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Abstract: A new control technique of an induction motor is
undertaken through a robust approach tagged synergetic
control. Like the sliding mode (SMC) approach the system
state trajectories are forced to evolve on a designer cho-
sen manifold according to performance specifications. But
unlike SMC, synergetic control relies on a continuous con-
trol law thus preventing unwanted chattering to occur.
Fuzzy sets are used to approximate unknown system func-
tions and system stability conditions are derived.
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I.  INTRODUCTION

Sliding mode control has been extensively
used in robust control approaches in many non linear
applications ranging from inverted pendulum to
power system stabilizers [1-5] and a large effort has
been directed to address its main drawback: danger-
ous chattering ever present in SMC due to the dis-
continuous law component [2]. Many approaches
have been proposed to reduce the latter but mostly at
the expense of robustness performance [6-7]. Syner-
getic control like sliding mode is based on the basic
idea that if we could force a system to a desired
manifold with designer chosen dynamics using con-
tinuous control law, we should achieve similar per-
formance as SMC without its main inconvenient:
chattering phenomenon. To achieve this goal one has
to choose a pertinent macro-variable first and then
elaborate a manifold which enables the desired per-
formance to be reached. Macro-variables can be a
function of two or more system state variables [8].
Although similarities with sliding mode technique
include system order reduction and decoupling, its
chatter free operation makes it a sound and motivat-
ing approach easily implementable.

Il. SYNERGETIC CONTROL BASICS

Introduced in the last decades, synergetic control
[9-10] is rapidly gaining acceptance not only by the
robust control community but also by the industrial
partners as well as illustrated by its implementation
in power electronics [11-13] and its industrial appli-
cation in battery charging [14].

We briefly introduce the basics of synergetic control
synthesis for an n-order non linear dynamic system
described by (1) :

?: f(x,u,t) @

where x represents the system state space vector and
u its control. Although it could be easily extendable
to multi-variable system, we will consider in this pa-
per a single input single output case for simplicity.
Control synthesis begins by a suitable choice of per-
tinent macro-variable function of two or more state
variables given by (2):

v =w(xt) 2

Where w and w(xt) designate designer chosen

macro-variable and a corresponding a state variables
and time dependent function. Next a desirable mani-
fold (3) is chosen on which the system will be forced
to remain even in presence of unwanted disturbances
or parameters fluctuations just as on a sliding mode
surface.
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A large choice is available to the designer in select-
ing the macro-variables features accordingly with the
control objectives and practical physical constraints.

The macro-variable, may be a simple linear combina-
tion, is forced to evolve accordingly to the designer
imposed constraint of the general following equation:

Ty+y=0,T>0 4

Control parameter T dictates convergence rate to-
wards the selected manifold given by (3).

The appropriate control law is obtained using
straightforward mathematical following steps:

dy(xt) _dy(xt) dx (®)
dt dx dt

Using (1) and (2) in (4) leads to (6):
TW]‘(x,u,t)w/(x,t):O (6)

Resolving (6) for u gives the control law as:
u=gxpxt).T1) (7)

As can be seen, control law u depends not only on
system variables but on parameter T and macro-
variable yas well giving the designer latitude to

choose controller features acting upon the full non
linearized system model.

An appropriate designer choice of the macro-
variables and judicious manifolds lead to closed-loop
system global stability and invariance to parameter
fluctuation [15-16] for when the system reaches the
pre-specified manifold it remains on it.

I1l. PROBLEM STATEMENT
Considering the following n-order non linear
SISO system:
x™ = f(x)+g(x)u
() +9(x) @®)
y =X
f , g Represent system unknown continuous func-
tions ueR and yeR are input and output system
respectively. The system state vector is given as:
X= (X, Xy o X )T = (XX X(P) e R

The error vector e is defined as (9):

=y -x=[ec..e" P eR" 9)

In the error state — space, the macro-variable is de-
fined as:

(10)

Where T=[c, c,.... Cn—l]T is chosen such that h(4) is
Hurwitz:

h(A)=A""+c, A" +.. +c,

In the trivial case where in (8) fand g are known,
the control law (11) is easily obtained:

l n n
u:m[—f(xﬂym()—e(q (11)

Using the synergetic approach, equation (4) can be
expressed as:
é
[cyCoy 1] S =—£w(e)
n-1 a(n-1) T

o

n-1
m__Neeh_1 12
=e ;c.e =20 (12)

Making use of (12) in equation (11) lead to the
synergetic control signal:

n-1
i =ﬁ[—f x)+y @ +§cie(i) +% w(e)l

Asymptotic stability is obtained using the Lyapounov

(13)

function candidate: Vv :%z//(e)2 which leads, after

differentiation, to:

V =y (e)y(e)

v =—T£y/2(e)so (14)

IV. Fuzzy SYSTEMS SYNTHESIS
Fuzzy systems with singleton fuzzification, cen-
ter average defuzzifier and inference product are
functions f such that: f :U < R" — R and can be
expressed in the following form [18-20]:

M VAl n
>y (HilﬂFJ (Xi)J

=1

y(x) = (15)

M
z(ni“:lyp. (xi)j

1=1



With x = (x,...x )" €U is the input vector, ¥
represent membership function centers, « (x ) cor-
ot

responds to the membership function of input X, for

the fuzzy rule |, in which *AND’ is realized by infe-
rence product . Fuzzy system (15) can be expressed
as:

y(x) =07 £(x) (16)

In which = (y* ....y™)" is a parameter vector and
EX) = (EXX). ... £M(x))" is a regressive vector where

the regressor &' (X) represent the fuzzy basis func-
tion defined by [19]:

| Hinzl'uF_I (x;)
&(x)= v

17)
) (H{'_lﬂFJ (Xi)j

1=1
V. ADAPTIVE FUZZY SYNERGETIC CONTROL

The result in (13) is realizable only while f (x)
and g (x) are well known. However, f (x) and g (X)
are generally unknown and the ideal controller (13)
cannot be implemented. We replace f (x) and g (x) by
the fuzzy logic system (16).Hence, the resulting con-
trol law is as follows:

__ 1 _f W Saan L
U_Q(xleg)[ f(x/6)+y +ce +T¢//(e)] (18)
f(dor) =017 e (19)
3(x[0, ) =0, &(x) (20)

A. Parameters Adaptation

First fetgare replaced by their corresponding

fuzzy system estimate as in (16) and adaptation laws
developed from classical Lyapounov synthesis pro-
cedure to ensure closed loop stability as well as rapid
parameter convergence.

Defining:
0, =arg min[sup 1?(x/¢9f )— f(x)H (21)
0 =arg min[sup Q(xleg)—g(x)” (22)

Q, and Q Represent constraint sets for ¢, and 0,

respectively, based on expert information, defined
by:

Q ={o:)o,|<Mm | (23)

Qg:{ﬁg:‘ﬁg‘SMg} (24)

Inwhich M, and M_are positive constants.

Let us introduce the minimum approximation error

as:
W=(f(X/9:)— f(X))+(<.31A(></9;)—9(X))uc (25)
Using (24) macro-variable (10) can be re-written as:

w(e) = nilcie(i) —f(xt)-g(x,tu+ ym(”) (26)
=

()= ce® +[F(x,0,)- F(x1]
i=1
A n-1 . 1
+[00,6,)- gDl ¢, ~ 2y (@
i=1 T
v(e) =[f(x,ef)— f(x,éf)}
[6x8)-60000) ju-2y@) -

ie) =(ej i jg(x){e; —é;jef(x)u—%y/(eﬂw 27)

where ¢; =0; -6, ¢, =06, - 0q

0O =9, 60 +4, Eu-Zp@+w  (28)

Let’s consider the Lyapounov function candidate V:

1

2, (29)

1 1
V=Sw(©) = gid +5 b4,

2y,
Where y, and y, are positive constants.

Differentiating V with respect to time gives:

V=@, 600+ 59, 4, +we)d, Eu
1

1 -1
+5—2¢9T ¢g—?y/(e)2 +y(e)w



in which we make use of : ¢, =6, and 4 =0, to
obtain:

o1 1
V=5t GO0+ 0) e

. | (30)
+5—2¢9T GO0 +0,) +y W
Choosing the following adaptation laws:
0, =-5wEE(X)
(31)

0y = =0 (€)M

Equations (30) and (31) bring about the following

result:

V < —Til//(e)2 +y(e)w (32)
The term w(e)w is very small due to the minimum in

the approximation error introduced in (24). Fuzzy
systems are known as universal approximators and
therefore they can approximate f and g by their esti-

mates f and § to any arbitrary accuracy [19].
Hence an adequate number of fuzzy rules in the esti-
mation of f and § permit a very small value, lead-
ing to (33)

% s-Tiy/(e)Z <0 (33)

since w it the minimum approximation error (33) is
the best result that we can obtain. Therefore, all sig-
nals in the system are bounded. Obviously, if e(0) is
bounded, then e(t) is also bounded for all t. Since the
reference signal Y, is bounded, then the system
states x are bounded as well. To complete the proof
and establish asymptotic convergence of the tracking
error, we need proving that:

v — 0 ast — . Assume thatly/| < &, then (33)

can be rewritten as:
(34)

Vs-Tal|+alw
Integrating both sides of (34), we have

j\w\dr SITQV (0)\+N(t)\)+T]\W\dz— (35)

Then we havey e L,. Form (35), we know that w is

bounded and every term in (27) is bounded, hence,

v,y e L, by use of Barbalat’s lemma [20], we

have:

w(t) >0as t — oo , the system is therefore stable and

the error will asymptotically converge to zero.

V1. SIMULATION RESULTS

In this section, we introduce a brief description of
the induction motor used in simulation followed by
presentation of results principally a good tracking
and a continuous control law therefore easy to im-
plement.

In order to assess our approach we used a three
phase star-connected four-pole 600W, 60Hz, induc-
tion servomotor drive described by (15) [17]:

JO+BO+T, =T (15)

Where J is the moment of inertia, B is the damp-
ing coefficient, Te represents the electric torque and
T, denotes the external load disturbance. The electric
torque can be written as [17]:

Te = Krigs (16)

3N, L% ..

Ky = —— %
r

(17)

Where Ky is the electric torque constant, i;‘S and

igs are respectively the torque current , and the flux

current control, N, is the number of pole pairs, Ly, is
the magnetizing inductance per phase and L, is the
rotor inductance per phase. Then the description of
the dynamic structure of the control induction motor
can be represented in the following form:

é:i[—BmK i*] (18)
J T gs

Define x, =6 to be the rotor angle of the induc-

tion motor andx, =& the motor angular velocity.
The dynamic equation of system (15) can be written
as (19):

HERNNEREE,

Where

(19)



a=-B/J,b=K_ /Ic=-1/3, d=To and u=i;Sis

the control signal. The control objective is to design a
control law so that the rotor position tracks the de-
sired trajectory. Assume that the parameters of the
induction motor system are unknown.

For simulation purpose we use the following in-
duction motor parameters [17]:

J=478x10°Nm/s?.B=534x10"Nms/ rad
K. =0.4851Nm/ A;T =0.5Nm

It is desired for the rotor angle to track a sine-wave
trajectory x4 = 64 =£sin(t) and to assess robust-
30

ness we apply an external load disturbance T, at
t=7sec.

We start by choosing the synergetic macro-variable
w(e)=ce+é

The membership functions for system states

Xi, 1=1,2 are selected as follows:

xi+;r/6 2 ,
#og () = o —[”/24 ]

i+7z’/12 2,
7 /24 J

X
ﬂF_Z (xi): exp | —
I

2
_ Xi :
uog ()= ew - (;;/24

xi—zr/12 2,
ﬂF.4(Xi)ZEXP —[”/24}

Xi*ﬂ'/e 2 .
i s ) e o |

25 rules are used to approximate the system un-
known functions. The initial consequent parameters
of fuzzy rules are chosen randomly in the interval
[0.5, 2].

With learning rate 5, =8and &, =1and x, = [0,0]"

We observe in figure 1 that we have good tracking
despite an external disturbance applied at t=7secs for
it is perfectly handled by the continuous law shown
in figure 2 which shows rapid suppression of the ef-

fect of the disturbance without showing any undesir-
able chattering.

015

005} / \ / | /

-0.05F 4 ] \ /

System output (rad)

-0.15F

time(s)

Figure 1 System output
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Figure 2 Control signal

VII. CONCLUSION

A new robust indirect adaptive fuzzy synergetic
controller has been presented with the development
of a continuous control law easy to implement. Sta-
bility study and design details were given and a sim-
ple induction motor tracking a sine wave reference
was used in simulation proving the soundness of the
proposed approach.
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