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Abstract

Given an unstable highly nonlinear hybrid stochastic differential delay equation (SDDE, also known as an SDDE with Markovian
switching), can we design a delay feedback control to make the controlled hybrid SDDE become exponentially stable? Recent
work by Li and Mao in 2020 gave a positive answer when the delay in the given SDDE is a positive constant. It is also noted
that in their paper the time lag in the feedback control is another constant. However, time delay in a real-world system is often
a variable of time while it is difficult to implement the feedback control in practice if the time lag involved is a strict constant.
Mathematically speaking, the stabilization problem becomes much harder if these delays are time-varying, in particular, if
they are not differentiable. The aim of this paper is to tackle the stabilization problem under non-differentiable time delays.
One more new feature in this paper is that the feedback control function used is bounded.
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respectively, while u is the feedback control function,
§ is a positive constant which stands for the time de-
lay of the given system, and 7 another positive constant
which is the time lag between the time when the state
is observed and that when the corresponding feedback
control acts in the system. The high nonlinearity means
t)dt that the coefficients f and g do not satisfy the linear

DdB(®) (1.1) growth condition (see, e.g., [7,12]). For the general the-
’ ) ory of hybrid SDDEs we refer the reader to, for example,
[17,21,23], while for the stability theory to [2,6,14,24,25]
and the references therein. In particular, the reader can
find more information on stabilization of hybrid systems
by delay feedback controls in [14,18,19,27].

1 Introduction

Recently, Li and Mao [9] successfully investigated the
following stabilization problem: given an unstable highly
nonlinear hybrid SDDE

z(t = 0),r(t)
t

da(t) = f(x(t),z(t — ),
) x(t = 0),7(

( ,
+ g(a( )
how could we design a delay feedback control u(x(t —
7),7(t), t) to make the controlled system

da(t) = [f(x(t), z(t = 0),7(t), 1) + u(a(t — 7),7(t),¢)]dt

+g(z(t),x(t — d),r(t),t)dB(t) (1.2) Although the theory established in [9] is useful in the
area of feedback controls for highly nonlinear hybrid SD-
DEs, there are at least three issues to be addressed in

to be stable? Here the state z(t) takes values in R? and [
order to make the theory more useful and applicable:

the mode r(t) is a Markov chain taking values in a finite
space S = {1,2,---, N}, B(t) is a Brownian motion, f

and g are referred to as the drift and diffusion coefficient, Q1 The time delay ¢ in the given SDDE (1.1) is a constant.
Q2 The time lag 7 in the feedback control is a (different)
constant.

* . . .
Th t ted at IFAC ting. Th
5 paberl Was o DIeseise &t any oo Q3 The control function u(z,4,t) could be unbounded.

work is entirely theoretical and the results can be reproduced
using the methods described in this paper. Corresponding
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The reasons why we need to address these issues are
because: (1) the time delay is in general a variable of time
in many real-world SDDE models (see, e.g., [4,23,26,28]);
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(2) it is hard and costs more to design a feedback control
with a strict constant time lag but will be much easier
and cost less if the time lag is within a certain time
interval; (3) the cost of feedback control is in general
proportional to |u(x(t — 7),7(t),t)] and hence the cost
will be reduced if a bounded control function u could be
designed. The aim of this paper is to address all these
issues positively. Our new theory will not only applicable
to much wider class of hybrid SDDE systems in the real
world but the delay feedback controls could also be more
easily implemented while the corresponding costs might
be reduced.

Mathematically speaking, it is no trivial to investigate
any of these issues (see, e.g., the technical proof of The-
orem 2.4 below). Let us discuss Q1 a bit more to see this
point of view. Replacing the time delay ¢ in the SDDE
(1.1) with time-varying delay d&;, we recall a frequently
imposed condition in the stability study is that §; is dif-
ferentiable with its derivative being bounded by a pos-
itive number less than 1 (see, e.g., [4,15]). This condi-
tion has been imposed only because of the mathematical
technique used—the technique of time change but might
not be a natural feature of SDDE models in the real
world (see, e.g., [5,11,20,22]). For example, discontinu-
ous or sawtooth delays occur frequently in sampled-data
controls or network-based controls where delays are com-
monly referred to as fast varying delays (no assumptions
on the delay-derivatives). Also, data are usually buffered
and sent through a network in packets traveling indepen-
dently from each other, and the delay changes abruptly
when processing proceeds from a packet to the subse-
quent one (see, e.g., [3,29]). A simplest case is that the
time delay in a network is larger during business hours
than other time. Such a time delay can be described by
a piecewise constant function, e.g.,

8o = (MIjogesrszy(t) + sz (t),  (1.3)
k=0

where h > h; > 0, the time unit is one day and [0,1/3)
and [1/3, 1) are business and no business period per day,
respectively. But, even such a simple function is not dif-
ferentiable. These show clearly that to make the stabi-
lization theory more useful, we should avoid imposing
the differentiability on the time delay §;. Of course, Q1
will become more challenged as the stability study of sys-
tems with non-differentiable time-varying delay is much
harder than constant or differentiable delay. Similarly,
we see another challenge if we replace the constant time
lag 7 in the controlled SDDE (1.2) with time-varying lag
7, which is only Borel measurable and takes values in a
time interval, say (0, 7]. To see the challenge due to Q3,
we only briefly point out here that the class of bounded
control functions is much smaller than unbounded func-
tions as in [9] and hence the design of a feasible control
function becomes much harder. We will explain much
more in Section 3 below. Tackling these new challenge

makes the mathematics presented in this paper to be
significantly different from [9].

In summary, it is necessary to investigate three issues
listed above in order to make the stabilization theory
more useful in applications. New mathematics needs to
be developed to tackle these issues. Let us begin to de-
velop our new theory on the stabilization problem.

2 Uncontrolled SDDE
2.1 Notation and assumptions

Throughout this paper, unless otherwise specified, we
use the following notation. Let R? be the d-dimensional
Euclidean space and |z| denotes the Euclidean norm of
r € RL Let Ry = [0,00). Let AT denote the trans-

pose of a vector or matrix A. Let |A| = y/trace(AT A)
be the trace norm of a matrix A. If A is a symmet-
ric real-valued matrix (A = A7), denote by Apmin(A)
and A\pax(A) its smallest and largest eigenvalue, respec-
tively. For h > 0, denote by C([—h,0]; R?) the family
of continuous functions ¢ from [—h,0] — R? with the
norm |lp|| = SUP _p, <4 <0 lo(u)|. Denote by C(R% Ry)
the family of continuous functions from R to R,. If
both a, b are real numbers, then a A b = min{a,b} and
aVb = max{a,b}. If A is aset, denote by 14 its indicator
function; that is, I4(z) = 1 if z € A and 0 otherwise.

Let (2, F,P) be a complete probability space with its
filtration {F; };+>0 satisfying the usual conditions (i.e., it
is increasing and right continuous while Fy contains all
P-null sets). Let B(t) = (By(t), -+, Bm(t))T be an m-
dimensional Brownian motion defined on the probability
space. Let r(t), t > 0, be a right-continuous Markov
chain on the same probability space taking values in
a finite state space S = {1,2,---, N} with generator
I'= (’Yij)NxN given by

. . ’)/ijA + O(A) if ¢ 7& j,
P{r(t+A) = t) =17 =
{rt+8) = jir(t) = i} {1+%—A+0(A) if i = j,
where A > 0. Here ~;; > 0 is the transition rate from
itojif i # j while y; = —3 ., 7i;. We assume that
the Markov chain r(-) is independent of the Brownian
motion B(-) under P.

As mentioned in Section 1, one of the key features in this
paper is that the time delay in the given unstable SDDE
is a non-differentiable function of time. To be precise, we
state it as an assumption.

Assumption 2.1 The time-varying delay ; is a Borel
measurable function from R to [h1, h] and has the prop-
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erty that

- ( p(Ms,A)

h:=limsup ( sup
A—0+ s>—h A

J<oo (1)
where hy and h are both positive constants with hy < h,
Msa={t€ Ry :t—06 €ls,s+A)} and u(-) denotes
the Lebesgue measure on R .

It is worth noting that many time-varying delay func-
tions in practice satisfy this assumption. For example,
the left-limited-right-continuous piecewise constant
function

=Y il b (t), t>0, (2:2)

satisfies Assumption 2.1 with h = [(h — hy)/A*] + 2
where my, € [h1,hl and 0 = tg < ¢ < -+ < t, = o0
with A* := inszo(tk+1 — tk) > 0 while [(h — hl)/A*] is
the integer part of (h — hq)/A*. Moreover, if §; is a Lip-
schitz continuous function with its Lipscitiz coefficient
hge € (0, 1), namely

|0 — 05| < ha(t—s), VO<s<t<oo, (2.3)

the §; satisfies Assumption 2.1 with h = 1/(1—hs). Spe-
cially, if §; is differentiable and its derivative is bounded
by he € (0,1), then §; satisfies Assumption 2.1. These
examples show that there is a rich class of functions &;.
It should also be pointed out that we must have h > 1.
This can be seen from the following useful lemma.

Lemma 2.2 Let Assumption 2.1 hold. Let T > 0 and
o : [=h,T — h1] = Ry be a continuous function. Then

T T—h,
/ @t — 6)dt < Tz/ o(t)dt. (2.4)
0 —h

Proof. By Assumption 2.1, for any € > 0, there is a
positive number A such that

sup #Mon) <h+e, VA€(0,A). (2.5)

s>—h A
Note that —h <t —0; <T — hy for t € [0,T)]. Let n be
any large integer such that A := (T — hy + h)/n < A.
Set t, = —h +uA for u =0,1,--- ,n. By the definition
of the Riemann-Lebesgue integral, we have

T
/0 ot —d)d :nlLrI;OZth A)p(ty).

But, by (2.5), u(My, A) < (h +¢)A. Hence
T n—1
/O Pt = 8)ds < lim Z (h+ &) Ap(ty,)

T—h,
— (h+2) / o(O)dt.  (2.6)

—h
Letting ¢ — 0 yields the required assertion (2.4). O

If we let @(t) = 1 for all ¢ > —h, the lemma shows that
T < h(T — hy + h) for any T > 0, which implies h >
limy_ oo T/(T—h1+h) = 1. In other words, Assumption
2.1 forces h > 1 inexplicitly.

As explained in Section 1, the constant delay in the
SDDE (1.1) is replaced by ¢; in this paper. To be pre-
cise, the given unstable system discussed in this paper
is described by the nonlinear hybrid SDDE

x(t — o), r(t),t)dt

ot — o), r(0), 0dBw), 27

with the initial data
{a(t) s —h <t <0} =€ € C(=h, 0 RY),  (28)

where the coefficients f : R? x R? x S x Ry — R? and
g: RYx RYx S x Ry — R¥™™ are Borel measurable
functions. We impose the following assumption on the
coefficients.

Assumption 2.3 Both coefficients f and g are locally
Lipschitz continuous. Moreover, there exist positive con-
stants p, q, a1, ao, a3 with p A ¢ > 2 such that

) qg—1 .
fo($7y7Z7t) + T|g(‘raya Zat)|2
<z + |y*) — azlz” + aslyl?

(2.9)

for all (x,i,t) € R4 x S x Ry.

It should be emphasized that we do NOT require g >
as, which differs significantly from many existing papers,
e.g., [4,9]. Theorem 2.4 below hence covers much more
general hybrid SDDEs.

2.2 Global solution

The following theorem does not only show the existence
and uniqueness of the global solution but also the finite-
ness of the moments of the solution.

Theorem 2.4 Under Assumptions 2.1 and 2.3, equa-
tion (2.7) with the initial data (2.8) has a unique global
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solution x(t) on [—h,00) and the solution has the prop-
erties that for allt > 0

Elz(t)]? < oo (2.10)

and .
E/ lz(s)|PT72ds < oo. (2.11)
0

Proof. The local Lipschitz condition guarantees that
the hybrid SDDE (2.7) with the initial data (2.8) has
a unique maximal local solution, denoted by z(t) on
[—h, exo ), where e is the explosion time (see, e.g., [23]).
We need to show e, = oo a.s. For each integer k& > ||£]],
define the stopping time

Ok = eoo Nnf{t € [0,ec0) @ |2(t)| > k},

where throughout this paper we set inf § = co. As oy, is
increasing, it has a limit and we set 0o, = limy_, o 0.
Obviously, 04 < e a.s. We divide the whole proof into
two steps.

Step 1. Restrict ¢t € [0, hq]. Noting that —h <t —d; <0
we see z(t — §;) = &(t — ;) so is already known. By the
1t6 formula and Assumption 2.3, it is easy to show that

Elz(t Aok)|* = [£(0)]7

tAoCk

< ]E/O qlz(s)[772 [ar(Ja(s)* + [a(s — 6,)]%)

— azlz(s)[P + aslz(s — 6,)[7]ds. (2.12)
But, by the well-known Young inequality,

|2(8)| 72 (s = 85)[* < [a(s)[? + [a(s — 65|

and
aglz(s)7 %[z (s — 65) [P
< 0.500|x(8)[PT72 4 aylx(s — §,)[PTI72,
where
p mmero 9(g—2) i
aim PP 2472 et
p+q—2 a(p+q—2)
Hence

tAop
Elz(t A oy)|? —|—0.5qa2E/ lz(s)|PT72ds

(=)

tAok
< [€(0)|7 + a5 + 2qaE / w(s)|tds,  (2.13)
0
where

h1
a5 = q/ [ar]x(s = 65)17 + aulz(s — 6,)[PF72]ds,
0

which is finite clearly. It follows from (2.13) that

t
Ela(t A ow)|? < [E(0)]7 + as +2qa1/ Ela(s A oy)|ds.
0

An application of the well-known Gronwall inequality
yields

Elz(t A op)]? < (JE0)]7 + as)e??™M = a5 (2.14)

for all t € [0, h1], where throughout this paper we use =:
to stand for ‘denoted by’. This implies

kEP(o), < h1) < Elz(hi Aog)|? < as.
Letting k — oo we see that P(0o < k1) = 0 and hence
000 > hi1 a.s. We can now letting & — oo in (2.14) to
obtain

Elz(t)|? < ag, ¥t € [0, hq]. (2.15)

Setting t = hy in (2.13) and then letting k — oo we also
get

h1
IE/ |l2(s)[PT92ds < a, (2.16)
0

where a7 = (|£(0)|? + a5 + 2qai1a6h1)/(0.5qaz).

Step 2. Restrict t € [0, 2h1]. We have just shown that up
to time Ay, () has properties (2.15) and (2.16). We also
observe that —h < ¢ — §; < hy whenever ¢ € [0,2h4]. In

other words, we already have z(t — d;) from Step 1. By
Lemma 2.2,

2h1 _ hl
/ |z(s — 85)|PT92ds < h/ lz(s) P9 2ds.
0 —h

Consequently, using (2.16), we have

2h1
E/ lz(s — 6,)|PT12ds
0
<hh|€||PT772 + har < oo. (2.17)

It is easy to see that (2.12) still holds for ¢ € [0, 2h;]. In
the same way as (2.13) was proven, we can show that

tACk
E|x(t/\ak)\q+0.5qa2E/ 2(s)PH02ds
OtAak
< JE(O)]7 + as + 2qE / w(s)|tds,  (2.18)
0
where

2hy
ag = q/ [onla(s — 8:)|7 + aalw(s — 0,)[F472] ds,
0
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which is finite by (2.15) and (2.17). From (2.18), we can
show in the similar fashion as in Step 1 that o, > 2hy
a.s.,

Elz(t)]|? < oo, YVt € [0,2h]

and

2hs
IE/ lz(s)[PT972ds < oo.
0

Repeating Step 2 for ¢ € [0,3h1] and then [0, 4h4] etc.,
we can show that oo, = 0o a.s. and assertions (2.10) and
(2.11) hold. The proof is therefore complete. O

2.8 Boundedness

Theorem 2.4 shows the finiteness of the moments of the
solution. In this subsection we are going to show the
boundedness of the moments. For this purpose, we need
to strengthen Assumption 2.3 slightly.

Assumption 2.5 Assumption 2.3 holds and &y > ash,
where

_ azq(q —2) _ asqp
a1 = qog — ——— anda = —. 219
1= qaz Dtq—2 2 ptqg—2 ( )

Theorem 2.6 If Assumptions 2.1 and 2.5 hold, then the
solution of the SDDE (2.7) with the initial data (2.8) has
the properties that

sup E|z(t)]? < oo (2.20)
0<t<oo
and
1 t
limsupf/ E|2(s)[PT92ds < occ. (2.21)
t—o00 t 0

Proof. Let €1 > 0 be the unique root to the equation
a; — €1 = FL(@Q + El)eflh. (222)

By the It6 formula and Assumption 2.3, it is easy to
show that

Bt~ €O < B [ et (ailalo)l
+ gl [on (2 + [o(s — 6,))
— an|z(8)|P + aglz(s — 65)|p])d5. (2.23)

It should be mentioned that based on Theorem 2.4, we
no longer need to use the technique of stopping times. A

simple application of the Young inequality shows
e Elx(t)]? — [£(0)]7
t
< IE/ e=* (asla(s)]? + aula(s — 8,)|°
0

= afe()"72 + @ala(s — o) [PH1)ds,  (2.24)

where a3 = 1 + 20(1(6] — 1), a4 = 201 but @1 and as
have been defined in the statement of the theorem. It
then follows
Rz ()]7 — [£(0)]7
t
0
+ (a2 +en)le(s = 8|72 ds, (2.25)

where
a5 = 2sup [dguq — €1up+q_2}.
u>0

But, by Lemma 2.2, we can show that
t
/ e 8| x(s — 0,)|[PTI2ds
0

t
<661h/ 661(8—65)
0

t
<hett™ (el + / 1 |a(s)[P 92 ).
0

z(s — ;)P 2ds

Substituting this into (2.25) and making use of (2.22),
we get

e Bl (1) — [€(0)]7 < %eslt + hh(@g + e1)es || g||Pra2.
1
This implies
Elz(t)]? < |£(0)]? + hh(as +€1)€Eth§Hp+q72 I %
1

for all t > 0, which is the first assertion (2.20).

To show the second assertion, we let €2 > 0 be the unique
root to the equation a; — 269 = (@2 + €2)h. In a similar
fashion as (2.25) was proven, we can show that

Elz(t)]? — [£(0)]
= EA (5‘6 — (a1 — g)|z(s) P2
+ (G + £2)|a(s — 68)\”+q’2>ds, (2.26)

where

ag = 2sup [2041(q — Du? — 62up+q72].
u>0
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But, by Lemma 2.2,

t
0
~ t
§h<h||£\|p+q’2+/ |w(s)|p+q’2ds).
0
Hence

0 < [€(0)|* + agt + hh(az + &) €[PF172

¢
*82]}2/ |z(s)|PT92ds. (2.27)
0

This implies

t—o00

1 st
lim sup E/ E|z(s)[PT92ds < ag/ea < 00
0

as required. The proof is therefore complete. O

It is worth noting that if h = 1 (e.g., in the case of
constant delay), as > agh is equivalent to s > ag, and
the latter was imposed in [9]. In other words, Theorem
2.6 is a generalization of Theorem 2.3 in [9].

3 Controlled SDDE
3.1 Solution

The solution of the given hybrid SDDE (2.7) has finite or
bounded moments under Assumption 2.3 or 2.5, respec-
tively, but it may not tend to 0 exponentially in moment
or with probability 1 (i.e., exponentially stable). In this
case, we may required to design a delay feedback control
u(z(t — 1), r(t),t) for the controlled SDDE

dx(t) = [f(z(t), z(t — &), 7(t),t) + u(z(t — 1), r(t), t)]dt
+ g(x(t),x(t — 0;),r(t),t)dB(t) (3.1)

to become stable. Here the control function u : R% x S x
R, — R%is Borel measurable, while 7; is a function on
R, which stands for the time lag between the time when
the state observation is made and the time when the
corresponding control reaches the system. We impose an
assumption on 7.

Assumption 3.1 The control time lag T4 is a Borel mea-
surable function from Ry to [0, 7], where T is a positive
number.

It is worth noting that we impose a much weaker con-
dition on the control time lag ¢ than the time delay d;
in the given SDDE. This enables the feedback control to

be implemented more easily. Naturally we need slightly
adjust the initial data by imposing

{z(t): —ho <t <0} =€ € C([~ho,0]; RY), (3.2)

where hg = h V 7. The class of feasible control functions
to be used in this paper is described in the following
assumption.

Assumption 3.2 The control function u : R x S x
R, — R%is bounded and, moreover, there exists a posi-
tive number B such that

"LL(.’I,‘, Z7t) - u(y,7,7t)| < ﬁ‘x - y| (33)
and u(0,i,t) = 0 for all (z,y,i,t) € R x R¥ x S x Ry.

As explained in Section 1, the reason why we ask the con-
trol function to be bounded is because that, in general,
the control cost is proportional to |u(x(t — 7¢),7(¢),t)].
The bounded condition on « is not imposed in [9]. This
means the class of feasible control functions is smaller
than that in [9]. However, there are still lots of such
control functions. For example, u(z,i,t) = F,G;m.(x),
where F; € R*™! and G; € R for some 1 < | < d with
either G; or F; being known but F; or G; to be designed,
respectively; while r > 0 and 7, : RY — S, := {x € R :
|z| < r} defined by

() = (|Jz| Ar)x/|z|, x € R, (3.4)

where throughout this paper we set x/|z|] = 0 when
x = 0. Another example is

u(z,i,t) = F;Gi(sin(zy/7),- -+ ,sin(zq/r))".

The following theorem shows that any such a feasible
control function preserves the property of the unique
global solution.

Theorem 3.3 If Assumptions 2.1, 2.8, 8.1 and 3.2 hold,
then the controlled SDDE (3.1) with the initial data (3.2)
has a unique global solution x(t) on [—hg,o0) which has
properties (2.10) and (2.11). If, moreover, Assumption
2.3 is strengthened to Assumption 2.5, then the solution
has properties (2.20) and (2.21).

This theorem can be proven in a similar fashion as The-
orems 2.4 and 2.6 were proven. The reason why we can
impose a weaker condition on 7y than we did on J; is
because u is globally Lipschitz continuous. We omit the
proof here. To close this subsection, we introduce a tech-
nical assumption.

Assumption 3.4 There exist constants K > 0, ¢1 > 1
and ¢; > 1 (2 <1i<4) such that

[f (@, y,0,0)] < K (o] + [yl + || + [y]*),

. 3.5
9(e,9,6,0)] < K(lo| + [y] + [z + gy 3D
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for all (z,y,i,t) € R* x R* x S x Ry. Moreover, p and
q in Assumption 2.8 satisfy

g>{p+qa—1)V(2aqVaeVagVa)), (3.6)
P>2(1Vq@VaVa)—q+l (3.7)

3.2 Rules for the control function

In this subsection, we shall propose a couple of rules. We
will then show in the next subsection that if the control
function u to be designed can meet these rules, then the
controlled SDDE (3.1) will be stable. Our first rule is:

Rule 3.5 Design the control functionu : R*x Sx R, —
R? so that we can find real numbers a;, a;, positive num-

bers ¢;, ¢; and nonnegative numbers b;, b;, d;, d; (1 € S)
such that
T f (@, ,5,8) + (1, 8)] + 2oz, ,5,6)
2 (3.8)
< ailz* + bilyl? — cilzl” + dily[”
and
T . . q1 . 2
x z,y,1,t) +ulz,t,t)] + —=|9(x,y,1,t
[f(z,y.4,1) +ulz, i, )] + (@, y, i, 1)) (3.9)

< @iz + bily? — &P + dilyl?

for all (z,y,i,t) € R x R x S x R, ; while both

Al = _2diag(a17 T 7aN) - F7 (3 10)
and Ag := —(q1 + 1)diag(@y,--- ,an) —T ‘
are nonsingular M-matrices; and moreover,
1> h¢y, G > hes,
1+2h
1> Glo—Le2h], (3.11)
Colg1 —14-ph]
G > a1
where q1 is the same as in Assumption 3.4,
o ’ ) = A ! ) 71 Ta
( 1 ) 1 ( )T (312)
(917 '7 ) AQ (7' 71> )
G = meaég{ 26,b;, (o= mln 20;c;,

¢ = max 26,d;, (o= rgleasx(ql +1)0:bi,  (3.13)
), )

5 = mi 1)0:¢;, C6 = 1)0;d,
¢ Igélg(q1+ )0:ci, Co rgleas?c(qﬁr

In the definition above we use the theory of nonsingular
M-matrices (see, e.g., [23, Section 2.6]), by which we see
that all 6; and 6; defined by (3.12) are positive.

The control functions used in this paper are required to
be bounded in addition to the global Lipschitz continuity.
These functions are very much different from those used
in [9] and we have explained why we need to impose the
bounded condition in this paper.

Let us explain why we propose Rule 3.5. Assuming that
the feedback control acts instantly, namely 7, = 0, we
observe that the controlled SDDE (3.1) becomes

dz(t) = [f(x(t),x(t — &), (1), 1) + u(z(t), (L), t)]dt
+ g(z(t), x(t — &), r(t), t)dB(¢). (3.14)

Define a function U : R x S — R, by

U(x,i) = 0;|x|* 4+ 0;|x|" T, (x,i) € RYx S (3.15)

while define a function LU : R x R? x S x R, — R by
LU(z,y,1,t)
= 20, [mT[f(x,y, i) +ulz,i,t)] + %|g(m,y, z’,t)ﬂ
+ (ar+ )8 (o™ o[ (@, 4,8) + ule, 1)
+0.50z( " g (w, 4, 1)[?

+0.5(q1 — Dlal® (2T g(w,,1,1) )
N

+ 2 % (05l + 012,
Jj=1

(3.16)

where 6; and 6; have been defined by (3.12). It is worth
mentioning that £ is in fact the diffusion operator acting
on C?%! functions with respect to (3.14) but we here
prefer to treat LU as a single function. By (3.8), (3.9)
and (3.12), (3.13), we have

ﬁU("I"7 y? i? t)
< —lz?+ Glyl? = Gl + Gyl

_ |x|q1+1 + C4|I|Q171|y|2 _ C5|x|p+qu + C6|x|q171|y|p

2Cy
—Cz|~’0\p+C3|y|p+7|y\ql+1

IN

—la* + Clyl?

_ (1 _ C4(Ch—1)> ‘x|f11+1 + <7|y|20+fh—1
g1 +1 P+a

(~ Sela—1) +ar—1
(C5 p+q1_1>|x|P -1

(3.17)
In a similar way as [4, Theorem 3.1] was proven but
using condition (3.11) and Lemma 2.2, we can show
that the SDDE (3.14) is exponentially stable. In other
words, the control function u(z,i,t) satisfying Rule 3.5
will stabilize the given SDDE if the feedback control
acts instantly, namely the feedback control has the form
of u(x(t),r(t),t). However, as explained in Section 1,
we should use the delay state feedback control u(x(t —
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7t),7(t),t) in practice. That is, the controlled SDDE
should be of the form (3.1) instead of (3.14). Comparing
(3.1) with (3.14), we observe that if 73, the time lag be-
tween the time when the state is observed and that when
the feedback control reaches the system, is sufficiently
small, equation (3.1) should behave similarly to what
equation (3.14) performs (i.e., stable). As 73 is bounded
by 7, this means 7 needs to be sufficiently small. To de-
scribe "sufficiently small” precisely while to cope with
the polynomial growth of the coefficients f and g, we
now propose the second rule.

Rule 3.6 Find eight positive constants v; (1<3j<8)
with vg > vsh and vs € (0,1/h), and a function W €
C(R% R,), such that

LU(x,,i,t) +v1 (26:2] + (g1 + 1)Bi||®)?

< —uvglz’ +oslyl? = W(z) +vsW(y), (3.18)

and

vr|z|PTET < W(z) < wg(1 + |zfPre—h) (3.19)

for all (z,y,i,t) € R* x RYx S x R,.

It is not very difficult to show that this rule can always
be met under Assumptions 2.3 and 3.4.

3.3  Ezponential stabilization

We can finally establish our theory on the exponential
stabilization.

Theorem 3.7 Let Assumptions 2.1, 2.3, 3.1 and 3.4
hold. Design a control function u in the feasible class
(i.e., satisfying Assumption 3.2) to meet Rule 3.5 and
then find eight positive constants v; (1 < j < 8) and a
function W € C(R%; R,) to meet Rule 3.6. If we further
make sure

_ (va—vsh)vy  Joroa  vivs 1
P R A LN TR s (320)

then the solution of the controlled SDDE (3.1) with the
initial data (3.2) has the property

1
lim sup : log(E|z(t)|?) < 0.

t—o00

(3.21)

That is, the controlled SDDE (3.1) is exponentially stable
in mean square.

Proof. We will use the method of Lyapunov functionals
to prove the theorem (please see, e.g., [2,8,9] for more
details on the method). For this purpose, we define two

segments 7y := {x(t +s) : —2hg < s < 0} and 7 =
{r(t+s): —ho < s <0} for t > 2hg. For &; and 7 to be
well defined for 0 < t < 2hg, we set z(s) = £(—hyg) for
s € [—2hg, —ho) and r(s) = r(0) for s € [—2hg,0). The
Lyapunov functional is defined by

V (24,71, t) = Ulz(t), (1) + (82/v1) ¥ ()

for t > 2hg, where U has been defined by (3.15) and

(3.22)

0 t
U(t) = 7| £y + uy|? o dvds. 3.23
(1) /;ZHHf+UI+9Hv8 (3.23)

Here throughout this proof we use the following sim-
plified notations f, = f(z(v),z(v — §y),r(v),v), Uy, =
u(z(v — 1), r(v),v), g» = glx(v),z(v — ), r(v),v) for
v > 0. By the generalized It6 formula (see, e.g., [23]) and
the fundamental theory of calculus, it is straightforward
to show that

AV (&4, 70, t) < LV (Zg, 7, )dt + dM(t)  (3.24)

on t > 2hg, where
LV (Zy, 74, t) = LU(x(t), z(t — 6p), r(t),t)
— [20,) + (@1 + 1)yl (t)| M2 (1)
x u(z(t),r(t), 1) — u(z(t — 1), r(t),t)]
+ (B°7 /1) [71 fe + we* + |g: )]

@) [ [rlf el + o

7

(3.25)

in which LU has been defined by (3.16). By Theorem
3.3 and Assumptions 3.2 and 3.4 as well as Rule 3.5, it
is obvious that

E[LV (&, 7, t)| < oo, Vt > 2h. (3.26)

Let ¢ be a sufficiently small positive number, which will
be determined later. It is standard to show that for ¢ >
2hg,

eEtEV(it, ft, t) — Cl

t
g/ eES(eEV(azs,fs,s)+1ELV(5cs,fs,s))ds, (3.27)
2hg

where C; = e2€h0EV(i2h0,f2h0,2h0). Set m =
min;eg 0;, 1o = max;cg 0; and 73 = max;cg ¢;. Then

2
meBla() < 1+ a1
1

t
4 [ e (mElo(s)? + mElas)[ ) ds
QhU

¢
+ / e ELV (&s,7s, s)ds, (3.28)
2

ho
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where

®4(t)
:E/2h0 /_T/s+u [71fo + wol® + [0 ]dvdu)d

In a similar fashion as in [9], we can show that

ELV (Zs,7s, )

7,2 4
<~ (va = TBla(o) + vsEla(s - 6.)
~EW(a() + vEW (a(s - 5,)
_ %E/H [71fo +ul? + go?]dv. (3.29)

On the other hand, we obviously have

E|z(s)|2 T < E|z(s)|* + E|z(s)[PT0 1
< Ela(s))? + o7 'EW (z(s)).  (3.30)

Substituting (3.29) and (3.30) into (3.28) while noting
by Lemma 2.2 that

t t
/ e Ela(s — 65)2ds < Besh/ e“*Elx(s)|*ds
2

ho —h
and
t - t
/ e EW (x(s — d5))ds < hesh/ e EW (z(s))ds,
2ho —h
we get
£32 2
me B0 < Ca + 01(0) - ()

t

47 204 _
- <U4 T ENy — €Nz — ’U5h€€h> /
Ul 2

(1 B vehe® ) /; e EW (x(s))ds (3.31)

(Vrd ho

ho

for t > 2hg, where Cy = Cy + hes? f2h° eslusElz(s)|? +

veEW (2(s))]ds and
t s
Oy (t) = ]E/ 665(/ [7Lfo + uol® + lgul*] dv ) ds.
2hg S—T
On the other hand, it is easy to see that

q)l(t) < 77'(132@).

Recalling that 1 > vgh and (3.20), we can now choose a
sufficiently small £ € (0,1/(4hg)) such that

47284
U1

Vg — —eny —ensg — vshe" >0

e Elz(s)|?ds

and

L

U7

6716€h Z 0.

Consequently, it follows from (3.31) that

El(t)]”

< (Co/my)e ", ¥t > 2hg, (3.32)

which implies the required assertion (3.21). The proof is
hence complete. O

The following theorem shows that if Assumption 2.3 is
strengthened into Assumption 2.5, stronger results can
be obtained.

Theorem 3.8 If all conditions in Theorem 3.7 hold ex-
cept Assumption 2.8 is replaced with Assumption 2.5,
then the solution of the controlled SDDE (3.1) with the
initial data (3.2) has the properties that

lim sup — log(E|x( )|7) <0,

t—o00

Vge2,9)  (3.33)

and

limsup — 10g(|x( )) <0 a.s. (3.34)

t—o0

That is, the controlled SDDE (8.1) is not only exponen-
tially stable in LY but also almost surely exponentially
stable.

The proof is standard (see, e.g., [9]) so is omitted.

4 Example

Due to the page limit, we will only discuss one example
but the theoretical results established in this paper are
illustrated fully.

Example 4.1 Consider the scalar hybrid SDDE

de(t) = J(@(0),a(t = 60),7(0))dh
o).l - 6),r0)ane Y

on t > 0, but we will omit mentioning the initial data.
Here the coefficients f and g are defined by

= x(—1.5x2 + 2y)7 g(.’E, Y, 1) =012y,
:I(*21I2+y)7 g(‘ray72) = 022Y

for x,y € R, where o1, 09 are two arbitrary numbers,
B(t) is a scalar Brownian motion, r(¢) is a Markov chain
on the state space S = {1,2} with its generator I" =
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= Z [(0.1 4 0.1(t — 2K)) 12k 2541 ()
(0 2= 0.1(t — 2k — 1))k 1,20641)) ()]

This is a simple version of the hybrid SDDE food chain
model (see, e.g., [1,15]). It is easy to see that 0, satisfies
Assumption 2.1 with A1 = 0.1, h = 0.2 and h = 1.1111.
It is also easy to show that Assumption 2.3 holds for
p=4, a1 =4, a0 =1, a3 = (q—1)%[(c}/4) V (05/16)]
and any ¢ > 2. (It is possible to do better but we do not
want to make it more complicated.) By Theorem 2.4,
the SDDE (4.1) has a unique global solution x(t) which
has properties (2.10) and (2.11).

To make Assumption 2.5 hold, it is sufficient if 1 > hasg,
namely 407 V o5 < 14.4/(q — 1)%. In this case, Theorem
2.6 shows the solution z(¢) has properties (2.20) and
(2.21).

We can also check Assumption 3.4 hold with ¢; = 3,
g2 = q3 = q4 = 2, p =4 and any q > 6. In the remaining
part of this example, we will fix ¢ = 7 and o1 = 0.2,
o2 = 0.5. By Theorem 2.6, the solution is bounded up to
the 7th moment but the SDDE (4.1) may not be stable.
To stabilize it, we use the delay feedback control to form
the controlled system

dz(t) = [f(x(t), z(t — 6¢),r(t)) + u(z(t — 1), r(t))]dt
+ g(x(t), z(t — ), r(t))dB(t), (4.2)
where
u(z, i) = (=313 (4) — 212y (8))mr, (@) (4.3)

with 71 = 2.2 and ro = 1.8 (please recall (3.4) for the
definition of m,, (x)), and 7; satisfies Assumption 3.1.
Clearly, Assumption 3.2 is satisfied with 8 = 3. By The-
orem 3.3, this controlled system has the unique solution
x(t) which has properties (2.20) and (2.21). Making use
of the property that

vu(z,i) — 0.12* < (=311 (i) — 2L{2(3))2?,

we can easily show that, for (z,y,i) € Rx R xS X Ry,

1 .

[f(x Y, ) + U(I Z)] + §|g(xay77’)|2
- =322+ 2y? — 1.142* +0.01y*, i=1,
| =22 4+ y? — 1.68752% + 0.0625¢%, i =2,

10

and

ol f(z,y, 1) + u(z, i)
< —322 +2¢y% — 1.122% + 0.03y%, i=1,
| —222 4+ y? — 1.5632% 4+ 0.1875y%, i = 2.

q1 .
+ E|g($,y,’6)‘2

Namely, (3.8) and (3.9) hold with a; = —3, by =2, 1
114 d1—001 a2——2 b2—1 02—16875 d2
00625 CL1——3 b1—2 C1—112 d1—003 a9 =
-2, bg =1, ¢co = 1.563, dy = 0.1875. Consequently,
2
) , which are both
9

8 —2 14 —
./41 = < ) and ./42 = (
-1 5 -1

M-matrices. By (3.12) and (3.13), we then have 6,
0.1842, 6, = 0.2368, 61 = 0.0887, 62 = 0.1210, and (3
0.7368. (5 = 0.4200, (5 = 0.0296, (4 — 0.7096, C5 —
0.3974, (g = 0.0908, which satisfy (3.11). In other words,
the control function u(z, %) satisfies Rule 3.5. To verify
Rule 3.6, we note that the function U defined by (3.15)
has the form

Ul(x,1) :{

By (3.17), we get

0.18428z2 + 0.0887x*
0.236822 + 0.1210z*

ifi=1,
ifi = 2.

LU (z,y,1,t) < — +0.7368y% — 1.0652z* + 0.3844y*
—0.36712° + 0.0605%°.

Also

(20,2 +(g1+1)6; || )” < 0.224322+0.45842* +0.234325,

|f(z,y,9)]? < 62" + 7.912° + 4y* + ¢,
lg(z,y,1)|? < 0.1252% 4 0.125y*.

Choosing v1 = 0.3, v3 = 0.02 and v = 0.31, we then
obtain

LU (2, y,i,t) + v1 (20:]2] + (q1 + 1)fi]2|)*
+ 2| f(a,y, 0, 0)° + vslg (e, y,i, )

< —0.93272% + 0.7368y* — W (z) + 0.6544W (),
(4.4)

where W (z) = 0.7689z* 4 0.138625. That is, Rule 3.6
is satisfied with additional vy = 0.9327, vs = 0.7368,

= 0.6544, v; = 0.1386 and vg = 0.9075. Conse-
quently, condition (3.20) becomes 7 < 0.0103. By Theo-
rems 3.8, we can therefore conclude that the controlled
SDDE (4.2) with 0y = 0.2, 03 = 0.5 and the control
function (4.3) is not only exponentially stable in L4 for
any g € [2,7) but also almost surely exponentially stable
provided 7 < 0.0103.
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5 Conclusion

In this paper we have made some advances in the theory
on stabilization by delay feedback controls for highly
nonlinear hybrid SDDEs. In particular, comparing with
the results in the recent paper [9], we have advanced in
three aspects: (a) The time delay in the given unstable
SDDE is no longer needed to be a constant but a variable
of time which may not have to be differentiable. Our new
theory hence covers a much wider class of SDDEs. (b)
The time lag in the feedback control is now allowed to
take values in an interval but not a constant. Our new
theory can therefore be implemented much more easily.
(c) The control function used is bounded hence our new
theory could reduce the control cost.
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