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methods because the repulsion between the object and obstacle is av@B] D. T. Kuan, J. C. Zamiska, and R. A. Brooks, “Natural decomposition of
able in closed-form. According to the simulation results, not only can flfgg Sspacelfggpf%planning," Proc. [EEE Int. Conf. Robot. Automat.
an object F:onflgurahon obtalned with the. proposed approach QVOId Oﬁil] L. E. ’K[;F\)/.rakiet al, ‘:Probabilistic roadmaps for path planning in high-
stacles with satisfactory (optimal) margins, a sequence of object con-"" yimensional configuration spacesEEE Trans. Robot. Automatvol.
figurations thus obtained also connect naturally into a spatially smooth 12, pp. 566-580, Aug. 1996.
object path. Preliminary results of connecting local paths obtained with
the proposed local planner into a global one are also included.

Despite the aforementioned success in applying the proposed algo-
rithm in 3-D path planning, several related issues are yet to be ad-
dressed. For example, the sampling of the object surface is not a trivial

problem. There is certainly a tradeoff between the computation effiAdaptive Control of a Class of Nonlinear Systems With a

ciency and the correctness in the resultant object path. Other issuggrst-Order Parameterized Sugeno Fuzzy Approximator
include the developments of a systematic way of identifying free space

bottlenecks of more complex geometry, suitable global planning strate- Mohanad Alata, Chun-Yi Su, and Kudret Demirli

gies to connect the local paths, and other local planning algorithms.

On the other hand, it is possible to combine the proposed algorithm _ _ _
with some other global path planning approaches, e.g., a probabilist#'cAbStraCt_m this paper, an adaptive fuzzy control scheme for tracking

. . a class of continuous-time plants is presented. A parameterized Sugeno
roadmaps method presented in [21]. Extensions of the proposed %Qiy approximator is used to adaptively compensate for the plant nonlin-

proach to more general problems, other than the one involvinga singlgities. All parameters in the fuzzy approximator are tuned using a Lu-
rigid object among stationary obstacles, are also under investigatioapunov-based design. In the fuzzy approximator, first-order Sugeno con-
sequents are used in the IF-THEN rules of the fuzzy system, which has
a better approximation capability than those using constant consequents.
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systems, which are expressed as a series expansion of fuzzy basis fwhereR; denotes thgth fuzzy rulex; (i = 1, 2, ..., n) isthe input,
tions (FBFs), to adaptively compensate for the plant nonlinearities.dt; is functional consequent of the fuzzy rukg and(b;, a}v . ay

is shown in [11] that Gaussian basis functions (GBFs) have the best ap= 1, 2, ..., V) are adjustable design parameters. In this study, for
proximation property. This is the main reason in choosing the Gaussigimplicity, a MISO system is assumed. In case of a multi-output system,
functions as the membership functions in this study. several output variables such aé" (k = 1,2,...,m) are used,

In the GBF expansion, three parameter vectors are used; connectibrerer represents the number of output variablés, 47, ..., A7
weights (constant consequents), variances and centers. Itis obviousghatfuzzy labels of the membership functions. To combine the mem-
as these parameters change, the shape of the GBF vary accordirmgyship values of the input fuzzy sets in the rule antecedent, any type
However, in the fuzzy schemes presented in [8], [10], [13], [14] onlgf fuzzy conjunction operator (AND operator) may be used.
connection weights are updated in the GBF expansion. To overcom&he output of a fuzzy system with Gaussian membership function,
this drawback, in the recently developed adaptive fuzzy controller [ptoduct conjunction operator and functional consequent can be written
all three parameters are updated, which results in a better tracking zes-
formance. In[22], an adaptive controller using a similar approach to the N .
one used in [10] is introduced, where a Sugeno fuzzy system is used . . .
to approximate the controller. In this paper, we introduce a controller Cx) = Z Wi <11 Fas (@)) )
along the lines of [9]. The principal difference is that our controller is -
designed based on the well known Sugeno first-order fuzzy system. WieereC: R* — R, X = (a1, @2, ..., x») € R", w; is a func-
consequent part of IF-THEN rules is a linear combination of input vational consequent and, : (z; ) is the membership value when Gaussian
ables and a constant term, and the final output is the weighted averaggnbership function is evaluatedaat That is
of each rule’s output. This introduces additional parameter vectors to
be updated, but improves the tracking performance due to the better i i\ \2
approximation ability of the higher order Sugeno consequents model N”“é-(r") =P {_ (07 (”T" B 5")) }

[23]. The results of [9] can, therefore, be thought of as a special case o

of this extension. It is also shown in [15] that a model based on high&heres’, £ are real-valued parameters. The FBF is defined as
order Sugeno consequents could identify a system with less error for .

the same number of rules or could achieve the required performance v e o - ,

with less rules than a model using lower order consequents. g; (71X =&l = H pai(i)  j=1,2.... N

7j=1

wheres; = (c}, 0%, ..., o) €U and; = (&, &, ... &M eU

PR
andw; is defined as

Il. Fuzzy APPROXIMATORS
A. Problem Statement

In this paper, an adaptive control algorithm for a class of dynamic w; = Z abx; +bj. (3)
systems is to be developed. The considered systems have the following P !

equation of motion:
Then, the fuzzy system is equivalent to an FBF expansion

)+ f (‘L(t), Z(t), oous ;z:("fl)(t)) N n
:b(,r(f),j?(f), -..71(77—2)(1_))11/(1/_) 1) ¢(X) ;;(“J"l + ;)95 (o51X = &)
N n
where =Y (ajegi(oi|X = &1
u(t) control input; j=1 i=1
f unknown linear or nonlinear function; N
b control gain. + Z b;gi (1 X = &1D-
The control objective is to force the stat = [z, &, ..., =" 7"]" =
to follow a specified desired trajectofyq = (24, dd, ..., ;nfj”_”]T. Define
In the case considered, an explicit linear parameterization of the func-
tion f(X) is unIN<’_nown or not possible, i.ef{ X') cannot be expressed C(X)= AYXG(X, ¢, o)+ BTG(X, £ o)
asf(X) = 3>7,_, 0,Y;(X), wheref; is a set of unknown parame- —A"L(X, €, o)+ BYGIX, €, o)

ters which appear linearly, arlg (X)) is a set of known regressors or
basis functions. Therefore, the unknown functf@iX” ) will be approx- where
imated by a parameterized fuzzy approximator. The required tracking

control is achieved by tuning the parameters of the fuzzy approximator. A=[Ar, As, ..., AN]
A =[al, ,at]”

B. Fuzzy Model ! Lo T
X :[;171,1‘27 . l’n]

In the Sugeno model, a multi-input and single-output (MISO) system B=[h,b b ]T

with n antecedents can be represented as a st nfles of the fol- T 02 e ON ’
lowing format: o =[01, 02, ..., 0N]
E] = [Ela 521 N £N']T

Rj: IFaxyis Al AND ayisAl, ..., xy, is A G(X. & o) =[gi(a1||X = &l g2(02]| X — &)
THEN w; = b; + a};z:l +4ajan vy gn(on|| X — £V||)]l

fory=1,..., N and
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L(X, & 0)=[Xgi(a1]|X = &), Xg2(0o2||X — &|]) that approximateg. The approximation error on the entire state space
Xgn(on||X = en D)™ can be expressed as
Remark: A Sugeno first-order consequent model is expected to re- FIX) = F(X) = 2,(X).

sult in at least the same system performance with fewer rules when

compared with Sugeno constant consequent model. This is due tBue to Theorem 1, it can be assumed that there exists a constat

better approximation capability of higher order Sugeno consequents
th that

[15]. From (3) we can see that Sugeno first-order consequent moa

is reduced to constant consequent model whgn= 0. Therefore, lef (X)) < &

Sugeno constant consequent model is a special case of the Sugeno first-

order consequent model, which means that the approximation abilityef constructf(X) the values of the parametem B 5 ande are

first-order consequent rule is at least as good as that of constant cons AN A
quent one q g equnred These parameters are replaced with thelr estlrnatBs{

and &, respectively, sq‘()x) = ATL(X, E, 7) + BT G(X, E, 7)
C. Fuzzy Systems as Universal Approximators is used to approximate the unknown functifnin this paper, all pa-
A

Animportant property to look for in the Sugeno fuzzy systems, whemeters in the estimag& X') are tuned. This should provide a better
used as controllers, is the universal approximation property. That pgrformance than tuning just the consequent parametersd B and
can a Sugeno model always be constructed to approximate any corfiithe other parameters before controller design. The consequent pa-
uous and nonlinear control solution with any arbitrary accuracy? Thameters are easy to tune because they appear linearly in the fuzzy ap-
issue of fuzzy systems as universal approximators is very important gii@ximator or in the approximation error. It will be possible to update
much significant work has been done in this area. Many studies in litéhe parameters that appear nonlinearly in the approximation error if it
ature consider Mamdani fuzzy systems [11], [12], [18], [19]. Recentlig possible to express the approximation error in a linear parameterized
some researchers have studied the universal approximation propertipgn with respect to each parameter. The approximation capability of
Sugeno systems. It is proven in [20] that fuzzy systems with nonfuzitye fuzzy approximator can be improved by using a first-order Sugeno
consequents are universal approximators. Also, it has been const@fsequent in the IF-THEN rules of the fuzzy approximator instead of
tively proven in [21], in a two step approach using polynomials as tifeconstant consequent used in [9]. Also higher order consequents will
bridge, that Sugeno first-order fuzzy systems are universal approxinigually minimize the number of rules to be constructed to describe and

tors. The Sugeno systems in [21] are general because they use any &pgrol the system under consideration [15]. Becalis®, ¢, and

of continuous fuzzy sets, any type of fuzzy conjunction operator, a'age unknown, the approximation functrg)n:an not be used to drrectly
fuzzy rules with linear consequent.

It is important to note that in [21] the weighted averagtroid construct the control law. Using the estimation functfer) off the
defuzzifieris adopted. However, in this paper the linguistic fuzzfStimation erroe(.X') needs to be formulated.
IF-THEN rules are only used for the purpose of approximating the Theorem 2: The functlon estimation error betweghand ;‘ X),
required functions, we, therefore, define the defuzzifier in (2) as giten as=(X) = f(X) -
weighted sum of each rule’s output, similar to [8]. This definition will A N N
not change the universal approximation property of the Sugeno mod,:el\’) — AT <L — L&~ L’gé) 4+ AT <L’$g + L;E)
The following theorem states that the above Sugeno FBF expansion

. . . ~ A A A ~ ~
IS a UanersaI apprOXImator +BT <G—GI§£—GIO.(/J\') _|_ BT <GI§£ + GIO.(T) + df (5)
Theorem 1: For any reaI contrnuous functrdnon acompact set and

(X) is equivalent to

arblrt]raI:yf > 0, there eX'SC X)=A"L(X, 5 a )+BT X, 5 7) Where the estimation errors ofthe parametervectors are definbdas

such that * XA~

u A— A B B-B,¢ = g { F=06-0, Gg andL’ are derivatives
sup ‘f(X) - 5(X){ < e. 4) ofG(X, E 7)andL(X, E &) with respect t(f atE respectrvely, also

G, andL’ are derivatives off( X, E 7)andL(X, E ) with respect
A proof of this theorem is in the same spirit as [21]. We omit thfba at, respectivelyil; is a residual term that satisfies
proof here for brevity.
This theorem states tha@t X) is universal approximator, i.eZ( X)
can approximate the unknown functigii.X') with the required accu-

|ds] <67 Y5

where d, is an unknown constant vector of optimal weights and
racy. The universal approximation property@tX) is characterized bounded constants and
:|'T

by the parameters of the fuzzy sets ¢) and the parameters of the )

linear consequent$ (, a}, ..., a}). C(X) can be called as a nonlin- Yr= {1"

early parameterized fuzzy approximator sigcands appear nonlin- ;s 5 known function vector.

early in the fuzzy system as shown in (2). Proof: The approximation error betweghand f is denoted by

« A

e5(X) = f — f. The estimation erros(X) = f(X) — f(X) can be
written as

T AN

“(X)=f(X)-A"L~

A

ANl A
Al Bl el |16

»

IIl. ADAPTIVE CONTROL USING NONLINEARLY PARAMETERIZED
Fuzzy APPROXIMATORS

N

A. Approximation Error A lf
Based on Theorem 1, there is a fuzzy approximator = f()ﬁ) A'L-B

— ALy BTG A

F(X)=ATL <X, ¢, 0') +B7G <X, ¢, (7) _ri_amt
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* A N A A A
+ BTG - ATL - BTG +5(X)

~, L~ A ~ ~ ~ A ~ ~ A ~ A
=A"L+A"L+B"G+B"G+A"L+ B"G +4(X).

* * * A "
Taking the Taylor's series expansion@fandL at§ = ¢ ando = 7,

G and L can be expressed as
G=Gre+Go+o <X, g, E)

T+ L5+4n <X, 3 ;)

whereo(.) is the sum of the high order terms in Taylor's serles expan-
sion, G andL’ are derivatives of7( X, E, 7) andL(X, E, o) with

respect tof at£ and expressed as

/ / A 5G<X‘§,0> AL .
G52G5<;L’,£O’>27 E=¢ o=0

*

79

oL (X, &5 )|
/ / NoA - N A
L5:LE<X,§,J>—7 E=¢ 6=0.

Also, G, and L/, are derivatives of( X, ¢, o) andL(X, ¢, o) with

* AN
respect tor ato and expressed as

20G (X, ¢ &
A £ A
! ! - A * A
GUZG(,.()S,E,(T):ai* E=¢o=0
o

Therefore
“(X) = <L5£ LI+ h <x c, E))
/\,1, ~ ~ ~ o~
+ A <ng§ +Lo+h <X‘ g, U))
B <GgZ+Gg,;+o <x g, ;>)
A 1o ;) ~

~ A ~ A
+ ATG@+ BTG+ 24(X)
~ A A A ~ -
=AT <L —Lit - L{,Q) + AT <L’€£ + L;a)

+ BT <cA; _GLE - GQ,Q)

/\T /2 [
+B <G55+GUU)+(11‘

where

dy=A" <Lg§ + Lj,?}) + ATy <X g, 5) +B" <G’52 + Gi,é)
+ §1'0<X, g, E) + (X

It can easily be proved that higher order terms are bounded by

(x23)-

<ecr+ea

G-Git -Gl

-l €] -l |7

~

3

h <)g Z, 3) H - HZ —LE-L%
< 2] - en €] - e ]

€|+

wherecy, ¢2, ¢3, c4, c5, andeg are some bounded constants due to the

fact that the FBF and its derivative are always bounded by constants,
which is demonstrated in the Appendix.

Let£ G, A, andB be constants satlsfylnmfn < & ol < b,
A < A, and||B|| < B. Based on the following facts
3

A
"

A
o

A
B

+e3

<ca+cs +¢cs

~

£
7] <|

3] <

< ¢

<&

*
a

|<o+]7

— AN
+ <B+|B

*

~ A - A
HAHg Al +||Al <a+|4

the termd; can be bounded as

;| = H:lL’GE—i-:lTLﬁ,é + AT < ) +BTGLE

+ BTG5 + B0 </X o) reld) H
o < 3z 4
;Qﬁ@”+ww+ﬁm%%H

[ e o]+

. <C1+C2 ;H)-Fg

- N - - AN
lds| < <A+‘4H> es€ + <A+ A )ce,(?

- - - A -
et des (£ 8] )+ des (7.4 6]

— ~ - - A -
+ (B + HBH) o + <B n HBH) c3G + Bey

) n oo+

A
A

+ c3

+ Be <E+

lds| < 205 A€ + 206 A6 + cu A+ ((‘5% + 065)
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[icd,.i'd, - ,m(n_l)]T = Xd(t)

> —kds(t) + de(t)

Linear feedback
U X(1)
Fuzzy Control \>_</ Plant
X(¢) s
A9 Ba 6’) £7 ef
Adaptive laws
Ll

Fig. 1. Closed-loop control structure.

A
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‘41355

»

wheres(t) is an error metric, which can be rewrittensgs) = A" X (¢)

with AT = [A"71 (n = 1)A"%, ..., 1], andX = X — X,. The
tracking error vector exponentially approaches zero wheh = 0,
therefore the objective is to design a controller which is able to drive
s(t) to zero. It can be easily proven that

() = =X () + ATX (1) + bu — F(X) @

whereAl = [0, A", (n — 1)A"72, ..., (n — 1)]]. Using

AN AL, AN A A
F(X)=A"L <A €, 9) +B'G <A €, 9) .
Equation (7) can be rewritten as
T ~ A
i(t) = =X (1) + AUX () + bu — F(X) — e(X)

AN
wheres(X) = f(X) - f(X), whichis the fuzzy reconstruction error.
The adaptive control law with = 1 is defined as

u(t) =—kas(t) + upa(t) + upu(t) (8)
wpa(t) = X5 (1) = ALX (1) ©)

Remark: The approximation error is expressed in a linearly param-

g Ay A A AL ;
eterized form with respect td, B, ¢, ands, which makes the updates s« (t) =A"L <}x7 &, U) +B'G <A7 ; ) — 0;Yysgn(s)

of ?1 1A3 2 anda possible. Also, note that the tery is not a con-
stant and the assumption on the constant bound will not be imposed in
the developed control method. This will make the developed controller
more general and more applicable.

IV. CONTROLLER DESIGN

A. Unity Control Gain

In this section, we present results pertaining to systems with the
Sugeno approximator. To improve the readability we solve first the case
when the control gain is a unit, i.é.= 1. Such a solution contains the
essential ingredients used in the more general constructions. We then

modify the controller to handle the case of nonunity control gain. Thigherel's, ..

gives a complete solution to the control objective.

tracking error as

(10)
A A SN
A=—s(O)01 (L - Lig (11)
A A'T ! AT ! r
A A'T ! A T ~1 4
c=—-s(t)I's| A" L, +B G, (13)
A A A
B =—s(t)T4 G—Ggf—G(,a) (14)
A
Op=Is(t)|TsYs (15)

., I's are symmetric positive definite matrices which de-
termine the rates of adaptation. A block diagram of this controller struc-
Before the introduction of the control law, we define a filteredure is shown in Fig. 1 for reference.

Remarks:

1) Compared with [9] the controller given in this paper has an ad-

n—1 _,
s(t) = <% + A) X(t)  withA>0 (6)

a

ditional vector for each input that needs to be tuned. This will
require more effort to tune the parameters, but it will enhance
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the tracking performance due to the better approximation cagaom (7) and (21), one has
bilities of the fuzzy approximator with first- order Sugeno conse-
quents than those with constant consequents. As a matter of fact; (1) = — g, s(t) + Ar <L§2 + 16— ﬁ) _ AQT <L’52 + L’ﬁ)
the results of [9] can be thought of as a special case of the pro- )
posed approach and, therefore, the applicability of the method in LB <G'§2 LGh é) Y <G,CZ n G;E)
[9] has been broadened.
2) Compared with [22], which also uses a Sugeno approximator, AT )
the controller design approach is quite different. In [22], an op- —dy —0;Yysgn(s). (22)
timal controller is first designed and the fuzzy approximator was
used to approximate the designed optimal controller, while oJ.he“
approach just approximates the unknown plant by fuzzy logic . . ~ A A A
and uses this plant approximator for the controller design. In this” () = —kas” () + s(t)A” <le5 + Lo — L)
case, no assumptions are required and control performance is su-

. . . Arfon ;~ T a2 A
perior (see simulation example). —s(t)A <L¢-§ + L(,a> + s(t)B <G5£ + G0 — G)
. . A ~ ~ A,
B. Stability Analysis —s(t)yB* <G’5£ + G;—”) — s(t) {d_, +07Y; sgn(s)}
The stability of the closed-loop system with the developed adaptive - A R
control law is shown by the following theorem. + ATt |:s(t)r1 <L - L€ — Lﬁ,f})}
Theorem 3: If the control law in (8)—(15) is applied to a plant with .
a unity control gain, then all states in the adaptive system will remain +s(t) <f1T I+ gTG/ ) l"zl“flg
bounded and¥ () — 0 ast — oc. oo ¢ ?

Proof: Consider the Lyapunov function candidate A A T L~
+ s(1) <4 L,+B GQ,) [0 'e

V(t)=1 <32(f) T+ AT A4 T e 45T o AN s
+ BT |:s(f)f4 <G - Ge€ — GO.O'):|
+ BT B4 LTS ) 16 .
Lo e — 51875 T5Yy
. . . . . A, ~
Taking the derivative of both sides = _Ljdsz(f) —s(t)dy — s(f)ﬁ}:y'f sgn(s) — |s(f>|9fT_Yf
A
R ~, A ,'\’ ~ . - - _ 2 _ [, — ' T~xr
V(t)=st)i(t) — AT A-¢15' e - 6175 has™ (1) = s(t)dy |s£’)|9f}f
~, A~ A — ()67 ve — | Ty
_ BTF4_1B _ (.);F_S—‘ﬁf_ (17) |:|b(t)|ef Yy |s(t)|0fo:|
2 Ny
Equation (10) can be rewritten as =—kas™(t) = s(t)dy — [s()|0; Y
< —kas® (1)

X A ~ A ~
Ufu(t) = f(‘X) - 0‘?}f Sgn(8> *T
B ey D where the facthl ;| < 67Y; ands(t) sgn(s) = |s(t)| have been used.
= f(X) = =(X) = 0; Yy sgu(s). (18) Therefore, all signals in the system are bounded. It is important to note
thats(¢¥) — 0 ast — oo has been established in [8], which completes

Recall that the proof and establishes asymptotic convergence of the tracking error.

S(X)=A" (LD -6+ AT (e + ILs _ _
’ C. Nonunity Control Gain

+ BT <€; _ G’sg _ G;Q) + gT <G’52 + G;E) +d;. We extend thg result to plants with nonunity control gain. The fol-
lowing assumptions should be stated first.
(19) 1) The control gain is finite and non zero.

2) The functionsh(X) = (f(X)/6(X)) andg(xz) = 1/(b(X))
are bounded by known positive functiof (X ) and M (X).
3) There exist a known positive functidd> (X') such that

Then

~ A A A ~ -~

g =100 + 37 (64 16 - 1) = 7 (L 4 125
d

~ A A A ~ -~ el T (X)X,

+B" <G’5£ +GLo - G) - B” <Ggg + GQa) ‘clt '(’(X){ < MBI

AT

—dy— 8, Yy sgn(s). 20) ‘e
A A, A A A
and . h(X)=A]L (x Ens éh) + B G (Y En éh)
u(t) = —kas(t) + X (8) = ATX(8) + f(x) and
STt AR ATl 1 A, A A A
+ A <Lg£ + L, - L) —A <L§£ + Lc,a) 9(X)=ATL <x £, 9,,7) +BlG <X, £, 97)

~ A A A, ~ ~
+B" <G’5£+GL,9—G) —BT<Ggs+G;a) .
be the estimates of the optimal fuzzy approximatd(sY) =
A * * * * * * * * *
—df— 81" Y sgn(s). (1) AJL(X.§&,. 0n) + B G(X, &,, 1) andg(X) = AJL(X, ¢,
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74) + BLG(X, fg, 7,), respectively. We can still get the following

approximation error properties

~ AN

h=h—nh

~ A A A, ~ f ~
=Aj (Lh — Lie€, — Lé,aéh) + A} (ngﬁh + thoh)

NT A " A " A
+ By | Gr — Gre&), — Ghoon

AL, ~ ~
+ B, <G/h.55h + G;lrro-h) + dn

I
Q>

~, A A
+ BT (G G, - G)

AL, ~ -
+ B} <G’;5§g + G;aag) +d,.

Proof: Consider the following Luapunov function candidate:
V(t) =4 [g(X)s*(0) + ATT3 An + €1 T35 €,
FEI G, + Bl B+ 61T,
+ AT Ay 4+ €0, +50T,05,
+ B F;;B +e r—‘e (35)
Taking the derivative of both sides:
= B0 () + a5 = LT s
— AT, - 5IT - BT B

4! rhje,,— 4 Fq11A —gq 025

- ag T30, - B rng - 9g r,; 9y. (36)
Equation (7) can be rewritten as
9(X)5(t) = =h(X) + u(t) = g(X)a,. (37)

Furthermore|ds| < 6LY; and|d,| < b’éYg The robust adaptive From (23) and (37)

control law for the case of the nonunity control gain is:
u(t) = —kas(t) = FMo (X)X [|s(t) + usu(t)

- T NA
U (t) :AhL<I\s Ens Uh) + Bh G<X7 Ens Jh)
A A A A
+ AL <¥ £, 99) ar + BZC(X., £, 99) ar
A A,

- <92Yh + 931/'9) sgn(s(t))
A A ’ N A
44’7, = —5(t)F;,1 <Lh — LhﬁEh — L,wrr;,)

A /\1' / /\’1’ 1 .
& =—s(t)Tna | Ap Lye + By Ghe

>

; " A r
(/]\—h = _s(t’)FhS <Ai7 L;l()‘ + Bfli G;ur)

>

A A A
Bh = —.9(7‘/)1";14 <G/l — Gh&Eh — Gho-o'h)

Hh, = |S(f)|Fh5}fh

A ;N ;A
—s(t)Tg1 | Ly — Lye€, = Lys0o,)ar

>
Q
I

A ' /\’1’ " B
£g = fg Lf}f +B‘q G!)E (178

A
B, =—s(t)ga

Tg —

A A g
gy =—5(t)Tys3 <’ L(a’ + B;Glyd) ar
A
( . G;,(,ég) o

/\ -
g =Is(H|gsYylar

(23)

(24)

(25)

(26)

27)

(28)

(29)
(30)

(CHY)

(32)

(33)

(34)

9(X)$(t) = —kas(t) — S Mo(X)||X||5(2) 4+ usu(t)

- h(X)—g(X)a, (38)
wp(t) = lAl(X) - 9{ “hosgn(s(t)) + Q(X)a‘r
— 81V, lar|sga(s(1) (39)

=h(X) - h(X) - Bh sdn(s(t))
+ (90 = 50 @ = 85V, lar | sgn(s(1))

(40)
ST A ! N A
=h(X) - A, <Lh = Lhne&y — Lhaffh)
AT r 1o
— A4 <Lh£Eh + Lhaah>
~ A LA ,
B (Gh ~ Gheby - G,wéh)
AV S ro~
- B, <Gh55h + G/w”h)
A
—dp — Wyh sgn(s(t))
{ (X) - <L - ngg L’gaég)
/,\'T 7 [
— Ay | Lyely + Lys0y
~ A A A
(b, -8
/\T 7 7~
= By | Gyl +Gyoog | —dg| ar
AT
— 05, Yisgu(s(t)). (41)

AN A A N A A *
where A, &, (/J\'h, Bu, 4, €,, 5,, B, are the estimates of,, 'OM (35), (38), and (41)
£Iv Jh' Bhv Aqv gg: qu Eq: ar = ch(ln)(t) - ‘\Z)}(t> with V) = —kss2(+ 1oy y - 11 o2
g k (1) = —kas™ (1) + 5 (g(X) — Ma( X)|| X|])s™ (¢t
AT =0, A", (n— A2, ..., (n — 1)A], Tp1, ..., Ips and ® as () 2@(*) Me(X)IXID="()
Ty1, ..., I'ys are symmetric positive definite matrices which deter- - s(t)dh — |s(®)|64 Y5 — s(t)d,an,

mine the rates of adaptation. The stability of the closed-loop system
with nonunity control gain is established in the following theorem.

— |sIBT Yy lar| < —kas*(1)

Theorem 4: If the control lawin (23)—(34) is applied to a plant with a B
nonunity control gain, then all states in the adaptive system will remairhere the fact$d,| < 9 'Y, and|d,| < 8LY,, s(t)sgu(s) = |s(t)]

bounded and{ (#) — 0 ast — oc.

have been used.
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Fig. 2. Closed-loop:(t) using the developed controller with seven rules.  Fig. 3. Control signal(t) using the developed controller with seven rules.

V. SIMULATION
The effectiveness of the proposed approach is shown by applyin
the developed adaptive fuzzy controller to control the unstable syster 15 ’ 1
used in [9], [10], and [21]. The system is ‘

1— e :
#(t) = 7671“) + u(t). " " : 8

x(t)

The adaptive fuzzy controller is used to drive the system stajeto :
the origin. First, we define seven membership functions over the stat 5| i
space which is chosen to be 3, 3]. The simulation is carried out with : '
Sugeno first-order fuzzy rules. The valuesigfandb;, can be obtained
by evaluatingf at pointse = -3, -2, -1, 0, 1, 2, 3. But they are
not required here since the exact is not required in the control law.
However, with the knowledge af;, andby, it will be helpful for the

choice oflnltlaIA B E 0' andefto speed upthe adaptation process. _gs ) : @ . : ' . H H
[} 0.1 02 0.3 04 ) 0.5 0.6 0.7 0.8 0.9 1

In this example, the initial value$ B 5 p andef are selected to be Time [Sec]

?1<0) [-2.04 —4.08 -1.02 0 0.36 1.53 2.04]T Fig. 4. Closed-loop:(t) using the developed controller with five rules.

N o

B(0)=[-0.8 —0.6 —0.4 0 04 06 0.8] s ; , , : : : : :

AN

&0y=[-3 -2 -1 0 1 2 3)F oL

70)=105 05 05 05 05 05 0.5]7

A -5 1

B,0)=[4 1 1 1 1]

1o , _
We chose the initial state(0) = 2. In (8), ks = 10. Figs. 2 and 3 show
x(t) andu(¢). We can observe an improvement in the tracking perfor- -1s- -
mance compared with the results in [9], for the same number of rule ¥
using the same initial conditions. Also, we have a superior transier
performance compared with [22]. We also simulated for other initial
conditions, and the results were very similar; however, these resul

—20f 4

are not shown for brevity. oL _
Figs. 4 and 5 show(t) and«(¢) using five rules instead of seven.
The initial values are -35 1
N
: Q I 91T ; i ; : \ B i : ;
A=[-432 -108 0 037 1.62] % 0.1 02 03 04 05 06 07 08 09 1
N e Time [Sec]
B=[-06 —-04 0 04 006]
A i ) . e
£=[-2 -1 0 05 1]T Fig. 5. Control signal(t) using the developed controller with five rules.
A
o=
[

05 05 05 05 05]°
4

’ Also, we can observe a slight improvement on the system performance
11 11 ]T . comparing it with that in [9] for different initial conditions with fewer
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*

Also, G/, and L', are derivatives ofi(X, ¢, &) and L(X, £, &)
with respect tar at(Ar, expressed as

GU:G;<X,€,0):%£:£’J:J

0
(1) , , A A
Ge=Gelz, &, 0

f A
; =1|9¢1l 01

L 4 ' A
e GeN | ON

oA oA
X -& X =&

)

)

A
X—¢y

I | f/c;‘(f% X —¢ )
r 1 0 * * * N AN
= *g,(ng 6,-)6260:0
L 4 35],
' ‘ -0 (Hexp _<a;<h_2;))‘D2:2 P,
r b OE] =1

. A ~ VY
, . . . . gc=2- exp —<‘Tj<<vi—€f>>
3 -2 -1 0 1 2 3 i—1

x(t) A
Ai i
. . . . <Uj <l =& )
Final membership functions.

This improvement was expected since a Sugeno first-order con-

ant consequent model that is used in [9]. Figs. 5 and 6 show the ey A . . .
and the final membership functions for the system of five ruledVNeree = ;(x: — ¢;). Itis easy to show thAak is bounded with the
parameter, i.eg. is bounded with respect t@
V1. CONCLUSION

ANA
In this paper we have presented a fuzzy adaptive control law using aGr =G, <-Tw £ (T)

first- order Sugeno fuzzy approximator. Due to the better approxima-

tion c

approximators with constant consequents, a better control performance

AN AN
apability of first-order Sugeno fuzzy approximators than fuzzy = {q;l <91 X-¢ X -¢,

’ A
s Jo2| 02

)

has been achieved with fewer rules in the fuzzy approximator. Global gon [onllx = 2 !
boundedness of the adaptive system is established. The simulations s AN "
demonstrate the effectiveness of the proposed controller. P N |
go’j a; X - E]
APPENDIX* ) 0 e X’—E 2_/\*_,\
G, ar:dL%-\ are derivatives off(X, ¢, ¢) andL(X, &, o) with re- = 98, gi\ 73] i =8§o0=0
spect

ta¢ at¢, expressed as 9 n Y £\ 2 .
. = — chp - <o'; <T, — E;))
oG <X, £, (T) . A 0o, \;1
£=¢, ;

/ / A
Ge=Ge |, &0 )= ———F )
a¢ =-2-9;

Q#
I
Q>
TN
Q>
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