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Abstract

:

A new harmonic field excitation technique for the brushless operation of wound field synchronous machines (WFSMs) is proposed in this paper. The proposed scheme involves conventional three-phase and single-phase inverters operating at different frequencies and supply input current to the armature winding simultaneously. This results in a composite output current of the inverters, which contains fundamental as well as the third harmonic current components. The fundamental is utilized to develop the stator field, on the other hand, the third harmonic is used for developing the pulsating magnetomotive force (MMF) in the airgap. This MMF produces a harmonic current in the harmonic winding of the rotor which is later rectified to inject field current to the rotor field winding. The theoretical analysis of the proposed technique is supported using 2-D finite element analysis (FEA).
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1. Introduction


Permanent magnet (PM) machines have a vast range of applications owing to their high efficiency, power density, power factor, and torque density capabilities [1,2,3,4,5,6]. Moreover, they do not require any extra exciter, brushes, or slip rings for their field excitation. This makes PM machines compact as compared to the classical synchronous machines which require complex and bulky field excitation mechanisms that involve exciters installed on the shaft of the machine. Besides these advantages, there are a few fundamental deficiencies such as unadjustable flux and risk of loss excitation associated with PM machines. In addition, the cost of rare-earth magnets used in PM machines has increased to a very high level. This motivated the researchers to search for other options such as reluctance machines [7] and brushless wound field synchronous machines (BL-WFSM).



Several researchers have presented different field excitation schemes to avoid the use of expensive PM material, brushes and slip rings and to obtain the brushless operation for WFSMs. In general, these schemes involve a distinct harmonic winding placed in the rotor periphery along with the main rotor winding, and a supplementary winding installed in the stator in addition to the armature winding. The key role of the supplementary or auxiliary winding in such arrangements is to achieve an additional MMF in the airgap. This MMF is used to generate a harmonic current in the harmonic winding of the rotor that is later rectified to provide DC current to the main rotor field winding to obtain the rotor field. As the rotor field interacts with the main stator field it develops torque.



Several techniques have been proposed by the researchers to modify the conventional WFSM with minimum modifications and realize maximum advantages. In [8,9,10], the authors proposed brushless techniques in which a sub-harmonic MMF component is produced besides the fundamental by injecting currents into the two different sections of the armature winding. In one of such studies, two inverters were used for this purpose. These inverters supplied two unique magnitudes of currents to the armature winding, which was installed with a distinct star connection and was symmetrically distributed in two halves of the stator. The higher harmonic MMF generated through this arrangement was generated in the harmonic winding of the rotor and rectified to produce direct current for the rotor field winding. Later on, the same technique was realized by using a single inverter. However, in this case, the number of turns in each portion of the armature winding was different from each other. This technique generates higher harmonics due to the different magnitude of currents in two different parts of the armature winding, which adversely influence the performance of the machine. In [7], the authors proposed a brushless filed excitation technique involving two inverters connected to the armature winding in parallel. The inverters were operating at −180 degrees phase shift and were connected and disconnected alternatively after each cycle using the thyristor switches. The composite output of this arrangement results in a waveform comprising of fundamental and third harmonic components. The fundamental is utilized to generate the main armature field; however, the third harmonic is utilized to generate harmonic current in the harmonic winding of the rotor. The generated harmonic current is rectified for rotor field excitation. Although this technique achieves brushless operation for WFSM, the usage of thyristor switches with both inverters makes the system bulky and costly.



In [11], the authors developed a modified inverter topology to supply the same composite first-third harmonic current waveform for the armature winding as discussed in the previous case. However, this technique required a unique inverter design along with a sophisticated control technique. In [12], a brushless field excitation technique based on the installation of supplementary thyristors connected with the armature winding was proposed. The provided thyristor switches were operating at near zero-crossing of each phase current. This arrangement generated a zero-sequence third harmonic for the armature winding, which was then induced in the harmonic winding to achieve the brushless operation of WFSM. However, this technique requires a complicated drive system which increases the volume of the drive system. Furthermore, it requires several alterations to the structure of the machine.



This paper suggests a new harmonic field excitation technique for the brushless operation of WFSMs which involves customary three-phase and single-phase inverters. The three-phase inverter is connected to the armature and injects three-phase currents to the armature winding. The single-phase inverter is connected to the armature star-connected common point. The inverters operate at different frequencies and supply input armature currents to generate a unique armature current shape. The composite output of the inverter’s currents for the armature winding contains the fundamental as well as the third harmonic. The fundamental is utilized to develop the stator field, whereas the third harmonic component is employed for developing the pulsating MMF in the airgap. This MMF generates a harmonic current in the harmonic winding of the rotor that is later rectified using a full-bridge diode rectifier to provide DC current to the field winding of the rotor to develop the rotor field. The generated rotor field as it interacts with the stator field develops torque.




2. Proposed Topology and Its Operating Principle


The proposed topology and its operating principle are elaborated as under:



2.1. Proposed Topology


The proposed topology as presented in Figure 1a consists of three-phase and single-phase inverters. These inverters are connected to the armature winding and operate simultaneously; however, the currents they supply have different frequencies, i.e., 60-Hz and 180-Hz, respectively. The three-phase inverter is connected to the armature winding and supplies current at the frequency of 60-Hz, whereas the single-phase inverter is connected to the star-connected armature winding’s common point and injects the current at 180-Hz frequency. The main reason behind operating two inverters at two different frequencies is to develop a unique shape for the armature currents. This shape of the armature currents comprises of the fundamental as well as the third harmonic current component that results in fundamental and third harmonic MMF in the airgap of the machine. The third harmonic MMF is employed to generate current in the harmonic winding of the rotor. The harmonic winding in this case has eight poles. However, the generated current in the harmonic winding has six times the frequency of the fundamental armature current and two times the frequency of the third harmonic current component. The generated harmonic current is rectified to deliver DC current to the rotor field winding. This current produces the main rotor field which interacts with the armature field generated by the equal number of armature poles, producing torque. To confirm the operation of the proposed topology a 4-pole, 36-slot machine was employed. This machine model is presented in Figure 1b. The employed 36-slot double-layered armature winding, and the rotor harmonic and field windings configuration, is explained in Figure 2 [13,14].




2.2. Operating Principle


Two customary inverters, i.e., the three-phase inverter and single-phase inverter, are used to supply the armature current (Iabc) to the machine. The three-phase inverter supplies 10 A (peak) current at the frequency of 60-Hz, i.e., the fundamental current component, to the armature winding; however, the single-phase inverter which is connected to the star-connected armature winding’s common point supplies 10 A (peak) current at the frequency of 180-Hz, i.e., the third harmonic current component. Figure 3a illustrates the output current of the three-phase inverter (IINV-1). The output current of the single-phase inverter (IINV-2) is shown in Figure 3b. As the two inverters are operating at different output frequencies, the composite output of both inverters contains fundamental as well as third harmonic current components. The third harmonic current component generates current in the 8-pole rotor harmonic winding which will later be employed for rotor field excitation after the rectification. Figure 3c shows the composite shape of the three-phase armature current (Iabc). To illustrate the harmonic contents of the armature current, an FFT (Fast Fourier Transform) plot is demonstrated in Figure 4 which indicates the two components, i.e., fundamental and third harmonic components, of the armature current of phase A. This figure shows that the magnitude of the third harmonic component is around 2.5 A, whereas the magnitude of the fundamental of the armature currents is 10 A.



The composite output currents of three-phase and single-phase inverters as given by (1):


   i a  = I ( sin ω t + n sin 3 ω t )  










   i b  = I  [  sin ( ω t −   2 π  3  ) + n sin 3 ( ω t −   2 π  3  )  ]   



(1)






   i c  = I  [  sin ( ω t +   2 π  3  ) + n sin 3 ( ω t +   2 π  3  )  ]   











Here n is the weightage per third harmonic component. The above input armature current results in an MMF which can be calculated using the following equation:


   F a  =  i a   N ϕ   [  sin  θ e   ]   










   F b  =  i b   N ϕ   [  sin (  θ e  −   2 π  3  )  ]   



(2)






   F c  =  i c   N ϕ   [  sin (  θ e  +   2 π  3  )  ]   











Here Nϕ is the number of turns per phase,    θ e  = ω t +  θ o   ,    θ e    is the electrical angle, and    θ o    is the initial position of the rotor.



The net MMF generated due to the three-phase input armature currents is given by Equation (3):


   F  a b c   (  θ e  ,  i  a b c   ) =  3 2   I 1   N  ψ 1   cos ( ω t −  θ e  ) +  I 3   N  ψ 1   cos 3 ( ω t +  θ e  )  



(3)







The pulsating third harmonic MMF component shown in Equation (3) is generated in the harmonic winding of the rotor as:


   λ h  =    N h   N  ψ 1   (  3 2   I 1  cos ( ω t −  θ e  ) + n  I 3  cos ( 3 ω t + 3  θ e  ) )    R g     



(4)







Here Nh is the number of turns of the rotor harmonic, and Rg is the reluctance of the airgap.



Equation (5) is used to calculate the magnitude of the generated voltages in the rotor harmonic winding.


  e m  f h  = 6   d  λ h    d t   =   18  N h   N  ψ 1    I 3  ω sin 3  (  2 ω t +  θ 0   )     R g     



(5)







The generated harmonic current is rectified and supplied to the rotor main field winding to achieve the proposed brushless operation for WFSM.



The described operating principle of the proposed brushless technique for WFSM is illustrated in Figure 5.





3. Finite Element Analysis


To validate the proposed brushless filed excitation technique for WFSM, the finite element method (FEM) was used. The parameters of the machine are listed in Table 1. The structure of the machine was implemented as discussed in [7]. The armature winding was supplied with a three-phase input current of 10 A (peak) at 60-Hz, and single-phase input current of 10 A (peak) at 180-Hz. As the input armature current comprised of the fundamental and third harmonic, the fundamental component generated the main armature field; however, the third harmonic current component generated 12-pole harmonic current in the harmonic winding of the rotor. This harmonic current was rectified to inject the excitation current to the rotor filed. The simulations were performed for 1.5 s using JMAG-Designer 18.1. The magnetic field density plot achieved during these simulations along with the three-phase flux linkages are presented in Figure 6a,b, respectively. The magnetic field density plot shows that the machine was operating under the saturation level. The induced harmonic current along with the rectified field current is demonstrated in Figure 7a. Figure 7b illustrates the output torque of the machine. The average torque achieved during the complete simulation time was around 14.372 Nm with a torque ripple of 66% as shown in Table 2.




4. Conclusions


A brushless field excitation technique for WFSMs was proposed in this paper. Two inverters, i.e., three-phase and single-phase inverters, that were connected to the armature winding and were supplying output current of frequencies were used to generate a unique composite armature current shape. The composite armature current was comprised of fundamental and third harmonic current components that produced fundamental and third harmonic MMF in the airgap. The pulsating third harmonic MMF was utilized to generate harmonic current in the 8-pole harmonic winding. The harmonic current was rectified to inject DC current to the rotor field winding. The field current and torque were provided to realize the idea.



Unlike the conventional brushless techniques for WFSM, the proposed technique is simple as it involves conventional inverters that do not require any complex control scheme. Furthermore, the proposed technique involves a single-phase inverter which makes it cost-effective as compared to the available dual inverter based brushless WFSM topologies in literature. In addition, the proposed BL-WFSM topology does not require any modification in the machine structure.
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Figure 1. (a) Proposed topology and (b) machine model. 
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Figure 2. Armature and rotor windings configuration. 






Figure 2. Armature and rotor windings configuration.



[image: Applsci 10 05866 g002]







[image: Applsci 10 05866 g003a 550][image: Applsci 10 05866 g003b 550] 





Figure 3. (a) Three-phase inverter, (b) single-phase inverter, and (c) armature currents. 
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Figure 4. FFT plot for phase A of the armature currents. 
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Figure 5. Working principle of the proposed brushless WRSM. 
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Figure 6. (a) Flux density distribution plot and (b) flux linkage. 
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Figure 7. (a) Harmonic and field currents and (b) output torque. 
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Table 1. Machine specifications.






Table 1. Machine specifications.





	Attribute
	Value





	Rated power
	2.5 kW



	Speed
	1800 rpm



	Stator outer/inner diameter
	177 mm/100 mm



	Airgap
	0.5 mm



	Rotor diameter
	99 mm



	Shaft diameter
	23 mm



	Machine poles/Stator slots
	4/36



	Rotor main teeth/sub-teeth
	4/8



	Harmonic and field winding number of turns
	9/150 turns



	Stack length
	80 mm
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Table 2. Machine performance.






Table 2. Machine performance.





	Attribute
	Value





	Average Torque
	14.372 Nm



	Torque ripple
	66%
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