Chapter 3
Switching Stabilization of Switched Systems
Composed of Unstable Subsystems

3.1 Background and Motivation

As mentioned in Chap. 2, for a switched system, even if all its subsystems are stable,
it may fail to preserve stability under arbitrary switching, but may be stable under
restricted switching signals. Therefore, it is of significance to study the controlled-
switching stabilization problems of switched systems. The controlled switching may
result from the physical constraints of a system or the designers’ intervention [1]
which is actually related to the controlled-switching stabilization problem [2]. Gen-
erally, the controlled switching in systems could be classified into state-dependent
and time-constrained ones.

During the past few years, the problems of state-dependent switching stabilization
problems have been widely studied for switched systems with or without unstable
subsystems [3, 4]. In the state-dependent case, the whole state space is usually divided
into pieces so as to facilitate the search for corresponding Lyapunov-like functions.
Then, the state-dependent switching can be designed to ensure the non-increasing
conditions when switching occurs. Note that, state-dependent switching is applicable
only for the systems whose states are measurable or observable, which also suffers
from the problems of high cost, reliability and real-time ability.

However, the time-constrained switching is more applicable in practice, and has
been used for controlled-switching stabilization of switched systems in recent years
[5-7]. It is noticed that the results on time-constrained switching stabilization of
switched systems mainly focus on systems with stable subsystems (or at least one
stable subsystem). The basic idea of the existing works is to activate the stable
subsystem for a sufficiently large time that we could call slow switching, to com-
pensate the state divergence [8]. In [9], the stability analysis of continuous-time
linear switched systems comprising both Hurwitz stable and unstable subsystems is
studied by exploring a new type of Lyaounov-like function whose energy can rise
with a bounded rate for each active mode. After the bounded increment, the minimal
average dwell time should be designed sufficiently large to compensate the energy
increment produced during the unstable time. Recently, the mode-dependent dwell-
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time switching is used in [10] for stabilization of switched linear systems with both
stable and unstable modes. It is very worth pointing out that there are few efforts
put on time-constrained switching stabilization of switched linear systems with all
unstable subsystems, which is both theoretically challenging and of fundamental
importance to numerous applications.

On the other hand, as many applications of switched systems, such as mobile
robots, automotive, DC converters etc., appear to be described by nonlinear models,
it is natural to extend the time-constrained switching stabilization theory of switched
linear systems to switched nonlinear systems [11-13]. When a switched system is
composed of unstable nonlinear subsystems, some promising ideas are not effective
any more. Therefore, it will be very meaningful and challenging to carry out the
studies on time-constrained switching stabilization of switched systems with possibly
all unstable nonlinear subsystems.

Based on the above observations, in this chapter, the problems of time-constrained
switching stabilization for switched systems composed of unstable subsystems are
investigated in both linear and nonlinear cases.

Notations:

R and R” denote the field of real numbers and n-dimensional Euclidean space respec-
tively; I, = {1, 2, ..., n}. For a given vector X, the notation ||x|| refers to the Euclid-
ean vector norm. For a given subspace S € R”, | A|| and || A|| s represent the spectral
norm of A and the spectral norm of A with restriction in S, respectively, and & (S)
stands for the complement subspace. @ denotes the direct sum. In addition, A(A)
and 8 (A) refer to the eigenvalues and singular values of A, and Re{A(A)} is the real
part of A(A). €' denotes the space of continuously differentiable functions, and a
function «: [0, co) — [0, co) is said to be of class % if it is continuous, strictly
increasing, and @ (0) = 0. Class %, denotes the subset of .7 consisting of all those
functions that are unbounded. A function £: [0, 00) x [0, co) — [0, c0) is said to be
of class &% if B(-, 1) is of class . for each fixed ¢t > 0 and B(r, t) is decreasing
to zero as t — oo for each fixed » > 0. The notation P > 0(> 0) means that P is a
real symmetric and positive definite (semi-positive definite) matrix.

3.2 Switching Stabilization of Switched Linear Systems

3.2.1 Problem Formulation and Preliminaries

Consider the following switched linear systems
X(1) = AgX(1) (3.1)

where x(¢) € R" is the state vector, o (¢) is the switching signal to be designed, which
takes its values in the finite set .# = {1, ..., k}; k is the number of subsystems. Also,
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for aswitching sequence) < #; < --- < t; < t;41 < ---,0(t)is continuous from the
right everywhere. Moreover, whent € [t;, t;11), 0 (t) = o (t;) = p € .#, and we say
the p' subsystem A, of (3.1) is activated. In this chapter, we suppose that all the
subsystems of (3.1) are unstable.

We first introduce the following definition and lemmas for later development.

Definition 3.1 ([14]) Suppose A € C"*", and S € C" is a subspace. S is A-invariant
if AS C S, thatis,Vv e S = Av e S.

Lemma 3.1 ([14]) For any subspaces S, S», Si + S, is also a subspace.
Lemma 3.2 ([14]) For any subspaces S, S», S1 N S, is also a subspace.
Next, the following exponential stability definition of system (3.1) is also recalled.

Definition 3.2 ([9]) The equilibrium x = 0 of system (3.1) is globally uniformly
exponentially stable (GUES) under certain switching signal o (¢) if for initial condi-
tions X(#y), there exist constants ; > 0, 7, > 0 such that the solution of the system
satisfies [|X(1)[| < pre™2=0) || x(10) | , Vi = 1.

In this chapter, we aim at designing a set of switching signals o (#) with the
mode-dependent average dwell time (MDADT) property, such that the system (3.1)
is GUES. For this purpose, let us now recall the definition of MDADT switching.

Definition 3.3 For a switching signal o(¢) and any T >t > 0, let N,,(T, t) be
the switching numbers that the p'* subsystem is activated over the interval [¢, T]
and ., (T, t) denotes the total running time of the p'" subsystem over the interval
[, T], p € S. We say that o (¢) has a mode-dependent average dwell time 7, if there
exist positive numbers Ny, (we call Ny, the mode-dependent chatter bounds here)
and 7,, such that

N Ip(T, 1)

ap

Remark 3.1 For simplicity, we mark o () € F ypapr[Nop, Tap] in this chapter if
o (t) is a class of the switching signals defined in Definition 3.2.

3.2.2 Main Results

In correspondence with each subsystem A,, p € .#, the whole state space can be
divided into the two subspaces S, and S}, which are defined below.

Definition 3.4 The stable subspace S%, p € .#,is spanned by the eigenvectors corre-
sponding to the eigenvalues A; (A ), k € k;’, ={mel, | Re(r,(A))) <0, p e I},
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Definition 3.5 The unstable subspace S%, p € ., is spanned by the eigenvec-
tors corresponding to the eigenvalues Ax(A,), k € k;‘, ={mel, | Re(Ay(A))) >
0,pe g},

Before providing our main results, the following lemmas are first developed for
later use.

Lemma 3.3 Consider the switched linear system (3.1). If S is Ap-invariant, Vp €
&, then, S is e*'-invariant, p € %, ¥t > 0.

Proof Ttis noted that, Vp € .#,t > 0,

f2 "

Apt _ 2 — A"
N = 1A+ S AL bk AT (3.3)

On the other hand, because S is A ,-invariant, Vp € .#,onehas,Vx € S,n € 7",

n n—1
ALx = AT ApX
= A)7'x), (x) = A,x € 5)

= A)7X), (X = ApX| € 5)
=AX,€8,(x, =A4,X,_1 €9) (3.4)
Therefore, one can get from (3.3) and (3.4) that, Vp € .#,t > 0,x € S,
i A? o A"
5 px++; px+...
es (3.5)

edrix = x + tAX +

which completes the proof. (]

Remark 3.2 Lemma 3.3 implies that, if the p" subsystem of system (3.1) is activated
with initial condition x(#) € S, the state will stay in S during the running time of
the p'* operation mode; i.e., x(t) = e ~x(ty) € S if x(ty) € S.

Lemma 3.4 Consider the linear system X(t) = Ax(t). Let \"" = {— m]fix{)»k (A}
Re(A(A)) <0,k e,} and \M = {m];clx{kk(A)} | Re(Ai(A)) >0,k €1,,}; then,

there exists a constant € > 0 such that

llexp{At}|lg < expf{e — A"t} (3.6)

llexp{At}|ls. < exple+ AMt} (3.7)

where S° and S" are the stable subspace and unstable subspace of A, respectively.
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Proof 1t is obvious that both S* and S* are A-invariant, and thus are e -invariant.
We can choose the following orthogonal matrix

T = [alv az,...,dr, br+17 br+2=---abn] (38)
appropriately, where {a;, a, ..., a,} and {b,+1, b;12, ..., b,} are the bases of S*
and S“. Note that S* and S“ are also the stable subspace and unstable subspace
corresponding to e. Then, one has that

T~ exp{Af}T = exp{diag{A®t, A"t}} (3.9)

where A, A* are appropriate matrices satisfying A(A*) < 0 and A(A*) > 0, respec-
tively. Therefore, it follows from (3.9) that

lexp{A}lls < IT s | T~

exp{diag{A°’t, A"t}}

s

Sx
=Tl | T [lexp{a’s}]
< |ITls [T 5 exp{—2"1} (3.10)

lexp{At}llg < ITlse |T7"] . [expidiag{A®t, A“1}}]
=Tl [T~ [lexpldiag{A“s}|
< Tl |77 exp{n™r) (3.11)

S

Finally, set ¢ = ln(j—;), ey =max§(T) and &, = miné(T). This together with
(3.10) and (3.11) completes the proof. U

Subsequently, Wedeﬁnek'p" = {—m]?x{)»k(A,,)} | Re(Ae(A))) <0,k el,, p e S},
and A[’,” = {m}flx{)»k(A,,)} | Re(A(Ap)) = 0,k €, p € #} for switched system

(1). Then, Lemma 3.4 can be trivially extended to the following result for switched
system (3.1).

Lemma 3.5 Consider the switched linear system (3.1). There exist some constants
ep >0, p € I, such that

||exp{Apt}| 5 <exple, — )»Z’t} (3.12)

||exp{Apt}”S; < exple, + 1)1} (3.13)

Theorem 3.1 Consider the switched linear system (3.1). For given constants o), >
)»2” > 0, )»'I’} > B, >0, p et andn,, if there exist two sets %y, /o C I (S U
S = F) such that 2, = ZPE]I S,") and §2; = Nye g, S; are A ,-invariant, p € .9,
and
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21 S Npes,S (3.14)

N
4
then, the system (3.1) is GUES for any switching signal o (t) € I ypapr[Nop, Tap]
satisfying

ep
> Vpes 3.15
tp_()lp—)\.j;)/l p ( )

€p
Ty > ———,VpesJ (3.16)
P )\',;), _ ﬁp

Z (ap Z,(T,0) + 1, 7,(T,0)) < z By Zp(T,0) —n,7,(T,0)) (3.17)
peS PES

> (@ Tp(T.0) + 1, Tp(T.0) < D (BpTp(T,0) = 0, Tp(T,0)  (3.18)

PES PES

Proof By Lemmas 3.1 and 3.2, it is obvious that £2, and 2, are two subspaces in
R, and it is also clear from the definitions of £2; and §2, that,

21N, =9 (3.19)
It is also true that,
C(2) =C(Mper,Sy) = D C(S)) = D St = (3.20)
pE(fl pE:¢|
which implies
21 2, =R" (3.21)
Next, for any sufficiently large T > 0,letto = Oand t, ... t;, tit1, .- - IN,(T,0)

k

denote the switching times on the interval [0, 7], where N, (T, 0) = > N, ,(T, 0).
p=1

Then, when the initial condition x(0) € £2;, it yields from Lemma 3.3 that, VT > 0,

x(T) = exp{Acay, con (T — v, 0} - exp{Acqy tip1 — 1)} -
exp{Aqs,) (1 — 10)}x(0)
c 2 (3.22)

Therefore, by (3.14), (3.22), Definition 3.3 and Lemma 3.5, it arrives at, VT > 0,
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XD < [T lexplAo) Gs+1 =)o, T1 lexptAs ) sr1 =19} g, 1xOII

SED| sedy

< IT lexptAca) Gorr =g, TT lexplae ) tsr =)} g 16O
SED sedy !

< [ expNop(T. 0)ep}explah! (T, 0))
ret
[T expiNop(T, 06} expl—n]) Tp(T, 0)} x(O)]
peSs

= exp {ZPG] Nop(T, O)sp} exp {ZPE% Ayyp(T, 0)
=2 e, p Tp(T 0)} ROl
M
< exp {Z i Nopep} exp {Zpeﬂl Ay Tp(T,0) — zpe,ﬂz A?QP(T, 0)

£ Tp(T.0)
+ Zpef Tap

M, fp.,
=exp{zpejNopep}exp{Zpejl()»p +£)(7P(T7O)

_ m_ Ep
I ) 7T 0)} IxO) (3.24)

} x| (3.23)

where @, and @, denote the sets of s satisfying o (t;) € ., and .%,, respectively.

Therefore, if we specify
Ep

Tap = otp——)LM’ p e (3.25)

Tap = , D€ <jZ (326)
P ﬁ,,

then, it is clear from (3.17) and (3.23) that

Ix(T)]|

sexpiD  Nopeptexp iDL apTpT 0= BpTp(T.0) X
sexpi > Nopeppexp i —npTp(T. 0)] Y

<en| 3, Mopey | exo [ min 17| ix0 (3.27)

which means that the system is GUES under MDADT satisfying (3.18), (3.24) and
(3.25).

On the other hand, when the initial condition x(0) € £2,, it is true that x(7T') €
§2,,YT > 0, and
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XD < TT llexptAow Gt = o, [T lexplAo ) G — 10} o, 1xO)1

seP seED,

= [T lexptaowy e = 0}, [T lexptao i = 0} o, 1%

SEPD SED,

< [ exp(Nop(T. 0)e, ) exp{ =2y 7,(T, 0))
PeS

[T expiNay (T, 0)e,) expln)) Z,(T, 0)} IIx(O) |
PeES

= exp {zpey Ny (T, 0)8,,} exp {— Zpeyl k’;}ﬂ,,(T, 0)
+3 T} O]

< exp {Zpey NO,,S,,} exp {— Zpeﬂl Xy Tp(T, 0)

7,(1,0
DI ACGIE I 8””—1)} NI

= exp {Zpey Nopap} exp I— Zpeyl (X’;’ - %’;) I,(T,0)

+> (Aﬁf n j—’;) (T, 0)] Ix(0)] (3.28)
Similarly, if we choose
Wz S_”w peSh (3.29)
€p
Tap = W,ﬁ’ ~ 5, ,p €A (3.30)

then, it is immediate from (3.18) and (3.27) that

Ix(D)]

sexpi D>, Nopepexp {—ZPG S BT+ apTy(T, 0)} IxOI
sexpi > Nopepexp {Zpd —npTp(T. 0)} Ix)ll

<o |3, Nopep | exp | min 17 | xO)1 (331)

Thus, the system is GUES with MDADT satisfying (3.18), (3.28) and (3.29).
Now, we consider the case that the initial condition x(0) € £2;3 = £, U §2,. By
(3.21), for any x(0) € £23, one can always find

x(0) € £ (3.32)
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and
x(0) € £2, (3.33)

such that
x(0) = x(0) + x(0) (3.34)

It yields from (3.33) that

X(T) = expl{As iy, rop (T — tn, . 0))} - - - exp{Acqy tig1 — 1)} -
exp{Aq (1) (t1 — 10)}x(0)
= exp{As iy, o) (T — tn, 1, 0)} - - €XP{As (1) (11 — 10)}X(0)
+exp{As iy, o) (T — tn, (1, 0))} - - - exp{Ac ) (71 — 10)}X(0)
=x(T)+x(T) (3.35)

whereX(T) € §2) andX(T') € §2; are the state responses of initial conditions X(0) and
x(0), respectively. It then follows from (3.26) and (3.30) that the underlying system
is stabilized by MDADT satisfying (3.17)—(3.18), (3.24)—(3.25) and (3.28)—(3.29).
Finally, we can conclude from (3.24)—(3.26), (3.27)—(3.29) and (3.34) that if (3.14)
holds, the switched system (3.1) is GUES under MDADT meeting (3.15)—(3.18),
which completes the proof. (]

Remark 3.3 1t is noted from the proof of Theorem 3.1 that switched system (3.1) is
stabilized via the designed MDADT switching, and the decay rate of the state can
be set in advance via a scalar n = min,c #{7,}.

As aspecial case, if all the subsystems of switched system (3.1) are Hurwitz stable,
then the sufficient condition for stabilization via MDADT switching is addressed in
the following corollary.

Corollary 3.1 Consider the switched linear system (3.1) composed of all
Hurwitz stable subsystems. The system is GUES for any switching signal o (t)
€ I Mpapt[Nop, Tapl satisfying

Tup > i—; pes (3.36)
P

Proof Note the fact that all the subsystems are stable. Therefore, in Theorem 3.1,
A =0, 9 =9, =3, and 2, = R". Then, VT > 0,
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exp[ Z Aa(t,\)(tﬁ-l - ts)] ‘

sePUD,

Ix(D)Il = x|l

< H exp{No, (T, 0)e, — A 7, (T, 0)} [x(O)

pes
81’ m
=exp (D Nope,fexp izw (; - Ap) T(T, 0>] Ix©)]
81’ m
< exp {Zpeﬂ Nopep | exp Irglea};( (a - kp) T] 1x(0)| (3.37)

Thus, we can see from Definition 3.2 and (3.36) that the underlying system is expo-
nentially stabilized via MDADT satisfying (3.35). ]

Remark 3.4 The above theorem and corollary provide sufficient conditions of
switching stabilization for switched system (3.1) comprising all unstable subsys-
tems and all stable subsystems, respectively. An example in the next section will
show the validity of the obtained criteria.

3.2.3 Simulation Results

In this section, a numerical example of switched linear systems with all unstable
subsystems is presented to show the effectiveness of the developed approaches.

Example 3.1 Consider the switched linear systems consisting of three subsystems
described by:

—-20 —12.5 —12.5 =75 15 =25 -7.5 —1250
Al = 0 =75 125 [, A= 175 =5 25 VA3 = | =125 =75 0.

0 125 =75 —-17.5 =15 =22.5 125 125 5

First, the state responses of each subsystem with the same initial condition x(0) =
[5 —5 10]7 are depicted in Fig. 3.1 from which it is seen that all the three subsystems
are unstable. Furthermore, the simulation results with four random switching signals
are given in Fig.3.2 which shows that the above switched system is unstable under
these switching signals.

Then, our purpose here is to design a set of mode-dependent average dwell time
switching to exponentially stabilize the above switched systems. It is clear that
(A7) = {5, =20, =20}, A(A2) = {—20, —25,10}, A(A3) = {5,5, =20}, A} =5,
Ag” =10, A_Q/’ =5,A1" =20, A7 =20, 15 = 20. Wechoose &1 = {1, 3}, % = {2}.
Therefore,
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Fig. 3.2 The state responses of the system with different random switching signals
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Fig. 3.3 The state responses 10 ‘
of the system under the 8 o
designed MDADT switching E 3
signals ! -, J_I_\_ﬂ_u_r
Q
4} 21
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On the other hand, it is not hard to get that §£2; and §2, are A ,-invariant, p €
{1, 2, 3}, and satisfy the condition (3.14).

Setn, =0.1,e, =0.69, p={1,2,3}, 0y =3 =10, ap = 14, B = B3 = 15,
B> = 16. Based on Theorem 3.1, one can get a MDADT switching signal satisfying
(3.17), (3.18) and

T, > 0.14, 1, > 0.17, 7,53 > 0.14 (3.38)

To illustrate the correctness of the theoretical results, we now generate one possible
switching sequences with the MDADT property (3.37). Then, one can obtain the
corresponding state responses of the system as shown in Fig. 3.3, for the same initial
state condition. It can be concluded from the curves that the underlying system is
stabilized by the designed MDADT switching signal.

Finally, from the above demonstrations, we obtain that Theorem 3.1 provides an
effective stabilization approach via MDADT switching for switched linear systems
composed of unstable subsystems.

3.2.4 Conclusions

This section is concerned with switching stabilization for switched linear systems
consisting of unstable modes. Based on the invariant subspace theory, the advanced
mode-dependent average dwell time (MDADT) switching, is introduced to stabi-
lize the systems under consideration. Then, the corresponding result is extended to
switched systems composed of all Hurwitz stable subsystems. Finally, a numerical
example is provided to demonstrate the correctness and effectiveness of the obtained
results.
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3.3 Switching Stabilization of Switched Nonlinear Systems

3.3.1 Problem Formulation and Preliminaries

This section presents some definitions and preliminary results that will be used
throughout the remainder of this chapter. Consider the following switched nonlinear
systems,

X(1) = ZSp(G(t))fp(X(t), 1), X(t) = Xo, 1 = 1o, (3.39)

p=1

where x(#) € R” is the state vector, and Xg and 7o > 0 denote the initial state and initial
time, respectively; o () is a switching signal which is a piecewise constant function
from the right of time and takes its values in the finite set S = {1, ..., m}, where
m > 1 is the number of subsystems. f, : R" x R — R" are smooth functions for
any o (t) = p € S. Moreover, all the subsystems in system (3.39) may be unstable.

For a switching sequence, 0 <] < --- <ty < fr4] < ---, 0(t) may be either
autonomous or controlled. When ¢ € [#, t;+1), we say o (t)" mode is active; i.e.,
the indication functions §, (o (¢)) satisfy:

5,(0(1) = {1’ if o) =p, (3.40)

0, otherwise.

The switched nonlinear system (3.39) can be described by fuzzy systems, and the
p'" fuzzy subsystem is represented as follows.
Model rule R; IF6,(¢) is M;] and - - - and 6;(¢t) is M;;z’ THEN

X(1) =Apx(), t>t, i e R={1,2,.--,r},pes, (3.41)

where x(¢) € R” is the state vector; M;;j (j=1,2,...,0 is the fuzzy set, and r
is the number of IF-THEN rules; 6,(¢), 62(¢) - - - 6,(t) are the premise variables;
Furthermore, Ap;,i € R, p € §is areal matrix with appropriate dimensions. Thus,
through fuzzy blending, the global model of the p'" subsystem can be given by

X(1) = A(h(1)x(1)

= Zh,,,-(@(t))A,,ix(t), peES. (3.42)

i=1

hpi(0(t)) are the normalized membership functions satisfying:

L M6, :
H]:l p_l( J(t)) - 0, th,(G(l‘)) — 1’ (343)

hpi (0(1)) = — : >
! i1 Hlj=1 M, 0;(1) i=1
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where M ;, y (0;(t)) represent the grade of the membership function of premise vari-
able 0;(¢) in M ;, ;- Finally, we can describe switched nonlinear system (3.39) in the
following form,

(1) = D" 8,(0 ()i (0(1))Apix(1). (3.44)

p=1i=1
Next, we introduce the following definition for later use.

Definition 3.6 [15] The equilibrium x = 0 of switched system (3.39) is globally
asymptotically stable (GAS) under a certain switching signal o (¢) if there exists a
£ function B such that the solution of the system satisfies the inequality ||x(7)| <
BIx(t0)ll, t), VYt > ty, with any initial conditions x (¢;).

In the following, our goal is to find a set of switching signals with the ADT
property, such that the switched system (3.39) is GAS. For this purpose, we first
define a new class of ADT switching signals.

Definition 3.7 For a switching signal o () andeach T > ¢t > 0, let N, (T, ) denote
the number of discontinuities of o () in the interval (¢, 7). We say that o (¢) has an
average dwell time 7, if there exist two positive numbers N, (we call N, the chatter
bound here) and 7, such that

T —
No(T, 1) = No +

VT >t >0. (3.45)

a

3.3.2 Main Results

In this section, we consider the switching stabilization for switched nonlinear sys-
tems described in the previous section. Next, we are in a position to provide the
first switching stabilization condition for switched nonlinear systems (3.39) in the
following theorem by designing ADT switching signals defined in Definition 3.7.

Theorem 3.2 Consider switched nonlinear system (3.39). Suppose that there exist
a switching sequence § = {ty, t1, .. .1, ...y, } satisfying (3.45), a set of C! non-
negative functions V, : R" xR — R, p € §, two class K, functions a; and o, and
two positive numbers A > 0 and 0 < u < 1 such that

ar(Ix() < V,x@), 1) < ax(Ix()]),Vp €S, (3.46)
V,(x(1), 1)) < AV, (x(t),1),Vp € S, (3.47)
V,x@t)), ) < uv,(x(t), ), Vp,geS (3.48)

—Inp
T, < . (3.49)

- A
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Then switched system (3.39) is globally asymptotically stable under the switching
sequence & generated by o (t).

Proof Withoutloss of generality, wedenote§ = {to, t1, ... %, ... n,,, } as the switch-
ing sequence on time interval [0, 7] for any T > 0, ty = 0.

Next, we establish a multiple Lyapunov function (MLF) for switched nonlinear
system (3.39) as follows,

V(). 1) = > 8,(0()V,(x(1). 1), (3.50)

p=I
Then we consider the function
W(t) =€ D" 8,(0(n)V,(x(1),1). (3.51)
p=1

It is clear that it is piecewise differentiable along solutions of (3.39). When ¢ €
[#4, tr+1), we get from (3.47) that

—re MV, (x(1), 1) + e MV, (x(1), 1)
—re MV, (x(1), 1) + e AV, (x(2), 1)
0. (3.52)

46

A

Thus W (¢) is nonincreasing when t € [#;, t;+1). This together with (3.48) gives that

it
W(t,j;l) = ¢ M VI’(X(t;_+1)’ tl:rl)

< pe M V(X (1) Byy)
— Wi,
< uW(n). (3.53)

By integrating this for ¢ € [#, #x41), it yields that

W(T™) < W(ty,)
= pWw)
< uW(tn,—1)

< MW (t). (3.54)

One can easily obtain from the definition of W (#) that
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—AT Ns
e Vs (X(T), T) < ™ Vi) (X(20), 10)- (3.55)
Moreover, it can be derived from (3.45) and (3.55) that

Vs (X(T), T) < T e ™ Vs (x(10). to)
< e”e(N”JrfI?)ln”Va(m)(X(fo), ty)

— Mo lnue(k-‘r%)’f Vi) (x(to), to)- (3.56)

Finally, we can conclude from (3.56) that, if t, satisfies the condition in (3.49),
then Vsr-)(x(T'), T') exponentially converges to zero as T — 00,
By (3.46), we can get that

Ix(T)ll = @, (1™ e aa(lIxoll),

which verifies the global asymptotic stability by Definition 3.6. Therefore, switched
nonlinear system (3.39) is asymptotically stabilized by our proposed ADT switching
signals (3.45) with (3.49) if the conditions (3.46)—(3.48) hold. This completes the
proof.

In the following, we utilize the T-S fuzzy modeling approach to represent nonlinear
system (3.39), to develop more applicable results.

Note that the traditional linear multiple quadratic Lyapunov function V,(x(?)) =
XT(t)PpX(t),Where P, >0, Yp € S, will not satisfy the condition P, < uP,Vp, g
€ S because 0 < u < 1. Hence, we choose a time-variant (TV) positive definite
matrix P,(¢) to construct a TV-MQLF for switched T-S fuzzy system (3.44) as
follows,

V,(x(1), 1) = x" (t)P,()x(t), ¥Vp € S. (3.57)

Then it is immediately clear that V, (X(t]j_), t,j) < uV,x(t), 1), Yp,q € S can
be expressed by P, (t,f) <uP,(t,), p#q, Yp,q € S. Next, we resort to the dis-
cretized Lyapunov function technique to numerically check the existence of such a
matrix function P,(¢) which is, however, difficult to be checked in the continuous
case.

First of all, giving 7, a sufficient small lower bound 7* > 0, we divide the inter-
val [#, t + T*) into K segments. The length of each section is equal to [ = %,
and then the interval [#, #; + ) can be described as G, , = [tk + H,,, tr + Hyq1),
H,=nl, n=1,2,...,K — 1, Next, we use a linear interpolation formula to
describe the continuous-time matrix function P,(f) which is chosen to be lin-
ear within each segment G, , = [tx + H,,, ty + H,41), n=1,2,..., K — 1. When
teGpp,n=12,...,K—1



3.3 Switching Stabilization of Switched Nonlinear Systems 57

t—t — H,y t—t — H,
Py(t) = Pyt L Ppasi
ty + Hy — 1ty — Hyp ty + Hypy — 1 — Hy
t—ty— H,y t—1ty— H,
— _l -+ Pp,n l n Pp,n+1
=1~ )/)Pp,n + )/Pp.n+1
=P"(y), (3.58)

where P, , = P,(tx + Hy), Ppnt1 = Pp(ty + Hyy1), 0 < y = @ < 1. In the
interval [f;, f; 4+ ), the continuous-time matrix function P,(t), p € S, is deter-
mined by P,, n=1,2,...,K, peS. On the other hand, in the interval
[t + T, fx4+1), the matrix function P,(¢), p € S is fixed by a constant matrix
P,(t) = P, x, p € S. Thus, the TV-MQLF for switched T-S fuzzy system (3.44)
for mode p € § can be described as

x"(POX(t), t€Gpu n=12,....K—1

T (3.59)
X () Ppgx(t), t€E [ty +T" tryr).

Vp(x(1), 1) = {

Moreover, it can be derived from (3.59) that for any t € G, ,, n=1,2, ...,
K —1

Vp(x(£), 1) = XL (£) Pp()X(t) + X7 (1) Py (1)X(2) + X7 (1) Ppi (1)X(1)

D hpi OO)(A X)) Py(Ox(t) + X7 (1) Py ()X(1) + X" (1) Py (1) A pix(1)]

i=1

=D hpi @)X (O[Ap " Py(t) + Pp(t)Api + Pp(1)IX(1). (3.60)

i=1
Whent € G,,, n=1,2,..., K — 1, one can immediately get from (3.58) that

Pp(t) = _)}Pp,n + )}Pp,n+l

K
- (Pp,n-H - Pp,n);

= 1. (3.61)

In the sequel, we can obtain from (3.58), (3.60) and (3.61) that forany t € G
1,2,...,K —1,

p.ns n =

Vo(x(6), 1) = D hpi(0@)X" (O[AT P + P Ay + T3 1x(1)

i=1

= zhpi(e(t))xT(t)[(l - )/)(A: Pp,n + Pp,nApi + H;,)

i=1

V(AL Pyt + Py Api + ITH)IX(1)
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=D huOO)X (O = )@y, + y PiHIx(), (3.62)
i=1

where @, = AT Py, + Py Ay + Miand @50y = AT P, i1 + Py Api + 1T
Thus, a sw1tch1ng stabilization condltlon for switched T-S fuzzy system (3. 44)
can be obtained on the basis of the above developments.

Theorem 3.3 Consider switched T-S fuzzy system (3.44), and let X > 0,
0 <wp <1, and v > 0 be given constants. If there exists a set of matrices P, , >
0, n=0,1,2,...,K,peS, such that Vn =0,1,2,...,K,Vi € R, p #gq,
Y(pxq)eS xS,

W — AP, <0, (3.63)

Y ) (3.64)

AP,k + PpxAp —APpk <0, (3.65)
Pyo—uPpx <0, (3.66)

where ¢( ) iy and Q5( )2 are defined in (3.62), then, the system is GAS for any switching
signal wzth ADT satlsfymg

—Inp
T

(3.67)

=T =

Proof. Whent € G, ,, n=1,2,..., K — 1, by the discussions in (3.62), it can be
seen that if (3.63) and (3.64) hold, then,

Vp(x(1), 1) — AV, (x(1), 1)

= th, OO (O = )@, + y @5y — AP (y)]x(1)

i=1

—thl(Q(t))XT(t)[(l )/)(AT Ppin + PpinApi + 11, — APy )
i=1

‘H/(APT[ Pp,n+1 + Pp,n+lApi + Hﬁ - )\Pp,n-k—l)]x(t)

=D @)X (O = Y)@Y) = APpa) + V(i) — APy i) IX(0)
i=1

< 0. (3.68)

Moreover, when ¢ € [t + %, t;+1), we have from (3.59), (3.65) and (3.68) that
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Vp(x(1), 1) = AVp(x(1D), 1) = D" hpi @)X (VAL Py + Py g Api = APpi k)X(1)
i=1
< 0. (3.69)

Thus, we can get that (3.68) and (3.69) hold, which means that
V,(x(1), 1) < AV, (x(1), 1).

Then, according to (3.59) and (3.65), it can be obtained that
Vot th) < uV (e 10).

Finally, one can readily conclude from Theorem 3.2 that switched T-S fuzzy system
(3.44) is GAS for any switching signal with our proposed ADT (3.45).

Remark 3.5 Compared with Theorem 3.2, the advantage of Theorem 3.3 lies in that
the obtained stability condition is formulated in terms of linear matrix inequalities
that can be efficiently solved by the LMI toolbox.

3.3.3 Simulation Results

We provide the following example to verify the main results developed in this
Sect.3.2. By using a T-S fuzzy model to represent a given switched nonlinear system
composed of all unstable subsystems, a switching signal with our proposed ADT
property is designed to asymptotically stabilize the system.

Example 3.2 Consider the switched nonlinear system composed of the following
two subsystems,

&) = —=7.64x1 (1) + 5.03sin? (x; (£))x2 (1) + 5.84x5(r) — 6.66sin? (x; (£))x; (1)
T o) = —6.44x, (1) + 4.94x5 (1) — 5.58sin? (x; (1))x () 4+ 4.21sin2 (x1 (£))x2 (1),

5 x1(6) = 7.23x1 (1) + 5.031.9sin% (x1(£))x2 (1) — 8.58x2(¢) + 2.96sin® (x; (£))x1 (1)
T o (0) = 9.48x1 (1) — 11.28x2(1) + 3.82sin2 (x1 (£))x1 (1) — 4.52sin2 (x; (£))x2(2).

The state trajectories shown in Figs. 3.4 and 3.5 demonstrate that both subsystems
>, and >, are unstable.

Next, we are interested in designing a class of switching signal o (#) with property
(3.45) to asymptotically stabilize the above switched system. First, we formulate the
T-S fuzzy model of the switched nonlinear system in the following.

When p = 1, the X; can be written as

(1) = —7.64 — 6.66sin>(x; (1)) 5.84 4+ 5.03sin?(x1 (1)) | [ x1(r)
M= _6.44 — 5.58sin2(x1 (1)) 4.94 + 4.21sin’ (e, (1) | | %00 |
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Fig. 3.4 State response of 900
the subsystem >
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For the nonlinear term sin’(x; (¢)), define 8(¢) = sin’(x;(¢)). Then we have

[ ~7.64—6.660(r) 5.84+5.030() ] [ x1
XO=1" 06+040() —0.1+3100) || xs

Next, calculate the minimum and maximum values of 6(¢). The minimum and
maximum values of 9(¢) are 0 and 1, respectively. From the minimum and maximum
values, 6(¢) can be represented by

0(1) = sin®(x1(1)) = M1 (B(1) x 0+ M (1)) x 1,

where
My (8(2) + M2(0()) = 1.
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Therefore the membership functions can be secleted as
M (0(1) = 1 — sin’(x1 (1), Mi2(8(1)) = sin’(x1(1)).

Then, the first nonlinear subsystem X is represented by the following fuzzy
model.

Model rule R} : If 6(¢) is 0, THEN

X(1) = Anx(@),
Model rule R} : If (¢) is 1, THEN

X(t) = Apx(1).

Its normalized membership functions are /1 (8(¢)) = 1 — sin®(x,(¢)), h1 (8 (1)) =
sin?(x; (7)), and here,

A= —7.64 5.84 A — —14.3 10.87
7\ —644494 ) 7127\ ~12.02 9.15 )
Thus, through the use of fuzzy blending, the global mode of the 1°* fuzzy subsys-
tem can be given by
x(1) = ACh(1)x(1)

2
= Zhl,-(e(t))Aux(t),

i=l1

where
_ My (0(1)) e
@) = 3o + M@y S @)
@) = —2CW) oo,

M1 (6(2)) + M12(6(2))
Similarly, the second nonlinear subsystem X, can be represented by the following
fuzzy model.
Model rule R} : If 6(¢) is 0, THEN
X(1) = Anx(1),
Model rule R3 : If 6(¢) is 1, THEN

X(1) = Apx(1),
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where
Ao — 7.23 —8.58 Ay — 10.18 —12.05
7\ 948 —11.28 )7 7\ 13.30 —15.80 )

Therefore, we can describe switched nonlinear system (3.70) in the following
form

2 2
£(6) =D 8,0 )hp(OW)A,x() i € R ={1,2}, p= {12},
p=1i=1
where
_ 1’ lf G(t) =P,
Sp(o @) = [O, otherwise.

Next, by using Theorem 3.3 and choosing K =1, u = 0.6, =0.7, t* = 0.3,
the feasible solutions are obtained as below:

p_ [ 05355 —0.5210 , _ ( 1.0411 —0.8787
0=\ -0.5210 0.5436 ) "' =\ —0.8787 0.7933 )~

p,_ ( 0-6034 —0.5065 ~( 0.9275 —0.9049
20 =\ —0.5065 0.4539 ) "2\ —0.9049 0.9477 )°

Finally, generating one possible switching sequence by our proposed ADT switch-
ing(t, =0.5 < — "’T* = 0.59), the corresponding state responses of the system under
initial state condition x(0) = [—10 15]7, are shown in Fig. 3.6, from which one can
see that the switched nonlinear system is stabilized by the designed ADT switching.

Fig. 3.6 State responses of 60
switched nonlinear system X, (t)
(32) under switching signal 50 | x,(t)
o(t) witht, = 0.5
[%2] 40 +
@ 2
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(2]
107 1 2 3 4 57
Sample Time/s
0 S
-10 -
1 2 3 4 5

Sample Time/s



3.3 Switching Stabilization of Switched Nonlinear Systems 63

3.3.4 Conclusions

The problem of stabilization for switched nonlinear systems composed of unstable
subsystems is investigated in the above section by using ADT switching with new
property. The stabilization result for the system under consideration is first derived on
the basis of our proposed switching signals. After that, the T-S fuzzy modeling method
together with a new type of Lyapunov function approach is also used to establish an
improved stabilization condition. Finally, a numerical example is provided to verify
the correctness and effectiveness of the proposed approach.
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