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Abstract: The article is devoted to the problems of controllability of some systems with
memory. These systems are described by partial integrodifferential equations. Null controllability
and controllability to rest of the solutions are considered. In contrast to partial differential
equations, these terms are not identical to each other.
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1. INTRODUCTION

Integrodifferential equations with integral terms in a form
of convolution often arise in various applications such
as mechanics of heterogeneous medium, the theory of
viscoelasticity, thermophysics, gas kinetic theory. In some
cases the kernel of convolution is a sum (finite of infinite)
of damped exponential functions. For example, theory
of heterogeneous medium proves that a model, which
describes two-phase medium (elastic medium and viscous
fluid), is represented by the integrodifferential system with
kernels of convolution in a form of finite and infinite
sum of damped exponents. The laws of heat conducting
with integral memory are studied in different researches
(see, for example, Gurtin, Pipkin (1968)). Sometimes
the integral memory in heat conducting may lead to
appearance of a heat front, which moves with a finite
velocity. This property is important as the propagation
velocity of classical heat equation is infinite.

The questions of solvability and asymptotic behavior of
solutions for equations of this type were investigated for in
Dafermos (1970), Desh, Miller (1987). In Munoz Rivera,
Naso, Vegni (2003), it was proved that the energy for
some dissipative system decays polynomially when the
memory kernel decays exponentially. The problem of null
controllability is considered in Pandolfi (2005).

This article is devoted to the problems of boundary and
distributed controllability. The aim of it is null controlla-
bility and (or) controllability to rest of considered systems.
Note, that in general these terms are different for systems
with memory because if a solution of this system achieves
a null state then, generally speaking, it leaves this state in

* This article is funded with Russian Science Foundation (project
number 16-11-10343).

the future. The article also includes some numerical results
illustrating the obstacles which may arise when the system
with memory is controlled.

We do not focus on theorems of solvability of initial
boundary value problems, here we consider the qualitative
aspects of control theory of systems with memory.

2. CONTROLLABILITY TO REST FOR SOME
DISTRIBUTED SYSTEM WITH MEMORY

Let us consider the problem of distributed controllability
in the form:

0:(t,x) — /K(t — 8)02x(s,2)ds = u(t, x), (1)
0

t>0, ze(0,m).
Olt=0 = &(z), (2)
0(t,0) = 0(t,m) =0, (3)
where

N
K(t)= che_'“t, ¢, >0,5=1,..,N, (4
j=1

and u(t, x) is a control function, distributed (with respect
to x) on the interval (0, ).

For brevity we write 6(t) and wu(t) instead of 6(¢,x)
and u(t,x) respectively. It means that 6(t) and wu(¢t) are
functions of variable ¢, values of which are elements of
some Banach space.

We consider an operator of the second derivative with the

. . 2 . .
minus sign: A = —-%; and its domain

dz?
Dom(A) = H*(0,7) N H} (0, ).
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Let us expand formally the solution 6(t),the control w(t)
and the initial condition £ into a series of eigenfunctions
of Dirichlet problem for the second derivative operator:

+oo too
) =Y u(t)pu(@), ult,x) = D ua(t)pn(@)

+o00
n=1
where ¢, (z) = \/gsin(nx).

Then the given problem falls into a countable number of
problems:

)=-n /Kt—s

n( ) = fn

We integrate the left and right parts of equation (5) within
limits from null to ¢. Hence we get the Volterra equation
of second type'

s)ds +up(t), t>0, (5)

)=-n /Qt—s (8)ds + &+ fu(t), t>0, (6)
where s
Q(s) = [ K(r)dr,
0
fu®) = [ up(r)dr

o

According to Ivanov (2013) we define the space H, as
a domain of operator A%, where A is mentioned second
derivative operator, which is taken with a sign minus and
has a domain Dom(A). In this case parameter s is a real
number. It is known that space H; can be effectively
described by the following construction. Let us consider
the space of series I, defined as:

+oo
Iy = {{an} : Z lan|*n?® < —|—oo} .

n=1

Hence the equality takes place:
—+oo
He = {w x) = ancpn(x) H{wn} € ls}.
n=1

Now, as in Ivanov (2013), we define $),. as a space of

functions
+oo
= Z Wy (t)en ()
n=1

supplied by the norm

Z n2$||e—2et

where € > 0 is some number.

The function 8(¢,x) = >_ 0,,(t)pn () from Hs e is called a
solution of problem (1)—(3) if all functions 6,, satisfy the
Volterra equation (6).

lwll, . (70,400

The article Ivanov (2013) proves that for any right part
u(t) € L2(0,+00;Hs), the initial condition £ € H, and
€ > 0 the unique solution of problem (1)—(3) exists.

Let us define the term of controllability of system (1)—(3)
to rest. We consider some initial perturbation & € Lo (0, 7).
Definition 1. We say that system (1)—(3) is controllable
to rest for this £ if there are a time instant T > 0 and
function w(t) € C([0,T]; L2(0,7)) such that u(t) = 0 at
t > T, for which the Fourier coefficients 6,,(¢) of considered
solution 6(t) are equal to zero identically at a set ¢ > T.

Let PW denote the linear space of the Laplace transforms
of elements of L3(0,+00) such that they are equal to zero
on the set {t : ¢t > T} for some T > 0. It is a well-known
fact that ¢(\) € PW, if and only if it is an entire function,
such that

1) there are real numbers C' and T such that |[p(\)] <
CeT M. Note that C and T depend on o()).

+oo
2) sup [ |o(z +iy)|*dy < +oo.

20 —c0

Let us define space PWf, which consists of the Laplace
transform of all elements f(t) € L2(0,T'), extended by zero
when t > T.

We make the Laplace transform of equation (5):
/\én(A) —&n = 777'2]%()‘)@11()‘) + tn,

where
“+o0

éMM::/e”WAﬂﬁ

0
Hence,

TN RR (N

N
K(A :§A+%.

‘We obtain:

A+ n’K

—)\+n2z

and reduce to a common denommator. A+71)...(A+vw).

In formula for 6, ()\) this denominator is multiplied by
numerator of fraction

En + Un(A)
A+n2K(\)’

/\’yj

Obviously, that equation A+n2K (X)) = 0 has N+1 roots. It
is proved (see Ivanov, Sheronova (2010)), that these roots
are different and have negative real parts. We denote them
as Uimy U2 ny -y BN+1,m-
Theorem 1. Suppose that for some initial perturbation &
and time instant T there is a control function u(t) €
C([0,T); L2(0, 7)) such that u(t) = 0 at t > T and satisfies
the following conditions:

G (i) = —&ny i =1,2, ., N + 1, (7)
for all natural n. Then system (1)—(3) is controllable to
rest for this initial condition &.

Proof.
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Note, that conditions (7) for each n is the moments
problem:

T
/un(s)eﬂ“vnsds =
0

We set 6,,()\) in a form
(En +Un(A)A+7)-.(A+ )
A =)A= p2n) - (A= pngn)

The article Romanov, Shamaev (2016) proves, that func-
tions
A— Hin

are in PWI for any natural n. There is the following
lemma

&, i=1,2,..,N+1.

én(/\) =

(®)

Li=1,2,...,N+1,

Lemma 2. (The analogue of Levinson theorem) Let func-
tion f(\) be in space PW, moreover f(u) =0, p € C.
Then

f
A—p
is also in PWf.
We set the notation:
(A ;
vy () = BN T
A— M1k
There is an obvious equality:
Ui(N) M2k + 7
)\ + _— U A + _ U )\ .
() = D) + BT o)
Lemma 2 and the last equality imply that function
Ui(\)
Us(N) = A+m)~————
2(A) = ( %)A—uz,k

is in space PWI, because for example function U; has got
a null ps . The following equality is right for function Us:

Uax(N) .k + 72
At )2 () 4 Bk T
( 7)/\ 13,k 2() A= 13k

Analogously we obtain that 0,,()\) is also in space PWI.

Us(N).

Remark 1. If for example initial perturbation £ has only
finite number of nonzero Fourier coefficients, i. e. it can be
represented in a form £(z) = ZnN:1 &npn, then conditions
of Theorem 1 are satisfied. It is true, because roots y; , are
different for each n and corresponding moments problem
(7) is solvable. Here we have to solve finite number of
finite dimensional moments problems. In the case if initial
condition has infinite number of nonzero coefficients then
countable number of finite dimensional moments problems
of N + 1 dimension have to be solved. Methods for such
moments systems and similar problems are considered
in Romanov, Shamaev (2013) and Romanov, Shamaev
(2015).

3. PROBLEM OF BOUNDARY
NONCONTROLLABILITY OF A ROD WITH
MEMORY

We consider the following problem of boundary noncon-
trollability:

t

0:(t,x) + / G(t — 8)0zpzq(s,x)ds = 0, (9)
0
t>0, x€(0,m).
Oi=0 = &(2), (10)

0(t,0) =0(t,m) =0, Oyp|z=0 = v(t), Ozg|s=r = 0. (11)

If we differentiate equation (9) with respect to ¢, we obtain
the equation of oscillation of a rod with additional integral
term ("memory”).

Consider the control function v(t) € L¥¢(0,400) and the
initial condition £ € Ly(0, 7). Let

W = {p e H(0,7) : p(0) = p(r) =

= ¢022(0) = @aa(m) = 0}.
We formally multiply (in the sense of the inner product
in Ly(0,7)) both parts of (9) by the function ¢ € W.
Next, using integrating by parts, we formally replace the

operator % from 0(t) to . Then, we obtain

+ /G(t —s)((8(s

+ @20 (0)v(s)) ds = 0,
where (-, ) is the inner product in Lo (0, 7).

We say that the function 6(¢t) € H} ([0, +00); L2(0, 7))
is the solution to problem (9)—(11) if the equality in (12)
holds for every ¢ € W and 6(0) = £. Formally we do not
know if the solution of problem (9)—(11) exists relatively
to the given definition. The proof of results bellow is
constructed on the assumption that the solution exists.
More exactly, we consider only those initial conditions &

and control functions v(t) for which there is the solution
of (9)—(11).

We think that the given definition of solution is ”natural”
in some sense. Also we suppose that it is possible to prove
the theorem of existence under additional conditions of
smoothness of kernel G(t), the control v(¢) and the initial
condition &.

)a (pa:a:ww>

(12)

We set in (12) ¢ = ¢,, which is defined above. Then we
obtain:

+ /G(t ) <n49n(s) - n?’\/zv(s)) ds =0. (13)
0

Next, we take the Laplace transformation of both parts of
(13) and express 6,,()) as

On(A) = \/7
A+ ntG(A )
where G()\) is the Laplace transform of the kernel G(t).

(14)

Now we state the theorem which is analogous to results
in researches Ivanov, Pandolfi (2009) and Romanov,
Shamaev (2016) for similar problems. It considers the case
when the operator of the second derivative is in the integral
term of the main equation. Note that Romanov, Shamaev
(2016) considers two-dimensional Gurtin-Pipkin equation
and a control, which is distributed on a subdomain, the
boundary of a two-dimensional domain being fixed. The
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proof of our theorem is constructed with a help of method
used in Ivanov, Pandolfi (2009).

Theorem 3. Tn problem (9)—(11), if G()\) has at least
one root )¢ in the domain of holomorphism (we require
that this domain exists), then controllability to rest is
impossible; that is, there exists an initial condition & €
L5(0,7), such that for every control

v € L¥4(0, +o0),
which is equal to zero on the set {t : t > T} for some
T > 0, the corresponding solution can not be equal to
zero identically outside any finite segment (in ¢).

Proof. If A\g = 0 is a root of the equation G(\) = 0,
then the equality (14) generally cannot be satisfied for the

values 6, (X), which correspond to functions from PW,.
Hence, in this case controllability to rest is impossible.

Let Ao = 0 be not a root of the equation G(\) = 0. The
control function ¢(A) has to satisfy the following equalities:

when X # 0 is a root of the equation A + n*G(\) = 0.

(15)

Note that the equality in (15) can be presented in the
following form:
T

/v(t)e*)‘tdt = \/ZZ@L

0
The latter equality is the so-called moments problem.

Note that G()\) has a root A\g # 0 (if G(t) is a series
of decreasing exponentials, then G(A) has a countable
number of roots, see Ivanov, Sheronova (2010)). Applying
the methods used in Ivanov, Pandolfi (2009) (in which
Rouche’s theorem was used), we can prove that there exists
a sequence {\,, # 0} of zeros of

A4 niG(N).
It is important that this sequence converges to a nonzero
complex number. Let us choose &3,41 = 0; hence,
D(A2n+1) = 0. As the sequence of zeros converges and ()
is an entire function, then ¥(A) = 0. Then for any n, all &3,
must be zero. However, we can always take some of them to
be nonzero numbers. Thus, there exists an initial condition
¢ such that for any control function v(¢), controllability to
rest is impossible.
Remark 2. If kernel G(t) has the form of (4) and N > 2,
then a solution of system (9)—(11) is not controllable to
rest.

(16)

4. THE PROBLEM OF NULL CONTROLLABILITY.
NUMERICAL EXPERIMENTS

The results of the section are nonstrict and experimental.
Consider the problem (9)—(11). Here, as in Section 2,
we concern the kernel in the form (4). Let us formally
differentiate equation (9) with respect to t. Then we
obtain:

011 (t, ) + G(0)0rz02 (s, )

t

+ / G'(t — 8)0zp2z(s,7)ds = 0.
0

(17)

For this equation we have two initial conditions for 6(0)
and for 6,(0). Let

Oli=o = &(2), Btle=0 = 0. (18)
Then the solution of (17), (18), (11) is the solution of (9)—
(11). Note that we can define the solution of (17), (18),
(11) in analogous way as we have done it in the previous
section. We state a question whether the last system is null

controllable by means of boundary control v(t). It means
that O|;=7 = 0, ¢|t=r = 0 at some T > 0.

Let us expand the solution of (17), (18), (11):

+oo
9(t7 ;C) = Z an(t)wn(x)

Then we obtain equations (for n = 1,2,...)

@m+G@<#%w—ﬁ¢?mO+
/G’(t —3) <n40n(s) - nﬂ/iv(s)) ds=0 (19)

0
and initial conditions

0,(0) = &, 0(0) = 0. (20)
Using these initial conditions we can see that equations
(13) and (19) are equivalent.

Let us introduce the following notation:

w@y:¢ijau—@m@¢.
0

Therefore equations (13) have the form:
t

mamm{/caf@%@ms:n%m% n=1,2.. (22)
0

Furthermore, there is the initial condition 6,,(0) = &, for
each equation (22). The equation (22) should be solved for
each n. For this purpose we make the Laplace transform
of the both parts of (22) and obtain

(21)

R 3
0,(\) = €n + (A (23)
A+ ntG(N)
Introduce the formal notation:
d+i00

1 eM
Qn(t) = — / ————dA\.
27r16 [ A+ nitG(N)
Then, formally using Mellin’s inverse formula, we get the
solution of the Cauchy problem of equation (22) for any
n:

0, (1) = £,Qn(t) + n? / Qn(t —s)w(s)ds.  (24)

Let us define number § in the formula of @, (¢). It is
obvious that the equation

A4ntG(N) =0 (25)
has N + 1 roots. Using methods from Ivanov, Sheronova
(2010) we may show that real parts of roots of the equation

for any natural n are negative and there may be only two
complex-conjugate roots of one multiplicity. Note there are
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no complex roots in some cases, but for given kernel G(t)
in the form (4) there is always a number n; such that the
equation (25) has mentioned complex roots for any n > n.
Let us consider homogeneous equation (22) (the right part
is equal to null). The explicit form of

1
A+ niG(N)
and described above structure of roots of the equation (25)
imply that each solution of this homogeneous equation

tends to zero exponentially when ¢ — +00. Hence we may
set § equal to zero in the formula of Q. (t).

Then we get:
1 T 1at
e
)= — [ — S ——da,
@n(®) 2 / ia +n*Gy(a) “
where

+oo
= / G(t)e " dLt.
0

We use formula (24) in order to drive the solution of
problem (17), (18), (11) to the null state at some instant

T > 0. We have:
2
s)ds =1/ —=Qn * (G*v) =
T

0/ Quit — s)uw

0
Therefore we obtain:
T
[ Rl = s)ule)ds = 5 [56.@u(T), n =12
n S n3 2 n n b n - b PR
0
(26)
T
/R —s)v ds——nB\/7§n n=12 ...
0
(27)

The system of integral equations (26), (27) is infinite-
dimensional moments problem. We do not know whether
this problem has a solution. Next we try to construct
a function v(s), which is a solution of only Nj first
equations of systems (26) and (27) under the assumption
that perturbation of such control is ”small enough”.

Consider the first N7 equations of systems (26) and (27).
v(s) is seek in the form:

Ny
s) = DyRn(T
n=1

(28)

Ny
—8)+ > LaR,(T -
n=1

where D,, and L, — unknown constants. We substitute
(28) to (26), (27). In order to find D,,, L,, we use the first
N, equations of systems (26), (27). As a result we get a
system of linear algebraic equations: AC' = b. Here A is a
matrix:

_ A1 Ag
A= (L)

where A;, i=1,2,3,4, are matrixes such that

T
A= / Ri(T — $)R;(T — s)ds ,
0 kyj=1,2,...N
T
Ag = {/Rk(T — s)Rj( )ds )
0 k,j=1,2,..., Ny
T
Az = {/R;(T —$)R;(T — s)ds ,
0 k,j=1,2,...,N;
T
Ay = {/R;(T —s)R(T — s)ds
0 k,j=1,2,...,N:
and _ _
— (D\ - (b
o-(2)0-(2)
where o _
D ={Dn}, L={Ly},

|
i)

are column vectors with indecies n = 1,2,...,N;. If
determinant of matrix A is nonzero, then C is uniquely
determined.

Now let us observe the numerical experiments. For sim-
plicity we use kernel G(¢) as a sum of two exponential
finctions:

Gt)=e ' +e 2
For numerical experiments we replace the expansion of
solution 6(t,x) into series by the finite sum:

N
PZGLENED

As the initial condition we use a function &(x) = 101 (z).
Fig. 1 illustrates the solution of the problem without
control and Fig. 2 shows the solution with the control
function.

The numerical experiments show that constructed type
of control, which reduces oscillations of the rod without
memory, does not give the same results in case when the
equation has memory term. The amplitude of oscillations
decreases a little, not essentially. That is why the impor-
tant question arises what a control function should be in
order to minimize the amplitude of oscillations and their
velocity if there is an integral term in the equation (time
for control is given). It is the aim of further research.
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