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Abstract— A Direct Torque Control (DTC) drive allows direct
and independent control of flux linkage and electromagnetic
torque by the selection of optimum inverter switching tables.
There is no need for any complex transformation of current or
voltage. However, each vector selected from the switching table
cannot produce the required accurate stator voltage vector to
provide the desired torque and flux. This results in the
production of ripples in the torque as well as flux waveforms. In
this study, we propose a method to reduce torque and flux
fluctuations. In this method, the flux region of conventional DTC
model are modificated and is compared to conventional DTC
method. Speed is estimated from MRAS. The conventional
MRAS-based sensorless DTC and the flux region modification
method are simulated and the comparison of their practice
performances is presented.

Keywords- Induction motor, Direct torque control, Flux
Region modification method, MRAS, Torque and Flux Linkage

ripple.

I.  INTRODUCTION

Induction motors are widely used in the industry due to
their simple form and low maintenance need. Many different
methods have been tried to control the induction motors. For
years, the induction motor control market is dominated by the
vector control methods. However, the latest trend is the
development of the direct torque control (DTC) because it is
simple, fast and more advantageous [2],[S]. The direct control
method is sufficient to control with respect to changes in the
machine parameters without using reverse current regulation in
addition to providing fast dynamic torque response. The Direct
Torque Control strategy does not require axes transformation
and voltage decoupling blocks [1].

However, the generation of only six non-zero voltage
vectors by the voltage source inverter is a drawback. The
required torque is met for only few switching instants and
mostly the generated voltage vectors produce a torque that is
either more or less than the required torque. As a result, ripples
are generated in the torque as well as flux waveforms
[6].Increasing the inverter switching frequency by a space
vector modulation scheme is proposed for the torque ripple
reduction [7]-[8]. The concept of dead beat controller is used to
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increase the switching frequency. But this approach introduces
complexity.

In this study, sensorless flux region modification of DTC
method will be introduced. First, we will illustrate conventional
DTC. Then, the concept of torque ripple reduction method will
be discussed. The switching table for the selection of optimum
voltage vector, MRAS speed estimation schema and balance
equations will be presented. The simulated ve experimental
results will be then given for comparing the performance of the
basic sensorless scheme and the new sensorless scheme.

II. CONVENTIONAL DTC METHOD

Direct torque control method (DTC) is based on applying a
switching series, which shall directly eliminate errors, which
shall occur in torque, through the reference given as value and
the calculated flux, to the power switching elements in the
inverter [10],[11],[15]. Other vector control methods are
mostly based on rotor flux while DTC method is based on
stator flux.
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Figure 1. Direct torque control method block diagram

This may be realized by using motor model on the fixed a-f8
axis set. Stator flux, torque and stator flux sector zone may be
calculated with the help of currents and voltages measured in
the motor’s stator as the following [9].

dy.,

VS!Z :RSiSlZ + dt
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dt
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Vsﬂ = vavﬂ +
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Herein, Rs is stator phase resistance, p is the number of pole
couple, isa, isP, yso, ysP, Vsa, VsP are current , flux and
voltage values on the axis of a-f, Te is momentum.
Amplitude of the vector of the torque and the stator flux
calculated with the help of the above equations. The reference
value of the stator flux magnitude is compared with the actual
flux magnitude. The error obtained is given to a two-level
hysteresis comparator. If the error is positive, it implies that
the flux magnitude has to be increased and this is denoted as
dy=1. If the error is negative, it implies that the flux
magnitude has to be decreased and this is denoted as dy=0.
The flux comparator conditions are given as
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The rotor reference speed is compared with the feedback
speed and by a suitable PI controller this error is converted
into reference torque. The reference torque is compared with
the real torque and the error obtained is fed to a three-level
hysteresis comparator. If the error is positive, it implies that
the torque has to be increased and this is denoted by dt.=1. If
the error is negative, it implies the torque has to be reduced
and this is denoted by dt.= -1. It the error is zero, it implies the
torque needs to be constant and this is denoted by dte=0. The
torque comparator conditions are given as

dt, =1 for ft,,|Jt. ]2 |Ar, /2] ©)
dt,=—1for |t,,|-|t|<|-Ar, /2] (10)
dt, =0 for |-At,/2 <t |- <|r, /2] (11)

To accomplish optimum switching process, one of the 8
different voltage vectors consisting of 8 different switching is
selected as seen in Figure 2. Vi (Sa, Sb, Sc) (i=0,1,2...7)
Besides 6 switching levels, there are V((0,0,0) and V4(1,1,1)
levels not producing a voltage at the output when they are
applied [4].

Figure 2. Voltage Space Vector and Sector Representation

Assuming the stator flux linkage space vector to be in
sector I and is rotating in counter clockwise direction, the
resultant effect of generating different voltage vectors at this
instant is given in the Figure 3.

Vo: TA ¥ veTA A
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Figure 3. Voltage Space Vector for Flux and Torque Variation

Table 1, which is seen below, shows switching logics when
the motor is desired to counter clockwise.

TABLE I
OPTIMAL SWITCHING LOGICS FOR ROTATING COUTER
CLOCKWISE

(1) 6(2) 0(3) 0(4) 0(5) 6(6)

dte =] Vs Vi Vs V, Vs V.

dy dte =0 \% Vo \ Vo Vv, Vo
=0 dte =-1 Vs V, Vs Vi Vs V,
dt,=1 Vi \E V, Vs V, Vs

dy=1 dt,=0 Vo V7 Vo vy Vo A%
d[e =-1 A\ Vs V4 Vs Vi V;
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III. FLUX REGION MODIFICATION STRATEGY

In the conventional DTC, although flux is expected to
increase in the harmonic during the sector change, it could
decrease below the limits of a hysteresis band. Particularly in
low speed, the stator flux amplitude moves beyond the flux
band interval in every sector change. In order to solve this
problem, we propose a method where an angle for the stator
flux sector is chosen prior to the sector change. In this method,
the flux sector is rotated and the active voltage vector of the
previous sector is applied for a while even though the voltage
space vector is in a new sector. Therefore, the required stator
flux amplitude could be achieved. In Figure 4, we present the
new sector formation after rotating first and second sector for a
30 degree[16]. In the conventional DTC, the selection of the
voltage vectors depends on only two outputs of the hysteresis
control (dys and dt.) and the angle of the stator flux space
vector (Position of 0;).

TLsector

New stator
i region

Comventional DTC
Stator e regon

o new L sector
—— —

Lsector mew 6, sector
3N

Figure 4. The stator flux regions in the conventional and rotated DTC.

In the method, the relationship between the d axis of the
voltage vector applied with outputs of hysteresis control, vd
and its tangent q axis component, vq is defined. According to
this relationship, if vd>0, the stator flux amplitude will
increase and at the same time if vg>0, the torque will rapidly
increase as well. Similar to Figure 3, let the stator flux space
vector be initially at AO and moving counter-clockwise. Then,
the flux amplitude is at the lower limit of the hysteresis band.
In order to increase the flux amplitude, V2 vector should be
selected. When V2 is applied, the position of the stator flux
will move to Al. However, the reference value for the flux
amplitude has not been achieved yet and there is no other
voltage vector that could be applied for achieving that value.
This is due to the fact that the Vd component of applied
voltage vector at the flux is too small. Since the Vq
component is large at the same time, the torque rapidly
increases. In the conventional DTC, the output of the torque
hysteresis control with same condition provides dt=0. As
shown in Table 1, the controller selects zero voltage vector
and as a result, the flux amplitude drops to the lower values.
Creating new flux regions could prevent the decrease in flux at
the lower speed[17]. The flux, initially at Al, does not
decrease and the flux space vector will move from Al to A2
as seen in Figure 3. Thus, the decrease in flux is prevented.
Table 2 presents new switching table produced by the rotated
flux regions.
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TABLE 2
MODIFIED SWITCHING LOGICS FOR ROTATING COUTER

CLOCKWISE
o) | 62 | 63) | 0@ | 65 | 06
dt, =1 Vs V) Vs Vi Vs Vi
dy, =0 dt,=0 \%i Vo Vi Vo \%; Vo
dt=- A2 Vs Vs Vs Vi Vs
dt,=1 Vi Vi Vs V, Vs V,
dy., =] | dt,= Vo A\ Vo V5 Vo V;

dt=-1 Vi \E Vi Vs Vi \E

IV. MODEL REFERANCE ADAPTIVE SYSTEM (MRAS)

The MRAS technique is used in sensorless IM drivers, at
the first time, by Schauder[14]. Figure 5 since this, it has been
a topic of many applications [1]. In a MRAS system, some
state variables, X4 X4 (€.g. rotor flux-linkage components, , ,
Y or back e.m.f. components, e, €, , etc.) of the induction
machine (which are obtained by using measured quantities,
e.g. stator voltages and currents) are estimated in a reference
model and are then compared with state variables £,.%,

estimated by using an adaptive model. The difference between
these state variables is then used in an adaptation mechanism,
which outputs the estimated value of the rotor speed (®,) and
adjusts the adaptive model until satisfactory performance is
obtained. Such a scheme is shown in Fig. 5 where the actual
implementation, and here the components of the space vectors
are shown. The adaptation mechanism in the Figure 5 is a PI
controller[15].

Vi—> Xy ;59 &4
Vsﬁ—> Reference xq A AL
B model V®_q'
Ii§ >
Y ‘i'(]
Adaptive
model
xq
A ] 4
. Adaptation
mechanism

Figure 5. MRAS-based basic speed estimator scheme

A. Rotor Speed Estimator

The rotor speed can be estimated by using two types of
estimators (a reference-model-based estimator and an
adaptive-model- based one), They independently determine
the rotor flux-linkage components in the stator reference frame
(Ve » W), and the difference between these flux-linkage
estimates are used to drive the speed of the adaptive model.
The rotor flux linkages in the stationary reference frame can
be obtained by using the stator voltage and current equations
of the induction machine in the stationary reference frame.
These equations are shown below:



Reference Model:

Ve = i‘ U(V‘“ —R,i,, )dt - Ls'im} (16)
V/"ﬂ = ll:" |:J‘ (vsﬂ - Rsisﬂ )dt - Ls,isp:| (17)
Adaptive"i\/lodel:

n 1 . R .
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Vo= [y =,y - 0,0, )i (19)

r

Herein, Tr is rotor time constant,

speed tuning signal. This tuning signal is the input to a linear
controller (PI controller) which outputs the estimated rotor

speed as shown in Figure 6.
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Figure 6. MRAS-based rotor speed observer flux linkages for the speed

tuning signal

. When the rotor speed to be estimated (@, ) is changed in
the adjustable model in such a way that the difference between

et

Figure 7. Complete schema of MRAS speed observer using rotor flux linkages

Ls is stator circuit
leakage inductance, Lr is rotor circuit reduced leakage
inductance, Lm is magnetization inductance. The reference
and adaptive models are used to estimate the rotor flux —
linkages and the angular difference of the outputs of the two
estimators £,=Im(y ' )=y VeV Vg is used as the

the output of the reference model and the output of the
adjustable model becomes zero, then the estimated rotor speed
is equal to the actual rotor speed ( @, ) The error signal

actuates the rotor-speed identification algorithm, which makes
this error converge to zero. Estimated speed can be expressed
as

. 20
wr:Kp8w+Kijg(udt ¢

Arbitrary K, and K; cannot be used obtain satisfactory
performance in this equation. The complete scheme of the flux
based MRAS rotor speed observer is shown in Fig.7

In the next sections, we present the simulation and
experimental results of the conventional DTC without a sensor
and the new method without a sensor and compare their
performance.

V. SIMULATION RESULTS

We simulate the conventional DTC and the DTC without a
sensor where the flux regions are rotated and compare the
results. Figures 8-13 present the transient and steady-state
results. Speed reduction is acquired with MRAS and it is
observed to be within the reference speed values. In the steady-
state, high amplitude ripple disappear. The number of
oscillations in current and voltage waves is decreased.
Comparing the conventional DTC and DTC using the rotated
flux regions without a sensor, the new method provides
significant reduction in the flux and torque.
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VI. EXPERIMENTAL SETUP

Figure 14 shows the block scheme of the experimental
setup. In the experimental setup, each unit is created separately.
Then, they are connected to each other. The experimental setup
consists of AC-DC engine unit, PC-SCSI communication port,
DC-Link capacitor unit, IPM inverter unit, current and voltage
circuit unit, reference current and voltage circuit unit, feedback
circuit unit and optic isolation unit.

PCI
1\ I:"ro 1(\23rd ﬂ

OPTO-ISOLAT
AD780-ADT13 UNIT
Ruforence Voltege
| Bl n
E [CURRENTINPUT ~ MOTOR DRIVER I
m|vourage wpyr  'PMPS11036 Capasitor
3 Phase Load
Induction| De Mo]or"

Motor
Figure 14. The block schematic of the experimental setup

In the algorithm, necessary voltage and current information
from the sensors are obtained using the PCI I/O card. PCI card
has 16 analog and digital input channels and 16 digital output
channels. Out of all analog input channels, three are used for
determining the current and voltage; seven are used for the
digital output channel inverter and the control of the inverter
signal. Extra information about AC motor and Load motor
could be found in Appendix-A. Figure 15 presents the
realization of the experimental setup.
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Figure 15. Realization of the experimental setup

A. Experimental Results

Next figures 16-19 present the transient and steady-state
analyses of experimental results.
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Figure 16. Stator phese voltage V,;, (a)Conventional (b)Proposed DTC
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Figure 17. Stator phase currents I,,. (a)Conventional (b)Proposed DTC
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Figure 19. EMI noise level (a)Conventional (b)Proposed DTC

VII. RESULTS

In this study, we eliminate the use of the external sensor.
We explored the flux regions of the conventional DTC method
and proposed to rotate the flux regions in order to reduce
torque ripple. Speed reduction is determined with flux based
MRAS and both methods are compared with respect to
current, voltage, flux and torque. The proposed method
provides significant reduction in a phase current and voltage in
the simulation and experimental results. Torque ripple is
reduced by about 1/3 Nm with the new method. In addition,
the reference flux values are obtained and the flux ripple is
reduced by 0.8 Wb compared to the conventional DTC. We
present the screen of the spectrum analyzer which is connected
to the motor a phase. Without the new method, the current
harmonics are around 7.3 % THD and 1 kHz. After applying
the new method, THD is decreased to 4.8 % and harmonics
around 1 kHz are disappeared. The results suggest that the flux
and torque ripple are reduced by rotating the flux regions and
adjusting the switching table. Speed, reduced using MRAS, is
close enough to the reference speed.
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APPENDIX A

Hereinafter are given IM parameters, reference values and
sampling period.

Ts=100us, Ty=2Nm, y,.=0.8Wb, PI: Kp=90, Ki=0.5,
Ay=+0.05V.s/rad At;~=+0.08Nm.

Pa=3000W, R,=1,93, R=1,45, L=12,2.10°h, L= 0.19734
,R=1.45, L,=0,1878 , p=2, J=0,03 Kgm?, T,=Lr/Rr.
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