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Abstract—A Variable-Fregquency Driveis a type
of adjustable-speed driveused in  Electro-Mechanical drive
systems to control the AC motor speed and torqueby varying
motor input frequency and voltage. Variable-Frequency Drives
are used in applications ranging from small appliances to the
largest of mine mill drives and compressors. Over the last four
decades, Power Electronics technology has reduced
Variable-Frequency Drivecost and size and has improved
performance through advances in semiconductor switching
devices, drive topologies, simulation and control techniques, and
control hardware and software. The speed control of the
Variable-Frequency Drive is of two types, Scalar and Vector.
Scalar Control is based on the relationships valid in the steady
state conditions, only magnitude and frequency of voltage, current
and flux linkage are controlled. Vector Control is based on
relationshipsvalid for dynamic states, not only magnitude but also
instantaneous positions of voltage , currents and flux. Direct
Torgue Control is oneof the Vector Control method to control the
Variable Frequency Drives. The main drawback of the DTC of
IMD using conventional Pl controller based SR is high torque,
stator flux ripples and speed of IMD is decreasing under transient
and steady state operating conditions. Thework of thisproject isto
study, evaluate and compare the technique of the conventional
DTC and DTC-FLC applied to the induction machines through
MATLAB/smulink..

Index Terms— Induction Motor Drive, Direct Torque Control
(DTC), Fuzzy Logic Controllers (FLC).

I. INTRODUCTION

Whenever the term Electric Motor is used, we témd
think that the speed of rotation of these macharestotally
controlled only by the applied voltage and frequent the
source current. But the speed of rotation of arctitsl
Machine can be controlled precisely also by impletimeg
the concept of drive. The main advantage of thizept is,
the motion control is easily optimized with thehef drive.
In very simple words, the systems which controésriotion
of the electrical machines, are known as Electirales. A
typical drive system is assembled with a Electrimtdf (may
be several) and a sophisticated control systemcitwairols
the rotation of the motor shaft. Now a days, thluiatool can
be done easily with the help of software. So, thetrolling
becomes more and more accurate and this concegrtvef

also provides the ease of udéde Adjustable Speed Drives

(ADS) are generally used in industry. In most dsiveC
motors are applied. The standard in those drivegnaluction
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Motors (IM). Previously, DC machines were preferfed
variable speed drives. However,
disadvantages of higher cost, higher rotor inewsiad

maintenance problem with Commutator and brushes. In

addition they cannot operate in dirty and explosive
environments. The AC motors do not have the disatdeges
of DC machines. Therefore, in last three decadesDio

motors are progressively replaced by AC drives. The

responsible for those result are development of enod
semiconductor devices, especially power Insulateate G
Bipolar Transistor (IGBT) and Digital Signal Proses
(DSP) technologies. The most economical IM speetrob
methods are realized by using frequency conver{Engs
drive system is widely used in large number of stdal and
domestic applications like factories, transportatgystems,
textile mills, fans, pumps, motors, robots etc.

Then after invention of power electronics comptsieand
scalar control method like Variable Frequency D{VED) or
Slip Frequency Control, Induction Motors were wydelsed
again but they didn’t have de-coupling facilitytarfque and flux.
So for the de-coupling of torque and flux, vectamteol
introduced for better performance of Induction Moto
application.

Direct Torque Control (DTC) is one method usedariable
frequency drives to control the torque (and thoalff the speed)
of three-phase AC electric motors. This involvesudating an
estimate of the motor's magnetic flux and torqueetieon the
measured voltage and current of the motor. Stiatofifikage is
estimated by integrating the stator voltages. T®iguestimated
as a cross product of estimated stator flux linkeggtor and
measured motor current vector. The estimated flagnitude
and torque are then compared with their referersdees. If
either the estimated flux or torque deviates frbom reference
more than allowed tolerance, the transistors of viwgable
frequency drive are turned off and on in such ativat/the flux
and torque errors will return in their tolerant daras fast as
possible[6],[7]. A general classification of theariable
frequency IM control methods is presented in Fig.1
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Fig 1 General Classification of Induction Motor Control
Methods
It is very important to control the speed of Intioc

Raghava Reddy. R Department of Electrical and Electronics Motors in industrial and engineering applicatiokéficient

Engineering, Mahatma Gandhi Institute of Technolddyderabad, India.

Dr. P. Ram Kishore Kumar Reddy, Department of Electrical and

Electronics Engineering, Mahatma Gandhi
Hyderabad, India.

Institute Technology,

control strategies are used for reducing operatash too[1].
Speed control techniques of Induction Motors cabroadly
classified into two types — Scalar Control and \de€ontrol.
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Scalar Control involves controlling the magnitudé/oltage
or Frequency of the Induction Motor, where as eetor
Control involves not only the magnitude of Voltage
Frequency but also instantaneous positions of agek,
Currents and Flux[2].

Fig 2 Basic DTC Schematic Control

II. MATHEMATICAL MODELING OF
INDUCTION MOTOR:

Before going to analyze the any motor, it is vemych
important to obtain the machine in terms of equmal
mathematical equations. Traditional per phase edgit
circuit has been widely used in steady state arsalysd

design of induction motor. The dynamics considéis t

instantaneous effects of varying voltage/currergtgtor
frequency, and torque disturbance. The dynamic irafdbe
induction motor is derived by using a two-phase anah

direct and quadrature axes. This approach is d#sira

because of the conceptual simplicity obtained with sets
of windings, one on the stator and the other inrtter. The
equivalence between the three phase and two phadane
models is derived from simple observation, anddpigroach
is suitable for extending it to model an n-phasemme by
means of a two phase machine.

The concept of power invariance is introduced;gbeer
must be equal in the three-phase machine and uisadgnt
two-phase model. Derivations for electromagnetiojue
involving the currents and flux linkages are givérhe
differential equations describing the induction arotre
nonlinear. For stability and controller design $hsd it is
important to linearize the machine equations arcusteady
state operating point to obtain small signal eaunesti In or
adjustable speed drive, the machine normally ctutet as
element within a feedback loop, and therefore ramdient
behavior has to be taken into consideration. Theadhc
performance of an ac machine is somewhat complexuse
the three phase rotor windings move with respetitechree
phase stator windings.

T
+é%é§1_-d-axis
|

Fig 1 Two-phase equivalent diagram of induction
motor The two-phase equivalent diagram of three-phse

induction motor with stator and rotor windings me¢el to d —
g axes are shown in Fig 3.2. The winding are spayed
electrical and rotor winding at, is at an anglé, from the
stator d-axis. It is assumed that the d axis idifgathe q axis
for clockwise direction of rotation of the rotor.
Vgs = Rgigs + pWas
VUgs = Rsiqs + pl-qu

. 1
Vgr = Ryplgr + wrlpq‘r + pWyr ( )
Vgr = Rylgr — 0, War + pW¥yr
Wy = f(vds — Rsigg)dt (2
qus = f(vqs - Rsiqs)dt (3
3 . .
T, = EP (QD‘SiSlZS - ¢¢§le5) (4)

IIl. DIRECT TORQUE CONTROL (DTC)

The Direct Torque Control (DTC) is one method used
variable frequency drives to control the torqued(ahus
finally the speed) of three-phase AC electric mg[8)r This
involves calculating an estimate of the motor's negig flux
and torque based on the measured voltage and tofrére
motor. Stator flux linkage is estimated by integrmgtthe
stator voltages. Torque is estimated as a crossuptoof
estimated stator flux linkage vector and measuredom
current vector. The estimated flux magnitude amdue are
then compared with their reference values. If eitte
estimated flux or torque deviates from the refeeenwre
than allowed tolerance, the transistors of the aldei
frequency drive are turned off and on in such a thay the
flux and torque errors will return in their toletdrands as fast
as possible[5].

In a Direct Torque Controlled (DTC) Induction Moto
Drive supplied by a voltage source inverter, ip@ssible to
control directly the stator flux linkageys and the
electromagnetic torque by the selection of an otim
inverter voltage vector. The selection of the vgpdtaector of
the voltage source inverter is made to restrictfitve and
torque error within their respective flux and toequysteresis
bands and to obtain the fastest torque responsédighdst
efficiency at every instant. DTC enables both quizique
response in the transient operation.

The electromagnetic torque in the three phase ti@huc
machines can be expressed as follows

Te=2P( @5 X i) (5)
Whereg;s is the stator fluxis is the stator current (both fixed
to the stationary reference frame fixed to theosjand P the
number of pairs of poles.

The way to impose the required stator flux is bgams of
choosing the most suitable Voltage Source Investate. If
the ohmic drops are neglected for simplicity, thies stator
voltage impresses directly the stator flux in ademice with
the following equations.

205 — Vs or

dt

Aps = V. At (6)

Decoupled control of the stator flux modulus amdjte is

achieved by acting on the radial and tangential prmmants
respectively of the stator flux-linkage space vedto its
locus. These two components are directly propaation
(Rs=0) to the components of the same voltage syeater in
the same directions. So imposing of proper voltagsor is
important in direct torque control of Induction Mot This
we will obtained by using voltage source inverter.

Published By:
Blue Eyes Intelligence Engineering\ %,
& Sciences Publication Pvt. Ltd.



International Journal of Emerging Science and Engieering (IJESE)
ISSN: 2319-6378, Volume-3 Issue-3, January 2015

3.1 Voltage Source Inverter 3.3 Flux Estimator
Based on the switching condition of switches S$éahe
output voltage is varied and that voltage is appeat the

motor terminals. The respective voltages is shawhelow In the direct vector control method, as discusasave, it

table 4.1 is necessary to estimate the rotor flux compongfitsand
' W3- so that the unit vector and rotor flux can be wiaited by
. A equations 4.12 and 4.13. The commonly used mathfbax

estimation are discussed[10].

. > > @ pS =W, cosb (11)
Use dr T e
S4 Se S2 B C
Y. =W, sinb, (12)

Fig.4 Diagram of voltage source Inverter cos 6, = q\;,Adr ; sing, = l:i" (13)
T T T e e
r;.r_)r_ ‘V\ <'+E r_ "J; (+|+—7r_ l'p‘r = ’Lp;igrz + Lpgrz (14)
NSRS
r\_/'; -'!++‘-| E:( r:: |w +r_+z‘
_ o IV. FUZZY LOGIC CONTROLLER
Fig.5 a) Switching states of VSI b) space vector Fuzzy control is a control method based on fupgyd.
diagram Fuzzy logic can be described simply as computinth wi
o words rather than numbers; fuzzy control can beritzsd
Table 4.1 Switching States of VSI simply as control with sentences rather than eqoati A

fuzzy controller can include empirical rules, aruhttis
especially useful in operator controlled plantszAulogic

S, S, S S S S | S0 | S0 | S controller (FLC) is capable of improving its penitance in

the control of a nonlinear system whose dynamics ar

OFF| ON | OFF| ON| OFF ON . . . .
unknown or uncertain. Fuzzy controller is ablenipiove its

ON | OFF| OFF| ON| OFfF ON performance without having to identify a model loé fplant.

ON | OFF| ON| OFF OFHF ON Fuzzy control is similar to the classic closed-loggntrol

OFF| ON| ON| OFFf OFF ON approaches but differs in that it substitutes imjse

OFF| ON | ON| OFEl ON| OFF symbolic notions for precise numeric measures. fliaay

controller takes input values from the real woflltiese crisp

OFF | ON| OFF| ON| ON| OFf input values are mapped to the linguistic valuesugh the

ON | OFF| OFF| ON| ON| OFH membership functions in the fuzzification step.eA of rules

| P O O Of | k| O
= O] O] k| k| k| Ol O
| | P P O O O O

ON | OFF| ON| OFF| ON| OFH that emulates the decision making process of thmahnu

expert controlling the system is then applied usiegain
inference mechanisms to determine the output. lyingile

The final torque equation depends on the sta’[cg)ruqoUt s mapped into crisp control actions reqliie

voltage, stator currents and the resistance obrsgattases practical _applicz?\tions in the de-fuzzification sté’png y are
quantities that can be measured accurately. Agtuttiie non-precise variables that often convey a surgrisimount

variation of the stator resistance with time/terapere is of information. Usually, linguistic variables hol@lues that
significant. The equations are very sensitive eortisistance, aré uniformly distributed (n) between 0 and 1, diefieg on

3.2 Torque Estimator

especially at low speed[10]. the relevance of a context dependent linguistimfg}.
— 3 S ;S S ;S 7 .
Te = EP (¢dslqs —_ (pqslds) ( ) Inference Mechanism and Rule - Base
s _ Ertor 1 @
Pas = I(Vds — Rsigg)dt (8) az Firing
—"T’—' as | 5| Process
. Error 2

Pas = | (Vgs — Rsigs)dt 9) i,

Fuzzyfication T Defuzzvfication

Te = %P (iss f(Vds - Rsids)dt - izsis f(Vqs - Rsiqs)dt) (10)
Fig.6 Basic FLC

1-Fuzzification, which converts controller inputs into
information that the inference mechanism can easibs to
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activate and apply rules.

Bi, then K = Gand K = D, where variable AB;, G and D

2-Rule-Base (a set of If-Then rules), which contains aare fuzzy subsets of speed error, change in speed,

fuzzy logic quantification of the expert's
description of how to achieve good control.

3-Inference Mechanism (also called an “inference
engine” or “fuzzy inference” module), which emukatthe
expert's decision making in interpreting and appdyi
knowledge about how best to control the system

4-Defuzzification Interface, which converts the
conclusions of the inference mechanism into aétymlts for
the process.

lingutst

Wrsf e@ Speed PI T. =, AT
4’[8% 4'{8)—‘ Switch
Controller ;:l[te 3phase Motor
Praf Kp| Ki Agp Selector Inverter
Fuzzy
Controller T
I ~ Torque & Flux @
2e(e) |
Estimator
a @as
dt

Fig.7 Block diagram of Pl based FLC speed control

To easily handle the large values of error and gean
in error and reduce the computation time so asctoeae
faster control action, the inputs and output amnatized[4].

E:e(t):Nef'Nact
CE=e()—-e(t-1)
Table 2 Linguistic Term For Error

Linguistic term Symbol
Negative Large NL
Negative Medium NM
Nagative Small NS
Zero Error ZE
Positive Small PS
Positive Meduim PM
Positive Large PL

Table 3 Linguistic Term For Change Of Error

Linguistic term Symbol
Negative N
Zero Z
Positive p
Table 4 Fuzzy Control Linguistic Roles For Proporional
Gain
e(t) NL | NM [ NS | ZE | PS| PM | PL
M
N L M S M S M L
Z L M L Z L M L
P L M L Y L M L
Table 5 Fuzzy Control Linguistic Roles For IntegralGain
NL | NM [ NS | ZE | PS | PM | PL
\e«;\
Ae(t)
N Z S M L M S z
Z Z S M L M S z
P z M L L L M Z

The fuzzy rule Ris defined as R if e(t) = A andAe(t) =

10

proportional coefficient, and integral coefficiergspectively
i= 1 to 21, there are 21 reason rule. Mamdhanésae
method is adopted to get the defuzzification out@iie can
be acquired by using linear transform to the ouyalie.

V. SIMULATION RESULTS

Fig. 6.1 shows the simulink diagram for simulatioh
Direct Torque Control of Induction Motor. Main sylsgems
are the voltage conversion (three phase to
transformation), torque & flux estimator and speegllator.
The simulink diagram is shown in Fig 6.1 is counsted
according to the block diagram of DTC of Inductigiotor
(Fig 4.1). The subsystems are modeled with resjpetiie
equations and respective theory. The estimatecesalfithe
flux and Torque is calculated from the dq paransetef
voltage and currents. The reference torque is tzkdi from
the speed error and compared with the estimategi¢oand
the torque error is passed through torque hystebesd in
order to check the error is within the limit or nbt the flux
hysteresis band, the estimated flux is comparech wit
reference flux. Based on the flux, torque andahd¢he
voltage vector is selected and thus the invertdapuduis
varied to control the Induction Motor.

In the speed regulator, the reference speed anddtual

speed is compared and the error in speed is péssadh
the controller and thus the reference torqueid obtained.
the speed regulators for both the conventionalrobrind
fuzzy logic control of DTC of Induction Motor isrBulated.
In the fuzzy based speed regulator, the outpuheffizzy
logic is depends on the inputs applied to it. Acfetules is
implemented in fuzzy logic and based on the speed and
change in speed error applied to fuzzy logic, tlls
reference torque is obtained T

two

Fig.8 Simulation Diagram
The simulation of Direct Torque Control of uradion
motor is done by using MATLAB-SIMULINK. The reks
for conventional DTC and Fuzzy Logic Control ofdirction
Motor are shown in Fig 9 and Fig 10 respectively.

From the Fig 9, the ripples are observed in custen
speed and torque. In conventional DTC-PI, the walag
proportional gain and integral gain is fixed whes in
DTC-FLC, the gain values are adopted from onlime #hus
reduces the ripples in torque, speed and currefite
simulation result support that the DTC with Fuzaontol
(Fig 10) has better performance. Simulation resudiglate
that the effectiveness of the method and show thyptod
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speed regulation can be achieved.

i
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Fig 10 Simualtion Results of DTC-FLC

VI. CONCLUSIONS

For variable speed control of Induction Motor, the

controllers called scalar and vector controlless@oposed.
Scalar Control is good for steady state responskitais
based on the relationships valid in the steady stamditions
of magnitude and frequency of voltage, current, #oa
linkage. Vector Control is based on relationshipsidvfor
dynamic states, not only magnitude but also instsous
positions of voltage and flux. The vector controlsaon the
posotion of the space vectors and provides theireco
orientation both in steady and dynamic states.ddwupled
control of torque and flux is obtained by Directrdoe
Control (DTC) thus the torque and flux are contdll
separetely. The conventional DTC using Pl baseérgtlare
some disadventages, such as variable switchingidrezy,
high ripples in currents and torque and low opéanget
conditionds. These drawbacks are overcomed by #singy
Logic Controllers.Fuzzy Logic control is one of #antroller
in the artificial inteliigence technique. A Fuzegntrol rule
look- up table to overcome the above drawbackso#ling
to the speed error and change in speed error rtpogional
gain values are adjusted online, and thus rippieseduced.
The simulation result support that the DTC with Buz
control has better performance.lt is concluded frasults
that conventional DTC controlled Induction Motalrive
cannot meet the Fuzzy Controlled Induction Motarrfpple
reduction.
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