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Neural Adaptive Control for a Class of Uncertain
Switched Nonlinear Systems with Input and
Output Constraints

Lei Zhou, Lidong Wang, Yonghui Yang

Abstract—A neural network adaptive control scheme for a
class of uncertain switched nonlinear systems with input and
output constraints is presented in this paper. A smooth function
is adopted to approximate the input dead zone and saturation
function, which can be used to solve the non differentiable
phenomenon in system equations. Radial basis function (RBF)
based neural networks are introduced to estimate the nonlinear
functions of the system and the barrier Lyapunov function is
selected to solve the problem of system output constraint, based
on which a neural adaptive controller is designed by backstep-
ping technique. Under the condition that the switching system
meets a certain average dwell time, the designed controller can
ensure that all signals in the closed-loop system are bounded
and the tracking error of the system can converge to a compact
set. The effectiveness of the designed controller is verified by
the simulation example.

Index Terms—Switched Nonlinear Systems, Input dead zone
and saturation, Output constraint, Average dwell time, Adaptive
control.

I. INTRODUCTION

HE adaptive control problem for a class of uncertain

switched nonlinear systems with input and output con-
straints is discussed in this paper. Switched nonlinear systems
are extremely complex and important hybrid systems. Adap-
tive backstepping technology is widely used in nonlinear
systems, such as documents [1]-[10]. Input dead zone and
saturation were also discussed in reference [1], but they were
not extended to the case of switched systems. A class of
nonlinear systems with unknown dead zone are studied in
literature [2], and the prescribed performance control method
was given in [2]. The authors in reference [3] introduced the
input dead zones in the nonlinear system. For reference [4],
the author considered the unknown dead-zone output of the
system, they preprocessed the non-affine function by using
the mean value theorem and finally kept the system stable by
designing a suitable fuzzy tracking controller. however, the
case of switched nonlinear systems did not be considered
in [4]. Similar to article [4], the authors in literature [5]
also introduced the unknown dead zone, both of them used
the fuzzy control strategy; although [4] is the pure-feedback
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nonlinear system and [5] is the strict-feedback nonlinear
system, because there are unmeasurable state variables in
literature [5], the design of state observer was introduced.
The case of input dead zones was also mentioned in the
paper [6], which described the input dead zones function
in a more concise linear function form. All the systems in
the literature [7]-[9] have dead zones; these systems studied
belong to the nonlinear systems, and all of them used the
neural network. A class of uncertain nonlinear systems with
input Saturation was studied in the literature [10], where a
smoothing function was introduced to similar the function of
input. In this paper, both input dead zone and input saturation
are considered, which is more complicated and universal than
only considering input dead zone and input saturation. After
years of intensive research, some scholars have achieved
many research results on switched nonlinear systems. A
solution to the adaptive control problem of switched non-
linear systems with unmodeled dynamics was proposed in
[11]. The work of [12] mentioned the fuzzy command filter
control and designed a unique event triggering strategy. The
authors in [13] also used the average dwell time method. The
study of [14] put forward the control scheme of stochastic
switched nonlinear systems with asymmetric out-constrained.
An uncertain nonlinear switching system with prescribed
performance was studied in document [15]. For switched
non-strict feedback nonlinear systems with state-constrained,
a controller was designed based on event triggering in [16].
When designing the adaptive controller, the integral barrier
Lyapunov function was selected in [17]. The neural networks
were used to estimate the nonlinear functions [18]. It can be
seen that neural network and fuzzy logic are often used as
tools to analyze the control problems in many literatures.
An adaptive fuzzy control method for a class of nonstrict
feedback switched nonlinear systems with state constraint
was designed in [19]. Referring to the paper [20], the input
saturation function is approximated by a smooth function,
but the authors in [20] only discuss the case of single input
saturation. In the literature [21], a fuzzy tracking controller
was designed based on fuzzy control method and common
backstepping method, and a small gain method was used
in the stability analysis. Because unknown hysteresis control
input in the system, a smooth function is used to approximate
the system input in [22]. In [23]-[25], uncertain terms were
added to switched nonlinear systems, but the authors of
they didn’t consider the dead zone and saturation of system
input. The authors in reference [26] introduced the control
of discrete-time switched systems under this circumstance
of input saturation. The control method of neural network in
the design of controller was introduced in [27]. Time-varying
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delay was added to the nonlinear uncertain switched system
in [28]. The research of [29] is a class of switched pure
feedback nonlinear system, but it is not a conventional lower
triangular system, the mean-value theorem was used in deal-
ing with input saturation, an adaptive tracking controller was
designed based on neural network and adaptive backstepping
technology. A nonlinear switching system with asymmetric
actuator dead zones was studied in [30].

Through a comprehensive consideration of the above
literature, a class of uncertain switched nonlinear systems
with input and output constraints are studied in this paper.
The input dead zone and saturation function is firstly ap-
proximated by a smooth function in the paper, then based
on backstepping method and neural network, an adaptive
controller is designed to make the output signal track the
reference signal effectively. Through some inequalities, it
is proved that the output satisfies the constraint conditions.
About the stability, the average dwell time method is used
in this paper. Compared with a large number of literatures
about switched nonlinear systems and nonlinear systems, the
results of this paper have three clear characters.

1. A class of uncertain nonlinear switched systems with
input and output constraints are studied and the system
studied in this paper is more complicated. The input dead
zone, input saturation and output constraint are considered
in the uncertain switched nonlinear system.

2. Then the input dead zone and saturation function
is approximated by a smooth function to solve the non
differentiable phenomenon in system equations. Although the
authors in reference [1] also discusses the case of input dead
zone and saturation, it does not consider the case of switching
nonlinear systems and the output constraint. The authors in
literature [20] considers the case of input saturation, but the
input does not involve the more complicated case of both
saturation and dead zone.

3. Considering the situation of system output, the barrier
Lyapunov function is adopted to solve the problem of system
output constraint, which is more conducive in designing
controllers. The condition of average dwell time is also
used, the average dwell time method effectively limits the
switching times of the switched system. Under the condition
of average dwell time, an adaptive controller is designed to
make all signals in the closed-loop system bounded. The
switched nonlinear system was studied in literature [17], but
the average dwell time method was not used.

II. PROBLEM FORMULATION AND PRELIMINARIES

A class of uncertain switched nonlinear systems with input
and output constraints are considered.

1 =22+ fi,0 (1) + b1 (1)
T = Tpq1 + fro (Tn) + hio (1)
Q.Cn = Uy + fn,a (.’E) + hn,cr( )
Y=,

(D

where Ty, = [x1, X2, T3, - ,xk]T eRF E=1,2,-- ,n—1,
then * = [z1,29,23,--,2,] € R" and y € R.
They are the state variables and output variable of the
above system. o (t):[0, +00)—> ={1,2,--- , M}, this func-
tion expresses the switching signal used in the above
system, it is matched with the corresponding subsystem

{(jioato)a"'(jisatS)v"'}vjis € Za s = 0,1,---. The
Ji, subsystem is active under this circumstance of ¢ &
[ts,ts+1), and hy , (t) are smooth and unknown functions,
for convenience: hy o = hio (t) k=1,2,--- ,n. fro(-),
k =1,2,---,n; o € > are smooth unknown nonlinear
functions, then the dead zone and saturation input of the
system (1) is expressed as follows:

dim,; mj < by
pi; (my) b, < my < b,
uj =ds(mj) =40 bio, < mj < by, (2)
pr; (my)  bro, <my < by
du; mj > b,

where m; is the input of the dead zone and saturation
nonlinear function with j € >7; p;; (m;) and p,, (m;) are
unknown but differentiable nonlinear functions. p,, (bro,) =
Dy Ebloj; = 0, saturation: p, ; (brlj) de > 0,
pi; (bi1;) = dm; <0, where dy; and d,; are the unknown
saturation values of the input function. by1; < by, < 0,
0 < bro; < brlj and they are unknown parameters. In the
article, the output variable is constrained and satisfies this set
{z1]|z1] < K1 K. > 0}, K is the known upper bound.

In order to stabilize the system (1) while ensuring that the
signals of the closed-loop system are bounded, it is necessary
to give some assumptions and lemmas.

Assumption 1. [1] There are the following constraints:

0< b < Py

< Im; < dm]— < LM < o0
dpr,
dmj

ij € [buj s bloj}

0 <brm,; < <bpy,; <00 Vm; € [broj7br1j] )

3)

where all the by, bins,; brm;, bras; are unknown positive

dpy dpy ..
Z and dn’ﬂ are the derivative of p;; and p,, to
J

constants, dma
J

m;j.

Assumption 2. The studied system (1) satisfies the con-
dition: input-to-state stable. The signal to be tracked in this
paper is bounded and known, ¥4 is continuously derivable of

order n, and its derivatives are bounded from the first deriva-
(n)

tive to the n derivative: |yq| < Fa,--- ,‘yd ‘ < Ynaq; for
the external disturbance hy;, there are Positive constants i_zz j
with the following formula: |hy;| < h,”;j, k=12 ,n;
j=12--- M.

Definition 1. The average dwell time method was used in
the literature [26]. The switching signal o need to satisfy the
following inequality

N, (T,t) < No + VT >1>0, (4

a
with N, (T, t) being the switching numbers on the interval
[t,T] for any T > t > 0, 7, is the average dwell time
parameter, N is a positive constant.
Lemma 1. Similar to the document [13], the RBF neural
network is expressed as follows:

Fup (Z2)=W'S(2), (5)

where Z € Qz C R"™ is this input variable, W =
[wy,wa, - ~wl]T is the weight parameter of the function,
S(2)=[s1(2),52(Z), -5 (Z)]", 1 > 1is the number of
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neural network nodes with W € R! and S (Z) € R, 5 (Z)
is selected as Gaussian function in this paper:
T
—(Z — i) (Z — i)
i

]T

$i (Z) =exp 1=1,2,---1, (6)

with p; = [p1, fiz, -+ - 5 fin]  1s the center of the function,
¢; is the width of the function.

Using neural network to approximate the nonlinear func-
tion

F(2)=W*TS(2)+6(2), (7)

where |0 (Z)] < €, the ideal constant weight W*:

W* = arg min { sup ’F(Z) -wts (Z)’}
WeR! | ZzeQy,

Lemma 2. [20] Such a kind of scaling inequality is given

22 2 22
gz Sl S S m ®)

assume that there is an upper bound B,,, > 0, so that the error
variable z satisfies |z| < B,, for any z € R. The logarithmic
function used in this paper is natural logarithm.

Remark 1. It is inconvenient to directly process the input
with dead zone and saturation, so it is necessary to choose a
suitable smoothing function to fit it, similar to the literature

[1].

- bio.
gj (mj) =— 2J tanh [y, (m; — llloj + 1)
j
dar. bro.
+ M; tanh lgj <mj _ ZOJ _ t,nj)
2j

A
— TJ tanh (b, —t1,11,)

dr,
5t tanh (bro, 12, ©

where llj, lgj; ti;, tr, are all adjustable positive parameters
used to approximation the input dead zone and saturation
function; then, there is u; (m;) = g; (m;) +p; (m;), where
p; (m;) is the approximation error and bounded. An example
of the approximation input function is shown in Fig. 1:

Fig. 1. Approximation example

Assumption 3. The approximation error |p; (m;)| < p,
p is the unknown positive constant. Using the mean-value
theorem for g (m;).

g; (mj) = g; (moj) +9; (maj) (mj - moj) J (10)
where m,; = ajm; + (1 —a;)mo,, a; € (0,1). my, is
selected as 0, g; (0) = 0, and g; (m;) can be expressed

. . 0g;
as gj (m;) = gj (maj)mj’ 9j (maj) om; |,
gj (ma,) is expressed as follows: .
. _dm-lln 1
g] (maj) = 23 . 2 bio
cosh”ly (maj — TJ + tlj)
J
das,la, 1

, (A1)
2 COSh212j (maj — bl;—o_j — t,,j)

bin;s bio;s brojs briy, dmy, dary, Ly, loy, 6 and ¢, are all
bounded, §; (mq,) is bounded.
Remark 2. There are the following formula conversions

uj (mj) = gj (ma;) mj +pj (my)

= gj (ma,) mj —rym; +rym; +p; (m;), (12)

where r; is the design positive parameter, &, can be con-
verted into

L.En = rjmj -+ 77](1') +pj (m]) + th? (13)

where () = g; (ma,) mj —rym; + fnj(x),j € 3.

III. ADAPTIVE NEURAL NETWORK CONTROLLER DESIGN

The main part of this section is to introduce the design
steps of neural network adaptive controller. The controller
is designed based on the RBF neural network and backstep-
ping method. Before designing the controller, the following
coordinate transformations are introduced.

21 = X1 —Yd

2k = Tp — Qk_1j, (14)

with k and j belong to k = 2,3,--- ,n; 7 =1,2,--- , M,
ag—1,; is the designed virtual control law. In the design
process, 0; is the estimated value of 6;:

0, =0, — 0, i=1,2,--,n. (15)
According to the design scheme, 6 is designed as follows:

91 /\Oz%SfJ (Zl) Sl,j (Zl) ~
1 =

3 — oY1
272, (B?nw - z%)
2 Xoz2ST . (Z1) Sk (Z .
b, = —* kg (Zk) Sg () — Y00k, (16)

2
2Tk,j

T1,j» Tk,j» Ao and 7y are the design positive parameters, k =
2,3,--m, jE>..

Step 1: Now, introduce the coordinate transformation as
follows z; = x1 — yq4 we can obtain

ZH=z2+ f1j+hij — Ya (17)
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In the scheme of designing the controller, such a barrier
Lyapunov function is introduced to deal with the system with
constraints more effectively.

V; 1 1 7]372”1 5 62,
T\ 2 + o0
where By, ; is the upper bound of z, then it satisfies the
following inequality: ¥; ; = {zl| |z1| < B, }, and 6; =
6, — 0, is the error of estimating #,. The time derivative of
the above function is expressed as follows:

(18)

21
2
B 1

mi,j

. . 1 ~ =
Vl,j = (332 + f17j + hl,j - yd)—)\—oelel. (19)

)]

2 —*
2(33117, — z%) }) + %hfj, combining formula
(17) and (19), we can obtain

By using the Youngs inequality: [(zlhl,j)/<B,2n

< |2

. z .
Vi < 32717 (22 +0uj + frj — ¥a)
mi,j 1
Z1 Z1
2
N (B2, - 4)
2 1 1z
SR SRS N NS
Q(Bfnl - z%) 0

Remark 3. Based on the Lemma 1, neural network is de-
signed to approximate the above partial formula, F ; (Z1) =
—VYa, Z1 = [xl,yd,yd]T F j is denoted as
Fij(Z) = WlTjsl ;i (Z1) + 01,5 (Z1), then the approxima-
tion error &1 ; (Z7) satisfies |01 ; (Z71)] < e1,; with g1 ; > 0.

Using the inequalities as

fl] (

21
B2 -z )

ZlWl*?SLj 012’15?]'517] 1 9
) S 2 + —T77 .
B2, .~z 2 2 22
n1,j 27’1,;‘ (Bmw_ — zl)
2101 ; 23 e2
B2 1 1,_j . S 1 5 4 1273’ (21)
mi,; 21 2(372”1 i Z%)
where 6, = max{HWl’inz,j € Z} It follows that:
. z1 12 1~ =
Vi; < m (22 4+ 0q,) + ihl’j - /\*09191
21 912’15%51,]' 17_2 n 152
5T T 5815
B'r2n17 27 27’ (B%n1 P z%) 272
(22)
Choose the virtual control law «q ; as
1 é1215T-S1,'
oy = — (clyj + 2) 2 — ! (23)

)
2 2
211 (B?n1 — 21)
where the design parameter c;; > 0, using the square
inequality 2129 < %z%—l—%zg, combining (22), (23) can obtain
the following expression:

2 2
y —C1,5%1 22 1o
Vlj < - —9101 + h ;
J = B2 _ .2 1,
mi; A 2 (B'rzm i Z%) Ao
§12225?-Sl’j 1
. i T 50 (24)

mi,j

2 2
27'127] (32 — z%)

substituting él to (24):

2
. —C1,5%1 Z2
Vij < B2 _ .2 5
A 2(B, - 4)
+ 700 10101 + AT, 5)
with A7 ; —1h*2+ le+ €1lethj—12~~~,M.

Step 2 Based on coordinate transformation zo = x2—a; j,
select the following Lyapunov function:

1

ot (26)

1
‘/20 —V1]+ Zg“f‘

the time derivative of V5 ; is described as follows

1
ooy ; ,
— 29 Z ﬁyd(z+1)

Vz,j = V1,j + 22 (23 + fo,; + haj)

daq 8
— 2 89515 (X2 + f1,+ hij) — 2 891,] 91 - )\*09292,
27
using inequalities
22 hi%
zghg j < ?2 Q’J
8a1 1 2 80[1 2
— Ihy s < = J h 28
228.13 1]22<8.131 + 1,55 (28)

by combining Vl,j and the above inequality, we can get

"/2 ) Cl,jzl + 222 +Z2 ($3+f2 )
g J
S (e, - )
Oau,; ~ 001 )
T 2o, =2+ f15) 22;8 o
0 1,j ~ A Z% ;2'
_ I 0 — 050 2 )
22 A, 1 )\022+2+ 5
15 A « 1 8()41, 2
+ 0N iy + AT+ 222< ax1j> R, (29)
approximation by neural network
Oé z
Foj(Z2) = foy — =L (w2 + f1)) + —————
91 2 (B?n1 - z%)
Z aOél)j (1_,'_1) 80[17J9
« 9ya oy’ 96,

1 (dar;\° 1
t3 < Ry ) + 5% (30)

. T
where Zy = [ajl, T2, 01, Yd, Ud, yc(lz)} , I5 j can be expressed

as Fj (Z2) = W3552 5 (Z2) + 02,5 (Z2), 02,5 (Z2)| < €2,
with g3 ; > 0, following inequalities exist

922’%5%:]»92]‘ 4 1 2

T
oWy 5525 < 22, 372
2
z 1
2’26271 < 22 + 2837]7 (31)
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where 6 = max{

’ie Z}. Combining (29) (30)
and (31) can get:

. 212 022953 S5 ;
—C1j%1 272209 92,5
Vz,‘_7+22 Z3tag; +—Fs—
! Bgnl 2J - 1 ( ! 2T227j
N R 22
=Yg J o Rt 2
/\0 202 + 9 + D) 1,5 + 9
1 1 -
+ 575 T 585t 0N 010+ AL, (32)

where x3=z3 + ap ;, then substituting the virtual control

O2208T . So ;. .
law apj = — (2,5 + 3) 20 — =232 into (32), ¢a,; is a

27—2]’
design positive parameter. B
Vo, < CWAT .
i z z23 — | C2.4 bl 4
27J_B72n1]_25% 2 3 2,7 2 2
022257 S5, G0 .
222,] g 22+E9191
27’20 )\() )\0
22
h L+ AT+ A 22 , (33)

R32, .. A
where Aj i = =32 + 173 + &3 ;. substituting 0 get:

1% Cl’jZIQ Co.j72 + 232
2 S 555 — C2,j%5 223
B’72711 g - Z%
+)\79101+ o 9292+ h JrA JrA;,j (34)
0

Step £ (K = 3,4,--- ,n — 1): According to the back-
stepping design method, we also introduce the coordinate
transformation z; = xp — ax_1,;, we can obtain easily that:

k-1

Zp = Thq1 + frj + hij — aaakg;l}j (@iv1 + fij + hij)
i 1
kz: 80% 171 (z+1) Z < D1, 79 35)
e pat 90,
Select the following Lyapunov function:
Vij = V-1, + 1z,% + Léi, (36)
2 2o

the next, combining (35) and (36), it is not difficult to get:

Vk,jzvk 1j+zk (@kr1 + fiog + hie) (37)
* da
_zkz O — 1,] lerl +fi,j +hi,j>
L da 2 da
—Zkz k— 1,J z+1 Z k— 1,J9
i=1 8yd =
similar to the above steps:
’ —c1;77
Vie—1,; i
g l}jiBT%LIJ_Zl ZCJZ +Zk 1Zk
k— 1’)/ k 2 4
D IETUEE ) S FD T
i=1 [=1

* 172
where Aj_; = ghp=q; + STR_ 1; ze2_ 1,;- Then some
necessary 1nequaht1es are 1ntr0duced

ZI% *2
Zkhk,j S *2 + h
k’—l 2 k—1
30% Oag-rj, _ Z do—1, 17
% Z Y o) T2 hi
i=1 =1
(39)

k—1
’ —C1,5%1
Vii < o = z:c”z2 + ZK—12k
mij L =2
k—1 L he2 k—1
+ i+ 5 S h+ YA
i=1 i=1 [=1 i=1

+ 2 ($k+1 + frj) — Ao 9kék

2 Doy
_Z’CZ L (@i + fig)
80ék
- kZ =
=1
k—1
+ kg

2 2
2 7 %2 Zk dag—1 »J 1 7 %2
9 ihk,j Z ( z; ) + 9 21 his-
1=

(40)

80% 1,5 (z+1
_Zkz ay (z) Ya
=1

For the analysis of the above inequalities, we use a suitable
RBF neural network to approximate some of the above
nonlinear functions

k—1

z Oop_1 7 ~
Frj (Zk) = frj + Ek -G
— 00,
k—1
aak 1] 804;@,17]- (i+1)
_Z xz+1+fij)_z 5y Yg
i=0 yd
50% 1j 2
*Zszl ) (1)
. . T
with 7 = [Tgaela'“gk—l,@(k”} , and g =

T

[yd,yd,--~ ,yék)} . Consequently, Fy ;(Z;) can be ex-
pressed as Fy ; (Z) = W,JS,” (Zy) + Ok,j (Zi), where
the approximation error 6y ; (Z)) meets |0y ; (Zk)| < €k,
with €5 ; > 0 being the upper boundary of approximation
error, by using the inequalities:

9;@2]35]? -Skﬂ' 1
kWi Sy < 7273’]' 3Tk
sJ
2
zp 1
210k < 5 + iei,j, (42)

2
where 0, = max { HW,;; JH e Z}- Combining (40), (41)
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and (42), we obtain:
k—1

2 2
y —CG,%1 2 | “k
Vii S gr oz T 2Lt Ty
mi N 1 i=2
T
Ok 2k Sy ;Sk,j 0 5
+ 2k X | k41 + Ok 5 + 3 69
2Tkj 0

. k
— 2" 0k0k + > AT+ < Z 121 hiG. (43)
i=1

Design the following virtual control law

1 A T 2
Qpj = — (Ck}j + 2) 2k — Okszk’jSm/%k,j, 44)
where ¢, ; > 0 is the design positive parameter. In the same
way, substituting oy, ;, ék, it is not difficult to get

2
—C1,5%1

BQ

mi,j

Vi < E | Cij7) + Zhzkt

=2

Z%” +ZA REDD DN

(45)

_Zl

where Af . = $hi% + 370, + 560,
Step n: Also by 1ntroducmg the estimated error equation
Zp = Tp — Qp_1,j, there is the following expression

Zn:uo""fna( )+hn,a
! da
*Z = (@i + fig o+ i)
n—1

8an 1,_7
2 90, o

i=1 g

_ Z 80471—1,]‘ y(i+1) _
i d
i=1 8.%(1)

then combining (13) can obtain

(46)

Zy = rymy +n;(z) +pj (M) + hn g
n—1

8047 1
—Z — =L (@ig1 + fij + hij)

ao"rzflj (i+1) aOén OQn—1,5 5
B SRR L
i=1 83/51) i=1 06;
Design a positive definite Lyapunov function:
§2
= Vot 3o+ i

where vy, Ao are the design posmve parameters, |p; (m;)] <
p. (45) is the derivative of time, and then combining (47) can
get

(47)

Vi

2.

(48)

—cy.:72
VYn,J < B2 17]_1 ZC'LJZ + Zn—12n
ma,j
n—1 n—2 1 é
000+ 5 ZthZA
i=1 "0 i=1 1=1
+ 2n (rymy +n;(z) + pj (my) + hn,j)
8Oén—l,'
— Zn 2 Tz] (Tit1 + fij + hij)
n—1
8O‘n—lj (i+1) 8C“n OQn—-1,4 7
R PR L= A
i=1 ayc(z) i=1 69%

Use some inequalities

1 2 1’*2
Znhn,j < 5 ot §hn,j
n—1 n—1 2 n—1
dan-_1; Lo dan—1,j L2
T gy, i S g5t O; +§Zhvﬂ
=1 =1 =1
1 5, 1,
Znp (my) < 3o 5P
Using this neural network:
n—1 aa
n—1,7
Foj(Zn) =n;(z) — TJ (Tig1 + fig)
i=1 x
- (B i+ 5 e
i=1 8y£ll) i=1 96
n—1 2
1 Gan,l_,j
20+ Zno1 57 ; ((%) . (50)

the overall approximation form is

F”la] ( ) Wn ]S”L ( ) + a‘fl,j (Z’n) ) (51)

A A ~ T
where Zn = |:xT7913027'” 79n7y7d(n)T:| and yl(n) =

T
|:yd7yd7 s ,yfln)] , then this error 0, (Z,) of neural net-
work function approximation satisfies |0, ; (Z,)] < enj,
where ¢, ; is the upper bound of this approximation error
and g, ; > 0.

Remark 4. As in Step 1 and Step k above, for the
nonlinear functions in the system, the approximation scheme
is adopted when designing the controller.

In the same analytical way, using the inequalities

0,225T Snj 1
T n~n,j 2
2n Wy jSnj < ? + 5
1
Zn0On,j S 2 + 2€n,]a (52)

where 6, = max {H jH ,J € Z} By substituting (52)
can obtain:

n—1

—c1,42% 2
Vn g < B _— .2 Zcm‘zi
mi, L =2
0nzn ST .S,
+ zn | rymy; + #
2755
n—1
2%99 _79 b+ 3202
2
n—1 1
4= ZZh +ZA -+ p , (53)
i=1 [=1
select the actual control input:
1 1 ) annJS
= | = P+ = _ g TR 54
m; s l <Cn,] + 2) Zn 27—5,3‘ ) (54)
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where the ¢, ; and r; are the design positive parameters.
Substituting (54) into (53):

n
—a 331 2
Vo < B 2 Y iz

mq i 1 i=2
n

substituting 9 , and inequality 06 =
it is not dlfﬁcult to obtain

2
y C1,j%1 2
Vag < — B —2 > cijz;

mi,j =2
1 P
) Z Ao 1007 + v,
i=1

n—1 1

where vy = 3 Z Ao 007 +
i=1 1:1 =

Furthermore, accordmg to Le mma 2:

2
log Bml'j Z%
2 2 29
Bmld - Zl Bm1J -2

where j =1,2,---

, M, we can get that
Vij < —10Vj + Vo, (57)

where po =
1,2,---.n

min {2¢; ; ,7 j=12,--- M}, i =

IV. STABILITY ANALYSIS

Theorem 1. Aiming at the output constraint of uncertain
switched nonlinear systems, the average dwell time 7, >
% is given in combination with Definition 1, the design
of adaptive neural network controller (16), (23), az ;, (44),
(54) need to ensure that all signals in the system are bounded
under the condition of average dwell time. From the above
conclusions and conditions, it can be concluded that the
tracking error of the system will also converge to a limited
compact set and the system output satisfies the constraint
conditions.

In this section, it is necessary to prove that the system
output meets the constraint and the final tracking error will
converge to a compact set, then the following proofs are
given:

BE”II\/I

B2 — B*2 )

Mim mio

p= (58)

where Bm1M = 12%)% {Bml 7} Bmlm = 1gju<nM {Bml 7}
then |21 < By, < Bp,,, with B}, > 0; initial condition:
the initial value x; (0) of the output variable is bounded and
satisfies {x1 ||z1 (0)] < K¢}, with Ky = min {Kq ,}
1<5<M
proof. Combining equations (18), (26), (36) and (48) we
can get

. (59)
0

1 By, . 1 ¢ 02
V,i==1 M z 2

with Lemma 2 and (58), the equation (59) becomes

Vn,JS%B + ZZ +2792
m1J
1 33n
SiBmlm 1zBr*n2mBgn”+ Zzn—i-Z—@?

(1 4 .1 Zz +292>
2B2,,
B727111 2

mi,i
< pVay, (60)

N

for any k, [ € > . Then there are such functions @, @ € Koo,

the following inequality a (||X|) < Vo, (X) < @(||X]))
I 4T

[zl, 2oy 3 2Zn, 01,00, Gn} . Creating

an auxiliary function L (t) = e 'V, ,« (X (t)) which

is a segmented differentiable function, one each interval

[ts,ts+1), according to (57) can get

(£)) + e Voo (X (1)

exists, where X =

L (t) = poe"'V, » (X

< et 61)

€ [ts,tst1) -

Combining (60), (61) can easily obtain

L (ts+1) = eMOtSHVn’U(tsH) (X (ts+1))
< peuotsﬂvn,a(ts) (X (t5+1)) =pL (t;rl)

tst+1
<p {L (ts) —|—/ Voe“Otdt] .
t

s

(62)

With arbitrary T > ¢y and {9 = 0, there is inequality (62)
from s =0 to s = N, (T,0) — 1, yields

T

L (Ti) <L (tNU(T,O)) + VO@HOtdt

tNrr(T‘O)

tNo(T,O) :
<p|L (tNa(T,o)*l) +/ voetotdt
t

T
+pt / voelotdt
tNn

o (T,0)

Ng(T,0)~1

Ng(r,0)—1

s+1
< pNeero | L(0) + Z / voetotdt

ts

T
o Naro / yoe“otdt] . (63)
t

No(1,0)

It is worth emphasizing that 7, > logp

[(log p) / (Mo — 0)], according

for any o €

(0 140 logp) there is 7, >

to (4) can get
N, (T,t) < Ny + M
log p

since this inequality N, (T,0) —s <1+ Ny (T,ts41), s =
0,1,---, N, (T,0), there is the following formula

VT >t>0, (64)

de(TvO)_S < p1+Noe(lm—0)(T—ts+1). (65)
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In addition, since o < o, we have

tst1 ts+1
/ voelotdt < elHo—0)ts i1 / vpetdt,
t t

s s

(66)

then it follows (65) and (66), the following formula is get

T
L (T—) < pNU(T,o)L (0) + p1+Noe(uo—0)T voetdt.
’ (67)
‘Which indicates that
Q(“X( )” naT )( ( ))
Vo108 252 —10) Ty (|| X (0)]))

+p1+N° Yo (1 —OT)

<eNologP (52 =10) Ty (|| X (0)])

+ pltiNo ;0 VT > 0. (68)

By observing the inequality (68), it is not difficult to con-
clude that the error zj in this system k = 1,2,--- ,n and
{51,52,~-~5n in the closed loop system (1) are bound-
ed in the condition of satisfying the average dwell time
Ta > %. Judging from the definition and assumptions

at the beginning of the article #; are constants, so éz are
bounded ¢ = 1,2,---,n, then according to (14) ap_1
(k=2,3,---,n) and y4 are bounded, so z;, 1 = 1,2,--- ,n
are bounded. Therefore, all signals in the system are bounded
under the condition of switching signals.

Another aspect, due to the |z1| < By, =~ < By, ; and
lya| < @q, they are bounded; so x; is bounded the next,
|y| |1’1 < ‘Zl| + |yd| < B7n1 + Ya = KCLJ’ |£C1| <
Ko, Koy = min {Kg i}, output constraint condition is

1< <M

proved.
Using the above inequalities (59) and (68), with the
average dwell time condition 7, > (log p)/ 10, we can obtain

1 B,
5 1o <B> < MR (X (0)) + p 02,

my;  ~“1 o
(69)
it follows that:
2 <Bm1]\/1— (eNoloe T (X (O)) 41+ %) (70

according to the condition of (58), we further obtain that
tracking error z; will converge to a suitable set

{m < B 1
(71)

It is proved that the tracking error converges to a compact
set.

Remark 5. It is noted here that the system in this paper
has the input dead zone and saturation, and by means of
equations (9) and (10), the input is replaced by a smooth
function. Lemma 1 needs to be used when constructing
neural network adaptive controller. When dealing with the
output constraint problem, prove that the output is within
the boundary by using Assumption 2 and Lemma 2. Then by
Definition 1 and Lemma 2, this new constraint rule 7, > 282
is designed for system (1). Finally, it is shown by stablhty
analysis that the tracking error converges to a very small set.

(eNotex (X (0)]))+p+ N0 22 )

V. EXAMPLE RESULTS

After selecting appropriate parameters, the feasibility of
the control scheme is verified by simulation example.

Example A second-order uncertain switched nonlinear
system with input constraint and output constraint is given

1 =22+ fio (21
Zo = Uy + fo,0 (T2
Yy =,

) + hl,a (t)

)+ hao (t) (72)

where x; and x5 are the state variables, then the input dead
zone and saturation functions are given.

) my < —5
5(mi+1)/4 —5<my < -1
U =<0 —1<m; <2 (73)
6(my —2)/4 2<my <6
6 mq > 6,
-3 ma < —3
3(ma+1.5)/1.5 -3 <my < —1.5
ug =40 —-15<my <15 (74)
A(my — 1.5)/25 1.5<my <4
4 mg > 4,
o = {1,2}, the nonlinear functions are chosen as
fia(z) = misin(zr), fou(z,22) = 2(z2+2),
fiz(z1) = m1cos(21), faz2(w1,22) = 2%+ 23, then

hl,l (ﬁ = 0.03 cos (t), h2}1 (t) = —0.03sin (t), hl,g (t) =
0.0Lsin (t), ho2o(t) = 0.02cos(t), yq is given: yq =
0.2sin (¢). Based on the (16) (23) and (54), we can obtain

A AoZ%S{j (Zl) Sl,j (Zl) ~
01 - 2 - 70'91
22, (B2, - #1)
3 )\OzgSQTJ (Zg) SQJ (ZQ) ~
b2 = 9.2 — Y002
T2,j
912151T7j51,j

1
(oY)
< 2 27’12,3- (B?nu — Z%)
1 1 énznsyj; 'Sn,'
mj = ™ l_ (Cn»j + 2) Zn — 27_72’Jj . (75)
n,j

in the above equations, the appropriate parameter values are
selected, C1,1 = 17, C1,2 = 18, T1,1 = ]., T1,2 = 2, Bml,l =
1.3, Bml’g = 0.5, )\0 = 0.5, Yo = 0.5, C21 = 8, C22 = 9,
rn =11 =1, T2o,1 = 3, To2 = 4, the initial value of
61 and 6y are 0, 1 (0) = 0.2, x5 (0) = 0.3; |ya| < 0.2,
the output constraint is chosen as |z1]| < 0.5, o = 0.5 and
select the value of By, :B; =~ = 0.3. The average dwell
time 7, > [log(10.5625)]/0.5 = 4.7146.
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Fig. 11. System state x2.

In the above simulation graphs, the graphs of the state
variables and the output of the system as a function of time
can be seen, the above graphs are more based on the second-
order system and the given parameters simulated. In Figs. 2
and 4, the control input m; of subsystem 1 and the control
input mo of subsystem 2 are shown, respectively. The input
dead zone and saturation functions of the subsystem 1 and
subsystem 2 are described in the Figs. 3 and 5, respectively,
the dead zone and saturation of the input function can be
seen in the figures. From Fig. 6, we can see the output signal
and reference signal, the system output is constrained within
the boundary. About Fig. 7, the tracking error varies around
0. The square switching signal is described in Fig. 8. The
adaptive update law 6, and 6, are depicted in Fig. 9 and 10.

VI. CONCLUSION

The neural network adaptive control problem for a class of
uncertain switched nonlinear systems with input and output
constraints is studied in this paper, input constraint and
output constraint are added to make system more compli-
cated, because the given input dead zone and saturation
function is a piecewise function, it is not easy to handle
in the process of designing the controller, using the smooth
function to approximate the input dead zone and saturation
function to solve this problem. The adaptive controller is
designed based on the neural network and adaptive back-
stepping method, because of the existence of the output
constraint, the barrier Lyapunov function is used. In the
stability analysis, the average dwell time method is used
and inequality N, (T,t) < Ny + Z=L is used to limit the
number of switching in the uncertain switched nonlinear
system. Finally, the system output constraint is proved and
the system tracking error converges to a compact set.
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