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KYBERNETIKA — VOLUME 56 (2020), NUMBER 4, PAGES 727-752

CONTROLLABILITY OF LINEAR IMPULSIVE SYSTEMS
—AN EIGENVALUE APPROACH

VIJAYAKUMAR S. MUNI AND RAJU K. GEORGE

This article considers a class of finite-dimensional linear impulsive time-varying systems for
which various sufficient and necessary algebraic criteria for complete controllability, including
matrix rank conditions are established. The obtained controllability results are further synthe-
sised for the time-invariant case, and under some special conditions on the system parameters,
we obtain a Popov-Belevitch-Hautus (PBH)-type rank condition which employs eigenvalues of
the system matrix for the investigation of their controllability. Numerical examples are pro-
vided that demonstrate—for the linear impulsive systems, null controllability need not imply
their complete controllability, unlike for the non-impulsive linear systems.
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1. INTRODUCTION

Many of the evolution processes exhibit impulsive behaviour, that is, the states of such
system are subjected to short-term perturbations at certain moments of time. Dynamical
systems which show an impulsive behaviour are often encountered in artificial intelli-
gence, biological systems, population dynamics, neural networks, robotics, telecommu-
nications, information science etc. Readers can refer a monograph by Lakshmikantham
et al [6] for a detailed study on impulsive systems. Controllability is one of the funda-
mental properties of the dynamical control system, which simply means the system can
be steered from any of its initial state to any desired final state within its state-space in
some finite-time, by using a set of admissible control functions.

The investigation on controllability of impulsive systems has begun in 1993 by Leela
et al [7], where, it is analysed an effect of impulsive control on system controllability.
Later the research on these systems took a rapid growth when many other control the-
orists started investigating the controllability of different types of impulsive systems.
Some of the remarkable contributions were made by Benzaid and Sznaier [I], George
et al [2], Guan et al ([3], []), Xie and Wang [10], Zhao and Sun ([11], [12]), Han et
al [5] and others. In [I], a homogeneous linear impulsive system is considered and its
global null controllability is established. In [2], the authors investigated the controlla-
bility of impulsive systems with nonlinear perturbations. In [3], various necessary and
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sufficient controllability conditions are obtained for the linear impulsive systems of both
autonomous and nonautonomous type. Xie and Wang [10] considered linear piecewise
constant impulsive systems and obtained their controllability results, which are gener-
alised in [I1] for the time-varying case, and further simplifications are performed in [5].
But it is worth pointing out here that, in all these papers the authors actually inves-
tigated the null controllability (i.e. controllable to the origin from any initial state) of
impulsive systems, which is not equivalent to their complete controllability unlike the
linear systems without impulses.

As we know for the time-invariant case of a linear system without impulses, in addition
to Kalman’s matrix rank condition, an equivalent Popov-Belevitch-Hautus (PBH) rank
condition which adopts the eigenvalues of system matrix is one of the easily verifiable
and a powerful tool in the analysis of their controllability (Terrell [9]); and our literature
survey shows that in none of the articles on impulsive control systems, a PBH-type rank
condition is discovered so far.

This article provides various sufficient and necessary criteria for complete controlla-
bility of linear impulsive systems. The accomplished results are further reduced to the
corresponding time-invariant case and subsequently obtained Kalman’s type and PBH-
type rank conditions under some special properties of the system parameters. When we
specialise the obtained complete controllability conditions to that for null controllability,
the results coincide with those in [3].

We organise this manuscript in four sections. In Section [2] some of the preliminaries
and a class of linear impulsive control systems whose controllability are to be investigated
are presented. The main results of the paper begins with Section [3] where we discuss
various sufficient and necessary conditions for controllability of the considered system.
Also a numerical example is introduced to support the claim—the null controllability
need not imply the complete controllability for the linear impulsive systems. In Section[d]
the controllability results which are obtained is Section [3]are applied to the corresponding
time-invariant case of the system, and subsequently the conditions are reduced in terms
of the system matrices and their eigenvalues. Finally the paper terminates with some
concluding remarks.

2. PRELIMINARIES AND SYSTEM DESCRIPTION

Throughout the paper R denotes the set of all real numbers and N the positive integer
set. For any fixed m,n € N, R"*™ defines the real vector space of all (n x m)-real
matrices under the component-wise addition and component-wise scalar multiplication
of matrices; in particular for m = 1, R™ collects all (n x 1)-real matrices (also called
as vectors), which represents an n-dimensional real vector space over a real field, and
is also a real Banach space endowed with an Euclidean norm || - ||g~. Let I,, symbolises
an identity matrix of size (n x n). The spectrum o(A) defines the set of all eigenvalues
of square matrix A. The transpose of A € R™*™ is denoted by AT € R™*". Denote
C(A; B) for the set of all continuous functions from set A to set B. For 1 < m
n, the reverse product of square matrices (of same size) is defined by H;":n A
A, A, ... A,,. The zero matrix of any size is denoted by O and zero vector by 0.

1A

The natural space to work on the controllability of finite-dimensional linear impulsive
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systems is the real Banach space:
B:= {x() | x(+) : [to, 00) = R™ is continuous and bounded on [tg,00) \ {tx : k =1,2,...}

and differentiable a.e. on [tg, 00) such that 3 x(t,) := hm x(t) and x(t] ) :== grtn x(t)
k

with x(t;) = x(t), and x(to) = grtrolx(t)}

endowed with sup-norm

O[] = sup[x(#)]
te€[to,00)

We also need the following real Banach space:

Rn "

PC = {u() |u(:) : [to,00) — R™ is bounded piecewise continuous function on [to, oo)}

endowed with the sup-norm as in B.
In this work, we consider the class of dynamical control systems modelled by the
following n-dimensional linear impulsive ordinary differential equations:

%(t) = A(®)x(t) + BOu(t), t€ [to,00)\ {te: k=1,2,3,.. .},
X(to) = X, (].)
AX(tk) = Ekx(tk) + Fku(tk),

where

(i) the state function x(-) € B with a known initial state x(t9) = xg, and the control
function u(-) € PC,

(ii) A(-) € C([to,o0); R™*™) and B(-) € C([to,o0); R™*™) are the known matrix val-
ued functions,

(iii) Ax(tg) :=x(t}) — x(tx) is an impulse in the state at known times ¢,
(iv) Er € R™*™ and Fj, € R™*™ are the known constant matrices.
The solution to system is given in the following lemma.

Lemma 1. By assuming there are M-impulses, M € N in the time interval [to, /], the
solution to the system in the time-duration (t,tx11], k =1,2,..., M is given by

-

X(t) = @(t,tk){ (In + Ej)q’(tjvtj—l)XO

j=k
k i+1 t;
+° < (I, + Ej)é(tj,tj1)> (I, + EZ-)/ ®(t;,5)B(s)u(s)ds
i=1 \j=k ti-1 (2)
k
Z H n + E t], t]‘_l)Fi_lu(ti_l) =+ Fku(tk)}

+ / ®(t,5)B(s)u(s)ds,

tr
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where ®(t,s) := ®(t)®1(s) is the state-transition matrix associated with A(t), and
®(t) is the fundamental matrix (solution) to the homogeneous system: x(t) = A(t)x(t);
it is convention to assume H;t,i(ln +E;)®(tj,t;—1) =1, and ty = tar41.

Proof. The solution to the system in [tg,t1] is given by using the method of
variation of parameters as

()= @(t.to)xa + [ B(1,5)BlsIu(s)ds ®
This gives '
x(t) = (11 to)x0 + [ " B(t1, 5)B(s)u(s)ds,
so that O

x(t]) = (I, + E1)x(t1) + Fru(t)
=(I,+ El){Q(tl,to)xo +/ 1 B(tq, s)B(s)u(s)ds} + Fiu(tq),

using which we can write the solution to system in (t1,t9] as

x(t) = Bt 1 )x(tT) + /t ®(t, 5)B(s)u(s)ds

_ @(t,tl){(ln +EN®(t, to)xo + (I + Ey) /tl B(t1, 5)B(s)u(s)ds

to

+ Flu(tl)} + t ®(t,s)B(s)u(s)ds,

t1

which is same as

x(t) = ®(t,t) (In + Ej)®(t),t5-1)%0

—

1

i

+k)
—

7N

(In +Ej)¢'(tj,tj—1)> (I, + Ei) / ) ®(t;, s)B(s)u(s)ds
(1)

Il
-

J

<.

+

M- M-

I|
SN
-

I

(In + Ej)q)(tj, tjfl)FiflLl(tifl) + Flu(tl)}

7 j=1

+ /t ®(t, 5)B(s)u(s)ds,

1

from which we get

x(tg) = @(tz,h){(ln +E)®(t1,t0)x0 + (I, + Eq) /tl ®(t1,5)B(s)u(s)ds + Flu(tl)}

to
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+ / @ (12, 5)B(s)u(s)ds,

ty

so that

X(t;) = (In + E2)X(t2) + Fgu(tg)
= (I" —+ Eg)é(tg,tl)(]:n —+ El)q)(tl,t()))((rF

+ (In + Eg)q)(tz, tl)(In + El) \/t1 @(tl, S)B(S)U(S)ds

to

b (L, + Eo)®(ts, t1)Fru(ty) + (I, + Es) / " B(ty, 5)B(s)u(s)ds + Fou(ts),

ty

using which the solution to system in (t2,t3] is given by

x(t) = ®(t,t2)x(t]) —|—/ ®(t,s)B(s)u(s)ds

to

= q)(t7 tg){(In + EQ)q)(tQ, tl)(In —+ El)q)(tl, to)X0+

b (T + o) ®(ta, 1) (L, + Er) / " ®(t1, 5)B(s)u(s)ds

to

4 (I, + Eo)®(ta, t)F1u(ty) + (I, + E) / " (12, 5)B(s)u(s)ds

t1

+ F2u<t2)} + /t "B(t,)B(s)u(s)ds,

1
x(t) = q)(t,fg){ [T +Ej)®(t;,t;-1)%0
i’
(I, + B;)®(t;, tj_1)> (I, + E;) /t ®(t;,5)B(s)u(s)ds (5)
+ Z ]j(In + Ej)q)(tj7 tjfl)Fiflu(tifl) + Fgu(tg)} + /t @(f, s)B(s)u(s)ds.

i=2 j=2 ta

By observing eqs and , and using the principle of mathematical induction, we can
claim that the solution to system in (tk, tit1] is given by eq (2)). O

Lemma 2. If each E; commutes with the state-transition matrix ®(¢, s), that is

Ekq)(t,s) = q)(t,S)Ek, Vk = 1,2,...,M,
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then the solution to system given in eq reduces to

1 ki t;
SCR | CRECENED 0 | (S | #oButs

i=1 j=k

+ Z H t t;_ 1)Fi,1u(ti,1) + ‘I’(t, tk)Fku(tk) (6)
=2 j=k

+/ ®(t,s)B(s)u(s)ds, t € (tg,tpr1],

where as usual we mean Hfi,i (I, +E;))®(tj,tj—1) = L,.

Proof. Since this lemma discusses the special case of Lemma [I| under the condition
that ®(-,-) commutes with each Ey, so with each (I, + Eg), and by using the semigroup
property of ®(-,-), the solution to system in the time-duration (¢x,tg4+1] given in
q (2) reduces to

1
®(t,t) [[ (T B(t;, 1, 1)x0
j:

i+1 tq
B(t,tr) (H I, +Ej)<I>(tj,tj1)> (In+Ei)/ ®(t;,5)B(s)u(s)ds
j=k

ti—1

1

‘i’(t, tk) H(I” + Ej)‘I’(tj, tj_l)Fi_lu(ti_1) + q’(t, tk)Fku(tk)
j=k

+

™M= 1 Mw

&
||
N

t

+ [ ®(t,5)B(s)u(s)ds

™

t
= @(t, tk)(]: + Ek)@(tmtk—l) - (In + El)q)(tl,to)XO

+Z{ (t, k) (Tn + Ep) @t ti1) - .. (L 4+ Bip) @ (i1, t) (L, + E;)

=1

<.

ti—1

x/l @(tl,s)B(s)u(s)ds}

+ Z {‘I’(t’ tr)(In + Ep)®(t, tr—1) ... (In + E;) (15, ti—l)Fi—lu(ti—l)}

=2

+ ®(t,tr)Fru(ts) +/ P(t,s)B(s)u(s)ds
H n+ Ej)®(t, t0)x0 + Z H n+E;) / ®(t,5)B(s)u(s)ds

=k i=1 j=k ti-1
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k 7
+ Y [ @ + E)®(ttio1)Fiqu(tiog) + (¢, tr)Frulty)

i=2 j=k
t
+ / ®(t, 5)B(s)u(s)ds,
123
which is exactly same as eq @ O

Remark 1. As a special case, when system is autonomous and if A commutes with
each Eg, that is AE, = ExA, Vk =1,2,..., M, then state-transition matrix will also
commute with each Ey, as ®(t,s) = eA—9),

3. CONTROLLABILITY RESULTS

In this section, we obtain several sufficient and necessary conditions associated with the
controllability of system under various assumptions on the system parameters. First
we recall the definition of complete controllability as follows.

Definition 1. (Complete controllability) The system is said to be completely con-
trollable in R™, over [tg,tf], 0 < to < t; < 00, if for each pair (xg,xy) € R” x R", there
exists some u(-) € PC such that the corresponding solution of the system with an
initial state x(to) = xo satisfies x(t5) = xy. Such u(-) is one of the control function to
system for driving its state from x¢ to xs over [to,y].

Definition 2. (Null controllability) If x; = 0 in the above definition of complete con-
trollability, then system is said to be null controllable over [to,?f].

Remark 2. It is clear that, if system is completely controllable over [tg,tf], then it
is also null controllable over [to,ts]. But the converse need not be true (see Example .

Theorem 1. (Sufficient conditions) If one of the following conditions hold true, then
system is completely controllable in R™, over [tg,tf].

(i) There exists some [ € {1,2,...,(M — 1)}, M 2 2 and an (m x n)-matrix F] such
that F;F; =1, and (I, + Ej+1), (I, + Ej42), ..., (I, + Ejr) are invertible.

(ii) There exists an (m x n)-matrix F,; such that Fy/F,, = L,.

(ili) There exists some p € {1,2,..., M} such that (I,+E,), (I,+E,11),...,I,+Eu)
are invertible, and fti)”il (®(tp, s)B(s)) ((tp, s)B(s))Tds is positive-definite.

(iv) fttkff (®(ts,s)B(s)) (®(ty, s)B(s))Tds is positive-definite.

Proof. (a) First we consider case (i). Without loss of generality, suppose there exists
ale{1,2,...,(M —-1)}, M 2 2 and an (m x n)-matrix F; such that F|F; = I,,
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and (I, + E;11), (I, + Ejy2),..., (I, + Ejf) are invertible. Then given an initial state
Xo € R™ and a desired final state xy € R™ of the system , by using a function

I+1 -1
F; ( IT @+ Ej)q’(tj»tj—1)> D(ta,ty)

j=M

1
x{xf— (tstar) H (L)t 1)x0} t=t,
=M

0, telto,ts]\ {tz},

the solution to system given in eq ([2)) satisfies x(t) = x;.

(b) Now we consider case (ii). Let there exists an (m x n)-matrix ¥/, such that
FyF,; =I,. Then with an initial state xo € R™ and a desired final state x; € R™ of
the system , by taking

(7)

1
F’M<I>(tM,tf){xf— (tr.ta) [] (n Bt t; 1)x0} t=tar,
u(t) := J=n

0, te [t07tf] \ {tM},
we can verify that its state given in eq satisfies x(t5) = x;.
(c) To prove the case (iii), let there exists ap € {1,2,..., M} such that (I,+E,), (I,+
: : T
Ey+1), ..., (I, +Ey) are all invertible and W = f::ﬁl (®(tp, s)B(s)) (®(tp, 5)B(s)) ds

is positive-definite. Then the following function drives the state of system given in
eq (2) from x¢ to x5 over [to,tf].

p+1l -1
(@t HB(1) W (T, + Ep)1< IT@+ Ej)@(tj,tj_1)> ®(tw,ty)
=M
u(t) := 1
X {xf — @ty ta) [] n D(tj,t;_ 1)x0} te (ty_1,tp),
j=M
0, te [t()?tf] \ (tpflatp)'
(9)
(d) Finally to prove case (iv), let W = (<I>(tf, s)B(s)) (@(tf,s)B(s))Tds be

positive-definite matrix. Then plugging the followmg function

1

(t) (q’(tf?t)B(t))TW_l{Xf - (I)(tf’tM) H (In + Ej)q)(tjvtj—l)xo}? te (tM?tf]a
ult) = =M
0, € [to,ts]\ (tn,ts],

(10)

into solution eq (2)) of system (1)), we get x(ty) = xs. All these show that, the functions
used in eq , (18), @D and (|10) are the control functions to system for driving its
state from xo to xs over [to,¢s] under the considered cases. O
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Remark 3. As in the introduction we mentioned—if a linear impulsive system is null
controllable, then it is not necessarily completely controllable, unlike the non-impulsive
linear systems, hence we analyse the null controllability of system rigorously. Though
the conditions stated in Theorem [1| are sufficient for the complete controllability, and so,
for null controllability of system , but one can still weaken these conditions for the
null controllability case by waiving the invertibility of (I, + E)’s unlike in Theorem

Theorem 2. (Sufficient conditions) If one of the following conditions hold true, then
system is null controllable in R™, over [to,ty].

(i) There exists some p € {1,2,..., M} and an (mxn)-matrix F, such that F,F = I,,.

(ii) There exists a positive-definite matrix W = fttil (®(tq, 5)B(s5)) (®(tg, S)B(s))Tds,
for some ¢ € {1,2,..., (M +1)}.

Proof. (a) First we consider case (i). Without loss of generality, suppose there exists
ap € {l,2,...,M} and an (m x n)-matrix F, such that F,F) = I,. Then given an
initial state xg € R"™, the function given by

1

—F/ (In+Ej)§(tj,tj,1)X0, t:tp,
u(t) == ”jl;[p (11)

07 te [thtf]\{tP}7
is a control to system for steering its state given in eq from x to 0, over [to,t¢].
.. t T .
(b) To prove the case (ii), let W = ft:_l (®(tq,5)B(5)) (®(tg, s)B(s))" ds be positive-

definite matrix for some ¢ € {1,2,...,(M +1)}. Then the following is a control function
to system (1)) for driving its state from xq to 0, over [to,tf].

1
Txr—
(t) - ((I)(tqat)B(t)) W 1¢'(tqvtq—1) H (In +Ej)(1)(tj7tj—1>X07 te (tq—lvtq),
u(t) := ,
Jj=q—1
0, te [t()?tf] \ (tqfhtq)?
(12)
where H;:O(In +E;)®(t;, tj—1) =1,. O
The following example shows that a null controllable linear impulsive system is not
completely controllable.

Example 1. Consider a LTI-system with two impulses:

x(t) = é ﬂ x(t), te[0,3)\{1,2},

x0) = |g|.

:1 0 0 (13)
ax =g 5 |,
Ax(2) = ; ‘ﬂ x(2).
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1 00

0 2 1] . Note that there exists a matrix

In this system n = 2, m = 3, and F; = [
11 -2]"
F| = [0 05 0 } such that F1F}] = I, therefore by condition (i) of Theorem

we conclude that system is null controllable over [0,3]. Further, the solution to
system is obtained from eq as

et [(1)] , telo,1],

O R R P EC A 1

et{[ﬂﬂl E 5 g] u(l)}, te (23],

One of the control that drives the system to the zero state can be computed from
eq , and is found to be

u(t):{[_e —e T26
0 0 0], tel0,3]\{1},

]Ta t=1,
(15)

and for this u(¢), the components z1(t) and z2(t) of the controlled trajectory x(t) com-

. - . . T
puted in eq (14) are plotted in Flgure If the desired final state is [1 1} , then
3 T T T T T 1
0.8
251
0.6
5 04
0.2
l_\ 15F I\ 0
g & o2f
1
-04r
o5t -0.6
-0.81
0 L -1 L - L - L
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
time (t) — time (£) —

Fig. 1. Components of controlled trajectory in system with the
control given in
the state function given in eq reduces to: [1 1]T =x(3) = ¢ [2 3]T, that is
1 =2c and 1 = 3¢, for any control u(1l) = [al as ag]T, where a1,a2,a3 € R and

¢ =¢e*(1+ e (a1 + 4az + 2a3)). But the equations: 1 = 2¢ and 1 = 3¢ do not have
a common solution for c¢. Hence we conclude that, there exists no control function for
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steering the state of system from [1 O]T to [1 1]T , showing that this system is
not completely controllable in R?, over [0, 3].

Corollary 1. (Sufficient conditions) If in system , each E; commutes with the
state-transition matrix, i.e. Ex®(t,s) = ®(t,s)Ex, Vk =1,2,..., M, then the sufficient
conditions for complete controllability in R™, over [¢g,ts] of the system given in
Theorem [1| reduces to the following conditions:

(i) There exists some ! € {1,2,...,(M — 1)}, M 2 2 and an (m x n)-matrix F] such
that F;F]; =1, and (I, + Ej41), (I, + Ej42), ..., (I, + Ejr) are invertible.

(ii) There exists an (m x n)-matrix F,; such that FyF,, = L,.

(iii) There exists some p € {1,2,..., M} such that (I,+E,), (I,+Ept1),..., I, +En)
are invertible, and W = f;”il (®(ts,s)B(s)) (®(ty, s)B(s))Tds is positive-definite.

(iv) W= [/

tm

(®(ty,5)B(s)) (®(ty, s)B(s))Tds is positive-definite.

Proof. The proof is similar to that of Theorem [I} hence we skip the details. However
we provide one of the control function that steers the state of system given in eq @,
from x to x;. These are as follows. For the case (i),

I4+1 -1
u(t) — Fgé(tlvtf)< H (In +EJ)> {Xf -

J=M
0, te€ [toatf]\{tl}a

J

1
(In+Ej)<I>(tf,t0)Xo}, t:tl,
=M

(16)

for the case (ii),

1

F’]\4<I>(tM,tf){xf - [ @+ Ej)é(tf,to)xo}, t=tu, an

u(t) := =n

0, t&lto,ts]\{tm},

for the case (iii),

P -1 1
Txr
(®(ts,1)B(t)) W 1( IT @+ Ej)) {Xf - @+ Ej)q)(tfato)xo},
u(t) :== J=M =M
te (tpflatp)a
0, te [to,tf} \(tl)—17tl))a

(18)

and finally for the case (iv), it is

1

(@(tf,t)B(t))Twl{xf - H (1, +Ej)«1>(tf,to)x0}, t € (ta,ty,
j=M

0, te€lftots]\ (tm tsl

u(t) :=

(19)
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Corollary 2. (Sufficient conditions) If E;®(t,s) = ®(¢,s)Ex, Vk = 1,2,...,M in
system , then the sufficient conditions for its null controllability in R™, over [to, ]
given in Theorem [ reduces to the following conditions:

(i) There exists some p € {1,2,..., M} and an (m xn)-matrix F; such that F;F} = L,.

(ii) The matrix W = j;tqq_l (®(tr,5)B(s)) (@(tf,s)B(s))Tds is positive-definite for
some ¢ € {1,2,..., (M +1)}.

Proof. The proof is similar to Theorem [2 Under case (i), we can consider the control
function

1
—F [ [T+ E)®(t1, to)x0, t =1,

u(t) == i (20)
0, te [to,tf]\{tl},
to steer the state of system given in eq @ from x¢ to 0.
For case (ii), we can take the control function as
. 1
—(®(tp,)BE) W ] @ +E)®(tr,to)x0, tE (tg-1.1g),
u(t) = Pt (21)
0, t€[to,ts]\ (tg-1,tq),

to verify x(tf) = 0 in eq (@). O

The theorems and corollaries introduced so far in this section provide the sufficient
conditions under which the system is controllable. We now investigate the neces-
sary and sufficient controllability condition for the system by letting (I,, + Eg) as
nonsingular matrices for every k = 1,2, ..., M. First we introduce the following positive-
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semidefinite (n X n)-matrices:

H(In +Ej)‘I’(tj,tj1)> (In +Elc)‘§(tk,8)B(S>}
T
n+ Eg) (tk,s)B(s)} ds,

i) 0
(m )m, "
i)

T
(I) t1u7 S)} dS,

V1 = V(to,tl) = / ' (@(to,S)B(S))(@(to,S)B(s)) S,

to

tr4+1 1 -
k+1 (th, ths1) /tk {(jZk( + ))
1 -1 T
X { <H(I" + E]-)> @(to,s)B(s)} ds,
j=k
1 -1 1 -1 T
Gy = { ( [[a@. + Ej)‘I’(tmtjl)) Fk}{ ( [[a@. + Ej)q’(tmtjl)) Fk} ;
]Tk = 1]:]~c -1 T
H; = {(H(In +Ej)) D (o, ty)F }{ (H n+E;j) ) ‘I’(toﬂfk)Fk} ;
j=Fk j=k

where k = 1,2,..., M and tpry1 = t5.

1

<I>(t07s)B(s)}

(22)

Theorem 3. (Necessary and Sufficient condition) If each (I,, + E) is nonsingu-
lar, then system is completely controllable in R™, over [to, ts] if and only if

rank(Wl, Wg,... ,WM+1, Gl, GQ,.. 7G‘r[\/j) =n. (23)

In addition, if each Ej commutes with the state-transition matrix ®(¢, s), then the above
necessary and sufficient condition for the complete controllability reduces to

rank(Vl, Vg,...,VM+1, Hl, Hg,...,H]\/[) =n. (24)

Proof. First we prove that the condition in is necessary as well as sufficient for
the system to be completely controllable, where it is given that all (I, + Eg)’s are
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nonsingular. The necessity of this condition can be proved by contradiction. For this,
let the system be completely controllable over [ty,ty], but assume that

rank(Wl, Wy, . ..,.Wpi1, Gi, Go, ..., GM) <n.
Then a homogeneous system:
(W, Wy ... Wy G Gy ... Gy) z=0eRCMDn
have at least one nonzero solution z € R™. Further this z also satisfies the equations:
Wiz=0, Wy12=0,andGyz=0,Vk=1,2,..., M,

from which we can obtain

b 1 -1 2
/ ZT< (In +Ej)¢'(tj,t]’_1)> (In—FEk)@(tk,S)B(S) ds =0,
te—1 j=k R1xm
tr 1 —1 2
/ ZT< H (1n+Ej)<I>(tj,tj1)> ®(tar,s)B(s) ds =0,
tm j=M Rlxm

2
=0,

R1xm

z" ( H(In + Ej)é(tj,tj_1)> Fy
j=k

for all kK = 1,2,..., M. Since the integrands in the above integrals are non-negative
continuous functions over their domains, hence it follows that

1 —1
' ( [T + Ej)<I>(tj,tj1)> (I, + Ex)®(tx, 5)B(s) = O € RM™, Vs € (tg_1, 1),
=k

1 -1
ZT< (I, + Ej)@(tj,tj_ﬁ) P(trr,s)B(s) =0 € Rlxm, Vs e (tM,tf],
J

I
S

1 —1
ZT< (In + Ej)@(tj,tj_1)> F.=0c¢ Rlxm,
j=k

(25)

for all k = 1,2,..., M. Here for convention we take (tx—1,tx) as [to,t1) when k = 1.
Now as the system is completely controllable over [tg,ty], hence in particular it is
null controllable, and therefore there exists a control function u(-) € PC that steers the
state of system given in eq (2)) from x(¢y) = z to x(ty) = 0; that is to say

1

0= X(tf) = ‘P(tf,tM){ H (In + Ej)Q(tj,tj,l)z
ji=M

M i+1 ti
3 ( ] @+ Ej)@(tj,tj1)> (I, + E,) /f B(t:, 5)B(s)u(s)ds

i=1 \j=M
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~.

=®(tr,tn) [ Tn + E)®(t,851)
=M
M tr 1 —1
x {Z+Z/ <H(I”+Ej)q)(tjat]—1)> (In+Ek)¢’(tk7S)B(S>u(S)dS

=k

+/tf < (In+Ej)<I>(tj,tj1)> ®(tpr, s)B(s)u(s)ds

M -1
—I—Z <H(In+Ej)(I>(tj,tj1>> Fku(tk)}.

Premultiply the above step with z” ( H}:M (L, + E;)®(t;,t;-1)) _1<I>(tM, ty) and using
the results of eq , we obtain z”z = 0 which implies z = 0, a contradiction. Therefore
if the system is completely controllable, then rank(Wl, oy Wargt, G, .o GM) =
n.

To prove the sufficiency of condition in , let rank(Wl, oy Wari, Go, ..o GM) =
n. Denote W =W; + Wy + -+ Wy + Gy + Go + - + Gy, then

rank(Wl, WQ,...,WM+1, Gl, Gg,...,GM) = rank(W),

so W is positive-definite (refer Lemma 3.1 in Muni and George [8]). Now for a given
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initial state xo € R™ and a final state xy € R" of system , define a function:

T

1 -1
{ (H(In + Ej)é(tj,tj1)> (I, + Ek)fi(tk7t)B(t)} w!
j=k

1 —1
X { — X + ( H (In +Ej)¢(tj,tj_1)> q)(tA4,tf)Xf}, t e (tk}—17tk,)7

=M

1 -1 T
{( IT @ +Ej)<1>(tj,tj_1)> @(tM,t)B(t)} w!

=M
u(t) := . .
X { —Xo + ( H(In‘i‘Ej)@(tj,tj—l)) (I)(t]\/htf)Xf}, te (tM,tf],
j=M
1 -1 T
{ (H(In + Ej)@(tj,tj1)> Fk} w!
j=k
1 -1
X { — X0+ ( 11 @ +Ej)®(tj,tj_1)> @(tM,tf)xf}, t=ty,
j=M
(26)
where k = 1,2,..., M. Here for convention we take (ty_1,tx) as [to,t1) when k = 1.

Now plug-in in eq , we obtain x(t) = xs, showing that system is completely
controllable over [tg,tf].

Now we show that the condition given in is necessary and sufficient for the
complete controllability of over [to,ts], under the assumptions that (I, + E)’s are
invertible and E;®(t, s) = ®(¢, s)Eg, for all k. Similar to the first part of this theorem,
the necessity of this condition can be proved by contradiction. For this, let the system
be completely controllable over [tg,t¢], but assume

rank(Vl, VQ, Ce ,VM+1, H,, HQ, Ce ,HM) <n.
But then, there exists a nonzero vector z € R™ such that
Viz=0, Vip112=0,andH;z =0,

which implies

t1
2
[l @ 9B s =0,
to
tk41 1 -1
/ 7 [[+E))| ®(to,5)B(s)
tr =k

ZT<H(In +Ej)> ‘D(to,tk)Fk
j=k

2
ds =0,

R1xm

2

R1xm



Controllability of linear impulsive systems—an eigenvalue approach 743

for all £ = 1,2,..., M. Since the integrands in the above integrals are non-negative
continuous functions over their domains, hence it follows that

27 ®(tg,s)B(s) = O € RYX™ Vs € [tg, 1),

1 —1
ZT<H(I+EJ)> ‘I’(to,S)B(S) =0¢ Rle’ Vs e (tk7tk+1)7

=k (27)

1 -1
z! ( H(I + E])> q)(to,tk)Fk =0c¢ Rlxm,

=k

for all k = 1,2,..., M. Now as the system is completely controllable over [to,ts],
hence in particular it is null controllable. Therefore there exists a control function
u(-) € PC that steers the state of system (T]) given in eq (6)) from x(t9) = z to x(ts) = 0.
That is,

1 M [ ti
0= [[ (L. +E)®(ts )2+ [+ EJ)/ B(t;, s)B(s)u(s)ds
j=M i=1j=M i1
M i
+ 3 [ @+ EN®(ty, ti))Fiqu(tig) + Bty tar) Fasulta)
=2 j=M
+ " B(t;,5)B(s)u(s)ds
1 t1
= H (I + Ej)q)(tf,to){z + P(t9, 5)B(s)u(s)ds
j=M to
M thi1 1 -1
+ Z/ ( [1a. + E]-)> ®(to, s)B(s)u(s)ds
tr =k

( (In+Ej)) ‘P(to,tk)Fku(tk)}

Premultiply the above expression with 27 ®(to, t7)( H;:M(I—i—Ej)) ~ and using eq (27),

we obtain 0 = z7'z = z = 0, a contradiction. Therefore if the system is completely
controllable, then rank(Vl, Vo,..., V1, Hy, Ho, ooy HM) =n.

For the converse, let rank(Vl, Vo,....,Vy41, Hy, Ho, .. .,HM) = n, so that W =
Vi+Vo+---+Vyi1+Hi +He + - - -+ H)yy is positive-definite. Now in order to steer
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the state of system given in eq @ from x¢ to xy, we apply the following control:

1

(«I)(to,t)B(t))Twl{ — X0 + ( H (I, +Ej)<I>(tf,t0)> x,}, t € [to,t1),

i=M

1 -1 T
{(H(In+Ej)> <I>(to,t)B(t)} w1

Jj=k

i=M

1 —1
u(t) := X { — X + < H (I, —i—Ej)(I’(tf,to)) Xf}7 te (tk,thrl),

{(H(In+Ej) (I)(toatk)Fk} w-!

=k

| —1
X { — Xo + < H (In—FEj)(I’(tf,to)) Xf}7 t = tg,

j=M

where k =1,2,..., M. O

4. CONTROLLABILITY RESULTS FOR A TIME-INVARIANT SYSTEM

In this section, we reduce the controllability conditions obtained in Section [3] to that
for the time-invariant case of the system under some assumptions on the system
components. The following theorems accomplish this. Here necessary and sufficient
conditions for the complete controllability are given separately.

Theorem 4. (Necessary conditions) Let all (I+ E)’s be nonsingular matrices and
each E; commutes with A. If system is completely controllable in R™, over [to,t¢],
then the following conditions hold true:

(i) rank(P) = n, where
P:= {B, AB, A’B,...,A" !B,

I,+E;)" (B, AB, A’B,...,A""'B), ...,

1 —1
( (In+Ej)> (B, AB, A’B,..., A" 'B), (29)
=M

J

I, +E;) "' (Fi, AFy, A’Fq,..., A" 'Fy),. ..,

1 —1
( H (I, +Ej)> (Far, AFyy, AZFM,...,An—lFM)}_
j=M

—~
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(ii) rank(Q) =n, VA € 0(A), where

Q:—{(Mn—A), B, (AL, — (I, +E1)7'A), ((I, +E1)7'B),

() 3 (i) )
(e n) 9 ()

Fi, (I, +E.)"'Fy), Fa, ((ﬁ (L, + E;) >F2>,...,

Far, << ﬁ (I, +Ej)>_ FM> }

Proof. First let us show that condition (i) is necessary for the complete controllability
of the system ., by letting rank(P) < n. Then there exists a nonzero vector z € R"
such that

zTA'B = 0 e RV,

1 -1
T(H(1n+Ej)> A'B =0 cR>™,
j=k
1 —1
T(H(In+Ej)> A'Fp =0 e R*™,

(31)

foralll=0,1,2,...,(N—1)and k=1,2,..., M. From , and using , we have

/t1 ZT(eA to—s B) (eA(tofs)B)Tds
/ 1

n-
(Z filto — ) TAZB> (eA=IB) ds = 0 € R,
to

=0

o 1 -1 1 —1 T
v Vk+1 / << H ) eA(toS)B> << H(I" + E])> 6A(t05)B> ds
Jj=k j=k
tht1 n— 1 -1
/ fl (to — 8)=z H A'B
tr

=0 k

j=
1 1 T

<<H > eA(tOS)B> ds
j=k
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) c Rlxn,

7T (( H(I" + Eﬂ) eA(totk)Fk> (( H(I" + E])> eA(tOtk)Fk>
i=k i

n—1 1 -1 1 -1 T
(Zfl(to —s)zT<H(In+Ej)> Ale) ((H(In+Ej)> eA(to—tk)Fk>
=0 j=k =k

=0 e R,

ZTH]€

Therefore we proved z7 (Vi, Va,..., Va1, Hi, Ho, ... ) Hy ) = O € RIXEMHDn fo;
some nonzero vector z, which implies rank(Vl, Vo,....Vy41, Hi, Hy, ..o HM) <n,
so that by Theorem [3| system is not completely controllable over [to,t].

Next to show the necessity of condition (ii) for the complete controllability of sys-
tem (), assume there exists some A € o(A) such that rank(Q) < n. But then there
exists nonzero z € R™ such that

z' (A, — A) = O € R™*",
z'B =0 ¢ R\*™,

1 —1
zT{)\In (H(In+Ej)> A} =0 c R
=k

1 —1
ZT<H(LL+EJ»)) B =0 cR>™,
j=k

z'F, =0 e R\>™,

1 —1
ZT<H(In+Ej)> FkZOERlxm,

j=k

(32)

forall K =1,2,..., M. With the repeated use of equations given in , one can finally
arrive at rank(P) < n, proving that system is not completely controllable over [tg, ]
by condition (i). O

Remark 4. The rank conditions given in Theorem [4]are necessary for the complete con-
trollability of system under the said assumptions, but not sufficient, as the following
examples confirm.

Example 2. Consider a LTI-system with single impulse as

(0= [y o] %0+ o] a0, tep2 ),

x0) = [g]. (33)

A(1) = | g x(1) + M u(l).
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11 1 1 2

. 2
In this system A = {0 NE B = ol E, = 0 3},and F, = {0 . Clearly AE; =

E;1A and (I + E;) is invertible. Further o(A) = {1,2}. Now one can verify that
rank(Al; — A, B, (AL, — (I + E;)7'A), (I +E;)"'B), Fi, (I +E))7'Fy)) =2,

for both A = 1and 2, i.e. the validation of condition (ii) in Theorem |4l However we
obtain, rankﬁ, AB, (I,+E.)"Y{B, AB}, (I,+E;)"{F;, AF;}) =1 < 2, implying
by Theorem [-condition (i) that, the system is not completely controllable in R2,
over [0, 2]. This example also shows that the rank condition (ii) need not imply the rank
condition (i) in Theorem

Example 3. Consider another LTI-system with single impulse:

x(0 =] o x0. tep2 ),
x(0) = |o|. (34)

In this system we have

0 0 0 2 0 1
a=[y ol m=[] m= [} o] ar =]

Clearly AE; = E; A and (I, + Eq) is invertible, and we see that
rank(B, A.B7 (12 + El)il{B, AB}, (12 + El)il{Fl, AFl}) = 2,

i.e. the validation of condition (i) in Theorem [4] Now, the state of system at any
time ¢ € (1, 2] is obtained by using eq as

x(t) = A0 [uﬂ = [(tll) ﬂ [“é”] = {(t uf)ll)l(n} '

Clearly there is no u(t) that steers the above state function from [0 O]T to [1 Q]T7
implying that system is not completely controllable in R?, over [0, 2].

Theorem 5. (Sufficient conditions) Under one of the following conditions, system
is completely controllable in R™, over [to,t].

(1) rank(B, AB, A’B,... ,A"_lB) =n.
(ii) rank(AL, — A, B) =n, for every A € o(A).

Proof. (a) First we prove case (i). Let rank(B, AB, A”B,...,A""'B) = n, but as-
sume that system (1)) is not completely controllable. Then f:}{l (eAtr=*)B) (eA(tf*S)B)Tds
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is singular by case (iv) of Theorem therefore there exists a nonzero vector, say z € R"
such that

ty
2" < / (A= B) (6A<tfs>B)Tds)z —o,
tv
which can be written as
ty
AHJ&Wﬂm@M@:a
M

The integrand in the above integral is a continuous non-negative function on (¢ar,ty],
therefore
27 At =B = 0 € R\™, Vs € (ta, tf].

At s = ty, we have z"B = O. Further, differentiating the above equation successively
with respect to ‘s’ and substituting s = ¢y in each, we get zTAB = zTA’B = ... =
z" A" 'B = O. Hence

z' (B, AB, A’B,...,A""'B) = 0 e RV
This implies rank(B, AB, A?B,..., A" 'B) < n, which is a contradiction. Hence the
system must be completely controllable.
(b) Now consider case (ii). Here we show that
rank(A\L, — A, B) =n, V€ o(A),

is equivalent to
rank(B, AB, A’B,..., A" 'B) =n.

To show rank()\In —A, B) = n implies rank(B, AB, A’B,... ,A”le) = n, assume
0 <rank(B, AB, A®B,...,A"'B) =r <n,

and prove that there exists some A € o(A) such that rank()\In — A, B) < n. This is
accomplished as follows. Let T be a nonsingular operator such that the transformation
y(t) = T~ 1x(t) converts the system into normal form (see pp. 95 of Terrell [9]). To
this end, we have

y(t) =T '%(t) = T (Ax(t) + Bu(t)) = (T 'AT)y(t) + (T~ 'B)u(t), }
Ay(tk) = T_lAX(tk) = T_l(Ekx(tk) + Fku(tk)) = (T_lEk)X(tk) + (T_le)u(tk).
(35)

The system is in normal form, provided if we
(i) assume that T"'AT and T~!'B are of the form

T AT = (AO“ 22) and T-'B = (BO“) , (36)

such that Ai; is (r X r)-matrix, By; is (r X m)-matrix with r < n, and
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(11) show that rank(Bn, A11B11, . 7A11“1—1B11) =T
Now, from eq we have
A A A A B A;B
—1 _ 11 12 1 _ 11 12 1) _ 1B
T 'AB _(O AQQ)T B_<O A22)<0)_( o ) (37)
Since

2
T 'A’T = (T 'AT)? = (T"'AT)(T'AT) = (An AnAg + A12A22) 7

o) A3,
SO
_ A2 Aj1A0+ABA _ A?2. Aj1A+ A LA B
1 A2 _ 11 11 12 124322 1 _ 11 11 12 124322 11
T AB_(O A2 )T B_(O A2 o )
that is
A2 B
—1 A2 _ 11P11
T AB( o > (38)

Continuing this computation, in general we have

n—1
T-'A" 1B = <A11 B11>. (39)
(o)
Therefore
T (B, AB,...,A" 'B) = (T"'B, T 'AB,...,T 'A""'B)
_ Bi: AiiBygp - ATleu
o) o) o) :
Hence,
1 n—1 By A;Bi ... Al 'By
rank(T (B, AB,... A B)) rank( o o 110 ,

which implies rank(BH, Ai1Bq,... ,A?leu) = rank(B, AB,..., A"‘lB) = r. Since
A is (rXxr)-matrix and By is (r Xxm)-matrix, therefore from Cayley—Hamilton theorem
we have

rank(Bu, A11B11, . 7AqI1B11) =T.

This proves that system is in normal form. Now, let wg € R"™" be an eigenvector of
Al corresponds to its eigenvalue A, i.e. Al wy = Awp. Also note that A is an eigenvalue
of Agg t00, so an eigenvalues of A. By defining a vector wT := (O (.ug)T_1 # 0 € R¥>*n,
we compute

Bll

wTB = (0 wl)T'B = (0 w) ( A

) ZOERlxm,
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A Ap

and wl A = (O wg)T_lA = (0 wg) ( o A
22

) T_1 = (0 ngQQ)T_l
= (0 Awj)T!
=A(0 wi )T = A’

This proves that, there exists an eigenvalue A of A such that BTw = 0 € R™ and

_ T
T P

ATw = \w. Combining these two results, we can write ( BT

with w # 0. This implies that rank()\In — A B) <n.
Conversely, to prove mnk(B7 AB,... ,A”_lB) = n implies rank()\ln — A, B) =n,
we assume that

0< rank()\In — A, B) < n, for some \ € o(A),

and show that rank(B, AB, ..., A”*IB) < n. But this assumption forces us to write

)\In—AT>
<n,

0< rank( BT

which implies that the homogeneous system:

</\In — AT

has a nontrivial solution w € R™. That is, with some nonzero vector w, we have
wl'A = T and w'B = 0 € RY*™, (40)
With the repeated use of eq , one would arrive at
w"(B, AB,...,A" 'B) = (w"B, w"AB,...,w"A""'B) = (0, O,...,0)
=0 e R>*™"  with w # 0.
This is equivalent to saying that an augmented matrix (B7 AB,..., A"‘lB) has linearly
dependent rows, and so that rank(B, AB,... 7A"‘lB) < n. Hence, finally we proved

rank (AL, — A, B) =n, VX € o(A) is equivalent to rank(B, AB, A?B,...,A""'B) =
n. U

Remark 5. Here we give a procedure to compute the nonsingular operator T used in

. T
Theoremthat converts system (35]) into normal form. Let T~ = (7'1T A ) ,
where 7, T2,...,T, € RY"™ are linearly independent row matrices to be determined.
Since

TlB

—1p _ B 7B _ B
T B_(o —|~uB| {0

.B
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B T+1B

therefore = By; and = 0 € R "*m_ from which we can deter-
B .B

mine 71, T, ..., Tn, and hence T~1.

Remark 6. The conditions given in Theorem [5| are sufficient for the complete control-
lability of system , but not necessary, as the following example confirms.

Example 4. Consider a LTT-system with a single impulse as

0 0 O

:? (1): X@HL 2 3] u(t), te 0.2\ {1}

=

x(0) = _0} , (41)

A(x(1)) = (1] ; x(1)+{1 . J u(1).

_ 0 0 00 0 11 01 2
Inthlssys‘uemA—{1 1],3—{1 9 3}7]*31—{0 3},andF1—L 0 J~W‘3

1 3 -
0 -2 1
so the system is completely controllable on [0,2] by condition (ii) of Theorem
However, observe that rank(B, AB) =1<2.

observe that there exists a (3 x 2)-matrix F| = such that F1F] = I,

Concluding Remarks: In this article, a class of dynamical control systems modelled
with n-dimensional linear impulsive ordinary differential equations are considered. Var-
ious sufficient and necessary conditions for their controllability are investigated. The
established results are further reduced to the corresponding time-invariant case of the
system, and subsequently obtained Kalman’s type and PBH-type matrix rank conditions
under various assumptions on the system components. Further it is proved that for the
linear impulsive systems, the null controllability need not imply their complete control-
lability, unlike for the non-impulsive linear systems. Numerical examples are provided
to substantiate the theoretical results.
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