

  electronics-11-01552




electronics-11-01552







Electronics 2022, 11(10), 1552; doi:10.3390/electronics11101552




Article



Torque Ripple Suppression Method of Switched Reluctance Motor Based on an Improved Torque Distribution Function



Xiao Ling 1,2, Chenhao Zhou 1, Lianqiao Yang 1[image: Orcid] and Jianhua Zhang 1,*





1



School of mechatronic Engineering and Automation, Shanghai University, Shanghai 200072, China






2



School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China









*



Correspondence: jhzhang@oa.shu.edu.cn







Academic Editors: Valentina E. Balas and Yu-Chen Lin



Received: 26 April 2022 / Accepted: 10 May 2022 / Published: 12 May 2022



Abstract

:

Currently, torque ripple is a crucial factor hindering the application of the switched reluctance motor (SRM). Hence, it is of crucial importance to suppress this undesirable torque ripple. This paper proposes a new torque ripple suppression method of SRM based on the improved torque distribution function. Firstly, the electromagnetic characteristic model of a 8/6-pole four-phase SRM is established, and the cerebellar model articulation controller (CMAC) is used to complete the learning of each model. Then, the improved torque distribution function is planned based on the torque model to give the reference torque of each phase, and the inverse torque model is used to realize the mapping of the reference torque to the reference flux linkage. Finally, the duty of each phase voltage PWM wave modulation is output based on the PID control theory. The proposed accurate model-based planning scheme is implemented on the simulation platform, and the results shows that the maximum torque fluctuation of the output results is reduced to within 3%, and the average error is reduced to within 1%, which is much lower than the error of 15% under the traditional direct torque control method.
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1. Introduction


Due to its simple structure, low cost, and high reliability, the switched reluctance motor (SRM) has been highlighted for many industrial applications [1,2]. For instance, with ever-increasing concerns over environmental and cost issues associated with permanent magnet machines, there is a technical trend to utilize SRMs in some mass production markets. The SRM is gaining much interest for electric vehicles, aerospace applications, mining drive, screw rotary compressor drive, doors actuation system, air-conditioning drives in the train, and other applications, due to its rare earth-free characteristic and excellent performance [3,4,5,6,7]. Recently, research on various aspects of SRMs has also become a hot spot. New material and structures are adopted in the SRM drive system for high-speed application. Ahmad et al. [8] developed a SiC MOSFET based high-switching frequency power converter for driving high-speed SRM. New structures of SRM have been developed as well, such as asymmetric rotor pole type bearingless SRM [9], double-rotor permanent magnet switched reluctance motor (DR-PMSRM) [10], and dual-stator bearingless switched reluctance motor (DSBSRM) [11]. Besides, modern research about SRM explored has explored new applications. An integrated drive for three-phase SRM that combines a battery-powered bidirectional dc/dc converter to provide bidirectional power transfer in practice is proposed in [12].



However, the torque of SRM is related to the change rate of inductance and current, and the change rate of inductance in the minimum and maximum inductance regions is very small, which will lead to the decrease of torque in the commutation section of the motor and result in torque ripple [13,14]. The SRM suffers from inherent torque ripple, which limits its application in the industrial potential market. In order to suppress the torque ripple of SRM, researchers have put forward an optimization scheme considering two aspects of SRM structure design and control strategy. In terms of motor structure optimization design, Kondelaji et al. [15] applied the modular stator and segmented rotor to SRM. Piyush et al. [16] and Bilgin et al. [17] increased the number of rotor poles, and Sheth et al. [18] optimized the pole arc length of the stator and rotor of the motor. Choi et al. [19] added pole shoes on both sides of the rotor pole top. Lee et al. [20] changed the surface shape of the salient pole. Woo et al. [21] reduced the torque ripple by slotting the side of the rotor salient pole. The structural optimization method is suitable for the early design stage. However, for the SRM that has been put into use, it can only be realized through optimization of the control strategy. Under the traditional angle control strategy and current chopping control strategy, reducing the torque ripple can be realized by optimizing the switching angle [22,23] and current waveform modulation [24,25,26]. Such methods are easy to implement, but the torque ripple reduction cannot be achieved in a wide speed range. Average torque control [27] and direct torque control strategy [28] are also commonly used methods to suppress torque ripple, which use torque or flux linkage error as the controller input and output voltage control signal to achieve the purpose of torque control. The two types of methods have the disadvantage that the torque ripple suppression effect is weak in the commutation interval. The torque ripple suppression method based on the transfer distribution function [29,30] can effectively reduce the torque ripple in the commutation interval. It first defines the torque share function (TSF), and then tracks the planned torque curve. Most of the previous research focused on optimizing the control parameters of existing TSFs according to one or two secondary objectives. In [31], several popular TSFs, including linear, cubic, sinusoidal, and exponential TSFs, are investigated and evaluated. These methods did not consider the nonlinear characteristics of SRM torque, and the actual output greatly deviates from the planning value due to the rapid change of the inductance at the beginning and end of the overlapping region, which weakened the vibration suppression effect.



How to obtain the TSF that can reduce torque ripple and realize the conversion from reference torque to reference flux is the key to the torque ripple suppression strategy based on the torque distribution function. Lin et al. [32] proposed a current controller with adjustable PI gain and back EMF decoupling function to estimate back EMF and incremental inductance online, which improved the tracking accuracy of reference current waveform and effectively reduced torque fluctuation. Gobbi et al. [33] proposed a new current hysteresis controller, which could achieve higher tracking accuracy and reduce torque fluctuation by tracking the optimized reference current. Sahoo et al. [34,35] proposed a current controller based on iterative learning control. The current control method of iterative learning control needs a certain iteration cycle to converge, and the tracking effect of time-varying reference current is poor. Considering that the intelligent control has strong self-learning ability and adaptive ability, it can be used for on-line current optimization to reduce the torque ripple of SRM. Mir et al. [36] used an adaptive fuzzy controller to control torque and neuro fuzzy compensation scheme to optimize the phase current to suppress torque ripple. Reay et al. [37] learned the electromagnetic characteristic model of SRM based on a cerebellar model joint controller and achieved the effect of torque ripple suppression in a wide speed range. Therefore, reasonable planning of the reference torque and the accurate realization of the reference current waveform of each phase represent an important factor affecting the effect of torque ripple suppression.



How to obtain the torque distribution function that can reduce the torque ripple and realize the conversion from the reference torque to the reference flux linkage is the key to the torque ripple suppression strategy based on the torque distribution function. Based on this, this chapter firstly constructs the torque distribution function based on the accurate electromagnetic characteristic experimental model, and then uses the cerebellar neural network (CMAC) to realize the conversion from reference torque to reference flux linkage, and finally realize accurate torque tracking. Compared with the traditional direct torque control strategy, the results show that the proposed torque ripple suppression method can effectively reduce the torque ripple. In Section 2, the improved torque distribution function is presented. Section 3 shows the torque ripple suppression method based on the improved torque distribution function. In Section 4, the simulation verification and analysis are implemented to validate the proposed method. Finally, the conclusion is drawn in Section 5.




2. An Improved Torque Distribution Function


The double salient pole structure and pulse power supply mode of SRM make the electromagnetic characteristics of the motor show serious nonlinear characteristics. The torque output of SRM is superimposed by the pulse torque of each phase, and the output is not constant, which leads to the generation of torque ripple. How to minimize torque ripple is one of the important components of SRM performance optimization.



The torque control method based on TSF has received extensive attention due to its wide speed regulation range and high control precision. The reference torque for each phase of the method can be represented by a TSF, where the sum of the reference torques is equal to the total desired output torque. However, the traditional TSF-based torque control strategy does not take into account the nonlinear characteristics of SRM, which makes the actual torque in the commutation interval deviate from the reference torque. Therefore, this paper proposes a TSF planning method based on an accurate electromagnetic characteristic model, which fully considers the nonlinear characteristics of the SRM and considers the limits of the maximum current, torque, and voltage. The actual output torque of each phase can easily track the reference torque, and the total output torque can accurately track the expected torque to reduce the torque ripple.



The tracking of the reference torque for any phase can be achieved by direct torque control. The reference feedback signal can be obtained according to the reference torque, which is generally the reference current or the reference flux linkage. Then, by comparing the actual feedback signal and the reference feedback signal, the difference is used as the input of the controller. Moreover, the output of the controller is the switching signal of the power amplifier, which finally realize single-phase torque control. Figure 1 shows the block diagram of direct torque control with the flux linkage signal as feedback.



The torque T of the SRM is expressed by the following formula:


  T =  1 2  i   ∂ ψ ( i , θ )   ∂ θ   .  



(1)







Since the winding current i is always positive, the positive or negative of the SRM torque output is determined by   ∂ ψ ( i , θ ) / ∂ θ  . When   ∂ ψ ( i , θ ) / ∂ θ  > 0 and T > 0, the SRM is accelerating, and the phase of flux linkage is ahead of the rotor position angle θ. When   ∂ ψ ( i , θ ) / ∂ θ   < 0 and T < 0, the SRM is decelerating, and the flux linkage lags behind the rotor position angle θ at this time. According to the previous analysis, it can be known that the torque control of the SRM can be realized by controlling the change of the flux linkage. The voltage and flux linkage across a single-phase winding satisfy the following relationship:


  ψ ( i , θ ) =   ∫   (   U k  − R i  )     d t ,  



(2)




where Uk is the voltage at both ends of the winding, and R is the internal resistance of the winding. Under the premise of ignoring the internal resistance voltage drop, and discretizing Formula (2), we can get:


   ψ  k + 1   (  i  k + 1   ,  θ  k + 1   ) =  ψ  k + 1   (  i k  ,  θ k  ) +  U k  Δ t .  



(3)







As can be seen from Equation (3), flux linkage control can be achieved by adjusting the voltage across the winding. Voltage control generally uses voltage pulse width modulation (PWM). For PWM waves with a fixed period, the voltage across the winding can be controlled by changing the pulse width. The duty cycle D can be used to characterize the pulse width, and the following relationship is satisfied between the rate of change of the flux linkage within a control period and the supply voltage U:


    lim   Δ t → 0   (    ψ *  ( i , θ + ω Δ t ) − ψ ( i , θ )   Δ t   ) = ( 2 D − 1 ) U ,  



(4)




where    ψ *   (   i , θ + ω t   )    is the reference flux linkage obtained according to the reference torque, and   ψ  (  i , θ  )    is the actual flux linkage value, the relationship between the duty cycle D of the phase voltage PWM wave and the power supply voltage U can be obtained by Formula (4), and torque control is realized by controlling the duty cycle Δt of the phase voltage PWM waveform.


  D =    ψ *  ( i , θ + ω Δ t ) − ψ ( i , θ )   2 U Δ t   + 0.5 .  



(5)







The reference flux linkage    ψ *   (   i , θ + ω t   )    is obtained through the torque inverse model. The model reflects the mapping relationship between rotor angle and torque to flux linkage. Existing modeling methods include the look-up table method, analytical method, intelligent modeling method, and so on. The table look-up method and the analytical method generally have shortcomings, such as low precision and complex fitting function. The accuracy of the reference flux linkage has a significant impact on the torque ripple suppression effect, and an accurate reverse torque model is required to realize the online output of the reference flux linkage. Intelligent modeling methods based on fuzzy control, neural network, support vector machine, and other related theories are widely used in the nonlinear modeling of SRMs, and their powerful self-learning ability can approximate any nonlinear mapping. Using the intelligent modeling method to learn the existing electromagnetic characteristic data to realize the identification of the model, the nonlinear characteristic of the SRM can be described ideally. Therefore, a torque inverse model output method based on CMAC is proposed to achieve accurate mapping from reference torque to reference flux linkage.



The torque control strategy proposed in this manuscript is shown in Figure 2. Firstly, an experimental model of the electromagnetic characteristics of the SRM is established based on the pulse voltage ergodic response method, including the flux linkage model, the torque model, and the torque inverse model. Then, based on the torque model, the torque distribution function is planned to give the reference torque of each phase, and the CMAC is used to realize the conversion of the reference torque to the reference flux linkage. Finally, the duty cycle of the voltage PWM wave modulation of each phase is output based on the PID control theory, and the PID controller is adopted to adjust the duty cycle of the PWM so that the actual flux linkage can keep up with the expected reference value. To the power converter, torque control is achieved by adjusting the voltage across the windings of each phase.




3. Torque Ripple Suppression Method Based on the Improved TSF


3.1. Acquisition of Flux Linkage Characteristics


The instantaneous voltage across the terminals of a single phase of the SRM winding is related to the flux linked in the winding by the Faraday’ law,


  V = R i +   d ψ   d t   ,  



(6)




where V is the terminal voltage, i is the phase current, R is the motor resistance, and ψ is the flux linked by the winding, which varies as a function of rotor position θ and current i. The partial derivative of the flux linkage ψ with respect to the phase current i is the inductance L, which is also a function of rotor position θ and current i. Thus, equation (6) can be expanded as:


  V = R i + L ( i , θ )   d i   d t   +   ∂ ψ ( i , θ )   ∂ θ   ω .  



(7)




when the rotor position is kept constant at the position angle θ = θ0, the rotational speed ω = 0. Then, the flux linkage at θ0 can be simplified to the formula as follows,


   ψ   θ 0    =   ∫  ( V − R i ) d t     



(8)







It can be seen from Formula (8) that the variation curve of flux linkage relative to current at θ = θ0 can be obtained by integrating the voltage at both ends of the winding with time when the rotor of the motor is fixed at θ0. The ψ-i curve in the whole electric cycle under different rotor position angles can be obtained by repeating the calculation steps described above at different positions, which is the electromagnetic characteristic model of flux linkage relative to phase current and position.



The magnetic linkage characteristics are obtained according to pulse voltage ergodic response method. Specifically, the rotor position angle is fixed first, and a certain pulse voltage is applied to the winding. Then, use the acquisition card to record the changing curve of current with time. After rotating the rotor position, repeat measuring and recording the changing curve of current with time until the experiment of one electrical cycle is completed. Perform preprocessing operations such as filtering on the original data, and then calculate the flux linkage according to Formula (8). The three-dimensional surface of the flux linkage relative to the rotor angle and phase current is shown in the Figure 3. Based on this model, the three-dimensional surfaces of inductance relative to the rotor angle and phase current and torque relative to the rotor angle and phase current of the SRM are calculated and shown in Figure 4.




3.2. Model Learning Based on CMAC


The CMAC is a simple and fast neural network based on local approximation, which is established by the input and output data without depending on the mathematical model of the system. The memory structure of CMAC is established by miscellaneous storage and the accuracy can be improved by increasing the number of layers. Figure 5 shows simplified instructions for a two-layer structure. In each layer, the input space is divided into lattices, and the interval in direction θ is q1 while the interval in direction i is q2. By offsetting the first layer with [S1, S2], the second layer of memory is obtained.    W   i k   j k   k    indicates the weight value stored in the cell of the kth layer with the address of [ik, jk]. In order to obtain the same accuracy as the original model, let Sn = qn/M. Hence, ik and jk can be obtained by the following formula,


   {     i k  =  fix (   θ   q 1    −   k − 1  L   + 2 )  ,      j k  =  fix (   i   q 2    −   k − 1  L   + 2 )  .     ( k = 1 … M ) ;  



(9)







Each set of [θ, i] activates a square in each layer which is marked with the red dot, for example,    W    33  1      in the first layer and    W    22  2      in the second layer are activated respectively in the Figure 5. Then, add the active weight of each layer according to the formula as follows:


   L  C M A C   =   ∑  k = 1  l    W   i k   j k   k     



(10)







From the steepest descent rule, the following weight update method is applied:


   W   i k   j k   k  =  W   i k   j k   k  + ρ   ∑  p = 1  P   (  L  r e a l   −    L  C M A C   )  



(11)




where P is the number of relevant training samples and ρ is the learning rate. Figure 6 shows the memory and fitting error versus the number of CMAC layers. After comprehensively considering the error and memory consumption, the number of selected memory layer is 13.




3.3. Implementation of Proposed Algorithm


First, limit the chopping current hysteresis range to 4.9–5.1 A, and then limit the maximum planned current to 5 A. The relationship between the torque and the rotor position angle when the current is 5 A can be obtained from the torque accurate model, and then the torque planning can be carried out on this basis. Figure 7 shows the torque plan waveform of each phase for the 4-phase SRM.



In Figure 7, θ is the rotor position angle of the first phase. For a single phase, it is necessary to find the rotor position angle corresponding to the current imax and the torque 0.5   T *   (1 N), as indicated by the circle in the figure. In this way, two angles can be found, and the one close to −30° is recorded as θ1, while the one close to 0° is recorded as θ2, and then the torque is initially planned according to Formula (12):


   T  r e f   ( θ ,  T *  ) =  {      T ( θ ,    i  max   ( θ +   30  °  )    θ 1  +   30  °    ) ,            (  −   30  °  < θ <  θ 1   )  ;        T *  / 2 ,                    (   θ 1  < θ <  θ 2  −   15  °   )  ;        T *  − T ( θ +   15  °  ,    i  max   ( θ +   15  °  )    θ 2    ) ,    (   θ 2  −   15  °  < θ < −   15  °   )  ;        T *  − T ( θ −   15  °  ,    i  max   ( θ +   15  °  )    θ 1  +   30  °    ) ,    (  −   7.5  °  < θ <  θ 1  +   15  °   )  ;        T *  / 2 ,                    (   θ 1  +   15  °  < θ <  θ 2   )  ;       T ( θ ,    i  max   θ    θ 2    ) ,                (   θ 2  < θ <  0 °   )  .        



(12)




where T(θ, i) is the accurate torque model, and T* is the expected value of the total torque. Substituting Tref(θ, T*) into the torque accurate model can deduce the planned value iref(θ, T*) of the control current, and then obtain the planned flux linkage value ψref(θ, T*) according to the torque inverse model. This planning method can theoretically obtain a constant torque. However, the current cannot be reduced to 0 A before the rotor position angle 0° as planned due to the large flux linkage in the last segment, when the rotation speed is large. Moreover, if the current is not 0 between the rotor position angle of 0° and 30°, the braking torque will be generated, and the torque fluctuation will be increased. Therefore, the influence of rotating speed on the actual current change rate needs to be considered for the planning model. The turn-off angle θoff is introduced here to ensure that the current is reduced to 0 A before 0°. The time required for the current to decrease to 0 A at the rotational speed ω after the IGBT is turned off can be expressed as follows:


  t =    ψ  o f f   (  θ  o f f   ,  T *  )   V S   =    0 °  −  θ  o f f    ω   



(13)




where ψoff is the flux linkage at the moment of turn-off, and VS is the power supply voltage. From this formula, θoff(T*) and ψoff(T*) can be calculated. The third segment function in the revised torque plan is presented as:


   T  r e f   ( θ ,  T *  ) =  T *  − T ( θ +   15  °  , i (  ψ 1  ( θ +   15  °  ,  T *  ) , θ +   15  °  ) )  (   θ  o f f   −   15  °  < θ < −   15  °   )   



(14)




where i(ψ, θ) is the inverse output model of the accurate flux linkage model, and ψ1(θ) is the change relationship of the flux linkage with the turn-off angle after the IGBT is turned off. If ignoring the resistance drop, the formula can be simplified as:


   ψ 1  ( θ ,  T *  ) =  ψ  o f f   (  T *  ) − V S  θ ω   (   θ  o f f   < θ <  0 °   )   



(15)







After the above correction, taking the rotation speed of 1000 rpm as an example, the control current and the control flux linkage can be obtained as shown in Figure 8.





4. Verification and Analysis


4.1. Description of Simulation Platform


The simulation verification of this chapter is realized on the simulation platform based on Matlab/Simulink. The single phase simulation model is depicted in Figure 9a. The single phase simulation model is divided into the system simulation model and control simulation model. The system simulation model describes the operation characteristics of SRM, which is depicted as SRM model in Figure 9a. The control simulation model is used to express the real-time control strategy of SRM, such as the PID control method. The application object is a 750 W, 8/6-pole four-phase SRM, and the overall simulation model of SRM including four phases is shown in Figure 9b. Specifically, the PI controller acts on the speed loop to obtain the control signal of reference torque. Then, combined with the proposed advanced torque plan method, the reference torque for each phase is obtained. Reference flux linkage for the corresponding phase is output by the torque inverse model which is called CMAC_Phi in Figure 9a. Next, the error of reference flux linkage and actual flux linkage is the input of the PID controller, while its output is PWM signals that act on the SRM model. The simulation step size is set to 2.5 μs, and the voltage PWM wave adjustment frequency is 20 kHz. The SRM drive system operates at a rotational speed of 1000 rpm and a desired torque of 2 Nm.




4.2. Analysis of the Simulated Result


The output results of the torque ripple suppression algorithm based on CMAC described in this manuscript are compared and analyzed with the traditional direct torque control results.



The traditional torque direct control does not include the steps of offline planning of torque and flux linkage but adopts a simple online torque distribution method. During normal operation of the SRM, one or two phases are on. When one phase is turned on, the control method is to make the expected torque of the opening phase equal to the total expected torque. If the opening phase is the j-th phase, there is Tj* = T*. When two phases are turned on at the same time, the online torque distribution method is shown in Table 1. The torque control flow chart based on this online torque distribution method is shown in previous section. The TSF module is planned according to Table 1. First, the reference torque distribution of the open phase is carried out based on the rotor angle position, opening angle, and closing angle parameters. The online TSF module performs the calculation of the online torque distribution and determines the opening phase through the judgement of the rotor position angle of the four phases. Then, the expected torque of each phase is calculated by the method in Table 1. The reference torque is compared with the torque measured in real time, and the error output is converted into a PWM signal by the PID controller and input to the power amplifier, and finally the torque control is realized. In the simulation, the phase with the rotor position angle in the range of [−30° −5°] is set as the open phase, and this range is selected to prevent the occurrence of braking torque. Figure 10 shows the simulation results under the traditional torque direct control strategy. From the simulation results, the maximum torque fluctuation is within 15% and the average torque fluctuation is within 5% under this strategy. The maximum current limit has been considered in the proposed planning method, and the smoothing of the flux linkage makes the expected value easier to achieve. However, the advantage of traditional method is that it does not require high accuracy for model and motor manufacturing and has strong online adaptability.



Figure 11 shows the simulation results of the SRM at a rotational speed of 1000 rpm and a reference torque of 2 Nm under the proposed torque ripple suppression method. From the simulation results, the strategy can well control the total torque so that it is stable near the expected value, and the maximum torque fluctuation is within 3% and the average torque fluctuation is within 1%. It is necessary to fully consider the ability of the PI controller to follow the signal when planning the torque. Therefore, the change of the flux linkage should be made as smooth as possible when planning the torque, which can enhance the signal following ability of the PI controller. Compared with the traditional torque direct control method, this method has a significant improvement in control accuracy, where the smoothness of the flux linkage change is taken into account in the torque planning. Since the flux linkage change rate is proportional to the power supply voltage and inversely proportional to the rotational speed, a better control effect can be obtained by directly acting on the PI controller on the difference between the current flux linkage and the expected flux linkage. Using the smooth flux linkage method to correct the original torque planning can make the planning signal easier to follow. Compared with the traditional torque control based on the online torque distribution method, the torque ripple generated by the torque control based on advance planning is greatly reduced, and the maximum torque ripple is reduced from 15% to 3%, which proves the effectiveness of the proposed method. However, this method depends on the model accuracy and the motor manufacturing accuracy, and the asymmetry of the motor manufacturing will lead to the amplification of the actual motor torque fluctuation.





5. Conclusions


This manuscript firstly establishes the electromagnetic characteristic model of an 8/6-pole four-phase SRM based on the pulse voltage ergodic response method, including flux linkage model, torque model, and torque inverse model, which fully considered the nonlinear property of the SRM. The CMAC method is adopted to complete the learning of each model. Then, the torque distribution function is planned based on the torque model to give the reference torque of each phase, in which the influence of actual operational conditions, such as the maximum current limit, has been considered. After the preprocessing operations, such as the smoothing of the flux linkage, the inverse torque model is used to realize the mapping of the reference torque to the reference flux linkage. Finally, the duty of each phase voltage PWM wave modulation is output based on the PID control theory. Torque control is achieved by adjusting the voltage across the windings of each phase. The proposed accurate model-based planning scheme is implemented on the simulation platform, in which the maximum torque fluctuation of the output results is reduced to within 3%, and the average error is reduced to within 1%. The effect is significantly improved compared with the traditional direct torque control method with the average torque ripple of 15%. The simulation results show that the proposed torque ripple suppression method based on the improved torque distribution function can effectively reduce the torque ripple.
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Figure 1. Block diagram of TSF based torque control scheme. 
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Figure 2. Torque control scheme based on TSF for a 4-phase SRM. 
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Figure 3. 3D curve of flux linkage relative to the rotor angle and current. 
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Figure 4. (a) inductance relative to the rotor angle and current (b) torque relative to the rotor angle and current. 
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Figure 5. 2-layer memory structure of CMAC. 
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Figure 6. Relationship between memory and errors. 
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Figure 7. Torque plan waveform. 
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Figure 8. Reference current and flux linkage under 1000 rpm (a) current (b) flux linkage. 
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Figure 9. (a) Single phase simulation model (b) Overall simulation model of SRM. 
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Figure 10. Results under traditional DTC (a) Torque (b) Current (c) Sum of torque. 
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Figure 11. Results under modified TSF (a) Torque (b) Current (c) Sum of torque. 
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Table 1. Simple torque online distribution.
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	Opening Phase
	Torque

Plan
	Torque Distribution





	1&2
	T1 + T2 = T*
	T1* = T* − T2

T2* = T* − T1



	2&3
	T2 + T3 = T*
	T2* = T* − T3

T3* = T* − T2



	3&4
	T3 + T4= T*
	T3* = T* − T4

T4* = T* − T3



	4&1
	T4 + T1 = T*
	T4* = T* − T1

T1* = T* − T4
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
torque(sA)
phaseA
——— phaseB
phaseC
phaseD

-10

0
0(°)

10

20

30





media/file4.png
velocity
controller

T

TSF

*
T,

Ty

*
T,

Tq

CMAC

+ E“;_ ) sy

. g PID | power
o controller |—2c_,| amplifier

A — ~ Sd .
¢a ia
Yy ip
P j (U, — Riy)dt Le
Y ig






media/file18.png
:F 3 ' N eta
V
PID(s) PP vM T p{ 1)
=
w
Gain SRM model
B
CMACPNhI u
(a)
ESsigna 1 7L
TL:
o o[ ]
o VS
VS O w
C- PI Pl Tref T P T
w’ PI controller —

Multi-phase control model

Mechanical model

(b)





media/file3.jpg
i
o ol .

e [2] o [ @] mo [
o] -

B, D

: %

e [T =

o

st






media/file22.png
Simulated Torque

- — —Expected Torque -

0.8 1 1.2 1.4 1.6 1.8 2

t(ps) < 10%





media/file20.jpg
Simulated Torque
- - ~Expected Torque

o o0z o4 o6 o8 1 12 14 16 18 2
t(ps) x10%

(c)





media/file19.jpg
Phase | - — —Phase 2

Phase3 | Phased

Phase 1/~ = ~Phase2

i

Phase 3

Phase 4

[






media/file7.jpg
it
!
’fff{zm!{’

(b)

1)





media/file10.png
range of 0

2 2 2 2 2
W2, 1 W2, I W2 W2, W2y
' Wi w-
5 52 53 54 55 2 2 2 2 2
W2 I W2, W& W2, | W
= Wi Wb [ Wiz | Wi W,
o= 4 42 413 44 4.5 2 2 2 2 2
S W2, | W2, | W2 | W2, | W2
b0 1 2zl T — wnxl
c W, V> V3 Vair T W
< ST TSR] | TR WZ W2, W2 WE, | W,
q W W Wi Wi+ we
2 2 212 213 24 25 2 2 2 2 2
Y Y W11 W12 W13 W14 W15
Yl':! Yl':! Yl':! Yl':! 7171
Sl d1






media/file14.png
T(Nm)

4 T
torque(5A)
3l — phaseA |
m— phaseB
e DhaseC
2 phaseD
1 - e
0
1 F 7
2} 7
3 ! | ! ' |
-30 -20 -10 10 20

0
0(°)

30





media/file11.jpg
-6~ Memory

=

0045

008

03

003

o025

002

oot

001

0005

are")






media/file6.png
A N R

%%MM%/??%%@ s X
//N/;N////ﬁrﬁ/ﬂﬂﬂﬂ//"’?”55’5555
/N%/M%,w%«///
///////////// ?:EEE:
///////////%,,,,,/,,,,,,,,
R é//,,///////////é,,,,,
/é///////////////////////éé,
\
/////,//WM///W \

7
-
-
.

/////

%

.
-

-
NN

/
_

%
///
-

//

Z
2

N






media/file15.jpg





nav.xhtml


  electronics-11-01552


  
    		
      electronics-11-01552
    


  




  





media/file16.png
T ee)
T(Nm)

T 60
T(Nm)





media/file2.png
T*

TSF

Tq

T}

T,

Ty

i—0—-T
Lookup
table

current
controller

power
amplifier

SRM






media/file23.jpg





media/file5.jpg
0°)





media/file24.png
2.5 I 1 1 1 1 1 1
- Phase 1 = = =Phase 2 =——— Phase 3

— Phase 4

|

]

|

0.5
|
|
]

5 1 1 1 1 1 1
— Phase 1 == == ==Phase 2 = Phase 3

— Phase 4

N
|
N
v
m~
e 4
3
]
| _d
-

w
T

A

---___\

-
6
LT

— Simulated Torque
- = —Expected Torque

- . PP Py — PP PP
2 WSV bameede . aan A4 o g Y - Wy - < W Ty Y g Y =" e Bdho el o0 o ad

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t(pes) <10%





media/file1.jpg
TS

Lookup.

current
contrller

power

I\

lable

amplifier

SrA






media/file12.png
Memory

7500

\ ; _ :

3000
6

-~ Memory
——

&
avg

0.045

/10.04
10.035

0.03

0.025

0.
EE],V E( v 0)

0.02

0.015

-10.01

0.005

15





media/file9.jpg
range of i

mrn
Wxs

range of 0






media/file0.png





media/file8.png
\
X N\
XY
!‘“\\\\\\\\
N






media/file17.jpg
5 wn o | o[ N |
s Era e s o
. Gain "SR o
- Je
@

3 PI prer 7 »T

PI controller ol
Mult-phase control model

Mecharical model

(b)





media/file21.png
1.8

< I.l.llll.lr
|% .._..l......
<
=
a¥
| N i
(]
7}
<
B
» _.||\\|
- - =
.-
-t
-
- l'b%'
Q\
m '-l-'l-llll.'
< il T
-% Il...“
|
|
|_ -
—
]
77}
Ia -
=
a¥
- |||\\p
== T
“I
.l.l.ll._ll
_ | e
0 {0 0 - 0
N - @]

1.6

1

1.2

4 0.6 0.8

o

0.2

=< 104

t(pes)

(a)

Phase 1 = = =Phase 2

Phase 3

1.8

1.6

1.4

< 104

t(us)

(b)





