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ABSTRACT

This paper proposes a novel and efficient intelligent digital redesign technique for a Takagi-Sugeno (TS) fuzzy system.
The term of intelligent digital redesign involves converting an existing analog fuzzy-model-based controller into an
equivalent digital counterpart in the sense of state matching. In this paper, we suggest the discretization method
based on the dual-rate sampling approximation is first proposed, and then attempt to globally match the states of
the overall closed-loop TS fuzzy system with the pre-designed analog fuzzy-model-based controller and those with
the digitally redesigned fuzzy-model-based controller. To show the feasibility and the effectiveness of the proposed
method, a computer simulation is provided.
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1. Introduction 2. Preliminaries

Let us consider the continuous-data T-S fuzzy model
One of the digital design approaches, the so-called dig-

ital redesign is a controller design procedure for a hybrid R; :IF z(t) is about T';; and --- and z,(t) is about Ty
control system, where an analog controller is first de- d

signed and then converted to an equivalent digital con- THEN a—t-mc(t) = Ajz.(t) + Biuc(t) (1)
troller. Historically, digital redesign was first studied in

detail by Kuo [5]. He proposed a discrete-state match-
ing method and applied it to a simplified one-axis sky-lab
satellite system. Recently, Shieh and his colleagues [1]
have thoroughly investigated the digital redesign for a
class of linear systems. Joo and his colleagues [2-4] have
researched the intelligent digital redesign using the T-S
fuzzy-model-based controller for complex nonlinear sys-
tem.

Unlike the digital redesign for a class of linear systems,
an exact approach to the intelligent digital redesign may
be impossible due to nonlinear behavior among the T-S
fuzzy rules. In specific, under influences of this nonlin-
ear behavior, the discretization as well as state matching
gives rise to error .

This paper aims at developing a new global discretiza-
tion methodology for the T-S fuzzy systems. Our key
idea is to utilize the dual-rate sampling schemes. The
overall dynamics of the T-S fuzzy system are discretized
for the slow-rate sampling period, and then the ap-
proximation for the polytopic structure is performed
in the fast-rate sampling scheme. To match the state
of continuous-data system and digital system, this pa-
per formulates the convex minimization problem and
presents derivation of some sufficient conditions in terms
of the LMIs for it.
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where z;(t), j € Zp, = {1,2,...,p}, is the jth premise
variable, and Ty, (4,5) € Zy(= {1,2,...,q}) x Ip, is
the fuzzy set of jth premise variable in the ith fuzzy
rule. Using the center-average defuzzification, product
inference, and singleton fuzzifier, the overall dynamics of
(1) is described by

L aelt) = 3 0 (Azelt) + Bruel®)  (2)
i=1

where wi(z(t)) = [} Tilz(t), 6i2(t) =
= T(j,(-t()z)(:))’ and T';;{z;(¢)) is the grade of membership

of z;(t) in I';;. We use the following fuzzy-model-based
controller.

R; :IF 2 (t) is about I';; and --- and z,(¢) is about Ty
THEN u.(t) = Klz.(t) (3)

Using the center-average defuzzification, product infer-
ence, and singleton fuzzifier, the overall control law is
given by

ue(t) = > 0i(z(t) Kiz(t) 4)

i=1
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Substituting (4) into (2) yields the state equations of the
closed-loop system:

t)=ziez

=1 j=1

(2(t))(Ai + BiK])z(t) (5)

The digital T-S fuzzy system is denoted by

2 za(t) = Y 0u((0) (Acwal) + BuakT))  (6)
i=1

fort € [kT,kT +T).

3. Intelligent Digital Redesign With Dual-Rate

Sampling

3.1 Discretization of T-S Fuzzy System

If the state transition matrix ®(¢,t9) satisfies
®(t,10) ®(t,t1)P(t1,t0) with initial condition
B(to,t0) = I and ZB(t,to) = S, 0:(2(2))A:i®(t, o),
the general solution of (6) excited by the initial state
z4(to) and the input u(t) is given by

t q
:L'd(t) = ‘I)(t, to)l‘d(to) + q)(t, 7') (Z 0,(2(T))B,> ud(T)dT
to i=1
(7)

If an input u4(t) is generated by a digital computer fol-
lowed by a digital-to-analog converter, then ug4(¢) will
be piecewise constant, ie., uq(t) = uq(kT) for t €
[T, kT + T). Besides, assume that the firing strength
0:(z(t)) for t € [kT, kT + T) is 8;(2(kT)). For this input
and t € [kT, kT + T), (7) is exactly evaluated by

kT+T
sa(kT +T) = (KT + T, KT)za(kT) + / ST +T,7)
kT

x (Z 8:(2(7))B;

i=1

) ugq(r)dr
= exp <Z e,-(z(kT))A,-T) zq(kT)

ar
+ /k e (; 0;(2(kT))Ay(kT + T — T))

(Ze (kT))B )ud(kT

= exp <Z Hi(z(kT))AiT> z4(kT)

i=1

+ (exp (i Bi(z(kT))AiT) - I)

x (f_: 0,~(z(kT))A,»> <i 8;(2(kT))B
i=1

X udl(sz)
£ AkT)z4(kT) + B(kT)ua(kT)

(8)
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Note that there is no approximation error involved in
this derivation and yields the exact solution of (6) at
t = kT. However, it is impossible to utilize (8) for design
of the digital controller in terms of LMIs since it is not
represented in the polytopic structure unlike the general
T-S fuzzy system.

Our key idea is to utilize the dual-rate sampling
schemes. The overall dynamics of the T-S fuzzy sys-
tem is discretized for the slow-rate sampling period T,
and then the approximation for the polytopic structure
is performed in the fast-rate sampling period L, where
n > 1 and n is constant. '

n,

Theorem 1 The digital TS fuzzy system (6) can be con-
verted to the following well-approzimated pointwise dy-
namical behavior:

q q q
kT+T ~ Z Z Z 01112 zn kT)) (ghtz tnxd(l

11=1i=1 =1
n

+Hiyigin ua(kT)) 9)

where GF = exp(AiZ), &) - (G§~I) A7'B;,
1

izein = 21 GL, Hiigin = Hi(l") +
I (Hf;:ll Gi':n) i(, ): Oirizin = Ili=y 0u(2(KT)),
and (iy, iz, in) € Iy X -+ x I,.

n

Proof:- Start from question, namely approximation of
(8). A(kT) and B(kT) of (8) are finely approximated
as follows:

Ma

A(kT) = exp 8:(z(kT))A; T)

0;(z(kT))A; T)
q l n
(Z i(2(kT))G )
QZ ' q q
= Z Z Z Oirin-in Girig-min

io=1 in=1

)l
A

M-&

;
oo

A
~

i

(10)

o
=

1=

n

and

B(kT)

(m

Gi(z(k:T))Ai> (ZHi(z(kT))Bz)

S
1
-

@
Il
-



- ((2 0,(-(KT))G? ) - I)
B .
x (Z 0:(2(kT))GF — 1) (Z 0:(2(kT))GF - 1)
=q1 . ] i=1
x (Z 91<z(kT>)Ai> (Z el(z(kT))Bi)
i==x1 i=1

n—1
L)
n

|1 +iei<z<kT>>G? +o (Z 0:(2(kT))G;

i=1 i=1
ki 1
x 3 8,(z(kT) H™
i=1
q q
= Z Z Z 01112 Zn ))H’iliz"'in (11)
j1=11i2=1 ip=1
n

Corollary 1 The continuous-data closed-loop T-S fuzzy
system (5) can also be the following well-approzimated
pointwise dynamical behavior:

g q q q q
SCRSILDIPIED DPIPIES
i1=1i=1 in=i£1=1 Jj2=

n n

q
E ,1,2...1"

{ .

X 814y ju MiyigeinjijajaTe(KT)  (12)

guida = Ilerexp ((Ai + Bi Kj) T)
’Zn7]1,]2,"‘,]n)equ"'qu.

where Miyiy.injija-jn
and (il,iz, T

2n

Proof: 1t can be straightforwardly proved by Theorem 1.
|

3.2 Design of Digital controller Using State
Matching

Let the digital control law for (6) take the following
form:

oK) ij

n

))K;liZ“‘in

Xq: Hiliz...in (Z(k‘T

in=1

zq(kT)

(13)

fort € [kT,kT+T), where K;’ 27t ig the digital control
gain matrix to be redesigned. Substituting (13) into the
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discretized version (9) of (6) yields the state equations
of the closed-loop system:

Z Z Z Z Z Z eixiz---iﬂ(z(kf

za(kT + T) =

i1=14dp=1 z'n;lszl Jj2=1  jn=l1
X 0]1]2 ]n( (kT)) (giliz---in + Hiliz“'in K;;ljz.
x zq(kT) (14)

Therefore, we can attempt to match the state (kT +T')
of (14) and (12) under the assumption that z.(kT) =
24(kT). This problem can become a convex optimization
problem such as

”Mi1i2-~-inj1j2-~~jn — (giliz...,'" +7‘[,'11'2...,'7\KJ”2 i ” <l
(15)

hence can be numerically solved in terms of LMIs.

Theorem 2 If there ezist constant matrizes K&,

and a possibly small positive scalars v such the following
generalized eigenvalue problem (GEVP) has solutions

Mz;m'mize v subject to
i1igein
—~I N
[ Miliz...injlj._,...j,, - gilig"-in 7{1112 “in _;11]2 fn —"’YI
<07 ilaiZ"'7inaj17j2'”,]n€Iq (16)

then z4(kT+T) of (14) closely matches the state z (kT +
T) of (12), where «’ denotes the transposed element in
symmetric positions.

Proof: Consider the convex optimization problem (15)
From the definition of the induced-2 norm, the following
inequalities hold

d T
(Mi1i2'~~injlj2"'jn - giliZ"'in _Hili2”‘an]1]2 Jn)
X (Mixiz"'injljz"-jn - gim‘.‘i" _%ili2"'inK_g1j2"'jn) < v
(17)
Using Schur complement, can be represented by
[ I *
d
Misig-injija-in = Yirig-in _HiliZ'”an]u'z “Jn -1
<0 (18)
||

4. The Chen’s Chaotic Attractor

In this section, we use the results in Section 3. to the
digital control problem of the Chen’s chaotic attractor.
The dynamics of the Chen’s chaotic attractor are as fol-
lows:

g [ = alwa(t) — z1 (1))
P z2(t) | = | (e—a)z1(t) — z1(t)z3(t) + cza(t)
.’L‘3(t) l‘l(f):lg(t) — b1‘3(t)

(19)
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where a = 35, b = 3, and ¢ = 28. The corresponding T-S
fuzzy model of the system in (19) is expressed as follows:

R :IF z,(t) is about I'],

g [ =@ ] [ 31() ]
THENE zo(t) | = Ay | z2(t) | + Biug(t)
| z3(t) | | z3(t) |
R IF z,(¢) is about I'},
d [ z,(t) ] [ 21(t) ]
THENCE To (t) =Ay | z2(t) | + Bzud(t)
| 5(t) | | 23(t) ]

where

[ —a a 0 1
A= c—~a c —Zimin | ,B1=1 0

B 0 Timin -b 0

[ —a a 0 1
Ay = c—a [+ —Zlmazx By = 0 (20)
0 Timaz -b 0

and the membership functions are I'l(zi1(¢)) =
Toldttes, and M) = 2O, where T
are positive semi-definite for all £ € [Z1min, Timaz](=
[—30,30}). The gain matrices for the analog fuzzy model-

based controller is obtained as follows:

K} =[ -5.1763 204.8118 131.8175 ]
K?=[ -5.1763 204.8118 —131.8175 ]

Applying the digital redesign method, where n is selected
as 3, discussed in the preceding section yields the follow-
ing gain matrices for the sampling period T' = 0.02s. .

Ki'' = [ —14.9745 179.1430 173.8455 |

K3 = —17.7989 251.3367 63.7664
K" = [ —18.0453 251.9124 64.9188 |
K3 =[ -17.8002 249.9941 —64.1442 |
Ki? =[ -17.6624 254.4623 64.6591 |
K3? =] -18.0192 2509625 —64.2822 ]
K = —17.6873 256.7548 —64.9179 ]
K7? = —14.9745 179.1430 —173.8455 ]

With ;3 (0) = 1, 23(0) = 1, and z3(0) = —1, the digital
control system with the obtained gain matrices is simu-
lated on the digital computer for T = 0.02 sec.. Other
available intelligent digital redesign method [2] is also
simulated for the comparison. Figure 1 shows the com-
parisons for T = 0.02s.

5. Conclusions

In this paper, a new intelligent digital redesign
method has been proposed for the digital control of
the continuous-time fuzzy system. Unlike other meth-
ods, the proposed method utilizes the discrete-time T-S

Figure 1: The controlled Chen’s chaotic attractor (Solid
line: continuous-time control, dotted line: digital
control by [2], and dash-dotted line: digital control by
the proposed method.)

fuzzy model with the dual-rate sampling. The dual-rate
scheme is major factor that improves the accuracy of the
state matching as well as the discretization.

Acknowledgement

“This work was supported by Korea Research Foun-
dation Grant (KRF-2002-041-D00212).”

Reference

{1] L.S. Shich, W.M. Wang, J. Bain, and J. W. Sunkel,
“Design of lifted dual-rate digital controllers for x-38
vehicle,” Jounal of Guidance, Contr. and Dynaics,
Vol. 23, pp. 629-339, Jul., 2000.

2] Y. H. Joo, L. S. Shieh, and G. Chen, “Hybrid
state-space fuzzy model-based controller with dual-
rate sampling for digital control of chaotic systems,”
IEEE Trans. on Fuzzy Systems, Vol. 7, No. 4, pp.
394-408, 1999.

[3] W. Chang, J. B. Park, Y. H. Joo, and G. Chen,
“Design of sampled-data fuzzy-model-based control
systems by using intelligent digital redesign,” IEEE
Trans. on Circ. an Syst. I, vol. 49, No. 4, pp. 509-
517, 2002.

[4] H. J. Lee, H. B. Kim, Y. H. Joo, and J. B. Park,
“A new intelligent digital redesign for T-S fuzzy sys-
tems: global approach,” IEEE Trans. on Fuzzy Sys-
tems, to be published, 2003.

[5] B. C. Kuo, Digital control systems, Holt, Rinehart
and Winston, 1980.



