978-1-6654-7896-0/22/$31.00 (©2022 IEEE

Hh | &N

Adaptive Tracking Control for Switched Nonlinear Systems Subject to Input
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Abstract: Aiming at switched nonlinear systems subject to input delay and saturation, a novel adaptive control strategy
is proposed. Firstly, a compensation system is designed, which solves the problem caused by input delay and saturation.
Then, multi-dimensional Taylor network (MTN) is used to approximate the unknown nonlinear function. Secondly, an
adaptive MTN control strategy based on backstepping technology is proposed, which ensure that all signals in the
closed-loop system are bounded and the tracking error remains within a small neighborhood of the origin. Finally, two
simulation examples are given to verify the effectiveness of the control strategy proposed in this article.
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1 INTRODUCTION

It is widely known that the actual systems are very complex,
which have many characteristics, such as nonlinearity,
multi-level, uncertainty and so on. Hybrid systems are the
abstraction of numerous actual systems. As an important
model to study hybrid systems from the perspective of
system theory and cybermetics, switched systems are widely
used in a multitude of practical systems, such as chemical
reactor control systems [1], ship navigation control systems
[2], robot control systems [3] and so on. Switched systems
have quickly become a hot research direction in the field of
control since it was proposed [4-6]. Many control methods
for switched systems were reported, such as asynchronous
control [7], Heo control [8], adaptive control [9] and
backstepping technique [10]. Among them, the
combination of adaptive control and backstepping
technology is most widely accepted method to cope with
the control problem of switched systems [11-13]. However,
it is difficult to realize the tracking control of the system
with unknown and complex nonlinear structures only by
using adaptive backtracking method.

In order to solve the nonlinear problems in the system,
fuzzy logic systems (FLSs) and neural networks (NNs) are
widely used in various nonlinear systems as two types of
general approximators, such as large-scale systems [14, 15],
stochastic systems [16, 17], switched systems [18, 19]. In
recent years, multi-dimensional Taylor network (MTN), as
a new type of NN, has been used to approximate complex
nonlinear structures in the system. There is growing
concern on MTN, which has the advantages of simple
structure  and less computational cost [20, 21].
Unfortunately, although MTN has strong approximation
ability, there are still some extremely challenging problems
that cannot be solved.
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It should be emphasized that input delay often occurs in
practical systems. For the control problem of nonlinear
systems with input delay, many methods were reported,
such as the method of introducing a new variable [22, 23],
the method based on Lyapunov-Krasovskii functionals [24]
and so on. However, input saturation is not considered by
the above research. Input saturation limits the size of the
actual control signal in the system, so it is inevitable in
many practical systems. In order to deal with the input
saturation problem in the system, many research results
were published [25, 26]. But none of the above results can
solve the problem caused by input delay and saturation.
Authors of [27] designed a compensation system which
provided a good solution to the problems of input delay and
saturation. Therefore, it is of great practical significance to
extend this method to switched nonlinear systems.

The tracking control problem of switched nonlinear
systems subject to input delay and saturation is researched.
A compensation system is designed, which counteracts the
effects of input delay and saturation. Then, an adaptive
backstepping control strategy based on MTN is proposed.
The results show that the control strategy of this article is
effective. The main contributions of this article are as
follows: (i) For the problem of input delay, different with
[28, 29], the method based on a compensation system is
proposed, which is extended to switched nonlinear systems.
(i1) Input delay and saturation are discussed for the first
time in switched nonlinear systems. Although input delay
and saturation were considered in [27, 30], the proposed
controller cannot be applied to switched nonlinear systems.
(i1i) MTN technology is first applied to switched nonlinear
systems subject to input delay and saturation. Authors in
[23] extended MTN to switched nonlinear systems subject
to input delay, but the proposed control strategy can not
solve the problem caused by input saturation.
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2 FORMULATION AND PRELIMINARIES

2.1 System description

A class of switched nonlinear systems subject to input delay
and saturation are considered as follows

xi =X +fi,cr(t) ()_Ct )+Ai,cr(t) (t’)?i )’i =L-n-1
X, =sat (” (t ’T))Jrfn,g(t) (%, )*Aw(z) (t.%,) M
y=x%

where xz[xl,xz,-~~,xn]T eR” is the state vector with

sat(u(t-7))

control input with time delay and saturation. 7 is a known
time delay. yeR is the system output.

— T i
X, =[x,%,,x5] eR . represents the

O'(Z)I R, —>M={1,-~-,m} defines the switching signal
with m is the number of subsystem. For ke M |
i=12---,n, f.() is an unknown smooth nonlinear

i

function and A, (-) is an uncertain external disturbance.

The control objectives is to design an adaptive controller,
such that the system output can track the given reference
signal in a small error and all signals in the closed-loop

system remain bounded.
Assumption 1 [23]: For i=1,2,---,n,k € M , the external
disturbance satisfies |Al.,k (z, )_cl.)| <A,

i with A, Isa

constant.

Assumption 2 [23]: The reference signal y, and its up to
the » -th order time derivative are known and bounded.
Assumption 3 [27]: In the time interval 0 <7 <7, , the time

delay 7 of system (1) does not escape to infinity and
TX7,.
2.2 Multi-dimensional Taylor Network

Lemma 1 [21]: On a compact set Q , for a continuous
function F(Z): "— and ¥&>0, the following MTN

exists

F(z)=6"P, (2)+5(Z) 2)
with Z £[z,z,,,z2,]' €eR” is the input vector of MTN.
P, (Z) £ [21,~~~,zn,~~~,zl'",~~~,z;"JT e R’ defines the middle
layer vector of MTN. § (Z ) is the approximate error
satisfies ’5(2)’ <& . @ isthe weight vector of MTN.

3 ADAPTIVE MTN CONTROLER DESIGN

First of all, for i=1,2,---,n , define unknown constant
0 = max{HﬁUc Hz tke M} , with @, is the weight vector of
MTN. 4, is the estimated value of 4, and satisfies
6,=6,-6,.

In order to eliminate the influence of input delay and
saturation, the compensation system is designed.

7}1' =V —4Y»i=12n-1

7, = sat (u(t=7))~u(t)=q,7, ®

with ¢, >%a% >1(i=2,,n) are known design

parameters, and the initial condition of the system (3) is
;/(0) =0.
The input with delay and saturation can be written as
Uy u (t - '[) 2u,,
sat(u(t—'[)): u(t—'[),—um Su(t—r)SuM (4)
u,, u(t—'[)ﬁ—um

with u_,u, >0 are constants.

Before designing an adaptive controller based on MTN

by backstepping method, the following coordinate
transformations are defined
Z =X -y, —
1 =5 Ve TN . (5)
Z =X 0 _yfili) —7pi=23,n

with «, (i =12,---,n —1) is the virtual control signal.

The virtual control signal and the actual control law in
the adaptive MTN control strategy backstepping-based are
constructed as

1 4
o, =1z, ——zziHiPmTPm =12,--,n-1
2/6[ i i
) (6)
U= _rnzn - 2 Znenprr.f Pm
2/6'[ 'n 'n

with r,,€,>0(i=1,2,---,n) are constants.

Step 1: The following candidate Lyapunov function is
considered

1 1~
4 25212+5912 (7

The time derivative of 7, can be written as

. 3 < x
K:Zl(zz+a1+E,k+A1,k)_EZIZ_9191 (8)

with F, = i, + a7, +%zl.
From Lemma 1, for Ve, >0, a MTN that can be used to
approximate [}, such as
F,=05P, (z,)+6,(z) ©
with z = [z1 ]T is the input vector. &, ( Z ) is the
approximation error and satisfies |51,k (z )| <&y,

According to Young's inequality and Assumption 1, one
has

1 1 1 1
ZlE,k Sz—ﬁzlzeleTlel +Eff +5212 +E 12’]( (10)
2 1 2 1 2 11
zl(z2 +A1’,C)Sz1 +§z2 +5A1’k (11)

Substituting (6), (10) and (11) into (8), one has

2022 34th Chinese Control and Decision Conference (CCDC)



. (1
I/l S—r1212+01 (Wzlz

1

P,jlpml—élj
(12)

1 1

+ 222 +2(Af’,c +£f+gfk)

Step i(2<i<n-1):

function is considered

The following candidate Lyapunov

1 1~

V=V, +=z/ +=6] 13
R Z; P (13)

The time derivative of ¥, can be written as
V; :V;—1+Zi(zi+1 +ai+F;k+Ai,k)_22i2_éiéi (14)

with F, =2z, + f, +q,7, — ¢, -
Similar to the work of (9)-(12), we can get
V< Zrz +— zl+1+20( fz ]ZPT 49}

(15)

+52(Aik +0° +$ik)
=

Step n : The following candidate Lyapunov function is
considered
1 1~
V, =V,  +=z+=0] 16
n n-1 Zzn 2 n ( )
The time derivative of 7/, can be written as
. 3, =4
V, =V, +z,(u +Fn’k+An’k)—Ezn -0.0, (17)
ith 3 . (%)
with F, :Ezn Tk =Ca = Ve T4,V
Similar to the work of (9)-(12), we can get
—ZFZ +20 (WZJZPT —0}
(18)

+52(Aik +0 +$ik)
=

4 STABILITY ANALYSIS

Theorem 1: Consider a class of switched nonlinear systems
(1) subject to input delay and saturation, if the virtual
control signal and the actual control are selected as (6), the
adaptive control law is designed as

A 1
0, = 7710] t—z; *pr s B

T 19)

with j=1,2,---,

initial conditions, one has

n, 1, >0 is a constant. For any bounded

(1) All signals in the closed-loop system remain bounded.

(2) The tracking error will converge to a small region of
the origin.

Proof: Select the Lyapunov function as follows

V=V, :1225 +1§n:éj
237 245

(20)

According to (18) and (19), one has

R DV VEVE
j= j=1 j=1

2( O +,9]m)
—aV+b

with ﬁ:min{ry]. |j=12,.n}, a=min{2r.77]j =L--.n},

277 2y = 2( ]m+£2+$]m).

For the compensation system (3), the Lyapunov function
is selected as follows

ey

1& ,
== ? 22
> ]Z; 7; 22)
The time derivative of V, can be written as
V,=—qV, +c (23)

with ’SCIZ(H(Z—T))—H’SCH , c:%” . For j=1-n,

g=min{g) . G-a-3 . Toq-1. -2

q,=4, —%—% and A is a known positive constant.

Based on (21) and (23), using the similar analysis method
in [27], the conclusions of Theorem 1 are correct.

5 SIMULATION

A numerical example and a practical example are presented
to verify the effectiveness of the proposed control strategy.

Example 1: The following third-order switched nonlinear
systems subject to input delay and saturation is considered.

x:x+f +A

Lo(t)
X, —x3+f20 A0 24)
X = sat(u (t —1)) + fM(r) +A3’U(t)
y=x
with x (0) =x, (0) =x, (0) =0
O'(t): [0,00]—> M= {1,2} c =00y, fy =-01xx, ,

, input delay 7=0.1 and

f3’1 =—0.1xx, , fL2 =-02x , f2,2 =02xx, ,
S22 =-02xx, , A, =0.lsinz , A, =02sinz ,
A, =03sint , A, =01cost , A,,=02cost |,

A,,=03cost , u, =u, =50 . The desired trajectory is
v, =0.5sint.

The parameters in the controller are selected as 7, =6,
n,=1,n=02, n=2and {, =(,=¢,=1.
The simulation results are shown in Figs 1-5.

rn=r=10,

Fig 1 describes the trajectory of system output and
desired signal. Fig 2 shows the trajectory of the tracking
error. Fig 3 displays the actual control input with input
delay and saturation. Fig 4 depicts the trajectory of the state

variables. Fig 5 represents the trajectory of switching signal.

It can be seen that the control objective has been achieved,
satisfactory results have been obtained.
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Fig 1. System output y and desired trajectory y, of Example 1.
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Fig 2. The tracking error y — y, of Example 1.
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Fig 3. System input sat (u (Z — ‘[)) of Example 1.
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Fig 5. Switching signal of Example 1.

Example 2: The continuous stirred tank reactor (CSTR)
with two modes feed stream can be modelled as switched
nonlinear systems with input delay and saturation as
follows

X =%+ s
By = ga(t)sat(u (Z—r)) (25)
=%

with initial state and switching signal are the same as those
in Example 1. f,=01x , f,=x , g=g=[L1],

Uy =1, =5, y, =0.5(sinz +sin (0.57)).

The parameters in the controller are selected as » =15,
=5, n=n=01,ad £ =/,=1. The simulation
results are shown in Figs 6-10.
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Fig 6. System output y and desired trajectory y, of Example 2.
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Fig 7. The tracking error y — y, of Example 2.
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Fig 8. System input saf (u (l‘ — Z‘)) of Example 2.
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Fig 10. Switching signal of Example 2.

Figs 6-10 further verify the effectiveness of the strategy
proposed in this article.

6 CONCLUSION

An adaptive control strategy based on MTN is proposed for
tracking control of switched nonlinear systems with input
delay and saturation. Firstly, a comipensation system is
introduced to counteract the influence of input delay and
saturation. Secondly, the combination of unknown
nonlinear functions in the backstepping process is
approximated by a MTN. Then, a novel adaptive controller
based on MTN is proposed. The results show that all signals
in the closed-loop system are bounded, and the tracking
error can converge to a small neighborhood of the origin.
Finally, two- examples are presented, which verify that the
control strategy proposed in this article is satisfactory.
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