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Abstract

This paper proposes an observer-based indirect adaptive fuzzy sliding mode controller with state variable filters
for a certain class of unknown nonlinear dynamic systems in which not all the states are available for measurement.
To design the proposed controller, we first construct the fuzzy models to describe the input/output behavior of the
nonlinear dynamic system. Then, an observer is employed to estimate the tracking error vector. Based on the observer
a fuzzy sliding model controller is developed to achieve the tracking performance. Then, a filtered observation error
vector is obtained by passing the observation error vector to a set of state variable filters. Finally, on the basis of the
filtered observation error vector, the adaptive laws are proposed to adjust the free parameters of the fuzzy models.
The stability of the overall control system is analyzed based on the Lyapunov method. Simulation results illustrate
the design procedures and demonstrate the tracking performance of the proposed controller.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, adaptive fuzzy control system designs have been extensively discussed in the literature
[1,3,6,17]. The fundamental idea of adaptive fuzzy control is as follows: based on the universal approx-
imation theorem [17], one first constructs a fuzzy model to describe the input/output behavior of the
controlled system. After that a controller is designed based on the fuzzy model, the adaptive laws are
derived to adjust the parameters of the fuzzy models.
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In an effort to improve the robustness of the adaptive fuzzy control system, many works have been
published on the design of adaptive fuzzy sliding mode controller (AFSMC) [7,8,21,18,23,24], which
integrates the sliding mode controller (SMC) [2,14-16,19] design technique into the adaptive fuzzy
control to improve the stability and the robustness of the control system. Conventionally, AFSMC design
is based on the assumption that the system states are available for measurement, so the adaptive laws
AFSMC are formulated as functions of the tracking error vector of the system [7,8,21,18,23,24]. However,
in practice, not all the states of the controlled system are available for measurement. It implies that as
one could not obtain all elements of the tracking error vector, the conventional adaptive laws would be
difficult to realize. In order to treat this problem, several studies apply an observer to estimate the tracking
error vector [9,10,12,13,20,22] and use the SPR-Lyapunov design approach [15] to design an adaptive
scheme [9,10,13,20,22].

Unlike these works, this paper proposes an indirect AFSMC with state variable filters to tackle the
above-mentioned problem. For a given unknown nonlinear dynamic system in which not all the states are
available for measurement, we first construct the fuzzy models to describe the input/output behavior of
the nonlinear dynamic system. Then, an observer is employed to estimate the tracking error vector. Based
on the observer, a fuzzy sliding model controller is developed for guaranteeing the tracking performance.
Subsequently, by passing the observation error vector to a set of state variable filters [4,5], we obtain
a filtered observation error vector. Finally, based on the filtered observation error vector, we propose
the adaptive laws to adjust the free parameters of the fuzzy models. The stability of the overall control
system is analyzed based on the Lyapunov method. Simulation results illustrate the design procedures
and demonstrate the tracking performance of the proposed controller.

This paper is organized as follows: Section 2 presents the fuzzy sliding mode controller (FSMC) design
based on the observer. With the aid of the state variable filters, the adaptive laws for adjusting the free
parameters of the proposed control strategy are presented in Section 3. In Section 4, simulations of an
inverted pendulum system are given to confirm the validity of the proposed control scheme. Section 5
gives the conclusions.

2. Design of observer-based FSMC

Consider amth-order unknown nonlinear dynamical system of the form
™ = f(X) +bOu +d (@),

y=x, (1)

wherex = [x, %, ..., x" DT = [x1, xo, ..., x,]" isthe state vector of the systemis the system output,
u is the control signalf(x) andb(x) are unknown but continuous functions, a#\@) is the external
bounded disturbance. Assume that not all states = 1, 2, ..., n) are available for measurement, but
y is measurable. Eqg. (1) can be rewritten in the following form:

X = AX + B[ f(X) + b(X)u + d(1)],

y = Cx, (2
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where
[0 1 0 - 0] [ 0] 1]
0 01 0 0 0
A=|: :: - |, B=|:]|, and CT=]:
00O0. .1 0 0
_O 00 - 0_ _1_ _O_

Without loss of generality, we make the following assumption.

Assumption 1(Slotine and Li [15], Wang et al. [20], Wang [1Y] Assume thayf (x), b(x) andd () sat-
isfy | f(X)|<F < 00, 0 < bmin <b(X) <bmax < 00, and|d(t)|< D, respectively, for alk € Uy c R",
whereF', bmin, bmax and D are known constants.

Control objective Determine a control law to force the system outputto asymptotically track a
given desired outputy.
Define the tracking error as= y — yq, and let

e=le,é,..., e DT
. . _ 1
=1y — Ydr ¥ = Jd» .-, YTV —y{IYT
. -1
= [X1 = Y X2 — Vd» -+ > X0 — 3 T (3)

be the tracking error vector. Set the sliding surfatas

H : {e|S(e) = 0}, (4)
S =a'e, (5)
wheres = [0, a1, . .., a,—1]" is chosen such thaf,_; = 1 and the polynomial,_1p" 14 o,_op" 2+

- -+ 4 ag is strictly Hurwitz [19] (herep denotes the compldxaplace transfornvariable).

To meet the control objective, it is sufficient to find a control lawo that all initial states lying off
H will hit H and then remain on it. If (x) andb(x) are exactly known, the control objective can be
achieved by the control law designed as [15]:

U = Ueq+ Ud, (6)
whereueq is the equivalent control law and is defined as
n—1
teq=b(x) " [— 3 wim1e® — Fx) + yé”)} (7)
i=1

and

ug = —1SgNs) 8
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is called the switching control law, in whichis a positive constant satisfying > D/b(x), with D
denoting the bound at(z); i.e.,|d(¢)| < D, and

1 if $>0,
sgnS) =40 if S=0,
-1 ifS<DO.

However, if the functionsf (x) andb(x) are unknown, the control law (6) is generally inapplicable.
Thus, we will employ the fuzzy system‘s{xwf) andb(x|0),) to approximatef (x) andb(x), respectively.

Specifically, the fuzzy rule bases ﬁtxwf) andb(x|0,), respectively, consists of rules

R;’,") . IFx1is F" and...andx, is F™, THEN f(x|0) is Fj’jf, (9)

Rl(;’”) . IFx1is F" and...andx, is F™, THEN b(x|0p) is F', (10)
wherem = 1,2, ..., Q, Q is the total number of the fuzzy rules for each fuzzy model, Affd(i =
1,...,n) are the fuzzy sets associated with(i = 1, ..., n), andF}Kl andFli)" are fuzzy singletons for

f(x|9f) andb(x|0y), respectively. By using the singleton fuzzifier, product inference, and center average

defuzzifier [17], the outputs of the fuzzy modelsﬁﬁxlef) andb(x|0,) can be, respectively, expressed
as

fx107) = 03E(0), (11)
b(x|6) = 0", 7800, (12)
where,; = [FJ%, FJ%, e, FJ;Q]T ando, = [Fél, FI;Z, o FI;Q]T are the adjustable parameter vectors,
E(X) = [EX(X), £2(%), ..., ¢2(x)]" is the vector of fuzzy basis functions [17] defined as
. n ) (x
o x) = — iz P (0 ji=12...,0, (13)

Z]'Q:]_ [H?:l F)Z,' (xi)] ,

andeji (x;) represents the membership function value;dah F){i. We make the following assumptions.

Assumption 2(Leu et al. [9], Li and Tong [10], Wang et al. [20] 6 - and@,, belong to compact ses,
and @, respectively, which are defined & = {0 € N2 107I<m s} andQ, = {0, € R0 <
105 | <my}, wherem » andm,, are designed finite positive constants.

From (11), (12), and by Assumption 2, we can also assumé fital0 /)| < F and 0< bmin <5 (x|0;)
<bmax < 00. Thus, we can replace (6) by the following control law [17,21]:
u = lzeq + I:id, (14)

where
n—1

fieq = b(x|05) 7" {—Z 7i-1e® — F(x|0 )+y(”>} (15)

i=1
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and
g = 1sgn.s), (16)
inwhichj > b L (2F + D) + [b — (bminbmax)~*/?]liieq|, and
1 if $>0,
sgnS) =40 if S=0,
-1 ifS<0.

However, this control law of (14) is still nonrealistic because not all st&te{s =12,...,n) of
(1) are available for measurement, and hence not all the derivative sigﬁads =12 ...,n—-1
are available for measurement. Although ideallyi = 2,3,...,n) ande®”) (i = 1,2,...,n — 1)
can be obtained by successive differentiation of the sigpa@nde, respectively, ideal differentiators
are physically unrealizable. Thus, we have to estimate the sighais= 2,3,...,n) ande’) (i =
1,2,...,n—1) withrealizablefilters. Let; (i = 2,3, ..., n)denotetheestimate®f (i =2,3,...,n),
letX = [X1, %2, ..., %,]T € Uz C %" denote the estimate of the state veotor [x1, xp, .. L xn]l let
¢ = § — yg denote the estimate ef = y — yq, leté") (i = 1,2,...,n — 1) denote the estimate of
eD((i=12...,n—1),andlett=[¢é,e,...,¢" DT denote the estimate of the tracking error vector
e=le,é,...,e" DT Then, by replacing of (11) and (12) by, we have

fROy) =07E®R), (17)
b(%10,) = 0}E(R). (18)

By replacingf (x|07), 5(x|05) ande by £ (X|0), b(X|6;) andé®, respectively, the control law of (14)
can be rewritten as
n—1
u = b0, [— > 1™ — f%10p) + yé’”} — isgn(s), (19)
i=1
whereS = aTé. Applying (19) to the system (1), we have
&= Ae+B{[—a) &+ f(X) — f(RIOy) + [bOX) — b(RI0)1u — 71D (R10,)SGN(S) + d (1)},
e = Ce, (20)
wheres,, = [0, ag, 1, ..., o,—2]". For (20), we design the following observer to estimate the tracking
error vector:

&= Aé+ B[—a &— 7ib(X]0,)sgn(8)] + L (¢ — e),

e = Cg, (21)
whereL = [l,_1,l,—2, ..., lo]" is the observer gain vector. Define the observation errér-as — e,
and the observation error vector by

é=¢6é-e (22)

Subtracting (20) from (21), we obtain the observation error dynamic equation as

&= Ao®+B{f(XI8) — f(X) + [B(RIO) — b(X)]u — d(1)},
¢ = Cg, (23)
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where
(1,1 1 0 --- O]
l,.» 01 -.- 0
Ao=A+LC=| + 1 " 0
If 00 .- 1
| o 0 0 - 0]

BecausdC, Ap) pair is observabld, can be selected such that the characteristic polynomi&}, ié
strictly Hurwitz and there exists a positive-definite ma#isatisfying

AJP +PA, = —Q, (24)

whereQ is an arbitrary symmetric positive-definite matrix [20]. Here weljgh(Q) > 1, whereimin(Q)
denotes the minimum eigenvalue@f

To complete the controller design, we need to Bircand,, in (17) and (18). In the following section,
we will present the adaptive laws to adjust the parameter ve@joasdo,.

3. Observer-based indirect adaptive FSMC with state variable filters

To derive the adaptive laws for adjustifig and6,, we first define the optimal parameter vectafs
ande; as

“=arg mn| sup |fROF) — FX)| (25)
/ 0rey |:er,(, xeUy ! :|
and
0 = arg min sup  |b(X|0,) — bX)| | . (26)
0,€Q | xeU,, xeUy

Define the minimum approximation error
w = [fRI0%) — £OO]+ [BEIOT) — bO)]u. (27)
Then inserting (17), (18) and (27) into (23) yields
&= Ao+ B{f(XI07) — F(XI0%) + F(XI0%) — F(XI05) + £(X|67) — £(X)
+Hb(X105) — b(R16}) + b(R16;) — b(x[0}) + b(x|6}) — b(X)]u — d (1)},
= Ao+ B{O}E(R) — 0%TE(R) + 05T ER) — 0%TE00) + 05T &) — £
+HO/E(R) — O5TER) + 03 TER) — 0;TECQ) + 85TEX) — b()Tu — d (1)},
= Ao+ Blw + ¢ 1ER) + $ERU +0TE  +05TE u—d()],
= Ao®+ Blw + ¢ FER) + L ERu + ], (28)

whereg = &%) — &(X), v =0"TE + 0;TEu —d(1), ¢; = 0 — 0% andg, = 0, — 0},
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The following lemma is required in the stability analysis.
Lemma. If Assumptiond and?2 are satisfiedthenw € Lo, andv € L.

Proof. We first provew € L. From Assumptions 1 and 2, we have
| < [fRI05) — £OO] + [B&IOF) — bOO] |u(t)]
|f(>A<|9’})I + £ OO+ LB&IO)] + 16O 1u()]
IIG?TII B+ 1£ 001 + LIOET I IER) I + 15() 1] (D)
<my+ F + [mp + bmaxl (mtax |u(t>|) : (29)

<
<

Since the control signal is designed as a bounded signal, we obtainecithiatoounded; i.ew € Loo.
Next, we prove thatv € L... Based on Assumptions 1 and 2, we have

ol < 10%5TE | + 105TE ul + 1d(1)]
< 105 IE |+ 16571 E 1| (max fu(o)]) + D
<my+my (mtax |u(t)|> + D.

Since the control signal is designed as a bounded signal, we obtaineditiabounded; i.ey € L.
This completes the proof.O

Regardingw + ¢}§(f<) + ¢Z§(§<)u + v] as the input for (28), we can obtain

QN
I
[89]

(P {w + ¢ ER) + PpERU + v}, (30)

1
p"— ln—lpn_l —ly—2p

and p denotes the complexaplace transfornvariable. As has been discussed, because not all the states
are available for measurement, we could not obtain all the elemeatga®f result, we could not obtain

all the elements c&. To deal with this problem, the state variable filters [4,5] will be employed. First, we
introduce a stable filte2(p) to (30), and obtain the steady-state equation

31
n_z_...—lo ( )

[(p" — ln_lp”_1 - ln—zp"_2 — - —=1lo)Q(p)l{e} = Q(p){w + ¢}-€(>A<) + d)gﬁ(f()u +v},  (32)
where
1
Q(p) = (33)

pr+opp" 4 oo
Define a set of state variable filtefs(p) by

T(p)=Q(p)p', i=01,2...,n—1, (34)
and the corresponding filtered signats, er, &k andyr by
eri =Ti(p)ie}, i=012....n—1, (35a)
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er = To(p){w + v}, (35b)
& = To(p){EX)}, (35¢)
VE = To(p){EXK)u}. (35d)

Then (32) yields a filtered equation as follows:

& = Aok + B(er + @ 1EF + b UF).
eFQ = Ce|:, (36)

in whicher = [eFo, ¢r1. . .., ern—1]". In order to derive the adaptive laws for adjustthgande,,, we
consider the following Lyapunov function candidate:

1. 1 1 .
V=c_ePe&+_-—9¢:0r+—3¢,, (37)
2 & 2y, P1P1 T g, P

which P is given by (24), and , andy, are positive constants. The time derivative of (37) along the
trajectory (36) is
. T 14, 1 ;. 1 ;.
V= eFPeF+§eFPeF+ V—¢f¢f+ ﬁqﬁbqﬁb
f

NI NI

1 1 . 1 .
&FAgPer + - elPAcer + e PB(er + $[&F + ¢ V) + - drds+ - bp b
f b

1 1 ;. 1 1.
=-3 erQex + eLPB(er + ¢ &F + ¢ VF) + - brdr+ - bp b
f b

1 1. 1.
=—3 elQer + ¢ (e'FFPBaF - ef> + o <e§PB\|;F + eb) + el PBer. (38)

f b
By the above equation, we choose the adaptive laws as follows:

07 = —7 6L PBEF, (39a)
0y = —7,6LPBYE. (39b)
Therefore, we obtain
V = -3 efQer + efPBer. (40)

Let Zmin(Q) be the minimum eigenvalue @ satisfying/min(Q) > 1, then
v < _imin((zg) -1
< _imin(Q) -1
2
Integrating both sides of (41) yields

1 1
le)? — §<||ep||2 — 26l PBer + ||PBer|?) + EIIPBSFIIZ

1
les )% + §||PB||2||8F||2. (41)

Ami —1 [ 1 o0
V(OO)_V(O)g_%/o ||eF||2dt+§||PB||2||/O e )% dr. (42)
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After some manipulations, we have

I<——————
/o Il s @ —1

By (33) and (34), we knowWyp(p) is stable, and from the Lemma, we haves L, andv € L, SO
ep = To(p){w+v} € LoNLs. Hence, the right-hand side of (43) is bounded and we obtain LoN L .
Also, because all the variables in the right-hand side of (36) are bounded, we &btaih.,. By using
Barbalat's lemma [15], we have lim », [|er(r)|| = 0. Consequently, lim, o, ero(t) = 0.

Recall that

2 2 [T 2
[V(O)—V(OO)]-FWHIIPBII/O lleF |1 dr. (43)

er1=Ti(p){e},

p -
= ej. 44
P “y
Hence,
CFnt1 -+ On_1€Fn + - - + woeF1 = €. (45)

Sinceer € Lo, & € Lo andé € Lo, it implies ep,+1 € Lo. Moreover, sincefooo er, dr =
liM;— o ern—1 =0, itimplies lim,_, oc eF, = 0.
Also, because

ero = To(p){e},
B 1
—p”—i—wnflp”*l-i-"'-i-
can be rewritten as

{e} (46)
)

€ = epp + wp—16Fp—1 + - - - + woero, (47)

and consequently

lim &= lim (ep, + w,_1€Fn—1+ - -+ + woero). (48)
[—00 1—00
From the facts that lim, , ||er]] = 0 and lim_ « er, = 0, we obtain lim_, o ¢ = 0. Moreover,

because lim. », |1&]| = 0, itimplies lim,_.» e = lim,_, (¢ — &) = 0. Thus, the control objective can
be achieved by the control law (19) with the adaptive laws (39).

Remark 1. Obviously, it is difficult to apply the adaptive laws (39) to satisfy Assumption 2. Therefore,
the Projection algorithm [11] is adopted to treat this problem. The adaptive laws for adjeistamngl6,
are redesigned as

—7 e PBEF if {1071 < mp)
; or {[|0/ | = m; andelPBOT.&F >0}, @93)
F= 0,07 _ a
—y ;eLPBEr + 7 ,6LPB e}_e]; g if {10/ — msandelPBOTER < O},
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—7,6EPBYF if {1105 < mp)
or{]|6y]| = m; andelPBO; Y >0},

0y (49b)

0,07 ,
—7,6LPBYE + 7,61 PB ﬁ Ve if {|10s]] = mp andelPBO; Yr < 0}.
b Ib

On the basis of the above discussions, the following theorem can be obtained.

Theorem. Consider the nonlinear dynamical systéfr) with the control law given by19) and the
observer given by21) to estimate the tracking error vector. Let the parameter veétorand 6, be
adjusted by the adaptive lawg9). If Assumptionsl and 2 are satisfiedthen the tracking erroe(z)
converges to zero as— oo; i.e, lim;_ o e(t) = 0.

Remark 2. In practice, because the control law given by (19) contajn$§sgra discontinuous term,
applying (19) will cause a chattering problem. Thus, we may replacg$dpy a saturation function of
the form [15]:

¢ [ sanS/e) if Sk,
salS/i) = {S/K if |3'| < K,

wherex is a positive constant. The control law of (19) will be modified as

n—1

u = b(x|6p) "t [— > we” — f(10y) + yg”} — fsatS/x). (50)

i=1

So, if |S| >, the control law of (50) is equivalent to (19), which guarantees that the sliding condition is
still satisfied. WhilelS| < «, the control law of (50) becomes a smooth function. This leads to tracking
within a guaranteed precisionwhile allowing the alleviation of the chattering phenomenon.

The overall design procedure can be summarized in the following steps:

Stepl: Construct two fuzzy systemg,(X|0 ;) and5(%|0,) as given in (17) and (18), respectively, to
describe the input/output behavior of the unknown dynamic system. Next, solve the vector of fuzzy basis
functionsg(X) = [£1(R), £2(%), ..., €217 by (13).

Step2: Specify the observer gain vectiorand choose a symmetric positive-definite ma@iso that
min(Q) > 1. Then solve the positive-definite matfxby (24). Subsequently, design an observer as
given in (21) to estimate the tracking error vector.

Step 3: Choose the suitable sliding surface as given in (5) and choose the suijtableh that
i > bL(2F + D) + [b}, — (bminbmad~Y?lliieq|. If necessary, choose > 0 for the controller
given by (50).

Stepd: Choose the filte®(p) as given in (33) and a set of filte¥s(p)(i =0, 1,2,...,n—1) as given
in (34). Then, solver; (i =0,1,2,...,n — 1), & and¥r by (35). Sety ; andy,. Design the adaptive
laws for adjusting » and@,, by (49). Then apply the controller as given by (19) (or by (50)) to control
the nonlinear dynamic system.

Fig. 1 illustrates the architecture of the observer-based indirect adaptive fuzzy sliding mode controller.
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control law plant
. o X = Ax+ B[ f(x) + b(x)u
— h(x r_ 5()
u=b(0,) [ a0 19 | . d()] o
- f&]0,)+)"1-7 sen($) y=Cx +
A A yl/ - Z
observer e
R é=Aé+B[-a/¢
e A DA A
< -n b(x|0h)5gn(s)] @1 *
+L(e—e) _
e=Ce
&%) 4

vy
ive 1
L gdaé)tlv'e aws ‘eF"VF’gF state variable filters
7> B gIVen as < T(p)=Qp)p'.i=012.-.n—1 (34)

4
(a) @)
&R - ] &,
p'+w, p" et
EX)u w,
n n-1 wl"
Plro, P+t

(b)

Fig. 1. The overall scheme of the proposed controller. (a) The block diagram of the overall system. (b) Internal structure of the
block “state variable filters”.

4. Simulation examples

This section presents the simulation results of the proposed control strategy for an inverted pendulum
system. Consider the dynamic equations of the inverted pendulum system as follows
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[8,9,17,20-22]:

X1 = x2,

. g sinx1 — cosxy(mpl/(mc + mp) x% sinxy — 1/(mc + mp) u)
X0 =
2 1(4/3 = (mp o x1)/(me + mp))

Yy =x1, (51)

whereg is the acceleration due to gravity = 9.8 m/s%), m. is the mass of the cant, is the mass of
the pole/ is the half length of the pole;; is the angular position of the pole; is the angular velocity
of the pole,y is the system outpul; is the applied force (the control signal), asi¢t) is the external
disturbance. In this simulation, we let. = 1kg,mp = 0.1kg,/ = 0.5m, and the sampling period be
0.001s.

If we require that|x1|<=/6 and|x2|<x/6, then the bound#émax and bmin can be calculated as
|b(x1, x2)| <1.46 = bmax and |b(x1, x2)| >1.12 = bpmin. Also, since| f(x1, x2)| <1578 + 0.0366x§,
we can se¥’ = 16.

The following cases are simulated:

Casel: The desired trajectoryy = 0, the initial valuex(0) = [0.2, 0.3]" and&(0) = [—0.2, —0.1]",
andd(t) is an independently random noise uniformly distributed in the int¢rvall, 0.1].

Case2: The desired trajectoryg = =sin(r)/30, the initial valuex(0) = [—0.15, —0.15]" and
&0) = [0.15,0.15]", andd(¢) is an independently random noise uniformly distributed in the interval
[—0.1, 0.1].

According to the design procedure, the controller can be designed in the following steps:

Stepl: To construct two fuzzy logic systenyé(f(mf) andh(%|0,) as givenin (17) and (18), respectively,
we select the membership functions for(i = 1, 2) from the following fuzzy sets:

exp(—[(%; + 7/6)/(n/281%),  exp(—[(&i + 1/12)/(n/281%),  exp(—[%:i/(n/28)]%),
expi—[(&; — n/12)/(n/24)]%},

+d(1),

and

expi—[(%; — (n/6)/(n/24)]?}.

Therefore, to cover the whole case, we apply 25 rules for each (ff(mef) andb(X|0,). We choose
the initial 8 - (0) and®,(0) randomly in the interval$—5, 5] and[1.12, 1.46], respectively. Next, solve
the vector of fuzzy basis functiorigX) = [¢1(R), £2(X), ..., ¢2(%)]T by (13).

Step2: Select the observer gain vectoe= [—200, —600]" and choose

4 0
=[5 4]
which satisfiesimin(Q) > 1. After solving (24), we obtain

o_[067 -2
~| -2 60034]

We then design an observer as given in (21) to estimate the tracking error vector.
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Fig. 2. The trajectories of andyq for Case 1.
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time (sec)

Fig. 3. Trajectory of the control signal for Case 1.

Step3: Choose the sliding surface 8¢e) = a'e = 0, wheree = [e,¢]", a = [5,1]". Select
i =bt(2F 4 D) + [byt — (bminbmax) ~Y?]|iieql andx = 0.5 for Case 1 ana = 0.1 for Case 2.

Step4: Choose the filteR2(p) = 50/(p? + 20p + 100) and a set of filterd; (i = 0, 1) as given in
(34). Solveer; (i = 0, 1), & and e by (35). Sety, = 100 andy, = 5, and adjusé, ando, by the
adaptive laws (49). Next, apply the controller as given by (50) to control the nonlinear dynamic system.

For Case 1, the simulation results are shown in Figs. 2—4. Fig. 2 shows the trajectoyiésotitl
line) and ofyq (dashed line). Fig. 3 shows the control signal. Fig. 4 shows the trajectory of the estimated
errore (solid line) and the trajectory of the actual tracking erddotted line). From these simulation
results, we see that the estimated error can asymptotically track the actual error, and the system output car
asymptotically track the desired output. That is, the proposed controller can attain the control objective
and is robust against the external noise.

In Case 2, to compare the control performance, we also control the inverted pendulum system with the
same parameters given by the direct adaptive fuzzy-neural control with the state observer (SO-DAFC)
presented in [20] and the observer-based indirect adaptive fuzzy control (O-1AFC) presented in [10]. The
simulation results are shown in Figs. 5-10. Figs. 5, 6 and 7 show the trajectories of the system output
y with the proposed controller, SO-DAFC and O-1AFC, respectively. Figs. 8, 9 and 10 show the control
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Fig. 4. The trajectories af ande for Case 1.
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Fig. 5. The trajectory of with the proposed controller for Case 2.
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Fig. 6. The trajectory of with SO-DAFC [20] for Case 2.
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Fig. 7. The trajectory of with O-IAFC [10] for Case 2.
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Fig. 8. The trajectory of the control signal with the proposed controller for Case 2.

signals with the proposed controller, SO-DAFC and O-1AFC, respectively. Comparing these simulation
results, we see that the proposed controller can use the smallest magnitude of the control signal, taking the
shortest time to track the desired outpytto achieve the control objective. It implies that the proposed

controller can achieve the better performance with a smaller control signal compare to that of SO-DAFC
and O-1AFC.

5. Conclusions

In this paper, we have proposed a method for designing an observer-based indirect adaptive fuzzy
sliding mode controller with state variable filters for the control of a certain class of unknown nonlinear
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Fig. 9. The trajectory of the control signal with SO-DAFC [20] for Case 2.
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Fig. 10. The trajectory of the control signal with O-IAFC [10] for Case 2.

dynamic systems, in which not all the states are available for measurement. We first construct the fuzzy
models to describe the input/output behavior of the nonlinear dynamic system. Then, an observer is

employed to estimate the tracking error vector. Based on the observer, a fuzzy sliding model controller is

developed to achieve the tracking performance. By passing the observation error vector to a set of state
variable filters, a filtered observation error vector is obtained. The free parameters of the fuzzy models

can be adjusted by the adaptive laws, based on the filtered observation error vector and the Lyapunov
synthesis method. With the proposed control strategy, the stability of the overall control system can be

guaranteed. The simulation results show that the proposed control strategy can turn in a good tracking
performance and is robust against the external noise.
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