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Abstract

:

Finite control set-model predictive torque control (FCS-MPTC) depends on the system parameters and the weight coefficients setting. At the same time, since the actual load disturbance is unavoidable, the model parameters are not matched, and there is a torque tracking error. In traditional FCS-MPTC, the outer loop—that is, the speed loop—adopts a classic Proportional Integral (PI) controller, abbreviated as PI-MPTC. The pole placement of the PI controller is usually designed by a plunge-and-test, and it is difficult to achieve optimal dynamic performance and optimal suppression of concentrated disturbances at the same time. Aiming at squirrel cage induction motors, this paper first proposes an outer-loop F-ETFC-MPTC control strategy based on a feed-forward factor for electromagnetic torque feedback compensation (F-ETFC). The electromagnetic torque was imported to the input of the current regulator, which is used as the control input signal of feedback compensation of the speed loop; therefore, the capacity of an anti-load-torque-disturbance of the speed loop was improved. The given speed is quantified by a feed-forward factor into the input of the current regulator, which is used as the feed-forward adjustment control input of the speed controller to improve the dynamic response of the speed loop. The range of the feed-forward factor and feed-back compensation coefficient can be obtained according to the structural analysis of the system, which simplifies the process of parameter design adjustment. At the same time, the multi-objective optimization based on the sorting method replaces the single cost function in traditional control, so that the selection of the voltage vector works without the weight coefficient and can solve complicated calculation problems in traditional control. Finally, according to the relationship between the voltage vector and the switch state, the virtual six groups of three vector voltages can be adjusted in both the direction and amplitude, thereby effectively improving the control performance and reducing the flow rate and torque ripple. The experiment is based on the dSPACE platform, and experimental results verify the feasibility of the proposed F-ETFC-MPTC. Compared with traditional PI-MPTC, the feed-forward factor can effectively improve the stability time of the system by more than 10 percent, electromagnetic torque feedback compensation can improve the anti-load torque disturbance ability of the system by more than 60 percent, and the three-vector voltage method can effectively reduce the disturbance.
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1. Introduction


Field-oriented control (FOC) [1] and direct torque control (DTC) [2] has been successfully and widely used because of its robustness and fast response, which qualifies the requirements of high performance control for Induction Motor (IM) drives. FOC controls the torque and flux by controlling the d-q axis component of the stator current of the motor. DTC controls the torque and flux of the motor directly by the torque and flux hysteresis controller. Based on the two control strategies, the PI controller used in the speed outer loop needs to be tuned. The parameters are affected by the inverter driving the voltage, motor current, and so forth. At the same time, the integral term is included. When a step signal is input, the integral saturation easily occurs, which leads to the overshoot of the control system and delays the stability time of the system. In order to improve the control effect of the outer loop, a variety of control strategies have been proposed. Reference [3] validates that the Integral Proportional (IP) speed controller could reduce the overshoot of the system to a certain extent, but that it has insufficient setting efficiency and tracking response. According to Reference [4], the IP controller was used in the speed control of a permanent magnet synchronous motor, and the electromagnetic torque was used as the feedback compensation of the IP speed controller to improve the anti-disturbance ability of the load.



With the increasing complexity of multi-phase motor systems and the development of microprocessors, more and more attention has been paid to Model Predictive Control (MPC) [5,6], which is mainly based on the calculation of future system behavior to calculate the optimal execution variables. MPC can be divided into continuous control set-model predictive control (CCS-MPC) [7] and finite control set-model predictive control (FCS-MPC) [8]. In the motor drive system, according to the different control objectives, the finite control set model predictive control method can be divided into Model Predictive Current Control (MPCC) [9,10] and Model Predictive Torque Control (MPTC) [11]. MPTC takes stator flux and electromagnetic torque as control objectives. In order to balance the influence of the two control variables on the system, weight coefficients are usually designed to adjust the proportion of the two control variables in the cost function. The weight coefficient design is mostly experimentation through the empirical method, and the process is rather complicated. In [12], an online optimization of weighting coefficients for induction motors was proposed. The weighting coefficients were optimized by minimizing torque ripple, but the problem of computation was not solved yet. In [13], by investigating the relationship between torque, the reference stator flux amplitude, and the phase angle of the stator flux, the reference stator flux vector was constructed. The cost function contains only the stator flux vector, and the calculation of the weight coefficient was omitted. A cost function containing only a reference voltage tracking error was designed to eliminate the weighting factor in [14].



The traditional MPTC has only one voltage vector working during a period, which resulted in large torque and flux ripple. In order to improve the steady-state performance of the system, common methods include increasing the number of alternative vectors [15,16], adjusting the amplitude of voltage vectors [17], and expanding the direction of voltage vectors [18,19]. In the method of vector-alternative optimization, the method of synthesizing one virtual voltage vector from two adjacent effective voltages in eight vectors and six sectors had 12 alternative voltage vectors overlapping with the six basic voltage vectors in [15]. Although the voltage vector has increased, the effect of system improvement is not obvious. In [16], six virtual voltage vectors were added and one zero voltage vector was above [15], totaling to 19 optional voltage vectors. However, the cycle needed to be optimized ten times to increase the amount of computation. Another study proposed a three-vector scheme to reduce torque and flux ripple, but the first voltage vector, which applied to the next control cycle, was limited to the last voltage applied in the previous cycle [20].



In order to improve the ability of PI-MPTC to resist the disturbance of load torque and to solve the optimization problem of weight coefficient and voltage vector selection in a squirrel cage induction motor, this paper presents a three-vector model predictive torque control based on electromagnetic torque feedback compensation. In this method, the feed-forward factor is added to the IP controller, and combined with the strong response ability of the PI controller, the control effect of the system is improved, and the real-time electromagnetic torque feedback is applied to the control compensation of the controller. The steady-state performance and anti-load disturbance ability of the system are effectively improved. At the same time, an online sorting method is used to select voltage vectors. The cost function is to sort the voltage vectors according to the errors of torque and flux in a cycle, as well as to select the optimal voltage vectors, so that the correct operation does not need weight coefficients. Finally, three voltage vectors are applied in each control period, including two active voltage vectors and one zero-voltage vector. The control strategy is intuitive and easy to implement due to the three vectors applied being adjacent. The experimental results prove that the proposed method can effectively reduce torque and flux ripple, speed up the dynamic response, and improve the ability to resist load torque disturbance.




2. Mathematical Model of Induction Motor


The IM state space model in the synchronous reference frame is [20]:


u→s=Rsi→s+dΨ→sdt



(1)






0=Rri→r+dψ→rdt−jωrψ→r



(2)






ψ→s=Lsi→s+Lmi→r



(3)






ψ→r=Lmi→s+Lri→r



(4)






Te=32nρ{ψ→s⊗i→s}



(5)




where u→s and i→s are the stator voltage and current vector, ψ→s and ψ→r are the flux vectors of stator and rotor, Lm is the inductance between the stator and rotor, Lr/s is the rotor/stator self-inductance, Rr/s is the rotor/stator resistance, ωr is the rotor electrical angular velocity, Te is the electromagnetic torque, nρ is the number of motor pole-pairs, and ⊗ is the outer product (cross product, vector product) operator.



According to the above formula, the stator current can be described as follows:


i→s=−1Rσ((Lσ⋅di→sdt−kr(1Tr−j⋅ωr)⋅ψ→r)−u→s)



(6)




where Rσ=Rs+kr2Rr, Lσ=σLs, kr=Lm/Lr, σ=1−Lm2/LsLr and Tr=Lr/Rr. According to the forward Euler formula dxdt≈[x((k+1)Ts)−x(kTs)]Ts, the formula (1) and (6) can be discretized as follows:


{ψ→s(k+1)=ψ→s(k)+Ts⋅u→s(k)−RsTs⋅i→s(k)i→s(k+1)=(1−Tsτσ)⋅i→s(k)+Tsτσ1Rσ[(krTr−krj⋅ωr(k))⋅ψ→r(k)+u→s(k)]



(7)







In the equation τσ=Lσ/Rσ, Ts is the sampling time and u→s(k) is the applied voltage vector. According to formula (7), the flux and the electromagnetic torque at the (k+1)th instant can be calculated:


ψ→r(k+1)=LrLmψ→s(k+1)+i→s(k+1)(Lm−LrLsLm)



(8)






Te(k+1)=32nρ(ψ→s(k+1)⊗i→s(k+1))



(9)








3. Feed-Forward Factor-Based Electromagnetic Torque Feedback Compensation (ETFC) Controller Analysis


3.1. Analysis of Speed Closed-Loop PI Controller


In the IM system, the torque difference on the motor shaft can be simplified as an integral link after the Laplace transformation has been obtained:


ωr=TJs



(10)




where J is the moment of inertia, and T=Te−TL, TL is the motor load torque. Based on the closed-loop control of rotational speed, because of the existence of filtering in both the torque feedback and torque setting, we can make it equivalent to an inertial link. According to the expression of electromagnetic torque Te=npLmLristψr, it can be simplified as:


KT=npLmLrψr



(11)







The speed loop structure of the induction motor speed control system is shown in Figure 1:



Where ωr* is the speed setting, ist* is the torque current setting, ist is the armature current which is proportional to torque, and Tf is the time constant, which is the delay time of the Pulse Width Modulation (PWM) device. According to Figure 1, suppose the current loop is completely tracked, where G(s)=1Tfs+1=1. The transfer functions of the controllers can be obtained, respectively, as follows:


GT(s)=ωrTL=−sJs2+KTKPs+KTKi



(12)






Gω(s)=ωrωr*=KTKPs+KTKiJs2+KTKPs+KTKi



(13)







Formulas (12) and (13) show that GT(s) and Gω(s) cannot be set independently. If the load intervention changes sharply, the speed is prone to fluctuation. It can also be seen in (13) that the molecular differential term in the transfer function is large, so the given speed signal is a step signal, which is likely to cause speed overshoot and current instability.




3.2. Analysis of Speed Closed-Loop IP Controller


In order to reduce the influence of the parameter differential term in the speed loop, a proportional link is added into the feedback channel to obtain the IP controller. The structure diagram is shown in Figure 2.



Assuming that the current loop is fully tracked, the two transfer functions in the controller are, respectively:


GT(s)=ωrTL=−sJs2+KTKPs+KTKi



(14)






Gω(s)=ωrωr*=KTKiJs2+KTKPs+KTKi



(15)







Analyses (13) and (15) show that the PI and IP controllers have the same characteristic equation, and the transfer function of IP controllers did not have KTKPs. Therefore, when the given value is the same step signal, IP controllers can effectively reduce the overshoot of the speed loop and the impulse current of the excitation current.



For analyses (12) and (14), IP speed controllers and PI speed controllers have the same transfer functions for speed changes caused by load torque disturbances, so the two speed controllers have the same ability to resist load torque disturbances under the same PI parameters.



In order to further analyze the performance of the two controllers, the given value ψr* = 0.25. The motor parameters in Table 1 add to (13) and (15), given KP=Ki=1, the analysis system step response, and bode diagram.



The analysis Figure 3 shows that the IP controller has a smaller overshoot than the PI controller, and the impulse current of the excitation current component is restrained to some extent. However, the IP controller has larger phase lag, an insufficient tracking response, and a slower response than the PI controller.




3.3. Feedforward Factor-Based Electromagnetic Torque Feedback Compensation (F-ETFC) Controller


From the above analysis, it can be concluded that the IP controller has an insufficient tracking response, the PI controller is prone to overshoot, and the anti-load torque disturbance ability of the two control systems is the same. For this reason, the feed-forward factor and electromagnetic torque compensation are added to the IP controller, and the structure of the feed-forward factor based electromagnetic torque feedback compensation is shown in Figure 4, which will be referred to as F-ETFC in the following text.




GT(s)=ωrTL=−s(1−KT/k)(1−KT/k)Js2+KTKPs+KTKi



(16)






Gω(s)=ωrωr*=αKTs+KTKi(1−KT/k)Js2+KTKPs+KTKi



(17)





An analysis of Figure 4 shows that when the transfer function is without feedback compensation where 1/k does not exist, the system is an IP controller when α = 0 and a PI controller when α = KP. In order to better combine the advantages of the two controllers, the range of feedforward factor K is defined as [0, KP]. The characteristic equation in transfer function (16) and (17) can be calculated:


(1−KT/k)Js2+KTKPs+KTKi=0



(18)







In order to make the system stable, we can obtain it based on the Routh criterion.


k>KT



(19)







● The impact of k changes on the system:



In order to analyze the effect of k changes on the system, the system changes under the conditions of k=2KT, k=5KT, and k=10KT were analyzed by substituting the values in (16) and (17) in Table 1, and we also considered that parameter tuning could not be carried out simultaneously, thereby taking α=KP=Ki=1.



As shown in Figure 5 and Figure 6, when the real-time electromagnetic torque feedback is used as the compensation increment of the IP controller, the anti-load torque disturbance ability of the system can be effectively improved when the values of k and KT are similar, while the value of k has little effect on the dynamic response performance of the speed loop.



● The impact of α changes on the system:



Here, the influence of α changes on the dynamic response performance of a F-ETFC speed loop is verified. The system changes of Equation (10) in α=1, α=3, α=6, α=9 are analyzed by taking KP=10, Ki=1, k=2KT.



From the analysis in Figure 7, we can see that the change of α has a great influence on the speed loop of the system in the F-ETFC speed controller. When the value of α is closer to the value of KP, the stability time of the system can be effectively improved.





4. Three-Vectors Model Predictive Torque Control without Weighting Factor


4.1. Traditional Model Predictive Torque Control


The standard PI-MPTC method uses torque and stator flux to form a cost function by using weighting factors to determine the optimal voltage vector for the next sampling time [21,22]. The weighting factor is affected by the system parameters [23], so the weighting factor setting is generally more complicated. In addition, the weighting factors have a great impact on the performance of the controller, because they balance the torque and stator flux effects on the system. At the same time, the implementation of MPTC strongly depends on the system model. The implementation of the MPTC algorithm is divided into the following main steps: estimating the parameters, predicting the next moment of work, and optimizing the cost function according to the estimated conditions and the predicted environment. The MPTC scheme is shown in Figure 8.




4.2. Optimization of Cost Function, g


Based on the minimization of a single objective function, the objective function has the following structure at each sampling time Ts according to Equations (7)–(9):


g=|Te*−|Te(k+1)||+kψΤ|ψs*−|ψ→s(k+1)||



(20)




where Te* and ψs* are the torque reference and stator flux reference, and kψΤ is the weighting factor.



A large number of calculations are needed in the digital implementation process based on MPC, leading to time delay in the drive. As a result, the system performance will be deteriorated. To eliminate the delay in digital control, the value function g should be minimized, so a new value function was introduced:


g=|Te*−|Te(k+2)||+kψΤ|ψs*−|ψ→s(k+2)||



(21)







Te(k+2) and ψ→s(k+2) are the estimated values at the (k+2)th sampling instant. According to (7) and (9), we can get:


ψ→s(k+2)=ψ→s(k+1)+Tsu→s(k+1)−RsTsi→s(k+1)



(22)






i→s(k+2)=(1−Tsτσ)⋅i→s(k+1)+Tsτσ1Rσ[(krTr−krj⋅ωr(k+1))⋅ψ→r(k+1)+u→s(k+1)]



(23)






Te(k+2)=32nρ(ψ→s(k+2)⊗i→s(k+2))



(24)







The mechanical constant of the rotor is much larger than the sampling time, so ωr(k)=ωr(k+1) can approximately be obtained. When the minimum cost function in (21) is selected, the stator voltage vector obtained can be applied to the next sampling time.




4.3. Multi-Objective Ranking


The problem of target optimization in each sampling period in MPTC can be expressed as two different cost functions, where g1 and g2 are the errors related to the torque and stator flux, respectively. The proposed strategy based on multi-objective sorting evaluates the sorting for each possible voltage vector of the converter, and references for analytical methods can be found here [21].


g1=|Te*−|Te(k+2)||



(25)






g2=|ψs*−|ψ→s(k+2)||



(26)







First, sort the values obtained from the evaluation of each objective function g1 and g2. Then, assign a ranking value to each error value. Voltage vectors with lower errors are assigned lower ranks, while voltage vectors with higher errors are assigned higher ranks. That is:


g1(u→s(k+1))→r1(u→s(k+1))



(27)






g2(u→s(k+1))→r2(u→s(k+1))



(28)




where u→s(k+1) are the evaluated voltage vectors and r1(u→s(k+1)) and r2(u→s(k+1)) are the ranking values related to g1 and g2.



The ranking value determines the relative quality of each possible voltage vector relative to all remaining possibilities. By selecting a ranking with a minimum value, the optimal voltage vector can be selected from the perspective of a variable error, such as torque error and flux error. In order to determine which are the best total voltage vectors among these alternatives, the average standard is used, in which the voltage vector with the lowest ranked average is selected, resulting in the same compromise for tracking the two variables, torque and flux. Finally, an optimization scheme based on average ranking is proposed.


uopt=argmin{v0,…,v7}r1(u→s(k+1))+r2(u→s(k+1))2



(29)







The optimization proposed in (29) can be simplified to the sum of r1 and r2 because the optimization problem is equivalent.




4.4. Three-Vector Optimization Principle


In order to achieve a better steady-state performance and reduce torque and flux ripple, a three-vector control strategy is proposed. This strategy virtualizes six alternative voltage vectors online, rather than the traditional eight basic voltage vectors, and the effective range system control is expanded effectively. The alternative voltage vector is synthesized by three adjacent voltage vectors, as shown in Figure 9.



In Figure 9, u0–u7 are eight basic voltage vectors, and uv1–uv6 are six virtual voltage vectors, where uv1 is synthesized by the two components t1Tsu1 and t2Tsu2, and t1 and t2 are the optimal duration of the first voltage vector uopt1 and the second voltage vector uopt2. Assuming that t0 is the optimal time for the zero-voltage vector, the vector output selected is:


uopt=t1Tsuopt1+t2Tsuopt2+t0Tsuopt0



(30)







According to the sine rule of the angle included between uv1 and u1, the state retention time of each vector can be obtained as follows:


Ts=t1+t2+t0



(31)







It can be seen from Figure 9 that the single-vector MPC provides the most limited voltage vector, and only one of the eight basic voltage vectors with a fixed direction and amplitude can be selected. In the duty ratio method, the zero vector and effective vector can be adopted to adjust the magnitude of the expected voltage vector, but their direction is still fixed. The double-vector method extended can not only adjust the direction of the expected voltage vector, but also change the magnitude of the expected voltage vector. The three-vector method proposed constructs six groups of candidate voltage vectors with adjustable amplitude and direction, which covers the entire vector selection area and expands the feasible range of MPC. Based on the above analysis, the new policy schematic presented in this paper is shown in Figure 10.



Based on the above principles, the experimental results can be assumed as follows:



(1) The voltage selection strategy of multi-objective sorting can replace the cost function with weight coefficients.



(2) The optimization of three-vector voltage can effectively reduce the fluctuation of flux and torque than single-vector voltage selection.



(3) Compared with PI control strategy, F-ETFC control strategy can effectively improve the system's resistance to load torque disturbance and improve the system's dynamic response.





5. Experimental Results


To verify the feasibility of the three-vector voltage optimization current predictive control proposed in this paper in induction motor, the ''back-to-back'' converter experimental platform was constructed based on DS1104 of dSPACE platform. The photographic view shown in Figure 11 depicts the universal experimental platform. The motor parameters were shown in Table 1. To distinguish the control strategy, the traditional single-vector PI-MPTC method is PI-MPTC-I, the three-vector PI-MPTC method is PI-MPTC-II, and the three-vectors model predictive torque control without a weighting factor based on electromagnet torque feedback compensation proposed in this paper is F-ETFC-MPTC.



The other data of the motor are as follows: rated power (2.2 kW), rated voltage (380 V), rated speed (1422 rpm), rated frequency (50 Hz), stator leakage inductance (9.5 mH), rotor leakage inductance (8.4 mH), and magnetizing inductance (0.2629 H).



The sampling frequency of PI-MPTC-I is set to 10 kHz, while the sampling frequency of both PI-MPTC-II and F-ETFC-MPTC is 8 kHz to show its superiority.



From top to bottom, the curves shown in Figure 12 are steady-state waveforms of speed, torque, stator flux, and stator current, with different weights at a given speed of 400 r/min. Obviously, when the weight coefficient kψΤ is set to 5, although the torque ripple is relatively small, there are obvious pulsations in the flux and current. When kψΤ is increased from 5 to 50, the stator flux linkage and torque ripple are well-balanced. When kψΤ is further increased to 100, the flux ripple changes very little, but the torque ripple and stator current harmonics increase significantly, affecting the stable operation of the speed loop. At the last kψΤ = 200, the speed is almost zero, seriously affecting the operation of the system. The results show that, in order to make the torque and stator flux in PI-MPTC have better steady-state characteristics and to make a better comparison between the proposed strategies, for the experimental IM, after much experimental debugging, kψΤ = 40 is a suitable solution for PI-MPTC with a weight coefficient.



● A. Step Speed Transient Characteristic



The dynamic characteristics of the three-vector PI-MPTC-II were analyzed and compared with the traditional single-vector PI-MPTC-I. The motor starts at 200 r/min and then suddenly speeds up to 400 r/min. Both methods can track a given speed quickly and accurately, and both methods have the same speed rise time, as shown in Figure 13.



Experimental results of PI-MPTC with different vector selection are shown in Figure 14. The stator flux is almost constant in the process, and the flux and torque can be decoupled. Moreover, PI-MPTC-II has the same dynamic response as PI-MPTC-I, as well as very close steady-state characteristics. However, the flux and torque ripple of PI-MPTC-II is smaller than that of PI-MPTC-I, so the three-vector voltage vector can effectively reduce the torque and flux ripple.



The dynamic characteristics of the three-vector F-ETFC-MPTC were analyzed and compared with the three-vector PI-MPTC-II. The two controller parameters were shown in Table 2, and the experimental results were shown in Figure 15. A comparison of flux and torque ripple between the two control strategies is shown in Figure 16.



From Figure 15, the dynamic response of F-ETFC-MPTC is better than that of PI-MPTC-II. The feed-forward factor is added to improve the steady-state time of the system, and the dynamic response time of the speed loop is increased by about 14%. It can be observed that the F-ETFC-MPTC shows much lower torque and flux ripples compared to PI-MPTC-II in Figure 16. Besides, F-ETFC-MPTC does not need weight coefficient adjustment. It is verified that the voltage selection strategy of multi-objective sorting can replace the cost function with weight coefficients. Based on the results, compared with the traditional MPTC, the proposed F-ETFC-MPTC is simpler and more practical.



● B. Steady-State Behavior with Anti Load



The ability of three-vector F-ETFC-MPTC and three-vector PI-MPTC-II to resist load torque disturbance is analyzed. Experiments of a sudden increase of a 2 Nm load at a given speed of 300 r/min and a sudden unloading with a 2 Nm load are shown in Figure 17 and Figure 18.



It can be seen from the experiment that the flux and torque ripple have little changes in the process of load change, but the value of the flux are kept the same, indicating that the two control strategies are better for the flux and torque decoupling control than others.



When suddenly loaded, according to Figure 17, the stability time of F-ETFC-MPTC is shorter than that of PI-MPTC-II, and the anti-load disturbance ability of the F-ETFC controller is about 66 percent higher than that of the PI controller. In the case of sudden unloading, according to Figure 18, the time taken to reach stability of the F-ETFC-MPTC is also shorter than that of the PI-MPTC-II, and the anti-load disturbance ability of the F-ETFC controller is about 75 percent higher than that of the PI controller.



● C. Investigation of Average Switching Frequency



Finally, the average switching frequencies of the three methods for different speeds and without loads are presented in Figure 19. From this, it can be seen that the average switching frequencies of PI-MPTC-I noticeably vary over a wide speed range. The switching frequencies of the proposed F-ETFC-MPTC with three vectors is the highest among the three methods, and the average switching frequencies of the PI-MPTC-II are slightly lower. This phenomenon may be caused by the fixed weighting factor in PI-MPTC-II during the whole speed range. This indicates that the three-vector MPTC is more suitable for applications requiring better steady-state behavior, while the single-vector MPTC is more favorable for applications concerning low switching frequency.



Based on the influences of the coaxiality and internal coefficient of friction in the manufacturing process of two motors, no load is equivalent to a certain load, so the electromagnetic torque in the steady state in the experimental waveform is not always zero.




6. Conclusions


Traditional PI-MPTC only applies one voltage vector in each control cycle, which results in a large torque and flux ripple when the speed changes in the traditional MPTC. These restrict the practicability of traditional MPTC. Based on the analysis of model predictive torque control and the combination of PI control strategy and IP control strategy, this paper proposed a F-ETFC speed controller. Compared with the traditional control strategy, it is simpler and more practical, and can effectively improve the anti-load torque disturbance ability and dynamic response of the system.



In the experiment, the motor can restore stability quickly, and the increased electromagnetic torque compensation can improve the anti-load torque disturbance ability of the speed loop by more than 60% and operate normally; and at the same time, the feed-forward factor can realize the optimization of the speed regulation process. It can reduce the adjustment time of the system, increase the speed stability time by more than 10%, and reduce the overshoot of the system. The cost function of the weighted coefficient is replaced by a voltage selection strategy of multi-objective sequencing, which makes F-ETFC-MPTC simpler and more practical. In addition, the improved three-vector algorithm is introduced to improve the steady-state performance, which greatly expands the effective range of the system control set and effectively reduces the flux and torque ripple.
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Figure 1. PI control of the induction motor speed loop. 
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Figure 2. IP control of induction motor speed loop. 
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Figure 3. Speed system (comparison between PI and IP controller): (a) unit step response; (b) system bode diagram. 
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Figure 4. Feedforward Factor-Based Electromagnetic Torque Feedback Compensation (F-ETFC) control of induction motor speed loop. 
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Figure 5. System change of load torque system with k changing. (a) Response characteristics of step torque disturbance of load; (b) Bode diagram of load torque system. 
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Figure 6. System change of speed system with k changing. (a) Response curve of speed step input; (b) Bode diagram of speed system. 
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Figure 7. System change of speed system with α changing. (a) Response curve of speed step input; (b) Bode diagram of speed system. 
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Figure 8. Traditional model predictive torque control system diagram. 
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Figure 9. Voltage vector chart. 
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Figure 10. Feedforward Factor-Based Electromagnetic Torque Feedback Compensation-Model Predictive Torque Control (F-ETFC-MPTC) control schematic diagram. 
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Figure 11. Experimental platform. 
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Figure 12. Experimental results of steady-state performance of PI-MPTC-I under different weighting factors. 
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Figure 13. Experimental step speed responses: (a) PI-MPTC-I, (b) PI-MPTC-II. 
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Figure 14. Experiment results of (a) PI-MPTC-I, (b) PI-MPTC-II. 
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Figure 15. Experimental step speed responses of F-ETFC-MPTC. 
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Figure 16. Experimental results: (a) PI-MPTC-II, (b) F-ETFC-MPTC. 
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Figure 17. Experimental steady-state waveforms of speed, torque, and stator flux at 300 r/min with a 2 Nm load: (a) PI-MPTC-II, (b) F-ETFC-MPTC. 
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Figure 18. Experimental steady-state waveforms of speed, torque, and stator flux at 300 r/min with a 2 Nm unload: (a) PI-MPTC-II, (b)F-ETFC-MPTC. 
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Figure 19. Average switching frequencies for PI-MPTC-I (marked with “□”), PI-MPTC-II (marked with “○”), and F-ETFC- MPTC (marked with “△”) at different speeds without load. 
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Table 1. IM parameters.
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	Parameter
	Symbol
	Value





	Rotor inductance
	Lr
	0.4034 H



	Mutual inductance
	Lm
	0.395 H



	Stator inductance
	Ls
	0.4043 H



	Rotor resistance
	Rr
	2.444 Ω



	Stator resistance
	Rs
	3.4 Ω



	Number of pole pairs
	nρ
	2



	Moment of Inertia
	J
	0.005 kg⋅m2
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Table 2. Parameters of two controllers.






Table 2. Parameters of two controllers.





	
PI-MPTC-II Control Parameters

	
F-ETFC-MPTC Control Parameters






	
ψs*

	
0.35

	
ψs*

	
0.35




	
Kp_w

	
0.5

	
Kp_w

	
0.5




	
Ki_w

	
0.2

	
Ki_w

	
0.2




	

	

	
k

	
1.5KT




	

	

	
α

	
0.5
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