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ABSTRACT 

 

Direct Torque Control (DTC) technique provides a multidimensional control over the target system. From the 

capability to employ various speed controllers and constant monitoring of the motor state to the minimization 

of inrush current and voltage sag on the power network side, DTC dictates its excellence evidently. Wide range 

of functionality along with the fast and precise torque and speed responses have made this system one of the 

best choices for the control of an induction motor. However, DTC drive’s inherent need for a rotor speed sensor 

brings some drawbacks. This paper studies design, calculation, and the performance of a novel Fuzzy scheme 

implemented in a Model Reference Adaptive System (MRAS) for sensorless speed observation. In order to 

evaluate the effectiveness of the proposed technique, its results are contrasted with the conventional scheme of 

a PI controlled MRAS DTC. The operation of a 5hp induction motor is analyzed on MATLAB Simulink 

platform for various scenarios of abrupt speed demand and load torque changes. Although both MRAS 

mechanisms demonstrate satisfactory performance in steady state conditions, the Fuzzy based system offers 

considerably more accurate and reliable responses even for transient states with minimized estimation error 

and higher signal precision. 

Keywords : Direct Torque Control (DTC), Fuzzy logic controller, Motor drives, Model Reference Adaptive 

System (MRAS), Fuzzy MRAS. 

 

I. INTRODUCTION 

 

With the advent of modern induction motors in 

multifarious applications, the need for advanced 

motor drives became inescapable. Among the so many 

control strategies, Direct Torque Control (DTC) 

technique is one of the most referenced ones. Its 

functionality in diverse purposes[1], fast response to 

user demands[2, 3], significant reduction of inrush 

current and voltage sag in power network[3, 4], 

capability to control induction motor in demanded 

low or high speeds[5–8], and resistance against load 

disturbances[9, 10] are only some of the remarkable 

advantages of DTC drives. On the other hand, it has 

some flaws such as switching losses[11] and torque 

and flux ripples[2, 12, 13] engendered because of the 

inverter’s nature, and other problems related to the 

use of the speed sensor on the motor’s shaft including 

the reduction of mechanical robustness of the drive, 

inappropriateness for hostile work environments 

(corrosion, moisture, pollution, dust, and etc.), and the 

sensor’s high price and high costs of maintenance[11, 

14]. 

 

Although it was Depenbrock who introduced Direct 

Self Control (DSC) and patented it in US and 

Germany[15, 16] initially, it did not take long for 

Takahashi and Noguchi to develop its novel variation 

called Direct Torque Control (DTC)[3, 4]. Due to the 

disadvantages of using a speed sensor mentioned 
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earlier, different alternatives were proposed in the 

past [7, 14, 25, 26, 17–24]. Sensorless DTC strategies 

are generally classified in three categories of Signal 

Injection[27], State Observer[24], and Model 

Reference Adaptive System (MRAS)[14, 28] methods. 

The need for sophisticated calculations and an 

external signal source weakens the functionality of 

Signal Injection Method [14, 19]. While State 

Observer’s advantage is its simplicity and reliability 

against abrupt load changes, it suffers seriously from 

chattering phenomenon[24, 26]. Eventually, it is 

MRAS method which is able to satisfy a wide range of 

demands[7, 14, 23, 29]. Meanwhile, MRAS itself is 

categorized in four clusters of Back-emf[7], Rotor-

Flux[14, 22], Reactive Power[21, 30], and Active 

Power[29]. This paper is dedicated to study Rotor-

Flux strategy, because it balances different desirable 

factors and satisfies a variety of applications when it is 

compared with other approaches. 

 

Meanwhile, the advent of Fuzzy sets introduced 

independently by L.A. Zadeh has changed the concept 

of mathematics and provided a room for the invention 

of a variety of novel approaches in different fields[31, 

32] and electrical engineering is no exception. Their 

wide range of application, attractive simplicity, and 

notable accuracy are the undeniable characteristics of 

fuzzy sets. Literally, fuzzy logic works similar human 

logic; that is why it is simple to design, easy to 

implement and precise in finding rational solutions. 

Where an optimum control strategy was a necessity, 

Fuzzy Logic Controllers (FLCs) were in the focus of 

attention. Thus, researchers are encouraged to replace 

the conventional PI Controllers (PICs) with FLCs in 

sensorless MRAS DTC drives. PICs are common to use 

in motor drives, while their incapability to cope with 

sudden load and speed changes are the main 

disadvantages [14], [18]. Hence, this study is dedicated 

to investigate the performance of a novel FLC scheme 

employed as the rotor speed observer in a MRAS 

system of a DTC drive. The proposed FLC has 

normalizer gains, gaussian membership functions, and 

it is designated to adjust the estimated speed value 

instead of ordering a definitive value in the output. It 

is assumed here that, because the change in rotor 

speed is a continuous value, adjusting the estimated 

value based on the rotor speed of the previous 

moment can be a better approach. A comprehensive 

understanding of DTC drive and MRAS speed 

estimation system is presented in the following, the 

proposed FLC MRAS technique comes afterwards, and 

the whole process simulated eventually in order to 

examine its credibility. 

 

Nomenclature 

DTC Direct Torque Control MRAS Model Reference Adaptive System 

DSC Direct Self Control PIC Proportional Integral Controller 

Ua,b,c Voltage in abc frame FLC Fuzzy Logic Controller 

Ud,q,o Voltages in dq frame φds, φqs Stator flux components in dq frame 

ia,b,c Currents in abc frame φdr, φqr Rotor flux components in dq frame 

id,q,o Currents in dq frame φdr̂, φqr̂ Estimated rotor flux components 

Te, Te
∗ Actual and Reference Electromagnetic torques θφ Stator flux angle 

ωn, ω∗ Nominal and Reference rotor speeds φsn Nominal stator flux 

ωr, ωr̂ Actual and Estimated rotor speeds |φs| Stator flux amplitude 

(ξω) Rotor speed tuning error ki, kp Integral and Proportional gains 

Rs, Rr Stator and Rotor resistances Ls, Lr, Lm Stator, Rotor, and Mutual inductances 

p Motor pole pairs τr Rotor time constant 

V0−7 Eight voltage vectors of two-level inverter HT, Hφ Torque and Flux hysteresis commands 

VA Apparent power in volt-ampere rpm Revolutions per minute 

hp Horse power N.m Newton-meters 
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II. MATHEMATICAL MODEL OF A 

CONVENTIONAL DTC DRIVE 

 

The general scheme of a conventional DTC drive is 

shown in Figure 1. DTC measures input voltages and 

currents of the induction motor fed by a 2-level 

inverter. These measured amplitudes must be 

transformed from abc to dq frame as expressed below 

[33]: 

𝑈𝑑𝑞𝑜 =

[
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Accordingly, the stator flux on the dq axes (𝜑𝑑𝑠, 𝜑𝑞𝑠) 

and the electromagnetic torque (𝑇𝑒) can be calculated 

by the equations stated in the following: 

{
𝜑𝑑𝑠 = ∫(𝑈𝑑𝑠 − 𝑅𝑠𝑖𝑑𝑠) 𝑑𝑡

𝜑𝑞𝑠 = ∫(𝑈𝑞𝑠 − 𝑅𝑠𝑖𝑞𝑠) 𝑑𝑡
   (3) 

{
|𝜑𝑠| = √(𝜑𝑑𝑠

2 + 𝜑𝑞𝑠
2 )

𝜃𝜑 = ∡�̂�𝑠         
    (4) 

𝑇𝑒 =
3

2
𝑝[(𝜑𝑑𝑠𝑖𝑞𝑠) − (𝜑𝑞𝑠𝑖𝑑𝑠)]   (5) 

where 𝑝  and 𝜃𝜑  represent pole pairs and stator flux 

position respectively.  

As shown in Figure 2, the reference electromagnetic 

torque (𝑇𝑒
∗) is generated by a PIC which works based 

on the rotor speed error. It can be expressed by the 

following equation: 

𝑇𝑒
∗ = 𝑘𝑖 ∫(𝜔∗ − 𝜔𝑟)𝑑𝑡 + 𝑘𝑝(𝜔∗ − 𝜔𝑟)  (6) 

where, 𝑘𝑖  and 𝑘𝑝  are the controllers integral and 

proportional gains respectively. 

Although stator flux must be kept at a constant value 

for different rotor speeds, it should be reduced for 

velocities higher than the motor’s nominal speed. 

Since the stator voltage has a constant peak amplitude, 

the increase in the frequency is the only possible 

option to achieve higher velocities. Therefore, the 

reduction of stator flux must be taken into 

consideration in order to keep motor in constant 

power region [34, 35].  Eventually, the function of 

reference stator flux operates based on the rules 

 
Figure 1: Schematic illustration of a conventional DTC drive. 

 

 
Figure 2: Speed controller block of a conventional 

DTC drive. 
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below: 

𝜑𝑠
∗ = {

𝜑𝑠𝑛 , 0 < 𝜔𝑟 ≤ 𝜔𝑛
𝜔𝑛×𝜑𝑠𝑛

𝜔𝑟
, 𝜔𝑟 > 𝜔𝑛

   (7) 

where, 𝜑𝑠
∗  is the reference stator flux, 𝜑𝑠𝑛  is the 

nominal stator flux, 𝜔𝑟 is the actual rotor speed, and 

𝜔𝑛 is the nominal rotor speed. 

According to Figure 1, the three-level and two-level 

hysteresis controllers are responsible to evaluate the 

differences between reference and actual values of 

electromagnetic torque (𝑇𝑒
∗, 𝑇𝑒) and stator flux (𝜑𝑠

∗, 𝜑𝑠) 

in order to generate 𝐻𝑇  and 𝐻𝜑  signals respectively. 

These signals help DTC to understand motor 

condition and to adjust torque and flux values in 

accordance with user demand. The output of the 

three-level hysteresis controller can be 1, 0, and -1 

which indicate that electromagnetic torque should be 

increased, kept constant, or decreased respectively. 

While, the stator flux’s hysteresis controller has two 

levels of 0 and 1 to express the need for decrease or 

increase respectively. Ultimately, the switching table 

triggers inverter’s gates according to Table 1 and the 

voltage vectors of the two-level inverter shown in 

Figure 3 [3, 36, 37]. It is noteworthy that, 𝜃𝜑  is 

categorized into 6 × 60°  sectors on the stator flux 

plane. 

 

III. ROTOR-FLUX MRAS 

 

 As it is shown in Figure 4, MRAS system is consisted 

of four fundamental sections (Reference Model, 

Adjustable Model, Error Signal, and Adaptation 

Mechanism). The Reference Model is responsible to 

generate stator flux values as expressed in Eq. (3) and 

to produce reference rotor flux values subsequently 

according to the equation stated below[22, 29]: 

[
𝜕𝜑𝑑𝑟

𝜕𝜑𝑞𝑟
] =

𝐿𝑟

𝐿𝑚
{[

𝜕𝜑𝑑𝑠

𝜕𝜑𝑞𝑠
] − [

𝜎𝜕𝐿𝑠 0
0 𝜎𝜕𝐿𝑠

] [
𝑖𝑑𝑠

𝑖𝑞𝑠
]}     (8) 

In contrast, the Adjustable Model is dependent on the 

estimated rotor speed (𝜔�̂�) assessed by the Adaptation 

Mechanism. The Adjustable Model generates 

adjustable rotor flux values till the rotor speed tuning 

error (𝜉𝜔 ) becomes zero. The estimated rotor flux 

components (𝜑𝑑�̂�,𝜑𝑞�̂�) and speed tuning error (𝜉𝜔) can 

be obtained as follows [14]: 

[
𝜕𝜑𝑑�̂�

𝜕𝜑𝑞�̂�
] = [

−1
𝜏𝑟

⁄ −𝜔�̂�

−𝜔�̂�
−1

𝜏𝑟
⁄

] [
𝜑𝑑�̂�

𝜑𝑞�̂�
] +

𝐿𝑚

𝜏𝑟
[
𝑖𝑑𝑠

𝑖𝑞𝑠
]       (9) 

𝜉𝜔 = (𝜑𝑑�̂� × 𝜑𝑞𝑟) − (𝜑𝑞�̂� × 𝜑𝑑𝑟)           (10) 

Table 1. Switching Table of a Conventional DTC Drive. 

θφ sector 1 2 3 4 5 6 

Hφ= +1 

HT = +1 V2 V3 V4 V5 V6 V1 

HT = 0 V7 V0 V7 V0 V7 V0 

HT = -1 V6 V1 V2 V3 V4 V5 

Hφ= -1 

HT = +1 V3 V4 V5 V6 V1 V2 

HT = 0 V0 V7 V0 V7 V0 V7 

HT = -1 V5 V6 V1 V2 V3 V4 

 

 
Figure 3: Schematic representation of a three-level 

inverter (a) and its voltage vectors on stator flux plane (b). 

 

Figure 4: Schematic illustration of a Rotor-Flux MRAS 

system based on PI adaptation Mechanism. 
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Finally, speed tuning error (𝜉𝜔) feeds the Adaptation 

Mechanism to produce estimated rotor speed (𝜔�̂� ). 

While the conventional approach is to equip the 

Adaptation Mechanism with a PIC, this paper 

provides a comparison between PIC and FLC 

mechanisms.  

A. PI and Fuzzy MRAS Control Strategies 

Nowadays, PI controllers are ubiquitous in a variety of 

applications. However, in this specific case, a PI 

controller suffers from some disadvantages such as 

inability to cope with sudden load and speed 

disturbances, complex mathematical modelling, and 

the need for gain tuning. Thus, it is inevitable to move 

towards more flexible methods such as FLCs. The high 

adaptability and less mathematical complexity of FLCs 

make them a felicitous choice for sensorless DTC 

drives[14, 18, 22, 25, 38, 39]. 

This paper presents a Mamdani FLC which its 

diagrammatic model and membership functions are 

depicted in Figure 5 and Figure 6 respectively. While 

the inputs are speed tuning error (𝜉𝜔) and its rate of 

change (∆𝜉𝜔) as expressed in Eq. (11), the output is 

the estimated rotor speed (𝜔�̂�). In this paper, different 

shapes of membership functions are defined in order 

to achieve smoother results, especially for steady state 

conditions. It should be mentioned that all of the 

values are normalized between -1 and +1 by two gains 

(𝐾𝜉,𝐾𝛥𝜉) in the inputs and another (𝐾𝜔�̂�) in the output 

of the FLC as shown in Figure 5. Furthermore, the 

FLC rule base is presented in Table 2 as proposed by 

[14]. Where, membership functions are defined as 

Negative Large (NL), Negative Medium (NM), 

Negative Small (NS), Zero (ZE), Positive Small (PS), 

Positive Medium (PM), Positive Large (PL). 

∆𝜉𝜔(𝑡) = 𝜉𝜔(𝑡) − 𝜉𝜔(𝑡−1)   (11) 

 

IV. SIMULATION RESULTS 

 

Series of comprehensive simulations are performed on 

an asynchronous 5hp 3-phase squirrel-cage induction 

motor equipped with the two MRAS DTC models 

discussed above in MATLAB/Simulink environment 

to analyze the performance of each strategies side by 

side. The electrical and mechanical parameters of the 

induction motor are presented in Table 3. The results 

are obtained under the sampling time of 20μ seconds. 

To assess the accuracy and efficiency of each system, 

 
Figure 5: Schematic illustration of the proposed FLC 

for MRAS. 

 
Figure 6: Membership functions of inputs and output 

of the proposed FLC: (a) speed tuning error, (b) changes 

in speed tuning error, and (c) estimated rotor speed. 

Table 2. Rules of the Proposed FLC for MRAS System. 

 ∆ξω 

ξω NL NM NS ZE PS PM PL 

NL NL NL NL NM NS NS ZE 

NM NL NL NM NM NS ZE PS 

NS NL NM NS NS ZE PS PM 

ZE NL NM NS ZE PS PM PL 

PS NM NS ZE PS PS PM PL 

PM NS ZE PS PM PM PL PL 

PL ZE PS PS PM PL PL PL 
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the actual rotor speed is also measured with a speed 

sensor.  

A. No-load Condition 

Firstly, both of the drives have started to work with 

the speed demand of 1500 rpm under no-load 

condition. At time 0.5 seconds, the speed command of 

-500 rpm in reverse motoring is ordered to the drives. 

Figure 7 depicts actual and estimated rotor speeds (a), 

applied by inverter and reference electromagnetic 

torques (b), and stator currents (b) for PIC and FLC 

based MRAS DTC approaches. Both of the drives 

started with the reference electromagnetic torque of 

18 N.m and it has taken only 0.12 seconds for each 

one of them to reach to the speed demand of 1000 

rpm. At the first glance, the performances of the two 

strategies seem quite similar, while Figure 8 provides a 

closer look at a crucial interval in order to 

discriminate the differences between the responses 

acquired by each one of them. 

It is notable that the overshooting problem shown in 

Figure 8 does not refer to MRAS systems and it is 

because of the performance of the PI speed controller 

expressed earlier which is not the aim of this study to 

investigate. While the difference between the 

estimated and actual rotor speed is 3 and 1 rpm in 

transient and steady states conditions respectively for 

PIC MRAS, both of these values drop to 0.2 rpm for 

FLC MRAS. The accuracy of FLC based MRAS dictates 

itself again with a ripple of 0.2 rpm in the estimated 

signal, while PIC MRAS has a ripple of 0.5 rpm 

 
Figure 7: Performance of PIC (a) and FLC (b) based MRAS sensorless DTC drives under no-load condition. 

Table 3. The Parameters of the Simulated Induction Motor. 

Parameters Values 
Nominal power 5 hp / 3730 VA 

Voltage (rms), Frequency 460 V, 60 Hz 

Stator resistance (Rs) 1.115 Ω 

Stator inductance (Ls) 5.974 mH 

Rotor resistance (Rr) 1.083 Ω 

Rotor inductance (Lr) 5.974 mH 

Mutual inductance (Lm) 203.7 mH 

Pole pairs (p) 2 pairs 

Inertia (J) 0.02 Kg.m2 

Friction (F) 0.005752 N.m.s 
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around the target signal. This uncertainty forces the 

speed control block to constantly change its reference 

torque command in a futile effort to keep rotor speed 

on the demanded value. The more preferable 

performance of FLC MRAS with narrower reference 

torque signal in contrast of thicker signal of PIC 

MRAS is conspicuous in Figure 8. A similar scenario 

happens again for the speed command of -500 rpm.  

B. Load Torque Condition 

Figure 9 depicts the performance of the discussed 

drive strategies under load-torque disturbances in the 

constant speed of 1200 rpm. A heavy step load of 10 

N.m is applied to the shaft in the interval of 0.3 until 

0.5 seconds, load is removed, and then rotor is coupled 

with a reverse load of -5 N.m between 0.6 till 0.7 

seconds. Despite the trivial steady state error, the 

performance of PIC MRAS is satisfactory generally. 

However, its functionality under sudden load torque 

changes is quite unreliable. Although it has a steady 

state error of 1 rpm, this amplitude drops further to 

2.5 rpm when the 10 N.m load is applied on the rotor. 

On the other hand, FLC MRAS has an insignificant 

error of 0.2 rpm in steady state conditions and it is 

increased only to 1 rpm in the most challenging 

situation of handling a 10 N.m load. In addition, its 

accuracy of estimation even in overshooting periods is 

compelling. When the load is detached, the PIC has a 

0.5 rpm underestimation problem, while the FLC 

follows actual rotor speed precisely in the interval of 

0.5 till 0.6 seconds. Once the -5 N.m load torque is 

applied, the underestimation problem of the PIC helps 

it to tie with the FLC with an error of 0.5 rpm. As 

mentioned earlier, the precise reference toque signal 

for FLC MRAS as illustrated in Figure 9 is obtained 

because of less ripple and minimum error in speed 

estimation. The thickness of the reference 

electromagnetic signal is not desirable, because it is an 

indication of uncertainty of speed control system. This 

uncertainty, in this case, is caused by the ripple in the 

estimated speed signal which feeds the speed control 

block.  

 

According to Figure 8 and Figure 9, it is notable that 

in contrast to what was presented before by [14], 

there is not any significant difference between the 

applied torque ripple of PIC MRAS and FLC MRAS. 

Both of the controllers have a ripple of 4 N.m in the 

applied electromagnetic torque, because their 

hysteresis bands are set on 4 N.m. Surprisingly, the 

results of Ramesh et al. suggest that with the 

application of FLC in MRAS system not only speed 

estimation response will be improved, but also the 

ripple of applied torque will significantly decrease. 

Although it is in the nature of DTC to have ripples in 

the torque signal due to the switching of the inverter, 

 
Figure 8: A closer look to the performance of PIC (a) and FLC (b) based MRAS DTC drives between 0.1 and 0.5 

sec. intervals. 
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there are only two possible solutions to minimize its 

ripple. The first approach is to reduce the sampling 

time of the system; it provides more information and 

grants faster responses. However, it increases 

switching frequency that engenders more harmonic 

and switching losses consequently. The second and 

more preferable approach is to replace the 

conventional two-level inverter with a three-level 

inverter which brings 21 voltage vectors in three 

different amplitudes; however, it requires an optimum 

switching table. Triggering of smaller voltage vectors 

to compensate smaller errors of torque signal results in 

significantly less ripple. Unless considering the 

mentioned approaches, it is unlikely to reduce torque 

ripple in DTC drives. Unfortunately, [14] offers no 

explanation regarding the link between torque ripple 

reduction and FLC MRAS strategy.  

 

V. CONCLUSION 

 

This study attempted to provide a comprehensive 

understanding of sensorless DTC drives and to 

introduce a novel scheme for the implementation of 

FLC in MRAS system. The theoretical principles 

presented earlier aimed at facilitating the 

comprehension of DTC and MRAS concepts. The 

alternative scheme for FLC MRAS exhibited here was 

structured to estimate rotor speed by adjusting it based 

on the error between the reference and the estimated 

rotor fluxes and its rate of change. The presented PIC 

and FLC based MRAS DTC drives were simulated 

under the exactly similar conditions. Under no-load 

condition, the PIC MRAS has shown that it is able to 

provide a satisfactory performance, despite a steady 

error of 1 rpm and a ripple of 0.5 rpm in the estimated 

rotor speed. On the other hand, the output of FLC 

MRAS followed actual rotor speed precisely even in 

the most challenging transient conditions; it has 

estimated the rotor speed with an insignificant error 

of 0.2 rpm. Under load torque disturbances, the FLC 

MRAS asserted its distinction once again with 

minimum speed drop in full-load periods and almost 

zero error in no-load conditions. Additionally, the 

accuracy of the proposed FLC MRAS in the estimation 

of rotor speed assisted DTC’s speed controller to 

produce reference torque signal with more certainty. 

Simulations carried out in MATLAB/Simulink 

software confirms the validity of the proposed FLC 

MRAS strategy for various functions. However, 

further studies can develop this method and improve 

its performance through devising a new rule table for 

the employed fuzzy controller or investigating the 

effectiveness of the implementation of a Type-2 fuzzy 

controller to overcome current drawbacks.  

 
Figure 9: Performance of PIC MRAS (a) and FLC MRAS (b) under load torque disturbances in the constant 

speed of 1200 rpm. 
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