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전기자동차용 유도전동기를 위한 유한제어요소 모델예측 토크제어

Finite Control Set Model Predictive Control with Pulse Width Modulation for Torque 

Control of EV Induction Motors
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Abstract - This paper proposes a new finite control set-model predictive control (FCS-MPC) method for induction motors. In 

the method, the reference state that satisfies the given torque and rotor flux requirements is derived. Cost indices for the 

FCS-MPC are defined using the state tracking error, and a linear matrix inequality is formulated to obtain a proper weighting 

matrix for the state tracking error. The on-line procedure of the proposed FCS-MPC comprises of two steps: select the 

output voltage vector of the two level inverter minimizing the cost index and compute the optimal modulation factor of the 

minimizing output voltage vector in order to reduce the state tracking error and torque ripple. The steady state tracking error 

is removed by using an integrator to adjust the reference state. The simulation and experimental results demonstrated that the 

proposed FCS-MPC shows good torque, rotor flux control performances at different rotating speeds.
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1. Introduction

The direct torque control (DTC) method [1] is a simple 

and effective torque control method for induction motors. 

However, it has some drawbacks. The resulting torque/ 

current ripple is large and the method requires a very high 

sampling rate to achieve good performances. The switching 

frequency varies according to motor speed and the hysteresis 

bands of torque and flux. Many studies have tried to avoid 

these drawbacks of DTC [2]-[8]. Most were based on 

adjusting the duration of applying the output voltage vector 

during a fixed sampling period. The key issue has been 

determining the duration of the output voltage vector. Kang 

and Sul [2] determined the duration of the output voltage 

vector by using the torque ripple minimum condition, where 

the output voltage vector at each time step is chosen 

according to the original DTC scheme. In [4]-[6], the 

duration was computed based on the torque prediction to 

minimize the torque ripple. A rather different approach was 

adopted in [3] and [8], where a continuous control value is 

derived first and then implemented with inverter switches 

using the space vector pulse width modulation (SVPWM). 

The continuous control value is determined so that the 

predicted torque reaches the target value [8], or the H∞ 

control method is applied to compute the continuous control 

[3]. In these approaches, however, the constraints on the 

control input, which come from the use of inverter switches 

for implementation, are not considered rigorously in the 

derivation of the continuous control value.

Recently, model predictive control (MPC) methods have 

been applied to the control of induction motors [10]-[13]. 

The strategy of MPC is to define a cost index over future 

finite time steps. At each time step, a sequence of control 

inputs minimizing the cost index is computed and the first 

control input is applied to the plant. At the next time step, 

the same procedure is repeated with the receded horizon cost 

index. In [10], the cost index comprised the predicted torque 

errors and flux errors. At each time step, the cost index is 

evaluated for every possible combination of output voltage 

vectors and the one which yields minimal cost index is 

applied to the motor. This approach is called finite control set 

MPC (FCS-MPC) and is similar to the conventional DTC [1] 

in that an output voltage vector is applied to the motor 

during the whole sampling period. FCS-MPC also suffers from 

a large torque/current ripple like the conventional DTC. In 

order to avoid this drawback of FCS-MPC, [11] suggests 

adjusting the duration of the output voltage vector.
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Fig. 1 Torque control system of Induction motor

In this paper, a new FCS-MPC method is proposed. A 

reference state that meets the given torque and flux 

requirement is derived and the predicted state tracking error 

is used in the cost index. The proposed FCS-MPC has two 

aspects that differ from the earlier FCS-MPC [11]. First, the 

weights on the state tracking error are obtained systematically 

from linear matrix inequality (LMI) formulations. These 

weights are used to regulate both the torque and flux 

satisfactorily. Second, the optimal output voltage vector that 

minimizes the cost index is chosen by first considering every 

possible combination of inverter switches. Then the duration 

of the output voltage vector is computed so that the cost 

index can be minimized further, while optimal durations are 

computed for every possible output voltage vector as in [11].

2. System Description

2.1 Induction Motor

Figure 1 shows an inverter system for the torque control 

of an induction motor. Its mathematical model in the 

stationary frame can be described the using stator voltage, 

rotor voltage, and stator flux. The stator voltage equation is 

given as follow: 

    

                       (1)

where  ,  ,   and   represent the stator voltage, 

stator current, stator flux and stator resistance, respectively. 

The rotor voltage equation is given as follows:

    

                         (2)

Where  ,  ,   and   are the rotor current, 

rotor flux and rotor resistance, respectively. The stator and 

rotor flux equations of an induction motor are given as 

follows:

                            (3)

                            (4)

where  ,   and   represent the stator inductance, 

rotor induction and mutual induction, respectively.

Equations (1)–(4), which are based on a stationary frame, 

can be rewritten for the rotating dq-frame as follows:

    

                  (5)

    

                (6)

                             (7)

     ,                       (8)

where  


  
 



 ,   and   are the rotational speeds of 

the stator current and rotor, respectively. The relations 

between the values of a stationary frame and rotating 

dq-frame are as follows:

                (9)

                           (10)
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where   represents the rotational angle of the stator current.

The dynamics of (5)–(8) can be transformed into the 

following state space model:
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Following the Euler method, the state space model (11) is 

discretized with the sampling period h to yield

                         (12)
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The output torque is given in terms of the stator current 

and rotor flux as follows:

  






                   (13)

where P represents the poles of an induction motor.



Trans. KIEE. Vol. 65, No. 12, DEC, 2016

전기자동차용 유도전동기를 위한 유한제어요소 모델예측 토크제어              2191

2.2 Two-level Voltage Source Inverter

The two-level voltage source inverter in Figure 1 

consists of six IGBT switches. A pair of switches connected 

in series is called a ‘leg’ of the inverter. The two switches 

in one leg should not be turned on at the same time. Table 

1 lists eight possible combinations of switch states and 

corresponding output voltage vectors of the two-level 

voltage source inverter. There are six active output voltage 

vectors and two different zero vectors. These output voltage 

vectors are used to control the motor. 

State Sa Sb Sc output voltage vector

0 OFF OFF OFF   ∠

1 ON OFF OFF   

∠

2 ON ON OFF   

∠

3 OFF ON OFF   

∠

4 OFF ON ON   

∠

5 OFF OFF ON   

∠

6 ON OFF ON   

∠

7 ON ON ON   ∠

Table 1 Output voltage vectors of two-level inverter

Fig. 2 Block diagram of control system

3. Design of FCS-MPC Torque Controller

3.1 Computation of Reference State

The reference torque Te
* and reference rotor flux λ* are 

given for the torque control of an induction motor. Based 

on these two reference values, the state of (12) that 

satisfies these two requirements can be derived. The rotor 

flux rotates from the stator current at the synchronized 

speed ωe and the rotational angle θe changes accordingly. 

The rotating dq-frame used in (5)–(8) is based on the 

rotor flux i.e. the position of the rotor flux serves as the 

d-axis. Thus, the reference rotor flux value can be 

rewritten as a dq-frame value as follows:


   

                            (14)

In steady state, the stator current is related to the rotor 

flux as follows:

                                 (15)

From (15), the reference value for the d-axis stator 

current is determined as follows:

 
  


                                (16)

The reference value for the q-axis stator current can be 

obtained from (13). If λqr is set to be 0 following (14), (13) 

can be rewritten as follows:

    






                        (17)

Then, the reference value for the q-axis stator current 

can be determined as follows:

  
  












                         (18)

From (14)–(18), the reference state x*(Te
*, λ*) can be 

defined as follows:


  






















 





























            (19)

3.2 Definition of Cost Function

Based on the reference state x*(Te
*, λ*) of (19), the cost 

index is defined as follows:

  
   

   

(20)

where x[k+1|k] is the prediction of x[k+1] based on the 

available data at time k and W is a positive definite 

weighting matrix. Note that this cost penalizes the predicted 
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state error at the next time step. The choice of the 

weighting matrix W is important to obtaining a good state 

tracking performance. Here, we propose a method for 

choosing W so that J [k] becomes a monotonically 

decreasing Lyapunov function for the error dynamics of the 

system (12) as follows.

Consider an artificial steady state x* and corresponding 

input u* of (12) such that

                               (21)

furthermore, the state propagates with u[k] = u*:

     .                    (22)

Subtracting (22) from (21) yields

                              (23)

where      . From (23), we obtain

          

      

   (24)

It is easy to see that

                               (25)

guarantees that J [k]-J [k-1]<0, i.e., J [k] is monotonically 

decreasing. Multiplying both sides of (25) with Q(:= W−1) 

produces

                            (26)

With Schur’s decomposition, (25) can be transformed into 

the following LMI:




   

 




                               (27)

which can be solved efficiently with the MATLAB LMI 

toolbox.

3.3 Design of FCS-MPC

The control strategy of the proposed MPC comprises two 

steps: find the output voltage vector (vsel) from Table 1 

that yields the smallest cost index J [k] of (20) and 

compute how long that output voltage vector (vsel) needs to 

be applied during the sampling period h to minimize the 

cost function. In order to determine the optimal output 

voltage vector vsel, the control input u[k] of (12) should be 

substituted with each active output voltage vector listed in 

Table 1 to produce the predicted value as follows:

         ⋯            (28)

Inserting (28) into the cost index of (20) yields:

     
                 (29)

       


       

The output voltage vector vi
* that yields the smallest 

value of Ji[k] for i = 1, ⋯, 6 is chosen to be vsel[k].

Applying vsel over the whole sampling period h will 

produce a high torque ripple, so we need to adjust the 

application time of vsel. The modulation factor μ is used to 

adjust the application time of vsel and the cost index (20) is 

modified to include the torque error explicitly. The predictive 

state with the modulation factor and vsel is given by:

                      (30)

Note that (13) can be rewritten in terms of xsel as 

follows:

   
 

       (31)

    








where {a}n represents the nth element of vector a. 

Inserting (30) into (31) yields

   
   

       (32)

Then, the cost index in (29) is augmented as follows:

   ∙ 
 

 ∙ 
 

             (33)

where 0 ≤ ωd ≤ 1 and

  


     


  

   

Here, ωd is used to adjust the weights for the tracking 

errors of the state and torque. Note that (33) is a quadratic 

equation of μ. The optimal value of μ that minimizes (33) 
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DC-bus volt[V] Vdc 500

 Number of Poles P 4

 Stator Resistance[ ] Rs 1.77

Rotor Resistance[ ] Rr 1.275

 Stator Inductance[H] Ls 0.157

 Rotor Inductance[H] Lr 0.158

 Mutual Inductance[H] Lm 0.15

Sampling Frequency[kHz] fs 10

Table 2 Induction Motor and Control Parameters

can be obtained from



                                  (34)

as

 


   



 

     
 (35)

  
    

    

Note that the rotor flux {x[k]}3,4 is not measurable. Thus, 

the rotor flux needs to be estimated using measurable 

signals to compute μ* of (35). As shown Figure 3, the 

current model of an induction motor can be used to 

estimate the rotor flux as follows [14]:



  


  


          (36)

(36) is based on the rotor speed about transformation of 

rotating dq-frame.

Fig. 3 Block diagram of flux estimator

The on-line procedure of the FCS-MPC at each time 

step can be summarized as follows:

3.4 Compensation for Time Delay

In real applications, there is a time delay due to the 

computation time and modulation mechanism i.e. the control 

input computed at time step k is actually applied to the 

inverter at time step (k+1). This time delay may degrade 

the performance, and we need to compensate for it. From 

(12), the prediction x[k+2|k] can be made as:

                        (37)

Based on (37), the cost function (20) is modified as 

follows:

  
   

   

(38)

3.5 Use of Integrator

The reference state derived in (19) may not be correct 

because of the parameter uncertainties and other 

uncertainties, which lead to a steady state tracking error. In 

order to prevent the steady state tracking error, the state 

reference (19) is compensated for by integrating the 

tracking error:










   

    

       


   








            (39)

This compensated reference state xs
*[k] substitutes for 

reference state of the cost index (20) to yield

  
   

       (40)

The FCS-MPC procedure is now carried out with J[k] of 

(38) and the corresponding Jsel[k]. Now, the modulation 

factor μ is also modified accordingly.

4. Simulation Result

This section provides the simulation results for the 

proposed FCS-MPC using the PSIM software. Table 2 lists the 

parameters of the induction motor used in the simulation 

studies. The proposed method was compared with an earlier 

method [11] that also adopted the modulation of output 

voltage vectors. Herein, we refer to the earlier method as 

MPC1 and ours as MPC2. The sampling rate was set to 10 

kHz and the flux reference was fixed at 0.4Wb for both 

methods. Figure 4 and 5 show the control performances of 

MPC1 and MPC2 at 120 rpm, where the reference torque Te
* 

was changed from 5Nm to 10Nm. Figure 4 compares the 

torque, phase current and flux responses of MPC1 and MPC2. 

The current and flux responses of the two methods are 

significantly different. MPC2 yield a smaller distortion in the 
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Fig. 6 Experimental Equipment

Fig. 7 Experimental torque, current, and flux responses of 

MPC2 at 120rpm

(a)

(b)

Fig. 4 Simulated torque, current, and flux responses of (a) 

MPC1, and (b) MPC2 at 120rpm

(a)

(b)

Fig. 5 Simulated duty(μ) and number of selected output 

voltage vector (vsel) responses of (a) MPC1, and (b) 

MPC2 at 120rpm

current and the flux was well-regulated at the desired value 

of 0.4Wb even when the torque reference was changed. 

Figure 5 plots the modulation factor and the output voltage 

vector chosen at each time step. The output voltage vector 

changed more frequently with MPC2 than MPC1; this seems 

to be the reason for the better current and flux responses of 

MPC2.

5. Experimental Result

The experimental results of the proposed algorithm are 

presented in this section. Fig. 6 shows experimental 

equipment which is used in this paper. The input voltage 

gets from the grid that is adjusted by slidacs and rectified 

to DC voltage by a 3-phase diode rectifier. Same parameters 

of left motor as in Table 2 were used. The right motor is 

coupled with the left motor and used as a load motor to 

maintain constant speed. The current was measured directly 

using a current prove, but waveforms of the others 



Trans. KIEE. Vol. 65, No. 12, DEC, 2016

전기자동차용 유도전동기를 위한 유한제어요소 모델예측 토크제어              2195

Fig. 8 Experimental duty(μ) and number of selected output 

voltage vector (vsel) responses of MPC2 

Fig. 9 Frequency Spectrum of stator current for MPC2

computed by the embedded controller were transferred to 

D/A converters and measured by an oscilloscope. The 

electromagnetic torque and flux were computed based on 

the measured currents. Figure 7 and 8 shows the 

experimental results at 120 rpm. The results in Fig. 7 are 

similar to the simulation results in Fig. 4. Figure 8 plots 

the corresponding modulation factor and number of chosen 

output voltage vectors. Figure 9 contains the fast Fourier 

transform (FFT) analysis of the measured a-phase current, 

which showed almost no harmonics.

6. Conclusion

In this paper, a new FCS-MPC algorithm is proposed for 

the torque control of induction motors. In the algorithm, a 

reference state that satisfies the given torque and rotor flux 

requirements is derived. Cost indices for the FCS-MPC are 

defined by using the state tracking error. An LMI is 

formulated to obtain a proper weighting matrix for the state 

tracking error, which eliminates the need for a trial-and- 

error approach to selecting proper weights for the cost 

index. The on-line procedure of the proposed FCS-MPC 

comprises two steps: select the output voltage vector of the 

two level inverter to minimize the cost function and 

compute the optimal modulation factor to reduce the state 

tracking error and torque ripple. Through simulations and 

experiments, the proposed FCS-MPC shows that current and 

flux control performances are improved, while maintaining 

the torque ripple at the same level with earlier FCS-MPC 

method. 
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