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Abstract

:

This paper proposes a novel brushless synchronous machine topology that utilizes stator sub-harmonic magnetomotive force (MMF) for desirable brushless operation. The sub-harmonic MMF component that is used in this novel topology is one fourth of the fundamental MMF component, whereas, in previous practices, it was half. To achieve the brushless operation, the novel machine uses a unique stator winding configuration of two sets of balanced 3-phase winding wound in 3 layers. For the rotor, additional winding is placed to induce the sub-harmonic component to achieve the brushless excitation. Unlike its predecessors, it utilizes maximum allowable space in the stator to house conductors in all of its slots. To implement the topology, 8-pole, 48-slot sub-harmonic brushless synchronous machine model has been designed. A 2-D finite element analysis (FEA) is used to simulate and validate the performance of the novel machine as a motor. The proposed topology shows better average torque than the existing sub-harmonic wound rotor brushless synchronous machine topologies.
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1. Introduction


For the last few decades, the primal focus of scientists and researchers is to discover sustainable, clean, energy-efficient, and performance-enhanced technology in all respected fields in science and engineering to fight global warming and scarcity of fossil fuel resources. Because electric motors consume approximately 68% of industrial electricity, energy efficient-optimal designs and performance enhanced technologies are playing a key role in reducing overall energy consumption [1]. Moreover, merging conventional and renewable energy—incorporating power electronics—electric motor technology has shown enormous potential to eradicate systems that pollute the environment we live in. Fossil fuel-based vehicles, ubiquitous but one of the main sources of pollutants, are slowly but surely being replaced by more energy-efficient, environmentally friendly electric vehicles (EVs) and hybrid electric vehicles (HEVs), where they rely solely on modern electric motor technologies [2].



Although permanent magnet synchronous machines (PMSM) are the most utilized in traction applications for their high-power density and high efficiency, the high cost of rare earth magnets and fixed flux nature makes it an unattractive choice [3,4]. To find an alternative to the PMSM, manufacturers have used trailed permanent magnet (PM) free induction motors (IM) and recently researchers are keener on cost-effective, efficient, and power-dense switched reluctance motor (SRM). While having a PM less structure, wound rotor synchronous machines (WRSM) cannot attract the researchers due to its complex excitation system, lower efficiency, and less torque as compared with its counterpart PMSM. In few publications, Hybrid or PM assisted synchronous motor has been designed to integrate the major advantages of PMSMs and WRSMs [5,6]. Moreover, a comparative study on the hybrid excitation topologies has also been covered [7]. Furthermore, an additional single-phase DC excitation winding is placed with the 3-phase stator winding to obtain brushless operation for a hybrid PM assisted synchronous motor [8].



While the conventional approach for field winding excitations is slip rings, brushless exciters and rotating transformers method have been implemented to remove the brushes and slip rings from the field excitation [9]. Apart from these two methods, several research works have been done to mitigate the limitations by the introduction of various brushless excitation system [4,10]. Furthermore, three advanced brushless field excitation methods were developed in recent times: harmonic, inductive, and capacitive power transfer [9]. Few major research investigations were done to discover the feasibility of higher-order harmonic and sub-harmonic MMF components to provide adequate power to the WFSM field winding [11,12,13,14,15,16,17]. Higher-order harmonics that are generated from the 3-phase stator MMF were used for a brushless set-up encountering additional harmonic losses [11].



Another approach to achieve the brushless operation is to employ a dual inverter arrangement, where both the inverters drive the machine by feeding two sets of currents to an equally divided 3-phase stator winding, and the stator winding generates fundamental rotating magnetic field and a sub-harmonic rotating magnetic field [12]. Under this circumstance, an excitation winding—a specially designed rotor winding—induces this sub-harmonic stator MMF (SH-MMF) component, and then its output gets rectified to feed the field winding of the rotor for torque generation. On the basis of the principle, a PM assisted BL-WRSM was proposed to improve its starting ability and increased torque density in the machine [13].



While these BL-WRSM and hybrid BL-WRSM topologies offer few distinct advantages over its conventional counterparts, another new BL-WRSM was designed by utilizing the similar concept of using SH-MMF from a novel stator winding arrangement, with the advantage of using only one current source inverter rather than two [14]. In contrast with the two-inverter topology, where the number of poles for field and excitation windings were 4 and 2 poles respectively, the pole number of field and excitation windings of the rotor are 8 and 4 poles respectively in the one inverter topologies [14,15]. Alongside the cost-effective design, the performance of the machine was enhanced in terms of output power quality improvement, higher average torque production, and torque ripple reduction by optimized one inverter-driven sub-harmonic BL-WRSM topology [14]. Even though the topology offers some promising enhancements, the machine still lags the performance of a PMSM. Nonetheless, a cost-effective scheme for a BL-WRSM using sub-harmonic excitation has been proposed in [16]. Moreover, another dual inverter 4 pole BL-WRSM machine based on the sub-harmonic excitation method presented in [17].



With this intension in mind, this paper proposes a novel sub-harmonic synchronous machine (SHSM) that exceeds the performance of the previously presented single inverter sub-harmonic BL-WRSMs [14,15] having the exact size, volume and machine rating. The proposed SHSM topology features a new stator winding arrangement that can produce both fundamental MMF component for torque generation and sub-harmonic MMF component for field excitation. As shown in Figure 1, the stator winding uses two sets of series-connected 3-phase winding—ABC and XYZ—which are placed in the stator in a 3-layer arrangement, and the machine is driven by a single current source inverter. Together with the novel 3-layer winding, the proposed SHSM has utilized all the slots to the maximum fill factor unlike for the BL-WRSMs in [14,15] where some of the slots were having a smaller number of turns in order to produce the sub-harmonic component. The structure, machine configuration and working principle of this new SHSM is discussed in the following chapters along with its 2-D finite element analysis (2-D FEA) for validating its machining performance.




2. Proposed Topology and Principle of Operation


2.1. Proposed Sub-Harmonic Synchronous Machine Topology


As mentioned in the introduction section, the proposed SHSM topology is illustrated in Figure 1, and it is shown that the stator winding is driven by a single current source inverter. Furthermore, the stator winding has a unique 3-layer distributed winding configuration, where it is divided into two sets of series-connected 3-phase windings—winding ABC and winding XYZ—of which winding ABC generates an 8-pole MMF, and the winding XYZ produces a 2-pole MMF. The ABC and XYZ winding are depicted in Figure 2, in the machine layout with the proposed winding arrangement. It is important to state that the rotor of the SHSM is also comprised of two separate windings itself and they are: the field winding and the harmonic winding. While the field winding is wound in an 8-pole manner and is placed in all 8 rotor slots, the rotor harmonic winding is a 2-pole winding which is placed in only two of the rotor slots. Rotor harmonic winding is employed for inducing the sub-harmonic MMF generated by the XYZ winding of the stator. Both the rotor windings are connected with each other via a diode bridge rectifier circuit mounted on the periphery of the rotor as it can be seen in Figure 1.



Furthermore, it can be seen in Figure 2 that the 3-layer winding is placed in each slot shared by both ABC and XYZ stator windings. The 3-layer winding configuration of SHSM is such that the inner two layers are wound similar to a typical 2-layer arrangement, which is the ABC winding and has 8-poles. Whereas the third layer, outer most of the three, is coiled like a single layer winding named as XYZ winding and has 2-poles. Figure 3 shows the pole pitches of the 2 rotor windings.




2.2. Principle of Operation


The brushless operation of the SHSM is possible by utilizing sub-harmonic MMF components delivered from the stator XYZ winding to the rotor harmonic winding. The SHSM is driven by the current source inverter that delivers three phase AC currents to the stator windings. Since the stator windings are connected in series configuration, both ABC and XYZ windings are energized by the inverter with an equal amount of current. Although the stator windings are fed from a balanced 3-phase current, due to the different winding configurations, winding ABC generates 8-pole fundamental MMF component that is used for torque generation and winding XYZ generate 2 pole MMF component. In [12], the 8-pole and 4-pole components were generated in the stator winding of the machine using 2 inverters. The 8-pole was the fundamental component used for torque generation while the 4-pole considered the sub-harmonic component, was used for the rotor excitation. In the proposed SHSM topology, 8-pole ABC winding produces a fundamental rotating magnetic field and the 2-pole component is generated by using an additional 2-pole stator winding for the purpose of rotor excitation. The 2-pole and 8-pole components rotate with a different rotating speed from each other. The 3-phase balanced currents that are supplied by the inverter to the stator windings are given below,


     i A   ( t )  =  I 1  sin  ω e  t  



(1)






     i B   ( t )  =  I 1  sin  (   ω e  t −   2 π  3   )   



(2)






     i C   ( t )  =  I 1  sin  (   ω e  t +   2 π  3   )   



(3)




where,      i A   ( t )   ,      i B   ( t )   , and      i C   ( t )    are the 3 phase supply currents,    I 1    is the supplied peak current, ωe is the electrical angular frequency, and t is the time.



The rotational speed of the fundamental component and harmonic component can be calculated from Equations (4) and (5), where    n s    is the rotating speed of the fundamental component, f is the frequency of the supplied current, p is the number of poles of the machine,    n  s  ( h )      is the rotating speed of the harmonic component, and h is the harmonic number, which in the proposed case is 1/4 or 0.25.


   n s  =   120   ×   f  p   



(4)






    n  s  ( h )    =      n s   h  =     120   ×   f   h × p     



(5)







Using Equation (4) for an 8-pole machine, with 60 Hz of supplied frequency, the fundamental component of MMF will be rotating at 900 rpm. For the sub-harmonic component, putting the value of h = 0.25 in Equation (5), its rotating speed comes out to be 3600 rpm, which clearly demonstrates that the sub-harmonic component will be rotating at a different speed from the rotor speed and thus has the potential to get induced in the rotor harmonic winding. Given that, the rotor also has two sets of winding: field winding and harmonic winding. The 2-pole rotor harmonic winding induces an electromotive force (EMF) from the sub-harmonic MMF generated by the XYZ winding, and this induced EMF is then rectified through a diode rectifier circuit to a DC voltage that ultimately feeds the field winding. From that DC excitation, the 8-pole field winding creates a constant magnetic field that synchronizes with the fundamental rotating magnetic field created by the ABC winding.





3. Design and Analysis of the Proposed Machine


The design process flowchart is shown in Figure 4. As [15] is considered as the base model, to draw a valid comparison, all the design parameters of the proposed machine are the same. However, the difference lies in the stator winding arrangement and in the pole number of the harmonic windings. Once the winding was completed, electromagnetic analysis was performed to check the feasibility of the proposed brushless operation. An 8 pole, 48 slot SHSM with a 3-phase, 3-layer distributed stator winding is designed to validate the proposed topology. Based on the stator winding structure, both ABC and XYZ windings are placed throughout the 360-mechanical degree of the stator, which is illustrated in Figure 5, and each slot consists of a single-layer XYZ and a 2-layer ABC winding. For the performance comparison, the BL-WRSM of [15] has been chosen.



In [15] ABC and XYZ windings are both 2-layer windings, and they are housed separately in two equally divided slot-spaces in the stator, where winding ABC has double the number of turns than XYZ as shown in Figure 6. For the machine presented in [15], total number of slots for each phase is 16, where 8 slots are used for winding A and 8 are used for winding X, where A winding has 40 conductors per slot and X winding has 20 conductors per slot. Moreover, the number of conductors per slot is 30 when ABC and XYZ windings overlap. Therefore, average number of conductors per slot will be, (40 + 20 + 30)/3 = 30 turns per slot. As all the slots are identical in shape and size, the slot must be designed to incorporate the 40 conductors per slot, which indicates that ¾th of the slot has been utilized on average.



Now, if S1 is the Slot fill factor of ABC winding, S2 is the Slot fill factor of XYZ winding, and S3 is the slot fill factor when the slots are occupied by both ABC and XYZ windings, looking at Figure 6, the average slot fill factor, Savg, is,


    S  a v g   =    (   S 1  +  S 2  +  S 3   )   3    =  3 4   S 1      [ ∵  S 2  =    S 1   2  ,    S 3  =  3 4   S 1  ] = 75 %   



(6)







As there were 30 conductors per slot on average in [15], it can be stated that 10 more conductors might have been incorporated but due to the topology, only 30 conductors were placed.



Now for the proposed topology, the sub-harmonic component is generated with a different technique compared to [15], with no such restrictions of different number of conductors per slot in different slots. Where, the ABC winding has 30 conductors per slot while the XYZ winding has 10 conductors per slot i.e., maximum slot utilization. As the area of slot for the proposed machine and [15] is same, for the proposed machine, unlike in [15], each slot has ABC winding as well as XYZ winding. Thus, the average slot fill factor of the proposed machine,    S  a v g    , is,


    S  a v g   =   3  (   S 1   )   4  +    (   S 2   )   2    =  S 1      [ ∵  S 2  =    S 1   2  ] = 100 %   



(7)







Therefore, it can be stated that the proposed topology improves 25% slot utilization as compared to [15], which in return results in 60% greater torque generation.



The parameters of the proposed SHSM are summarized in Table 1, and it can be seen that the rated power of the machine is considered 1281 W having a constant speed of 900 rpm. The MMF distribution of the ABC and XYZ stator windings are illustrated in Figure 7a,b for the case, where the amplitude of the phase A and X current is maximum, 6.4 A, and the value of B, C, Y and Z phases are −3.2 A. The fundamental MMF component is produced by winding ABC, and it has an 8-pole arrangement with the frequency of ωm, where ωm is the frequency in mechanical space domain. Whereas in the case of winding XYZ with its 2-pole configuration, it delivers the sub-harmonic MMF component with the frequency of (ωm)/4. Thus, the two components rotate at a different speed. In the rotor, on the other hand, the harmonic winding is placed on the rotor such that it aligns magnetically with the stator XYZ winding. Moreover, the field winding having an 8-pole arrangement aligns magnetically with winding ABC. With all that, the proposed SHSM achieves its brushless operation by inducing voltages in harmonic winding, due to the sub-harmonic MMF. These voltages then get rectified and DC current is fed to the field winding of the rotor, which magnetically locks it with the stator fundamental MMF.



It is worth pointing out that unlike the other machines [14,15] that use the sub-harmonic MMF component for the brushless operation, the proposed topology uses the maximum number of conductors per slot in the stator winding: winding ABC has 30 and XYZ has 10 numbers of turns. Although the XYZ winding contains 10 turns per slot, the stator generated MMF’s sub-harmonic component (77.5 at peak as shown in Figure 7b) is significantly higher than the fundamental MMF component (52.5 at peak as shown in Figure 7a); however, the fundamental and sub-harmonic components are sufficient to produce eloquently higher torque in the previously presented BL-WRSM in [15]. It is important to realize that the overall volume of the machine does not get bigger as compared with the BL-WRSM in [15] even though the proposed SHSM utilizes a 3-layer winding configuration. Evidently, the reason for the improved torque performance of the proposed machine is the fact that some slots were not fully utilized in the BL-WRSM in [15] while in the proposed machine all of the slots area is fully utilized for torque production and sub-harmonic generation.




4. 2-D Finite Element Analysis


To observe the performance and feasibility, proposed SHSM has been extensively investigated utilizing a 2-D finite element method. Simulation parameters are taken from the Table 1, and the stator winding of the SHSM is supplied with a balanced 3-phase sinusoidal current with a peak current of 6.4 A at a 60 Hz frequency. The flux density and flux line distribution through the stator and the rotor of the SHSM at the rated current is illustrated in Figure 8. As it turns out, the flux density and flux lines are somewhat evenly distributed throughout the stator rotor frame for the SHSM, unlike in the case of the BL-WRSM in [15], where the distribution was found uneven because of the under-utilized stator slot space. It also shows the proposed SHSM works under the flux density of 2 T.



In Figure 9a,b, induced EMF and the current in the rotor harmonic winding by the generated MMF in the stator XYZ winding is shown, and this alternating voltage and current are having an rms value of approximately 6.11 V and 14.05 A, respectively; then, the alternating voltage and current are rectified to feed the rotor field winding. The average value of these field voltage and current are illustrated in Figure 10a,b, and they are around 1.57 V and 20.18 A, respectively. Upon observing the rectified stable field currents in the field winding, it is obvious that the brushless operation is achievable in the case of the SHSM topology. Moreover, the torque production curve of the 8-pole, 48-slot SHSM is depicted in Figure 11, where the average value is 12.53 Nm with a torque ripple of 32%.



In order to examine the effectiveness of the proposed SHSM, its performance is compared with the conventional WRSM in [14] and the single inverter BL-WRSM in [15], and the summary of the assessment is listed in Table 2. It is, however, worthy of note that for the proposed machine, all design parameters are kept the same to the BL-WRSM in [15] including outer diameters, air-gap length, stack length, the current density in the stator, and rotor winding to name a few. While all the machines are supplied with a rms current of 4.5 A, the rotor field current is found in SHSM (20.18 A) is remarkably higher than that of the BL-WRSM in [15], which is 9.8 A. The reason for the higher current is 2 pole sub-harmonic component and 3-layer stator winding arrangement. As a result of all these factors, the average torque of the SHSM is found 12.53 Nm that is approximately 60% more than the average torque production of the BL-WRSM in [15]. The proposed machine is unique compared to the machines presented in [15] considering various design parameters, and they are as follows: number of stator winding layers, pole number of the rotor’s harmonic winding, number of conductors per slot of the stator’s ABC and XYZ windings. These are listed in the Table 2.



In a nutshell, as the proposed topology utilizes maximum possible conductors in a slot compared to the BL-WRSM in [15], this results in more current induction in the rotor harmonic winding, which eventually results in greater field current on the rotor. On the other hand, with this higher field current, inevitably increases the back EMF of the machine. To keep up with the greater back EMF, the input terminal voltage has to be greater to maintain the constant supply current of 4.5 A. Therefore, it can be said that the ability of greater torque generation of the proposed topology is achieved because of higher terminal voltage which is higher only because of the greater utilization of the slot space. As a result, the input power of the proposed machine is different from the other two machines in [14,15].



Despite the performance enhancement in torque generation, the torque ripple is found to be 32%, and this issue may be covered in future research with an optimized design. Variation in performance of using different number of conductors turns per slot of XYZ winding is listed in Table 3 with fixed 30 conductor turns per slot of ABC. It can be seen from the table that 10 conductors per slot of XYZ winding shows the most promising results in all the performance indication parameters except for the torque ripple result.




5. Conclusions


Finally, it can certainly be stated that the purpose of the study to develop a brushless wound rotor synchronous machine, SHSM, is achieved. In order to validate the practicability of the SHSM, the model was substantiated with 2-D finite element method. From that, the proposed machine not only resembles the conventional BL-WRSMs, but performance-wise it surpasses in many critical aspects, and it demonstrates some certain advantages over the newly developed BL-WRSMs in [12,14,15]. The features of the SHSM are therefore listed as follows:




	
Significantly greater torque generation.



	
Utilizes maximum allowable stator slot space.



	
Single inverter brushless usage



	
No requirement of imposing complex unbalanced-cooling system.








With these advantages, the SHSM can undoubtedly be considered as a competitive alternative not only to the BL-WRSMs but also with the state-of-the-art PMSMs, especially those that are used in traction applications. One of the drawbacks of the model, torque ripple, may be reduced through optimized design, which eventually will improve the overall performance. In system applications, on the other hand, specifically in power electronic drive and control section, there is a scope for economical and uplifted performance by utilizing the three-transistor voltage source inverter topology and employing various pulsed width modulation techniques in [18,19]. Not to mention that these topics may be considered as future research concerns.
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Figure 1. Machine topology for the proposed. 
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Figure 2. Machine layout for the proposed SHSM. 
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Figure 3. Pole pitches of the rotor 8-pole field and 2-pole harmonic windings. 
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Figure 4. Flowchart of the design process. 
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Figure 5. Proposed 3-layer ABC and XYZ winding configuration over 360-mechanical degrees. 
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Figure 6. 2-layer ABC and XYZ winding configuration in over 360-mechanical degrees presented in [15]. 
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Figure 7. Stator MMF components: (a) Fundamental component; (b) Sub-harmonic component. 
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Figure 8. Stator flux density and flux line plot. 
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Figure 9. Induced voltage and current at the rotor harmonic winding: (a) Induced voltage; (b) Induced current. 
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Figure 10. Rectified voltage and current at the rotor field winding: (a) Rectified voltage; (b) Rectified current. 
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Figure 11. Torque generator of the SHSM. 
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Table 1. Design parameters of the proposed SHSM.






Table 1. Design parameters of the proposed SHSM.





	Parameter
	Unit
	Value





	Rated power
	W
	1281



	Operating speed
	rpm
	900



	Stator outer diameter
	mm
	177



	Stator inner diameter
	mm
	95



	Air-gap length
	mm
	0.5



	Shaft diameter
	mm
	25



	Stack length
	mm
	80



	Number of poles of stator ABC winding
	-
	8



	Number of poles of stator XYZ winding
	-
	2



	Number of poles of rotor harmonic winding
	-
	2



	Number of poles of rotor field winding
	-
	8



	Number of stator slots
	-
	48



	Conductors per stator slot in ABC winding
	-
	30



	Conductors per stator slot in XYZ winding
	-
	10



	Conductors per pole of harmonic winding
	-
	50



	Conductors per pole of field winding
	-
	24
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Table 2. Performance comparison between the conventional WRSM [14], BL-WRSM [15], and the proposed SHSM.






Table 2. Performance comparison between the conventional WRSM [14], BL-WRSM [15], and the proposed SHSM.












	Indicator
	Unit
	WRSM [14]
	BL-WRSM [15]
	Novel SHSM





	Stator current
	Arms
	4.50
	4.50
	4.50



	Filed current
	Aavg
	9.5
	9.8
	20.18



	Harmonic current
	Arms
	0
	5.1
	14.05



	Terminal voltage
	Vrms
	68.10
	72.0
	113.89



	Average torque
	Nm
	7.30
	7.83
	12.53



	Torque ripple
	%
	16.67
	18.0
	32



	Number of layers of stator winding
	
	2
	2
	3



	Number of poles for rotor harmonic winding
	
	-
	4
	2



	Number of ABC conductors/slot of stator winding
	
	40
	40
	30



	Number of XYZ conductors/slot of stator winding
	
	-
	20
	10
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Table 3. Variation in performance of proposed SHSM with different conductors of XYZ winding.






Table 3. Variation in performance of proposed SHSM with different conductors of XYZ winding.





	
Indicator

	
Unit

	
Number of Conductors per Slot in XYZ Winding While Having 30 Conductors per Slot in ABC Winding




	
10

	
8

	
6

	
4

	
2






	
Stator current

	
Arms

	
4.50

	
4.50

	
4.50

	
4.50

	
4.50




	
Field current

	
Aavg

	
20.18

	
15.74

	
10.81

	
6.09

	
1.78




	
Harmonic current

	
Arms

	
14.05

	
11.28

	
8.27

	
5.07

	
1.81




	
Terminal voltage

	
Vrms

	
113.89

	
102.46

	
87.64

	
68.48

	
50.86




	
Induced field voltage

	
Vrms

	
6.11

	
5.67

	
5.01

	
4.02

	
2.73




	
Rotor voltage

	
Vavg

	
1.57

	
1.38

	
1.09

	
0.69

	
0.22




	
Average torque

	
Nm

	
12.53

	
11.15

	
9.10

	
6.04

	
2.02




	
Torque ripple

	
%

	
32

	
31

	
31

	
33

	
38
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