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Abstract

This paper proposes an alternative observation scheme, T-5 fuzzy model based indirect adaptive fuzzy observer.

Nonlincar systems are represented by fuzzy models since fuzzy logic systems are universal approxymators. In order to

estimate the unmeasurable states of a given nonlinear system, T-$ fuzzy modeling method is applied to get the dynamics of

an observation system. T-5 fuzzy system uses the lincar combination of the input state variables and the modeling
applications of them to various kinds of nonlincar systems can be found. The adaptive fuzzy scheme estimates the
parameters comprising the fuzzy model representing the observation system, The proposed indirect adaptive fuzzy observer
based on T-S fuzzy model can cope with not only unknown states but also unknown parameters. In the process of deriving

adaptive law, the Lyapunov theory and Lipchitz condition ave used. To show the performance of the proposed observation

method, it is applied to an inverted pendulum on a cart.

Ketords

1. INTRODUCTION

There often  conflicts the problems that states are

partially or fully unavailable in many practical control
problems because the state variables are not accessible for
direct connection or, sensing devices or transducers are not
available or very expensive. In such cases, observer based
control schemes should be designed to generate estimates of
the states . Therefore, Observer design has been a very
active field during the last decade and has turned out to be
much more difficult than the control problem. The design of
state observers and the design of controllers can be carried
out independently {8].

Based on a consideration of works to represent and
identify practical systerns, a number of studies on fozzy
modeling and wdentification have been developed over last
decades  since  fuzzy  logic universal
[10}.

Takagi-Sugeno(T-5) fuzzy system is widely accepted as a

systems are
appraximators As the structure of fuzzy models,
powerful tool for design and analysis of fuzzy control
systems [9)]10]. T-S fuzzy system uses the linear combination
of the input state variables and the modeling applications of
them to various kinds of nonlinear systems can be found
[9)[10]. To design fuzzy observers, nonlinear systems are

represented by T-S fuzzy models.
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Furzy systems are supposed to work in situation where
there is a large uncertainty or unknown variation in plant
parameters and structures. Generally, the basic objective of
adaptive control is te maintain consistent performance of a
system in the presence of these uncertainties. Thercfore,
advanced fuzzy systems should be adaptive, i a controller is
conducted from adaptive furzzy systems (an adaptive fuzzy
system is a fuzzy logic system equipped with a training

algorithm), it is called an adaptive fuzay controller. The most

dmportant  advantage  of  adaptive  fuzzy  control  over
conventional  adaptive contrel  is  that  adaplive fuzzy
controllers  ave capable of incorporating linguistic  fuzey

information from human operators, whereas conventional

{11}

nonlinear systams that incorporate fuzzy systems have been

adaptive controllers  are not Adaptive schemes for
enormously popular [12-18}

Qur goal is to design T-S fuzzy model based indirect
adaplive  fuzzy  observer. In order to  cstimate the
unmeasurable states of a given nonlinear system, TS fuzzy
modeling method is applied to get the dynamics of an
observation system and based on the T-5 fuzzy model an
adaptive fuzzy scheme is proposed. The adaptive fuzzy
scheme estimates the parameters comprising the fuzzy model
representing  the observation system. The proposed  indirect

adaptive fuzzy observer based on T-5 fuzzy model can cope



with not only unknown states but also unknown parameters,
In the process of deriving adaptive law, the Lyvapunov
theory and Lipchite condition are used. In addition, the
stability condition is given by them.

The rest of this paper is organized as follows. In the
Section I, the fuzzy system is bricfly reviewed and the
The

observer is designed in Section HI and the derivation of

problem  to be considered is  formulated. proposed
adaptive law is derived in Section IV, In Section V, some

cexample  and  its  computer  simulations  are  given  to

demonstrate  the  effectiveness  and  applicability  of  the
proposed observer. Finally, some conclusions are drawn in

Section V19
1I. OVERVIEW AND PROBLEM STATEMENT

A. Takagi-Sugeno Fuzzy Model

T-5 fuzry maodel can express a highly nonlinear functional
relation in spite of a small number of implications of rules
BI19]. TS fuzzy model can be brictly presented below by
the following IF-THEN form or In-Out form.

1) IF-THEN form

Plant rule

IF x s My and x s Ma and. .. and x70 s Mo,

P - ar Lad F .
THEN ' = elx + bue, =1, 2, ,~.r
where
y [T B Y A _ -
x=[r ¥ X" e R, o R, bk

M, is the fuzzy set and % is the number of rules.

2) Input-Output form

5‘.-1‘1 wlx){ alx + b}

.\‘( . =

’

Zl )

T

== 2;111,(‘1‘){ alx + B}

wilx)

2_; wx)

ML Y s the grade of membership of ™ in M,

where wex) = Ij};l[,,(x”nu), BAxY =

It is assumed that w,(x) = 0,

=

2{ wlxy > 0

L 2,3 -,
Hence, 22(x} = 0. 2!!2,(,\‘) == |
pe
B. Probles Specification

Consider the regulation problem of the following n-th

order nonlinear SISO system.

= Ao+ BLIC + g

y=Cx 21
where,
G 10 - 0 u
0 01 -0 ] 0
A=t = &~ L B=| ], C=[140 0l
0 a0 1 a
0 o a0 - a 1
and  J(x), g2(x) are unknown but bounded continuo.is
nonlinear  functions. e is a control input. Let
=[x x ,1:"’—”]T:f[xl % x] @R be the state

vector of the system which is assumed to be unmeasurable

Paramcter updating

u L Nonlinear

System

Fuzzy
Observer

y’?e R

Adaptive Law

<Fig. 1> Configuration of the proposed observer

The goal of this paper is to estimate unknown states and
unknown parameters. T-5 fuzzy model and indirect adaptive
scheme are used to solve this problem. Using TS fuzzy
model, the structure of the proposed observer is designed
and the unknown parameters of that is estimated by derived
adaptive law. Fig.1 shows the block diagram of the proposel
observation system. The nonlinear function can be expressed

using TS fuzzy model as follows.

Kx) = '5:; LX) @ x @)
2y = 3 mos, @)

Therefore, the original system and the observer system can

be described based on T-5 fuzey model as follows.

<The original system>
x= Ax-+ B[ 5_:1 rLx) a; x+ f_; flx) b,—u]
e o

y={x (2-4)

. INDIRECT ADAPTIVE FUZZY OBSERVER

In this section, a fuzzy observer and adaptive law are
developed. The developed observer guarantees to estimate
states well. The design process starts with the TS fuzzy
model based presentation of the proposed observer system.

Let ¥ and v be an estimated state vector and the outpu
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of the proposed observer system.

~ ~ A N LA
Where, 1=[% £ *

o~

:[Afg X o

o] er

<The proposed observer system>
x=Ax+ B[ glk,{f) & Rt g;fa,(ﬁ)i:‘,zc]-;“l,(y—})
y=Cr (3-1)

~ o~ .
where, «@; and &; are adaptive parameters.

The estimation error, which is the error between the real
states and the cstimated states is defined as

€= xr—x

(3-2)
After

original system and the observer system into il, an error

Therefore, differentiating € and substituting the

dypamic equation can be obtained as follows.

e=({A—LClet B[ 2_‘1 L @ x— @ ,,\ + 2’; L B~ b:)u]
-3

Note that k,(.'{‘) should be used as the membership function
for both x and % since only x Is measurable,

It is very obvious that all entries of ¢ will approach zero
if all eigenvalues of (A—[LC) have negative real parts ,and
2 and § estimate the original parameters @ and 4 well

Hence, The adaptive law should be derived in next process.
1V. DERIVATION OF ADAPTIVE LAW

A Lvapunov function is chosen as follows

1 < ~Te 1 "o o AT

—eTpe+—L S A D N : -a
V=e¢'Pe-+ m;\a,a, p- ??xb’b‘ (4-1-a}
@ =a/—an b, = b—b; (4-1-b)

where,
V : a positive definite and radially unbounded Function
P : a symmetric positive definite matrix

@y, @ : positive adaptation constant gains

V<0

(negative semi-definite) can be constructed. The derivation of

After differentiating ¥, an adaptive law to make

V is as follows.

. LT o . N
V= ¢ Peie'Pe +~—a?=- ?_:1 a; a; +t (+2)

1

2 < 2 T
o 2 00
By substituting (3-3) into (4-2), 1/ is expressed as follows

V=e"(A~LO Pot ¢ HA— L e

350

+ ze”m{ PITEY O B ?;')k,(&)(b;_ z;“,)u,]

2SN T, 2 SIS T
+ @ A S + . 2‘1 & &;

=—a’ et 2&27}“1.{ ‘2_:‘/6,( a2t @i~ @ A= a’ D

WG T B D PR ARE > (o

..... @ =

= o+ 2 B3 Z{ i) e, et 2¢"'1~1>{ ; PYESPAs:

< - AR S A <Y 4 ~
) e = i B - & 4.2
+ 52__ pX¢ ,\»/,1:] P {2__ @ a, p” _,Z 5 b 4-3)

Since the error state ¢ has to approach zere as lime goes
to infinite, an adaptive law that makes ¥ negative definite
should be derived from the equation, (4-3). In order to
obtain  the

condition as follows,

adaptive law, we need some defimtion and

Definition 1 :
let  Ag, (M) denote the smallest eigenvalue of M and
A (M) the largest. Then, it follows from M= {7AL that
A min(]u) | I,\""?g:x ’CMxﬁ a [f2559 (M) ‘ Ix“E (4'4)

where, M is a positive definite matrix, U/ ’U=1 and A is
a diagonal matrix containing the eigenvalues of the matrix

M

Using Lipchitz condition |7] ,
?%%k’(‘é)( @ x— a, sk fbe— Al

In addition, according to Definition 1, the following inequality

is accomplished.

Ve —e Qe+ 2¢"TB ;{ LD e e +ze‘"ﬂ{ ; O

+ ;‘lfa,(ﬂé;u] w—fl— % & &+ 2 ,Zﬁ 567

S =G+ 2l B (PY el + 267 FE 330000 &

3y NP 4._2- ¥ a: \.7‘ _2 2:\ 5 ..\_‘7'
+ ;.Ilz,(.x)b,zc] s ?;_.i a; a; + @ & 5; b

< = Amin (@ el + 2 ALBIA v (PY el
o a

+2c&7'1-ﬂ{ ri;k,(,i:\} & i+ ;;h,.{.\:}iﬁ}u] +~§; 2, @,

- T ,

& —L (@ = M Bl Y 267 1 T3 672

4l N : _2._ oy _..j_ v 4 4
+ ;_l/c,(m;,u] RN W @5)



In (#-5), in order to make 14 negative definite, we have

to not only find suitable P and ¢ but also derive the
adaptive law of a-, and Z,;,:.

P and @ can be easily chosen, which satisfy (4-6).

Amin(&)
HBIC P (4-62)
B'P=C {4-6-b}
(4-6-a) means that —[Amn( @) _g-krufﬂlamr\':(fl)]”(ful in

(4-5) is negative definite. Therefore, What we only have to

do is to converge the rest part of (4-3) to zero such as

2 2-1 T
a; = it

2e TPI{ 2;; kL) l},-r,\“‘!“" glh,( .\c)b‘;u]"?“

4__2_ O -1 -
o 2"1 b by =0 47
Now let assume that

$=2¢ 773[3{ ;:llz,(x) &, s ) 2 (x) li;u],

then $=87 since S has a scalar value. Hence,

2¢TEF §_ {x) rz. o }_1/?,( r)b,u]

7y . Y » . r .
= 2[ }__‘1 h{x) a; xt ; i) b,-u] (=) {4-8)

Note that B'PTe cquals (y—3) because of a symmetric

positive definite matrix, P and ($-6-b).

Using (4-8), the cquation, (4-7) can be oexpressed as

follows.

=1

I . - o T .
2[ 2::1]1,(1') & vt ?%lz,(x)li,u] (y— 3+ —‘f— i @ e

w2y be=0 (&9
with respect to @
2 21/‘(1) X (h(}"‘ ‘»)+ S & @ =0
Z«'[ @ -='ﬂ'l le,( PR g
=—a(y— ) Z:Ih:,(x) P @-10)

with respect to 4,

. ry ~ T ;\_(7' _ﬂ __2*
Z?;)k,(z)u 8 (y— v+ P &
):_\ A —

== — (= 3) ’Z:‘ R{ue" B ¥

@ 3, e’ B, (- 5)
(3-11)

where, from (4-1-b), a.',} =— 6?,:, b, =— bk,

From (4-10) and (4-11), (}, and bl are obtained after sorie

calculation.

b, = as(y— ¥l ,{’)u.T
V. SIMULATION

Let's consider the problem of balancing and swing-up of
ant inverted pendulum on a cart, The state equation f

motion for the pendulum is as follows.

gsokcy )~ el o el 28— eensx Joe
B — el (1)

= L)+ glmda -+ oK) =

61

PRy . S —

<Fig. 2> Inverted Pendulum System

where
xy angle & in radians) of the pendulum from the vertica ;
xz the angular velocity;

g the gravity constant, 9.8 mifs5

m  the mass of the pendulumy;

M the mass of the cart;

2¢ the length of the pendulum;

i the control force applied to the cart (in Newtons);

1

@ = — 5z
m+ M

We choose 2.0kg, M = 8.0kg 20 = L0Owm in the

simulation.
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As a model for the pendulum, we use the following
Takagi-Sugeno fuzzy model with two rules. Membership

functions are shown in Fig. 2.

Rule 1: IF % 1s about O THEN % = a & + Bae

Rule 2 . IF X ss abod & - (I?ﬁl(—g )

"2

THEN % = as'% + bu

_r Oldegree) T

<Fig. 3> Membership Function

For computer simulahion, the following observer gain and
adaptive gain are used.
L:—[ 70 1230]: @y = #s™= 1
Note that the observer gain can be every value, which

LS
4
high gain and a low gain is how fast observer states catch

satisfies L=[ Ly The only difference between a

up with original states.

TATE g

<Fig. 5> Observation error
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Figed and 5 show the simulation results of the proposed
observer. From Fig. 4, it can be seco that the observer state,
X, obscrves the original state xy very well as expected.
Ihere shows that the observation error disappears  within

very short time in Fig. 5.

VIi. CONCLUSION

This paper proposed an indirect adaptive fuzzy observer
design method based on T-S fuzzy model and applied it to
an inverted pendulum on a cart in order to show the
performance of the proposed observer. TS fuzzy model was
adapted to construct the structure of the proposed observer
systern. Using indirect adaptive law, system parameters were
estimated. In the process of deriving adaptive law, the
Lvapunov theory and Lipchitz condition are used. Therefore,
the proposed observer system were able to deal with not
At last,
simulation results confirmed  that the proposed algorithm

only unknown parameters but also unknown states.

could achicve the observation problem of unknown states

together  with  the  estimation  problem  of  unknown
parameters,
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APPENDIX

Remark
A nin
KAt

e ﬂu'ﬁn(Q)
T Al B}

[ A-LC 0,4
T [ O _U]

, B'p=C

where, 5 denotes the maximum convergence rate of /7 and

’

carmot be increased arbitrarily for a fixed /7 in general. Ir

this case, however, it can be shown that the maximurr
ronvergence rate % can be incieased arbitrarily '\by the
appropriate  choice of eclements of J1  Consider the
characteristic equation of [l
det(sI— I = (s-+ oddet(sI—A + LCY

= (s+o)(s"+ 48" o+ 2,)=0
In addition, since the maximum convergence rate 5 can be
interpreted as the negative value of the maximum real part
of the eigenvalues of 17 as follows.

p=—max(—o, Re{AN i=1,.., »n
It can be shown
L=[8, - [l]'f'
Ay =s"+ 4" et

increased arbitrarily and, consequently.

that, by increasing o and choosing

such that all roots of the polynomiai

move leftwards, 3 can be
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