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Abstract

:

In the field-weakening region, the traditional field-weakening method for induction motor drives based on model predictive control (MPC) is to take a no-load operation as the premise and adjust the flux reference in the cost function proportional to the inverse of the rotor speed, which leads to poor torque output. This paper presents a novel field-weakening method for IM drives based on MPC. Considering the induction motor field-weakening limiting conditions and according to the speed adaptive field-weakening strategy with a voltage closed-loop, the speed adaptive field-weakening controllers were designed to optimize the references of the excitation current and torque current. In the rotor field-orientation d–q coordinate system, the stator flux amplitude and torque reference values were optimized by the optimal distribution current. Then, according to the dead-beat control principle, they were converted into an equivalent stator flux vector reference. Moreover, the stator voltage vector reference can be obtained. For an induction motor fed by a three-level neutral point clamped (3L-NPC) inverter, the cost function was constructed by combining all the constraints, including the voltage vector, the neutral potential balance, and the switching frequency. In this way, the high-performance field-weakening operation for the induction motor based on a model predictive control can be realized. The simulation and experiment results show that the proposed method can increase the torque output by 22% in the field-weakening region; at the same time, the steady characteristics and the dynamic response performance can be maintained well.






Keywords:


induction motor; field weakening region; model predictive control; voltage closed-loop; dead-beat control; three-level inverter












1. Introduction


Induction motors (IMs) have been widely used in high-power modern industries due to their large capacity, simple structure, and wide speed range [1,2,3]. The 3L-NPC inverter is more suitable for high-power medium-voltage drives than a two-level inverter because of the low voltage stress of the power device, low voltage change rate, and lower harmonic voltage content [4,5]. MPC has the advantages of strong robustness, a fast dynamic response, and easy inclusion of nonlinearities [6,7]. With the improvement of microprocessor computing abilities, MPC has been widely used in the IM control field [8,9]. Moreover, because of its natural multivariable control, it is easier for MPC to constrain the neutral point potential unbalance of 3L-NPC inverters [10]. In order to achieve a high-performance control of IM, it is necessary to study motor drive control schemes based on MPC.



In order to extend the IM upper speed as much as possible with limited DC-link voltage, it is necessary to adopt the appropriate field-weakening strategy. The maximum output voltage of the inverter, the maximum current, and the maximum slip frequency of the IM are the three constraints that limit the torque output in the field-weakening region of the IM [11]. Therefore, coordinating the distribution of the excitation current and torque current and achieving the maximum torque is the core challenge of the field-weakening strategy. Based on rotor field-oriented control (RFOC), with the premise of the precise voltage model, the field-weakening strategy in Literature [12] aims to achieve the output torque and adjust the reference of the excitation current by looking up the table according to the reference speed, but it is still an open-loop control scheme and cannot guarantee the reference of the excitation current in the optimal state during the operation. The “1/ωr” field-weakening method is relatively simple to realize; when the motor speed exceeded the base speed, the flux level was set to an inverse proportion to the motor speed. However, the excitation current is too large to achieve the maximum torque output [13,14,15]. The voltage closed-loop field-weakening strategy is one of the most effective methods; it adjusts the field-weakening depth of the system by setting the output voltage of the voltage closed-loop field-weakening controller, and it has the advantages of a high voltage utilization ratio of the DC bus, low parameter sensitivity, and large torque output in the field-weakening region [16,17]. However, it is difficult to design the parameters of the field-weakening controller introduced into the control system, and the debugging work is complicated.



As for the field-weakening strategy for IM drives based on MPC, most of the current studies have not fully considered the operation of the field-weakening region. The traditional field-weakening method is to adjust the flux amplitude reference and torque reference to the inverse of the rotor speed. This method is easy to implement, but the torque reference does not take into account the extreme torque reference limit of different field weakening regions, which is only roughly reduced, and the optimal voltage vector cannot be selected, resulting in poor torque output. The method in Literature [18] adjusts the references of stator flux amplitude and torque in a manner of the inverse ratio of the speed in the constant power region. In order to increase the torque output in the constant voltage region, the maximum torque reference is limited as the value that makes the angle between the stator flux vector and rotor flux vector should not exceed 45°. However, the stator flux amplitude reference is still adjusted in the conventional way, which ignores the stator voltage on the premise of a no-load condition. It will lead to the excitation current reference being too large when the system is loaded, and the maximum torque output cannot be achieved. In Literature [19], under the condition of RFOC, the equation of the state of the rotor flux was discretized, and the ideal d-axis current reference was obtained by designing a field-weakening controller based on MPC; the control effect was good, and the system was relatively stable. However, the performance of this method depends heavily on the parameter setting of the inner current loop, so it is not easy to implement in engineering.



This paper proposes a novel field-weakening strategy for IM drives based on MPC. Firstly, the references of the excitation current and torque current are allocated by the voltage closed-loop speed adaptive field-weakening controller. In the d–q coordinate system with rotor flux orientation, the reference of the stator flux amplitude is calculated with the excitation current, and the reference of the torque current is determined by considering the maximum current and maximum slip frequency limits, and then the torque reference is calculated. Finally, based on the principle of dead-beat flux torque control, the torque and flux references are converted into an equivalent stator flux vector reference; moreover, the voltage vector reference is obtained. Compared with the traditional method, the proposed method has the following advantages: It optimizes the references, which improves the cost function and the torque output of the motor in the field-weakening region; There is no need to adjust the parameters of the inner current loop, and the dynamic response is fast. It is easy to realize nonlinear multivariable control, such as by reducing the switching frequency of the inverter. To realize the high-performance control of the induction motor in the field-weakening region, based on the 3L-NPC inverter, the cost function is constructed to constrain the voltage vector, neutral point potential, and switching frequency. The proposed strategy is verified by simulation and experiment.



The proposed field-weakening strategy for IM drives based on MPC has the following features:




	(1)

	
The stator flux amplitude reference is optimal in the field-weakening region. This is achieved by the optimal excitation current reference, which is allocated optimally by the voltage closed-loop speed adaptive field-weakening controller.




	(2)

	
The torque reference is optimal in the field-weakening region. This is achieved by the optimal torque current reference, which is limited by the maximum current of IM in the constant torque region and constant power region and limited by the maximum slip frequency of IM in the constant voltage region.




	(3)

	
On the premise of a stable operation, the torque output of IM is the maximum that can be reached in the field-weakening region. This is achieved by the proper selection of voltage vectors because of the optimal references in the cost function.










2. Modeling and Analysis


In this paper, the stator current    i s    and the stator flux    ψ s    in the stationary reference frame are chosen as state variables, and the state-space model of the IM can be expressed in Equation (1):


    d x   d t   = A x + B u  



(1)




where,   x =    [       i s       ψ s       ]   T   , is the state variable;   u =  u s   , is the stator voltage vector; the system matrix A and input matrix B are defined as in Equation (2).


   {      A =  [      − λ  (   R s   L r  +  R r   L s   )  + j  ω r      λ  (   R r  − j  L r   ω r   )        −  R s     0     ]        B =  [      λ  L r       1     ]  , λ =  1   L s   L r  −  L m 2           



(2)




where,    R s    is the stator resistance;    R r    is the rotor resistance;    L s    is the stator inductance;    L r    is the rotor inductance;    L m    is the mutual inductance;    ω r    is the electrical rotor speed;  j  is the imaginary unit.



To achieve higher accuracy, the mathematical model of IM is discretized by Heun’s method [20,21]. After discretization, it can be expressed in Equation (3):


   {       x p  k + 1   =  x k  +  T  s c    [  A  x k  + B  u k   ]         x  k + 1   =  x p  k + 1   +    T  s c    2  A  [   x p  k + 1   −  x k   ]         



(3)




where,    T  s c     is the control period;    x k    is the state variable at (k)th instant;    x p  k + 1     is the predictor-corrector of state vector;    x  k + 1     is the predicted vector of stator current and stator flux at (k + 1)th instant. The rotor flux at (k + 1)th instant can be computed from stator flux    ψ s  k + 1     and current    i s  k + 1     via Equation (4):


   ψ r  k + 1   =    L r     L m     ψ s  k + 1   −  1  λ  L m     i s  k + 1    



(4)




and the electromagnetic torque can be predicted via Equation (5):


   T e  k + 1   =  3 2   n P  λ  L m   |   ψ s  k + 1    |  *  |   ψ r  k + 1    |  * s i n ∠  θ  s r    



(5)




where, np is the number of pole pairs and   ∠  θ  s r     is the angle between rotor flux and stator flux. In the RFOC-based IM drives, the IM voltage equation can be expressed as follows:


   {       u  s d   =  R s   i  s d   + σ  L s  p  i  s d   −  ω e  σ  L s   i  s q   +    L m     L r    p  ψ r         u  s q   =  R s   i  s q   + σ  L s  p  i  s q   +  ω e  σ  L s   i  s d   +    L m     L r    p  ω e   ψ r         



(6)




where, ωe is the synchronous frequency; p is the differential operator, and σ is the leakage factor,   σ = 1 −    L m 2     L s   L r     .



When the motor is in a high-speed steady state, the differential terms of flux and current are zero, and the voltage drop of stator resistance is negligible. Therefore, the voltage equation of an IM in a high-speed steady state can be simplified as follows:


   {       u  s d   = −  ω e  σ  L s   i  s q          u  s q   =  ω e   L s   i  s d          



(7)







Moreover,    i  s q   =    u  s d     −  ω e  σ  L s     ,    i  s d   =    u  s q      ω e   L s     . The maximum current limit can be expressed as:    i  s d  2  +  i  s q  2  ≤  i  s , m a x  2   .



To make the IM run stably in the field-weakening region, the slip frequency of the motor should be less than the maximum slip frequency. The maximum slip frequency during stable operation of the IM can be expressed as follows:


   ω  s l , m a x   =  1  σ  T r     



(8)




where,    T r    is the electromagnetic time constant of the rotor,    T r  =    L r     R r     .



The slip frequency limit can be expressed in voltage form or current form in Equation (9):


   {       |   u  s d    |  ≤    u  s , m a x      2          σ  i  s q   ≤  i  s d          



(9)







Considering the constraints of maximum voltage and current, to output maximum torque, the voltage form field-weakening control equation of the induction motor in the stator voltage coordinate system can be expressed as follows:


   {           u  s d  2  +  u  s q  2  ≤  u  s , m a x  2           (     u  s d      ω e  σ  L s     )   2  +    (     u  s q      ω e   L s     )   2  ≤  i  s , m a x  2             |   u  s d    |  ≤    u  s , m a x      2           



(10)







According to Equation (10), the optimal voltage vector trajectory of the induction motor field-weakening operation can be drawn as in Figure 1.



As shown in Figure 1, in the synchronous d–q frame, the voltage limit is a fixed circle, while the current limit is an ellipse. The current limit ellipse increases with increasing rotor speed. In the constant torque region, the stator voltage trajectory is OA. When entering the constant power region, the operating point moves from A along the voltage limit circle to B. The optimal voltage vector trajectory in the constant voltage region should satisfy    u  s d   =  u  s q   =  u  s , m a x   /  2   , namely, point B. The IM must satisfy the maximum voltage and maximum current limit when running in any speed region.




3. Optimization of Flux and Torque Reference for MPC


In the traditional field-weakening strategy for induction motor drives based on MPC, the inverse proportion of rotor speed method is adopted to adjust the flux amplitude reference and torque reference; this rough reference adjustment method makes it difficult to ensure that the IM has the best torque performance in the high-speed field-weakening region. In this paper, the references in the cost function are optimized based on the voltage closed-loop speed adaptive field-weakening control strategy.



3.1. Voltage Closed-Loop Field-Weakening Control Scheme


The system diagram of the voltage closed-loop speed adaptive field-weakening control scheme is shown in Figure 2 [22,23].



When    u  s q  *    is smaller than    u  s q , r e f  *   , the field-weakening controller PI-1 outputs    i  s d  *   . At this time, the torque current limit is        (   i  s , m a x  *   )   2  -    (   i  s d  *   )   2     , the motor runs in the constant torque region. With the continuous rise of the rotor speed, the torque current is only limited by the maximum current of the motor. When    u  s q  *  ≤      (   u  s , m a x    )   2  -    (   u  s d  *   )   2     , PI-1 starts to desaturate, the excitation current decreases, and the torque current increases. With the continuous rise of the rotor speed, the d-axis component of the stator voltage in the constant power region increases continuously, and the q-axis component of the stator voltage decreases continuously. The motor drive system gradually approaches the steady-state operating point, and the limiting amplitude of the torque current is still        (   i  s , m a x  *   )   2  -    (   i  s d  *   )   2     . When    |   u  s d  *   |  ≥    u  s , m a x      2     , the motor enters the constant voltage region, PI-2 begins to work. At this time, the limit of maximum slip frequency on current takes precedence over the limit of maximum motor current, to ensure the motor runs at a stable point, namely    u  s d   =  u  s q   =    u  s m a x      2     ,    i  s d   = σ  i  s q    .




3.2. Design of Field-Weakening Controller


The voltage closed-loop speed adaptive field-weakening strategy is based on RFOC; its excitation current and torque current are assigned by the field-weakening controller, then the d- and q-axis currents in the field-weakening region are decoupled by the complex vector current controller, and the d–q-axis current closed-loop control structure is constructed to make the current controller output the voltage reference    u  s d  *    and    u  s q  *   .



The IM drive based on MPC does not have the complex vector current controller, but in order to obtain the optimal distribution of d- and q-axis current references, this paper designs the field-weakening controller based on the complete field-weakening control structure. Then, it optimizes the stator flux amplitude reference and torque reference. The feedback inputs of PI-1 and PI-2 of the field-weakening controller are obtained by the optimal voltage complex vector, which makes the cost function minimum.



Based on the complete field-weakening control structure, the transfer function of the speed adaptive field-weakening controller PI-1 is set as Equation (11):


   G  v 1    ( s )  =  K  p v 1    (  1 +    K  i v 1    s   )   



(11)







In the field-weakening region, the transfer function of the simplified q-axis voltage closed-loop control structure is as follows:


   G  p 1    ( s )  =    K  p c    ω e    s +    K  p c      L s       



(12)




where,    ω e  =  ω  s l   +  ω r   ,    ω  s l     is the slip frequency. According to the low-frequency correction method, the system response is corrected, and the PI parameters design criteria of the field-weakening controller PI-1 can be obtained via Equation (13):


   {     K  i v 1   =  (  0.1 - 0.2  )   ω  b 1  *       K  p v 1   =        (     ω  b 1  *    σ  ω c *     )   2  + 1      L s   ω e         



(13)




where,    ω  b 1  *    is the expected bandwidth of the q-axis voltage closed loop, which should be less than the expected bandwidth of the current loop    ω c *   .



The transfer function of the speed adaptive field-weakening controller PI-2 can be obtained as follows:


   G  v 2    ( s )  =  K  p v 2    (  1 +    K  i v 2    s   )   



(14)







In the field-weakening region, the transfer function of the simplified d-axis voltage closed-loop control structure is as follows:


   G  p 2    ( s )  =    K  p c    ω e    s +    K  p c     σ  L s       



(15)







The system response is corrected according to the low-frequency correction method, and the PI parameters design criteria of the field-weakening controller PI-2 can be obtained via Equation (16):


   {     K  i v 2   =  (  0.1 - 0.2  )   ω  b 2  *       K  p v 2   =        (     ω  b 2  *     ω c *     )   2  + 1     σ  L s   ω e         



(16)




where,    ω  b 2  *    is the expected bandwidth of the d-axis voltage closed loop, which should be less than the expected bandwidth of the current loop    ω c *   .




3.3. Reference Optimization


After the above analysis, the diagram of the proposed field-weakening scheme for IM drives based on MPC is shown in Figure 3.



The voltage closed-loop speed adaptive field-weakening controller realizes the optimal distribution of excitation current and torque current references in the high-speed field-weakening region. In the d–q coordinate system of rotor field orientation, the stator flux amplitude reference and torque reference in the cost function are optimized by the optimal distribution current. The rotor flux amplitude reference can be obtained from Equation (17):


   ψ r *  =    L m     T r  s + 1    i  s d  *   



(17)







To obtain the stator flux amplitude reference, the spatial position angle of the rotor flux is calculated by Equation (18).


  θ =   ∫  (  ω  s l   +  ω r  )    d t  



(18)







The relation between stator flux and rotor flux can be expressed as follows:


    d  ψ r    d t   + ( λ  L s   R r  - j  ω r  )  ψ r  = λ  L m   R r   ψ s   



(19)







In the steady state, Equation (19) can be simplified, and the stator flux amplitude reference can be expressed in Equation (20):


   ψ s *  =   λ  L s   R r  + j  ω  s l     λ  L m   R r     ψ r *   



(20)







By Equation (20), the stator flux amplitude reference can be calculated.



The torque reference is calculated by Equation (21). Where,    i  s q  *    is the speed of the closed-loop PI controller’s output    i  s q , P I  *   , which is limited by the field-weakening controller PI-2 (constraint of maximum slip frequency) and the maximum current of the motor.


   T e *  =    n p   L m     L r     i  s q  *   ψ r   



(21)




where,    ψ r    is the rotor flux amplitude of the induction motor. In the constant torque region, the stator flux amplitude reference is set to the rated flux. The torque current limit is        (   i  s , m a x  *   )   2  -    (   i  s d  *   )   2     , and the maximum torque reference is      n p   L m     L r     ψ r       (   i  s , m a x  *   )   2  -    (   i  s d  *   )   2     . In the constant power region and constant voltage region, PI-1 starts to desaturate; the decreasing in    i  s d  *    lead to the decreasing in the stator flux amplitude reference, and in the constant power region, the torque current limit is still        (   i  s , m a x  *   )   2  -    (   i  s d  *   )   2     , and the maximum torque reference is unchanged. In the constant voltage region, PI-2 begins to work, the torque current limit changes to      i  s d  *   σ   , and the maximum torque reference is      n p   L m     L r     ψ r     i  s d  *   σ   , ensures that the motor can output the maximum torque under the premise of stable operation.



The reference of the stator flux amplitude depends on the reference of the excitation current, and the magnitude of the excitation current depends on the field-weakening depth. On the premise of a stable operation of the motor, the torque current is the maximum that can be reached in every operation region. Therefore, the field-weakening strategy for IM drives based on MPC proposed in this paper can adjust the references in the cost function to the optimum, thus improving the torque output.





4. IM Drives Based on MPC with Proposed Field-Weakening Scheme


Figure 4 shows the diagram of the IM speed regulation system with the proposed field-weakening method based on the model predictive flux control, including voltage closed-loop speed adaptive field-weakening controller, references optimization, references equivalent conversion, cost function, full-order observer, etc.



For the 3L-NPC inverter topology, different switching states Sa, Sb, and Sc make each phase of the motor connected to the positive (P), neutral (O), and negative (N) terminals on the DC bus. In this work, “2” represents “P”, “1” represents “O”, and “0” represents “N” in turn. The 3L-NPC inverter has 27 switching states, corresponding to 27 space voltage vectors, whose spatial voltage vector distribution is shown in Figure 5.



All 27 spatial voltage vectors in Figure 5 can be divided into large vectors (LVVs), medium vectors (MVVs), small vectors (SVVs), and zero vectors (ZVVs). The traditional IM drives based on MPC need to enumerate all 27 voltage vectors and calculate the stator flux and torque when different voltage vectors are applied. In order to realize smooth vector switching in both line and phase voltage, the pre-defined switching table (type II) in Literature [18] is adopted. Moreover, the number of candidate voltage vectors is reduced, and the real-time performance is improved.



Model predictive flux control takes the stator flux vector as the control target and converts the torque reference and the stator flux amplitude reference into an equivalent stator flux vector reference based on the flux-torque dead-beat control principle [24]. When the induction motor is in operation, to make the stator flux reach its reference in the next control period, the amplitude of the new stator flux vector reference is set as    ψ *   ,   ψ *  =  |   ψ s *   |   . In order to make the electromagnetic torque reach its reference in the next control period, the angle between the rotor flux and stator flux at the next instant can be calculated by Equation (22).


  ∠  θ  s r   = a r c s i n  (     T e *     3 2   n p  λ  L m   |   ψ r  k + 1    |   ψ *     )   



(22)







In Equation (22), the rotor flux at the (k + 1)th instant is calculated by Equation (4). The angle of the new stator flux vector reference can be obtained by Equation (23).


  ∠  ψ s *  = ∠  ψ r  k + 1   + ∠  θ  s r    



(23)







Therefore, the new stator flux vector reference can be expressed in Equation (24):


   ψ s *  =  ψ *  ⋅ e x p  (  j ⋅ ∠  ψ s *   )   



(24)







Based on the dead-beat principle, the stator flux vector is assumed to reach its reference at the end of the control period, and the reference of the stator voltage vector is calculated according to the voltage Equation (25).


   u s *  =  R s   i s  k + 1   +    ψ s *  −  ψ s  k + 1      T  s c      



(25)







In order to balance the neutral point potential of the 3L-NPC inverter and reduce the switching frequency of the device, it is necessary to design an appropriate cost function to constrain it. The neutral point potential deviation   Δ  U  n e u     is defined as the voltage difference between two capacitors on the DC bus of the 3L-NPC inverter, which can be expressed in Equation (26).


  Δ  U  n e u   =  U  c 1   −  U  c 2    



(26)







The neutral point voltage deviation at the (k + 1)th instant can be predicted according to the neutral point voltage deviation at the (k)th instant and the selected switching state via Equation (27).


  Δ  U  n e u   k + 1   = -    T  s c    C   [   |   S a k  - 1  |   |   S b k  - 1  |   |   S c k  - 1  |   ]   [       i a k         i b k         i c k       ]  + Δ  U  n e u  k   



(27)




where,    i a k   ,    i b k   ,    i c k    is the three-phase stator current at the (k)th instant;   C =  C 1  =  C 2    is the capacitance values of the capacitors on the DC side.



We defined    n  s w     as the number of switching transitions between the switching states to be applied and the switching states in the last control period, which can be expressed in Equation (28):


   n  s w   =   ∑  x =  {  a , b , c  }      |   S x  k + 1   −  S x k   |     



(28)







Summarily, the cost function can be expressed in Equation (29):


  J =  |   u s *  −  v  k + 1    |  +  K  n e u      |  Δ  U  n e u   k + 1    |   2  +  K n   n  s w   +  I  o p    



(29)




where,    v  k + 1     is the candidate voltage vectors that can be generated by the 3L-NPC inverter, which is determined by the applied switching states Sa, Sb, and Sc. Kneu and Kn are weighting factors for the neutral point voltage balance and average switching frequency, respectively, which can be adjusted and attenuated or enhanced as needed. Iop is the overcurrent protection item, which can be expressed as Equation (30):


   I  o p   =  {      ∞       0           i f  |   i s  k + 1    |  >  i  m a x         i f  |   i s  k + 1    |  ≤  i  m a x        



(30)







During implementation, when    |   i s  k + 1    |  >  i  m a x    , we set the Iop to a large enough value.




5. Simulation and Experiment


5.1. Simulation Results


In order to verify the effectiveness of the reference optimization scheme based on the voltage closed-loop speed adaptive field-weakening principle, the simulation model of IM drives based on MPC was established in Matlab/Simulink. The three-phase squirrel-cage asynchronous motor was chosen as the induction motor used in the simulation. The parameters used in the simulation model are shown in Table 1, and the sampling frequency is 10 kHz. In the simulation, the field-weakening control strategy described in reference [18] was used as a comparison, and the PI controller parameters of the two models’ speed closed-loops were the same: Kp = 0.8 and Ki = 10.



In this paper, the described MPC does not control the current directly; it may cause excessive starting current and trigger overcurrent protection when starting. To reduce the starting current, the method of DC preexcitation is adopted in this paper. When the stator flux amplitude and the stator current amplitude of the motor are less than 90% of the rated, a fixed voltage vector is applied to the inverter, otherwise zero vector is applied. In this way, the flux is established inside the motor before starting, which can increase the starting torque and reduces the starting current effectively.



The starting response from standstill to 6000 rpm with the field-weakening strategy in [18] is shown in Figure 6. From top to bottom, the curves are rotor speed, electromagnetic torque, stator flux amplitude, and one-phase stator current of the IM.



With the preexcitation technique, the stator flux is first established, which can be seen in the third picture of Figure 6. The stator current does not exceed the limit, and the motor starts smoothly. Without load, the motor reaches the 400% base speed at 2.6 s. At 3.5 s, the load increased to 2.8 N∙m, and the rotor speed decreased slightly, which can no longer be maintained at 6000 rpm. At 6 s, the load increases to 3.5 N∙m, and the speed decreases significantly. At 10 s, the load is reduced to 1 N∙m, and the motor accelerates again to 6000 rpm.



The references are optimized by adopting the voltage closed-loop speed adaptive field-weakening strategy. The rotor speed, electromagnetic torque, stator flux amplitude, and one-phase stator current are shown in Figure 7. With the preexcitation technique, the motor starts without load and accelerates smoothly to 6000 rpm at 2 s. When the load increases to 2.8 N∙m, 3.5 N∙m, and decreases to 1 N∙m, the rotor speed and torque can follow the references well, and the motor can run smoothly. Compared with the field-weakening control algorithm in Literature [18], the load output of the motor is increased by 25%, and the dynamic response is faster.



As shown in Figure 8a, with optimization, the stator flux amplitude reference decreases faster than without optimization. When the load is applied, the stator flux amplitude is increased to obtain large electromagnetic torque while the rotor speed does not decrease. On the contrary, to increase the torque output, without reference optimization, the rotor speed must be reduced to obtain a larger flux. The comparison of torque reference is shown in Figure 8b; based on the voltage closed-loop speed adaptive field-weakening strategy, the proposed algorithm can adjust the stator flux amplitude reference and torque reference optimally to realize the maximum torque output of the induction motor.



Figure 9 shows that the excitation current and torque current are constant in the rated speed region. In the constant power region, the excitation current decreases, and the torque current increases. In the constant voltage region, the torque current decreases with the decrease in the excitation current. When the rotor speed reaches the 400% base speed, the system exits the field-weakening state, and the torque current decreases rapidly. Therefore, both methods can realize the field-weakening operation for the IM drives based on MPC. However, we can see that the dynamic process of the proposed algorithm is faster than the algorithm in Literature [18]. When the IM is loaded at 6000 rpm, the proposed algorithm in this paper can adjust the torque reference and stator flux amplitude reference optimally and then achieve the optimum distribution of the excitation current and torque current. Therefore, the rotor speed could maintain the 6000 rpm with load increase and decrease.



As shown in Figure 10, in the constant power region and constant voltage region, the proposed algorithm has a larger electromagnetic torque output than the algorithm in Literature [18]. The rotor speed curve shown in Figure 10 verifies because of the optimum distribution of the excitation current and torque current, the maximum torque output is realized, and the accelerating process is more rapid. When the rotor speed reaches 400% base speed, the motor enters a steady state. Figure 10 shows that the torque ripple of both algorithms is almost identical. While the motor is loaded, with the algorithm in Literature [18], the torque output has not reached the requirement. When the load decreases to 1 N∙m, the rotor speed accelerates again to 6000 rpm, but the torque curve shows that the max torque output is small. The rotor speed and electromagnetic torque curves verify the increase in torque output with the proposed algorithm.




5.2. Experimental Results


5.2.1. Hardware Setup Scheme


In order to verify the effectiveness of the proposed field-weakening strategy in real-time scenarios, a 3L-NPC inverter-driven IM model predictive control speed regulation experimental platform was implemented on the laboratory scale. The scheme of the test platform is shown in Figure 11a.



Regarding the energy flow, the DC power supply is connected to the DC link of the inverter, and the AC output of the inverter is connected to the three-phase induction motor. A magnetic powder brake is used as the motor loading device. In order to achieve closed-loop control, the motor speed and torque are detected by the photoelectric encoder and torque sensor, respectively, and the voltage and current signals are detected by the Hall sensor, all of which are fed back to the controller. A MicroLabBox produced by dSPACE is used as the main controller to run the algorithm. After judging the complementary logic and dead zone of the hardware with CPLD, the multi-channel PWM wave produced by the controller is output to the driver board. If the conditions are not met, the PWM signal will be blocked.




5.2.2. Hardware Components Description


The devices used for the real-time experiment are shown in Figure 11b. The programmable DC power supply from EA (EA-PSI 9500-60) is used here. The YXPHM-TP310b-I 3-level NPC inverter is used here, including the main circuit, driver board, signal sampling, conditioning board, etc. The YVF2-100L1-4 motor is a three-phase squirrel-cage asynchronous motor produced by Shanghai YiFang Motor. A MicroLabBox (1302T) from dSPACE is used as the controller; the sampling frequency is set to 10 kHz to execute the control strategy. For safety reasons, the DC-bus voltage is reduced to half of the rated value, and then the speed of 3000 rpm is four times the base speed (750 rpm) in the test. The weighting factors of Kmid and Kn are adjusted to 20 and 10. The experimental data are recorded using a PC, and the results are visualized as experimental waveforms with Matlab2021a.




5.2.3. Results Analysis


Figure 12 shows the step acceleration process from the standstill to 400% base speed with halved DC-bus voltage (Literature [18]). From top to bottom, the curves in Figure 12 are rotor speed, one-phase stator current, stator flux amplitude, line-to-line voltage, and DC-bus voltage. The motor accelerates quickly with constant stator flux amplitude when the rotor speed is below the base speed. Above the base speed, the stator flux amplitude decreases inversely with the rotor speed. When the motor is running at 3000 rpm without load, due to the small capacitance of the inverter, the stator current is distorted, which will affect the torque output of the motor to some extent.



In the experiment, a magnetic powder brake was used as the loading device. Due to its nonlinearity and the influence of temperature rise, it is difficult to precisely control the output braking force during operation. Different from the ideal step load in simulation, the control signal needs to be increased slowly after applying a rough load torque until the output torque of the motor is exceeded, and then the motor speed decreases.



Figure 13 shows the response of the motor at 3000 rpm with an increasing load. It can be seen that the load is applied at 2.5 s, the speed decreases slightly, and after a dynamic process, the speed rises to 3000 rpm again. As the applied load continues to slowly increase, the rotor speed decreases again and cannot remain at the required speed of 3000 rpm at 8.45 s; at this time, the load is about 1.5 N∙m. That is to say, the output torque at 3000 rpm is less than 1.5 N∙m. To evaluate the output torque at 400% base speed, we take the average torque from 8 s to 8.4 s as the actual torque output, as shown in Figure 13b; the average load torque is 1.37 N∙m. The speed will decrease when the load is greater than 1.37 N∙m, and the max stable torque output at 3000 rpm is also at this level.



The acceleration process from 0 to 400% base speed without load with our proposed strategy is shown in Figure 14. The plot arrangement is similar to Figure 12, from top to bottom; the curves in Figure 14 are the rotor speed, one-phase stator current, stator flux amplitude, line-to-line voltage, and DC-bus voltage, respectively. It can be seen that the proposed field-weakening strategy also has a fast dynamic speed response; the speed can increase from 0 to 3000 rpm in 1.6 s. It is not neglectable that the current becomes distorted when the speed approaches 3000 rpm, which is similar to the method in [18], which lies in the difference between the mathematical model and the actual device. However, the distortion is slightly better than that in Figure 12.



Figure 15 shows the speed and torque responses of the motor at the required speed of 3000 rpm with an increasing load with the proposed method. The torque loading is the same as in Figure 13; the load is applied at 2.5 s and then increases slowly until the speed cannot be maintained at the required speed of 3000 rpm. During the process, the speed response is shown in Figure 15a, and the torque change is shown in Figure 15b. From the response, we can see that the speed did not decrease significantly when the load was applied first, which means that the proposed method has stronger load disturbance resistance. As the applied load continues to slowly increase, the speed can also remain at the required 3000 rpm; when the torque increases to above 1.8 N∙m at 15.5 s, the rotor speed decreases. If the load is further increasing, the speed will decrease drastically, which means the system cannot operate. We also take the average torque between the interval of 15.05 s to 15.45 s as the max stable output torque, as shown in Figure 15b; the average load torque is 1.68 N∙m. The effects of the two methods are shown in Table 2.



Comparing the results in Table 2, the torque output can be increased by 22% at a 400% base speed. Though it is slightly less than the simulation improvement (25%), the improvement is also significant. From Figure 13 and Figure 15, we find that the current has distortion with the proposed method and the method in [18], which may lie in the parameter mismatch caused by the temperature rise of the motor during operation, sampling errors inherent in electrical signals, etc.






6. Conclusions


In this paper, a novel field-weakening scheme for induction motor drives based on MPC has been proposed. In order to achieve the maximum torque output in the field-weakening region, a voltage closed-loop speed adaptive field-weakening controller is designed to assign the references of the excitation current and torque current optimally. In the rotor field-oriented d–q coordinate system, the stator flux amplitude reference and torque reference are optimized by the reference current. In the field-weakening region, the references in the cost function can be adjusted optimally for the field-weakening operation. By converting them into an equivalent stator flux vector reference according to the dead-beat control principle, the stator voltage reference is obtained. With the optimization of the reference, the torque output can be improved. The simulation and experiment results show that the proposed strategy can significantly improve the torque output of the induction motor in the field-weakening region, and the steady characteristics and dynamic response performance can be maintained well.
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Figure 1. Optimal voltage vector trajectory. 
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Figure 2. Diagram of voltage closed-loop field-weakening control scheme. 
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Figure 3. Diagram of voltage closed-loop field-weakening scheme for IM drives based on MPC. 
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Figure 4. Diagram of induction motor field-weakening control system based on MPC. 
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Figure 5. The Space vector of the 3L-NPC inverter. 
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Figure 6. Starting and loading response with the field-weakening algorithm (Literature [18]). 
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Figure 7. Starting and loading responses with the proposed field-weakening algorithm. 
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Figure 8. Flux and torque references: (a) stator flux amplitude reference; (b) torque reference. 
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Figure 9. Comparison of the two methods’ excitation (d) and torque (q) current: (a) dq current without optimization; (b) dq current with optimization. 
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Figure 10. Comparison of rotor speed and electromagnetic torque. 
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Figure 11. Experimental platform of the induction motor control system. (a) Scheme of the experimental platform; (b) Photography of the main devices. 
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Figure 12. Acceleration process from 0 rpm to 3000 rpm (400% base speed) (Literature [18]). 
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Figure 13. The load is applied suddenly and slowly increases: (a) rotor speed; (b) electromagnetic torque (Literature [18]). 
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Figure 14. Acceleration process from 0 rpm to 3000 rpm (400% base speed) (proposed strategy). 
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Figure 15. The load is applied suddenly and slowly increases: (a) rotor speed; (b) electromagnetic torque (Proposed strategy). 
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Table 1. Parameters of the simulation model.
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	Parameters
	Values





	DC-bus voltage, Udc
	540 V



	Rotational inertia, J
	0.02 kg·m2



	Rated voltage, Un
	380 V



	Rated power, Pn
	2.2 kW



	Rated frequency, fn
	50 Hz



	Rated torque, Tn
	14 N·m



	Rated speed, n
	1500 rpm



	Number of pole pairs, np
	2



	Stator resistance, Rs
	2.8 Ω



	Rotor resistance, Rr
	2.5 Ω



	Stator inductance, Ls
	0.22423 H



	Rotor inductance, Lr
	0.22423 H



	Mutual inductance, Lm
	0.2124 H



	DC-link capacitors, C1, C2
	680 μF



	Weighting factor for neutral point balance, Kneu
	35



	Weighting factor for switching frequency, Kn
	50










 





Table 2. Torque output performances with proposed field-weakening strategy and that in Literature [18].
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	Control Strategy
	Max Torque Output

(400% Base Speed)
	Load Disturbance Resistance





	Strategy in Literature [18]
	1.37 N∙m
	High



	Proposed strategy
	1.68 N∙m
	Average
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