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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 thpower 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 o f eenent needdou acrotar speed sepsbro r .
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 he effectiveness of the proposed technique, its results are contrasted with the conventional scheme of
a Pl controlled MRAS DTC. The operation of a 5hp induction motor is analyzed on MATLAB Simulink
platform for various scenarios of abrupt speed demand aleéd 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 and flux rippled2, 12, 13]engendered because of the
i nverter o6s natur e, and oth

With the advent of modern induction motors in use of the speed sensding on
multifarious applications, the need foradvanced the reduction of mechanical robustness of the drive,
motor drives became inescapable. Among the so manyappropriateness for hostile work environments
control strategies, Direct Torque Control (DTC) (corrosion, moisture, pollution, dust, and etc.), and the
technique is one of the most referenced ones. ts ensor 6s high price afd hi .
functionality in diverse purposefl], fast response to 14].
user demandg, 3], significant reducton of inrush
current and voltage sag in power netwofRB, 4], Although it was Depenbrock who introduced Direct
capability to control induction motor in demanded Self Control (DSC) and patented it in US and
low or high speed5i 8], and resistance against loadGermany{15, 16] initially, it did not take long for
disturbance$9, 10] are only some of the remarkable Takahashi and Noguchi to develop its novel variation
advantages of DTC drives. On the other hand, it hasalled Direct Torque Control (DTOB, 4]. Due to the
some flaws such as switching los§kel] and torque disadrantages of using a speed sensor mentioned
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Nomerclature

DTC Direct Torque Control MRAS Model Reference Adaptive System

DSC Direct Self Control PIC Proportional Integral Controller

5hh Voltage in abc frame FLC Fuzzy Logic Controller

5 ih Voltages in dq frame 3 I Stator flux components in ddrame

Ei i Currents in abc frame 3 I3 Rotor flux components in dqg frame

Eii Currents in dq frame 3 B Estimated rotor flux components

4.4 Actual and Reference Electromagnetic torques | Stator flux angle

5,57 Nominal and Referenceotor speeds 3 Nominal stator flux

5,9 Actual and Estimatedrotor speeds 5 S Stator flux amplitude

(L) Rotor speed tuning error E,E Integral and Proportional gains

2,2 Stator and Rotor resistances C e Stator, Rotor, and Mutualnductances
Motor pole pairs Z Rotor time constant

6 Eight voltage vectors of twelevel inverter (. ( Torque and Flux hysteresis commands

VA Apparent power in voltampere obpi Revolutions per minute

hp Horse power N.m Newton-meters

earlier, different alternatives were proposed in thefuzzy sets. Literally, fuzzy logic works similar human
past[7, 14, 25, 26, 1i724]. Sensorless DTC strategiedogic; that is why it is simple to design, easy to
are generally classified in three categories of Signamplement and precise in finding rational solutions.
Injection[27], State Observef24], and Model Where an optimum control strategy was a nessity,
Reference Adaptive Sstem (MRAS)14, 28] methods. Fuzzy Logic Controllers (FLCs) were in the focus of
The need for sophisticated calculations and arattention. Thus, researchers are encouraged to replace
external signal source weakens the functionality ofthe conventional Pl Controllers (PICs) with FLCs in
Signal Injection Method [14, 19] While State sensorless MRAS DTC drives. Fd@re common to use
Observerds advantage i s inimoter drives,mpile thariintapabilidyriodcope with i a b
against abrupt load changes, it suffers seriously frorsudden load and speed changes are the main
chattering phenomenon24, 26] Eventually, it is disadvantageslf], [18]. Hence, this study is dedicated
MRAS method which is able to satisfy a wide range ofo investigate the performance of a novel FLC scheme
demand$§7, 14, 23, 29] Meanwhile, MRAS itself is employed as the rotor speed ebrver in a MRAS
categorized in four clusters of Baekmf[7], Rotor- system of a DTC drive. The proposed FLC has
Flux[14, 22] Reactive PowgRl, 30] and Active normalizer gains, gaussian membership functions, and
Power[29]. This paper is dedicated to study Rotor it is designated to adjust the estimated speed value
Flux strategy, because it balances different desirablmstead of ordering a definitive value in the output. It
factors and satisfies a variety of applications when it iss assumed here that, becauseettthange in rotor
compared with other approaches. speed is a continuous value, adjusting the estimated
value based on the rotor speed of the previous
Meanwhile, the advent of Fuzzy sets introducedmoment can be a better approach. A comprehensive
independently by L.A. Zadeh has changed the conceptinderstanding of DTC drive and MRAS speed
of mathemaics and provided a room for the invention estimation system is presented in the followinghe
of a variety of novel approaches in different fielfgl, proposed FLC MRAS technique comes afterwards, and
32] and electrical engineering is no exception. Theirthe whole process simulated eventually in order to
wide range of application, attractive simplicity, and examine its credibility.
notable accuracy are the undeniable characteristics of
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Figure 1:Schematic illustration of a conventional DTC drive.
. MATHEMATICAL MODEL OF A by the equations stated in the following:
CONVENTIONAL DTC DRIVE . Y ovya Q .
. . Y Yoo (3)
The general scheme of a conventional DTC drive is
shown in Figure 1. DTC measures input voltages and 3 s . .
currents of the induction motor fed by a devel . (4)
inverter. These measured amplitudes must be
transformed from abc to dq frame as expressed belowf -n « Q « 0 (5)
[33] where ) and — represent pole pairs and stator flux
P - Il position respectively
=, H N VI ? . . .
Y o A 4 ~Y Q) As shown in Figire 2, the reference electromagnetic
'u'_ o ILIJ’ Y torque ('Y) is generated by a PIC which works based
' on the rotor speed error. It can be expressed by the
P - 1 0 following equation:
11 ~— ~— 1
Q wm 42, g @ vy Q171 Q Q1° 1 (6)
(] Y]
T - where, Q and 'Q are the controllers integral and

. roportional gains respectively.
Accordingly, the stator flux on the dq axes( b ) proport g pectively

and the electromagnetic torque’y) can be calculated Although stator flux must be kept at a constant value

for different rotor speeds, it should be reduced for

[ velocities hi gher t han t he

+ Te* Since the stator voltage has a constant peak amplitude,
Reforonce the increase in the frequency is the only possible

+ Torque option to achieve higher velocities. Therefore, the

- reduction of stator flux must be taken into

Stator Flux . . . .
Function consideration in order to keep motor in constant

@F : :
r‘;gforspeed | N Ty —— power region [34, 35] Eventually, the fundion of
reference stator flux operates based on the rules

Figure 2:Speed controller block of a conventional
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below:

e hmo

o —R %
where, « * is the reference stator fluxe is the

nominal stator flux;

is the actual rotor speed, and

voltage vectors of the tweevel inverter shown in
Figure 3 [3, 36, 37] It is noteworthy that, — is
categorized intog@ @ Tt Sectors on the stator flux
plane.

1 is the nominal rotor speed.

According to Figure 1, the threelevel and twolevel

hysteresis controllers are responsible to evaluate th(&c four fundamental

differences between reference and actual values
electromagnetic torque"(YR'Y) and stator flux ¢ “Fr )
in order to generateO andO signals respectively.

[ll. ROTORFLUX MRAS

As it is shown in Figire 4, MRAS system is consisted
sections (Reference Model,
O,&djustable Model, Error Signal, and Adaptation
Mechanism). The Reference Model is responsible to

These signals help DTC to understand motodenerate stator flux values as expressed in Eqg. (3) and
condition and to adjust torque and flux values into produce reference rotor fluxvalues subsequently
accordance with user demand. The output of theaccording to the equation stated beld2, 29}

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

which indicate that electromagneticorque should be ..|r.
increased, kept constant, or decreased respectively.
Whi | e, the stator

To
T.

” Ti‘)
T

T
. 10

Q
Q

(8)

f I ux 6 sin conyrastt tieerAdjistalde Model s depenteht®n theh a s

levels of 0 and 1 to express the need for decrease gktimated rotor speed ( ) assessed by the Adaptation

increase respectively. Ultimately, the switching table pjachanism.

t ri gger s atesnaccerdirigédor Tabde 1 @nd the

The

Adjustable

Model

generates

V3(010) V2(110)

(b

sec.3: sec?

V7(000)
VB(111)

secd V1(100)

N
V4(011),

sec.5 6

V5(001) V6(101)
Figure3: Schematic representation of a threlevel

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

Table 1.Switching Table of aConventional DTC Drive.

| OAAOT 1 2 3 4 5 6

( =+1 V2 V3 V4 V5 V6 Vi

( =+1 ( =0 V7 VO V7 VO V7 VO
( =-1 V6 V1 V2 V3 V4 V5

( =+1 V3 V4 V5 V6 V1 V2

( =1 ( =0 VO V7 VO V7 VO V7
( =-1 V5 V6 V1 V2 V3 V4
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adjustable rotor flux values till he rotor speed tuning
error (, ) becomes zero. The estimated rotor flux
components{ ,» ) and speed tuning error,( ) can
be obtained as follow§l4]:

. P+ 1 .

!
e (©)

: (10)

-

Pl Controller

Figure 4:Schematic illustration of a RotofFlux MRAS
system based on Pl adaptation Mechanism.
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‘o MRAS FUZZY Table 2.Rules of the Proposed FLC for MRAS Syste
> KS Controller
[ o Z

Au U NL NM NS ZE PS PM PL
@ At Delay NL NL NL NL NM NS NS ZE
Derivative NM NL NL NM NM NS ZE PS
Figure 5:Schematic illustration of the proposed FLt NS NL  NM NS NS ZE PS PM
for MRAS. 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

Finally, speed tuning error(, ) feeds the Adaptation
Mechanism to produce estimated rotor speed ().

While the conventional approach is to equip the
Adaptation Mechanism with a PIC, this paloerThis paper presents a Mamdani FLC which its
provides a comparison between PIC and FLcdiagrammatic model and membership functions are

mechanisms. depicted inFigure 5 andFigure 6 respectively. While
W w w oz s m n the inputs are speed tuning error, () and its rate of
a) change ¥, ) as expressed in Eq. (11), the output is
o5t the estimated rotor speed (). In this paper, different
shapes of membership functions are defined in order
[} T T T T
1 08 06 04 D2 0 02 04 05 08 1 to achieve smoother results, espally for steady state
AEOi) NL NM NS ZE PS PM PL - .
b) conditions. It should be mentioned that all of the

values are normalized betweerl and +1 by two gains

(0 ,0 )inthe inputs and another{§ ) in the output
e e of the FLC as shown irFigure 5. Furthermore, the
O ns ks el FLC rule base is presented in Table 2 as proposed by
2 [14]. Where, membership functions are defined as
Negative Large (NL), Negative Medium (NM),
Negatve Small (NS), Zero (ZE), Positive Small (PS),
Positive Medium (PM), Positive Large (PL).

.
-1 -08 -06 04 -02 0 02 04 06 08 1

Figure 6:Membership functions of inputs and outpu
of the proposed FLC(a) speed tuning error, (b) chang Y, : : (11)
in speed tuningerror, and (c) estimated rotor speed.

A. Pl and Fuzzy MRAS Control Strategies IV. SIMULATION RESULTS

Nowadays, Pl controllers are ubiquitous in a variety of

applications. However, in this specific case, a PBeries of comprehensive simulations are performed on
controller suffers from some disadvantages such am asynchronous 5hp-phase squirrelcage induction
inability to cope with sudden load and speedmotor equipped with the two MRAS DTC models
disturbances, complex mathematicahodelling, and discussed above in MATLAB/Simulink environment
the need for gain tuning. Thus, it is inevitable to move to analyze the performance of each strategies side by
towards more flexible methods such as FLCs. The highide. The electrical and mechanical parameters of the
adaptability and less mathematical complexity of FLCsnduction motor are presented in Table 3. The results
make them a felicitous choice for sensorless DT@r e obtained under the samj
driveqd14, 18, 22, 25, 38, 39] To assess the accuracy and efficiency of each system,
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the actual rotor speed is also measured withspeed Table 3.The Parameters of the Simulated Induction Motc

sensor. Parameters Values

A. No-load Condition Nominal power 5hp /3730 VA

Firstly, both of the drives have started to work with Voltage (rms), Frequency 460V, 60 Hz .

the speed demand of 1500 rpm under +ioad Stator resistance (Rs) 1.115 n
Stator inductance (Ls) 5.974 mH

condition. At time 0.5 seconds, the speed command o

-500 rpm in reverse motoring is ordered to the drives. Rotor resstance (Rn) 1. 083 n
Figure 7 depicts actual and estimated rotor speeds, ( Rotor inductance (L) 5.974 mH
Mutual inductance (Lm) 203.7 mH

applied by inverter and reference electromagnetic
torques (b), and stator currents (b) for PIC and FLC
based MRAS DTC approaches. Both of the drive:
started with the reference electromagnetic torque of
18 N.m and it has taken only 0.12 seconds for eachecause of the performance of the PI speed controller
one of them to reach to the speed demand of 100@xpressed earlier which is not the aim of this study to
rpm. At the first glance, the performances of the two investigate. While the difference between he
strategies seem quite similar, whileigure 8 provides a estimated and actual rotor speed is 3 and 1 rpm in
closer look at a crucial interval in order to transient and steady states conditions respectively for
discriminate the differences between the resporssePIC MRAS, both of these values drop to 0.2 rpm for
acquired by each one of them. FLC MRAS. The accuracyf FLC based MRAS dictates
It is notable that the overshooting problem shown in itself again with a ripple of 0.2 rpm in theestimated
Figure 8 does not refer to MRAS systems and it isignal, while PIC MRAS has a ripple of 0.5 rpm

Pole pairs (p) 2 pairs
Inertia (J) 0.02 Kg.m
Friction (F) 0.005752 N.m.s

Estimated Speed ‘ — Estimated Speed
1000

1000 | — — - Actual Speed

© a) PIC MRAS |

— — - Actual Speed

o
o
s}
4]
=}
s)

o

Rotor Speed (rpm)
o
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o
o
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Figure 7:Performance of PIC (a) and FLC (b) based MRAS sensorless DTC drives undeadaondition.
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Figure 8:A closer look to the performance of PIC (a) and FLC (b) based MRAS DTC drives between 0.1 a
sec. intervals.
around the target signal. This uncertainty forces the0.5 rpm underestimation problem, while the FLC
speed control block to constantlghange its reference follows actual rotor speed presely in the interval of
torque command in a futile effort to keep rotor speed0.5 till 0.6 seconds. Once the5 N.m load torque is
on the demanded value. The more prfable applied, the underestimation problem of the PIC helps
performance of FLC MRAS with narrower referenceit to tie with the FLC with an error of 0.5 rpm. As
torque signal in contrast of thicker signal of PIC mentioned earlier, the precise reference toque signal
MRAS is conspicuous irFigure 8. A similar scenario for FLC MRAS as ilistrated in Figure 9 is obtained
happens again for the speed command-600 rpm. because of less ripple and minimum error in speed
estimation. The thickness of the reference
electromagnetic signal is not desirable, because it is an

Figure 9 depicts the performance of the discussedgication of uncertainty of speed control system. This
drive strategies under loadorque disturbances in the

B. Load Torque Condition

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

constant speed of 1200 rpm. A heavy step load of 10qtimated speed signal which feeds the speed control
N.m is applied to the shaft in the interval of 0.3 until block.

0.5 seconds, load is removed, and then rotor @aipled
with a reverse load of-5 N.m between 0.6 till 0.7 According to Figure 8 and Figure 9,
seconds. Despite the trivial steady state error,

it is notable that

the, contrast to what was presented before bjl4],
performance of PIC MRAS is satisfactory generallyyere js not any significant difference between the

However, its functionality under sudden load torque applied torque ripple of PIC MRASand FLC MRAS.
changes is quite unreliable. Although it &s a steady gt of the controllers have a ripple of 4 N.m in the

state error of 1 rpm, this amplitude drops further to applied electromagnetic torque, because their

2.5 rpm when the 10 N.m load is applied on the rotor.,y steresis bands are set on 4 N.m. Surprisingly, the
On the other hand, FLC MRAS has an insignificant

error of 0.2 rpm in steady state conditions and it is

results of Ramesh et al. suggest that with the
application of FLC in MRAS system not owlspeed
increased only to 1 rpm in the mst challenging ggtimation response will be improved, but also the

situation of handling a 10 N.m load. In addition, its ripple of applied torque will significantly decrease.
accuracy of estimation even in overshooting periods '%Ithough it is in the nature of DTC to have ripples in

compelling. When the load is detached, the PIC has g torque signal due to the switching of the inverter,
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