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Abstract:



This paper presents the control strategies for a novel dual-stator flux-modulated (DSFM) motor for application in electric vehicles (EVs). The DSFM motor can be applied to EVs because of its simple winding structure, high reliability, and its use of two stators and rotating modulation steels in the air gap. Moreover, it outperforms conventional brushless doubly-fed machines in terms of control performance. Two stator-current-oriented vector controls with different excitation in the primary winding, direct and alternating current excitation, are designed, simulated, and evaluated on a custom-made DSFM prototype allowing the decoupled control of torque. The stable speed response and available current characteristics strongly validate the feasibility of the two control methods. Furthermore, the proposed control methods can be employed in other applications of flux-modulated motors.
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1. Introduction


With the emergence of an energy crisis, ways of reducing air-pollution have become the great challenge [1]. Electric vehicles (EVs) contribute significantly to energy saving and environmental protection, and on account of these benefits, they constitute today’s direction for the automotive industry [2]. A compact and highly-reliable electric traction motor, which has high efficiency over a wide speed range with load-adaptive controllable speed-torque contours, is crucial for any electric propulsion system [3,4]. Traction motors of EVs should have high torque density in terms of weight and volume, a wide range of torque-speed characteristics, high operating efficiency, and high reliability. The novel structure of a brushless, doubly-fed generator (BDFG) proposed in [5], which has the aforementioned advantages, can be efficiently applied to EVs. To distinguish the different applications of such machines, the concept of dual-stator flux-modulated (DSFM) motors for EVs was presented. Figure 1 illustrates a novel machine, which has a three-phase, 36-slot, 12-pole winding on the outer stator and three-phase, 24-slot, 10-pole winding on the inner stator. Compared with most permanent magnet synchronous motors (PMSMs), the DSFM motor with a wide range of speeds and torques and no flux-weakening control yields higher performance in EVs [5].


Figure 1. Structure of the DSFM motor with an iron segment rotor: (a) 3D model; and (b) 2D model.
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Conventional brushless, doubly-fed machines (BDFMs), such as BDFG, have been designed and investigated only for wind energy systems [6,7,8,9,10]. In particular, control strategies for BDFMs, such as direct torque and flux control [11], voltage vector-oriented control (VC) [12,13], and field-oriented control (FOC) [14,15], have been investigated. The FOC and VC schemes were compared in [15] and the advantages and disadvantages of the two control methods were presented. The structural diagram of the brushless, doubly-fed reluctance machine (BDFRM (G)) drive setup is depicted in Figure 2 [13].


Figure 2. A structural diagram of the BDFRM (G) drive setup.
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However, the application of the flux-modulated motor to EVs has not been fully investigated, especially the control strategies. In this paper, the air gap structures of the DSFM motor and BDFRM were compared and dynamic models were investigated, and the operating principle of this motor was verified through the open-loop variable voltage and variable frequency (VVVF) control. Moreover, two closed loop control methods, stator-current-oriented vector control (SCOVC) with direct current (DC) excitation and alternating current (AC) excitation, were proposed to ensure that the motor operates at different speeds and load conditions. Simulation and experiment results obtained for a customised prototype completely validated the feasibility of the two control strategies.




2. Dynamic Modelling of Dual-Stator Flux-Modulated (DSFM) Motors


Figure 3 presents the air gap structures in the BDFRM and DSFM motor with an ideal stator surface around the rotor. The air gaps in the two motors were assumed to be uniform, implying that the air gap length between the stator and the rotor teeth is ge and that between the stator and the rotor yoke is ge + hm in Figure 3a, that the air gap length between the two stator and the iron segments on the rotor is go + gi, and that between the outer stator and the inner stator is go + gi + hm in Figure 3b. Based on the preceding analyses, the air gap functions of the two motors are illustrated in Figure 4.


Figure 3. Air gap structures of the (a) BDFRM motor and (b) DSFM motor.
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Figure 4. Air gap function of the (a) BDFRM motor and (b) DSFM motor.
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According to Figure 4a,b, the air gap function of the DSFM motor and that of the BDFRM are both periodic rectangular waves. The fundamental waves of the two air gap functions can be expressed as periodic sinusoidal waves using Fourier transform [16]. Therefore, in the simplified discussion on dynamic model of the DSFM motor, the inverse machine air gap function can be modelled as follows [17]:


[image: there is no content]



(1)




where pr is the number of rotor poles, θ is the mechanical angle around the periphery of the machine with respect to the primary A phase axis, and θrm is the rotor mechanical angle with reference to the primary A phase axis. The m and n in Equation (1) are two constants in the Fourier series, and they differ from the two different air gap structures, which means that the two motors have similar air gap functions regardless of the constants.



According to the first principle-based rigorous development of dynamic equations for the BDFRM, the equations for the primary and secondary windings of the DSFM motor in a stationary reference frame (denoted with the sub-subscript s) are [17]:


[image: there is no content]



(2)




where the primary winding is the winding of outer stator, and the secondary winding is the winding of inner stator in this paper.



The torque expression in the stationary reference frame is [17]:
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(3)







Two dq reference frames are needed to convert the equations in the stationary frame to the corresponding rotating frame equations because the frequencies of the two windings in the DSFM motor are different. Assuming that the angle of the primary reference frame is θ, the angle of the secondary reference frame is θr−θ, the conversion formulas can be written as:
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(4)







Substituting the above equations into Equation (2), the dynamic model of the DSFM motor in the rotating dpqp and dsqs reference frames through strict deductions can be represented as:


[image: there is no content]



(5)







The torque expression is:
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(6)








3. Experiments Conducted Using the Variable Voltage and Variable Frequency (VVVF) Control


The prototype of the DSFM motor was developed experimentally; the test machine and its controller are shown in Figure 5. The DSFM motor specifications are summarized in Table 1. The back-to-back controller is comprised of two converters for simultaneously controlling the outer and inner windings.


Figure 5. Prototype of the DSFM motor and its controller: (a) test machine; and (b) back-to-back controller.
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Table 1. DSFM motor prototype parameters and ratings.







	
Parameter

	
Value






	
Inner winding pole pairs

	
5




	
Outer winding pole pairs

	
6




	
Rotor pole pairs

	
11




	
Inner resistance (Ω)

	
0.08




	
Outer resistance (Ω)

	
0.1




	
Outer inductance (mH)

	
4




	
Inner inductance (mH)

	
3




	
Mutual inductance (mH)

	
0.8




	
Rated speed (rpm)

	
924




	
Maximum speed (rpm)

	
1300










The VVVF control was implemented to verify the operating principles of the DSFM motor, and the result is shown in Figure 6. The rotor speed was 212 rpm when the frequencies of the outer and inner winding current were fp = 20 Hz and fs = 20 Hz, respectively. Several frequency supplies were then tested using the VVVF control. The results are summarized in Table 2.


Figure 6. Experimental results of the VVVF control.
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Table 2. Test results of the VVVF control.







	
Frequency (Hz)

	
Theoretical Speed (rpm)

	
Real Speed (rpm)






	
fp = fs = 9

	
98

	
96




	
fp = fs = 20

	
218

	
212




	
fp = fs = 54

	
589

	
560




	
fp = fs = 72

	
785

	
748




	
fp = fs = 85

	
927

	
883




	
fp = fs = 89

	
970

	
924










From the test results shown in Table 2, one can get the relation among the frequencies of the two windings and the rotor speed:


[image: there is no content]



(7)







The differences between the theoretical and real speeds listed in Table 2 were due to the inaccurate speed control of the open loop VVVF control.




4. Stator-Current-Oriented Vector Control (SCOVC)


Two additional formulas can be deduced from Equation (7).


[image: there is no content]



(8)




where ωp is the angular frequency of the primary winding current, ωs is the angular frequency of the secondary winding current, and ωrm is the mechanical angular velocity of the rotor.


[image: there is no content]



(9)




where θp, θs, and θr are the electric angles of the primary winding current, secondary winding current, and rotor, respectively.



According to the analysis of the vector relationship between the two stator windings and rotor in the DSFM motor, the vector diagram of the DSFM motor can be represented as shown in Figure 7 [17].


Figure 7. Reference frames and current vectors used in DSFM motor equations.
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The decoupled control of the DSFM motor orients the primary winding current vector ip to the dp axis, which implies:


[image: there is no content]



(10)
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(11)
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(12)




where ωr = pr × ωrm, and:
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(13)







Thus, the secondary winding current vector ip can be automatically oriented to the ds axis.



The decoupled voltage equations of the DSFM motor become:


[image: there is no content]



(14)







The primary equations are obviously in the ωp frame, and the secondary ones are in the ωs frame. Therefore, this selection moves each of the equations into their “natural” reference frames where the respective vector components appear as DC in the steady state. This decoupled control method proposed in this paper is called SCOVC.



Based on the preceding basic analysis of the dynamic model and vector relationship of the DSFM motor, two SCOVC methods with different excitation were investigated and implemented as follows.



4.1. SCOVC with DC Excitation


4.1.1. Theoretical Analysis


If ωp in Equation (11) is equal to 0, which implies that a DC current is inputted in the primary winding, the angle of the primary reference frame θ is equal to 0, then according to Equation (4), the conversion formulas of the primary frame become:


[image: there is no content]



(15)







Meanwhile, ipq* = 0 control was implemented to realize θp = θ = 0. Substituting this value into Equation (13) yields:


[image: there is no content]



(16)




and the conversion formulas of the secondary frame become:


[image: there is no content]



(17)







That is, a stationary dq reference frame for the primary equation and a rotor reference frame for the secondary equation. The SCOVC method with DC excitation is simply called DC excitation control in the following text. The DC excitation control method for the DSFM motor is illustrated in Figure 8.


Figure 8. DC excitation control method.
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With the direct given current vector in the primary winding, the flux linkage produced by the primary winding current was stationary and constant, and its value could be adjusted by varying the ipd*. The primary winding current vector was set stationary and the secondary winding current vector was oriented by θr. Moreover, the maximum torque per ampere (MTPA) strategy was used to control the secondary winding current isd* and isq*. For the DC excitation control, Equation (6) becomes:


[image: there is no content]



(18)







The decoupled control of Te was realized through isq according to Equation (18); moreover, the torque capacity could be increased by controlling the DC excitation in the primary winding.




4.1.2. Simulation Studies


The simulation studies of the proposed DC excitation control method were carried out in Matlab Simulink using the DSFM motor data from Table 1 obtained by Maxwell model. The simulation results in Figure 9 have been successfully experimentally verified by the corresponding experiments. Both the simulation results and the experimental results will be jointly discussed in the following section.


Figure 9. Simulation results of the DC excitation control for the DSFM motor: (a) curve of the given speed variation; (b) curve of the load torque variation; (c) speed curve for speed varying from 55 to 110 rpm; (d) speed curve for torque varying from 0 to 5 Nm; (e) secondary current curve for speed varying from 55 to 110 rpm; (f) secondary current curve for torque varying from 0 to 5 Nm; (g) primary current curve for speed varying from 55 to 110 rpm; and (h) primary current curve for torque varying from 0 to 5 Nm.
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4.1.3. Experimental Results


Figure 10a,b shows the actual DSFM motor test rig and schematic of its constituent parts, respectively.


Figure 10. Experimental environment of the DSFM motor: (a) laboratory test facility; and (b) block diagram of the DSFM motor experimental setup.
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The DSFM motor can operate stably with DC excitation in the primary winding. The current curves of the DSFM motor at 200 rpm and 3 Nm are shown in Figure 11.


Figure 11. Winding currents of the DSFM motor at 200 rpm: (a) secondary winding current; and (b) the harmonic content of the current.
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As shown in Figure 11a, the secondary current was asymmetric sine wave and was stable at 36.6 Hz when the DC current in the primary winding was 8 A and the given speed was 200 rpm. The harmonic content of the current was low as shown in Figure 11b.



To evaluate the performance of the proposed control method of the DSFM motor, the speed response was analysed by changing the given speed or increasing the load torque, and the corresponding phase currents in both the primary and secondary windings were measured. The experimental results are shown in Figure 12.


Figure 12. Experimental results of the DC excitation control for the DSFM motor: (a) curve of the given speed variation; (b) curve of the load torque variation; (c) speed curve for speed varying from 55 to 110 rpm; (d) speed curve for torque varying from 0 to 5 Nm; (e) secondary current curve for speed varying from 55 to 110 rpm; (f) secondary current curve for torque varying from 0 to 5 Nm; (g) primary current curve for speed varying from 55 to 110 rpm; and (h) primary current curve for torque varying from 0 to 5 Nm.
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According to Figure 12a, the given speed was increased from 55 to 110 rpm at 1 s; the final speed was stable at 110 rpm. In Figure 12c, the rotor speed was changed by a slow progressive change of the PI control. The secondary winding current was changed during the adjustment period, and the stability was restored by increasing the frequency only twice from 10 to 20 Hz, as shown in Figure 12e. The primary winding current was maintained at a constant value, as shown in Figure 12g, because a DC current was supplied to the primary winding all the time. The steady state errors of the speed were less than 5 rpm.



By maintaining the given speed at 109 rpm and increasing the load torque from 0 to 5 Nm at 5 s shown in Figure 12b, the speed of the DSFM motor changed to 109 rpm accurately through a period of adjustment. The speed curve is presented in Figure 12d. The plot in Figure 12f illustrates that the amplitude of the secondary winding current was increased with this load torque, and its frequency was maintained at 20 Hz. The increase in the secondary winding current resulted from the increase in isq, thus enhancing the electromagnetic torque of the DSFM motor Te as predicted by Equation (18). The current in the primary winding was maintained at a constant value, as shown in Figure 12h. The measured and simulated results in Figure 9 are mostly identical to the experimental. The simulated speed responses were better than the experimental because the PI parameters for speed control experiment were not ideal.




4.1.4. Discussion


According to the preceding simulation and experiment results, the proposed DC excitation control can realize the decoupled control for the current of the two stator windings and the electromagnetic torque Te. For this control method, the DSFM motor can always operate under motoring conditions similar to PMSMs, which allows the application of the DSFM motor to EVs.





4.2. SCOVC with AC Excitation


4.2.1. Theoretical Analysis


If ωp in Equation (11) is not equal to 0 then, according to Equation (4), the conversion formulas of the primary frame become:
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(19)




and the conversion formulas of the secondary become:
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(20)







This relationship must be satisfied at any time so that the secondary frame can be oriented according to the rotor angle θr and angle of the primary winding current θp. The SCOVC with AC excitation is referred to as AC excitation control in the following text. The AC excitation control method for the DSFM motor is illustrated in Figure 13.


Figure 13. AC excitation control method.
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The current closed loop control with a given fp was implemented to produce a rotating magnetic field with angular velocity ωp, and the primary winding current phase angle θp was established after the integral link. The secondary winding current phase angle θs was then obtained according to Equation (13). Thus, the secondary winding current vector is was oriented to the ds axis by θs. The two winding current vectors were oriented throughout the AC excitation control method. Moreover, the frequency of the secondary winding changed to fs with a known θr, which implied that the speed control of the DSFM motor was indirectly conducted using the frequency of the secondary winding current. For example, if ωr* = 218 rpm and fp = 20 Hz, fs = 20 Hz can be exactly acquired using the algorithm of the proposed control method, and the rotor can be operated accurately at 218 rpm. Moreover, the MTPA control was used to realize the decoupled control of Te, which was expressed using Equation (18).




4.2.2. Simulation Results


To fully test the performance of the proposed control strategy, start-up of the motor under load was simulated, and the results are shown in Figure 14. The given speed was 500 rpm and the load torque was 1.4 Nm.


Figure 14. Simulation results of the start-up of the motor under load: (a) speed curve for i*pd = 5 A; (b) speed curve for i*pd = 15 A; (c) torque curve for i*pd = 5 A; (d) torque curve for i*pd = 15 A; (e) secondary current curve for i*pd = 5 A; (f) secondary current curve for i*pd = 15 A; (g) primary current curve for i*pd = 5 A; and(h) primary current curve for i*pd = 15 A.
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Note from Figure 14 that when the primary current i*pd increased, the starting torque increased and the starting time decreased. The start-up simulation illustrates that Te can be controlled not only by the secondary current i*sq, but also by the primary current i*pd, one can choose the better control method according to the actual situation.



More simulation studies of the proposed AC excitation control method were carried out and experimentally verified by the corresponding experiments. The simulation results are shown in Figure 15, and agree well with the experimental results. The corresponding plots will be jointly discussed in the next section.


Figure 15. Simulation results of the AC excitation control for the DSFM motor: (a) curve of the given speed variation. (b) curve of the load torque variation; (c) speed curve for speed varying from 110 to 220 rpm; (d) speed curve for torque varying from 0 to 5 Nm; (e) secondary current curve for speed varying from 110 to 220 rpm; (f) secondary current curve for torque varying from 0 to 5 Nm; (g) primary current curve for speed varying from 110 to 220 rpm; and (h) primary current curve for torque varying from 0 to 5 Nm.
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4.2.3. Experimental Results


The DSFM motor can operate at different speeds with different load torques. The current curves of the DSFM motor at 924 rpm and 3 Nm are shown in Figure 16.


Figure 16. Winding currents of the DSFM motor at 924 rpm: (a) primary winding current; (b) secondary winding current; (c) the harmonic content of the primary current; and (d) the harmonic content of the secondary current.
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As shown in Figure 16a,b, the two winding currents are asymmetric sine waves and are stable at 85 Hz when the given speed was 924 rpm. The harmonic content of the currents were both low as shown in Figure 16c,d.



Then the speed responses and phase currents are illustrated in Figure 17.


Figure 17. Experimental results of the AC excitation control for the DSFM motor: (a) curve of the given speed variation. (b) curve of the load torque variation; (c) speed curve for speed varying from 110 to 220 rpm; (d) speed curve for torque varying from 0 to 5 Nm; (e) secondary current curve for speed varying from 110 to 220 rpm; (f) secondary current curve for torque varying from 0 to 5 Nm; (g) primary current curve for speed varying from 110 to 220 rpm; and (h) primary current curve for torque varying from 0 to 5 Nm.
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There are two processes in the AC excitation control experiments as shown in Figure 17a. First, the given speed was increased from 110 to 220 rpm at 3 s. Second, the frequency of primary winding current was increased from 10 to 20 Hz at 8 s. According to Figure 17c, the final speed was stable at 220 rpm throughout a slow progressive change of the PI control. The secondary winding current changed during the two periods of adjustment. First, from 3–8 s, its frequency increased from 10 to 30 Hz. Second, from 8–10 s, its frequency decreased from 30 to 20 Hz, and was finally stable after 14 s. The secondary current curve is shown in Figure 17e. The amplitude of the primary winding current restored stability and the frequency was changed to 20 Hz through an adjustment period of 2 s from 8–10 s as shown in Figure 17g. The steady state errors of the speed were less than 5 rpm.



By maintaining the given speed at 218 rpm and increasing the load torque from 0 to 5 Nm at 5 s shown in Figure 17b, the speed of the DSFM motor changed to 218 rpm accurately through a period of adjustment. The speed curve is presented in Figure 17d. The plot in Figure 17f illustrates that the amplitude of the secondary winding current was increased using this load torque, and its frequency was maintained at 20 Hz. The current in the primary winding was controlled using the current closed loop control presented in Figure 11 and maintained constant, as shown in Figure 17h. The same speed, frequency and load torque change was implemented as shown in Figure 15, and the results are also the same. The speed can be strictly controlled by the speed closed loop control, and the frequency of the two winding currents can be automatically adjusted through the AC excitation control method.




4.2.4. Discussion


The experimental results showed high speed response with the change in speed and load torque, which illustrated that the DSFM motor can operate stably and reliably under different conditions. The wide speed range of the DSFM motor can be achieved without flux-weakening control such that the copper loss can be reduced and the efficiency can be increased at a high speed compared with PMSMs. Thus, the proposed control can meet the requirement of high-speed operation and efficient torque control, and would have great application prospects in EVs.






5. Conclusions


This study explored and investigated the control strategies for the application of the DSFM motor to EVs. Two available vector control methods were proposed and control system effects were validated using a customised DSFM prototype.



	
The differences in air gap structures of the DSFM and BDFM motors were compared and analysed, and the mathematical model of the DSFM motor was used as the basis of the decoupled control method.



	
The VVVF control was implemented to explore and verify the operating principles of the DSFM motor. According to the experimental results of the VVVF control, the speed and torque of the DSFM motor can be controlled using the frequency of the current in the two stator windings.



	
The SCOVC with DC excitation control method was realized theoretically and experimentally, and high speed and torque performance were obtained through the variable speed and torque tests.



	
The SCOVC with AC excitation control method was realized theoretically and experimentally, and high speed and torque performance were obtained through the variable speed and torque tests.






The DSFM motor and its control strategies proposed in this paper can serve as a basis for further research on application of the flux-modulated motor to EVs, and can be crucial for more applications of such motors.



The DC excitation control had a limited range of frequency, while the AC one did not. Thus, the two closed loop controls can be flexibly applied to different situations. For example, in generator mode, the DSFM motor can be used as a DC generator with the DC one or an AC generator with the AC one, and in motor mode, it can be used as a slow speed motor with the DC one or a high speed motor with the AC one. The proposed control methods will be implemented on an electric bus being developed in our laboratory.
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The following abbreviations are used in this paper:







	DSFM
	
Dual-stator flux-modulated





	BDFMs
	
Brushless doubly-fed machines





	BDFG
	
Brushless doubly-fed generator





	BDFRM
	
Brushless doubly-fed reluctance machine





	EV
	
Electric vehicle





	SCOVC
	
Stator-current-oriented vector control





	DC
	
Direct current





	AC
	
Alternating current





	VC
	
Voltage vector-oriented control





	FOC
	
Field-oriented control





	PMSMs
	
Permanent magnet synchronous motors





	VVVF
	
Variable voltage and variable frequency





	MTPA
	
Maximum torque per ampere
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