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Abstract  
 

This paper presents model reference adaptive system speed estimators based on Type-1 and Type-2 fuzzy logic controllers for 
the speed sensorless direct torque and flux control of an induction motor drive (IMD) using space vector pulse width modulation. 
A Type-1 fuzzy logic controller (T1FLC) based adaptation mechanism scheme is initially presented to achieve high performance 
sensorless drive in both transient as well as in steady-state conditions. However, the Type-1 fuzzy sets are certain and cannot 
work effectively when a higher degree of uncertainties occurs in the system, which can be caused by sudden changes in speed or 
different load disturbances and, process noise. Therefore, a new Type-2 FLC (T2FLC) - based adaptation mechanism scheme is 
proposed to better handle the higher degree of uncertainties, improve the performance, and is also robust to different load torque 
and sudden changes in speed conditions. The detailed performance of different adaptation mechanism schemes are performed in 
a MATLAB/Simulink environment with a speed sensor and sensorless modes of operation when an IMD is operates under 
different operating conditions, such as no-load, load, and sudden changes in speed. To validate the different control approaches, 
the system is also implemented on a real-time system, and adequate results are reported for its validation. 
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I. INTRODUCTION 
Induction motor drives (IMDs) have made significant 

inroads in recent times because of their robustness and 
rugged structure. IMDs are widely used in industrial 
applications, such as electric and hybrid vehicles and traction 
locomotives. The field-oriented control (FOC) of an IMD 
offers a satisfactory steady-state and transient response, and 
works similar to a separately excited DC motor [1], [2]. 
However, the FOC method suffers from several drawbacks, 
such as the requirement of co-ordinate transformations and 
current controllers. Therefore, a new control strategy called 
direct torque and flux control (DTFC) scheme was introduced 
to overcome the above drawbacks [3]. 

The DTFC of an IMD requires the rotor speed information 
for accurate speed control. The rotor shaft position can be 
measured through either speed sensors (i.e., 
encoder/tachometer) or from an estimator/observer that uses 
current and voltage signals. The use of speed sensors is 
associated with several drawbacks, such as the requirement of 
a shaft extension, reduction in mechanical robustness of the 
motor drive, reduction in drive reliability, nonsuitabality for 
hostile environments, and high cost [4]-[6]. These drawbacks 
have increased the attraction for the speed sensorless DTFC 
of IMDs over that for the conventional DTFC of IMDs 
[5]-[17].  

Several methods have been proposed to estimate the rotor 
speed of sensorless IMDs in past years [6]-[17], including 
signal injection method [6], state observer method [7], [8], 
and model reference adaptive system (MRAS) method 
[9]-[16]. Among these methods, MRAS-based speed 
estimation is the most commonly employed strategy because 
of its attractive features and simplicity unlike the other 
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methods [9]-[16].  
The performance of rotor speed estimation depends on the 

design of the adaptation control scheme [16]-[29]. A 
literature survey reveals that numerous studies have used 
different controllers to improve drive performance, such as 
proportional integral controller (PIC), sliding mode control 
(SMC), neuro-fuzzy control (NFC), and conventional Type-1 
fuzzy logic controller (T1FLC). PIC offers suitable 
performance on ideal operations. However, it requires a 
precise mathematical model, continuous tuning, and accurate 
gain values of proportional (Kp) and integral (Ki) variables to 
achieve high-performance drive [7]-[11]. SMC offers 
satisfactory performance [12], [15], [16]. However, the use of 
a signum function results in a high-frequency chattering 
phenomenon because of discontinuous control action, which 
creates the said problem when the system state is near the 
sliding surface. The T1FLC and NF controllers improve drive 
performance [17]-[21]. However, NFC and T1FLC use 2D 
control, which cannot work effectively when a higher degree 
of uncertainties occurs in the system. Therefore, a new type 
of fuzzy logic control strategy, called the Type-2 fuzzy logic 
control (T2FLC) system, is introduced to overcome the above 
drawbacks [22]-[29]. 

This paper presents the T1FLC- and T2FLC-based MRAS 
speed estimator for the speed sensorless DTFC of an IMD 
that uses the space vector pulse width modulation technique 
(SVPWM). First, the T1FLC-based adaptation scheme is 
implemented to obtain high-performance sensorless drive 
[17]. However, the Type-1 fuzzy sets are certain and cannot 
work effectively when a higher degree of uncertainties occurs 
in the system, which can be caused by sudden changes in 
speed or by different load torque disturbances and process 
noise [22]-[29]. Therefore, a T2FLC-based adaptation 
scheme is proposed to overcome the above drawbacks, which 
is sufficiently robust to different load torque and sudden 
changes in speed disturbances. The performance of each 
adaptation scheme is tested and compared based on 
MATLAB/Simulink, as well as in a real-time system with 
speed sensor and sensorless modes of operation under sudden 
changes in speed and different load torque conditions 
respectively. The real-time system is implemented using a 
typical IMD with a power rating of 1.5 kW and a 
dSPACE-1104 controller board with an ADC interface board 
CP1104.  

 

II. DIRECT TORQUE AND FLUX CONTROL 
A. Mathematical Modeling of an IMD 

An IMD mathematical model was developed [1]-[3] using 
stator and rotor flux linkages, which are referred to by a 
stationary reference frame using the superscript “p.” The state 
space matrix is shown as follows: 

( )d X AX BU
dt

= +             (1) 

2
s r r m r m r r m

2
r m s r r r m r m

m s r s m r s r s r

r s m s m r s r r s

R L L R L L L
L R L L L R L1A

L L R L L R L L L
L L R L L L R L

σ

 − ω ω
 
−ω − −ω =  −ω − −ω

 
ω ω −  

  

r

r

m

m

0L
L01B
0LL
L0

σ

 
 
 =
 −
 

− 

  

Tp p p p
ds qs dr qrX i i i i =   ; 

Tp p
ds qsU U U 0 0 =    

Stator flux ( sψ̂ ) can be estimated using the measured 
stator current and voltages provided by the following: 
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qs qs qs sU i R dtψ = −∫ .     

The expressions of estimated electromagnetic torque and 
angle between the stator and rotor flux are as follows:  
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where d / dt∂ = ; 2
s r mL L L Lσ = − ; dsi , dri are the d-axis 

stator and rotor current respectively; qsi , qri are the q-axis 

stator and rotor current respectively; dsψ , drψ  are the d-axis 
stator and rotor flux linkages respectively; qsψ , qrψ are the 

q-axis stator and rotor flux linkages respectively; sL , rL  
are the stator and rotor equivalent inductances 
respectively; mL is the mutual inductance; sR , rR are the 
stator and rotor resistances respectively; P  is the pole 
number; and eT is the electromagnetic torque. 

B. Space Vector Pulse-Width Modulation 
The schematic of an MRAS speed estimator for sensorless 

DTFC of an IMD that uses SVPWM is shown in Fig. 1. The 
voltage source inverter has eight possible state vectors (i.e., 
six active and two zero), where six active vectors generate six 
active voltage vectors (U1 to U6) with equal magnitude and 
are divided into six sectors. Each sector phase is displaced by 
60° in the space vector plane. The reference vector (uref) is 
positioned in the first sector as shown in Fig. 2(a). The six 
active vectors times (t1 to t2) and two zero vector times (tz) 
are determined using the volt-second balance principle [22]. 
The switching pulses generated using Eqs. (5)-(7) in the first 
sector for a given sampling time are shown in Fig. 2(b). The 
said process is repeated for a complete full cycle to generate 
the switching pulses for the remaining five sectors [22].  
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Fig. 1. Schematic of a rotor-flux MARS speed estimator for the speed sensorless DTFC-SVPWM of an IMD. 
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Fig. 2. Schematic model of SVPWM: (a) voltage vector 
switching states. (b) Upper leg PWM of the three-phase voltage 
source inverter when the reference vector is in the first sector.  
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III. ROTOR-FLUX MRAS SPEED ESTIMATOR 

The IMD speed can be estimated using the rotor-flux 
MRAS speed estimator scheme. This estimator scheme is 

initially introduced using the voltage model (VM) as a 
reference model (RM) and the current model (CM) as an 
adjustable model (AM). The RM is independent of the rotor 
speed, whereas the AM is dependent on the rotor speed [16]. 
The outputs of these two models are used to generate the 
speed tuning error signal, which is fed into the adaptation 
mechanism. The adaptation mechanism is used to generate 
the estimated rotor speed and is fed back into the AM, which 
is updated by producing the proper rotor speed estimation 
until the error reaches zero. The process of updating the AM 
continues until the error signal between the RM and AM 
reaches zero and the rotor speed estimation accurately tracks 
the reference speed [7]-[13].  

The reference values of rotor flux in the RM are generated 
using the stator voltage and current components. The 
reference rotor flux components (in the form of d- and q-axis) 
can be obtained from the RM as follows [11], [12]: 

 

p p p
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p p p
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The estimated rotor flux components in the AM are 
generated using both stator current and estimated rotor speeds. 
The estimated rotor flux components (in the form of d- and  
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Fig. 3. Schematic of the T1FLC-based rotor-flux MRAS speed 
estimator. 
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The expression for the speed tuning error signal can be 
obtained as follows: 

p p^ ^
p p
qrdr qr drωξ = (ψ ∗ψ ) − (ψ ∗ψ )     (10) 

where r
r

r

Lτ R= , d
dt∂ = , and “  ” indicates the estimation 

signal. 
The estimated rotor speed is obtained from the adaptation 

mechanism scheme by feeding the speed tuning error signal 
obtained from Eq. (10). 

A. T1FLC-Based MRAS Speed Estimator 
T1FLC can handle complicated nonlinear systems and 

does not require precise mathematical modeling and gain 
values unlike constant gain PIC, making the T1FLC suitable 
for speed sensorless drives [12], [16]-[21]. The schematic 
model of the MRAS speed estimator that uses T1FLC-based 
adaptation mechanism is shown in Fig. 3.  

The speed tuning error signal fed into the T1FLC 
determines the rotor speed estimation. The input and output 
variables of a T1FLC are the speed tuning error signal “ ωξ ,” 
which is shown in Eq. (10), and the rate of change in the 
speed tuning error signal “ ω∆ξ ,” which is shown in Eq. (11). 

The output variable is the estimated rotor speed “ rω̂ ”. The 
Mamdani-type triangular membership functions are 
considered for the input and output variables. Two-input and 
single-output variables are obtained. Each variable has seven 
linguistic variables, including as negative large (NL), 
negative medium (NM), negative small (NS), zero (ZE), 
positive small (PS), positive medium (PM), and positive large 
(PL). The T1FLC rule base is depicted in Table I. 

TABLE I  
RULE BASE OF A TYPE-1 FUZZY LOGIC CONTROLLER 

 
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 

 

(k) (k) (k 1)ω ω ω∆ξ = ξ − ξ −    (11) 
1) Design of Defuzzification: The rules for T1FLC generation 
require output in a linguistic variable according to real-world 
requirements, and linguistic variables have to be transformed 
to crisp output.  

Aμ (x)=defuzz(x,mf,type)   (12) 
where defuzz (x, mf, type) returns a defuzzified value out of 
an MF positioned at the associated variable value x that uses 
one of several defuzzification strategies on the basis of the 
argument type. This result should be defuzzified to obtain a 
final crisp output. The mathematical expression of center of 
area can have a discretized universe of discourse, whose 
expression is as follows: 
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The triangular curve is a function of the vector x and 
depends on the three scalar parameters a, b, and c as follows: 

A
x a c x(x) = max min , ,0
b a c b

 − −   µ     − −    
     (14) 

B. T2FLC-Based MRAS Speed Estimator 
T1FLCs have been applied in different applications with 

significant success to date. However, surviving with large 
amounts of uncertainties is necessary for dynamic 
unstructured environments and different real-world 
applications. The T1FLC cannot minimize the higher amount 
of uncertainty through crisp Type-1 fuzzy sets (T1FSs). A 
T2FLC that uses Type-2 FSs (T2FSs) can overcome the 
drawbacks of T1FLCs. T2FLC was introduced by Lotfali 
Askar Zadeh in 1975. T2FSs are used for different 
uncertainty and imprecision levels in a better way. T2FLCs 
are essentially “fuzzy-fuzzy” sets, where the fuzzy degree of 
membership is a T1FS [12–24]. The new T2FLC was 
developed to obtain high-performance sensorless drive and 
cope with nonlinearities, sudden change in speed, and load 
torque disturbance rejections. The T2FLC structure is similar 
to the T1FLC structure, but their difference lies in the crisp 
output value block. The output value block in the T1FLC 
only contains a defuzzifier, but the crisp output processing  

ωξ
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Fig. 4. Schematic model of the T2FLC-based MRAS speed 
estimator. 
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Fig. 5. Triangular MFs with uncertain widths: (a) T1FLC and (b) 
T2FLC. 

 
value block in the T2FLC includes a type reducer (Type-2 
reducer or T1FSs) [24]-[29]. A type reducer is required to 
convert the output value of the fuzzy inference engine into 
T1FSs called the type-reduce set, which is defuzzified to 
obtain the crisp output value. The membership function (MF) 
of a TF1S being crisp means that the degree of membership 
sets is completely crisp and not fuzzy. The schematic of the 
T2FLC-based MRAS speed estimator is shown in Fig. 4. 
1) Design of a T2FLC Rule Base: A new concept [23]-[25] 
allows the characterization of a T2FS with a better MF and an 
inferior MF. These two functions can each be represented by 
T1FS MFs. The interval between these two functions 
represents the foot point of uncertainty (FOU), which is used 
to characterize a T2FS [26]. The membership grade for each 
element in a T1FLC is a crisp number in [0, 1], and the MF in 
a T2FS is characterized by a 3D MF with an FOU. The major 
difference between the T1FLC and T2FLC systems is in the 
nature of the MFs, which are shown in Figs. 5(a) and 5(b) 
respectively. The FOU offers an additional degree of freedom 
to handle parameter variations. The T2FLC design 
configuration is similarly selected as that of the T1FLC. 
Two-input and single-output variables are obtained, each 
with the seven linguistic variables listed in Table I.  

The antecedent and consequent of the T2FLC with 
triangular MFs are shown in Fig. 6. The universes of 
discourse of the input and output variables are normalized in 
the interval of [˗1, 1]. The T2FS operation is identical to an 
operation on T1FLS. However, fuzzy operation is conducted  
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Fig. 6. T2FS input and output variables. (a) error speed tuning 
signal ( ωξ ) and change in error speed tuning signal ( ω∆ξ ). (b) 

rotor speed estimator ( rω̂ ). 
 

on the Type-2 fuzzy system at two Type-1 MFs that limit the 
FOU, upper MF (UMF), and lower MF (LMF) to produce 
firing strengths. Thus, the membership value for each 
element of this set is a fuzzy set in [0, 1].  

The T2FS is bounded from the top by a UMF and bounded 
from the bottom by an LMF. The FOU is the area between 
the LMF and UMF. The FOU and new third dimension of the 
T2FSs offer additional degrees of freedom that allow direct 
control and handling of a higher degree of uncertainties. Thus, 
T2FLC that uses T2FSs in either their input or output 
variables have the potential to provide a suitable framework 
to handle the parameter uncertainties in real world 
environments [22]-[29]. Notably, a T2FS embeds a large 
number of T1FLS. The T1FLS is denoted by “A” and the 
membership grade (a synonym for the degree of membership) 
of X∈x  in A is A ( )µ x , which is a crisp number in [0, 1]. A 

T2FS in “X” is “ A~ ” and the membership grade of “ A~ ” in 
X∈x  is )(μA~ x , which is a T1FS in [0, 1]. The T2FS is 

denoted by “ A~ ,” which is characterized by a Type-2 M. 

),(μA~ ux , where X∈x  and u J  [0, 1]∈ ⊆x , i.e., 

{ }]1 ,0[Ju ,X)u ,(μ ),u ,(~
A~ ⊆∈∀∈∀= xxxxA    (15) 

in which 1)u ,(μ0 A~ ≤≤ x . “ A~ ” can also be expressed as  
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x

JuXx

xxA
x

     (16) 

where “ ∫∫ ” denotes union over all admissible “ x ” and “u”. 

For a discrete universe of discourse, “ ∫ ” is replaced by 

“Σ ”. The expression of “ A~ ” can be re-expressed as follows: 

'x

u
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The symbol “+” also denotes union in Eq. (18). Note that 
“ x ” has been discretized into the “N” value of “u,” and each 
of these values has been discretized into “ Mi ” values. The 

discretization along each “ uik ” does not have to be the same, 
which is why we show a different upper sum for each of the 
bracketed terms. However, if the discretization along each 
“ uik ” is the same, then 1 2 NM M ... M M    . 

Uncertainty in the primary memberships of a T2FS “ A~ ” 
consists of a bounded region called the FOU, which is the 
union of all primary memberships:  

xx
J U  )A~FOU(

X∈
=                (19) 

An embedded Type-2 set “ eA~ ” for discrete universes of 

discourse “X” and “U” has “N” elements, where “ eA~ ” 

contains exactly one element from 1 2 NJ J ... J  x x x , 

namely, 1 2 Nu u ... u   . Each element has an associated 
secondary grade as follows:  

1 2 Nx 1 x 2 x N(u ) (u ) .... (u )  f f f  i.e., 
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IV. SIMULATION RESULTS 

An MRAS speed estimator for sensorless DTFC-SVPWM 
of an IM drive using two different adaptation mechanism 
schemes are developed in the MATLAB/Simulink 
environment and in real-time systems to validate its 
effectiveness. The performance of each adaptation 
mechanism scheme is tested in both speed sensor 
(encoder/tachometer) and speed sensorless (rotor speed 
estimation) modes of operation. The IMD machine rating and 
parameters are illustrated in Table II.  

A. Under 9 N.m Load Torque Operation 
The performance of the MRAS speed senseless 

DTFC-SVPWM of an IMD is simulated in forward and 
reversal modes of operation under a sudden load torque 
condition of 9 N.m using two different adaptation schemes. 
The sudden load torque of 9 N.m is applied at 0.7 s intervals 
and removed at 0.9 s in the forward mode as shown in Fig. 7. 
A load torque of ˗9 N.m is applied at 2.2 s and removed at  

TABLE II 
PARAMETER VALUES OF IMDS 

Parameters Nominal values 
Stator Resistance (Rs) 5.5 Ω 
Rotor Resistance (Rr)  4.51 Ω 
Mutual Inductance (Lm)    0.2919 H 

Stator Inductance (Ls)    0.3065 H 

Rotor Inductance (Lr)    0.3065 H 
Inertia (J)       0.089 Kg.m2 

Frequency (F)          50 Hz 
Speed (We)          1410 rpm 

 
2.4 s in the reversal mode of operation as shown in Fig. 8. 
The simulation results show that when an application of 
sudden load torque is applied to the motor, a large speed drop 
occurs at approximately 1.88 rpm with a steady-state error of 
0.17 rpm, and high ripple contents of torque and stator 
current using T1FLC were observed. A slight speed drop of 
0.47 rpm occurs with a steady-state error of 0.12 rpm, and 
less ripple contents of torque and stator current using 
T2FLC-based adaptation scheme were observed. 
B. Sudden Change in Speed Operation 

The IMD performance was simulated under different 
sudden changes in speed conditions (Fig. 9). The sudden 
change in speed from 600 rpm to 900 rpm was applied at 0.7 
s, whereas that from 900 rpm to 1200 rpm was applied at 1.3 
s. The settling time of the estimated rotor speed from 0 rpm 
to 600 rpm was 0.25 s with T1FLC, whereas the settling time 
was 0.22 s with the T2FLC-based adaptation mechanism. The 
ripple contents of electromagnetic torque was high at 
approximately 1.98 N.m using the T1FLC scheme, whereas a 
small ripple was generated at approximately 0.95 N.m using 
the T2FLC-based adaptation scheme. A comparison of the 
controllers is listed in Table III.  

 

V. REAL-TIME TESTING 

The MRAS speed estimator for sensorless DTFC-SVPWM 
of an IM drive using two different adaptation mechanism 
schemes are implemented in a real-time system to verify its 
feasibility and effectiveness. The real-time system was 
developed using a dSPACE-1104 controller board containing 
a TMS320F240 slave processor and an analog-to-digital 
converter (ADC) interface board CP1104. The dSPACE-1104 
controller board is installed on an Intel(R) Core(TM) i7-4770 
CPU 3.50 GHz PC for software development and result 
visualization. The PWM pulses were generated by the 
TMS320F240 slave processor, which were fed into the gate 
driver of the three-phase voltage source inverter through a 
processing card. The voltage source inverter drives a 
four-pole, 1.5 kW induction motor with a switching 
frequency of 5 kHz. The Hall-effect current sensors (LA55P)



736                          Journal of Power Electronics, Vol. 15, No. 3, May 2015 
 

(i
ii

) 
 S

pe
ed

 [
rp

m
] 

(i
i)

  S
ta

to
r 

C
ur

re
nt

 [
A

] 
(i

) 
 T

or
qu

e 
[N

-m
] 

    

rω̂*
rω

rω

*
eT

eT̂

rω̂*
rω

rω

*
eT

eT̂

aI
aI

  
 

 
  

 
 

 
  

 
 

 
 

 
 

Time [s] Time [s]  
 

                      (a)                                           (b) 
 

Fig. 7. Simulation responses of IMD under 1200 rpm with a load torque of 9 N.m operating conditions in forward motoring using, (a) 
T1FLC-based adaptation mechanism: (i) Torque, (ii) Stator current, and (iii) Rotor speed. (b) T2FLC-based adaptation mechanism: (i) 
Torque, (ii) Stator current, and (iii) Rotor speed.  
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Fig. 8. Simulation responses of an IMD under -1200 rpm with a load torque of 9 N.m operating conditions using, (a) T1FLC-based 
adaptation mechanism: (i) Torque, (ii) stator current, (iii) rotor speed, and (iv) stator flux. (b) T2FLC-based adaptation mechanism: (i) 
Torque, (ii) stator current, (iii) rotor speed, and (iv) stator flux. 
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Fig. 9. simulation responses of IMD under sudden changes in speed operating conditions using, (a) T1FLC-based adaptation 
mechanism: (i) Torque, (ii) Stator current, and (iii) Rotor speed. (b) T2FLC-based adaptation mechanism: (i) Torque, (ii) Stator current, 
and (iii) Rotor speed. 
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Fig. 10. Schematic of the real-time set-up of an MRAS speed 
estimator for speed sensorless DTFC-SVPWM of an IMD. 
 

TABLE III 
 COMPARISON OF THE CONTROLLERS 

Type of controller T1FLC T2FLC 
Torque ripples (N.m) 1.98 0.95 
Current ripples (A) 0.28 0.08 
Speed drops under load torque 
(rpm) 

1.88 0.47 

Steady-state error speed (%) 0.17 0.12 
Settling time (s) 0.50 0.478 
Disturbance rejection Good Excellent 
Robustness Good Excellent 

were used to measure the motor line currents and read by the 
ADC of the power PC in the dSPACE-1104 controller board. 
The motor speed was measured by a speed 
encoder/tachometer. Variables such as line current and motor 
speed were observed using a digital-to-analog converter 
(DAC). The real-time setup of the MRAS speed estimator for 
the speed sensorless DTFC-SVPWM of an IMD is shown in 
Fig. 10. 

A. Real-Time Results 
The real-time system of an MRAS speed sensorless 

DTFC–SVPWM of an IMD was investigated when an IM 
drive operated under load, no load, and sudden changes in 
speed operating conditions.  
The real-time performance of an IM drive was initially tested 
under a load torque of 9 N.m condition. The sudden load 
torque of 9 N.m was applied at a time interval of 0.7 s in 
forward motoring as shown in Fig. 11. A load torque of ˗9 
N.m was applied at 2.2 s in reversal motoring when an 
induction motor operated at 1200 rpm as shown in Fig. 12. 
Real-time results show that a sudden application of the load 
torque causes a large drop in the rotor speed with a high 
steady-state error using T1FLC and a momentary drop in the 
rotor speed with a less steady state error using the 
T2FLC-based adaptation scheme.  
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Fig. 11. Real-time responses of the IMD under 1200 rpm with a 
load torque of 9 N.m operating in forward motoring conditions 
using, (a) T1FLC-based adaptation mechanism: (i) Torque, (ii) 
Stator current, and (iii) Rotor speed. (b) T2FLC-based adaptation  
mechanism: (i) Torque, (ii) Stator current, and (iii) Rotor speed. 
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Fig. 12. Real-time responses of the IMD under ˗1200 rpm with a 
load torque of 9 N.m operating conditions using, (a) 
T1FLC-based adaptation mechanism: (i) Torque, (ii) Stator 
current, and (iii) Rotor speed. (b) T2FLC-based adaptation 
mechanism: (i) Torque, (ii) Stator current, and (iii) Rotor speed. 
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Fig. 13. Real-time responses of an IMD under sudden changes in 
speed operating conditions using (a) T1FLC and (b) T2FLC. 
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Fig. 14. Real-time rotor speed response under low-, medium-, 
and high-load torque with different speed operating conditions. 
 

The real-time performance of an IMD tested under sudden 
changes in speed is shown in Fig. 13. The rotor speed reached 
its reference speed faster, and the ripple contents of the stator 
current and torque were less using T2FLC compared with the 
T1FLC scheme as shown in Fig. 13. 

The performance of the MRAS speed sensorless 
DTFC-SVPWM of an IMD was also tested and compared 
under different speeds that operate under low-, medium-, and 
high-load torque conditions using two adaptation mechanism 
schemes, as shown in Fig. 14. The real-time responses 
illustrate that the system shows high robustness to different 
load torque disturbances and sudden changes in speed 
conditions using the T2FLC-based adaptation scheme 
compared with the T1FLC-based adaptation scheme. 
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VI. CONCLUSION 

A rotor-flux MRAS speed estimator for speed sensorless 
DTFC-SVPWM of an IMD using two adaptation mechanism 
schemes are implemented in this study. The T1FLC scheme 
is implemented first; it produces a large speed drop when a 
sudden application of the load torque is applied to the IMD, 
and high ripple contents of stator current and estimated 
torque are observed. Furthermore, the T2FLC scheme is 
developed, which shows excellent dynamic and steady-state 
performance. It is also robust to different load torque 
disturbances and sudden changes in speed conditions. A 
detailed comparison of the two different adaptation schemes 
is conducted under no load, load, and sudden changes in the 
speed operating conditions. The simulation and real-time 
system verification confirm that the T2FLC strategy shows 
better dynamic and steady-state performance of the stator 
current, torque, and rotor speed compared with the 
T1FLC-based adaptation mechanism scheme. 
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