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Abstract:



This study deals with the core design of a PM vernier machine considering modulation flux effects, and the comparative investigation on volume and performance characteristics of the vernier over conventional PM machines are addressed. To these ends, for a PM vernier machine in operation at the base-speed, the flux density equations for teeth and yokes considering the flux modulation effects are derived, where the air gap harmonic permeance function is used. Using the derived equations, a PM vernier motor with specified yoke flux densities is designed. To identify the predicted flux yoke densities, the flux distribution and iron losses in core parts are analyzed through time-step finite element (FE) simulations. Through Fourier series expansion of the air gap flux waves obtained by FE analysis at several specified times, the harmonic components constituting the flux waves are investigated and their speeds are also evaluated in numerical ways. Finally, to estimate the competitiveness of vernier machines versus conventional machines, the designed PM vernier motor is compared against two different conventional PM motors designed through the same design procedures in various aspects such as volume, torque capacity, efficiency, and power factor, in which, in particular, the core losses are included in efficiency calculation.






Keywords:


core losses; finite element method; flux modulation; permanent magnet; vernier motor








1. Introduction


Through development for more than 40 years, the characteristic performances of brushless PM motors are approaching their limits [1,2,3,4,5,6], and there are strong needs for new motors with higher power densities. Under these circumstances, the PM vernier machine is being actively studied as an alternative [7,8,9,10,11,12]. This PM motor uniquely utilizes an extra flux so-called modulation flux due to the magnetic modulation effects as well as the regular PM flux. Owing to these effects, the vernier motors produce much higher back EMF and higher power density than general PM motors.



As is already known that in order to establish the modulation effects, the special combinations of slots/magnets should be met. In this case, the vernier machine generally requires significantly more PM poles than a conventional PM machine, if they have the same number of winding poles. Such a vernier machine having many PM poles operates with much higher frequency than conventional machines, which leads to significant reactance and then causes the poor power factor and concerns about excessive increase in iron loss. Thus, vernier machines are considered suitable for low speed and high torque applications. However, this assessment seems unfair because the problems are valid when the vernier motor is compared to a conventional PM machine with the same number of winding poles, not a machine with the same number of PM poles. Thus, the reliable evaluation of competitiveness of the PM vernier machine is necessary, but there are as of yet few studies on the comparison of vernier and conventional PM motors with fair conditions.



On the other hand, to compare a vernier and a conventional PM machine fairly, both machines should be designed with same flux density level in air gap as well as iron cores. In this respect, the presence of the modulation flux of a vernier machine provides additional considerations in the iron core design as follows. In general, the number of PM poles is closely related with the yoke structure of PM machines, that is, the thicknesses of yoke and teeth of a PM machine are inversely proportional to the number of PM-poles [13,14]. However, this is not exactly true for a vernier PM machine because of its additional modulation flux apart from the regular PM flux. Thus, it is required to take into account the modulation flux effects on the iron core design, but there are only a few studies on the analysis of the core losses of a vernier motor [11], not on the design of the machine considering the modulation flux and core losses.



Therefore, in this study, the modulation flux effects on the core design of a PM vernier machine are investigated and the competitiveness of the vernier over conventional PM machines are evaluated in fair conditions. To these ends, first, the air gap flux distribution is presented in the form of analytical expressions in consideration of all working fluxes in the vernier motor which consist of the modulation flux, the regular PM flux, and the flux from stator windings. Using the equations of air gap flux, the yoke and teeth fluxes of a PM vernier machine operating at the base speed are formulated. For verification of these ideas, 12-slots, 20-PM poles, and full-pitch winding, a PM vernier motor is designed in which the yoke thickness is determined to get a general yoke flux density, 1.2 T by using the obtained formula. Next, to compare the features of a PM vernier machine in aspects of the machine’s volume and the performance characteristics, two conventional PM motors are additionally designed with the same procedures. One has the same stator winding pole-pairs as the vernier motor, and the other has the same rotor PM pole-pairs as the vernier motor. The time-step FE simulations are carried out for the three designed motors at no-load and load conditions. Especially, from the FE-simulation results of the air gap flux densities of vernier motor, the modulation and the general PM fluxes are extracted, and their unique characteristics and effects on yoke flux are explained. In addition, the core losses are also calculated considering hysteresis and eddy current losses of core. As a result, the volume issues as well as the performance characteristics—such as back EMF, torque, and efficiency—of each model are compared, and finally the competitiveness of the vernier machine is evaluated.




2. Design Consideration of Core Parts of a PM Vernier Machine


2.1. Flux Densities of Teeth and Back Yoke


Figure 1 shows the structure of a PM machine in which p is the number of winding pole pairs, Zs and Zr are the number of stator slots and rotor PM pole pairs, respectively. In order to get the vernier effects, the special condition, Zr − Zs = −p should be satisfied, while normally Zr = p for a traditional PM machine. Since Zs = 6pq where q is slots/phase/pole, the condition is alternatively given as Zr = p (6q − 1).


Figure 1. The structure of a PM machine.
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The magneto-motive force (MMF) of air gap, Fg is given by (1) which consists of Fw and Fpm due to stator currents and rotor PMs. In (1), θm is rotor angular position, Fm1 is given as 4/π∙Br/μm∙gm where Br and μm are the magnetization and permeability of PM, and gm is PM thickness. In addition, Fw1 is 3/π∙kw1Nph∙Iph.max/p, where kw1 is the winding factor, Nph is the total series number of turns of a phase, and Iph.max is the maximum phase current. In particular, the (−) sign in (1) is for a conventional machine and the (+) is for a vernier machine and it will be explained in Section 3.
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(1)







The specific permeance function of air gap, Pg developed by the classical conformal mapping method as shown in Figure 2 is expressed with the terms of the average and the first harmonic of air gap permeance [15], and is given in (2) when the ratio c0 between slot pitch to slot open o is 0.5 by following the previous study [7,9], where is the (−) sign in front of Λg1 is due to the reference position of θ at the center of slot, and the factor β in (2) is given as (3). In addition, gm+a is the effective air gap length.
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(2)
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(3)






Figure 2. Specific permeance function of air gap.
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Under the vector control strategy, the air gap flux of a PM machine is kept maximal up to the base speed in which the both MMFs of Fpm and Fw are orthogonal to each other [16]. Thus, the maximal air gap flux is obtained by multiplying Fg of (1) and Pg of (2) with φ = π/2, and given as (4) by ignoring the harmonic with the term of Zr + Zs because its speed is very low, consequently developing negligible back EMF.
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(4)







The air gap flux density of a traditional PM machine is obtained by replacing Zr in (4) with p, as (5a). It shows that Bg1 and Bg3 have the same pole p, and thus, their interaction produces active torque. It should be noted that Bg2 and Bg4 have also the same pole p (6q − 1), but their magnitudes are both small and their interaction—that is, the multiplication—becomes much smaller. Furthermore, Fm1 is even greater than Fa1, and Λg0 is also greater than Λg1, and thus the air gap flux density of a conventional PM machine, Bg.con is finally approximated as (5b).
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(5a)
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(5b)







Applying the condition that Zr − Zs = −p to (4), the flux density of a vernier machine is obtained as (6a) which describes that Bg1 interacts with Bg2, and Bg3 interacts with Bg4 as well. That is why the vernier PM motor obtains higher torque than the conventional PM motor. The flux density is approximated as (6b) where the angle ϕver is given by tan−1 (Fw1Λ0/0.5Fm1Λ1).
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(6a)
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(6b)







By integrating Bg.ver of (6b) over 1 pole area of stator winding and a tooth area, the amount of flux in the back yoke and the tooth of a vernier motor are obtained as (7) and (8), respectively, where Zr = p (6q − 1) is used in the calculation. Reminding Zr is quite bigger than p, Bver/p due to vernier effects in (7) and (8) can be considerable, demonstrating why they should be taken into account in design of yoke and tooth.
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(7)
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(8)








2.2. Core Design Considering Modulation Flux


To check the validity of the proposed ideas, a PM vernier motor with p = 2, q = 1 and Zr = 10 is assumed whose PM is made from NdFeB. With the given air gap diameter and magnet thickness, the values of Λg0 and Λg1 are calculated by using (2) and (3), and then the flux of core parts can be estimated by using (7) and (8). Using the estimated values, the yoke thickness is determined to employ the general yoke flux density, 1.2 T, considering the stator current as well. On the other hand, the tooth width is chosen to the same of the slot open width not to interrupt vernier effects since it is bigger than the width calculated from (8). The general specifications of the designed machine and the calculated information are listed in Table 1 where Ks is the surface current density and J is the volume current density. It is seen that [image: ]/p is nearly the same as [image: ]/Zr, showing that the effect of the modulation flux is considerable as expected.



Table 1. Specifications of the designed PM vernier motor.







	
Parameter

	
Value






	
Air gap radius

	
200 mm




	
Stator slots

	
12




	
PM thickness

	
10 mm




	
Conductors/slot

	
25




	
Ks

	
20 A/mm




	
J

	
9 A/mm2




	
Bpm/Zr (peak)

	
8.95 × 10−2




	
Winding poles (p)

	
2




	
Magnet poles (2Zr)

	
20




	
Stack length

	
250 mm




	
Air gap length

	
2 mm




	
Sta. yoke thickness

	
29.7 mm




	
Bver/p (peak)

	
8.85 × 10−2










To compare performance characteristics of the designed vernier PM motor, two conventional PM motors are additionally designed. The one is a full-pitch winding (FW) PM motor with the same 12 slots as the vernier machine, while it has 4 PM poles since Zr = p = 2. The other one is a fractional slot-concentrated winding (CW) PM motor with the same 20 PM poles on rotor as the vernier motor, while it has 15 stator slots by employing the popular slots/PM poles ratio of 3/4. For fair comparison, both machines are designed with same conditions, which means the magnet thickness, air gap radius, total number of conductors, and stack length are all same as those of the vernier machine in Table 1, thus the magnetic loading of the machines is identical to each other. In addition, the both machines are designed to keep the same surface current and volume current densities in Table 1, so the electric loadings of the machines are also same and then the temperature rises are expected to similar. The designed machines are depicted in Figure 3 where every machine has the identical air gap radius. It is seen that the yoke thickness of the conventional FW-PM motor is much greater than those of other two machines, to be exact, 1.65 times of volume of the conventional CW PM motor. It is mainly due to its small number of PM poles. On the other hand, even though the number of PMs of the both conventional CW and the vernier PM motor are same, the yoke thickness of the vernier PM motor is almost twice of that of the CW-PM motor, which is clearly due to the modulation flux. However, the overall volumes of the both motors are quite similar. To be exact, the vernier motor has 1.08 times the volume of a conventional CW-PM motor.


Figure 3. A vernier and two conventional motors designed for comparison. (a) FW conv. (12 slots/4 PM); (b) CW conv. (18 slots/20 PM); (c) FW vernier (12 slots/20 PM). (Dots: the positions for calculation of flux density).



[image: Energies 10 01819 g003]








3. FE-Simulation Results


3.1. Analysis of Modulation Flux in Air Gap


To verify the modulation flux effects of the vernier motor, no-load flux distributions are first analyzed with FEM with different rotor position. Figure 4 and Figure 5 show the flux lines and air gap flux density of the vernier motor when the rotor is located at the different positions of θm = 0° and 9°, respectively.


Figure 4. Flux lines of the vernier with rotor positions. (a) when θm = 0°; (b) when θm = 9°.
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Figure 5. Air gap flux density of the vernier with rotor positions. (a) when θm = 0°; (b) when θm = 9°.
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The two air gap flux waveforms in Figure 5 are decomposed into various harmonics through Fourier series expansion. The phase angles as well as the magnitudes of the harmonics are depicted in Figure 6. It is shown that the magnitudes are almost same regardless the rotor positions but their angles vary, meaning the harmonics are moving. In particular, the 2nd harmonic has the same pole pair of the winding p, and the 10th harmonics has the same pole pair of the magnet Zr, consequently representing the modulation and the regular PM flux, respectively. To check the speed of the harmonic waves, using the phase angles in Figure 5, the mechanical angular distance of kth harmonic wave while the rotor moves from θm = 0° to 9° can be obtained by


Figure 6. Magnitudes and phase angles of the harmonics of air gap flux density with rotor positons. (a) when θm = 0°; (b) when θm = 9°.



[image: Energies 10 01819 g006]








[image: ]



(9)




where θe.n is the phase angle of the nth harmonic. From (9), it is apparent that the higher n is, the slower the wave speed is, that is why the 22nd and the 30th can be neglected because of their slow speeds, and consequent small contribution to the back EMF.



The angular distances of the 2nd and the 10th harmonics are calculated by using (9), as −900°/2 and 900°/10, describing that the 10th wave, the general PM flux moves with the same speed and in the same direction as the rotor, but the 2nd wave, the modulation flux does with five times speed and in the opposite direction of the rotor, which is the reason for choosing the (+) sign in (1).



For a better understanding of the operation principle, both waves are plotted in Figure 7a for each instance θm = 0° and 9° by using the results of Figure 6. It clearly shows the modulation effects of the PM vernier motor. It should be noted that the voltages induced by the both waves are additive in spite of their opposite directions.


Figure 7. The first and fifth harmonic flux waveforms of the air gap of a vernier motor. (a) The waveforms when θm = 0° and 9° showing the movements; (b) Diagram of the flux per winding pole when θm = 9°.
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In addition, in order to show the relation of the air gap flux and core flux, both waves at θm = 9° are depicted again in Figure 7b. This demonstrates that all of the modulation flux in a winding pole area contribute to core flux even though its magnitude is quite small, but the fluxes of four poles of the general PM flux wave cancel each other and only one pole flux passes through the winding pole area, which effectively explains why the modulation flux should be considered in the core design.




3.2. Analysis of Core Flux Densities and Losses


To estimate the core flux densities and losses of the motors, the time step FE analyses are carried out at 500 rpm at the load conditions with a phase current of 80 A(rms) to meet Ks = 20 A/mm in Table 1. Figure 8 shows the yoke and tooth flux densities at the centers of tooth and back yoke designated in Figure 3. The maximum yoke density of each motor is very close to the desired value 1.2 T, indicating that the derived equations and proposed design procedures are very valid. In the case of the teeth, the conventional FW-PM motor has much higher flux density than others. In particular, the vernier motor has the flux density less than 0.8 T, meaning there is no need to concern about the saturation in the teeth as expected in Section 2.


Figure 8. Simulation results of flux densities. (a) Yoke flux density; (b) Tooth flux density.
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Since the electrical frequency of the conventional FW-PM motor with 4 PM poles is substantially different from those of the other two motors with 20 PM poles, their iron losses should be checked carefully. To this end, the following classical core loss Equation (10) is used.
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(10)




where kh, kc, and ke are the coefficients of hysteresis, classical eddy current, and excess eddy current losses, respectively. The coefficients are estimated by using the loss characteristics of Si-steel in Figure 9a provided by manufacturer. The iron losses of the motors are calculated by (10) during FE-simulation. Figure 9b shows that the transient iron losses, and their average values are 400 W for the conventional FW-PM motor and almost same 650 W for other two motors.


Figure 9. Si-steel loss properties and simulated core losses. (a) Iron losses of Si-steel with frequencies; (b) Iron losses.
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3.3. Characteristics of Back EMF, Torque, and Efficiency


The FE simulation results of the no-load back EMF and the torque with the load current 80 A are shown in Figure 10a,b. It is apparent that the vernier motor produces much higher back EMF and thus higher torque with same current. To be exact, 1.8 times back EMF and torque of the CW-PM motor are produced. Recalling the volumes of the vernier and the SC-PM motor are similar, this result evidently proves higher power characteristics density of the vernier PM motor owing to the modulation flux. Furthermore, in case of vernier motor, the difference between the numbers of slots and PM poles is bigger than other conventional motors, and thus the torque ripple characteristic of the vernier motor is also superior to the conventional ones.


Figure 10. No-load back EMF and torque characteristics of the analysis models. (a) No-load back EMF and RMS value; (b) Toque and average value; (c) Efficiency; (d) Induced voltage and RMS value (with load current).
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To investigate the efficiencies of the motors, the copper losses are additionally calculated. With the slot fill of 45%, the winding resistances of the conventional FW and the vernier PM motor are estimated as same 38.1 mΩ, while that of the SC convention motor is 16.6 mΩ, and thus resulting in 730.2 W and 319.8 W for the copper losses, respectively. Using the copper and core losses and the output power, the efficiencies are calculated and compared in Figure 10c. Since there is no consideration of the extra losses such as eddy current losses in magnets and friction losses, the practical efficiencies could be lower, however, it is certain that the vernier motor has similar or slightly higher efficiency compared with others.



Lastly, the total induced voltage in a phase winding with the load current and their waveforms and root-mean square values are depicted in Figure 10d. Since the voltage are the sum of back EMF and the voltage due to synchronous reactance, it can be considered as the necessary phase voltages to inject the load current, neglecting stator resistance, which is consequently related to the power factors of the motors. It can be seen that the vernier motor needs about 2.2 times input voltage of the conventional PM motors. Since the back EMF is in phase with winding current, the power factor can be expressed by
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(11)







The power factors for both conventional PM machines calculated by (11) are about 94%, while that of the vernier motor is 83%, demonstrating that the vernier motor needs more reactive power than a conventional motor. However, it is considered that the power factor is not so bad and the disadvantage of the low power factor characteristic can be overcome by the highly increased output power characteristics.





4. Conclusions


In this study, the analytical expression for flux in the back yoke as well as teeth considering the modulation flux of a vernier PM motor are proposed. From the proposed expressions, it was found that the modulation flux has considerable effects on the flux density in core, especially in the back yoke. A prototype vernier PM motor with full pitch windings is designed to get 1.2 T of yoke flux density by using the proposed equations. To evaluate the applicability of the designed vernier motor, it is compared with two conventional PM motors designed to get the same flux density level. Herein, one of the two motors is the full pitch (FW) motor with the same number of the slots of the vernier motor and the other is the slot-concentrated windings (CW) motor with the same number of the magnets of the vernier motor, respectively.



The results can be summarized as follows. First of all, regarding the overall volume of the motors, the conventional FW-PM motor has much thicker yoke, resulting in an excessively large motor volume which is 1.5 times of that of the vernier motor. On the other hand, the yoke thickness of the vernier motor is about double of that of the conventional CW-PM motor due to the modulation flux effects, but their overall volumes are similar, to be exact, the vernier motor has 1.01 times overall volume of the CW-PM motor. Thus, it can be said that the modulation flux effects should be considered in design of the yoke geometries of a vernier motor to avoid severe saturation of the yoke, but the effects on overall volume are quite small.



From the time step FE simulations carried out to get back EMF, torque and core losses and etc. for each designed motor, the features of the performance characteristics are concluded as follows. The vernier motor has higher, almost double, core loss than the FW-PM motor with less number of magnet poles, but having similar loss to the CW-PM motor with the same number of magnet poles. Thus, it seems that the concern about heavy core losses of the vernier motor is over estimated. The practical disadvantage is that the vernier motor has a lower power factor than the conventional motors. According to the simulation results, the power factor of the vernier motor is about 10% less than the conventional PM machines, which is not very bad. Rather, the vernier motor has 1.8 times output power of the both conventional PM motors, and consequently, the vernier motor has better efficiency characteristics compared to the conventional motors, which clearly demonstrates the advantage of the vernier motor. Finally, the applicability and competitiveness of vernier motors can be considered to be high.







Acknowledgments


This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2016R1A6A1A03013567 and NRF-2017R1A2B4009919).




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Unnewehr, L.E.; Piatkowski, P.; Giardini, G. A brushless dc motor for vehicular ac/heater applications. In Proceedings of the 26th IEEE Vehicular Technology Conference, Washington, DC, USA, 24–26 March 1976; pp. 8–15. [Google Scholar]

	2. 
Pfaff, G.; Weschta, A.; Wick, A.F. Design and Experimental Results of a Brushless AC Servo Drive. IEEE Trans. Ind. Appl. 1984, IA-20, 814–821. [Google Scholar] [CrossRef]

	3. 
Soong, W.L.; Miller, T.J.E. Field-weakening performance of brushless synchronous AC motor drives. IEEE Proc. Electr. Power Appl. 1994, 141, 331–340. [Google Scholar] [CrossRef]

	4. 
Zhu, Z.Q.; Howe, D. Electrical Machines and Drives for Electric, Hybrid, and Fuel Cell Vehicles. Proc. IEEE 2007, 95, 746–765. [Google Scholar] [CrossRef]

	5. 
EL-Refaie, A.M. Fractional-Slot Concentrated-Windings Synchronous Permanent Magnet Machines: Opportunities and Challenges. IEEE Trans. Ind. Electr. 2010, 57, 107–121. [Google Scholar] [CrossRef]

	6. 
Fang, H.; Qu, R.; Li, J.; Zheng, P.; Fan, X. Rotor Design for High-Speed High-Power Permanent-Magnet Synchronous Machines. IEEE Trans. Ind. Appl. 2017, 53, 3411–3419. [Google Scholar] [CrossRef]

	7. 
Kim, B.; Lipo, T.A. Operation and Design Principles of a PM Vernier Motor. IEEE Trans. Ind. Appl. 2014, 50, 3656–3663. [Google Scholar] [CrossRef]

	8. 
Li, D.; Qu, R.; Li, J.; Xiao, L.; Wu, L.; Xu, W. Analysis of Torque Capability and Quality in Vernier Permanent-Magnet Machines. IEEE Trans. Ind. Appl. 2016, 52, 125–135. [Google Scholar] [CrossRef]

	9. 
Kim, B.; Lipo, T.A. Analysis of a PM vernier motor with spoke structure. IEEE Trans. Ind. Appl. 2016, 52, 217–225. [Google Scholar] [CrossRef]

	10. 
Li, D.; Qu, R.; Lipo, T.A. High-Power-Factor Vernier Permanent-Magnet Machines. IEEE Trans. Ind. Appl. 2014, 50, 3664–3674. [Google Scholar] [CrossRef]

	11. 
Okada, K.; Niguchi, N.; Hirata, K. Analysis of a Vernier Motor with Concentrated Windings. IEEE Trans. Magn. 2013, 49, 2241–2244. [Google Scholar] [CrossRef]

	12. 
Niu, S.; Ho, S.L.; Fu, W.N. A Novel Stator and Rotor Dual PM Vernier Motor with Space Vector Pulse Width Modulation. IEEE Trans. Magn. 2014, 50, 805–808. [Google Scholar] [CrossRef]

	13. 
Dorrell, D.G.; Hsieh, M.F.; Popescu, M.; Evans, L.; Staton, D.A.; Grout, V. A Review of the Design Issues and Techniques for Radial-Flux Brushless Surface and Internal Rare-Earth Permanent-Magnet Motors. IEEE Trans. Ind. Electr. 2011, 58, 3741–3757. [Google Scholar] [CrossRef]

	14. 
Cros, J.; Viarouge, P. Synthesis of High Performance PM Motors with Concentrated Windings. IEEE Trans. Energy Convers. 2002, 17, 248–253. [Google Scholar] [CrossRef]

	15. 
Heller, B.; Hamata, V. Harmonic Field Effects in Induction Machines; Elsevier: Amsterdam, The Netherlands, 1977; pp. 54–67. [Google Scholar]

	16. 
Motimoto, S.; Takeda, Y.; Hirasa, T. Expansion of Operating Limits for Permanent Magnet Motor by Current Vector Control Considering Inverter Capacity. IEEE Trans. Ind. Appl. 1990, 26, 866–871. [Google Scholar]





























© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
Bg[T]

Bg[T]

Y =

i
: r
i wi

L

50 100
mechanical angle [deg]

@

mechanical angle [deg]

(b)






media/file13.png
0.

Flux density [T]

-0.

Flux density [T]

/_/\ (DPM PM flux
0.5 _
0 / \
/|
0.5 modulation flux N
1o 20 40 60 80 100 120 140 160 180

O'I

AN EE

0 “ - modulation flux
W VAN
0 100 120 140 160 180
Mechanlcal angle [deg]
(a)
< 1 winding pole span >

yoke 7 >
@ \ w )Ebmodulation( | @
- N

Mechanical angle [deg]

(b)





media/file12.jpg
2w @ w W w e w0 w0
Mechanicalangle (deg

(@)

|._1 winding pole :m\—»‘

Ducssin

modulation flux

& 120 T80

o 10
Mecharical angle [deg]
(b)





media/file18.jpg
FW conv.

CW conv.

vernier






media/file9.png
mechanical angle [ded]

150

mechanical angle [ded]

(b)





media/file14.jpg





media/file5.png





media/file15.png
CW Conv.

—— Vernier ----- FW Conv.

[L]Ansusp xnj yro0 |

CW Conv.

Vernier ----- FW Conv.

[L]Ausuep xn|j &)0A

Normalized period [t/T]

Normalized period [t/T]

(b)

(a)





media/file19.png
Back EMF[V]

efficiency

— Vernier ----- FW Conv. CW Conv.

600

400

200

-200

-400

-600

Normalized period [t/T]

(a)

0.99+

0.98¢

097+

0.96

vernier

0.95-

(c)

Torque [kNm]

induced voltage [voli]

—— Vernier ----- FW Conv. CW Conv.
1.8
1.6 ~
1.4 :
12 1.92KNm 0.89kNm
P \ P\/
0.2 0.82kNm
% 02 0.4 0.6 0.8 1
Normalized period [/T]
(b)
Vernier ----- FW Conv. CW Conv.
600

400 -

200

400.9V

195.9V

0.2 0.4 0.6
Normalized period [V/T]

(d)

0.8 1





media/file2.jpg
Stator core.

0-0 D

Rotor core





nav.xhtml


  energies-10-01819


  
    		
      energies-10-01819
    


  




  





media/file11.png
[1] 6g jo spnyjdwy

Harmonic order

200

[Bap] 6g Jo albuy

Harmonic order

[1] 6g Jo epnydwy

Harmonic order

|

o
S
N

[6ap] 6g jo 8|buy

25

20

15

10

o

Harmonic order

(b)





media/file6.jpg
(@) (b)





media/file1.png
Stator core Z, stator teeth
® O
ﬂHlHHHHHHHHHl}\lHHTTH

MMF from stator current with p pole pairs

MMF with Z_magnet pole pairs\‘

o Yy I v 2 [ ¥

Rotor core





media/file20.png





media/file10.jpg
Ampitude o Bg (1]

Angle of B9 (deg]






media/file7.png
(a) (b)





media/file16.jpg
o0 05 10 15 20
Flux density [T]

(a)

—— Vernier - FW Cony. — CW Cony

W e v s
-
(b)





media/file3.png
Stator core

<

~
< Ay
~o \

P
-
/I
’ ,’>

A

AA A AAAAA

Is

Ay : 15t harmonic

S

-

===

A\, : average

1
1
1
1
-
1
1
1
1]

-k e == -

=

IIIII—IIII-

1
1
1
1
1
e
1
]
1
1
-

r |||||-.|-I1|-|—I
o p— . .1
oo SR S

T, ]
S et

| [ |
N ----
) R

————e i

.mm r. .w
— _..|.||| i
R it
2 ] Fele]
S L. |

, 0

PM layer with permeability p

Rotor core





media/file17.png
CW Conv.

Vernier ----- FW Conv.

1.5

<
w
—

_ _F ,
_ | _ ,
_\_ _ ,
_ _ _ ,
_ _ _ ,
$f_m
_ _ ,
o~ ,
_ _ ST
| T\\ E
A ! =
S B
M\ _ _ , e
_ _ _ , @
_ _ _ , S
| _ _ , o
| _ _ , N
G S e A S =
_ _ T S
e T <
_ _ ,
_ _ ,
e e e e
_ _ _ ,
_ _ _ ,
| _ _ ,
I ,
_ _ _ | —
o o o o o
o o o o o
O < (a9} Al -~
[MIsso] uod|

- - -

< . . .
@\ (@) O o
—

[33/M\] ssOT uoag

Flux density [T]

(b)

(a)





media/file4.jpg





media/file0.jpg
Stator core. 7, stator teeth

©) © @ @
ARy | [T

MMF from stator current with p pole pairs

MMEF with Z, magnet pole pairs

Rotor core





