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Abstract—The direct torque control (DTC) strategy for ac motors control seems to be particularly useful for these ASDs, 
due to its robustness and functional simplicity. Despite its simplicity, DTC is able to produce very fast torque and flux 
control and is robust with respect to motor parameters changes and to perturbations. However, in the steady-state operation, 
notable torque, flux, and current pulsations, and acoustical noise occur. Drives with SVM display excellent performance in 
terms of low torque ripple and quiet operation. A variable-structure solution (sliding-mode controller) for sensorless 
induction machine drives is proposed and tested. The control strategy combines VSC and DTC principles within a simple 
and robust high performance drive. In the steady state, the new drive operates with low torque, flux, and current ripple. 
During transient operation it displays good dynamic response and strong robustness with respect to speed and torque 
transients 
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I. INTRODUCTION 
 
Induction motors (IMs) became widely used in 
industrial applications due to their operational 
reliability, low cost and high power/size ratio. 
However, their mathematical model is highly 
nonlinear, coupled and multi-variable. Therefore, 
during last three decades several complicated, 
nonlinear control strategies have been proposed to 
ensure superb dynamics of the induction motor drive 
variables. These control methods are the most often a 
variety of two main control schemes: the Direct Field 
Oriented Control (DFOC) or the Direct Torque 
Control (DTC) methods [2].The classical approach of 
the DTC (with switching table) [3], despite excellent 
torque response, produces high torque oscillations 
together with acoustic noise. Therefore, there 
appeared solutions which combine the DTC methods 
with Space Vector Modulation (SVM) technique [4].  
 
Similarly, the classical Sliding-Mode DTC [5] 
produces a large chattering (oscillations in torque and 
flux) and acoustic noise, due to the sing function use. 
Consequently, there appeared few methods of the 
SM-DTC that incorporates the SVM [6],[7],[8]. 
 
Drives with SVM display excellent performance in 
terms of low torque ripple and quiet operation. The 
switching frequency results constant and the 
switching pattern can be further optimized 
[3].Attempts to combine the DTC with SVM has led 
to new schemes. A predictive, deadbeat direct torque 
control solution is proposed in [4]. Moderate torque 
ripple reduction reported in [5], by using discrete 
SVM with predefined time interval and extended 
switching tables. Linear proportional–integral (PI) 
torque and flux control using SVM is investigated in 
[6]; smooth operation was obtained in the steady  

 
state, but the robustness is low due to the linear 
control. Variable structure control (VSC) or sliding-
mode control is nonlinear, high-speed switching, 
feedback control strategy that provides an effective 
and robust approach for controlling nonlinear 
multivariable plants [7]. Since power converters for 
ac drives are, by their nature, switching devices, it is 
worth considering VSC as a solution for generating 
discontinuous control laws. In fact, the classical DTC 
is a VSC scheme, excellently designed to match the 
eight-state, discrete nature of the Voltage Source 
Inverter (VSI). Recently, several solutions that 
integrate the VSC and DTC principles within high 
performance drives have been proposed [7]–[12]. 
Sensorless control of ASD is achieved by extensive 
use of state observation techniques.  
 
Among other solutions, the sliding-mode observer 
(SMO) is an attractive choice for induction motor 
state estimation, due to its fast dynamics and strong 
robustness in face of disturbances, parameter 
deviations and noise [8], [9]. Usually, the SMO for 
induction motor drives is realized as a speed adaptive 
observer, with discontinuous correction terms based 
on the current estimation error [10]–[12].  
 
However, errors in the estimated speed affect the flux 
estimation and degrade the estimation accuracy. A 
current model based sliding observer, proposed in 
[11], avoids the speed adaptation and the problems 
related to it. Recognizing the VSC merits and the 
advantages of using the SVM, this paper presents a 
VSC-DTC solution for sensorless induction motor 
drives. Direct torque and flux control is achieved by 
means of VSC. The DTC transient merits and its 
robustness are preserved and the steady-state 
behaviour much improved.  
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II. DIRECT TORQUE CONTROL PRINCIPLES 
 
The DTC for ac drives is a strategy exclusively based 
on stator voltage control. The consecutive voltage 
vectors applied to the motor are directly selected on 
the basis of torque and flux errors. In this way, fast 
response and robust torque and flux control are 
obtained, without intermediate current control. The 
classic DTC uses bang-bang torque and flux 
controllers, without decoupling [1]. A simple 
switching logic (switching table) employs the output 
signals of these controllers to select the most 
appropriate voltage vector, i.e., the one which rapidly 
reduces the torque and flux errors. Due to the fact that 
the voltage vector is maintained for the whole 
duration of the control period, the classic approach 
causes large torque, flux and current ripple, 
accompanied by acoustical noise.  
 
The switching frequency of the power devices is 
variable and uncontrollable. One way to decrease the 
ripple is to significantly shorten the duration of the 
control period. This requires powerful/expensive 
digital signal processors (DSPs), and the switching 
frequency remains variable. Another approach is to 
increase the control resolution. The torque ripple was 
reduced, in [5], when the control period was divided 
into three subintervals and a sequence of three 
voltage vectors was applied in this time. This 
refinement can be further continued, the control 
resolution will continue to increase and the ripple will 
decrease. At the limit, a linear space results. 
Asymptotical, ripple-free behaviour was realized with 
linear torque and flux controllers and SVM, in [6]. 
Torque generation in induction motors is governed by 
 
          푇 = 푝 휓 휓 sin휃                    (1)                     
 

where 푇  is the developed torque,  휓  and  휓  are the 
stator and rotor flux magnitudes, 휃 is the angle between 
the stator and  rotor flux vectors  and 휓 , 푝  is the 
number of pole pairs,  퐿 = 퐿 퐿 − 퐿  and 퐿  
, 퐿  and 퐿  are the stator, rotor, and magnetizing 
inductances, respectively. As long as the flux 
magnitude is constant, changing the angle  휃  will 
control the torque. Accelerating the stator flux vector, 
with respect to the rotor flux, will increase the torque, 
and decelerating the same vector will decrease the 
torque. Stator flux and torque control can be achieved 
by taking into account the IM stator equation in stator 
flux reference frame 

 
     푢 = 푅 푖 + 휓 + 푗휔 휓                          (2)                                                

                                                                                                         
Where 푢  and 푖  are the stator voltage and current, 푅  
is the stator resistance, and 휔 is the stator flux 
angular speed. The direct and quadrature components 
of (2) are 

               푢 = 푅 푢 + 휓    
                                   
         푢 = 푅 푖 +휔 휓푠                             (3)                                                 
Equation (3) indicates that the direct component of 
the stator voltage 푢푠푑 , can be employed for flux 
control. Under the assumed orientation, the developed 
torque is 
 
                     푇 = 1.5푝휓 푖푠푞                                  (4)                                                                    
Taking into account (4), the torque becomes 
                                    
            푇 = 휓 푢 −휔  휓                      (5) 
                                                                                                                             
This last equation indicates that the quadrature 
component of the voltage 푢  can be employed for 
torque control. 
 
III. VARIABLE STRUCTURE CONTROLLED 
DTC 
 

 
Fig.1 SMC-DTC scheme 

 

 
Fig.2 Block diagram of SMC-DTC 

 
 Block diagram of the variable-structure direct torque 
controlled drive (VSC-DTC) under consideration is 
shown in Fig. 1.The drive operates with constant 
rotor flux and the control quantities are the stator flux 
magnitude 휓푠 , the motor torque 푇  , and the rotor 
speed 휔  it is possible to open the speed control loop 
and to operate the drive with torque and flux control 
only. The speed controller is of the PI type.  
        The main task of the variable structure 
controller, shown in Fig. 2, is to achieve fast and 
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reliable torque and flux control. For this purpose, two 
sliding-mode-plus-PI controllers in estimated stator 
flux reference frame have been designed. A reference 
stator voltage, 푢∗ = 푢∗ + 푗푢∗  ,is obtained at the 
output of the VSC, where 푢∗    is generated by the 
flux control law and 푢∗  by the torque  control law. 
The control law is of the “Relays with constant gains” 
type, 
 
    푢∗ = 퐾 + 퐾 sgn푆  
 
        푢∗ = 퐾 + 퐾 sgn푆 +휔 휓                         
(6)                      
 
Where s= d/dt, 푠푔푛 is the signum function 퐾 , 퐾  
,  퐾  , and 퐾  are the PI controller gains, 푆 = 
푆 + 푗푆   is the sliding surface, and "Λ " superscript 
stands for estimated quantities.  
 
In order to accelerate the voltage response during 
speed transients, the torque control law contains a 
feed forward compensation for the dynamic 
electromotive force (EMF). The PI controllers help to 
reduce the chattering associated with VSC and define 
the system’s behaviour when it is not in the sliding 
mode(during the reaching phase). The sliding surface 
푆 is designed so as to enforce sliding-mode operation 
with first-order dynamics, 
 
 푆 =  푆 + 푗푆 = 푒 + 푐 푠푒 + 푗(푒 + 푐 푠푒 )               
(7) 
 
Where 푒 = 휓∗ −휓  and 푒 = 푇  

∗   − 푇   are the 
flux and torque control errors, 푐  and 푐 , are design 
constants. 
 
       In the sliding mode, the control law restrict the 
system state onto the surface  푆 , and its behaviour is 
exclusively governed by 푆 = 0 [8]. First-order linear 
torque and flux error dynamics result from (7) as 
  

푐
푑
푑푡 푒 = 푒   

and 
                푐 푒 = 푒                            (8) 
 
Design constants 푐  ,and  푐  are selected so as to 
impose the desired dynamics on the control errors. 
When the system is not in the sliding mode, assuming 
accurate state estimation and ideal inverter (푢 = 푢∗), 
the torque behaviour results from (6) and (8) as 
 
                    푇 = 푘 푘 푆푔푛(푆 ) +
퐾 푣 )                   (9)  
where 푘 = 1.5푝휓푠/푅푠 and 푣  is the integral of the 
discontinuous control 푆푔푛(푆 ).  
 

        Hence, the torque has two components: a 
discontinuous one controlled by  퐾  , and a linear 
slow-motion controlled by  퐾  . A large  퐾   value 
accelerates the torque response during transients, but 
increases the chattering in the steady state. A large 
퐾  makes the quasi-linear behaviour dominant. 
Adequate balance between quasi-linear, PI specific 
behaviour, and switching, DTC specific behaviour 
has to be found by proper gain selection. In this way, 
the torque ripple can be significantly reduced, while 
The transient operation and the robustness are not 
much compromised. The flux dynamic behaviour is 
obtained from (3) and (7), by neglecting the resistive 
voltage drop, as 
  
           

   휓푠 = 퐾 sgn푆 + 퐾 푣                    (10) 
 
where 푣   is the integral of sgn푆 . As for the torque 
control,         퐾  controls the discontinuous 
component and 퐾   controls the slow motion 
component of the flux dynamics. The adequate 
equilibrium between fast response and low ripple 
behaviour can be obtained by finding the proper 
balance of these gains. An important aspect is the 
robustness with respect to parameter deviations and 
perturbations. The sliding-mode design procedure [7] 
requires the VSC gains to be large enough to 
compensate for model uncertainties, perturbations, 
and to assure the stability. It can be proved that large 
enough values for the proportional gains,  퐾  
and퐾   , satisfy the stability condition  푆 < 0 . 
Also, the proportional gains have to be able to 
compensate for the lack of decoupling in the torque 
and flux control laws.  
 
IV. DTC AND SMC- DTC SIMULINK 
IMPLEMENTATION 
  
The SIMULINK model of classical DTC consists of 
following blocks as per the principles of DTC 
discussed in previous sections 
 

 
Fig.3 Simulink model of Classical DTC 
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Fig.4 Simulink model of SMC –DTC 
 
V. DTC & SMC-DTC SIMULATION RESULTS 
 
The Induction motors considered for the simulation 
have following parameters, 
Rated power PN = 1.1 kW 
Rated frequency f = 50 Hz 
Rated voltage UN = 380 V 
Stator resistance Rs=4.45 ohms 
Rotor resistance Rr=5.46 ohms 
Stator inductance Ls=0.492H 
Rotor inductance Lr=0.492H 
Mutual inductance Lm=0.475H 
Number of poles P=4 
Inertia, J =0.01 kg-m2 

Sampling time Ts= 20 microsecond 

 

 
Fig .5  Plots for PI controller DTC & SMC-DTC 
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Fig.7 plots of torque vs time for PI-DTC & SMC-DTC 

 
CONCLUSION 
 
A complete variable-structure solution (sliding-mode 
controller and observer) for sensorless induction 
machine drives was proposed and tested. The control 
strategy combines VSC and DTC principles within a 
simple and robust high performance drive. In the 
steady state, the new drive operates with low torque, 
flux, and current ripple. During transient operation it 
displays good dynamic response and strong 
robustness with respect to speed and torque 
transients. 
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