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 This paper proposes a study aimed at improving the conventional direct 

torque control (DTC) technique applied to induction motors (IM). The 

primary aim is to reduce the harmonic distortions and fluctuations associated 

with the electrical current, flux variations, and generated torque, while 

ensuring accurate speed reference tracking and ensuring optimal dynamic 

performance of the drive, especially under variable speed conditions. To 

achieve this, we introduce an intelligent control system that utilizes a 

hybrid neuro-fuzzy inference model (ANFIS), through the application of the 

back propagation method. The DTC-ANFIS technique is compared with the 

traditional DTC-PI method and simulated using MATLAB/Simulink in 

different scenarios. The obtained results reveal a significant improvement in 

performance over DTC-PI, with superior results over a wide speed range. 
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NOMENCLATURE 

𝑇𝑒, 𝑇𝑟 : Electromagnetic torque and resistance 𝐿𝑠,𝐿𝑟 : Stator and rotor inductances 

𝑖𝑑𝑠, 𝑖𝑞𝑠 : Stator current 𝐿𝑚 : Mutual inductance 

𝑖𝑑𝑟 , 𝑖𝑞𝑟  : Rotor currents 𝑝 : Number of pole pairs 

𝛷𝑑𝑠, 𝛷𝑞𝑠 : Stator flux 𝐽 : Moment of inertia 

𝛷𝑑𝑟, 𝛷𝑞𝑟 : Rotor flux 𝑓 : Friction coefficient 

𝜔𝑠 : Stator angular electrical speed 𝑆𝑎, 𝑆𝑏, 𝑆𝑐  : Sequence of the DTC 

𝑅𝑠, 𝑅𝑟 : Stator and rotor resistances 𝐸, 𝑣𝑑𝑐  : The DC voltage of the battery 

AV ,
BV ,

CV  : Inverter output voltages   

 

 

1. INTRODUCTION 

Since the 1950s, with the first advances in artificial intelligence [1], [2], the demand for labor in 

sectors such as manufacturing, farming, and service industries has gradually reduced. In particular, artificial 

intelligence [3], [4], a subfield of computer science, focuses on the creation of systems designed to process 

data, learn from it, and generate predictions or decisions based on the insights gained. This technology, 

oriented towards prediction, makes it possible to process large amounts of information and generate useful 

predictions, thus offering concrete and rapid solutions. This study explores different types of intelligent 

https://creativecommons.org/licenses/by-sa/4.0/
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controls, and we will specifically implement a hybrid command technique using a neuro-fuzzy inference 

model (ANFIS) to enhance the performance of direct torque control (DTC) applied to induction machines [5]. 

ANFIS control was developed through the combination of two intelligent control approaches: neural 

network with fuzzy logic. This merged framework, built upon both artificial neural models and fuzzy 

reasoning mechanisms, takes advantage of the respective strengths of each method [6]. In this structure, the 

neural component is responsible for deriving fuzzy rules from input data, while the fuzzy sets are 

continuously refined during the training phase. The supervised learning algorithm allows the neuro-fuzzy 

networks to learn complex relationships by analyzing sets of examples composed of inputs and their 

corresponding outputs [7]. With this hybrid method, ANFIS connects inputs and outputs using a supervised 

learning technique, while integrating human expertise to refine the results. 

Introduced by Takahashi in 1985, the DTC technique is characterized by its simplicity of 

implementation and its efficiency [8]. Many works have made it possible to specify and refine the modelling of 

this approach [8], [9]. DTC allows determining the control quantities, such as the stator flux and the produced 

torque, only from the readings of the stator currents, without using mechanical sensors. In its basic structure 

[10]. This technique directly selects a voltage vector from a commutation table, in accordance with the principle 

of direct control, in order to regulate the converter. This mechanism ensures a fast torque response. 

However, this method also has some drawbacks. The use of hysteresis controllers allows maintaining 

the torque and stator flux errors within acceptable bounds, but it generates a significant torque ripple [11], [12]. 

Other limitations of conventional DTC include high torque ripple, average torque that may not match the exact 

demand, and variable switching frequency, which may affect the overall system performance. 

To overcome these limitations, researchers have suggested many control techniques, including 

nonlinear strategies, advanced methods, and artificial intelligence approaches, all aiming to enhance the 

effectiveness of conventional DTC [11], [13]. In this study, we explored and developed an intelligent control 

approach using the hybrid neuro-fuzzy inference model applied to DTC for asynchronous motors. To 

evaluate the reliability of this technique, we carried out a comparison of this technique and the conventional 

DTC with a PI controller. 

 

 

2. METHOD 

2.1.  Modelling of IM 

To monitor and regulate the behavior of the induction machine, a mathematical model is necessary. 

For this purpose, we have defined the state vector, which consists of the electrical currents in the stator 

(𝑖𝑑𝑠 , 𝑖𝑞𝑠), and the magnetic flux in the rotor (𝜙𝑑𝑠, 𝜙𝑞𝑠) [14]. The complete model of the asynchronous 

machine is expressed as (1) [15], [16]. 

 

{
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𝑑𝑡
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(1) 

 

Where  the coefficient of dispersion is 𝜎 = 1 −
𝐿𝑚

2

𝐿𝑠𝐿𝑟
. 

 

2.2.  Two-level voltage inverter model 

A three-phase inverter functions as a static DC-AC converter capable of generating three 

symmetrical output voltages with controllable amplitude and frequency. In the modeling process, the 

converter is treated as a two-level voltage source inverter VSI-2L [17], Figure 1 represents the equivalent 

schematic of a two-level three-phase voltage inverter used to supply an asynchronous motor. This diagram 

highlights the power conversion structure and the operating principle of the inverter. The mathematical 

model of a two-level voltage inverter presented by [17], [18]. 
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𝑆𝑏
𝑆𝑐

| 
(2) 

 

 

 
 

Figure 1. Voltage source inverter 

 

 

2.3. Principle of traditional direct torque control 

Figure 2 illustrates the fundamental structure of the traditional DTC drive, as proposed by 

Takahashi. This diagram highlights the control architecture and the main components involved in torque and 

stator flux regulation. It includes the following fundamental components: torque and flux estimators, a set of 

hysteresis controllers, a sector calculation unit, and a look-up table for optimal switching vectors [19], [20]. 

 

{
𝜑𝑠(𝑡) = ∫ (

𝑡

0

𝑉𝑠 − 𝑅𝑠 𝐼𝑠)𝑑𝑡 = 𝛥𝜑𝑠 = 𝑣𝑠𝑇𝑒

𝑇𝑒 = 𝑝(𝜑𝛼𝑠𝐼𝛽𝑠 − 𝜑𝛽𝑠𝐼𝛼𝑠)

 

(3) 
 

 

 
 

Figure 2. Traditional DTC-based PI controller for an induction machine 
 

 

2.3.1. Estimator for electromagnetic torque and magnetic flux 

Before approaching the study of the flux controller, we define the computational steps necessary to 

estimate the stator flux amplitude. Thus, from the (4), we will establish the decomposition of the flux vector 

𝜑𝑠  along the axes (𝛼𝑠, 𝛽𝑠) either [15], [21]. 
 

𝜑𝑠 = 𝜑𝛼𝑠 + 𝑗𝜑𝛽𝑠  (4) 

 

{
 
 

 
 
𝜑𝛼 𝑠 = ∫(𝑉𝛼𝑠

𝑡

0

− 𝑅𝑠 𝐼𝛼𝑠)𝑑𝑡

𝜑𝛽 𝑠 = ∫ (
𝑡

0

𝑉𝛽𝑠 − 𝑅𝑠 𝐼𝛽𝑠)𝑑𝑡
⬚

 

(5) 
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The compound voltages 𝑉𝛼 𝑠and 𝑉𝛽 𝑠 of 𝑉𝑠 obtain from the measured input voltage of the inverter 𝑈𝑐, the 

control situation of 𝑆𝑎 , 𝑆𝑏, and 𝑆𝑐, by applying the Concordia transformation, we obtain [22]: 

 

𝑉𝑠 = 𝑉ds + 𝑗𝑉qs  (6) 

 

{
 
 

 
 
𝑉ds = √

2

3
𝑈c (𝑆𝑎 −

1

2
(𝑆𝑏 + 𝑆𝑐))

𝑉qs =
1

√2
𝑈c (𝑆𝑏 − 𝑆𝑐)

 

(7) 

 

The currents 𝐼𝛼 𝑠, 𝐼𝛽 𝑠 are also obtained by the Concordia transformation, from the measured currents 

𝐼𝑎 𝑠 𝐼𝑏 𝑠 𝐼𝑐 𝑠 either [13]. 
 

𝐼𝑠 = 𝐼𝛼𝑠 + 𝑗𝐼𝛽𝑠  (8) 

 

{
 
 

 
 
𝐼𝛼 𝑠 = √

2

3
𝑈c 𝐼as 

𝐼𝛽 𝑠 = √
2

3
(𝐼bs − 𝐼cs )

 

(9) 
 

The modulus of the stator flux is (10). 
 

𝜑𝑠 = √𝜑𝛼𝑠  
2 +𝜑𝛽𝑠 

2 𝑎𝑛𝑑𝜃𝑠 = 𝑡𝑎𝑛
−1 𝜑𝛽𝑠 

𝜑𝛼𝑠  

 (10) 

 

From the expression of the electromagnetic torque, we can estimate the torque 𝑇𝑒 only from the stator 

magnitudes flux 𝜑𝛼 𝑠 ,𝜑𝛽 𝑠 and currents 𝐼𝛼 𝑠  ,𝐼𝛽 𝑠 . We then obtain the following form of the torque: 
 

         T )
s s s sem α β β αp(φ I φ I= −  (11) 

 

2.3.2. Hysteresis controllers for electromagnetic torque and magnetic flux 

The deviation between the reference stator flux and the estimated stator flux is managed using a 

two-stage hysteresis controller that generates the latter 0 or 1 following the (9) and (10) [23]. 
 

𝐻𝜑 = 1 if 𝛥𝜑 ≤ |𝜑∗| − |𝜑𝑠| (12) 
 

𝐻𝜑 = 0 if 𝛥𝜑 ≤ |𝜑∗| + |𝜑𝑠| (13) 
 

The difference between the reference torque and the estimated torque is controlled in a three-level hysteresis 

controller that generates the latter -1 or 1 or 0 following the (14)-(16) [23]. 
 

𝐻𝑇𝑒 = 1 if 𝛥𝑇𝑒 ≺ |𝑇𝑒
∗| − |𝑇𝑒| (14) 

  

𝐻𝑇𝑒 = −1 if 𝛥𝑇𝑒 ≺ |𝑇𝑒
∗| + |𝑇𝑒| (15) 

   

𝐻𝑇𝑒 = 0 if |𝑇𝑒
∗| − |𝑇𝑒| ≺ 𝛥𝑇𝑒 ≺ |𝑇𝑒

∗| + |𝑇𝑒| (16) 
 

2.3.3. Sector selection and switching table 

The truth table for the check structure is developed using the outputs of the checkers and the N field 

locations 𝜑𝑠 such that: 
 

𝜃 = 𝐴𝑟𝑐𝑡𝑎𝑛 (
𝜑𝛽𝑠 

𝜑𝛼𝑠 
) (17) 

 

The space of evolution of 𝜑𝑠  in the considered reference frame is decomposed in 6 zones N (1 to 6). This 

choice is dictated by a concern for a more rigorous control and such that: 
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−
𝜋

6
+ (𝑁 − 1)

𝜋

3
≤ 𝜃 <

𝜋

6
+ (𝑁 − 1)

𝜋

3
 (18) 

   
Table 1 applies the switching table as introduced by the selected voltage vector, which is decomposed and 

then applied to the voltage source inverter [24]. Table 2 shows the sequence of the DTC command applied 

directly to the voltage inverter. By selecting one of the two null vectors 𝑉⃗ 0 or 𝑉⃗ 7. The rotation of the flux 

𝜑𝑠 stop and results in a decrease in the torque Tem. Alternatively, V0⃗⃗⃗⃗  or V7⃗⃗⃗⃗  is chosen to minimize the number 

of switches on the inverter. 

 

 𝑉𝑠 = √
2

3
𝑈𝑐 [𝑆𝑎 + 𝑆𝑏 𝑒𝑗

2𝜋

3 + 𝑆𝑐  𝑒𝑗
4𝜋

3 ] (19) 

 

 

Table 1. Takahashi vector selection table [25] 
N 1 2 3 4 5 6 

𝑯𝑻𝒆 = 𝟏 𝐻𝜑 = 1 𝑉2 𝑉3 𝑉4 𝑉5 𝑉6 𝑉1 

𝐻𝜑 = 0 𝑉7 𝑉0 𝑉7 𝑉0𝑉0 𝑉7 𝑉7 

𝐻𝜑 = −1 𝑉6 𝑉1 𝑉2 𝑉3 𝑉4 𝑉5 

𝑯𝑻𝒆 = 𝟎 𝐻𝜑 = 1 𝑉3 𝑉4 𝑉5 𝑉6 𝑉1 𝑉2 

𝐻𝜑 = 0 𝑉0 𝑉7 𝑉0 𝑉7 𝑉0 𝑉7 

𝐻𝜑 = −1 𝑉5 𝑉6 𝑉1 𝑉2 𝑉3 𝑉4 
 

Table 2. Voltage vector generation mode 
𝑉1 𝑉2 𝑉3 𝑉4 𝑉5 𝑉7 

0°-
60° 

60°-
120° 

120°-
180° 

180°-
240° 

240°-
300° 

300°-
360° 

𝑆1  𝑆2 𝑆3 𝑆4 𝑆5 𝑆6 

𝑆6 𝑆1 𝑆2 𝑆3 𝑆4 𝑆5 

𝑆5 𝑆6 𝑆1 𝑆2 𝑆3 𝑆4 

101 100 110 010 011 001 
 

 

 

2.4.  Design of fuzzy logic controller 

In order to control or study a physical system, it is necessary to construct a mathematical model, 

knowing that all physical systems are non-linear. Unless we can apply the principles of physics, it becomes 

challenging to develop an accurate non-linear model from measurement data and system identification 

methods. What's more, It is frequently too complicated to implement in controller development [26]-[28]. 

Alternatively, fuzzy control offers a structured approach to represent and apply a human-like control 

model [26]. It employs only a small subset of fuzzy mathematics, which is not only mathematically simple 

but also conceptually accessible. Figure 3 provides a detailed analysis of the fundamental notions, 

vocabulary, and calculations of fuzzy sets and fuzzy logic. The fuzzy controller structured around four main 

components that define its architecture and operating mechanism [29], [30]: 

- The fuzzification block transforms the crisp inputs into fuzzy values that can be matched against the 

stored rules. 

- The knowledge base contains a collection of fuzzy rules that encapsulate the control strategy. 

- The inference engine determines which rules are applicable based on the current inputs and computes 

the appropriate fuzzy outputs. 

- The defuzzification block translates the fuzzy outputs generated by the inference engine into precise 

control actions sent to the system [28], [29]. 
 

 

 
 

Figure 3. Fuzzy logic controller structure 
 
 

2.5.  Design of ANFIS controller 

The ANFIS represents a hybrid intelligent approach that unifies fuzzy logic reasoning with the self-

learning ability of neural networks. This paradigm allows optimizing the performance of intelligent systems 
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by integrating the knowledge acquired during the learning process [25], [27]. This system uses a first-order 

Takagi-Sugeno-Kang fuzzy model, which first generates an initial fuzzy system. The ANFIS controller takes 

the error and its rate of change as inputs. To optimize system performance and drive the error to zero, 

adaptive learning techniques are employed to adjust the parameters dynamically. During the inference and 

rule-definition phase, a back-propagation method is employed to fine-tune the structure of the neural 

network, allowing it to enhance the rule base and create fuzzy logic functions for both inputs as well as 

outputs. The input membership functions of the fuzzy logic controller related to the speed error (e) and the 

change in speed error (de) are shown in Figures 4(a) and 4(b), respectively, while the output membership 

functions of the fuzzy controller are illustrated in Figure 4(c). The along with associated fuzzy rules can be 

found in Table 3. Such a process depends on a meticulously filtered dataset, ensuring high accuracy and 

optimal computational efficiency [31], [32]. Figure 5 illustrates an overall architecture describing the ANFIS 

neuro-fuzzy system, as introduced by Jang, based on a flexible network that combines the characteristics of 

fuzzy inference systems with adaptive learning mechanisms, making it a powerful tool for various intelligent 

applications [30], [31]. 

 

 

   

(a) (b) (c) 

 

Figure 4. ANFIS controller membership functions: (a) input speed error e, (b) change in speed de,  

and (c) output membership du 

 

 

Table 3. Rule-based learning algorithm to elaborate ANFIS 
  E 

dE 

n pn z pp p 

n n N pn pn z 
pn n pn pn z p 

z n pn z pp p 

pp n z pp pp p 
p z pp pp p p 

 

 

 
 

Figure 5. Global architecture for neuro-fuzzy ANFIS [33] 
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In this system, A1, A2, and B1, B2 represent fuzzy collections within the premise part, The 

parameters pi and qi are configuration coefficients adjusted throughout the training phase. The structure of 

the ANFIS model includes five distinct layers, detailed below [34]:  

- Layer 1: This initial layer, referred to as the fuzzification layer, transforms crisp inputs into fuzzy values. 

Each node's output in this layer is calculated using the following expression (13) [35]: 

 

𝑂𝑖
1, 𝑖 = µ

𝐴𝑖
(𝑥) = 𝑒𝑥𝑝 (− (

𝑥−𝑐𝑖

𝜎𝑖
)
2

) (13) 

 

Where: I is the index of the membership function, x is the input to the node, and {σi, bi, ci} are the initial 

parameters defined at the start of the training process. 

- Layer 2: In this layer, each node computes the firing strength of a rule. The output of node i is calculated 

using (14): 

 

𝑂𝑖
2 = 𝑤𝑖 = µ

𝐴𝑖
(𝑥1).µ𝐵𝑖(𝑥2). 𝑖 = 1,2 (14) 

 

- Layer 3: Responsible for normalizing the firing strengths of the rules, this stage produces a normalized 

value at node i, computed using the (15) [35]: 

 

𝑤𝑖 =
𝑤𝑖

∑ 𝑤𝑘
𝑛
𝑘=1

 (15) 

 

- Layer 4: This layer is responsible for defuzzification and generating the results. At each node, the 

weighted results of the corresponding rule are computed. The (16) is used to calculate these values [36]. 

 

𝑂4𝑖 = 𝑤𝑖𝑓𝑖 = 𝑤𝑖(𝑝𝑖𝑥 + 𝑞𝑖𝑦 + 𝑟𝑖). (16) 

 

To fine-tune parameters within the ANFIS model, the least squares and back-propagation methods are used 

jointly. Figure 6 presents the results of the training step, where five Gaussian membership functions are 

applied for the DTC-ANFIS [37]. 

 

 

 
 

Figure 6. Network structure for DTC-ANFIS 

 

 

3. RESULTS AND DISCUSSION 

To accurately simulate the system's behavior, we modeled the desired circuit using MATLAB 

simulation software. The global block is structured into two main blocks: direct torque control and the 
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asynchronous motor, as demonstrated in Figure 7. Figure 8 presents a close-up of the Simulink model of the 

induction motor, highlighting its key components, such as the mathematical model, the electrical and 

mechanical equations, and the interactions between the stator and rotor phases. Similarly, Figure 9 presents in 

detail the Simulink model of the DTC control, encompassing torque and flux regulation, optimal voltage 

vector selection, as well as the two-level inverter model, ensuring precise and effective motor control. 

In this section of our study, we conduct analysis and comparison tests through MATLAB Simulink. 

The parameters of the induction machine and the dual-level voltage inverter used in the simulation are 

summarized in Table 4. The inverter operates with a DC voltage of 500 V and a switching frequency of  

10 kHz. These parameters serve as the reference for evaluating the efficiency and behavior of the DTC 

controller integrated with the ANFIS controller. These experiments aim to validate the overall system 

performance and demonstrate its robustness. 

 

 

 
 

Figure 7. Global block diagram illustrating direct torque control (DTC) applied to an IM in 

MATLAB/Simulink 
 

 

 
 

Figure 8. Induction machine model in MATLAB/Simulink 
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Figure 9. Direct torque control (DTC) model in MATLAB/Simulink 

 

 

Table 4. Characteristics of the induction machine 
Greatness Value Greatness Value 

Rated power 1.5 kw Rotor resistance 3.805 Ω 

Rated voltage 220 V Cyclic stator inductance 0.274 H 

Rated speed 1428 rpm Cyclic rotor inductance 0.274 H 
Nominal frequency 50 Hz Mutual inductance 0.258 H 

Rated stator current 3.64 A Number of pole pairs 2 

Stator resistance 4.85 Ω Moment of inertia 0.031 kg/m2 
Friction coefficients 0.00114 Nm.s/rd 

 

 

Figure 10 illustrates the dynamic behavior of the system during the speed range from 0 to 148 rad/s 

under nominal conditions. At t = 0.3 s, the torque resistance is generated by introducing load torque of 10 

Nm. The use of Benchmark 1 is essential for evaluating the system’s robustness against load fluctuations. 

Figure 10(a) depicts the rotor speed response, highlighting a first-order system dynamic. A rapid 

convergence of the speed towards the reference is observed, with an optimized response time of 0.15 s, 

demonstrating excellent reactivity. Moreover, the response remains stable, free from unwanted oscillations, 

ensuring precise and robust tracking of the reference speed. 

Figure 10(b) provides a detailed zoom on the rotor speed response between 0.28 s and 0.5 s, 

corresponding to the introduction of the resistive torque. During this disturbance, a slight decrease of 2.5 

rad/s in the reference speed was observed. However, thanks to the system’s speed, robustness, and stability, 

the system instantly corrects this deviation, allowing for a smooth and precise return to the reference speed 

without noticeable fluctuations. 

Figure 10(c) presents the evolution of the stator current. At startup, a significant current peak was 

observed reaching 35 A in less than 0.1 s, due to the initial inrush current. Subsequently, the current stabilizes 

and adopts a smooth sinusoidal waveform with slight ripples, reflecting the good dynamic behavior and 

stability of the system. 

Figure 10(d) illustrates the evolution of the electromagnetic torque. At startup, a high peak torque, 

reaching 40 Nm observed due to the initial acceleration conditions. Subsequently, the torque stabilizes around 0 

Nm, with harmonic oscillations ranging between +2.5 Nm and -5 Nm. At t = 0.3 s, when a resistive torque of 10 

Nm is applied, an instantaneous increase in the electromagnetic torque is observed, allowing the system to 

compensate for the disturbance. This correction, accompanied by a reduction and readjustment of harmonics, 

confirms the system’s effectiveness in handling load variations. These results demonstrate the excellent 

robustness of the system, its reactivity to load variations, and its ability to ensure precise reference tracking in 

steady-state operation, particularly within the framework of Benchmark 1. 

Benchmark 2 illustrates the system's behavior at medium speeds, comparing the performance of two 

control strategies: DTC-ANFIS (solid red curve) and DTC-PI (dashed blue curve). The speed reference 

follows a trapezoidal profile defined as follows: from 0 s to 0.35 s, the speed reaches +50 rad/s; from 0.35 s 

to 0.75 s, it drops to 0 rad/s, marking a critical transition phase; and from 0.75 s to 1 s, it reaches -50 rad/s. 

This speed variation, particularly the zero-crossing phase, provides a relevant test scenario for assessing the 

accuracy, responsiveness, and robustness of the controllers. Benchmark 2 clearly highlights the ability of 

both strategies to accurately track the imposed references, while also underlining the advantages of the 

intelligent ANFIS-based control. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 
 

Figure 10. Benchmark 1 trajectory tracking and disturbance rejection performance with the DTC-ANFIS 

approach for nominal speed: (a) rotor speed response, (b) zoom on the rotor speed, (c) stator current,  

and (d) electromagnetic torque 
 
 

Figure 11 shows the response of rotor speed and highlights such performance differences between 

DTC-ANFIS and DTC-PI. At startup, DTC-ANFIS achieves a rise time of 0.08 s, while DTC-PI requires 

0.15 s, demonstrating the faster response of DTC-ANFIS. In steady-state operation, DTC-ANFIS ensures 

greater stability than DTC-PI, providing precise and reliable reference tracking. In transient mode, DTC-

ANFIS enables faster and smoother speed transitions, whereas DTC-PI exhibits less controlled variations. 

In the third phase of the graph, DTC-PI leads to an unstable system, while DTC-ANFIS maintains excellent 

stability, confirming its robustness and efficiency in speed control. Table 5 presents a comparison of the 

mean squared errors (MSE) between the DTC-ANFIS and DTC-PI control strategies, offering an assessment 

of their performance with regard to accuracy and control efficiency. 
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Figure 12 presents the electromagnetic torque curves, highlighting the performance differences 

between the DTC-ANFIS and DTC-PI strategies. During startup, the DTC-PI strategy faces difficulties, as 

evidenced by its longer startup time of 0.15 s, while the DTC-ANFIS strategy reaches stability in just 0.08 s. 

Furthermore, the DTC-ANFIS control generates fewer ripples and harmonics compared to the DTC-PI, as 

shown in Figure 13, confirming its superior efficiency and better control performance. Figure 14 displays the 

stator current curves. DTC-ANFIS consumes less current than DTC-PI, with reduced harmonic distortion, 

demonstrating its optimized energy efficiency. 
 
 

Table 5. Comparison of mean squared errors of DTC-ANFIS and DTC-PI 
The speed reference DTC-PI DTC-ANFIS 

50 rad/s 4.4571 4.2226 

0 rad/s 5.4869 4.4972 
-50 rad/s 5. 1530 4.6824 

 

 

 
 

Figure 11. Benchmark 2 - comparison of rotor speed trajectories between DTC-ANFIS and DTC-PI strategies 
 

 

 
 

Figure 12. Benchmark 2 - comparison of electromagnetic torque trajectories between DTC-ANFIS and  

DTC-PI strategies 
 
 

 
 

Figure 13. Benchmark 2 - close-up on electromagnetic torque evolution: comparison between DTC-ANFIS 

and DTC-PI strategies 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

 Improvement direct torque control of induction motor using robust intelligence … (Laoufi Abdelhaq) 

1563 

 
 

Figure 14. Benchmark 2 - comparison of stator current isa trajectories between DTC-ANFIS and  

DTC-PI strategies 

 

 

4. CONCLUSION 

In the following, we suggest an innovative strategy employing the adaptive neuro-fuzzy inference 

system (ANFIS) to enhance the traditional DTC technique. This approach intelligently adapts the control 

parameters to optimize DTC performance. To assess the effectiveness of this approach and validate the 

associated parameters, a series of tests were conducted on two benchmark test benches. The obtained results 

highlight a significant improvement in the performance of the ANFIS-based controller compared to a 

conventional DTC using a PI regulator. The effectiveness of this improvement has a direct impact on the 

behavior of the induction motor, with the following key enhancements: i) Reduction of torque ripples in both 

transient and steady state conditions, attenuation of motor vibrations, and increased operational lifespan;  

ii) Minimization of stator current ripples; iii) Fast and robust transient dynamics; and iv) High-precision 

tracking and stability of the reference speed trajectory. However, the intelligent method has some drawbacks; 

it requires longer calculation times, and the determination of the database for ANFIS remains complex.  
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