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 By using the direct torque control (DTC), robust response in ac drives can be 

produced. Ripples of currents, torque and flux are oberved in steady state. 

space vector modulation (SVM) applied in DTC and used for a sensorless 

induction motor (IM) with fuzzy sliding mode speed controller (FSMSC) is 

studied in this paper. This control can minimize the torque, flux,  

current and speed pulsations in steady state. To estimate the rotor speed and 

stator flux the model reference adaptive system (MRAS) is used that is 

designed from identified voltages and currents. The FSMSC is used to 

enhance the efficiency and the robustness of the presented system. The DTC 

transient advantage are maintained, while better quality steady-state 

performance is produced in sensorless implementation for a wide speed 

range. The drive system performances have been checked by using Matlab 

Simultaion, and successful results have been obtained. It is deduced that  

the proposed control system produces better results than the classical DTC. 

Keywords: 

Direct torque control 

Fuzzy sliding mode controller  

Induction motor 

Model reference adaptive 

system  

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

 

Corresponding Author: 

Ahmed Massoum,  

Faculty of Electrical Engineering, 

Djillali Liabe University,  

Sidi Bel Abbès, Algeria. 

Email: ahmassoum@yahoo.fr 

 

 

1. INTRODUCTION  

The asynchronous motor in the industrial applications has many advantages such as the robustness, 

its low cost, its performances and the maintenance simplicity. Power electronics and numerical control ensure 

today to consider the control of the variable speed. Applying the various technologies, the scientific 

developed different control approaches to overcome, in electrical machines, the flux and the torque.  

So, the situation has however changed dramatically with the advent of DTC [1] and speed sensorless 

control [2]. Since 1985, the DTC was completly used for induction motor. The torque and the flux have to be 

correctly estimated. A correct estimation of the torque and the flux enable DTC to develop fast torque and 

flux control [3]. After all, torque, flux, and current pulsations occur in steady state operation. They are 

reproduced in torque, flux and speed estimation.  

To overcome some of the desavantages of DTC, many techniques have been proposed [4, 5]. 

Among these solutions proposed: DTC with Space Vector Modulation (DTC-SVM) [6, 7]; DTC based on 

artificial intelligence techniques [8, 9]. The need for sensorless speed control of induction machines has 

become requiered. The mechanical speed sensor needs maintenance in many application which make  

the sensor intallation difficult. For these advantages, most industry admit that the succeding production of 

commercial drives will use any type of sensorless control. For speed-sensorless DTC-IM drives many system 

have been proposed, which use   stator currents and voltages measurements to estimate the mechanical speed. 
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When this mechanical sensor is removed from any studied system, it’s demontrated that, in hostile 

environnement, the maintenance is less troublesome. The MRAS-based speed estimators seem to be the best 

of the different improvements that have been suggested. The principle of  DTC, desides an estimate   

the mechanical speed estimation , the model reference adaptive system  allow the estimate of the stator flux 

that is used in DTC for the inducrion motor. For their simplicity and their proven stability, the MRAS-based 

estimators are preferred [10]. The speed classical controller used in DTC-SVM-IM presents performance 

when changing parameter and imperfect rejection once the load torque and perturbations are applied which 

needs the application of robust control. To give good better performances, a combination has been made 

between the sliding mode controller and the Fuzzy Logic to configurate the Fuzzy Sliding Mode Controller 

(FSMC) for sensorless speed drive.   

The DTC principle of the IM is described in the second section. The third section is devoted to  

the presentation of the DTC-SVM. Section four is dedicated to the application of MRAS to the DTC-SVM-

IM. Sensorless motor based on FSMSC for DTC-SVM is analyzed in fifth section. In the sixth section  

the simulation results of the studied control topology are presented. At the end conclusions and perspectives 

will be discussed in the seventh section. 

 

 

2. PRINCIPLE OF DTC 

In Figure 1, the classical DTC block diagram is presented.  Two different hystereris regulators are 

used to control the magnitudes of the stator flux and torque. The selection of the right voltage vector 

according to the switching process is given in Table 1. 

 

 

 
 

Figure 1. Classical speed regulator using ST-DTC 

 

 

Table 1. Basing switching 
∅s Ce z1 z2 z3 z4 z5 z6 

 dc = 1 V3 V4 V5 V6 V1 V2 
d∅ = o dc = o V0 V7 V0 V7 V0 V7 

 dc = −1 V5 V6 V1 V2 V3 V4 
 dc = 1 V2 V3 V4 V5 V6 V1 

d∅ = 1 dc = o V7 V0 V7 V0 V7 V0 
 dc = −1 V6 V1 V2 V3 V4 V5 

 

 

The stator flux and output torque can be estimated by using only the current and voltage 

measurements. The control of the closing and the opening inverter switches is ensured by the computed 

values of stator flux and torque. The state’s changes of the switches are related to the evolution of  

the electromagnetic state of the motor. The outer speed control loop is assured by a PI controller to 

accomplish quick response and acceptable overshoot and static error [11, 12]. 

 

2.1.  Control of stator flux  

The (1) using voltage model, permits to estimate stator flux: 
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when the resistance of the stator is abondoned in high speed operating status. The amplitude of voltage vector 

can be used to determine the instantaneous flux speed. DC link voltage Vdc, inverter switching states Sa, Sb, 

and Sc and the motor line currents Iabc are used to compute  V̅s and Is̅. The following equation gives  

the relationship between the rotor flux and stator flux: 

 

∅̅𝑠(𝑘 + 1) ≈ ∅̅𝑠(𝑘) + �̅�𝑠𝑇𝑒  or  ∆∅̅𝑠(𝑘) =  �̅�𝑠𝑇𝑒  (2) 

 

∅̅𝑟 =
𝐿𝑚 𝐿𝑠⁄

1+𝑠𝛿𝑇𝑟
∅̅𝑠 (3) 

 

The stator flux angle is calculated by: 

 

𝜃𝑠 = 𝑎𝑟𝑐𝑡𝑎𝑛 (∅𝑞𝑠 ∅𝑑𝑠)⁄    

 

2.2.  Control of electromagnetic torque  

The electromagnetic torque is related to the stator and rotor flux vector by the following expression: 

 

𝑇𝑒 =
3

2

𝑝𝑀

𝐿𝑟𝐿𝑠
(∅𝑑𝑠𝐼𝑞𝑠 − ∅𝑞𝑠𝐼𝑑𝑠) (4) 

 

 

3. SVM-DTC PRINCIPLE 

It can be shown that ST-DTC drive has a good dynamic response but large torque ripple and  

the frequency of switching for the VSI. This problems may be mastered by the SVM based DTC method 

which is presented in this section. In this strategy, the d-q coordinates of the reference voltage vector are 

derived directly from the state of the outputs of the torque and flux regulators. The expression of the voltage 

coordinates is: 

 

{
𝑈𝑑𝑠
∗ = 𝐾𝑑𝐸(2𝑐𝑓 − 1)

𝑈𝑞𝑠
∗ = 𝐾𝑞𝐸(2𝑐𝑇 − 1) − 𝜔𝑠∅𝑠

∗ (5) 

 

cf, cT  ∈  [0, 1] are respectively the on-off controller binary output of the magnitude stator flux and 

the torque; Kd, Kq are coefficients that belong to the interval [0, 1]; E is the dc link voltage. Expression (5) 

can be given by Figure 2. 

 

 

 
 

Figure 2. Description of the voltage vector generation 

 

 

The space vector of the phase voltages, in the stationary framework, can be written as: 

 

�̅�𝑠 =
2

3
𝐸 [𝑆𝑎 + 𝑆𝑏𝑒

𝑗
2𝜋

3 + 𝑆𝑐𝑒
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3 ] (6) 

 

SVM is an algorithm for the control of pulse width modulation (PWM) destined to synthesize  

a required voltage space vector at the inverter output terminals. The operation of SVM is to decompose V̅s 
into the sum of the two adjacent active  voltage space vectors of the  inverter and of zero space vectors and 

by applying them the modulation period Tec equal to the weights of that sum. If V̅s is as shown in Figure 3,  

it may be devided into: 
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Figure 3. V̅s Decomposition 

 

 

�̅�𝑠 = 𝑎1�̅�1 + 𝑎2�̅�2 + 𝑎𝑜�̅�𝑜 + 𝑎7�̅�7 (7) 

 

𝑎1 =
�̅�1

𝑉1
 ,   𝑎2 =

�̅�2

𝑉2
  , 𝑎𝑜 + 𝑎7 = 1 − 𝑎1 − 𝑎2  

 

The equal amplitude of (2 3)⁄ E and a phase of (k − 1)π 3⁄  accomplish the active space vectors 

(k = 1,2, … ,6). The left two space vectors (k = 0,7)  are zero vectors [13-17], and the inverter voltage space 

vectors V̅k  (k = 1,2) are implemented for:  Tk = akTec , k = 1,2,0,7;  by controlling  switches, see Figure 4: 

 

 

 
 

Figure 4. SVM switch commands 

 

 

4. MRAS TO ESTIMATE ROTOR SPEED 

To ovoid maintenance, the speed sensor can be removed preserving correct reponse, which permits 

the utility of the widely use of sensorless drives. The estimation of the necessary control variables can be 

assured by tracking the stator current and stator voltages. In this part the model reference adaptive system 

(MRAS) is used [18, 19]. The operation block of the MRAS is made as shown Figure 5. The design of  

the MRAS, and in addition to an Adaptative mechanism, is contructed of two models: reference model and 

adjustable models. Independently of the speed, the reference model presents voltage model. The second 

model that is the adjustable model is the current model that uses rotor speed as an input to adjust the output 

parameter. The error given by the outputs of the two mentioned models are used by the adaptation 

mechanism (PI controller) to estimate the rotor speed which is fedback to the adjustable model to update  

the estimated value until the best  tracking is accomplished. The accuracy of the estimated parameter can be 

increased, till the MRAS is considered as a close-loop systeme. Relative to the expressions that define  

the MRAS, the different models include integrators which create error in the estimation process caused by 

the unspecified original situation and estimate drift due to in the measured currents. To bypass the trouble, 

low-pass filters are used [20-23]. 
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Figure 5. Classical MRAS structure for speed estimation 

 

 

4.1.  Equations  of reference model  

The reference model gives the components of the reference rotor flux that is given by: 

 

[∅𝑟𝛼𝛽] =
𝐿𝑟

𝐿𝑚
(∫([𝑉𝑠𝛼𝛽] − 𝑅𝑠[𝐼𝑠𝛼𝛽])𝑑𝑡 − 𝜎𝐿𝑠[𝐼𝑠𝛼𝛽]) (8) 

 

4.2.  Equations adaptive model  

The adaptive model provide the components of rotor flux, which is given by [24-26]: 

 

[∅ 𝑟𝛼𝛽] = ∫ ((−
1

𝑇𝑟
+𝜔𝑟) [∅ 𝑟𝛼𝛽] +

𝐿𝑚

𝑇𝑟
[𝐼𝑠𝛼𝛽]) 𝑑𝑡 (9) 

 

4.3.  Error generated by the  two models 

In order to reduce the error generated between the estimated value and the reference the adaptative 

mechanism track the value of the estimated speed to be feedback to the adaptative model. This can be 

accomplished by computing speed adjusting signal 𝜀𝜔 that is reduced by a PI controller which causes  

the observed speed.  The speed adjusting signal and the estimated speed are defined by the (10): 

 

𝜀𝜔 = (∅𝑟𝛽∅ 𝑟𝛼 − ∅𝑟𝛼∅ 𝑟𝛽)  

�̃�𝑟 = 𝑘𝑝𝜀𝜔 + 𝑘𝑖 ∫ 𝜀𝜔𝑑𝑡 (10) 

 

 

5. CONTROL USING FUZZY SLIDING MODE  

FSMC is utilized to design controller for systems whose parameters varyand which cannot be 

precisely modelled and [27, 28]. Considering the mechanical equation, the sliding mode speed controller for 

the induction motor DTC-SVM drive may be developed as:  

 
𝐽

𝑝
𝜔�̇� +

𝐾𝑓

𝑝
𝜔𝑟 + 𝑇𝑟 = 𝑇𝑒 (11) 

 

where 𝜔𝑟 is the speed of the rotor( rad/s) and defined as: 

 

𝜔�̇� =
𝑝

𝐽
𝑇𝑒 −

𝐾𝑓

𝐽
𝜔𝑟 −

𝑝

𝐽
𝑇𝑟 (12) 

 

∆𝑎 and ∆𝑏 introduced by system parameters 𝐽 and 𝐾𝑓, (12) can be rewritten as: 

 

𝜔�̇� = (𝑎 + ∆𝑎)𝜔𝑟 + (𝑏 + ∆𝑏)𝑇𝑒 + 𝑐𝑇𝑟 (13) 

 

where   𝑎 = −
𝐾𝑓

𝐽
  ,  𝑏 =
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𝐽
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The error of the speed is defined as:   

 

𝑒(𝑡) = 𝜔𝑟(𝑡) − 𝜔𝑟
∗(𝑡) (14) 

 

 Combining (13) with (14) and derive (14) gives: 

 

�̇�(𝑡) = 𝑎𝑒(𝑡) + 𝑏{𝑇�̅� + 𝑑(𝑡)} (15) 
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d(t) is the lumped uncertainty given by: 

 

𝑑(𝑡) =
∆𝑎

𝑏
𝜔𝑟(𝑡) +

∆𝑏

𝑏
𝑇𝑒 +

𝑐

𝑏
𝑇𝑟 (16) 

 

and: 

 

𝑇�̅�(𝑡) = 𝑇𝑒(𝑡) +
𝑎

𝑏
𝜔∗ (17) 

 

Switching surface s(t) from a and b is defined as: 

 

𝑠(𝑡) = 𝑒(𝑡) − ∫ (𝑎 + 𝑏𝑘)𝑒(𝜏)𝑑𝜏
𝑡

0
 (18) 

 

So that the sliding surface 𝑠(𝑡) = �̇�(𝑡) = 0, then the error may be defined by: 

 

�̇�(𝑡) = (𝑎 + 𝑏𝑘)𝑒(𝑡) (19) 

 

where k is a linear negative gain [29].  The law that define  the control of the speed can be given by: 

 

𝑇�̅� = 𝑘𝑒(𝑡) − 𝛽𝑠𝑖𝑔𝑛(𝑠(𝑡)) (20) 

 

where 𝛽 is recognized  as control gain. This gain is used to adapt the sliding mode condition. The sign 

function used in this sliding mode control is given by: 

 

𝑠𝑖𝑔𝑛(𝑠) = {

1       𝑖𝑓   𝑠 > 0
0    𝑖𝑓    𝑠 = 0

−1     𝑖𝑓    𝑠 < 0  
 (21) 

 

By substituting (17) into (20), the output of the speed controller based on sliding mode technique is 

represented by the electromagnetic torque 𝑇𝑒
∗. The principle of the control law (SMC) for 𝑇𝑒

∗
 

 can be divided 

into two parts: equivalent control  𝑈𝑒𝑞
 
which describe the action of the control used  whenever  the system is 

on the sliding mode and switching control 𝑈𝑠
 
which guarantees the existence requierement of the sliding 

mode. Neglecting B, the equations for 𝑈𝑒𝑞
 
and  𝑈𝑠 

 
become: 

 

{
𝑈𝑒𝑞 = 𝑘𝑒(𝑡)             

𝑈𝑠 = −𝛽𝑠𝑖𝑔𝑛(𝑠(𝑡))
 (22) 

 

An approach of sliding mode controller design is to look at Lyapunov function [6]: 

 

𝑉(𝑡) =
1

2
𝑠2(𝑡) (23) 

 

The Lyapunov theory is based on the fact that if the expression of �̇�(𝑡)  is negative, this will 

guarantee attractive condition of the sliding mode. When the sliding surface S(t) is attained, it will stay 

moving on it till it reaches the origin asymptotically [30]. Hold the differential of (23) and replacing from  

the differentiel of (18): 

 

�̇�(𝑡) = 𝑠(𝑡)�̇�(𝑡) = 𝑠(𝑡){�̇�(𝑡) − (𝑎 + 𝑏𝑘)𝑒(𝑡)} ≤ 0 (24) 
 

Substitute from (15) into (24): 

 

𝑠(𝑡)�̇� = 𝑠(𝑡){𝑏𝐶𝑒̅̅ ̅(𝑡) + 𝑏𝑑(𝑡) − 𝑏𝑘𝑒(𝑡)} (25) 

 

Using (20) gives: 

 

𝑠(𝑡)�̇� = 𝑠(𝑡){−𝛽𝑠𝑖𝑔𝑛(𝑠(𝑡)) − 𝑑(𝑡)} ≤ 0 (26) 
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To guarantee that (26) will stay negative, the value of the hitting control gain β has to be at the upper 

bound of the lumped ambiguity d(t), i.e. 

 

𝛽 ≥ |𝑑(𝑡)| (27) 

 

On the other hand, it is difficult practically to estimate the bound of uncertainties. Consequently, and 

in order to overcome the effect of any external perturbation, the hitting control gain β has to be selected big 

sufficiently [8, 11]. Hence, the equation (20), that define the law to control speed, will ensure the entity of  

the switching surface s(t) in (18) and when the function e(t)of the error arrives at the sliding surface,  

the system will be supervised by equation (19) that  is every time invariable [26]. Farthermore, the control 

system will be indifferent to Δa, Δb and the perturbation 𝐶𝑟. An application of the sign function in the sliding 

mode control (20) will generate fluctuations due to the discontinuous control action that generate trouble 

when the system approches thesurface of sliding [27]. To solve this phenomenon, Fuzzy logic combined  

with sliding mode is used. The fuzzy inference system replaces the saturation function to eliminate  

the fluctuations. The Fuzzy sliding mode controller is a SISO (single input single output) controller based on 

fuzzy logic which is deigned and based on ‘IF….THEN’ rules. The inference method is described by using 

the max-min method. The center of the area defuzzifier is used to obtain the crisp output. The fuzzy logic 

controller uses the If-Then rules that may be defined as [31-33]:  

If s is BN then 𝑈𝑠  is Bigger  

If s is MN then 𝑈𝑠 is Big  

If s is JZ then 𝑈𝑠 is Medium  

If s is MP then 𝑈𝑠 is Small  

If s is BP then 𝑈𝑠 is Smaller 

Where BN: Big Negative; MN: Medium Negative; JZ: Just Zero; MP: Medium Positive; BP: Big Positive.  

The trial error is used to obtain the membership functions for the input and output of the controller based on 

fuzzy logic to guarantee best efficiency, see Figure 6: 

 

 

 
 

Figure 6. Fuzzy sliding mode switching and fuzzy logic membership functions 

  

 

6. RESULTS AND DISCUSSION 

Matlab/Simulink and Fuzzy logic Toolbox have been used to analyse the efficiency of the controller 

based on fuzzy sliding mode for a sensorless speed control and direct torque control with SVM technique. 

The switching frequency is obtained from the use of the hysteresis bands of the torque and flux of 0.2Nm and 

0.01Wb respectively.  The specifications The studied induction motor are: 1.5kw, 380/220 V, 4 poles, 50Hz, 

𝑅𝑠 = 4.85Ω, 𝑅𝑟 = 3.805Ω, 𝐿𝑠 = 0.274 𝐻,  𝐿𝑟 = 0.274 𝐻,  and  𝐿𝑚 = 0.258 𝐻, J= 0.031 𝑘𝑔.𝑚2,  
𝑓𝑟 = 0.000114 𝑁𝑚. 𝑠

−1. Figure 7 shows classical DTC where the references are the torque reverse from 

+10Nm to -10Nm and the stator flux 1Wb.  

It is clear that the system follows these references. The torque and the stator flux are decoupled.  

The transient regimes are very fast as shown in Figure 8. It can be seen, later on transitory instance,  

the estimated speed of the rotor follow the desired speed despite of system ambiguity s in the same way  

that real mechanical speed. The speed presents a fast response without overshoot and static error.  

The load disturbance is rejected rapidly. It can be noticed the decoupling between the stator flux and  
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the electromagnetic torque, see Figure 9. To improve the effeciency and robustness of the system, we replace 

PI speed controller by a FSMC and the ST-DTC by SVM-DTC, we obtain the results in Figure 10. 

 

 

 
 

Figure 7. Classical responses ST-DTC 

 

 

 
 

Figure 8. Speed responses 

 

 

 
 

Figure 9. PI Speed controller for ST-DTC 
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Figure 10. The FSM speed controller for SVM-DTC 

 

 

The command input is step reference for speed and the system is loaded at 0.6s with 10Nm. It may 

be observed that the speed response present a good performances (quick response with no overshoot,  

zero steady state error and good following reference speed). Applied external perturbation on the speed 

response is eliminated. The decoupling properties are ensured and flux tracks the required flux accurately.   

- Tests of robustness: For testing the robustness of the studied system control, changes on stator resistance 

and inertia have been accomplished. 

- Variation in the stator resistance: The modification of stator resistance highly affects the effeciency of  

the DTC drive, see Figure 11.  

Figure 11 shows the robustness of the fuzzy sliding mode controller applaying variation on  

the stator resistance and  torque perturbation Cr. The system keeps its performances of decoupling. We notice 

a light increase in the speed response time.  

- Inertia variation: An additional test is realized by assigning step change in speed control with inertia 

variation. Figure 12 shows the behavior of the drive when inertia is increased 100% of its nominal value. 

Figure 12 shows that the reference speed is tracked precisely caused by the robustness of the fuzzy 

sliding mode controller. It can be noticed that the time speed response augments with inertia and all the other 

effenciencies are conserved. 

- Reduction of ripples: A comparision has been made between PI-ST-DTC and FSMC-SVM-DTC,  

to show the effect of chattering: From examination of Figure 13, it can be deduced that ripples of  

the torque in steady state is progressively decreased FSMC-SVM-DTC. 

 

 

 
 

Figure 11. Speed fuzzy sliding mode controller with 𝑅𝑠 = 1.5𝑅𝑠𝑛 
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Figure 12. Responses with rotor inertia  𝐽 = 1.5𝐽𝑛 

 

 

 
 

Figure 13. PI with ST-DTC and FSMC-SVM-DTC 

 

 

7. CONCLUSION  

A control strategy for induction motor without speed senor, developed on a DTC-SVM, has been 

described. From responses, it was proven that the proposed fuzzy sliding mode controller is robust to external 

changes and has filed adequate effeciencies in speed response (no overshoot, zero steady state error and good 

tracking reference speed). The test of robustness has proven that it is insensible to load changes. 

With the application of the parameter variations and external load perturbation, the decoupling 

between the stator flux and the torque is preserved. The chattering has been decreased in torque and flux.  

The fuzzy sliding mode controller produces reduction in flux and in torque ripples. The fuzzy logic function 

of the FSMC is realized without taking into account the machine model. With reduced flux and torque 

chattering, it can be deduced that current harmonics and vibrations are decreased. 
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