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The improvement of the direct control of flux and torque (DTC) essentially consists of reducing the ripples encountered at the
levels of the torque and the stator magnetic flux. This control technique is widely used in various applications that recently
employ the permanent magnet synchronous motor (PMSM). The improvement techniques are grouped into two large families:
those that use multilevel inverters and require an additional cost to the driven system, which is only encouraging if the
application covers this cost, and those that offer selection tables. This last solution is advantageous because it does not need any
added device. In this paper, we propose to combine the two solutions, using a reduced switching table (RST) compared to the
conventional switching table (CST) and using a four-level multicellular inverter (4LMI). This solution brought very satisfactory

results by significantly reducing the ripples.

1. INTRODUCTION

Research to improve electric motors' direct flux and
torgue control (DTC) technique hardly ceases in the field of
study and development. This technique, known in the
1980s, is classified among vector control techniques; credit
goes to me. Takahashi and his team and after him to M.
Depenbrock, for first introducing the technique to the
applied academic and industrial spaces [1,2]. All techniques
encounter problems that limit their performances, and it is
up to researchers to find the appropriate solutions to remedy
these problems and thus improve their robustness.

As for the DTC, the motor's ripples of flux and torque,
when driven by DTC, mark its major drawback [3,4].
Several studies have then appeared to reduce these ripples;
they can be classified into two large groups: the first
concerns techniques based on the control model of the
hysteresis bands [4-6] or the modified switching tables [7—
17] and the second is based on the use of devices having the
possibility of providing more vector-voltage to refine the
controlled quantities or those applied to a dual star motor
combined with the technics Al [18-26].

Finding a solution among the first group is very
beneficial because it does not impose an additional cost on
the system. Still, sometimes, the requested improvement
requires combining those two improvement groups.

In this work, we propose two tricks to improve the DTC
applied to drive a permanent magnet synchronous motor
(PMSM): the first is to use a four-level multicellular
inverter (4LMI) to ensure a greater number of vector
voltages feed the motor, and the second is to use a reduced
switching table (RST), whether in the case of conventional
DTC or 4LML.

The work is structured according to the following plan:
first, the model of the system studied under the Simulink/
MATLAB environment, in which CST and RST are tested
and validated experimentally on the testbed used in [10];
second, the reduced switching tables and the 4LMI; and
third, the results obtained and their discussion. At the end, a
conclusion and perspectives of this study will be given.

2. MODELING OF THE SYSTEM

The driven motor is a three-phase synchronous motor
with a rotor consisting of a permanent magnet (PMSM). In
a conventional DTC, the motor is powered by a two-level
three-phase inverter. The control of this inverter allows the
control of the motor; we impose pulses generated according
to the conventional switching table (CST) presented for the
first time by [1] and applied to an induction motor. To
apply the DTC control to the PMSM, it is appropriate to
choose the motor model between several models; the
chosen model is presented in Fig. 1.

Fig. 1 — Model adopted for the PMSM.

The stator flux is estimated using expression (1), which
shows that this estimate depends only on a single motor
parameter: the stator resistance [5].

Ysq = f(vsa — Rsis)dt,
Vsp = f(vsﬁ — Rsisp)dt,

sl = ’Lpga + lpr

Its position is estimated after calculating the two
components of the stator flux [5]:
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Both stator currents need to be measured, and with the
two stator flux components already estimated, the
mechanical torque can be estimated using [5]:

Tm = gp(q—'saisﬁ - LIJsBisa)' (3)

3. REDUCED SWITCHING TABLE DEVELOPED
AND THE 4MLI

The RST was first proposed by [10] and validated
experimentally on DSP1103 for an asynchronous motor
supplied by a two-level inverter. Subsequently, [27] studied its
impact on the switching frequency and proved that it reduces it
remarkably. These results confirm the study of [28].

The CST can be found in most references in this article;
we are only interested in presenting the RST here. Table 1
presents the RST principle of application.

Table 1
Reduced switching table

A\VS S; S, S3 Sy Ss Se LINES

J [o01 |[101 | 100 | 110 | 010 | 011 | 1

Q<0 T 101 | 100 | 110 | 010 | 011 | OO1

2
050 v 010 | 011 | 001 | 101 | 100 | 110 | 3
) 110 | 010 | 011 | 001 | 101 | 100 | 4

Here Awys is the gap between the flux and its reference; Si is
the first sector, between —30° and 30°, and 001 is the state of the
half-arms of the inverter (0 for ON and 1 for OFF).

In a positive direction of rotation, only the vector
voltages that increase the torque are used; in this case, the
table with six lines becomes only two.

Condition (4) controls the torque linked to the speed sign
and the fluctuation limit chosen beforehand.

The two remaining lines reverse the speed direction,
reducing the torque. This ensures operation in quadrants 1
and 4, where operation is motor. The principle of RST is
schematized according to the four quadrants in Fig. 2.

Q
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Fig. 2 — The condition to apply the RST.
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Fig. 3 — Presentation of one arm for the two-level inverter
and that of 4LMI.

We now apply it to control the PMSM. Then, the basic

two-level inverter will be replaced with another 4LMI
whose CST is proposed by [28] (see Table 2). One arm of
this inverter is presented with the arm of the conventional
inverter two-level in Fig. 3.

For the 4LMI, there are 9 sectors, each with 40°. The
vectors-voltages that the 4LMI can develop are presented in
Fig. 4 [28].
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Fig. 4 — Space vector diagram of the 4LMI.

In several existing works like [20], the authors propose
several tables suitable for each case of operation motor, but
this one is unique and valid for any motor operation. This
table is a bit bulky, so we propose reducing it using the
same principle as [10].

For the 4LMI, this is a large switching table; the idea
is to use only its half (for a given direction of rotation);
on the one hand, we reduce this switching table, and on
the other hand, we reduce the fluctuations of the
electromagnetic torque and the magnetic flux of the
stator.

The criterion that limits the use of this or that half of the
switching table is determined by (4) [10],

sign(Q)AT,, < 0. 4

When this condition is met, only zero voltage is applied.
If the speed has only one direction of rotation, half of the
CST becomes unusable, and we can eliminate it, for
example, for an application that requires only one direction
of rotation.

Table 2
Switching table for 4LMI
Ays ATm S1 S2 Ss Sq Ss Se Sr Ss Sy Q

3 330 | 130 | 031 | 033 | 013 | 103 | 303 | 301 | 310
2n 320 | 230 | 030 | 032 | 023 | 003 | 203 | 302 | 300 | +
17 310 | 330 | 130 | 031 | 033 | 013 | 103 | 303 | 301

17 -34U | 303 | 301 | 310 | 330 | 130 | 031 | 033 | 013 | 103
2l 302 | 300 | 320 | 230 | 030 | 032 | 023 | 003 | 203
-1l 301 | 310 | 330 | 130 | 031 | 033 | 013 | 103 | 303

0 200 | 320 | 230 | 020 | 032 | 023 | 002 | 203 | 302

3 120 | 020 | 032 | 012 | 103 | 203 | 302 | 301 | 330
2f 120 | 020 | 032 | 012 | 103 | 203 | 302 | 301 | 330 | +
17 120 | 020 | 032 | 012 | 103 | 203 | 302 | 301 | 330

0 33U | 102 | 202 | 301 | 210 | 230 | 130 | 031 | 023 | 003
20 | 102 | 202 [ 301 [ 210 | 230 | 130 | 031 | 023 | 003
-1 | 102 | 202 | 301 | 210 | 230 | 130 | 031 | 023 | 003

0 000 | 000 | 000 | 000 | 00O | 00O | 00O | 00O | 00O

31 030 | 032 | 023 | 003 | 203 | 302 | 300 | 320 | 230
2f 031 | 033 | 013 | 103 | 303 | 301 | 310 | 330 | 130 | +
17 021 | 012 | 002 | 203 | 302 | 200 | 320 | 230 | 020

-1l [ 300 [ 003 | 203 | 302 | 300 | 320 | 230 | 030 | 032 | 023
2l 013 | 103 | 303 | 301 | 310 | 330 | 130 | 031 | 033
-1l 002 | 203 | 302 | 200 | 320 | 230 | 020 | 021 | 012

0 122 | 013 | 103 | 212 | 301 | 310 | 221 | 130 | 031
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This condition linked to the sign of the speed selects only
the lines of the CST, where the sign of the torque variation
is that of the speed. Therefore, if the speed is positive, only
the lines of the positive torque variation are used, and when
it is negative, only those of the negative variations are used,
as shown in Table 2.

For Q > 0 the CST can be reduced to the Table 3, and for
Q < 0 only the rest of CST is used.

Table 3
RST for the 4LMI (Q > 0)
Ays | ATwm S1 Sz Ss Sy Ss Se S7 Ss So
3™ | 330 | 130 | 031 | 033 | 013 | 103 | 303 | 301 | 310
17 2N 320 | 230 | 030 | 032 | 023 | 003 | 203 | 302 | 300
17 | 310 | 330 | 130 | 031 | 033 | 013 | 103 | 303 | 301
3T | 120 | 020 | 032 | 012 | 103 | 203 | 302 | 301 | 330
0 2t | 120 | 020 | 032 | 012 | 103 | 203 | 302 | 301 | 330
17 | 120 | 020 | 032 | 012 | 103 | 203 | 302 | 301 | 330
3™ | 030 | 032 | 023 | 003 | 203 | 302 | 300 | 320 | 230
BN 2 | 031 | 033 | 013 | 103 | 303 | 301 | 310 | 330 | 130
17 | 021 | 012 | 002 | 203 | 302 | 200 | 320 | 230 | 020

It is interest to know the dimensions of the four
switching tables, RST are minimized than CST, like seen in
Table 4.

The block diagram of the DTC control of the two inverters
with the two switching tables is as illustrate by Fig. 5.

4. RESULTS ACHIEVED BY THIS STUDY

All the motor parameters necessary for the study are
given in Table 6.

Table 6
PMSM parameters

Pole pairs | 4
Stator resistance (Q) | 1.09
Stator inductance (Ld; Lq) (H) | 0.0124
Permanent magnet flux (Wb) | 0.1821
Inertia (kg.m?) | 4.15x10*

While Table 7 presents the hysteresis bands chosen for
this study. For the DTC with CST or RST, the magnetic
flux has two levels, and the torque has three levels, while in
the case of 4LMI they have three levels and seven levels
respectively.

Table 7

Hysteresis bands chosen for magnetic flux
and electromagnetic torque (S.1)

Flux Torque
DTC: CST/RST | 0 3x10°
3:3x10°
4LMI: CST/RST | 103 2:1.5x10°
1:7.5x10°%

Table 4
Dimensions of the four switching tables
CST | RST 4LMI-CST | 4LMI-RST
Li 5 2 (for one speed 21 9 (for one speed
ines S A
direction) direction)
Columns 6 9

DTC relies on the use of hysteresis bands to normalize
the torque deviation from its reference and the flux
deviation from its reference [1,2,4,6]. These hysteresis
bands have an important impact on the ripples on flux and
torque [3-6]. The levels of these bands used by this study
for the CST and the RST for the two inverters are given in
Table 5.

Table 5
Levels of hysteresis bands using for the two inverters
Flux Torque
CST or RST CST RST
DTC | 2levels(0,1) 3 levels (-1,0,1) 2 levels (0,1)
3levels (-1,0,1) | 7 levels (-3,-2,-1,0,1,2,3) | 4 levels
0,1,2,3)
4LMI > forQ>0
(0-1,-2,-3)
> forQ<0
ﬂ Flux.
DTC CST/RST 1 LE
[ —#{position
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Fig. 5 — Diagram of all DTC techniques under Simulink/ MATLAB.

What interests us in this study is to show the
improvement obtained by the proposed techniques. For this,
we have adopted several simulations that can demonstrate
the effectiveness of the study. The quantities that interest us
are the electromagnetic torque, the magnetic flux and the
stator current.

The switch block provides precise timing to switch
between chosen techniques. We fixed the switching time so
that each technique works within 0.1 s. The results obtained
in this case are cited below.

The voltage vectors for the two inverters are illustrated in
the following figures: this result confirms the inverters
theory. The voltage vectors of 4LMI are numerous than
those of the two-level inverter, this is confirmed by the
presentation of Fig. 6.

404,14 Two-levels Inverter i

vas ()

Vds(V) 466,66

0 Vds (V) 4666

Fig. 6 — Space vector diagram of the two inverters voltage.

Figure 7 of the torque evolution shows an improvement
and reduction in torque ripples, especially when RST is
used.

However, the flow in Fig. 8 is slightly improved using
RST, but its ripples are significantly reduced using 4LMI.
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Visually, we cannot distinguish the best between them, so

we need to examine the results further.

improvement in the following simulation, which only
groups the DTC-CST and 4LMI-RST.

-
n
=)

Electromagnetic Torque (N.m)
(=2

Fig. 7 — Torque evolution in the four cases of study.
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Fig. 10 — Stator current for one phase in all study cases.
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Figure 11 illustrates the sector occupied by the flux

vector for the two inverters when switching from DTC-CST
to 4LMI-CST; we use the timed switch to toggle from
DTC-CST to 4LMI-RST at t = 0.1 s. In the case of DTC
with a two-level inverter (CST or RST), the flux vector
occupies sectors 1 to 6, while in 4LMI (CST or RST), the
number of sectors is 9.

csT [RsT]| [aLmi-csT] [aLmI-RsT| 9
0 0.1 0.2 03 Time(s) 0.4 j ‘ j ‘ I j ‘ ‘
Fig. 8 — Flux amplitude evolution in the four cases of study. a: switching to 4LMI j I j ‘ j I j ‘ J ‘ ‘ J I
We use the Data Statistic to calculate the peak-to-peak £ \] ‘ j j ‘ ] ] ] ‘ ‘ j I ]
torque and flux for all cases, then compare them and plot 26 J J J J J J J J J J J J I ‘ J J I ‘ J J ‘ J J
the resulting values. The result obtained is presented in _‘gs J J J J J J J J J J J ‘ j J I j ‘ J ‘ j J I ]
Table 8. %4
SR AR
Torque and flux ripples obtained by peak-to-peak calculation 5 J J J J J J J J J J J I J J J I ‘ J I J J J I
CST RST 4LMI_CST | ALMI_RST
Torque ripple | 0.8125 05257 | 0.7911 04104 s 04 Time (s) 0.2
_ (100%) (64.7%) | (97.36%) (50.51%) _ ) o
Flux ripple | 0.007691 0.007579 | 0.006735 0.00653 Fig. 11 — Sectors occupied by stator flux in simple DTC and 4LMI.
(100%) (98.54%) | (87.57%) | (84.90%)

Figure 9 shows that using a 4LMI inverter with an RST
switching table is the best choice because it improves by

reducing torque and flux ripples together.

100

Ripple reduction %

Figure 12 shows that the 4LMI-RST significantly
reduces torque ripples. 50 % is a very important reduced
value because torque ripples cause many operating
problems for the system and health problems for the user.

—— Torque
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Fig. 9 — Torque and flux ripples reduction percent for all study cases.

It is now very interesting to see the effect of these
configurations on the intensity of absorbed stator current.

L
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Fig. 12 — Evolution of the torque started by DTC-CST and switched
to 4MLI-RST att=0.1s.

Figure 10 shows the current evolution for a single stator
phase for all configurations.

These results note a good improvement obtained when
using a 4LMI associated with the RST. We show this

In the same context, the flux in Fig. 13 shows less
fluctuation using 4LMI-RST. The two famous flux
trajectories in Fig. 14 show this significant reduction.
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