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Abstract
The present paper describes the direct torque sensor less speed control of induction motor fed

by three-level voltage source inverter. Inverter switches control is based on fuzzy logic control.
Compared to conventional direct torque control (DTC), hysteresis controllers, flux position and
voltage vector selection table are replaced by fuzzy logic blocks to realize a DTC-fuzzy control.
The obtained results have showed high speed performance, reduced torque and flux fluctuations
when the proposed DTC-fuzzy strategy is used for the control of three-level voltage source

inverter associated with induction machine.
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1. Introduction
Asynchronous motors particularly induction motors are widely used in variable speed drive

systems due to their low cost and construction simplicity. The direct torque control technigque
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(DTC) introduced in 1985 is an attractive approach due to its effectiveness and implementation
simplicity as demonstrated by several studies [1-6]. Therefore, this technique enables the control
variables computation (stator flux and electromagnetic torque) from stator current measurements
without using mechanical sensor.

In DTC structure, the induction motor fed by voltage source inverter is a hybrid dynamic
system in which the continuous part is the induction machine and the discrete part is the voltage
source inverter. In this paper, the application of DTC-fuzzy strategy concept is extended to a
three-level voltage source inverter feeding asynchronous motor. This extension concerns the
generation of voltage vector applied to the machine according to the number of voltage levels
generated by the three-level inverter [3, 5, 7, 8]. This new direct torque control approach
improves controller switching strategy of flux and torque of induction machine fed by a
three-level NPC inverter.

Recently, optimization of DTC algorithms based on two-level inverter was studied in several
papers [5, 7]. However, the main motivation of the present paper is to improve ac motors
performances using a control approach based on so-called DTC-fuzzy control. Hysteresis blocks
of torque and flux as well as the switching table of the conventional system are replaced by a set
of fuzzy system. Three-level voltage source inverter (VSI) switching laws are determined by
linguistic rules of fuzzy decision table and the speed is controlled by a conventional PI controller.
This control structure reduces torque and flux fluctuations. In this paper, the DTC technique basic
principle is explained and recalled [9-13], then, the model of three-level voltage inverter is
presented. Finally, the DTC-fuzzy control technique is described, system performances are
analyzed, and a conclusion is given.

The developed algorithm is validated by computer simulation tests using Matlab-Simulink
environment. The obtained results have showed high speed performance, torque and flux
reduced fluctuations when the proposed DTC-FLC strategy is employed for the control of

three-level voltage source inverter associated with asynchronous machine.

2. Theoretical development of direct torque control

2.1 Electromagnetic torque control
Electromagnetic torque (C..) is expressed in function of stator (@.) and rotor (@,) fluxes as
follows [1]:

Com = K.T,,[0..(0,] (1)
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K is a constant depending on machine parameters.

kK=2p 2= )

Stator and rotor fluxes can be expressed as follows:

{d}s = [‘it’s , Iﬂ‘s-] = ¢ .el?s0 (3)
¢'r = [‘priﬂr‘] = d}rl} ' E}-Eru

¢zpand ¢,qare stator and rotor fluxes modules respectivelyat t=0. & and &, are stator
and rotor

Substituting stator and rotor fluxes expressed in Eqg.3 in the electromagnetic torque equation
given in Eq.1.

Knowing that the control law desires to maintain the stator flux close to its reference value

¢-rar, the following expression is obtained [5]:

Cam =K. qj'sréf ‘Jﬁ'rﬁ sin (14"'[:.:} (4)

Yo =6 — B (5)

When applying "active" voltage vector so that, the positions and rotor speeds and stator

fluxes are modified as follows:

0, = E'sréf' gl (8t bra) (6)
Where:
A8, = (w. + Aw.) (7

wsy = Synchronous speed

The expression above is the stator vector speed variation, similarly the rotor flux can be

written as follows:

B, = (o + Ag,). el Bro+iér) (8)
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with: A8, = A8, — Ay
If the evolution of the rotor flux is considered very slow compared to the stator flux, the

implementation of active voltage vectors Apr and A0y are still zero, and thus:

Ay = (wg + Aw,) 9)

The torque control depends directly on the stator flux vector rotation control. Fig.1,
illustrates the evolution of the electromagnetic torque in the case of the application of two voltage
vectors that are changing the stator flux in opposite direction of rotation. The trigonometric

rotation direction is considered as the positive direction.

f. L+ Ao, T F B - 4+
' w T %,.r
” u gli- fg
Bl = "xsw:,- - Boag
M
= Tarh P
—\_\_\_\_\_\_\_\-F h.
Gy T gy _,-:I
Ay >0m> O, T Ay <0 m=m>=> O, L

Figure 1. Electromagnetic torque evolution for rotational speed variation.

2.2 Stator flux vector control
The stator flux modulus evolution law is determined from the differential equation of the

stator flux expressed in fixed frame(e, £).

d

E¢s =V — Rl (10)

V. = Stator voltage
R, = Rotor resistance

i, = Stator current

In the interval [0,T;], the term Rs.is can be simplified and equation (10) can be written as
follows [2].
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¢s(T2) = @;(0) + VT, = KT, ~ Ag; (11)

Te = Sampling period

It should be noted that the extremity of the stator flux vector is moving along a straight line

to that of collinear axis to the voltage vector imposed by the inverter to the machine Fig. 2 [1].

Deceasing B .
A A Increasing

D 0.(t=T2)

"y
s

Figure 2. Statorique flux variation.

The stator flux vector displacement is achieved by successive application of voltage vectors
fed by the inverter. Furthermore, according to the applied voltage vector, one can act on the value
of the stator flux modulus as shown in Fig.2.

Thus, according to the choice of the stator voltage vector on successive intervals of the
sampling period Te duration, can be tacked at the extremity of the stator flux vector a trajectory
almost circular and maintain the flux amplitude close to a constant reference value. This is
illustrated by Fig.3 which corresponds to an example of asynchronous machine fed by two-level
voltage source inverter. The stator flux is maintained in a hysteresis band centered on the
reference flux [4].

d'hysteresis

Figure 3. Statorique flux trajectory.
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3. Three-level voltage inverter operation and modeling

The technological progress in induction machines variable speed control has advantaged the

use of three-level inverters. As discussed previously, the increase in the number of levels proves

to be a better solution for high power drives.

The inverter consists of switching cells usually transistors or GTO for high power. The
association of asynchronous machine and three-level NPC voltage source inverter (VSI)
controlled by DTC algorithms is presented and studied. The midpoint inverter is the most

appropriate because the output voltages and output currents present less harmonic distortion than

that obtained with a classical inverter [4].

The power circuit of three-level inverter called Neutral Point Clamped (NPC) is given in the
Fig.4. It is a structure with three-level voltage. Each inverter leg consists of four switches;

Ky, Kpg, Kz, and Koy,

The mathematical model of this inverter is given by the following matrix:

521522 - 523524
31532 - 533534

Va J2 -1 -1
Vg =Z-1 2 -1 U,

-1 -1 2

Eilsli - 513 514

Each inverter leg has three switching states as illustrated in Table I.
Vi, Vg,and V, . Phase-to neutral voltages
Sni: The logical switching state

Uz, : dc voltage

Table 1. Three-level inverter switching states.

Switches state 5 5, 52 54 Ve
S, =1=P 1 1 0 0 Us,
S,=0=0 0 1 1 0 Yacy,
Sp=—1=N 0 0 1 1 0
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Table 2. Voltage vectors associated to the switching states.

\oltage vector Symbol
VAVAYS (pPP); (000): (NNN)
MVV (PON); (OPN):(NPO): (NOF); (ONP); (PNO)
LVV (PNN); (PPN); (NPN);(NPP); (NNP); (PNF)
uUsvv (Po0);(PPO); (0PO): (OPP); (OOF); (FOF)
LSVV (ONN):; (0ON): (NON): (N0O): (NNO): (ONO)

Figure 4. Three-level NPC voltage source inverter (VSI).

Table 2 shows 27 switching states of the inverter. According to these states 19 voltage

vectors Vs with different modulus are obtained [3-4].
Ve

A

Figure 5. Output voltage vector representation.
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Fig.5 shows that these voltage vectors are classified into four groups and according to their
modulus it can be defined as follows:

e ZVV group, zero voltage vector ¥},

e SVV group, small voltage vectors (Vy, Vi, V5, Vip, Vi3, W)

e MVV group, medium voltage vectors (V3, Vg, Vs, Ti2, Vis, Vig)

e LVV group, large voltage vectors (Va, Vs, Vi, Vi1, Vs, Wi7)

Zero vector has three switching states, small vectors have two switching states (USVYV,
LSVV), medium and large vectors have only one switching state as example voltage vector V2

corresponds to PNN state. Logical variables associated with the latter are [3]:

=0

=1 (13)
=1

In terms of inverter control, this topology offers the following advantages:
e High number of degrees of freedom compared to two-level inverter,
e Reduced output current ripple,

e Remarkable property of interlocking hexagons, concept of two- level three-phase cell.

4. Direct torque control with fuzzy logic control (DTC-Fuzzy)
In the conventional direct torque control, the use of torque and flux errors allows to choose

directly the switching state without distinguishing between a very large or relatively small error.
Furthermore, the selected switching state for a large error that occurs during startup or during
torque and flux set points change is the same as in normal operation. This obviously implies poor
response.

System performance can be improved if the voltage vector is selected according to the value

of torque and flux error as well as the flux position in the space of its evolution.
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Figure 6. DTC-Fuzzy control scheme.

This error function is the difference between parameter computed from the information
provided by the control and the equivalent parameter determined from measurements. The
principle of fuzzy logic employing fuzzy concept can be applied to many problems when
handling imprecise and indistinct parameters. It will be seen later, the advantage of this mode of
analysis from the expertise rules defined by the inputs. The principle of DTC-FLC is illustrated in
Fig.6.

A. Fuzzy logic control development

The speech universe of the first input variable s is divided into three fuzzy sets:

e Flux error is positive P

e Fluxerroriszero Z

e Flux error is negative N

The trapezoidal membership functions are chosen for the variables P, N and triangular for Z
set Fig.7.

eg
A

.

sﬁ(w'b)

Figure 7. Membership function of flux error =.
The second input is the torque errorec. Its speech universe is divided into five fuzzy sets:
e Torque error is positive large PL
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e Torque error is positive small PS
e Torque error is zero ZE
e Torque error is negative small, NS
e Torque error is negative large, NL
Triangular membership functions are chosen for the sets PS, ZE and NS and trapezoidal
membership functions for the sets PL and NL, Fig.8.
HEe

»
NL NS ZE PS pL

[

£ (N-m]r

Figure 8. Membership function of torque error =¢.

The third input variable is the flux position in the stator frame. The angle 85 is given by:
fig = arctang% (14)

Speech universe of this variable is divided into 12 fuzzy sets (8, to8,;) with membership

function presented in Fig.9.

ub;
A

b, 08 010011 61,6, 6, 65 6, 65 05 6,

=

8, (rad)

Figure 9. Position membership function.
Decomposing into six sub-outputs representing three-level inverter six switches, the speech

universe of each output is divided into two fuzzy sets (zero and one) with its membership

functions are chosen by forms of type presented in Fig.10 [10].
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Figure 10. Membership function of switches switching states

B. Fuzzy controller structure for three-level inverter

The control rules are expressed in function of input and output variables as follows:
Ri: if g5 iIs N and = is NL and 6, is ©, thus, 5,; is zero S.; iS zero5,.iS zero 5., is

Z€ro 5z41S one 5..1S one.

Input variables Output variables
" By
DX e

S21
&c /><><\ —»  Rules base M

6. /XX\/ XX s::

Figure 11. Fuzzy controller structure for three-level inverter.

Table 3. Switching table.

61 |NL|NS|ZE |PS|PL| & |NL| NS |ZE |PS|PL

P |17 /18| 0 | 3|5 | P | 2 |18 0|6 |5

Z (13| 0| 0| 4|4 |Z2 160|074

N |14 |15/ 06 |8 | N|[17|15] 0|98

62 | NL | {NS|ZE|PS|PL| & |NL|NS|ZE|PS|PL

85 | NL |{NS|ZE|PS|PL| & |NL|NS|ZE|PS|PL
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87 |NL|NS|ZE |PS|PL| & |NL|NS|ZE |PS|PL

P |14 15| 0 |18 2 | P |11 | 9 | O |15| 14

Z|(100(0}0}1}21 2|7 |0)|0/|16|13

N |11 |12 0|3 |5 |N|8 |6 |0 18]17

#2 | NL | NS |ZE | PS|PL | 810 | NL | NS | ZE | PS | PL

11 | NL | NS | ZE |PS|PL | 812 | NL| NS | ZE | PS | PL

P |11 12| 0 |15|17| P |17 |15 0 | 3 | 2

5. Adaptive estimation of speed with reference model (MRAS)
The estimation principle using this method is based on the comparison of values obtained by

two different ways, a computation which does not depend on the speed (reference model) and a
computation that depends on speed (adaptive model). This method is developed by Schauder,
known as Model Reference Adaptive System (MRAS) [14].

sap ——————

Reference

\ 4

saff mndel

\ 4

Adaptation
Mechanism

Figure 12. Estimation of asynchronous machine speed by MRAS technique.
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6. Simulation and results
Simulation tests were conducted using the parameters illustrated in table 4. The results

shown in Fig.13 (a) and 13 (b) represent the behavior of DTC structure applied to 1.5 kW
asynchronous motor fed by three-level inverter for a switching table of five-level torque corrector
and three-level flux corrector in the classical and fuzzy case. Several operation characteristics
were studied, such as the starting response, steady-state response and some internal variables,
such as line current and voltage, stator flux, torque and speed, were viewed using Matlab

simulink Blocks.

Table 4. Switching table.

Parameters Values
\oltage rating 220/ 380 (V)
Current rating 6.4/3.7 (A)

Motor power 1.5 (kW)

Number of pole pairs p=2
Stator resistance per phase R s=4.85 (=)
Rotor resistance per phase Rr = 3.805 (=)

Stator inductance Ls=0.274 (H)
Rotor inductance Lr=0.274 (H)
Mutual inductance Lm=0.258 (H)
Moment of inertia J=0.031(Kg...= )
Speed rating N = 1420 (tr /min)
Friction Coefficient fr=0.000114(Kg.n=,=cc)
Inverter dc voltage u,.= 514 (V)
Torque rating C=10Nm

A. Classical DTC applied to asynchronous machine fed by two-level inverter
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Figure 13(a). Waveforms obtained by classical DTC:

phase to neutral voltages, torque, speed,

current, stator flux.

B. DTC-Fuzzy technique applied to asynchronous machine fed by three-level inverter
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Figure 13(b). Waveforms obtained by DTC-Fuzzy technique: phase to neutral voltages, torque,

speed, current, stator flux

The results have showed that in the classical DTC the speed tracks its reference without
static error and the speed disturbances are minimized. The torque and flux fluctuations are
reduced when DTC-fuzzy technique is used. The employment of DTC-fuzzy technique with
three-level voltage inverter has improved performances compared to classical DTC with two or
three-level inverters (less torque fluctuations). DTC-Fuzzy technique, presents through its fuzzy
sets and inference rules a high precision in the choice of voltage vector (ensuring high switches
switching). The torque in DTC-Fuzzy case presents less fluctuation compared to classical DTC

fed by two-level as illustrated in Fig.13(a) and Fig.13 (b) and three-level inverter while the stator

flux trajectory @. has a clear and thin circular form compared to that obtained by classical DTC.

7. Conclusion
The present work has showed that the advantages of classical DTC are preserved and

enhanced. The speed tracks its reference without static error and also the speed disturbance
rejection is very fast. The torque and flux fluctuations are reduced especially when DTC-fuzzy

technique is used, resulting in harmonics minimization and less motor problems (overheating,
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vibration, ageing).

DTC-fuzzy technique associated with three-level voltage inverter has good performance
compared to classical DTC with two or three-level inverters (less torque fluctuations).
DTC-Fuzzy technique, presents through its fuzzy sets and inference rules a high precision in the

choice of voltage vector (ensuring high switches switching).
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