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Abstract

The work carried out in this paper proposes an improvement of the direct torque control (DTC) of induction machine by the design of 

modern, robust and more efficient controllers than the conventional PI controllers commonly used for speed control. A comparative 

study has been carried out using five controllers, i.e. PI anti-windup, first-order sliding mode control (SMC), second order sliding 

mode control (SOSMC), fuzzy logic controller (Fuzzy-PI) and hybrid Fuzzy second-order sliding mode controller (FSOSMC). An advanced 

optimization technique based on the particle swarm optimization (PSO) algorithm has been utilized to optimize all of these controllers, 

the use of PSO for the determination of the different gains used in all controllers gives on the one hand a high accuracy performance 

and ensures on the other hand a reliable comparison between the different controllers in their optimal states. The simulation and 

analysis of each method with respect to robustness to disturbances was performed externally under various operating conditions and 

variations of the machine parameters.
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1 Introduction
The DTC, or direct torque control, is the most efficient 
control technique for induction motors. It has many ad- 
vantages [1, 2]. However, it offers above all exceptional 
dynamic performance in open loop to say without resort-
ing to a speed or position sensor on the motor shaft, so it 
seems to be particularly advantageous for most standard 
industrial applications, however, for complex and very 
sensitive applications, essentially those with speed preci-
sion requirements, it will be catered by using a sensor and 
thus implementing a closed loop control. The performance 
of the closed loop control translates into excellent dynamic 
performance, particularly in terms of reaction speed of the 
drive when applying a torque step corresponding to the 
nominal value, a dynamic speed precision; this depends 
on the controller used and the gain setting of that control-
ler. On the other side, the use of PI controller for speed 
control has many disadvantages: indeed, these controllers 

are linear and cannot control nonlinear systems with vari-
able parameters [3, 4].

Moreover, when the controlled part is subject to strong 
non-linearity and temporal variations, it is necessary to 
design control algorithms that ensure the robustness of the 
control strategy against the variations of the model uncer-
tainty parameters [5].

Recently, artificial intelligence and nonlinear tech-
niques such as fuzzy logic and controllers based on 
high-order sliding mode theory have received increasing 
attention in solving complex and practical problems; they 
are widely applied in the electrical machine domain [6–8].

By solving the problem of sensitivity to internal para-
metric variations of the machine and external perturba-
tions, this work aims at enhancing the robustness and 
stability of the DTC control algorithm by replacing con-
ventional linear PI controllers with modern controllers, 
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including PI anti-Windup, first-order and second-order 
sliding mode based on super-twisting algorithm (SMC and 
SOSMC), Fuzzy-PI and hybrid Fuzzy second-order slid-
ing mode controllers (FSOSMC) [9, 10].

The determination of the different gains in the different 
controllers used is often a difficult and complex process 
that requires a lot of calculations, moreover these calcula-
tions often lack accuracy, and sometimes researchers are 
forced to use the trial and error method to determine or 
modify them [11, 12], so to avoid such problems we have 
used in this paper the PSO technique in order to achieve 
two important goals, the first is to ensure an optimal set-
ting of the gains of the speed controllers, while the second 
one is to put all the controllers in a situation of equal and 
fair comparison.

The efficiency of different control techniques will be 
examined by simulation using Matlab/Similunk software.

In this paper, a detailed analysis and comparative 
simulation study between DTC-PI Anti-Windup, DTC-
SMC, DTC-SOSMC, DTC-Fuzzy and DTC-FSOSMC 
is performed.

The study is carried out mainly for electric vehicle (EV) 
applications, unmanned aerial vehicles, robotics and all 
applications requiring accurate and fast speed response, 
especially in areas exposed to severe climatic conditions 
such as extreme heat or cold. With this study, manufactur-
ers have a wide range of options to choose a controller that 
is suitable for their industrial needs.

Finally, to prove the feasibility and performance of these 
approaches, simulations and a comparison are presented 
to demonstrate the contribution of these approaches.

2 Modeling of induction machine
In the synchronous (d-q) reference frame rotating at ωs 
speed, the model of induction motor is given by Eq. (1) 
and Eq. (2):
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where Lm is the cyclic mutual inductance between stator 
and rotor.

The electromagnetic torque of the motor can be ex- 
pressed by Eq. (3):

T p i ie ds qs qs ds� �� �� � ,  (3)

and mechanical equation by Eq. (4):

J d
dt

T T fe r r
�

�� � � . (4)

3 Direct torque control of induction motor
Direct torque control is a research strategy for the speed 
control of the induction motor fed by a variable frequency 
converter. It controls the torque on the basis of maintain-
ing the invariant flux value by choosing the voltage space 
vector [13–15].

In its basic principle, direct torque control is a method 
based on switching tables with torque and stator flux hys-
teresis. With this method, the number of inverter switching 
operations is minimised, the stator torque/flux are decou-
pled, the inverter is controlled without a PWM generator, 
the open-loop parameters are estimated in the stator refer-
ence frame and the control is provided without mechanical 
sensors. The basic DTC scheme is shown in Fig. 1.

The expressions of the stator voltages allow us to calcu-
late, in real time and at any time, the flux and torque mag-
nitudes, using Eqs. (5) and (6).
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Hence, the stator flux module is written (Eq. (6)):
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The angle θs is given by (Eq. (7)):
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The error between the estimated and reference torques 
represents the input of a three level hysteresis comparator.

The purpose of the DTC for IM is to keep the stator 
flux and electromagnetic torque within the flux and torque 
hysteresis bands by correctly selecting the voltage vectors 
for the stator space during each sampling period (Fig. 2). 
The voltage vectors are selected according to the stator 
flux and torque errors [14, 15].

4 Controller's designs
4.1 PI anti-windup controller
Conventional PI controllers have an undesirable influence 
on the system response during a parametric variation [16]; 
moreover the setting of PI controllers does not generally 
take into account the physical limitations of the system 
such as the maximum current and voltage. For these rea-
sons and in order to improve the dynamic responses of the 
machine in closed loop, we use a PI anti-windup control-
ler [17] illustrated in Fig. 3. A PI anti-windup controller 
consists in taking into account the saturation a posteriori, 
to avoid or minimize the effect of the windup phenome-
non in the integral actions of the PI, and to preserve the 
stability and the performances of the looped system, this 
controller makes it possible to improve the performances 
of the speed control by cancelling the saturation phenome-
non caused by the saturation of the integrator [18].

4.2 First order sliding mode control (SMC)
Conventional PI controllers have two major drawbacks: 
sensitivity to variations in motor parameters and complex-
ity of calculations. These control laws may be insufficient, 
especially when the requirements on accuracy, speed and 
other dynamic characteristics of the system are strict.

For this reason, it is necessary to use control laws that 
are insensitive to parameter variations, disturbances and 
non-linearity, such as the adaptive or absolute stability meth-
ods, but also the sliding mode technique. The latter is part 
of the theory of systems with variable structure [19, 20]. 
The expression of the control law is given by (Eq. (8)):

u u ueq n� � .  (8)

Considering the state system (Eq. (9)):

x A x B x u� � � � � � .  (9)

In this study, we choose the error between the measured 
speed and the IM reference speed as the sliding mode sur-
face S.

Ṡ = 0 is a necessary condition for the state trajectory to 
remain on the switching surface and the equivalent control 
is obtained by recognising that S = 0 [21].

Fig. 1 Direct torque control (DTC) scheme for induction motor

Fig. 2 Rotation of stator flux linkage vector by voltage vector Fig. 3 PI anti-windup controller
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The derivative of the sliding surface is given by (Eq. (10)):
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Replacing Eq. (9) and Eq. (10) with Eq. (8) gives the 
equivalent command ueq:
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The equivalent control is defined during the slip phase 
and the steady state:
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Equation (13) shows that the existence of an inverse 
matrix is necessary, which means the following condition:

�
�
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x
B x 0.  (14)

By replacing Eq. (13) in Eq. (11), the new sliding sur-
face expression becomes:
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x
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�
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� � .  (15)

The discontinuous control un is determined during the 
convergence state and must guarantee the finite time con-
vergence condition S ∙ Ṡ < 0 which is given by (Eq. (16)):
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To satisfy this condition, the sign of one must be the 

opposite of the sign of S
s
x
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The discontinuous control is defined as a switching term 
formed by the sign of the relay function (S) multiplied by 
a constant coefficient K, the relay function is defined by:
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According to the sliding mode theory we can write:

T T Te eeq en� � ,  (20)

with the equivalent control:

T f Teeq r r� �� ,  (21)

and the discontinuous part:

T k Sen � � �� �sign .  (22)

4.3 Second order sliding mode control (SOSMC)
The objective of this part is to generate a second-order 
sliding mode on a surface S by annulations of S and Ṡ, 
(S = Ṡ = 0), it signifies that the system converges to zero at 
the intersection of S and Ṡ in the state space [21].

The reference torque generated by the second-order 
sliding mode controller is given by (Eq. (23)) [22]:

T T ue ref eeq ST_
.� �  (23)

The command law of the Super-Twisting algorithm is 
formed of two parts. The first V1 is defined by its derivative 
with respect to time, while the second V2 is continuous and 
according to the sliding variable (Eqs. (24) and (25)) [23, 24]:
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Finally, the following conditions are given to ensure the 
convergence of slippery varieties:
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4.4 Fuzzy-PI controller
In order to improve the performance of the DTC_IM we pro-
pose to use a fuzzy speed controller shown in Figs. 4 and 5.

The proposed controller is a hybrid controller with 
a fuzzy proportional-integral controller. The inputs of the 
fuzzy controller are the error and the error variation.

e � �� �*  (27)

The proportional gain Ke makes fast corrections when 
a sudden change occurs at the input e. To eliminate the 
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stationary error, an integral action is required, which is 
why a PI is included in the controller [25, 26].

4.5 Hybrid fuzzy second order sliding mode control 
(FSOSMC)
In Section 4.5 we have thought of combining two already 
realized techniques (SOSMC and fuzzy controller) in order 
to obtain a hybrid controller that would combine the preci-
sion and speed of the fuzzy control with the simple and effi-
cient structure of the second order sliding controller. This 
combination aims at keeping the robustness characteristics 
of the sliding controller while eliminating the undesirable 
effects probably caused by the existence of the sign function 
used in the SOSMC controller, replacing the sign function 
of the sliding controller by a fuzzy inference system [27]:

u S
1
� � � �� fuzzy � ,  (28)

u S S
2
� � � �� �

� �fuzzy .  (29)

5 Particle swarm optimization
The selection of the appropriate values for the gains of 
each controller structure is often done by a hard trials-er-
rors procedure. This tuning problem becomes difficult and 
delicate without a systematic design method.

In Section 5, the gains tuning problem, for all used con-
trollers, is formulated as a constrained optimization problem 
which is solved by using the proposed PSO approach [28, 
29]. The advantage of PSO over many other optimization 
algorithms is its relative simplicity and its characteristic of 
stable convergence with good computational efficiency.

At iteration k, a particle i in the swarm is characterized 
by [30]:

1. Position vector in a search space of D dimension:
x x x xi
k

i
k

i
k

iD
k� � �1 2

, , ..., .  (30)

2. Speed vector (velocity):
v v v vi
k

i
k

i
k

iD
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1 2
, , ..., .  (31)

3. The position of the best solution through which it 
passed:


Pbest pbest pbest pbesti
k

i
k

i
k

iD
k� � �

1 2
, , ..., .  (32)

4. The position of the best-known solution in its neigh-
borhood: gbest k.

5. The best position reached by the particles of the 
swarm is noted:


Gbest gbest gbest gbestD� � �1 2
, , ..., .  (33)

6. The fitness of its best solution: fitpbesti
k .

7. The fitness of the best-known solution of its neigh-
borhood: fitgbest k.

At the start of the algorithm, the particles of the swarm 
are initialized at random/regular in the search space of the 
problem. At iteration t + 1, the velocity vector and position 
vector are calculated from Eq. (30) and Eq. (31), respec-
tively [31, 32]:

v v C rand pbest xi
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i
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1 1
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Previous velocity Cognitive c

�
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x x vi
k

i
k

i
k� �� �1 1
,  (35)

where:
• ω, C1, C2 ≥ 0;
• ω: is the inertia weight factor;
• C1 and C2: are the acceleration coefficients;
• rand1 and rand2 are two random numbers drawn uni-

formly in [0, 1], at each iteration k.

Once the particles have been moved, the new positions 
are evaluated and the two vectors 



Pbesti  and 


Gbest  are 
updated, at iteration k + 1, according to the two equations 
Eq. (32) and Eq. (33) respectively. This procedure is pre-
sented in Algorithm 1, where N is the number of particles 
in the swarm.

6 Simulation results and discussions
Simulation work has been performed to evaluate the per-
formance of the proposed approaches applied to induction 
motor drives, the parameters are cited and presented in the 
Appendix. So, to illustrate the performance of the direct 
torque control of IM we replaced the classical PI speed 

Fig. 4 General fuzzy controller structure

Fig. 5 Structure of fuzzy proportional-integral controller
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controller with five different controllers based on differ-
ent techniques namely PI anti-windup, SMC, SOSMC, 
Fuzzy-PI and FSOSMC. A comparative study of the dif-
ferent controllers developed for the external speed loop of 
the DTC induction motor will be important to know which 
one gave better results. We consider two situations (see in 
Sections 6.1 and 6.2).

6.1 Situation 1: Step change in torque
Figs. 6 and 7 represents the waveforms of the improved 
speed and torque control performance.

The overall trends reflect the good dynamics of the con-
trol, a zoom on the speed drop due to the load clearly shows 
that the FSOSMC controller has better performances 

compared to the other controllers, the speed drop is min-
imal for the SMC, Fuzzy-PI and FSOSMC controllers but 
with faster rejection of the latter, with less torque ripple.

Table 1 gives an overview of the control dynamics with 
a comparative analysis of control systems with different 
speed controllers. It can be said that the Fuzzy-PI and 
FSOSMC controllers give the best dynamic performance 
with less torque ripple.

For the stator currents an FFT analysis of the stator cur-
rent indicates a higher level of harmonics with the SMC 
controller, (Fig. 8(b)), the THD (total harmonic distortion) 
values show that the current with the FSOSMC controller 
is smoother compared to the other cases while the fuzzy 
controller has the closest THD which means the efficiency 
of this controller These results confirm the study carried 
out in references [33–35].

The main reason for the torque (current) ripple in 
the conventional DTC is that the selected voltage vec-
tor applies for the complete switching period, regardless 
of the magnitude of the torque error, resulting in a wide 
torque hysteresis band. A better drive performance can be 
achieved by varying the duration of applying the selected 
voltage vector during each switching period, according to 
the magnitude of the torque error and the position of the 
stator flux, which will result in a small torque hysteresis 
band and hence less torque ripple (current) and therefore 
a reduction of the THD of the stator current.

Table 2 approves the previous results using the most 
used performance indices in articles, academic journals 
and simulation studies:

• Integral Squared Error (ISE): ISE � � e dt2
;

• Integral Absolute Error (IAE): IAE � � e dt;
• Integral Time – weighted Absolute Error (ITAE):
ITAE � � t e dt.

6.2 Situation 2: Stator resistance variations
In the DTC, the stator flux linkage was estimated by 
Eq. (5). But some problems occur when the IM is oper-
ated at very low speeds. Indeed, if the motor stator resis-
tance will be different from that used in flux estimator, the 
inverter may be unstable at low speeds with a high load.

The stator resistance can vary from about 1.5 to 1.7 times 
its nominal value. The control system becomes unstable 
if the value of this resistance used in the control is different 
from that of the machine.

Two possible cases:
1. The actual resistance is higher than the one used in 

the control due to the increase in temperature of the 
machine.

Algorithm 1 Particle swarm optimization algorithm (PSO)

1. Start

2. Randomly initialize N particles: position and velocity

3. Evaluate the positions of the particles

4. For each particle i, 

5. Calculate             according to Eq. (33)

6. As long as the stopping criterion is not satisfied, do the 
following:

7. Move the particles according to Eq. (30) and Eq. (31)

8. Evaluate the positions of the particles

9. Update,             and             according to Eq. (32) and Eq. (33)

10. End



Pbest xi i=


Gbest



Pbesti


Gbest

Fig. 6 Speed regulation obtained by the five control strategies. with 
applying load torque (Tr =25 N m) at 1 second

Fig. 7 Electromagnetic torque obtained by the five control strategies. 
with applying load torque (Tr = 25 N m) at 1 second
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Table 1 Comparative study between five control strategies

Speed setting 
time (seconds)

Speed drop due to the 
load torque (rad/s)

Ripple flux (value max –
value min) (Wb)

Torque ripple (value max – 
value min) (N m) THD (%)

DTC_PI anti-windup 0.1570 156.7 0.0135 1.60 2.24

DTC_SMC 0.1770 156.6 0.0127 1.63 2.28

DTC_SOSMC 0.1747 156.6 0.0120 1.61 2.02

DTC_Fuzzy 0.1743 156.6 0.0114 1.05 1.92

DTC_FSOSMC 0.1744 156.6 0.0103 0.54 1.66

Fig. 8 Steady-state stator phase currents and harmonic spectrum at 157 rad/s and 25 N m; (a) DTC-PI Anti-Windup; (b) DTC-SMC; (c) DTC-SOSMC; 
(d) DTC-FUZZY; (e) DTC-FSOSMC

(a) (b)

(c) (d)

(e)
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2. The resistance may be lower than the rated value in 
a drive system in colder climates.

To study the performance of the different approaches 
and the influence of the stator resistance change, simu-
lation tests were performed. The stator resistance value 
was changed from 1.2 Ω to 1.8 Ω from 1 to 1.5 seconds, 
followed by a 50% decrease from its nominal value at 
1.5 seconds. The reference torque and reference flux were 
kept constant at 25 N m and 1 Wb, with a low reference 
speed of 25 rad/s. Figs. 9, 10, 11, 12 and 13 shows the sim-
ulation results for stator resistance change, where the flux 
estimator has the nominal value of stator resistance but the 
actual stator resistance increased by 50% of its nominal 
value then decrease by 50%.

For a PI controller the results show the influence of the 
stator resistance on the behavior of the machine for low 
speeds where the stator flux loses stability with the change 

of the resistance value this disturbance also influences the 
mechanical responses i.e. speed and torque, on the other 
side the system response for the other controllers is very 

Table 2 Comparison of performance index

IAE ISE ITAE

DTC_PI anti-windup 14.4 1587 0.8444

DTC_SMC 14.38 1589 0.8341

DTC_SOSMC 14.42 1589 0.8307

DTC_Fuzzy 14.44 1587 0.972

DTC_FSOSMC 14.42 1587 0.9357

Fig. 9 DTC-PI Anti-Windup comportment with rotor resistance 
variation (torque load Tr = 25 N m at t = 0.5 s, RS = 1.5 RS nominal 
at t = 1 s and RS = 0.5 RS nominal at t = 1.5 s); (a) Speed; (b) Torque

(a)

(b)

Fig. 10 DTC-SMC comportment with rotor resistance variation (torque 
load Tr = 25 N m at t = 0.5 s RS = 1.5 RS nominal at t = 1s and RS = 0.5 RS 

nominal at t = 1.5 s); (a) Speed. (b) Torque

(a)

(b)

Fig. 11 DTC-SOSMC comportment with rotor resistance variation 
(torque load Tr = 25 N m at t = 0.5 s, RS = 1.5 RS nominal at t = 1 s and 

RS = 0.5 RS nominal at t = 1.5 s); (a) Speed; (b) Torque

(a)

(b)
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satisfactory where the mechanical response of the machine 
is very smooth with greater stability without any undesir-
able influence. We find that the use of these controllers 
leads to a clear improvement of the dynamic response, 
with a remarkable superiority of FSOSMC, this controller 
has overcome the problem of low speed operation, in addi-
tion to the significant reduction of torque ripples.

7 Conclusion
In this paper, five modern structures of speed controllers 
optimized by a PSO algorithm associated with a DTC 
control of an induction machine has been discussed and 
analyzed. The objective is to improve the performance of 
the DTC, the aim of this improvement is to minimize the 
torque and flux ripples of the IM on the one hand and to 
ensure a smooth and fast speed response of the controller 
and a robust response against parameter variation and sat-
isfactory even at low speed on the other hand. A compar-
ative analysis is performed between PI anti-windup, first 
and second sliding mode, fuzzy and hybrid fuzzy second 

order sliding controller under different operating condi-
tions. The simulation results obtained show the contribu-
tion of each controller in improving the performance of 
the DTC, it is evident that the hybrid FSOSMC controller 
has better performance than other controllers with a sig-
nificant reduction in torque, flux and stator current ripples 
(THD = 1.66%) and improved robustness against param-
eter variation (stator resistance) and external perturba-
tions (load torque) which is confirmed by the results of 
Table 1. Torque accuracy and speed control are maintained 
at low speeds. Using an FSOSMC speed controller with 
DTC in areas exposed to severe weather conditions such 
as extreme heat or cold is a good solution for direct torque 
control efficiency as it is not affected by any parameter 
change of the machine. It can also be used in applications 
requiring precise and fast response.

It can be concluded that the techniques proposed in this 
work contribute to the realization of these goals and per-
formances, as well as great prospects for optimizing the 
DTC drive.

Fig. 12 DTC-Fuzzy comportment with rotor resistance variation 
(torque load Tr = 25 N m at t = 0.5 s, RS = 1.5 RS nominal at t = 1 s 

and RS = 0.5 RS nominal at t = 1.5 s); (a) Speed; (b) Torque

(a)

(b)
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(torque load Tr = 25 N m at t = 0.5 s, RS = 1.5 RS nominal at t = 1 s 
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Appendix

Table A1 Parameters of the induction motor

Stator resistance Rs = 1.2 Ω

Rotor resistance Rr = 1.8 Ω

Stator inductance Ls = 0.1554 H

Rotor inductance Lr = 0.1568 H

Mutual inductance Lm = 0.15 H

Viscous friction coefficient fr = 0.001 N m s rad−1

Machine inertia J = 0.0662 kg m²
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