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ABSTRACT

This paper fully discusses how to design an observer based decentralized fuzzy adaptive controller for a
class of large scale multivariable non-canonical nonlinear systems with unknown functions of subsystems’
states. On-line tuning mechanisms, which adjust both the parameters of the direct adaptive controller and the
observer that guarantee the ultimately boundedness of the tracking error as well as that of the observer error,
are derived through Lyapunov stability analysis. The most important merits of both the proposed controller
and the observer are their robustness against external disturbances. The observer proposed in the paper is
designed based on a reconfiguration of the system in which the dynamics of the model reference is taken into
account. It should be emphasized that compared to the other methods recently cited in the literature, this
paper designs proper controllers for a class of nonlinear large scale MIMO systems in which merely the
structure of the systems is known. The simulation results easily approve the remarkable capability of the
proposed method.
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1. INTRODUCTION

As a result of both tunable structure of the FAC and
using the experts’ knowledge in controller design
procedure, fuzzy adaptive controller (FAC) attracted many
researchers to develop appropriate controllers for
nonlinear systems especially for large scale systems
(LSS).

Nowadays, FAC has been fully studied. Initially, the
Takagi-Sugeno (TS) fuzzy systems have been used to
model nonlinear systems and then TS based controllers
have been designed with guaranteed stability [1].
Modeling affine nonlinear systems and designing stable
TS fuzzy based controllers have been employed in [2].
Designing of the sliding mode fuzzy adaptive controller
for a class of multivariable TS fuzzy systems were
presented in [3].

The linguistic fuzzy systems have also been used to
design controllers for nonlinear systems. [4] has
considered linguistic fuzzy systems to design stable
adaptive controller for affine systems based on feedback
linearization. Stable FAC based on sliding mode was
designed for affine systems in [5]. Designing FAC for
affine chaotic systems was presented in [6]. Designing
stable FAC and linear observers for class of affine
nonlinear systems were discussed in [7]. The output
feedback FAC for class of affine nonlinear MIMO
systems was suggested in [8]. A robust adaptive fuzzy
controller, based on a linear state observer, for a class of
affine nonlinear systems has been presented in [9].
Considering linear observer for nonlinear system and
designing controller for SISO affine nonlinear system are
the main disadvantages of [9]. In [10], direct and indirect
adaptive output-feedback fuzzy decentralized controllers
for a class of large-scale affine nonlinear systems have
been developed based on linear observer. [11] presented
fuzzy adaptive controller for a class of affine nonlinear
systems. This method guarantied ultimately boundedness
of tracking error. A direct adaptive fuzzy controller for a
non-minimum  phase two-axis inverted pendulum
servomechanism has been presented based on real-time
stabilization in [12]. The main drawbacks of these papers
are those restricted conditions imposed on the system
dynamics. For example, it is assumed the control gain is
bounded to some known functions or constant values.

[13] developed stable FAC for class of non-affine
nonlinear systems. The main limitation of these methods
is that convergence of tracking errors to zero was not
guaranteed. [14, 15] proposed a decentralized fuzzy model
reference state tracking controller for a class of canonical
nonlinear large scale system. The main limitations of these
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references are both considering the interaction as a
bounded disturbance and availability of all states.

Designing adaptive fuzzy controller for a class of
stochastic affine nonlinear controller is proposed in [16].
Combination of fuzzy adaptive controller and back-
stepping controller is discussed for a class of affine pure
feedback switching system in [17, 20]. In [18], a class of
fuzzy adaptive controller is designed for affine nonlinear
stochastic system with input saturation based on observer.
Designing decentralized output fuzzy adaptive controller
is derived for a class of affine canonical stochastic
nonlinear system in [19, 21, 22]. Designing adaptive
fuzzy sliding mode decentralized controller for a class of
large scale affine nonlinear systems is proposed in [23].

Availability of the states of the subsystems and
considering SISO affine nonlinear systems for each
subsystem are the main disadvantages of the proposed
controller proposed in [23]. [24] discussed about
designing observer based indirect fuzzy adaptive
controller for a class of affine SISO nonlinear system in
which the gain sign is unknown. Fuzzy adaptive controller
design based on observer is derived for a class of affine
nonlinear system with dead-zone input in [25]. In [26],
observer based fuzzy adaptive controller design is
proposed for affine MIMO nonlinear systems with
unknown control direction. [27, 28] argues about observer
based fuzzy adaptive controller for affine MIMO
nonlinear systems with time delay.

Compared with the previous studies which mainly
concentrated on observer-based affine SISO systems or
affine large scale systems without observer design, the
proposed method is focused on the designing of the
observer based large scale non-canonical nonlinear
systems.

The remainder of the paper is organized as follows.
Section 2 gives problem statement. Designing fuzzy
adaptive controllers and nonlinear observers are proposed
in Section 3. Section 4 presents simulation results of the
proposed controller and finally Section 5 concludes the

paper.

2. PRELIMINARIES
Consider the following large scale nonlinear system.
x,=f () I=42,.,n-1 ,i=12,.,N
% = 0 +0 U +M (X X %)+, (1) (D)
y, =Clx
where X, declares |"state of the ™ subsystem, M;is
number of the state in j subsystem, N is number of the
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subsystems, X = [X., ..., X, ]" €R"is the state

vector of the system which is assumed not available for
measurement, U, € R is the control input, Yy, €R isthe
system output, f,(X;) s and @, (X,) are unknown
smooth nonlinear function, M, (X,X,,...,X,) is an

unknown nonlinear interconnection term, and d.(t) is

bounded disturbance.
The above equation can be revised as

% = AgX +(=AX + (X)) +b (f,(x)

(%)
+ 0, U + M (X, X100 Xy )+, (1) )
Y =¢X

where f (X), A, and b, are defined below.

0 1 0 - 0]
001 0
A=l 1 i T i]eR™
000 - 1 @
000 - 0]
b, =[0 0 1] eRr"

f.(ﬁ)z[fu(é) fi,ni—l()—(i) 0:|T

The control objective is to design an observer based
adaptive fuzzy controller for system (1) such that the
tracking error and observer error are ultimately bounded
while all signals in the closed-loop system remain
bounded.

In this paper, we will make the following assumptions
concerning the system (1) and the desired trajectory

X (1)

Assumption 1: without loss of generality, it is assumed
that the nonzero function g,(X) satisfies the following
condition:

9,(x)>9,, >0 V(x,u) e R"xR (4)

Comment: For the case in which g <0 , we may

min
easily use the following controller and observer design
given below.
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Assumption 2: The desired trajectory X, (t) is generated
by the following desired system.

)_.(im = A‘iozim + b|r| (t)
yim = CTX

i —im

()

where: (t) is external desired value.

Assumption 3: the interconnection term satisfies the
following:

m % X <60+ X6 (R E]% ] ©

N ~ o -
&, +Zj:1§ij (‘Cfg‘)”ﬁjuls unknown upper bound
of interaction terms. To use this upper bound in controller
design procedure, it uses the é:ij ’s as estimation of é’ij ’S

that adjusted adaptively.

Assumption 4: the external disturbance satisfies the
following property.

Consider X (t) as an estimation of X (t) and the
following definitions.

&=Xn X, = [e| éi ei(n_l) !
8ox, %= [8 & 8T ®
€=6-8

€ presents the

—

where € stands for the tracking error,

observer error and € is for the observation error.
Consider the following tracking error vector.
— T ;
e=[e, e, ....¢e,] eR’ 9)

Taking the derivative of both sides of the equation (8) we
have:

& = X%, = A, +B5 (1) — Ax — £(X)
—b, (f.06)+ 9, (X)u, +m, (X, X,,..., X, ) +d, (20)
e, =c8

Use equation (2) to rewrite the above equation as:

€= Aiogi - fl’(l)+bl{r; (t)'fi (Z.)

+0 (U =M, (X, X, Xy ) = (0} (11)
&, =C8
47
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where A, is defined in equation (3).
To construct the controller, let V. be defined as
V= L(O+KLE +V] (12)

Consider the vector K, =[K, K, ..., Kk, ] be

coefficients of w/(S) =S" +ki,nIS"" +"'+ki,1 and chosen
so that the roots of this polynomial are located in the open
left-half plane and theV' is the adaptive term that be

=A,-bk!

I IC

introduced later. This makes the matrix A
be Hurwitz.

By adding and subtracting the term (k,TCE, +Vi') from

the right-hand side of equation (14), we obtain
e=A e

= |0—| |k;rc§| - f (X) b {f (l(.)
#0,00U Y+ M (%X X)L OWY g
eiy:c:i-rgi

Invoking the implicit function theorem, it is obvious that
the nonlinear algebraic equation

f.(x)+9,(x)u —v,=0 is locally soluble for the
input U, for an arbitrary (X;, V,) . Thus, there exists some
ideal controller U (X,, V,) satisfying the following

equality for agiven (X,,Vv,) e R"XR:

fi(lﬁ)"'gi(&)u: -V, =0 (14)

As a result of the value theorem,

f.(x)+ g,(X)u, can be expressed around U as:

mean

fi () +9,(0u, =f,(x) +g,(x)u;
+ (ui-ui*)gi(Zi): f.(&) + g|(5.)u|*+ euigi(xi)
Substituting equation (15) into the error equation (13), we
get
&=A.g-bkig - f(x)-b{e,9(x)
+ M (X, X, X ) + 0 (D) V) (16)
e, =Ce

(15)

3. OBSERVER BASED Fuzzy ADAPTIVE CONTROLLER
DESIGN

If the function is continuous on compact set, it can be
written in compact form as:

48

y(x) =w(x)"¢ (17)
where 0=[y1 yi... yM] is a vector of consequent

parameters, and W(X) = [W,(X) W,(X) ...
set of fuzzy basis functions.

w, (x)]"is a

This section deals with the observer and controller
design procedure. To design observer for the mentioned
system in equation (16), this paper proposes the following
observer error.

A_ T ~ Tx
&= (A blklc G €+ 0K, (&, 8)|G &
Aie (18)
6,=c'¢
where Kk ,K, are the linear observer gain and the

nonlinear observer gain respectively. kio is selected to
make sure that the characteristic polynomial of
(A=A, -Kk,C") is Hurwitz. Defining the observation

error € =€ —§. Subtracting (16) from (19) yields

Ei: (Aio-kiOCiT)g - fl'(l) - bi{eiu 9.(5.)

Ao
+d, (O, + M, (X X000 X) +Ko (€, E)TEF (19)

T

D

|y:Ci

Lo

The output error dynamics of the above equation can
be given as:

2, =H, (H00 +D{8,0,(6) + MK Ko ) 0
+O.OH +,, (6.0)] 8]

where
H(9)=-c¢ (s(A,k,c")) B (21)

B, is the identity matrix, and H,(S) is a known stable

transfer function. In order to use the SPR-Lyapunov
design approach, equation (20) is rewritten as

&,=H ()L (sf,/ (x) +b,{e,g,(x) +d, (1)

(22)

0% X) Ko (6,6)]67E 1)
where fif (x) = f(x), fiu/lf =L(s)” fiu,l ;
vi =L (s)"V/ d. (t) =L (s)™"d.(t). L.(s) is

chosen so that L, (s)™is a proper stable transfer function

and H,(S)L,(s)is a proper strictly-positive-real (SPR)
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transfer function. Let L. (S)=s" +b,s™ + --- +b
where (m=n-1).

im

The state-space realization of (22) can be written as

_éis = Aoo_ls |s if (X) bIS{eIu g (X ) + dlf (t)
M (X X X )HY +K (6, 8) 78, (23)

The ideal controller can be represented as:

u =f(z)+e, (24)
where z, =[x,v.]" and f(z)=0,w (z), and 6,
and W, (Z,) are consequent parameters and a set of fuzzy
basis functions, respectively. &, is an approximation

error that satisfies > 0. Denote the

o S Epe and &

estimate of 0 as 6, and U, as a robust controller to

irob
compensate approximation error, uncertainties,
disturbance and interconnection term. To rewrite the
controller given in (24) as:

u=0:w.(z)+u_, +&Pk, (25)

irob

Consider &, (‘CIQ‘):nji HC Hand then U, be
defined below.

_sign@e )N le |+ &
o = SONCLE) G LE |+ gr:n

ngm Ly IR H\+U.mm . (26)
k@SR

T . R
In the above, 6,W,(Z) approximates the ideal

2 1 N o~ |~ |12 ~
controller, §io+zzjﬂn” HLH Clgs‘ tries to estimate

the interconnection term, U ___compensates for

icom
approximation errors and uncertainties, U,
bounded

/ gm|n+‘e P.b, ‘)) tries to estimate

is designed to

compensate for external

kanf (_; ! _;)(

the nonlinear gain of the observer, and V/ is estimation of

disturbances,

IS—tS‘

v/ . Define error vector 6, =6, — 6, and use (26) and

(27) to rewrite the error equation (17) as:
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gi: AiO .klé - f (_) -b; {(QTWu(Z.) Ui
_8iu)gi(l(i)+mi(l(1’52""’_N)+di(t)+vi’} (27)
eiy:CiTgi

Based on equations (25) and (26), the state-space
realization of the equation (23) can be written as

_éis: Aoo_us - |s if (X) bls{(QTW (Z ) +u|r0b
—£,)9,(%) +d, O+, +k,, (€, 8)[c'E[}  @®)
e _CISEIS

Consider the following update laws.

. TR 2

ino = ?/iko ( — Cl-g_é;s ‘ ‘biT PI2§t )
9 1—‘lclsglswil (Zo)
é\io - h l—éts

gmin
(29)

le‘ nji T& X' ||2

ji ngin is s
ulr = yuir Clgs
L.Iicom = yuiwm Cl_éls‘
Vi’ =V Clgs

T
where[, =T, >0,7, st Vi Vit Vo > 0 are
constant parameters.

Theorem 1: consider the error dynamical system
given in (18) and (28) for the large scale system (1)
satisfying assumption (1), interconnection term satisfying
assumption (3), the external disturbances satisfying
assumption (4), and a desired trajectory satisfying
assumption (2), then the controller structure given in (25),
(26) with adaptation laws (29) makes the tracking error
and the observer error converge asymptotically to the
origin and all signals in the closed loop system bounded.

Proof: consider the following Lyapunov function.

N1l L. e s A
V=2 S(—&P8&+8PE+0,10,
i=1 2 giu“
2 N 52 2 2 2 2 (30)
. JMio 0 a k. A
+§|O + =" ir icom | “Nino i )
7/§|O 7’7ji }/ulr }/ulcom }/iko 7/Vl
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where éil = 9i1 —6’:17 0, =u,—d,,, V < , —l 6T (Al P, +P g
- Z 2 gls ( 00" il + ileo )gs
0 =u_ —¢ =k —k_, di.=h -7 R >
icom icom max ! no ino ! ji ji ji? il

A

&0 =& — & and v/ :\7;_|Vi, :

The time derivative of the Lyapunov function
becomes.

N . y
V=) 2 lgRe o gRE + P
i=1 2 gi gi i
1 ATp A ,.8TD A T-1 éoéo Z
+(E'PE+ETRE )OI, + =S

. ~ . ~1A ”
+ uiruir + uicomuicom + ViVi &
;/Uir ?/Uicom 7/\7; 7/k0

Use (18) and (28) and to rewrite above equation as:

N

V—Z ——(AOH— o fir (%)

-bis{(giIW (Z ) F U — giu)g' (X)
+d, (4] +K, (€, 8)[cENPE,

B, f (X)

1, _
+—6'P,(AE
zg =s II(AOO—lS

-bis{(éiIV\lil (Z.) FUg — giu)g' (X)

if i,f inof \=57 =5 ‘} —Nt il iéts (32)
+£ AIOC—I K CTe+blk|no e)‘c g&‘ PlZ—ét
2
1 ~ ~
+2§TP|2 (AIOCQI-}-K CTe-"_blkmo e)‘ i g&‘)
+0|1F116| + |0§|0 ZJ 117“”” l]iruir
7/&0 }/'Iji }/uir
u icom U icom Vi'\,/.\i' lZi no k\ino
4 —fcom kom 114 _Jo o
7 ticom Vi Yko
A assumption (1) vyields 1/g, <1/g . and use

assumptions (3) and (4) to rewrite (32) as:
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o€l Re |17 0] [BlRe |

; T (AT R +F)iZAiOC)§t

ioc’ i2
-Qi2
_(0 |1(Z )+ u|rob Eiu )CIS—I»S
Tx
d T ~ Cisgls N A
+—IC &+ (§i0+zj:1§ij X; ) (33)
min min
T |2
|Vi’| T~ ~ A Cis@ts
+ Cisgis +kino(§u§t)
min gmin
AT T~
|2k|OC|s_ts +k|no( g)g PIZbi Cisgts‘

~ A N L oA
2] ] i05i UL TN
+ Qarl’lgil + gloglo + Z j=1 il n U, Ui,

?/éio }/nji }/uir
~ . ~IAT ~ 2
+ uicomuicom + Vivi + kinokino
?/uicom y\?{ }/ko

Using sigmoid properties, (25)-(26) and well-known
equality o> + 3% > 23 , we can easily obtain (34), this
can be rewritten as given below.

9% sTpe

_2 2 s Nildis

i1 2_9, - 95
5808+ |1 wl[elRe |

T ~
_ Cisg

—( |V |) 9|I l(Z )CIS—lS

O min ‘ﬁf‘—’

(34)
c'é

iS—elS _|

ngm

ji

(- Eo)+ETPLKCIE,
min T
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T~ 2 Furthermore knowing the fact that the reference
_(|Zino —k.) Is s ‘e ‘ |s_ts‘ signals (i.e.X_) are bounded and using the fact
Kiro i H f7 (ﬁ)” <¢, %]+, we can proceed as follows.
T ~
T~ Cisgs T
—|Cis &s (uicom _gmax)_—(uir _dmaX) H fi (E)H < C ”Z. ||+ C,
l]icom gmin lJir
~ A ZN ~ A . < ~ ~
+9~iTlr1—19'i1 + SioSio + i il i + Ui Ui sG l(%_fé-i_l(;ﬁnj-i_)_(im +C, 37)
7/«fio y'?ji ;/uir o .
0o v Rk <c e+ c.&l+c x| +c.
4 —icomZicom o TiTi  “tino Mino \—?/——’
<cp
Y ticom Vi Yvo _ ) .
Using (37), the equation (36) can be written as:
Finally, The above equation can also be rewritten as:
; 1 e 1 ~ 112
N -1 g V< _g_j“min (Ml)”gs” _Eﬂ“min (le)”g”
I A .
V SZ 2__|s |1 _2Pil Es min
i= gi g i 1
g ar d i alel|BR ]+ e lgllells e
+58 Qb Hf e [[MN "
!
CTé \’/‘\’ + C2 || ||HB|5 |1H
~ is s i ~ A4 min
~V e 'eiI( |1(Z)C|s_|s 110” ] ]
Omin V4 The above inequality becomes:
A . é
s g | BEBE A, R e U A A\
=t 2 min
gmin ?/r]ji (35)
. _C HBIS |1H) (_j“mln (QIZ)”—L” (39)
|s_|s _ T~ U,
~Uicom ngts‘__ 1
Gimin ?/5,0 Yu, |5 IlH)”
= min
g izbi‘ (:;_é‘S — —ino Choosing appropriately the matrices M. and Q,,
gmm ko . .
we can guarantee that V is negative as long as the
Ci gs U. observation and observer errors € , € remain outside of
—G | L5221 Zicom
" Onin 7u the compact set €2_defined as
R _ joj<—_cleRl
After some algebraic manipulations on the time =172 (M) —c, |BT p1||
derivative of the Lyapunov function and using equation Q, =<6, " o 8" " BTP (40)
(29), we will have: lé]< ¢.|BIR.|c; [BIR.|
N /lmin (Qiz)gmin (ﬂ’mln (M ) C |B|Z Pll ||
~T g ~
S; _2_9_95 (Qil_"?loiljgis According to the standard Lyapunov theorem, we
) N (36) conclude that observation error, accordingly the observer
M error and the tracking error are ultimately bounded and
_EQTQ.ZQ b= H £ (X)HHB.S (Il _‘S,_‘wnl converge to €2_. In addition, the boundedness
2 Yo of the coefficient parameters is guaranteed. This

completes the proof.
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4, SIMULATION RESULTS

In this section, we apply the proposed observer based
decentralized fuzzy model reference adaptive controller to
the following large scale system.

Xu =Sin(x11)+x12 — X,
X, =Ssin(x,) +1—-X, +200u, +4sin(x,,) +(
Yi =%,

(41)
X,, =SIN(X,,) + X,, — X,
X,, = SIN(X,,) +1—X,, +200u, +4sin(x,,) +
Y, =%Xu
It has been considered that the desired value of the outputs
are I = 2sin(zt) + 2sin(3xt) and

r, = 2sin(1.8zt) +2sin(3.6xt) . Furthermore, it is

assumed that d, (t) =sin(200xt) and

d, (t) = sin(120xt).

Now we apply the proposed controller defined in (25),
(26) to the system given in (1). Based on the experts’
knowledge, Let us define
X, =Xy, %,]", Z, =[X, X;,,V,]" and the states of the
subsystems are in the range of [5,—5], furthermore, V;
are defined over [-45,45]. For each fuzzy system input,

we define 6 membership functions over the defined sets.
Consider that all of the membership functions are defined

by the Gaussian function u (x) = exp(% o b5 where

C is center of the membership function and & is its
variance. We assume that the initial value of controller
parameters be zero. Furthermore, it has been assumed that

fmin =1, rl =10, y§i0 =2’ yé‘ij =2’ ?/Uicom :2,
Vi = 5, Yo = 2 and y,, =10. In addition, we assume
that o =0.01,¢ =0.01.

As shown in Fig. 1 and 2, it is obvious that the
performance of the proposed controller is promising. Fig.
3 and 4 show the estimation of the first and second states
of the first subsystem with their desired value.

The performance of the proposed observer on the second
subsystem and their desired trajectories are shown in Fig.
5and 6.

As shown in Figs. 3-6, it is obvious that the nonlinear
state observer can generate the estimated states and
perform exactly. Moreover, it is also clear that the output
of the system converge to the desired value. The stability
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of the closed loop, the boundedness of the tracking error,
as well as the observer error, robustness against both
external disturbance and approximation error are the
merits of the proposed controller and observer.

Qutput Error of First Subsystam

2¢ | L | L L ]
L] 5 10 15 20 25
Tamefs)

Fig. 1. Performance of the proposed controller in first subsystem

= -
w- - (Ll
-

Qutput Error of Second Subsystem
=

45
b
15+
2t L L L s .
5 10 15 20 25 30
Tame{s)

Fig. 2. Performance of the proposed controller in second
subsystem

0 L 10 15 20 25 30
Tume(s)

Fig. 3. The estimation of the first state of the first subsystem and
the desired value

x2e81

5 10 15 20 25
Tune{s)

Fig. 4. The estimation of the second state of the first subsystem
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x1es2

|
5 10 15 20 25 30
Tune{s)

Fig. 5. The estimation of the first state of the second subsystem
and the desired value

x2e52

0 5 10 1% 20 25 3
Tume{s)

Fig. 6. The estimation of the second state of the second subsystem

5. CONCLUSION

This paper proposed new fuzzy adaptive observer
based controller for a class of nonlinear large scale
systems. It was assumed only the structure of the large
scale system is known and the functions of the subsystems
are unknown. The advantages of the proposed method are
1) it guarantees the boundedness of both tracking and
observer errors, 2) it makes the overall closed loop control
systems robust against external disturbances and
approximation errors as well and 3) the stability of the
closed loop system (plant, observer and controller) is
guaranteed. The simulation results easily approve the
promising performance of the proposed controller the
observer as well.
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