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The paper deals with modification of super-twisting algorithm in sliding mode speed controller for pre-
dictive control of induction motor. In the challenging operating regions of the induction motor including 
very-low speed and/or high-load torque, the conventional proportional-integral (PI) controller gives unde-
sirable speed response performance. In order to enhance the performance, sliding mode control (SMC) is 
deployed. However, the conventional SMC often owns high-chattering control signal. In order to simultane-
ously reduce the chattering phenomenon and achieve high accuracy of the speed response, super-twisting 
algorithm-based control law that is adapted according to sign of time derivative of disturbance, is utilized. 
Additionally, boundaries of the disturbance term and its time derivative are defined using dynamic equation 
of the motor and the prediction process. Simulations with the predictive control of three controllers confirm 
the superior performance of the proposed super-twisting algorithm in terms of normalized integral time ab-
solute error and relative final error of the motor speed compared to the PI and the conventional SMC ones. 
KEYWORDS: Induction Motor, Predictive Control, Speed Controller, Sliding Mode Control (SMC), Su-
per-Twisting Algorithm
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1. Introduction
Predictive control (PC) has been deploying in appli-
cations of power electronics and electrical drives.  
To lower ripple of linear induction motors (IMs), a 
model PC was utilized [9]. The PC using loss model 
was employed to optimize the IM efficiency [15]. The 
conventional proportional-integral (PI) current con-
troller was replaced by a PC-based one for improving 
charateristics performance [22]. To reduce power 
losses and keep performance of output current, a 
model PC was applied for power converters [23]. The 
simplified PC for the IM gave the drive character-
istics comparable to direct torque control [29]. The 
deadbeat method increased the robustness of the PC 
of the IM current [33]. The PC approach utilizing 
phase lock loop analysis maintained control stability 
of an inverter [36]. The constant frequency PC im-
proved the steady-state IM response [45]. For robust 
system control, many approaches were applied. 
End-effects and loss were added into the design of 
feedback linearization controller to improve the sys-
tem performance [1]. The backstepping method was 
utilized in accurate control of eletric vehicles driven 
by direct torque controlled doubly fed IM [6]. The 
advantages of population-based optimization algo-
rithm and field programmable gate array reduced 
computing demands of a nonlinear PC approach sig-
nificantly [18]. In the PMSM drive, a performance 
boundary function was integrated in a funnel-like 
function to handle the constraints [21]. The com-
plexity of the backstepping was also minimized by 
command filtering and a compensating-based error 
reduction. The linear permanent magnet synchro-
nous motor (PMSM) model was obtained by direct 
torque control (DTC) utilizing feedback lineariza-
tion [24]. The Taylor series expansion was used to 
linearize the 5-phase IM, and an H-infininity-based 
controller utilized the linearized model to control 
the system optimally [31]. To avoid high computa-
tion requirement, the backstepping synchronization 
control integrated the filtering, the compensation 
of the unknown dynamics and disturbances using 
the adaptive control for a servo drive system [39]. A 
two-step input disturbance estimation and a robust 
feedback controller utilizing linear matrix inequali-
ties enhanced the mechatronic system performance 
[40]. A trajectory planning approach utilizing mod-

el-free reinforcement learning technique was de-
ployed for a high-underactuation pendulum crane 
driven by an IM whose model was identified [41]. A 
multilayer artificial neural network was employed 
to reject both matched and mismatched disturbanc-
es and compensate both exogenous and endogenous 
ones for high-performance control of highly un-
certain nonlinear systems [43]. A control architec-
ture using state filtered disturbance rejection and 
backstepping method for compensating the lumped 
disturbances and eliminating the complexity, was 
presented to improve the control performance [44]. 
To obtain high-performance control, the described 
methods require complicated design process. 
Among robust control techniques, sliding mode con-
trol (SMC) is a commonly-used one. 
The SMC was employed for sensorless control at 
high and medium speed regions [3]. Both speed con-
troller and speed observer were enhanced by the 
SMC [7]. A non-singular terminal SMC brought fi-
nite time convergence in the disturbed and uncer-
tain rehabilitation system [12]. Active disturbance 
control was combined with the back-stepping and 
the SMC techniques to control unmanned tractors 
[17]. Fuzzy control was improved by the SMC in fault 
control of a double star IM [32]. Various approaches 
of the SMC were presented for observation and con-
trol of complex systems [35]. An Integral SMC was 
adjusted for sensorless IM drive using model refer-
ence adaptive system (MRAS) [38]. Proportional-in-
tegral-derivative controller was combined with the 
SMC to maximize IM performance [42]. The SMC 
using a modified exponential reaching law enhanced 
the induction generator control in conditions of 
uncertainties and disturbances [46]. In order to in-
crease the accuracy and to lower the chattering phe-
nomenon at control signal, the super-twisting algo-
rithm (STA) has been combined with the SMC.
The STA was used in the controllers of primary 
flux-linkage and electromagnetic thrust to get not 
only low error, fast response of motor speed but also 
high robustness-to-load-variation for a linear IM 
system [2]. The higher order    SMC and the continu-
ous STA were combined together to stabilize the dis-
turbed double-integrator systems [5]. An optimized 
neural network controller was integrated into the 
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adaptive STO to achieve highly precise IM drive with 
parameter machine uncertainties [8]. Reaching time 
of the multivariable STA was evaluated by the linear 
matrix inequality approach for the systems that have 
bounded parameter uncertainties and input noises 
[10]. Fuzzy logic was utilized in the event-triggered 
method of the STA-based SMC to modify the updating 
time for obtaining the high PMSM drive performance 
in case of unknown disturbances [12]. The average 
model of a DC voltage converter system was em-
ployed in design of the derivation of controller gains 
for the STA high-order SMC. Besides that, the gains 
were computed according to the inductor current and 
its disturbance boundaries to  obtain high robustness 
to load variations [14]. To get finite time convergence 
of tracking errors, an integral SMC was employed for 
robot manipulators. The adaptive STA was also add-
ed to the SMC to provide the continuousity of control 
signal [16]. The SMC was combined with the MRAS 
technique for sensorless IM drive in case of uncer-
tainties, and the STA was employed to minimize the 
chattering phenomenon in the speed controller of 
the drive [19]. To compensate the uncertainties and 
deviation caused by unbalanced load, solar irradia-
tion and the primary layer, the gains of the STA-based 
SMC were adjusted by a self-tuning approach for res-
toration of frequency and voltage of an islanded mi-
crogrid system [20]. The STA reduced torque ripple, 
eliminated the high-speed switching signal in power 
control-based brushless motor drive system [25]. A 
nonlinear term was used instead of the discontinu-
ous one in the STA, and the finite time convergence 
was ensured by tunining the term and gains [26]. To 
improve precision and increase robustness-to-pa-
rameter-variations in sensorless low-speed IM drive, 
the gain of the STA law was adapted using Lyapunov 
stability [30]. The windup effect was reduced by the 
conditioning method in the STA-based control law 
applied to servomotor control system [34]. To obtain 
the robustness and the finite time convergence of a 
quadcopter altitude control in case of load variation 
and ground-effect, the STA-based SMC was com-
bined with the disturbance estimator [37]. To en-
hance the performance of a high-speed synchronous 
generator, the STA voltage controller increased an-
ti-disturbance capability, and the STA-based load es-
timator was feedforward into the voltage controller to 
compensate [47]. To eliminate the chattering and get 
the fast convergence in an electromagnetic machine 

drive system, the STA terminal SMC was integrated 
into a decoupling controller for the current [48]. An 
STA-based tracking controller was added to ensure 
the stability of the mobile manipulator in case of dis-
turbances caused by external force [49]. 
To increase the robustness, most of aboved STA-
based SMC methods utilized additional techniques 
such as modified/adaptive algorithms ([2], [16], [20], 
[26], [30], [34], [37], [47], [48], [49]), high-order 
methods ([5], [14], [19], [25]), while several ones em-
ployed intelligent solutions ([8], [12]) or linear ma-
trix inequality [10]. In next section, the PC utilizing 
the IM model is presented [29]. In order to design the 
low-chattering reference motor torque and obtain 
high precision in speed control, the SMC integrated 
STA is modified as follows: 1. Components of the dis-
turbance term are obtained by the PC and the motor 
dynamic equation, 2. Boundaries of time derivative 
of the disturbance are set equal to the absolute val-
ue and the opposite of the absolute value of its time 
derivative, 3. The coefficients of the control law are 
chosen according to the sign of the time derivative of 
the disturbance. Simulations are carried out in the 
third section. Conclusions are shown in the final one. 

2. Proposed Super-Twisting Speed 
Controller
Figure 1 shows the super-twisting-algorithm-based 
sliding mode speed controller in the induction mo-
tor predictive control. In order to compute the im-
portant quantities for the PC, the IM model is pre-
sented as follows [29]:
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gains for the STA high-order SMC. Besides that, 
the gains were computed according to the 
inductor current and its disturbance boundaries to  
obtain high robustness to load variations [14]. To 
get finite time convergence of tracking errors, an 
integral SMC was employed for robot 
manipulators. The adaptive STA was also added 
to the SMC to provide the continuousity of control 
signal [16]. The SMC was combined with the 
MRAS technique for sensorless IM drive in case of 
uncertainties, and the STA was employed to 
minimize the chattering phenomenon in the speed 
controller of the drive [19]. To compensate the 
uncertainties and deviation caused by unbalanced 
load, solar irradiation and the primary layer, the 
gains of the STA-based SMC were adjusted by a 
self-tuning approach for restoration of frequency 
and voltage of an islanded microgrid system [20]. 
The STA reduced torque ripple, eliminated the 
high-speed switching signal in power control-
based brushless motor drive system [25]. A 
nonlinear term was used instead of the 
discontinuous one in the STA, and the finite time 
convergence was ensured by tunining the term 
and gains [26]. To improve precision and increase 
robustness-to-parameter-variations in sensorless 
low-speed IM drive, the gain of the STA law was 
adapted using Lyapunov stability [30]. The 
windup effect was reduced by the conditioning 
method in the STA-based control law applied to 
servomotor control system [34]. To obtain the 
robustness and the finite time convergence of a 
quadcopter altitude control in case of load 
variation and ground-effect, the STA-based SMC 
was combined with the disturbance estimator [37]. 
To enhance the performance of a high-speed 
synchronous generator, the STA voltage controller 
increased anti-disturbance capability, and the 
STA-based load estimator was feedforward into 
the voltage controller to compensate [47]. To 
eliminate the chattering and get the fast 
convergence in an electromagnetic machine drive 
system, the STA terminal SMC was integrated into 
a decoupling controller for the current [48]. An 
STA-based tracking controller was added to 
ensure the stability of the mobile manipulator in 
case of disturbances caused by external force [49].  

To increase the robustness, most of aboved STA-
based SMC methods utilized additional 

techniques such as modified/adaptive 
algorithms ([2], [16], [20], [26], [30], [34], [37], 
[47], [48], [49]), high-order methods ([5], [14], 
[19], [25]), while several ones employed 
intelligent solutions ([8], [12]) or linear matrix 
inequality [10]. In next section, the PC 
utilizing the IM model is presented [29]. In 
order to design the low-chattering reference 
motor torque and obtain high precision in 
speed control, the SMC integrated STA is 
modified as follows: 1. Components of the 
disturbance term are obtained by the PC and 
the motor dynamic equation, 2. Boundaries 
of time derivative of the disturbance are set 
equal to the absolute value and the opposite 
of the absolute value of its time derivative, 3. 
The coefficients of the control law are chosen 
according to the sign of the time derivative of 
the disturbance. Simulations are carried out 
in the third section. Conclusions are shown in 
the final one.  

2. Proposed Super-Twisting 
Speed Controller 

Figure 1 shows the super-twisting-algorithm-
based sliding mode speed controller in the 
induction motor predictive control. In order 
to compute the important quantities for the 
PC, the IM model is presented as follows [29]: 
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uncertainties and input noises [10]. Fuzzy logic 
was utilized in the event-triggered method of the 
STA-based SMC to modify the updating time for 
obtaining the high PMSM drive performance in 
case of unknown disturbances [12]. The average 
model of a DC voltage converter system was 
employed in design of the derivation of controller 
gains for the STA high-order SMC. Besides that, 
the gains were computed according to the 
inductor current and its disturbance boundaries to  
obtain high robustness to load variations [14]. To 
get finite time convergence of tracking errors, an 
integral SMC was employed for robot 
manipulators. The adaptive STA was also added 
to the SMC to provide the continuousity of control 
signal [16]. The SMC was combined with the 
MRAS technique for sensorless IM drive in case of 
uncertainties, and the STA was employed to 
minimize the chattering phenomenon in the speed 
controller of the drive [19]. To compensate the 
uncertainties and deviation caused by unbalanced 
load, solar irradiation and the primary layer, the 
gains of the STA-based SMC were adjusted by a 
self-tuning approach for restoration of frequency 
and voltage of an islanded microgrid system [20]. 
The STA reduced torque ripple, eliminated the 
high-speed switching signal in power control-
based brushless motor drive system [25]. A 
nonlinear term was used instead of the 
discontinuous one in the STA, and the finite time 
convergence was ensured by tunining the term 
and gains [26]. To improve precision and increase 
robustness-to-parameter-variations in sensorless 
low-speed IM drive, the gain of the STA law was 
adapted using Lyapunov stability [30]. The 
windup effect was reduced by the conditioning 
method in the STA-based control law applied to 
servomotor control system [34]. To obtain the 
robustness and the finite time convergence of a 
quadcopter altitude control in case of load 
variation and ground-effect, the STA-based SMC 
was combined with the disturbance estimator [37]. 
To enhance the performance of a high-speed 
synchronous generator, the STA voltage controller 
increased anti-disturbance capability, and the 
STA-based load estimator was feedforward into 
the voltage controller to compensate [47]. To 
eliminate the chattering and get the fast 
convergence in an electromagnetic machine drive 
system, the STA terminal SMC was integrated into 
a decoupling controller for the current [48]. An 
STA-based tracking controller was added to 
ensure the stability of the mobile manipulator in 
case of disturbances caused by external force [49].  

To increase the robustness, most of aboved STA-
based SMC methods utilized additional 

techniques such as modified/adaptive 
algorithms ([2], [16], [20], [26], [30], [34], [37], 
[47], [48], [49]), high-order methods ([5], [14], 
[19], [25]), while several ones employed 
intelligent solutions ([8], [12]) or linear matrix 
inequality [10]. In next section, the PC 
utilizing the IM model is presented [29]. In 
order to design the low-chattering reference 
motor torque and obtain high precision in 
speed control, the SMC integrated STA is 
modified as follows: 1. Components of the 
disturbance term are obtained by the PC and 
the motor dynamic equation, 2. Boundaries 
of time derivative of the disturbance are set 
equal to the absolute value and the opposite 
of the absolute value of its time derivative, 3. 
The coefficients of the control law are chosen 
according to the sign of the time derivative of 
the disturbance. Simulations are carried out 
in the third section. Conclusions are shown in 
the final one.  
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induction motor predictive control. In order 
to compute the important quantities for the 
PC, the IM model is presented as follows [29]: 

s A BX X v , (1)   

where:  

s

r

 
  
 

i
X


, (2) 

2 2

2 2
m p mm r r s m r

s rs r s r

m r r
p m

r r

L nL R L R L R
L LL L L L

L R R n
L L


 



 
  
   
  
  

I I J
A

I I J
, (3) 

1

sL
 
   
  

I
B

0
, (4) 

2
1 m

s r

L
L L

   , (5) 

1 0
0 1
 

  
 

I ,
0 1
1 0

 
  
 

J ,
0 0
0 0
 

  
 

0 , (6) 

s
s

s

v
v




 
  
 

v , s
s

s

i
i




 
  
 

i , r
r

r







 

  
 

ψ , s
s

s







 

  
 

ψ ,(7) 

where, IM parameters and quantities include 
magnetizing, rotor, stator inductances Lm, Lr, 

 , (6)

 

 

uncertainties and input noises [10]. Fuzzy logic 
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obtaining the high PMSM drive performance in 
case of unknown disturbances [12]. The average 
model of a DC voltage converter system was 
employed in design of the derivation of controller 
gains for the STA high-order SMC. Besides that, 
the gains were computed according to the 
inductor current and its disturbance boundaries to  
obtain high robustness to load variations [14]. To 
get finite time convergence of tracking errors, an 
integral SMC was employed for robot 
manipulators. The adaptive STA was also added 
to the SMC to provide the continuousity of control 
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nonlinear term was used instead of the 
discontinuous one in the STA, and the finite time 
convergence was ensured by tunining the term 
and gains [26]. To improve precision and increase 
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system, the STA terminal SMC was integrated into 
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where, IM parameters and quantities include 
magnetizing, rotor, stator inductances Lm, Lr, 
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where, IM parameters and quantities include magne-
tizing, rotor, stator inductances Lm, Lr, Ls; rotor, stator 
resistances Rr, Rs; np: number of pole pairs; ωm: motor 
speed; stator voltage, stator current, rotor flux, stator 
flux vectors υs, is, ψr, ψs. The dynamics of the motor 
speed is described as follows [4]:

  

Ls; rotor, stator resistances Rr, Rs; np: number of 
pole pairs; m: motor speed; stator voltage, stator 
current, rotor flux, stator flux vectors vs, is,r,s. 
The dynamics of the motor speed is described as 
follows [4]: 

m
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where, Jm is motor inertia, Bm is rotational viscous 
damping, and TL is load torque. Motor torque Te is 
computed according to following equation [4]:  
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Figure 1  

Super-twisting sliding mode speed controller in 
predictive control of induction motor.  

 

The motor torque and stator flux magnitude at 
(k+1)th instant, are predicted from quantities at kth 
instant as following equations [29]: 
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where: o = 1 to 7 represents 7 stator voltage 
vectors of the inverter, tc is computing period 
of predictive control. In Figure 1, the Seeking 
Optimum Stator Voltage Vector (SOSVV) 
block searches for the voltage vector that 
minimizes following cost function: 
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where: Te,n and s,n are rated motor torque 
and stator flux magnitude, positive coefficient 
c is trial and error. Equation (16) that using 
stator current, stator flux components at kth 
instant instead of (k+1)th instant, and Equation 
(8), are used to estimate the load torque at kth 
instant.  

For design of reference motor torque, sliding 
mode is utilized. At first, switching function 
and its time derivative are defined: 
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where:  is a positive coeffient, e = m,ref  m. 
By substituting the derivative of the motor 
speed by Equation (8), Equation (19) is re-
written as Equation (20): 
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where, disturbance term D and control law u 
are respectively expressed in Equations (21) 
and (22): 
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mode is utilized. At first, switching function 
and its time derivative are defined: 
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where:  is a positive coeffient, e = m,ref  m. 
By substituting the derivative of the motor 
speed by Equation (8), Equation (19) is re-
written as Equation (20): 

dS D u
dt

  , (20) 

where, disturbance term D and control law u 
are respectively expressed in Equations (21) 
and (22): 
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where: the load torque TL at the kth instant is 
estimated according two Equations (10), (16) 
of the prediction process, and Equation (8) of 
the motor dynamics: 

3 ( )ˆ
2

k k k k k
p s s s sk k m

L m m m
n i i dT B J

dt
     




   ,(23) 

To avoid derivative kicks in computation of 
the time-derivative of the motor speed m at 
the kth instant [11], transfer function of the 
differential term is approximated as follows: 

 , (23)

To avoid derivative kicks in computation of the 
time-derivative of the motor speed ωm at the kth in-
stant [11], transfer function of the differential term 
is approximated as follows:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 
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2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 
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   , (40) 

It is easy to see that: 
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dt

    . (41) 

Equations (40) and (41) lead to: 
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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In Equation (43), d2S/dt2 is limited by the 
range:  
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The following equation is obtained by discretizing 
the transfer function with sampling period tc:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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2
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In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a
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u u Mdu
sign S u Mdt 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 
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du dS u
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   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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In Equation (43), d2S/dt2 is limited by the 
range:  
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When tc is small, the time-derivative term in Equa-
tion (23) is recursively approximated as follows:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for
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u u Mdu
sign S u Mdt 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 
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du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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In Equation (43), d2S/dt2 is limited by the 
range:  
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Lyapunov function L is defined as follows:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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 

 


    . (26) 

Lyapunov function L is defined as follows: 
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In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for
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u u Mdu
sign S u Mdt 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
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du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 

21 1 0,for
2

du dSu u u u M
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 

2

2
1 1 ( )
2 a

d S dD dS sign S
dt dtdt S

 
 
   
 
 

, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  
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In order to move the switching function to zero, the 
Lyapunov function must satisfy following equality:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for
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sign S u Mdt 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 
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du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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In Equation (43), d2S/dt2 is limited by the 
range:  
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where, κ > 0. The control law is selected as sign 
function:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 

2

2
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2 a

d S dD dS sign S
dt dtdt S

 
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   
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, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

 , (29)

where, η > 0. By substituting Equations (20) and (29) 
into Equation (28), it is converted into Equation (30):
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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d d t t t
dt dt
 

 

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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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,

( )
,for 0
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J M sign S
S

T T
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, (32) 

For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  

02

r

S
t

  . (36) 

In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 

2

2
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2 a

d S dD dS sign S
dt dtdt S

 
 
   
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, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

 . (30)

Assuming that |D| ≤ M, to satisfy the Equation (30), 
the coefficient η is selected as follows: 
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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c c m c m
d d t t t
dt dt
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 
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    . (26) 

Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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,

( )
,for 0

, for 0

m
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m

J M sign S
S

T T
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 

2

2
1 1 ( )
2 a

d S dD dS sign S
dt dtdt S

 
 
   
 
 

, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

 , (31)

In case of the sliding mode S = 0, to satisfy the con-
dition dS/dt=0, the control law is equal to the op-
posite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is cal-
culated as follows:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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c c m c m
d d t t t
dt dt
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 

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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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( )
,for 0
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J M sign S
S
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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2
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d S dD dS sign S
dt dtdt S
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In Equation (43), d2S/dt2 is limited by the 
range:  
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For the STA SMC, the control law is modified as 
Equation (33):
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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dt dt
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  

02

r

S
t

  . (36) 

In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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d S dD dS sign S
dt dtdt S

 
 
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In Equation (43), d2S/dt2 is limited by the 
range:  

 . (33)
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There are two cases of the disturbance D in design of 
the control law. For the first case D = 0, substituting 
Equation (33) into Equation (20) leads to: 
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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dt dt
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 

21 1 0,for
2

du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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d S dD dS sign S
dt dtdt S
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 
   
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, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

 . (34)

Equation (35) is obtained by integrating Equation (34):
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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dt dt
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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d S dD dS sign S
dt dtdt S

 
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, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

 , (35)

where, S0 = S(0). In order for the switching function 
to reach the sliding line S = 0 after time tr, the coeffi-
cient η is chosen according to Equation (36): 
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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d d t t t
dt dt
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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( )
,for 0
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S
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 

2

2
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d S dD dS sign S
dt dtdt S

 
 
   
 
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, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

 . (36)

In the second case D ≠ 0, it is necessary to add an aux-
iliary control ua for following the disturbance D [35]: 
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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c c m c m
d d t t t
dt dt
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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( )
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S
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  

02

r

S
t

  . (36) 

In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 

2

2
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d S dD dS sign S
dt dtdt S

 
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, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

 , (37)
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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c c m c m
d d t t t
dt dt
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  

02

r

S
t

  . (36) 

In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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dt dtdt S
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In Equation (43), d2S/dt2 is limited by the 
range:  
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where, ηa > 0. Derivative of the disturbance D is as-
sumed to be bounded:
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 

2

2

2 1

1

( )( )
1

c

c

t
c c c

d t

t t t e zG z
e z

 

 

 



. (25) 

When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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dt dt
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Lyapunov function L is defined as follows: 
2

2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for
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u u Mdu
sign S u Mdt 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 
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du dS u
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   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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, (43) 

In Equation (43), d2S/dt2 is limited by the 
range:  

, (39)

In case of |u| > M, derivative of the control law u is 
computed as follows:

 

 

1( )
1d

c

sG s
t s


. (24) 

The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for

a

a

u u Mdu
sign S u Mdt 

    

 
  

, (38) 

where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 
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It is easy to see that: 
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Equations (40) and (41) lead to: 
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This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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In Equation (43), d2S/dt2 is limited by the 
range:  
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 

2

2

2 1

1

( )( )
1

c

c

t
c c c

d t

t t t e zG z
e z

 

 

 



. (25) 

When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
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   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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range:  
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 
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When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for
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u u Mdu
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 

21 1 0,for
2

du dSu u u u M
dt dt S

     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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In Equation (43), d2S/dt2 is limited by the 
range:  
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This means that the control law will go into the range 
[–M, +M] in finite time. For case |u| ≤ M, Equation 
(43) is obtained by differentiating Equation (20):
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The following equation is obtained by discretizing 
the transfer function with sampling period tc: 

2

2

2 1

1

( )( )
1

c

c

t
c c c

d t

t t t e zG z
e z

 

 

 



. (25) 

When tc is small, the time-derivative term in 
Equation (23) is recursively approximated as 
follows: 
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Lyapunov function L is defined as follows: 
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2
SL  . (27) 

In order to move the switching function to zero, 
the Lyapunov function must satisfy following 
equality: 

dL dSS S
dt dt

   , (28) 

where,  > 0. The control law is selected as sign 
function: 

( )u sign S  , (29) 

where,  > 0. By substituting Equations (20) and 
(29) into Equation (28), it is converted into 
Equation (30): 

dF SD S S
dt

     . (30) 

Assuming that D  M, to satisfy the Equation 
(30), the coefficient  is selected as follows:  

, for 0M S    , (31) 

In case of the sliding mode S = 0, to satisfy the 
condition dS/dt=0, the control law is equal to the 
opposite of D. Assuming that the reference torque 
reaches the motor torque instantaneously, it is 
calculated as follows: 
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For the STA SMC, the control law is modified as 
Equation (33): 

( )u S sign S  . (33) 

There are two cases of the disturbance D in design 
of the control law. For the first case D = 0, 
substituting Equation (33) into Equation (20) leads 

to: 

( )dS S sign S
dt

  . (34) 

Equation (35) is obtained by integrating 
Equation (34): 

0( )
2

S t S t  , (35) 

where, S0 = S(0). In order for the switching 
function to reach the sliding line S = 0 after 
time tr, the coefficient  is chosen according to 
Equation (36):  
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In the second case D  0, it is necessary to add 
an auxiliary control ua for following the 
disturbance D [35]:  

( ) au S sign S u   , (37) 

, for
( ), for
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u u Mdu
sign S u Mdt 
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where, a > 0. Derivative of the disturbance D 
is assumed to be bounded: 

dD F
dt

 , (39) 

In case of u > M, derivative of the control 
law u is computed as follows: 

1 1
2

du dS u
dt dt S

   , (40) 

It is easy to see that: 

2 0,fordSu Du u u M
dt

    . (41) 

Equations (40) and (41) lead to: 
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     . (42) 

This means that the control law will go into 
the range [M, +M] in finite time. For case 
uM, Equation (43) is obtained by 
differentiating Equation (20): 
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In Equation (43), d2S/dt2 is limited by the 
range:  
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In Equation (43), d 2S/dt 2 is limited by the range: 
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In case of S > 0 and dS/dt > 0, the trajectory d2S/dt2 
is bounded by three curves including S = 0, dS/dt = 
0, and: 
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The intersection SI between the third and the 
second ones is: 
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With the proposal that upper boundary of the time 
derivative of the disturbance are equal to the 
absolute value of its time derivative:  F=|dD/dt|, if S 
> 0 and dS/dt < 0, then d2S/dt2 is positive if and only 
if: 
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For S > 0, three curves that create main curve 
include:  
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For the convergence of the STA, following 
condition must be satisfied: 

0 1I dSdS
dt dt

 . (51) 

The condition leads to Equation (52): 
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The coefficients are chosen as follows: 
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where, a=qF, with q > 1,  > 0. Note that, do 
not take q too close to 1 and  greater than 1 
so that the n coefficient is not too large. To 
cope with external disturbances and machine  
parameters uncertainties, the  factor is set to 
0.5 by trial and error. The coefficients 
selection according to Equation (53) ensures 
that both SdS/dt<0 and dS/dtd2S/dt2< 0, that 
is, the stability of the system is guaranteed 
according to Lyapunov.  

 
3. Simulations 
Three speed controllers including the 
proportional-integral (PI), the conventional 
sliding mode (SM), the super-twisting-
algorithm based sliding mode (ST) 
controllers, are numerically simulated in 
Simulink environment with tc=2.5s for the 
PC strategy of the IM drive. Time courses of 
reference speeds m,ref = {10rpm, 1rpm} and 
load torques TL = {0.01Tlim, 0.5Tlim, 0.99Tlim} are 
shown in Figures 2 and 3. In Figure 2, there 
are 3 durations when the reference speed 
changes linearly: 0s-0.1s (from 0 to m,ref), 1.2s-
1.4s (from m,ref to m,ref), 2.5s-2.6s (from 
m,ref to 0), and the reference one is constant 
in the remaining intervals: 0.1s-1.2s, 1.4s-2.5s, 
2.6s-3.0s. Figure 3 contains 4 variable-load-
torque durations: 0.4s-0.5s (from 0 to TL), 0.8s-
0.9s (from TL to 0), 1.6s-1.7s (from 0 to TL), 
2.0s-2.1s (from TL to 0), and 5 constant-load-
torque ones: 0.0s-0.4s, 0.5s-0.8s, 0.9s-1.6s, 1.7s-
2.0s, 2.1s-3.0s. Parameters of the motor and 
the speed controllers are respectively listed in 
Tables 1 and 2. 

Figures 4-9 show speed responses for all 
simulated cases. It can be easy to see that in 
cases TL = {0.5Tlim, 0.99Tlim} (see Figures 5, 6, 8, 
and 9) the PI owns greatest undershoot or 
overshoot at times when load torque changes 
(0.4s, 0.8s, 1.6s, and 2.0s).   In Figures 4-9, 
their enlarged images indicate that the ST 
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In case of S > 0 and dS/dt > 0, the trajectory d2S/dt2 

is bounded by three curves including S = 0, dS/dt = 
0, and:
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In case of S > 0 and dS/dt > 0, the trajectory d2S/dt2 
is bounded by three curves including S = 0, dS/dt = 
0, and: 
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With the proposal that upper boundary of the time 
derivative of the disturbance are equal to the 
absolute value of its time derivative:  F=|dD/dt|, if S 
> 0 and dS/dt < 0, then d2S/dt2 is positive if and only 
if: 
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where, a=qF, with q > 1,  > 0. Note that, do 
not take q too close to 1 and  greater than 1 
so that the n coefficient is not too large. To 
cope with external disturbances and machine  
parameters uncertainties, the  factor is set to 
0.5 by trial and error. The coefficients 
selection according to Equation (53) ensures 
that both SdS/dt<0 and dS/dtd2S/dt2< 0, that 
is, the stability of the system is guaranteed 
according to Lyapunov.  

 
3. Simulations 
Three speed controllers including the 
proportional-integral (PI), the conventional 
sliding mode (SM), the super-twisting-
algorithm based sliding mode (ST) 
controllers, are numerically simulated in 
Simulink environment with tc=2.5s for the 
PC strategy of the IM drive. Time courses of 
reference speeds m,ref = {10rpm, 1rpm} and 
load torques TL = {0.01Tlim, 0.5Tlim, 0.99Tlim} are 
shown in Figures 2 and 3. In Figure 2, there 
are 3 durations when the reference speed 
changes linearly: 0s-0.1s (from 0 to m,ref), 1.2s-
1.4s (from m,ref to m,ref), 2.5s-2.6s (from 
m,ref to 0), and the reference one is constant 
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2.6s-3.0s. Figure 3 contains 4 variable-load-
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torque ones: 0.0s-0.4s, 0.5s-0.8s, 0.9s-1.6s, 1.7s-
2.0s, 2.1s-3.0s. Parameters of the motor and 
the speed controllers are respectively listed in 
Tables 1 and 2. 

Figures 4-9 show speed responses for all 
simulated cases. It can be easy to see that in 
cases TL = {0.5Tlim, 0.99Tlim} (see Figures 5, 6, 8, 
and 9) the PI owns greatest undershoot or 
overshoot at times when load torque changes 
(0.4s, 0.8s, 1.6s, and 2.0s).   In Figures 4-9, 
their enlarged images indicate that the ST 
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where, a=qF, with q > 1,  > 0. Note that, do 
not take q too close to 1 and  greater than 1 
so that the n coefficient is not too large. To 
cope with external disturbances and machine  
parameters uncertainties, the  factor is set to 
0.5 by trial and error. The coefficients 
selection according to Equation (53) ensures 
that both SdS/dt<0 and dS/dtd2S/dt2< 0, that 
is, the stability of the system is guaranteed 
according to Lyapunov.  

 
3. Simulations 
Three speed controllers including the 
proportional-integral (PI), the conventional 
sliding mode (SM), the super-twisting-
algorithm based sliding mode (ST) 
controllers, are numerically simulated in 
Simulink environment with tc=2.5s for the 
PC strategy of the IM drive. Time courses of 
reference speeds m,ref = {10rpm, 1rpm} and 
load torques TL = {0.01Tlim, 0.5Tlim, 0.99Tlim} are 
shown in Figures 2 and 3. In Figure 2, there 
are 3 durations when the reference speed 
changes linearly: 0s-0.1s (from 0 to m,ref), 1.2s-
1.4s (from m,ref to m,ref), 2.5s-2.6s (from 
m,ref to 0), and the reference one is constant 
in the remaining intervals: 0.1s-1.2s, 1.4s-2.5s, 
2.6s-3.0s. Figure 3 contains 4 variable-load-
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torque ones: 0.0s-0.4s, 0.5s-0.8s, 0.9s-1.6s, 1.7s-
2.0s, 2.1s-3.0s. Parameters of the motor and 
the speed controllers are respectively listed in 
Tables 1 and 2. 

Figures 4-9 show speed responses for all 
simulated cases. It can be easy to see that in 
cases TL = {0.5Tlim, 0.99Tlim} (see Figures 5, 6, 8, 
and 9) the PI owns greatest undershoot or 
overshoot at times when load torque changes 
(0.4s, 0.8s, 1.6s, and 2.0s).   In Figures 4-9, 
their enlarged images indicate that the ST 
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For the convergence of the STA, following 
condition must be satisfied: 
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The condition leads to Equation (52): 
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The coefficients are chosen as follows: 
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where, a=qF, with q > 1,  > 0. Note that, do 
not take q too close to 1 and  greater than 1 
so that the n coefficient is not too large. To 
cope with external disturbances and machine  
parameters uncertainties, the  factor is set to 
0.5 by trial and error. The coefficients 
selection according to Equation (53) ensures 
that both SdS/dt<0 and dS/dtd2S/dt2< 0, that 
is, the stability of the system is guaranteed 
according to Lyapunov.  

 
3. Simulations 
Three speed controllers including the 
proportional-integral (PI), the conventional 
sliding mode (SM), the super-twisting-
algorithm based sliding mode (ST) 
controllers, are numerically simulated in 
Simulink environment with tc=2.5s for the 
PC strategy of the IM drive. Time courses of 
reference speeds m,ref = {10rpm, 1rpm} and 
load torques TL = {0.01Tlim, 0.5Tlim, 0.99Tlim} are 
shown in Figures 2 and 3. In Figure 2, there 
are 3 durations when the reference speed 
changes linearly: 0s-0.1s (from 0 to m,ref), 1.2s-
1.4s (from m,ref to m,ref), 2.5s-2.6s (from 
m,ref to 0), and the reference one is constant 
in the remaining intervals: 0.1s-1.2s, 1.4s-2.5s, 
2.6s-3.0s. Figure 3 contains 4 variable-load-
torque durations: 0.4s-0.5s (from 0 to TL), 0.8s-
0.9s (from TL to 0), 1.6s-1.7s (from 0 to TL), 
2.0s-2.1s (from TL to 0), and 5 constant-load-
torque ones: 0.0s-0.4s, 0.5s-0.8s, 0.9s-1.6s, 1.7s-
2.0s, 2.1s-3.0s. Parameters of the motor and 
the speed controllers are respectively listed in 
Tables 1 and 2. 

Figures 4-9 show speed responses for all 
simulated cases. It can be easy to see that in 
cases TL = {0.5Tlim, 0.99Tlim} (see Figures 5, 6, 8, 
and 9) the PI owns greatest undershoot or 
overshoot at times when load torque changes 
(0.4s, 0.8s, 1.6s, and 2.0s).   In Figures 4-9, 
their enlarged images indicate that the ST 
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where, ηa = qF, with q > 1, ε > 0. Note that, do not 
take q too close to 1 and ε greater than 1 so that the 
n coefficient is not too large. To cope with external 
disturbances and machine  parameters uncertain-
ties, the ε factor is set to 0.5 by trial and error. The 
coefficients selection according to Equation (53) 
ensures that both S×dS/dt<0 and dS/dt×d2S/dt2< 0, 
that is, the stability of the system is guaranteed ac-
cording to Lyapunov. 

3. Simulations
Three speed controllers including the proportion-
al-integral (PI), the conventional sliding mode (SM), 
the super-twisting-algorithm based sliding mode 
(ST) controllers, are numerically simulated in Sim-
ulink environment with tc=2.5μs for the PC strategy 
of the IM drive. Time courses of reference speeds 
ωm,ref = {10rpm, 1rpm} and load torques TL = {0.01Tlim, 
0.5Tlim, 0.99Tlim} are shown in Figures 2 and 3. In Fig-
ure 2, there are 3 durations when the reference speed 
changes linearly: 0s-0.1s (from 0 to ωm,ref ), 1.2s-1.4s 
(from ωm,ref to –ωm,ref ), 2.5s-2.6s (from –ωm,ref  to 0), and 
the reference one is constant in the remaining inter-
vals: 0.1s-1.2s, 1.4s-2.5s, 2.6s-3.0s. Figure 3 contains 
4 variable-load-torque durations: 0.4s-0.5s (from 0 
to TL), 0.8s-0.9s (from TL to 0), 1.6s-1.7s (from 0 to 
-TL), 2.0s-2.1s (from -TL to 0), and 5 constant-load-
torque ones: 0.0s-0.4s, 0.5s-0.8s, 0.9s-1.6s, 1.7s-2.0s, 
2.1s-3.0s. Parameters of the motor and the speed 
controllers are respectively listed in Tables 1 and 2.
Figures 4-9 show speed responses for all simu-
lated cases. It can be easy to see that in cases TL = 
{0.5Tlim, 0.99Tlim} (see Figures 5, 6, 8, and 9) the PI 
owns greatest undershoot or overshoot at times 
when load torque changes (0.4s, 0.8s, 1.6s, and 2.0s). 
In Figures 4-9, their enlarged images indicate that 
the ST responds fastest to changes of the reference 
speed or load torque, and gives highest tracking 
accuracy. Two performance indices including rela-
tive final error (RFE) and normalized integral time 
absolute error (NITAE) of the motor speed are uti-
lized to evaluate three controllers:
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The RFE values at 7 times: 0.4s, 0.8s, 1.2s, 1.6s, 2s, 
2.5s, and 3s, are respectively listed in Tables 3-9. 
The RFE for ST is many times smaller than that for 
PI, and usually the larger the load, the larger the 
difference between two controllers. In the cases TL 
= {0.5Tlim, 0.99Tlim}, the RFE for SM is approximately 
equal or several times higher than that for ST.  The 
NITAE values in Table 10 show the speed control 
accuracy of the ST compared to the SM and the PI 
over the entire time courses. Compared with PI, it 
decreases the NITAE value by more than 99%, 
especially at TL = 0.99Tlim the reduction is over 
99.9%. The ST also lowers 18.3%-39.8% and 66.7%-
89.6% of the NITAE compared to the SM at m,ref  = 
10rpm and m,ref  = 1rpm, respectively. 

 

Figure 2 

Reference speeds: m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

Figure 3 

Load torques: TL = 0.01Tlim (upper), TL = 0.5Tlim (middle), 
TL = 0.99Tlim (lower).  

 

 

Table 1 

Motor parameters [38]. 
Quantity Symbol  Value 

Magnetizing 
inductance Lm 0.192H 

Rotor and stator 
inductances 

Lr = Ls  0.209H 

Rotor resistance Rr 2.118 

Stator resistance Rs 3.179 

Number of pole 
pairs 

np 2 

Rated motor 
speed  

m,n 1420rpm 

Motor inertia Jm 0.0047kgm2 

Rated motor 
torque Te,n 14.8Nm 

Rated stator flux 
magnitude  

s,n 0.78Wb 

Rated motor 
power 

Pn 2.2kW 

 

Table 2 

Speed controller parameters [38]. 
Controller Quantity Value 

PI 
Proportional 

gain Kp 1.5Nm/rpm 

PI 
Integral time 
constant Ti 

0.05s 

PI, SM, ST 

Limitations 
of reference 

output 
torque Tlim 

10Nm 

SM, ST  1000 

ST q 1.1 

ST  0.5 

 

Figure 4 

Speed responses at TL = 0.01Tlim, m,ref = 10rpm.  
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The RFE values at 7 times: 0.4s, 0.8s, 1.2s, 1.6s, 2s, 
2.5s, and 3s, are respectively listed in Tables 3-9. 
The RFE for ST is many times smaller than that for 
PI, and usually the larger the load, the larger the dif-
ference between two controllers. In the cases TL = 
{0.5Tlim, 0.99Tlim}, the RFE for SM is approximately 
equal or several times higher than that for ST. The 
NITAE values in Table 10 show the speed control 
accuracy of the ST compared to the SM and the PI 
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over the entire time courses. Compared with PI, it 
decreases the NITAE value by more than 99%, es-
pecially at TL = 0.99Tlim the reduction is over 99.9%. 

Figure 2  
Reference speeds: ωm,ref = 10rpm (upper) and ωm,ref  = 1rpm 
(lower). 
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The RFE values at 7 times: 0.4s, 0.8s, 1.2s, 1.6s, 2s, 
2.5s, and 3s, are respectively listed in Tables 3-9. 
The RFE for ST is many times smaller than that for 
PI, and usually the larger the load, the larger the 
difference between two controllers. In the cases TL 
= {0.5Tlim, 0.99Tlim}, the RFE for SM is approximately 
equal or several times higher than that for ST.  The 
NITAE values in Table 10 show the speed control 
accuracy of the ST compared to the SM and the PI 
over the entire time courses. Compared with PI, it 
decreases the NITAE value by more than 99%, 
especially at TL = 0.99Tlim the reduction is over 
99.9%. The ST also lowers 18.3%-39.8% and 66.7%-
89.6% of the NITAE compared to the SM at m,ref  = 
10rpm and m,ref  = 1rpm, respectively. 
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Reference speeds: m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

Figure 3 

Load torques: TL = 0.01Tlim (upper), TL = 0.5Tlim (middle), 
TL = 0.99Tlim (lower).  
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Speed controller parameters [38]. 
Controller Quantity Value 

PI 
Proportional 

gain Kp 1.5Nm/rpm 

PI 
Integral time 
constant Ti 

0.05s 

PI, SM, ST 

Limitations 
of reference 

output 
torque Tlim 

10Nm 

SM, ST  1000 

ST q 1.1 

ST  0.5 

 

Figure 4 

Speed responses at TL = 0.01Tlim, m,ref = 10rpm.  

 
 

Figure 3  
Load torques: TL = 0.01Tlim (upper), TL = 0.5Tlim (middle), 
TL = 0.99Tlim (lower). 
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The RFE values at 7 times: 0.4s, 0.8s, 1.2s, 1.6s, 2s, 
2.5s, and 3s, are respectively listed in Tables 3-9. 
The RFE for ST is many times smaller than that for 
PI, and usually the larger the load, the larger the 
difference between two controllers. In the cases TL 
= {0.5Tlim, 0.99Tlim}, the RFE for SM is approximately 
equal or several times higher than that for ST.  The 
NITAE values in Table 10 show the speed control 
accuracy of the ST compared to the SM and the PI 
over the entire time courses. Compared with PI, it 
decreases the NITAE value by more than 99%, 
especially at TL = 0.99Tlim the reduction is over 
99.9%. The ST also lowers 18.3%-39.8% and 66.7%-
89.6% of the NITAE compared to the SM at m,ref  = 
10rpm and m,ref  = 1rpm, respectively. 
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Reference speeds: m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

Figure 3 

Load torques: TL = 0.01Tlim (upper), TL = 0.5Tlim (middle), 
TL = 0.99Tlim (lower).  
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constant Ti 

0.05s 
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Speed responses at TL = 0.01Tlim, m,ref = 10rpm.  

 
 

Quantity Symbol Value

Magnetizing inductance Lm 0.192H

Rotor and stator inductances Lr = Ls 0.209H

Rotor resistance Rr 2.118Ω

Stator resistance Rs 3.179Ω

Number of pole pairs np 2

Rated motor speed ωm,n 1420rpm

Motor inertia Jm 0.0047kg·m2

Rated motor torque Te,n 14.8N·m

Rated stator flux magnitude ψs,n 0.78Wb

Rated motor power Pn 2.2kW

Table 1
Motor parameters [38].

Controller Quantity Value

PI Proportional gain Kp 1.5N·m/rpm

PI Integral time constant Ti 0.05s

PI, SM, ST Limitations of reference 
output torque Tlim

±10N·m

SM, ST λ 1000

ST q 1.1

ST ε 0.5

Table 2
Speed controller parameters [38].

Figure 4
Speed responses at TL = 0.01Tlim, ωm,ref = 10rpm. 

 

 

responds fastest to changes of the reference speed 
or load torque, and gives highest tracking 
accuracy. Two performance indices including 
relative final error (RFE) and normalized integral 
time absolute error (NITAE) of the motor speed are 
utilized to evaluate three controllers: 
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The RFE values at 7 times: 0.4s, 0.8s, 1.2s, 1.6s, 2s, 
2.5s, and 3s, are respectively listed in Tables 3-9. 
The RFE for ST is many times smaller than that for 
PI, and usually the larger the load, the larger the 
difference between two controllers. In the cases TL 
= {0.5Tlim, 0.99Tlim}, the RFE for SM is approximately 
equal or several times higher than that for ST.  The 
NITAE values in Table 10 show the speed control 
accuracy of the ST compared to the SM and the PI 
over the entire time courses. Compared with PI, it 
decreases the NITAE value by more than 99%, 
especially at TL = 0.99Tlim the reduction is over 
99.9%. The ST also lowers 18.3%-39.8% and 66.7%-
89.6% of the NITAE compared to the SM at m,ref  = 
10rpm and m,ref  = 1rpm, respectively. 

 

Figure 2 

Reference speeds: m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

Figure 3 

Load torques: TL = 0.01Tlim (upper), TL = 0.5Tlim (middle), 
TL = 0.99Tlim (lower).  
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Motor parameters [38]. 
Quantity Symbol  Value 

Magnetizing 
inductance Lm 0.192H 

Rotor and stator 
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Speed controller parameters [38]. 
Controller Quantity Value 
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Proportional 
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Integral time 
constant Ti 
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Limitations 
of reference 

output 
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Figure 4 

Speed responses at TL = 0.01Tlim, m,ref = 10rpm.  

 
 

Figure 5
Speed responses at TL = 0.5Tlim, ωm,ref = 10rpm. 

  

 

Figure 5 

Speed responses at TL = 0.5Tlim, m,ref = 10rpm.  

 

 

Figure 6 

Speed responses at TL = 0.99Tlim, m,ref = 10rpm.  

 
 

Figure 7 

Speed responses at TL = 0.01Tlim, m,ref = 1rpm. 

 
  

Figure 8 

Speed responses at TL = 0.5Tlim, m,ref = 1rpm.  

 

 

 

Figure 9 

Speed responses at TL = 0.99Tlim, m,ref = 1rpm.  

 

 

Table 3 

RFE value at 0.4s [10-4]. 
m,ref   PI SM ST 

10 rpm 1.82 0.33 0.012 

1 rpm 4.02 3.20 0.044 

 

Table 4 

RFE value at 0.8s  [10-4]. 

TL  
m,ref = 10 rpm m,ref = 1 rpm 

PI SM ST PI SM ST 

0.01Tlim 1.31       0.24 0.014 4.98    5.84    1.56 

0.5Tlim 2.74        0.35 0.13 17.22    3.51    3.54 

0.99Tlim 15.99   0.51    0.30 153.2    7.24    1.74 

 

Table 5 

RFE value at 1.2s  [10-4]. 

TL  
m,ref = 10 rpm m,ref = 1 rpm 

PI SM ST PI SM ST 

0.01Tlim 1.54    0.081    0.12 3.87    3.49    1.11 

0.5Tlim 2.11    0.45    0.045 22.8    4.71    0.78 

0.99Tlim 7.11    0.36    0.044 49.2    3.73    0.092 

 

 

 

 

 

 

 

The ST also lowers 18.3%-39.8% and 66.7%-89.6% of 
the NITAE compared to the SM at ωm,ref  = 10rpm and 
ωm,ref  = 1rpm, respectively.
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Figure 6
Speed responses at TL = 0.99Tlim, ωm,ref = 10rpm. 

  

 

Figure 5 

Speed responses at TL = 0.5Tlim, m,ref = 10rpm.  

 

 

Figure 6 

Speed responses at TL = 0.99Tlim, m,ref = 10rpm.  

 
 

Figure 7 

Speed responses at TL = 0.01Tlim, m,ref = 1rpm. 

 
  

Figure 8 

Speed responses at TL = 0.5Tlim, m,ref = 1rpm.  

 

 

 

Figure 9 

Speed responses at TL = 0.99Tlim, m,ref = 1rpm.  
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RFE value at 0.4s [10-4]. 
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Figure 7
Speed responses at TL = 0.01Tlim, ωm,ref = 1rpm.

  

 

Figure 5 

Speed responses at TL = 0.5Tlim, m,ref = 10rpm.  

 

 

Figure 6 

Speed responses at TL = 0.99Tlim, m,ref = 10rpm.  

 
 

Figure 7 

Speed responses at TL = 0.01Tlim, m,ref = 1rpm. 

 
  

Figure 8 

Speed responses at TL = 0.5Tlim, m,ref = 1rpm.  

 

 

 

Figure 9 

Speed responses at TL = 0.99Tlim, m,ref = 1rpm.  

 

 

Table 3 

RFE value at 0.4s [10-4]. 
m,ref   PI SM ST 

10 rpm 1.82 0.33 0.012 

1 rpm 4.02 3.20 0.044 
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RFE value at 0.8s  [10-4]. 
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Figure 9
Speed responses at TL = 0.99Tlim, ωm,ref = 1rpm. 

  

 

Figure 5 

Speed responses at TL = 0.5Tlim, m,ref = 10rpm.  

 

 

Figure 6 

Speed responses at TL = 0.99Tlim, m,ref = 10rpm.  

 
 

Figure 7 

Speed responses at TL = 0.01Tlim, m,ref = 1rpm. 

 
  

Figure 8 

Speed responses at TL = 0.5Tlim, m,ref = 1rpm.  

 

 

 

Figure 9 

Speed responses at TL = 0.99Tlim, m,ref = 1rpm.  

 

 

Table 3 

RFE value at 0.4s [10-4]. 
m,ref   PI SM ST 

10 rpm 1.82 0.33 0.012 

1 rpm 4.02 3.20 0.044 
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RFE value at 0.8s  [10-4]. 

TL  
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PI SM ST PI SM ST 
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ωm,ref  PI SM ST

10 rpm 1.82 0.33 0.012

1 rpm 4.02 3.20 0.044

Table 3
RFE value at 0.4s [×10-4].

TL 
ωm,ref = 10 rpm ωm,ref = 1 rpm

PI SM ST PI SM ST

0.01Tlim 1.31       0.24 0.014 4.98    5.84    1.56

0.5Tlim 2.74        0.35 0.13 17.22    3.51    3.54

0.99Tlim 15.99   0.51    0.30 153.2    7.24    1.74

Table 4
RFE value at 0.8s  [×10-4].

TL 
ωm,ref = 10 rpm ωm,ref = 1 rpm

PI SM ST PI SM ST

0.01Tlim 1.54    0.081    0.12 3.87    3.49    1.11

0.5Tlim 2.11    0.45    0.045 22.8    4.71    0.78

0.99Tlim 7.11    0.36    0.044 49.2    3.73    0.092

Table 5
RFE value at 1.2s [×10-4].

TL 
ωm,ref = 10 rpm ωm,ref = 1 rpm

PI SM ST PI SM ST

0.01Tlim 2.66   0.54    0.0078 8.67    5.19    0.41

0.5Tlim 6.37    0.57    0.11 8.07    5.5    0.52

0.99Tlim 5.93    0.58    0.0016 5.95    6.21    1.36

Table 6
RFE value at 1.6s [×10-4].

Figure 8
Speed responses at TL = 0.5Tlim, ωm,ref= 1rpm. 

  

 

Figure 5 

Speed responses at TL = 0.5Tlim, m,ref = 10rpm.  

 

 

Figure 6 

Speed responses at TL = 0.99Tlim, m,ref = 10rpm.  

 
 

Figure 7 

Speed responses at TL = 0.01Tlim, m,ref = 1rpm. 

 
  

Figure 8 

Speed responses at TL = 0.5Tlim, m,ref = 1rpm.  

 

 

 

Figure 9 

Speed responses at TL = 0.99Tlim, m,ref = 1rpm.  
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Figures 10-12 show speed errors for the SM and 
ST controllers. They indicate that after the speed 
error of the ST is suddenly changed by the varia-
tions of the reference speed or the load torque, it 
returns much closer to zero than that of the PI and 
the SM. The explanation for this is the output sig-
nal-the reference torque of the PI does not adapt 
to changes of load torque or reference speed, while 
the output one of the SM is always switched to ±Tlim 

TL 
ωm,ref = 10 rpm ωm,ref = 1 rpm

PI SM ST PI SM ST

0.01Tlim 2.56      0.29 0.11 9.66        4.60 0.52

0.5Tlim 2.44    0.33    0.10 20.0       4.63 0.037

0.99Tlim 1.38    0.22    0.15 26.62        4.98 0.48

Table 8
RFE value at 2.5s [×10-4].

TL 
ωm,ref = 10 rpm ωm,ref = 1 rpm

PI SM ST PI SM ST

0.01Tlim 0.21    0.43    0.01 2.61    4.87    0.033

0.5Tlim 0.50    0.54    0.036 7.59    4.86    0.032

0.99Tlim 1.21    0.44    0.035 2.11    5.30    0.075

Table 9
RFE value at 3s [×10-4].

TL 
ωm,ref = 10 rpm ωm,ref = 1 rpm

PI SM ST PI SM ST

0.01Tlim 13.8 0.19 0.11 30.5 2.11 0.22

0.5Tlim 98.9 0.20 0.15 880.9 2.08 0.49

0.99Tlim 209.0 0.21 0.17 1979.0 2.24 0.74

Table 10
NITAE value [×10-3s2].

Figure 10
Speed errors at TL = 0.01Tlim, ωm,ref = 10rpm (upper) and 
ωm,ref = 1rpm (lower). 
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0.01Tlim 5.39    0.20    0.077 4.74    3.70    1.08 
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0.99Tlim 16.38    0.54    0.19 161.0    4.71    0.14 
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NITAE value [10-3s2]. 
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Figures 10-12 show speed errors for the SM 
and ST controllers. They indicate that after 
the speed error of the ST is suddenly changed 
by the variations of the reference speed or the 
load torque, it returns much closer to zero 
than that of the PI and the SM. The 
explanation for this is the output signal-the 
reference torque of the PI does not adapt to 
changes of load torque or reference speed, 
while the output one of the SM is always 
switched to Tlim even though the load torque 
is only 0.01Tlim (see Figure 13). Meanwhile, 
the ST gives the reference torque with much 
smaller oscillation than the SM, comparable 
to the PI at all cases of the load torque (see 
Figures 14-16). In Figures 17-19, the switching 
function for the ST contains more constant 
segments and lower chattering than that for 
the SM because in case of the ST, both S and 
dS/dt are designed to achieve S = dS/dt = 0. 

 

Figure 10 

Speed errors at TL = 0.01Tlim, m,ref = 10rpm (upper) 
and m,ref = 1rpm (lower).  

 

 

 

 

 

 

 

 

Figure 11
Speed errors at TL = 0.5Tlim, ωm,ref = 10rpm (upper) and ωm,ref 
= 1rpm (lower). 

  

Figure 11 

Speed errors at TL = 0.5Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 12 

Speed errors at TL = 0.99Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 13 

Reference torque-output of the SM at TL = 0.01Tlim, m,ref = 
10rpm (upper) and m,ref = 1rpm (lower).  

 

 

 

 

 

 

 

 

 

 

Figure 14 

Reference torques-outputs of the ST and the PI at 
TL = 0.01Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 15 

Reference torques-outputs of the ST and the PI at 
TL = 0.5Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 16 

Reference torques-outputs of the ST and the PI at 
TL = 0.99Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

 

 

 

 

 

 

 

even though the load torque is only 0.01Tlim (see 
Figure 13). Meanwhile, the ST gives the reference 
torque with much smaller oscillation than the SM, 
comparable to the PI at all cases of the load torque 
(see Figures 14-16). In Figures 17-19, the switching 
function for the ST contains more constant seg-
ments and lower chattering than that for the SM 
because in case of the ST, both S and dS/dt are de-
signed to achieve S = dS/dt = 0.

TL 
ωm,ref = 10 rpm ωm,ref = 1 rpm

PI SM ST PI SM ST

0.01Tlim 5.39    0.20    0.077 4.74    3.70    1.08

0.5Tlim 2.24    0.56    0.31 24.73   5.99    1.36

0.99Tlim 16.38    0.54    0.19 161.0    4.71    0.14

Table 7
RFE value at 2s [×10-4].
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Figure 12
Speed errors at TL = 0.99Tlim, ωm,ref= 10rpm (upper) and 
ωm,ref= 1rpm (lower). 

  

Figure 11 

Speed errors at TL = 0.5Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 12 

Speed errors at TL = 0.99Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 13 

Reference torque-output of the SM at TL = 0.01Tlim, m,ref = 
10rpm (upper) and m,ref = 1rpm (lower).  

 

 

 

 

 

 

 

 

 

 

Figure 14 

Reference torques-outputs of the ST and the PI at 
TL = 0.01Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 15 

Reference torques-outputs of the ST and the PI at 
TL = 0.5Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 16 

Reference torques-outputs of the ST and the PI at 
TL = 0.99Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

 

 

 

 

 

 

 

Figure 13
Reference torque-output of the SM at TL = 0.01Tlim, ωm,ref = 
10rpm (upper) and ωm,ref = 1rpm (lower). 

  

Figure 11 

Speed errors at TL = 0.5Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 12 

Speed errors at TL = 0.99Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 13 

Reference torque-output of the SM at TL = 0.01Tlim, m,ref = 
10rpm (upper) and m,ref = 1rpm (lower).  

 

 

 

 

 

 

 

 

 

 

Figure 14 

Reference torques-outputs of the ST and the PI at 
TL = 0.01Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 15 

Reference torques-outputs of the ST and the PI at 
TL = 0.5Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 16 

Reference torques-outputs of the ST and the PI at 
TL = 0.99Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

 

 

 

 

 

 

 

Figure 14
Reference torques-outputs of the ST and the PI at TL = 
0.01Tlim, ωm,ref = 10rpm (upper) and ωm,ref = 1rpm (lower). 

  

Figure 11 

Speed errors at TL = 0.5Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 12 

Speed errors at TL = 0.99Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 13 

Reference torque-output of the SM at TL = 0.01Tlim, m,ref = 
10rpm (upper) and m,ref = 1rpm (lower).  

 

 

 

 

 

 

 

 

 

 

Figure 14 

Reference torques-outputs of the ST and the PI at 
TL = 0.01Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 15 

Reference torques-outputs of the ST and the PI at 
TL = 0.5Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 16 

Reference torques-outputs of the ST and the PI at 
TL = 0.99Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

 

 

 

 

 

 

 

Figure 15
Reference torques-outputs of the ST and the PI at TL = 
0.5Tlim, ωm,ref = 10rpm (upper) and ωm,ref = 1rpm (lower). 

  

Figure 11 

Speed errors at TL = 0.5Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 12 

Speed errors at TL = 0.99Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 13 

Reference torque-output of the SM at TL = 0.01Tlim, m,ref = 
10rpm (upper) and m,ref = 1rpm (lower).  

 

 

 

 

 

 

 

 

 

 

Figure 14 

Reference torques-outputs of the ST and the PI at 
TL = 0.01Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 15 

Reference torques-outputs of the ST and the PI at 
TL = 0.5Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 16 

Reference torques-outputs of the ST and the PI at 
TL = 0.99Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

 

 

 

 

 

 

 

Figure 16
Reference torques-outputs of the ST and the PI at TL = 
0.99Tlim, ωm,ref = 10rpm (upper) and ωm,ref= 1rpm (lower). 

  

Figure 11 

Speed errors at TL = 0.5Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 12 

Speed errors at TL = 0.99Tlim, m,ref = 10rpm (upper) and 
m,ref = 1rpm (lower).  

 

 

Figure 13 

Reference torque-output of the SM at TL = 0.01Tlim, m,ref = 
10rpm (upper) and m,ref = 1rpm (lower).  

 

 

 

 

 

 

 

 

 

 

Figure 14 

Reference torques-outputs of the ST and the PI at 
TL = 0.01Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 15 

Reference torques-outputs of the ST and the PI at 
TL = 0.5Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

Figure 16 

Reference torques-outputs of the ST and the PI at 
TL = 0.99Tlim, m,ref = 10rpm (upper) and m,ref = 1rpm 
(lower).  

 

 

 

 

 

 

 

 

 

Figure 17
Switching functions of the SM and the ST at TL = 0.01Tlim, 
ωm,ref = 10rpm (upper) and ωm,ref= 1rpm (lower). 

 

 

Figure 17 

Switching functions of the SM and the ST at TL = 0.01Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  

 

 

 

Figure 18 

Switching functions of the SM and the ST at TL = 0.5Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  

 
 

Figure 19 

Switching functions of the SM and the ST at TL = 0.99Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  

 
 
 

4. Conclusions and Developments 
The ST and the SM were presented and simulated at 
very-low reference speeds and wide load torque 
range in the IM predictive control. The ST provides 
higher accurate speed control than both the PI and 
SM, the reductions in the NITAE index up to 99.9% 
and 89.6%, respectively. The chattering 
phenomenon at the control signal of the 

conventional SMC is eliminated almost 
completely by the proposed STA. The 
trajectories of the switching function and its 
time derivative in the SM are much closer to 
zero than the SM. Sophiscated STA designs 
such as multivariable systems [27] or strict 
Lyapunov function [28] can be used to 
approach the trajectories to zero. Modified PC 
methods can be employed to reduce 
computing requirements. In order to obtain 
accurate information of the motor speed, 
parameters and the disturbances, high-
performance observers integrating higher-
order sliding mode or adaptive method can be 
utilized [5], [13]. The proposed STA can be 
applied to some types of motors such as 
permanent magnet synchronous motor, 
brushless DC motor or industrial systems 
whose models are predictable and whose 
disturbances can be estimated. A model 
hardware using a high-speed digital signal 
processor-based control system can be 
deployed to validate practical feasibility and 
robustness of the proposed controller [7], [19]. 
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Figure 18
Switching functions of the SM and the ST at TL = 0.5Tlim, 
ωm,ref = 10rpm (upper) and ωm,ref  = 1rpm (lower). 

 

 

Figure 17 

Switching functions of the SM and the ST at TL = 0.01Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  
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Switching functions of the SM and the ST at TL = 0.5Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  

 
 

Figure 19 

Switching functions of the SM and the ST at TL = 0.99Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  
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Figure 19
Switching functions of the SM and the ST at TL = 0.99Tlim, 
ωm,ref = 10rpm (upper) and ωm,ref  = 1rpm (lower). 

 

 

Figure 17 

Switching functions of the SM and the ST at TL = 0.01Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  
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Switching functions of the SM and the ST at TL = 0.5Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  

 
 

Figure 19 

Switching functions of the SM and the ST at TL = 0.99Tlim, 
m,ref = 10rpm (upper) and m,ref = 1rpm (lower).  
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4. Conclusions and Developments
The ST and the SM were presented and simulated 
at very-low reference speeds and wide load torque 
range in the IM predictive control. The ST provides 
higher accurate speed control than both the PI and 
SM, the reductions in the NITAE index up to 99.9% 
and 89.6%, respectively. The chattering phenomenon 
at the control signal of the conventional SMC is elim-
inated almost completely by the proposed STA. The 
trajectories of the switching function and its time 
derivative in the SM are much closer to zero than the 
SM. Sophiscated STA designs such as multivariable 
systems [27] or strict Lyapunov function [28] can be 
used to approach the trajectories to zero. Modified PC 

methods can be employed to reduce computing re-
quirements. In order to obtain accurate information 
of the motor speed, parameters and the disturbances, 
high-performance observers integrating higher-or-
der sliding mode or adaptive method can be utilized 
[5], [13]. The proposed STA can be applied to some 
types of motors such as permanent magnet synchro-
nous motor, brushless DC motor or industrial systems 
whose models are predictable and whose disturbanc-
es can be estimated. A model hardware using a high-
speed digital signal processor-based control system 
can be deployed to validate practical feasibility and 
robustness of the proposed controller [7], [19].
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