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Abstract: Fuzzy direct adaptive sliding mode controller is designed to realize the
decentralized control for a class of nonlinear interconnected large-scale systems with
unknown functions. It uses the methods of fuzzy adaptive control, fuzzy logic
approximation and fuzzy sliding mode control to approximate the ideal controller.
Through the adaptive process of a parameter, the affection of interconnected terms on the
subsystems is counteracted. The fuzzy sliding mode control is introduced to attenuate the
fuzzy approximation errors. Simultaneity, the close-loop system is stable in Lyapunov
sense and the tracking error converges to a neighbourhood of zero. Copyright © 2002
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1. INTRODUCTION'

Fuzzy direct adaptive control (FDAC) is referred that
the fuzzy logic system in the controller is used as
controller (Wang, 1994). This kind of fuzzy direct
adaptive controller can directly utilize the fuzzy
control rules, but not the fuzzy description
information. For the fuzzy adaptive control of
nonlinear unknown dynamic systems, fuzzy direct
adaptive control arises as much attentions of scholars
as the indirect one (Tong, and Chai, 1996, Wang,
1993, Moore and Harris, 1991). Most of these results
are about the systems without interconnections (i.e.,
common large-scale system). But for the
interconnected systems, there are few results.
Furthermore, the centralized control is not easy to
realize for this kind of systems because of their high-
dimensions. How to design a decentralized controller
such that it can guarantee the close-loop system
globally stable while the interconnections satisfy
certain constraint conditions?

In this paper, this kind of direct adaptive controller is
designed. For the high-dimensions of it, the second
kind of FDAC (Wang, 1994) is adopted. Section 2
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introduces the system model, control objective, some
assumptions and the specific form of the controller.
The main result and its proof for stability are given in
section 3. Section 4 draws a conclusion for the whole
paper. The result of this paper can be applies to the
two- inverted pendulum system, and the emulation
result is ideal. But here we omit it.

2. PROBLEM STATEMENT AND
CONTROLLERS DESIGN

2.1 System description and control objective

Consider the nonlinear interconnected system with N
subsystems:

v =a (x,)+b,(x)u, +d,(X,1)
i=12,---,N (N
where X, =(yi,)'/,.,---,y;n"_l)) € R" is the state
vector of the ith subsystem Y_ , , u,

; 1s the input, y,
is output. a,(x,), b,(x,) are the unknown dynamic
(i.e., unknown functions). d,(X,f)eR is the
interconnection between the subsystems. They are all

smooth functions, and X = (x,,-*-,x, ).



Control objective:

Design direct adaptive fuzzy controller u,(x; |6,),

in the case that there exist the unknown dynamics not
only of the subsystems, but also of the
interconnections. The controller should satisfy:
(1)The system is stable in Lyapunov sense, i.e., all
the variables are bounded.

(2)The tracking error of each subsystem converges to
zero or a neighborhood of zero asymptotically.

Assumption 1: (i) |a[(xi )| <M, (x;)
(ie; <M (x;)<b,(x;) <M (x;)
(i) ‘(b[‘ )'\ = ‘Ab,.‘l (x, )x,.\ <M .(x,)

. LA k
W), (X0 <X D ay|x|
k=0 j=I
Where M ; (x;) is a known function, ¢, is a known

constant. a .

s 18 an unknown nonnegative constant

obtained through adaptive process.

Let V,, as the reference output. Assume
Virs Vinsts > Vo) are all bounded and measurable.

— : (nj=1)
Then denote X, = (¥,,>Vin>"""> Ve ) . And
define the tracking error of subsystem z[ as

€, =Y, —Y; . Let K, :(l’ki(n,-—l)’“.’kil)T .

The selecting of K, satisfies Hurwitz polynomial:

[ _ ) (n-2) .
L,. (S) =p ! +ki(ni71)p 8 + - +ki1, which

roots will lie in the open left half-plane.

Define the sliding hyper planes s, (¢) as:
s () =kye +k,é +--+ ki(n,-—l)ez‘(nFZ) + ez‘(niil)
()

If a;(x;),b,(x;) and d, #0 are known, the ideal
controller can be designed as following:

) =, () 5, (0 +5,)
b,(x;)
+y —e] 7, >0 3)
Where s, =5, —{,sat(s, /(I)l) is the distance
between the state and the border layer. 1, >0 is a

constant . ¢, = 0 is the width of the border layer.

Here, s,, possess the following properties:

DIf [s,| > @, then |s,,| =|s,|— ¢, and 5, =,

1

2)if |s,[ < ¢, then §,, =§, =0

sat(+) is the saturation function which is defined as
follows:

-1 for x<-1
sat(x)=4x  for |x| <1
1 for x>1

Substiting (3) into (1), it can be obtained that:
$;(1)+m;5,()=0

When ¢ —> o, there’s §,,(£) = 0, furthermore

e;(t) = 0. However, in this paper a,(x;,),b,(x,)

and d ;* 0 are unknown, thus the ideal controller

u,* can’t be realized. Then we utilize fuzzy logic

system to approximate the ideal controller l* .

Define bounded close-set 4, , 4, as following:
Ay =1{x; |||'xi - xi()”pﬂ <lj,

A4; ={x; |||xi _xi0||p’,, <l+y,}

x

e {ZI (i)l’}%’

[
TC.

y; is the width of the transition area, x,, is a fixed
point in R" . ||x,. "pﬂ is a kind of P-norm, {7}, is

the given power weight. For the given &, >0, based
on the approximation theory, there exists fuzzy logic
system  u,(x,|0,)=60E (x,) such that for
Vx, € 4, , there’s

‘uz* —U; (xi | 01‘ )‘ < &; (4)

2.2 Controllers design

Design the decentralized fuzzy controller as:
u, = (- m; (t))uadi -m; (t)kli (Si ’t)uﬁvi
—ky (s, t)”ﬁw' (5)
where u,, =u,(x, |0,)— &u 4 is the adaptive part,

uy is the fuzzy sliding mode controller,

k,(s;,t)>0 , k,;(s;,t)>0 , m,(¢) is a mode
transformation function, and 0<m,(¥)<1, it is
defined as:

||x,. ~%io ”p,ﬂ -1
m; () = max {0, sat(

)}
Thus, if X, € 4, , then m (1)=0, ie., the

adaptive part u,, takes effect. Else if X; EAiC ,

then m,(t) =1, ie., the u,, part is closed and
fuzzy sliding mode controller u ;; takes effect.
When xiEA;,ﬂAi holds, 0<m;(t)<1 , the

adaptive control and sliding mode control take
actions simultaneously. It’s clear that the mode



transformation function m, (¢) can keep the states of

the system changing in a bounded close set.

Suppose that the fuzzy linguistic description rules of
the unknown function u, (x; ) is as following form:
R":if x, is F\" and x,, is FY, and ,---
x, is F\", then u,(x,) is C}.

Where F.,C! and (i = {l,--,N},k={l,---,n},
[={l,---,p} ) are the fuzzy set on R , their
membership functions are chosen as Gaussian’s form,
1e.,

, and

ZZJ/, (HGXP[ & ") D

(3, 0,) = —— ”_’1 (©)
;Z(Ilexp
=1 j=1

xl
)
represents the set of the adjustable

ij

Where 6,

parameters ) ,)_cl.l,j and O'il’ ;e

Using the Taylor formula yields:
u,(x,16,) = u,(x,16,)

ou, (x |9)

=@/ )+0(@,[")

i

Where @, =6, —él.

Design the fuzzy sliding mode controller u 4, as
following (Tong and Chai, 1996):

First, define the linguistic description of s; and u 4,
as following:
T(s;)={NB,NM ,ZR,PM , PB}
= {Cli > C2i > C3i > C4i > CSi }
T(ufsl. )={NB,NM ,ZR,PM , PB}
{ 119F2i’F3i’F4i’F5i}
Where 113 NB ”, EE] NM ”, EE] ZR ”’ 2 PM ”, EE] PB 2 are

labels of fuzzy sets, which express “negative big”,
”, “zero”, “positive medium” and

“negative medium”, “zero
“positive big”, respectlvely. They are taken to be

triangle-shaped fuzzy sets: their membership
functions are depicted in Fig 1.
membe;ship
Cy Ty U Cu O
- =12 |0 1f2p @ 5
membership
Fy oy Ry Ry Fy
-3f2 -1 -1f2 noo1fz 1 3fz2 Y

Fig 1 fuzzy membership function

Using intuitive inference, the fuzzy relationship

between the tracking error S, and the fuzzy

controller 4

Rﬁ:if s, is C

, can be built as:

Ji» then u g, is Fy Yy

(jzl,"',S)

From the jth rule, it can be obtained that the fuzzy
relation is

Rji (Si’ufsi) = Cji (Si)ﬂFé—j,i (uﬁz)

Therefore, the total fuzzy relation is:

5
R =R,
A
5
e, Ry(s;,u;)= U[Cji (s; )ﬂ Fo_ i (ug)D)
=l

For a given input fuzzy set C,, the output fuzzy set

F, can be calculated by singleton, max-min fuzzy

reasoning:

Fiw) = UJIC, ()N Fo i (DD

Using center-average deffuzzifier, the

control output is:

specific

f{z/uﬂl I(uﬂz)duﬂl
P2 Fg

Ui =

It’s mathematical expression was derived (Kim, 1995)
as follows:

1 x; <-1
2x; +1
Cx+IBu+D
2(4x; +6x, +1)

(2x, +1
26D gs<y <o
"y = 2(4x; +2x,-1)
fi 2x. -1
_ @) 0<x <05
2(4x; —2x,-1)
2x, =3)(3x, -1
JREEETERl| NP
2(4x; —6x; +1)
-1 x;, =1

S
= ——, when |S,.| > ¢, , it is easy to check
i

Uy =—sgn(s; (7).

Where X;

From (3) and (5), the following can be obtained:
5.',‘ (t) + 77,5 (t) = bi (xi)[ui* - ui] - di (xi ,t)
=b,(1=m,([u; —u,(x,10,)+8u,,]

+mb.[u; +hyu 1+ bk, —d

i



/\

=b,(1- CDT
(I =m, ) ae

+ bikziufsi - di
+ bi (1 —-m; (t))[uz* - ui(xi | ei)
+éiuﬁi]+ m.b,[u; + kg, @)

Assumption 2 O(H(Di”Z) <M, (x)

Here choose

1
ki (8;,1) = ————[M o (x;) - M,
‘ My(x) "
Hsa@+s,0 - + 01 8a)
p N
k,. q
2i (Sl Mll( ) g g allk || ||
M t
+ 13|S1A( )| y (8b)
2M11(x )
Adopt the parameters adaptive laws as:
When Gi’j =G, adopt
o,
Ny (A=m;(O)s;pn ——
ol
ou,
R ceif my(L=m, (1)), —— <0
O-il,j — f 771( ( )) A ao_i’j (9)
0
. ou,
i g A=m())s;n ——=20
06, ;
= m O)sy Zif 0] <M,
00,

1

ol
0r(|«9,.|=M9 and s,,0] uf >0)
00,
: i, (10
P{=n(1=m;(£))s;5 aél oo

i

D>
Il

T
AT

~if 0,|=M

i

Where the projection B, {*} is defined as:

A

ou,
R {_7711' (1 —m; (t))sm a_é;l}
ou.
m(0))s,y —
" 80,
—m (1)S; ——5—

6,
‘C:', = niz(l_mi(t))sm (11)
dy =nplsa@x ] ap0=0 2

=—n,0-

+17,

3. ANALYSIS FOR SYSTEMS STABILITY

Theorem 1 Consider the nonlinear interconnected
system (1), if the assumption 1 and 2 are satisfied,
adopt the decentralized fuzzy control scheme (5) and
adaptive laws of parameters and control-gains (8)-
(11), then the following properties can be obtained:

() |6,|<M,, x;,u; €L,

(ii) e, (t) converges to a neighborhood of zero.

Proof: The proof of (i) can be referenced to [3]. In
the following, the other results will be proved.

Choose Lyapunov ﬁmction as:
1

y=yv =yt L ore,

pam ,|2b(x) 2n,

DA

277i2 277,3 k=0 j=1

+

Taking the derivative of V,, yields:
b (x )SIA

2b} (x, ) M
1

+—8 +_zzaz/kal/k

iz 10i3 k=0 j=1

_ SiaSia

.= CD (D
bi('xz‘)

If |S | > @, , since S, =5, , Uz = —sgn(s;) and

(12), then

Vi(6)<-n, b( )+S,A(1

oi,
[ —& I =+ O(|o, || )+ g, ]

+ SiAmi[ui + ku‘”ﬁi]

2

m; (1))

d
+ sl gy ——1

bi
b
('x )SlA CD q)
i),
+L~T~ +—zza,;ﬁﬁk
Mi» 103 k=0 j=1
s ou, 1
<-— +s.,.(1—m.(t CDT
Uy i (L=m, (7)) 20

il i il

s O —m (1)E, + Lgirgi

i2
s O, s | = Moy ~ o)
13| 1A|
ol g, lkzojzla,,knx :
+Ml4)+|SlA(t)|zzauk"x ” +_/Z;‘)/ INUTkNUk
13 o=

Moreover, from the adaptive control laws (8)-(11), it
can be obtained that:



2
. S

V) <-n L+ 15, (t
1() 77[M llA()

il

A

0.0,07 Zg‘
(I=m;(1))s; —r (13)

o’
Here in P (*), [, is defined as: If the first condition
of (10) is true, then /, = 0 ; If the second one is true,

then I, =1. Consulting reference [1] yields:

ou,
0.0 i
00.
]iSiA(t)(l_mi(t))SiATlSO (14)
9:‘
Thus, (13) can be written as
2 2
) s S
V(it)<-n -2 <-n <0
OB/ M, 1; .
. N s.z
Viy<s->n-2<0 (15)
i=1 ci
From above, we know that Vel , and

Ay, E1,5, € L, . Moreover, by using (2), it can be

obtained e, € L thus x, €L, . By (15) and

o

N
V=)V, , it is known that V is decreased
i=1

monotonously  and  inferior  bounded.  So

limV (¢) = V() exists.

Integrating (15) yields:
[V@dt <V (0)-V(w) <0

The above inequation means s, €L, . Since

S, €L, , and by Barbalet lemma, i.c., it can be

obtained that lims;, =0, moreover, it can be
t—o0

deduced |Si| <@, , ie., e;(t) converges to a
neighborhood of zero. By using (5), it’s easy to prove
that u; is bounded.

4. CONCLUSION

In this paper, a new form of the second class of fuzzy
direct sliding mode controller is provided. The
controller has the following properties: (1) There’s
no need to know the specific mathematic model of
the control objective; (2) the fuzzy control rules can
be directly utilized; (3) In the meaning that all signals
are bounded, the close-loop system is guaranteed to
be globally stable. At the same time, this paper
provides a new method to deal with unknown
interconnections. The using of fuzzy sliding mode
control replaces the “supervisor control” (Wang,
1994). From the designing process of the controllers,
it can be seen that the decentralized controller
scheme is easy to be realize in engineering. How to
utilize not only the fuzzy control rules but also the
fuzzy description information to design a more
“intelligence” adaptive controller is the next task to
be focused on.
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