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ABSTRACT KEYWORDS

this paper presents a comparative analysis between conventional 12_DTG; 12_DTC_3L; NPG;
twelve sectors direct torque control (12_DTC) and a new twelve sectors torque dynamic; stator
direct torque control (12_DTC_3L) using a neutral clamped point (NPC) current; flux; performances

three level inverter. Those different strategies are compared by simula-
tion in term of torque, flux and stator current performances. Finally, a
summary of the comparative analysis is presented.

I. Introduction

Traditionally, variable speed electric machines were based on DC motors, since the magnetic
flux and torque are easily controlled by the stator and rotor current, respectively [1]. For the
last two decades, DC motors was replaced by AC motors. Induction Machine (IM) is one of
the robust AC motors that have been widely used in industry. However, due to their highly
coupled non-linear structure, a high performance control of IM is a challenging problem [2].
Field oriented control (FOC) has been till now employed in high performance industry appli-
cations using IM instead of DC motors. FOC of IM has achieved a quick torque response and
has many similar advantages to DC motors. However, it depends to accurate parameter iden-
tification to achieve the expected performance [3] [1]. During the last decade, a new control
method called Direct Torque Control (DTC) has been created. DTC is characterized by his
simple implementation and robustness. However, DTC has some disadvantages compared
with new DTC strategies, like 12_DTC. This method still the best DTC method in almost the
majority of the performances studied [4]. In order to improve the 12_DTC to have better per-
formances especially to reduce torque ripples, this paper give a comparative analysis between
12_DTC and 12_DTC_3L, in term of torque, flux and stator current performances based on
simulation results.

Il. Principle of 12_ dtc

Since M. Depenbrock and I. Takahashi proposed DTC for IM in the middle of 1980’s, more
than decade has passed. It is getting more and more popular nowadays [5]. The instantaneous
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Figure 1. Block diagram of the DTC control technique.

values of the stator flux and torque are calculated from stator variable by using a closed loop
estimator [6]. As shown in Fig. 1, stator flux and torque can be controlled directly and inde-
pendently by properly selecting the inverter switching configuration [4].

By using an «-f stationary stator reference frame, the stator flux linkage ¥, and electro-
magnetic torque are calculating by using:

ws = l/’asz + 1///352 (1)

Where:

was = /(Vas - RsIas)dt (2)
0

Figure 2. Torque hysteresis comparator.
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Figure 3. Flux hysteresis comparator.

t
wﬂs = / (Vﬂs - RsIﬂs)dt (3)

0

The angle 6, is equal to:
0, = tan™! (1/’—"“) (4)
Vas

T = p [WOlSIﬁS - wﬂslas] (5)

The error between the estimated torque and the reference torque T* is the input of a three
level hysteresis comparator, whereas the error between the estimated stator flux magnitude
and he reference stator flux magnitude ¥ is the input of a two level hysteresis comparator.

Figs. 2 and 3 illustrate the torque and flux comparators, respectively.

The selection of the appropriate voltage vector is based on the switching table given in
Table 1. The input quantities are the flux sector and the outputs of the two hysteresis com-
parators.

To determine stator vector voltage to be applied, we begin by dividing the circular trajectory
of the stator flux into six symmetrical sectors referred as the inverter voltage vectors [7].

Then, we study the effect of each stator voltage on the flux and torque. When the stator flux
is in sector Si, the vectors V;; or V;_; are selected to increase its amplitude, and V;,or V;_, to
decrease it. However V;jor V;, increase the torque and V,_or V;_, decrease it. Fig. 4 shows
the effect of those different choices in sector S1

In C_DTC there are two states per sector i that present a torque ambiguity which are V;
andV,,. Therefore, they are never used. In a same way, in M_DTC there are two states per

Table 1. Basic switching.

Outputs of hysteresis

comparators Sector

Cws G 1 2 3 4 5 6
1 1 2 3 4 5 6 1
0 7 0 7 0 7 0

=1 6 1 2 3 4 5

0 1 3 4 5 6 1 2
0 0 7 0 7 0 7

=1 5 6 1 2 3 4
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Figure 4. Effect of different Vs choices on the torque and stator flux in sector S1.

sector i that introduce flux ambiguity which are \_71+2 and \_/i+5, so they are never used either.
If the stator flux locus is divided into twelve sectors [8] instead of just six, all six active states
will be used per sector and the problem of ambiguity of both flux and torque will be solved.
This new stator flux locus is introduced in Fig. 5.

It’s clearly noticed in Table 2 that all the six vectors are used disappearing all ambiguities.

Switching table of the 12_DTC becomes Table 5.As shown in Fig. 5, It is obvious that V1 will
produce a large increase in flux and a small increase in torque in sector S12. On the contrary,
V2 will increase the torque in large proportion and the flux in a small one. It is reasonable to
deduce that the torque error should be divided in the number of intervals that later on will be
measured.

lll. Principle of three level NPC inverter

Multilevel inverter present a big interest in the field of the high voltages and the high powers
of the fact that they introduce less distortion and weak losses with relatively low switching

Figure 5. Twelve sectors modified DTC(12_DTC).IT/DT/IF/DC/SIT/SDT: Increase Torque/Decrease torque/
Increase flux/ decrease Flux/Small increase of Torque/Small decrease of torque.
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Table 2. Switching table of the 12_DTC.

Sector

C s G 1 2 3 4 5 6 7 8 9 10 n 12
1 2 _2 \73 \73 _4 _4 \75 \75 \76 \76 \71 \71 _2
! _2 \72 \73 _3 _4 \74 \75 \75 \76 \76 \71 \71

! \71 \71 _2 _2 \73 _3 _4 _4 _5 \75 \76 \76

% v Y% % % v Y % Y

0 '3 ‘4 Y4 's \_/5 \_/6 Ye \_/1 N 2 2 '3
! 4 4 Vs 5 Vs Vs v, v, 2 Vs 3

! _7 \75 \70 \76 _7 _1 \70 _2 \77 _3 \70 \74

2 _5 \76 \76 \71 \71 _2 _2 \73 \73 _4 _4 \75

frequency. The three-level inverters presented in Fig. 6 has several advantages over the stan-
dard two-level inverter, such as a greater number of levels in the waveforms, less harmonic
distortion. [9]

The connexion function for each switch is defined [10]:

Bu={ ot oich ot ©
The relation between the four switches for each phase is is:

Fi=1—Fy4; Fo=1—Fs (7)
With k = 1,2,3 is the phase number the half phase connexion function Fkljﬂ is defined:

F\ = FuXR, : E) = FsXEy (8)

With m = 1 for the top half phase, m = 0 for the bottom.
The three phases tensions are defined by:

Vam = F\XUc, — F4XUc,
Viu = EyXUqi — B XUg %)
Veum = FE XU — FLXUc,

I'(‘lJ: T2 T2 T2
1 L a2l L 81
}T_——-_\l .
T3 w/) T3
| S
Tdl4 T4 T84

Figure 6. Three level inverter: NPC structure.
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Figure 7. vectors tension generated by Three level inverter.
And then:
b b
Va 1 2 —1-1 Ej Ey
VB = 5 -1 2 —1 X F2h1 UC] — FZb() UCZ (10)
b b
Ve —-1-1 2 E) E,

with: UCl = Ucz =E/2

The switching table of the 12_DTC_3L become Table 3

The following Fig. 7 shows the various discreet positions, in the plane, of the vector tension
generated by the three levels inverter. [11]

IV. Simulation results and discussion

This section is aimed to give a contribution for a comparison between direct torque control
methodologies (12_DTC and 12_DTC_3L).

The simulation has been carried out by using MATALAB SIMULINK on 1.5KW induction
machine.

Fig. 8 presents the two DTC command: 12_DTC and 12_DTC_3L in term of Torque,
flux and current performances. Fig. 8-a shows the two responses to a step change command
from 0 N.m to 10 N.m at 0.0 s, the comparison between the two methods shows clearly that

Table 3. Switching table of the 12_DTC_3L.

Sector

C s G 1 2 3 4 5 6 7 8 9 10 n 12
! 2 _22 \717 _23 \718 _24 \70 _25 _20 _26 \715 \721 _16
! :2 :3 7_10 :11 :4 :5 :12 \213 \_76 :1 \:/8 \:/9

-1 Vis Vg v, 2 Vo 10 3 vV, 1 Vi \& Ve
2 _20 _26 \715 _21 _15 _22 \717 _23 \718 _24 _19 _25
0 2 _17 _23 _18 \724 _19 _4 _zo _26 \715 _21 _15 _22
1 \73 _4 \711 \712 _4 _2 _13 \78 _1 _2 \79 _10

1 \75 \76 \713 \78 \71 _2 \79 \710 _3 \74 \711 \712

2 _25 _20 _26 \715 \721 _16 _22 \717 _23 \718 _24 \719
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Figure 8. Comparison between:12_DTCand 12_DTC_3L in term of (a) torque, (b) flux performances in steady
state and transient conditions,(c) stator flux circle and(d) THD.

12_DTC_3L reduce remarkably torque ripples compared with 12_DTC, but both of the meth-
ods gives a good torque dynamic responses. Fig. 8-b shows the two flux responses to a flux
reference equal to 1 Wb, in term of flux dynamic response, 12_DTC_3L give a very good
performance comparing with 12_DTC, that means, trajectory of stator flux established more
quickly than that of 12_DTC (Fig. 8-c). In term of steady state stator current distortions, the
better performance is given by 12_ DTC_3L by reducing the THD till 5.90% (Fig. 8-d). Table 4
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Table 4. A comparative analysis between 12_DTC and 12_DTC_3L.

DTC control

Performances 12_DTC 12_DTC 3L

Torque Dynamic response Fast (8 ms) Fast (8 ms)

Torque in steady state ripples Less ripples

Flux in steady state More ripples Less ripples

Stator current in steady state Distortions (TDH = 6.65%) Less distortions (TDH = 5.90%)
Switching frequency Important (six sitches) Less important (twelve switches)

gives a comparative analysis between 12_DTC and 12_DTC_3L in term of different perfor-
mances studied before.

V. Conclusion

In this paper a comparative analysis between different DTC strategies have been presented.
This work began by explaining the principle of The C_DTC, M_DTC and 12_DTC.The paper
presents later a discussion based on the simulation results presented in the same work. It’s
clear that M_DTC still a very competitive DTC control compared with C_DTC and 12_DTC
in term of Flux in both transient and steady state also in his simplicity of implementation, but
M_DTC presents more ripples, in term of torque in steady state, and stator current distortions.
12_DTC still the best DTC method in almost the majority of the performances studied in
this work. In order to improve the 12_DTC to have better performances, this method will be
associated to a multilevel inverter in a future work.
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