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Abstract. Direct Torque Control (DTC) is a control techniqueed in AC drive systems to obtain high perforneanc
torque control. The conventional DTC drive contaangair of hysteresis comparators, a flux and teregtimator and a
voltage vector selection table. The torque and 8t controlled simultaneously by applying suitaidétage vectors,
and by limiting these quantities within their hyst®is bands, de-coupled control of torque and flamx be achieved.
However, DTC drives utilizing hysteresis comparatsuffer from high torque ripple and variable stitg frequency.
This work aims at developing a DTC scheme for iidicmotor, with reduced toque ripple, using fuzagic duty
ratio control (FLDRC) and Space Vector Modulati®Vv{M) techniques. From the simulation results shtwas feeding
electrical drive with proposed system greatly inyg®the drive performance. The performance ofdbigrol method
has been demonstrated by simulations performed asirersatile simulation packadd ATLAB/SIMULINK .
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1. Introduction period and the zero switching state is appliedter
The induction motor due to its well known rest of the switching period and with this the ipp
advantages of simple construction, reliability,is reduced considerably as compared to
ruggedness, and low cost has found very wideconventional DTC [8 - 13]. However, the basis of
industrial applications. These advantages aréhe SVM-DTC methodology is the calculation of
superseded by control problems when using an IMhe required voltage space vector to compensate the
in industrial drives with high performance demands.flux and torque errors exactly by using a predgtiv
Using DTC or direct self control (DSC) it is technique and then its generation using the SVM at

possible to obtain a good dynamic control of theeach sample period.

torque without any mechanical transducer on the In this paper, the simulations of different DTC
machine shaft. Thus DTC and DSC can beschemes (Conventional DTC, DTC using duty ratio
considered as "sensor less type" control techniquegontrol technique and DTC using SVM) were
[1 - 6]. DSC is preferable in the high power rangecarried out using MATLAB/SIMULINK simulation
applications where a lower inverter switching package and finally the results are compared based
frequency can justify higher current distortion.®T on their simulation results.

is more suitable in the small and medium power

range application .The basic concept of direct2. DTC Scheme

torque control induction motor drives is to control Figure 1 shows a simple structure of the
both stator flux and electromagnetic torque of theconventional DTC for Induction motor drive. In
machine simultaneously. The direct torque controIDTC the reference to be applied is directly
(DTC) based drives do not require the coordinatecalculated from the equation of the load, usuatly a
transformation between stationary frame andinduction Motor (IM). In the following, a short
synchronous frame in comparison with thedescription of DTC is presented, just to introdtee
conventional vector controlled drives [7]. The nameits extension to multilevel VSI. Considering Park
direct torque control (DTC) is derived by the fact transform of IM equations, it is possible to wriite
that on the_basis of the error between the ref_er?ncequation (1), wherés is the stator quXJS, rs and
and the estimated values of the torque and flus, it ,
possible to directly control the inverter states in's are the stator voltage, current and resistance
order to reduce the torque and flux error withinrespectively.

limits. d¢S . .

In duty ratio control technique, the voltage —==Ug-rglg Q)
vector is not applied for the entire switching pdri dt
instead it is only applied for a portion of switebi Ignoring the contribution of the current, which
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can be considered small in the respect of therstatdechnique is used to obtain the voltage space wvecto
voltage, the variation of stator flux can be asmiib required to exactly compensate the flux and torque
all to the voltage applied. So, a proportionalerrors. The torque ripple for this SVMDTC is
relationship between flux variation and voltagein significantly improved and switching frequency is

given cycleT, can be found by discretizing (1). maintained constant. SVM is based on the switching
— — 2 between two adjacent boundary active vectors and a
Aps UT g (2) zero space vector. Space vector modulation (SVM)

is one of the preferred real-time modulation
techniques and is widely used for digital contrbl o
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Figure 1. The conventional DTC scheme of IM drive A typical space vector diagram for the two-

system level inverter is shown in Figure 3, where the six
active vectors Yto Vs form a regular hexagon with

Analyzing the equation binding the stator andsix equal sectors (I to VI). The zero vectos lés
rotor fluxes ¢s and ¢,) to the torque T, it is  on the center of the hexagon.
possible to find that an augmentation of the angle
between fluxes § y) means an augmentation of V30010
torque, as (3) shows, whek&, o, Ls andp are the
mutual inductance, the leakage inductance an
number of poles respectively.
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The relationship between stator and rotor fluxes Voo

it can be assumed that a fast variation of thestat
flux angular speed will reflect in an increment of

. . V5001 Ve(10 1)
the angled g as Figure 2 schematically shows. So,
imposing a particular stator voltage, it is possitd Figure 3.Inverter voltage vectors and corresponding
control either the stator flux amplitude or the stator flux variation

torque.  The .vector Aps UTc s can be Table 1 summarizes the flux and torque change
decomposed in the component parallel andor applying the voltage vectors. The flux can be
perpendicular to the stator flux; the parallelj,creased by the V Vs, Vg vectors, whereas it can
component modifies the stator flux amplitude while pe decreased by sV V4, Vs vectors. Similarly,
the perpendicul_ar component controls the torque. torque is increased by the,Ws,, V, vectors, but

SVM techniques have several advantages suchecreased by the,Ws, Vs vectors. The zero vectors
as, lower torque ripple, lower Total Harmonic (v, or V;) short-circuit the machine terminals and
Distortion (THD) in the AC motor current, lower eep the flux and torque unaltered. Due to finite
switching losses, and easier to implement in thgesjstance drop, the torque and flux will slightly
digital systems. At each cycle period, this SVM gecreases during the short-circuit condition.
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Table 1. Flux and torque variations due to applied
voltage vector (Arrow indicates magnitude and dioey)

et v, v v e v v |
Vs T \ l v 0
T. ARERRARA

3. Fuzzy Duty Ratio Controller DTC

Figure 4 shows a block diagram of the duty
ratio-based DTC. In this control the selected
inverter, switching state is applied for a portian
switching period and the zero switching state is
applied for the rest of the period. During the zero
switching state, the inverter applies zero voltage
the machine there by keeping the current and
therefore the torque almost constant. The average

The command stator flux and torque values argnput voltage to the motor during each switching
compared with the actual values in hysteresis fluxstate is then given by [13].

and torque controllers, respectively. The flux
controller is a 2-level while the torque controller
3-level comparator. The digitized output signals of
the flux (dy) and torque (dm) controllers are as
follows:

dy =1 for By > +Hy

dy =-1 for By <—-Hy
dm=1, for B> +Hy,

dm = -1, for Ee<-—-Hq

dm =0, for —H, <E 1< +Hq,

Where, By and B are the flux and torque
errors. And KW and H, are the acceptable
predefined torque errors, respectively.

The digitized variablesyd dm and stator flux
sector S, obtained from the angular position
arctan Xqd/Ags) .The stator input voltages are

¥s =

V ZGWDC . (5)

Ve

FUZZY DUTY

RATIO i
ESTIMATOR 0 -
1 i’ VS
E; 8l Ey
‘} A
DIRECT TORQUE INDUCTION
CONTROL Switching Vector MOTOR

1 Stator Current

Stator [\-'ollage

evaluated in order to determine the stator voltagerigure 4. Block Diagram of Duty Ratio Controlled DT

vector. Having the control strategy (switching

pattern), the stator voltage vector can be directly

calculated as follows:
2 _.2n

| J
Vs=\EW Satgple 3 +gle 3 (4

By varying 6 between 0 and 1, any voltage
between 0 andvpc can be applied during each

switching period, thus increasing the choice of the
voltage vector which was limited by the number of
switching states in conventional DTC. The duty

ratio is chosen to give voltage vector whose awerag

over the switching cycle gives the desired change i
where V is the inverter supply voltage (DC link torque thereby reducing the torque ripple.

voltage), ang,, s, ands; are numbers 0 or 1 that are

Fuzzy controller includes three inputs (torque

the output of switching table. In Table 2, the &re error E, flux error B, and the position of the stator
digit numbers define the switching algorithm whereflux linkage according to corresponding sector) and

the digits from left to right give values ef, s, and

one output (duty ratié).The fuzzy logic controller

S, respectively.

Table2. Voltage vector switching table

d¥ | dm| 1) | S2) | SB) | 4) | SO) | S6)
1 | 110] o10] 011 o00i 101 1QO

1 [ 0]o000] 111] ood 111 o0op 111
-1] 101] 100[ 110 010 01f 001
1 |o010] o11] ool 10f 10p 110

1| 0 | 111] ooo| 111 000 111 0QO
-1 001] 101] 104 110 010 Oi1

is a Mamdani type and contains a rule base. This
base comprises of two groups of rules, each of
which contains nine rules. The first group is used
when the stator flux linkage modulus is smallentha
its reference value (Table 3), and the second group
of rules is used when it is greater than its refeee
value (Table 3). There are together 18 simple rules
and only three fuzzy sets.

The Membership Function for torque error,
angle and duty ratio are shown in Figures 5, 67and
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Table 3. Fuzzy Rules for Duty Ratio Control

S.No

Group 1 Rules

Group 2 Rules

1

If E is small andg
is small thend is
medium

If E is small andg
is small theno is
small

If Ei is small andg
is medium therd is
small

If Ei is small andbg
is medium ther is
small

If Ei is small andg
is large thend is
small

If Ei is small andbg
is then larged is
medium

If E is medium and
05 is small thend is
medium

If E is medium and
Os is small thend is
medium

If B is medium and
05 is medium therd
is medium

If Ee IS medium ang
Os is medium ther®d
is medium

If E is medium anag
Bs is large thend is
medium

If E is medium and
Os is large ther is
large

If Eis large andds
is small thend is
large

If Eyis large andds
is small thenod is
medium

If Eis large andds
is medium therd is
large

If Eyis large andds
is medium therd is
large

If Eis large andds
is large thend is

large

If Eiis large andds
is large thend is

large
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Figure 7. Membership function for Duty Ratio

4. Simulation Result and Discussions

In order to show the effectiveness of the control
scheme a simulation has been carried out for an
induction motor with the specification given in
Appendix. The control scheme is simulated with,
MATLAB/SIMULINK which is the most popular
and powerful tool for simulation. The speed
reference prescribed to (800; 1200) rpm at t =1 (B)
seconds. The load torque prescribed to (0; 10; 20)
Nm at t = (0; 0.5; 1.5) seconds with step variation

Figure 8(a) shows the speed torque responses
of the induction motor at different conditions itke
constant speed command 800 rpm is given for O to
1.5 seconds and the load torque is changed at 0.5
second from O to 10 Nm. From 1 to 1.5 seconds the
load torque is maintained at 10 Nm, but the speed
command is changed at 1.5 second from 800 rpm to
1000 rpm. Also at 1.5 second the load torque is
changed from 10 Nm to 20 Nm.

Figure 8(b) shows that if the speed command is
changed suddenly then the induction motor
produces a large electromagnetic torque, which is
undesirable.

Figure 8(c) shows the stator flux linkage
response of conventional DTC. Figure 8(d) shows
the stator current response of conventional DTC.

Figure 8(e) shows that the torque ripple in case
of conventional DTC ist 5 Nm.

Figure 8(a). Rotor Speed [rpm] vs. Time [s] —
conventional DTC
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Figure 8(b). Electromagnetic Torque [Nm] vs. Tirsgf
conventional DTC

Figure 8(c). Stator Flux Linkage vs. Time — conveméal
DTC

Figure 8(d). Stator Current (A) vs. Time (s) —
conventional DTC

Figure 8(e). Torque Ripple in Conventional DTC

Figures 9 (a, b, ¢c and d), shows that the speed,

conventional DTC. As in duty ratio control
technique, instead of applying a voltage vector for
the entire switching period, it is applied for a
portion of the switching period and the zero
switching state is applied for the rest of the qeri
the ripples is considerably reduced. Based on the
simulation results the following conclusions are
considered.

FLDRC-DTC system provides fast torque
response and better speed accuracy than the
conventional DTC strategy. Steady State torque
ripple is considerably reduced.

Figure 9(a). Rotor Speed (rpm) vs. Time(s) — FLDRC
DTC

Figure 9(b). Electromagnetic Torque (N-M) vs. Ti(sg
— FLDRC DTC

Figure 9(c). Stator Flux Linkage vs. Time (s) —
FLDRC DTC

Electromagnetic Torque, Stator flux linkage and

Stator Current responses of FLDRC DTC.

The SVM direct torque control strategy

Figure 9(e) shows that the torque ripples inproyides fast torque response and better speed

fuzzy logic duty ratio controlled DTC i3 Nm
which is very much less as compared

accuracy than both conventional DTC and duty

©ratio control technique. Steady State torque rijgple
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considerably reduced. The torque ripple in thi
technique is very less compared to both

conventional and duty ratio control DTC.

Figure 9(d). Stator Current (A) vs. Time (s) — FLOR
DTC

Figure 9(e). Torque Ripple in DTC using Duty Ratio
Control Technique

Figures 10 (a, b, c and d) shows that the spee
Electromagnetic Torque, Stator flux linkage and
Stator Current responses of SVM — DTC.

Figure 10(e) shows that the torque ripple
present in DTC-SVM ist 1, which is much less as
compared to conventional DT& ) and duty ratio
controlled DTC ¢ 3). Also the flux ripple is
reduced considerably in this case.

Figure 10(a). Speed (rpm) vs. Time (s) — SVM DTC

r«*~\

Figure 10(b). Torque (Nm) vs. Time (s) — SVM DTC

Figure 10(c). Stator Current (A) vs. Time(s) — SZMC

Figure 10(d). Stator Flux Linkage vs. Time(s) — SVM
DTC

Figure 10(e). Torque Ripple in DTC-SVM

5. Conclusion

This work presents a comparative study of
different direct torque control strategies of intioic
motor drive based on their simulation results. Two
direct torque control strategies (duty ratio cohtro
and space vector modulation) are compared with the
conventional direct torque control scheme. A
comparative analysis among the conventional direct
torque control, duty ratio control and space vector
modulation, strategies are made by simulation in
MATLAB/SIMULINK. Based on simulation
results, it can be seen that the ripple in torgit w
duty ratio control is less than the one with
conventional DTC. The effects of the duty ratio
controller on the stator flux and current are also
presented. As seen there are improvements in the
waveforms of duty ratio control compared to the
conventional DTC.

Appendix
Power Rating: 10 HP
Stator Voltage: 460 Volt
Frequency: 60 Hz

10
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Number of Poles: 4

Stator Resistance: 0.6837 Ohm/phase

Stator leakage Inductance: 0.004152 H/phase
Rotor Resistance: 0.451 Ohm/phase

Rotor leakage Inductance: 0.004152 H/phase
Mutual Inductance: 0.1486 H

Inertia: 0.05 kg-rh

Friction Coefficient: 0.0081412
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