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A New Adaptive Terminal Sliding Mode Speed
Control in Flux Weakening Region for DTC
Controlled Induction Motor Drive

Baris Cavus

Abstract—Running over the motor rated speed is crucial in appli-
cations, such as electric vehicles. The flux weakening technique for
reaching high speed used in this article is model predictive control
(MPC) based control. The method ensures that the induction motor
operates far above its normal speed, however, there are significant
issues, such as ripple in terms of speed, torque, flux, etc. A novel
sliding mode control (SMC) is suggested in this article to both
improve induction motor control performance and get rid of the
drawbacks of MPC-based flux control. The study findings revealed
that the chattering problem has been solved significantly as well as
improving the speed and torque control performance. By including
the exponential and constant rate elements, new SMC technique
has been developed to address the chattering issue. The time to
reach the steady state in speed is decreased using the suggested
adaptive terminal SMC technique, and the chattering issue is
resolved. The simulation and experimental results show that the
suggested adaptive terminal SMC approach reduced ripple and
chattering issues while improving other factors like error reduction
and time to steady state in speed. In addition to enhancing the motor
control performance, less total harmonic distorsionof the motor
current, flux, and torque ripple are achieved.

Index Terms—Adaptive terminal sliding mode control (SMC),
direct torque control (DTC), flux weakening, induction motor,
model predictive control (MPC).

1. INTRODUCTION

IGH efficiency, good dynamic speed, dynamic respon-
H siveness, and reliability are required from electric vehicles
[1]. High performance is among the most important concerns of
motor for low speed and torque especially when driving in cities.
Induction motors are frequently utilized in electric vehicles as a
result. [2], [3].

Uncontrollable driving of induction motors can lead to prob-
lems like high current level, low dynamic reaction, and high
error in motor values (torque, speed, and flux). To get rid of the
drawbacks, modern control techniques like vector control should
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be applied. Direct torque control (DTC), which performs well in
alternative current motor applications, is utilized in this article
[4], [5]. In 1985, Takahashi and Noguchi proposed DTC [6].
The benefit of this approach, unlike field oriented control (FOC)
is that DTC reacts to changes in speed and torque very fast.
Other benefits include little dependence on motor parameters
and the absence of axis transformation [7]. Axis conversion
is not necessary; therefore, processing proceeds quickly. The
output ripple is the main drawback of this method [8].

It’s essential to run the motor at a speed higher than its
nominal speed, particularly for specific applications like electric
vehicles [9]. The induction motor control must be carried out by
fulfilling three conditions in flux weakening region. These three
requirements include little change in motor characteristics [10],
[11], accurate monitoring of motor references [12], and minimal
reference voltage ripple [9]. Examining the studies in the flux
weakening control reveals that they may be divided into four
categories: classical flux weakening inversely proportional to
speed (1/w,) [13], [14], [15], voltage closed loop PI controller
[16], [17], [18], look-up tables [19], [20], and model predictive
techniques [9], [21], [22]. One of these techniques, model pre-
dictive control (MPC), is highly effective since it depends less
on changes in system parameters and, like other strategies, takes
into account both the present state and its potential future states
of system [23], [24], [25]. MPC is therefore less likely than
other control techniques to result in steady-state error. There
are very few studies on MPC-based flux weakening control for
DTC controlled motor driver, and it has been found that flux and
torque ripple are very high [26]. The MPC-based flux weakening
method was mostly employed in the studies for current control
in FOC controlled motor drive [27], [28], [29].

Numerous linear speed control methods have been suggested
to govern systems in the literature. A widespread linear control
technique is proportional-integral (PI) control. [30]. For the reg-
ulation of systems with nonlinear and time-varying parameters,
such as induction motors, linear control approaches perform
inadequately. This is due to the fact that variables like resistance
and time constants alter with time and have an impact on the
load. Linear control methods, such as the PI control method
cannot keep up with these changes [31], [32]. The performance
of the straightforward PI control for controlling motor speed
is adversely impacted by disturbance effects and parameter
changes. This causes errors and ripples in motor speed. Errors
and ripples that will occur in speed and torque for motor used in
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applications such as electric vehicles are so important that they
cannot be neglected in terms of both performance and the control
system health [33]. For this reason, advanced nonlinear control
methods should be used in the control of nonlinear systems such
as induction motors. In studies in the literature, adaptive control
[34], [35], robust control [36], [37], fuzzy logic control [38],
[39], [40], MPC [41], [42], [43], neural networks [44], [45] and
sliding mode control (SMC) [46], [47], [48], [49] etc. methods
have been developed.

The SMC method stands out among the nonlinear control
techniques because it has advantages which include being less
susceptible to disturbance effects and without requiring model
parameters [50], [51]. However, there are several serious draw-
backs to conventional SMC, such as the chattering issue brought
on by the high switching frequency [52], [53]. Many solutions
have been put out to deal with this issue. The SMC method with
the disturbance observer is one of the techniques used to stop
chattering [54], [55], however it hasn’t been able to completely
eliminate the issue [56]. Super-twisting SMC method eliminates
chattering, although it results in significant overshoots [57].
Although the integral SMC approach [58] and the back-stepping
SMC method [59] have partially addressed the chattering issue,
these techniques work well when dealing with time-invariant
or extremely slow-changing disturbance effects. SMC based on
disturbance observers can only reduce chattering to a certain
extent [60], [61]. Therefore, the SMC method still needs to
be developed [62]. The two parts of the SMC structure are
the reaching mode and the sliding mode. The system which
is controlled can reaching the slip surface using the reaching
mode, however it is very challenging to keep the system there
error-free [63]. A chattering problem arises when the system
starts to oscillate above the sliding surface. The elimination of
the chattering issue is the most crucial aspect of the conventional
SMC technique. As a result, it is crucial to create the reaching
mode since it directly relates to the chattering problem and has a
significant impact on the control system dynamic response [64],
[65]. Because of this, certain techniques have been developed
on the reaching mode to address the chattering issue as well as
boost system performance by rapidly reaching the slip surface.
The exponential SMC approach is the first of these techniques.
This approach adds the exponential component in addition to the
constant term used in the conventional reaching mode, but it still
requires a faster approach to the slip surface to reduce chattering
[66]. This approach loses convergence as it advances away from
the slip surface, although having the benefit of rapid convergence
in the regions adjacent to the slip surface [46]. The terminal SMC
approach is another developed technique as a solution to the
problems of convergence and chattering [32], [67], [68]. In com-
parison to the conventional SMC and the exponential SMC, it is
thus quite successful from the point of both the speed of reaching
sliding surface and the chattering problem [32]. However, in
this method, the speed of reaching the sliding surface still needs
to be increased. Main disadvantages of terminal SMC are the
singular problem and low speed of convergence [69]. Although
this approach has a rapid convergence advantage in areas near
the slip surface, the benefit of convergence diminishes as one
advances farther away from the slip surface [46]. As a result,
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terminal SMC needs to be improved upon and its drawbacks
should be minimized.

This article suggests a new adaptive terminal SMC (ATSMC)
method for speed management of induction motor with DTC.
Flux weakening control with MPC is used to drive the induction
motor at high speeds. However, the MPC-based flux weakening
control has a significant disadvantage, such as high ripple in
the driver system. The purpose of this article is to improve
speed control performance of DTC controlled induction mo-
tor with MPC-based control. In addition to advancing control
performance, the method also aim to reduce chattering. In the
suggested ATSMC algorithm both the exponential component
and the constant rate term has been developed. An inverse
hyperbolic sine function is presented to the constant rate term
in the suggested ATSMC approach, which will quicken the
system access to the slip surface and lessen chattering. As the
dependent variable approaches zero, the inverse hyperbolic sine
function approaches zero more quickly. The exponential term
has also been added as the upper force in order more to reduce
the chattering and improve access to the sliding surface of the
control system. Consequently, ATSMC is made possible, which
has a quicker dynamic response and less clattering. Moreover,
the chattering issue of terminal SMC method and system latency
are avoided. Additionally, the suggested advanced speed control
significantly reduces the torque and flux oscillations present
in the MPC-based flux weakening control. The validity and
success of the proposed method has been demonstrated both
by simulation and experimental results.

II. DIRECT TORQUE CONTROL OF INDUCTION MOTOR

The block scheme of the whole control drive system of the
induction motor is given in Fig. 1. Here, the induction motor
drive system consists of three main controllers: flux weakening
control, speed control and DTC.

A. Induction Motor Dynamic Model

Induction motor consists of two basic components which
are rotor and stator windings. Three-phase voltage supplies the
windings in stator, and so current flows through the windings.
These three-phase currents generate a rotating magnetic field.
The rotor conductors experience an increase in voltage in ac-
cordance with the induction principle, which causes alternating
current to begin flowing through them. The rotor moves as
a result of locking the rotor magnetic field into the rotating
magnetic field. The stator and rotor dynamic equations can be
written as follows:

vaa = Ratsat T, (1)
Vag = R g + 020 b @)
Ysa = Ls tsa + Miyq (3)
Vrag = La ing + Mirg 4)
T, = p(isgthsd — isithsq) )
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Fig. 2. Sliding surface of the system.

Vmax

2
(55)
L%n

In(7,0 = 1- 1% is the leakage element. Additionally,
current limit is written as follows:

27;2 <

2, < (7)

)
lgg T+ 0

®)

-2 -2 -2
st + ,qu S Zmax'

Depending on the nominal current level of the used inverter
and motor, iy, is the highest current value that can be obtained.
Stator current is converted from three-axes to two-axes grid for

motor control. 54 controls the motor flux, whereas i, controls
the torque.

B. Direct Torque Control

The DTC model used in this article is given in Fig. 1. The
induction motor current and voltage are monitored to use this
technique. The motor flux, torque, and flux sector are determined
using the measured data. The two-level hysteresis controller
receives the flux error. Similarly, three-level hysteresis controller
is used to manage the torque error. Using the signals obtained
from the hysteresis controller and the predicted flux sector,
switching signals are generated to apply to induction motor
driver.

III. FLUX WEAKENING CONTROL

This topic (classic and MPC-based flux weakening control)
is covered in detail in the Authors’ other previously published
paper [26].

IV. SPEED CONTROL OF INDUCTION MOTOR
A. Conventional Sliding Mode Control

The sliding mode controller is a type of control with a
nonlinear structure. For this reason, its success in the control
of nonlinear systems such as induction motors is quite high.
Another advantage of this system is that it is less sensitive to
system parameters and external disturbances [70]. The aim of
the SMC process is to direct the controlled system on the sliding
surface and to keep this surface around the equilibrium point.
When the slip surface of a second order system given in Fig. 2
is examined, the relationship between the state variables and
dynamics of the sliding surface system is clearly seen. In Fig. 2,
it is understood that the control structure consists of two parts.
The first part is the approach phase from the starting point to
the slip surface. The other part is the slip surface where the
system moves to the equilibrium point. In order to work this
system successfully, two stages are required [70]. These stages
are to find the slip surface and design the controller that will
direct the system to the slip surface and keep it on this surface.
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The relationship between the state variables wyf(t) and w,.(t)
and the state dynamics in the sliding mode controller design for
induction motor speed control is determined as follows:

21 (t) = wrer () — wir (2)
X9 (t) = j?l (t) .

With the determined state dynamics, the slip surface (s(¢)) of
the system can be written as follows [71]:

(€]
(10)

s(t) =z () +Axy (t). (11)

Here, X is the slip surface coefficient. To make it easier for
the system to reach the sliding surface and reduce chattering,
the sliding surface can be rearranged as shown [72]

$ (t) = —esgn(s(t)) —ks(t).

Here, € and k are switching gain and exponential component
coefficient, respectively. € and k directly affect the controller
performance. If these values are chosen large enough, time to
reach the slip surface will be shortened and thus speed of the
controller will increase [71]. According to the induction motor
dynamic equations in (1)-(6), the following equation can be
written:

12)

& (t) = (T —T) /T - (13)

Using (9), (11), (12), and (13), the following equation is
obtained:

o (1) + 2 (e () — oy (1)) = —esgn (s () — ks (). (14)

Using (14) the torque reference can be written as follows:

J
T‘ref: 0

; [T2 () + Adrer (t) +esgn (s (b)) + ks (t)] + T;.

as)

1) Stability Analysis: The Lyapunov stability function has

been chosen so that the system dynamics can be stable. The
Lyapunov is as follows:

V()= % s2(t) >0 (16)
V (t)= s(t)5(t) <0. 17)

Using (11), (12) and (17) the following equation can be
obtained:

V (t)= —|s(t)|e — ks (t) <0. (18)

In (18), if k>0 and >0 are selected, the stability condition
is fulfilled.

B. Adaptive Terminal Sliding Mode Control

In the SMC method, € and k should be chosen large enough
for the control process to be fast, but in this case, the chattering
problem will arise. Therefore, both the dynamic response speed
and the chattering problem should be considered while designing
the controller. In this article, the adaptive terminal slip surface
access mode given below is suggested instead of the slip surface
access mode given in (12) in order to both accelerate the dynamic
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Fig. 3. Suggested adaptive terminal sliding mode controller block schema.

response of the controller and prevent the chattering problem

5 (t)=—esinh ™ (B |z (t)]) sgn (s () —kl|s (t)|* B> 0,a> 0.
19)
Although choosing ¢ and k large enough in conventional
access mode accelerates the dynamic response of the controller,
both the speed is not sufficient. The success of the SMC method
directly depends on the reaching law which determines the
speed and time at which the system reaches the sliding sur-
face. The speed of reaching the slip surface directly affects the
performance of the controller. Therefore, if the reaching law is
arranged so that the controller can reach the sliding surface faster,
both the performance of the controller will be increased and the
chattering problem will be reduced. Therefore, in this article, a
new ATSMC has been proposed to increase the speed of reaching
the slip surface. First, an inverse hyperbolic sine function is
adding to the constant rate term, which will accelerate the system
access to the slip surface and lessen chattering. As the dependent
variable in inverse hyperbolic sine function approaches zero,
the function approaches zero more quickly. In addition, the
exponential term has also been added as the upper force to
further increase the speed of the law of reaching. therefore,
fast reaching law ensure low chattering and good dynamics
reaction. Therefore, in the suggested ATSMC as seen in (19),
two new terms have been added, different from the conventional
SMC. One of the added terms is sinh (3|21 (¢)|). The value of
the inverse hyperbolic sine function will quickly approach zero
as the defined variable (z1(t)) approaches zero. This feature
provides a significant advantage to ATSMC for controlling the
speed. It will also reduce chattering. The other term added is
the power term added to the exponential term of the reaching
mode. With this exponential force, both the response speed of the
controller will be increased and the chattering will be minimized.
Using the proposed slip access mode and (9), (11), (12),
and (13) the new torque reference can be written as follows.
A detailed version of the proposed method is given in Fig. 3.

Trot = % [ () + Mirer () + esinh™ (B |z (t)]) sgn (s (1))

+k|s (£)|*] + Ti. (20)

V. SIMULATION RESULTS

The proposed ATSMC method simulation is carried out in
MATLAB platform. For this purpose, the control system block
diagram given in Fig. 1 is designed with MATLAB. The induc-
tion motor is modeled using (1)—(6). Table I gives specifications
of the used motor in both experimental and simulation study. In
simulation, the speed reference depicted in Fig. 4 has applied.
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TABLE I
PARAMETERS OF INDUCTION MOTOR

Parameter Value
P (kW) 1.1
Voltage (V) 380
Speed (rpm) 1430
R (Q) 7.7
Ls (H) 0.0617
R, (Q) 15.704
L, (H) 0.0617
R. (Q) 882.42
L, (H) 0.04963
P 2
J (kg m?) 0.00689
B (N-m-s/rad) 0.00689
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Fig. 4. Simulation results of induction motor speed. (a) Whole speed.
(b) Nominal speed. (c) Flux weakening region speed.

In Fig. 4, speed plots for the PI control, SMC, and ATSMC
speed control methods DTC drived induction motor drive are
demonstrated as a result of the simulation study.

In Fig. 4, the performance of the speed control methods (PI,
SMC, and ATSMC) both in the nominal speed region and in the

0.9,
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3
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Fig. 5. Flux variation in simulation.
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Fig. 6.  Simulation results for flux weakening region. (a) Torque. (b) Current.

flux weakening region is seen. As seen in Fig. 4(b), the amount
of overshoot and ripple for nominal speed is higher in the PI
control method. In addition, ompared with SMC and ATSMC,
the settle time to the nominal value of the motor speed is also
long. As can be seen in Fig. 4(b), the stated problems have been
quite resolved with SMC, but the chattering problem is seen in
the graphics. With the proposed ATSMC, both the problems in
the PI control have been eliminated and the chattering problem
has been reduced. As seen in Fig. 4(c), the ripple of speed for PI
control is high for flux weakening region because of MPC-based
flux control. Even as SMC minimizes this ripple, it is not enough.
With the proposed ATSMC, the ripple in speed is considerably
reduced.

In addition to the speed, motor flux, current, and torque
graphs show that the proposed ATSMC is effective in controlling
the motor. Figs. 5 and 6 make it evident that the fundamental
drawback of flux weakening control with MPC, excessive flux
and torque ripple, is present. The expected reduction in flux and
torque ripple has been achieved with the suggested ATSMC. The
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Fig. 8. Experimental results of induction motor speed for PI control.

amount of ripple in flux for PI, SMC and ATSMC is 0.0362,
0.0278, and 0.0274, respectively. Additionally, the amount of
ripple in torque for PI, SMC and ATSMC is 0.911, 0.513, and
0.215, respectively. As can be observed from the current plot, the
lowering of the current level further demonstrates the validity of
the suggested strategy. Besides, total harmonic distorsion (THD)
of stator phase a for PI, SMC, and ATSMC is 2.38, 1.797, and
1.75, respectively.

The suggested adaptive terminal sliding mode controller
block schema is given in Fig. 3, accompanied by the above
equations and explanations.

VI. EXPERIMENTAL RESULTS

To show success of the suggested ATSMC, the platform given
in the Fig. 7 has been established, in the flux weakening region of
the induction motor. Flux weakening control of DTC controlled
induction motor has been carried out with MPC. Table I gives
the specifications of the induction motor that has been used in
the control platform. DSP TMS320F28379D dual-core micro-
controller of Texas Instrument has been used for DTC, MPC-
based flux weakening and speed control methods (PI, SMC,
and ATSMC) used for induction motor control. All circuits
in the setup (inverter, dc bus filter, MOSFET driver, dead-time
circuit, current sensing circuit, etc.) have been designed and
implemented in the laboratory.

The setup shown in Fig. 7 has been designed in order to
assess the effectiveness of speed control techniques in the flux
weakening region using MPC-based control. The performance
of the induction motor for PI control in the rated speed and flux
weakening region is shown in Fig. 8. The motor flux plot during
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(a) Torque. (b) Current.

TABLE II
SPEED RESULTS FOR SPEED CONTROL METHODS

Parameter PI SMC ATSMC
Aw, 6.23 0 0
Awy 8.31 6.24 5.65

t 1.91 1.56 1.52
Aw s 5.44 4.05 2.62

the test process is shown in Fig. 9. The torque and current plots
obtained in the flux weakening region are shown in Fig. 10. Here,
especially in the current measurement results, there is noise
due to the sensors and circuitry used. The numerical data for
specified ripple in speed, steady state settling time and overshoot
are given in Table II. Numerical data for the specified ripple in
torque and flux and THD value for stator current are given in
Table III.

Fig. 11 displays the induction motor performance for SMC
control in the rated speed and flux weakening range. The motor
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TABLE III
PERFORMANCE COMPARISON FOR SPEED CONTROL METHODS

" Parameter  PI  SMC _____ ATSMC
THD,, 8.7172 6.84 6.17
AY, 0.0603 0.0513 0.0267
AT, 0.264 0.237 0215
300
250

f —Oret
W 2 3 —Dsme
0 2 4 6 8 10 12 14
time (s)
Fig. 11.  Experimental results of induction motor speed for SMC.
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Fig. 12.  Flux variation for SMC in experimental.

flux plot during the test process is seen in Fig. 12. Fig. 13 displays
the torque and current plots acquired in the flux weakening
region. The numerical data for the specified ripple in speed,
steady state settling time and overshoot are given in Table II.
The numerical data for specified ripple in torque and flux and
THD value for stator current are given in Table III.

The performance of the induction motor for ATSMC control
in the rated speed and flux weakening region is shown in Fig. 14.
The motor flux plot during the test process is shown in Fig. 15.
The torque and current plots obtained in flux weakening region
are shown in Fig. 16. Table II provides the numeric data for
specified overshoot, steady state settling time, and speed ripple.
The numerical data for the specified ripple in torque and flux
and THD value for stator current are given in Table III.

The numerical data for the specified ripple in speed, steady
state settling time and overshoot are given in Table II for simu-
lation and experimental study. When Table II is examined, the
overshoot values (Aw,s) as a result of the PI control for both
simulation and experimental study is completely damped in the
SMC and ATSMC methods. At the same time, the steady-state
settling time (,) of the motor speed has been boosted with SMC.
With the proposed ATSMC method, the steady state settling time
is further reduced. When the data in Table II is examined, the

w
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Fig. 13. Experimental result in flux weakening for SMC. (a) Torque.
(b) Current.
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Fig. 14.  Experimental results of induction motor speed for ATSMC. (a) Whole
speed and nominal speed. (b) Flux weakening region speed.

amount of ripple in speed for both the nominal speed and the
flux weakening region (Aw,s and Awy,) is reduced by SMC.
With the proposed ATSMC, the ripple, especially in the flux
weakening region, has been considerably reduced compared
to both PI and SMC methods as a result of both simulation
and experimental study. When both the data in the tables and
the speed plots in Figs. 8, 11, and 14 are examined, better
convergence and less chattering are obtained with the new terms
added in the proposed ATSMC compared to SMC.

Parameter uncertainties may have an impact on the torque cal-
culation and algorithm output value at the time of the parameter
variation. However, the system can still monitor the reference
of the control signal and meet the need for system durability
since it possesses robust sliding-mode structural properties.
When Figs. 8, 11, and 14 are examined, the speed reference is
followed with higher accuracy, especially with ATSMC, despite
the parameter uncertainties. The data in Table II for both the
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rated speed and the flux weakening region support this. Param-
eter changes affect the calculation of reference values such as
torque in the control algorithm. When Figs. 10, 13, and 16 are
examined, the performance is lower with PI control and higher
with ATSMC control due to parameter changes. The findings
give significant support for the precision ATSMC control of
induction motor because they demonstrate that ATSMC con-
trol still exhibits high resilience in the presence of parameter
mismatch.

To more clearly demonstrate how well the suggested ATSMC
method performs, the numerical data for the specified ripple in
torque and flux and THD value for stator current are given in
Table III. The stator current THD value (THD ) is significantly
decreased using SMC and ATSMC, as given in Table III. Addi-
tionally, It is noticed that ripple in flux (AW ) and torque (AT,)
is high for MPC-based flux weakening control for PI control.
It has been demonstrated through simulation and experimental
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study that SMC reduces the level of flux and torque ripple.
When compared to PI and SMC approaches, the suggested
ATSMC significantly reduces ripple in both flux and torque.
Analyzing Tables II and III, and graphs reveals that, although
the problems of the PI control application have been resolved
using with SMC, a chattering problem has occurred with the
conventional SMC. It is clear that one inherited problem with
the SMC controller—the chattering phenomenon—has some
negative effects on the system’s performance. As can be seen
from both the tables and Figs. 12, 13, 15, and 16, chattering has
been significantly reduced with the proposed ATSMC.

VII. CONCLUSION

In this article, a new ATSMC method is suggested for speed
control of DTC controlled induction motor. The suggested
approach has been tested by simulation and experimental re-
sults. The induction motor has been operated at high speeds
using flux weakening control based on the MPC. In this article,
a new ATSMC has been suggested and used as a way to get
rid of issues such ripples in motor output parameters caused
on by MPC-based flux weakening control while also improving
speed control performance. According to both simulation and
experimental study results, besides the improvement of motor
control performance with conventional SMC, ripples in motor
speed, flux and torque have been reduced, but the chattering
problem occurred. The exponential term and constant rate term
of conventional SMC method are both modified and a new
ATSMC method has been suggested to both increase the speed
control efficiency and eliminate the chattering problem and for
a quick convergence. The suggested ATSMC has produced less
speed error, overshoot, and ripple in both the nominal speed and
flux weakening region, as well as shorter steady state settling
time, according to the speed plots produced as a consequence of
the study and the data in the tables. In addition to the improve-
ment in speed, the motor current THD value decreased, ripple in
flux and torque, which are the most significant drawbacks of the
flux weakening control with MPC based flux weakening control,
are significantly minimized.
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