DE GRUYTER
OPEN

Journal of ELECTRICAL ENGINEERING, VOL 67 (2016), NO3, 206-211

HIGH RIPPLES REDUCTION IN DTC OF INDUCTION
MOTOR BY USING A NEW REDUCED SWITCHING TABLE

Bachir Mokhtari “— Mohamed F. Benkhoris **

The direct torque and flux control (DTC) of electrical motors is characterized by ripples of torque and flux. Among
the many solutions proposed to reduce them is to use modified switching tables which is very advantageous; because its
implementation is easy and requires no additional cost compared to other solutions. This paper proposes a new reduced
switching table (RST) to improve the DTC by reducing harmful ripples of torque and flux. This new switching table is
smaller than the conventional one (CST) and depends principally at the flux error. This solution is studied by simulation
under Matlab/Simulink and experimentally validated on a testbed with DSPACE1103. The results obtained of a DTC with
RST applied to a three-phase induction motor (IM) show a good improvement and an effectiveness of proposed solution, the
torque ripple decreases about 47 % and 3% for the stator flux compared with a basic DTC.
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1 INTRODUCTION

For a long time, reducing torque and flux ripples DTC
has been a very rich field of research. However, we can
divide this research into two areas, the first using the
modified selection tables [1-6], and the use of smart tech-
nologies, it is the Software modification. The second axis
is pointed on the Hardware side, such as, using multilevel
inverters [7-10].

The second solution, despites its results and improve-
ments that can be achieved, has the disadvantage of over-
coming cost, and timing constraints during implantation.
On the other hand, the first solution does not have these
drawbacks, but it is a bit narrow at the research level.
In [1], several studies were presented in the same subject
with interesting results.

We propose in the present work, a novel switching ta-
ble, extracted from the conventional one. The results will
be compared to those obtained by conventional DTC se-
lector, to show his improvement. The platform code de-
veloped in this study is based on the validation presented
in [1].

The IM is associated with a static inverter constitutes
a variable speed transmission of which the industrial use
or general public does not cease growing.

Several works have led to the implementation of tech-
niques of control for the IM. The vector control based
on transitory and/or dynamic models of the machine has
been developed.

This type of control makes it possible to have a faster
dynamic response and a better precision of controlled
parameters [1].

DTC was introduced in 1985/86 by Takahashi and De-
penbrock especially for the asynchronous [11,12] and af-
ter for synchronous machines [13-16]. The main advan-
tages of DTC are the simple control scheme; without us-
ing current loops or a pulse width modulation (PWM)
modulator, the control does not require coordinate trans-
formation between the stationary frame and synchronous
frame, moreover DTC is not sensitive to parameters vari-
ations except stator resistor [15].

In classical DTC, the employment of the hysteresis
controllers to regulate the stator magnetic flux and torque
is natural to have high torque ripples and variable switch-
ing frequency, which is varying with speed, load torque,
selected hysteresis bands and difficulty to control torque
and flux at very low speed [11,12].

Applied a voltage vector to increase a torque or a
stator flux, is logical, because the IM or any motor must
absorb energies to develop a movement, but to stop doing,
it is not necessary to apply a voltage again.

This is the idea of this work, to let the motor decrease
the control greatness without intervention. When a volt-
age vector is applied to increase the torque or the flux,
a moment after, the same vector will be the cause of de-
crease, because the flux change his position and move to
next area (sector). This study is devoted to the modelling
of the studied induction motor and presentation of a con-
ventional DTC. We present the proposed switching table
as a solution to reducing the torque and flux ripples. Fi-
nally, the results are presented and discussed.
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Fig. 1. Block Diagram of a Conventional DTC

2 IM MODEL

This study keeps the same IM classical model used
in [1]. So we remind here the equations that describe
the adopted model. We can thus write the stator and
rotor flux equations in the reference frame of stator in
the following form

X = AX + BU (1)
such as
. . t t
X = [Zas Bs (bas ¢ﬂ8] , U= [Vozs V,Bs] )
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where

w, = p§): rotor speed,
15: stator current
s stator electromagnetic flux,
vs : stator voltage vector,
rs: stator resistance,
L, ,: stator or rotor inductance,
m: mutual inductance.
In addition, the electromagnetic torque can be ex-
pressed by
Te = gp((pozsi,@s - (pﬂsias) . (2)
The mechanical equation of the motor can be expressed
as .
JA=T.-T, — fQ,. (3)
With p is a magnetic pole pairs, J is the moment of
inertia, T, is the electromagnetic Torque, 7). is the load
Torque and f, is the friction coefficient.

3 CONVENTIONAL DTC

Maybe it is still necessary to recall the principle of
conventional DTC shown in Fig. 1, it is consist of directly
controlling the turn OFF or turn ON of the inverter
switches on calculated values of stator flux and torque
from (5) and (6).

The changes of state of the switches are linked to the
changes in electromagnetic state motor.

The reference frame related to the stator makes it
possible to estimate flux and torque, and the position
of flux stator.

The aim of the switches control is to force the stator
flux vector to join its reference [10-11].

The two components of stator flux are estimated by
the following expression

t

Psa = / (Usa - TsIsa)dtv
0

: (4)

Psg = / (UsB — TSIS,@)dt.
0

So the DTC is deduced from the two approximations
given by

@S(k + 1) ~ (Z)S(k) + ‘75TE — A@S ~ ‘75TE , (5)

T, = k(@s + &) = k|@s||@,| sind . (6)

The stator flux magnitude and his position are given by

R N N R Ps
Ps =\ P20 + P25, Lps = arctg @—’8 : (7)

Figure 2 presents the diagram of implementation of
the DTC by using a DSPACE1103. All the components
of this testbed will be cited later.
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Fig. 2. Diagram of an implementation of a DTC applied to the IM
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Fig. 3. Different vectors of stator voltages provided by a two levels
inverter, (100): (1:inverter switch is ON, 0: for OFF) I(D)F: increase
(decrease) of flux magnitude, I(D)T: increase (decrease) of torque
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Fig. 4. Torque ripples in hysteresis band

Table 1. Switching table for a conventional DTC

A(ps ATe 51 SQ 53 54 S5 56
1 110 010 011 001 101 100

1 0 000 000 000 000 000 000
-1 101 100 110 010 011 001

1 010 011 001 101 100 110

0 0 000 000 000 000 000 000
-1 001 101 100 110 010 011
Si=1,...,6 are localization sectors of the stator vector flux.

yeeey

A two levels classical voltage inverter can achieve seven
separate positions in the phase corresponding to the eight
sequences of the voltage inverter [1].

These positions are illustrated in Fig. 3. In addition,
Table 1 presents the conventional switching table CST
and shows the sequences for each position.

The flux and torque are controlled by two comparators
with hysteresis. The dynamics torque are generally faster
than the flux then using a comparator hysteresis of several
levels, is then justified to adjust the torque and minimize
the switching frequency average [10-11].

4 REDUCED SWITCHING TABLE

The same principle of basic DTC control of the IM
which is supplied by a two-level inverter is applied.

For the torque reached its reference, we must apply a
voltage vector which increases until the time t,,, in Fig. 4.

Once the torque is in the hysteresis band, the applica-
tion of zero voltage is maintained in this band. Thus, the
torque increases but it exceeds the lower boundary only
slightly. If the torque exceeds the upper boundary, you
can restore it by applying only the vectors that increase
and the zero voltage between t,, and t; in Fig. 4.

A physical interpretation can be given to justify this
strategy, assuming that any physical system tends to get
rid of the energy obtained from an external source, by
consummation or by changing it to another form of en-
ergy. So once the motor has enough energy to develop
the desired torque, it is running stream will be in a po-
sition where the voltage vector applied no longer serves
to increase the flux (the torque). It tends to decrease and
this time, it is controlled by the upper boundary, if it
exceeds it, the application of voltage vector correspond-
ing to its increase will be applied. The lower boundary of
overtaking is ensured by the natural behavior of the sys-
tem (that is quite similar to an air bubble, to maintain
it at top level, we must only push it to top, and don’t
interesting to his movement to down).This new reduced
switching table is simpler than the conventional table; we
use only two lines of the Table 2 (when we take only one
direction of motor speed rotating).

The torque error is dominant if it is less than the
upper boundary of the hysteresis band for positive speeds,
and when it exceeds the lower boundary of the hysteresis
band for the negative speed, while the flux error becomes
dominant for other cases.
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So, our proposed switching table is given by Table 2.

Table 2. Reduced switching table RST of DTC

sign(w,)AT. < UB

Vo (null voltage)

Sectors — S1 S2 S3 Si Ss Se
counterclockwise 11 Vo Vs V4 Vs Vo Wi
wr >0 JO V3 Vi Vs Vg Vs Vo
clockwise 1 Ve Vi Vo Va3 Vi Vs

wr <0 JO Vs Vs Vi Vo V3 Vg

5 EXPERIMENTAL AND
SIMULATION RESULTS

To validate the proposed solution a testbed was real-

ized with the parts

1) induction motor (see Table 3 for parameters),

Fig. 6. Electromagnetic torque response: (a) — DTC with CST, (b) — DTC with RST

2) the load (PMSG),

3) CPU: P3(X86 family 6, model 8, stepping 6), 866 MHz,
256 MO (Ram), VGA:Matrox Millinium G450 Dual
head (32MO), OS: Windows 2000 pro,

4) DSPACE: ISA, DSP1103 PPC controlled board,

5) two levels voltage INVERTER (max 100 KHz), IGBT
(1200V-504),

a. speed: universal DIGISINE, DHO5 [BEI-IDEACOD)],

b. current: AM30N 10-100A/1V, (Input: 100A peak
max, DC 100 kHz, output:100-10mV /A, 1V peak
max,

c. voltage: differential DP1000 with two outputs 10-100.
A screen image has been taken when the ST proposed

was being validated on a testbed; it is shown in Fig. 5.

for a simulation without load but at a variable speed. It

is clearly that RST is stable and improves the control by
DTC.
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Fig. 7. Stator flux response: (a),(b)— magnitude stator flux for CST/RST, (c),(d) — position of stator flux

Table 3. Induction motor parameters used in study

Pole pairs 2
Rated power kW (at 50Hz) 4

Rated voltage (V) 220/380
R, (Q) 1.30

R, () 0.91
L. (H) 0.19

M (H) 0.18

J (kg m?) 0.009

fr (Nms/rad) 0.03

Below, we can see a simulation of the RST with a
load variation compared with a conventional ST in the
same case. We turn the attention here, to the comparison
between a DTC with CST and with RST. This study
does not aim to show any traditional results but only who
determine the improvement given by our proposition.

The movement is started without load, at 0.3s the
reference torque is 10Nm, at 0.5s it is increased to
15Nm and for 0.8 to 1s it is increased to 26.5Nm.
It is clearly that the electromagnetic torque follows its
reference properly.

Figure 6 shows an important minimization of torque
ripples, about 47 %, when the new switching table RST

is used. This percent is calculated by subtracting (value
max — value min) in the two cases of switching tables,
and we calculate the rapport.

As regards the stator flux in Fig. 7, we note a reduc-
tion of 3 %. This means that the proposed table provided
a good improvement to the control by DTC especially the
high minimization of torque ripples obtained.

In Fig. 8, we can see also that the stator current is
stable and not perturbed by using the RST, so for the
same electrical behaviour, we have an improved response
of the control system.

Stator current (A)

30

CST

0.0 0.3 0.5 0.8 1.0
Time (s)
Fig. 8. Stator current of one phase
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6 CONCLUSION

In this paper, we have presented a novel and simple
switching table of DTC applied to an induction motor,
our aim was to reduce the torque ripples and so the
acoustical noises.

This proposed table is smaller than the conventional
one, this solution is very interesting because there is no
added cost comparing with other solutions and it is easy
to implant it on the same conventional testbed already
present.

Results obtained show a good improvement of the
DTC by an important reducing of the torque ripples
about 47 % and about 3% for the flux ripples.

In future work, we plan to use this new table to im-
prove the control of an electric vehicle and also to a track-
ing system, and also improve the control by multilevel
inverter as a three-level NPC.
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