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 This paper presents improvements in Direct Torque control of an induction 

motor using Fuzzy logic with Fuzzy logic and neural network based duty 

ratio controller. The conventional DTC (CDTC) of induction motor suffers 

from major drawbacks like high torque and flux ripples and poor transient 

response. Torque and flux ripples are reduced by replacing hysteresis 

controller and switching table with Fuzzy logic switching controller (FDTC). 

In FDTC the selected switching vector is applied for the complete switching 

time period. The FDTC steady state performance can be improved by using 

duty ratio controller, the selected switching vector is applied only for the 

time determined by the duty ratio (δ) and for the remaining time period zero 

switching vector is applied. The selection of duty ratio using Fuzzy logic and 

neural networks is projected in this paper. The effectiveness proposed 

methods are evaluated using simulation by Matlab/Simulink. 
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1. INTRODUCTION  

Direct Torque and Flux Control of induction motor popularly known as DTC (Direct Torque 

control) was introduced by Takahashi and Naguchi for quick response and high efficiency of induction motor 

[1-2]. Over the years DTC emerged as an alternative to FOC (Field Oriented Control) due to advantages like 

absence of co-ordinate transformations, current loops and separate voltage modulation block [3-4]. However, 

conventional DTC (CDTC) suffers from major drawbacks like high torque and flux ripples predominantly at 

a) low speed and start-up [5-7] b) Variable switching frequency varies according to motor speed, hysteresis 

bans in torque and flux loops [5-6] c) current and torque distortion when sector changes [7]. In order to 

overcome the disadvantages several techniques are developed by researches during like direct self-control, 

DTC with SVM and DTC-SVM with Neuro-Fuzzy logic controllers as given in [8]. Improved CDTC with 

multi-level inverters, matrix inverters and sensorless drive are proposed in [9-11]. The application of AI 

techniques like Fuzzy logic, Neural Networks, Neuro-Fuzzy in Direct Torque control gained great attention 

in late years. The execution of the CDTC switching table with Fuzzy is given in [8], [12-15] which results in 

reduction of torque and flux ripples. The implementation of DTC with Neuro Fuzzy controller is given by 

[7], [16] and using ANN is given in [17-19]. Torque ripple reduction in DTC using simple duty ratio 

controller is first proposed in [20]. The duty ratio algorithm proposed by [21] demonstrates that active 

voltage vector is given only for a part of sampling period while zero voltage vector is applied for remaining 

time period results in torque ripple reduction. Implementation of Fuzzy logic duty ratio controller help to 
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determine the optimal duty ratio to meet the torque and flux command [22-24]. In this paper CDTC first 

improved using Fuzzy logic based switching controller called Fuzzy DTC (FDTC). As Explained in the 

[25-27] speed sensor elimination was important in the industry. The Sensorless control results in lower cost, 

reduced hardware complexity. The current based Model Reference adaptive system (MRAS) proposed by 

Jakub Vonkomer et.al. [27] For a wide speed range of operation is employed in this paper for estimation of 

motor speed. Thus many researchers improved CDTC using Fuzzy logic or Duty ratio controller. In this 

paper the combination of both FDTC with ANN and Fuzzy based duty ratio controller for Sensorless direct 

torque control of induction motor is proposed. So based on literature the CDTC is first improved by a fuzzy 

logic controller (FLC) which employs 180 fuzzy rule base. The Switching vector of the Voltage Source 

Inverter (VSI) is chosen based on Fuzzy logic, which is tuned according range of flux and torque errors. 

The concept of duty ratio is introduced to reduce torque and flux ripple. The duty ratio is developed based on 

two AI techniques Fuzzy logic and Neural Networks. The speed and torque of the induction motor are 

estimated based current based adaptive estimator scheme as suggested in [27]. The performance of FDTC 

with Fuzzy duty ratio (FDR) and Neural Networks based duty ratio (NNDR) is assessed based on simulation 

results using Matlab/Simulink Software. Simulation results indicate that there is considerable reduction in 

torque and flux ripples using FDTC with Fuzzy or NN based duty ratio controllers. In both FDTC with Fuzzy 

DRC and NN DRC the speed of induction motor tracks the reference speed without any peak over shoots as 

in the case of CDTC. The stator current drawn by proposing schemes contains fewer harmonic and more 

sinusoidal waveforms compared to CDTC.  

 

 

2. CONVENTIONAL DIRECT TORQUE CONTROL (CDTC) 
The Induction motor model referred to the stationary reference frame (α, β) is developed in 

Simulink based on the state variable approach given the following equations. The model described by 

sudheer et.al. in [5], [31] is used to develop Simulink model of Indcution motor. 

The DTC speed control of induction motor is utilized for high execution and quick torque response 

applications. In DTC Torque and Flux of induction motor can be independently controlled by selecting the 

optimal switching vector of inverter based torque and flux errors [1], [3]. The selection of inverter switching 

vector is done using classical switching table so as to restrict the torque and flux with in the hysteresis band 

thereby enabling fast transient response of the drive. The optimal selection of switching vector depends upon 

the stator flux position in space vector, torque and flux error. The challenges in DTC are an exact estimation 

of torque and flux parameters and switching table. Figure. 1 shows a block diagram of conventional DTC 

(CDTC) with current based adaptive Torque and Flux observer. The induction motor is fed by Voltage 

Source Inverter (VSI). Based on the stator currents ia, ib and rotor position the flux, torque and speed of the 

induction motor are estimated. The estimator diagram is shown in Figure 2. The Speed error is given to the 

discrete PI Controller of KP = 2 and KI = 300. The output of PI controller is limited using saturator Te* = +/- 

8 N-m. 

 

 

 
 

Figure 1. Block Diagram of Conventional DTC [20] 
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The estimated torque Te is compared with reference values generates a torque error (et) which is 

processed through three level hysteresis comparator in order to limit the torque error within hysteresis bands. 

The reference flux of the motor is estimated based on motor parameters given by: 

 

 

 
 

Figure 2. Block diagram of Speed, Torque and Flux Estimator 

 

 

  
   √

   
   

    
           (1) 

 

The estimated flux is compared with reference flux generates flux error (eφ) which is processed 

through Two level hysteresis comparator. Based on the stator flux angle position the flux plane is divided 

into six sectors. If the stator flux angle between -30
0
 to +30

0
 is sector 1, +30

0
 to +90

0
 is sector 2. 

The digitalised outputs on it, eφ and Sector (S (n)) are given to a switching table given by Table 1., which 

selects the optimal switching state so, Sb, Sc. For example, if stator flux lies in sector 1, eT is positive and eφ is 

Positive then the motor has to accelerate to reduce the art quickly vector V2 is applied which rotates the flux 

in clockwise direction. If stator flux lies in sector 1, eT is negative and eφ is positive, then the motor has to 

decelerate vector V6 is applied which rotates the flux in anti-clockwise direction. If eT is zero switching 

vector V7 or V0 is applied. The switching sector is selected based present sector, flux error and torque error. 

The stator flux magnitude can be controlled by selecting one of the available voltage vectors that will move 

the flux in the desired direction [15]. 

 

 

Table 1. Switching Table of CDTC 
Sector 

I II III IV V VI 
Torque Flux 

T=0 
F=0 V5 V6 V1 V2 V3 V4 

F=1 V6 V1 V2 V3 V4 V5 

T=1 
F=0 V3 V4 V5 V6 V1 V2 

F=1 V2 V3 V4 V5 V6 V1 

 

 

3. DTC USING FUZZY LOGIC SWITCHING CONTROLLER  
The major cause for high torque and flux ripples due to fixed magnitude hysteresis bands and 

application of switching vector for the complete sample time period. Fuzzy Logic supports the variable 

membership function which aids in selecting optimal switching vector. In CDTC we can categorize torque 

error into positive, negative or zero. But in Fuzzy logic, we can subdivide the positive into positive maximum 

and positive minimum. Using Fuzzy logic torque error, flux error and Stator flux space are divided into more 

subsections which enables the precise and optimal selection of the switching vector. In this section the CDTC 

is improved using Fuzzy Logic Controller (FLC). As depicted in Figure 3. Torque hysteresis band, flux 
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hysteresis band and switching table are replaced by FLC. Fuzzy logic is an expert based rule based system by 

which we can implement expert intelligence. The expert‟s intelligence is included using set of fuzzy rules. In 

fuzzy logic the membership values in between 0 and 1 are assigned to fuzzy inputs and outputs. FLC has 

three inputs Flux error(s
*
- s), Torque error (Te*- Te), sector in flux space (s) and one output switching 

state (n) [15, 30]. The 3 inputs cannot be directly applied to FLSC directly. The three inputs are fuzzified 

before applying to the fuzzy rule base and the output of FLSC need to be defuzzified to obtain a crisp output. 

The fuzzification is done by representing the inputs using fuzzy membership functions. 

 

 

 
 

Figure 3. Block diagram of DTFC with Fuzzy or NN based duty Ratio Controller 

 

 

The stator flux error (eT) is divided into three linguistic variables: negative (N), zero (Z) and positive 

(P) values The N and P variables are represented by trapezoidal membership function and Z by triangular 

membership function as shown in Figure 4 (a). The Torque error (eφ) is split into five linguistic variables: 

Positive Large (PL), Positive Small (PS), Negative Small (NS) and Negative Large (NL). The NL and PL are 

represented by trapezoidal membership functions and NS, Z, PS are represented by triangular membership 

functions as shown in Figure 4 (b). The Stator flux trajectory is divided in 12 sectors (θ1to θ12) [13], [19], 

[30]. All fuzzy variables are represented by isosceles triangular membership functions of 60
0
 wide and an 

overlap of 30
0
 with neighborhood fuzzy variables. So that each fuzzy set works for an angle of 30

0
. The 

membership function distribution over 0
0
 to 360

0
 is shown in Figure 4 (c). The output of fuzzy controller „n‟ 

is divided into seven switching states (one zero switching state and six active switching states) as shown in 

Figure 5. Each state is represented by a sharp triangular membership function. [5] 

 

 

 
Figure 4. (a) Membership function (MF) of Flux Error (b) Torque Error and (c) Stator Flux Angle [5], [15] 
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Figure 5. Membership functions (MF) Output Switching Sector of FLC [5], [15] 

 

 

The mapping of Inputs and output depends upon rule base. The Fuzzy rule is developed based on 

expert knowledge and intuition in order to meet the objective of controlling. Since there are three MF‟s for 

eφ, five MF‟s for eT and twelve MF‟ s for θ signals so 3×5×12 = 180 fuzzy rules are developed to select one 

of seven MF‟ s for the output. The rule base proposed by Sudheer et.al in [5], [15] is employed. The fuzzy 

rules are developed based on min-max fuzzy inference method. The fuzzy rules are developed using Min-

Max method. For example: 

Rule: If eT is PL and eφ
 
is P and θ is θ1 then output is V1. 

 

The minimum of membership functions of eT, eφ and θ is selected using Fuzzy AND operation. 

Thus the output of i
th

 rule depends upon torque error, flux error and stator flux position. The output of the 

FLC is in fuzzified form. The fuzzified output is converted into crisp value using maximum criteria. Out of 

available methods of defuzzification the Mean of Maxima (MoM) method is used. The output of FLC 

determines the switching sector Vn (n= 0 to 6) need to be applied to VSI. So the output is converted in SA, 

SB, and SC switching signal using Boolean expression. 

 

 

4. DUTY RATIO CONTROLLER(DRC) USING FUZZY LOGIC 

The concept of duty ratio using a simple ramp generator is introduced by D. Telford et al [20] and 

duty ratio modulation by Pengcheng Zhu et al [21]. The implementation of Fuzzy duty ratio was proposed by 

Ivica Kuric et al. [23], Y S Kishore Babu, et al [22], Sudheer H et al [24]. In most of the papers [31-35] the 

duty ratio controller is applied to CDTC for torque ripple reduction. In this paper the DRC controller using 

both Fuzzy and Neural Networks is developed and applied to Fuzzy DTC. The optimal Duty ratio controller 

using fuzzy logic is developed as given by Sudheer H et al [31]. The basic concept of duty ratio control is 

applying the active switching state of VSI for just enough time to enough time to achieve the torque and flux 

reference values [21-22], [31]. The Fuzzy duty cycle controller determines the time duration for which active 

voltage is applied. Two Fuzzy logic controllers are used to identify the optimal duty cycle.  

Each fuzzy controller has two inputs, Torque error (Te*-Te), sector angle and one output duty ratio 

(δ). If Stator flux (ψs) is greater than the reference flux (ψs*) fuzzy controller 1 is selected, otherwise fuzzy 

controller 2 [31]. The selected Fuzzy controller will bring forth the duty ratio (between 0 to 1) based on the 

rule base given in Table 2[31]. Output of Fuzzy DRC is compared with triangular signal of same frequency 

as that of swithing frequency of VSI to generate duty ratio between 0 and 1. The optimal duty ratio (δ) gets 

multiplied with witching sector selected by Fuzzy logic siwthcing table [31]. 

The inputs of fuzzy controllers Torque (eT), Sector angle(θ) and output duty cycle(δ) are 

represented by three linguistic variables: small(S), Medium(M) and Large(L) represented by triangular 

membership functions as shown in Figure 6. [31-32]. 

 

 

 
 

Figure 6. Input and Output Membership functions of Duty ratio Controller (DRC) 
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Table 2. Rule base for Fuzzy Controllers1 and 2 [31] 

 
Torque 

error 

Position of stator flux S(n) 

S M L 

Stator flux 

< Ref.Value 

Fuzzy 

contoller1 

S M S S 

M M M M 
L L L L 

Stator flux 

< Ref.Value 

Fuzzy 

Contoller2 

S S S M 

M M M L 
L L L L 

 

 

5. DUTY RATIO CONTROLLER USING NEURAL NETWORKS 

The duty ratio controller is implemented using Artificial Neural Networks. Feed forward neural 

network with one hidden layer is trained for evaluation of optimal duty ratio fed to FDTC of Induction motor. 

The neural network is developed using neural network toolbox in Matlab. The NNDRC has three inputs 

Torque error, Reference flux, stator flux angle and one output duty ratio. The 80000 samples of inputs, output 

are collected to develop the neural net. On typing “nftool” in command window we can open neural network 

fitting tool, the inputs and targets are imported from file stored in. Mat file. The neural net training is begun 

by setting validation and testing as 15% neural network architecture is chosen. 

The feed forward, back propagation neural net with one hidden layer is selected. The hidden layer of 

20 neurons with “Tansig” (sigmoid transfer function) is selected and output layer of one neuron with 

“Purelin” (linear transfer function) as shown in Figure 7. The neural networks are trained using Levenburg-

Marquardt algorithm. ANN learns by adaptation of weights in order to conform to the target with Mean 

square error set to zero. The best validation at 1000 epoch is shown in Figure 8. Once the training is finished 

the neural network Simulink block is generated using “gensim”, as shown in Figure 9. Which is placed in the 

Simulink model to replace fuzzy logic based duty ratio controller. The trained neural network will select the 

optimal duty ratio based on the torque error, reference flux and stator flux angle. The selected optimal duty 

ratio (δ) is applied to switching vector of VSI. 

 

 

 
 

Figure 7. Neural Networks based duty Ratio Controller Architecture 

 

 

 
 

Figure 8. Training performance of NN DRC 
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Figure 9. Simulink Model of Neural Network based DRC 

 

 

6. RESULTS AND ANALYSIS  
In order to test the effectiveness of Fuzzy logic switching controller with Fuzzy duty ratio controller 

and Neural Network based duty ratio controller in improvement of dynamic and steady state response of 

drive, respective Simulink models are simulated using Matlab software. The Induction motor initially 

subjected to a reference speed of 50 rad/sec and given a sudden change to 100 rad/sec at t=0.4 sec to measure 

transient and steady state behavior of drive. Initially the motor is started with no-load and subjected a sudden 

load of 4 N-m at t=0. 2 Sec in order to test the effectiveness of feedback loop. Induction motor is developed 

based on the parameters listed in Table 3. All simulations are carried over a sampling time of 1/10000 Sec 

which is equivalent to sampling frequency of 10 kHz. 

 

 

Table 3. Induction motor Parameters 
Symbol Parameters values 

Pn Power 1.1 kW 

V n Nominal Voltage 400/230 V 
In Nominal current 2.6 /4.5 A 

n Nominal Speed 1420 rpm 

F Frequency 50 Hz 
p Pair pole 2 

Rs Stator resistance 7.6 Ω 

Rr Rotor resistance 3.6 Ω 
Ls Stator inductance 0.6015 H 

Lr Rotor inductance 0.6015 H 

Lm Mutual inductance 0.5796 H 
J Moment of inertia 0.0049 Kg·m2 

 

 

Figure 11. (a), (b) & (c) illustrates the speed response of CDTC, FDTC with fuzzy DRC and NN 

DRC. Figure 11 (a) clearly indicated peak overshoot when the motor is subjected to step change in reference 

speed. Figure 11 (b) & 11 (c) shows that the speed response is smooth without any overshoots, Proposed 

FDTC with the duty ratio controller are able to track smoothly the sudden variation in reference speed. 

Figure 12. (a), (b) & (c) illustrates the Torque response of CDTC, FDTC with fuzzy DRC and NN 

DRC. Figure 12 (a) clearly indicates high torque ripple of around reference value (4±1.2 N-m) due to 

presence of hysteresis band and conventional switching table. Figure 12 (b) & (c) shows that torque ripples 

are reduced by 85 % (4±0.2 N-m) in case of FDTC with Fuzzy DRC. Figure7 (c) illustrates that torque 

response is smoother and less ripple in FDTC with NN DRC compared to CDTC and FDTC with Fuzzy 

DRC. 

 

 

  
  

(a) CDTC (a) CDTC 
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(b) FDTC with Fuzzy DRC (b) FDTC with Fuzzy DRC 

  

  

  
  

(c) FDTC with NN DRC (c) FDTC with NN DRC 

Figure 11. Speed response of induction motor Figure 12. Torque response of induction motor 

 

 

Figure 13. (a), (b) & (c) illustrate the Flux response of CDTC, FDTC with fuzzy DRC and NN 

DRC. Figure 13(a) clearly indicates high flux ripples around reference value (0.924 ±0.08 N-m) using 

conventional switching table. Figure 13 (b) & (c) shows that Flux ripples are reduced by 75 % (0.924 ±0.02 

N-m) in case of FDTC with Fuzzy DRC and FDTC with NN DRC compared to CDTC. 

Figure 14. (a), (b) & (c) illustrate the 3 phase Stator currents drawn by induction motor using 

CDTC, FDTC with fuzzy DRC and NN DRC. Figure 14 (a) clearly indicates the current drawn using CDTC 

contains large amount of harmonics compared to currents drawn by using FDTC with Fuzzy DRC and FDTC 

with NN DRC as depicted in Figure14 (b) & 14 (c). 

 

 

  
 

(a) CDTC (a) CDTC 
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(b) FDTC with Fuzzy DRC (b) FDTC with Fuzzy DRC 

 

 

 

  
  

(c) FDTC with NN DRC (c) FDTC with NN DRC 

Figure 13. Stator Flux response of induction motor Figure 14. Stator currents of induction motor 

 

 

   
   

(a) CDTC (b) FDTC with Fuzzy DRC (c) FDTC with NN DRC 

 

Figure 15. Stator Flux Trajectory path of Induction motor 

 

 

Figure 15. (a), (b) & (c) illustrate the flux trajectory path using CDTC, FDTC with fuzzy DRC and 

NN DRC. Figure 15 (b) clearly indicates that smooth flux trajectory during switch of states is observed in 

FDTC with Fuzzy DRC compared to other two schemes 

 

 

7. CONCLUSION  

This paper proposes the use of Fuzzy logic controller along with Fuzzy and Neural Network based 

duty ratio controller for improvements in Sensorless Conventional DTC of Induction motor. The Fuzzy Logic 

switching controller selects optimal switching state to meet the torque demand and reference speed of 

Induction motor. But the switching state selected will be applied for an entire switching period. Fuzzy Duty 
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ratio controllers and Neural Networks based Duty ratio controller generates optimal duty ratio (δ) which 

indicates the time for which active switching state is applied and zero switching state is applied remaining 

time. Simulation results validate that Using FDTC with Fuzzy DRC or NN DRC the torque and flus ripples 

are reduced, improved dynamic and steady state response of induction motor can be achieved. In Fuzzy DRC 

once the rule base is prepared it will be validated for all changes in reference speed or load Torque. 

In NN DRC we need to retrain the neural network for selection of optimal duty ratio. So DTC with Fuzzy 

switching controller and Fuzzy DRC we can achieve fast dynamic response and improved steady response of 

induction motor can be achieved. 
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