Improved Direct Torque Control for Induction Machine
Drives Based on Fuzzy Sector Theory
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Abstract: Here, a new fuzzy direct torque control algorithm for induction motors is
proposed. Asin the classical direct torque control, the inverter gate control signals directly
come from the optimum switching voltage vector look-up table, the best voltage space
vector selection is a key factor to obtain minimum torque and flux ripples. In the proposed
approach, the best voltage space vector is selected using a new fuzzy method. A simulation
model is built up and the torque and flux ripples of basic direct torque control and the
proposed method are compared. The simulation results show that the torque and flux
ripples are significantly decreased and in addition, the switching frequency can be fixed.

Keywords: Direct Torque Control, Fuzzy Logic, Induction Machine.

1 Introduction

Since direct torque control (DTC) of induction motors
was proposed in the middle of 1980's [1-2], more than
two decades has passed. The basic idea of DTC is dip
control, which is based on the specia relationship
between the dlip frequency and electromagnetic torque.
The most common way to carry out the DTC is to use
switching table and hystersis controller, as reported in
[2-5]. Fig.1 shows the diagram for a DTC induction
machine (IM) drive system. It includes flux and torque
estimators, flux and torque hystersis controller and a
switching table. The switching state of the inverter is
updated in each sampling interval.

Although DTC is getting more popular, it also has
some drawbacks, such as the torque and flux ripples [4].
In this case, none of the inverter switching vectors is
able to generate the exact stator voltage required to
produce the desired changes in the electromagnetic
torque and stator flux linkages in most of switching
instances. This undesirable ripple is of higher value
when the selected state of the inverter remains
unchanged for several sampling periods and especially
when the stator flux linkage space vector (FLSV) is
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moving from one sector to the neighbour sectors.
However, using various techniques can be reduced the
ripples in the electromagnetic torque and stator flux.
Some of these techniques involve the usage of high
switching frequencies [6-7] or the change in inverter
topology [8-9]. However, an increment of switching
frequency will increase the switching losses and
semiconductor devices of inverter. Furthermore, in case
of high switching frequency, a fast processor is required
since the control processing time becomes small. In
addition, the change in inverter topology leads to use an
increased number of switches.

In this paper a new direct torque controlled IM drive
algorithm based on fuzzy logic is proposed to improve
the performance of the drive in terms of ripple
reduction. Particle swarm optimization (PSO) is also
used to tune off-line Pl speed controller parameters
[10]. The paper is organized as follows. Section 2
briefly introduces the DTC principle. The structure of
the proposed fuzzy-DTC scheme is presented in section
3. In section 4, a Matlab/Simulink model is built to test
the algorithm. Then, steady state and dynamic responses
are compared with basic DTC. The conclusions are
drawn in section 5.

2 Direct Torque Control

A genera block diagram of DTC scheme is shown
in Fig. 1. In this system, the instantaneous values of flux
and torque are calculated from stator variables. The
stator flux linkage space vector can be obtained from
measured currents and voltages according to stator
voltage equation of an IM in the stationary reference
frame and rewritten as [4]:
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7, = [@—RJ,)dt (1)

where 7,0, ,1,R, are the stator flux linkage vector,

voltage vector, current vector and resistant respectively.
Electromagnetic torque can be calculated from estimated
flux linkages and measured stator currents as expressed
in(3).

Ve = [lUp —Rjig)dt
Ve = [lUg —Rjig)dt
Te:%p(l//sDisQ_V/sQisD) (©)]

where  wg W Vo Vo iip g ae staor  flux

linkages, voltages and currents in d-q coordinates
respectively.

Stator flux and torque can be controlled directly and
independently by properly selecting the inverter
switching configurations. If for simplicity it is assumed
that the stator ohmic drop can be neglected, then
dy,/dt =0,. It can be seen that the inverter voltage

directly impresses the stator flux, and therefore in a short
At time, when the voltage vector is applied, one can
assume that:

Ay, ~T AL (@)
Thus, the stator FLSV moves by Ay, in the

direction of stator voltage space vector at a speed that is
proportional to the magnitude of the stator voltage space
vector. Decoupled control of the torque and stator flux is
achieved by acting on the radia and tangential
components of the stator FLSV in the locus. These two
components are directly proportional to the components
of the stator space vector in the same direction, and thus
the appropriate inverter switching can control them.

In a six steps voltage source inverter (VSI), eight
switching combinations can be selected; two of which
determine zero voltage vectors and the remaining
generate six equally spaced voltage vectors,
(u,,u,,...,us) having the same magnitude, as expressed

@)

in equation (5).
a, =0, =3U, explj (k -1)7/3], 5
k=12,..,6.

where, U, isthe DC link voltage of the inverter. Fig. 2

illustrates six switching voltage vectors that cover six
sectors, a(D),x(2),...,a(6). According to the principle
of operation of DTC, the selection of a proper voltage
vector at each sampling period is made, in order to
maintain the torque and the stator flux within the limits
of two hysteresis comparator bands. In particular, the
selection is made based on the position of the stator flux
and the instantaneous errors in torque and stator flux
maghnitudes.

Assume that the stator flux vector is in k™ sector of
the d-q plane, where k =1,2,...,6. The flux magnitude
can be increased by sdlecting the voltage vectors

u,, u,,and u, , asinFig. 2. Conversely, the decrease
of y, could be obtained by selecting u,,,,u, ,and
U,.,. The zero-voltage vector does not substantially

affect the stator flux vector, with the exception of a small
flux weakening due to the voltage drop on the stator
resistance. Of course, the voltage vectors utilized to
control the stator flux, also affect the torque values. An
increment of torque is in general obtained by selecting
the voltage vectors u,,, and u,,,. Conversely, a

decrement of torque could be achieved by utilizing u, ,
and u, _, or the zero voltage vectors u,, u, . In generd, if

an increase (decrease) in torque is desired, then the
voltage vectors that advance (retard) the flux linkage
space vector in the direction (opposite direction) of
rotation are applied.

The hysteresis band comparator technique, applied to
control both the stator flux and torque, leads to severa
possible conditions with reference to the instantaneous
errors. Any voltage vector selection strategy for DTC
scheme is aimed to find the most appropriate voltage
vector that allows a decrease in torque and flux errors. It
is then possible to drive stator flux and torque to follow
any desired track curve. This alows the decoupled
control of flux and torque to be achieved. Table 1, shows
the voltage vector selection according to stator flux and
torque errors.

Teref Torque Hysteresis|
+ Comparator Optimal Switching [ @

Voltage Vector | VS| -?-(

Vel + Flux Hysteresis! Look-u
> p Table
O Comparator ™

Vs Te

a(n)

Torque and
Stator Flux
Estimator

Fig. 1 Basic DTC Block Diagram.

Fig. 2 Inverter Output Voltage Space Vectors.
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3 TheTorqueand Flux Ripples

Let's assume that the stator flux linkage space vector
lays in 6™ sector and rotating counter clockwise. As
depicted in Fig. 3 (), if aflux linkage increment with a
simultaneous increment in torque (FI,T1) is desired, then
the required optimum switching voltage vector that
should be applied to the stator is u, . In Fig. 3, v, , the
stator FLSV, is shown; where 6, isthe stator flux angle,
the angle between the direct axes of stator, sD and the
stator FLSV.

Each voltage space vector that applied to the stator

can be divided to two component, torque maker and flux
maker component.
U, =0, sing, (6)
(7)
where i1, , U; and U, are applied voltage vector, torque
maker and flux maker components of the applied voltage
vector. Accordingly, the torque maker and flux maker
components of the applied voltage vector are functions

u, =0, cosé,

Table 1 Selection Table of Voltage Vector.

of the stator flux linkage space vector angle 6, . For
example, while the stator flux linkage space vector lays
in 6" sector and the torque and flux commands don’t
have been changed, the required optimum switching
voltage vector will be remained u, . In this situation, at
the beginning of the 6" sector, the flux maker component
of the applied voltage vector is minimum (equal to zero)
and the torque maker component of the applied voltage
vector is maximum (equal to u, ). Asshown in Fig. 4, by

increment in6,, the torque maker and flux maker

components of the applied voltage vector will be
decreased and increased respectively. At the end of the
6™ sector, the flux maker component of the applied
voltage vector is maximum (equal to4u, ) and the torque
maker component of the applied voltage vector is
minimum (equal to2u, ).
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1 u, u, u, Us Ug u,
1 0 U, u, U, u, U, u,
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Fig. 3 Optimum Switching Voltage Vectors for Stator Flux Space Vector (a) in 6" Sector, (b) in 1% Sector.
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Fig. 4 Torque Maker And Flux Maker Components Of The Voltage Vector U, in Sector 6.

112

Iranian Journal of Electrical & Electronic Engineering, Vol. 6, No. 2, June 2010




Q
s
N
>
.,

Fig. 5. Optimum Switching Voltage Vectors for Flux and
A J
Fuzzy Inference

Torque Increment in 6™ and 1% Sector.
Engine

Fuzzy Rule Base
Fig. 7 Fundamenta Structure of Fuzzy Systems.

In the other hand, when the stator FLSV moves from
6™ sector to 1% sector, according to optimum voltage
vectors look-up table, the applied voltage vector should
be altered without any change in the desired torque and
flux. For example, according to Table 1, the switching
vector u, is applied for a desired torque increment and

flux increment in 6" sector, while with the arrival of the
stator FLSV in 1% sector, the switching vector u, must

be applied for the same desired conditions as depicted in
Fig. 5.

Generally, when the stator FLSV moves from one
sector to another, without any changesin Ay and AT,,

the voltage vector that have been applied to motor will
be changed as shown in Fig. 6. The applied voltage
vectors changes in the end of the old sector and in the
beginning of the new sector cause intense torque and
stator flux variations and create the significant ripplesin
the electromagnetic torque and stator flux linkages. On
the other hand, the so-called “best” voltage vectors in
each sector, defined by look-up table, cannot really be
the best for various conditions of flux and torque errors
and flux space vector location. The implementation of

15

15

the above rules arise the following question: How can
we decrease the torque and flux ripples? An answer to
this question can be given by using the fuzzy sets.

4 Fuzzy Logic

Fuzzy logic is able to use human reasoning not in
terms of discrete symbols and numbers, but in terms of
fuzzy sets. These terms are quite flexible with respect to
the definition and values. From the idea of elastic sets,
the concept of afuzzy set has been proposed. Fuzzy sets
are functions that map a value that might be a member of
the set to a number between zero and one indicating its
actual degree of membership. A degree of zero means
that the value is not in the set and a degree of one means
that the value is completely representative of the set.
This produces a curve across the members of the set [7]-
[9].

As it is depicted in Fig. 7, a fuzzy controller
generally consists of four subsystems, in which two parts
have the duty of transformation: fuzzifier (first
transformation), fuzzy rule base, inference engine and
defuzzifier (second transformation).

The fuzzifier changes the input variables (crisp
signals) into fuzzy values. The fuzzy rule base consists
of basic data and linguistic rules. The inference engine is
the brain of a fuzzy controller, which has the ability to
simulate the human decision based on fuzzy idea
Findly, the second transformation converts the fuzzy
valuesinto the real values.

4.1 Proposed Fuzzy DTC Scheme

In this new method, the membership function of the
stator flux space vector in each sector is not crisp, but
also is fuzzy. So, stator flux space vector's membership
degree is fuzzy and between [0,1] in each sector. In Fig.
8, the fuzzy and the crisp sectors are shown. By
implementation of this technique, the demand voltage
space vector can be composed of two active voltage
vectors, which described in next part. Furthermore, any
variation in applied voltage vector, in consequence of the
stator FLSV's sector ateration, does not be discrete. This
method decreases the stator flux and torque ripples
significantly.
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4.2 Fuzzification
The fuzzification is the process of mapping from
estimated input to the corresponding fuzzy set in the
input universe of discourse. The proposed fuzzy
controller has two inputs that are defined as (8):

‘/750 ZV/@/W

where v, and w,, ae the normaized stator flux
linkage components in the d-g coordinates [4].

The fuzzification is performed using membership
function with singleton fuzzifier. With regard to the two
input variables, there are two groups of membership
functions as depicted in Fig. 9-10. In these figures,
Hyp o M, OF€ membership degrees of y, and v,

respectively.

(8)

4.3 Fuzzy Relation and Rule Bases
The fuzzy relation and fuzzy rules are defined as sets
of IF-THEN rules for fuzzy inference. Control rules are
often expressed in the IFF-THEN format as follows:

Rulel: IF yg isPL and ¥, isP THEN Sis S
Rule2: IF g, isPM  and 7, isP THENSIs S,
Rule3:IF ¥y, isNM  and 7, isP THENSis S,
Rule4:IF g, isNL  and y, isP THENSis S,
Rule5: IF 7y, isNL  and 7, iSN  THENSis S,
Rule6: IF g, isSNM  and 7, iSN  THEN Sis S,
Rue7: IF yg, isPM  and , SN THEN Sis S;
Rule8: IF g, isPL  and 7, iSN  THENSis S,

where S isthe membership function of i" sector.

4.4 Defuzzification

Generally, after fuzzy reasoning, the output action is
presented by the fuzzy sets, which must be converted
into a non-fuzzy output in terms of certain
defuzzification methods, such as Center of Area, Mean
of Maximum, etc. In this system, the output of the fuzzy
system is the membership degree of the stator flux space
vector in each sector that is calculated by the centroid
defuzzification method. The output function is given in
equation (9).

o _[Smad min(a, Ay, )
max{min(s,, .1, )}
where S” is the fuzzy sector number in the range of

1to 7. Thevalue of S* determines which of two sectors
that the stator flux linkage space vector is located and
transferred to

a, ={S}
a, =mod((a, +1),6)

9)

(10)

T, =(+a, -S)T,

T, =(S -a,)T,
where a, and «, are the sector numbers that stator
FLSV is transferred between them, T, and T, are the
effective time intervals for the two voltage vectors that
are applied to the motor within the sampling period T
and { } denotes rounding the variable to the nearest
inferior integer.

For example if S*=1.3, then according to (10) and
(11), «,=1,,=2, T,=07T, and T, 6 =0J3T,.
Therefore, the stator FLSV islocated at the end of «(1)
and istransferringto «(2) . Now, as shownin Fig. 12, if
Ay =1 and AT =1, thevoltage vector that is applied to
the stator is expressed in the following:

(11)

e

Tx Ty
u :U3_r—+u4_|_— (12)

s S

Fig. 8 Fuzzy Sectors.
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Fig. 10 Membership Functionsof 7, .
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Fig. 12 Selection of Voltage Vectors According to the Flux
Linkage Vector’s Fuzzy Sector.

5 Simulation Resultsand Comparisons

Two Matlab/Simulink models have been developed
to examine the different control algorithms one for the
basic of DTC, and the other for the modified DTC. The
parameters of the induction motor have been shown in
Table 2. As mentioned before, PSO is used to tune the Pl
controller coefficients [10]. A DTC control model based

on PSO-PI is shown in Fig. 13. In this figure, ®* is

system input (the reference speed), T " isthe output of PI
controller, which used to control the torque of DTC and
o s system output (the rotor speed).

The PSO agorithm was mainly utilized to determine

two optimal Pl controller parameters(K, ,K, ), such that

the controlled system could obtain a good step response
output [10]. The tuned Pl coefficients can be found in
Table 3.

Flux and torque maker components in the 6 and 1%
sectors under the modified DTC have been shown in Fig.
14. Compared with Fig. 6 (c), the intense ripple of the
flux and torque maker component, shown in Fig. 14 has
been significantly decreased.

The stator flux linkage and the sector numbers that
FLSV located in, under the conventional DTC, have
been shown in Figs. 15 (ab).

As depicted in this figure, while flux linkage
increment with a simultaneous torque increment (FI,TI)
is desired, according to Fig. 6, when the FLSV islocated
in the beginning of each sector, the flux maker
component is low and thus the magnitude of stator flux
linkage cannot be increased whereupon, the intense flux
ripple will beinevitable.

In the proposed method, the sector number that

FLSV located in is fuzzy value and thus the voltage
space vector applied to stator can be assumed as a fuzzy
vector. Thus, the variation of flux maker component of
applied voltages will be reduced, as confirmed in Fig.
14. Thus, the stator flux linkage ripple will be reduced
significantly. In Figs. 15 (c-d), the stator flux linkage and
the fuzzy sector numbersthat FLSV located in, under the
modified DTC have been shown.

The electromagnetic torque and the sector number
that FLSV located in, under the conventiona and
modified DTC, have been shown in Fig. 16. As depicted
in Fig. 6, when the FLSV is located in the beginning or
in the ending of each sector, one of the torque maker
component or flux maker component islow certainly.

Accordingly, the electromagnetic torque cannot be
increased or decreased properly, as depicted in Fig. 16
(a-b). Thus, the intense torque ripple will be inevitable.
However, in Figs. 16 (c-d) the torque maker component
variation of applied voltages will be reduced and the
electromagnetic torque ripple will be consequently
reduced. As depicted in Figs. 16 (ef), The electro-
magnetic torque ripple under the modified DTC is very
lower than under the conventional DTC (until 50%).

It may be deduced that the switching frequency of
the modified DTC is very higher than conventional
DTC. However, the comparison between above figures
cannot be authentic evidence; because of the switching
frequency of conventional DTC in the start process, is
low. As mentioned earlier, owing to oscillation of the
magnitude of the flux and torque maker components of
applied voltage under the conventional DTC, the
switching states of the inverter stay constant for a long
time especiadly in the start process. Therefore, the
switching frequency will be reduced and according to
nominal switching frequency (when the DTC drive will
be in nomina states); the maximum switching capability
of the devices cannot be fully utilized.

o'+ em T»:

a?:> PSO-PI = DTC
® SPEED SENSOR

Fig. 13 DTC control model based on PSO-PI.
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under the modified DTC is very lower than under the

The switching period under conventional and conventional DTC.
modified DTC has been shown in Fig. 17. Asdepicted in
this figure, adthough the minimum switching period 6 Conclusions
under the modified DTC is thinly higher than under the In order to performance improvement of the direct
conventional DTC, the changing switching frequency torque control drive for induction motor and to reduce
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the ripples in torques and flux linkages, a novel fuzzy
logic based DTC has been proposed. The Pl speed
controller has been off-line tuned using PSO. As aresult,
both torque and flux linkage ripples are significantly
reduced, and aside from negligible switching frequency
increment, the switching frequency variation decreased.
The simulation results show the performance of the new
proposed control strategy.

Switching period (sec)
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i3]
0
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(b)
Fig. 17 Switching Period (&) under the Conventional DTC, (b)
under the Modified DTC.

Table 2 Parameters of the Induction Machine.

Rated output power (KWatt) 5
Rated Voltage (Volt) 460
Rated frequency (Hz) 60
Pole pairs 1
Rated speed (rpm) 1750
Stator resistance (ohm) 1.115
Rotor resistance (ohm) 1.083
Main inductance (mH) 203.7
Stator leakage inductance (mH) 5.974
Rotor |eakage resistance (mH) 5.974
Inertia (Kg.m?) 0.02

Table 3 The Tuned PI Controller Coefficients.
Proportional Gain 152.8513
Integral Gain 1.5534
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