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Abstract 
This study deals with the direct torque control (DTC) of the induction motor. This type of control allows 
decoupling control between the flux and the torque without the need for a transformation of coordinates. 
However, the DTC scheme has a high ripples for both electromagnetic torque and stator flux and a distortion 
of the stator current. To solve these problems, we have developed a new approach of DTC scheme making 
use of fuzzy logic. 
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Introduction 
For high power industrial applications it is desirable to 
use AC motor drive instead of DC. But due to inherent 
torque coupling present in AC motor, the dynamic 
response becomes sluggish. In order to improve the 
performance of AC motor, we follow motion control 
techniques so that AC motor can provide good dynamic 
torque response as it is obtained from DC motor drives. 
Many control schemes have been proposed for this 
purpose. Among them, vector control needs quite 
complicated on line coordinates transforms to decouple 
interaction between flux control and torque control in 
order to provide fast control of induction motor.  
 
In recent years, an advanced control method called 
direct torque control has gained importance owing to its 
capability to produce fast torque control of induction 
motor. Although in these systems such variables as 
torque, flux modulus and flux sector are required, 
resulting DTC structure is particularly simplistic. 
Conventional DTC does not require any mechanical 
sensor or current regulator and coordinate transformation 
is not present, thus reducing the complexity. Fast and 
good dynamic performances and robustness has made 
DTC popular and is now used widely in all industrial 
applications (Uddin, 2012). Despite these advantages it 
has some disadvantages such as high torque ripple and 
slow transient response to step changes during start up. 
The major problem in a DTC-based motor drive is the 
presence of ripples in the motor-developed torque and 
stator flux. Generally, there are two main techniques to 
reduce the torque ripples. The first one is to use a 
multilevel inverter which will provide the more precise 
control of motor torque and flux. However, the cost and 
complexity of the controller increase proportionally.  
The other method is space vector modulation. Its 
drawback is that the switching frequency still changes 
continuously. Advantages of intelligent controllers such 
as fuzzy logic, neural network, neuro-fuzzy, etc. are well 
known as their designs do not depend on accurate 

mathematical model of the system and they can handle 
non-linearity of arbitrary complexity. Among different 
intelligent algorithms, fuzzy logic is the simplest, which 
does not require intensive mathematical analysis.  
For this purpose, in this study we follow artificial 
intelligent techniques such as neural network, fuzzy 
logic. In this study, the fuzzy logic (FL) method, which is 
based on the language rules, is employed to solve this 
non-linear issue. 
 
Materials and methods 
Mathematical model of induction motor: A three phase 
two poles symmetrical induction motor with sinusoidally 
distributed stator windings and short circuited rotor 
windings is considered. The effect of magnetic 
saturation, iron losses and eddy currents are neglected. 
By considering the stationary reference frames fixed on 
the stator, the mathematical equations of the IM can be 
written as follows (Buja et al., 1997).  
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Stator and rotor flux equations 
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Space vector: Space vector notation allows the 
transformation of the natural instantaneous value of a 
three phase system onto a complex plane located in the 
cross section of the motor. In this plane, the space vector 
rotate with an angular speed equal to the angular 
frequency of the three phase supply system. A space 
vector rotating with the same angular speed can describe 
the rotating magnetic field. A three-phase symmetric 
system represented in a neutral coordinate system by 
phase quantities, such as voltages, currents or flux 
linkages can be replaced by one resulting space vector 
of respectively, voltage, current and flux-linkage. A space 
vector is defined as: 
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Where KA(t), KB(t), KC(t) are the arbitrary phase 
quantities in a system of natural coordinates, satisfying 
the condition KA(t)+KB(t)+KC(t)=0.1, a, a2 are the 
complex unit vectors, with a phase shift.2/3 is the 
normalization factor. 
 
Direct torque control: Direct torque control (DTC) is one 
of the method used in variable frequency drives to 
control the torque (and thus finally the speed) of three 
phase AC electric motors. The name direct torque control 
is derived from the fact that on the basis of the errors 
between the reference and the estimated values of 
torque and flux, it is possible to directly control the 
inverter states in order to reduce the torque and flux 
errors within the prefixed band limits. Direct torque 
control method was introduced in the middle of 80’s by 
Takahashi and Noguchi (1986). The principles of DTC 
method is to  selects one of the inverters namely six 
voltage vectors and two zero vectors in order to keep the 
stator flux and torque within a hysteresis band around 
the demand flux and torque magnitudes. The basic DTC 
scheme is shown in Fig. 1. 
 

Fig. 1. Conventional DTC scheme for IM drive. 

 
 
 

 
The DTC switching table produces the logic signals Sa, 
Sb and Sc based on the three inputs (output digit of 
torque hysteresis controller, output digit of flux linkage 
hysteresis controller, and sector number) where stator 
flux linkage space vector is positioned. These logic 
signals are used to trigger the switches of the  
three-phase voltage source inverter (VSI). The possible 
six active combinations of these logic signals and the 
corresponding active input voltage vectors of the inverter 
(V1 to V6) are shown in Fig. 2. 
 

Fig. 2. Voltage vectors. 

 
 
The three phase output voltage of VSI, which is the input 
to the stator of IM, is given by 
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Where Vdcis the dc link inverter voltage. By concordia 
transformation 

 



















23230

21211





s

s

V
V

                                 
(9) 

Stator flux linkage φs can be obtained from stator voltage 
vector 
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Neglecting stator resistance Rs, it may be simplified as 
tVss                                                                  (11) 

Δφs is the change in stator flux caused by the application 
of an inverter voltage vector Vs. φso is the stator flux 
linkage at t=0. The change in stator flux Δφs has the 
same direction as that of the applied voltage. Its 
amplitude is dependent on the stator input voltage vector 
and the duration “Δt” for which this vector is applied.  
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For DTC scheme the estimated electromagnetic torque 
developed and stator flux linkages are given by 
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Isα and Isβ are the direct and quadrature components of 
stator current, respectively. These estimated values of 
torque and flux are compared with the corresponding 
command/reference values, and the error signals are 
delivered to the respective hysteresis controllers. On the 
basis of the magnitude of the error signals and allowable 
bandwidth, each hysteresis controller produces a digit. 
Then, the position of the stator flux-linkage space vector 
is evaluated as 
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Therefore, two digits produced by hysteresis controllers 
and one by flux position are collectively used to trigger 
the switches of the VSI which selects the appropriate 
voltage vector by using the classical DTC look up table. 
Thus, the selection table generates pulses SA, SB, SC to 
control the power switches in the inverter. The change in 
stator flux linkage Δφs which is caused by the application 
of new stator voltage vector V3. The stator flux-linkage 
space vector “φs” before and after the application of 
vector V3 is shown by continuous and dotted vectors, 
respectively. From this, it is clear that the change in 
stator flux Δφs has the same direction of the applied 
voltage and its amplitude is dependent on the stator input 
voltage vector and the duration “Δt” for which this vector 
is applied. The tangential component Δφst, being 
orthogonal to φs only changes the position of stator  
flux-linkage space vector φs. Thus, Δφst indirectly 
controls the angle between the stator and rotor  
flux-linkage space vectors, i.e., the torque angle θsr, and 
hence, it controls the motor-developed torque. Therefore, 
Δφst is the torque-producing component of Δφs. From this 
it can also be observed that, with respect to the current 
sector number of the stator flux-linkage space vector, the 
application of a voltage vector from the forward 
direction/(direction of rotation)/(anticlockwise direction) 
by one or two sectors increases the torque-producing 
component of Δφs and vice versa which is the case for 
the rotation in reverse direction. Similarly, the amplitude 
of the stator flux-linkage space vector increases by the 
application of a voltage vector from a sector which is one 
step forward/backward direction with respect to its 
current sector number. For example, if the stator  
flux-linkage space vector is lying in sector 2 and it is 
required to increase both the motor-developed torque 
and stator flux linkage, then the inverter voltage vector 
V3 should be selected in the next sampling period. 
However, if it is required to decrease the torque but 
increase the flux, then the inverter voltage vector V1 
should be selected in the next sampling period.  
 

Following this pattern, one can explain the logic behind 
the selection of voltage vectors in the DTC switching 
table (Uddin, 2012). When a zero stator voltage vector 
(V0, V7) is applied, φs stop while φr continues to move 
forward, reducing θsr as well as Te. If the application of 
zero vectors is sufficiently long enough so that φr 
overtakes the φs vector, then θsr becomes negative. It will 
produce the retarding torque. Hence, the duration of 
application of any stator voltage vector plays an 
important role on the torque ripple. By cyclic switching of 
active and zero stator voltage vectors, we can control the 
motor torque with optimal level of the ripple. At low rotor 
speeds, the φr motion is too slow to achieve rapid torque 
reduction. In such situation, instead of zero vectors, an 
active vector moving backward is the preferred choice for 
effective torque control.  
 
Torque ripple analysis: Under the influence of any active 
VSI voltage vector, the motor torque keeps on increasing 
or decreasing until it touches the boundary defined by 
torque hysteresis bands. The torque ripple is only 
affected by the width of the torque hysteresis band and is 
almost independent of the width of the flux hysteresis 
band. Torque ripple changes proportionally with change 
in the torque hysteresis bandwidth. However, due to the 
discrete nature of the control system, there might be still 
torque ripple even with the zero bandwidth of the 
hysteresis controller. On the other hand, if the bandwidth 
decreases, frequency increases, which proportionally 
increases its switching losses. Consequently, the 
bandwidth of the torque hysteresis controller must be 
optimized in such as a way that the torque ripple level 
and switching frequency of the inverter are within 
acceptable limits (Uddin, 2012). A too small band may 
result in the selection of reverse voltage vector instead of 
zero vectors to reduce the torque. The selection of 
reverse voltage vector may then causes torque 
undershoots. Hence, the torque ripple will become higher 
than those specified by the hysteresis controller band 
limits. The torque slope is a function of motor speed, 
stator voltage and flux, and rotor flux vector. It means 
that the time taken by torque to reach upper and lower 
band limits, as well as switching frequency, varies with 
the rotor speed. 
 
Torque ripple minimization: In order to reduce the ripples 
in the output, intelligent controllers are used. Some of the 
intelligent controllers are fuzzy logic, neural network, 
neuro fuzzy etc. Advantages of intelligent controllers are 
well known as their designs do not depend on accurate 
mathematical model of the system and they can handle 
non linearity of arbitrary complexity. Among different 
intelligent algorithms, fuzzy logic is the simplest and it 
does not require intensive mathematical analysis 
(Depenbrock, 1997). 
 
Principle of fuzzy direct torque control: The fuzzy logic 
system involves three steps fuzzification, application of 
fuzzy rules and decision making and defuzzification. 
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Fuzzification involves mapping input crisp values to 
Fuzzy variables. Fuzzy inference consists of fuzzy rules 
and decision is made based on these fuzzy rules 
(Guohanin and Xu, 2010). These fuzzy rules are applied 
to the fuzzified input values and Fuzzy outputs are 
calculated. In the last step, a defuzzifier converts the 
fuzzy outputs back to the crisp values. The fuzzy 
controller is designed to have three fuzzy input variables 
and one output variable for applying the fuzzy control to 
direct torque control of induction motor, there are three 
variable input fuzzy logic variables-the stator flux error, 
electromagnetic torque error, and angle of flux stator 
(Jose et al., 2011) (Fig. 3). 
  

Fig. 3. Fuzzy logic controller. 

 
 
The membership functions of these fuzzy sets are 
triangular with two membership function N, P for the  
flux-error, three membership functions N, Z, P for the 
torque-error, six membership variables for the stator flux 
position sector and eight membership functions for the 
output commanding the inverter (Jalluri and Ram, 2012). 
The inference system contains thirty six fuzzy rules 
which are framed in order to reduce the torque and flux 
ripples. Each rule takes three inputs, and produces one 
output, which is a voltage vector. Each voltage vector 
corresponds to a switching state of the inverter. The 
switching state decides the pulse to be applied to the 
inverter. The fuzzy inference uses Mamdani’s procedure 
for applying fuzzy rules which is based on min-max 
decision. Depending on the values of flux error, torque 
error and stator flux position the output voltage vector is 
chosen based on the fuzzy rules (Jose et al., 2011). 
Using fuzzy logic controller the voltage vector is selected 
such that the amplitude and flux linkage angle is 
controlled. Since the torque depends on the flux linkage 
angle the torque can be controlled and hence the torque 
error is very much reduced. 
 
Results and discussion 
Simulation results: The performance of the conventional 
DTC scheme for IM drive has been investigated 
extensively at different operating conditions. Sample 
simulations results are presented below. The nominal IM 
parameters used for simulation and real-time application 
are given in the Appendix. From the steady-state speed 
responses of conventional DTC scheme, we found that it 
has approximate average speed ripples of 0.02 rad/sec 
with some very big abrupt peaks.  
 

 
By using the proposed DTC scheme, the speed 
response is very smooth, and there are almost negligible 
ripples. From the steady state torque response, we found 
that there are ripples. In particular the negative torque 
ripple is very big in the conventional DTC scheme  
(Figs. 4-7). 
 
Fig. 4. Steady state speed response using conventional DTC scheme. 

 
Fig. 5. Steady state torque response using conventional DTC scheme. 

 
Fig. 6. Steady state flux response using conventional DTC scheme. 

 
Fig. 7. Stator flux circle using conventional DTC scheme. 
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Conclusion 
In this study, a new strategy to control the voltage source 
inverter with the DTC concept. We proposed a fuzzy 
logic controller for the determination of the optimal 
voltage vector amplitude to be applied to the machine. 
The DTFC scheme is proposed to reduce the ripples that 
can be seen in electromagnetic torque and stator flux 
and also improve the form of the stator current.  
The DTFC scheme achieved on the basis of the 
conventional DTC scheme has also shown through the 
different simulations its effectiveness, and superiority to 
the conventional DTC scheme, particularly regarding the 
objectives aimed by this study. 
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Appendix 
IM parameters used for experiment: Lls = 0.0154 H,  
Llr = 0.0154 H, Lm = 0.2655 H, P = 2, Rs = 6.5 Ω, Rr = 3.4 Ω, 
J = 0.0012 kg·m2, Bm = 0.0001 Nm/rad/sec and HP = 1/3. 
Torque hysteresis controller parameters: HBTU = 0.1,  
HBTL = −0.1, KU = 1 and KL = 2. 
 

 


