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Abstract:



In this paper, a permanent magnet (PM)-less, brushless, wound-rotor vernier machine (BL-WRVM) is proposed for variable speed applications such as electric vehicles and washing machines. The wound rotor is excited through an already existing brushless topology, which requires a dual inverter configuration to generate an additional subharmonic component in the stator magnetomotive force (MMF). Different from permanent magnet vernier machines (PMVMs), the proposed BL-WRVM provides easy regulation of the rotor flux for variable speed operation. A 24-slot, 4-pole stator, and 44-pole outer rotor were designed, and 2D finite element analysis (FEA) was carried out to determine the performance of the proposed machine. To improve the performance of the proposed machine, optimization of the rotor and stator winding turns was done. The optimized model was further analyzed for wide-speed operation, and its performance was then compared with that of an equivalent permanent magnet vernier machine (PMVM). The proposed machine has the advantage of low cost due to its PM-less structure and is suitable for variable speed applications.
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1. Introduction


In recent years, permanent magnet vernier machines (PMVMs) have attracted a lot of interest due to their increasing demand in direct-drive applications. Their capability of achieving high torque at low speeds has distinguished them from other permanent magnet machines. Also, due to their electromagnetic gearing phenomenon, they can replace noisy and inefficient mechanical gearing systems. However, they have some limitations due to their low power factor, limited high-speed operation, and fluctuating high cost due to their PM.



PMVMs have rarely been used for variable-speed applications due to their significant core losses at high speed. Moreover, at high speed, the reactance of the machine increases more than does the back electromotive force (EMF), which also increases the inverter limit [1]. In [2], the maximum torque characteristics of vernier PM motors under adjustable speed operation were evaluated. In [3], a PMVM machine was designed for the practical variable-speed application of washing machines, and related challenges have been discussed. Hybrid PMVMs (HPMVMs) were brought forward to empower the PMVM for flux control of the PM for variable-speed operation. A new parallel hybrid PMVM was proposed in [4] to realize the bidirectional flux regulation capability by adjusting the DC current in the field winding. In [5], two new hybrid-excited PMVMs were proposed with all their excitation sources on the stator, which helps to control the temperature rise of magnets. However, it was concluded that PMVMs are not suitable for variable-speed applications, and, therefore, PMVM machines are generally used for low-speed direct-drive applications. Another issue associated with PMVMs is their high cost due to the use of rare-earth permanent magnets.



Vernier reluctance machines (VRMs) are PM-free vernier machines [6]. VRMs have lower torque density than PMVMs and a poor power factor. To improve the torque density of VRMs, direct current vernier reluctance machines (DC-VRMs) were presented, in which field windings were placed on the stator to improve the robustness and lower the cost [7,8,9]. However, this resulted in a high saturation level in the stator. Moreover, due to both armature winding and field winding on the stator, the fill factor and current density of the armature winding are limited. To solve these problems, in [10], a wound-rotor vernier machine was introduced, in which field windings were placed on the rotor instead of the stator. This machine will have better saturation levels, but will also face problems in the maintenance of the brushes and slip-rings required for excitation of the rotor.



In [11], a brushless topology was presented for a wound-rotor synchronous machine (WRSM). A rotating magnetomotive force (MMF) is generated from two inverters. This contains a fundamental and an additional subharmonic component for brushless rotor excitation. Brushes and slip-rings create the problem of sparking and require regular maintenance, but these issues are solved by brushless operation.



In this paper, a brushless wound-rotor vernier machine (BL-WRVM) is proposed for variable-speed applications. The cost of the machine is lower than that of PMVMs due to its PM-less structure. The field flux of the machine is easily controlled, and, therefore, the speed of the machine can be increased. The field winding is on the rotor, which avoids the issues of DC-VRM. Moreover, the brushless topology avoids the problems of sparking and regular maintenance in rotor-current-excited vernier machines. Hence, the machine combines the advantages of brushless WRSM machines and PM-less vernier machines in a single topology, which was analyzed for variable-speed applications.



The remainder of this paper is structured as follows. In the second section, the applied brushless topology [11] and the proposed vernier machine configuration are discussed. In the third section, the design of the proposed machine and 2D finite element analysis (2D-FEA) simulation for the basic model are discussed. In the fourth section, the optimization and sensitivity analysis are discussed. In the fifth section, the wide-speed operation of the proposed machine and its comparison with an equivalent PMVM are discussed. Finally, conclusions are drawn.




2. Brushless Wound-Rotor Topology and Proposed Configuration


In this section, the applied brushless topology [11] is discussed, and its working principle is explained. The proposed vernier machine configuration is then discussed.



2.1. Brushless Wound-Rotor Topology


The topology for brushless subharmonic excitation is shown in Figure 1a [11]. Each phase of stator winding is divided into two portions of coil groups. One portion is supplied current through “Inverter 1”, which has a higher magnitude of current, whereas the other portion is supplied current through “Inverter 2”, which has a lower magnitude. The frequency and phase differences are the same for both inverters. Only the difference in magnitudes of currents in different coil groups is used to generate the required MMF, which embodies both the fundamental and the subharmonic components.


Figure 1. (a) Brushless dual inverter topology [11] and (b) magnetomotive force (MMF) plot for 24-slot stator windings.
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For the case of the rotor, two separate windings—excitation winding and field winding—are placed. The excitation winding is a special winding that links with the subharmonic component of the stator MMF. It induces voltage from the subharmonic component of the stator MMF. This induced voltage is rectified through a rotating rectifier and fed to the rotor field winding. In this way, the brushless excitation process is completed. The diode bridge rectifier circuit is placed on the rotor between the two rotor windings.



The winding distribution for the machine is flattened and shown in Figure 1b, along with the stator MMF. The waveform has two different portions. For the first 180 mechanical degrees, the MMF has smaller maximum and minimum values due to the smaller current fed into the windings (A1, B1, and C1). For 180–360 mechanical degrees, the MMF waveform has larger maximum and minimum peaks due to the higher current magnitude fed to the windings (A2, B2, and C2). The composite MMF has two dominant components: the fundamental component with frequency f and the subharmonic component with frequency f/2.



The subharmonic component has a different rotating speed from the fundamental synchronous speed, and can be calculated by Equation (1):


[image: ]



(1)




where [image: ] is the rotating speed of the harmonic component, [image: ] is the fundamental synchronous speed, [image: ] is the harmonic number (which in this case is 1/2 or 0.5), f is the supplied frequency, and [image: ] is the number of poles. From this equation, we can conclude that the subharmonic component (with half the frequency of the fundamental) will rotate at a speed twice as high as the fundamental synchronous speed. This different speed helps the harmonic component to get induced in the rotor harmonic winding.



The Fourier series components for the MMF for a 4-pole, 24-slot machine having a coil span of 5 is represented in Equation (2):


f(x) = −1.544cos(x) + 5.345sin(2x) + 0.87cos(3x) + 0.1816cos(5x) + 0.06317cos(7x) + 0.00858cos(9x) + 0.076sin(10x) + 0.0176cos(11x) − 0.0150cos(13x) + 0.0548sin(14x) + …



(2)







This equation shows the different frequency components in the MMF. The fundamental component has an amplitude of 5.345, and the subharmonic component has an amplitude of 1.544. The remaining terms in Equation (2) are all the odd order harmonics of the subharmonic component, and the 5th, 7th, and 11th order harmonics of the fundamental component. The harmonic contents are shown in Figure 2.


Figure 2. Harmonic contents in the MMF.
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2.2. Proposed Vernier Machine Configuration


In [11], the brushless topology was implemented for the synchronous machine. For this paper, a similar topology was implemented for outer rotor vernier machines. Vernier machines have a higher torque density than synchronous machines and are used to replace mechanical gearing systems. The outer rotor is suitable for applications like washing machines and in-wheel motors. It also offers greater slot area for rotor windings. An inner rotor configuration can be implemented as well.



To apply the topology of [11] for a vernier machine, proper combinations of stator slots ([image: ]), stator pole pairs ([image: ]), rotor slots ([image: ]), rotor field winding pole pairs ([image: ]), and rotor excitation winding pole pairs ([image: ]) are required. For the machine to work in vernier mode, it must satisfy Equation (3):


[image: ]



(3)







For the proposed BL-WRVM, the [image: ] and [image: ] are kept similar to those in [11], i.e., 24 slots and 4 poles, generating the required stator MMF for the brushless topology. Here, [image: ] is equal to 22, justifying (3), and [image: ] is equal to 1, which induces the subharmonic component from the stator MMF.



According to this pole–slot combination, when the stator windings are excited by the dual inverter topology of [11], composite MMF is generated to form a 4-pole component and a 2-pole component. The 2-pole component is linked with the excitation winding on the rotor, and voltage is induced in this winding. This induced voltage is rectified through the rotating rectifier on the rotor. The rectified DC current is supplied to the rotor field finding, which generates 22-pole pairs. Now, the 4-pole component of the stator MMF and 22-pole pair rotor field windings are linked through the vernier operation to generate the required torque of the machine.





3. Design and Performance of Proposed BL-WRVM


3.1. Design Considerations


Apart from selecting the proper slot–pole combination for the proposed machine, which satisfies the vernier principle and uses brushless operation, a further proper pole ratio, defined as the ratio of rotor pole pairs to stator pole pairs, was also considered in the design of the proposed BL-WRVM. The pole ratio of the current pole–slot combination is 11. A low pole ratio generally results in low torque density, whereas a very high pole ratio results in low torque density due to high leakage flux [12]. Therefore, a pole ratio of 11 is a reasonable choice. Moreover, it has been observed that the brushless operation increases the torque ripple of the machine [11]; therefore, the least common multiple (LCM) of the stator slots and rotor pole pairs, which plays a significant role in the cogging torque of the machine, was also considered in the machine design.



The split ratio (i.e., the ratio of rotor inner diameter to rotor outer diameter) was also examined in the machine design. A higher split ratio usually results in a higher torque density; however, the fill factor of the rotor and saturation of the rotor core limit this value. A split ratio of 0.79 was initially selected.



The stator slot opening ratio (i.e., the stator slot opening width to slot pitch) plays a significant le in the torque density of the vernier machine. After parametric results from FEA, this value was chosen as 0.65 for the stator and 0.5 for the rotor.



Table 1 shows the design parameters for the basic model of the BL-WRVM, and Figure 3 shows the 2D model for the proposed machine. The stator has a double-layer distributed winding. The rotor field winding and excitation winding have 44 and 2 poles, respectively.


Figure 3. Machine Layout with stator and rotor winding configuration.
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Table 1. Design parameters of the basic model of the brushless wound-rotor vernier machine (BL-WRVM).







	
Parameter

	
Units

	
Vernier Machine






	
Stator Poles

	
-

	
4




	
Stator Slots

	
-

	
24




	
Rotor Field Poles

	
-

	
44




	
Rotor Slots

	
-

	
44




	
Operating speed

	
rpm

	
300




	
Stator outer diameter

	
mm

	
238




	
Stator inner diameter

	
mm

	
140




	
Air gap length

	
mm

	
0.5




	
Rotor inner diameter

	
mm

	
239




	
Rotor outer diameter

	
mm

	
300




	
Machine axial length

	
mm

	
30











3.2. Performance Analysis


This section presents the performance analysis of the proposed BL-WRVM’s basic model. 2D-FEA simulations were conducted by Ansys Maxwell (2016). The no-load airgap flux density plot is shown in Figure 4a. The harmonic order for the normalized flux density is shown in Figure 4b. It demonstrates 22-pole pairs for the rotor field winding and its 2-pole pair and 46-pole pair components. However, the stator windings have 2-pole pairs. Therefore, the machine is functioning as a vernier and producing torque due to the “magnetic gearing” effect of a vernier machine.


Figure 4. (a) Air gap flux density; (b) Harmonic order of no-load flux density.
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For the no-load operation, the back EMF is shown in Figure 5a, for 5 A DC current in the field winding. The root mean square (rms) value of the back EMF is 49.34 V. Also, the back EMFs in all three phases are balanced.


Figure 5. (a) Induced back EMF for 5 A DC field current at 300 rpm and (b) electromagnetic torque.
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For the load operation, the machine is being excited by a 1 A (rms) armature current (1.33 A for high-current coils and 0.66 A for low-current coils for an average of 1 A). The electromagnetic torque of the model is shown in Figure 5b. The average value of the torque is 18.33 Nm with a ripple of 49%. Figure 6a shows the flux density, and Figure 6b shows the flux lines plots for the loaded case. It shows that the machine is well under the saturation level. The upper portion of the machine shows higher flux density and a greater concentration of flux lines compared with the lower portion due to the placement of coils with higher current magnitude, which is necessary to produce the subharmonic component.


Figure 6. (a) Flux density plot and (b) flux lines plot.
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The performance of the basic model is summarized in Table 2. The power factor (PF) for the machine is 0.28, and efficiency is 55%, which is quite low. The low efficiency is caused by the additional copper losses in the rotor windings. The PF is low because of the increased inductance of the machine due to additional excitation winding on the rotor. Also, the machine has a high torque ripple of 49% due to the subharmonic component in the air gap, which is necessary for brushless operation. In following section, the numbers of stator and rotor winding turns are optimized to achieve a better power factor and efficiency while the torque ripple is decreased.



Table 2. Performance of the basic model of the BL-WRVM.







	
Parameter

	
Units

	
Vernier Machine (Basic Model)






	
Torque

	
Nm

	
18.33




	
Torque ripple

	
%

	
49




	
Efficiency

	
%

	
55




	
Power Factor

	
-

	
0.28












4. Machine Sensitivity Analysis and Optimization


4.1. Sensitivity Analysis


In [13], the effects of varying the stator winding and rotor winding turns on machine performance are discussed. Considering that, three parameters have been optimized to improve the proposed machine’s performance: the number of stator winding turns, field winding turns, and excitation winding turns. The main objective of the design optimization of the basic model is to decrease the torque ripple and to improve the power factor and efficiency without reducing the output torque. First, a sensitivity analysis was performed to observe the effects of varying the number of turns of field winding, excitation winding, and stator winding on the output performance of the machine. Then, based on the sensitivity analysis, constraints and ranges for the design variables were selected for optimization of the BL-WRVM to reduce the torque ripple and improve the power factor of the machine.



4.1.1. Effect of Variation of Field Winding Turns on the Machine Performance


Figure 7 shows the effect of variation of the number of turns of the field winding on the output performance of the BL-WRVM. The field winding turns are varied from 12 turns/slot to 54 turns/slot, keeping the number of turns of the stator and excitation windings the same as the basic model of the machine. Due to the increase in the number of the field winding turns, the magnetic loading of the machine is increased, which results in an increase in the machine’s torque, as shown in Figure 7a. Figure 7b shows that the torque ripple of the machine is decreased with the increase in number of the field winding turns. Figure 7c shows the variation in efficiency with the increase of the number of field winding turns of the machine. The efficiency of the machine exhibits a small variation from 12 turns/slot to 40 turns/slot. However, when the field winding turns are increased above 40 turns/slot, the efficiency of the machine is decreased due to increased copper losses in the rotor windings. The effect of the variation of field winding turns on PF is shown in Figure 7d. The power factor of the machine is improved with the increase in field winding turns due to enhanced magnetic loading.


Figure 7. Effect of variation of field winding turns on machine performance (a) torque; (b) torque ripple; (c) efficiency; and (d) power factor.
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The performance of the machine is improved by increasing the number of field winding turns of the BL-WRVM. However, due to the limitation of the slot fill factor and the power of the machine, 36 turns/slot for the field winding was selected as the optimal number. Further analysis of the machine was carried out by keeping the field winding turns/slot equal to 36. This increase in field winding turns requires more rotor slot area to keep the slot fill factor under 50%. Therefore, to adjust these turns, the rotor slot area was increased by increasing the rotor outer diameter from 300 mm to 315 mm.




4.1.2. Effect of Variation of Excitation Winding Turns on the Machine Performance


The effect of varying the number of turns of the excitation winding on the output performance of the BL-WRVM is shown in Figure 8. The excitation winding turns were varied from 6 turns/slot to 24 turns/slot, thus keeping the number of turns of the stator winding the same as in the basic model of the BL-WRVM. However, the field winding has 36 turns/slot, as discussed above. As the number of turns are increased for the rotor excitation winding, its induced voltage due to the stator MMF subharmonic component is increased, while the corresponding excitation winding current is reduced to maintain the constant power. Consequently, the main field current supplied to the field winding is decreased, which results in a decrease in the output torque of the machine, as shown in Figure 8a. Figure 8b shows the variation of the torque ripple with the increase in the excitation winding turns. The torque ripple of the machine is increased. Figure 8c shows that the efficiency of the machine is increased with the increase in the number of excitation winding turns. The improvement in efficiency is due to the decreased copper losses in the rotor field winding. Figure 8d shows the effect of the variation of the excitation winding turns on the power factor of the machine. The power factor is decreased due to the decrease in the magnetic loading of the machine.


Figure 8. Effect of variation of excitation winding turns on machine performance (a) torque; (b) torque ripple; (c) efficiency; and (d) power factor.



[image: Energies 11 00317 g008]







4.1.3. Effect of Variation of Stator Winding Turns on the Machine Performance


Figure 9 depicts the effect of changing the number of turns of the stator winding on the output performance of the BL-WRVM. The stator winding turns are varied from 90 turns/slot to 40 turns/slot, while keeping the number of turns/slot of excitation winding the same as in the basic model (6 turns/slot) and the field winding equal to 36 turns/slot. The electric loading of the machine is increased with the increase in the number of stator winding turns, which results in an increase in the machine’s output torque, as shown in Figure 9a. Figure 9b shows the variation in the torque ripple due to a change in the turns of stator winding. Figure 9c shows the effect of the variation in the number of stator winding turns on the machine’s efficiency, which is slightly reduced due to the increased copper losses. Figure 9d shows that the effect of the change of stator winding turns on the power factor of the machine is quite small.


Figure 9. Effect of variation of stator winding turns on machine performance (a) torque; (b) torque ripple; (c) efficiency; and (d) power factor.
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4.2. Design Optimization


To improve the power factor and decrease the torque ripple, the optimization was applied on the proposed BL-WRVM using the kriging method and a genetic algorithm (GA). Based on the sensitivity analysis performed on the basic model, two design variables—excitation winding turns/slot [image: ] and stator winding turns/slot [image: ]—were selected. The optimal design process is shown in Figure 10. First, the objective functions, constraints, and design variables were obtained. Then the Latin hypercube sampling method was applied to select the sampling points in accordance with the design of the experiment process. The FEA was used to calculate the output performance for each model, and the kriging method was used for the approximation modeling. The GA evaluates the fitness from the modeling developed by the kriging method. Thus, the optimal results were determined by the population. Finally, the 2D FEA verified the optimal design results.


Figure 10. Optimal design process.
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The objective functions for reducing the torque ripple and for maximizing the power factor are shown in (4). The constraints are set to keep the efficiency of the machine greater than 55% and keep the output torque greater than or equal to the torque of the basic model (18.33 Nm), as given in (5). The range of design variables, based on the sensitivity analysis discussed above, are given in (6).

	
Objective function


Maximize the power factor

Minimize the torque ripple



(4)







	
Constraints


Efficiency ≥ 55%

Torque ≥ 18.33 Nm



(5)







	
Design variables


[image: ]



(6)












In the optimization process, optimal values of the design variables were obtained as 8 turns/slot for the excitation winding and 60 turns/slot for the stator winding. The slot fill factor for the rotor was 41%, whereas the slot fill factor for the stator was 30%.



A 2D-FEA analysis of the optimized model was conducted. The induced currents in rotor excitation winding and rectified field current are shown in Figure 11a. The electromagnetic torque generated by the machine is plotted in Figure 11b. The flux density plot and the flux lines plot of the machine are shown in Figure 12a,b, respectively.


Figure 11. Optimal model performance (a) rotor currents and (b) electromagnetic torque.
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Figure 12. Optimal model (a) flux density plot and (b) flux lines plot.
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The overall performance comparison of the basic and optimized model of the BL-WRVM at the rated speed of 300 rpm is given in Table 3. The torque ripple of the optimized model of the BL-WRVM is decreased by 25.75% compared to the torque ripple of the basic model. Moreover, the power factor and the efficiency of the optimized model compared with basic model are improved almost by 54% and 6.66%, respectively.



Table 3. Performance comparison of the basic and optimized models.







	
Parameter

	
Units

	
BL-WRVM (Basic Model)

	
BL-WRVM (Optimized Model)




	
FEA

	
Algorithm

	
FEA






	
Design variable

	
[image: ]

	
Turns/slot

	
6

	
8




	
[image: ]

	
Turns/slot

	
90

	
60




	
Torque

	
-

	
Nm

	
18.42

	
18.81

	
18.44




	
Torque ripple

	
%

	
49.0

	
22.34

	
23.25




	
Efficiency

	
%

	
55.0

	
57.83

	
58.93




	
Power factor

	
-

	
0.28

	
0.68

	
0.62










As it can be seen in Figure 12, the lower part of the machine has lower flux density compared with the upper part due to the different stator current magnitudes. This unbalanced flux density will put additional stress on the bearings. The effect of unbalanced flux density can be minimized by incorporating an 8-pole or 16-pole stator.





5. Wide-Speed Operation and Performance Comparison


One of the main advantages of wound-rotor machines is that they can easily be used for high-speed applications because of their flexibility regarding the rotor field. For the case of PM rotor machines, the rotor field is mostly fixed. Generally, for PM machines to achieve high-speed operation, a negative d-axis current is provided to weaken the rotor flux, which requires an extra control strategy. In [14], the advantages of using wound-rotor synchronous machine for high-speed applications are discussed in comparison with PM machines. For the proposed machine, the high-speed operation is discussed in the following section.



5.1. Wide-Speed Operation


As noted, in the proposed BL-WRVM, the rotor field current is induced through the stator MMF subharmonic component. By regulating the stator MMF, the rotor field can easily be controlled. The high-speed operation for the brushless topology given here was discussed in [11]. It was based upon modifying the ratio of currents from two inverters.



In this paper, high-speed operation is realized by keeping the ratio of currents from two inverters constant at 2, while changing the rms value of currents from the two inverters with the same proportion. For the rated speed of 300 rpm, the rated currents for two inverters are 1.33 A and 0.66 A (ratio is 2). To move the machine from 300 to 600 rpm, the currents are changed to 0.9 A and 0.45 A, keeping the output power of the machine constant. As the stator armature current is reduced, the rotor field current is also reduced; hence, the rotor field is reduced to allow for the increase in the machine’s speed. By further reducing the stator armature currents from two inverters, the machine’s speed can be further increased. For our analysis, the machine was simulated up to 2400 rpm (8 times the base speed). The rotor field currents are shown in Figure 13. As the stator armature current and rotor field current are reduced for high-speed operation of the machine, the rotor copper loss is reduced. The machine core loss is increased as the machine moves into high-speed operation, but the overall efficiency of the machine is increased. Table 4 summarizes the performance of the machine at high-speed operation.


Figure 13. Rotor field winding currents for different speeds.
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Table 4. Wide-Speed Performance of BL-WRVM.







	
Parameter

	
100 rpm

	
200 rpm

	
300 rpm

	
600 rpm

	
900 rpm

	
1200 rpm

	
1500 rpm

	
1800 rpm

	
2100 rpm

	
2400 rpm






	
Input Current (A)

	
1

	
1

	
1

	
0.67

	
0.54

	
0.46

	
0.39

	
0.37

	
0.35

	
0.31




	
Field Current (A)

	
9.09

	
10.63

	
10.56

	
7.68

	
6.05

	
5.49

	
5.26

	
4.47

	
4.23

	
4.17




	
Torque (Nm)

	
17.94

	
18.21

	
18.44

	
9.31

	
6.11

	
4.57

	
3.75

	
2.98

	
2.65

	
2.30




	
Copper Loss (W)

	
271.22

	
365.33

	
360.83

	
189.55

	
117.97

	
96.83

	
88.42

	
63.99

	
57.38

	
55.40




	
Core Loss (W)

	
11.03

	
24.6

	
43.06

	
62.67

	
78.67

	
95.16

	
118.05

	
125.47

	
146.19

	
166.43




	
Efficiency (%)

	
39.97

	
49.45

	
58.93

	
69.89

	
74.56

	
74.98

	
74.05

	
74.83

	
74.11

	
72.29










For speeds under the rated speed (300 rpm), the BL-WRVM achieves the required torque at 200 rpm, but as the speed further reduces to 100 rpm, the induced harmonic current decreases and results in low torque. To achieve constant torque at 100 rpm, we varied the ratio of currents in two portions of winding from 2 to 3. This increase in the current ratio helps to achieve the required torque at 100 rpm.




5.2. Performance Comparison with PMVM


To get an idea of the performance of the proposed machine, its efficiency is compared with that of an equivalent PMVM at different speeds. The stators for both machines were kept the same, while for the rotor of PMVM, the slots and teeth were replaced by a PM material, NdFeB. The 2D model for the developed PMVM is shown in Figure 14. Magnetic loading for PMVM was the same as that of the proposed machine. The back EMF at 300 rpm for both the machines is given in Figure 15. The back EMF for the optimized BL-WRVM has been plotted providing the rated field current (10.56 A).


Figure 14. 2D model for equivalent permanent magnet vernier machine (PMVM).
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Figure 15. Back EMF comparison.
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PMVM is simulated for wide-speed to compare its performance with that of the BL-WRVM. For the PMVM, the high-speed operation is achieved by using a negative d-axis method. The stator current and output power were kept fixed. Core loss and efficiency of the PMVM for wide-speed operation are shown in Table 5. For the low-speed operation, core loss of the PMVM is low; hence, its efficiency is high, but as we move toward high-speed operation, the core loss increases and the efficiency at 2400 rpm decreases to 64.13%.



Table 5. Wide-Speed Performance of PMVM.







	
Parameter

	
100 rpm

	
200 rpm

	
300 rpm

	
600 rpm

	
900 rpm

	
1200 rpm

	
1500 rpm

	
1800 rpm

	
2100 rpm

	
2400 rpm






	
Core Loss (W)

	
5.06

	
11.85

	
20.22

	
32.78

	
59.14

	
93

	
135.42

	
186.07

	
245

	
310.14




	
Efficiency (%)

	
90.69

	
93.54

	
94.29

	
92.57

	
88.92

	
84.62

	
79.17

	
74.44

	
69.42

	
64.13










Figure 16 shows the efficiency comparison between BL-WRVM and PMVM for wide-speed. For low speeds, the BL-WRVM shows lower efficiency as compared with PMVM, but as we move toward high-speed operation, the proposed BL-WRVM shows better efficiency.


Figure 16. Efficiency comparison of the BL-WRVM and PMVM.
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6. Conclusions


In this paper, a BL-WRVM machine is proposed. The proposed machine has a PM-less structure and the advantage of easy air gap flux regulation for variable-speed applications. Sensitivity analysis and design optimization for the proposed machine considered the stator and rotor winding turns. Further, the proposed machine was simulated for wide-speed operation, and its efficiency was compared with that of an equivalent PMVM. The proposed machine shows better performance at high speed than does the PMVM.
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