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Abstract

:

With the increasing demand for legged robots, the importance of the joint drive is increasing. The dynamic performance of the inner-most torque/current control loop conditions the capabilities of the whole joint system. In this paper, a direct torque control based on a prediction model is proposed. The motor torque is estimated by considering calculation and measurement delay; error estimation and torque tracking error are observed and compensated. The control algorithm was implemented on a Field Programmable Gate Array (FPGA) board to apply the capabilities of concurrency calculation of the FPGA. The effectiveness of the proposed control algorithm was experimentally verified. Compared with the commonly used Field Oriented Control (FOC) current controller, the presented controller can not only improve the dynamic performance of the motor but also reduce the average switching times of the inverter.
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1. Introduction


The legged robot is an important branch of the service robot, configured to mimic the movement of living things in nature. In addition, as a kind of mobile robot, the legged robot can be used for dangerous or difficult tasks which are not suitable for humans, such as planetary exploration, disaster recovery operations, anti-terrorism, etc. [1]. Consequently, the issues of legged robots, including mechanical structure, stability analysis, control and drive algorithms have become an important research direction in the field of robotics in recent years [2]. With the increasing requirement for dynamic performance, the joint drive of the legged robot becomes more and more important. The highly customized robot joints consist normally of retarders and permanent magnet servo motors (PMSM), whose power density is much higher than that of induction motors. Traditionally, the joints are controlled by the cascade control structure with position, speed and current/torque control loops. With the increasing demand for environmental adaptability, impedance control can also be seen nowadays. Independently of which control strategy is applied, the dynamic performance of the innermost current or torque control loop conditions the capabilities of the whole joint system [3].



The solution for driving a PMSM can be mainly divided into two categories, the current control and the torque control. The space vector pulse width modulation (SVPWM) is commonly used for the current control, where the reference voltage is synthesized by two neighboring candidate voltage vectors and a zero vector (see Figure 1) with a certain duty cycle calculated by the modulator. The motor current, as well as the torque generated by the SVPWM, is smooth, but the switching frequency for the inverters is constant, normally with a high value (16–32 kHz), even if the current reference is zero. It consequently results in high energy consumption and a low lifetime for the inverters [4]. Different from the current control, the direct torque control (DTC) estimates the flux linkage from the conducted voltage and chooses a certain candidate voltage through a lookup table for the desired torque change. Compared with the current control, the motor controlled by the DTC has a better tracking performance, but the torque ripple is also larger. Therefore, DTC is normally considered to be unsuitable for the precise servo system.



During the past decades, the finite-control model predictive torque control (FCS-MPTC) method has been regarded as an alternative method to DTC [5,6], which has been widely used in the electrical field [7,8]. FCS-MPTC utilizes the inherent discrete characteristics of modulatorless power inverters to solve optimization problems [5]. It inherits the fast response features of DTC while achieving other control goals, such as low switching frequency, energy consumption and current protection by multi-step prediction and cost function construction. Due to the limitations of fixed amplitude and phase angle of the candidate voltage, the torque ripple will be large when the control frequency is low [7].



In order to reduce torque ripple, many solutions have been proposed. Some scholars have found that two vectors can be used together in a single control cycle, usually to add the zero vector after the early optimization of the voltage vector [9,10,11]. To further predict the optimal situation, the duty cycle corresponding to each alternative vector can be calculated separately [12,13]. In addition, some scholars put forward the strategy of changing the switching point [14,15]. It is also effective to introduce virtual vectors to increase the number of alternative vectors [16,17,18,19], which could improve the accuracy of electromagnetic torque and stator flux. Using more complex electrical topologies and inverters to generate more alternative vectors is another option [20,21,22,23].



In essence, whether considering the duty ratio method or the virtual voltage vector expansion method, its core is still to reduce torque ripple by increasing the amount of calculation. Therefore, with the premise of keeping the switching frequency relatively low, a better control effect could be achieved by high-frequency calculation and reasonable cost function construction [24]. In this paper, a novel predictive torque control method to drive the PMSMs is proposed. Its principle is introduced in Section 2. A Field Programmable Gate Array (FPGA) is applied to implement the control algorithm, which is introduced in Section 3. With the capability of parallel computing of the FPGA, the prediction and control period can be reduced to 10−5~10−6 s, and achieve a better control performance. In Section 4, the effectiveness of the presented method is experimentally verified and analyzed. Section 5 concludes with comments.




2. Principle of Predictive Torque Tracking Control


The proposed control structure is depicted in Figure 2, which combines current and torque prediction, tracking error accumulation, model error estimation and compensation. In the following text, the proposed model predictive direct torque control will be abbreviated as MPDTC. In this paper, the value with star denotes the reference value and the value with hut denotes the predictive value.



2.1. Prediction of the Motor Torque


For a 3-phase PMSM, the voltage equilibrium equation of a PMSM is always described in the dq-coordinate frame, which rotates with the rotor.


       u d  =  R d   i d  +  L d   d  d t    i d  −  ω e   L d   i q  −  ψ q   ω e         u q  =  R q   i q  +  L q   d  d t    i q  +  ω e   L q   i d  +  ψ d   ω e       



(1)




where ωe is the electric rotational speed,   R =  R d  =  R q  = 1.5 ·  R  p h a s e     is the resistance. L is the inductance, For the surface-mounted PMSM   L =  L d  =  L q  = 1.5 ·  L  p h a s e    . Ψ is the flux linkage of the permanent magnetic rotor, normally Ψd = ΨPM, Ψq = 0. Equation (1) can be presented in matrix form by setting the state vector    I T  =  [       i d       i q       ]   .


     [        i ˙  d          i ˙  q       ]  =  [      −  R   L d         ω e        −  ω e      −  R   L q         ]   [       i d         i q       ]  +  [       1   L d       0     0     1   L q         ]   [       u d         u q       ]  +  [     0       ω e     L d          −    ω e     L q       0     ]   [       Ψ  P M        0     ]           or    I ˙  =  A c  · I +  B c  · U +  W c  · Ψ    



(2)







Modern servo drivers are discrete controlled, so Equation (2) should be discretized by solving the equation with the current sampling period Ts.


     I  k + 1   =  A d  ·  I k  + B ·  U k  + W · Ψ     with    A d  =  e   A c   T s        B =    ∫ 0   T s      e   A c  t   d t ·  B c         W =    ∫ 0   T s      e   A c  t   d t ·  W c        



(3)







Since the magnitude order of    T s    is less than 10−5 s, the terms with more than one order of    T s    can be ignored. With the first-order Taylor expansion of    e   A c   T s     , the discrete state equation can be approximated as follows.


     [       i  d ,   k + 1          i  q ,   k + 1        ]  =  [      1 −   R  T s     L d         ω e   T s        −  ω e   T s      1 −   R  T s     L q         ]   [       i  d ,   k          i  q ,   k        ]  +  [         T s     L d       0     0       T s     L q         ]   [       u  d ,   k          u  q ,   k        ]  +  [     0       ω e   T s     L d          −    ω e   T s     L q       0     ]   [       Ψ  P M        0     ]           or    I  k + 1   =  A d  ·  I k  + B ·  U k  + W · Ψ    



(4)







To simplify the derivation in the following sections, Equation (4) will be reformed by introducing a new voltage vector V.


     [       i  d ,   k + 1          i  q ,   k + 1        ]  =  [      1 −   R  T s     L d       0     0    1 −   R  T s     L q         ]   [       i  d ,   k          i  q ,   k        ]  +  [         T s     L d       0     0       T s     L q         ]   [       v  d ,   k          v  q ,   k        ]           or    I  k + 1   = A ·  I k  + B ·  V k       



(5)






  with    V k  =  [       v  d ,   k          v  q ,   k        ]  =  [       u  d ,   k   +  ω  e ,   k    L d   i  q ,   k          u  q ,   k   −  ω  e ,   k    L q   i  d ,   k   −  ψ  P M    ω  e ,   k        ]   



(6)







On the other hand, the motor flux linkage in the dq-coordinate frame can be summarized as


     Ψ d  =  L d   i d  +  Ψ  P M        Ψ q  =  L q   i q     



(7)







Therefore, the torque generated by a 3-phase motor can be formulated as the function of the current, where P is the pole pair.


   T k  =   3 P  2   Ψ k  ×  I k  =   3 P  2   [   Ψ  P M    i  q , k   +  (   L d  −  L q   )   i  d , k    i  q , k    ]   



(8)








2.2. Choice of the Voltage Vector Considering One Step Delay


With a three-phase inverter, 7 different candidate voltage vectors can be generated, see Figure 1. Set a vector S = (a, b, c) to describe the status of the inverter, where a/b/c = 1 means the upper bridge is switched on, the lower bridge is switched off, and a/b/c = 0 means the upper bridge is switched off, the lower bridge is switched on. The vector S = (0, 0, 0) and S = (1, 1, 1) define the same status that the three phases of the motor are on equal potential. The remaining 6 statuses reform the DC bus voltage in 6 different directions as shown in Figure 1 right. These candidate vectors are described in the static orthogonal coordinate frame (αβ frame), whose α-axis matches the direction of phase a. According to the electrical angle θ from the α-axis to the d-axis, the candidate voltage vectors can be transformed in the dq-coordinate. Thus, the    u d    and    u q    in Equation (6) are determined.


     U  d q   =  (       u d         u q       )  =  (      cos θ     − sin θ       sin θ     cos θ      )   (       u α         u β       )    with      (       u α         u β       )  ∈  {       (     1     0     )       (       1 2           3   2       )       (      −  1 2           3   2       )       (      − 1      0     )       (      −  1 2        −    3   2       )       (       1 2        −    3   2       )       (     0     0     )       }  ·  U  d c      



(9)







Figure 3 shows the time flow of the torque control. At moment k, the measured current    I k    will be changed to     I ^   k + 1     under the action of    V k    (as well as    U k   ) generated between the k − 1 and k moment.


    I ^   k + 1   = A ·  I k  + B ·  V k   



(10)







The task of the controller is to find out the most suitable voltage for the next moment    U  k + 1  *    from 7 candidate voltage vectors to minimize the tracking error between the reference Torque received at this moment    T k *    and predictive torque     T ^   k + 2    .


      I ^   k + 2   = A ·   I ^   k + 1   + B ·  V  k + 1  ∗        T ^   k + 2   =   3 p  2   [   Ψ  P M     i ^   q , k + 2   +  (   L d  −  L q   )    i ^   d , k + 2     i ^   q , k + 2    ]     



(11)







Compared with the electromagnetic system, the mechanical response of a motor is much slower, so the rotational speed can be regarded as a constant value in the calculation,     ω ^   k + 1   =  ω k   .



A tolerance band is introduced to balance the torque tracking accuracy and other performance, as seen in Figure 4. If the change of the reference torque is too large that no candidate vector can generate the torque in the band, such as the situation from k to k + 1, the one with the minimal tracking error will be conducted at the next moment. If there are more candidates which enforce the torque in the band, such as the situation from k + 1 to k + 2, the one with the minimal value of the cost function will be conducted.



Since the torque accuracy is guaranteed through the tolerance band, the design of the cost function is considered with the aspect of the switching times and the current. At moment k, a certain voltage is conducted, and the original weight of the switching times from moment k to k + 1 can be found in Table 1, where the original weight is the switching times power of 2 to avoid the value 0 multiplied in the cost function Equation (12).



The cost function is designed as the multiplication of the weight of switching times and the motor predictive current,


  J =  w s p  ·  |    I ^   s , k + 2    |   



(12)




where     I ^   S , k + 2     is the predictive current at moment k + 2 with the certain candidate voltage S,    w S    is the element from Table 1 and the index factor p is applied for adapting the weight between the switching times and the current.




2.3. Compensation for the Torque Tracking Error


As a side effect, the introduction of the tolerance band will lead to a static tracking error. In order to attenuate the static error, the torque reference will be modified with the tracking error from the previous step.


      T ˙  k  = K  (   T  k − 1  ∗  −   T ^   k − 1    )       T k ∗  =  T  k , o r i g i n  *  +   T ˙  k  ·  T s     



(13)




where K is the gain to be turned and    T s    is the control period. The effect of such a modification can be regarded as an integrator, which accumulates the previous tracking error and compensates it into the reference value with a certain factor.



Besides the static error, the model used for the prediction (Equations (10) and (11)) is not free from deficiencies, since the motor resistance may be changed by the temperature, the switching should have dead time to avoid short circuits, etc. To improve the prediction accuracy, an observer is applied to estimate and compensate for the prediction error. Since the matrices A and B in Equation (10) are diagonal matrices, the observer can be designed independently. For d or q-phase, Equation (10) can be simplified as a scalar equation.


    i ^   k + 1   =  i k  +   R  T s   L   i k  +    T s   L   v k  +    T s   L   ε k   



(14)




where ε denotes the lumped model error, which can be detected through the comparison of measured and estimated current.


   ε k  =  K p   (  1 +  K i     T s    z − 1    )   (   i k  −   i ^  k   )   



(15)




where    K p    and    K i    are two parameters to be tuned. Insert Equation (14) into Equation (13) and substitute     i ^   k + 1     with   z   i ^  k    and the following equation can be obtained.


   [  z +    T s   L   (   K p  +    K p   K i   T s    z − 1    )   ]    i ^  k  =  [  1 +   R  T s   L  +    T s   L   (   K p  +    K p   K i   T s    z − 1    )   ]   i k  +    T s   L   v k   



(16)







Therefore, the observer is stable only if the roots of the following equation locate in the unit circle.





3. Implementation in FPGA


As a kind of semi-custom circuit, FPGA can hardware the system into the actual electronic circuit through the compilation and synthesis of hardware description language (HDL), which can be prepared for the development of custom-specific driver control chips. Therefore, the FPGA is applied as the platform to implement the algorithm of MPDTC proposed in this paper.



The design of FPGA adopts the top-down modular design method, including the top-level module, the core algorithm module, the peripheral interface control module and the upper computer receiving and transmitting module. Figure 5 shows the architecture diagram of the proposed FPGA drive system.



A finite synchronous state machine (FSM) is used for the timing planning of the FPGA system. According to the time sequence, the FPGA system can be divided into five stages: IDLE, INITIAL, SAMPLE, MPDTC and PWM. The FPGA system is in the IDLE state at the beginning of the work. After the system reset, the system clock of the FPGA system begins to work. Then, the system runs into the INITIAL state. The controller rotates the motor to the position where the d-axis matches the a-axis. Then, the system runs into the SAMPLE state to collect the current and encoder angle signal through the ADC and digital inputs, respectively. After the signal collection, it enters the MPDTC algorithm processing state to find out the most suitable candidate voltage. Finally, the FPGA system outputs the switching signal of the selected voltage to complete a control cycle. Figure 6 shows the transition of the FSM status.




4. Experimental Verification


The test bench to verify the effectiveness of the proposed control method is depicted in Figure 7. The control algorithm is implemented in the ZynQ-7000 development board (ALINX Electronic Technology Co., Ltd., Shanghai, China) with a sampling frequency of 256 kHz and a control frequency of 64 kHz. Each four sampled phase current and motor angles are averaged for the controller to reduce the measurement noise. For comparison, a PI current controller with the SVPWM is also implemented in the development board with a control frequency of 16 kHz, which is abbreviated as FOC in the following.



The generated signals for the IGBT are sent to a self-made power board with a three-phase inverter. A high-dynamic synchronous motor EC60-647695 from Maxon (Maxon motor ag, Sachseln, Switzerland) is connected with the power board for the experiments. The parameters of the motor are listed in the Table 2.



The influence of the tolerance band (   T  t o l    ) on the control performance was investigated first, and the results are plotted in Figure 8. In the test, the torque step of 0.4 Nm is applied at t = 0.1 ms. If the tolerance is too small, there is no candidate voltage located in the tolerance band, so the choice of the voltage only depends on the tracking error between the reference and the predictive torque. Consequently, it results in a large current value of the d-axis and a high switching frequency (   f  s w    ). It can be seen from Table 3, that with the increasing    T  t o l    , the current value of the d-axis is decreased. However, if    T  t o l     is too large, the cost function will choose the voltage with minimal switching times and current, so the dynamic performance is damaged.



The tolerance band in the following experiments was set with the value of 0.08 Nm. The influence of the switching time weighting p in Equation (12) is then tested. The reference torque was given as the same as the test for    T  t o l    . The results are listed in Table 4. The value of p has less effect on the settling time of the current or the torque. However, it is obvious that the weighting parameter p has the effect of reducing the average switching frequency. As a side effect, the meaningless current (here the current of the d-axis) is also increased, since the large value of p means the decreased relative weighting of current in the cost function.



The parameter   p = 0.1   and    T  t o l   = 0.08   Nm is chosen for the following experiments. With these parameters, the current of the three phases is plotted in Figure 9a. For comparison, the phase current from the FOC is presented in Figure 9b. Because of the reduction of the unnecessary switching, the MPDTC shows a smoother phase current with less noise in some places.



The step response of MPDTC and FOC is compared in Figure 10. For this test, the reference torque is switched to be −0.4 Nm and 0.4 Nm each 10 ms. The generated motor torque here is calculated offline through the measured phase current and the motor angle. Compared with the FOC, the presented MPDTC decreases the torque settling time by 30% from 0.27 ms to 0.19 ms. It means the proposed method shows a better dynamic response with fewer switching times than the commonly used FOC current control.



The benefits of dynamic performance can also be seen in the frequency domain. Figure 11 shows the tracking performance of the sine reference with different frequencies and the Bode-plot after the sine sweep. The amplitude of the reference torque is 0.3 Nm and the frequency is swept from 100 Hz to 8000 Hz. The generated torque is calculated through the measured motor current. It can be seen that the bandwidth of the torque close loop is about 5000 Hz, which also matches the result from the step response. The controlled motor can follow the sine torque reference well when the frequency is lower than the bandwidth.




5. Conclusions


A novel model predictive torque control method for PMSM is presented in this paper to meet the dynamic demand of legged robots. The motor torque is estimated by considering the delay of calculation and measurement. A tolerance band is introduced to balance the tracking accuracy and switching frequency. The estimating error and the accumulative torque tracking error are observed and compensated. The control algorithm was implemented on an FPGA board, where the torque generated by the 7 candidate voltages can be calculated in parallel. The influence of the value of the torque tolerance band and the weighting for switching times is experimentally analyzed. Compared with the commonly used FOC current controller, the proposed MPDTC can not only improve the dynamic performance of the motor but also reduce the average switching times of the inverter.







Author Contributions


Conceptualization, J.X.; methodology, Z.S. and Y.X.; software, Y.X. and Z.M.; validation, Y.X. and T.Z.; formal analysis, Z.M.; investigation, J.X.; writing, Z.S. and Y.X.; supervision, X.M.; project administration, M.X.; funding acquisition, M.X. and Z.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Program of China under Grant 2018YFB1304500 and funded by the National Natural Science Foundation of China under grant 51975461.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hwangbo, J.; Lee, J.; Dosovitskiy, A.; Bellicoso, D.; Tsounis, V.; Koltun, V.; Hutter, M. Learning agile and dynamic motor skills for legged robots. Sci. Robot. 2019, 4, eaau5872. [Google Scholar] [CrossRef] [PubMed]

	



Rubio, F.; Valero, F.; Llopis-Albert, C. A review of mobile robots: Concepts, methods, theoretical framework, and applications. Int. J. Adv. Robot. Syst. 2019, 16, 1729881419839596. [Google Scholar] [CrossRef]

	



Altintas, Y.; Verl, A.; Brecher, C.; Uriarte, L.; Pritschow, G. Machine tool feed drives. CIRP Ann. 2011, 60, 779–796. [Google Scholar] [CrossRef]

	



Xu, H.; Chen, D.; Xue, F.; Li, X. Optimal Design Method of Interleaved Boost PFC for Improving Efficiency from Switching Frequency, Boost Inductor, and Output Voltage. IEEE Trans. Power Electron. 2019, 34, 6088–6107. [Google Scholar] [CrossRef]

	



Geyer, T.; Papafotiou, G.; Morari, M. Model Predictive Direct Torque Control—Part I: Concept, Algorithm, and Analysis. IEEE Trans. Ind. Electron. 2009, 56, 1894–1905. [Google Scholar] [CrossRef]

	



Papafotiou, G.; Kley, J.; Papadopoulos, K.; Bohren, P.; Morari, M. Model Predictive Direct Torque Control—Part II: Implementation and Experimental Evaluation. IEEE Trans. Ind. Electron. 2009, 56, 1906–1915. [Google Scholar] [CrossRef]

	



Rodriguez, J.; Kazmierkowski, M.P.; Espinoza, J.R.; Zanchetta, P.; Abu-Rub, H.; Young, H.A.; Rojas, C.A. State of the Art of Finite Control Set Model Predictive Control in Power Electronics. IEEE Trans. Ind. Inform. 2013, 9, 1003–1016. [Google Scholar] [CrossRef]

	



Geyer, T.; Beccuti, G.A.; Papafotiou, G.; Morari, M. Model Predictive Direct Torque Control of permanent magnet synchronous motors. In Proceedings of the 2010 IEEE Energy Conversion Congress and Exposition, Atlanta, GA, USA, 12–16 September 2010; pp. 199–206. [Google Scholar] [CrossRef]

	



Vafaie, M.H.; Dehkordi, B.M.; Moallem, P.; Kiyoumarsi, A. A New Predictive Direct Torque Control Method for Improving Both Steady-State and Transient-State Operations of the PMSM. IEEE Trans. Power Electron. 2016, 31, 3738–3753. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yang, H. Model predictive torque control with duty ratio optimization for two-level inverter-fed induction motor drive. In Proceedings of the 2013 International Conference on Electrical Machines and Systems (ICEMS), Busan, Korea, 26–29 October 2013; pp. 2189–2194. [Google Scholar] [CrossRef]

	



Xu, Y.; Zhang, B.; Zhou, Q. A model predictive current control method of PMSM based on the simultaneous optimization of voltage vector and duty cycle. In Proceedings of the 2016 IEEE 8th International Power Electronics and Motion Control Conference (IPEMC-ECCE Asia), Hefei, China, 22–26 May 2016; pp. 881–884. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yang, H. An improved two-vectors-based model predictive torque control without weighting factors for induction motor drives. In Proceedings of the 17th International Conference on Electrical Machines and Systems (ICEMS), Hangzhou, China, 22–25 October 2014; pp. 2766–2772. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yang, H. Generalized two-vectors-based model predictive torque control of induction motor drives. In Proceedings of the 2014 IEEE Energy Conversion Congress and Exposition (ECCE), Pittsburgh, PA, USA, 14–18 September 2014; pp. 3570–3577. [Google Scholar] [CrossRef]

	



Karamanakos, P.; Ayad, A.; Kennel, R. A Variable Switching Point Predictive Current Control Strategy for Quasi-Z-Source Inverters. IEEE Trans. Ind. Appl. 2017, 54, 1469–1480. [Google Scholar] [CrossRef]

	



Karamanakos, P.; Stolze, P.; Kennel, R.M.; Manias, S.; Mouton, H.D.T. Variable Switching Point Predictive Torque Control of Induction Machines. IEEE J. Emerg. Sel. Top. Power Electron. 2014, 2, 285–295. [Google Scholar] [CrossRef]

	



Yan, Y.; Wang, S.; Xia, C.; Wang, H.; Shi, T. Hybrid Control Set-Model Predictive Control for Field-Oriented Control of VSI-PMSM. IEEE Trans. Energy Convers. 2016, 31, 1622–1633. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, X.; Xie, W.; Wang, F.; Dou, M.; Kennel, R.M.; Lorenz, R.D.; Gerling, D. Deadbeat Model-Predictive Torque Control with Discrete Space-Vector Modulation for PMSM Drives. IEEE Trans. Ind. Electron. 2017, 64, 3537–3547. [Google Scholar] [CrossRef]

	



Wang, T.; Liu, C.; Lei, G.; Guo, Y.; Zhu, J. Model predictive direct torque control of permanent magnet synchronous motors with extended set of voltage space vectors. IET Electr. Power Appl. 2017, 11, 1376–1382. [Google Scholar] [CrossRef]

	



Zhou, Z.; Xia, C.; Yan, Y.; Wang, Z.; Shi, T. Torque Ripple Minimization of Predictive Torque Control for PMSM with Extended Control Set. IEEE Trans. Ind. Electron. 2017, 64, 6930–6939. [Google Scholar] [CrossRef]

	



Baidya, R.; Aguilera, R.P.; Acuna, P.; Vazquez, S.; Mouton, H.D.T. Multistep Model Predictive Control for Cascaded H-Bridge Inverters: Formulation and Analysis. IEEE Trans. Power Electron. 2018, 33, 876–886. [Google Scholar] [CrossRef]

	



Habibullah, M.; Lu, D.D.-C.; Xiao, D.; Rahman, M.F. Finite-State Predictive Torque Control of Induction Motor Supplied from a Three-Level NPC Voltage Source Inverter. IEEE Trans. Power Electron. 2017, 32, 479–489. [Google Scholar] [CrossRef]

	



Kim, I.; Chan, R.; Kwak, S. Model predictive control method for CHB multi-level inverter with reduced calculation complexity and fast dynamics. IET Electr. Power Appl. 2017, 11, 784–792. [Google Scholar] [CrossRef]

	



Siami, M.; Khaburi, D.A.; Rodriguez, J. Simplified Finite Control Set-Model Predictive Control for Matrix Converter-Fed PMSM Drives. IEEE Trans. Power Electron. 2018, 33, 2438–2446. [Google Scholar] [CrossRef]

	



Kwak, S.; Park, J.-C. Switching Strategy Based on Model Predictive Control of VSI to Obtain High Efficiency and Balanced Loss Distribution. IEEE Trans. Power Electron. 2014, 29, 4551–4567. [Google Scholar] [CrossRef]








[image: Micromachines 13 01055 g001 550] 





Figure 1. Three-phase inverter (left) and candidate voltage vectors (right). 
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Figure 2. Schematic diagram of the proposed controller. 
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Figure 3. Time flow of the control process. 
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Figure 4. Choice of candidate vectors, blue: torque generated by the candidate voltage vectors, red: torque generated by the chosen vector. 
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Figure 5. FPGA architecture design block diagram. 
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Figure 6. FSM status transfer diagram. 
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Figure 7. Test bench. 
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Figure 8. The current of d and q axes with different torque tolerance. (a)    T  t o l   = 0.02   Nm  , (b)    T  t o l   = 0.04   Nm  , (c)    T  t o l   = 0.08   Nm  , (d)    T  t o l   = 0.12   Nm  . 
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Figure 9. The current of three phases. (a) MPDTC, (b) FOC. 
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Figure 10. Comparison of the step response. 
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Figure 11. Sine tracking performance with the frequency of 100 Hz (a), 1000 Hz (b), and 8000 Hz (c), and the Bode plot of the closed torque control loop (d). 
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Table 1. The original weight of the switching times.
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Table 2. Parameters of the applied motor.
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	Description
	Value
	Unit





	Terminal resistance
	1.11
	Ω



	Terminal inductace
	1.28
	mH



	Torque constant
	113
	mNm/A



	Speed constant
	84.8
	rpm/V



	Rotor inertia
	810
	gcm2



	Nominal voltage
	48
	V
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Table 3. Influence of    T  t o l     on the control performance.
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	     T  t o l     [ Nm ]    
	0.02
	0.04
	0.08
	0.12





	     |   I  d , m a x    |     [A]
	7.89
	4.28
	1.05
	1.07



	Settling time of     I q     [ms]
	0.12
	0.12
	0.18
	0.38
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Table 4. Influence of  p  on the control performance.
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	   p   
	0.02
	0.1
	0.15
	0.2





	     |   I  d , m a x    |     [A]
	1.07
	1.06
	2.02
	4.13



	Average     f  s w      [kHz]
	16.7
	14.0
	12.7
	9.2
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