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Abstmct given. In Sec. IV, numerical simulations are carried out using 
Chua’s circuit as an example. Some DSP-based experiments 
are futher carried out in Sec. V. Finally, some conclusions are 
given in Sec. VI. 

In this paper, we propose a chaotic fuzzy reference 
tracking control with immeasurable states. First we 
represent the chaotic system reference model into T-S 
fuzzy models. Then a controller design is proposed to 
deal with mismatched parameters between the system 
matrices of the plant and reference model. Then an In Previous literature Of T-S h z y  model-based tracking con- 
observer is designed. For different premise variables trol, most was based on linear reference models [7]. Since 
between the and reference model, a robust ap chaotic systems are sensitive to parameter variations, the need 
preach is used. since simultaneous solution to both for exact parameters between the plant and reference system 
the controller and observer gains with disturbances is needed. Chaotic systems can be exactly represented as T-S 
are not trivial, a three step method is utilized. The fuzzy model, therefore the inferred output of b z y  represen- 
methodology proposed above is to Chuags cir- tation for the plant without approximation errors is: 
cuit in numerical simulations and DSP-based experi- 
ments. X ( t )  = Chi (z) {Aiz (t) + B ~ w  ( t ) )  

11. MISMATCHED PARAMETERS IN SYSTEM MATRICES 

T 

i=l I. INTRODUCTION T 

Control for chaotic systems has lead to many fruitful results, 
such as the famous OGY [l]. The representation of chaotic sys- 

Y ( t )  = Chi ( Z ) C i X ( t )  (1) 
i=l 

tems using T-S fuzzy models [21 has a unified approach [3, 41. where z ( t )  = [ z1 (t) zn ( t )  IT E Rn is the state 
In addition, the T-S fuzzy model-based controller analysis and vector; Ai, B ~ ,  ci are system matrices of appropriate &men- 
synthesis rely on an linear matrix inequality (LMI) approach. siom; . . . 2, (t) ]T are the premise 
This modeling and controller design methodoloW, being SYS- variables of the T-S fuzzy model which would consist of the 
tematic and straightforward, has lead to  more results [5, 61. states of the system; hi (z  ( t ) )  = wi (z ( t ) )  / EL1 wi (Z ( t ) )  To deal with some problems still existing in tracking Con- with wi (. ( t ) )  = n;=, F~~ ( z  ( t ) )  where Fji for j = 1, 2, 
trol via T-S fuzzy models, We Propose a methodolOW k e d  . . ., g are fuzzy sets; Note that 
at 1) considering chaotic reference models; 2) coping with hi (Z (t))  = 1 for all t ,  where hi (z ( t ) )  2 0 are nor- 
mismatched parameters between the T-S plant and reference malized weights. Some typical T-S exact representations for 
model systems matrices; 3) estimating immeasurable states; chaotic systems are shown in [GI. N~~ we define a T-S fuzzy 
and 4) robust performance for different premise variables in representation of a chaotic reference model a 
the T-S plant and reference fuzzy rules. A three step method 
is utilized to solve the controller and observer gains. Finally, a 

form different premise variables between the plant and refer- 
ence model. where xr (t)  is the reference state; and T ( t )  is a bounded ref- 

The rest of the paper is organized as follows. Section I1 erence signal. 

measurable states are considered and the observer-design is 

z2 (t) . . . 

( t )  = [ z1 (t) z2 (t) 

( t )  is the control input. 

T 

(2) robust criterion is given to attenuate the disturbances arising x r  ( t )  = Chi (zr) {Arizr ( t )  + Bir ( t)} 
i=l 

discusses the mismatched parameter issue. In Sec. 111, im- Assumption 1 The reference states are bounded. 
For the plant (l), we design the input as 
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where Hi are the controller gains and ~ ( t )  is a new control 
input to be designed. The resulting closed-loop system is 

r r  

X (t) = r hi (z) hj (2) {(Ai - B i H j )  z (t) + B ~ u  ( t )}  . 
i=l j=1 

(4) 
The input (3) compensates the mismatching elements between 
the system matrix of the plant and reference model under the 
following conditions. 
Theorem 1 Given Bi and the mismatching elements of Ai 
and A,+. If  there exists I’ = rT > 0 such that the following 
eigenvalue problem (EVP) 

T ( t )  - 
obtain the closed-loop system 

$= 

hi ( z  ( t ) )  Ki { 2  (t)  - zr ( t )}  in the system (8), we 

r r  

hi ( z )  hj ( z )  {(Ari - BiKj) f + Bi ( K j  + Hj) e}+w. 
i=l j=1 

(9) 
From (7) and (8), an augmented system is given as 

r r  

i (t)  = 7 7 hi ( z )  hj ( z )  AZjS + 5 (10) 
i=l j=1 

where 

minimize E 

[ 
g ( t )  = [ E 1 ,  zij = [ ~ v ; - B i K j  ~i 

subject to r > 0, E > 0 0 Ai  - L;Cj 

&I {(Air  - BiNj) - A,.J’}T 
I ] > 0 For the tracking control of (lo), we give the following result { (A i r  - B i N j )  - A,i} 

(5) Theorem 2 The augmented e m T  system (10) has TO- 

$ JOT 11w (t)lli d t  f O T  a given semi-positive definite symmetric 
matrix Q i f  there exists a common matrix P = PT > 0 and 
such that 

is feasible where Nj = H j r  for i, j = 1, 2, . . ., T ,  then bust Performance Jc 5T (t)  Qg ( t ) d t  
IJAi - < E .  

Proof. 

5 6T (0) p5 (0) 

The proof is omitted due to lack of space. 

111. CHAOTIC REFERENCE MODEL TRACKING 

We will use an observer-based desim to estimate the un- - 
known states of the reference model as for  all ( 2 ,  j )  . 

Proof. 
r 

$ (t)  = c h i  ( z )  {Ai? (t)  + Biu (t) + Li (y ( t )  - Q ( t ) ) }  The proof is omitted due to lack of space. 
Now we must convert Thm. 2 into an LMI to find the proper i=l 

r gains h-i and Li which solve the tracking control problem. 
y ( t )  = c h i  ( z )  Ci? ( t )  . (6) Assume that 

i=l 

Define the estimation error e ( t )  = 2 (t)  - 2 ( t ) ,  then we have 

r r  

e = ~ ~ h i ( z ) h j ( z ) { ( A i - L i C j ) e } .  (7) 
i=l j = l  

Since the state z (t) in (3) is immeasurable, we replace it by 
estimation 5 (t) , which leads the error system along the modi- 
fied plant model (4) and reference model (2) has the following 
form 

r 

k = chi (z)  {&if + Bi (U ( t )  - T ( t ) )}  
i=l 

r r  

+ c h i  ( z )  hj ( z )  BiHje + w (8) 
i=I  j=1 

Since P = PT > 0 and Q = QT 2 0, we have PI,  P2 are posi- 
tive symmetric matrices and Q1, Qz are semi-positive definite 
matrices. From the assumption on P, Q ,  inequality (11) and 
using Schur’s complement [8], we have 

where W11 = AZPl+ PIA,, - qB’P1 - PIBiKj + Q1 and 
WZZ = A ~ P z + P ~ A ~ - C ~ L ~ P ~ - P ~ L ~ C ~ + Q ~ .  Premultiplying 
and postmultiplying (12) byx1  =block-diag{Xl, I, I ,  I }  with 
X1 = P;’ and using Schur’s complement, we have 

B< ( K ~  + H?) r o where Z ( t )  E x ( t )  - zr (t)  (the fact that Assumption - 

EL1 {hi ( z  (t))  - hi (zr (t))} {AriZr (t)  + Bir ( t )}  and is re- 
garded as a bounded disturbance. Using controller u( t )  = pz o -51 

0 ] 5 0 ,  (13) 
1 and weighting functions are bounded is used); w ( t )  = [ ( K r  yf) BT Wzz  

- $1 
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for all (i, j )  where w11 = X1AS + AriX1 - XlGB? - 
BiKjXl + XlQlX1. In attempt to formulate (13) as an LMI 
problem, we let Mj = KjX1. Then w11 = XlAjfi + AriX1 - 
MFBF - BiMj + XlQlX1. However, The inequality (13) is 
still not an LMI due to the conflict of Kj in and Mj.  
Hence, we will utilize a three step method. In the first step, 
(5) is solved. In the second step, wll < 0 is considered. Then 
we have the following LMI 

where Aa cy + 6 and 6 denotes ‘an arbitrary devi- 
ation in the parameter a; and f(zl(t)) = g,zl(t) + 
0.5 (ga - 9 6 )  ((zl(t) f 11 - (zl(t)  - 11). The fuzzy rules for the 
plant are 

Plant rule i: IF z1 is Fi THEN x = Aix + Bv 
y = cz 

for i = 1, 2. The system matrices are 

From solving (5 )  and (14), we obtain I?, N j ,  XI, Mj and 
therefore the compensation, new controller gains H j ,  K j ,  re- 
spectively. Substituting these parameters into (13) and letting with fuzzy sets Fl = i (1 - q), F2 = 1 - F1 where d = 
Oi = P2Li, inequality (13) becomes an LMI. In the third step, SUP,,En IQ, ( z l ) l  and 
we obtain observer gains Li from solving for (13). 

B = [ 0 0 I T >  c= [ 0 0 1 .  

IV. NUMERICAL SIMULATIONS 

To verify the theoretical derivation, we apply the above 
method to the tracking control of the chaotic Chua’s circuit For simulations here, we let 6 = 1. In Fig. 1, we depict the 
[9] with immeasurable states. The reference model is governed observer-controuer based Chua’s circuit (16). Here we 
by the following system equations: trate the tracking errors in Fig. 2. The 3-dimensional tracking 

performance is shown in Fig. 3 (reference plant dotted lines). - .  

V. DSP-BASED EXPERIMENTS 

x r S ( t )  -bzr2(t) (15) Based on the numerical simulations above, we carry out 
DSP-based experiments and show in Figs. 4 thru 6 the o s  

+ Qaxr l ( t )  - where f(zrl(t)) - 
0.5 (ga - gb)  (Jzrl(t) + 11 - Izrl(t) - 11). Using the T-S ciuocope images Of the results for Plant states $1 ( t ) ,  z2 ( t ) ,  
fuzzy modeling method in [4], the reference system (15) is z3 ( t )  tracking reference &ates (t) ,  2r2 (t) ,  2r3 ( t )  1 respec- 

tively. represented as the fuzzy rules 

Reference rule i: IF xrl (t) is Fi THEN x, (t)  = Arizr (t)  VI. CONCLUSIONS 

for i = 1, 2. The system matrices are In this paper, we have extended the fuzzy tracking control t o  
chaotic reference models with mismatched parameters and im- 

A-,=[  1; S ] , ~ r 2 = [  ; 1; 3 measurable states. Results of numerical simulations and DSP- 
based experiments on the well-lmm Chua’s circuit shows the 

(d,. - 1 ) -  o. - ( d v + l ) o  01 

with fuzzy sets F,1 = 4 , F,2 = 1 - Fr1 where validity Of the approach. 

for GI # 0 
gar for x,1 = 0. 
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