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Induction motor (IM) direct torque control (DTC) is prone to a number of
weaknesses, including uncertainty, external disturbances, and non-linear
dynamics. Hysteresis controllers are used in the inner loops of this control
method, whereas traditional proportional-integral (PI) controllers are
used in the outer loop. A high-performance torque and speed system
is consequently needed to assure a stable and reliable command that
can tolerate such unsettled effects. This paper treats the design of a
robust sensorless twelve-sector DTC of a three-phase IM. The speed
controller is conceived based on high-order super-twisting sliding mode
control with integral action (iISTSMC). The goal is to decrease the flux,
torque, the current ripples that constitute the major conventional DTC
drawbacks. The phase current ripples have been effectively reduced from
76.92% to 45.30% with a difference of 31.62%. A robust adaptive flux
and speed observer-based fuzzy logic mechanism are inserted to get rid
of the mechanical sensor. Satisfactory results have been got through
simulations in MATLAB/Simulink under load disturbance. In comparison
to a conventional six-sector DTC, the suggested technique has a higher
performance and lower distortion rate.

This is an open access article under the CC-BY-SA license.

1. Introduction

The induction motor (IM) (also called an asynchronous motor) is the most used motor in the

industry. It is reliable, efficient, robust, and low-cost compared to other motors (DC-motors and
PMSMs) for analogous applications [1]. However, its precise control is complicated to achieve due
to its non-linear structure, its dynamics, and the variation of its internal parameters during its running
and it is subject to unrecognized disturbances such the load torque; furthermore, some of its states are
not reachable by a measurement [2].

During the last two decades, a very appreciable development towards the control of the induction
motor has been noted, such as the vector control by flux orientation [3], the non-linear control [4],
the control by sliding mode [5], the control by linearisation inputs/outputs [6] ...etc., as well as
DTC [7]. This last constituent is the research heart of this scientific paper.

DTC was formulated by Takahashi in the mid-1980s. It is established on a control sequence
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direct application to the inverter voltage switches positioned upstream of the induction motor [8].
This sequence choice is done by a switching table usage and 2 hysteresis regulators whose job is to
command the motor stator flux and electromagnetic torque [9].

This control quickly gave satisfaction, and its success made it more and more popular. It is a
subject of interest for many scientists and industrialists in the field of variable speed applications
such as electric traction (metro and high-speed trains 7GV), aerospace, or in certain electric car pro-
totypes [10]. However, experience has shown some weaknesses of this type of control such as the
performance at the variable switching frequency, the existence of torque pulsations, and the method
of obtaining the estimated flux in the DTC which is based on straight measurement of voltage and
current instantaneous values. This kind of estimator is sensitive to integration errors at low speed
and can lead to considerable estimation errors. Also, the closed-loop speed regulation in the DTC is
usually done by a simple PI controller [11]. Although these regulators are exceptionally successful
on the market, the fact remains that the determination of their parameters (Proportional and integral
gains) sometimes remains difficult when the controlled system is prone to exterior disturbances (they
are not equipped with a disturbance estimator) [12].

The first-order SMCs generalization yields higher-order SMCs. This method, which uses higher-
order derivatives rather than just a sliding surface first derivative to achieve exceptional durability
and minimized chattering, makes it practical for electric drives [13]. Notably for systems where the
command rule occurs in the sliding variable first derivative, the sliding mode super twisting control
(SMC-ST) method has lately gained a lot of interest [14].

The gathering of speed data is an essential part of DTC for controlling the induction motors
torque and speed. In order to generate the reference torque, speed is often monitored using mechanical
sensors and afterward fed back into the inner loops. Several methods have been developed to solve this
issue, inclosing open-loop estimators [15], full-order observers [16], reduced-order observers [17],
model reference adaptive systems [18], Kalman filters [19], and neural networks [20]. Mechanical
sensors experience tear and wear over time as they are continuously employed.

A technique known as the adaptive Luenberger observer (ALO) is an appealing performance-
enhancing option for sensorless schemes because of its prompt response time and dynamic robustness
versus noise, faulty parameters, and external disturbances. The use of adaptive observers (AOs)
for sensorless motor drive control has already been suggested in the literature. Considering these
limitations, it can be very difficult to increase the observers robustness by simultaneously calculating
the rotor flux, speed, and machine parameters. By carefully choosing the observer feedback matrix
gains, it is feasible to increase resilience even in the presence of parameter variation [21].

This research purpose is to enhance the operation of the DTC applied to the IM drive. We propose
a robust DTC strategy based on high-order sliding mode regulators with integral action (also called
super twisting), in order to command the switching table allowing the best choice of the vector voltage
sequence to be delivered to the machine while observing the torque and flux constraints [22]. The aim
of this command is to enhance the speed response and to decrease the ripple level. In the end, sliding
mode theory is more stable and resistant to disturbances than PI control, and its implementation in
software and hardware is very quite simple [23].

This research aims to enhance the classical DTC performance by substituting the PI controller
with a robust one. The suggested speed controller is obtained by analyzing the induction motor
equivalent model impact on the speed control:

* Planning a robust speed regulator based on the high-order sliding mode theory.
* Improving the sensorless operation by inserting a robust fuzzy adaptive observer.

This paper is structured as: Section 1 introduces the topic and the literature review. Section 2
details the induction motor mathematical model. Section 3 discusses the conventional and the sug-
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gested DTC fundamentals. Section 4 illustrates the suggested iSTSMC controller. Section 5 explains
the fuzzy adaptive observer. Section 6 presents the simulation environment and the discussion of the
results. At last, section 7 concludes the paper.

2. Induction Motor Mathematical Modeling

The induction motor state representation depends on the selected frame and the state variables
choice for the electrical equations. The state variables choice bases on the objectives, command task,
or observation. The following equation system describes the induction motor mathematical model:

)

X:A1X+BlU
Y =C1 X

The state vector is X=[Is, Is3 ®ro P,]", the input vector is U=[Vsq Vig]’, and the output vector is
Y=[Isq Isﬂ]t. The stator currents 4., 155 and the rotor fluxes ®,,, ®,3 are the state and the input
vectors components. The stator voltages Vi, and Vg constitute the output vector.

This choice of variable is justified on the one hand, by the fact that the stator currents are measur-
able and on the other side because the norm of the rotor flux must be commanded. All these quantities
are expressed on their stationary reference frame «-f3 to be easily manipulated by the DTC control

[24]. The control matrix is A1, the input matrix is By, and the output matrix is C'y. They are defined
as:

—a; 0 i—f as), b}J 0

0 —ap —ap® 2 | | 0 L | , [1000
A= M0 -+ -0 > Br= 0 0 =101 0 0

0 % Q, —% 0 0

2
with a1= b}zs +in, as= bL —b. p=1- L Te= R , and b is the Blondel’s coefficient. As the elec-

tromechanical power is:

M
Per, = po(‘I)mIsﬁ - q)r,BIsa)Qr (2)
T

By dividing P, by the mechanical speed 2., the electromagnetic torque can be then calculated
easily:

M
Tem = pf(q)ralsﬁ - (I)rﬁlsa) 3)
T
The rotor speed is described as:
ds}
dtr:Tem_Tl_fQ'r “4)

where J is the inertia of the motor, 7; is the torque of the load, and f is the coefficient of friction.
Fig. 1 demonstrates the induction motor matrix model.

n .
U} B O e I B
+
Induction
motor A b
model

Fig. 1. Induction motor state-space matrix model
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3. DTC Fundamentals

By choosing the best inverter switching states, DTC’s main goal is to directly and separately com-
mand the flux and the torque inside their hysteresis bounds. DTC offers outstanding torque command
operation, particularly in terms of a quick response, and does not need coordinate transformation,
current controllers, or PWM block [25].

3.1. Flux and Torque Estimation

Basing on the stator voltages and currents measurements, the torque and the flux can be estimated.
The flux can be formulated using the IM dynamics in the fixed reference:

t
o, = / (Vs — Rsl)dt )
0
as a result, the o-3 flux components are:

{ q)sa = fg(‘fsa - RsIsoc)dt

¢ (6)
D5 = [y (Vig — Rslsp)dt

Based on the stator flux components in the - reference, the flux module can be determined, which

may be theoretically defined as:
o, = \/ @ga + (I)gﬁ 7

The product difference between the stator current and the stator flux in different references can be
used to define the electromagnetic torque, as shown in the equation (8) below:

Tem = p(Is,B(I)sa - Isaq)sﬁ) (8)

3.2. Conventional DTC Switching Table

Errors caused by the discrepancy between reference and estimated values are inputs to the hystere-
sis comparators. The switching table’s input selection is in the meantime determined by the hysteresis
controllers outputs and flux locations. The appropriate switching state vector is then selected by the
selector. The classical DTC switching table is shown in Table 1.

Table 1. The conventional DTC switching table

A®, AT... S1 So S3 Sy Ss Se
1 110 010 011 001 101 100

1 0 111 000 111 000 111 000
-1 101 100 110 010 011 001

1 010 011 001 101 100 110

0 0 000 111 000 111 000 111
-1 001 101 100 110 010 011

Eight position vectors (Vi, Va, ..., V) are produced by this switching look-up table (S, S; S.), 2
of them are null (S, Sy S.)=(11 1) or (00 0).

3.3. Performance Improvement Basing on Twelve Sector Partition

The estimated torque and flux are compared to their references. The comparison results is the
hysteresis controllers inputs. The flux is regulated using a 3-level comparator, while the torque is
regulated using a 5-level comparator, as shown in Fig. 2.

The flux locus is divided into twelve sectors of 30° each. Two switching states per sector, V; and
Vi43, are not taken into account in the conventional six sector DTC. As a result, the torque control is
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not efficient at its best. A zone shifting considers the first sector from HT” to & rather than taking it
from 0 to 5. A new switching table can be then created. Additionally, this new partition contains 2
unused vectors per sector (‘71'+2 and ‘_/;-_1), which ambiguously affects the flux control as opposed to
the torque. So, a different method was created that, as shown in Fig. 3, divides the flux locus into 12
sectors instead of the conventional 6 sectors [26].

H.
Ho, e
A ! <
! +1 I L § ~
“« +1 —«¢ -
AT,
A J ”~ A em2
_ 1A% o] , Alomy ] | ,
I 5e - —mme —t—1. . _. -
Y A s - v A ATem1
- 'ﬂTemZ -
-1 ~ . — * - N '1 =
! E"]’s = {I}; - q}-‘-' v 2’ !ETEM = Tq:m - Tem
I \- I
>
Fig. 2. Torque and flux hysteresis controllers
i
V3(0.1,0) 2(110) sector 1
V;(1,0,0)
V,(0,1,1) R

V5(0,0,1) “ Ve(1,0,1)

Fig. 3. Voltage vector in 12 sectors partition

As consequence, each sector will use all 6 states and ambiguity in flux and torque command can
be avoided. The vector V; causes a significant increase in flux and a minor increase in torque in
the twelve DTC. In contrast, V5 causes a significant increase in torque and a negligible rise in flux.
Consequently, it is necessary now to define the variations of small and large torque [27]. This idea
results in a four-part division of the torque’s hysteresis band. Table 2 below offers then the twelve
sector switching table.

According to several research, adding more sectors marginally reduced high ripples and current
harmonics [28], [29], [30]. Space vector modulation (SVM) also offers well dynamics in the low
and high-speed range [31].

4. Integral Sliding Mode Super-Twisting Control

4.1. Principle

A novel strategy for enhancing integral sliding mode control (iISMC) operation, typically, for
rejecting disturbance and reducing chattering by fusing iSMC with super-twisting (ST) control, is
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Table 2. Twelve sector DTC — the suggested switching table

AP, AT S1 So Sz Sy S5 Se Sz Sz So S Sui Si2
2 Voo Vie Vaz Vir Vaz Vig Voy Vig Vas Voo Vo  Vis

1 Voo Vo Voo V3 Va3 Vi Vou Vs Vos Vo Vg Wi

1 0 Vo V7 ‘/1 4 Vo V7 V1 4 Vo V7 Vl 4 VO V? Vl 4
-1 Vae b Vi Voo Voo Voo Va Vag Vi Vou Vs Vas Vg

-2 Vae Vis Var Vie Vaa Vir Vag Vig Vau  Vig  Vas Voo

2 Vao Vir Vaz Vig Vag Vig Vas  Vag Vag Vis Vo Vig

1 Voo V3 Vaz Vi Vau Vs Vas Vo Vag Vi Vo V2

0 0 Vo Voo Vi W Voo Via W Voo Via W Voo Vi
-1 Vas Vo Vae Vi Var Voo Voo V3 Vog Vi Vay Vs

-2 Vas Vao Vag Vis Var Vie Vaa  Vir Vaz Vig Vag  Vig

2 Vie Vez Vig Vau Vig Vas Voo Vg Vis Var Vie Vaa

1 Vi Ve Vi Voo Vs Vas Vg Vag Vi Var Voo Vg

-1 0 Vo Voo Via W Ve Via W Voo Vg Vo V7 Via
-1 Vs Vas Vo Vag Vi Vo Voo Voo V3o Vaz  Vy Vi

-2 Vie Vas Voo Vag Vis Var Vie Vaa Viz Vaz  Vig Vo

suggested in this research. A new integral sliding mode super-twisting control (iISTSMC) law can be
created by combining the iSMC equivalent control part and the ST discontinuous control part [32],
[33]:

T;m = Temeq + TemST (9)

Basing on the iSMC theory, a new surface is chosen:

t
S(t) =e(t) — / ~ve(T)dr (10)
0
where Tep,,, 18 defined as:
{ TemST = J[—CMQ \(S(t))\szgn(S(t)) + Teml] (1 1)
Tem1 = —BQS’LQTL(S@))
whence, .
T e = =0/ SO sign(S(0) ~ o [ sign(S(r)ar) (12)
0
The two gains agq and g are determined as:
Ba > 5L
13
e "

where n designates the uncertain function ® lower and upper positive bands at the sliding manifold
second derivative, which in this instance is €2, and d; and §,, represent the uncertain function g
lower and upper positive bands, respectively.

n>=® and Sy = = Om (14)

Q= ®(x,t) + p(z, t)Tem (15)

7, 0pr and d,, are regarded as positive constants in this equation. As a result, the suggested control
law employing the sliding surface presented in (10) can be structured as follows:
f

Tonsr =I5 + [+ Q1) +ve(t)]+

t (16)
Jl—aa /(5@ [sign(S(t) — Bo /0 sign(S(r)dr)]
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4.2. Stability Analysis for Integral Super-twisting SMC

The Lyapunov-based stability of the suggested command law is thus covered in the next part. The
iISTSMC-based law should satisfy the Lyapunov stability. Here, the closed-loop system stability is
demonstrated using a common STC technique [34] [35]. A new space vector is also given as:

{ Zsr = (21.22)" = (\u/[SO)]sgn(S (1)), u1) i
iin = —Busgn(S(2))

A function of Lyapunov stability To demonstrate the suggested regulator stability, V;sr¢ is chosen:

1

Vist = §Z§TQZST (18)

@ is a positive matrix with the following definition:

Q= [ q11  q12 ] (19)

q21 422
The derivative of (18) can be expressed as follows:
Vist = 25rQ%sr < 0 (20)
A quadratic Lyapunov equation’s answer is as follows:
A'Q+QA=-P ey

where P=PT>0, A is Hurwitz given as:

A;:[ 50

O o=

Therefore, Vig7c in (20) can be represented as follows by applying the solution in (21) and replacing
zg7 into (19):

Vz‘ _ -1 t 1 A*O — QA2
{ STC 7|S(t)‘ZST[ Q — QA)zst 03

Viste = €min[~A'Q — QA A—Ql| Z4|| <0
Where |;(t)\ #0. By resolving the linear matrix inequality (LMI), the matrix A*Q+Q A can be made

to be negative:

A'Q+QA<0 (24)

The proposed control paradigm now possesses a stable state.

5. Adaptive Luenberger Observer
5.1. Principle

The Luenberger observer is generally described by the following state equation:

(25)

X =Aq X+ BiU + Li(Y - V)
Y =1 X

The purpose of this observer is to make the observed state converge toward its real value [36]. The
observer margin can be given as:

e=X-X (26)
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The observer error dynamics can also be defined as a function of the gain matrix L:
¢ =(Aq, — L1Ch)e 27)
The observer dynamics are given by the following characteristic equation:
det(sI — (Aq, — L1C1)) =0 (28)

The observer matrix L; gains are selected by the classical pole placement method. The common rule
is to select the observer poles 5 to 6 times quicker than those of the observed system.

5.2. Application to Induction Motor Flux and Speed Observation

The matrix AQT is an estimate of the matrix A, when the mechanical speed is a parameter to be
observed and L; denotes the matrix of the gains of the observer:

| A (2 -Q)) o[k LI _[ L
T Mo —(%—QTJ) T L W || Ly

In equation (25), the observed state variables are X= [}Afs o, ]t. The observer gain matrix is multi-

Agq

plied by the error vector €7, :Is-fs, where I, and fs are the real and observed stator current vectors
respectively. The observed mechanical speed is generated from an adaptation mechanism.

The observer gain matrix L; must provide stability and observational dynamics such that Aq, .-
L, is asymptotically stable. Thus, this matrix should be chosen such that all eigenvalues of Aq, -
L1 C have negative real parts.

To guarantee the entire speed range stability, the classic procedure consists in choosing the ob-
server poles proportional to the motor poles. Let’s define k, the unique adjustment proportionality
constant of generally small value (k>1) [37].

If the induction motor poles are given by pr,y, the observer poles pro are selected by the follow-
ing expression:
pLo =k X pru (29)

The open loop system characteristic equation det[pysI2-Ag, |=0 is defined as:

I M T
Pt (Mot~ = Qe )pi+(aly =y 1) (= 2.7)=0 (30)

r T Tr
The observer dynamics is specified in closed loop according to the next characteristic equation
det[pLon — (Aq, — LlCl)]=0:

I M I
Pio+ L+ Mo+ 2 = QuJ)pro + [z —a—D) = (L +aL)|(Z = 2.0) =0 (D)
T T T
By substituting (29) in (31) and by identifying k2x (30) and (31), the observer gain matrix coefficients

are:
h=(k-1)\+2)

~

b = —(k — 1)Q, "
= (k2 —1)(2 — M) 4 E=l(a 1 1) 32)
l4 = _(k;l)fzr

The adaptation mechanism is deduced from Lyapunov’s theorem. The observation margin on the
rotor flux and the stator current, that is none other than the margin between the observer and the
motor model, is expressed by:

€= (AQT - L101)€ - AAQT.'IA? (33)
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The state error matrix A Aq, is expressed by:

(34)

A 0 YAQ,J
Ada, = Aq, — Ag, = [ 0 ZAQ J }

The variation A Ag, becomes zero when 2, is measured. When it is not, it is assumed as an unknown
constant parameter where e=X-X=[es, 1, €0,,€0,,]" and AQ,=Q,-Q,.

5.3. Stability Analysis of Adaptive Luenberger Observer

Let Lyapunov’s candidate positive function be defined by:

AQ,)?
V=cle+ (A%,)° (35)
X
Its time derivative is: 5
V =¢éle +ete + ZAQQ, (36)
X

By replacing € by its expression given in (35), (36) becomes:
. ~ A 2 A
V = Et[(AQr — LlCl)t + (AQT — Llcl)]&? — 2u(€]saq)r5 — Ejsﬁ(I)mé)AQ,« + ;AQTQT (37)

With e, =T,0-Tsa et &g, 5=1 Sg-f s3- A sufficient condition to have an asymptotic stability is that it is
necessary to cancel the last two terms of (37) so that Vis negative, since the other terms of the second

member of this equation are always negative, the observer rotor speed adaptation law is then deduced
by:

t
Qr = X'u/ (5isa¢rﬁ - 5i55¢ra)dt (38)
0

Where x is given as a positive parameter. Nevertheless, this adaptation law has been applied for an
almost constant speed. To enhance the dynamics of observation of the speed, it is generally proposed
to use a PI regulator instead of a pure integrator [38], and (38) can be written as:

N A A A

t
Qr:Kp(slsaq)rﬁ — 6[56‘1)q~a) —l—Ki/ (E[SQ(I%/B — 5153(I)ra)dt 39)
0

With K, and K; are the PI regulator gains.

5.4. Fuzzy Logic Approach of Luenberger Observer

The rotational speed estimation techniques basing on the induction motor model have the disad-
vantage of dependence on the motor parameters which adds to the difficulties of adjusting the gains
of the adaptation mechanism. In this paragraph, a fuzzy adaptation mechanism will be proposed
to observe the induction motor rotational speed. Thus, the error £ will be adjusted using a fuzzy
controller (FLC) replacing the classic PI regulator. The error eq=¢y,,, @rg-e I.s Cﬁm and the variation
of the error Aeg=eq, -cq,_, are then regarded as the fuzzy controller input variables, whose fuzzy
output will give the estimated speed variation A= [39]. Fig. 4 shows the adaptation
mechanism fuzzy regulator structure.

The estimated input and output linguistic variablesfuzzification was reached by symmetric trian-
gular membership functions on a normalized speech universe on the interval [-1,+1] for each variable
as illustrated in Fig. 5 [40].

Furthermore, the inference rules utilized to establish the output variable as a function of the input
variables are gathered in Table 3 above.
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Table 3. The fuzzy mechanism inference matrix

Aeq,lea, NB NM NS 2z PS PM PB

PB Z rs PM PB PB PB PB
PM NS Z rPs PM PB PB PB
PS NM NS Z pPS PM PB PB
Z NB NM NS Z rPS PM PB
NS NB NB NM NS Z pPS PM
NM NB NB NB NM NS A PS
NB NB NB NB NB NM NS Z

Fuzzy du, du 1 Q,
controller

1—-2Z11

Fig. 4. The observer fuzzy mechanism block diagram

N is Negative, P is Positive, B is Big, M is Medium, S is Small, and Z is Zero. N B hence
means Negative Big. The triangular membership functions in fuzzy control drive to a good linguis-
tic classification which has positive effects on control and operational decisions. Fig. 6 shows the
suggested control schema.

T T T T
z P3 PM PB

0.8F

0.6

0.4r

0.2r

-1 -066 -0.33 0 0.33 0.66 1

Fig. 5. Membership functions of the observer fuzzy mechanism

6. Results and Discussion

6.1. Simulation Environment

A full comparison of the conventional DTC and the suggested 12-sector iSTSMC-DTC-based
fuzzy ALO is presented in this research paper. The simulation results have been got by the famous
simulation software MATLAB/Simulink. The rated parameters and power of the motor used in the
simulation are listed in Table 4.

The tests in Fig. 7 and Fig. 11 highlight the induction machine starting according to a ramp speed
of 100 rad/s. A load of 10 N.m is applied at £;=0.8s and removed at to=1.8s to prove the system’s
robustness.
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12 tor DTC Vac
-sector —
b + Vs Vso 1 WKy ik
s Anti sa | dq LEY a
_)®__) windup ]
D, v Sb >
Q. + Tem — Vs, s 5. & .
T}@—)iST.SMC—I@__ 3 wi:d'up > of >
Q,-J T A S b 1%
em 83 a C\r v dc
zone Voltage
measurement
selector
® oSS Vs,x,g 4 i
2 | Adaptive fuzzy |< Concordia Sabc |- 1 J
Luenberger transformation 14
observer Ty
— I-"'aﬁ \ L
Q -

Fig. 6. The suggested control schema

Induction
motor

Table 4. Parameters of the induction motor used in the simulation

Rated power 3 kW
Rated speed 1440 rpm
Pair pole 2
Frequency 50 Hz

Line voltage 220/380V
Phase current 125/72 A
Stator resistance 220

Rotor resistance 2.68 Q)
Stator inductance 0.229 H
Rotor inductance 0.229 H
Mutual inductance 0217 H
Moment of inertia 0.047 kg.m?>

Viscous friction coefficient  0.004 N.s.rad~!

6.2. Results Discussion

We can clearly see that both techniques have good dynamics when starting up. The applied load
disturbance does not assign the speed track a lot. The proposed iSTSMC-DTC in Fig. 7(b) maintains
a good speed response better than the classical DTC in Fig. 7(a). The proposed technique is more
robust, and the speed error in Fig. 7(d) is lower than that of the conventional technique in Fig. 7(c).

As mentioned before, a load of 10 N.m is applied at 0.8s and removed at 1.8s. The electromagnetic
torque waveform of the suggested technique in Fig. 7(f) is smoother than that of the conventional DTC
in Fig. 7(e), the smoothest the torque is, the lowest the THD is. This is well shown in Fig. 8(b) when
the proposed technique has a reduced ripple level (54.89%) compared to conventional DTC (88.72%)
in Fig. 8(a).

Both the basic DTC and the suggested iISTSMC-DTC show stable waveforms in their flux re-
sponses. The stator flux tracks perfectly its reference which is 1 Wb. Nevertheless, the basic DTC
in Fig. 7(g) shows a chopped stator flux waveform which indicates a high ripple level, while the pro-
posed DTC in Fig. 7(h) shows a smoother waveform. This is justified in Fig. 9(b) where the suggested
iSTSMC-DTC has a lower THD level (71.97%) compared to the basic DTC (119.73%) in Fig. 9(a).
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The basic DTC and the suggested iSTSMC-DTC show sinusoid waveforms in their stator current
response. The current magnitude increased instantly directly after the load application. However, the
basic DTC in Fig. 7(i) shows a chopped stator current waveform which indicates a high ripple level,
while the proposed DTC in Fig. 7(j) shows a smoother waveform. This is justified in Fig. 10(b) where
the suggested iISTSMC-DTC has a lower THD level (45.30%) compared to the conventional DTC
(76.92%) in Fig. 9(a).

The evolution of the flux, such as its circular trajectory and magnitude, may be observed also. Ac-
cording to flux magnitude, the ripples surpass the hysteresis bands, which might be seen in Fig. 7(m).
In addition, and because the zone changing, the flux takes initially a few steps before catching the
referenced flux magnitude in Fig. 7(k). Also, the flux components show a fair waveform but a high
ripple level. The suggested iSTSMC-DTC shows a decreased level of flux ripples, faster magnitude
tracking at the start-up, and better components waveform compared to the conventional DTC. This is
because the flux vector better zone selection in the suggested technique Fig. 7(1).

Highlights the sensorless control effectiveness show in Fig. 11. The speed margin between the
real and the observed speed in Fig. 11(a) does not exceed 0.25 rad/s Fig. 11(b). And the flux margin
between the observed and the real flux in Fig. 11(c) is very very little and does not exceed 16x107
Wb Fig. 11(d). The fuzzy adaptation mechanism in the adaptive Luenberger observer allows a perfect
tracking of the real quantities with less static error. The choice of seven membership functions in the
fuzzy algorithm allows a smooth choice of the suitable value to adjust the observed mechanical speed.
The fuzzy ALO described in this research is an extended observer, it observes four state parameters
and the mechanical speed. The four parameters are the motor state vector: I54, I3, 5o, and @4p5.

7. Conclusion

This research suggested a twelve-sector DTC based on high-order SMC for induction motor per-
formance improvement. The technique is built on the fundamental induction motor and two-level
inverter equations. The suggested control is designed by mixing the integral sliding mode control and
super-twisting algorithm, that not only solved the problem of chattering but also enhanced the global
system stability and robustness. The Lyapunov theorem has been used to mathematically examine
and demonstrate the system stability, and the twelve-sector iSTSMC-DTC command has been com-
pared with the classical six-sector PI-DTC under load disturbance. The superiority of the suggested
technique for disturbance rejection, overshoot, and load variations is shown by the simulation re-
sults. Besides, the suggested fuzzy ALO gave superior performance in closed-loop with the iSTSMC
regulator. Basing on the obtained results in this research, it is clear that the principal ameliorations
are:

 Elimination of natural chattering in basic SMC.

* The rotor speed quick response in the transient regime.

* The twelve-sector DTC based on iSTSMC with fuzzy ALO makes the system very accurate
and faster.
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