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Abstract The input-to-state stability problem of a class of nonlinear switched net-
worked control systems subject to time-varying transmission intervals, periodical
packet dropouts, and communication constraints is investigated. By adopting the
extended input-to-state stability(elSS) protocol and constructing a novel Lyapunov
function, the input-to-state stability properties of such systems are discussed. Then,
by making use of the small-gain theorem, the maximum allowable transmission in-
terval to guarantee system stability is obtained. A batch reactor is finally considered
to demonstrate the effectiveness of the proposed method.

Keywords Switched systems - Nonlinear networked control systems -
Packet dropouts

This work was supported in part by the National Natural Science Foundation of China under Grant
61174058 and 61004020, and the Program for New Century Excellent Talents in University
NCET-09-0257.

D. Wu - X.-M. Sun (X)) - W. Wang

The School of Control Science and Engineering, Dalian University of Technology, Dalian 116024,
China

e-mail: sunxm@dlut.edu.cn

D. Wu
e-mail: wars0012@163.com

W. Wang
e-mail: wangwei@dlut.edu.cn

Y.-B. Zhao

Department of Chemical Engineering, Imperial College London, London SW7 2AZ, United
Kingdom

e-mail: Yun-Bo.Zhao@glasgow.ac.uk

Y.-B. Zhao
CTGT Centre, Harbin Institute of Technology, Harbin 150001, China

Published online: 07 December 2012 Birkhiuser



Circuits Syst Signal Process

1 Introduction

Networked control systems (NCSs) are control systems where the control links are
completed via communication networks. Despite the advantages of introducing com-
munication networks into control systems, we have to deal with the imperfect data
exchanges in NCSs before such systems can be widely deployed in practice [2, 5,
7, 13, 20, 22-24]. On the other hand, switched systems are a special type of hybrid
dynamical systems which consist of finite subsystems and their dynamic behaviour
is determined by a switching rule amongst the subsystems [8—10, 14, 18, 19]. The
switching behaviour comes from either the controller design or the inherent system
characteristics; examples can be seen in communication networks, computer synchro-
nisation, traffic control, and so on [21, 25]. It is widely noticed that NCSs exhibit high
switching behaviours and thus the design and analysis of NCSs within the switched
system framework are highly desirable.

The effects of the imperfect data changes in NCSs can be roughly categorised as
[1, 3]: (1) Quantisation errors; (ii) Packet dropouts; (iii) Variable sampling/ transmis-
sion intervals; (iv) Variable communication delays; (v) Communication constraints,
1.e. not all sensor and actuator signals can be transmitted at the same time. With a
nonlinear switched plant, the considered system in the present work is modelled as a
nonlinear switched NCS which has not been addressed before. We are interested in
the input-to-state stability (ISS) property [4] for the nonlinear switched NCS with the
aforementioned network effects of categories (ii), (iii) and (v). Although this com-
bination of the network effects has been considered before in [12], the conditions
obtained there are difficult to verify in the case of packet dropout. In this work for the
case of packet dropout, adopting the extended input-to-state stability(eISS) protocols
in [15], we present a simple method to obtain the maximum allowable transmission
interval (MATTI). In our model, packet dropouts may take place periodically which
is described by a periodical time sequence. What is more, in the considered hybrid
systems the impulsive signals can have arbitrary jumps which is much more general
than in the existing results [11].

The remainder of the paper is organised as follows. In Sect. 2, the considered
model and the quoted protocol are given. The ISS for the hybrid system and the
small-gain theorem for nonlinear NCSs are given in Sect. 3. In Sect. 4, a numerical
example, batch reactor, is discussed. The conclusions are drawn in the last section.

Notations R and N denote the sets of the real numbers and nonnegative integers,
respectively. Rxg 210, 00), and N* £ N/{0}. |x]| is the Euclid norm of x € R™
and /; is the identity function with dimension d. Vt > 0,0 <t < f2, ||x[t1, 2]]| :=
SUpP;, <<y, [x(#)]. For a matrix A € R™*" | A] is the induced matrix norm. A function
a:R>9 — Rsq is said to be of class K-function if it is continuous, zero at zero,
and strictly increasing. It is a class Kso-function if it is a class K-function and un-
bounded. A function B : R>g x R>g — R is a class KL-function if B(-, 1) is a class
JC-function for each # > 0 and B(s, -) is decreasing to zero for each s > 0. § is said
to be a class of exp-/CL-function if there exist two positive constants M, A such that
B(s, 1) =Me Ms.
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2 The Model of NCSs and eISS Protocols
2.1 The Nonlinear Switched NCSs

In order to consider the systems in this paper, a monotonically increasing sequence of
times ¢, t € N is given, where ) = 0, and lim,_, o t, = +00. Moreover, we assume
that there exist € and §, such that

(AO): O<e<t,—t_1<6,<6

which rules out the possibility of Zeno solutions.
Consider the following general switched plant without any network effects:

(1) = fou(t.x,u, w), (1)
where x € R™, u € R™ and w € R"» are the system state, system input, and the
d~isturbance input, respectively; o (¢) : R>o — {1,2,...,n} is the switching signal;
fp i Rso x R"™ x R"™ x R" — R, pe{l,2,...,n} are smooth functions.

The match controller is

u(t):ko’(t)(t’x’a))’ (2)

where k), : R>o x R"™* x R" — R, p € {1,2,...,n} are smooth functions such that
the switched system (1) with its controller (2) is stable. Under the effect of network,
the state x is usually not directly available for the controller and thus the controller is
given as

u(t)zk(f(t)(t’xA’w)’ (3)

where X is the vector of most recently transmitted system state via the network. We
assume that the vector can be divided into [ parts, 1 <[ < n,, enumerated from 1 to /,
and the ith sub-vector is referred as the ith node. At each transmission time ¢,, one
of the nodes i € {1, 2,...,1} is granted the access to the network, and thus, X;(z,) =
x;(t,). Here we assume that X is held constant between the transmission instants by
using zero-order hold. We rewrite system (1) and (3) and obtain the general switched
nonlinear NCSs of the following form:

X(t) = fd(t)(tax’ ko’(l‘)(t’)e’ (1)), 0)) vVt € [tt—19 tl)’
) =0 Vtelt_1,1), (4)
X)) =x(t7)+h(1 . e),

where ¢ £ & — x is the network-induced error. The function # is typical for time-
scheduling protocols [12] and has the following form:

h(tt_, e) = (I — lI/(s))e(tL_), 5
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where s =s(i,e) : N x R" — {1,2,...,1} is some scheduling function
W (s) :=diag{d1,In,,..., 01, In;}, (6)

where 8,~j 1s the standard Kronecker delta and Iy, is the identity matrix of dimension

nj, with le=1 nj =n,. Based on X;(#,) = x; (#,), e; (,) = 0 holds at time ¢,.
Rewriting the system (1), (3) and (5) in the (x, e) coordinates, we obtain the fol-
lowing NCSs model:

x(t):fo’(l‘)(t’xae’w)’ te[tl—l’tl)’ (7)
e(t) :ga(t)(t,X,e,w)’ re [tt—19tl)’ (8)
e(t) = h(tt_, e), )

where

fow(t,x,6,0) = fou)(t, %, ko) (t, x + €, 0), ®),
ga(t)(taX, e, (1)) - _fO'(l)(t’-x’ e’a))

and x € R ¢ € R"™ and w € R" are the state, the network-induced error and
the disturbance input, respectively; o (¢) : R>o — {1, 2, ..., g} is the switching sig-
nal; f, : Ry x R™ x R"% x R" — R, g, : Ry x R™ x R x R" — R,
pe€{l,2,....,n} and f, and g, are smooth functions. Here the bound § in (AO)
is the so-called MATI. With assumption (AO), for the solution to the above system,
please refer to [12]. Also the following assumption is made:

Assumption 1 The considered system only switches at transmission times.
We use the following definition for subsystem (7).

Definition 1 [16] The subsystem (7) is said to be ISS from e and w to x, if there exist
a class ICL-function B and class K-functions yy. and yy, such that, for any initial
state xo and any measurable, locally essentially bounded input e and disturbance
input w, the solution exists for all # > 0 and

|x(@®)| < BUxol, 1) + yre(]|€l0, 11])) + vxo(||wl0, £1]). (10)

If the system is ISS with linear functions yy. and ¥y, and an exp-/KL-function
B(-, ), then we say that the system is ISS with linear gains and an exp-/CL-function.

2.2 The elISS Protocol

Unlike the general case of random packet dropouts considered in [12], we consider
a special case where the packet dropouts occur periodically. Each period contains
m + n updating time instants, including two classes: the first m instants being trans-
mitted without packet dropouts and the remaining n instants with packet dropouts.
This periodical sequence is described by replacing {7} with {th} where t(} = 1y,
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1e{l,2,...,m+n},and k € NT is the number of the period. Letx(t,]an) = x(té‘“)

and denote the left limit of x (t[‘ ) by x (t[‘_) such that the periodical time sequence sat-
isfies (A0O). Inspired by the ISS protocols [16], with packet dropouts and disturbance
input, we rewrite (5) as

Wtk e, 0) = (1 —w(s))e(r! ™) + w ()8 (r}) (11)

where G(th) = Q(tlk, x,w),and 6 : N x R x R"* — R",
Replacing protocol (9) by (11), we have the following system:

() = fo(t,x,e,0), te[t |, 1f), (12)
é(t)zg(f(l‘)(t’x’e’a))’ te[ttk_]’t[k)a (13)
e(tf) = n(rf,e,0), (14)

where f,)(t, x, e, w) and g5 (1) (, x, e, w) are defined above, and the parameters x,
e, w and o (t) are the same as in the system (7)—(9).

Definition 2 [15] Suppose that there exist a Lyapunov function W(z,e) : R>g X
R" — R>¢ and positive constants p; < 1, po > 1, a1, a2, G1, G2, G3, G4, such that
the following conditions hold for system (14) at each transmission time th for all
ecR"% x e R, weR"

atle] < W(r, e) <aslel, (15)

W A e0)) = oW (i) + Galx (157) + Gl
0<t<m, (16)

W (1 e.8)) = p2W (i) + Gal (1) + Galoo (i) |
m<t<m-+n. (17)

Then protocol (14) is said to be eISS with Lyapunov function W (z, e).

Remark 1 The elSS protocol is equivalent to the ISS protocol in [16] if n = 0 and
equivalent to the UGES protocol in [12] if G; =0,i = {1, 2, 3, 4}. Since the distur-
bance w is involved in (16)—(17), this eISS protocol is more relaxed than the one
considered in [12].

Consider the following non-switched system to demonstrate the concept of eISS:

Xx=Anx+Ape+ Ao, (18)
é=Axx+ Ape+ Axw, (19)
e(th) =h(tf~ e, x, w). (20)

Example 1 der the try-once-discard (TOD) protocol [17]. In the TOD protocol, the
scheduling function takes the following form:

s:s(e):min[argmaxleﬂ}. 21)
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The ith node has the greatest weighted error value and it will be granted access to
the network at the time tl.k . Let the Lyapunov function be W (¢, ¢) = |e|, then we have
a1 = ap = 1. With the quantisation factor or the disturbance factor at the transmission

time, (16) holds with some G, Gz > 0, where p; = \/E [12]. At times due to
the effect of packet dropouts, (17) may hold with pp > 1 and G;, G4 > 0 at some
transmission time points. Thus the TOD protocol with some effect of packet dropouts
is eISS with Lyapunov function W (z, e) = |e|.

Example 2 Consider the RR protocol, a static protocol [12, 17] where each node is
granted access to the network in a given order without comparing the weighted value
of each node. Let the Lyapunov function be

I
W, e)= | ai0le;l?,
j=1

where a (1) are time varying coefficients and for any « € N and any j € {1,2,...,[}
there exists a unique d € {1,2,...,[} such that ajz.(t) =d.Wehavea; =1,00 = JI.

Also, (16) holds with some G, G3 > 0, where p; = \/g [12]. Due to the effect
of packet dropout, (17) may hold with pp > 1 and G7, G4 > 0 at some transmission
time points. Thus the RR protocol with some effect of packet dropouts is eISS with
the Lyapunov function given above.

3 Stability Analysis

In this section, we consider the stability analysis problem of switched nonlinear NCSs
(12)—(14), starting from the ISS property of the network-induced error system (13)—
(14).

Lemma 1 Suppose there exist a piecewise Lyapunov function v(t, e) : R>g x R" —
R>o, class K functions a1, a2, x1, X2 and positive numbers py < 1, p2 > 1, u such
that for e € R" and Q(IZ‘) = Q(ttk, x,w) R, 0(t) =2 (xT, 0T e Rt

1. ai(le]) <v(t,e) < aa(le]); (22)

{ v(tf h(@tF e, 0)) < prvf o) + 210G ) 0<i<m; 03
v(tf, h(1f ™, e, 0)) < pv(tfT ) + 210G m<i<m+n;

3. DMw(t,e) <pv(t,e) + x1(|0()|) Vre[th,, 1f); (24)

4. p=pipsM"t <1, (25)
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where DY (¢, e) denotes the right-hand derivative, p = py M (pzM Y, M = et and
Yo = —(M — 1). Then the following inequality holds for any t € [t* |,t%),0 <« <m:

t]t

m—1

v(t,€) < p* (o1 M) M (1o, e0) + % 3" (o1 M) vox1 (|| 6lr0, 1))
=0
k—1 m—1

+ Y o) M (16(57) )

s=1 =1

1 : 7
+ -, Z(,OzM)JVOXI (lotr0. )
j=0

k—1

2P ‘Z<P2M>]sz(|9(m+n )

s=0 j=0

t—1 B t—1

> (oM yoxi (|01t ) + > (ei M) Mxa (|6 7)])  26)
=0 =1

+
_|_
and the following inequality holds for any t € [tl 1> k), m<t<m+n:
v(t,€) < p* 1 (02M) " (o1 M) M (i, o)
m—
—m—-1 P ! 2
My —ml M (19, t
+ (020 Z(m ) vox1 (610, 1))
k—1 m—1
+ (o2M) Y oY (o) M (|0 (7))
s=1 =1

| , _
+ (oM Y (o2M) yoxa (||6110, 1))
j=0

k—1
+ (paM) Y " k1 SZ(pzM)’sz(le(m+n Pl
s=0 j=0

t—1

+ (p2M)' ") (oM yoxa (610, 1))
=0
t—1

+ (o2 M) "N (i M) T T Mo (|6(47)])

=1
t—m—1 t—m—1
+ Y (M yoxa (|0l 0]) + D (eaM) Mxa(|6(:5)]). @7
j=0 j=1
Proof See the Appendix. U
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Proposition 1 Under the conditions of Lemma 1, system (13)—(14) is uniformly ISS
with gain

1
YoX1
—p

m—1 n
y=a;'o(+e)o ({p > (o) + Z(,OzM)’} 1
1=0 j=0
m—1 n
: 1
+ [p Y (o) Z(pzM)’} ﬂsz)’ (28)
=1 j=0

where ¢ is a class IC-function.

Proof See the Appendix. 0

For linear systems (18)—(20), the following inequality where © > 0, xx, xo» > 0,
instead of (24), can be readily established:

DTW(t,e) < uW(t, e) + xx|x| + xolol. (29)

For linear system (18)—(20), we will have the following proposition based on
Proposition 1.

Proposition 2 Given the Lyapunov function W(ttk, e), suppose the following condi-
tions hold:

1. The protocol (20) is elSS with Lyapunov function W(tlk, e);
2. Along the error dynamics (19) for all ¢, x, a) and almost all e, (29) holds;
3. MATI satisfies § € (e, T*), where T* = pL(n-H) In —— p2p1
Then the ISS property holds for system (19)—(20), that is, for t € [tk 1> tk) L€
{1,2,...,m+n}, ke NT,
le()] < B(leol, t — t0) + Vex || x[t0, 11]| + Vew||@lt0, 11, (30)
where

ay _p I~ 4
ﬁ(leol,t—to)=a—1,0 A o P

Yex = 0] {[,0 Z(mM)]-i-Z(pzM)]} lpVOXx
+[p > ()" ’+Z(,02M)’] lpMG}

Vew =0 {[pZ(mM)’nLZ(pzM)’} — Ko
+[pZ(mM)’” - J+Z(/O2M)’] 1pMG},
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p=pIM(pM)" M =e" yy=:(M—1),G=max{G1, G2, G3. Ga} and Gi i €
{1,2,3,4}, a1, o, p1 and py are defined in Definition 2.

Proof It can be readily obtained from Lemma 1 and Proposition 1. U

Example 3 For the TOD protocol, consider the Lyapunov function W (¢, e) = |e|.
From Example 1, Condition 1 in Proposition 2 holds with 1 =ap =1, p; = \/g ,
p2 > 1and xp = max{G;},i = {1, 2, 3, 4}. Based on the analysis of [12], we have u =
%kmaX(Asz + A22), xx = |A21] and x, = |A23|. Thus Condition 2 in Proposition 2

holds. Therefore, if Condition 3 holds, then the system (19)—(20) is ISS with y,, and
Yew defined in Proposition 2.

Example 4 Let the Lyapunov function for the RR protocol be

l
W(t,e) = Zajz.(t)|ej|2.
j=1

We have a1 = 1, ap = /1, p1 = /51, p2 > 1 and xo = max{G;}, i = {1,2,3,4}.
Then Condition 1 in Proposition 2 holds. Similarly, & = +/I|A2>| and xx = V1| A21],
Yo = ~/I|A23|, and Condition 2 in Proposition 2 holds. If Condition 3 holds, then the
system (19)—(20) is ISS with y,, and y,., defined in Proposition 2.

Theorem 1 For the system (12)—(14), suppose the following conditions hold.:

1. Subsystem (14) satisfies the following:

‘x(t)| = ,BX(|X()|,I—Z()) + Vxe He[IOJ]H + )/xw”a)[tht] ; 3D

where yxe > 0, yxp > 0;
2. Conditions 1-3 in Proposition 2 hold,
3. There exists a MATI § such that yye X Yex < 1, where yy, is defined in Definition 1

and Y.y is equal to y in Proposition 1.

Then the whole system (12)—(14) is ISS from the input signal o with MATI §.

Remark 2 This theorem is similar to the main results in [12]. The proof of this the-
orem follows readily from Theorem 2.1 in [6]. The gain y,, in Condition 2 can be
easily obtained in the same way as in Lemma 1 and Proposition 1. It is pointed out
that linear gains y,, and Yy, in (27) are not necessary, which can be relaxed by two
class IC functions.

For the non-switched system considered in [12],

X(1) = f(t,x,e), (32)
ée(r) =g, x,e), (33)
e(th) = h(ttk_, e), (34)
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where protocol (34) has the form of (11), and f and g are defined in system (12)—(13),
we have the following corollary.

Corollary 1 For the system (32)—(34), suppose the following conditions hold:

1. Subsystem (32) is ISS from e to x with gain yy., where V., > 0;

2. All the conditions in Lemma 1 hold, and subsystem (33)—(34) is ISS from x to e
with gain y,., where v,y has the same form as y in Proposition 1;

3. There exists MATI § such that Yxe X Vex < 1.

Then the whole system (32)—(34) is UGES.

Remark 3 The following procedure is used to obtain the MATI.

(1) Calculate the ISS gain y,, from e to x with the parameters in subsystem (12);
(i) Calculate T* with the parameters in subsystem (13)—(14) and Condition 3 in
Proposition 2 such that subsystem (13)—(14) is ISS from x to e;
(ii1) Check Condition 3 in Theorem 1;
(iv) If it does not hold, use a new bound 7' = T* — n, with 0 < n < T* to calculate
the ISS gain y,, from x to e. Then go to (iii);
(v) If Condition 3 in Theorem 1 holds, let the MATI § =T .

4 Numerical Example: The Batch Reactor

Consider the batch reactor reported in [12, 17]. The linearised model of the unstable
batch reactor is of the following form in the presence of the communication network:

X(t) = Aux(t) + Ape(t), Ve[t i5), (35)
e(t) = Apix(1) + Ape(r), Vi e[t .1f), (36)
e(th) = n(tf,e), (37)
where
138 —0.2077 67150  —5.6760 0 0 )
—0.5814  —15.6480 0 0.6750  —11.3580 0
A _ | 146630 20010 223840 21.6230 22720 —25.1680 |
=1 0.048 20010 13430 —2.1040 —2.2720 0 ’
0 1.0000 0 0 0 0
\ 1.0000 0 1.0000  —1.0000 0 0 )
(0 0
0 —11.3580
A — | —15:7300 22720 |
2= 0 ~2.2720 |°
0 1.0000
\ 1.0000 0
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A <13.3310 0.2077 17.0120 —18.0510 0 25.1680)
21 =

0.5814 15.6480 0 —0.6750 11.3580 0 ’
4y — (157300 0
2= 0 11.3580 )

Only the plant outputs are sent over the network in the above system. For (35), the
gain from e to x is yy, = 17.7653.
Considering the eISS protocol and with the TOD form [17], let the Lyapunov

function be v(z, e) = |e|. Then we have u = 15.73, p1 = Z_Tl, where [ = 2 is the

number of the nodes. Then we choose p» = 1 and m = n = 1 which means that packet
dropout occurs once after two adjacent samples.

With Condition 3 in Proposition 2, it is obtained that 7* = 0.011 s. Then with
Condition 3 in Theorem 1, we have § = 0.00017 s, and the gain from x to e is Y,y =
0.056. Then the whole system is UGES.

With the analysis in Example 2, let the Lyapunov function be

I
v(t,e) = Za?(t)lejlz-
j=1

Similarly, we have that u = 15.73, p; = 0.707. Then we choose pp = 1.1 and m =
n = 1. Ignoring the term of w in Proposition 2, we obtain that 7* = 0.008 s. Then
with Theorem 1, we have § = 0.000079 s, and the gain from x to e is Y., = 0.056.
The whole system is UGES.

MATT that ensures the UGES of the system is calculated. Figure 1 shows the trade-
off curve between the MATTI and the ratio of the number of normal transmission m
and the number of corresponding packet dropouts n in a period. Whenm :n =99 : 1,
MATT is 0.000701 s and 0.000497 s for the TOD protocol and the RR protocol, re-

Fig. 1 Tradeoff curves for TOD Tradeoff curves for the TOD and RR protocol
20 T T T T T T
and RR protocols - % —TOD a ¥
18 © - RR |
I
16 () ¥
/
141 : : : : /
/
12} !
/
g 10 o A+
o X
8 - Z
7
o *
6 o 7
o P
4 ©) KT
SRR
2 o ¥ "
0 o T - X ‘
0 1 2 3 4 5 6 7 8
MATI(s) s
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1.4 —————— 1.4 —— 1.4
1.2 1.2 1.2
1
0.8 0.8 0.8
2 2 2
306 306 3 06
> > >
o o o
0.4 0.4 0.4
0.2 0.2 0.2
O N NS
-0.2 L -0.2 A -0.2
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
time(s) time(s) time(s)

Fig. 2 The state responses of the batch process. The first diagram shows the response to follow
(y1y2) = (10), the second is with TOD protocol and packet dropouts, and the third is with RR proto-
col and packet dropouts

spectively. The TOD protocol outperforms the RR protocol in the sense that the for-
mer allows larger transmission intervals. The step response of the batch reactor is
illustrated in Fig. 2. It is shown that the system is stable under the conditions given in
this paper, which validates the proposed approach.

5 Conclusions

A class of switched nonlinear NCSs with periodical packet dropouts, variable sam-
pling intervals and communication constraints is investigated. With a novel piecewise
Lyapunov function, the ISS properties for this model with protocols containing peri-
odical packet dropouts are discussed. The small gain theorem is used to give the ISS
conditions for the NCSs. Finally, the effectiveness of the proposed method is illus-
trated by a batch reactor example. Future research will focus on the use of multiple-
Lyapunov method which is usually less conservative than the common Lyapunov
function method used in the present work.

Appendix

Proof of Lemma 1 We use mathematical induction to prove (26) and (27). Consid-
ering Conditions 2-3, we can derive the following inequalities with the Lyapunov

function v(t, €) and we use v(f) to denote v(r, ¢) for ellipsis. For ¢ € [rf, 1k, ), we
obtain that
(1) < Mo(tf) + voxa (|0lto, 1) ) (38)
It holds for 0 < ¢ < m that
o(ty) < pro() + xa(10(65))- (39)
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Inequalities (38) and (39) then imply
v(t51) < o1 [Mo(e) + vox1 (10100 0 [)] + x2(16 (7))
< piMo(if) + pryoxa (|01, O])) ++x2(10 (257)])- (40)
For m <t <m + n it holds that
v(tr) = v () + 12 (10(65)) (41)

and

v(t51) = e[ Mo () + voa (010, )] + 22|10 (25) 1)

< 22Mo(t) + payoxa (6100, O [) + x2(16 (125)]). (42)
For t € [1},1]),
v(t) < Mu(to) + yoxi(||0Tt0. ) ]) (43)
and
v(11) < pMtio) + prvoa (610, 0 |) + x2(16 (7)) (44)

Then for any 1 < <m, k =1, we have that

t—1
v(t) < M(p1 M) wto) + ) (o1 M) yoxi (|| 610, 1))

=0
t—1
+ 2 (o) M (le (1)) (45)
=1

1 .1
Fort €[z, t+1)

v(t) < M(prM)™v(t0) + Y (p M) yoxa1([[6lt0, 1))
=0

+ Y (M) Mo (16 () 7)]). (46)

=1

With Condition 2, we obtain that

v(tns1) < L2M (o1 M)"v(t0) + p2 Y _ (01 M) yox1(|0lt0. 1))
=0

+o2 Y (M) Mxa(|0(5)]) + x2(|0(tazr) ). @D
=1
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For Vt € [ttl, t¢1+1) m <t <m + n, it holds that

v(1) < M(p2M)™" (p1 M) v(t0) + (02M) "' Y (o1 M) yoxa (|| 6110, 1))
=0

+ (o2 M) " (o) M (J6 ()
=1

t—m—1 t—m—1

+ > (M yoxa (010, D)+ D (eaM) Mxa([6(:15)])- 48)
j=0 j=1

Then
0(15) = V(tmn)

< (p2M)" (p1 M) v(10) + p2(p2M)* ™" > (o1 M) yox1 (|| 6120, 1) )
=0

+p2(p2M)" > (o M) Mo (10(117))
=1

n—1 n—1
+ 02 Y _(2M) yoxa (|00, ) |) + Y _(o2M) Mxa (10t ;)])- (49)
j=0 j=0

For Vt € [13,17),

m—1

v(t) < (2 M) (p1 M) M (t0) + (02M)" (01 M) Y (o1 M) yo i (|| 0110, 1) )
=0

m—1

+ (o2 M) (01 M) Y (o1 M) Mo (|0(2) 7))
=1

+ Y (M) yox1 ([0, D)) + D (02M) Mxa (16 (15,—5)])- (50)
j=0 j=0

With the definition p = (pyM)" pi M and p; M < 1, using mathematical induction,
Vk € Nt and 0 < ¢ < m, it holds that

m—1

v(1) < P (1 M) Mo(to) + % > (o1M) yoxi ([0, )]
(=0
k—1 m—1

+ 20" )" Mo ((6 (1))

s=1 =1

| : 7
+ -, Z(pzM)’VoXI (|otr0. 0]))
j=0
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n

k-1
+ Z pk=1=s Z(,OzM)jMXZHQ(ts;Ln—j) )
s=0

Jj=0

t—1

t—1
+ Y (M) yoxa (6100, 0]) + D (o1 M) Mya(|0(17)]). (51
=0 =1

Then, Vk e NT and m <t <m +n,

(1) < P (o2 M) T (o1 M)™ M (1)

el P 5
+ (02 M) lmZ(PIM)IVO)U(H@[IOJ)”)

k—1 m—1
+ (p2M) "N RS (o) M (6(57))
s=1 =1

|- : ~
+ (M) ! i Y (2M) yoxi (|[6lt0, 1))
=0

k-1
+ (M) Y " ph e SZ(pzM)]MX2(|‘9(m+n )
s=0 J=0

i—1

+ (o2M) "N (oMY yoxa (|61t0. 1))
=0

i—1
+ (o2 M) Y (o) T M ([0 (7))

=1
t—m—1 t—m—1
+ Y (MY yox (|6l D))+ Y (M) Mxa([6(15)]), (52)
j=0 j=1
WhereM:e“‘s,yO:i(M—l). O

Proof of Proposition I With (A0), Vt € [ttk_l, ttk), ke Nt and 0 < <m+n we have

that 1 — o < (k+1)(m+n)3. Then with p < 1, pF*+! < pé(';ﬁm — ¢ Bnm 1P Suppose
that |0(z,)| < ||0[t0, t)]|, then with (51) and (52) the following inequality holds:

m—1
b(r) < e5mn Py (1) + [p > (o1 M) +Z(pzM)J} pyoxl(HG[to,t)I})

pMXZ(”Q[tO ). (53)

[p Y (o))" Z+Z(pzM)f}

Birkhauser



Circuits Syst Signal Process

Recalling Condition 1, we obtain

le()| <ot o (I+e7") oe%mpv(m)

m—1 n

+ay' o +e oY (M) +) (paM)
1=0 j=0

vox1([0lt0. 1))

M x2(]|61r0. 1)) (54)

m—1 n
+ oY (M) (M)
=1 =0

O
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