Gulf Journal of Mathematics ISSN: 2309-4966
Vol 21, Tssue 1 (2025) 369-381 https://doi.org/10.56947 /gjom.v21i1.3400

APPROXIMATE CONTROLLABILITY OF SECOND-ORDER
DIFFERENTIAL EQUATIONS WITH TIME DELAYS IN INPUT
AND STATE

BANDITA ROY?, ANIMESH AICH? and JOGEN DUTTA3*

ABSTRACT. This article examines the approximate controllability of a class
of second-order ordinary differential equations, where the input and system
state, both have non-zero delays. Here, the existence and uniqueness of the
mild solution to the problem is derived using a generalized contraction princi-
ple and properties of the cosine family of bounded linear operators on a Banach
space. Also, the approximate controllability of the system under consideration
and the related linear system with delay are achieved under a set of suitable
criteria. The methodology employed for establishing the outcomes guarantees
that the nonlinear system’s approximate controllability remains independent
of the approximate controllability of the corresponding linear system with de-
lay. Further, the results are valid whether or not the operators are noncompact.
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1. INTRODUCTION

Second order differential equations have drawn a lot of attention because they
may be utilized to investigate a wide range of real-world events. It is essential
in interpreting a broad variety of phenomena in the domains of biology, physics,
and other sciences. Modeling the behavior of an electrical circuit, or the motion
of a simple pendulum, are a few examples. The theory of the strongly continuous
cosine family of operators is a helpful tool for studying second-order abstract
differential equations in infinite dimensional spaces. The study was initiated by
Fattorini in 1969 [3, 9]. The theory was then further developed by Travis and
Webb, who also carried out more research on second-order evolution equations
using the cosine family of operators [23, 24]. Numerous researchers have since,
used this theory to investigate various forms of controllability, mild solutions and
other solutions for second order differential equations [19, 7].
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Nonlinear systems with time or state delay are studied because of a variety of
issues that arise in physical and biological systems. Examples include, how the
thyroid gland functions to regulate blood sugar and insulin levels, how the central
nervous system behaves during learning, etc. Here, the evolution of the processes
is influenced by past information, and such situations are modelled with the help
of delay differential equations [10, 12]. The hot shower problem is a well-known
example of a finite delay system, that arises because of the time it takes for the
water to heat up and flow from the faucet to the shower head. For systems
with finite delay in state, one can refer to the works by [22], [17] as well as the
references included there.

Many physical systems include time delays, which can occur not only in the
system’s state, but also in the control, or both. For systems with control delay,
the current rate of change of control, are dependent on their preceding values
and thus can be best represented with the help of delay differential equations
with time delay present in the control function. For example, input delays can
result from population dynamics, harmonic oscillator with delayed forcing term,
time-consuming data collection, or in biological processes such as gestation delays
[3], [1]. When a mobile robot or other teleoperated system, placed in a remote
location, is controlled, it gives rise to a transport delay in the communication
channel, which becomes an input delay for the device under control [25]. Now,
compared to delay in state, there is very little literature on systems with con-
trol delay, and most of it is limited to finite-dimensional cases. The study for
finite-dimensional case was initiated by Chyung [0], where the author established
necessary and sufficient conditions for controllability of a time-invariant linear
system with delay in the control function. Sebakhy and Bayoumi [21], developed
a simple test to determine the controllability of the same system [0]. Thereafter,
results on different types of controllability was established by Olbrot [20] for lin-
ear systems with delay in control, and Klamka made a significant contribution to
the literature by developing the theory for both linear and nonlinear systems with

time variable and distributed delays in control (see, [13]-[16]). For more works
related to the controllability of systems with delay in finite dimensional setup,
one can refer to [18] and the references therein.

For literature related to controllability of problems with delay in control, in
infinite dimension, the study is mostly confined to first order ordinary differential
equation ( see [, 2]). While Haq and Sukavanam [11] studied second order re-
tarded systems, Afreen et al [1] focused on second order stochastic systems, and
they determined the approximate controllability of the corresponding systems
with input delays. In all the mentioned articles, zero initial control is considered
and most of the results will fail, if the initial control is taken to be non-zero. How-
ever, as mentioned in [5], it is possible to have non-zero initial control. Motivated
by the above discussion, this work aims to address the approximate controllability
of the following system:
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w//(t) = TW(t) + F()l/(t> + Fll/(t — Oz) —|—p<t’wx(t)’ ]/(t)) t e (O, T]?
w’(O) = Wi,

w(t) = A(t), t € [-5,0], (1.1)
v(t) =v(t), t € [—a,0]

Here, 0 < o < g <Y, T : D(T) Cc W — W is a closed linear operator
generating a strongly continuous cosine family on a Banach space W, the control
function v € L*([0, Y], N), where N is a Banach space and with v € C([—a, 0], N)
being the initial control. Fy : L*([0,Y],N) — L*([0,T],W) and F; : N = W
are bounded linear operators. p : [0, Y] x C([=3,0], W) x N — W is a given
nonlinear function satisfying some assumptions to be specified later. Also, for
w € C([=4,T],W), the function wyuy € C([—4,0],W) is defined by wyu(t) =
w(t+z(t)), t € [—f,0], where, z : [0, Y] — [0, Y] satisfies ¢t > «(t) for all ¢ in the
specified interval. w; € Q, which will be defined later and A € C([—/,0], W) is
such that A(0) € D(T).

So far it has been observed that, the study of approximate controllability of
second order systems with delay in infinite dimensional case, with non-zero ini-
tial control, is not well covered in literature. Therefore, in order to close the gap,
the study of the second order system (1.1), with delay in both state and control
is considered. Unlike the majority of other approaches, here the approximate
controllability of the investigated nonlinear system is independent of the approx-
imate controllability of its corresponding linear system with delay. The outcomes
hold true regardless of whether the operators are compact or noncompact.

The arrangement of the article is as follows: Section 2 provides an overview
of the notations used throughout this work and defines the mild solution for the
problem under consideration. The existence and uniqueness results are presented
in Section 3. Section 4 includes some results and sufficient conditions which
assists in establishing the approximate controllability of (1.1). Lastly, Section 5,
provides a summary of the outcomes of this work.

2. PRELIMINARIES

The following notations are used throughout the work:
(W,|.l,) and (N, ].||y) are Banach spaces. {T,(t)}er and {T,(t)}ier denotes
the strongly continuous cosine and sine family of bounded linear operators on
W. C and S are two positive real numbers such that |7, (t)||pw) < C and
|7 () ||lsowy < S for all t € [0, Y] (by using Uniform boundedness theorem). T is
the infinitesimal generator of {7, (t)}+cr, with domain D(T") defined by

D(T) ={w € W|T,(t)w is twice continuously differentiable function in ¢},

and, Q = {w € W|T,(t)w is once continuously differentiable function in ¢}. For
more details on the theory and properties of cosine and sine family of operators,
refer to [23, 24].
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(B(N, W), |Ill ,w) is a Banach space, where B(N,W) denotes the set of all
bounded linear m]zvaups from N to W. The function spaces
Ooc = (C([—Oé,()], W)? ”'Hca)v C,B = (C([_B’ 0]7 W)? ||||CB)
and,  C= (C([-8,7,W),lc),

represents Banach spaces with respect to the norms given by

1€1lle, = sup [N&@llw,  [&lle, = sup (&),
te[—a,0] te[—p5,0]
and,  [|&lle = sup ||£3(t>HW,
te[-B,T

respectively, where & € C([—a, 0], ), & € C([—-pB,0],W)and & € C([-5, Y], W).
The symbols |[.|| , and |.]|_, denotes the norm on the spaces L*([0, Y], W) and
L*([0, Y], N), respectively.

The mild solution of (1.1) is defined as follows:

Definition.[12] A mild solution of (1.1) is a function w € C'([—3, Y], W) sat-
isfying the integral equation

(w(t) =T,(t)A0) + T (t)wr + /t_ T (t — 7)Fov(r)dr + /t_ T, (t—)
x Fiv(t — a)dr + /:O Ty (t — 7)p(T, we(ry, v(7))dr, t € (0,7],
(w(t) = A(t), te[-85,0].

3. EXISTENCE RESULT

Assume the following hypothesis:
Assumption 1 the function p is such that:
for each t € [0, Y], p(t,.,.) : C(|—B,0], W) x N — W is continuous, and for each
(w,v) € C([-p,0], W) x N, p(.,w,v) : [0,T] — W is measurable. Also, there
exists a positive real number P satisfying

lp(t, wi,v1) = p(t,wa, vl < Plllor — wallo, + Il — el ],
for all wy, wy € C([—B,0], W) and all v1, v, € N and each t € [0, T].

Theorem 3.1. Under Assumption 1, our problem (1.1) has a unique mild solu-
tion, for each v € L*([0, Y], N) with initial control v(t) = v(t) in [—,0].

Proof. Define II on C([—5, Y], W) by
T,(t)A0) + T4 (t) w1 + fo — 1) Fyv(T)dT + fo st —1)
(Mw)(t) = XF1V(T —a)dr + fo 5(t = 7)p(T, wa(ry, v(7))dr, t€(0,7],
)‘(t)7 te [_570]
Using Assumption 1 and Holder’s inequality, it can be easily shown that II is

well-defined on C([—f,Y],W). To show that IT has a unique fixed point on
C([-5,Y], W), we take the following steps:
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Step 1: llw € C([-p,Y],W) for w € C([-5,Y],W).

Let w € C([—5,Y],W). Take —f < 6; < Jy < 0, then A being continuous, we
have

[(Iw)(d2) — (Hw)(61) |y, = |0y I, —> 0 as 0 — &1.
Next, for 0 < ;1 < 9 < 7T,
[(Tlw) (d2) — (Tw) (1) [y, < A1+ As+ Az + Ay + As + A,
where,

Ay = [T, (62)A0) = T(G)AO) Iy, Ao = [|T5(82)wn — T (81)en ],
6o 01
Ay — /0 T (85 — 7)Fyv(r)dr — /O T.(5, — T)FOV(T)dTHW,

52 61
Ay = / T,(02 — 7)Fiv(T — a)dT — / T,(6, — 1) Fiv(r — a)dTH )
0 0 w

(52 61
As = / T (8 — 7)p(7, wagry, v(7))dT — / TS<51—T)p(T,wx(T),u(T))dTH .
0 0 w

Now, both the quantities

Ay = || T, (62)A(0) — T, (61)A(0)
and, Ag < CHW1HW<52 — (51) — O,

||W _>O7

as ds — 01, by using the properties of the cosine family of bounded linear operators
on W.

For As:
52 5,
As < ' / T(6 — ) Fov(r)dr| + ‘ / [T (62 = 7) = T (8 — )| Fov(7)dr
91 W 0 w
< Az + Agy,
with
02
By = [T, = 1) Far(o)] i
01
< S| Fovll,, V02— — 0 as dy — 4y,
and

01
Agy = / N[y (62 — 7) = Ty (61 — 1) Fow(7) | dr

01
<c / | For(r)
0

< C\/THP})VHL2 (52 — 51) — 0 as (52 — (51.
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For Ay:

A, < ' /62 T.(65, — 7)Fi(r — a)dr

61

. H /061 (T (82— 7) = Ty (61 — 7)]

x Fiv(t —a)dr

w
< Ay + Ago.
Now,
02
Ay = / T2 (6 — 1) Fav(r — )|, dr
61
52 52
SCIF w02 | vt =a)llydr = | 7lv(t = @)l ydr|.
N ) )
Therefore,
ClIE ]y 1], {52(52 — &)+ %} 0< 6 <6< a,
042—(52
CIR, {Hvuca (@(a—(sn e )
Ay < N s
+||V||E2 (52\/52—Oé+ 2;0[ :|, 0<51 <OZ<(SQ,
3_83
CHF1||B]‘<[VHV||L2 52V62_51+\/ 62361 ) a < 0 < 0y,
\
and

01
Au < C(6 — 81) / |Favr — )l dr
0

both of which goes to zero as d, approaches d;. Thus Ay — 0, as 6y — 9;.
Finally, A5 S A51 + A52, where

P!
Ay :/ ||T5(52—T>p(7-;wx(’r)>y(7—))H dr

(51 w
< S(PHWHC + A)(52 — 51) +SP||V||E2 AV, 52 — (51 — 0 as 52 — (517

and,

A52 = /0 1 H[Ts (62 - T) - Ts (51 - T)]p(T, Wa (1), V<T>>||Wd7—

o1
<C(6 - 8) / 1p(r, waey, (7)) | dr
0

< C(PY|w|. + PV, + AY)(0 — &) — 0 as & — 6y,

where, A = supyeo vy [|p(£, 0, 0)|[,, -

Thus, [w is a continuous function from [—3, Y] to W, for any w in the contin-
uous space C([—3, Y], W).
Step 2: 11 is a contraction for some m € N.
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Let w!, w? € C([-B,Y],W), then for t € [—,0],
I(Tw") (8) — (Mw?) (B)]],,, = 0.

Claim For each m € N the following inequality holds for all ¢ > 0 and w!,
w? € C([-6,T],W):

1" (#) — ") (O], < PO sup () — (1)l -

m! T€[0,¢]

To prove this, proceed by induction on m € N.
For t > 0, we have

1) (£) — (To®) ()],

<H/ (t = 1) [l () = plr 2y v |

gsAHMz@mwu»—mT@m o(7)) | dr

t
<SP [ ki = ki le,dr
<SMs@ﬂw<>aWﬂm

T7€(0,t

So assume, that the following inequality holds for m > 2:
I wh) (t) — (I w?) (@),

Spt)m-1
= ﬁ sup lw! () = w*(7)]l,y, for each t > 0.

Then, we have for each t > 0,
[(TT™wh) () — (T"w?) ()],
< H /0 TS (t - 7') [p(T, (1_["”‘*1(,‘_)1):8(7_)7 y<7_)) _ p(T, (Hmiluﬂ)x(ﬂ? V(T))]dTH

w
t
<SP [ I = (7 e e

and thus, using the induction hypotheses, we get

Hm%ﬁw—GWﬁwwwsQgﬁgﬁWﬂﬂ—ﬁ&mw

Let T > 0 be fixed, then (5P PT) can be made strictly less than one, for sufficiently
(SPT) 0

large values of m. So, there exist mgy € N, with < 1, and therefore we get
[TImow! —TT™w?|o < o' = w?|lo for all w!,w® € O[5, T], W).

Thus, II has a unique fixed point. O
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4. RESULTS ON APPROXIMATE CONTROLLABILITY

Definition 4.1. (1.1) is said to be approximately controllable on [0, Y] if given
any 0 > 0, for every initial state A € C([—/,0], W) and control v € C([—a, 0], N),
and any desired final state w, € W, there exists a control v € L*([0, Y], N), such
that the mild solution w(.) of (1.1) satisfies

||W(T) - Wr”w < 0.
The reachable set, Ry(p) is defined as

Ry (p) = {w(T)|v € L*([0, Y], N)}.
Thus, (1.1) is approximately controllable iff Ry(p) = W.
The following result is helpful to establish the approximate controllability of

(1.1):

Theorem 4.2. Let w', w? be the mild solution of (1.1) corresponding to the
control v* and v?* respectively, then under Assumption 1, the following inequality
18 satisfied:

|o? = wlle < SV |IIFow? = Fo ., + (1Bl + P)Iv? = ]|, | exp (SPT).
Proof. For t € [-,0], lw?(t) — w!(t)||,, = 0. So taking ¢ € [0, Y], we have

l? () — w (&) ]

< H/ (t — 7)[For®(r) — Fov' (7 dTH +H/ Lt —71)[Fi* (T —a)

— Pl (r — oz)}dTHW + H /Ot Ty (t—7) [p(T, wi(ﬂ, V(1)) — p(r, wi(ﬂ, l/1<7'>)]dTHW

< SVY||Fov® = For', +S\/TIIF1IIBXVV lv? = VM o + SPVY|V* =,

t
+ SP/O lozry — Wi(T)HcﬁdT
Thus, for each ¢t € [0, Y], we have

lw?(t) = ' @)l < SV | Fov? = Forl,. + (1] + P)I0* =0l

t
—I—SP/ sup ||w2(9)—w1(0)||wd7
0

0€(0,7]

Then, applying Gronwall’s inequality, we get

l? — wllo < s\/T“yFOVQ = Fov! . + (I1Fill e + Pl - VIHLQ] exp (SPY),

which is the desired result. 0
Define a map A on L?([0, Y], W) by

T
Ag = / T.(Y —7)g(r)dr, for any g € L*([0, Y], W).
0
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Then A is a bounded linear transformation from L*([0, Y], W) to W. Also, for
any fix w € C([~B,Y],W) and v € L*([0, Y], N), the map pw, defined by

ow, (t) = p(t, wew), v(t)), for each t € [0, Y],

is an element of L2([0, Y], W).
Next, consider the following assumptions:
Assumption 2 there exists a constant K > 0 such that

[Eovl,. = Kllv|

2’

for any v € L*([0, Y], N).

Assumption 3 for any 6 > 0 and g € L*([0,T], W), there exists a control
v € L*([0, Y], N) such that

[1Ag — A(Fov)ll,, <0,
and,
[Eovl,. < Hllgll

where H is a positive real number which does not depend on the function g.
Furthermore,

IE3ll,, + P IExll,, + P
— 1+ —5 ) exp (PST)

This property, in addition to the fact that D(T') is dense in W [21], gives the
following result on approximate controllability of (1.1):

L2’

< 1.

Theorem 4.3. Under Assumption 1, Assumption 2, Assumption 3, (1.1) is ap-
proximately controllable.

Proof. The result is proved by showing that D(T) is contained in Ry(p). Let
c € D(T). Then, the aim is to show that, for any given 6 > 0, there exists a mild
solution w?(-) of our problem (1.1) corresponding to a control v° € L2([0, T], W)
such that |lc — w’(7T)|,, <, that is,

le = T,(T)A0) — T (V)wy — AFor® — AR ), — Agul|,, <6,

S

where, for any § > 0, pw?’ € L*([0, Y], W) is the function defined by
puwp(t) = plt, Wy, (1),  for each t € [0, Y],

and, Fiv(- — a) = Fu,.

Let ' be an any arbitrarily fixed control function in the space L?([0, Y], N),
then according to Theorem 3.1, there exists a unique mild solution w' of (1.1)
corresponding to v'. Let h be the C' function from [0, Y] to W such that

Ah=c—T,(T)N0) — T(T)w;.
Then, for h—Fiv} —pw! € L?([0, T], W), there exists a control v? € L*([0, T], N),
such that 5
[Ah — AFyvy — ARy, — Apw, ||, < =,
,
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where 7 is any fixed real number such that » > 2.
Let w? be the unique mild solution of (1.1) corresponding to ©?, then as

Fi(vg — va) + w,, — ow, € L*([0, Y], W),
there exists a control v? € L*([0, T], N), such that
o
|AF2 — AR + Apw? — Apw: — AFgo?||, < =
,
and
1Fov?ll,. < H |1 Frva — Fivall . + llewy — ow,ll . |-

Therefore, we need to obtain the estimates for || Fyp2—Fiv)]| ,
Using the initial control function v, we get

|Fi; — Fugll, <A

OCHLQ

and [|ew)—guw, | ,.

BX{VHVZ_yl“EZ'

Next, we have
lpws = pwpll,. < PVT[|w® —w'lle + Pllv? = || ..

Using these estimates and Theorem 4.2, we have
1Eoe?l,e < A (I1Eillyy + P12 =0, + PYT w2 = ]
<H|(I1£illy +P)I0? =0, + PSTexp (PST) [ Fo? = Fo'
+ PSYexp (PST) (IIF]y + P)l1v> =o'l .
<H |:<||F1||B]VVV + P> (1 + PSTY exp (PST)) [v? — v,

+ PSY exp (PST) | Fov? — F0V1||L2}

[ w + P
< H|——2——(1+ PSTexp (PST)) + PST exp (PST)
X HF()V2 — F0V1HL2

[y + P I3y + P
< M| ——2—— 4 PSTexp (PST) [ —f——+1

X ”Fol/2 — F0V1||L2.
Take v® := v? — v?, then v* € L*([0, Y], N), and

50
|Ah = ARy = AR = Apwyly, < 5+ .

Proceeding in this way, we get a sequence v™ € L*([0, T], N), such that

m+1
5
[Ah — AF™ ™ — AR WY — Al < D =

ri’
i—2
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with
| For™ ! — Fou™|| ,
1y + P ] + P
< H|——p—— + PSToxp (PST) (TN ’ 1) o™ = For™ -

Therefore, we get a Cauchy sequence { For™} _in L2([0, Y], W), and hence there

exists a B in L%([0, Y], W) such that
Fov™ — B in L*([0, Y], W).

Also, it can be shown that there exists an my € N, such that

meN

" 4]
||AFOV — ABHW < W for all m > my.

Therefore,
|Ah — AFpv™ — AR — Apw,™ ||,
<|[[Ah — AFgu™ T — AR U™ — Apw™||,, + [[AF™ T — AFgr™ ||,
<0,
that is, for any given § > 0 and ¢ € D(T), there exists a control v, €
L3([0, Y], N), such that
llc = T.(T)A0) — T

C S

(Twy — AFw™ — ARl — Apw]™ ||, < 6.
Thus, Ry(p) 2 W, that is, (1.1) is approximately controllable on [0, Y]. O

Due to the presence of delay in input, we get the following result as a corollary
of the above result, Theorem 4.3:

Corollary 4.4. Assume Assumption 2 and Assumption 3 hold, then the linear
system with delay corresponding to (1.1), that is,

2'(t) = Tz(t) + Fov(t) + Fiv(t — «), t € (0,7],
2'(0) = wy,

2(t) = A(t), t € [-5,0],

v(t) =w(t), t € [—a,0],

is approzimately controllable on [0, Y].

5. CONCLUSION AND FUTURE DIRECTIONS

In this article, the existence and approximate controllability results of a second
order ordinary differential equation with state and control delays are studied,
via cosine family of operators. First, by applying mathematical induction and
properties of the cosine family, a fixed point theorem gives the existence and
uniqueness of the mild solution of the considered differential equation. Next,
for showing the approximate controllability of the system, the denseness of the
domain of the cosine family’s generator has been used tactically to our advantage.
Under the assumptions, an inequality involving the difference of the mild solutions
is established, using which a Cauchy sequence is constructed in a complete metric
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space, which then employs the definition of reachable sets and the operator A, to
establish the approximate controllability of the nonlinear system.

As a future direction, it is possible to extend this work to investigate the approx-
imate controllability of instantaneous or non-instantaneous impulsive differential
equations with delay in state and control.
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