Vol 14 No 5, May 2005
1009-1963/2005/14(05) /0902-06

Chinese Physics

© 2005 Chin. Phys. Soc.
and IOP Publishing Ltd

H,, tracking control of coupled

spatiotemporal chaos with parametric
uncertainties based on fuzzy observers’

Dou Chun-Xia(5# )" and Zhang Shu-Qing(TK#iE)

College of Electrical Engineering, Yanshan University, Qinhuangdao 066004, China

(Received 14 April 2004; revised manuscript received 26 November 2004)

Due to the interactions among coupled spatiotemporal subsystems and the parametric uncertainties, it is difficult

to achieve the tracking control of the coupled spatiotemporal chaos with parametric uncertainties. However, every

subsystem of the coupled spatiotemporal chaos can be approximated by a set of fuzzy models. Considering that all

states of the subsystem are not available, fuzzy observers are suggested to estimate these states. Based on these fuzzy

models and observers, and the consideration of the parametric uncertainties, a new Ho, fuzzy tracking control scheme

is proposed, where a linear matrix inequality (LMI) is employed to represent the feedback controller. The parameters

of the controller are obtained by using convex optimization techniques of LMI. The robust stability of the controlled

system is guaranteed in this scheme. The tracking performances are tested by simulation as an example.
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1. Introduction

Because of large-scale nonlinear chaotic systems
rapidly emerging and studies of chaotic control prob-
lems continuously penetrating, more and more peo-
ple are interested in more complicated chaotic control
problems, such as the spatiotemporal chaotic control
problem, and so on.["? In general, the stabilization
and the tracking are two typical control problems; the
former is more difficult than the latter. For this rea-
son, there has existed no satisfactory tracking con-
trol scheme for the coupled spatiotemporal chaos with
parametric uncertainties so far.[?!

In the past few years, there has been a signifi-
cant discovery that a nonlinear system can be well
approximated by a Takagi-Sugeno (T-S) fuzzy linear
model. Therefore the interest in fuzzy control for non-
linear chaos is rapidly growing. However, there exist
very few studies concerning the fuzzy control for the
coupled spatiotemporal chaos with parametric uncer-
tainties based on the T—S model.[*~7]

In order to solve this kind of difficult problem,
first, the coupled spatiotemporal chaos is approxi-
mated by T-S fuzzy models. Considering that all
states of the subsystem are not all available, fuzzy ob-
servers are suggested to estimate these states. Second,
a new H,, fuzzy tracking control scheme is designed
for the coupled spatiotemporal chaos with paramet-
ric uncertainties. Finally, the problem about tracking
control of output feedback is characterized by solv-
ing a linear matrix inequality (LMI). The convex op-
timization techniques of LMI are used to achieve the
parameters of controller here in this paper.[8719 In the
scheme, the external disturbances can be overridden
and the robust gradual stability of the coupled spa-
tiotemporal chaos with parametric uncertainties can
be also guaranteed. Therefore, the difficult problem
about tracking control of the coupled spatiotemporal
chaos with parametric uncertainties is solved. The
tracking performances are well tested by simulation

as an example.
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2.The fuzzy models of the cou-
pled spatiotemporal chaos with

parametric uncertainties

Consider a class of coupled spatiotemporal chaos

with parametric uncertainties which is composed of

wi(t) = fi(X (), wi(t)) + wit),
Y;(t) = gi(mi(t)) + vi(t), (1)

where x;(t) € R™ is the state vector of the ith
subsystem, wu;(t) € R™ is the control vector of
the ith subsystem, w;(t), y;(t) and v,(t) are respec-
tively the external disturbance vector, output vec-

tor and measurement noise vector of the ¢th subsys-
n

tem, 7 = 1,2,...,n, N = Zni, fi(-) and g;(-) are
i=1

the smooth nonlinear functions of the ith subsystem,
X(t) = (2 (t),z3(t),...,=X ()T € RN.

It is very difficult to design an overall controller
for the coupled spatiotemporal chaos with parametric
uncertainties based on Eq. (1). The T-S fuzzy mod-
els with parametric uncertainties can be employed to
represent every subsystem of the coupled spatiotem-
poral chaos. And these models are described by fuzzy
If-Then rules in the following form.(®!

T-S fuzzy model of the ith subsystem
R’;: If 2y (t) is F1,- .., and z4(t) is Fj,, then

;(t) = (A + AA;) X (2)
+(Bix + ABjg)u;(t) + wi(t),
y;(t) = Ciapxi(t) + vi(t),
where k£ = 1,2,...,[ are fuzzy rule numbers, Fyi,...,

Fyq is fuzzy set, and z1(¢),..., z4(t) are premise vari-

ables. A;x, B, and C;; are coefficient matrices,

AA;, and AB;;, are uncertain parameter matrices.
The overall fuzzy model of the subsystem can be

rearranged in the following form

i) = 35 M (o(0)] (A + A4 X()
+(Bjr + ABji)u(t) + wi(t)],

vilt) = g i (=(0))[Cns(8) + wit)],

where pg(2(t)) = H Fyj(z(t)),

hi(=(8)) = i (=(0) / S u(=(0).

Assume pp(z(t)) > 0; therefore, hi(z(t)) > 0, and

l
> hi(2(t) = 1.
k=1

Considering that all states of the subsystem are
not available, the fuzzy observer of the ith subsystem
is assumed to be in the following form RI;: if z(t) is
Fia, ..., and z,4(t) is Fyg, then

A

#;(t) =(Aix + AA) X (t) + (B + ABu)ui(t)
+ Lik(yi(t) - Qi(t)>a

where y,(t) = Cuyz;i(t); &:(t), 9;(t) and L; are re-
spectively the state estimation vector, output vector
and gain matrix of the ith subsystem observer.

The fuzzy observer of the subsystem can be rear-

ranged in the following form:

1
2i(t) = hi(2(t) (A + AAR) X () + (B
k=1
+ ABj)ui(t) + Lik(y;(t) — 9;(1))].

The overall coupled spatiotemporal chaos with

parametric uncertainties can be arranged as follows:

X(0) = 3 h(0)](Ax + AADX()
+(Bk + ABy)u(t) + w(t)], (2)

u(0) = 32 W)X (1) + (0]

The overall fuzzy observer can be arranged in the

following form:

. l
X(t) = hi(2()[(Ax + AAR)X (1)

k=1

+ (Bi + ABg)u(t) + Li(y(t) — 9(1))], (3)

where Aj, = (Afk, ce Azk)T’

AAk = (AA?kv e aAAzk)Ta Bk = diag(Bik)a
ABy, = diag(ABji), Cj = diag(Cix),
u(t) = [ug (t),...,up ()T,

n

w(t) = [w (t),-..,wa (O],
y(t) = [yl (1),...,ya (D],
Y(t) = (51 (), g (O],
v(t) =i (t),...,va ()], Li = diag(Li)

3. H,, tracking control for the
coupled spatiotemporal chaos

with parametric uncertainties
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Consider a reference model for the chaotic system  where X (t) = [XT(t), XrT(t), et ()],
in the form
. A, +B.K,, —B.K,, -B,.K,,
Xr(t) = ArXr(t) + r(t)a (4)
Akm = 0 Ar 0 )
N . .
where X, (t) € R is the reference state, A, is a spe- 0 0 Ay — L,C,,
cific asymptotically stable matrix, and =(t) € RY is -
. AA, O 0
the bounded reference input. R
The fuzzy controller is designed to be in the fol- AAy = 0 0 0 ’
lowing form | O 0 AA
R’;: If 2 (t) is Fg,- .., and z4(t) is F,, then AB, —-AB, -AB,
u(t) = Kp(X(t) - X.(1)). ABk=1 0 0 0
0 0 0
And the overall controller has the form N
) I O 0
u(t) = Y mGOK(X @) - X0 (5)  Pe=jo I 0,
k=1 I 0 Ly
Let the estimative error be denoted by K, 0 0
e(t) = X () — X (t). 6) Km=| 0 K, 0 |,
0o o0 K,

=D hala(t) han(2(2))

k=1m=1
X [(Ak — Lka)e(t) + AAke(t)
Folt) L), )

Substituting Eqs.(5) and (6) into Eq.(2) gives

l l
X(t) =30 3 halz(t)hon(=(1))

k=1m-—1

X [(Ag + B K,)X(t)

+ (AAL + AByK ) X (1)

— BiK, X.(t) — ABLK,. X, (1)

— BiKne(t) — ABLK me(t) + w(t)]. (8)

H,, tracking performance is related to the track-

ing error in the following form: (-6l

where &(t) = [wT (), rT(t)]T, and Q = Q™ > 0.
By use of Egs.(8), (4) and (7) the tracking system

can be represented as follows:

X(1) =33 bl (t) o (2(0) { Arn X (1)

k=1m=1

+ (AA, + ABLK )X (t) + Dy (1)}, (9)

Considering the initial condition, the H., track-

ing performance can be rewritten as follows:

/ Y X" QX (t)dt <p? / v T ()@ (t)dt

+X"(0)PX(0), (10)

Q -QO0
whereQ=| -Q Q © ,and P = PT > 0.
0 0 O

Assumption The parameter uncertainties con-
sidered here are assumed to be norm-bounded in the

form
[AAk AB}J = Hka(t)[Elk Egk],

where H, FE1; and E5; are known real constant ma-
trices with appropriate dimensions, and F(t) is un-
known matrix function with Lebesgue-measurable ele-
ments and satisfies F} (t)F(t) < I, in which I is the
identity matrix with an appropriate dimension.
Lemma 11'71 For matrices (or vectors) X and

Y with appropriate dimensions, we have
XY+ vTX <XTyx +YTJ Y,

where J is any positive-definite symmetric matrix. In

this paper, we let J be an identity matrix.
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By use of the assumption and Lemma 1, we ob-
tain
P(AA, + AB.K,,) + (AA, + AB,K,,)" P
(B, + B K ) (B1x + Eo K 1)
+ HPPH,.
Let
(E1x + Eor K,)" (E1x + Eo K,
+ H, PPH), = ¢y,
Theorem 1 In the chaotic tracking system (9),
if P = PT > 0 and matrix inequality
AP + Pk + Q + ¥y, PDrc | _ 0 (1)
DL P —p*I |

holds, then the H,, tracing performance in Eq.(10) of
the whole chaotic system when @(t) # 0 is guaranteed
for a prescribed p?.

Proof:

+ (AA, + ABLK )X (t) + Dy&(t))

1 1
+XTOP| 30 3 M) ()
k=1m=1
X (Apm X (t) + (AA, + ABLK ) X (t)
+ Dkw(t))]

- Pt (@(t) + pP@T (t)@(t)}dt

3N h(z () hn(=(1))
k=1m=1

(] X" :
X/o { @ (1)

Al P+ PA;,,+Q PD,
D P —p*I

S

(t)

i + X" ()[P(AA, + ABLK )

+(AAy, + ABLK )" P X (t) 4 p*0T (t)w(t) }dt

l l
<XTOPX0)+ YD hi(z(t)hm(=(t))

k=1 m=
X /
0

x'(t)
@T(t)

AL P+ PApy + Q + by, PDy
i D P —p*I
X(t o

+ p2wT (t)w(t) pdt
w(t)

By use of matrix inequality (11), the H,, tracing

performance in Eq.(10) is achieved with a prescribed

o

To obtain a better robust tracking performance,

the robust tracking performance can be treated as a
minimization problem: in minpp?, choosing such a
P = PT > 0 that the matrix inequality (11) holds
true.

W o Pt o0
Let W = =

0o I 0

PT > 0, therefore W = WT >0,

and P =

| ALP+PAw+Q+v,, PDy |

w W <0
[ D'p

_pZIJ -

and

WAL, + ApuW + WQW + Wy, W Dy,

Dy

yield

<0
—p2I
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For the convenience of design, assuming
P, O O

P = 0 P11 0
0 0 Py

and Py; = PT, > 0 gives

Wi 0 0

W = 0 Wy, o0
0 0 Wu
Pl o0 0
=| o P3 o
0 o P

And let Y,, = K,,Wy;, Y,, and Wy; can be
achieved by MATLAB tool boxes of convex optimiza-

[17,18]

tion techniques of LMI, thus parameters of con-

troller K,,, are achieved.
4.Simulation as an example

Describing a nonlinear propagating wave ¢(A,t)
(a coupled Duffing system) as
8¢ ¢ ¢
— =—a— — 01>+ 6 d—
o2 e 19° + 620 + Nz
+ nsin(Bt) + d(t)

where, d1, d> are the spreading coefficients in infinitely
extended space, a is the medium damping coefficient,
0 is a physical quantity related to the wave veloc-
ity , n and [ are the gain and frequency of extend
force, d(t) is the extend disturbance; assuming that
nsin(Bt) + d(t) = d(t), (A, t) — z;(t), the number
of the subsystems is 2, and 92¢/ON? = x99 — 212,
the Duffing system can be represented by two coupled
subsystems as follows:
Ti1 = Tiz,

Bip = —aTin — 0125 + Gawin + 8(z22 — w12) + d(2),
yi(t) = i (t) + vi(t),
where x; = [a:il,;vig]T € RZ? is the state vector of the

subsystem, y;(t) is the output vector of the subsystem,
d is the coupled strength between the subsystem. Let

[ WAL, + AW  WQ! W(Ey+ExK,) WPH, D, |
Q%)W -1 0 0 0
(B + E2kf{m)TW 0 -I 0 0 <0.
H!PW 0 -1 0
D} 0 —p?I

a=1,40; =100, 6o =10, n =1, 8 = 3.5, along with
4 strengthening in the range 0 to 10, the Duffing sys-
tem will show the characteristics of nonlinear coupled
spatiotemporal chaotic system. Here we let 6 = 8 and

reference input

r(t) =[12.5, (12.5 + 3.5 cos 1.57t, 15,
(7.5 4 2.5cos 1.57t)] T,

and assume that all system parameters are uncertain
but bounded within 30% of their nominal values. The
fuzzy model of the coupled Duffing system is achieved
in four fuzzy rules, then Hj, = 0.3I, where I € R12%12
is an identity matrix. Using MATLAB tool boxes of

convex optimization techniques of LMI gives

64.2453 —31.3896 43.5786  2.4059
Wi —9.3456 18.6895 —5.8237 15.8672 ’

9.6886 —5.9780 20.6789 —7.4683

12.4569  6.4656  —10.6453 42.7903

and the parameters K,, of the controller

K 8.3656 —68.8965 —27.7636 4.2540
1= ’
16.9562 —7.1221 —53.8974 43.7213
K 8.5435 —67.5543 —25.3567 5.9087
2 = )
17.9654 —7.7865 —52.7423 44.4377
K 9.6543 —68.0432 —26.9342 4.9080
3= ’
16.3894 —6.7865 —54.5642 42.8782
K 8.5674 —66.4523 —24.98751 4.8895
4:
17.8969 —5.9069 —53.7895 43.0782

The initial position is chosen to be at [12.5, 10,
10, 7.5], and the control is applied at t = 1.6s. The
tracking performance of the system is shown in Fig.1.
From the simulation results, the performance of the
suggested H, fuzzy tracking control scheme is obvi-

ously efficacious.
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Fig.1. The state trajectories of the chaotic system (a) x11 state trajectory, (b) z12 state

trajectory, (c) @21 state trajectory, (d) 22 state trajectory.

5. Conclusion

In this paper, a kind of T-S fuzzy model with
parametric uncertainties is adopted to approximate
the coupled spatiotemporal chaos with parametric un-
certainties. Considering that all states of the subsys-
tem are not available, the fuzzy observers are sug-
gested to estimate these states. Based on the fuzzy
models and the fuzzy observers, a new H,, fuzzy
tracking control scheme for the coupled spatiotempo-
ral chaos with parametric uncertainties is suggested
and formulated in the LMI format. A simple and sys-

tematic algorithm based on LMI optimization tech-

niques is developed to solve the H,, fuzzy tracking
control problem. The simulation is given as an exam-
ple to test the tracking performance of the scheme. By
use of the scheme, the difficult problem for the track-
ing control to the coupled spatiotemporal chaos with
parametric uncertainties is well solved. The main con-
tributions of this paper are the suggestions for a new
H,, fuzzy tracking control design scheme and a new
sufficient condition in the LMI format of the controller
for the coupled spatiotemporal chaos with paramet-
ric uncertainties as well as the solution to the robust
stabilization problem for the coupled spatiotemporal

chaos with parametric uncertainties.
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