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Abstract: This paper presents a modified version of the direct torque control (DTC) in order to improve the 

performance of the induction motor (IM) operation. The main goal is to reduce the high ripples that constitute the 

major drawbacks, and which lead to an acoustical noise and degrade the performance of the control scheme, especially 

at low-speed regions. The augmentation of the number of sectors is a very useful solution, the modified DTC provides 

a constant switching voltage frequency. This technique reduces the high ripples level in the torque and the flux in spite 

of its complexity. The twelve sectors DTC with a modified switching table is an effective solution. The obtained results 

are satisfactory and the performance of the proposed strategy is improved. The results of all the discussed aspects 

have been obtained by numerical simulation using MATLAB/Simulink. 

Keywords: Induction Motor; New Switching Table; Performance Improvement; Ripples Reduction; Twelve Sectors DTC; 

Total Harmonic Distortion. 

 

 

Introduction 

Nowadays, the AC machine has replaced the DC 

machine in the industrial applications because of its 

advantages, such as, the reliability and the lack of 

commutator and brushes which make it able to work 

under unfriendly conditions [1]. The most popular AC 

machines are the induction motors and the permanent 

magnet synchronous motors. They are used in various 

industrial applications, electric vehicles, tools and drives. 

The squirrel cage induction motor in particular, is widely 

used due to its reduced cost and lower maintenance 

requirement [2]. 

Generally, the control and estimation of the 

induction motor in variable speed operation is more 

complicated than the DC motor, because they have more 

complex dynamic and they request more complicated 

calculations. The direct torque control is the most known 

control algorithm in literature for variable-speed AC 

motors [3]. The DTC technique was introduced in the 

middle of the 80s as an alternative of the vector control 

because of many advantages, such as the simpler 

structure, the faster dynamic response and the less 

dependence to machine parameters [4]. 

However, the basic DTC strategy has a variable 

switching frequency, consequently, it causes non-desired 

ripples in flux and torque [5]. The augmentation of 

number of sectors is among the proposed solutions to 

overcome this drawback, where it can reduce the ripples 

by providing a constant switching voltage [6]. This 

technique has a very quick response time and is very 

effective [7]. 

This paper is structured as follows: section 1 

introduces the topic and the literature review. Section 2 

details the materials and methods. First, the induction 

motor modeling. Then, the DTC improvement technique. 

Section 3 highlights the obtained results and presents a 

full discussion. Section 4 concludes the paper. 
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Materials and methods 

Induction Motor Modelling 

The induction motor has many state-space 

mathematical models, each model is expressed by 

assuming a certain state vector. The modeling of AC 

machines is mainly based on the work of G. Kron, who 

gave birth to the concept of generalized machine as 

described in reference [8]. Park’s model is a special case 

of this concept. It is often used for the synthesis of control 

laws and estimators. Described by a non-linear algebra- 

differential system, Park’s model reflects the dynamic 

behavior of the electrical and electromagnetic modes of 

the induction machine. It admits several classes of state 

representations. These model classes depend directly on 

the control objectives (torque, speed, position), the 

nature of the power source of the work repository and the 

choice of state vector components (flux or currents, stator 

or rotor). In this paper, the mathematical model of the 

machine in use is described in the stator fixed reference 

frame (stationary frame) by assuming the stator currents 

and the rotor fluxes as state variables [9]. 

 

The mathematical model of a three-phase squirrel 

cage induction motor drive in 𝛼-𝛽 reference frame is: 

 

{𝑋̇ = 𝐴𝑋 + 𝐵𝑈
𝑌 = 𝐶𝑋

      (1) 

 

Where X, U and Y are the state, the input, and the 

output vector respectively: 
 

𝑋 = [𝑖𝛼𝑠 𝑖𝛽𝑠 𝜙𝛼𝑟   𝜙𝛽𝑟]
𝑡
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The state space mathematical model of the 

induction motor is shown in the Figure 1. 

 

Figure 1. Induction motor state-space mathematical 

model. 

 

DTC Improvement 

Conventional DTC 
Based on the model of the induction motor in a 

stationary reference frame, the stator flux can be 

expressed by: 

 
𝑑𝜙𝑠

𝑑𝑡
= 𝑉𝑠 − 𝑅𝑠𝑖𝑠      (2) 

 

𝜙𝑠(𝑡) = ∫ (𝑉𝑠 − 𝑅𝑠𝑖𝑠)𝑑𝑡
𝑇𝑧

0
+ 𝜙𝑠(0)   (3) 

 

Where 𝜙𝑠(0)  is the flux vector at instant 𝑡 = 0 

and 𝑇𝑧  is the sampling time. By applying a non-zero 

vector in the sampling period 𝑇𝑧 , we can neglect the 

voltage drop of the stator resistance 𝑅𝑠𝑖𝑠 with respect to 

𝑉𝑠 for the high-speed regions. Equation (3) can be then 

written as: 

 
𝜙𝑠(𝑡) ≈ 𝑉𝑠𝑇𝑧 + 𝜙𝑠(0)     (4) 

 

The relationship between stator voltage and its 

variation in stator flux can be established as follows: 

 
Δ𝜙𝑠 = 𝜙𝑠(𝑡) − 𝜙𝑠(0) = 𝑉𝑠𝑇𝑧     (5) 

 

Equation (5) means that the stator flux can be varied 

by applying stator voltage for a time 𝑇𝑧. The end of the 

stator flux vector moves in the direction given by the 

voltage vector and makes a circular path, as shown in the 

Figure 2. 

 

A two-level hysteresis comparator is used for the 

flux control. This makes it easy to drop the end of the flux 

vector within the boundaries of the two near-radius 

concentric circles, as shown in the Figure 3 [10]. 
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Figure 2. Evolution of the stator flux vector in the complex 

plan. 

 

Figure 3. Two-levels comparator for the stator flux control. 

 

 

The logic outputs of the flux controller are defined as: 

 

{
𝐶𝑓𝑙𝑢𝑥 = 1 𝑖𝑓 Δ𝜙𝑠 > +ℎ𝜙𝑠

𝐶𝑓𝑙𝑢𝑥 = 0 𝑖𝑓 Δ𝜙𝑠 ≤ −ℎ𝜙𝑠

    (6) 

 

With ℎ𝜙𝑠 is the hysteresis band of the stator flux. 

The choice of the hysteresis bandwidth ℎ𝜙𝑠 depends on 

the switching frequency of the inverter. During a sampling 

period, the rotor flux vector is assumed to be invariant. 

The torque of the induction motor can be expressed in 

terms of stator and rotor flux vectors, as follows: 

 

𝑇𝑒 = 𝑝
𝑀𝑠𝑟

𝜎𝐿𝑠𝐿𝑟
𝜙𝑠 × 𝜙𝑟      (7) 

 

𝑇𝑒 = 𝑝
𝑀𝑠𝑟

𝜎𝐿𝑠𝐿𝑟
|𝜙𝑠||𝜙𝑟|sin (𝛿)    (8) 

 

Where, 𝑝 is the number of pole pairs, 𝜙𝑠 and 𝜙𝑟  

are the vectors of stator and rotor flux. 𝛿  is the angle 

between the vectors of the stator and rotor fluxes. 

 

From (8), it is clear that the electromagnetic torque 

is controlled by the magnitudes of the stator and rotor 

fluxes. If these quantities remain constant, the torque can 

be controlled by just adjusting the angle 𝛿 . The torque 

control can be achieved using a three-levels hysteresis 

comparator as shown in the Figure 4. 

Figure 4. Three-levels hysteresis comparator for torque 
control. 

 

It allows the motor to be controlled in both 

directions of rotation. While the two-level comparator can 

only be used for one direction of rotation. The logic 

outputs of the torque controller are defined as follows: 

 

{
𝐶𝑇𝑒

= 1 𝑖𝑓 Δ𝑇𝑒 > +ℎ𝑇𝑒

𝐶𝑇𝑒
= 0 𝑖𝑓 Δ𝑇𝑒 ≤ −ℎ𝑇𝑒

    (9) 

 
𝐶𝑇𝑒  is the hysteresis band of torque. To maintain 

decoupled control, two hysteresis comparators receive 

stator flux and input torque errors. Then, the outputs of 

the comparators determine the selection of the 

appropriate voltage vector. However, the choice of voltage 

vector depends not only on the output of the hysteresis 

controllers, but also on the position of the stator flux 

vector. Thus, the vector path of the circular stator flux will 

be divided into six symmetrical sectors. While the stator 

flux vector is located in the sector 𝑖 we have: 

 

 If 𝑉𝑖+1 is selected, 𝜙𝑠 increases and 𝑇𝑒 increases. 

 If 𝑉𝑖−1 is selected, 𝜙𝑠 increases and 𝑇𝑒 decreases. 

 If 𝑉𝑖+2 is selected, 𝜙𝑠 decreases and 𝑇𝑒 increases. 

 If 𝑉𝑖−2 is selected, 𝜙𝑠 decreases and 𝑇𝑒 decreases. 

 

Figure 5 shows that for each sector the vectors 𝑉𝑖  

and 𝑉𝑖+3  are not taken into account, as they can both 

increase or decrease the torque in the same sector 

depending on the position of the flux vector on the first or 

the second sector. If the null vectors 𝑉0  and 𝑉7  are 

selected, the stator flux will stop moving and its amplitude 

will not change, the torque will decrease, but not as much 

as when the active voltage vector are selected. 

 

Twelve Sectors DTC for Ripples Reduction 
In the conventional DTC, two switching states per 

sector are not taken into account (𝑉𝑖  and 𝑉𝑖+3), and this 

presents an ambiguity in the torque control. To solve the 

problem of ambiguity in torque and flux, the position of 

the stator flux should be divided into 12 sectors instead of 

6 as shown in the Figure 6 [11]. 
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Figure 5. Voltage vector selection when the flux vector is 
located in the sector 𝒊. 
 

 

Figure 6. Voltage space vector in twelve sectors partition. 

 

The main advantage of this new distribution is that 

all the six active vectors will be used in the same sector. 

However, the tangential component of the voltage vector 

is very low, therefore the torque variation will also be low. 

For this, we must introduce the idea of small torque 

increase instead of torque increase [12]. The new partition 

is detailed in the Figure 7. 

 

To better exploit these voltages, a four-level 

hysteresis comparator is used for the torque control as 

illustrated in the Figure 8, which makes it possible to 

define the small and large variations in torque and flux 

generated by these same voltage vectors according to 

their phase shift with respect to zone boundaries [13]. For 

example, in sector 𝑆12, if the vector 𝑉1 is selected it will 

produce a large increase in flux and a small increase 

in ,torque, and 𝑉2 greatly increases torque and slightly 

increases flux. In twee sectors DTC, the vector 𝑉1 

produces a large increase in flux and a slight increase in 

torque for the sector 12. On the contrary, 𝑉2 produces 

a large increase in torque and low flux. It can be deduced 

from this that it is now necessary to define small and large 

variations in torque. This requires dividing the torque 

hysteresis band into four parts [14]. Next, a twelve-

sectors new switching table is provided (Table 1). 

 

Figure 8. Four-levels torque hysteresis comparator. 
 
 

Numerous studies have indicated that increasing the 

number of sectors has a slight effect in reducing high 

ripples and current harmonics [14], [15]. 

 

 
Table 1. The proposed twelve-sectors switching table. 

 
 
 

Figure 7. Voltage space vector in the new partition. 
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Results and Discussion 

The proposed DTC have been simulated by 

MATLAB/Simulink. A comparative study between the 

conventional and the improved technique is presented. 

The simulation has been conducted for three phases 

𝟑 𝒌𝑾 squirrel-cage induction motor with characteristics 

given in the appendix. A special analysis using the Fast 

Fourier Transform (FFT) is established to detect the torque 

and the flux harmonic order. The test in Figure 8 shows the 

starting up of the induction motor according to a very low 

speed reference of 𝟏𝟎 𝒓𝒂𝒅/𝒔. Then, a load of 𝟏𝟎 𝑵𝒎 is 

applied at 𝒕=𝟎. 𝟔𝒔 and removed at 𝒕=𝟏. 𝟔𝒔. 

The simulation results show that both techniques 

have good dynamic at starting up. We can notice that the 

speed regulation loop rejects the applied load quickly. The 

convent ional DTC kept the same fast speed response 

as the modified strategy. There is no difference in the 

transient response since the same PI speed controller is 

used for both schemes. The conventional DTC in the Figure 

10 shows a chopped sinusoid waveform of the torque and 

the flux which indicates the high harmonics level, while 

the modified version shows a smoother sinusoid 

waveform. It can be justified in the Figure 9 where the 

modified DTC has a lower THD level, 91.36% in Figure 9 (b) 

compared to 123.62% for the conventional version in 

Figure 9 (a). The stator flux shows an acceptable waveform 

but high ripples level, the modified DTC shows a reducer 

flux ripples than the classical, 33.50% in Figure 9 (d) 

compared to 64.53% for the conventional DTC in Figure 9 

(c).  

Conclusion 

A modified DTC for induction motor ripples 

reduction is designed and simulated, and its dynamic 

performance is studied too. The torque pulsation and the 

flux distortion are much better with the proposed 

technique. The simulated responses show that the system 

performance is good during the sudden load application. 

The flux and the torque during the steady state are 

improved, with faster dynamic characteristic. The 

modified DTC showed a reducer flux ripples, faster 

magnitude tracking at the starting up and better 

components waveform than the conventional DTC. In 

conclusion, this technique has proved good performance. 

dynamic operation 

 

 

 

 

(a) Conventional DTC: Torque THD. 

 

(b) Modified DTC: Torque THD. 

 

(c) Conventional DTC: Flux THD. 

 

(d) Modified DTC: Flux THD. 

Figure 9. Torque and flux THD improvement. 
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Figure 10. Conventional versus modified DTC: Test at low-speed region 
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Appendix 

Rated power 𝟑 𝒌𝑾 

Frequency 𝟓𝟎 𝑯𝒛 

Pole pair 𝟐 

Rated speed 𝟏𝟒𝟒𝟎 𝒓𝒑𝒎 

Stator resistance 𝟐. 𝟐 𝛀 

Rotor resistance 𝟐. 𝟔𝟖 𝛀 

Stator inductance 𝟎. 𝟐𝟐𝟗 𝑯 

Rotor inductance 𝟎. 𝟐𝟐𝟗 𝑯 

Mutual inductance 𝟎. 𝟐𝟏𝟕 𝑯 

Inertia moment 𝟎. 𝟎𝟕𝟒 𝒌𝒈. 𝒎𝟐 

Viscous friction coefficient 𝟎. 𝟎𝟎𝟒 𝑵. 𝒓𝒂𝒅/𝒔 
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