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Abstract—Finite control set model predictive torque control
(FCS-MPTC) has become increasingly prevalent for induction
motors (IM) owing to its simple concept, easy incorporation of
constraints and strong flexibility. In traditional FCS-MPTC speed
controller design, a classical proportional integral (PI) controller
is typically chosen to generate the torque reference. However, the
PI controller is dependent on system parameters and sensitive to
the load torque variation, which seriously affects control
performance. In this paper, a model predictive torque control
using sliding mode control (MPTC + SMC) for IM is proposed to
enhance the robust performance of the drive system. First, the
influence of the parameter mismatches for FCS-MPTC is
analyzed. Second, the shortcomings of traditional PI controller
are derived. Then, the proposed MPTC + SMC method is
designed, and the MPTC + PI and MPTC + SMC are compared
theoretically. Finally, experimental results demonstrate the
correctness and effectiveness of the proposed MPTC + SMC. In
comparison with MPTC + PI, MPTC + SMC has the better
dynamic performance and stronger robust performance against
parameter variations and load disturbance.
Index Terms—Induction motor, Model predictive torque
control, Sliding mode control, robustness.
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NOMENCLATURE
us
ψs, ψr
is, ir
Ls, Lr, Lm
Te, TL
ωe, ωr
Rs, Rr
J
Vdc
np
Ts

Stator voltage vector.
Stator flux linkage vector and rotor flux
linkage vector.
Stator current vector and rotor current vector.
Stator, rotor and mutual inductances.
Electromagnetic torque and load torque.
Electrical speed and mechanical speed.
Stator and rotor resistances.
Moment of inertia.
DC bus voltage.
Number of pole pairs.
Sampling period.
I. INTRODUCTION

I

NDUCTION motors (IM) are increasingly utilized in the
field of industrial applications owing to high reliability, low
price and other useful characteristics. However, it is
nonlinear, strongly coupled and multivariable [1]. In the
common control strategies for IMs, there are two different
kinds of control strategies including vector control (VC) and
direct torque control (DTC) [2][3]. These two control methods
have obtained good performance in the field of high
performance control for IMs. However, they still have some
drawbacks. The robustness of vector control needs to be
improved since it is of great reliance on motor parameters [4],
and the torque ripple of direct torque control is quite high as the
optimal switching state is chosen from a predefined switching
table [5].
As an emerging control strategy, model predictive control
(MPC) has been widely concerned in the past decade due to its
simple concept, flexible control and straightforward handling
of constraints [6-10]. Compared with VC, MPC does not need
the internal current PI controller, which can directly generate
expected switching signals via a cost function to drive IMs
without pulse width modulation (PWM) [11]. Compared with
DTC, the vector selection is more precise and effective in MPC
by means of predicting the discrete-time model of IMs [12].
Therefore, MPC is regarded as a potential strategy in the field
of electrical drive systems.
There are two primary classifications of MPC, i.e. the
continuous control set-MPC (CCS-MPC) [13][14] and finite
control set-MPC (FCS-MPC) [15][16]. In CCS-MPC, the
voltage modulation is demanded to receive continuously
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variable voltage vector reference, such as SVPWM. However,
FCS-MPC does not require modulator. The optimal switching
state is acquired directly by the online optimization of a cost
function. FCS-MPC has lots of merits, such as simple concept,
fast dynamics, and easy handling capability of constraints and
so on. In the past decade, FCS-MPC has attracted extensive
attention [17][18].
Finite control set model predictive torque control
(FCS-MPTC) is a branch of FCS-MPC [19][20], in which the
electromagnetic torque and the stator flux linkage magnitude
are taken as the control object. The one minimizes the cost
function is chosen as the optimal switching state. Therefore,
FCS-MPTC selects voltage vector accurately and effectively,
and it is also easy to consider multivariable control. In [19],
compared with finite control set model predictive current
control (FCS-MPCC), the dynamic performance of
FCS-MPTC is better. Meanwhile, the torque ripple of
FCS-MPTC is also lower than that of FCS-MPCC. As a result,
FCS-MPTC has become a promising research focus in the
domain of IM drives [21-23].
Although MPTC method has a good application prospect,
there are still several aspects to be further studied to enhance its
practicability, for example, the optimization design of cost
function [24-28]. In the cost function design, a proper
weighting factor has the significant relationship with the good
control performance. However, the design of weighting factor
lacks theoretical presentation currently. Therefore, a large
number of experiments and simulations need to be carried out
to obtain a proper weighting factor, which is time consuming
and is not conducive to the further application of MPTC. [26]
studies a novel MPFC control method, in which the stator flux
linkage vector is used as the control object for obtaining good
performance in different operating conditions. To replace
complex search of weighting factors, a multi-objective fuzzy
decision-making MPTC method based on priority matrix
selection is investigated in [27]. In [28], the multi-objective
genetic algorithm approach is introduced, which can reduce the
complexity of weighting factors design to further improve the
practicality of MPTC.
For improving the practicality of MPTC, another aspect that
MPTC also needs to be investigated is the robustness
improvement. In [29], the predictive current error with
parameter uncertainties is discussed to enhance the three-phase
VSI control performance. To suppress parameter mismatches
and load torque disturbances, a linear disturbance
observer-based PTC of induction motors is studied in [30]. [31]
investigates a GPIO based PCC method to resist load torque
disturbances and parameter mismatches. To solve the problem
that model uncertainties may lead to larger errors in prediction
behavior, an improved PCC method is studied to enhance the
system robustness for PMSMs in [32].
In this paper, aiming to enhance the robustness against
parameter uncertainties and load disturbance of FSC-MPTC, a
MPTC + SMC method is proposed for IMs. The main contents
are summarized as follows. First, FCS-MPTC with parameter
mismatches is analyzed. Second, the transfer functions of PI
controller with external uncertain disturbances are derived，
which demonstrates that the design of PI controller needs a
tradeoff between the dynamic performance and robustness.
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Then, to do with this problem, the MPTC + SMC method is
proposed. In addition, by introducing an adaptive reaching law
in the design of SMC method, the well-known chattering
phenomenon is suppressed. Finally, experimental results reveal
that MPTC + SMC has the better dynamic performance and
stronger robust performance against parameter variations and
load disturbance than that of MPTC + PI.
II. MODELS OF INDUCTION MOTOR AND INVERTER
The dynamic equations of three-phase IM based on
stationary coordinate frame α β are discussed as follows:
us  Rs is 

0  Rr ir 

d
s
dt

(1)

d
 r  je r
dt

(2)

 s  Ls is  Lm ir
 r  Lr ir  Lm is
J dr
Te  TL 
n p dt
Reorganizing (1)-(5), the state space equations of IM
discussed as:
x  Ax + Bu

(3)
(4)
(5)
are
(6)

where
1
 Rs
(

) I  r J

A    Ls  Tr

 Rs I

 1
I
B
  Ls
x  is

1 1

( I  r J )  ,
 Ls Tr


0

T


1 0 
0 1
, J 
I , I  

,
0 1
1 0 

T

is  s  s  , u  us

T

us  ,

Tr  Lr Rr is the time constant and   1  L2m Ls Lr is the total
leakage coefficient.
The electromagnetic torque is described as:
(7)
Te  1.5n p Im s  is 

In Fig. 1, a two-level VSI is described and the corresponding
switching state S and each switching signal Sa, Sb, Sc are
introduced as follows:
2
S  ( Sa  aSb  a 2 Sc )
3

(8)

where a = e j2π/3. Si are the switching states, in which Si =1
represents ON, Si =0 represents OFF, and i = a, b, c. The
relation of the inverter output voltage vector us and the
switching signal S is expressed as:
us = Vdc S
(9)
All the possible switching signals Sa, Sb, and Sc are combined,
where eight switching signals and eight voltage vectors are
involved. In Fig. 1(b), it is noted that u0=u7, which
demonstrates that it only can generate seven different voltage
vectors in the complex plane.
III. ANALYSIS OF MPTC + PI WITH MISMATCHED
PARAMETERS
A. Basic Principles of MPTC + PI
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u3 (010)

Sa

Sb

u2 (110)

Vdc

u4 (011)

Sa

Supposing that IM operates in rated state, and the direction of
stator flux linkage  s only is related to  axis. In this paper,

Sc

Sb

u0 (000)
u7 (111)

u1 (100)

Sc
u6 (101)

u5 (001)

(a)

(b)

Fig. 1. (a) Two-level VSI circuit. (b) Voltage vectors in the complex plane.

In MPTC + PI algorithm of induction motor drive system,
FCS-MPTC includes three primary parts: the flux linkage
estimation, the stator flux linkage prediction and
electromagnetic torque prediction, and the cost function
minimization. Meanwhile, the predictions of stator flux linkage
and electromagnetic torque should be done by each possible
voltage vector. By the way, the first-order Euler discrete
formula is applied. Then the predictions of is and  s can be
derived as:

based on the IM parameters, is  4.1e j ( 3) ,  s  0.95e j 0 are true
at this instant. A two-level VSI products eight voltage vectors,
which results in lots of analysis conditions in parameter
mismatches. To simplify the analysis process, the one that
maximizes prediction error is chosen as used switching state at
k sampling instant in this paper. In Fig. 2(a), the prediction error
of is is illustrated when Rs and Lm are different from the true
values. When Lm Lm =1 and Rs Rs =1, the prediction error of is
is 0. Moreover, the error of is is susceptible to mismatched Lm. It
shows that the prediction error of is is quite larger when
Lm Lm <1. Fig. 2(b) shows the prediction error of Te when Rs
and Lm are different from the true values. It can be concluded
that the effect of parameter mismatches on the prediction errors
of is and Te possess the identical trends.

is/|is(k+1)|(%)



T
R
1
is (k  1)  1  ( s 
 jr )Ts  is (k )  s us (k ))
L

T

Ls

(10)
s
r


T 1
 s (  jr ) s (k )
 Ls Tr

20
15
10
5
0
3

(11)

 s (k  1)   s (k )  Ts (us (k )  Rs is (k ))
In view of the predictions of is and  s , then Te can be
predicted as:
(12)
Te (k  1)  1.5np Im s (k  1)  is (k  1)

0 0

6
4
2
0
3
3

2

2
1
0 0

(b)

C. Analysis of Uncertain Disturbances for MPTC + PI
To simplify the analysis process, traditional MPTC + PI can
be simplified as in Fig.3, in which the transfer function of PI
controller is expressed as (16), where kp is the proportional
coefficient and ki is the integral coefficient.
F (s )  k p 

(13)-(15), in which Lr  Lm  Lr , Ls  Lm  Ls ,   1  L Ls Lr
and Tr  Lr Rr , respectively.

s

e

p



s

s



(16)

e



kp 

ki
s



Te*


1
Js

r

Fig. 3. The simplified block diagram of MPTC + PI.

r

s (k  1)   s (k )  Ts (us (k )  Rs is (k ))
T (k  1)  1.5n Im  (k  1)  i (k  1)

ki
s

d (t )

r* 

(13)

Rs Rs

Fig. 2. (a) Stator current prediction error with mismatched Rs and Lm. (b)
Electromagnetic torque prediction error with mismatched Rs and Lm.

2
m


i (k  1)  1  ( Rs  1  j )T  i (k )  Ts u (k ))

s
r
s s
 Ls s
 Ls Tr


T 1
 s (  jr ) s (k )
L T

Rs Rs

8

1
Lm Lm

e

s

2
1

(a)

Te/|Te(k+1)|(%)

B. Analysis of Parameters Mismatch for MPTC + PI
It is known that the predictions of stator current and flux
linkage are based on the discrete model of IM, which makes the
prediction procedure of FCS-MPTC dependent on motor
parameters. In order to analyze the influence of parameter
mismatches on the prediction accuracy, some assumptions can
be made:
1) At k sampling time, the is ( k ) and  s (k ) are precise
values.
2) Rotor leakage Lrσ and stator leakage Lsσ are constant.
The specific implementation process is:
1) Assume that Rs and Lm are the actual values.
2) The is (k  1) and Te (k  1) are predicted based on
(10)-(12).
3) Assume that Rs and Lm are mismatched parameters.
4) The i ( k  1) and T (k  1) are predicted based on

3

2
1
Lm Lm

(14)
(15)

5) The prediction errors of is and Te are defined as
is  is (k  1)  is (k  1) , Te  Te (k  1)  Te (k  1) , respectively.

The transfer function of the induction motor is:
G( s) 

1
Js

(17)

Fig. 3 shows the transfer function Gc(s) and the disturbance
transfer function Gd(s), which are described as (18) and(19):
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Gc (s) 
Gd (s) 

kp
s  (ki k p )
r (s)
|d (t )0 
*
2
r (s)
J s  (k p J )s  (ki J )

(18)

r (s)

(19)

d (s )

|* 0  
r

s
1
J s 2  (k p J )s  (ki J )

It can be concluded that both the speed transient capability
and the disturbance rejection capability are based on the
denominator s 2  (k p J )s  (ki J ) . Meanwhile, it can be
rewritten as:
s 2  20 s  02

where

is

 (  k p (2 Jki ))

(20)
damping

the

ratio

and

0 (0  ki J ) is the undamped natural frequency. The

induction motor runs at underdamping state when 0    1 .
Meanwhile,   1 indicates that IM functions at critically
damping state. When   1 , the IM runs at overdamping state.
To analyze the anti-disturbance ability of the PI controller,
the load disturbance step Δd(t) is taken into account. As shown
in (21), the integer error (IE) can be described as:

d (t ) d (t ) 2 J 2
(21)
IE   edt   limGd (s)
0

s 0

s



J

(

kp

)

It can be concluded that a small value of  will improve the
anti-disturbance ability of the PI controller. However, too small
value of  may result in the system instability. Thus, for the PI
controller, there exists a tradeoff between the anti-disturbance
capability and the speed dynamic response.

The basic idea of sliding mode control is that any point on the
state space continually traverses the sliding mode surface, and
insures that the IM is gradually stable on the sliding mode
surface. Since the sliding mode controller is adopted as the
speed outer loop controller in this paper, the state variables are
described as:
 x1  r  r
(22)

 x2  x1   r
where r is the given speed.
Combining (5) and (22), it can be derived that:
 x1   r  (n p J )(Te  TL )
(23)


 x2  r  (n p J )Te
Assuming that b  n p J ,   n p TL J and U  Te , then (23)
can be rewritten as:

 x1  0 1   x1   0 
 x   0 0   x    b  U
 2  
 2 

Vdc

r* 



Te*

SMC

Cost function
minimization

 s

r

Sa , Sb , Sc

2-level
VSI

s  cx1  x2

ˆ s (k 1)

u0,1,2...7

where 1 and  2 are constants, respectively.
To make the control system stable, then ss  0 . It can be
organized as:

b


ss =(cx1  x 2 )s  c(1  2 ) x2  b1 x1  s  0
c



(27)

Thus it can be derived that:


1  0
1  

 1  0

   2  c
 2   c
 2


x1 s  0
x1s  0
b x2 s  0

(28)

b x2 s  0

where 1 ,  2 , 1 and  2 are constants, respectively.
*
According to (28), the ultimate control variable Te is
expressed as:
1
1
Te*  (1 x1  2 x2 )  2 x1  1 ( x1 )
(29)
s
s

B. Stability Analysis of MPTC + SMC
In this paper, the Lyapunov stability theory is adopted, in
which the Lyapunov function V(x) is selected as:

1 2
s
2

s0

(30)

Based on (30), it can be derived that:

Tˆe (k  1)

ˆ s (k )
ˆ r (k )

(25)

where c is the sliding mode coefficient.
For convenience of analysis, the sliding control law is
designed as:
U  1 x1  2 x2
(26)

V ( x) 
Torque and flux
predictions

(24)

The first-order sliding mode surface is designed as:

IV. THE PROPOSED MPTC + SMC
A. Fundamental Principles of MPTC + SMC
The prediction error of MPTC + PI with parameter
mismatches is inevitable. As analyzed in section III, the design
of PI controller in MPTC needs a compromise between speed
dynamic response and disturbance rejection capability, which
will eventually result in the weak robustness of control system,
especially in sudden load torque changes and parameter
mismatches. Therefore, for improving the robustness of IM, a
MPTC + SMC method is proposed in this paper. Traditionally,
PI controller is used in the drive system. The proposed method,
MPTC + SMC, uses the SMC controller as speed outer loop. It
has the advantage of improving the robustness of control
system due to its insensitivity to external disturbances and
mismatched parameters. The block diagram of MPTC + SMC
is expressed in Fig. 4.
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Flux
estimation

us
is



abc

ia

V ( x)  ss

ib

s0
(31)
Due to the Lyapunov stability theory, since ss  0 , then

ic

r
IM

Fig. 4. The block diagram of MPTC + SMC for IM.

V ( x)  0 , and the IM control system is stable.
Making the sliding mode surface s =0 , it can be concluded
that:
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s  cx1  x2  cx1  x1  0

(32)

By solving (32), it can be derived that:


t

x1  r*  r  C0 e c ( C0 is a constant)
(33)
From (33), when t  , x1 is convergent to zero. The
control performance is completely determined by c , which is
unrelated to motor parameters and external disturbances.
Furthermore, the required time of the system stability is only
related to c , hence, it has better robustness and rapidity.
However, due to the limits of some factors, such as time delay,
space lag, the parameters of SMC controller need to be
compromised in the implementation of control system.
C. Comparison of MPTC + PI and MPTC + SMC controllers
For convenient analysis, (34) and (35) are supplemented. In
MPTC + PI, Te* can be obtained as:

1
Te*  k p x1  ki ( x1 )
s

D. Chattering Suppression of MPTC + SMC
In this paper, to suppress the inherent chattering problem, an
adaptive reaching law is designed, which is expressed as:

s  k1 s sgn( s)   sgn( s)
(36)

   k2 tan sig x
1  e x
. Based on
where k1 > 0, α > 0, k2 > 0 and tan sig x 
x
1 e

(24), (25) and (36), Te* can be derived as:

Te* 

1

[cx2  k1 s sgn(s )   sgn( s )]dt
b

According to the aforementioned, in Fig. 5, the control block
diagram of SMC algorithm is described.

c

+

 sgn( s )

x1


(34)

k1 s sgn( s )

d
dt

c
(35)

In this section, the comparisons between MPTC + PI and
MPTC + SMC will be elaborated by three aspects: 1) the
complexity of parameter tuning, 2) the complexity of controller
implementation, and 3) the disturbance rejection ability.
1) The complexity of parameter tuning
It can be seen from (35) that the IM system based on MPTC
+ PI is a second-order system. Hence, if kp and ki in the MPTC +
PI are selected properly, then the drive system keeps steady.
Nevertheless, the tuning process of MPTC + PI is relatively
complicated. In the proposed MPTC + SMC, the induction
motor is reduced to a first-order system, which means that if c is
selected appropriately, then the stability of the control system
can be guaranteed.
2) The complexity of controller implementation
According to (29) and (34), the expressions of the two
controllers are extremely similar. Therefore, MPTC + SMC
does not increase the implementation complexity. It can be seen
that MPTC + SMC is the variable structure control, and its
control quantity depends on the value of 1 ,  2 . The change of

1 and  2 is determined by the stability of control system and
the sliding mode surface.
3) The disturbance rejection ability
If the external disturbance d (t ) occurs in MPTC + PI, the
control system performance will be affected from (35) if the
previous parameters remain constant. However, it can be seen
that the selection of MPTC + SMC parameters is not altered,
and the control performance is not affected. The values of 1
and  2 are limited to a certain range. Hence, when the motor
parameters are varying, the control system performance will
not be influenced as long as  2 is in a reasonable range.
However, in the implementation of control system, due to the
limits of time delay, space lag and so on, it must be a tradeoff in
the design of controller parameters for SMC controller.

+
+

+

Associating (5) with (15), it can be derived that:

x1  bk p x1  bki x1    0

(37)

1
b

1
s

Te*

+

Fig. 5. The control block diagram of SMC algorithm.

E. Flux linkage Estimation
The appropriate operation of MPTC + SMC relies on
accurate estimation of the flux linkage, which is carried out by
an adaptive full-order observer.

xˆ  Axˆ  Bu + G ( is  iˆs )

(38)

T

where xˆ   iˆs ˆ s  .


Generally, the design of G is significant, and a simple
feedback gain matrix G is shown in (39), in which the specific
theoretical analysis is noted in [16].
 2 
(39)
G

 ( Lr ) 
where η is a negative constant.
F. Predictions of Stator Flux linkage and Electromagnetic
Torque
The ˆ s (k  1) and Tˆe (k  1) in MPTC + SMC can be predicted
as:
(40)
ˆ s (k  1)  ˆ s (k )  Ts us (k )  RsTs is (k )

ˆ s (k  1)  ˆ s (k  1)2 ˆ s (k  1)2

(41)

(42)
Tˆe (k  1)  1.5 p Im{ˆ s (k  1)iˆs (k  1)}
To eliminate the impact of the well-known one-step delay in
digital control system, the two-step prediction is generally used.
Therefore, the cost function is constructed as follows:
(43)
g  Te  Tˆe (k  2)  k  s  ˆ s (k  2)
where k is the weighting factor, which increases or decreases
the relative importance of the torque versus flux control in
MPTC system. If the same importance is assigned to both
control objectives, this factor would correspond to the ratio
between the nominal magnitudes of the torque Tn and stator
flux  sn , which is shown as
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k 

Tn

(44)

 sn
To implement the control algorithm of MPTC + SMC, the
total flow diagram is presented in Fig. 6.
Interrupt

Define state
variables (24)

Predict stator
equations (40-42)

Sample state
current

Select switching
function (25) and
design control law (36)

Calculate cost
function (43)

Calculate rotor
speed

Calculate torque
reference (37)

Obtain optimal
vector

Observe stator
flux by (38)

Set stator flux
reference

End
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are speed, electromagnetic torque, a-phase stator current and
stator flux linkage amplitude, respectively. It is visible that the
rotor speed is stable and smooth, in addition, the current is
sinusoidal in shape and the magnitude of stator flux linkage is
constant. Therefore, it shows that the proposed MPTC + SMC
has good dynamic and steady-state performances.
[1500rpm/div]

r
Te

[10N  m/div]

ia

[5A/div]

[1Wb/div]

ˆ s

Fig. 6. The total flow diagram of the control algorithm of MPTC + SMC.

V. EXPERIMENTAL RESULTS
A. Description of the Experimental Platform
To verify the correctness and effectiveness of the proposed
MPTC + SMC, some experiments have been implemented.
Table I shows the induction motor parameters. The
experimental platform is presented in Fig. 7, which mainly
includes main circuit, control board, a loading system and the
IM. In addition, the loading system consists of a servo inverter
and a PMSM. The TI TMS320F28335 DSP is used as the main
processor. A 4-channel digital-to-analog inverter chip is also
extended on the main circuit for internal variable observation.
TABLE Ι
PARAMETERS OF INDUCTION MOTOR

Parameter
rated power/kW

Value
1.1

Parameter
rated voltage/V

Value
380

Rs/Ω

5.27

rated current/A

2.9

Rr/Ω

5.07

rated frequency/Hz

50

Ls/H

0.479

rated torque/N·m

7.45

Lr/H

0.479

pole pair

2

Lm/H

0.421

J/kg·m2

0.02

Emulator
Control Board
Keyboard
Main Circuit

IM

t (400ms/div)

Fig. 8. MPTC + SMC response from 0 to 1500rpm.

Fig.9 shows the results of speed reversal responses from
1500rpm to -1500rpm, in which the IM is enforced to reverse
direction during operation. From the dynamic response
procedure of the speed reversion, the rotor speed is smoothly
switched, the stator current is sinusoidal in shape, and the
amplitude of stator flux linkage remains constant. It reveals that
the proposed method presents the satisfactory dynamic
performance.
r
[1500rpm/div]
Te

[10N  m/div]

ˆ s

[1Wb/div]

ia

[5A/div]

t (400ms/div)

Fig. 9. MPTC + SMC response in the speed reversal process.

Fig.10 shows the transient performance of  -phase stator
flux linkage and the  -phase stator flux linkage. It concludes
that the stator flux linkage curves are smooth during the speed
reversal process.  -phase stator flux linkage and the  -phase
stator flux linkage estimation are also quite accurate, thus it can
achieve satisfactory performance in the transient response.
ia

[5A/div]

ˆ s

[1Wb/div]

ˆ s ,ˆ s

[1Wb/div]

Servo Inverter

PMSM

Fig. 7. Experimental platform.

B. Overall Performance
Fig. 8 shows the overall control performance of the proposed
MPTC + SMC, in which the induction motor operates from
standstill to the rated speed. From top to bottom, the waveforms

t (100ms/div)

Fig. 10. Stator flux linkage waveforms in the process of a speed reversal
process.

C. Dynamic Performance
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To demonstrate the disturbance rejection ability, Fig. 11
shows the comparison results when the IM operates at 1500
rpm with the rated load. From top to bottom, the waveforms are
speed, electromagnetic torque, stator flux linkage amplitude
and a-phase stator current, respectively. As shown in Fig. 11(a),
the speed drop of MPTC + PI is 300 rpm and the recovery time
is 0.6s. Compared with MPTC + PI, the speed drop of the
proposed MPTC + SMC is reduced by 70rpm and the recovery
time is decreased by 0.15s in Fig. 11(b). In conclusion, it
indicates that MPTC + SMC has the better performance against
disturbance rejection ability than MPTC + PI.

reveals that the proposed MPTC + SMC has the stronger
robustness to stator resistance deviation than MPTC + PI.
[5N  m/div]
Te*

[5N  m/div]
Te

t (20ms/div)
r

(a)

[750rpm/div]
[5N  m/div]

Te

[5N  m/div]

ˆ s

[1Wb/div]

ia

[5A/div]

*
e

T

[5N  m/div]
Te

t (1s/div)

(a)
r

t (20ms/div)

[750rpm/div]
[5N  m/div]

Te

ˆ s

[1Wb/div]

ia

[5A/div]

(b)
Fig. 12. Comparison of dynamic responses for (a) MPTC + PI (b) MPTC +
SMC.

r

[30rpm/div]

Te

[5N  m/div]

ˆ s

t (1s/div)

(b)
Fig. 11. Comparison of loading capability for (a) MPTC + PI (b) MPTC +
SMC.

To verify the dynamic response, the torque step response has
been carried out in Fig. 12. From top to bottom, the waveforms
are electromagnetic torque reference and electromagnetic
torque, respectively. When the step load is suddenly added
from 0 to 7.45 N·m at 1500 rpm, the rising time of
electromagnetic torque for MPTC + PI is 41ms. However, the
rising time of electromagnetic torque for MPTC + SMC is
30ms. Therefore, it reveals that the proposed MPTC + SMC has
the faster dynamic torque response than that of MPTC + PI.
D. Robust Performance under Parameter Mismatch
To verify the robust performance, the change of the motor
parameters is considered. Fig 13 reveals the comparisons of
experimental results for MPTC + PI and MPTC + SMC. Fig
13(a) indicates the experimental result with stator resistance
deviation Rs =30% at 30 rpm for MPTC + PI. When the stator
resistance is suddenly changed by 30%, the rotor speed r has
a larger oscillation, and the a-phase stator current ia becomes
poor and is not sinusoidal. Fig 13(b) indicates the experimental
result with stator resistance deviation Rs =30% at 30rpm for
MPTC + SMC. For MPTC + SMC, the rotor speed has a slight
fluctuation, and the a-phase stator current waveform keeps
sinusoidal after a short period of adjustment. In a word, it

ia

[1Wb/div]
Rs  0

Rs  30%

[5A/div]

t (1s/div)

(a)
r

[30rpm/div]

Te

[5N  m/div]

ˆ s

[1Wb/div]
Rs  0

Rs  30%

ia

[5A/div]

t (1s/div)

(b)
Fig. 13. Comparison results with Rs deviation for (a) MPTC + PI (b) MPTC +
SMC.

Similarly, Fig. 14 reveals the experimental comparisons of
MPTC + PI and the proposed MPTC + SMC with mutual
inductance deviation Lm =30% at 30 rpm. When the mutual
inductance is suddenly changed by 30%, for MPTC + PI, the
rotor speed r and the a-phase stator current ia waveforms have
much larger fluctuations than that of MPTC + SMC. In addition,
it indicates that both MPTC + PI and MPTC + SMC can make
the control system stable. However, the robust performance of
MPTC + SMC to mutual inductance deviation is better than
MPTC + PI.
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Fig. 14. Comparison results with Lm deviation for (a) MPTC + PI (b) MPTC +
SMC.
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VI. CONCLUSION

[15]

A finite control set model predictive torque control using
sliding model control for induction motors is proposed in this
paper. By analyzing the influence of MPTC + PI with
mismatched parameters, the prediction error of MPTC + PI can
not be avoided. Then, to enhance the robust performance of the
control system, the SMC controller is proposed as speed outer
loop for FCS-MPTC. Furthermore, to weaken the chattering
problem of SMC controller, an adaptive reaching law is
designed. The experimental results demonstrate the
effectiveness of the proposed MPTC + SMC, and it indicates
that MPTC + SMC not only has good dynamic and steady-state
performances, but also has stronger robustness against load
disturbance and parameter variations.
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