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KYBERNETIKA — VOLUME 54 (2018), NUMBER 4, PAGES 664-698

CONTROLLABILITY OF LINEAR IMPULSIVE MATRIX
LYAPUNOV DIFFERENTIAL SYSTEMS WITH DELAYS
IN THE CONTROL FUNCTION

VIJAYAKUMAR S. MUNI AND RAJU K. GEORGE

In this paper, we establish the controllability conditions for a finite-dimensional dynamical
control system modelled by a linear impulsive matrix Lyapunov ordinary differential equa-
tions having multiple constant time-delays in control for certain classes of admissible control
functions. We characterize the controllability property of the system in terms of matrix rank
conditions and are easy to verify. The obtained results are applicable for both autonomous
(time-invariant) and non-autonomous (time-variant) systems. Two numerical examples are
given to illustrate the theoretical results obtained in this paper.

Keywords: matrix Lyapunov systems, controllability, impulsive differential systems, de-
lays

Classification: 34A37, 93B05, 93C05, 93C15

1. INTRODUCTION

It is known that many evolution processes, for example, the biological phenomena in-
volving thresholds, bursting rhythm models in medicine and biology, optimal control
models in economics, stimulated neural networks, certain trajectories of missiles and
aircrafts, frequency modulated systems etc. do exhibit the impulsive effects, that is,
abrupt changes in their states, at certain moments of times. Such processes are modelled
by impulsive differential equations. Readers can refer a monograph by Lakshmikantham
et al. [25] to understand the impulsive systems in detail. In the past three decades,
we observed a growing interest by many mathematicians in the study of controllability
of impulsive dynamical systems due to their significance in both theory and applica-
tions. Roughly speaking, a dynamical system is said to be state-controllable over some
space V' on some finite time interval, if it is possible to steer that system from every
initial state in V' to every desired final state in V' by using the set of admissible con-
trol functions. The controllability of impulsive systems was first studied by Leela et
al. [26] and from then onwards many other mathematicians have contributed in the
development of controllability of different types of impulsive systems, for example, refer
[, [T (13, [14], [15] 29, 32] 33, 34] etc.
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Time-delay is one of the inevitable problem which arise in many practical applications,
like, continuum mechanics, population dynamics, ecology, systems theory, viscoelasticity,
biology, epidemics etc. Refer the book by Erneux [I0] and references therein for the
study on delay systems. A control system may experience time-delay either in state
or in control or in both. Further these time-delays can be constant or variable. The
controllability of systems possessing constant time-delays in control was studied by many
authors since 1970’s, for example [T}, [6], [16] 19, 20, 22 23] 28 B0, BI] etc, whereas
the controllability results of systems having variable time-delays in control appeared in
[2, 3, [7, 17, 18] 24] and references therein.

Murthy et al. [27] studied the controllability of the linear matrix Lyapunov systems.
Later their work has been extended to the nonlinear systems in [8]. More recently, in [9],
Dubey and George investigated the controllability of matrix Lyapunov impulsive differ-
ential systems of both linear and nonlinear type in a finite-dimensional space. Now, if
such impulsive systems involves time-delays in control function, then finding the con-
trollability conditions will become more complex due to the coexistence of impulses and
delays in the systems.

In this article, we establish the controllability results of linear impulsive matrix Lya-
punov systems having multiple constant time-delays in control, in terms of a matrix
rank condition for certain classes of admissible control functions. Further, under each
class of admissible control functions, we computed the corresponding steering control.
The obtained controllability conditions are reduced for the corresponding system with-
out impulses and with delays; system with impulses and without delays; system without
impulses and without delays. The numerical example given in the last section of this
paper, will help the reader to compare how the controlled trajectory and steering control
behaves under different classes of admissible control functions.

The rest of this paper is organized as follows: in section [2] some preliminaries are
given and the controllability problem for a class of linear impulsive matrix Lyapunov dif-
ferential system with multiple constant time delays in control is formulated. In section 3}
the matrix Lyapunov differential system is converted into vector differential system, by
applying vector operator. Section [] contains the main results of the paper, where we
establish the controllability results of the system for certain classes of admissible control
functions. Finally in section [b| we give the illustrative examples for an autonomous sys-
tem to demonstrate our theoretical results. Further, the control function and controlled
trajectory are plotted for the given classes of admissible control functions.

2. PRELIMINARIES AND SYSTEM DESCRIPTION

This section begins with functional settings required to establish the results of this
paper. The natural space to work on the solvability of linear impulsive matrix Lyapunov
differential control systems with multiple constant time-delays in control is the real
Banach space given by

By = {X() ’X() s [to, T) — R™ ™, X(-)is a continuous function on [to, T] \ {tx : & = 1,

..., M} and differentiable a.e. on [to, T]such that there exists X (¢, ) := grtn X(t)
k
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and X(t) := %lftr,i X(t) with X () = X(tx), Vkand X(t9) = lim X(t)},

tlto
endowed with the norm

XI5, := sup X ()] 7

€lto,

Here a.e. stands for ‘almost everywhere’, which is defined as follows: A property P is
said to holds a.e. on [tg, T, if the following conditions are satisfied:

(i) The property P holds on a subset S of [tg, 1.

(ii) If the property P fails to satisfy on [to, 7]\ S, then the Lebesgue measure of the
set [to, T]\ S is zero.

We also need the following real Banach space:
By = {U() ‘ U(") : [to, T] — R™*™, U(+) is continuous and bounded function with finite
number of discontinuity points on [t, T]},

endowed with the norm
U, == sup [[U®)]|7.

€lto,
Throughout this paper, for any matrix A = (a,;), the Frobenius norm is defined
as [[Allr := | > |ar;|?, the Euclidean norm (also called 2-norm or spectral norm)
r,g=1
A2 := v/ Amax(A*A), where A\pax is the maximum eigen value of the positive semidef-

inite matrix A*A. Also for any operator 7, the Hermitian adjoint is denoted by 7*,
for any vector v € R", the Euclidean norm by ||v|2, the set of all continuous functions
from set A to set B by C(A; B). Further, for the matrix A = (a,;), if

a1

Gm1
a12

vecA = | ° then ||vec Az = [|A] 7.

Am2

A1n

LAmnd 1
We consider a dynamical control system modelled by the following linear impulsive

matrix Lyapunov ordinary differential equations whose state matrix belongs to R™*",
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with multiple constant time-delays in the control function,

N
X(t) = Ai(O)X()+X()A2(t)+ Y Bi(t)U(t — hy), tefto, T\ {tx : k=1,..., M},
i=1

tr) = X(t) — X(tx) = DU ()X (),
U(t) = Uo(t), te [t() — hN,to).

We make the following assumptions on this system components:

(i) the state function X(-) € By with a given initial state X(tg) = X € R™*",
(ii) the control function U(-) € Bo,
(iii) Aq(+), Aq(") € C([to,T]; Rnxn) and B;(-) € C([to,T]; Rnxm)’

(iv) to <t; <--- <ty < T, tp’s are the fixed times at which the state function X(-)
experiences impulses and are state independent,

(v) 0 < hy < hg <+ < hy <min{(ty — to), (b2 — t1), ..., (bar — tar—1), (T — tar) },
h;’s are the known constant time delays in the control function U(+),

(vi) A(X(tr)) is an impulse in the state function X(-) at the time ¢,

(vii) D*U(ty) := 3270 Y05 dF;Unj(t) Ly, df; are the known constant real numbers,
I, is an n x n identity matrix, and the matrix U(ty) = (Uy;(tx)),

(viii) Ug(:) : [to — hw,to) — R™*™ denotes the known initial control function (and is
assumed to be bounded and continuous on its domain) applied to the system ,
the subscripts i =1,...,Nand k=1,..., M.

The following definition for the controllability of the system is adopted in this
paper.

Definition 2.1. (Controllability) The system is said to be controllable over R™*"
on [tg,T], if for all Xp, X, € R™*™ and for every continuous and bounded function
Uo(:) : [to — hy, to) — R™*™, there exists at least one control function U(-) € By such
that, with this control function on [tg, T], the corresponding solution to the system
with X(to) = Xo, U(t) = Ug(t), ¢ € [to — hn, to), satisfies the condition X(T) = X,..

Remark 2.2. In the above definition of controllability, if X, = O, then the system
is said to be null controllable over R™*™ on [tq, T].

We recall the following definition of Kronecker product which is used in this paper.
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Definition 2.3. (Kronecker product, Graham [I2]) Let A = (a,;) € R™*™ and B €

RP*4 denotes any matrices, then the Kronecker product of A and B is denoted and
defined by the partitioned matrix

anB a2B - a1,B
ang a22B s agnB

A®B:= . € R™MPX"4,
amlB amQB e amnB mpxngq

The Kronecker product satisfies the following properties:
(i) (A@B)" = (A" @B"),
(i) (A@B)™' =(A"'@B™),

(iii) (A®B)(C®D) = (AC ®BD), provided the dimension of the these matrices are
compatible with the matrix product,

(iv) d(A(t)d%B(t)) _ d(fzt(t)) @B(t)+At)® d(lzit))7
(v) if A and X are the matrices of order n x n, then

(vi) vec(AX) = (I, ® A)vec(X),
(vil) vee(XA) = (A* ®1I,,)vec(X),
(viil) vec(AXB) = (B* ® A)vec(X).

3. CONVERSION OF MATRIX LYAPUNOV DIFFERENTIAL SYSTEM
INTO VECTOR DIFFERENTIAL SYSTEM

In this section, the given matrix Lyapunov differential system (|1]) is converted into vector
differential system by applying the vector operator to it, as follows:

N
veeX(t) = vec (Al(t)X(t) +X(D) A1) + > Bi(t)U(t - h))

for t € [to, T)\{tx : k=1,..., M},
vec X (tg) = vec Xy,

vee A(X(ty)) = vec (DkU(tk)X(tk)),
vecU(t) = vecUy(t), t € [to — hn,to)-

That is,

N
vee X (t) = (I, ® Al(t)JrA;(t)@In)vecX(t)JrZ (L, ®@B;(t)) vec U(t — h;),
i=1
tE[to,T]\{thk:1,...7M}7 (2)
vec X (tg) = vec X,
vee A(X(tr)) = (I, ® DFU(ty,)) vec X (t1,),
vecU(t) = vecUg(t), t € [to — hn,to)-
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Now we introduce the following notations:

2
= vecX(t) e R™,
u(t) := vecU(t) € R™",

»
—
~
=
|

xq 1= vec X € Rn2,
A(t) = (I, ® Ar(t) + Aj(H) © 1)
Ci(t) := (I, ® By(t))

n2xn?’

n2xmn’

dhu(ty) == (I, ® DXU)) o0 = D D A8 Unj(ti)Ly2 = oxT2, where

r=1j=1
ag =Y Y dfUsy(ts) € R.

r=1j=1

With the above notations, the system becomes,

N
X(t) = A(t)X(t) + Z Cz(t)u(t - hl)a te [thT] \ {tk tk = 1. M}a
i=1
x(to) = o, (3)
Ax(ty) = d™a(ty)x(ty) = arx(ty),
u(t) = Ug t), te [to — h]\ht()).

Proposition 3.1. The matrix Lyapunov differential system is controllable over
R™ ™ on the time interval [to,T] if and only if the vector differential system is
controllable over R™* on the same time interval [t, T].

The proof of this proposition is trivial, as the systems and are identical with
each other under the vector operator.

4. CONTROLLABILITY RESULTS

In this section, the controllability results of the system (|1]) for certain classes of admissible
control functions are obtained. First, we recall the following lemma [§].

Lemma 4.1. Let ®1(¢,%0) and ®5(¢t,t) be the state-transition matrices for A;(t) and
AZ(t), respectively. Then the state-transition matrix for A(t) is given by ®(t,ty) =
D, (t,t0) ® ®1(¢,t0), where A(t) = (L, @ A1(t) + As(t) ® I,)

n2xn?’

The solution to the linear impulsive vector differential delay system is given in
the following theorem.
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Theorem 4.2. The solution to the system in the time interval (tg,txy1], k =
1,2,..., M, with tp;41 = T is given by,

k ti—hn K N
X(t) = H(l + aj)i’(t to)(XO + ao) + / H(l + (Jéj) Z ‘I’(t, s+ hz)CfL(S + hz)

=1 i=1

N

tq+1*hN k
+Zl{/t H (1+aj)Z‘i’(t,erhi)Ci(erhi)u(s) ds W

tgt1—hi k
+Z/t ( IT @+e)> ®(t s+ h)Cils + hi)

ar1=hiy1 N gy i=1

=1
k N
+ H 1+ ay) Z <I’(t,s+hi)Ci(s+hi)>u(s)ds}
J=q+2 i=l+1

t—hy l

t—hy N
+/ > ®(t, s+ hi)Ci(s + hi)u ds+2/ ®(t,s+ hy)
t

k—hy o=y hiyr = 1

x C;i(s+ hi)u(s) ds,

where H;?:kﬂ(l +oj) =1, H?Zkﬁ(l +o;)=0,forall k=1,2,...,M and

N to
a0:=3" / - @(in, 5+ hi)Culs + hi)uo(s) ds.
i=1 0T

Proof. Let ®(t,t) be the state-transition matrix of A(t), and hence x(t) = ®(t,t0)xo
is a unique solution to the homogeneous system x(t) = A(t)x(¢) with x(t9) = xo. The
solution to the system on [tg,t1] is given by,

t N
x(t) = ®(t,t0)x0 + / B(t,s) Z C;(s)u(s — h;)ds
to i=1
N ot
= ®(t,t0)x0 + P(,0) Z/ ®(tg, s+ h;)Ci(s + hi)ug(s) ds
i=1 Y to—hi

N t—hy
+ Z/ ®(t,s + hi)Ci(s + hi)u(s) ds.

i=1Yto
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Since
to 5
Z/ (I’(to,S—Fhi)Ci(S—Fhi)uO(S) ds =apg e R" R
i=1Jto—hi

therefore
N t—h;
X(t) = ®(t, to)(Xo + a()) + Z/ (I)(t7 S+ hi)Ci(S + hi)u(s) ds.
i=1"to

Now simplify the summation given in @ as

N t—h;
Z/ B(t, 5+ h)Cy(s + h)u(s) ds

i=1"to

t—hyn N
:/ SO ®(t, s+ hi)Cils + hi)u(s) ds
to i=1

N—-1
+ Z/
=1 1t

—hit1 j—q

t—h;

Using in (6)), the solution to the system on [tg,t1] is given by,

t—hy N
X(t) = ‘I’(t, tO)(XO + ao) + / Z (I’(t, S+ hl)Cl(S + hi)u(s) ds

i=1

N-1 t—h; l
+ Z/ > ®(t, s+ hi)Ci(s + hi)u(s) ds.
=1 vt

“hig1 =1

l
> ®(t, 5+ hi)Ci(s + hi)u(s) ds.

671

(8)

Now as x(t]) = x(t1) + Ax(t1) = (14 a1)x(t1), the solution to the system (3)) on (¢1, 2]

is given by

x(t) = B(t, 1 )x(tT) + /t 2(1,9) > Cls)uls — ) ds
N

ti—hn
= (]. + Oél)q)(t,tl){q)(tl,to)(XO + ao) -+ Z Z (I)(tl, S + hl)CZ(S + hl)u(s) ds

i=1

N—1 ,t;—n ! N t—h;
+> / > ®(t1,s+ hi)Ci(s + hi)u(s)ds » + Z/ ®(t, s+ h;)
1=1 Yt~ = i=1/ti—hi

x C;(s+ hy)u(s)ds
N

=1

t1—hN
=1+ al){@(t,to)(xo +ag) + /t > ®(t, s+ hi)Ci(s + hi)u(s) ds

N—1 t1—hy 1
+ Z _/ Z‘I’(taS‘Fhi)Ci(S—Fhi)u(s) ds}
1=1 vt

1—hiy1 j—1
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t—hn N
(1 s—l—hi)Ci(s-l—hi)u(s)ds—i—/ > ®(t,s+hy)

ti=hi =1

t1—hy

—hit1 = z+1

+ Z/
N-1 i—n l

x Ci(s+hi)u(s)ds + > / > ®(t, s+ hi)Ci(s + hi)u(s) ds.

1=1 hi1 =1
Therefore,
1 ti—hn 1 N
=[] (1 + ;) ®(t to) (xo + a0) + / [ +a)> @t s+ h)Cils + hy)
j=1 to j=1 i=1

N—-1 ti—hy 1 l
u(s)ds—i—Z/ {H L+ a1) y (s +hi)Cils + hi)

(9)
—&-Hl—&-aj Z(I)ts—i—h (s-i—h)} (s)ds
i=l+1
t—hny N
+/ > ®(t, s+ hi)Cils + hi)u ds+2/ B(t, s+ hy)
ti—h1 ;1 hz+1Z 1

x C;(s + h;)u(s)ds.

Again, as x(t5) = x(t2) + Ax(t2) = (1 4+ az2)x(t2), the solution to the system on
(t2, 3] is given by

+ N
x(t) = ®(t, ta)x(t]) + /t ®(t,s) Z C;(s)u(s — h;)ds
- ti—hN N
= (1 + OéQ)@(t,tQ){(l + Oq)‘I’(tQ,to)(Xo + ao) + / (1 + 011) Z @(tg, s + hl)

N-1 t1—hy l
x C;i(s 4 hi)u(s) ds + Z/ [(14—&1 Z‘I’(tg,s+hi)Ci(s+hi)
=1 Yti—hit
N to—hn NV
+ ) ®(ta, s+ hi)Cils + hy) } ds+/ > ®(ta, s+ hi)Cils + hi)
i=l+1 ti—hi =1
to—hy
ds+ / Z@ ty, s+ h;)C (s—l—hi)u(s)ds}
ta—hit1 j—q

N t—h;
+Z/ ®(t, s+ hi)Ci(s + hi)u(s)ds
i=1Jt2—hi

= (L + a1)(1 + a2)®(t,t0) (%0 + a0)

ti—hn N
+/ (1+01)(1+a2) > ®(t,s+hi)Ci(s + hi)u(s) ds

to i=1
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N—-1 ti—hy l
+ Z/ [(1+a1)(1+a2)Z¢'(t,s+hi)Ci(s+hi)
1=1 Y=l i=1
N
+(1+az) Y ®(ts+hi)Cils + hi)} u(s)ds
i=l+1
to—hpNn N
—l—/ (1+a2)Z<I>(t,s+hi)Ci(s+hi)u(s) ds
ti=h i=1
N—-1 ty5—n l
+ Z/ (1+a2) S ®(t, 5+ hi)Cils + hi)uls) ds
1=1 Yt2—him i=1
N—-1

to—h; N
+) / > ®(t,s+hi)Ci(s + hi)u(s) ds
1=1 Jtz—hiyr =4
t—hy N N-1
+/ S B(t, s+ hi)Cils + hou(s)ds + 3
ta—h1 =1 =1

t—h;

l
> ®(t s+ hi)

t—hip1 =1
x C;i(s + h;)u(s)ds.

Therefore,

2 ti—hy 2 N

x(t) = [T (1 + ) B (1, to)(x0 + a0) + / 101 +0,) S ®(t, s+ hi)Cils + h)

j=1 to j=1 i=1

2 l

xu(s)ds+ /ttlhl { [T +0) > ®(t s+ hi)Ci(s + hy)

j=1 i=1

(10)

1=1 “tatri—hi1 \ =g i=1

t—hyn
+/ D ®(t, s+ hi)Cils + hi)u(s)ds + > / > ®(t,s+ hi)

2—h1 = 1=1 Jt=hit1 4=

x C;(s + h;)u(s)ds.

Continuing this process on subintervals (ts,t4], ..., (tar, 7], in general the solution to
system on subinterval (¢4, tx41] is given by (d). O



674 V.S. MUNI AND R.K. GEORGE

Let us now define the following matrices which are used throughout the paper:
ti—hnN M N
w, ::/ [H(l—&—aj)Z'I)(T,s—&-hi)Ci(s—Fhi)]
to

j=1 i=1

X [Hu +0;) Y B(T, s+ hi)Ci(s + hi)} *ds,

j=1 i=1

trr1—hN M N
Woi= [ L e) S (s m)Cils + o)
te=h j=k+1 i=1
M N *
x [ 11 (1+ozj)Z¢I>(T,s+hi)C,;(s+h,;)] ds,

j=k+1 i=1

ta—hy !
WqN+1—l : :/ |:H(1+a])2¢(TaS+hz)Cz(3+hz)

ta—hiv1 L=y i=1
N
(1+a;) > ®(T,s+hi)Ci(s + hi)]
i=l+1
l
1+ o) Z ®(T, s+ hi)Ci(s + hy)

i=1

+
Il
$ s

=

X

<
Il
<

N *
(1+05) Y ®(T,s+hi)Ci(s + h,-)] ds,
i=l+1

o+
=

<

Il

Q
+
—

where it is assumed that H?:k+1(1+aj) =1, H§:k+2(1+aj) =0; k=1,2,....M; [ =
,2,...,(N=1)and ¢=1,2,...,(M +1).

Lemma 4.3. Each W, p = 1,2,...,(M 4 1)N, given in is symmetric positive
semidefinite n? x n? matrix and mnk(Wl, W,,... 7W<M+1)N) = mnk(W1 +W, + -+
W(M+1)N)‘

Proof. Let P(s) be any n? x mn matrix, with each of its entry to be a real valued
continuous function of s, then for each fixed s € [to,T], for all v € R"” and under the
usual inner product on R”z, we have

(v, P(S)P*(S)V>Rn2 = (P*(s)v, P*(s)v) = [|P*(5)V]|Zmn >0,

Rmn

which shows that P(s)P*(s) is a symmetric positive semidefinite n? x n? matrix for each
s. Now for o < 3, let us consider

</j P(s)P*(s)ds v, v>]an = /j (P*(s)v)*(P*(s)v) ds = /ﬂ |[P*(5)V]|Zmn ds > 0,

[e3
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2

which easily shows that [ f P(s)P*(s)ds is symmetric positive semidefinite n? x n
2

matrix. Therefore each W), given in (11f) is symmetric positive semidefinite n? xn
matrix. Also, we know that

<(W1 +W, +- W(M+1)N)V, V>R"2 = <W1V, V>Rn2 + <VV2,v7 v>]an 4.

+ <W<M+1)NV’ V>Rn2
>0

b

for all v € R™, which shows that (W, + W, +--- 4 W(M+1)N) is a symmetric positive
semidefinite n? x n? matrix.

Now, it remains to prove that rank(W, + W, +- - -—l—W(M“)N) = rank(W,, W,, . .. ,W(MH)N).
This follows from the following estimation:

ve ker[(Wl +W, +-+ W(MH)N)*} = (W + W, 4+ + W, ) (v)=0
< W (v) =0, for all p, as each W, is a
positive semidefinite matrix
<= v € ker(Wy), for all p
W
< Vv E ker ;

(M+)N I (M+1)Nn?xn?
*
v e ker(W, W,,... 7\7VW+1)N) .

Therefore by using the rank-nullity theorem, we have
Rer[ (W, + W, o Wi, ) | = her| (W, W W)

= n? - 7“@71]4:{(\7\71 +W, + ..-+W<M+1)N)*} =n?— mnk‘{(Wl, WQ,...,W(MH)N)*]
— mnk(W1 + W, +~~+W(M+1)N) = mnk’(Wl, Wz,...,V\/'(MH)J\,)7

which completes the proof. O

The following classes of admissible control functions are considered in this paper, for
which the controllability results of the system are obtained:

A= {U(.) ’U(.) €Ba, ai= 3 0 dh Upi(t) # —1, forall k=1,2, .. .,M}

r=1;j=1

(i) Uy = {U(-) [UC) € B, o= 5530 AU (tar) = _1}.

r=1j=1
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4.1. Controllability of the system for the class U; of control functions

In this subsection, the controllability results of the system for the first class Uy of
control functions is established.

Theorem 4.4. In system , if the control function U(-) € U, then a necessary and
sufficient condition for the controllability of the system on [to,T] is

rank(W,, W,, ..., W, ):nQ.

(M+1)N

Proof. To prove this Theorem, it is enough to show that the necessary and sufficient
condition for the controllability of the system is mnk(Wl, Ww,,... 7W(1W+1)N) = n?
for this class of controls. Then the proof follows by Proposition

First let us show that, the condition is sufficient. For this, assume

mnk(WNWz,...,W ):n2

(M+1)N )

so that W := W, + W, +---+ W, is a positive definite matrix by Lemma and
hence W is invertible. Let us define a control function u(-) = vecU(:) € U; as follows:

M

* M
{Ha + a;j) Z@ (T,t+ hy )Ci(tJrhi)] w! {xr —JJ+ a)®(T o)

j=1 i=1

X (XO + ao):|, for all t € [to,tl - ]”LN}7

{ 11 (1+0@)Z@(T,t+hi)Ci(t—f—hi):l*W_l|:XT — T+ o) @(T, 10)

j=k+1 i=1 =1

X (xq +ao)], for all t € (tx — hi,tpr1 — hn) \ {t&},

M

M l N
[H(1+aj)Z<I’(T,t+hi)C( +hi)+ [ A+ay) Y ®(T,t+hi)

j=q+1 i=l+1

* M
< Cilt+ )| Wl = T[4 ) @(Tto)xa + 20)|
j=1
for all t € (tg — hig1,tq — hal,
i, at t = ty,
0, for all t € (T — hqy,T],

where k=1,...,M; I =1,.. (N 1) q—l 2,...,(M—|—1)andvk:(v7’fj)GRm”is
any vector such that ", 1 d ok J
The state x(t) of the system (3)) given in 1 at t =T satisfies

M

ti—hn
x(T) = [ [ (1 + ;) ®(T, 1) (x0 + ) / H1+ajZ<I>Ts+h)C(s+h)

J=1
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N—-1 .4_p {M !

[T +e)> @ s+ hi)Cils + hi)

1=1 Yl o i=1
M N
+][A+a) > tI>(T,3+h,;)Ci(s+hi)}u(s)ds
j=2 i=l+1

tgr1—hn M N
+ {/ H 1+ «y) Z (T, s+ h;)Ci(s+ hi)u(s)ds

g=1 (Jtamhi =gt i=1
N=1 toi1—hy M !
+ / < H 1+ajz (T, s+ h;)Ci(s+ hy)
=1 Yta+1—hi41 j—q+1 i=1
M
+ I d+a) Z <I’(T,s+hi)Ci(s+hi))u(s) ds}
J=q+2 i=l+1
T—hy N N-1 ,T—n
+ Z(I)Ts—kh)ci(s—khi)u()ds—kz:/ Z<I>Ts+h)
ta—h =y =1 hipr =1
x C;(s + h;)u(s) ds.
Substituting u(t) from in the above expression we get,
M ti—hy s M N
X(T) = H(1+aj)<I’(T,to)(x0+ao)+ /t <H(l+a])z®(T7$+h1)CL(S+hZ))
Jj=1 0 j=1 i=1
M N *
X ( H(l + ;) Z ®(T,s+ h;)Ci(s + hz)) ds
j=1 i=1
N—1 .t—h, M !
+ Z/ {H(l+aj)Z<I>(T,s+hi)Ci(s+hi)
1=1 Yti—hipr Loy i=1
M N
+][+ey) D> ®(T.s+h)C (s+h)}
j=2 i=l+1
M ! M N
x{ (1+aj)Z<I>(Ts+h i(s+h;) HlJraj Z (T, s+ h;)
j=1 i=1 j=2 i=l+1
* M—1 tor1—hy M N
X C,»(s+h,»)} ds+ > {/ ( IT a +aj)Z'I>(T,s+hi)Ci(s+hi)>
q=1 tqg—ha j=q+1 i=1

><( 11 (1—|—aj)Z@(T,s—l—hi)Ci(s—i—hi))*ds

j=a+1 i=1

a+1—hi 1
+ Z/ ( (1+0‘j)zq’(T’5+hi)Ci(5+hi)

a+1—hier \ j=g41 i=1
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M N
+ I G +ay) > <I’(T,S+hi>Ci<S+hi)>
Jj=q+2 i=l+1
M l M
x( [T G+a)d @@ s+h)Ci(s+h)+ [ L+ay)
J=q+1 i=1 J=q+2

N T hn N
X Z ®(T, s+ h;))Ci(s+ hy) ds} (Z@(T,s%—hi)(]i(s—&-hi))

i=l+1 tm—hi \j—y

X

/—\

1=1 YTt =g

i=

ds

N N-1 T h l
Z@Ts—l—h i(s+h; )d8+ (Z
1 —

!
x(Z@(Ts—i—h i(s+ hi)

i=1

M
W™ 1(xr [T +q; <I’(T,t0)(X0+ao)>
Jj=1

M
=[]0+ ) ®(T,t0)(x0 + a0) + (W, + ...+ W,

(M41)N
=1

w

<.

M
X (xr — H(1 + a;)®(T, 1) (%0 +a0)>

M M
H 1 + Ozj T to)(Xo + ao) + WW! <XT — H(l + O@')@(T, ﬁo)(Xo + a())) =X,.

Therefore the system is controllable on [tg,T], and hence by Proposition the
system ([1)) is also controllable on [tg, T].

The necessary condition can be proved by contradiction. For this, let the system
be controllable on [tg, T], but assume that 0 < mnk(Wl, W,,... 7W(1\4+1)N) < n?. Then

by Lemma [£.3] W =W, + W, + -+ W(M 1y~ 18 singular matrix. Hence there exists
at least one non-zero vector, say v € R™ such that Wv = 0,i.e,

(W, +W,+ -+ W, Jv=0=Wv+W,v+ ..+ W

(M+1)N

v =0.

Hence W,v = 0 for all p (since each W, is positive semidefinite matrix). This shows

that each W), is a singular matrix and <va, V>R”2 =0, for all p, i.e.,

< /tl_hN <ﬁ(1 +aj) i @(T' 5+ hi)Cils + hi))

M N *
X (H(l+a])ZQ(T75+hZ)Cl(S+hZ)) dSV, V> :05
j=1 i=1 Rn2
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M N

</ttk+1hN< H (1+04j)Z‘I)(T,5+hi)Ci(5+hi))

k—ha j=k+1 i=1

M N *
X ( H (1+aj)Z<I’(T,s+hi)Ci(s+hi)) dsv, v =0,

j=k+1 i=1 R"?

ta—hi M l
</ <H(1+aj)Z<I>(T,s+hi)Ci(s+hi)

tg—hit1 \j—q i=1
M N
+ H 1+« ) Z ®(T,s+ h;))Ci(s+ hz))
J=q+1 i=l+1
M !
X (H(l +a;) Y B(T, s+ hy)Ci(s + hy)
j—q i=1
N *

+ H 1+ ay) Z <I>(T,5+hi)Ci(s+hi)> dswv, v> = 0.
j=q+1 i=1+1 Rn?
ti—hn * 2

/ <H 1+ aj) Z (T7s+hi)CZ—(s—|—hi)) v ds =0,

iy — Rrmn

2
ds =0,
Rmn

/tk“_hN ( H (1—I-aj)Z@(T,s—I-hi)Ci(s—&—hi))*v
tk—h1 i—
M
{H(l+aj)Z<I>(T,s+hi)Ci(s+hi)

/ hl+1 i=1

N - *
+ H (1+aj) Z @(T75+h1)07(5+h7)} v

Jj=q+1 i=l+1

2

ds = 0.
Rmn

Since each Ci(:) and ®*(-,-) are continuous functions, so the above integrals implies
that

M N
v (H(l + Ozj) Z‘}(T, s+ hl)Cz(s + hz)> =0

j=1 i=1

v*< ﬁ (1—l—aj)ii’(T,s-i-hi)Ci(s—&-hi)) -

j=k+1 i=1

V*< (].+O@)Z‘I)(T,S+hl)ci(s+hz)

M
+ H (1+Oéj) Z @(T,S‘Fh?)CZ(Sﬁth)) :0,

forallk=1,... I=1,...,(N=1); g=1,...,(M +1), and some v # 0 € R"".
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We assumed that the system is controllable on [tg,T], so the system (3). In
particular, this system is null controllable on [tg, T]. Now, let us choose an initial

—1
state xg = —ap + (H?il(l + aj)) ®1(T,ty)v and a final state x(7) = 0. Then with
some control u(-), the state of the system given in satisfies x(7T') = 0. That is,

M ti—hny M
OZX(T) H(l—f—Oé])@(T to)(X0+aO / H 1+aj Z@Ts—i—h)
j=1 j=1 =1
N-1 ,t1—h { M l

x C;(s + hy)u(s) ds + Z/ [T +0e)> @(T, s+ hi)Ci(s + hi)

=1 il o i=1
N

+H(1+aj) Z <I>(T,s+hi)Ci(s+hi)}u(s)ds

+ Z / Z‘I) T,s+ h;)Ci(s + hi)u(s) ds.

—hip1 =1

-1
In the above expression, substitute xg = —ag + (Hjle(l + aj)) &~ 1(T,tq)v, then
premultiply with v* and use to get, 0 = v*v. Thus v = 0. This is contradiction.
Hence our assumption that 0 < mnk(W17 Ww,,... 7W(JLI+1)N) < n? is wrong. Thus,

finally we have mnk(Wl, w,,..., W ) =n2. O

(M+1)N

Remark 4.5. In system , if delays are absent in the control function U(-) € U i.e
h; = 0, Vi, then the necessary and sufficient condition of controllability of the system
given in Theorem reduces to

mnk(W Wi Woniisos
W, A%

2N417°° ) MN+1

w

MN+1) = n2’

where W, W, are obtained from by taking h; = 0, for all

N+17

i=1,2,...,N,ie

M N M N *

W, = /t”{ 11 (1+aj)z@(T,s)ci(s)H 11 (1+o¢j)Z<I’(T,3)Ci(3)} ds,

j=k+1 i=1 j=k+1 i=1
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Vk=0,1,..., M. Note that in this case, the other W’s are zero matrices. Further, the
steering controller defined in (12 reduces to

M N * M
I+ 0 S @ oo W - T[0+a) @ o) a0,

: . ) for all ¢ € [to, t1],
u(t) = M N * M
[ ] (+an (T, t)@(t)} W [xr ST+ o) (T 1) (x0 +ao>],
j=k+1 i=1 J=1

for all t € (tx, trt1],

where W:=W, + W, + W, +-+W and k=1,..., M.

N+1 2N 41 MN+1
Corollary 4.6. Suppose in the system , the control function U(:) € U such that
g =y 2?21 d’,ijTj (ty) = 0, for all k = 1,2,..., M, then the necessary and suffi-
cient condition for the controllability of the system obtained in Theorem reduces
to
mnk’(V7 Wonaase - 7W<M+1)N) =n?,

where

Ve T_hN{i@(T,s—khi)Ci(s—i—hi)}{i{)(T,s—khi)Ci(s—i—hi)rds. (14)

to

i=1 i=1
and W, .,,..., W, , are obtained from by taking h; =0, Vi=1,..., N, that
is,

T—h l l *
Wit § = /T . [Z ®(T, s+ h;)Cy(s + hi)] [Z ®(T, s+ h;)Cy(s + hi)] ds,

—hipr Loy i=1

where I =1,..., (N —1).

Proof. In thisscenario, there are no impulses in the system (1)) as >, >0, d®. U,.;(tx)

j=1"rj
= a; = 0, so that D*U(t;) = O and hence AX(t;) = O, for all k = 1,...,M. As a
result, the matrices W, W,,..., W, .., can be combined to form a single matrix V
ie. V=W +W,+.--+W,_ ...

The proof of this corollary is similar to the proof of the Theorem [£:4] The steering
control function given in reduces to

- N [
Z'I)(Tat+hi)ci(t+hi) Wl [x, — ®(T, o) (x0 + a9)],
) for all t € [to, T — hn],

u(t) =4 ! 1 (15)
> ®(T,t+ hi)Cilt + hi)| W x, — ®(T,to)(x0 + a0)],

for all t € (T — hyy1, T — hy],
0, for all t € (T — hy,T],
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where W :=V + W, 4.4+ W

MN+2 (M+1)N

and1=1,2,...,(N —1). 0

Remark 4.7. The control function defined in is in fact the minimum energy con-
troller among all steering controllers, which steers the state of the linear delay sys-
tem without impulses from xo to x, and hence corresponding U(:) € U; (where
u(t) = vecU(t)) is the minimum energy control function of the system without
impulses and with delays.

Remark 4.8. In system , if delays are absent in the control function U(-) € U
and ap = >, Z?:l dfij,,j(tk) =0, forall kK = 1,2,..., M then the necessary and
sufficient condition for the controllability of the system obtained in Corollary
reduces to the controllability condition given in remark 3.4, p.3 of Dubey and George [8]
and is given by

rank(V) = n?,
where V is obtained from by substituting h; =0, for alli =1,2,..., N i.e.
T N N *
V= {(I)(T, $) Y Ci(s)] {(I)(T, $) Y Ci(s)} ds.
to i=1 i=1

The matrix V given above is called the controllability Grammian of the system (1)) having
no impulses and no delays. Further the steering controller defined in reduces to

N *
u(t) := {@(T, t) Z Ci(t)} V7l x, — (T, ty)(x0 +ag)], for all t € [to, T].

This is the minimum energy controller among all steering controllers which steers the
state of the system having no impulses and no delays, from xo to x,.. Hence corre-
sponding U(-) € U; (where u(t) = vecU(t)) is the minimum energy control function of
the system without impulses and without delays.

4.2. Controllability of the system for the class Us of control functions

In this subsection, a necessary and sufficient condition for the controllability of the
system for the class Us of control functions is derived. Further, if the control function
U(-) € Uz, then W, =0, forp=1,2,..., (M —1)N, (M —1)N + 1.

Theorem 4.9. In system , if the control function belongs to the class Us, then a
necessary and sufficient condition for the controllability of the system on [tg,T] is
given by

_ 2
Tank(W(M—l)N+27 W(M—l)N+3’ s 7W1\/IN7 WMN+1 yeo e 7W(M+1)N) =n.
Here, W, 1inias Waronynass s Warns Warnias -5 Wiy are obtained from ([L1)

and are given by

tar—hy N N *
W, ::/t [ > @(T,s+hi)Ci(s+hi)] [ > B(T,s+hi)Cils+hi)| ds,
i=l+1

M—hi41 i=l+1
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T—hn N
Wiinis © :/ { g
tp—ha i

i=1

®(T,s+ h;)C;(s+ hi):| [ZN: ®(T,s+ h;)C;(s+ hi)} *ds,

i=1

T—h, l 1 .
Woionsi= | [Zémsm)oi(smn] {Z@(nsm)ci(smn] s,

T—hitr Ly i=1
where I =1,...,(N —1).

Proof. To prove the sufficiency, it is enough to show that, the sufficient condition for
the controllability of the system is

rank(W,, .y yins W, W, v W, W, ) =n?

(M—1)N+32 """ YVYMN> MN+17" 9 YW(My1)N

for the class Uy of controls. Then the proof follows by Proposition [3.1

Let us begin by considering rank(W(M_l)N+2, Wi ngar o Wans Wi Woyin
=n?. Then W := W, +W +o W, 4+ W + W is a

M—1)N+2 (M—1)N+3 MN MN+1 (M+1)N
positive definite matrix. Now, define a control function u(:) = vecU(-) € Uz as follows:

- N *

Z @(T,t + hl)C7(t + hl):| W71XT, for all t € (tM — hyy1,ty — hl],
-i=l+1
- N *
Z@(T,t + hZ)Cz(t + hz):| Wile, forall t € (t]\/j — hl,T — hN] \ {tM},
u(t) .= ¢ =1 (16)
-1 *
Z @(T,t + hZ)C7(t + hl):| W71XT, for all t € (T — hl+1,T — hl],
-i=1
v, at t =1y,
0, forallte [to,tpr — hn]U (T — hy, T,

wherel =1,...,(N-1) and v,, = (v}%) € R™" is any vector such that Y2/ | 37 | d¥oM =
—1. Now the state x(t) of the system (3 given in (4)) at ¢ = T satisfies,

N—1 .ty —h, N

x(T) = Z / Z ®(T,s+ h;)C;(s+ h;)u(s)ds

1=1 Yt =P o
T—hn N

+/ Z‘I’(T,S+hi)ci(8+hi)u(8) ds
t

M—hi =y
N—-1 ,T—p l
+ Z / Z‘I'(T,s—l-hi)Ci(s—&—hi)u(s) ds.
1=1 YT= g1 =1
Substitute u(t) from in the above expression to get,

X(T) = {Nf/jh [ ﬁ: <I>(T,s+hi)Ci(s+hi)H XN: BT, 5+ h)Cis -+ hy)| ds

1=1 Yt —hipr Ly imlt1
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+ /tT_hN [XN: ®(T, s+ h;)C;(s + hi):| [ﬁ: ®(T, s+ h;)C;(s + hi):| *ds

M—h1 i=1 =1

N-1 7—p l l *
+ Z/ [Z‘I’(T,S+hi)ci(3+hi):| { ‘I’(T,s—l—hi)Ci(s—&—hi)} ds}W‘le
=1 YT—hipr L;—1 i=1
= {W(Ivf—l)NJrZ + W(Al—l)N+3 +eet WMN + WMN+1 +eee W(]W+1)N }Wilxr
=WW 'x, =x,.

Hence the system is controllable over R™ on [to, T]. Then by Proposition the
system is also controllable over R™*™ on [tg, T].

Now the necessity of the condition can be proved by contradiction. Let the system
be controllable on [tg, T] for the class Us of control functions, but assume that

0< Tank(W(NI—I)N+27 W(I\/I—I)NJrB’ s 7WMN7 WMN+17 s 7W(1w+1)N) < n2'

Then the matrix W = W(Mfl)N+2 —&—W(Mq)NH +o AW W+ —|—W(M+1)N
is singular and hence there exists a non-zero vector, say v € R"™ such that Wv = 0,ie
(W(M—I)N+2 + W(M—l)N+3 +eee WMN + WMN+1 +eee W(M+1)N)V =0,
and hence each W, /v .. Wi, o Wons W, Wi,y Is a singular matrix

and (Wpv,v)o > = 0forp = (M—1)N+2, (M=1)N+3,...,MN, (MN+1),...,(M+
1)N. Proceeding similar to the Theorem [4.4] we get

v*< XN: <I>(T,s+hi)Ci(s+hi)) =0,

i=l+1

N

!
v* <Z (T, s+ h;)Ci(s + hl)) =0,
i=1
foralll=1,2,...,(N —1).
Since the system is controllable, so the system on [tp,T], and hence any

initial state xo can be steered to the final state x(7) = v with certain control function
u(-) = vecU(-), where U(-) € Up. That is,

N—-1 ty—hyg N
v=x(T)= Z/ > B(T,s+hy)Ci(s + hi)u(s) ds
=17t

M—hiy1 =49

T—-hy N
+ ®(T,s+ h;)C;i(s + h;)u(s)ds
[

mM—hi ;1

N-1 ,7—h 1
+ Z / Z@(TaS‘Fhi)Ci(s—Fhi)u(s) ds.
=1

T—hipr j=1
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Premultiply the above expression with v* and use , to get v*v = 0, and hence v = 0,
a contradiction. Hence mnk(W \\Y LW, 0 W \\%

(M—1)N+2 (M—1)N+37 " MN417 ") (M+1)N) =

n2. O

Remark 4.10. The control function given in is independent of an initial state
of the system and depends only on the final state X(T') (where x, = vecX(T)).
Therefore, the control function given in steers any initial state of the system to
X(T).

Remark 4.11. Suppose the control function U(:) € Uy in the system does not
have delays, then the necessary and sufficient condition of this system obtained in the
Theorem reduces to the controllability condition given in Theorem 3.1, p.330 of
Dubey and George [9] and is given by

rank(W,, . ,) = n?,
where W, .. is obtained from by taking h; =0, for all i = 1,2,..., N, that is,
T N N *
W,y = /t {@(T, $) Y Ci(s)} {@(T, $) Y Ci(s)} ds.
M i=1 i=1

Further the sterring control function given in reduces to

0, for all ¢ € [to, tar],

N *
[@(T, > Ci(t)] W, L %, forallte (ty,T]

5. NUMERICAL EXAMPLES

Example 5.1. Consider the following 2 x 2—dimensional linear impulsive matrix Lya-
punov autonomous ordinary differential system with one impulse and two delays in the
control function:

[a:cll(t 1o t} [1 0} {xllt m(t)} N [mll(t) xlg(t)} {1 0}

l‘gl(t Igzt ﬂiglt $22(t) 5621(t) l‘gg(t) 0 0

H [Ui1(t —0.2) Uya(t —0.2)]

0
+ { ] [U11(t —0.4) Upa(t—0.4)], ¢t €0,1]\ {0.5}, (18)
|:£C11(0) 1‘12(0):| _ |:O 0:|
.’£21(0) 1’22(0) 0 0|’
|:A.1311(05) A$12(0.5
A$21(05) A$22(05




686 V.S. MUNI AND R.K. GEORGE

After applying the vector operator, the system becomes

Z'll(t) 2 0 0 0 Ill(t) 1 0 0 0
gor(t)| [0 4 0 0] |za(t) 0 0| [Upi(t—0.2) 1 0| [Un(t—0.4)
g =10 0 1 0| |zn®)| Tlo 1 [U12(t—0.2)}+ 0 0 {Ulz(t—o.zl)}’
jjgg(t)_ _0 0 0 3 .Z’Qg(t) 0 0 0 1
te[0,1]\ {0.5),
3711(0)_ _0
1‘21(0) _ O
$12E8§ g ’
A1711(0.5): ) 1‘11(05)
ﬁiigggg = (Un(0.5) + U12(0.5)) iiggg ,
A$22(0.5)_ .’)322(0.5)
Un()| |1 _
ml=]e teroan

On comparing the above system with , we get

20 0 0 1 0 0 0
0 400 0 0 1 0
A=1y 0 1 ol:Ci=1y 1|:C2= 1y of to=01=02hy=04,t, =05
000 3 0 0 0 1
T=1 a= U11(05) + U12(05)
By calculation, we get
e2(t=s) 0 0 0 0.1648
0 et(t=s) 0 0 0.1995
el =1 0 et o |7 0T 100187
0 0 0 e3(t—s) —0.0557
2.0217 4.1054 0 0
4.1054 8.3637 0 0
_ 2
W, =(0+a)"| 0 04487 1.1094|°
0 0 1.1094 2.7521
[2.2636(1 + «)?  3.4896(1 + «) 0 0
W | 3:4896(1 +a) 5.4467 0 0
2= 0 0 0.6684(1 + )2 1.2424(1 + )|’
I 0 0 1.2424(1 + a) 2.3393
[1.2907 1.2555 0 0 03064 0 0 0
1.2555 1.2529 0 0 O 0 0 0
Ws=1" 0 06131 07084l ™I Wa=1 o o 02159 0
0 0  0.7084 0.8416 0O 0 0 0
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1 1
1 1
steering controller and controlled trajectory in different cases.

Let the desired final state of the system be X; = { ] . Now we compute the

Case (i): If we choose the control function from the class U; such that o = U1(0.5) +
U12(0.5) = 1, then mnk(Wl, W,, W, W4) = 4, hence the system is controllable
on [0,1] by Theorem

0.2779  —0.1706 0 0
Further, W~1 = _0'3706 0'1397 0 8(172 ~0 2395 and one of the control
0 0 —0.4395  0.3068

function that steers the state from X to X is given by

[(31.2e72" — 54.0563¢*!) (—2.326e " + 6.1598¢3")] , for all t € [0,0.1],
[(31.2e72" — 27.0283¢ %)  (—2.326e~" + 3.08¢ )], for all ¢ € (0.1,0.3],

U(t) =4 [(15.6e72" —27.028e~*) (—1.163e "+ 3.08¢~%")], for all ¢ € (0.3,0.6] \ {0.5},
[15.6e7%  —1.163¢~'], for all t € (0.6,0.8],
[0 0], forallte (0.8,1],

and the controlled trajectory is given by

[0.5(e?t — 1) 0.8(et —1.25¢t — 1)
0.25(e*" — 1)  —0.0222(e® + 15.0135¢ — 1)

[(20.05e=4 — 11.629e 72t — 0.6456€2!)  (—2.806e 3 + 1.4198¢~* + 0.289¢")
0.25(ett — 1) —0.0222(e3t + 15.136t — 1) ’

for all t € (0.2,0.3],

[(10.025¢ =4t — 11.634e 2 + 1.0125¢2)  (—1.403¢ 3 + 1.4198¢~¢ — 1.3258¢?)
0.25(e — 1) —0.0222(e% + 15.136t — 1) :

for all t € (0.3,0.4],

[(10.025¢ 7% — 11.689¢ 2 + 1.0406e%)  (—1.403e 3" 4 1.4198¢~* — 0.1326¢")
|(33.469¢ =% — 11.4464e 2" — 0.1272¢%")  (—3.409¢ 3! + 0.8693¢ ¢ + 0.0784¢%!) | *

for all t € (0.4,0.5],

[(10.025¢ =4t — 5.8175e 2 + 0.1584¢2)  (—1.403e~3t + 0.7102¢~* + 0.3286¢")
(16.734¢74 — 11.5716e72¢ 4 0.1138¢4)  (—1.7042¢ 3 + 0.8674e~" + 0.0194¢) |~

for all t € (0.5,0.7],

[(10.025¢=4 — 5.8175¢ 72 4 0.1584e%)  (—1.403e73¢ + 0.7102e~* + 0.3286¢")
| (16.734e4 — 5.785¢ 2" + 0.0268e*")  (—1.7042e 3 + 0.4334e~" + 0.046€") |’

for all t € (0.7,0.8],

—5.8178e~2t 4 0.2415¢% 0.7102e~t 4+ 0.2715€*
(16.734e =4 — 5.785¢ =% + 0.0268¢*!)  (—1.7042e 3" 4 0.4334e~* 4 0.046€3") |’

for all t € (0.8,1],

for all ¢ € [0,0.2],
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5 L \ ]
0or \
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A5} .
20 - 4
. U1
. ui2
_25 Il Il Il Il Il Il Il Il Il
0 0.4 02 03 04 05 06 07 08 09 1

time (t)—

Fig. 1. Plot of control function in case (i) of example

and these are shown in the Figuredl] and [2] respectively.

Case (ii): If we choose the control function from the class U, such that o = Uy1(0.5) +

U12(0.5) = 0, then there are no impulses in the system and hence the matri-

ces W,, W, and W, can be combined to get a matrix V. = W, + W, + W, =
5.576  8.8505 0 0

8'80505 15'%633 1.7?))02 3.0%02 . Then we see that rank(V, W,) = 4, and hence
0 0 3.0602 5.933
by Corollary the system is controllable on [0, 1]. Further,
1.4606 —0.8578 0 0
Wl = 70'3578 0'5(’)701 2.5(147 _12970 and one of the control function that
0 0 —1.2970 0.8375

steers the state from Xy to X; is given by

[(—60.11e~* +40.4515¢~2F)  (2.4901e~3" — 0.2351e~")] , V¢ € [0,0.6] \ {0.5},
U(t) = ¢ [40.4515e7%"  —0.2351e™ "], Vi € (0.6,0.8],
[0 0], Vte(0.8,1],
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X140 Xy (0 Xp (0, X5 (1) —

151 < oxi1 ]

x12
x21
x22

2 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time (t)—

Fig. 2. Plot of controlled trajectory in case (i) of example

and the controlled trajectory is given by

[0.5(e? — 1) 0.8(e! — 1.25¢t — 1)
0.25(e* — 1)  —0.0222(e® + 15.0135¢ — 1)

[(22.2946e=4 — 15.086e =2 + 0.2285¢%t)

(22.2954e =4 — 15.086e 2! + 0.22825¢2¢)
(37.216e~4 — 15.005¢~2* + 0.0437e*)

(37.216e~4 — 15.005e~2¢ + 0.0437¢)

, forallt e [0,0.2],

0.25(e — 1) —0.0222(e® + 15.0135¢ — 1)

for all t € (0.2,0.4],

for all t € (0.4,0.8],

—15.086e~2t + 0.4117¢% 0.1436et 4 0.3484¢?

for all ¢ € (0.8,1],

and these are shown in Figures |3| and [4] respectively.

689

(—1.1342e73" + 0.1436e " + 0.3947et)}

(—1.1343¢ =3¢ 4 0.1436e " + 0.3947¢!)
(—1.378¢ =3¢ 4 0.0877e~" + 0.0516¢3t)

(—1.378¢73! + 0.0877¢~" + 0.0516&“)} :

)

|
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. U1
. ui2

20 I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time (t)—

Fig. 3. Plot of control function in case (ii) of example

Case (iii): If we choose the control function from the class Us such that o = Uy1(0.5) +
U12(0.5) = —1, then W, = O and rank(W,, W,, W, ) = 4, hence by Theorem |4.9, the
system is controllable on [0, 1]. Now,

0.7342 —0.1374 0 0
W1 — —0.1374  0.1748 0 0
0 0 1.4260 —0.3176
0 0 —0.3176  0.3851

and one of the control function that steers the state from Xg to X; is given by

0.4122¢~4"  0.40846e 3], V¢ € (0.1,0.3],
(2.9556e 2 +0.4122¢ %) (2.4668¢ " + 0.40846e %), Vt € (0.3,0.6] \ {0.5},
9556e~2F 2.4668e~"], V¢ € (0.6,0.8],

[0
U(t) = %
[0 0], Vte[0,0.1]U(0.8,1],
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (t)—

Fig. 4. Plot of controlled trajectory in case (ii) of example

and the controlled trajectory is given by

r 2% _ ¢ B
_00..255(564t _11)) _0.08-282((66& 4_11255%13;)5 B 1)] , forallt e [0,0.2],

I 2t _ t

_0.2'51&?6_ 1) _0.0222(622281756_13& B 1)} , for allt € (0.2,0.3],

[ 2t 4t . _3¢ :

_0'13625(649f51336 _0.5)2'32?231‘/ +J;5010§)67tgi 1)} , forallt € (0.3,0.4],
st gt 00 0BT 0409

X(t) = J(—0.153¢~4 — 1.103e~2 4 0.1568¢)  (—0.186e % — 1.5064e " + 0.5794e")

—0.255¢~4 4-0.0047¢* —0.226e73¢ 4 0.0113e3!
for all t € (0.5,0.7],

for all t € (0.7,0.8],
—1.1023e~2t 4+ 0.1555¢% —1.5064e~*t 4+ 0.5718¢t

for all ¢ € (0.8,1],

[(—0.153e™# — 1.103e72 4 0.1568¢%)  (—0.186e 73" — 1.5064e~" + 0.5794¢t)
(—0.255¢74 — 1.096e 2! 4 0.0211e*")  (—0.226e 3" — 0.9204e~t + 0.067¢3?)

(—0.255¢ =4t — 10962 + 0.0211e*)  (—0.226e 3 — 0.9204e~* + 0.067¢3)
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and these are shown in Figures [§| and [6] respectively.

0.4 .
02+ \ —onl
. u12
0 J Il Il Il Il Il Il i L
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

Fig. 5. Plot of control function in case (iii) of example

Example 5.2. Consider another 2 x 2—dimensional linear impulsive matrix Lyapunov
autonomous ordinary differential system with one impulse and two delays in the control
function:

it e v |
+ 1 [Un1(t—0.2) Upa(t—0.2)]

[ —

+ H [U11(t—04) Ups(t —0.4)], t € [0,1]\ {0.5}, 19)
|:1‘11(O) Ilg(O):| _ |:0 0
1’21(0) .’£22(0) 0 0|’

|:A1‘11(05) A.’I312(0.5

Al‘gl(OS) AI22(05




Controllability of impulsive matrix Lyapunov delay systems

Xy (0, %50 X5 (1), x5(0) —

-0.5 3
x11
x12
x21
x22

R I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time (t)—

Fig. 6. Plot of controlled trajectory in case (iii) of example

After applying the vector operator, the system becomes

(L‘ll(t) 1 2 1 0 $11(t> 1 0 0 0
mgl(t) o 1 0 0 1 .%‘21(75) 1 0 Ull(t—O.Q) 2 0
s T 1 0 1 2| |en®)| Tlo 1 [Ulg(t—O.Q)}—F 0 0
i’gz(t)_ _0 1 1 0 IEQQ(t) 0 1 0 2
x {%;Ei:gjﬂ , 0,1]\ {0.5},

1‘11(0)_ _O
.’1?21(0) o 0
xlg(O) B 0 ’
$22(0)_ _0

A$11(0.5)_ .’1?11(0.5)

209 _ (01,05 + Uia0) |09

AZIT22(05) $22(05)

693
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On comparing the above system with , we get

1 2 1 0
1 0 0 1
A = 1 0 1 2|’
0110
o
1 0
Cl - 0 11’
_0 1_
0 o
2 0
C: = 1o ol
_O 2_
to=0,hy =0.2,hy =0.4,t1 =05, T=1, «a= U11(05) + U12(05)

By calculation, we get

672(1575) +1 72672@75) -9
49t +2€3(t75) _|_26tfs + 263(1575)

_6—2(t—s) -1 26—2(t—s) )
1 (+et—s 4 e3(t—s)> (+€t—s + e3(t—s)>
6 _e—Q(t—s) +1 26—2(t—s) -9
_9pt—s +263(t75) —et=s 4 263(1575)
e—2(t—s) _ 1 _9e—2(t=s) 4 9
i (_et—s 4 e3(t—s)> (_et—s + e3(t—s)>
7672(t75) +1 2672(t75) —9 b
(_26ts + 263(ts)) —92et=s 4 263(1‘/75)
e—2(t—s) -1 _26—2(t—8) +9

_et—s + eS(t—s) _et—s +e3(t—s)
( e—2(t—s) +1 ) _26—2(15—5) -9 )

®(t,s) =

42t 4 QeB(tfs) 19et—s 4 263(t75)

_672(1578) -1 2672(1578) 49
+et—s + eS(t—s) +et—s +e3(t—s) ]

—0.1602 17.4115 11.135 15.277  9.709
1.0713 B o [11.1350 7.125  9.709 6.172
0.0883 |’ W, =(1+a) 15.2770 9.709 17.4115 11.1349|°
0.5817 9.709  6.172 11.1349 7.125

ap =



Controllability of impulsive matrix Lyapunov delay systems

695

[ 6.915(1 +«)?  3.8854(1 +«)? 5.8225(1+«)?  3.2689(1 + «)? ]
+5.8373(1+a) +4.965(1+a) +4.5299(1+ ) +3.7637(1 + «)
+1.2553 +1.3835 +0.8625 +0.9396
3.8854(1+a)?  2.1839(1 +«)?  3.269(1 +«)?  1.8359(1 + «)?
+4.965(1 + )  +3.646(1 +«) +3.7636(1 4+ ) 2.8035(1 + )

+0.8625 +1.5526 +0.9395 1.041
W2 = 9
5.8225(1+a)?  3.269(1+ )2  6.9152(1 +a)?  3.8854(1 + «)?
+4.5299(1 + ) +3.7636(1 + @) +5.8373(1 + ) +4.8776(1 + )
+0.8625 +0.9395 +1.2553 +1.3834
3.2689(1 + a)?  1.8359(1+ a)?  3.8854(1 + a)?  2.1839(1 + «)?
+3.7637(1+ a) +2.8035(1 + ) +4.8776(1 + ) +3.646(1 + o)
| +0.9396 +1.041 +1.3834 +1.5525 |
[4.143  4.3136 2.5038 2.3366 0.3787 0.313 0.0874 0.0694
W. — |43136 46915 2.3366 21719| o | 0313 0.2605 0.0694 0.0554
37 12,5038 2.3366 4.143 4.3136|° ' [0.0874 0.0694 0.3787 0.313
2.3366 21719 4.3136 4.6915 0.0694 0.0554 0.313 0.2605
11

Let the desired final state of the system be X; = [
controllability of the system in different cases.

1 J . Now we discuss the

Case (i): If we choose the control function U(-) € U; such that a = U1(0.5) +
U12(0.5) = 1, then mnk(W17 W,, W,, W4) =4, and hence by Theorem the system
is controllable on [0, 1].
Case (ii): If the control function U(-) € U; such that a = Uy1(0.5) + U12(0.5) = 0, then
there are no impulses in the system and hence the matrices W,, W, and W, can be
35.5621 25.6825 28.9957 20.0177
25.6825 19.199 20.0177 14.0243
28.9957 20.0177 35.5623 25.5949
20.0177 14.0243 25.5949 19.1989
Then we see that rank(V, W,) = 4, and hence by Corollary the system is con-
trollable on [0, 1].
Case (iii): If we choose the control function U(-) € Uy such that a = U31(0.5) +
U12(0.5) = —1, then W, = O and rank(W,, W,, W, ) = 4. Therefore by Theorem [4.9
the system is controllable on [0, 1].

In all the above three cases, the computation of the control function and correspond-
ing controlled trajectory are similar to that of Example

combined to get a matrix V=W, +W,4+W, =

Concluding remarks: In this paper, a dynamical control system modelled by an n x
n—dimensional linear impulsive matrix Lyapunov ordinary differential equations having
multiple constant time-delays in its control function is considered. The controllability
conditions of this system for certain classes of admissible control functions are derived.
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Further, these controllability conditions are reduced to the corresponding system without
impulses and with delays; with impulses and without delays; and without impulses and
without delays. In each of such case, the obtained controllability results coincides with
the results available in the existing works of the literature. Numerical examples are
given to show the effectiveness of obtained results.

As we know that, the control function in the matrix Lyapunov systems may possesses
variable time delays. In such scenario, the ideas of this work can be extended to study
the controllability of impulsive matrix Lyapunov systems with variable time delays in
control function. Further, it should be mentioned that, for the constrained controllabil-
ity (e.g, in a given closed convex cone with vertex at zero) of impulsive matrix Lyapunov
differential systems in finite or infinite-dimensional space, one has to consider the dif-
ferent methods discussed in [5l 21] etc, where the authors studied the controllability of
infinite-dimensional nonlinear systems with constrained controls in a given closed convex
cone with vertex at zero.
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