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Abstract

Since Mao initiated the study of stabilization of continuous-time hybrid stochas-
tic differential equations (SDEs) by feedback controls based on discrete-time state
observations in 2013, many authors have further studied and developed it. How-
ever, so far no work on the pth moment stabilization has been reported. This
paper is to investigate how to stabilize a given unstable hybrid SDE by feedback
controls based on discrete-time state observations, in the sense of H,,, asymptotic
and exponential stability in pth moment for all p > 1. The main techniques used

are constructions of the Lyapunov functionals and generalizations of inequalities.
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1 Introduction

In the past decades, hybrid systems have played a critical role in many applications. As
an important class of hybrid systems, hybrid SDEs (also known as SDEs with Markovian
switching) have attracted increasing attention in recent years. Hybrid SDEs have been
widely used in various fields for modelling systems that may undergo abrupt changes
in practice. An intriguing topic in the study of hybrid SDE is automatic control, with
consequent emphasis being placed on the analysis of asymptotic stability [1, 2, 3, 4, 5, 6,
7,8, 9,10, 11, 12]. In particular, [13, 14] are two of most cited paper (Google citations

583 and 371 respectively) while [15] is the first book in this area (Google citation 855).

Consider an unstable hybrid SDE in the Ito sense

dx(t) = f(x(t),r(t), t)dt + g(x(t), r(t), t)dw(t), (1.1)

where z(t) € R™ is the state, w(t) = (wi(t), - ,w,(t))T is an m-dimensional Brownian
motion, 7(t) is a Markov chain (please see Section 2 for the formal definitions) which
represents the system mode. When stabilizing the system with a feedback control, a
traditional (or regular) choice of is u(x(t),r(t),t) based on continuous-time observations

of state x(t), and the controlled stable system is
dz(t) = (f(x(t),r(t), t) + u(z(t), r(t), t))dt + g(x(t),r(t), t)dw(t). (1.2)

Nevertheless, such a regular feedback control would lead to high cost and sometimes
it’s unrealistic as the observations are often of discrete-time. As a result, Mao [16]
investigated feedback controls based on discrete-time state observations for this problem.
By choosing a positive constant 7, the controller u(x([t/7]7),r(t),t), where [t/7] is the

integer part of ¢/7, needs state observations only at times 0,7,27,---, which is more



realistic and also costs less. Consequently, the controlled system becomes
d(t) = (f(2(t),r(t),t) +w(x([t/7]r), r(t), 1)) dt + g(a(t), r(t), )dw(t). (1.3)

Although the stabilization problem by feedback controls based on the discrete-time
state observations for the deterministic differential equations has already been studied by
many authors (see e.g. [17, 18, 19, 20, 21, 22]), Mao [16] is the first paper to study this
problem for SDEs, which investigated the mean square exponential stabilization. Later,
Mao et.al [23] obtained a better upper bound on observation interval 7. Recently, You
et.al [24] improved the upper bound on 7 again, and investigated the H, asymptotic
and exponential stabilization in mean square and almost surely. However, so far no work

on pth moment stabilization has been reported yet.

As we know, mean square (p = 2) stability is not enough for some problems and a
wide range of moment order p is needed. On one hand, some research problems require
higher-order moment stabilities. For example, higher moment is frequently required in
finance and digital image process. Moment risk premiums in finance involve the skewness
swaps (p = 3) and kurtosis swaps (p = 4); pseudo-Zernike moments in image processing
techniques could require, say, moment order up to 50 (see e.g. [25, 26, 27, 28]). On
the other hand, some problems only require a lower moment stability. Although lower
moment stability can be implied by mean square stability in some existing paper, our new
theory can achieve the target under weaker conditions at lower cost. For example, mean
square condition is unnecessarily too strong for almost sure exponential stability. By
allowing p < 2, we can stabilize the system in almost surely exponential sense by weaker
conditions than what [24] required. Of course, moment stability analysis of stochastic
systems has been widely and deeply studied (see e.g. [29, 30, 31, 32, 33]). The difference
is that, this paper will use a better controller, which is based on discrete-time state
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observations.

Motivated by the above discussions, the main purpose of this paper is to investigate
how to control a given unstable hybrid SDE to be H, stable, asymptotically stable and
exponentially stable in pth moment for all p > 1. Our new established theory enables

the readers to choose p flexibly according to their needs from a wide range (1, 00).

Unlike the mean square case (p = 2), a more general range of moment order brings
more complexity and difficulty to the stabilization problem. For example, it involves
many generalization works of inequalities, and more parameters need to be determined

to choose a good 7 for a fixed p.

The remainder of this paper is organised as follows. Section 2 explains the no-
tations, presents our models and assumptions, and defines functions that will be used
later. Section 3 and 4 mainly investigates the conditions for pth moment asymptotic
and exponential stability respectively. Then Section 5 gives both linear and nonlinear

examples to illustrate our new theory. The final conclusion is stated in Section 6.

Let us begin to develop these new techniques and to establish our new theory.

2 Notation and Stabilization Problem

Let (Q,F,{Fi}t>0,P) be a complete probability space with filtration {F;}¢>o which is
increasing and right continuous and Fy contains all P-null sets. We write the transpose
of a matrix or vector A as AT. Denote the m-dimensional Brownian motion defined on
the probability space by w(t) = (wy(t), -+ ,w,(t))T. For a positive number a, [a] means
the integer part of a. For a vector z, denote by |z| its Euclidean norm. For a matrix @,

its trace norm |Q| = /trace(QTQ) and its operator norm [|Q|| = max{|Qx| : |z| = 1}.



For a real symmetric matrix @, Apnin(Q) and Ayax(Q) means its smallerst and largest
eigenvalues respectively. Denote by LP(£2; R™) the family of R"-valued random variables

x such that E|z|P < oo.

Let r(t) for t > 0 be a right-continuous Markov chain on the probability space taking
values in a finite state space S = {1,2,--- , N} with generator matrix I' = (7;;) nxn Whose
elements v;; are the transition rates from state ¢ to j for i # j and v; = — Z#i Vij- We

assume that Markov chain r(-) is independent of the Brownian motion w(-).

Consider an n-dimensional hybrid SDE
dx(t) = f(x(t),r(t), t)dt + g(x(t), r(t), t)dw(t) (2.1)
on t > 0, with initial values 2(0) = zo € R" and r(0) = ry € S. Here
fiu:R"xSXx Ry - R" and ¢g:R"xS xR, — R™™,

The given system may not be stable and our aim is to design a feedback control u(x(d;), r(t), t)

so that the controlled hybrid SDE

dx(t) = (f(2(t),r(t), 1) +u(@(de), r(t), 1)) dt + g(x(t), r(¢), t)dw(t) (2:2)
becomes stable, where
& = [t/7]7 (2.3)
for 7 > 0.

So our controller u(x(d;),r(t),t) is designed based on the discrete-time state obser-

vations x(0),z(7), z(27),--. Now we impose the following standing hypotheses.

Assumption 2.1 Assume that the coefficients f and g are all locally Lipschitz continu-

ous (see e.q. [15]). We also assume that they satisfy the following linear growth conditions

i) < Kile| and |g(a,i,0)] < Kolal (2.4)



for all (x,i,t) € R" x S X Ry, where K1 and Ky are both positive numbers.

Obviously, (2.4) implies that

f(0,i,t) =0, 9(0,4,t) =0 (2.5)

for all (i,t) € S x R;.

Assumption 2.2 Assume the controller function u are globally Lipschitz continuous,

1.e., there exists a positive constant K3 such that

lu(z,i,t) —u(y,i,t)| < Kzlx —y (2.6)

for all (z,y,i,t) € R x R" x S x R,. We also assume that

w(0,4,t) =0 (2.7)

for all (i,t) € S x R..

We can easily see that Assumption 2.2 implies the following linear growth condition
on the controller function
lu(z,i,t)] < Ks|z| (2.8)
for all (z,i,t) € R" x S x R;.
Noticing that the controlled system (2.2) can be written as an SDDE (see [24]), then

we know that under Assumptions 2.1 and 2.2, there is a unique solution z(¢) such that

E|z(t)|P < oo for all t > 0 and p > 1 (see e.g. [15]).

For stabilization purpose related to the controlled system (2.2), we introduce the

following Lyapunov function operator and Lyapunov functionals.



Let V(z(t),r(t),t) be a Lyapunov function and we require V€ C*'(R"xSx R, ; R,),
i.e., the family of non-negative functions V' (x,i,t) is defined on (z,i,t) € R" x S X R,
which are continuously twice differentiable in  and once in . Then define an operator

LV :R"xSx R, — Rby

LV (x,i,t) = Vi(x,i,t) + Ve(z, i, 0)[ f(x,i,t) + u(x,i,t)]

1
+ §trace[gT(x, i) Via(x, 4, t)g(2,4,1)]

+ 3 V(@ k), (2.9)

k=1
where V;, V, and V,, is the first order partial derivative with respect to ¢, x and the

second order partial derivative with respect to x respectively.

Now we define a Lyapunov functional for a fixed moment order p > 1 by

R ot [t

V(e e, t) = QTQ/t / [T§|f(x(2)ﬂ“(2)>z)+U($(5z)ﬂ“(2)>z)|p+P|9(95(Z),7’(Z),2)|p dzds
(2.10)

for t > 0, where z; := {z(t +s) : —27<s <0} L, rp:={r(t+s): —7<s<0},0isa

positive number to be determined and
p = (2.11)

For the functional to be well defined over 0 < ¢ < 27, we set initial values
x(s) =z, r(s)=ro, f(z,i,s)= f(x,1,0), u(x,i,s) =u(z,i,0), g(x,i,s) = g(x,i,0)

for all (z,4,s) € R" x S x [-271,0).

IFor the definition of x;, we require s € [—27,0] instead of s € [~7,0]. This is because z — 7 < §, < 2

in (2.10). At the starting point z = s =t — 7, we have t — 27 < J, <t — 7.



In addition, we need to construct another functional by

Ulxg, e, t) = V(x(t), r(t),t) + V(rg, e, t). (2.12)

Let’s impose an assumption on the Lyapunov function.

Assumption 2.3 Assume that there is a function V € C*'(R" x S x Ry; R,) and two

positive numbers [, X such that
LV (z,i,t) 4+ UV, (,i,t)|7 7 < =Mz (2.13)

for all (z,i,t) € R" xS X R,.

3 Asymptotic Stabilization

Theorem 3.1 Let Assumptions 2.1, 2.2 and 2.3 hold. Choose a free parameter o €
(0, SI_TP) If T > 0 is sufficiently small for

2(p — DPPT'KY s7, s 1 e
>\>pplp—1(1—810—1(517)72 2T KY + pRY + 4P ITQK?{J]

and 1< Ki3’ (3.1)

then the controlled system (2.2) is Hoo-stable in LP(Q x Ry; R™) (also known as LP(£) x

R ; R™)-stable) in the sense
/ E|z(s)[Pds < oo (3.2)
0

for all initial data xo € R" and ro € S.

Proof. Fix any xo € R" and rg € S. Let

(I)(.Tt, rt7t) - GT% /t— [T%’f(x(s)v T(S)v 8) + UJ(I((SS)?T(S)? S)’p + p|g(m(s), T(S), S)|p ds.

(3.3)



Notice that the integrand in (2.10) is right-continuous in ¢, then we can use the Leibniz

integral ruleto calculate the derivative of V(xt, ¢, t) with respect to t.

~

Vi(ws, e, t) =072 [Tglf(iv(t), r(t),t) + u@(0r), r(2), O + plg(x(t), r(8), O] — @24, 71, 1).
We apply the generalized It6 formula (see e.g. [15]) to U(x,rt,t) and obtain that
dU(l't, Tt t) = LU(fEt, Tt t)dt + dM(t)

for t > 0, where M (t) is a continuous local martingale with M (0) = 0 (we do not need
its explicit form here) and
LU(.Tt7 Tt t)
=Vi(w(t), r(t),t) + Va((t), r(t), OLf (x(t), r(t), £) + u(z(d:), 7 (t), )]
+ gtracelg” (x(t), (1), 1) Vao (2 (t), r(8), t)g(2(t), 7(t), 1))

N
+ Z’Yr(t),jv<x(t)’ja t) + W(xtﬂ“tat)' (34)
j=1
Replace some terms with the operator defined in (2.9), we have

LU (4,1, 1)
=LV (x(t),r(t),t) — Va(x(t), (1), t)[u(z(t), r(t),t) — u(@(d:), r(¢), t)]

+ 075 [P F(a(t), (1), 6) + u(a(6), 7(2), O + plo(a(t), r(0), )] = Bz, 1) (3.5)

By the Young inequality (see e.g. [15, page 52]) and Assumption 2.2, we can derive



that

- ‘/;3(3](25), T(t), t) [u(x(t)u T(t), t) - u(x<5t)a T(t% t)]

<IVe((t),r(t), O)luz(t), r(t), 1) — ulx(d), r(t), )]

p—1 1

<[elVat@(@), r(e), 17| 7 e P ue(t), r(2),0) — u(@(@), r(1), |

Va0 (). 01 + 2 ula(t) (0).8) = (a6 (0.
SVl (6), (0,017 + 3 (P K Ja(t) = (60, (3.

where [ = ’%15 for Ve > 0. Moreover, by Assumptions 2.1, 2.2 and the elementary

inequality |a + b|P < 2P~ 1(]al? 4 |b|?) for Va,be R, we have

F@(8),r(8),8) + u(@(8),r(0), )]
<2 | KL Je(t))" + K3 Ja(6))]

<SOTHKY + 2 K| + 47 K () — (3]

Substituting (3.6) and (3.7) into (3.5) yields that

p

LU(fEta Tty t) S‘CV("L‘@)» r(t)v t) + Z|V;([E(t), T<t)7 t) | p=T
+orh [zp—lf%Kf + pKY + 4P—IT%K§] 2 (t)]P

b (#7004 LD ) - 20 - 2. 69

Then Assumption 2.3 implies that

LUz t) < — Bl + (417—197? v %(pp;ll)p_1>K§\x(t) — ()P — (s, 7, 1),
(3.9)
where
B=B0,7) = A= 078 |2 B KY 4 pih + 47 7 (3.10)
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Furthermore, it’s easy to see from the It6 formula that

|z (t) — x(31)

<2 (| [ o) r(6).9) + 06, r(5). 0s| +] [ atalo). ) awis)[).
(3.11)
Since t — ¢; < 7 for all £ > 0, Holder’s inequality indicates that
| [16)r(6) o)+t r(5) s < 707 [ 1500617 (5) )+t (5) s
(3.12)

For p € (1,2), we use the Burkholder-Davis-Gundy inequality (see e.g. [14, page 40])

and Holder’s inequality to obtain that
z p
E\ / s)du(s) / g(a(0),7(0), D)du(v) )
0t t
2 / o(a(6) 799" < ()38 [ lg(als).r(9) 9P,

For p > 2, we use [14, Theorem 7.1 on page 39| to obtain that

E| / 5)du(s)

Substituting (3.12), (3.13), (3.14) and (2.11) into (3.11) yields

§ E( sup

(5t<z<t

"< PR [t o), o)

Elz(t) — x(d:)["

§2p—17p22E/ [7g|f(x(8),r(8),8) +u(z(d5),7(s), )P + plg(a(s),r(s), s)["|ds.

ot

1—
Let us now choose a parameter a € (0, STP) and choose

— 1Pt
and 6= 2(p — 1)] I'"PKY.

«
< —
"= K pP(1 — 8~ ar)

Then

op—1:557 [4” Lgrp 1(p_—
p pl

11

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)



Combining (3.3), (3.9), (3.15) and (3.17) yields
E(LU (xy, 1, 1)) < —PE|z(t)]?, (3.18)

and by condition (3.1) we have 5 > 0.

Moreover, we know from [15, Lemma 1.9 on page 49] that,
t
EU(xy, 7, t) = U(xo,70,0) +E/ LU (x4, 15, s)ds, for t > 0. (3.19)
0
Denote U(xg,19,0) by Cy for simplicity, then
C(] = V(.ﬁEo, To, O) + 0597% |:T% ’f(l'o, To, O) + 'LL(.T(), To, 0)‘}7 + p‘g(l'o, To, 0)‘17 . (320)

Clearly, Cj is a positive number. Consequently, substituting (3.18) into (3.19) and by

the Fubini theorem, we obtain that
t
0 <EU(xy,r,t) < Co— B/ E|z(s)[Pds, (3.21)
0

for ¢ > 0. Hence
| Blats)as < oy
0

which implies the desired assertion (3.2). The proof is complete. O

Clearly, parameters # and 7 are both positive. To obtain a relatively large 7 that
satisfies (3.1), we need to choose a good value of a. As « increases, lower bound of A (i.e.
Or2 [2”_17%}({’ + pKE + 41’_17%}(5]) also increases. In other words, choosing a larger «
could make Assumption 2.3 stronger. So we need to find a balance between the lower
bound of A and the upper bound K% Moreover, we also need to choose a good value of €.
As the free positive parameter ¢ is positive correlated to [ but negative correlated to A.
While (3.1) implies that an increasing function of 7 has upper bound AP~!. So we need
to find a balance between (2.13) and (3.1). These can be seen in Section 5 Examples.
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Theorem 3.2 Under the same assumptions of Theorem 3.1, the solution of the controlled
system (2.2) satisfies

lim E|z(t)” = 0

t—o0
for any initial data xo € R™ and ro € S. In other words, the controlled system (2.2) is

asymptotically stable in pth moment.

Proof. Again, fix any o € R" and ry € S. We know from the It6 formula that for ¢ > 0,

E(2(t)]") = feol? +E / (pla(s) 722" () (2(5), 7(5), 5) + u(@(3,), 7(s), )] ) ds

+E [ (Bleorlgtals). o), 9 + 222

2()" " (s)g(w(s), 7(s), ) ) ds.
(3.22)

Since 2Ty < |z||y| and |#Tg| < |z||g| for Vz,y € R", g € R™™, we have

E(|2(t)]") < Jeol” + / PE[[2()/7 (1 (w(5). 7(5), )| + [u(w(0.), r(s), 5)]) | ds

_2)
2

" / (BE [l ?lata(s),r(s), )] + L2 Bl lgtals),r(s), )]s

for p > 2, and

Blle(0) < laaf + [ 5B [le(s) (1 (@(s).r(5).5) + (a8, r(5). )] ds
+ [ (5[l 2atets).r(s). 98] )as
for 1 < p < 2. Then Assumptions 2.1 and 2.2 indicate

B(la(t)F) < [+ | (PRI + pEE () 0] + K3Ela(s)F )ds.

(3.23)

where

NI

for p € (1,2),
(p=1)
BE— forp>2.
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Moreover, the Young inequality and the elementary inequality imply that

os)la(6)] < [P la(o)] + e8]

<2 (o= 0Pl + et
< 2 (=17 + 2ol + 2 als) = (),
(3.24)
Substituting this into (3.23) gives
E(|lz(t)|") < |zol? + C/o E|z(s)[Pds + C/O E|z(s) — x(ds)[Pds, (3.25)

where, here and in the remaining part of this paper, C’s denote positive constants that

may change from line to line but we don’t need their explicit forms.

Note that for any s > 0, there is a unique integer v > 0 for s € [v7, (v + 1)7), and
d, = vt for any z € [vT, s].

Recall (3.15) as well as the Assumptions 2.1 and 2.2, we derive that

E|z(s) — 2(5,)" = Ela(s) — z(v7)[”
§2p1T‘°§2E/875\f(x(z),r(z),z) +u(x(d:),7(2), 2)[” + plg(x(2),r(2), 2)["dz

<2 17FE [ 2 [Tl + Kla(or)P] + ool d:

T

o125 [27’—1¢§Kf + pKé’] / Ela(z)[Pdz + 47~ 7P KEE |z (vT) [P

vT

<or-lrts [210—17.%_;({’ + ng] / E|z(2)|Pdz 4 8"~ 7P K¥ <]E|x(s)|p + E|xz(s) — ZL‘(UT)|p>.

vT

Note that the condition (3.1) implies 8~ '7P K% < 1, then we can rearrange it and obtain
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that

p—1 p=2 p—1,_2 7-p p s _
E|z(s) — z(ds)|P < S Gt pKQ] E|z(z)|Pdz + MEM(S)VJ
I = 1— Q1o K? 5. 1— 8 177K? '
(3.26)
Substituting this into (3.25) yields
t t s
Elz(t)]P < ]x0]p+C’/ E|z(s)[Pds + C/ / E|z(z)|Pdzds. (3.27)
0 0 Jés
Besides, it’s easy to show that for a non-negative function F(t),
t s t s
/ / F(z)dzds < / / F(z)dzds
0 Os 0 s—T
t z+T t
< / F(z)/ dsdz < 7'/ F(z)dz.
Applying this to E|z(2)|P gives
t ps t t
/ / E|z(z)[Pdzds < ’7'/ E|z(z)[Pdz < 72\x0]p+7/ E|z(z)[Pdz,
0 s —T 0
then we can rewrite (3.27) as
t
Elz(t)]P < Clzo|” + C’/ E|z(s)|Pds. (3.28)
0
So by Theorem 3.1, we have
Elz(t)[P < C ¥t > 0. (3.29)

Furthermore, it’s easy to see from the It6 formula that
Elx(t)|P — Efz(t:)[”

=k / 2 (Pl 22T O (@(2), r(8),£) + u(a(@,), r(¢),1)]) dt

8 [ (Bl r ot 10,08 + 2L Zeop 1 Ogato), 0, 0 .

t1
After similar calculations to (3.22) and(3.23), we derive that

Blo(to)l - Bla(t)l’ < [ (pKiBlo()l + pEE[ o0} |o(60)] + m3EIo(0)P) dt.

t1
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Then by (3.29), we get that for any 0 < ¢; <t < o0,
Elz(t2)[” — Elz(t1) "] < C(t2 — t1).

According to Barbalat’s lemma (see e.g. [34, page 123]), combining this uniform conti-

nuity with Theorem 3.1 yields that lim; ., E|xz(¢)[" = 0. The proof is complete. O

4 Exponential Stabilization

In last section, we discussed the asymptotic stability and proved that eventually (as
t — 00), Elz(t)[? goes to 0, but we don’t know its speed. To explore the rate at which
the solution tends to zero, let us discuss the exponential stabilization in this section. We

need to impose the following condition at first.

Assumption 4.1 Assume that there is a pair of positive numbers c¢; and co such that
cal|zlP < V(i t) < colz|P (4.1)
for all (x,i,t) € R* xS x R,.

Theorem 4.2 Let Assumptions 2.1, 2.2, 2.8 and 4.1 hold. Choose a parameter o €
(0, 81_Tp), let T > 0 be sufficiently small for (3.1) to hold, set parameters 0 as (3.16) and

B as (3.10), so B > 0. Then the solution of the controlled system (2.2) satisfies

1
lim sup;log(]E|x(t)|p) < —y (4.2)

t—00

and

1
lim sup n log(|z(t)]) < —

t—o00

b2
2
&
—~
e~
w
SN—
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for all initial data xo € R™ and ro € S, where v > 0 is the unique root to the following

equation

in which

and

2rye*™ (Hy + THy) + yea = B,

30177 K2 ]

r —1 bk —1_ Pk
Hy = 075 |2 178 KT + pKY + 47 PR T g

3p—2

81015 KP [21’*17%K{’+ pK?
1 — 8-l K¥

Hy =

Proof. 1t’s easy to see from the generalized It6 formula that

¢
]E[e”tU(mt,Tt, t)} = U(xg,10,0) + E/ (YU (xs,7s,8) + LU (4,75, 5)|ds
0

for t > 0. By (4.1) and (2.12), we have

c1eElz(t)|P < EV (x(t), r(t),t) < e'EU (x4, 74, t)

Then combining (4.6), (3.18) and (3.20) gives

t
CleﬂytE|I‘(t)|p S C() +/ 675[7EU(IS,Ts, 8) - BE"I(SNP]CZ‘S
0

Moreover, substutiting (2.10) and (4.1) into (2.12) gives

EU (5,75, 5) < coB|x(s)[P + BV (24,75, 5).

Since for a function F(v), we have

/ /F(v)dvdz:/ / F(v)dzdv:/ F(v)/ dzdv

_ /H F(v)(v— s+ 7)dv < T/_ F(v)dv.
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(4.5)

(4.6)

(4.7)

(4.8)



Applying this to EV (z,, 7, s) yields that

~

EV(ZE& Tsy 8)
<Or3E / [P0, 0) + ula(6,). o)) + plgaw). 7(w). )] do

SHTQ/ [2”_17%}({? + pK¥ + 4p_1TgK§]E|[E(U)|p + 4p_1TgK§E|$(U) — x(d,)[Pdv.

To make d,, > 0, we need v > 7 and so s > 27. Then by (3.26), we have

~

EV (zs,7s, ) §H1/ E|x(v)|pdv—|—H2/ / E|z(y)[Pdydv. (4.9)
S—T s—1 J by

where both H; and H, have been defined by (4.5).

Since for a non-negative function F'(y),

/ / y)dydv </ / y)dydv
/ / y)dvdy = 7'/ F(y)dy.
s—217 Js—T s—2T

Thus, [T [5 Elz(y)Pdydv <7 [, E|z(y)|’dy. Hence we have
E(V (24,15, 5)) < (Hy + THQ)/ E|z(y)[Pdy. (4.10)
s—2T1
Combining (4.7), (4.8) and (4.10), we obtain that

cre"E|z(t)|P
t t s

<Co— (8= [ @ Blato)Pds o+ 7 [ [ Bltlar)as (4
0 0 s—21

for Vt > 27. Obviously,

o s 2 o e2m7—1 27
| e | Bewrads< [ [ oBR@rasay =~ [ By
0 s—2T —27 J0 v =27

(4.12)
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Besides, it can be easily seen that

t s t y+27
/ e / Elx(y)"dy ) ds < / Ela(y)" / &7ds ) dy
2 s—21 0 Yy

T

¢
< 27‘@277/ eE|z(y)[Pdy. (4.13)
0
Substituting (4.12) and (4.13) into (4.11) gives
t
e Elz(t)P < C + (2776277(1&11 + 7 Hy) + yes — B) / ¢V E|z(s)[Pds. (4.14)
0
The condition (4.4) implies that for V¢ > 27,
cie"Elz(t)P < C. (4.15)

Hence we obtain the assertion (4.2). Finally by [15, Theorem 8.8 on page 309], we obtain

the assertion (4.3) as well. The proof is complete. O

In practice, a common choice of Lyapunov functions is quadratic functions, for exam-
ple, V(x(t),r(t),t) = (z7 (t)Qryx(t))* where Q,( are positive-definite n xn matrices. So
we propose the following corollaries to state how to use this kind of Lyapunov functions
to help exponentially stabilize an unstable hybrid system.

Since V,(z,i,t) = p(z” Q;x)2 27 Q;, then we have |V, (z,14,t)| < p)\é;i(@i)HQi\HxP_l.
So we only need to require LU(z,i,t) < —b|xz|P for b > 0 to satisfy Assumption 2.3.
This leads us to the following alternative assumption. By calculating the derivatives
Vi(z,i,t) = 0 and Viu(x,i,t) = p(p — 2)[z7Qix]? 2Qizz” Q; + plz” Q]2 Q;, we can

casily obtain LU(x,1,t), which is the left-hand-side of (4.16) below.

Assumption 4.3 Assume that there exist positive-definite symmetric matrices @Q; €

R™™ (i € S) and a constant b > 0 such that
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p(:I;TQix)g’l (a:TQi [f(z,i,t) +u(z,i,t)] + %trace[gT(x, i, )Qig(x,1, t)]>

N
+p(z—j — 12" Q] ?|g" Qix]* + Z%‘j [e" Q]

5 < —blz?, (4.16)

Jj=1

for all (x,i,t) € R* xS x R,.

Corollary 4.4 Let Assumptions 2.1, 2.2 and 4.3 hold. Set the parameters in (4.1) as

) p—2 P
et 1 . = 2 . = 2 . . -1
¢ =min AL, (@), c2 = max \iax(Q:) and  d = [pmax \uix(Qi) max [|Q:]] 777

Choose I < b/d and « € (0,8%). Set parameters A = b—1d, 0 as (3.16) and 5 as (3.10).
Let 7 > 0 be sufficiently small for (3.1) to hold. Then (4.2) holds, i.e., the controlled

system 1s pth moment exponentially stable.

5 Examples
Now we illustrate our theory with two examples.

Example 5.1 Now we consider a nonlinear hybrid SDE
de(t) = F(a(t), r(), )t + g(a(8), (1), Hdu(t) (5.1)

ont > 0. Here

w(t) is a scalar Brownian motion; r(¢) is a Markov chain on the state space S = {1,2}

with the generator matrix



and the coefficients are

To(t) cos(z(t To(t) sin(xq(t
= | IO g < | OO
x1(t) sin(x2(t)) x1(t) cos(xa(t))
0.24/323(t) + 23(t) 0.1 —0.1
g(I(t), 17t) - ) g(l‘(t),Q,t) = :L‘(t)
0.24/23(t) + 323(¢) —0.2 04

Figure 5.1 below shows simulated paths and obviously this system is not stable in

the sense of 3rd moment exponential stability.

Figure 5.1: One simulated path of Markov chain r(t) and state z(t), as well as sample mean of
|(t)|? from 2000 simulated paths, all by the Euler-Maruyama method with step size le-6 and

random initial values.

Note that this system satisfies the Assumption 2.1 with K; = 1 and Ky = 0.4671.
We will design a feedback control of the form wu(z,i,t) = A;(z)x and find the observation

interval 7 to make the controlled system

dz(t) = (f(z(t),r(t),t) + u(x(d;), r(t), ) dt + g(z(t), r(t), t)dw(?), (5.2)

become 3rd moment exponentially stable. In the controller, A;(z) : R* — R**? and

Assumption 2.2 will hold with K3 = max;cg  ere ||Ai(x)]].

Now we can start designing A;(z) by choosing our auxiliary Lyapunov functions. We
choose Lyapunov functions of the form V(z,i,t) = (27 Q;z)'® where Q; = ¢;I ( I is the

2k2 identity matrix), so Corollary 4.4 can be applied.

Let V(z,i,t) = ¢}°|x]®> where ¢; = 2,¢go = 1. Then the left-hand-side of (4.16)
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becomes

N
3¢0° || lgix” (f (,4,) + ul, i, 1)) + 0.5qg(x, i, 1) "] + L5gi|a| g 2> + > i) |z f
j=1
N
<1.5¢1%|2|[2K, + K2)|z|? + 22T Ay(2)x] + 1.5¢:K2|z|"® + Z g%
j=1

§|x|xTsz S /\maX(Qi)’IF) (53)
for all « € S, where

N
Qi = 1.5q;° (2K, + K3)I + 1.5¢;°(Ai(x) + Af (2)) + L5 KT+ Y 730,

J=1

Substituting the constant coefficients gives

Q1 = 275171 + 4.2426( A (z) + AT (2))

and Qg = 5.48297 + 1.5(Ay(x) + AL (2)).

Thus, we need to design A;(z) such that Q; is negative-definite for s € S. Of course there

are many choices of A;(x), here we use

0.5sin(z(t)) — 1 -1
Ay (z(t)) =
1 0.5 cos(zo(t)) — 1
-2.3 0.2 cos(zq (t)x2(t))
and  As(z(t)) = (
—0.2 cos(z1(t)z2(t)) —2.3

Substituting the coefficient matrices gives )\max((:)l) = —1.491 and Apax(Q2) = —1.417.
That is, Assumption 4.3 holds with b = 1.417. Assumption 2.2 holds with K3 = 2.309.
Then we calculate parameters in Corollary 4.4 and get ¢; = 1, ¢ = 2.828 and d = 24.717.
To obtain a relatively large observation interval 7, we choose o = 0.008 and [ = 0.038.

This gives A = 0.4777 and condition (3.1) requires 7 < 0.003.
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Corollary 4.4 indicates that the controlled system (5.2) with feedback control defined
as above and 7 < 0.003 is 3rd moment exponentially stable, which is indeed in accor-

dance with the Figure 5.2.

Figure 5.2: One simulated path of Markov chain r(¢) and the corresponding state z(t), as well

as sample mean of |z(¢)|> from 2000 simulated paths, all by the Euler-Maruyama method

with step size le-6, observation interval 7 = 0.003 and random initial values.

Example 5.2 Let us consider the same linear hybrid system as the Example 6.1 in [24].
[24] achieved the almost sure exponential stability by stabilizing the unstable system in
mean square (p = 2) sense. We can achieve the almost sure exponential stability by
weaker conditions: a smaller moment order p. Using the same way of control as in [24],
i.e., using the same F;s and G;s for feedback control u(zx,i,t) = F;G;z, we can apply a
bigger observe interval for the controlled system to be almost surely exponentially stable.

Let p = 1.5. Now we calculate the observe interval 7.

Recall that the original system is

dx(t) = Ar(t)[l?(t)dt + Br(t)x(t)dw(t) (5.4)

on t >ty with coefficients

1 -1 1 1
A1 = , Bl = )
1 =5 1 -1
—5 -1 1 -1
AQ = ; BQ =
1 1 —1 1
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Here w(t) is a scalar Brownian motion and r(¢) is a Markov chain on the state space

S = {1,2} generated by

Figure 5.3 shows simulated paths and obviously this system is not stable in the sense

of 1.5th moment exponential stability.

Figure 5.3: One simulated path of Markov chain r(¢) and the corresponding state z(t), as well
as sample mean of |x(¢)|*® from 2000 simulated paths, all by the Euler-Maruyama method

with step size 1le-6 and random initial values.

Recall that the controller coefficients are

—10 0
F1: 5 G1:(170)7 F2: 5 GQZ(Oal)a

and the controlled system

dr(t) = [A(r(t)z(t) + F(r(t))G(r(t))x(6)|dt + Brpa(t)dw(t); (5.5)

satisfies the Assumption 2.1 and 2.3 with K} = max;cg ||Ai]| = 5.236, Ky = max;cs || Bi]| =

V2 and K5 = 10.

Choosing the same Lyapunov functions as in [24]: @1 = Q2 = I (the 2 x 2 identity
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matrix), the left-hand-side of (??) for p = 1.5 becomes

LU (x,i,t)

N
=1.5|2| (" (f (2,4, 1) + u(x, i,1)) + 0.5]g(w, i, £) ") — 0.375x| >°|g 2> + D yisla|"?
j=1

N
<0.75|z % (22" [A; + FiGilz + | Bix|*) — 0.3757%,,(Bi)|a|"® + )~ yiylal
j=1

§’$|_0'53}Tc~2i1’

SAmaX(Qi)|$|1'5 (5.6)
for all ¢ € S, where
_ N
Qi = 0.75[(Ai + F,Gy) + (Al + F/'G]) + Bl Bi] — 0375\, (B + > il (5.7)
j=1

Substituting the coefficient matrices gives

. —12.75 0 - —6.75 0
Ql = ) QQ =
0 —6.75 0 —12.75

So the Assumption 4.3 holds with b = 6.75.

Then we calculate parameters in Corollary 4.4 and get ¢; = ¢o = 1, d = 3.375. To
maximize observation interval 7, we choose a = 0.15 and [ = 0.66. This gives A = 4.5225,
and finally the condition (3.1) requires 7 < 0.01456.

By Corollary 4.4, the controlled system (5.5) with controllers wu;, uy defined as above and
7 < 0.01456 is exponentially stable in 1.5th moment and almost surely as well. Figure

5.4 shows the computer simulation supports our results clearly.

When we choose the same controller coefficients and Lyapunov functions but different
moment order p, the almost sure exponential stability of the controlled system requires
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Figure 5.4: One simulated path of Markov chain r(¢) and the corresponding state z(t), as well
as sample mean of |x(¢)|*® from 2000 simulated paths, all by the Euler-Maruyama method

with step size le-6, observation interval 7 = 0.0145 and random initial values.

different upper bounds on observation interval 7. This is shown in Table 1 below. If we
only need the almost surely exponential stability (no requirement on moment stability),
then we can choose p = 1.01. This could reduce the state observation frequency to around
one thrid of what was required in [24] for the mean square case. Hence we reduce the

cost of control.

Table 1: Moment order p vs. Observation interval upper bound 7*.

6 Conclusion

In this paper we have discussed the stabilization of continuous-time hybrid stochastic
differential equations by feedback controls based on discrete-time state observations. The
stabilities analysed include pth moment H,, stability and asymptotic stability, pth mo-
ment and almost sure exponential stabilities. The main contributions of this paper are
expanding from the sense of mean square to pth moment for all p > 1, and improving

the upper bound of observation interval 7 to some extent.
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