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Adaptive Fuzzy Funnel Control for Pure-Feedback
Nonlinear System with Input Constraint

Feng-Rui Shi, Nan-Nan Zhao, Xin-Yu Ouyang, Hai-Bo Xu and Yi-Qin Zhou

Abstract—For pure-feedback nonlinear system with input
saturation constraint and system internal interference, the prob-
lem of prescribed performance control is considered. Firstly,
a smooth nonlinear function is introduced to approach the
saturation function of the input signal, which solves the design
difficulty caused by nonlinearity of non-differential saturation.
Then, the pure-feedback system is decoupled by using mean-
value theorem, so that the system controller can be constructed
by utilizing the backstepping technique directly. Next, a novel
system controller is proposed by combining prescribed per-
formance control and fuzzy logic control technology. In the
framework of Lyapunov stability theory, the controller can
ensure that all closed-loop signals of the system are uniformly
and ultimately bounded, and the tracking error of the system
converges to the allowable range under the funnel function,
thus the transient and steady-state performance of the system
was guaranteed. Finally, the effectiveness of the control scheme
is verified by a simulation example.

Index Terms—Nonlinear systems, funnel control, backstep-
ping, nonsymmetric input saturation, pure-feedback systems.

I. INTRODUCTION

N recent years, nonlinear control systems are widely used

in industry, military, aerospace and other fields. The re-
search of nonlinear control system has become an important
frontier direction, and great achievements have been made
in nonlinear control systems [1], [2], [3], [4], [5]. However,
the structure of today’s nonlinear system is becoming more
complex, and the requirements for the control accuracy of the
controller are getting more higher. Therefore, it is significant
to study the control theory and method of nonlinear system.

Backstepping technique is an effective method for control
design of nonlinear systems. Starting from the design of the
Lyapunov function and the intermediate virtual parameters of
the first-order subsystem, the actual control law of the system
can be obtained when “back” to the last-order system. For
example, Zhou et al. designed a system state observer using
backstepping technology, which guaranteed the steady-state
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performance of the system by estimating and compensating
the unknown state variables in [6]. Furthermore, Chen et
al. used the similar design idea to compensate the actuator
failure of the system in [7]. Alternatively, Zhang et al.
designed the system controller by using RBF and adaptive
backstepping technology in [8]. However, many dynamic
systems have non-affine structures in practical applications,
which we call pure-feedback control systems. The struc-
ture of the pure-feedback system is more general than the
strict-feedback system. In [9], Wang et al. used the mean-
value theorem to deal with non-affine system functions,
and proposed a robust adaptive control scheme based on
the backstepping technology. Subsequently, many scholars
further studied input constraint systems and achieved many
meaningful results in [10], [11], [12], [13], [14], [15]. How-
ever, the backstepping method is difficult to deal with the
nonlinear system with unknown structure or parameters, so
it usually needs to be combined with other control methods.

Adaptive control is another important method to deal
with nonlinear systems. The adaptive control has excellent
approximation ability to unknown parameters and uncertain
model structure. For example, a kind of fuzzy logic control is
introduced to approximate the intermediate variables which
are difficult to calculate directly in backstepping in [16].
Alternatively, a low complexity fault-tolerant controller is
designed for strict feedback systems with unknown nonlinear
functions by using smooth orientation functions and error
transformation functions in [17]. From [16], [17], it is not d-
ifficult to find that fuzzy logic control does not need accurate
system mathematical model. By utilizing this characteristic,
Zhang and Yang solved a class of strict-feedback nonlinear
problems with uncertain structure, unknown control direction
and fault tolerance in [18]. Subsequently, Li et al. introduced
a novel fuzzy sliding surface to suppress the chattering of
the system in [19]. Moreover, a class of robust multivariable
approach based on adaptive control technology is proposed
for a class of multivariable linear systems with time-varying
parameters in [20]. Meanwhile, in [8] [13] and [21], the
system controller designed by using neural network control
strategy not only has strong adaptive ability, but also has
excellent fault-tolerant ability. However, adaptive control
usually takes the asymptotic stability or error stability of the
system as the control goal, without considering the dynamic
performance of the system.

In 2008, prescribed performance control (PPC) was first
proposed and quickly attracted extensive attention of schol-
ars. In [22], [23], [24], [25], the designed controllers based on
PPC method can ensure the system tracking error converges
to a preset range, and improve the transient and steady-
state performance of the system. Unfortunately, due to the
large initial error in [24], [25], the overall performance of
the system cannot be guaranteed. In [26], Han and Lee
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combined PPC technology with neural network control to
realize accurate tracking of system output error.However, not
all system functions can be derived. Liu et al. put forward
further to propose a novel performance constraint function
in [14] and combined with adaptive funnel technology to
design the system controller, it avoids the repeated differen-
tiation in backstepping method. while avoiding the repeated
differentiation of virtual control variable in the backstepping
method.

Inspired by the above discussion, different from the ex-
isting methods, a novel system controller is proposed for
the pure-feedback nonlinear system with input saturation
by using backstepping method, fuzzy logic control and
prescribed performance control. The designed controller not
only guarantees the performance of the system, but also en-
sures that all signals of the closed-loop system are uniformly
bounded.

The reminder of this paper is arranged as follows: Section
IT is system description and the introduction of related
basic knowledge. Section III is adaptive fuzzy controller
design. Section IV is simulation and analysis. Section V is
conclusion.

II. SYSTEM DESCRIPTIONS AND BASIC KNOWLEDGE
A. System descriptions

Consider a pure feedback nonlinear system as follows:

& = fi(Ts, wip1) + Ni(t)

y==x1
where = = [z1,79, - ,xn]T € R" with z; =
[x1, 29 ,xi]T € R’ and y € R are the state vectors and

system output. Both f;(-) € R**! — R and ); are unknown
smooth nonlinear functions. A;(t) represents for system inter-
nal interference while meeting |\;| < \;,i =1,2,...n — 1,
where )\; is unknown positive constant. For follow-up con-
venience, A;(t) is denoted as )\; in the following next. u
denotes the system nonsymmetric saturation input. That is:

Umax, V 2 Umax
VU, Umin < UV < Umax
Umin, UV S Umin

2

u = sat(v) =

where Umax > 0 and umin < 0 are unknown constants, and
v represents the input of the saturation nonlinearity.
According to the mean-value theorem, the functions f;(-)
can be described as follows:
fi(@i, xigr) — fi(%4,0) = giwia
_ _ 3
Jn(@nyu) = fr(Zn, uo) = gn(u — uo)
where smooth function f;(-, ) is explicitly analyzed between
[i(@i, ziy1) and fi(Zi,20), gi = Ofi(Ti, Tit1)/0%ip1|2iv1
and z,4+; = u. Next, substituting (3) to (1) and choosing
ug = 0, we can obtain

& = fi(%i,0) + giziv1 + Ni
ftn = fn(fnvo) + gnu + )\n

Yy=1x

“4)

From (2), there are two sharp corners that v = uy,x and
¥ = Umin 1N saturation function. To solve this problem, Let’s

use two smooth functions to approach the saturation function
sat(v) results in

Gv) =

Umax * tanh(>=),v > 0
Umin * tanh(—),v < 0
v

Umin

e Umax —e Umax
Umax ¥ 5 ——— v =0 (5)
. e Umax 4e Umax
- v —v
e Umin —e Umin
Umin * v —v U < O

e Umin +4¢ Umin

Then, the nonsymmetric saturation system input can be
expressed as

u = sat(v) = G(v) + d(v) (6)

where d(v) is a bounded function defined as
|d(v)] = |sat(v) — G(v)]
< max{Umax(1 — tanh(1)), tmin (tanh(1) — 1)}
=D
@)

In addition, by using the mean-value theorem, we can
obtain a constant G,(0 < p < 1) such that

G(v) = G(vg) + Gp(v — vo) (8)

where G, = (0G(v)/0v)|y=p, by choosing vy = 0, (8) can
be redescribed as

Gv) =G ©)
Substituting (9) and (6) into (4) results in
Ty = fi(Z:,0) + giziz1 + N
Tp = fi(Tn,0) + gn (G +d(v)) + Ay (10)

Yy=1x

Assumption 1. The signs of g;, © = 1,2,...n are known,
gm and gy are unknown constants, it has

(1)

Obviously, g; is either positive or negative strictly. Without
affecting the conclusion, we can further assume 0 < g, <

9i < gm-

0<gm <|gil <gm < o0

Assumption 2. In (8), there exists an unknown positive
constant G, such that

0<Gn<G,<1 (12)
According to 1-2, it has
0<b§gi, O<bggnGu (13)

where b = min{g,,, g,»G} is an unknown constant.

Lemma 1. [16] Young’s Inequality: For ¥(x,y) € R?, the
following inequality holds
p 1
R T R P
zy < Lot + ] (14)
where £ >0, p>1,¢>1, (p—1)(g—1)=1and ¢ p,
q are both constants.

Lemma 2. [9] F(Z) is defined as a continuous function
on a compact set Q)z. Therefore, the fuzzy logic system is
introduced. The fuzzy logic control system is mainly aimed at
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the approximation of any nonlinear continuous and uncertain
link in the system.The mathematical expression as follows:

F(Z)=WTp(Z) (15)

where the input vector z € Qz, W = [wi,ws,... ,wn]T

and o(Z) are constant weight vector and Gaussian function
vector respectively, that is

_(Z_gi)T(Z—§i)1, n (16)

©i(Z) = exp i=1,...

12

T
where ; = [6i1,Si2,---,Sin] and v are center vector and

the width of Gaussian function.

Remark 1. There must be a fuzzy logic system desired
sup,cq |F(Z) = WTp(Z)| < e where € is an unknown
constant greater than 0.

B. funnel control and adaptive controller design

By choosing a possible choice of boundary function w(t)
defined as
w(t) = (17

(/00 - poo)e_ﬁt =+ Poo

where pg is the initial value of w(t), § is the convergence
speed, and thjg@ w(t) = poo-  pPo, Poo » B are appropriately
positive constants. In addition, z; is constrained in the funnel
function for the initial condition |z;(0)] < |pol.

The error variable is defined as

w—+ 2z

G =l (18)
w— 21
where z; is the tracking error and z; satisfies
Zi = X; — 1, Il<i<n-—1 (19)

where ay = y, and «; is a virtual control signal. The time-
derivative (; will be used later and given by

wzl

G =273 — 7) (20)

where 71 = w/w? — z2. The construction forms of virtual
control signal and actual control input are as follows:

Cl 1 T
=2 + —0 21
a - (a1 + 5 5 20% ®1¢1) 2
1 1
a; = —(a; + 5)zi — 2329% ©i (22)
2 2c
1 Zn A
vp = —(an + 27}2)% - @9%19% (23)

where a;, ¢; (i = 1,2,...n) and 7n are positive design
parameters, 6 is the estimations of 6, 6 is unknown constant
and satisfies

1
0= maX1§i§n{gHWi2H} 24

where b is defined in (13) and W; will be given later. The
adaptive law will be updated by

é:2 2<1<p1 1+Z2 7] 20T i —of  (25)

where v , o are positive parameters to be designed.

III. ADAPTIVE FUZZY CONTROLLER DESIGN

In the following, we will design an adaptive fuzzy con-
troller based on backstepping, and establish a fuzzy logic
system W' ;(Z;) at Step i to approximate the encapsulated
unknown function F;(Z;). The system controller is updated
through the backstepping technology step by step, until the
n step, the final controller of the system will be obtained.
The specific design procedures are as follows:

Step 1: For the first subsystem in (10), a Lyapunov function
candidate is selected as follows
1o, b
Vi= 4C1 + 279
The time derivatives of the two sides of the above formula
are obtained as follows

(26)

wz b
Vi <an(f +g1$2+/\1—yr—71)—*99 27
By using Lemma 1. for (171 A1, one has
2 72 \2
A < -2 28
(1A < 2 L 5 (28)

A new function Fj is introduced to represent the logic fuzzy
control and (27) can be rewritten as

T . wz
Fr=mn(f1 +7C121 )+ 3 o
w 2
) & N b (29)
Vi < Gmigiza + GF — *1 + 7 *99

According to Lemma 2, by employmg a fuzzy loglc system
W1 to approach Fi, there has

FL=Wle(Z)) +6.(2y),

where 61(Z71) is the approximation error and £; is an
unknown positive constant. By using Lemma 1 we get

101(Z1)| < &1 (30)

Wi
C1F1S 2(2” 1” 1(pl+ +C1 +7
2 2 2
2 (31)
< 0 a2l
_22<1<P1<P1+2+2 2
Substituting (30) into (29) and combining (31) results in
. b 2 &2 A b
W < — 0T+ 24+ L+ —00 (32
1_417191332+2C%C1 %01<P1+2+2+2 5 (32)
According to formula (19), (32) can be rewritten as
y b o, 1
Vi <Gmigize + Gimigran + 272@ 01 1
_ 33
LA A b >
2 2 2 v
Bring definition of a (31) into (33), that is
1 b o4
Grigian < —a191¢F — 591@2 - TCQQQ@%T% (34)
1

By using Lemma 1 to the term (;71g122 produce, (33) can
be redescribed as

' o 1 5 d M
Vi < —a1g1(7 — *91(1 +OTig122 + 5 + >
2 b~
JF?JF; (2 251901@1 9)

2
gMTi 22

<TG + + A+ 9(%(1 ol o1 —0)
1

(35)
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where Ty = a;g9; > 0 and Al = (1/2)c? + (1/2)\2 +
(1/2)z2, The term (1/2)gp 7723 will be dealt with in the
next step.

Step 2: For the second subsystem in (10), a suitable
Lyapunov function is selected as follows

Vo=Vi+ (36)

- 22
Combining (35) and (19) into (36), then, by taking the time-
derivative of V5, there has

guTiZE b~ s
#Jr; (2 2C1</>1s01 0)

+ A1+ 22[f2 + gow3 + A2 — 1]

Vo <—T1¢% + 37)

(4)

According to «; € [Z;,0,w, @, ... w® g gy, ... n"], there

has

0
(f1 + 9172) +Z 802)

Wt

8041 (Z+1) Oay v
+ - 7@ 01 o1
Z 00 2 % ! (38)

5‘04}%25 2T L aa}gé
00 202 00
dan Y 2T dan
— —A
a0 1 2 2 Aot dry
By using Lemma 1 for (37) and (38), that is
22 A2
N, < 224 22
2= T
8041 (9041 2 2 5\%
e < [ =L 21
= = <8x1> 2 + 4
Then, taking (38) and (39) into (37) account, we get

(39)

. b A
Va S*F1<12+;9( 241901901 —0)+ Ay

gm Oa
+ 22[771222 + fo+ gaws — =—(f1 + g122)

6.131
+ % 22
8x1 2
8a1 'y T ooy

90 2c2 p2@ < Ow (@)
- % £i+1)+8iﬂlaé+ 2

8@1

[

o0 202 Cl 901 ¥1

LD (40)

/\3 i
1322 el or+ ?jLZ

Similar to Step 1, by employing a fuzzy logic system
W' 9(Z5) to approach the uncertain contained function Fh,
we get

T2z Jda
i) :gzv121 2 4 otz — Tl(fl + g172)
ooy 2 8@1 ~y
+ (&r) Z2 — By 202 Cl<P1 $1
6&1 ~y day 14 (41)
ae 23° )
day LD i day (i+1)
IS ol
i=0 0wl ) i=0 8y$)

Taking (41) into (40) and together with (19), results in

Vo < -T2+ 9(2 2@1901901 0)

1
+ A1+ 22[Fy + g223 + gara] — 525
80&1 \
89

(42)

By using Lemma 1 and combining (22), (30) into (42) similar
to (39) , we can obtain

2
220202 < —Q20225 —

1
5927 + 50273 (43)

Z92: <
2392,2

b 3 & 22
2294,02902—&——4—52-&-?2

22F2§22 5

Substituting (43) into (42). Then, simplifying the conse-
quence like (35) results in

Vs g—rlgf—rgz§+gMZ§ T A+ A,
+% (2 2C1<P1<P1+2222902<P2 9) (44)
_ aag 2;2 5 1901 )
where Ay = (1/2)c3 + (1/2)&%2 4+ (1/2)A2 + (1/4)A? and

Iy = asge > 0.
Step i (3 < ¢ < m — 1): Let’s select the following
Lyapunov function

1
Vi= Vi1 + 52 (45)

According to (35) and (44), it is not difficult to conclude that
the time-derivative of V;_q is

Viep < —T1¢F -

i—1 i—1
1
kaz,% + ZA’“ + §gMzi2
k=2 k=1
b~ v T =1 2
+ ;9(?4“ 1P1P1+ Z % 22k<pk or —0) (46)
1

k=2
- ~Rk+1 R
i1 09 =i 26

In (46), the last term also can be rewritten as

i—2

Oa Ja
Z 80k Zk+1 Z 9% 221 901 P = Z aiékzkﬂ
k=1 k=1 (47)

*27221901 ‘Pz+2 Zz‘Pz P

1= 1+1
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Combining (10) and (47) into (46) results in

i1 i1 i—2
. 8C¥k
%S_FIC%_ZFkZI%+ZAk_Z —7 Pkt
k=2 k=1 00
- ¥ 1 ooy,
* Z @zleOlTSOl + Zi[§gMZi - Z
l=it1 ~ 1 k=1
Y .
* o 32 zipr pi + fi + Giit1 + Ni — Gy
b i—1 5 )
+- 2ot — 0
S (2 2<1901 1 +I;2czzk§0k‘zpk )

(48)

where ¢&;_; can be obtained as following form by repeating
the same method as (38) in Step 2. That is
=15,
. i—1
i1 <
i1 = kz: 8xk

=1

8051 1

(f& + gpTrr1 + k)

WD) +Z i1 (h+1)

g™
804Z Ba ~
80 : 222 Goien - 01 o0 )

i Z 3041 1 k+1) + Z (9041 1 (k+1

a(k)
ao%ln B 2T
a6 Z2c%“

1=2

Substituting (49) into (48) and using Lemma 1 similar to
procedure (39) results in

Zrkzszk—zaak
w00

Vi< Ty~

n
2 T 8041-,1
* 2% 2 RIPrPL— —(/7 %

2
2 2 901 (2
I=it1 90 2¢

l=i+1
2 N 1—1 5
A A7
N

k=1

+ 2 [F; + givip1 + gioy] —

1—1
b~ Y ;
+ ;9(702 Golor+) 5.7 2k on =)
1 k=2 k

(50)

aai,
i EEEDY mkl (fr + grrs1)

Joi—q

< D) Wt
W

619

804117

o0 202 <1 901 ¥1

Similar to (43), by utilizing Young’s Inequality and combin-
ing with (22) results in

gi b 25
Zigici < —aigiz} — T = 552001 i
7

1 1
59121'2 + 59121-2“

2 52
F00] pi + —’ to5+

2iZig19i < (52)

ZiFiSZQ f

Substituting (52) into (50), there has

kazk + Z A+ gﬂz?_‘_l
n

_ZaakaH Z 5 2Zl§Dl ©1

l=i+1

Vi <—T1¢% —
(53)

b~
JF; (2 2<1<P1 1+2223k90k§0k*9)
k=2

=

where A; = (1/2)c2 + (1/2)&2 + (1/2)32 + 3
k=1

and I'; = a;qg; > 0.
Step n: The actual controller v of the system will be

designed in this step. Using (10) and (19), there has

; (1/4)32

= fn + gn(G,uU + d(’U)) + )\n - dnfl (54)

By choosing an appropriate Lyapunov function, that is

1
Vo=V,_1+ 72721

2 (55)

According to (53) with ¢ = n — 1, we can obtain

2
Zn

27

m‘gg'

Vo <—T1(f — ZFkaJrZAk

n—1
/\2
+> 5t anlFo+ gn(Guv +d(v)]
k=1

n—1
ny 5 .
(2 2C1‘P1 1+ § 2622135059010_9)
k=2 Tk

(56)

where

n—2

_ gMZn vy T Oay,
=75 ‘@WMZ A
=1
n—1

-2

k=0

aO‘n—l
8y£k)

aOén 1
8w(k)

kD) (k+1)

n 1 (57)
aan 15

aan 1)
+ Zn
Z( Oz, 00
_ Z 6047171(
t 8Ik

By using Lemma 1 for (56) similar to (31) results in

0+ fa

fr + 9xTri1)

b T C%
< —z20pk o, + 5 t3t (58)

an_22

N ‘in
o |57
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Furthermore, substituting (58) into (56), we get
n—1 2

2
Zszk+ZAk ?n %

2
megnc:wd( v))

Vo <—T1¢% -

(59)

k=
bo il o
JF; (TC 901%01+2222k80k90k )

b
+ Qﬁzn&Pfsﬁn

Substituting (23) and (7) into (59) results in

G
Z2ngnGuv < *angnG,uZEL - g;ngm Z'?L - 2722”090” Pn
1 1
annd § 277297le2’721 + ﬂgnnzD

(60)
Combining (60), (59) can be formulated as

n—1 n—1
Vn S - F1<12 - Z szlg - angnGﬂsz + Z Ak
k=2 k=1
5\% 0727 E_EL = 5‘2 1 212
A G G My 4 2D% (61
+2+2+2+;14+2Gmgn (61)
n

b~ Y
+ ;9(*202 GGl o1 + E 22 zrph on — 0)

Then, taking the law of adaption 0 into (25), we have

n—1

Zszk angnGuz, +ZAk

V, < -T2 -

According to thS:Adeﬁne of 0, th~e last term in (62) can be
written as (bo /)00 < —(ba /27v)0? + (bo/2v)0?, there has

> Tizf - 792 + ZAk
k=2

2
where I'y, = apgr > 0, Ap = %k+7k

1, T,
ba g2

Vo, < -T¢E - (63)

+ 7’“ k= n—
2 n— 1 <
:angnGu>0,andAn—7ﬂ+%+%+Z .
k=1
+ ﬁ gnn?D?.
According to the above deduction, the following theorem
is given.

Theorem 1. Consider the closed-loop pure-feedback non-
linear system (1) with unknown system internal interference
A; and unknown input saturation signals (5), and the sys-
tem controller (23) and the adaptive law (25). Under the
conditions of Assumptions 1 and 2, the following results are
true:

(1)All signals of the closed-loop system are consistent and
ultimately bounded.

(2)The system tracking error z1 converges asymptotically.

The stability of the closed-loop system is proved as
follows.

Proof 1. Let the Lyapunov function V =
gains are selected as

V.., and the control

1
Fl = ZAl
1
F‘]:ZAJ7 j:273,.7n (64)
O'j:Aj, j:1,2,...,n
Let A = min{Ai,As,...,Ap} and ¥ = > 7 Ay
Furthermore, we have:
V< —AV 49 (65)

Furthermore, solving inequality (65) gives can be obtained
directly

) )
0<V(t) < (V(0)— )™+ ¢
9 (66)
gV(O)—e*AwK, vt >0
As t — oo, we have
Y
0<V(t) < A (67)

Remark 2. For j = 1,2,...,n, the error signals z; and 6
eventally probability of bounded. Under Assumption 1-2 and
initial condition, we can deduce that 0 is a constant, 0 is
also bounded in probability. Then, for ||p; ;|| are
also bounded in probability, by parity of reasoning, we can
conclude that all the signals of the closed-loop system are
uniformly ultimately bounded in probability, and the tracking
error of the system will converge to (—w, w).

Remark 3. Here 0 is used as the estimated parameter. For
n-order nonlinear system, we only need an adaptive law to
realize online update.

IV. SIMULATION EXAMPLE

To show the applicability of the proposed control scheme,
Brusselator model describes a simplified chemical reactions
model, which is a typical nonlinear control model, consider
the following model in dimensionless from [9]:

i1 =C — (D+ 1)z + 232y + A(2)
= Dz1 + (2 + cos(z1))u — 2329

Y=

(68)

where x; and x5 denote the concentrations of the reac-
tion intermediates and C, D > 0 are parameters which
describe the supply of “reservoir” chemicals. A(t) stands
for unknown interference and choose A(t) = % sin(23).
Eleven fuzzy sets are defined over interval [—5;5] for
all state variables by choosing the partitioning points as
—5;—4;-3;—-2;—1; 0; 1; 2; 3; 4; 5. The fuzzy mem-
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bership functions are given as follows:

v1(Z;) = exp(—0.5(Z; +5)7)
©02(Z;) = exp(—0.5(Z; + 4)°)
¢3(Zi) = exp(—0.5(Z; + 3)°)
01(Z;) = exp(—0.5(Z; + 2)°)
¢5(Zi) = exp(—0.5(Z; +1)°)
¢6(Zi) = exp(—0.5(Z; +0)?) (69)
©7(Z;) = exp(—0.5(Z; — 1))
0s(Z;) = exp(—0.5(Z; — 2)°)
wo(Z;) = exp(—0.5(Z; — 3)2)
©10(Z;) = exp(—0.5(Z; — 4)?)
v11(Z;) = exp(—0.5(Z; — 5)2)

Here, select pg = 4, poo = 0.05 and 8 = 2. Thus, (17) can
be written as (4 —0.05)e™2! +0.05. From (17) with g = .

and funnel function variable {; = In ﬁf—z the virtual control

a1 and adaptive 0, of the first subsystem can be described
as follows:

1 1 .
o = C*l(ch +-+ 5 Ot 1)
T1 2 201 (70)

X ’Y ~
0 = 202 Clzsoipspl —of
1

where a1, c1, v and
parameters.

According to (19) have z; = x2 — aq, the input with
saturation u and the adaptive law as follows:

o are properly selected positive

1 29 A

u=(az+ 5)22 — 25008 o
2 2¢;5

. ~ ~ 71

; 2 T 2 T 5

0= 720% Gerer + 720% 255 p2 — o

where a2, co, v and o are appropriately selected positive
parameters.

z1
3A — — —omega| -
\ 0.1

Time(Sec)

Fig. 1: The boundary function w and the controlled
function z;.

y
———yr

Time(Sec)

Fig. 2: System output y(¢) and reference signal y,.(t).
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Fig. 3: Saturation function output signal u.

The model parameters are appropriately are chosen as C' =
1 and D = 0.5. The control parameters are selected as a; =
31, ao =31, ¢4 =80, co =80, n=1, y=1and o =
5.25. The initial conditions are [z1(0),72(0)]T = [1.5,0]
and 7 = [0,0]T. The input saturation limits are chosen
as Umax = 100anduy;, = —100. Select reference signal
as yr = 3+ sin(¢) + 0.5sin(0.5¢). The boundary constraint
function and tracking error of the system are shown in Fig.1.
The tracking performance of the system controller is shown
in F'ig.2. The actual control signals u and input signals v are

shown in F'ig.3 and F'ig.4 respectively. The adaptive law 9
is shown in F'ig.5. The state variable x5 is shown in F'ig.6.

V. CONCLUSION

In this paper, for a pure-feedback nonlinear control system
with input saturation constrains, by using mean-value theo-
rem to decouple the pure-feedback system. Then, introducing
a class of smooth function to approximate the input satura-
tion signal. Next, a logarithmic type Lyapunov function is
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Fig. 4: Control input signal v.
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Fig. 5: Adaptive parameter é(t)

proposed, which can make the system signal always in the
time-varying boundary function with prescribed exponential
decay. The transient and steady state performance of the sys-
tem output also can be guaranteed. Furthermore, combining
with Backstepping technology and logic fuzzy control used
to design the prescribed performance adaptive controller,
which make the tracking error more accurate and faster for
the excepted function, also satisfied the output constrains of
the system. Finally, Based on Lyapunov stability theorem
proved that all signals of the closed-loop system are always
finally bounded. The simulation results of Model Brusselator
model show that the proposed method is effective.
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