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Abstract

In this paper, a state feedback controller is designed for switched systems with non-
symmetrical input saturation based on two classes of parametric Riccati equation
(PRE). Through appropriate mathematical transformation, we transform a switched
system with non-symmetrical input saturation to a switched system with multiple
equilibrium points and symmetrical input saturation. The exponential stability of the
switched system is investigated using the good properties of PRE. The main contri-
butions of this paper include (a) solving the non-symmetrical input saturation control
problem for the switched system; (b) designing a controller to guarantee the exponen-
tial stability of the switched system with the subsystems having the open-loop critical
stable poles; (c) the designed controller can be easily computed by solving the PRE.
The controller is easy to implement in practical applications. A numerical example is
provided to illustrate the effectiveness and potential of the proposed method.

Keywords Switched system - Average dwell-time - Stability - Non-symmetrical
input saturation
1 Introduction

A switched system is a hybrid dynamic system consisting of a series of subsystems,
which are generally described by the differential equation or difference equation and
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a rule to supervise the switching among the subsystems [2,11]. Switched systems
have been applied in many fields, such as power systems, mechanical manufacturing,
traffic control and many others [3,4,26]. The study on switched systems have attracted
great attention in the last decades. Many results have been obtained on switched
systems [6,14,19]. For example, a switching system approach was proposed to solve
the output tracking control problem for the networked systems [20]. The survey of the
developments in the stability and design of the switched systems was given in [12]. A
linear descriptor reduced-order observer and a descriptor sliding mode observer were
designed for the switched system in [24].

Actuator saturation is one of the most common actuator nonlinearities which is
inevitable in reality. In view of the limitation of mechanical device, the magnitude or
rate of an actuator input are always bounded. When an actuator reaches its maximum
boundary, the actuator saturation happens. When the actuator saturates, the control
system does not work according to the designed controller which will degrade the
control system performance or make the control system unstable. Therefore, the study
on the actuator saturation is challenging and intricate [21,27,28]. Many control meth-
ods on switched systems with input saturation have been developed in recent years
[15,22,29]. The stabilization conditions were established based on a time-dependent
switching signals and multiple Lyapunov function in [5]. The output feedback robust
controller was designed for a class of switched fuzzy systems with input saturation
in [25]. The l-gain analysis for switched systems with input saturation based on
mode-dependent average dwell time was studied in [30]. The disturbance tolerance
and rejection of discrete switched systems with actuator saturation was studied in
[16], and the stability analysis for a class of nonlinear systems with input saturation
was given in [17]. In spite of the fruitful research results, most of the above results
concentrated on the symmetrical input saturation of switched systems and the control
system analysis and design were heavily based on a symmetrical saturation function.
In fact, we often encounter the control systems with non-symmetrical input saturation,
such as the missile system and the spacecraft system [23]. Meanwhile, a symmetrical
saturation function can be considered as a special case of a non-symmetrical satura-
tion function, thus, the study on the non-symmetrical input saturation problem has less
conservatism comparing with the symmetrical one. It is more theoretical and practical
to study the non-symmetrical input saturation switched systems.

Based on the foregoing analysis, we will design a state feedback controller for
switched systems with non-symmetry input saturation based on the two classes of
PRE. The exponential stability of the switched system is investigated through using
the good properties of PRE, such as the matrix P (¢) is differentiable and monotonically
increasing with the parameter ¢ and li%l+P (¢) = 0, the details can be found in the

E—>

following Lemmas 1 and 2. The main contributions of this paper are:

(1) By appropriate mathematical transformation, we transform a switched system
with non-symmetrical input saturation to a switched system with multiple equi-
librium points and symmetrical input saturation;

(2) The exponential stability analysis of the switched system with the subsystems
having the open-loop critical stable poles is given by using the good properties
of the two classes of PRE and multiple Lyapunov function;
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(3) The designed controller can be easily computed by solving the parametric Riccati
equation. In reality, the controller is easy to implement.

The rest of this paper is structured as follows. The system description and pre-
liminaries are given in Sect. 2. Section 3 presents the main results. The numerical
simulation results can be found in Sect. 4. Section 5 draws the conclusion.

Notations In the whole paper, we use tr(A) to stand the trace of the matrix A and AT
to denote the transpose of the matrix A. I, denotes the n-dimensional identity matrix.
P > 0 means a real symmetric positive definite matrix. Let Apin (P) and Amax (P)
stand the minimum and maximum eigenvalues of a matrix P (P > 0), respectively.

2 System Description and Preliminaries

Consider the following switched system with non-symmetrical input saturation
x(1) = Asyx (1) + Bs)SAT (u), ey

where x € R" and u € R are the system state and the control input, respectively.
The switching signal § (¢) is a piecewise constant function 6 () : [0,00) — ¥ =
{1,2,...,M}and M (M > 1) denotes the number of the subsystem. When § () =
i € W, the i-th subsystem is activated. The matrices A; and B; are known with the
appropriate dimensions. And the non-symmetrical input saturation is defined as

SAT(u) = [ SAT (u1) SAT (u2) --- SAT (u,,,)]T

in which
dj,uj Zdj,
SAT (uj) = uj, —fj <uj <dj,
—fiuj = =i,

withd; >0, f; >0andd; # f;,j=1,2,...,m.
Assumption 1 Assume that the matrices A; are invertible and whose eigenvalues are

all on the closed left-half plane, where i € W, the matrix pairs (A;, B;) are controllable.
Without loss of generality, we assume that the matrix pairs (A;, B;), i € W have the

following form
— Ai,x 0 L Bi,s
a=% L om= 0] @

where, A; ; € R™-s*".s include all the eigenvalues with negative real parts of the
matrices A; and A; . € R"™-<*".c include all the eigenvalues of matrices A;, which
are on the imaginary axis, n; s + n; . = n.
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From [1], we give the following definition
Aj=uj— % 3)
Then, the non-symmetrical input saturation can be rewritten as
d. — .
SAT (1) = sat,, (1) + D201 )
where sat,; (A j) is a symmetrical non-standard saturation function defined as
PjsNj = pj,
saty; (Aj) = § Aj,—pj < Aj < pj, )
—pj. Nj < —pj,
where p; = dj;fj . Set
vi=A;i—. (6)
J J Iy
According to (3) and (6), we have
dj + fi dj — fi
uj = > v + > @)
that is
i+ 2 Dy -2
u==4 L v + d f A, 8)
2 2
where 2y = diag{di d» -+ dn}.2y=diag{fi f» - fu}andA=
[ 11 -1 ]T € R™. Thus, we can obtain
24+ 2 24— 2
SAT (1) = %sat () + %A, )
where,
1, vj = 1,
sat (vj) =jv;,—1=<v; <1,
-1, v; = —1.
Obviously, system (1) can be rewritten as
x(1) = Asyx (1) + Bswysat (V) + @), (10)

—
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24+2 -2
where %5(,) = Bs([) d2 'f, (]53([) = Bg(;) d2 L A and ATA =m.
Consider Assumption 1, let x;k(t) = —Ag(})m(,), then, system (10) becomes
i) = Asq) (x(t) - x;(,)) + Bswsat (v). (11

Remark 1 In fact, system (11) is a switched system with multiple equilibrium points.
Based on the above analysis, switched system (1) is recast to a switched system with
multiple equilibrium points and symmetrical input saturation through mathematical
transformation.

Let
(1) = x(t) = X5y (12)
then, system(11) becomes
Z (1) = Asiny 2 (1) + By sat (), (13)

where v = F 2 (t), the state feedback gain F € R™*" and

o= oo

with
Bswy,s = Bg(,),s% (15)

and
Bst),c = Bé(t),c@- (16)

Remark 2 1t follows from Assumption 1 that the matrix pairs (A;, B;) are controllable,
obviously, (A;, %;) are also controllable.

Now, we will give some lemmas which are useful for the derivation of the main results.

Lemma 1 [13] Assume that the matrix A is a Hurwitz matrix and the matrix pair
(A, B) is controllable, then the matrix P (&s) is the unique positive-definite solution
to the following PRE

P (es) A+ ATP (s5) — P (e5) BB P (&) = —&;1y,, (17)

where, 5 > 0 is a low gain parameter. The properties of PRE (17) are given in the
following
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dP(es) .

(1) =g > 0;

(2) lim P (g;) = 0.
gs—071

Lemma 2 [31] Assume that all the eigenvalues of the matrix A are on the imaginary
axis and the matrix pair (A, B) is controllable, the matrix P (&.) is the unique positive-
definite solution to the following PRE

P(ec) A+ ATP (ec) — P () BBTP (80) = —&.P (), (18)

where, g > 0 is a low gain parameter. The properties of PRE (18) are given in the
following
dP(e) .
(1) 45 > o,
(2) lim P (g;) =0;
g.—07F

(3) tr (BTP (g¢) B) = ncé..

Lemma 3 [10] Consider the switching signal §(t) and any T > t > 0. The
switching number of the switched system over the time interval [t, T] is denoted by
N5y (T, t), j € V. If there exist positive real numbers Ny and t, satisfy the following
inequality
T—1
Nswy (¢, T) < No + — (19)

a

then, the parameters t, and Ny are termed as the average dwell time and the chatter
bound, respectively.

Problem 1 In this paper, we will consider the following problems:

1. The non-symmetrical input saturation problem;

2. The controller design for the switched system with the subsystems having the
open-loop critical stable poles;

3. The stability analysis of the switched system with average dwell time and multiple
equilibrium points.

3 Main Results

Theorem 1 Consider Assumption 1 and Lemmas 1-3. The matrices P; s are the solu-

tions to PRE (17) and matrices P; . are the solutions to PRE (18) with the given low

gain parameters ;. > 0, gy > 0,i € W and p < r_ni&}l (ei,c). Then, design the
le

following controller

v=Fi 2 @), ieW, (20)
in which F; = —%’F@i and
_|siPis O
P = |: 0 Pi,ci|’ (21)

Birkhauser



142 Circuits, Systems, and Signal Processing (2021) 40:136-153

with the given constant ¢; > 0 satisfying

1

- Amax (®i) ' (22)

Gi

where,

1 1
CIED 1P B (Im + %}:CPi,c%i,c) %ZSPMEi 2 (23)

H—&ic
and

N = Al Py + PigAis + 1P (24)
If there exists n > 1 such that

P <nPp-1,k=2,3,.... M, (25)

then, the designed controller (20) makes the closed-loop system exponentially stable
with the average dwell time

In
Ty = —

. (26)

Proof In view of system (13) and the designed controller (20), the closed-loop system
of i-th subsystem is

D (1) = A 2 (1) + Bysat (—%}%%(r)) ew. 27)
In view of the properties of PRE (17) and PRE (18) that lim P (5,-,3) = 0 and
g s—>0
lim P (s,‘,c) = 0, we can get
gi c—07F
lim P =0. (28)
&is—>0T 6 . —0F
Thus, we can obtain
sat (v) = v 29)

by choosing the appropriate small value of the low gain parameters ¢; . and &; ;.
Consider the following Lyapunov function

Vi(t)= 2T P22 (1).
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The derivative of the Lyapunov function V; (1) = 271 (t) 2% % (t) along the trajecto-
ries of the closed-loop system (27) is

Vi(t) =22 ()22 (1)

=2(a20+2 (-%}@i%(t)))T P (1)

=270 (%A,- + A,.T%) 2(1) — 22 (1) P, B BY P X (1), (30)

By considering the matrix structure of matrices (2), (14), (15) and (16), we have

Vi () + Vi (1) = =200 2 (1),

where,
Yiq
T, = [ A
l Tio
with
Yii = —(GiAl Pis+ GiPisAis
Yi2 = GiPisBi s B P
and

= —(PicAic+ A;'I:L-Pi,c‘

(Ei,c - M)Pi,c
> 0.

i
Tia

]

— §I.2Pi)s<%l~)5%iT’SPi,s + UG Pi,s)’

- Pi,c'@i,cﬂ;'l:cpi,c + uPic)

According to Schur complement lemma [8], we have

D;

—GiXi + §l~2

Pi,s%i,s%;l:spi,s - (
—1 T
X Pi o P P cHBi B Pis
3. 2p. . T p.
—GiXi+ Si Pz,s%z,s%i,spt,s - (
T
XPi,c%i,c%i,sPi,s

—GiZi + 5,‘2Pi,s=@i,s=@;[:SPi,s + (M

—Gi (Ei — GiPi B s B P s — <

M+8i,c

) g,'zpi,sggi,sgg}:c

§'2 T
M _;_ Eic Pi‘s%i‘s%i,c

2

—&i,c
Si
M — &ic

3D

(32)
(33)

(34)

> Pi,s@i,s%?:cpi,cgi,c%},‘sPi,x

) Pi,sf@i,s%;l:cpi,ce@i,c%}:sPi,s)

) Birkhduser
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1
=—g (Ei —Gi <Pi,s<%)i,s (Im + . %gcpi,c%i,c) %Zspi,s)) ) (35)
— <i,c
where

Y= A}:spi,s + PisAis + uPis
= _Ei,sln,'_s + Pi,s%i,s%?:s})i,s + uPig.

There will always exist parameters ¢; ; and p to make X; > 0. Multiplying both sides

_1
of equality (35) by X, *, we have

11
[ = —gi <Ei NE - §i®i)

= —¢i (In, — 5i©i) (36)
where,
Q; = Ej%Pi,x@i,s <1m +— . C%‘ECPM%,C) %’Ismzlf%.
It follows from (22) that IT; > 0. Obviously, we have
Vi (1) < =V (). (37)
It can be easily computed by (37) that
Vi (1) < e MV (1) V€ [t tig) - (38)

In view of (25) and (38), forany k =2,3,...,M,i =1,2,..., we have
Vi (1) < n* Ve M0V (1) Ve € [t 1i41) -

It follows from (19) that Nj (t0,1) =k — 1 < No + (’;—’0) then

No+' =00y i
Vi (1) < gm0 e 0y (1)

= e MY (1), (39)

where A = pu — lg—a” In order to guarantee A > 0, the average dwell-time should
satisty

Inn
Ty > —.
7
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From (39), we have

max (Amax (yz))

POy a—— (Y A
12 Ol = Il,lég}()\min(@i))e 12" (o)l

Thus, the closed-loop switched system is exponentially stable and the exponential
decay rate is % O

Corollary 1 The explanation of (29) in the above proof. When 2 (t) € E;, we have

sat (v) = v,
where,
Ei(t) ={Z : (qite(B P; s Bis) + nicei ) TP < 1}, (40)
and
Li() ={2 | B2, 27| <1}, (41)

L;(t) denotes the area in the state space where the actuator is unsaturated. The
ellipsoid set Ui"il E; is the stability region of system (13).

Proof Without loss of generality, we assume ¢; . = & s = ¢&;. In view of (20), we
have

|Br 2, 2 \* = 2T P, BB 2 &
< %ﬂ@ﬁ tr(@i% %93}9%)9% X
= %ngi% tr(%?@iﬁi)@i%% (42)
_ (gitr(%iT’SPi,s%i,x) n tr(@chi,cﬂi,c)) 2T
= (9‘“0@% Pi s%is) + ni,c8i,c) 272,
which implies that
E;(t) € L;(t),vVt > 0. (43)

Obviously, there exist the appropriate value of the parameters ¢; . and &; s to ensure
the actuator unsaturated or we have 2~ € E;(t) = sat (v) = v. O

Remark 3 The parameters &; can be computed by solving the following equation

(ite (BT Py s Bis) + nicei) X P2 = 1.
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Remark 4 Comparing with the work in [23] and [1], the main differences are reflected
in the following aspects: (1) the system models are different and this paper focused on
the switched systems; (2) this paper transformed a non-symmetrical input saturation
control problem to a control problem of switched systems with multiple equilibrium
points and symmetrical input saturation, however, the results in [23] and [1] transform
the non-symmetrical input saturation control problem to the control problem of the
system with input saturation and constant disturbance;(3) we consider the systems
whose eigenvalues are in the closed left-half plan.

Remark 5 In Theorem 1, (25) is a stability boundary condition for the switched system
with the designed controller (20).

Remark 6 The link between the designed controller v in (20) and the controller u in
(1) can be found in (8), that is,

u=9v+w

La—2y
LA

Qd-i-.,@/'
2

where, & = and w =

Remark 7 From the above analysis, the low gain parameters ¢; . and ¢; ; will affect
the state convergent speed of the closed-loop system. On the other hand, in view of
dﬁ(‘% > 0 and dl;ff‘ > 0, the norms of the designed control gains f ; = —% %,
increase with the increase in the low gain parameters ¢; ; and ¢; .. However, in order to
getsat(v) = v, we should choose the appropriate small value of the parameters ¢; . and

&i s. In reality, we should make a trade-off between the system dynamic performance
and the input saturation when choosing the parameters ¢; . and ¢; ;.

4 Numerical Simulation

In this section, we will give a numerical example to illustrate the effectiveness of the
proposed method. Considering switched system with

Als = :—8.2 —(1).5]3“ = [0%5]’
e=[2] om[]
TN

Az = -_02 (l)]Bz,c = |:_11}

Weset 2y =1,2r =056 = ¢ = 0.6,i =1,2. The initial state is x (0) =
[-0.5 —02 1 —1.5]. By the above parameters, we compute the equilibrium

Birkhauser
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2 T ‘ 0.4
0.2
¥ 0
-0.2
-0.5 -0.4 ; '
0 s 100 150 0 50 100 150
time (s) time (s)
2 2
1 1
Q0 X0
1 1
2 : ‘ -2
0 50 100 150 0 50 100 150
time (s) time (s)
Fig.1 The state x withe; s =¢&; . =0.6,i =1,2
1
0.8 4
0.6 [1 i
0.4 i
B
= 02]] ,
2]
oH
-0.2 i
0.4 H §
-0.6 L L
0 50 100 150
time (s)

Fig.2 The control input sat(v) withs; ; =¢; . =0.6,i =1,2

points x| = [1.25 —-0.25 —-0.25 O]T Xy = [0.0704 0.243 0.125 O.ZS]T,
¢1=21,¢=45,n=2,u=0.5, 1, > 1.3863 and

15.7231  6.8928 0 0

P, = 6.8928 19.1303 0 0
0 0 2.5173  —0.6400 |’

0 0 —-0.6400 2.1333

) Birkhduser
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0.5 B

0 50 100 150
time(s)

Fig.3 The switching signal § (1) with ¢; = ¢; . =0.6,i = 1,2

2 T T 0.4
1.5 02
1
* X 0
0.5
0 -0.2
-0.5 : - -0.4 - -
0 50 100 150 0 50 100 150
time (s) time(s)
2 2
1 1
Q0 X 0
-1 1 -1
-2 -2
0 50 100 150 0 50 100 150
time(s) time(s)

Fig.4 The state x withg;  =¢; . =0.6,i =1,2

19.2174  0.1975 0 0
P, = 0.1975  12.5347 0 0
0 0 1.1804  —0.0284
0 0 —0.0284  0.8960

From Figs. 1 and 4, we can see that the system state can convergent to the equilibrium
points. From Figs. 2 and 5, we can see that the control input is unsaturated. The
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0.6 ff i

0.4 -

sat(v)

-0.6 : :
0 50 100 150

time (s)

Fig.5 The control input sat(v) with ¢;  =¢; . =0.6,i = 1,2

0 50 100 150
time(s)

Fig.6 The switching signal § (1) withg;  =¢; . =0.6,i = 1,2

Table 1 The value of || F || with different &;

8,‘,5 = si,c =0.6 Si,_y = 8,'70 =03 8,}; = Si,c =0.05
IFll 19.0224 18.6649 16.8975
[IF 2l 9.6170 8.8221 7.5873

switching signal is recorded in Figs. 3 and 6 . The curves of the state and the control
input in Figs. 1 and 2 are corresponding to the switching signal § (¢) in Fig. 3, while,
Figs. 4 and 5 are corresponding to the switching signal § (¢) in Fig. 6. For comparing,
we choose ¢ s = €. = 0.3, ¢; 5y = &i = 0.05,i = 1, 2 to carry out the simulation.
From Table 1, we can see that the norms of the designed control gains f; increase
with the increase in the parameters ¢;  and ¢; ., i = 1, 2. From Figs. 7 and 8, we can
see that the convergent speed of the states is affected by the low gain parameters &; g

Birkhauser



150 Circuits, Systems, and Signal Processing (2021) 40:136-153

2 T T 0.4

time (s) T - -0s time (s) . —os

3 is ic 7 4 s ic
——els=elc=0.3 . — = g e|c=0.3
2 —-—-¢. =¢. =0.05 2 [”H' 1, el—EICOOS

x3

AL
b L B R TR
i.|]l!!!-r|!|‘J‘ll-l-
it

! .i.l!l!'ii}
1V gy
2r i'cl‘-

Wy
|'L| it

IR

1h b il v
Il wiegi!
REREE Iy
0 50 100 150 0 50 100 150
time (s) time (s)

Fig.7 The state x withi = 1,2

0.8 i -

0 50 100 150
time (s)

Fig.8 The control input sat(v) withi = 1,2

and &; ., i = 1, 2, that is, the larger the value of the low gain parameter, the faster the
state convergence speed. We also compare the proposed mathematical transformation
approach manipulating the non-symmetrical input saturation with the approach in
[23]. When the system is stable, the state trajectory in [23] is farther from the origin
than the proposed approach due to introducing the constant disturbance, that is, the
static error of the proposed method is smaller. From Fig. 9, we can see that the state

9 Birkhauser



Circuits, Systems, and Signal Processing (2021) 40:136-153 151

time (s)

Fig. 9 The curve of d with d = | /)cl2 + x% + x32 + x‘%, where Al denotes the proposed approach, A2
denotes the approach in [23]

trajectory in [23] converges to 0.485, while, the state trajectory converges to 0.377
with the proposed method.

5 Conclusion

This paper studied the exponential stability of switched systems with non-symmetrical
input saturation and average dwell time. We transform a switched system with non-
symmetrical input saturation to a switched system with multiple equilibrium points
and symmetrical input saturation. The state feedback controller was designed based
on the two classes of PRE. The designed controller can be easily computed by solving
PRE. The numerical simulation results show the usefulness of the proposed method.
In our future work, we will optimize the designed parameters to improve the dynamic
performance of the switched system with non-symmetrical input saturation and extend
the proposed method to the Markov jump systems [7,9,18].

Acknowledgements This work is supported by the Zhejiang Provincial Natural Science Foundation of
China (LY 18F030005, LR16F030003), the China Postdoctoral Science Foundation (2018M632464), the
National Natural Science Foundations of China (61503105, 61973102).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of interest.

Birkhauser



152 Circuits, Systems, and Signal Processing (2021) 40:136-153

References

1. A. Benzaouia, M. Benhayoun, F. Mesquine, Stabilization of systems with unsymmetrical saturated
control: an LMI approach. Circuits Syst. Signal Process. 33(10), 3263-3275 (2014)

2. D.Z. Cheng, Y.Q. Guo, Advances on switched systems. Control Theory Appl. 22(6), 954-960 (2005)

3. Y.G. Chen, S.M. Fei, K.J. Zhang et al., Control synthesis of discrete-time switched linear systems with
input saturation based on minimum dwell time approach. Circuits Syst. Signal Process. 31(2), 779-795
(2012)

4. G.D. Chen, Y.Z. Sun, C.H. An et al., Measurement and analysis for frequency domain error of ultra-
precision spindle in a flycutting machine tool. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 232(9),
1501-1507 (2018)

5. Y.G. Chen, S.M. Fei, K.J. Zhang et al., Control of switched linear systems with actuator saturation and
its applications. Math. Comput. Modell. 56(1-2), 14-26 (2012)

6. D.S. Du, B. Jiang, P. Shi et al., Hx filtering of discrete-time switched systems with state delays via
switched Lyapunov function approach. IEEE Trans. Autom. Control 52(8), 1520-1525 (2007)

7. S.L. Dong, C.L.P. Chen, M. Fang et al., Dissipativity-based asynchronous fuzzy sliding mode control
for T-S fuzzy hidden Markov jump systems. IEEE Trans. Cybern. (2019). https://doi.org/10.1109/
TCYB.2019.2919299

8. G.R. Duan, H.H. Yu, LMIs in Control Systems: Analysis, Design and Applications (CRC Press, Boca
Raton, 2013)

9. M.Fang,P. Shi, S.L. Dong, Sliding mode control for Markov jump systems with delays via asynchronous
approach (Syst. Man Cybern. Syst, IEEE Trans, 2019). https://doi.org/10.1109/TSMC.2019.2917926

10. J.P. Hespanha, A.S. Morse, Stability of switched systems with average dwell-time, in Proceedings of
the 38th Conference on Decision & Control, Phoenix, Arizona, USA, pp. 2655-2660 (1999)

11. H.Lin, P.J. Antsaklis, Stability and stabilizability of switched linear systems: a survey of recent results.
IEEE Trans. Autom. Control 54(2), 308-322 (2009)

12. D. Liberzon, A.S. Morse, Basic problems in stability and design of switched systems. IEEE Control
Syst. Mag. 19(5), 59-70 (1999)

13. Z.L. Lin, Low Gain Feedback (Springer, London, 1998)

14. X.D.Li, P. Li, Q.G. Wang, Input/output-to-state stability of impulsive switched systems. Syst. Control
Lett. 116, 1-7 (2018)

15. W. Ni, D.Z. Cheng, Control of switched linear systems with input saturation. Int. J. Syst. Sci. 41(9),
1057-1065 (2010)

16. Y.B. Qian, Z.R. Xiang, H.R. Karimi, Disturbance tolerance and rejection of discrete switched systems
with time-varying delay and saturating actuator. Nonlinear Anal. Hybrid Syst. 16(1), 81-92 (2015)

17. M.P. Ran, Q. Wang, C.Y. Dong, Stabilization of a class of nonlinear systems with actuator saturation
via active disturbance rejection control. Automatica 63, 302-310 (2016)

18. Y. Shen, Z.G. Wu, P. Shi et al., Dissipativity based fault detection for 2D Markov jump systems with
asynchronous modes. Automatica 106, 8-17 (2019)

19. Q. Wang, A.K. Xue, Reliable gain scheduling output tracking control for spacecraft rendezvous. Int.
J. Control Autom. Syst. 16(1), 234-242 (2018)

20. Y. Wu, T.S. Liu, Y.P. Wu et al., Hx output tracking control for uncertain networked control systems
via a switched system approach. Int. J. Robust Nonlinear Control 26(5), 995-1009 (2016)

21. Q. Wang, K. Zhang, A.K. Xue et al., Reliable robust control for the system with input saturation based
on gain scheduling. Circuits Syst. Signal Process. 36(6), 25862604 (2017)

22. Q. Wang, Z.G. Wu, P. Shi et al., Robust control for switched systems subject to input saturation and
parametric uncertainties. J. Frankl. Inst. 354(16), 7266-7279 (2017)

23. Q. Wang, A.K. Xue, Robust control for spacecraft rendezvous system with actuator unsymmetrical
saturation: a gain scheduling approach. Int. J. Control 91(6), 1241-1250 (2018)

24. S.Yin, HJ. Gao, J.B. Qiu et al., Descriptor reduced-order sliding mode observers design for switched
systems with sensor and actuator faults. Automatica 76, 282-292 (2017)

25. W. Yang, S.C. Tong, Output feedback robust stabilization of switched fuzzy systems with time-delay
and actuator saturation. Neurocomputing 164, 173-181 (2015)

26. L.Zhang, P. Shi, /5 -gain and asynchronous H, control of discrete-time switched systems with average
dwell time. IEEE Trans. Autom. Control 54(9), 2192-2199 (2009)

27. B. Zhou, Analysis and design of discrete-time linear systems with nested actuator saturations. Syst.
Control Lett. 62(10), 871-879 (2013)

) Birkhduser


https://doi.org/10.1109/TCYB.2019.2919299
https://doi.org/10.1109/TCYB.2019.2919299
https://doi.org/10.1109/TSMC.2019.2917926

Circuits, Systems, and Signal Processing (2021) 40:136-153 153

28. B. Zhou, G.R. Duan, Z.Y. Li, On improving transient performance in global control of multiple inte-
grators system by bounded feedback. Syst. Control Lett. 57(10), 867-875 (2008)

29. L.X.Zhang, N.G. Cui, M. Liu et al., Asynchronous filtering of discrete-time switched linear systems
with average dwell time. IEEE Trans. Circuits Syst. I Regul. Pap. 58(5), 1109-1118 (2011)

30. X.Q. Zhao, J. Zhao, L, — Gain analysis and output feedback control for switched delay systems with
actuator saturation. J. Frankl. Inst. 352(7), 26462664 (2015)

31. B. Zhou, G.R. Duan, Z.L. Lin, A parametric Lyapunov equation approach to the design of low gain
feedback. IEEE Trans. Autom. Control 53(6), 1548—1554 (2008)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

) Birkhduser



	Controller Design for Switched Systems with Non-symmetrical Input Saturation
	Abstract
	1 Introduction
	2 System Description and Preliminaries
	3 Main Results
	4 Numerical Simulation
	5 Conclusion
	Acknowledgements
	References




