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Abstract: Neural networks and fuzzy inference systems are becoming well-
recognized tools of designing an identifier/controller capable of perceiving the
operating environment and imitating a human operator with high performance.
Also, by combining these two features, more versatile and robust models, called
“neuro-fuzzy” architectures have been developed. The motivation behind the use
of neuro-fuzzy approaches is based on the complexity of real life systems,
ambiguities on sensory information or time-varying nature of the system under
investigation. In this way, the present contribution concerns the application of
neuro-fuzzy approach in order to perform the responses of the speed regulation
and to reduce the chattering phenomenon introduced by sliding mode control,
which is very harmful to the actuators in our case and may excite the unmodeled
dynamics of the system. The type of the neuro-fuzzy system used here is called:”
adaptive neuro fuzzy inference controller (ANFIS)”. This neuro-fuzzy is destined
to replace the speed fuzzy sliding mode controller after its training process.
Simulation results reveal some very interesting features.

Keywords: Nonlinear feedback control, Sliding mode control, Adaptive neuro
fuzzy inference system, ANFIS, Induction motor.

1 Introduction

Twentieth century has witnessed widespread innovations in both hardware
and software design. In fact, the development of fast microprocessors enabled
the design and implementation of expert-machine interaction based computation
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environments. Ever increasing needs brought about by the multi-dimensionality
of the problem space and time-varying behavior of real-life physical systems
further required to reduce the role of expert and to increase the role of the
machine. A natural consequence of this rapid growth is the emergence of the
field of intelligent systems, or in other words, the field of neuro-fuzzy systems
[6,11].

Neural networks and fuzzy controllers are both capable of controlling
nonlinear dynamical systems. However, the disadvantage of neural control is
that it is not obvious how the network solves the respective control task. It is not
possible in general to retrieve any kind of structural knowledge from network
that could be formulated in some kind of rules, or to use prior knowledge to
reduce the learning time. The network has to learn from scratch, and might have
to do so again if substantial parameters of the dynamical system change for
some reason [6,8,12,14].

On the other hand, the use of fuzzy controllers consists on the interpretation
of the behavior based on the explicit linguistic rules the controller consist of.
Fuzzy inference systems or controllers describe systems by establishing
relations between the relevant variables in the form of "If-Then" rules that are to
a certain degree transparent to interpretation and analysis. Nevertheless, the
design problems of a fuzzy controller are the choice of appropriate fuzzy if-
then-rules, the membership functions, and the tuning of both in order to improve
the performance of the fuzzy controller [13,7]. So, in order to overcome these
problems the combination of the two techniques was proposed by different
researchers to give another type of intelligent systems called “neuro-fuzzy
systems”. The design of such controllers combine architectural (by neural
network) and philosophical (by fuzzy systems) aspects of an expert resulting in
an artificial brain, which can be used as controller or identifier. The most
questionable quality in the use of neuro-fuzzy systems to control different
process is the robustness towards parameters variation of the process and
external perturbations, etc. [6,11]. One of such intelligent systems is the
adaptive neuro-fuzzy inference system (ANFIS) which is a fuzzy inference
system implemented within the architecture and learning procedure of adaptive
networks which is a superset of all kinds of feed-forward neural networks with
supervised learning capability [11]. There are various successful examples of
ANFIS used in different applications such as: robotic, imaging treatment, ...etc,
and also in electrical motor drives especially in the induction motor drives
which is the aim of this paper. In fact, they are able to give a process many
advantages such as: the optimization of the performance of the control of motor
drives, ensuring the robustness towards parameter variations and external
disturbances and also, reducing the chattering phenomenon when the control of
the motor is based initially on the variable structure control [1]. In fact, the
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principal aim of the present work consists in the conception of an adaptive
neuro-fuzzy sliding mode controller which is used to copy the comportment of
the speed sliding mode controller in order to permit an improvement of the
performance of the system and to reduce considerably the chattering
phenomenon which is very harmful to the actuators in our case and may excite
the unmodeled dynamics of the system. The designation of neuro-fuzzy sliding
mode controller is given from the fact that the training process of the adopted
neural network is done on basis of the input/output pattern collected during the
functioning of the system with the speed sliding mode controller. Finally,
Simulation results reveal some very interesting features.

This paper is organized as follows:

In Section 2, the architecture of the adaptive neuro-fuzzy inference system
(ANFIS) and all the corresponding concepts are detailed, followed by the
presentation of the feedback linearization control applied to the induction motor
in Section 3. After more, in Section 4, the concepts of sliding mode control are
given with the proposition of a new discontinuous control law and then applied
in the next section to conceive the controllers of our previous control scheme. In
this section, the different steps of the conception of these latter’s is detailed and
their adoption in this work is then validated by simulation in Section 5.
However, such a sliding mode control scheme is characterised by an important
disadvantage which is the chattering phenomenon cited previously, that must be
reduced. So, in Section 6, in order to reduce significantly such a phenomenon,
adaptive neural network is conceived and trained in order to copy the
comportment of the adopted speed sliding mode controller leading to more
improvement of the performance of the obtained control scheme and permits to
attempt the required objective. Finally, the paper concludes with Section 7.

2 Architecture of the Adaptive Neuro-Fuzzy
Inference System (ANFIS)

Combining both fuzzy logic and artificial neural networks allows achieving
all of the advantages of both systems. Human expert knowledge can be used to
build the initial structure of the regulator. On-line or off-line learning processes
can improve underdone parts of the structure.

The ANFIS structure is one of the proposed methods to combine fuzzy
logic and artificial neural networks. This inference system is the same as a
conventional fuzzy structure shown in Fig. 2. It contains rule base and database
(knowledge base), fuzzyfication and defuzzyfication unit as well as a decision-
making unit [10,11]. The structure proposed in [10] five network layers. Note
that, two inputs are used (x,y) and one output (f) (which is a limitation of

Sugeno-type systems, i.e. that there is only a single output, obtained using
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weighted average defuzzification (linear or constant output membership
functions) [11].

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

x oy
vy

Pt
x oy

Fig. 1 — A five-layer ANFIS structure.

e In the first layer, all nodes are adaptive and every one contains membership
functions which usually choose as a triangular or bell-shaped function.
Here, i is the degree of the membership of the input to the fuzzy
membership function (MF) represented by node:

0, =pn,(x), i=12, (1)
O, =Hpis (»), i=3,4, 2
where: O, is the output of the node i in a layer /.

e In the second layer the nodes are fixed (i.e. that they are not adaptive) and
must choose the minimum value of two input weights. In Fig. 1, nodes in
this layer are labelled “I1” and they are multiply the signal before out-
putting as follows:

O, =w, =, (X)) (»), i=12. (3)
Each node output in this layer represents the firing strength of the rule.

e In the third layer, every node is also fixed and are labeled with an N and
perform a normalization of the firing strength from the previous layer. The
output of each node is given by:

o

3i

_ w,
=WwW=

“4)

W +Ww,

e In the fourth layer, all nodes are adaptive. The output of a node is the
product of the normalized firing strength and a first order polynomial and is
given by:

O4i=vT/fi2=v_vi(px+qy+r), i=12, Q)
where: {p,x,q,y,r;} is the modifiable parameter set, referred to as
consequent parameters since they deal with the then part of the fuzzy rule.
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e Finally, layer 5 is a single node labeled with “X” which indicates that the
function is that of computing the overall output as the summation of all
incoming signals defined as:

2w,

Oy,=[f=>W-f= ZW , i=12. (6)

The ANFIS structure has been tuned automatically by a least-square
estimation (for output membership functions) and a back propagation (for
output and input membership functions) algorithms. Because its flexibility its is
well known that ANFIS system could be used in wide range of control tasks
[10,11]. Further details of the ANFIS model can be obtained from Jang [10,11].

3 Nonlinear Feedback Control

The state equations of the voltage PWM source inverter fed induction
motor with current control, in a stator reference frame (o — ), with (1,,,14,) as

command variables and (¢,,,4,,,€2) as state variables are given [1, 2, 4, 5]:

x=f(x)+g(xu, (7
where:
= 272973 = q)ar’q)r’Qt’
Foln) =0 B8 ®)
u=(u,u,) =y, i),
__ﬁ_pxx -
T 2713
Si(x) xr
Sx) =] £,(x) |= _F2+px1x3 )
S (x) I,
p s ©)
Ly 0
T
L
g0=[a® g®]=|0 =
rL, pL,
— X, X,
| JL, v/
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In order to linearize the system (7), two variables which dependent on x
only, are considered as outputs of the system. They are defined as:

2 2 2 2
¢l (x):Zl = xlz +x2 :CDW‘ +(D]3r :q)r’

10
¢, (x) =z, =x, =Q. o

The relative degree r, (i=1,2) for each output (z,,z,), is in this case are
equalsto r, =1 and r, =1 respectively.

This implies that the full-linearization is not realized, so, another variable
¢,(x), which represents the internal dynamic must be added.

Let ¢,(x) be chosen as:

x
X) =z, =arctan == + km,
3 3 X
1

k_{o, if x >0;

1, if x <0. (an

Notice that the transformation ¢(x) is reversible.

Consequently, the above set of new coordinates, allows the following
canonical form of the system:

L L
) _321 2—=x, 2—*x,
LZIJ_ Lol * i ("lJ (12a)
ZI2 _Q _me X me x 1/[2
J Jr, "t JL !
. L, [ xu,—x,u
Zy = pz, +7[%j (12b)
r 1

The system (12a) can be presented in the following matrix form:
z =A(z)+B(z)u (13)
where:
z =(z,z,), u=u,u,), z=(z,2,,2,),
and B(z) representing the decoupling matrix.

In order to realize the feedback control, it is necessary to have the
decoupling matrix reversible, which means that its determinant cannot be zero
[16].

Then:
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2L L
det B(z) == pLy
T JL

r r

z,#0. (14)

Accordingly, linearizing feedback is defined as follows:

u=B"(z)(z, - A(2)), (15)
which can be explicitly written as:
pL, 2L, V(.. 2
AR U 7 e (16)
u, ) detB(z)| pL, 2L 1|
— X X Z, ———
JL, T J

However, we notice in this case that system (16) is rather complex, and
depends closely on motor parameters, state variables and external perturbations.

In order to minimize the number of input variables and reduce the
dependence of the system (16) on parameter variations and external
perturbations, while maintaining decoupling between the two subsystems
ordered by the command variables v, and v, we propose a new reformulation

of the system.

By considering v, and v, as the new commands variables, u, and u, are

u X —X \%
e ) @
U, X, X)) M2

The resulting system governed by the above state and input transformation
is given by:

given as follows:

) 2 2L,
z=fi(2)+g (2, = —le +Tzlvl,

rT li (18)
. pL,
z, = [,(2)+ g, (2)u, =_7L+ L ZY,.

The system is made up of two subsystems, each one is put in canonical
form and dependent on one command v,. The block diagram of the resulting

nonlinear feedback control system (12) is depicted in Fig. 2.

The block describing the relation between u and v cannot be replaced by an
approximate system, because of no uncertainty between internal and external
command variables is tolerated.
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z
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Fig. 2 — Block diagram of the nonlinear feedback based control system.

4 Concepts of the Sliding Mode Control (SMC)

The basic principle of sliding mode control consists in moving the state
trajectory of the system toward a predetermined surface called sliding or
switching surface and in maintaining it around this latter with an appropriate
switching logic. The design of a sliding mode controller has two steps, namely,
the definition of the adequate switching surface S(-) and the development of the

control law or the switching logic U .

Concerning the development of the switching logic, it is divided into two
parts, the equivalent control U,, and the attractivity or reachability control U,

defined as follows [16,17]:
U=U,+U, (19)

with:
U,=-G(S())sgn(S()).

where U, is equivalent control, and U, is robust control.

4.1 Equivalent control U,

The equivalent control is determined off-line with a model that represents
the plant as accurately as possible. It is calculated by imposing S(-)=0 and
S(-)=0; which force the state variables to follow the sliding surfaces. If the
plant is exactly identical to the model used for determining U, and there are no
disturbances, there would be no need to apply an additional control U, . In this
case this condition yields to:
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%[f()Jrg() ]+—= (20)

where 0S/0(-) is the gradient of S with respect to state variable. From
equation (20) the equivalent control is given by:

U, = 21
. [ao ()} Lﬁ()ﬂ) } ey
For a stationary sliding surface S(-)=0 thus,
U, = 22
N Y
5 g(+) is assumed to be non-singular for all state variables.

a()

In the present work, the two equivalent controls U, , that force the state

variables to follow the sliding surfaces, of the sliding mode controllers used in
the cascade structure are calculated by imposing Sl.(z) =0 and S;(u)=0,

where i=1,2 and j=3,4.

4.1.2 Robust control U,

However, in practice there are a lot of differences between the model and
the actual plant. Therefore, the control component U, is necessary to guarantee

that the state is attracted by the switching surface in satisfying the condition
S()S()<0 in the presence of parameter uncertainties and disturbance
uncertainties [16, 17].

In a conventional variable structure control the reachability control
generates a high control activity as it depends on the magnitude G(-). The
resulting relay function, obtained with a constant G(-) is very harmful to the
actuators and may excite the unmodelled dynamics of the system. This is known
as a chattering phenomenon. The main cause of the chattering and the large
control energy is the use of a control law that depends only on the known upper
bounds of uncertainties and disturbances. Ideally, to reach the sliding surface,
the chattering phenomenon should be eliminated. However, in practice,
chattering can only be reduced.

During the last years, the reduction of chattering became a focus of many
research works [1,4,5,15,16,17]. Among these, the first approach to reduce
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chattering was to introduce a boundary layer around the sliding surface and to
use smooth functions to replace the discontinuous part of the control action. In
this work the following function, which gives higher performances as it uses an
exponential function for smoothing, is proposed (Fig. 3) [1]:

K—(K—k)exp[—mj, SO
G(s) = . ° (23)
u. 1SO) <.
e
G(s)sign(S)
K, '
k
» 0
-K
—€ 0 €

Fig. 3 — A smooth piecewise approximation.

The constant K is linked to the speed of convergence towards the sliding
surface of the process (the reaching mode). Compromise must be made when
choosing this constant, since if K is very small the time response is important,
whereas when K is too big the chattering phenomenon appears.

k 1is the minimal value of G(s), necessary to compensate uncertainties and
disturbances to guarantee convergence to the boundary layer.

The value of ¢ is important as it affects simultaneously the switching
frequency and the tracking of the sliding surface as shown in Fig. 4. Thus, ¢ is
chosen with great care in order to obtain the best possible and practical results.

Fig. 4 — [llustration of the tracking around the predefined sliding surface.
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5 Application of the Sliding Mode Control in the Proposed System

5.1 Conception of the sliding mode controllers
In this contribution, the sliding mode control scheme is illustrated in Fig. 5.
Using Park transformation, the reference voltages in the (a,b,c) co-ordinates

are given by:

1 0
as
2 Vs
Vo l==|-1/2 372 || %] (24)
3 Vi,
Ve -1/2 —3/2
Ut/
—
B nd
o, SMC  |v, i v R ] ~
f (I) | 4 s, a - ﬁ . X
C) of ( ,_) Voltages [/;: Sinusoidal Sh ™ Induction
Q D'(x) o L N " ] R Motor
ref v, [} estimation | V/, * PWM
O .| SMC Rl ss Bs abe V. s
of (Q) " —
Inverter
iu,!
(Ddr iq.\ o= ﬁ
2 (=
=P ;= ¢x) Flux and i .
Dy, & Ly
speed abe
5 =Q observer Ve
Vi

Fig. 5 — Block diagram of the cascade sliding mode control of induction motor.
5.1.1 Design of the switching surfaces:
In this work, two sliding surfaces are taken as [1,2,4]:
Si(z)=¢(z)= chref ~® = Zirer ~ 10

25)
S2 (ZZ) =e, (ZZ) = Qref- -Q= ZZref -z,

with: @ and Q ., being respectively, the reference values of the flux and

rref ref *

the speed.

5.1.2 Development of the control laws:

By using (20) and (21), the two regulators' control laws, for the flux and the
speed, are given by the following equations [1,3]:

a) For the flux regulator:
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. 2
_klzlref +A ?Zl

-1 1.
v, = 3T — |+ 7T S - (26)
Tm Zl TV" Zl
b) For the speed regulator:
. C,
“MyZor Ty N2 -1 .
v, = + S,,- 27
2 me . me . 2d ( )
Jr Jr
They can be rewritten as:
VI = Vi (z)+b(z)8,> (28)
v, =v,,,(2)+b,(2)S,,» (29)
with:
S, (S)=M,(S,)sgn(S)), (30)
$,4(85) =M, (S,)sen(S,). (31)

The gains K, K,, k, and k, should first be taken positive and then

adjusted to the appropriate values which correspond to the highest performances
of the system.

5.2 Validation of the cascade sliding mode controller

The first test concerns a no-load starting of the motor with a reference
speed Q, =100rad/s. A load torque (7, =10Nm) is applied then between
t=0.8s and t=1.5s.

The test results obtained are shown in Fig. 6.

The waveforms depicted in the above Fig. 6 show that the ideal variable
decoupling is established, despite the load variations. Owing to the constant flux
control, a quick speed response is thus obtained. Besides, this speed response is
very close to the desired reference. It is clearly shown that during a load torque
perturbation, the actual rotor speed tracks the desired speed after a small
transient state. The step changes in the load torque and the speed response cause
step changes in the torque response without any effects on the rotor flux
components responses (®,.,®,.), which are maintained constants, due to the

decoupled control system between speed and rotor flux.
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A cascade structure with sliding mode control has been simulated using the
motor parameters given in Appendix B. Thus, the speed regulation is obtained
using such a controller in spite of the presence of severe disturbances such as
load torque step changing. Concerning the chattering phenomenon, this latter
appears in the torque response due to the discontinuous characteristic of the

controller. It could not be eliminated with this technique of control.
Speed (rad/sec) 20 Torque (Nm)

190 / s I\ |

so |
"] :
] 1 g

o] :
of ol

0 0.5 o1 1.5 2 0 0.5 X 1 1.5 2
time (sec) time (sec)
Direct rotor flux component (Wb) Quadrature rotor flux component (Wb)
0.6
A oo |
1H o e \
0.2 I'
0.5
0
0 -0.2
-0.5 -0.4
0 0.5 1 1.5 2 0 0.5 1 15 2
time (sec) time (sec)

Fig. 6 — Simulation results for the sliding mode control.

6. Improvement of the Control System by Using
Adaptive Neuro- Fuzzy Inference System (ANFIS)

6.1 Design of the speed adaptive neuro-fuzzy inference

In this paper, only the speed fuzzy sliding mode controller will be replaced
by an adaptive neuro-fuzzy inference system because the hybrid technique
ensure the decoupling between the torque and rotor flux and also the chattering
appear on the torque response especially and must be reduced. So, it is realised
by an appropriate combination of neural and fuzzy systems in order to try to
reduce or eliminate the chattering. This hybrid combination enables to utilise
both the verbal and the numeric power of intelligent systems [11]. Note that the
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hybrid structure control process independently from the ANFIS controller or
any other type of regulator imposed that in order to have the best decoupling the
velocity and the other parameter of the motor must be estimated correctly. We
supposed here that the velocity is not changed during the process (the variation
of this latter and its impact on the response of the electromagnetic torque is
presented in details in [5]).

As it is known from the theory of fuzzy systems, different fuzzification and
defuzzification strategies with rule base structures can result in various solutions
to a given task. This paper considers the ANFIS structure with first Sugeno
Model containing nine rules. Gaussian membership functions with product
inference rule are used at the fuzzyfication level. Fuzzyfier outputs the firing
strengths for each rule. The vector of the firing strengths is normalised and the
resulting vector is defuzzyfied by utilising the first order Sugeno model.

Note that our ANFIS controller has two inputs chosen as the speed
estimeed at times (¢ ) and (¢ —1) respectively, and one output which correspond

to the control law v, given in Fig. 5.

6.2 Validation of the speed regulation by using
adaptive neuro-fuzzy inference controller

Initially, before the introduction of the speed adaptive neuro-fuzzy
controller in the control scheme, we must proceed to its training. This process is
done off-line by presenting to the controller the pattern (input/output data)
obtained in Section 5 during the simulation of the previous system. Note that
only data obtained in transient state was used in this training process in order to
give more capabilities to the ANFIS because during this phase of the process
many different point are given which leads to a good generalization of our
controller to unknown cases. Also we considered the sliding mode obtained data
because in this case the system is more performed and the robustness ensured.
After this step, and in order to verify if the adopted speed adaptive neuro-fuzzy
controller would be capable of driving the plant in all the operating range and
without instability, we insert it in the control scheme to replace the speed sliding
mode controller and validate its performances by doing the same test simulation
as in Section 5.

The waveforms depicted in Fig. 7 show that the responses obtained with the
ANFIS controller are highly similar to those illustrated in Fig. 6 respectively.
We can also notice that the chattering is approximately inexistent. So, we can
conclude that our objective is attempt and that the speed adaptive neuro-fuzzy
controller proves that it has got great potentials to improve the responses of the
system.
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Speed (rad/sec) Torque (Nm)
0 20
100 / 15 r\
80 /
/ 10
60 !
/ 5
40 / } [L
20 0
0 -5
0 0.5 L 1.5 2 0 0.5 L 1.5 2
time (sec) time (sec)
15 Direct rotor flux (Wb) Quadrature rotor flux (Wb)
. 0.6
A oa]
1 H ‘
0.2
0.5 k
0 ™~
|
0 -0.2
0 0.5 o1 1.5 2 0 0.5 o1 1.5 2
time (sec) time (sec)

Fig. 7 — Simulation results for the neuro-fuzzy control.
0 Speed (rad/sec) 2 Torque (Nm)

100 / 15
w0 1
/ 10
60 {
/ 5
40 / {k
20 0
0 -5
0 0.5 1 1.5 2 0 05 1 15 2
time (sec) time (sec)
15 Direct rotor flux (Wb) Quadrature rotor flux (Wb)
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/\ 0.4
1 HAS ~ ‘
0.2
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b 05 R 15 2 0 05 K 15 2
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Fig. 8 — Simulation results for the neuro-fuzzy control
taking into account the variation of 50% R .
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The coefficients in (18) are all dependent on the motor parameters. These
parameters may vary during on-line operation due to temperature or saturation
effects. So, it is important to investigate the sensitivity of the complete system
to parameters' changes. One of the most significant parameter changes in the
motor is the rotor resistance R, . A simulation taking into account the variation

of 50% rise of R relative to the identified model parameter was carried out
(Fig. 8). The waveforms obtained prove that such a control approach is robust.

7 Conclusion

The sliding mode control of the field oriented induction motor was
proposed. To show the effectiveness and performances of the developed control
scheme, simulation study was carried out. good results were obtained despite
the simplicity of the chosen sliding surfaces. The robustness and the tracking
qualities of the proposed control system using sliding mode controllers appear
clearly.

Furthermore, in order to reduce the chattering, due to the discontinuous
nature of the controller, fuzzy logic controllers were added to the sliding mode
controllers. These gave good results as well and simplicity with regards to the
adjustment of parameters and the implementation comparing to the use of
smoothing functions.

On the other hand, the introduction of the speed neuro-fuzzy controller
gives the most important reduction of the chattering. So, the objectives of this
contribution were attempt with success.

Appendix A: List of principle symbols

ok

i’ I, : stator current o —f3 axis references,

as > “bs

*
vrs 2

v : rotor voltage o —[3 axis references,

®’ : rotor flux command,

R : rotor resistances,

L, : rotor inductances,

L,, : mutual inductance,

T : rotor time constant (L. / R.),

o : total leakage coefficient (6=1-L. /(L,L,)),
p : pairs of poles,
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: mechanical speed,

: moment of inertia,

-~ <D

: viscous friction coefficient,

~

: load torque.

Appendix B: Machine parameters

The squirrel-cage induction motor of 1.5 kW, 220 V, 2 poles, 1420 tr/min,

50 Hz.

R =485Q, R =3.805Q; L =0274H, L =0.274H, L =0.258H,
J =0.0031kg'm>, £=0.00114Nms.

References

L. Barazane: Application of Emergent Systems in the Control of an Induction Motor,
Ph.D Thesis, National Polytechnic School, Department of Automatic, Algeria, 2003.

L. Barazane, Y. Sellami, R. Ouiguini, M. Larbes. M.S. Boucherit, P. Sicard: A New Fuzzy
Model Representation of a Cascade Structure of Induction Motor Drives, Electromotion,
Vol. 11, No.2, April-June 2004, pp. 45 — 56.

L. Barazane, R. Ouiguini, M.S. Boucherit: A Novel Fuzzy Modeling Representation of
Induction Motor, International Symposium on Information and Communication
Technologies ISICT 2005, Casablanca, Maroco, Vol. 2, pp. 221 —227.

L. Barazane, M. Laribi, M. Jumah: Introduction of Fuzzy Sliding Mode Technique in the
Feed Back-linearisation Control of Induction Motor, 1* International Conference on Digital
Communication & Computer Applications (DCCA'07), Irbid, Jordan, 19-22 March 2007,
Vol. 1, pp. 27 — 34.

L. Barazane, M.M. Krishan, A. Khwaldeh: Robust Neural Networks For Hybrid Control of
Asynchronuous Motor Drives, 3™ International Conference on Electrical and Electronics
Engineering, ICEE 09, 19-21 May 2009, Algeria.

M.O. Efe, O. Kaynak: A Comparative Study of Neural Network Structures in Identification
of Non-linear Systems, Mechatronics, Vol. 9, No. 3, April 1999, pp. 287 — 300.

Y.C. Hsu, H.A. Malki: Fuzzy Variable Structure Control for MIMO Systems, IEEE
International Conference on Fuzzy Systems, Vol. 1, 4-9 May 1998, pp. 280 — 285.

K.J. Hunt, D. Sbarboro: Neural Networks for Non-linear Model Control, Proc. IEED, Vol.
138, 1991, pp. 431 —438.

Isidori: Nonlinear Control Systems - An Introduction, Springer Verlag, Berlin, 1989.

J.S.R. Jang: ANFIS: Adaptive Network Based Fuzzy Inference System, IEEE Transaction
on Systems, Man and Cybernetics, Vol. 23, No. 3, May/Jun 1993, pp. 665 — 685.

] J.S.R. Jang, C.T. Sun, E. Mizutani: Neuro-fuzzy and Soft Computing, Prentice Hall, 1997.

B. Kosko: Neural Networks and Fuzzy Systems: A Dynamical Systems Approach to
Machine Intelligence, Prentice-Hall, Englewood Cliffs, 1992.

283



L. Barazane, A. Khwaldeh, M.M.S. Krishan, P. Sicard

[13] H.X. Li, H.B. Gatland, A.W. Green: Fuzzy Variable Structure Control, IEEE Transactions
on Systems, Man and Cybernetics, Part B: Cybernetics, Vol. 27, No. 2, April 1997,
pp- 306 —312.

[14] K.S. Narenda, K. Parthasarathy: Identification and Control of Dynamical Systems using
Neural Network, IEEE Transaction on Neural Networks, Vol. 1, No. 1, March 1990,
pp-4-27.

[15] M.H. Park, Y.R. Kim, K.S. Kim: Chattering Reduction in the Position Control of Induction
Motor using the Sliding Mode, 20th Annual IEEE Power Electronics Specialists
Conference, PESC '89, Vol. 1, 26-29 Jun 1989, pp. 438 — 445.

[16] 1.J. Slotine, W. Li: Applied Nonlinear Control, Prentice-Hall, Englewood Cliffs, NJ, 1991.

[17] V.I. Utkin: Sliding Mode Control Design Principles and Application to Electrical Drives,
IEEE Transaction on Industrial Electronics, Vol. 40, No. 1, Feb. 1993, pp. 23 — 26.

[18] L.A. Zadeh: Outline of a New Approach to the Analysis of Complex Systems and Decision
Processes, IEEE Transaction on Systems, Man and Cybernetics, Vol. 3, No. 1, Jan. 1973,
pp- 28 —44.

284




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


