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Abstract
A stable TSK-type FLC can be designed by the method of Parallel Distributed Compensation (PDC),

but in this case, solving the LMI problem is not a trivial task. To overcome such a difficulty,
a Time-Delay based FLC (TDFLC) is proposed. TSK-type TDFLC consists of Time-Delay Control (TDC)
and 8liding Mode Control (SMC) schemes, which result in a robust controller basaed upon an

integral sliding surface.
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1. Introduction

The TSK (Tagaki-Sugeno-Kang) fuzzy model
[1] has been widely used for a stable fuzzy
control system [2]-[5], because the linear control
theory can be applied in the design of the stable
TSK~type FLC. One of the notable design
methods to stabilize a TSK fuzzy system is to
apply the Parallel Distributed Compensation
(PDC) suggested by Wang et. al [2]. In the
system described by the TSK fuzzy model
combined with PDC scheme, however, it is often
difficult to find a positive-definite matrix that
satisfies a set of linear matrix inequalities
simultaneously. As another approach, the robust
control theory [61[7] has been presented for the
stability of TSK-fuzzy systems. In this method,
the nonlinear time-varying fuzzy system Iis
considered as a linear time-invariant system
with a norm-bounded model uncertainty: in this

case, the LMI problem embedded in the PDC

becomes a problem of finding a positive delinite
solution of an algebraic Riccati equation that
stems from the defined Lyapunov function. It is
remarked that, since robustness is desirable in
consideration of the model uncertainty, various
efforts have been given for robust stabilization
of a TSK fuzzy model [6].
assurance, however, that the algebraic Riccati

There is no

equation is always sclvable. If unsolvable, the
related matrices including the control gains in all
the rules must be changed, which affects the
norm-bounds of uncertainties. As a result, the
LMI problem is indirectly embedded in solving
the algebraic Riccati equation. Moreover, no
analytical method is known to construct the
solvable algebraic Riccati equation. For uncertain
systems, a TDC (Time-Delay Control) technique
is also known to be successfully applied for
controller design [81[9]. The TDC algorithm is
simple and requires little priori knowledge of the
system dynamics. In this paper, we shall use the
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TDC scheme for a new approach, called a
TSK-type TDFLC (Time-Delay FLC), to avoid
such difficulties of designing a stable TSK-type
FLC: the LMI problem or the problem of
selecting appropriate interdependent matrices in
the algebraic Riccati equation. The proposed
TSK~type TDFLC can be designed to overcome
disadvantages of the TDC while ensuring the
stability by means of a modified sufficient
condition for stability.

2. Time-Delay Control [8]: Brief Review

Consider a class of nonlinear plants described by
(0 = f(x,1)+bx,Nu() y(t)= x|

or
10 - 0
0 0 1 0
)= : D0 x() + f(x,0) + b(x, u(2)
0 0 - 1
000 0 ’
y(t)=x) (1)

where x€R" ueR, S&EOH=[0,0,f(x)]eR" ith
f@)R" >ReC” and bxD=[0,0bx)] eR"
with #x.2):R" >ReC” The desired performance

is defined by the response of a given stable
linear time-invariant reference model:

im (t) = Amzm (t) + émrm s (2)
where X.€R" r,€R (a reference input), 4= €R™"
(2 canonical Hurwitz matrix), and 2, ={0:0.6,]

eR". Let €0)=x,(0)-x(), Then, from (1) and

(2), the error dynamics is written as

{0 = A, e+ [-Bb F(x.t)+ BB A, x(0)+ BB b, ~ Bu())
(3)

where
f0) = f@n+bEn b e R (1)

and b=[006 €R" and 8" =@'D)7b €R™ 5 a
pseudoinverse of £. Applying the control input
(1) =b" - f &)+ 4,20 +b,7,] ®)
to (3) sets the bracket in (3) to be zero. Here
b =(b' B eR™ s a pseudoinverse of b

Under the assumption that J&O is a

continuous function of its arguments, we can

write
f@n) = f@i-L)+ 60 6)
and, for small L, we have
Janzfai-1) (7)

By using (1) and (4), (7) is rewritten as
Fan=:0-tu@=x0-L)-but-1) (g

Accordingly, combination of (5) and (8) results

in the TDC control input

w (6) = b [—i(t— L)+ bu,(t - L)+ A, x(¢ — LY+ b,r,]

=uy(t—L)+b [-3(¢ - D)+ A, xt~L)+b,n 1 (9)

For stability of TDC-based control system, recall
the following Lemma [&].

Lemma 1 [8}:
that there exists a positive number N such that

Given the system in (1), assume

|66~ -1, <1 for t> N, (10)
where [1€R is an identity matrix. Then the

TDC in (9) guarantees that Y& —=>¥u(®) for
sufficiently small time-delay L and sufficiently
large for ¢,

The MIMQ case (BeR™ and BeR™ for b and
b, respectively) can be proved by the result of

[8], without loss of generality, if the number of
the inputs is identical to that of the outputs.
Theorem 1: Assume that there exists a
positive number N such that

| ,Z i‘, b (x(ED)h,, (E(t))m,b‘\;l _1k1

[EE

for >N, 1n
and let the sliding surface be defined as
s(t) = i7[e(t)~ 4, [e(r)dr] (12)

Then, the TSK-type TDFLC input
u,(O)= 3 b GOt~ L)+ 6] (-5~ L1)
i=]

+A,,,z(r—L)+fg,,,r,n>+%s(rn

(13)

guarantees that S —0 for sufficiently small
time-delay L and sufficiently large ¢.
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Proof: The TSK-type
rewritten as

4 () = 3 o et~ L)

=1

TDFLC input is

+b (A x (t=L)+b,r, —i(t—L)

mZm ~m'm

Ay (=x, (0~ L)+ x(t - L))+ ’; )
= 3 o GO ¢~ L)+ B (5~ L) + 5K, sEN]
P (1 n i = (D , (14)

We have from (12) and (13) that

§0) = =13 o OV, x(0) + A, x(0) + b,

=N m
i=1

33 b O (<)B5 e~ L)

i=l =1

ror - Z;K
= 2 2 B (VR (DB #s(x)

i=l j=1

-ghm,-<£(t))z?;u,(t -1 )

Lot @)= i Zh XN, x(0) +ih A, X +i1 b, 1,

L]

then we have

§(t=Ly=a(a(t~ L)~ 3 b (e ~ LB, (¢~ L)

(16)
Applying (16) to (15) results in
5= =35 by (O (553t~ 1)
=l j=1
L - bK.
= 22 2 s GOy (2(eDB B}~ 5(0)
+a(z@)-a(x(t~ L) +¢, an
where
1= O ale= L0, = 3 OB =) o

In the same manner as (17), we get

St 1) = (=33 (@), ()53 - 20)

i=i j=l

—'Zih,,,, (XD, (x(t)bb] b’cf" s(z = L)

i=1 =1

ta(x(t- L) —alx(t-2L)+s,, a9
By subtracting (19) from (17), we obtain that

$()-s¢-Ly=(1- Z Z oy (S, (H(E)BB; )5t - L)

—§(t—2L))+53’ (20)

where [&£8L and B,>0, Taking the norm on

hoth sides of the above equation leads to
[6()— (e~ L) sl1—iilghm.-(z(t))hcj(za))ié;‘ 15¢~L)
—5(t-2L)| Hg,]
Sa|§(-L)~5(t~2L)| +s;|
<a™ |s'(N)-s'(N-L)|+]e4|y 1)

N i
where |6 Aol + B’ Accordingly, we can

say from @<l that
f@O=3C-D[=0 45 t 5@ and L0,  (22)
or
$@-L)—>5$() a5 t—>o agnd L—0, (23)
By applying the above result to
50 =35 1) = =3 3 (O, (OB )i - 1)

i=1 =1
bK,

=SS b (R, (BB -

izl j=I

+a(xt)-a(z(t - L)+ ¢, (24)

we conclude that

i i hmi (E(t))h,:j (E(t))lﬂ;,KJ
(1 -L1) > 20 o)

‘Di Z B (X(O)h (x(2))B,5

i=1 j=t

s(1)

as t—> % and L0, (25)

or
s) >0 a5 t—>® and L—>0. (26)
Q.E.D

To guarantee a stable TSK-type fuzzy system,
the LMI problem should be solved, which is to
find a
Lyapunov equations caused by the rules of the
fuzzy system. In addition, the LMI problem is
not easily solvable analytically, which makes the
matter worse for the normal TSK-type fuzzy
system. Also, it is remarked that the LMI
problem becomes very complicated as the
number of rules increases. But, compared with

common matrix P satisfying the

the normal case, the proposed general robust
TSK-type TDFLC shows its stability depending
on the related assumptions, without considering
a common matrix P. Moreover, the proposed
method can also overcome disadvantages which
the normal TDC has: heavy dependence on a

time-delay and a value of b(xn06™  for
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performance, Meanwhile, the
sgn(s(f))  with sat(s)) can solve a chattering

problem which the general robust TSK-type
TDFLC causes.

replacement of

3. Concluding Remarks

The approach for designing FLC using
time-delay are presented is given. Since TDC
has characteristics to require little knowledge of
the system dynamics, the proposed TSK-type
TDFLC overcomes disadvantages that a normal
FLC has, LMI oproblem and the

robustness. To consider the more general case,

such as

conditions  and
constraints for the proposed method needs to be
studied.

weakening  the  sufficient
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