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1. Introduction

With the enormous advances in converters technology and the development of complex and
robust control algorithms, considerable research effort is devoted for developing optimal
techniques of speed control for induction machines (IM). Also, induction motor control has
traditionally been achieved using field oriented control (FOC). This method involves the
transformation of the stator currents into a synchronously rotating dq reference frame that is
aligned with one of the stator fluxes, typically the rotor flux. In this reference frame, the torque
and flux producing components of the stator currents are decoupled, such that the d-axis
component of the stator current controls the rotor flux magnitude and the g-axis component
controls the output torque.

The implementation of this system however is complicated and furthermore FOC, in
particularly indirect method, which is widely used, is well known to be highly sensitive to
parameters variations, due to the feed-forward structure of its control system.

Another induction motor control technique known as a Direct Torque Control (DTC) was
introduced in the mid 1980s, by Takahachi and Noguchi, for low and medium power
applications; also Direct Self Control (DSC) was proposed by Depenbrock for high power
applications.

DTC has a relatively simple control structure yet performs at least as good as the FOC
technique. It is also known that DTC drive is less sensitive to parameters de-tuning (only
stator resistor is used to estimate the stator flux) and provides a high dynamic performances
than the classical vector control (fastest response of torque and flux).

This method allows a decoupled control of flux and torque without using speed or position
sensors, coordinate transformation, Pulse Width Modulation (PWM) technique and current
regulators. This type of command involves nonlinear controller type hysteresis, for both stator
flux magnitude and electromagnetic torque, which introduces limitations such as a high and
uncontrollable switching frequency. This controller produces a variable switching frequency
and consequently large torque and flux ripples and high currents distortion.

The DTC is mostly used in the objective to improve the reduction of the undulations or the
flux’s distortion, and to have good dynamic performances. It's essentially based on a
localization table which allows selecting the vector tension to apply to the inverter according
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to the position of the stator flux vector and of the direct control of the stator flux and the
electromagnetic torque.

A wound rotor induction machine, used as a doubly fed induction generator (DFIG), is
preferable for variable-speed wind turbine applications. The stator of DFIG is connected direct
to the grid and the three-phase rotor windings link the grid by a bi-directional converter. The
choice of control strategy incorporated can very depending wind turbine generators. In this
chapter, the control scheme of the DFIG is DTC.

The general structure of the DFIG with DTC is represented by the following figure.

Wind turkine
= generstor

Fig. 1. General structure of the asynchronous motor with DTC and speed regulation

Also, the use of multi-level inverters and artificial techniques contribute to the performances
amelioration of the induction machine control. In fact, the use of three level inverter (or multi-
level inverter) associated with DTC control can contribute to more reducing harmonics and
the ripple torque and to have a high level of output voltage.
Also, in last years, much interest has focused on the use of artificial intelligence techniques
(neural networks, fuzzy logic, genetic algorithms,...) in identification and non linear control
systems. This is mainly due to their ability learning and generalisation.
It become a number of papers appeared in literature interest to improving the performance of
DTC applied to induction motor drive.
Among the different control strategies that were applied to achieve improved performance
include:
e The switching frequency is maintained constant by associating the DTC to the space
vector modulation;
e The space voltage is divided into twelve sectors instead of six with the classic DTC, and
used some changes of the switching table.
Many researches have been performed using the multi-level inverter and, for example, some
articles described a novel DTC algorithm suited for a three level inverter, and proposed a very
simple voltage balancing algorithm for the DTC scheme.
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Also, different other strategies using the artificial intelligence techniques were introduced, in
order to achieve the objective that improving the performance of DTC:

e The direct torque control using a fuzzy logic controller to replace the torque and stator
flux linkage hysteresis loop controller, space vector modulation, and fuzzy stator
resistance estimator is more developed;

e The artificial neural network replacing the convectional switching table in the DTC of
induction motor is also widely detailed.

In this chapter, all these points will be deeply developed and some simulation results, using
Matlab/Simulink environment and showing the advantages of these approaches, will be
presented. In the 15t section, we present the description of DTC method applied to the
induction motor, as well as the simulation results will be illustrate the effectiveness of this
method. In 2nd section, in the objective to improve the performance of DTC, the technique of
multi-level inverter fed induction motor has been analyzed and simulation results show the
performance of this approach. In 3rd section, we present the fuzzy logic direct torque control
with two approaches: pulse width modulation and space vector modulation, also a model of
artificial neural network is applied in DTC.

In the latest sections, the association of three-level inverter with fuzzy/Neural speed corrector
for direct torque control of induction motor is developed.

2. Direct flux-torque control fundamentals

The direct torque control is principally a non-linear control in which the inverter switching
states are imposed through a separate control of stator flux and electromagnetic torque of the
motor. The inverter command is instantaneous and it replaces then the decoupling through
the vectorial transformation. One of the most important characteristics of the DTC is the non-
linear regulation of stator flux and electromagnetic torque with variables structures or by
hysteresis.

The flux regulation is imperative for an efficient control of the induction machine torque and
in the DTG, the stator flux regulation is chosen because it’s easier to estimate, and partly it has
a faster dynamics than the rotor flux. By adjusting the stator flux, we also adjust the rotor flux.
As in the other control methods, which use a direct regulation of the flux, the flux nominal
value is imposed as a constant reference, for speeds lower than the nominal value. For higher
speeds, a flux reference value, decreasing proportionally with speed; is imposed. On the other
hand, the quality of rotation speed, and/or position, control of the modern actuators depends
directly on the toque control.

2.1 Stator flux control

The IM equations, in a stator reference frame, are defined by:

VeR T+
dt
V=0=R, 1+ % jog @
dt
¢_S:LSiS+MSFiT
¢_F=LFTT+MSFIS
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where R, and R, are the stator and rotor resistances.
L, and L, are the mutual stator and rotor inductances.

The stator flux is estimated from the measure of stator current and voltage and their
transformation in the af subspace. So:

V., —R.I,,)dt cbxﬂ=j(v -RI, (2)
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The stator flux module and the linkage phase are given by:

D5 = [0, + 7, (3)

Dip )

o, = arctg (

sa

On a sampling period 7,, and by neglecting the term (R,/;) in equation of stator flux, valid
hypothesis for high speeds, the evolution of this last one is given by the vector Vs during Te :

AD =D D, =VT, (4)

@, is the initial stator flux at the instant ¢,.

So, the variation of the stator flux is directly proportional to the stator voltage, thus the control
is carried out by varying the stator flux vector by selecting a suitable voltage vector with the
inverter.

A two level hysteresis comparator could be used for the control of the stator flux. So, we can
easily control and maintain the flux vector @, in hysteresis bound as shown in Figure.2.

The output of this corrector is represented by a Boolean variable ¢fix which indicates directly if
the amplitude of flux must be increased (¢ix=1) or decreased (cix=0) so as to maintain:
(D), —P,|<AD, With(®,),, the flux reference value and A®, the width of the hysteresis

corrector.

Fig. 2. Flux hysteresis corrector

2.2 Torque control

The electromagnetic torque expression is defined as follows, where y represents the angle
between the rotor and stator flux vectors:
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LNI
oL L,

N

HCI)Ar sin( y) (5)

(DV

l—‘e[m =p

where p is the number of pole pair

L : mutual inductance

o : leakage coefficient (Blondel coefficient)

We deduct that the torque depends on the amplitude and the position of stator and rotor flux
vectors.

On the other hand, the differential equation linking the stator flux and the rotor flux of motor
is given by:

do,
dt

+(L—ja))(D,= L, D, (6)
or, or, L

From this equation, the flux ®, tracks the variations of the flux ®; with a time constant or, .

In controlling perfectly the stator flux vector, from the vector V,, in module and in position,
we can control the amplitude and the relative position of the rotor flux vector and
consequently the electromagnetic torque. This is possible only if the command period 7, of the
voltage Vv, is very lower to time constant o, .

The expression of the electromagnetic torque is only obtained from the stator flux components
®,,, ©,; and currents 7, , I

sa’ s’

sp :

r (O

elm sa’sp _chﬂlsa (7)

For the control of the electromagnetic torque, we can use a three level hysteresis comparator
which permits to have the two senses of motor rotation. The output of this corrector is
represented by a Boolean variable Ccpl indicating directly if the amplitude of the torque must
be increased, decreased or maintained constant (cepi =1,-1,0) -

A 1

Fig. 3. Three level hysteresis comparator

2.3 Control strategy of DTC based two-level voltage inverter

Direct Torque Control of IM is directly established through the selection of the appropriate
stator vector to be applied by the inverter. To do that, in first state, the estimated values of
stator flux and torque are compared to the respective references, and the errors are used
through hysteresis controller.

The phase plane is divided, when the IM is fed by two-level voltage inverter with eight
sequences of the output voltage vector, into six sectors.
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Fig. 4. Stator vectors of tensions delivered by a two level voltage inverter

Torque control

When the flux is in a sector (i), the control of flux and torque can be ensured by the
appropriate vector tension, which depends on the flux position in the reference frame, the
variation desired for the module of flux and torque and the direction of flux rotation:

®s increase, e, | Ps increase, [ey, | Ps decrease, e | Ps decrease, ey
increase decrease increase decrease
Vector tension
V; Vi Vi V.
Selected i+l i-1 i+2 i-2
Table 1. Selection of vector tension
o & @, decrease | | @, increase i
i\ L increase : i1 Ly increase ;
V1+2 V1+l
©) @
® —& > [
/3 prommmmmmmm e 1
— VD, cste i
® ® Vo,Vy { I,y decrease
Via Vi

1
' D, decrease
i [, decrease

Fig. 5. Selection of vector tension

__________________

The null vectors (Vy, V7) could be selected to maintain unchanged the stator flux.
According to the table 2, the appropriate control voltage vector (imposed by the choice of the
switching state) is generated:
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Cflx cepl Si S, S; S4 Ss Se
1 V, V3 V4 Vs Ve Vi

1 0 V; Vo V; Vo V5 Vo
-1 V6 V1 Vz V3 V4 VS

1 V; V4 Vs Vs Vi V,

0 0 Vo V; Vo V; Vo V;
-1 V5 V6 V| Vz V3 V4

Table 2. Voltage vector selected (for each sector S)

The following figure shows the selected voltage vector for each sector to maintain the stator
flux in the hysteresis bound.

rotation
senz of
fsat

Fig. 6. Selection of vector tension

2.4 Simulation results

Simulations were performed to show the behavior of the Doubly Fed Induction generator
connected to the grid by a bi-directional converter.
The torque reference value is deduced from the regulation of the wind generator speed
according to the wind speed and using a PI corrector. In this example, we have used three
levels of wind speed. We have chosen to present the results corresponding to the rotation
speed evolution, the electromagnetic torque, the flux evolution in the afy subspace and the
stator currents.
The obtained simulation results show that:

e trajectory of the stator flux, represented by its two components in the af phase plane, is

in a circular reference (Figure 7)

e phase current obtained by this strategy is quasi-sinusoidal (Figure 7)

e speed track its reference with good performance (Figure 8)

e overshoot on torque is limited by saturation on the reference value (Figure 8)
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Fig. 7. Stator flux in the af} phase plane and stator current time evolution
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Fig. 8. Time evolution of speed and electromagnetic torque

3.DTC of Induction motor fed by multilevel 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
frequency.
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Three level inverter (or multilevel) can be used in the command DTC, what allows to reduce
advantage the harmonics, to have a high level of output voltage and can contribute to more
reducing harmonics and the ripple torque. In that case, the space of voltages is subdivided into
twelve sectors (instead of six with the classic DTC) and by considering the method of the
virtual vectors, three sections with small, medium and large vectors can be exploited.

We can also subdivide the space of voltages into only six sectors by adopting a technique
which employs only twelve active voltage space vectors, corresponding to the small and large
vectors and consequently without using the null or the medium space vectors.

3.1 Vectors tensions and phase level sequences of a three level inverter

The structure of the so called diode clamped three level inverter associated with the
asynchronous motor is shown by figure 9.

ml
%——D—
1] o1

Fig. 9. Three level inverter structure

To analyze the potential generated by this three states inverter, every arm is schematized by
three switches which permit to independently connect the stator inputs to the source
potentials (represented by E/2, 0 and -E/2).

The interrupters (IGBTs) are switched in pairs consisting of (Ci1, C12), (C12,Cy;) and (Cyy, Cyp).
When, as example, the upper pair (Ci11, C12) is turned, the output is connected to the positive
rail of the DC bus.

By making a transformation into e (or dq) subspace, a resulting voltage vector is defined and
associated to the spatial position of the stator flux. Then, the different states number of this
vector is 19, since some of the 27 possible combinations produce the same voltage vector.
There are three different inverter states that will produce the zero voltage vector and two
states for each of the six inner voltage vectors (called small vector).

The figure 6 shows the various discreet positions, in the af subspace, of the tension vector
generated by a three level inverter.
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Fig. 10. Tension vectors generated by a three level inverter
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3.2 Selection of voltages vectors for the control of the stator flux amplitude

As noted previously, the space evolution of the stator flux vector could be divided into twelve
sectors i (Figure 11), instead of six with the classical DTC, with i= [1, 12] of 30° each, or into six
sectors without using the medium vectors.

When the stator flux vector is in a sector i, the control of the flux and the torque can be assured
by selecting one of 27 possible voltages vectors.

The difference between each of the inverter states that generate the same voltage vectors is in
the way the load is connected to the DC bus. The analysis of the inverter states show that:

e the large vectors, such as Va4 (+--), correspond to only the positive and negative rails of
the DC bus are used and consequently have no effect on the neutral point potential;

e in the case of the medium vectors, the load is connected to the positive rail, neutral
point and negative rail. The affect on the neutral point depends on the load current;

e there are two possible states of each of the small voltage vectors which can be used to
control the neutral point voltage. As an example, small vector V2 (+00) causes capacitor
(1 to discharge and C; to charge and as a result the voltage of the neutral point starts to

rise.
Depending on the stator flux position (sector) and the values of the outputs of torque and flux
controllers, &,,, and ¢, respectively, the optimal vector is selected, from all available vectors.

The first sector could be chosen between -15° and 15° or 0° and 30°. Figure 11 present the space
plane for the second case.

Fig. 11. Selection of vectors tensions Vs corresponding to the control of the magnitude @, for a
three level inverter.

3.3 Elaboration of the control switching table

The elaboration of the command structure is based on the hysteresis controller output relating
to the variable flux (Cflx) and the variable torque (Ccpl) and the sector N corresponding to the
stator flux vector position.

The exploitation of the first degree of freedom of the inverter, is made by the choice of vectors
apply to the machine among 19 possibilities, during a sampling period. For the rebalancing of
the capacitive middle point, the phase level sequence is chosen among all the possibilities
associated with every voltage vector adopted. This establishes the second degree of freedom
which must be necessarily used.
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The switching table is elaborated depending on the technique adopted for the switching states
choice.

3.3.1 Switching table based on a natural extension of classical DTC

This control scheme, which uses only twelve active voltage space vectors corresponding to the
sections with small and large vectors and without using the null and medium space vectors, is
a natural extension of classical DTC for a two level inverter.

We can consider the case where stator flux is achieved by using two-level hysteresis
comparator and electromagnetic torque by using 4-level hysteresis. The inverter state is
considered as high if the output of torque comparator is high or equal to two and otherwise,
the state is low.

We can note that the choice of one of the two same states corresponding to the level low is
relating to the capacitor voltage balancing.

Table 3 represents, in this case, the switching table.

O | Tam |S1 [S: S | Sa | Ss | Se
? ? V2H V3H V4H VSH \/61-l VIH
t Vy |VE | VE o |VE |VE |V
v VYo VE Ve Ve Ve VE

vy
£ [ve (vl [vE [vE v vl
T

vooVe o ve VP vy v vy
2 20 A /A A VA A A

Table 3. Switching table with twelve active voltage space vectors

As shown by figure 10, the high vectors V)", VJ', V/', V', Vli'and V/are represented
respectively by the configuration states of the inverter (+--),(++-),(-+-),(--+),(-++) and (+-+).

3.3.2 Switching table with twelve sectors

The space voltage vector diagram, for the three-level inverter, is divided into twelve sectors by
using the diagonal between the adjacent medium and long vector.

According to the errors of torque and the stator flux linkage, the optimal vector is selected,
from all 19 different available vectors (figure 12). The first sector is then chosen between -15°
and 15°.
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Fig. 12. Space voltage vector diagram (case of twelve sectors).

In analysing the effect of each available voltage vector, it can be seen that the vector affects the
torque and flux linkage with the variation of the module and direction of the selected vector.
For example, to increase the torque and flux Vs, V4 and Vs can be selected, but the action on
the increasing torque and flux respectively of Vs and of V3 is the biggest.

Table 4 represents one of the solutions adapted to choice the optimal selected voltage vector
for each sector. In this case, stator flux and torque are achieved by using respectively three
levels and four levels hysteresis comparator. This technique doesn’t use the null voltage vector
for dynamics raisons.

D5 | Teim | S1 S» Ss S4 Ss Se Sy Ss So S1o Sn S
2 Vs | Ve | Vs | Vo | Vi1 | Vio | Viu | Vs V17 Vis A\ V3

. 1 Vs | Vs | Vo | Vs | Vo | Viu | Vio | Viu | Vis | Viz | Vs Va

-1 | Vis | Vo Va3 | V5 | Ve | Vs | Vo | Viu | Vio | Vu | Vis | Viy

2 | Viz | Vig | Vo | V3 | V5 | Vg | Vs Vo Vi V12 Vi Vis

2 V7 | V2 | Vio | Vio | Viza | Vis | Vie | Vis Vi Vi V4 V4

0 1 | Va | Va | V7 | V7 | Vio | Vio | Viz | Viz | Vie | Vie Vi Vi

-1 | Vie| Vi | Vi | Vo | Vo | V7 | Vy V1o V1o Vi3 V13 Vie

2 | Viz | Vig | Vie | Vi | Vi | V4 | Vy Vs V7 V1o Vio Vi3

2 | Vs | Vo | Vi1 | Vio | Vig | Vi5 | Viz | Vig Vs Vs Vs Ve

4 1 Vo | Vin | Vio | Vig | Vis | Viz | Vis | V2 Vs Vs Ve Vs
-1 | Vio | Viu | Vis | Viz | Vig | V2 | V3 Vs Ve Vs Vo Vi

2 | Vig | Vis | Viz | Vig | Vo | V3 | V5 Vs Vs Vo Vi V12

Table 4. Switching table with twelve sectors
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This approach and others, for establishing of the optimal switching table and taking into
account all the factors such as the capacitors balance, system dynamic and system reliability,
must be deeply analysed and tested. Also, it’s difficult, in this case, to select the optimal
voltage vectors; however, the use of artificial intelligence techniques will add their superiority
to some extent.

4. Direct torque control based fuzzy / neural network

By analyzing the structure of the switching table, we can notice that it can be translated in the
form of fuzzy rules. Consequently, we can replace the switching table and the hysteresis
comparator by a fuzzy system. The fuzzy character of this system allows flexibility in the
choice of the fuzzy sets of the input and the capacity to introduce knowledge of the human
expert there.

Also, as the DTC uses algorithms to select a large number of statements inverter switches,
neural networks can accomplish this task after a learning phase. The neural network selector
inputs will be proposed as the position of the flux stator vector, the error between its estimated
value and the reference one, and the difference between the estimated and reference values of
electromagnetic torque. The next figure shows an example of this structure.

Fuzzy fANN: Inverter
regulator | |
ac |dd |
. Fhaxz and torque
i * estimation
O,.; I-Inf
e ac
1T

Fig. 13. Switching table based Fuzzy / ANN technique
4.1 Direct torque control based fuzzy logic

The principle of fuzzy direct torque control (FDTC) consists to replace, in conventional DTC,
the torque and stator flux hysteresis controllers and the switching table by a fuzzy system.

In this case, two approaches can be presented to illustrate the strategy of FDTC of the
induction motor fed by two-level inverter.

We can consider three variables input fuzzy logic controllers; the stator flux error,
electromagnetic torque error and angle of stator flux, however, the choice of the output
deferred according to the approach utilized. The output could be the voltage space vector, for
FDTC based PWM, or the magnitude and argument of voltage vector for space vector
modulation.

4.1.1 FDTC based Pulse Width Modulation (PWM)

The fuzzy logic controller blocks using PWM inverter is shown in the following figure. These
blocks are composed of two main parts: fuzzification and fuzzy rules base, since no
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defuzzification is needed because, in this case, the output of fuzzy controller is the actual
PWM voltage vector sequence and these states are directly the results of fuzzy rules.

AT elm

A : Fuzzy logic controller E}
0
—>

Fig. 14. Fuzzy logic controller based PWM
4.1.1.1 Fuzification

Based on the switching table of the conventional DTC, the universe of discourse for each three
inputs of the fuzzy logic controller has been divided into: two fuzzy sets (NP), for stator flux
error, three fuzzy sets (NZP), for electromagnetic torque error, and seven fuzzy sets
(6y,6,,...,0;) for angle of flux stator.

These fuzzy sets are defined by the delta and trapezoidal membership functions and are
presented by the following figure.

A, b ALy, ‘9

" ) ; . ) i 6 o 6, 6 8 B, 8
W
i/x\ > % \/ \ I

Fig. 15. Membership functions
4.1.1.2 Fuzzy rules base

The table can be expressed by fuzzy rules given by:

The ith rule R; : if A® is A;j and AT  is B; and 0 is C; then n is Ni.

A;, Biand C; are the fuzzy sets of the variables A®s, Al'eim and 6

n is the inverter switching state.

The inference method used is Mamdani’s procedure based on min-max decision.
These rules are resumed by the following table.

01 02 03 04 05 06 07

D

AT P N P N P N P N P N P N P N
elm

P Vs | Ve | Ve | Vi | Vi | Vo | Vo | V3 | V3 | Vo | Vi | V5 | V5 | Vs

Z Vo | V2 | Vo | Vo | Vo | V7 | V7 | Vo | Vo | V7 | V7 | Vo | Vo | V7

N Vs | Vo Va | V3 | V5 | Vo | Vo | Vs | Vi | Ve | V2 | V1 | V53 | V2

Table 5. Fuzzy rules
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4.1.2 FDTC based Space Vector Modulation (SVM)

Using space vector modulation permit, in addition to the advantages obtained by the fuzzy
logic controller (reduction of the torque, stator flux and current ripples and to get a fast torque
response), to maintain constant the switching frequency. With this strategy two fuzzy
controller of Mamdani could be used to control the magnitude and argument of voltage vector
reference. For this technique, two controllers (next figure) are used concerning the variables
magnitude and argument of vector tension.

A 4

Al'eim Magnitude | Vsl >
d/dt P controller
» Argument | A Arg(Vs)
AT » controller
0

Fig. 16. Fuzzy logic controller based SVM

In the following figure, the membership functions of the variables A®s and Al'em are
presented.

Fuls ]
Dec Inc

—al —a2 0 a2 al

Fig. 17. Membership functions for A®s and Al'eim

We consider, in this case, two fuzzy sets functions (D: Decrease, I: Increase) for the stator flux
and electromagnetic torque errors and three membership functions (N: Negative, Z: Zero, P:
Positive) for the variation of the electromagnetic torque error.

The fuzzy rules of the argument fuzzy controller are presented in the following table.

AD,

Dec Inc
Dec | u(-2n/3) | n(-n/3)
Inc | p@n/3) | u(x/3)

A©

Al_‘elm

Table 6. Fuzzy rules of argument controller
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n(0) is the membership function for the output variable of argument fuzzy controller defined
as represented by the following figure.

4 10

2n

3
Fig. 18. Membership function for output argument controller

|
=]
@A

The voltage vectors in conventional DTC have constant amplitude in opposite with FDTC
based space vector modulation where this amplitude is modified versus the torque and its
derivative. Then, the fuzzy rules of the amplitude fuzzy controlled take form:

If AT eim decrease and d(Aleim)/ dt is negative then magnitude vector is small.

Consequently, these different rules are resumed in the following table, where the fuzzy sets
used are, N: Negative, M: Medium, Z: Zero, P: Positive, S: Small and L: Large.

d(Algimy
AV ar
P
Dec S S M
Al_‘elm
Inc M L L

Table 7. Fuzzy rules of amplitude fuzzy controller

Finally, the fuzzy sets of output magnitude fuzzy controller are defined by delta and
trapezoidal membership functions as shown by this figure.

A

0 V1 V2 V3 V4
Fig. 19. Membership function for output magnitude controller
4.2 Direct torque control based artificial neural networks
Among the other intelligence techniques can improving the performance of system control

and are recently showing good promise for applications in power electronics and motion
control system, the use of Artificial Neural Network (ANN).
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Different techniques based ANN are exploited for the control of IM; particularly, in the field of
the IM Direct Torque Control, many types of these techniques are adopted. The most popular
of ANN, used in DTC, is the multilayer feed forward network, trained by the back
propagation algorithm, which is composed on the input layer, output layer, and several
hidden layers.

Also, as the switching table has an important role in the DTC, for increasing the execution
speed of the system, ANN is applied to emulate the classical switching table of the DTC
obtaining the optimal switching patterns.

The switching table has as inputs the electromagnetic torque error, the stator flux error and the
angle of the flux, and as output the voltage space vector to be generated by the inverter. Since
this switching lookup table only depends on these inputs and not on the parameters of the IM,
it can be trained off-line. Therefore, the inputs of switching table will be converted to digital
signals, for reducing the training patterns and increasing the execution speed of the training
process. Thus, one bit (1 or 0) represents the flux error, two bits (11 for state 1, 00 for state 0 or
01 for state -1) the torque error and three bits the region of stator flux.

The structure of the ANN as a part of DTC is presented by figure 20, which has six inputs
nodes corresponding to the digital variables (three for angle flux, one for flux error and two
for torque error), six neurons in the first hidden layer, five neurons in the second hidden layer
and three neurons in the output layer.
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Fig. 20. Structure of the ANN

After completion of the training procedure, the network performance off-line with an arbitrary
input pattern will be tested to ensure successful training. After that, the weights and biases are
down-loaded to the prototype network substituting the traditional switching lookup table as a
part of DTC.

An example of the ANN combined with Fuzzy inference system for the control of the IM
speed will be presented in the next section.

5. Control of asynchronous motor speed based on a fuzzy / neural corrector

These last years, a most interest concerned the use of the artificial intelligence techniques
(neural networks, fuzzy logic, genetic algorithms) which have the potential to provide an
improved method of deriving non-linear models, have self adapting capabilities which make
them well suitable to handle non-linearities, uncertainties and parameter variations.
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The simplest of these methods are based on the learning of an already existing conventional
controller; others methods operate a learning off-line of the process inverse model or of a
reference model either completely on-line.

5.1 Description of the technique adopted for | M Speed control

As example, we have chosen to develop the case where a conventional neural controller
(CNC) associated with a reference model (MRAS) for the learning phase is used to control the
IM speed.

The parameters of the CNC are adjusted by minimising the error (e=u’-u) between the outputs
of the MRAS and CNC as shown in the following figure.
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Fig. 21. Neural corrector for the IM speed control

Once the learning phase is carried out, the weights obtained are used for the neural controller,
in the second phase, without the reference model.

Neural network, coupled with the fuzzy logic, speed control will be so efficient and robust. In
this case, the reference model is represented by a fuzzy logic corrector (FLC) with two inputs:
the error and the derivative of the error (next figure).
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Fig. 22. IM Speed control based Fuzzy / neural corrector
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The neural corrector architecture, shown by figure 23, presents 4 inputs, 3 neurons for the
hidden coat with activation function type sigmoid and one output with linear activation
function.

Fig. 23. Architecture of neural corrector

As it has been noted, a corrector type PI (Proportional Integral), for the reference model, which
parameters are adapted by a fuzzy inference system, is used (Figure 24).
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Fig. 24. Controller with PI structure adapted by fuzzy inference system

The PI parameters (Kp, Ki) are calculated by using the intermediate values (K'p and K'i) given
by the fuzzy controller as follows:

K =(K

14

Poax K P min K » T K P min (8)
K,=(K, -K, )K L+ K,

where the gains values are defined by using the Ziegler-Nichols method.
Both parameters (K'p, K'i), corresponding to the output of the system based on fuzzy logic, are
meanwhile normalised in the range [0 1].

5.2 Simulation results

Simulations were performed to show the performances of the technique used in this section
and based on fuzzy / neural corrector for the control of the DFIG speed. The ANN is a three-
layer network in which the output layer has only one neuron corresponding to the reference
torque value. The training procedure used was the Levenberg Marquardt back propagation
algorithm. The weights are generated until the error between the calculated pattern and the
desired pattern, corresponding to the output of the PI corrector used as reference model,
which parameters are adapted by a fuzzy inference system, is very small and acceptable.

After this stage, the weights final values, corresponding to the steady state of the DFIG speed
control, are saved and applied, in the second phase, steadily to the neural controller.
Approximations of ANN parameters are given here: Wij = 0.5 for i=1 to 3 and j=1to 4

WEKi for i=1,...3 are identical and constant in each interval depending on the DFIG speed (For
this example, Wki = 0in [0, 1.12], Wki =-7.4in [1.12, 2],...)

These weights are applied to the neural controller without the reference model.
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The following figure presents the model structure tested in Matlab / Simulink environment.
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Fig. 25. Fuzzy neural corrector for the DFIG speed control (Simulink Model)

We have chosen to present the results corresponding to the rotation speed evolution and the
electromagnetic torque.
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Fig. 26. Time evolution of speed and electromagnetic torque
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We can note that mechanical speed track the reference values imposed and corresponding to
different values of wind speed (Figure 26). Also the limitations in the torque are reduced.

6. Conclusion

The Direct Torque Control (DTC) is an important alternative method for the doubly fed
induction generator drive, with its high performance and simplicity. Also, some techniques
were developed in order to replace the conventional DTC switching table.

Another issue is concerned with the application of artificial intelligence techniques (fuzzy
system, and neural network) to this machine control with DTC. Particularly, the application of
these techniques for the selection of optimal voltage vectors will be developed.

Also, the control of the DFIG speed is realized by the technique of the artificial neural
networks (ANN) with reference model. A controller based PI adapted by a fuzzy inference is
used as reference model. Attention is focused on the dynamic performance of ANN speed
control. The effectiveness of the proposed scheme control is demonstrated by simulation using
the blocks PSB of Matlab / Simulink.

Finally, in this chapter, we can conclude that the DTC method applied to doubly fed induction
generator for wind system and based artificial intelligence techniques present most interest
and contribute to improvement of system response performances.

The first investigations, presented here, of the doubly fed induction machine control prove its
effectiveness and its high dynamics. It will be completed in a future work by considering
others control techniques.
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