Focusing on this point, and we presented a double half permanent magnet (DHPM)-type vernier motor. This paper proposed a new saddle coil permanent magnet vernier motor with improved performance compared to its predecessor. The main feature of the proposed motor is that the permanent magnet and coil in the stator of a DHPM-type vernier motor is replaced by salient poles and saddle coils, respectively. We also investigate its characteristics through various simulations.
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1. Introduction


With the advancement of the latest high-performance rare-earth magnetic materials, permanent magnet (PM) motors are becoming increasingly popular in various applications ranging from electric and hybrid electric vehicles, and renewable energy systems including wind generators, electric aircraft, and industrial drives. In general, PM motors have two significant advantages. The one is its compact size, and the other is high power density. Due to these advantages, many studies have been conducted on the PM-type vernier motor as a direct-drive motor without a reducer. They provide maintenance-free operation in various applications. In particular, PM plays an essential role for the motor and significantly contributes to improving performance. A stronger magnet force of the magnet enables the motor’s higher performance, resulting in the most high-performance motors generally using rare-earth magnets. However, these magnets have two crucial disadvantages: the potential restrictions on the supply of rare-earth magnetic materials, the sharp fluctuation in price, and the environmental pollution crisis [1,2,3].



Improving the motor’s torque density is the most critical way to reduce the use of PMs significantly. There is also a way to use a high-torque vernier motor at low speeds [4,5,6,7,8,9,10]. A permanent magnet vernier machine with concentrated windings can offer high torque capability at low speed while reducing the number of slots and thus copper loss. In order to improve the power density, the vernier reluctance machine incorporates PMs to provide the excitation, thus becoming the PM vernier (PMV) machine, which includes the single-excitation PMV (SE-PMV)-type [6,8] and the dual-excitation (DE-PMV)-type [7]. The motor designs with PMs on the stator side have been proposed to extend the operational speed range and to decrease the inductance of the electromagnet. However, for the electromagnets, when a three-phase alternating current is applied to the coil at the constant magnetic poles, a short magnetic flux is generated, and there is less increase in performance compared to when a permanent magnet is added to the stator electromagnet because the permanent magnets are fixed. H. Kakihata presented a surface permanent magnet (SPM)-type vernier motor. H. Zhang presented a comparative study of a double-sided toroidal-winding linear PM vernier machine. Among these vernier motors, the design with PMs on both a rotor and a stator, that is, a double half vernier motor, has the highest power density. In particular, we already studied the design with PMs on both the rotor and stator sides and presented a double half permanent magnet (DHPM)-type vernier motor that has a high power density among the other vernier motors [11].



In a previous study [11], we presented the research results that can decrease the number of permanent magnets required in the motor by improving the torque characteristics using a DH vernier motor as a direct-drive system. The research proposed that a new half vernier PM motor is promising as a direct-drive motor. This paper focuses on this point and further improved the torque performance and energy density. It presents a new DHPM vernier motor in which the permanent magnet on the stator is replaced by a salient pole and a saddle coil. As a result, the torque was increased to 4.92 N·m in the proposed motor under the same conditions, compared to 3.85 N·m in its predecessor presented in [11]. The motor’s space volume ratio was also improved by 12% compared to the predecessor. In addition, we use finite element analysis to verify the improved characteristics for torque and energy density of the motor in this paper.



The remainder of this paper is structured as follows: Section 2 discusses works related to the structure and principle of DHPM-type vernier motor. Next, Section 3 shows the performance comparison between the predecessor and the proposed DHPM-type vernier motor. Section 4 presents the comparison of specifications, and it also presents the results and discussion. Finally, Section 5 presents research conclusions and suggestions for future work.




2. Structure and Principle


2.1. A DHPM-Type Vernier Motor


A previously presented DHPM vernier motor, referred to as the predecessor model, is illustrated in Figure 1. Compared to the typical SPM-type vernier motors, a DHPM-type vernier motor has major structural features. It has one half of the magnet in the rotor and the other half of the magnet in the stator. This architecture lets the magnetic flux flow smoothly and increases the torque constant compared to the conventional SPM-type vernier motor.



In the DHPM-type vernier motor, the rotor magneto-motive force (MMF) of the PM (10th order) is modulated by the 12th-order magnetic flux change in the stator. This modulation generates a secondary magnetic flux density distribution in the air gap. Simultaneously, the stator MMF of the PM (12th order) is modulated by the 10th-order permeance change in the rotor to produce a secondary magnetic flux density distribution. Consequently, the modulated rotor and stator are coupled because each side’s modulation order is the same.



A three-phase alternating current is applied to generate a second rotating magnetic field, resulting in the rotation of the rotor. A motor designed with a rotor-half vernier motor reduces the PM by half compared to the conventional SPM-type vernier motor. Similarly, a stator-half vernier motor includes a PM. It is inserted into the electromagnet based on the coil inside the stator slot. Table 1 lists the significant specifications of the DHPM vernier motor.



A conventional DHPM-type vernier motor consists of a PM-type rotor and stator. A DHPM-type vernier motor has a higher torque density than the conventional SPM-type vernier motor due to the high induced voltage. A DHPM-type vernier motor meets the two conditions given in Equations (1) and (2), as follows:


  S t − N r = N p  



(1)






  N s − S r = N p  



(2)




where




	
St: stator teeth;



	
Nr: poles of the PM of the rotor;



	
Ns: poles of the PM of the stator;



	
Nr: magnetic poles of the rotor;



	
Np: number of coil poles.









2.2. A New DHPM Vernier Motor Using Saddle Coil and Salient Pole


A DHPM-type vernier motor (the predecessor) was prepared to reduce the PMs on the rotor by half. In addition, it reduces the use of PMs on the stator by half by adding a coil-based electromagnet. The result demonstrates that the DHPM-type vernier motor exhibits higher performance than the typical SPM-type counterpart. However, it requires a large number of PMs. Previously, motors employing electromagnet coils and PMs on the stator side—that is, predecessors of this work—have been proposed [12]. Recent studies suggest a design that mounts the magnet near the tooth’s center for motors with PMs on the stator side. This method has the advantages of reducing the electromagnet inductance, increasing the torque integer, and reducing rotational speed.



Due to the fixed polarity of the PM, the motor performance does not increase as expected by generating the short-circuit flux when a three-phase alternating current flows through the stator coils. This result is the case even when the PM has been added to the stator electromagnets.



To solve this problem, in the proposed motor, we replaced the PMs in the stator with salient poles and designed them to be inclined to the shape of a stator, as depicted in Figure 2 and Figure 3, respectively. Furthermore, the stator core and salient pole are graded. Therefore, the proposed DHPM vernier motor employs a new saddle-shaped winding coil.



However, Figure 1 displays the shape of the rotor within the predecessor, replacing one of the PM magnetic poles installed in the rotor of the SPM-type vernier motor with a salient pole. The newly proposed model of the new DHPM vernier motor is also of the same construction, and the air gap between the stator and rotor is the same.



The comparison model in Figure 1 (the predecessor) is the DHPM vernier motor with PMs placed on the stator. The proposed models in Figure 2 and Figure 3 are structures arranged by replacing the PMs with salient poles. Furthermore, the salient poles and slot cores are trapezoidal.



Compared to the predecessor model in Figure 1, the proposed model in Figure 2 has the same outer diameter size, and the cross-sectional area is reduced depending on the inclination angle. Thus, the proposed model with saddle coils and salient poles has the advantage that it has greater torque than the comparison model even though it uses the same number of coil windings.



The coils of the predecessor and proposed models are wound using the same pattern, parallel to the axis. The turns of the windings are the same. Thus, the resistance on the coils is almost the same. Moreover, the proposed model reduces the volume and surface area, which proportionally decreases the magnetic resistance.



When the coils are winding to the stator of a newly designed motor, the shape is different from that of a conventional cylindrical motor. If the direction of the coil winding within the slot is called the Z-axis, the stator of the motor newly designed between Z = 0 and Z = x is inclined. The height of the coil wound around the slot by this angle increases linearly, resulting in the shape of the coil winding around the slot core of the teeth’s part being the same as that of the saddle. On the other hand, for a typical cylindrical motor, the height status of the coils in the interval between Z = 0 and Z = x, which are wound in the slot, when observed in the direction of length, is always the same. The maximum external diameter of the newly proposed motor is the same as that of the comparison model. Therefore, the outer diameter of the stator’s end, which is designed to be sloped, is reduced compared to the comparison model. Thus, the width of the coil wound here will be reduced. The coil’s width can be decrease while its height will increase, which will resemble a saddle shape as a whole. As shown in Figure 2, the magnetic path of the proposed motor is reduced. It causes to reduce the magnetic resistance and improve motor performance. A slot fill factor will be decreased by inserting an additional salient pole. In other words, a model with a salient pole will have a lower slot fill factor than a model without a salient pole. We developed a saddle-type model with an angle to reduce the resistance. In this case, the wound coil’s height is slightly higher, but additional space is obtained. It causes that the slot fill factor of the proposed model is increased compared to the model without a salient pole.



Predecessor models are arranged in a stator electromagnet with a PM (the magnetic pole is fixed), but in the structure of the proposed model, the PMs are replaced by a salient pole using the motor’s iron core. The salient pole can be various magnetized magnets, unlike PMs, contributing to the reduction in PMs and the improvement in the torque. Thus, the effect of reducing the magnetic resistance on the change in the shape of the slot core of the proposed model guarantees the increase in the number of magnetic field lines derived from that side of the slot core facing the rotor. As a result, the torque performance is improved significantly. The proposed model presented better performance, even though it has fewer PMs than the other counterparts.



The winding factor is vital as an indicator of the magnetic flux utilization. When the electrical angle is 180 degrees, the magnetic pitch and winding pitch are the same. The short pitch factors are 1 and 0.866 when the electrical angle is 180 degrees and 120 degrees, respectively. We can increase the magnetic flux utilization using PMs and magnetic substances for the salient pole without increasing the magnetic flux density. This result is caused by the winding factor with a change in the electrical angle.



Therefore, a vernier motor of 12S10P for pole pairs in the analytical model has a smaller winding factor. We considered how to increase the magnetic flux density using other factors instead of the winding factor in the motor. Figure 2 depicts the proposed model, which replaces the PM with a magnetic substance (salient pole) and a saddle coil. Additionally, Figure 4 illustrates the deployment chart. The stator structure consists of salient poles without coil windings, and the coils are wound around the center of the slot.



In the proposed rotor structure, several PMs and salient poles are installed sequentially in the circumference to rotate facing the stator teeth.



It is essential to increase the energy density, which is the ratio of output to the motor volume, to reduce the motor size and increase the output. As presented in Figure 5, the displacement value at a distance of x from the origin (0, 0) is a function of x, f(x). The area of space, S(x), generated when rotating along the x-axis is obtained from Equation (3).


  S ( x ) = 2 π × [ f ( x ) ]  



(3)







Next, the value of f(x) indicates the distance from the origin (0, 0) of the proposed motor model at the angle of “theta” in Figure 5. This value is obtained from Equation (4), and the motor volume is calculated using Equation (5).


  f ( x ) = R  s 1  − L T a n θ  



(4)






  V = 1 / 3 π     ( R  s 1  )  2  + R  s 1  R  s 2  +   ( R  s 2  )  2    L  



(5)







The predecessor’s cross-sectional area is calculated from s(x) = π{f(x)}2 at f(x) = 42 mm, and the length of the motor, L, is 35 mm. Therefore, the volume of the motor, V1, is the following:


   V 1  = π · [ f ( x ) ] · 2 L = π · ( R  s 1  ) · 2 L = π · ( 42 ) · 2 × 35 = 193 , 863.6    mm 2   



(6)







When the inclination angle θ is fixed at 7.5°, the volume of the proposed motor model, V2, is calculated as follows:


     V 2    = 1 / 3 π       42    2  + 42 × 42 tan (   7.5  ∘  ) + ( 42 tan   (   7.5  ∘  )  2    × 35      = 173 , 371.8    mm 2     



(7)







The ratio of the volume of the proposed model to the volume of the predecessor model is the following:


   V 2  /  V 1  = 173 , 371.8    mm 2  / 193 , 863.6    mm 2  × 100 % = 89 %  



(8)







From the above equations, the current density of the proposed motor model increases as the inclination angle increases. The proposed model’s motor space utilization efficiency also improved more than the previously presented DHPM vernier motor model due to the motor volume improvement.





3. Performance Comparison of the Proposed and Other Models


Table 2 presents the comparison results for the back EMF and torque according to the vernier motor classification, including the SPM vernier motor, rotor-half, stator-half, and DHPM-type vernier motors. The back EMF and torque of the stator-half PM-type vernier motor are much lower than those of the SPM vernier motor.



The DHPM vernier motor attempts to increase motor performance by installing additional PMs in the slot to combine the electromagnet’s MMF with that of the PM. However, as listed in Table 2, some performance improved but not satisfactorily. In other words, the best performance is exhibited by the DHPM vernier motor that has added PMs to the stator in the structure of the rotor, which was replaced by salient poles to reduce the PMs by half. However, the model has not achieved satisfactory performance due to the short-circuit flux. Thus, we chose this as a comparative model and proposed a new concept model.




4. Comparison of Specifications of the DHPM-Type Vernier Motor for the Proposed DHPM Vernier Motor and Compatible Model


Table 3 lists the specifications for the proposed models. If the inclination angle is 0° for the conventional model [11], the proposed model has the same structure except for the inclination angle, 7.5°. However, due to the three-phase alternating current flows, the polarity and strength of the electromagnet vary depending on the phase angle. Nevertheless, the polarity of the PM remains fixed. Therefore, the motor performance cannot be improved as expected due to a large magnetic short circuit.



As presented in Table 2, the comparison model has better performance than the other models. We cannot achieve the expected effect of increasing the magnetic flux density using PMs in the stator due to magnetic flux short circuits. The saddle coil in a motor designed with the new concept is used to minimize the motor volume with a typical cylindrical structure.



The new idea for this motor is to design the stator exterior with a slope in the direction of the motor length, as depicted in Figure 2. We can reduce the volume in the designed motor compared to conventional motors, as displayed in Figure 1. This reduction is due to shortening the length of the stator’s magnetic circuit, causing a reduction in magnetic resistance to the magnetic circuit and resulting in more efficient use of the magnetism generated by the coils installed in the stator. When the coils are winding in the stator in the newly designed motor, the shape is different from that of a conventional cylindrical motor. If the coil winding direction within the slot is on the z-axis, the stator has a new design with an inclination angle between 0 and x degrees. Thus, the coil height around the slot using this angle increases linearly, resulting in the same shape of coil winding around the slot core of the teeth part as that of the saddle.



However, a typical cylindrical motor has the same height status of the coils between z = 0 and z = x when observed in the length direction. The maximum external diameter of the newly proposed motor is the same as that of the predecessor model. Therefore, the stator’s outer diameter is sloped and reduced compared to that of the predecessor. Thus, the wound coil width is reduced.



The coil width can be decreased, whereas its height increases, resulting in an overall saddle shape. As illustrated in Figure 2, the magnetic path of the proposed motor is reduced, reducing the magnetic resistance and improving the motor performance, as indicated in Equation (9):


  B =   μ N I  L   



(9)







A longer magnetic path causes greater magnetic resistance and lower magnetic density. In contrast, a shorter magnetic path causes a greater magnetic density. In Equation (9), B denotes the magnetic field, μ is the permeability, N indicates the number of turns, I denotes the current, and L represents the length of the magnetic path. In other words, Figure 2 indicates that the length of the magnetic path is shorter than that in Figure 1, resulting in less magnetic resistance and increased magnetic density.



As presented in Figure 6, a salient pole is used to generate magnetic poles according to the electromagnet polarity. Installing the salient pole has advantages in solving the problem due to magnetic short circuits and reducing the use of PMs using rare-earth elements.



In Figure 7, we compare the inductive voltage of the SPM, DHPM, and model “with salient poles.” The induced voltage is (1) 1.24 V for the SPM vernier motor, (2) 1.61 V for the model with salient poles, and (3) 1.68 V for the DHPM motor. The comparison results indicate that the motor performance with salient poles is similar to or better than that of the DHPM.



As displayed in Figure 8, the back EMF of the inductive voltage is similar to the DHPM model with only PMs in the stator or a model with salient poles to replace the PMs. The magnetic flux in the DHPM vernier motor is more robust than that in the SPM motor. However, the generated magnetic flux is limited between the teeth and rotor because it does not move sufficiently. Figure 9 presents the magnetic flux flow that occurs when replaced by salient poles instead of a PM in the slot in the DHPM vernier motor. Moreover, the magnetic flux density and flow pattern are similar to the motor model with a salient pole.



Table 3 presents the comparison results of the performance of the SPM and proposed DHPM vernier motor using saddle coils with salient poles. The SPM and DHPM vernier motors have no slope, but the proposed DHPM vernier motor replaces the PM in the stator with the salient poles, employing an inclination angle. In addition, the coils of the predecessor and proposed model are wound in the same slot evenly. Moreover, the number of turns is the same, so resistance values are about the same.



The proposed model focuses on reducing the magnetic resistance due to the smaller space and the circumference’s smaller surface area. The inclination angle changed from 0° to 7.5°. From the comparison results, the maximum external stator diameter is 82 mm, and the motor length is 35 mm. The air gap is 0.5 mm, and the coil diameter is 0.8 mm. The external rotor diameter is 42 mm, and the thickness of the PMs is 2 mm. The inclination angle between the stator’s surface circumference and the axis of rotation of the rotor is 7.5°. In a motor, as the magnetic flux of the d-axis transmits a low permeability magnet, the inductance is low, and the magnetic flux of the q-axis passes through the iron core. Consequently, the magnetic permeability is greater, and the inductance of the q-axis is greater than the inductance of the d-axis. The d-axis and q-axis are always rotated with an angle of 90° to the electrical angle.



Figure 10 depicts the comparison results for the inductance of the d-axis and q-axis at the SPM vernier motor, the predecessor, and the proposed model. Moreover, Ld is smaller than Lq in the Ld-axis and Lq-axis, whereas Lq is larger in the proposed model than in the predecessor. The proposed model has higher torque than the predecessor model because Ld is also larger in the proposed model than in the predecessor.



Figure 11 reveals that the magnetic flux flow when the inclination angle is between the stator core’s internal circumference surface and the rotational axis is 7.5° in the presence of a salient pole of teeth. The figure indicates that the magnetic flux density significantly increased. Figure 12 depicts the flux density of (a) the DHPM vernier motor with a salient pole with a peak value of 0.7 and (b) the proposed model with a higher peak value (>0.8).



Therefore, we discovered that the proposed model creates a strong magnetic field by combining the salient poles and saddle types. The coils for both the predecessor and proposed model have the same conditions, such as the direction, shape, and number of turns. Therefore, the resistance value of the winding coil is the same. In the proposed DHPM model, the space occupied by the motor is small, and the surface area of the circumference is small, which reduces the magnetic resistance.



As a result that the slot space inside the stator limits the number of coil windings and the space factor, the inclination angle should be designed carefully with optimum values. The proposed model with a saddle coil achieves high torque because the interlinkage magnetic flux in the air gap is increased by the rate of the magnetic strength of the coil electromagnet. The density of interlinkage magnetic flux by the salient pole is also increased.



Therefore, we increase the slope angle. The simulation result reveals that the proposed model generates a higher magnetic flux density and space utilization than the predecessor model. In the proposed model, the space volume ratio is 89% of the predecessor model at an inclination angle of 7.5°. The volume decreased by 11%. Thus, the space utilization efficiency increased significantly. This simulation result demonstrates that increasing the inclination angle improves motor performance and space utilization efficiency. Consequently, the energy density per unit volume and weight have improved significantly.



In general, motor designs replacing PMs and increasing PMs instead of coils in the stator and rotor to miniaturize motors and improve motor performance are common [13,14,15,16]. A dual structure that increases the number of rotors and stators to improve performance has also been attempted [16,17,18,19]. However, the proposed model increases the slope angle by applying saddle coils and salient poles, improving performance and space utilization efficiency.



Figure 13 compares the N-T and N-I characteristics of the predecessor and proposed models. Each model is connected using a Y connection with 12 V and a coil resistance of 1.09 ohms.



We compared the proposed DHPM vernier motor (inclination 7.5°) and a typical DHPM motor [11] with a non-load rotational speed (rpm) and starting maximum torque (N∙m). Table 4 compares the performance of SPM and predecessor models to the proposed DHPM model. Torque constant, Kt, has to be the proportionality factor for a given motor current, and it is torque equivalent. T (torque) axis can also be replaced by I (current) axis accordingly. The comparison results confirm that the proposed DHPM vernier motor may produce higher torque at lower speeds than a conventional motor. The harmonic order of the 5th, 10th, and 15th sequence (T) in Figure 14 demonstrates that the proposed DHPM vernier motor has a higher value of flux density than a conventional DHPM motor. The results are summarized in Table 5.




5. Conclusions


This paper proposes a new DHPM vernier motor prepared by replacing the PMs on the stator of a conventional DHPM-type vernier motor, employing salient poles and substituting a saddle coil. We analyzed the various features of the proposed DHPM vernier motor using precise simulations.




	
The proposed model was prepared by replacing the stator’s PMs with salient poles. The analysis results demonstrate that the induced voltage is almost equal to that of the DHPM-type vernier motor prepared by adding PMs to electromagnets.



	
We prepared the proposed model by setting the inclination angle at 7.5°. The high torque of the proposed model confirms its effectiveness. The change rate in the interlocking magnetic flux of the coil increased. In addition, the area of the interlinkage magnetic flux of the silent pole increased with the change in the inclination angle. In the proposed DHPM-type vernier motor to which the angle was applied, the interlinkage magnetic flux area of the salient pole and the temporal change rate in the interlinkage magnetic flux of the stator increased by the inclination angle. Additionally, a greater torque was obtained, and its effectiveness was confirmed.



	
Compared with the other motors, such as the SPM-type vernier motor and DHPM-type vernier motor, the magnetic flux density of the proposed DHPM vernier motor increased depending on the inclination angle. The space volume ratio improved at the inclination angle of 7.5°, which proves that the space utilization efficiency increased and both the energy density per unit volume and per unit weight improved.



	
By comparing the load-free rotation number (rpm) and the maximum torque (Nm) when starting a proposed DH vernier motor and a conventional DH vernier motor, we demonstrated that the proposed DHPM vernier motor can produce lower-speed high-torque characteristics. Following this research, research on design optimization and miniaturization will be conducted by comparing the performance and analyzing the magnetic flux density with the inclination angle (or the like) to improve the energy density per unit volume and per unit weight for practical use for a new DHPM vernier motor.
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Figure 1. Conventional double half permanent magnet (DHPM)-type vernier motor (predecessor). 
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Figure 2. Newly presented double half permanent magnet (DHPM)-type vernier motor. 
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Figure 3. Design of the new double half permanent magnet (DHPM) vernier motor; (a) New DHPM vernier motor, (b) The shape of slot cores and salient poles on the inclination. 
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Figure 4. Deployment chart of the new double half permanent magnet (DHPM) vernier motor. 
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Figure 5. Side view of the proposed double half permanent magnet (DHPM) vernier motor. 
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Figure 6. Comparison of the surface permanent magnet (SPM) vernier motor, double half permanent magnet (DHPM) (with a PM in the stator) motor, and model with salient poles. 
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Figure 7. Comparison of the induced voltage of the surface permanent magnet (SPM) vernier motor, double half permanent magnet (DHPM) motor, and motor with salient poles. 
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Figure 8. Comparison of the harmonic order of the surface permanent magnet (SPM) vernier motor, double half permanent magnet (DHPM) motor, and motor with salient poles. 
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Figure 9. Magnetic flux flow in the model with salient poles. 
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Figure 10. Comparison of the inductance Ld, Lq of the surface permanent magnet (SPM) vernier motor, typical double half permanent magnet (DHPM) motor, and proposed DHPM motor. 
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Figure 11. Comparison of the flux flow of the proposed double half permanent magnet (DHPM) vernier motor and other counterparts. 
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Figure 12. Comparison magnetic flux density in an air gap between the proposed and predecessor models. (a) Double half permanent magnet (DHPM) vernier motor with salient poles. (b) Proposed double half permanent magnet (DHPM) vernier motor. 






Figure 12. Comparison magnetic flux density in an air gap between the proposed and predecessor models. (a) Double half permanent magnet (DHPM) vernier motor with salient poles. (b) Proposed double half permanent magnet (DHPM) vernier motor.



[image: Applsci 11 02818 g012]







[image: Applsci 11 02818 g013 550] 





Figure 13. Comparison of N-T and N-I graphs: (a) DHPM, (b) new DHPM. 
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Figure 14. Comparison of the air gap field generated by the three-phase winding of the harmonic order. 
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Table 1. Major specifications.
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	Air gap length
	0.5 mm



	Coil
	0.8 mm, 1.09 Ω



	Coil turn number
	150



	Magnetic thickness
	2 mm



	Outside diameter
	84 mm



	Thickness
	35 mm
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Table 2. Comparison results of the double half permanent magnet (DHPM)-type vernier motor with typical surface permanent magnet (SPM), rotor-half PM, and stator-half PM motors.
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Items

	
Classification of the Vernier Motor




	
SPM

	
Rotor Half

	
Stator Half

	
Double Half






	
Back EMF [V]

	
1.24

	
1.18

	
0.26

	
1.68




	
Torque [N∙m]

	
2.42

	
2.40

	
0.49

	
3.85
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Table 3. Specification of the proposed DHPM vernier motor.
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	Items
	New DHPM Vernier Motor





	Angle of inclination of saddle motor
	7.5°



	Maximum Outside diameter
	82 mm



	Motor length
	35 mm



	Air gap length
	0.5 mm



	Coil
	0.8 mm, 1.09 Ω



	Coil turn number
	150



	Magnetic material
	50JN400
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Table 4. Performance comparison of the surface permanent magnet (SPM), conventional double half permanent magnet (DHPM), and proposed DHPM-type vernier motors.
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Items

	
SPM

	
A Conventional DHPM Vernier Motor

	
A Proposed DHPM

Vernier Motor






	
Saddle motor inclination angle

	
0°

	
0°

	
7.5°




	
Coil turn number

	
150 turn




	
Torque constant, Kt (N∙m/A)

	
0.484

	
0.77

	
0.984




	
Back EMF

	
1.24

	
1.68

	
2.25




	
Torque

	
2.42

	
3.85

	
4.92




	
Space volume ratio of motor

	
1

	
1

	
0.89




	
Ld(H)

	
0.005130

	
0.008814

	
0.009514




	
Lq(H)

	
0.006866

	
0.013573

	
0.015190
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Table 5. Harmonic analysis results of the waveform.
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Items

	
Magnetic Flux (T)




	
SPM

	
A Conventional DHPM Vernier Motor

	
A New DHPM

Vernier Motor






	
5

	
0.480819

	
0.763385

	
0.899748




	
10

	
0.090819

	
0.113896

	
0.132117




	
15

	
0.113896

	
0.207868

	
0.239260
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