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Abstract By using the adaptive backstepping technique, a
novel adaptive fuzzy backstepping control scheme is pro-
posed for the nonlinear pure-feedback systems with
external disturbance and unknown dead zone output in this
paper. The proposed control scheme not only guarantees
that all the signals in the closed-loop system are semi-
globally bounded, but also makes the tracking error con-
verge to a small neighborhood of the origin by suit-
able choice of design parameters. Fuzzy logic systems are
utilized to approximate the unknown nonlinear functions.
The primary characteristic of this thesis is that the
unknown dead zone output nonlinearity and external dis-
turbance of pure-feedback systems is introduced. Finally,
an instance is used to prove the superiority of scheme.
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1 Introduction

By applying the universal approximation property [1-4],
amounts of adaptive fuzzy control schemes have been
investigated and significant advances have been obtained in
nonlinear systems [5—12]. In the past few decades, the
combination of backstepping technique and fuzzy logic
system for adaptive control of strict-feedback nonlinear
systems got rapid development and research [8—13]. There
is no doubt the controllers ensure all the signals which are
bounded in [1-14]. However, all the aforementioned works
do neglect the existence of nonsmooth nonlinearities, for
instance, dead zone and backlash [14] which generally
exist in a lot of practical systems.

As is well known, dead zone in many components of
control systems is the crucial non-smooth nonlinearities in
lots of industrial projects which have gravely deteriorated
the system performance, on account of the characteristics
of dead zone nonlinearity in actuators are poorly known. A
typical dead zone example is dry friction in electrome-
chanical systems [15]. Some scholars directly adopt the
most straightforward approach to deal with dead zone
nonlinearities by utilizing their inverses based on [16, 17].
Although the above method reduces difficult coefficient of
the tracking deviation significantly, the model of dead zone
is a simplification for physical properties.

To cope with discrete-time plants with unknown dead
zone output, some scholars introduce a novel structure of
controller. By [18] the new adaptive control schemes keep
the closed-loop signal bounded even if the slopes of the
dead zone are unequal. Recently, an adaptive fuzzy back-
stepping controller which does not construct the dead zone
inverse is applied to solve the problem of the nonlinear
systems with dead zone and dynamics, see [18, 19]. A
novel smooth inverse model was proposed which
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compensates the impact of dead zone in controller design
instead of applying traditional nonsmooth input models to
describe output dead zone in [20, 21]. The large-scale
nonlinear system and unified stochastic nonlinear inter-
connected systems have been discussed in depth by some
researchers in [22, 23]. Nonlinear systems with dead zone
input have been attracting a lot of attention in the adaptive
fuzzy control community since few decades ago, numerous
professors have dedicated endeavor to enhance the prop-
erty of nonlinear systems with dead zone at the input in
[24-28]. However, there are few research on the output
nonlinearity. The recursive least squares (RLS) algorithm
can be used to avoid constructing dead zone model in
sensors, see [29].

By applying a Nussbaum function and an input-driven
filter, the nonlinearity in the output mechanism is resolved
in [30]. However, the schemes are not suitable for more
universal systems. In addition, a novel smooth model is
introduced to deal with dead zone in [31]. A number of
gratifying results have been obtained to the above systems
by applying the backstepping technique and the fuzzy logic
systems (FLS); however, a few schemes are usable for
working out pure-feedback control of nonlinear systems
which represents a class of more ordinary systems [32]. It
is shown that the mentioned pure-feedback control of
nonlinear systems has no affine appearance of variables
[33]. Other related research literatures on adaptive fuzzy
output-feedback control, see [34-37].

In this paper, the tracking control issue of pure-feedback
nonlinear systems with external disturbance and unknown
dead zone output is researched. We will think about the
adaptive control for nonlinear pure-feedback systems with
uncertain nonlinearity and unknown dead zone output,
which is a challenging and significant work. In this
research, we have the following assumption. The virtual
control signal and the actual control must be independent
of the variables x; in order to guarantee the controllers
gainable. The primary contributions of this paper are that:

(1) The tracking control problem of pure-feedback
nonlinear systems with external disturbance and unknown
dead zone output is investigated, firstly. On account of the
mean value theorem, the non-affine problem is solved.

(2) It is worth noticing that the pure-feedback systems
synchronously take the external disturbance and unknown
dead zone output into account, comparing with the now
available results on pure-feedback issue. In addition, the
adaptive fuzzy controller ensures all the signals are boun-
ded in the closed-loop system and the system output con-
verges to a small neighborhood of the initial signal.

The preparatory work is introduced, firstly. A new
adaptive fuzzy control design is proposed in Sect. 3. In
Sect. 4, the simulation examples are provided to prove the
superiority of the scheme.

2 Problem Formulation and Preliminaries

The nonlinear pure-feedback system is given as:
X = filxi,xiq) +y;(8), i=1,2,...,n—1
Xn = fu(ns 1) +,(1),

y = x(x1)

(2.1)

where X; = [x1,%2,...,x;] € R is called the state variable,
and fi(-) are unknown smooth functions, ,(r) is the
unknown external disturbance, u € R is called the input of
the system , y € R is called the output of the system which
is the directly measurable variable. It is assumed that x;(¢)
are immeasurable, but x(¢),...,x,(¢f) are measurable
variables.

The unknown dead zone output y(x;) is considered as
the following form:

TCr(.Xl), X1 Zh}
y =) =40, hy <x1 <h (2.2)
m(x1), xi<h

where the unknown parameters 7, <0 and #; > 0 and
7,(x1) and m;(x;) are unknown nonlinear terms.

Remark 1 Literatures [29, 31-35] discussed the issue of
adaptive control of nonlinear non-affine pure-feedback
systems, which is more general than the previous systems.

Applying the mean value theorem (see [35]), the non-
affine functions in (2.1) is rewritten as

ﬁ('fi7‘xi+1) _ﬁ(fiv-x?+1) = Vi(fi7;i)(xi+1 _x?+])7 i= 1727 s
(2.3)

T . . . .
where (x?,xg,.‘.,xg,uo) is an operating point of interest,

Xpr1=u, x0_; =u’ and ¢; is some point between x?, ; and
Xir1. Substituting (2.3) into (2.1), the system dynamics

have the following form:

%= vilT, ) (i — Xy g) + i@, a0 H (), i=1,2, 01
Xy = Vn(fmgn)("‘ - uO) +fi(fn7 ”O) + l/jn(l)7
y = 1x1)

(2.4)

A fuzzy logic system is applied to approximate a contin-
uous function f(x) on some compact set Q (see[20]). Adopt
the singleton fuzzifier, the product inference, and the cen-
ter-average defuzzifier to conclude the following fuzzy
rules:

R: If x; is F! and ... and x, is F'. Then y is G',
i=1,2,..,N.

Xn = [x1,%2, .. .,x,] € R" is the input of the fuzzy system
and y € R is the fuzzy system output, F' J’ and G' are the
fuzzy sets in R. N is the amount of the rules. By the above
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discussion, it is not hard to obtain the output of the fuzzy
system:

. Ziv: 1(1)1’1_[}1: 1P‘F;(xj)

YO == o
Di-1 [Hj:lﬂF}(xj)}

where

D, = malgguGi(y), O = (O, D,,..., 0y
ye

Let

[T/ uFj(x)
S I wFi)|
G(x) = (G1(x), Ga(x), ... G (@)

Gl‘ ()C) =

then
y(x) = ®TG(x).

For the sake of proofing the main results, some lemmas and
assumptions will be introduced.

Lemma 1 (see[5]): By applying FLS theory, we introduce
a continuous function f{(x) on a compact set €.

sup|f(x) — ®'P(x)| <&, Ve > 0.
xeQ

Lemma 2 (see[29]): We can find a smooth function
I'(-) > 0 and an unknown term T'g € R such that

[fi(x1,29)| T () + To.

Remark 2 Due to x; is not accessible for measurement,
how to build the relationship between the unknown func-
tion fi(x1,x9) and the output y is a crux to construct a
backstepping design method for (2.1). Because of
Lemma 2, the difficulty of x; unavailable is overcome. As
a result, the following intermediate signal o; and the actual
controlu are independent of the variable x;.

Assumption 1 (see[8]): The reference signal yy has nth-
order time derivatives which are continuous and bounded.

Assumption 2  (see[34]): The sign of v;(X;, x;11) does not
change. ¢,, and c); are unknown constants such that
0<cm <|vi(Xi, xip1)| <em <00,

V(%,xi11) €ER xR, i=1,...n,
according to the needs of this thesis, it is further assumed

that the signs v;(%;,x;41) > ¢,,. In addition, the constants ¢,
and ¢y, are unknown.

Assumption 3 (see[5]): It is assumed that there are
known parameters p;(i = 1,2,...,n), satisfying

Wi ()] < ;-
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Assumption 4 (see[32]): It is assumed that there are
unknown positive constants by, such that

)] = 42

| SbM,Vxl € R.

7=X]

For simplicity of our discussion, we give the following
definitions.

Definition 1 (see[30]): H(¢) is a Nussbaum-type func-
tion such that:

a— 400

1 a
lim sup;/0 H(p)de = 400,

a— —0o0

1 a
lim inf—/ H(p)dp = —o0.
ajo

We can list the functions which meet the definition, such
as ¢” cos(¢), ¢*sin(e), exp(¢?) cos(¢).
Lemma 3 (see[31]): V(-) and ¢(-) are the smooth func-

tions, H(-) is a smooth Nussbaum-type function. Then we
have:

O<W0<%+%ﬁdﬂﬂﬂﬂ¢}HyM%WﬂmmW€mﬁy
(2.5)

where by and by > 0 are suitable constant, q(x(t)) is a
time-varying parameter that takes values in I = [I_1]

with 0 & I, V(1), ¢(1), [,(q(x(x))H(p) + 1)¢dt are boun-
ded on [0, ;).

3 The Design of Adaptive Fuzzy Control and Its
Stability Analysis

In order to develop the n step backstepping approach, we
make the following state transformation:

w1 =Y — Yo,
W = Xj — 01,

(3.1)

i=2,...,n,
where ; is an intermediate control that is determined up to
the ith step.

We define a constant before developing a backstepping-
based design procedure,

n=max{||6;], i =0,1,2,....n},

|10:]| is unknown, so # is an unknown positive constant. 7 is
the estimate of #, and § = n — #j. According to the work in
[8], it is straightforward to obtain that if #(0) > 0, then
i(t) > 0, vVt > 0.

Step 1: Think about the Lyapunov function candidate

2 =
Vi :&_’_'l_

3.2
2 2F (32)
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where r is a design parameter.
The time derivative of V; is

Vl = w0 — ﬁ, (3-3)

SN <

o1y = o [/ (x1) (v (%1, 1) (x2 — x3)
+ fi(%,29) + ¥4(1) = )
= w1[pywavi(x1,¢1) + proavi(x1,61)
=Py (x1561) + pufi (31, %9) + py () = 3,
(3.4)
where p; = 7'(x1), o1 < bu-
To deal with the issue that p, is varying, the first virtual

control law is constructed by introducing an even Nuss-
baum-type function H(¢).

o = 7H(§0)0_{1, (35)

where & is the auxiliary virtual controller and H(¢) is a
Nussbaum-type function such that

H(p) = ¢*cos(p), ¢ = —pamigi,
where y > 0 is a parameter.
Through the forementioned discussion, we have
w1pyovi(xi,¢y) = —wi1pH(@)ovi(x1,¢;)
— o1 (x,6p) + oravi(x, ¢p)
= —oi(x1,¢1)(p H(p) + 1)y

+ vy (x1,61)%- (3.6)

By using Young’s inequality, Assumptions 3, 4 and
Lemma 2, we can obtain the following inequalities:

Bl @
)< 2mP1®1 | 4y
w1p (1) < 24 + 2 (37)
@1p1fi (x1,%9) < | |(T([y]) + To)
2 12 2 212,02
< by I’ (|§’Dw1 er()zwl —|—b%, (3.8)
2b; 2b;
where a; and b; are arbitrary positive constants.
Based on (3.6, 3.7, 3.8 and 3.4), one has
w101 < o1 (pyavi (x1,¢1) +vi(xr,¢p) (@ —x9) + 1)
1 G
+;(91H(<p) +1)¢ + -+ by, (3.9)

where [} = b%,,ﬁ%w% + bizvlrz(b’Dw% 4 bjzwrga)% _y
2at 267 2w
Because of Lemma 1, there is a fuzzy logic system
07 G,(X;) such that

71 = OITG|(X|)—|—5|(X]), |5](X|)|S8], Ve > 0,

where X; = (¥,Y0,7,)-
It can be shown that:

2 2 2
- C w &
(,O]l] <— 2’12 w%:lT(‘fl)Gl(‘(l) L : : 5

1
2 272 "2 (3.10)

where c; is a parameter.
Through the above discussion, we select the auxiliary
virtual controller as follows:
_ _ 1 i
o = _CMI |:</’l1 +2>(U1 - iza)lGlT(Xl)Gl(Xl) —l—xg,
2cy
(3.11)

where h; > 0 is a design constant.
Substituting (3.10 and 3.11) into (3.9), we will obtain

0101 < — o} + 55 otP](X)Py (X)) + 01p0xcy
1
1 @ 2 &
+;(p1H((p)+l)(p+El+b%+El+El. (3.12)

Combing (3.3) with (3.12), the time derivative of V| has
the following form:

. 1 .
Vi < pioimacy — hioy +;(P1H((P) + 1) +m

n{( - r 2T
——\N—=5w G (}(1)G1(X1)>7 (313)
r( Zc% =1

2 2 2
where m; = %—i—b%—&—é—l—i—%.

Step 2: Select the Lyapunov function candidate as

1
Vy = Vi +- 03, (3.14)

2

Similarly to step 1, it is also easy to see that the time
derivative of V>,

Vo = Vi + (2%, 0) 03 + va (%2, 65) (02 — x3)

+f2(f27x(3)>+lp2(t) _dl)v (3'15)
where
. 0o _ 0 -0
o = a—ypl(vl(xhgl)(xz —X5) +fi(X1,x3) + ¥, (1))
Oy . Ooy _ Ooy
My 4 — 1. 1
+ a).}oy,) %0 Y18 v (x1,61) + o7 n (3.16)

By applying Assumptions 2, 3 and 4, Lemma 2 and Young’s
inequality, the following inequalities are viewed as :

oy bl pr 3 (60(1)2 a;
—wr—p (1) < ) 422 (3.17)
2 dy () 2a§ ay 2
ot b3 ([y))w? [0ar\?
— ]P1fl(xl7x(2))é M (\;’D 2 1
dy 2b3 Oy
(3.18)

2
+ biy F‘%zw% <%> +b3,
2b5 Oy
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2 2
cybyotws kg

< 3.19
pro1mavi(x1,¢) < 2k2 5 ( )

oy b2,c2,3x% (o e%

Oy —= < IM™M 272 22

(2] 3y prx2vi(x1,6p) < 2e2 ay )
(3.20)

ooy b330 (duy m2

wZG_yplxgvl(xlvgl) %(6})) =2,
(3.21)

where a,, by, ko, e; and m, are arbitrary positive constants.
Substituting (3.17, 3.18, 3.19, 3.20, 3.21) into (3.15)
yields

. 1 .
V< — ot +;(P1H(§0) + 1) +m

n(; 2GT(X)Gy (X)) ) + 2 +b2+k2+e%
—= )
A\ 22 Rty ) 22

2

(3.22)
where
- b2, prw, [y b? F2(|y|)w2 0oy 2
b= — on(X,) 4 2uP1®2 (01 Dyl T(Iy])@a (O
2= X))+ 5 <6y)+ 207 (ay)

b2 Tiw, (o 2 2 atn, o
+ 02 2 _1 + lez _ 1 })O
205 dy 262 9y,
N b2,2,02x0 oy 2 bl (O 2_ oty p
2mj3 dy 23 ay oy, °

O _ _
+ o d@vi(x1,¢;) +fo(%2,23) + ¥, (1),

o
with
. 0o r Oa
P2(Xa) = —hoﬂa—}— W52 !
c2 on
5 (3.23)
r Oa
+2— 6} 1G] (X1)Gi(Xy),
where ay, ¢, are positive design parameters.
Similarly to the discussion of (3.10), one has
72 = 02TG2(X2) + (32(X2), |52(X2)| <é, (324)
where XZ = (y7y07yo7yo7x27 777 p)
It is means that the following inequalities
2 2 2
7 N 2Ar G D &
< — X X —= 4= 3.25
mply < 23 035G, (X2)Gr(X2) + > 24 5t (3.25)

can be obtained, where c; is a parameter.
Similarly to (3.11), we have

@ Springer

m _ _ - Oy -
+ 72 + <w3V2(X2, ©) + ova(¥2, 6) 4+ b + @2 (Xa) — aT;’?) )

[0%) (Xg)
- 1 1
= _ch hy +— |ws —izsz;(Xz)Gz(Xz) —|—x(3)7
2 2¢;5
(3.26)
where h, is a positive design constant.

Combing (3.15) and (3.23, 3.24, 3.25, 3.26) with (3.22),
the time derivative of V, has the following form:

1
V, < —Zha} + wrm3cy + - (P1 () +1)¢

i=1
0oy
a/\’/’

2
.
( Z*z ;G (X (X,-)>+n2,
B 2 2 2

K omk e e
where 1, = m +52+b§+52+?‘)+72+52+§2_

Select the Lyapunov function candidate as

+ o (@z(Xz) - (3:27)

Step i :

1
Vi="V._ 1+2w ,(3<i<n) (3.28)

similar to the discussion in Step 2, the time derivative of V;
is shown as the following form:

Vi = Viet + o (vi(%, ¢ o+ vil%, ) (o — 0 )

i (Fe X)) W) — 8i)
(3.29)
where
. 0oy _ oo »
o1 = — %0 yo v (x, ¢p) + o ]
aOCi_
+a—ylp1("1(x1a€1)(x2 —x9) +fi(x1,43) + Wl(f))
+§:%(V-()@ ) e —20)
~ 6x, J\Ajs 5) j+1 1

aoczl i
(T, x75) + (1 Z Yo
]—layil

Similar to the analysis of (3.17, 3.18, 3.20) and (3.21), we
can obtain the following inequalities:

(3.30)

Ooti_q b,%,,p%wz Oo_q 22
o i = 3.31
60(, 1 b2 (y)w? (0o i\’
— < i
dy pufi(x1 x2) 2bl-2 dy
4 bizwrgwi2 (aail>2+b2
207 dy v
(3.32)
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00t b2 323 (B0 1\ €
—; oy p1xavi(x1,¢p) < 22 oy +7>
(3.33)
aul* b C CL) X aO(, 1 2 n’[l2
Wj——— a plxzvl(xlvg])< Mzﬂfnlz 2( ay > +77
(3.34)

where a;, b;, e; and m; are arbitrary positive constants.
We take the same way in Step 2, then

-1
Z H(p) + 1)¢ + miy

i—1

2 — r
n— Z?wajT(Xj)Gj(Xl)>
j=1%]

N <

+ w; (wi+1vi(fi7 Gi) +vi(x, ¢i) (o — X?H)

_ aa 2 2
I+ 0i(Xi) — pr+ ol G
+1L+ ¢,(X) o 11)+2+ +2+2
(3.35)
where
- by prow; (ot b T2y (Qoii\?
l[ - -X,' M1 Wi i M i i
Pii) + 2a; (@y)+ 2b} (ay)

+b2 Foa), 001 2+ bﬁchwx 0oty
2b? Jy 2¢? oy

blzwaa) )C2 (60(, 1) i 606;71 )
R - Ly
2ml2 Oy J; ay{()/ 1)-~o

0o _
+ 30 Y18V (X1, Gp)
i—1
ol — _
o (5 5) G = ) (5, 200) + 0,0
j=2

+ (1) + fi® 20 ) + oo i, G),

with
001 d r 0o
. Xi f— —h — — i
0i(X) = —hoil == J;“’zc, 5 '
. (3.36)
— r 60(,-,1
> 30 w7 G} (X)) Gj(X)),

where ¢; are positive design parameters.

From (3.24), there is a fuzzy logic system 0! G;(X;); it
satisfies
=

Gi(X;) + 0:(Xy), (3.37)

where X; = (y,7,x2, ...
We can prove

0:(Xi)| < &,

>xi7ﬁ>p)'

2 2 2

7 n 2T ¢ w; &

zlz < — Xl i Xi A A A 338
o < 55 G ()GX) + 5 + 5+ (3.38)
where ¢; is a parameter.

Similarly to (3.11), we have

1 N

(X)) = —cp {(hi + i @wiGiT(Xi)Gi(Xi)} + s

(3.39)

where h; > 0 is a design constant.
Combing (3.36, 3.37, 3.38, 3.39) with (3.35):

. i 1 . i aOC',l .
Vi =3 o+ o)+ 19+ o (%) -5 )
J= J=

—ﬁ<77— 22 w7 G] (X, )G(X_i)>+ni+wiwi+ch7

(3.40)
aq o G 4. m g
where m; = m;_; —|—?+bi +?+3+7+5.
Step n: Select the Lyapunov function candidate as

1
Vo = Vi +—603 (341)

2

Similarly,

1)+ (T 1) 4, (1) = 1)
(3.42)

Vn - Vn—l +wn(vn(fnagn)(u_

where
Goc,,, 1
Op

0o,
+a—y1p1(v1(xl,g1)(x2

aOcnfl p3
Sl

—x3) +fi(x1,59) + ¥, (1))

Op—1 = — Y18 vi(x,61) +

n—1

aan—l _
+Z o (v, i) (xier =34y
i=2 !
aan 1 ,
+f(-xla l+1 +‘/j 6L 1 () (343)

Based on the above discussion, taking (3.31, 3.32, 3.33,
3.34) with i = n into account that

00,1 blzup1 00,1 22
_ < % 3.44
Wy ay Pl%(f) = 2612 ay + ) ) ( )
oty 1 b? F2(|y|) do, 1\
— <
on o ) < P (S
N b2 Tiw? (60(,, 1)2+b2
2b2 y
(3.45)
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aoCn—l
Wy ay

2 2 22 2 2
by, c3,w2x3 <6an_1> Lo

prxavi(x1,¢) < 202
n

O, 1
(o aﬂ plxzvl(-xlvsl)<

by c2,wxd (Do, 2o
M 2( l)+ n

2m?2 dy

(3.47)

where a,, b, e, and m, are arbitrary positive constants.
Substituting (3.44, 3.35, 3.36, 3.47) into (3.42), it yields

n—1
. 1 .
V, < — h,-wiz+;(p1H((p)+l)(p+nn,1
=
il Sor ) &2
= 1= 25 @G (X)G(X)) | + 4

m2 0oy -
+7 U)n<Vn xmsn)(“—” )+l +q0n(X) on '1>7
(3.48)
where
] Biton (0 1\ | BT (y)o
ln _ Xn MP1Pn n M n
®u(Xn) + 2ai2 < Oy > * 2bi2

" (60(,,1)2+b%,,1"5wn <6an1>2
oy 20% oy
N blzwawnx <6a,, 1)2 b%l,!CM(U X3 (aan 1>2

2e2 Oy 2m? Oy

+ Zaan L (leer,()Cl) +f(-xl) + l// ( ))

= o

1 aOCn71 (l) aOCn,
_ (l_il)ya + 3

i=1 ayo ¢

+ fn(fnvl’tO) + ‘//n(t)v

- yo10 vy (x1,¢p)

(3.49)

r 6ocn 1
+ ) ——
ZIZC,, on
where ¢, are positive design parameters.

Similarly, one has
Zn - ean<Xn) + 5n(Xn)7 |5n<Xn)| S Eny &n > 07

(3.50)

where X, = (y,ysl),xz, oo Xy 15 ).

It is easy to show that

5]

2 2

- N o ¢, w, &
Oy < == G (X,)Gp(X,) + 2+ 24 2, 3.51
"< 50K G Xa) + 5+ 3 (3:51)

where ¢, is a parameter.
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The control law is selected as
1 Ul
- 1 o n T
U= —cy [(h,, + 2) Wy 22 0, G, (Xn)Gn(Xn)] + ug,
(3.52)

where £, is a positive design constant.
Together with (3.49, 3.50, 3.51, 3.52) and (3.48), the
time derivative of V,, is shown as:

V< —Zhw +s (PIH(<P)+1)€D+Z(U: oi(x) - 1ﬁ>

M(: N~ T oor
—=|7- — w; G; (X;)Gi(X; n
r(” iZIZC?let( )G( ) +m
(3.53)
2 m g
where 7, = m, | + 2 +b2+ "+ +7"+3".
We employ the adaptive law as
A n r
1= Y — ;G (X)Gi(X:) — hofj, 7(0)>0. )
i ;220) (X:)Gi(X;) — hoil, 17(0) = (3.54)
By applying the work in [29], it can be shown that
n a(xi7 .
> i <(/’i(Xi) - Aln) <0. (3.55)
im on
It is noted that
22
i = At —i) < —L+L. (3.56)

Combing (3.53, 3.54, 3.55, 3.56), the time derivative of V,
satisfies

. 1 1 ho h
_ 2 L _ N0 0 2
V, < ;hw o (uH () + D) =0 45
(3.57)
Define
D = min{2h;, hy} > 0, (1 <i<n),
ho » 2 e
n:nn+5n—z +;b +Z +;3
n_ g2 hO 2
+Z +Z +5 (3.58)
then we get
. 1
V, < — DV, +n+;(p1H((p) +1)o. (3.59)

With above discussions, then we present our contribution
in this thesis.

Theorem 1 By applying the fuzzy logic systems and
Assumptions 1, 2, 3 and 4, the unknown functions I; are
approximated to some bounded term for the nonlinear system
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(2.4). By choosing the control law (3.52) and the intermediate
virtual control (3.5, 3.11, 3.26, 3.39) and the adaptive law
(3.50), it makes all the signals which are mentioned in this
system be bounded. In addition, the tracking deviation ®; =

y — ¥o meets the following condition
2n 20
lim §2 < ot 1<i<n,

1—00 ’))

(3.60)

where D and 7 are defined in (3.58), and ¢ defined in
(3.62).

Proof Integrating (3.59) over [0,t], we can obtain the
following inequality:

O (o1 H(p) + 1)ge™dr.

DD Y
(3.61)
V. (1), o(t) and fé(le((p) + 1)¢dt are bounded in [0, #7)
by Lemma3. In addition, [j(p,H(e)+ 1)ge P07

dt < [i(piH(@) + 1)¢dr, it is shown that [j(p;H(p) +
1)¢e P~ dr are bounded on [0, #).

Define
t
6 = max /(le((p)—l—l)(pe_D(’_r)dr. (3.62)
1€f0.1r)| Jo
2
By (3.60) and (3.61), we have %gv,,(:)ge*[”
o

v
V,(0) — — .
(Vi) =)+ 5+
Because of D > 0, it is not hard to elicit that all the

signals mentioned in this system are bounded. Therefore,
when t — 400, (3.60) holds.

T
)+B+

Remark 3 It is evident that the tracking deviation depends
on a;, bj,c;,e;, h;, r, 7 and unknown term 7 by the above
analysis. It is guaranteed that the tracking deviation is in a
small neighborhood of the origin. According to (3.57),
increasing h;, r and y, meanwhile reducing a;, b;, ¢; and e;,
leads to a small tracking error.

4 Simulation Examples

The second-order nonlinear system is introduced to
examine the availability of the proposed scheme.

%1 = x1n(10 +x?) + x} sinx; + 0.01le " cost,

s 5+ 0.5cos(2t),

X — 1 _X%_ﬁé _
2 u(l+e )+1+x%—|—x2

y = x(x1)-

The dead zone y(x;) is seen as:

1.5(x; —0.25)"%*, x,>0.25
y=ylx1) =<0, 0.2<x;<0.25
0.5(x; +02)"°, x<02.

(4.2)

The reference signal is hypothesized as y, = 0.5sinz+
sin(0.5¢). Because (4.1) not only contains the nonlinear
term fi(X1), f>(x1), g1(x1), g2(%2) and disturbance terms
W, (1), ¥, (1), but also has the dead zone output y = y(x1),
the control schemes proposed earlier is very inappropriate
to this system.

For the fuzzy control, we select the following mem-
bership functions:
1) = expl—(x + 2.5)%), Hyagy = expl—(x+ 157,

i

Hps = exp[—(x+0.5)%], ppiy = exp[—(x—0.5)7],
) :uFf’(x) = exp[—(x—4)2].

s = exp[—(x — 1.5)°]

[0} 5 10 15 20
Time(sec)

Fig. 1 Trajectories of y(solid line) and y,(dashed line) for Case 1

200

150

100

50

—100+

—-150+

_2 . . .
000 5 10 15 20
Time(sec)

Fig. 2 Trajectories of control u for Case 1
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1.1

0.1

0 5 10 15 20
Time(sec)

Fig. 3 Trajectories of # for Case 1

o) 5 10 15 20
Time(sec)

Fig. 4 Trajectories of y for Case 2

Choose the intermediate virtual control functions (3.9), the
actual control (3.47) and the parameter adaptive law (3.49)
withe; = 34,¢0 = 4.2,h =30,hy = 20,kg = 5, r=
400 and y = 40 for Case 1 and ¢ = 1.2, ¢, = 2.5,
hy = 40, hy = 35, kg = 5, r =400 and y = 40 for Case
2. The initial conditions are chosen as [x;(0), x2(0),
7(0)] = [0.1, 0.2, 0].

The simulation consequences are revealed in Figs. 1, 2,
3 and 4, where Fig. 1 reveals the output y and the reference
signal y, for the Case 1, Fig. 2 displays the trajectories of
the control u, Fig. 3 shows the trajectories of the parameter
7], and Fig. 4 presents the trajectories of y and the reference
signal y, for the Case 2.
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