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Abstract  Based on fuzzy logic approximation principle, a new fuzzy decentralized controller is de-
signed for a class of nonlinear interconnected systems with unknown dynamics. Two cases are dis-
cussed, i, e. » whether or not the interconnected terms satisfy certain general restrict conditions,
Different methods are adopted to counteract the affection of the interconnected terms to the whole
system. The mode transformation function is used to realize the changing between the fuzzy indi-
rect adaptive controller and fuzzy sliding mode controller, which keeps the state of the system
changing in a close bounded set. By using Lyapunov method, it is proved that the close-loop sys-
tem is stable and the tracking errors converge to a neighborhood of zero, The result of the emula-
tion proves the validation of the designed controllers.

Key words Interconnected system, fuzzy indirect adaptive control, sliding mode contrel, tracking
control

1 Introduction

In recent years, fuzzy control has been used successfully in complex control plants
that are ill-defined or have no exact mathematical models''~ "1, Fuzzy adaptive control re-
fers to fuzzy logic systems with adaptive learning algorithm. It is usually adopted to main-
tain certain system performance for controlled object with uncertainties or unknown factors
in the parameters and structure. There are two cases: indirect one and direct one. The
fuzzy indirect adaptive controller means that the fuzzy logic system in the controller is used
to build models for the control objective but not as a controller itself'). Many existing ref-
erences utilize the approximation property of the fuzzy logic system and the Lyapunov
function syntheses approach to design globally stable adaptive controllers. However, some
of them are limited to nonlinear systems with constant control gain; or the convergence of
the tracking error depends on the assumption that the error is square integrable; or the
control scheme depends on the fuzzy system to make the parameters matched completely,
which may not be easy to check or realize. Su gave us a stable fuzzy indirect adaptive con-
troller through sliding mode control and weakened the above constraints-?), The fuzzy slid-
ing mode control means that it mixes the fuzzy logic with the common sliding mode con-
trol. It utilizes the properties of the linguistic variables that fuzzy control itself possesses,
adopts nonexact inference approach to substitute the discontinuous parts in the sliding
mode to make the control signal smooth. Many researchers have made research on the
fuzzy sliding mode control, but there is no exact mathematic expression, therefore, it is
difficult to analyze the stability of close-loop system.

Based on Su'*l, Tong" and Zhang''l, combining the fuzzy adaptive control algo-
rithm, the fuzzy logic approximation method and the fuzzy sliding mode control, we study
a class of nonlinear interconnected systems with more complex models in this paper, in
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which not only the subsystems but also the interconnected terms have unknown functions.
Obviously, for such high-dimension large-scale systems the decentralized controllers have
outstanding advantages to realize the system stability.

2 System description and problem statement
Consider the following nonlinear unknown dynamic interconnected system:

X ; :ai(xi)_|_bi(x£)[ui+Gi(I):| i=1,2,,N (1)
Vi — h;(x;)
where x; € R",u;,y;, € R are the state vector, control input and measurable output of the

ith subsystem Et_, respectively. a;(x;) and b; (x;) are the smooth vector fields on R”,

h;(x;) 1s the smooth function on R". They are all unknown dynamic of subsystem E;— . G;(x)

is the interconnected term of the large-scale system and it is also an unknown smooth func-
tion on RY*", and 2=(X1 +*** s Xi—1 s X;015°** s XN ).
Definition 1. System (1) has uniform relative degree at x;, 1. €. , ri, =r;, = e =pry=r,
if 7, 575 5,7y satisfiy the following conditions:
(1) For all 1<{i<KN,-£<r—1 and all x; in a neighborhood of x,, the following formula
hOldS:
L,L:h.(x;) =0

(i) L, L. "h;(x;)70
It is also said that system (1) has uniform strong relative degree at x,.

Assumption 1. Suppose system (1) has uniform strong relative degree for Vx; € R".
Then by definition 1, Assumption 1, and [ 4], there exists the diffemophism map
T.(x;)=(&;sn:) such that system (1) can be transformed into the following form:

g =6
& = &

é‘él - 5:

E; - f;-(gu‘)?i) -I—gi(é”qi)[ui —I‘G,:(:f):l — fi(xi) +gi(x£)[ui +G;(-_if):|

7?:‘ — qi(gan)

Vi — a (2)

where f,(x,))=L; h,(x)=f:(&»7:), g:(x:) =LbiL;:1hi(x,~) =g:(&»n:) 5 q.(0,7,) is the ze-
ro dynamic system of system (1), & =(& ,*,&).

Assumption 2. System (2) is minimum phase, and for variable &;, the tollowing Lip-
shcitz condition is always satistied:

|qiCEivm) —qi(0,p) [ LE ] (3)

Remark 1. Under Assumption 2, if & is bounded, then 7 must be bounded “*/.

Assumption 3. For the unknown functions H;(x,) =g; ' (x;) f(x,), g:(x;,) and G;(Zx),
suppose that there exist known functions My, (x;) yM,, (x;) ,M,;(x;) and y,; such that

1) \ H,(x;) | <M (x;) 11 ) |gi_1 (x;) \ <M, (x;)
q N
111) l(gfl(xi))"léiﬁgfl(xi)fg[H‘(....Msf(xf)“xf " 1V)G;(E)g E: Yiik ”xj ”k
=0 j=1

For the given bounded reference output v;, s SUPPOSE Vin s Vim s *** s Vi are measurable

and bounded. Let
Xim = (.}’im !.')"z‘m , S sy,?;"” ), X::l — (.}’i 93./;' S !yi‘"_” )
Define the tracking errors as;
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e;(t) = y:(t) — yin (2)
The control objective: based on fuzzy logic system, design a state feedback fuzzy controller
u,(x;|6;) and the adaptive law of parameter 8, such that;
1) All variables concerned with the close-loop system are unitormly bounded.

2) Under the restrictive condition ii1) , the tracking error ¢;(z) convergences to a small
neighborhood ot zero.

3 Designing of the fuzzy indirect adaptive controller (FIAC)
Define the sliding mode plane as:

(r—1)
s = (L+7) e (4)
where 7; is a nonnegative constant.
It F.(x;), gf(x ) and G;(x) are known, then the controller can be designed as:

w;” “g(x | — fi(x) + s (D) +5.() + i, +e” 1 —Gi(zx) A, >0 (5)

Substituting (5) into (2) yields
s () +A;5;,() =0
Thus, it can be deduced that lim ¢;=0. But in the case that f;(x;), g;(x;)and G;(x)

A g e

are unknown, u;” cannot be obtained. So the fuzzy indirect adaptive controller can be con-
structed by utilizing fuzzy logic system.
Suppose that for the unknown functions H; (x;), g. ' (x;), there are the following

fuzzy linguistic description rules (provided by experts) :

R . If x,, is F¥ and x;, is F'?, and,+*, and x;, is F?, then H,(x;) is C¥,

R .1f £, is By and x;, is BiY and,**+, and z,, is B{Y , then gi!'(x;) is D;.
In the above F ,B{Y ,C? ,D? (b= {1, yn},l={1,cyp},s={1,++,q}) are fuzzy sets
on R. Their membership functions are Gaussian form. Then the {following fuzzy logic sys-
tem can be constructed:

b

Hi(xi I m) = Eai,fpi.i(xi) — Q?Pi(xi)

Z=1

g (x| g = Zﬁl Qi (x) = FFQ.(x) (6)

Define the bounded close sets A, ,A as follows!?,
{x;‘ } nxi - X0 “pmi é 1} y A; = {xi ‘ nxi — X0 "p,xf g 1 +§0£}

n
‘x”‘ py1/p
el = {23 ()|
[, ] e {

where {m; /=, is a group of strictly positive power weights. x,, is a fixed point. ¢, repre-
sents the width of transition field. |x; | p.x, 15 a kind of P-norm. Then in the close set A;,
by using omnipotent approximation theorem[ 1], for given €,;=>0, and e;;=>0, there exist
the fuzzy logic systems with the form as (6) such that for arbitrary x; € A;, the following
inequalities hold:

‘H(x)__Hi(xi SY
Igr.l(x ) — g7 (x; | B:) ‘geﬁ
Based on [ 2] and [ 3], design the FIAC as.
N

p
u; —— kdfsm () — '%'MS:' n X “Sm """ Z Z '?':jk ” X ; ”k — (1 —m; (£) ) upa; + m; () k1, (5; st)ufsf
k=0 j=1
(7)

where

= H,(x, l a;) —i-g?l (X, ‘ Ei)ari +§1£ufsi 1 €2 |ari

u fsi
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yf;) _'__ Z (?"— 1)7?'?8;('#&) (8)
sia (1) = s, -—x,bsat(s [gi) P >0

where u,; 1s the adaptive part., wuy; 1s the fuzzy shiding mode controller, ky; (s; st) >0, m,(2)
is a mode transformation function, and it realizes the changing between the adaptive con-
trol and fuzzy sliding mode control. The purpose of inducing the mode transformation

function m;(¢) i1s to keep the state in a bounded close set by using the designed fuzzy con-
trollers. 0<{m, (£)<{1,and is defined as.

> (9)

| x: — X0 [l pr, — 1 ) |
P ’

m,(t) = max{O,sat(

where sat( * ) is a saturation function (See | 7 }).

s, 1s the distance between the state and the border layer. n;>>0 is a constant . : =0 1s
the width of the border layer. s;, possesses the following properties.

Dit |s;| >¢;s then ‘siﬂ =5, — ;s and S;p =S$;3

2)it |s; | <<¢;, then s,, =s,=0.

Based on the idea of Tong'*, the fuzzy sliding mode controller can be designed. The
fuzzy linguistic variables s; and u, , the fuzzy membership function, and the exact expres-
sion can be found in [ 3]. Here we omit the details.

Let @;=a;—a;» B: =B —B» and ¥ ; =¥ — ¥;: be the parameter error vectors.
Choose the adaptive laws of the parameters and control gains as.
r’?lj(l__mi(t))Pi(xi)siQF if &1' <Mfgor|&;\:Mf and &?Pl(xz)siﬁgo

;= < o ) (10)
EPJ{??“(]. “_mi(t))Pf(xi)Sld}p lf a&; | — Mf and a?P,(xi)Sm > O

2 rrkt.(l—-mi(t))a,.iQi(x,-)sma i{‘Bil<Mg ,orl,@,:i — Mg and BiTQi(xi)&riSm *-<\ 0
Po{g, (1 —m(1))a,Qi(x)su )}, if|Bi]| = M, and B/Q.(x)a,sis > 0

(11)
=1, (1 —m () | 5,4 | (12)
e2i= 7, (1 —m; (1)) | sa., (13)
Yir =15 | s O || x:|* 750 =0 (14)

where 9, >0, (k=1,++,5) is the learning ratio. M, and M, are the given positive con-
stants.

y: P;(x;)

Pl = g, (1= m(e))saPi(x) — g, (1= my ()5 228 ¥ (15)
m
2 AT
PE{ x } — 7?21-(1 *—'mi(t))Sin(Ii)arf — 7?25(]. —"mf(t))sfﬁaff Bﬁi‘_Qi(zxi) (16)
B

4 Analysis for system stability
Theorem 1. For system (1), under assumptions (1),(2), and{(3), if one adopts the

tuzzy indirect adaptive decentralized controller (7) and adaptive laws (10) ~(16), and se-
lects

ki; (s; 1) = Mli + M, \ar:’
then the following properties hold.
1) l&; l"-<\Mf9 “§; "‘“<-..Mg! Xﬂ !uieLm

2) The tracking error e;(¢) convergences to a neighborhood of zero.
Proof. Omitted

b4
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Remark 2. In the design of the FIAC, we fix the front fuzzy sets of the fuzzy logic
system and only regulate the behind fuzzy sets. If we adopt the second case in [ 1], i. e.,
adjust the two kinds of fuzzy sets simultaneously, and use the same control scheme as above,

we must utilize Taylor formula M x; la;) as
follows.
- . "oH, (x; | a;) "
IHi(xilai)_Hg(xilQ‘i)\g&u? a,ila +O(|Ez 2)
) o (17)
. . AT'ag?l (x; | ﬁ:) ] ~ 0,
'g (x; lﬂ)"— 8 (x;lﬁi)lﬂi..,ﬁ; a@ —!"O(lﬁt )
- ; -
Correspondingly, the adaptive laws ot the parameters can be rewritten as
7?1:'(1__ aI:LSm# 1f|&1[<Mf,0r|&1 — Mf and Ez‘? ‘@2‘{‘515 ‘go
H azi 1
a; == < (18)
f aH \
Pulm=m @) S|, ifla | = My and &7 a;s,ﬁ>o
r -] R R "‘*'-:"1
772!-(1_?7’15(3))61,-5 a: SiA 0 lf IBII<ME il = gﬂ.nd ﬁ;r ag;! a i --h<.,___0
A i i
B“': < ( w a"‘_‘l a""-—l a
P2< 7}21-(1 - mi(t))ari : SiA }, 1f I‘Q l = and T : A iSin > O
. agf a&-

(19)

If we ignore the high order terms, or adopt sliding mode control to attenuate the ai-
fection of them, the same result as the proof of theorem 1 can be obtained. O(|&;|?) and

OC| 8:1%) are the high order terms.
a = argmin; |eum [Sup.ea, | Hi(x: | @) — Hi(x:) [ ]

p; = argmin|j jem [sup.ea | &7 (x| B — g (x)]] (20)

Remark 3. In Theorem 1, it 1s discussed how to design decentralized tuzzy adaptive
sliding mode controller while the interconnected terms satisfy condition (4) of Assumption
3. However, 1n the practice of large-scale systems, the interconnected terms are always
not satisiying the above condition. Therefore, in the following we will discuss how to de-
sign controllers to get the objective while the interconnected terms are unknown, but
bounded.

Thus, condition (4) in Assumption 3 is modified as:

Gi(x) < M, (x)

For the unknown function G; (), there is the following fuzzy linguistic description

rules (provided by experts) .

R . If z,, is AY) and x1;, is AY, and *++, and z,, is A,

and x; is A and x3, is Ay, and *++, and x3, is Al

iiiiii

and xn; 1s Aif; and xn, is A, and ¢, and zn, 1s A,

then G;(X) is E{?.
where Ay W Ei? (i,j= {1,y N}, b= {1,yn}yc={1,++,t})are fuzzy sets on R, their
membership tunctions are Gaussian form. Then the {following fuzzy logic system can be
constructed

Gz | 7r)= D 7..R..(Z) = yIR.(Z) (21)
¢ =1
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Suppose the above formula satisfies
)GE(E) — (G (x l Y,_) ]é €3;
Then, design the tuzzy indirect adaptive controller as:

%Mgi " X ; Hsm - (]. — mt(t))uadz _I_mi(t)k“(siyt)uﬁ-i (22)

U, —— kdisia () —

where

uq = H,;(x; ‘ a;) + 8‘?1 (x; \ )éf)arf + G (x \ 5’;) +Eliufsi + &2 | Ay U fi +§3iufsf
The meaning of the other symbols are the same as the ones in theorem 1.
Add the followings to the adaptive laws:

r??Si(l - mf(t))Rf(:’E)S,{ﬂ ’
Y= < when |7, | << Mg,or when |7,| = M; and yIR,(Z)s;, < 0
Pii{in, (1 —m; (IR, (x)s;n}s when |7,| = M; and YIR, (Z)s;s > 0

ég;’: vﬁf(l—mi(t)) ISIﬂ 1 (23)
y¥iR: ()
7. |
It 1s easy to know that the designed controllers in Remark 3 are the centralized con-
trollers.

P3{ ¥ o= 7]51-(1 —m; (2)) s R (x) — ?]51-(1 — m; (D) 5.4

5 Emulation

Example .

consider the following nonlinear interconnected system with two subsystems:
T] = Xy
Zo = (2t 4+ 2x)sin{xy) + [ 1+ exp(— z1) [ uy + 0. 5sin(32) x5 |
T3 = X4

2, = (2t + 2x3)sin(x,) +[ 1+ exp(— x3) Jl u, + 0. 5sin(3¢) x|

The given reference states are

. T .
Tim = S1n(~*t) s TLom = sm(-—t)

2 2
Choose the fuzzy membership functions as:
A (x)) = (1 +exp(5BX (x; + 37, A*(x;) = exp(— (z; +2)7/2)
A’(x;) = exp(— (x; + 1)%/2), A'(x;) = exp(— (x;)%), A°(x;) = exp(— (x; — 1)%/2)
A () = exp(— (x; —2)*/2), A'(x;,) = (1+4+exp(d X (x; —3)))7"
Choose the parameters of the controllers as:
Ry = 20, §0i:0-59 Ai = O 7?1!!,:‘—0.6, 772,1.20.9, 173'1.=O.4, 1?4‘1.=1
Ms,i — 0.01, Mz,i = 1, MB.:’ = 1z =1,2), M1,1 z-—r%_{_Z{II ! ’ Ml,g == x§+2lx3|
The initial values are chosen as follows.
z.(0) = 1.5, x,(0) =0, x;0)=1.5, x,0) =0, £,(0)=1.5, €5(0)=1
211 (0) = (—=0.1 —0.1 —0.1 0 0.1 0.1 0.DF
B:(0) =¢0.1 0.1 0.1 0 —0.1 —0.1 —0.1D7
a;2(0) =(—=0.1 —0.1 —0.1 0 0.1 0.1 0.1

B(0) = (0.1 0.1 0.1 0 —0.1 —0.1 —0.D7
The emulation curves are shown in Fig. 1.

|

6 Conclusion

In this paper, a new scheme of fuzzy indirect adaptive control is proposed for the non-
linear interconnected systems with SISO subsystems. It combines the fuzzy adaptive con-
trol, fuzzy logic approximation and the fuzzy sliding mode control. The approach does not
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0 0
I
—1L.5, 5 10 15 —1. 54 5 10 15
el €2
1.5 1.5
0 0
— 1.5, 5 10 15 — 1. 5 5 10 15
dot(el) dot(e2)

(1 is the actual state, 2 is the reference state)

Fig.1 Curves of the states and the errors

need the assumption that the tracking errors are square integrable. The sliding mode con-
trol compensates for the affection of the fuzzy approximation errors on the output tracking
errors. It overcomes the defect that the controllers has no mathematical expressions such
that it is difficult to analyze the stability of the systems. The scheme adopts sliding mode
plane to concentrate the information about errors and error changing ratio. Using the sys-
tem states information, the mode transformation functions are like the a “balance device”
to make the decision between the two kinds of controllers (indirect adaptive controller and
sliding mode controller) that which are more suitable to obtain the tracking objective. Of
course, in this paper, only the fuzzy linguistic description information is utilized. Whether
the fuzzy control rules can be utilized is our future work,
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