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Robust Sensorless Speed Control of Induction
Motor with DTFC and Fuzzy Speed Regulator

Jagadish H. Pujar, S. F. Kodad

Abstract—Recent developments in Soft computing techniques,
power electronic switches and low-cost computational hardware have
made it possible to design and implement sophisticated control
strategies for sensorless speed control of AC motor drives. Such an
attempt has been made in this work, for Sensorless Speed Control of
Induction Motor (IM) by means of Direct Torque Fuzzy Control
(DTFC), Pl-type fuzzy speed regulator and MRAS speed estimator
strategy, which is absolutely nonlinear in its nature. Direct torque
control is known to produce quick and robust response in AC drive
system. However, during steady state, torque, flux and current ripple
occurs. So, the performance of conventional DTC with PI speed
regulator can be improved by implementing fuzzy logic techniques.
Certain important issues in design including the space vector
modulated (SVM) 3-@ voltage source inverter, DTFC design,
generation of reference torque using Pl-type fuzzy speed regulator
and sensor less speed estimator have been resolved. The proposed
scheme is validated through extensive numerical simulations on
MATLAB. The simulated results indicate the sensor less speed
control of IM with DTFC and PI-type fuzzy speed regulator provides
satisfactory high dynamic and static performance compare to
conventional DTC with PI speed regulator.

Keywords—Sensor-less Speed Estimator, Fuzzy Logic Control
(FLC), SVM, DTC, DTFC, IM, fuzzy speed regulator.

L.

HE fuzzy logic control technique has been an active

research topic in automation and control theory since the
work of Mamdani proposed in 1974 based on the fuzzy sets
theory of Zadeh, proposed in 1965 to deal with the system
control problems which are not easy to be modeled [27]. The
concept of FLC is to utilize the qualitative knowledge of a
system to design a practical controller. For a process control
system, a fuzzy control algorithm embeds the intuition and
experience of an operator designer and researcher.

INTRODUCTION

The fuzzy control doesn’t need accurate mathematical
model of a plant, and therefore, it suits well to a process where
the systems with uncertain or complex dynamics. Of course,
fuzzy control algorithm can be developed by adaptation based
on learning and fuzzy model of the plant [31]. Fuzzy control
using linguistic information possesses several advantages such
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as robustness, model-free, universal approximation theorem
and rules-based algorithm [28]. Recent literature has explored
the potentials of fuzzy control for machine drive application
[32] [33]. It has been shown that a properly designed direct
fuzzy controller can outperform conventional proportional
integral derivative (PID) controllers [33].

In recent years significant advances have been made on the
sensorless control of IM. One of the most well-known
methods used for control of AC drives is the Direct Torque
Control (DTC) developed by Takahashi in 1984 [29]. DTC of
IM is known to have a simple control structure with
comparable performance to that of the field-oriented control
(FOC) techniques developed by Blaschke in 1972 [35]. Unlike
FOC methods, DTC techniques require utilization of
hysteresis band comparators instead of flux and torque
controllers. To replace the coordinate transformations and
pulse width modulation (PWM) signal generators of FOC,
DTC uses look-up tables to select the switching procedure
based on the inverter states [29].

Direct torque control (DTC) of induction motors (IMs)
requires an accurate knowledge of the magnitude and angular
position of the controlled flux. In DTC, the flux is
conventionally obtained from the stator voltage model, using
the measured stator voltages and currents. This method,
utilizes open loop pure integration suffering from the well
known problems of integration effects in digital systems,
especially at low speeds operation range.

In the last decade, many researches have been carried on
the design of sensorless control schemes of the IM. Most
methods are basically based on the Model Reference Adaptive
System schemes (MRAS) [7] [8]. In [9] the authors used a
reactive-power-based-reference model derived from (Garcia-
Correda and Robentsen, 1999) in both motoring and
generation modes but one of the disadvantages of this
algorithm is its sensitivity to detuning in the stator and rotor
inductances. The basic MRAS algorithm is very simple but its
greatest drawback is the sensitivity to uncertainties in the
motor parameters. Another method based on the Extended
Kalman Filter (EKF) algorithm is used [10] [11] [12]. The
EKF is a stochastic state observer where nonlinear equations
are linearized in every sampling period. An interesting feature
of the EKF is its ability to estimate simultaneously the states
and the parameters of a dynamic process. This is generally
useful for both the control and the diagnosis of the process. In
[12] the authors used the EKF algorithm to simultaneously
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estimate variables and parameters of the IM in healthy case
and under different IM faults. [7-13] used the Luenberger
Observer for state estimation of IM. The Extended Luenberger
Observer (ELO) is a deterministic observer which also
linearizes the equations in every sampling period. There is
other type of methods for state estimation that is based on the
intelligent techniques is used in the recent years by many
authors [14] [15] [16]. Fuzzy logic and neural networks has
been a subject of growing interest in recent years. Neural
network and fuzzy logic algorithms are quite heavy for basic
microprocessors. In addition, several papers provide
sensorless control of IM that are based on the variable
structure technique [17] [18] and the High Gain Observer
(HGO) [19] that is a powerful observer that can estimate
simultaneously variables and parameters of a large class of
nonlinear systems and doesn’t require a high performance
processor for real time implementation.

DTC improves the induction machine controller dynamic
performance and reduces the influence of the parameter
variation during the operation [20]. The pure integration
method used in the classical DTC of IMs suffers from the well
known problems of integration especially at low speed
operation range is replaced in this work by the EKF. This
observer is used to estimate the stator currents, the rotor flux
linkages, the rotor speed and the stator resistance. The speed
estimation is affected by parameter variations especially the
stator resistance due to temperature rises particularly at low
speeds [21].

The main objective of this research paper is to develop the
digital simulation software on MATLAB simulink platform
for sensorless direct torque fuzzy control of SVM inverter fed
IM drive with Pl-type fuzzy speed regulator aimed to develop
sensorless speed control by means of MRAS speed estimator
and to reduce the ripples at all modulation indices and also to
improve the speed regulation performance, under transient and
steady state uncertainties caused by the variation in load
torque.

IL.

To distinguish Electrical drives play an important part as
electromechanical energy converters in transportation,
materials handling and most production processes. About 50
percents of electrical energy produced has used in electric
drives today. Today still about 75 percent of all electric drives
run at constant speed because there is not much need for speed
control except for starting, stopping and protection. However,
there is a still smaller 25 percent group of applications, with
very fast annual expansion rate where the torque and speed
must be varied to match the mechanical load. A typical
variable speed electric drive contains, in addition, a power
electronic converter to produce energy conservation (in
pumps, fans etc.) through fast, robust and precise mechanical
motion control as required by the application like machine
tools, robots, computer - disk drives, transportation means etc.
From the beginning of this century, electric drives have been
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replacing fluid power actuators and IC machines in both high
performance and general purpose applications. The growth of
electric drives applications being determined by the current
level of technology. High reliability, long lifetime, relatively
low maintenance and short startup times of electric drives are
in consort with their ecological compatibility: low emission of
pollutants. The quality of electric drives has extended by a
high efficiency, low no-load losses, high overload capability,
fast dynamic response, the possibility of recuperation, and
immediate readiness for the full-featured operation after the
drive startup. Electric drives are available in a wide range of
rated speeds, torques and power, they allow for a continuous
speed regulation, reversal capability, and they easily adapt to
different environment conditions such as the explosive
atmosphere or clean room requirements. Unlike the IC
engines, electric motors provide for a ripple-free, continuous
torque and secure a smooth drive operation. During the past
two decades, the evolution of powerful digital
microcontrollers allowed for a full digital control of the
electromechanical conversion processes taking place in an
electrical drives. The process automation made significant
progress in the fifties, thanks to the introduction of Numerical
Control (NC). Although not flexible and fully programmable,
NC systems replaced relays and mechanical timers common
on the factory floor in the first half of the century. As the first
reliable and commercially available microcontrollers were
made in the sixties, they were advantageously used for the
purpose of a flexible control of electric drives in production
machines. As from then, the hydraulic and pneumatic
actuators gradually disappear and give space to DC and AC
electric motors. Although more robust and easier to produce
than the DC motors, the AC electric motors were mostly used
in constant speed applications and it supplied from the mains
until the technological breakthroughs in the early seventies. It
took the development of transistorized three phase inverters
with digital PWM to provide for a variable frequency supply
of induction motors. The invention of IGBT transistors and
high speed digital controllers made the variable speed AC
drives reliable and acceptable for the drive market. For their
increased reliability, low maintenance, and Dbetter
characteristics, the frequency controlled induction motors
gradually replaced DC drives in many of their traditional
fields of application. At this level, the reign of DC drives
reduced to high speed servo applications. In early eighties, the
frequency controlled AC drives are widely accepted, but their
prices still level those of DC drives. The cost of an AC drive
package has a 30 percent motor plus 70 percent power
converter structure, while in the case of a DC drive the motor
is worth 70 percent of the package cost. The prices of power-
and signal- semiconductors will presumably decline, while the
cost of electric motors will remain tied to the copper and iron
prices. For that reason, the AC drives have the perspective of
decreasing the package cost, evermore cheaper than their DC
counterparts. Further technological improvements are likely to
make the frequency controlled AC drives the cheapest
actuators ever. At present, in an industrialized country the AC
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drives substitute DC motors at a pace of 15% per year. More
than 20% of the drives are frequency controlled, while the
remaining 80% operate at a constant speed. In most of high
volume applications of digitally controlled electric motors,
microcontroller executes both the drive control functions and
the application specific functions such as the handling of the
washing, rinsing and drying in the case of modern
dishwashers and washing machines. Compact digital
controllers emulates the functions traditionally implemented in
the analog form and allows the execution of nonlinear and
complex functions that could not have been completed by
analog circuitry (ANN, nonlinear estimators, spectrum
estimation and others). Recently the vector control concept
empowered the AC machines to conquer the high performance
drives market.

III.  ANOVER OF VIEW Al TECHNIQUES BASED ELECTRICAL

DRIVE SYSTEMS

Recently Artificial Intelligence based techniques (i.e. fuzzy
logic, neural networks, fuzzy-neural networks, genetic
algorithms, etc.) have gained a wide attention in control
applications. There are numerous Al applications to electrical
machines and drives. The drives are D.C. drives, induction
motor drives, synchronous motor drives, switched reluctance
motor drives and sensorless drives etc. For most drives, high
accuracy is not usually imperative, however, in high
performance drive applications, a desirable control
performance in both transient and steady states must be
provided even when the parameters and load of the motor are
varying during the motion. Controllers with fixed parameters
cannot provide these requirements unless unrealistically high
gains are used. Thus, the conventional constant gain
controllers used in the high performance variable speed drives
become poor when the uncertainties of the plant exist, such as
load disturbance, mechanical parameter variations and un-
modeled dynamics in practical applications. Therefore, control
strategy of high performance electrical drives must be
adaptive and robust. As a result, interest in developing
adaptive control methods for electrical drives has increased
considerably with in the last two decades and several adaptive
control methods based on linear model have developed for
induction motor drives. In the past decade, fuzzy logic and
neural network control techniques have applied to electrical
drives to deal with nonlinearities and uncertainties of the
control system. Fuzzy control has the ability of implementing
expert human knowledge and experience expressed in the
form of linguistic rules. It is easy to understand the structure
of the fuzzy controller and to modify the control laws. Hence,
fuzzy logic control introduces a good tool to deal with the
complicated, nonlinear and ill defined systems, which cannot
be described by precise mathematical models. However, fuzzy
controllers have difficulties in determining suitable fuzzy
control laws and tuning the parameter of the membership
functions for system changes. The major advantageous
features of neural network are their learning and
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generalization capability and fault tolerance. It can adapt itself
to changing control environment using the system input and
output and it does not require complicated control theories and
exact knowledge of the system. However, neural network has
some problems in training: the sensitivity of the controlled
system, which is difficult to obtain for unknown and nonlinear
systems are required and the local minimum of the
performance index can be trapped. Besides, it is difficult for
the user to decide the structure of the neural network for the
desired control. Fuzzy-Neural Network (FNN) approach
incorporates the fuzzy logic controller into the neural network
structure. Neural network provides connectionist structure and
learning abilities to the fuzzy logic controller. In recent years,
FNN control has applied to induction motors and used to
update the control gain of the sliding mode position controller
for an induction motor drive. Fuzzy-neural network controller
has augmented with a PI controller, and an adaptive
controller.

IV. SCHEMATIC STRUCTURE OF PROPOSED SENSORLESS
SPEED CONTROL OF INDUCTION MOTOR

The schematic of the basic functional blocks used to
implement the proposed DTFC of induction motor AC drive
with fuzzy speed regulator is shown in Fig.1. A voltage source
inverter supplies the motor and instantaneous values of the
stator flux and torque are calculated from stator variable by
using a closed loop estimator [37] [40]. Stator flux and torque
can be controlled directly and independently by properly
selecting the inverter switching. The reference Torque is fed
to DTFC from a FLC based Fuzzy speed regulator.
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Fig. 1 Direct Torque Fuzzy Control scheme for AC motor drives
with Fuzzy speed regulator

A. Induction Motor Modal

The induction motor voltage equations in space vector
notation can be expressed as follows:

V = RI + == (M)
,\ d
; . dg, @
V =R i + L — Jw =0
,. it — Jjo ¢,
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The induction motor flux equations in space vector notation
can be expressed as follows:

¢ =Li+Mi 3)
¢ =Li+Mi 4)

The induction motor mechanical equation in space vector
notation can be expressed as follows:

T o= do (5)

dt
Where J is the moment of inertia of the rotor, B damping
coefficient, P number pair of poles, w, rotor speed and 7} is

the load torque. Also,

+ Bow, + T,

r.o= 2P G ox jd) ©
Therefore, Substituting (3) and (4) into (5), yields
3 PM - .z (7)
= — X
“ T30l L (6. x jo,)

The dynamic input and out put equations of induction
motor are formulated as a time varying state space model in
the stator reference frame using the o-f co-ordinate system
under the assumptions that linear magnetic circuits, equal
mutual inductances and negligible iron losses as follows;

X()=AX()+BU () ®)
Y(t)=C X (1) )
Where A is the system, B is the control and C is the

observation matrices. And X(t) is the state, U(t) is input and
Y(t) is out put vectors with elements as follows;

X()=[i, i, 9. 9,1 (10)
U v, (11)
(1) = v
i (12)
o [1]
lﬂ/
7_5 0 l-o o (1-0c) 7 13
oM, oM
0 -5 a),,(l—O') a),,(l—O')
oM oMt
Y I
— 0 - — -
T, T,
0 M @, _ L
L T/ T/ .
Ly 0 0 (14)
ol
B’ = ' {
0 — 0 0
oL
C=F 0 0 0} (15)
0 1 0 0
B R ' 5:(1 1—0];
R, R, LL or, oOT,
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Where w represents rotor speed. R and R, are the stator and
rotor resistances respectively. L, L, are the stator and rotor
self-inductances and M is the mutual inductance respectively.

Where ¢Sd, and ¢Sq, are respectively, the stator and rotor

flux projections on the (d-q) axes reference frame. Then the
electromagnetic torque developed by the induction motor can
be expressed as,

=P -gi) 09

From the above mathematical representation, we can see that
the dynamic model of an induction motor is a strongly
coupled nonlinear multivariable system. The control problem
is to choose (Vi , Vi) in such a way as to force the motor
electrical angular speed w and the rotor flux magnitude

O1P° + ¢2sq]1/2 to track given reference values by

denoted @, and @, respectively. Note that the choice of a

reference frame rotating at the same angle and is more suitable
for the control problems since in this frame the steady state
signals are seems to be constant.

B. Stator Flux and Torque Estimation Mechanism

In the conventional DTC scheme, the stator flux is obtained
from (18), which is derived from (2.1a) using only the
measured stator voltages and currents.

5 =7 —Ri)a (D
Using equation (17) the statour flux expression is:
Q. gy W
dt B n
IfRi~0,then d ¢, _ 7 (19)
dt

The approximation of the voltage drop in the stator
resistance is realistic, excepting at low speeds rang when the
(R,.iy) term must be considered. The vector tension applied to
the induction motor remains constant during the sampling
time period Ts Thus we can write, the expression for change
in stator flux over the sampling time period Ts as,

bk +1) = do(k)+V T, (20)
A¢s z¢s(k+1)_¢s(k)zVSTs 21

If a sequence of null voltage is applied, we note that the
variation of the stator flux module is always negative and

proportional to voltage drop (R,.i;), as shown by equation
(22).

de,
dt
Ap,~ ¢ (k+1)— ¢, (k) ~—RiT, 23
At average and high speed, the term (R,.i;) can be neglected

and therefore the stator flux variation is null for a null voltage
vector.

~—Ri (22)
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dg,
dt

The components of the currents (iy;, is,) and stator voltage
(Vsa Vsq) are obtained by the application of the transformation
[33] [40] expressed in (25) and (26). The components of the
stator flux (¢, ¢by,) are expressed in (27). The stator flux
linkage per phase and the electromagnetic torque estimated
are expressed in (28) and (31) respectively.

2—, >z
e i =5 -1)

The voltage source inverter can be modeled as shown in
figure 1, where §;, S5, S; are the switching states. Eight output
voltage vectors V), to ¥, {000, 100, 110, 010, 011, 001, 101,
111} are obtained for different switch combinations. Hence,
V, and V; are zero voltage vectors. From the inverter
switching we get:

24

~
~

0

—

& (25)

i —=

sd

59

S

7= E(25-5,-8) * 7, ="5(5,-5) @9

t

g=lV-RiJde & g, =[(7.~R7)de @D
b= 9. + 4

The stator resistance Ry can be assumed constant during a
large number of converter switching periods Ts. The voltage
vector applied to the induction motor remains also constant
over the time period Ts. Therefore, on resolving (1) leads to:

2
sd

= (28)

go=[Fo-r I — RO-HOTT €9

0

In equation (29), ¢, (0) stands for the initial stator flux
condition. This equation shows that when the term Rg/g can be
neglected in high speed operating condition of the extremity
of stator flux vector Vg. Also, the instantaneous flux speed is
only governed by voltage vector amplitude [20] expressed in
(30).

d¢s
dt

Hence, by selecting adequate voltage vector one can
increase or decrease the stator flux amplitude and phase to
obtain the required performances with constant flux. The

electromagnetic torque is estimated by (31), which is derived
from (6).

~
~

Vs (30)

T o= (31)

=P, - 1)
V.

This The block diagram of the proposed sensorless speed
control scheme for IM with DTFC is shown in figure 1. This
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type of control is relatively new and competitive one compare
to the rotor flux oriented methods. The objective of DTFC is
to maintain the electromagnetic torque and the stator flux
module within a defined band of tolerance. This type of
control is based on the directly determination of the sequence
of control applied to the switches of a tension inverter. This
selection is generally based on the use of hysteresis regulators,
whose function is to control the state of the system, and to
modify the amplitude of the stator flux and the
electromagnetic torque.

The stator flux, as given in equation (29), can be
approximated as equation (29) over a short time period if the
stator resistance is ignored. During one period of sampling Ts,
vector tension applied to the machine remains constant, and
thus one can write as in (20) and (21). Therefore to increase
the stator flux, we can apply a vector of tension that is co-
linear in its direction and vice-versa.

The space vector modulation (SVM) technique is used to
approximate the voltage vector by employing the one out of
eight possible combinations of vectors generated by 3-®
phase voltage source inverter (VSI). In a 3-®, VSI, the
switching commands of each limb are complementary. So, for
each limb, logic state S; (where i=1 to 3) is ON (“1”) or OFF
(“0”) can be defined. As there are three independent limbs,
there will be eight different logic states, provides eight
different voltages obtained applying the vector transformation

described as:
_ \EVDC {Sl +5,¢

Eight switching combinations can be taken according to the
above expression (32). The partitions of d-q plane in to two
zero voltage vectors and six non-zero voltage vectors are
show in Fig.2.

27 4r
v s (32)

s

; A
vaoio) 9% variog)
& ~
¥ \-\ P
FARR N | AR
; .'\. AT
l : .
;.,' i kY , (),f ﬁ \\ )
~,r4.;m1;r;, ‘w.i111.5 \/0{000) AL
\ /N /wnnu;-
"."-. |II'|.F llll__,-'" "l\. ‘I'rfl j_.
\ /,- \ .;
AN Voo
xk ‘-‘f
V5(001) VE01)

Fig. 2 Partition of the d-q planes in to six angular sectors

The switching pattern of the VSI is selected based on the
output of DTFC which is developed based on the knowledge
of a pair of hysteresis as variable structure controllers for both
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torque and stator flux. In order to adjust the electromagnetic
torque and the stator flux linkage, DTFC algorithm selects the
stator voltage space vector that produces the desired change
[24] [25].

When flux is in sector i, the vectors Vi+lor Vi-1 are
selected to increase the amplitude of flux, and Vi+2 or Vi-2 to
decrease it. Hence, the selection of the vector tension depends
on the sign of the error of flux, but independent of its
amplitude. That implies why the exit of the correction of flux
could be a Boolean variable. One adds a bond of hysteresis
around zero to avoid ineffective commutations when the error
of flux is small. Certainly, with this type of modification, one
can easily control and maintain the end of the vector flux in a
circular ring. The switching table proposed by Takahashi is as
given by Table L.

TABLE 1.
SWITCHING TABLE FOR DTFC BASIS
Sector
1 11 11T v \'% VI
Flux Torque

T=1 V, V3 \2 Vs Vs \
F=1 T=0 Vo | Vol Vo | Vo Vo | Vo
T=-1 Ve | Vi V. V; Vi Vs
T=1 V3 V4 V5 V(, Vl V2
F=0 T=0 Vo | Vo | Vol Vo Vo | V4
T=-1 V5 V(, V] Vz V3 V4

The DTFC of induction motor drive is designed to have
three fuzzy input variables and one output control variable to
achieve fuzzy logic based DTC of the induction motor. Its
functional block diagram is as shown in Fig.3. It requires three
input variables, the stator flux error, electro magnetic torque
error and angle of stator flux. The output is the voltage space
vector [37].

[ ] D

v RULE BASE 0

U F

Z U
AD, | Z (AD,) z
=1 TG 2
AT | E M) | DECISION AAAANA | L]Vs
=11 Do 2 Niae [ LI e
o, | 0, I
NN MXXXMX} no) FUZZY OP | .

T A

I A T

0 ‘ ’ I

N DATA BASE N

Fig. 3 Proposed DTFC functional block diagram

The internal structure of the DTFC is as shown in Fig.3.
The necessary inputs to the decision-making unit blocks are
the rule-based units and the data based block units. The
fuzzification unit converts the crisp data into linguistic
formats. The decision making unit decides in the linguistic

format with the help of logical linguistic rules supplied by the
rule base unit and the relevant data supplied by the data base.
The output of the decision-making unit is given as input to the
de-fuzzification unit and the linguistic format of the signal is
converted back into the numeric form of data in the crisp
form. The decision-making unit uses the conditional rules of
‘IF-THEN-ELSE’ [28].

The flux linkage error is given by A® = @, - s Where
@, is the related value of stator flux and ®g is actual stator
flux. Three linguistic values, negative, zero and positive
denoted as N, Z and P respectively are used to fuzzify flux
linkage error domain. The torque error given by AT = Ty -
Tem- Where T, is desired torque and T.,, is actual torque. Five
linguistic values, negative large, negative small zero, positive
small and positive large denoted as NL,NS, ZE, PS and PL
respectively are used to fuzzify torque error domain. The
stator flux linkage angle 0 is an angle between stator flux o
and a reference axis is defined asg = tan” (¢d /¢/ )

Twelve linguistic values, 6, to 0, are used to fuzzify the
domain of stator flux linkage angle. And the space vector
voltage V; (i=1 to 6) is fuzzified using six singleton linguistic
values, as V,V,,V;,V,, Vs and V4 [33][37].The corresponding
inputs and output variables fuzzy function graphs are shown
in Fig.4.

Ba N z P
1
-0.05 0 0.05 AD
UB
NL NS ZE PS PL
1
-0.025 -0.1 0 0.1 0.025 AT

e 01 6 06 04 65 0 0, 65 6 610 61 O

o & 3t 5t 71 9r llr I3 Iz Uz 197 2lx 23x g
12 12 12 12 12 12 12 12 12 12 12 12
Mp
Vi Vs V3 Vi Vs Ve Vs
Fig. 4 Inputs and output variables fuzzy functions maping

Each fuzzy rule can be described using the three input
linguistic variables A@;, AT and 6 and one output linguistic
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variable Vs in the DTFC rule base. The i IF-THEN fuzzy
rule R; of DTFC can be expressed as [37]:
R;. IF Ay is A;, AT is B; and 6, is C; THEN V, is D;

Where A;, B;, C; and D; are fuzzy membership function
values obtained from p4, Up, lc and pp membership functions
of inputs and output linguistic variables of DTFC respectively
for i™ rule [37]. In this paper, Mamdani’s fuzzy rule base

model is developed to perform the function of proposed
DTFC.

VI. PI-TYPE FuzzYy LOGIC CONTROLLER AS A SPEED

REGULATOR

The proposed DTFC employs an induction motor model to
predict the voltage required to achieve a desired output torque
[40]. By using only current and voltage measurements, it is
possible to estimate the instantaneous stator flux and output
torque. An induction motor model is then used to predict the
voltage required to drive the flux and torque to the demanded
values within a fixed time period. This calculated voltage is
then synthesized using SVM. In AC drive operation, the
speed can be controlled indirectly by controlling the torque,
for the normal operating region, is directly proportional to the
voltage to frequency ratio. So, the speed can be regulated
using FLC as a fuzzy speed regulator whose output is the
reference torque [39].

e(k
( ) K, FLC
du(k) u(k)
+ + |
ce(k)
Fig. 5  Basic Structure PI-type Fuzzy Logic Controller

In the SVM voltage source inverter-fed DTFC induction
motor drive system, simultaneous control of the torque and the
flux linkage was required. So, the reference torque to DTFC is
fed from speed loop of the IM drive as shown in Fig.1 which
is regulated using PI-type FLC shown in Fig.5. In which K;,
K, and K; are normalization factors. The input linguistic
variables speed error e(k), change in speed error ce(k) and
output linguistic variable du(k) membership functions will be
divided into seven fuzzy sets with the linguistic values NL
(negative large), NM (negative medium), NS (negative small),
ZE (zero), PS (positive small), PM (positive medium), PL
(positive large) respectively. The fuzzy logic controller is
basically an input output static non-linear mapping technique.
The PI-type FLC control action can be expressed as,

du(t) =K e(t)+ K ,ce(t) (33)
Where Kp and K; are proportional and integral gains. On
integrating above equation, we get

u(t)=K,e(t)+ K, [e(t)dt

The discrete form of equation (21) can be expressed as,

(34
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du(k) =K e(k)+K ce(k) (35)

Equation (35) is a PI-type FLC with non-linear gain factors.
The fuzzy associative memory (FAM) of Mamdani rule base
model to develop the PI-type FLC as a fuzzy speed regulator
[39] which in term replace the PI speed regulator of
conventional DTC is given in Table II.

TABLE II.
FAM OF FLC AS A Fuzzy SPEED REGULATOR OF IM

CHANGE IN ERROR (ce)
du NB | NM | NS | ZE | PS | PM | PB
NB | NVB | NVB | NVB | NB | NM | NS | ZE
NM | NVB | NVB | NB | NM | NS | ZE PS
| Ns | NVB| NB | NM | NS | zE PS | PM
1 Ze | ~B | NM | ~Ns | zE | s | pm | B
E PS | NM | NS ZE | PS | PM | PB | PVB
PM | NS ZE PS | PM | PB | PVB | PVB
PB | ZE PS PM | PB | PVB | PVB | PVB

VII. ROTOR SPEED ESTIMATION BY MRAS TECHNIQUE

The MRAS technique is used in sensorless IM drives, first
time, by Schauder [25]. The MRAS is important as it leads to
relatively easy to implement system with high speed of
adaptation for a wide range of applications. The basic scheme
of the parallel MRAS configuration is given in Fig.6. The
scheme consists of two models; reference and adjustable ones
and an adaptation mechanism. The block “reference model”
represents the actual system having unknown parameter
values. The block “adjustable model” has the same structure
of the reference one, but with adjustable parameters instead of
the unknown ones. The block ‘“adaptation mechanism”
estimates the unknown parameter using the error between the
reference and the adjustable models and updates the adjustable

model with the estimated parameter until satisfactory
performance is achieved.
Isd v sd
REFERENCE [€—
I, MODEL Vi
%
9. ?,
® ADAPTATION
MECHANISM
5, XT s,
OBSERVER .,
MODEL

Fig. 6 Structure of MRAS Speed Estimator

A linear state observer for the rotor flux can then be derived
by considering the mechanical speed as a constant parameter
as its variation is very slow in comparison with the electrical
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variables. As the reference model is independent of the
rotation speed, it allows for calculating the components of
rotor flux from the stator voltage equations.

dg, I(V CRi - ldlldj (36)
da al\ " v b dt
a, _1 V.~ Ri — 1di, (37
dt a L b dt
Where,
M 1 . R
a = —— b = — Cc = :
L ol L

The speed of rotation is used in the observer model to
estimate the components of rotor flux.

i
P _ —cg, - Podp +cMi, Y
dt '

by
;;w = —cp. +Pog, +cMi_ O

The adaptation mechanism compares the two models and
estimates the speed of rotation by an integral proportional
regulator. Using Lyapounov stability theory, we can construct
a mechanism to adapt the mechanical speed from the
asymptotic convergence’s condition of the state variables
estimation errors.

K3 6-0 8)+K | § 8 —¢ @)dr @0

Where Kp and K; are positive gains.

A

=

r

VIII. SIMULATION AND RESULTS

To verify the proposed scheme, the simulation has been
carried out by using MATALAB SIMULINK. In the
simulation performed, certain stator flux and torque references
are compared to the values calculated in the driver and errors
are sending to the DTFC. The outputs of the flux and torque
comparators are used in order to determine the appropriate
voltage vector and stator flux space vector by employing
DTFC and the actual speed is estimated by means of MRAS.

The digital simulation studies were made by using the
SIMULINK software in MATLAB environment for the
system described in Fig.1. The speed and torque loops of the
drive are designed using fuzzy logic control techniques and
same has been simulated. The feedback control algorithms
were iterated until best simulation results were obtained. The
system dynamic responses obtained by simulation are shown
in Fig.6 and Fig.7 for stator currents, torque and speed to
conclude the comparative results of sensorless conventional
DTC with PI speed regulator and proposed sensorless DTFC
with FLC as a fuzzy speed regulator. The fuzzy logic based
sensorless DTFC with Fuzzy speed regulator of IM drive
presents the very much improved performances to achieve
tracking of the desired trajectory. In which the rise time is
0.44 seconds for sensorless DTFC with fuzzy speed regulator
and 1.23 seconds for sensorless conventional DTC with PI
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type speed regulators respectively. From the simulated speed
response of speed shown in Fig.8 of the proposed scheme, the
tracking of the speed change is very fast compare to the
sensorless conventional DTC scheme simulated results shown
in Fig.7. The reason for superior performance is basically it is
adaptive in nature and is able to realize different control law
for each input state of error and change in error. Also, the
Fig.8 shows the ripple in the proposed control scheme for
simulated stator currents and the actual torque responses is
found to be very much reduced.

Stator Current Responses of Sensorless DTC
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Fig. 7 Sensorless Conventional DTC simulated responses with PI
speed regulator
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Fig. 8 Proposed Sensorless DTFC simulated responses with Fuzzy
speed regulator

IX. CONCLUSIONS

The paper presents a new approach for sensorless speed
control of IM drive system using fuzzy logic technique. In this
paper, a fuzzy logic based DTC methodology for IM drive
system intended for an efficient control of the torque and flux
without changing the motor parameters has been developed.
Also, the flux and torque can be directly controlled with the
inverter voltage vector using SVM technique. A DTFC is
designed in order to satisfy the limits of the flux and torque
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and to select the space vector voltage of switching table. A PI
type FLC has been designed as fuzzy speed regulator which
provides the reference torque to DTFC. And also a MRAS
type speed estimator is develop to estimate the rotor speed.

The proposed system has been analyzed, designed and
performances were studied extensively by simulation to
validate the theoretical concept. The simulation results shows
that the proposed controller is superior to conventional DTC
in robustness and in tracking precision. The sensorless sped
control of IM with DTFC and fuzzy speed regulator strategy
provides fast dynamic responses with no overshoot and
negligible steady-state error. So, it is concluded that it can be
applied for the AC servo systems and is reliable in a wide
operating speed range.
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