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ABSTRACT. In this paper, a minimum energy control problem for a linear time-
dependent differential system with state delays (point-wise and distributed) is
considered. The feature of this problem is that a weight matrix of the control
in the problem’s functional is singular (but non-zero). Due to this feature, the
problem itself is singular. Using the regularization method and the asymptotic
analysis of the regularized minimum energy control problem, the solution to
the considered singular minimum energy control problem is derived. Illustrative
example is presented. Along with this example, an example on non-uniqueness
of solution to the singular minimum energy control problem is presented.

1. INTRODUCTION

An optimal control problem is called singular if it cannot be solved by application
of the first-order solvability conditions, i.e., by application of the Pontriagin ’s Max-
imum Principle [30] and by application of the Hamilton-Jacobi-Bellman equation
approach (Dynamic Programming approach) [3]. This occurs, because the problem
of maximization of the problem’s Variational Hamiltonian with respect to the con-
trol either has no solution or has infinitely many solutions. Singular optimal control
problems with undelayed dynamics have been studied extensively in the literature
(see e.g. [2,6,8,14,16-18,23,27-29,32,33] and references therein). Singular optimal
control problems with delayed dynamics also were studied in the literature although
less (see e.g., [1,9-11,31] and references therein).

Minimum energy control problem is an optimal control problem consisting in a
minimization of the control’s energy expenditure for the transfer of the state of a
dynamic system from a given initial position to a given terminal position in a given
time. Minimum energy control problem has been studied extensively in the litera-
ture in both, undelayed and delayed, dynamics versions (see e.g. [5,12,13,22,24-26]
and references therein). In these works, the case of the regular minimum energy
control problem is treated, i.e., the case where the first-order solvability conditions
are applicable for the solution of the problem. In the present paper, we study a
singular minimum energy control problem. Namely, we study the problem where
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a weight matrix of the control in the problem’s functional, which represents the
control’s energy expenditure, is singular (but non-zero). Moreover, the differential
system, describing the dynamics of the problem, has delays (point-wise and dis-
tributed) in the state variable. To the best of our knowledge, such a minimum
energy control problem has not yet been studied in the literature. To solve the
considered problem, the regularization method and the asymptotic analysis of the
regularized problem are applied. This approach yields an open-loop optimal control
of the considered singular problem.

The paper is organized as follows. In Section 2, the singular minimum energy
control problem with delayed dynamics is rigorously formulated. In Section 3, a
proper transformation of this problem is carried out. Due to this transformation,
the initially formulated problem is converted to an equivalent singular problem
with undelayed dynamics. Section 4 is devoted to the regularization of the singular
minimum energy control problem with undelayed dynamics. The open-loop solution
(optimal control) of the regularized problem also is presented in this section. In
Section 5, the asymptotic analysis of the solution to the regularized problem is
carried out. Solution of the singular minimum energy control problem is derived
in Section 6. Illustrative example is given in Section 7. In Section 8 one more
example, illustrating a non-uniqueness of solution to the singular minimum energy
control problem in an extended set of admissible controls, is given. Conclusions are
presented in Section 9.

The following main notations and notions are used in the paper:

(1) For an n x m-matrix A, (n > 1, m > 1), its norm is defined as: | A 2
Yoy Z;’;l lai;|, where a;;, (i = 1,..n; j =1,...,m) are the entries of A.

(2) The upper index “T" denotes the transposition either of a vector = (z7)
of a matrix A (AT).

(3) I,, denotes the identity matrix of dimension n.

(4) L?[t1,t2;R™] denotes the linear space of all functions z(-) : [t1,t2] — R"
square integrable in the interval [ti, t2].

(5) M[ty1,t2; R™] denotes the linear space of all pairs (zo,po(t)), t € [t1,12],
where 2o € R"™ and ¢q(+) € L?[t1,to; R"].

(6) col(x,y), where z € R™, y € R™, denotes the column block-vector of
the dimension n 4+ m with the upper block x and the lower block y, i.e.,
col(z,y) = («",y")"".

(7) diag(A, B), where A and B are matrices of the dimensions n x n and m x m,
is a block-diagonal matrix with the upper left-hand block A and the lower
right-hand block B.

(8) On,xn, is used for the zero matrix of the dimension n; X ng, excepting the
cases where the dimension of the zero matrix is obvious. In such cases, the
notation 0 is used for the zero matrix.

2. PROBLEM FORMULATION

The system under the consideration is
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z N 0
dd(tt) — ;Ai(t)z(t—hi) +/h G(t,7)z(t + 7)dr
(2.1) + B(tu(t) + f(t), te€[0,ty],

where for any ¢t € [—h,tf], 2(t) € R"; for any ¢t € [0,tf], u(t) € R", (r < n), (u
is a control); 0 = hg < hy < ... < hy = h are given constant time delays in the
state; ty > 0 is a given final time-instant; for any ¢ € [0,tf] and 7 € [—h, 0], A;(?),
(i=0,1,...,N), G(t,7), B(t) are given matrices of corresponding dimensions, and
f(t) € R™ is a given vector; the matrix-valued functions A;(t), (¢ =0,1,..., N), B(t)
and the vector-valued function f(t) are continuous in the interval [0, ¢ ¢]; the matrix-
valued function G(t, ) is piece-wise continuous in 7 € [—h, 0] for any ¢ € [0,tf], and
this function is continuous in ¢ € [0, t¢] uniformly with respect to 7 € [—h, 0].

Let go(T) = (20,¢(7)) € M[=h,0;R"] and z; € R™ be arbitrary given. Using
these points, we consider the following initial and terminal conditions for the system
(2.1):

(2.2) (1) =¢(1), 7Te[=h0);  2(0)= 2,

(2.3) Z(tf) = Zf.

Definition 2.1. Consider the set U, of all controls u(t) € L?[0,¢s; E"] such that the
system (2.1) subject to the initial conditions (2.2) and the terminal condition (2.3)
has a solution. The set U, is called the set of admissible controls for the system
(2.1).

Along with the system (2.1), we consider the functional

(2.4) Tw) = [T OROu,

where for any t € [0,t¢], R(t) is a given symmetric matrix of the dimension r x r;
the matrix-valued function R(t) is continuous in the interval [0,%y].

The minimum energy control problem for the system (2.1) is to find a control
u’(:) € U, such that

(2.5) 02 J0() < J(u(-)  Vul) € U..

Remark 2.2. If, for any given go(7) € M[—h,0;R"] and z; € R", the set U, is not
empty and the matrix R(t) is positive definite for all ¢ € [0,¢f], then the minimum
energy control problem (2.1),(2.4),(2.5) has the solution (see e.g. [12], Theorem 6.1).
Subject to the assumption on a positive definiteness of the matrix R(t), t € [0,t¢],
the minimum energy control problem (2.1),(2.4),(2.5) is called a regular problem.
The necessary condition for the validity of the aforementioned result of [12] is the
invertibility of the matrix R(t) for any ¢ € [0,¢s]. Thus, this result is not applicable
to solution of the minimum energy control problem (2.1),(2.4),(2.5) in the case
where the matrix R(t) is not invertible at least at one point of the interval [0,%].
In such a case, the minimum energy control problem (2.1),(2.4),(2.5) is called a
singular problem. In the present paper, we solve this problem in the case where
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the matrix R(t) is positive semi-definite and det R(t) = 0 for all ¢t € [0,t7]. More
precisely, we assume that the matrix R(t) has the block-diagonal form

(26) R(t) = diag(Rl (t> ) O(T—q)X(T—q))v
where 0 < ¢ < 7; the ¢ x g-matrix Ry (t) is positive definite for all t € [0,%].

3. TRANSFORMATION OF THE MINIMUM ENERGY CONTROL PROBLEM
(2.1),(2.4),(2.5),(2.6)

Consider the following terminal-value problem for n X n-matrix-valued function
U(t):

Mz

U(t + hy) Ayt + hy)
i=0
0
—/ U(t—71)G(t—7,7)dr, tel0,ty],
~h
U(ty) = In, U(t) =0, t>ty.
(3.1)
By virtue of the results of [20] (Section 4.3), the problem (3.1) has the unique
solution ¥(t), t > 0.
Using the Halanay Transformation for a linear system with state delays (see [21])

and the transformation for a linear nonhomogeneous system (see [15,19]), we make
the following change of the state variable in the system (2.1):

N ptth
o(t) = U(t)z(t) + Z/t W(s)Ai(s)z(s — hi)ds

{—ZHhQ/ @s—o— yw>45—mm

ty
+ /t WO F(E)dE, e 0t
(3.2)

where z(t) is a new state variable.
Let us denote

(3.3) B(t) 2 U(t)B(t), te [0,t],
N 0
20 2 W(0)z0 + Z/ U(r + h)Ai(r + hi)o(r)dr
i=17—hi

+ /Oh (/OT+h\IJ(O')G(U,T — U)da) o(T)dr + /Otf W(E)f(€)dE.
(3.4)

Direct differentiation of x(t) in (3.2) with respect to ¢, and use of the problem
(3.1) and the expressions (3.3),(3.4) yield the following assertion.
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Proposition 3.1. Let for a given u(t) € U,, the absolutely continuous function z(t),
t € [0,t¢] be the solution of the boundary-value problem (2.1),(2.2)-(2.83). Then, the
function x(t), given by (3.2), is the absolutely continuous solution of the boundary-
value problem, consisting of the differential system

(3.5) PO _ Blou(e). e o.1y)
the initial condition

(3.6) z(0) = zo,

and the terminal condition

(3.7) x(ty) = 2y

Definition 3.2. Consider the set U, of all controls u(t) € L?[0,ts; E"] such that the
system (3.5) subject to the initial condition (3.6) and the terminal condition (3.7)
has a solution. The set U, is called the set of admissible controls for the system

(3.5).

The minimum energy control problem for the system (3.5) is to find a control
u*(-) € Uy such that

(3.8) JEI(W) S T(ul)  Yu() € Ui

By virtue of the results of [12], we directly have the following assertion.

Proposition 3.3. If u®(t), t € [0,tf] is a solution of the minimum energy control
problem (2.1),(2.4),(2.5),(2.6), then it is a solution of the minimum energy control
problem (8.5),(2.4),(3.8),(2.6). Vice versa: if u*(t), t € [0,tf] is a solution of the
minimum energy control problem (3.5),(2.4),(3.8),(2.6), then it is a solution of the
minimum energy control problem (2.1),(2.4),(2.5), (2.6). Moreover,

(3.9) JO = J*.

Remark 3.4. Due to Proposition 3.3, the initially formulated minimum energy
control problem (2.1),(2.4),(2.5),(2.6) and the new minimum energy control problem
(3.5),(2.4),(3.8),(2.6) are equivalent to each other. In what follows of the paper, we
deal with the simpler problem (3.5),(2.4),(3.8),(2.6) and we call this problem the
Original Minimum Energy Control Problem (OMECP). In the subsequent sections,
we will derive the solution of the OMECP valid for all 29 € R" and 2z € R".

4. REGULARIZATION OF THE OMECP

4.1. Partial cheap control problem. In order to derive a solution of the OMECP,
we replace it by a parameter dependent regular minimum energy control problem,
which is close in some sense to the OMECP. This new minimum energy control
problem has the same dynamics (3.5) and the same set of admissible controls U, as
the OMECP has. However, the functional in the new problem differs from the one
in the OMECP. Namely, this functional has the form

A

(4.1) T(u) 2 [T O + E)uttat,
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where £ = diag((), ..,0,¢€, ...,5), € > 0 is a small parameter.
S—— ——

q r—q
The minimum energy control problem for the system (3.5) with the functional
(4.1) is to find a control u}(-) € U, such that

(4.2) TP E T (ur() < Je(u())  Vu(-) € Uy
Using (2.6), we have immediately
(4.3) R(t) + & = diag(R1(t),elr—q).

Remark 4.1. Due to (4.3) and the assumption that R;(t) is a positive definite
matrix for all ¢ € [0,%¢], the matrix R(t) 4 £ is positive definite for all ¢ € [0,t/] and
e > 0. Thus, the minimum energy control problem (3.5),(4.1),(4.2) is regular for
all € > 0. Moreover, due to (4.3) and the smallness of ¢, this problem is a partial
cheap control problem, i.e., the optimal control problem where the cost only of some
(but not all) control coordinates in the functional is small. In what follows, we call
the problem (3.5),(4.1),(4.2) the Partial Cheap Control Minimum Energy Problem
(PCCMEP).

4.2. Solution of the PCCMEP. Consider the matrices

(4.4) Wi 2 / Y BB (1)t
0
(4.5) Wg(e) 2 /tf B(t)(R(t) + 5)_1BT(t)dt.
0

By virtue of the results of [12], we have the following assertion.

Proposition 4.2. Let the matriz Wg be positive definite. Then, for any xg € R
and zy € R™, the set Uy is not empty. For any € > 0, the matriz Wg(e) also is
positive definite, and the solution of the PCCMEP exists and has the form:

(4.6) wi(t) = (R(t) + &) ' BT (t)W5(e) (25 — x0), ¢ € [0,tg].
Moreover,
(4.7) JE = (2 — w0) "Wy (€) (2 — o).

5. ASYMPTOTIC ANALYSIS OF THE SOLUTION TO THE PCCMEP

5.1. Asymptotic analysis of the matrix W, (). To analyze the asymptotic
behaviour of Wy 1(5) for e — 40, first we are going to transform equivalently this
matrix. For this purpose, we partition the matrix B(t), t € [0,t;] into blocks as:

(5.1) B(t) = (Bi(t) . Ba(t)), teoty],

where the matrices Bi(t) and Baz(t) have the dimensions n x ¢ and n x (r — ¢q),
respectively.

Using the equations (4.3),(5.1) and taking into account the invertibility of the
matrix R;(t), we obtain for all ¢ € [0,¢f] and € > 0

(62 BORE +E) B0 = Bi0R; (0BT (1) + BB (1),
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Let us treat the matrix
A [U T
(5.3) K2 / By (£)BY ().
0

This matrix is symmetric and positive semi-definite.

In what follows, we assume
A1. The matrix K has zero eigenvalue of the algebraic multiplicity k, (n —r 4+ ¢ <
kE <mn).

Due to this assumption and the results of [4], there exists an orthogonal n x n-
matrix L, (LT = L™1), such that the following equality is valid:

Okxk ka(n—k) >
Otm-k)yxr © ’

where the block © is of dimension (n— k) x (n— k), and it is a nonsingular (positive
definite) matrix.

Since the integrand in (5.3) is a positive semi-definite matrix for all ¢ € [0, %],
the equations (5.3) and (5.4) yield

(5.5) LBy(t) = ( gzctX)(r—q) ) , telo,t],

where the block A(t) is of dimension (n — k) x (r — q).
Due to (5.3)-(5.5),

(5.6) /0 Y AWAT (1)t = ©.

Using the equations (4.5),(5.1)-(5.4) and the orthogonality of the matrix L, we
can represent the matrix Wy (e) as:

(5.4) DELKLT = (

1 ts -
(5.7) Wgle)=L" <€D + L/ Bl(t)Rl_l(t)BlT(t)dtLT> L.
0
Let us partition the matrix L fotf Bi(t)R; M (t)BT (t)dt L™ into blocks as:
tr
(5.8) L[ BiR OB (@t = (S She )
0 Qiy s

where the block €17 is of dimension k x k; the block Q12 is of dimension k x (n— k);
the block €, 13 is of dimension (n — k) x (n — k); the matrices Qq; and (13 are

symmetric and positive semi-definite.
Due to the equations (5.4),(5.7),(5.8), the matrix Wy () can be rewritten in the
form

(5.9) Wgl(e) = L'T Y e)L,
where
r, T
WZ(F’? <i/s>r3<e>>’

Fl = Qll; FQ = ng, F3(€) = @ + 6913.
(5.10)
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Being positive definite, the matrix © is invertible. Therefore, there exists a
positive number 1 such that, for all £ € (0,e1], the matrix I'3(e) is invertible and
the following inequality is valid:

(5.11) Hfgl(a) - 07! < ae,

where a; > 0 is some constant independent of €.
In what follows, we assume

A2. The matrix I'1 = Q7 is invertible.
Consider the matrix

A — —
(512) A(E) = Fl - €F2F3 1(€)Fg = QH - EQIQF3 I(E)Q{Q.

By virtue of the inequality (5.11), the matrix I'; *(¢) is bounded for all & € (0,1].
Hence, due to the assumption A2, there exists a positive number 9 < g1 such that,
for all € € (0, e2], the matrix A(e) is invertible and its inverse matrix satisfies the
inequality

(5.13) A7 (&) — Q7| < ase,

where as > 0 is some constant independent of .

Applying the Frobenius formula (see e.g. [7]) to the calculation of I'"!(¢) and
taking into account the equation (5.10) and the inequality (5.13), we obtain that
for all € € (0, 9]

(5.14) I'(e) = () = < géf((?) ﬁ(@) ) ,

where
Pi(e) = A7), Bae) = —eAHe) T3 (e),
Dy(e) = el3 1 (e) + T3 H(e) QLA (6)Q12T5 H(e).
(5.15)

Let us estimate the matrices ®2(e) and ®3(e). Using the expressions of these
matrices and the inequalities (5.11),(5.13), we obtain the existence of a positive
number €3 < €5 such that, for all € € (0, 3], the following inequalities are valid:

(5.16) |[®2(e)|| < ase, || @3(e)]| < ase,

(5.17) < ase.

1 1
g@Q(@) + 91_11912@1“ < ase, HE(I)3(€> —o!

Now, using the estimates (5.13),(5.16),(5.17), we can construct and justify the
asymptotic expansions of the solution of the PCCMEP w}(t) (see the equation (4.6))
and the corresponding value of the functional in the PCCMEP J* (see the equation

(4.7)).



SINGULAR MINIMUM ENERGY PROBLEM FOR TIME DELAY SYSTEM 1421

5.2. Asymptotic expansion of u}(¢). Substituting (4.3),(5.1) and (5.9) into (4.6),
we obtain

wo= (0 0 Y (E ) I e )

- () ). retod

(5.18)
where
uli(t) = Ry (0B () LT (e) Lz — wo),  t € [0,tf],
u;Q(t) = 8_1Bg(t)LTI‘_1(6)L(Zf —xg), tel0,tf]
(5.19)

Thus, we have represented the solution u}(t) of the PCCMEP in the block-vector
form with the upper block u ;(t) and the lower block u; 4(t). We start to construct
the asymptotic expansion of w}(t) with its upper block.

Let us introduce into the consideration the following block-matrix of the dimen-
sion n X n:

a9y 0
(5.20) By 2 ( . 0 > .

Using this matrix, we construct the vector-valued function
A
(5.21) uf, (t) = Ry )BT (#) LT @ L(zp — 20),  t € [0,ty].

Now, using the equations (5.14),(5.15),(5.19),(5.20) and the inequalities (5.13),
(5.16), we have the inequality

(5.22) Hu:,l(t) — “3,1(t)H < cie Vite [O,tf], e € (0,e3],

where ¢; > 0 is some constant independent of ¢.
Proceed to the asymptotic analysis of u 5(t). From (5.5), we directly have

(5.23) By (LT = (Op—gxr » A1), te(0ty].

Substitution of (5.14) and (5.23) into the expression for u,(t) (see the equation
(5.19)) yields after a routine matrix algebra the following expression for all t € [0, %]

(5.24) us(t,e) = (5_1AT(t)<I>2T(6) , 5_1AT(t)<I>3(€)>L(Zf — Tp).

Consider the vector-valued function

(5.25)  upa(t) 2 (- ATmetaLor!, AT(t)®_1>L(zf —m),  te[0t].

Now, using the estimates (5.17), we obtain the inequality
(5.26) |uto(t) —uga(t)|| < coe ViEe[0,ty], e €(0,e3],

where co > 0 is some constant independent of ¢.
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Let us introduce into the consideration the following vector-valued function:

(5.27) wi(t) 2 col(ual(t) , u8,2(t)>, te0,tg].

Using the equation (5.18) and the inequalities (5.22) and (5.26), we directly have
the following inequality:

(5.28) |ut(t) —us(t)|| <ce Vitel0,ty], € €(0,e3],

where ¢ > 0 is some constant independent of e.
The inequality (5.28) means that uj(t) is the zero-order asymptotic expansion
with respect to € > 0 of u}(t), and this expansion is uniform in ¢ € [0, t¢].

5.3. Asymptotic expansion of J}. Consider the value

(5.29) Jy 2 (zp — w0) ' LT @ L(2 — x0).

Using this value, as well as the equations (4.7),(5.9),(5.14),(5.20) and the inequalities
(5.13), (5.16), we obtain the inequality

(5.30) |JX = Jg| <ae Vee(0,e3],

where o > 0 is some constant independent of .

6. SOLUTION OF THE ORIGINAL MINIMUM ENERGY CONTROL PROBLEM

In this section, we are going to prove that the control u(t), t € [0,t¢], given by
the equations (5.21),(5.25),(5.27), solves the OMECP. This proof consists of two
stages. At the first stage, we will show that this control is admissible for the system
(3.5), i.e., ui(-) € Uy. At the second stage, we will show the validity of the inequality
in (3.8) with w*(t) = ug(t), t € [0, ]

6.1. Admissibility of the control uj(t) for the system (3.5). Substituting
u(t) = ug(t), t € [0,ty] into the equation (3.5) and using the equations (5.1) and
(5.27), we obtain the following differential equation:
dx(t)
dt
Due to Definition 3.2, to show the inclusion u(-) € U, it is necessary and
sufficient to show the existence of solution to the equation (6.1) satisfying the initial
condition (3.6) and the terminal condition (3.7).
Solving the equation (6.1) subject to the initial condition (3.6), we directly have

(6.1)

— Bi(t)uh 1 () + Ba(t)uio(t),  t€[0,ty]:

6.2)  a(t) =m0 + /0 By(o)u 1 (0)do + /0 Ba(o)ugo(0)do, ¢ [0,t].

Substitution of ¢t = t; into (6.2) yields

ty ty
(6.3) x(ty) = x0+ Bi(o)ug,(0)do + Ba(0)ug o(0)do.
0 0
Therefore, the inclusion uj(-) € U, is fulfilled if and only if the expression in the
right-hand side of (6.3) equals z;. To show this equality, we will treat separately the
second and the third addends of the expression in the right-hand side of (6.3). Let
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us start with the second addend fotf Bi(o)ug 1 (o)do. Substituting the expression
for ug ,(t) (see the equation (5.21)) into this addend, we obtain

ty ty
(6.4) Bi(o)ug 1 (0)do = Bi(o)Ry (o) BT (o) LT ®L(2; — x0)do.

0 0
Multiplying both sides of this equality from the left by LTL = I,,, we have after
some rearrangement

ty ty
(6.5) Bi(o)ug 1 (0)do = LT <L/ B (J)Rll(J)BlT(a)daLT> PoL(zf — x0).
0 0
Using the equations (5.8) and (5.20), we can rewrite the equation (6.5) as:
ty
Bi(o)ug 1 (0)do
0
Q1 Q2 ) < 0 Okx (n—k )
_ 7 % 11 x(n—k) I(zs — 1
( Qfy, Qs Om-r)xk  On—k)x(n—k) (21 = @0)
I, Ok (n—k) >
6.6 =L" ( _ L(zf — x0).
(6.6) QLA Om—kyx(n—k) (2 = 0)

Proceed to the third addend of the expression in the right-hand side of (6.3),
which is fgf Bs(o)ug o(0)do. Substituting the expression for uf () (see the equation
(5.25)) into this addend, we obtain after some rearrangement

tr tr
6.7) [ Balo)ufs(o)do = / BQ(U)AT(U)@*(—Q{QQ; : In,k)L(zf—xo)da.
0 0

Multiplying both sides of this equality from the left by LTL = I,,, we have after
some rearrangement

(6.8) ; ! Ba(o)ug o(0)do

ty
_ LT/ (LBQ(O’))AT(U)do'G)*1< — L0, In_k)L(zf — 29).
0

Using the equations (5.5) and (5.6), we can rewrite the equation (6.8) as:

(Y[ Orxr—ry \ A7 1 T -1
= L Ao) A (0)do® <_912Q11 , In_k>L(2f—a:0)
0

Ok n . .
e >da@ (= Qhot! s Lik) Lz - 20)

Ok (n—k) -1 T -1 B
fth(U)AT )do © (—912911 =Infk)L(Zf o)

(o

O ) @71 ( — 9?291_11 s In,k>L(Zf — .CU())
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O (m— _
= LT ( Ink_xk( k) ) <— 9?29111 y In,k)L(Zf —:L’o)

Okxk Okx(n—k
6.9) = LT< <k *(=k) ) Lz — mp).
( ) _9{29111 ok ( f 0)

Now, using the equations (6.3),(6.6),(6.9) and the orthogonality of the matrix L,
yields

p Okx(n—k

tr) =ax0+ LT < _ ) ) L(zp —
2lty) = o 0L Op—ryx(m-n) (27 = 20)
( _

O O
T kxk kx(n—k) _
h < _9{291_11 Int ) Mep = o)

=x0 + LTInL(Zf — :CQ) = Zf,
(6.10)

meaning that the solution (6.2) of the equation (6.1) satisfies the initial condition
(3.6) and the terminal condition (3.7). Thus,

(6.11) ui () € U,
6.2. Validity of the inequality in (3.8) for u*(t) = u{(t), t € [0,tf]. First of

all, let us calculate the value J(u(-)). Using the equations (2.4),(2.6) and (5.27),
we obtain

t t
(612)  J(up() = /0 " (up(0) " R (t)dt = /0 " (w1 () R (1) (D),

Substitution of the expression for ug,(t) (see the equation (5.21)) into the right-
hand side of the equation (6.12) yields after some rearrangement

ty

(6.13) J(uj()) = (25 — x0) LTy (L/ Bl(t)Rll(t)BlT(t)dtLT> oL (zf — x0).
0

Further, using the equations (5.8) and (5.20), we can rewrite the equation (6.13) as:

J(ug()) = (Zf — xo)TLT ( Ql_ll ka(n—k) )
O(nfk)xk O(ﬂ*k’)x(n—k)

Q1 Qg2 > ( Q! Okx (n—k) >
X (s —
( Qfy Qs Om-ryxk  O(n—rk)x(n—k) (2 = @0)

— (Zf o xo)TLT ( Ql_ll ka(n—k) ) L(Zf _ 330)
Otm—k)yxk Om—k)x(n—k)
(6.14) = (27 —20) LT ®L(2; — o).
Thus, comparing (5.29) and (6.14), we have
(6.15) J(up(-) = Jg.

Using the equation (6.15), we are going to show the validity of the inequality in
(3.8) for u*(t) = uj(t), t € [0,ty].
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Based on (2.4),(2.6),(4.1),(4.2) and (5.30), we have the following chain of inequal-
ities and equality:

(6.16) 0< u(i)ner J(u() < J(ui() < Je(ui() = JX < Jg +ae Vee(0,es)

Since the values inf,,;)err, J (u(-)) and Jg are independent of e, then (6.16) yields
the inequality

6.17 inf  J(u() < J*.
(6.17) ot (u(-)) < J

Let us show the validity of the equality
(6.18) inf  J(u(-)) = J§.

For this purpose, we assume the opposite which, by virtue of (6.17), is

6.19 inf  J(u(")) < Jg.
(6.19) Lot T () < Jg
Due to this strong inequality, there exists u(-) € U, such that

(6.20) u(i)nerz J(u() < J(u() < Jgs.

Using the inequalities (4.2) and (5.30), we obtain
(6.21) Jy —ae < JF = Jo(ul(-) < Je(u(t) = J(a(-)) +bs Vee (0,e3],
where

ty
b= / Tl (1) oy (t)dt
0

and Uy (t) is the lower block of the vector a(t) of the dimension r — g.

From the chain of the equalities and the inequalities (6.21), we have the validity
of the inequality J§ < J(u(-))+(b+a)e for all € € (0, &3], which yields the inequality
Ji < J(u(-)). The latter contradicts the right-hand side inequality in (6.20). This
contradiction means that the inequality (6.19) is wrong, which implies the validity
of the equality (6.18). The equalities (6.15) and (6.18) directly imply the validity
of the inequality in (3.8) for u*(t) = wg(t), t € [0,t7]. The latter, along with
the inclusion (6.11), means that the control ug(t), t € [0,%] is the solution of the
OMECP.

7. ILLUSTRATIVE EXAMPLE

Consider the following particular case of the system (2.1):

(7.1) d“";t(“ — 21(t = 1) 4w (t) — us(f),
(7.2) dz;t(t) = ot — 1) + 2ur(t) — ua(t),

where t € [0,2]; 21(t), z2(t), ui(t), ua(t) are scalar variables.
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Comparing the system (7.1)-(7.2) with the system (2.1), we can conclude that in
(7.D)-(72) n=2,r =2,

(7.3) N=1, h=1, ty=2 f(t)z(8>, t €0,2],
and the matrices of the coefficients have the form
0 0 1 0
(74) Ao(t) = < 0 0 ) R Al(t) = < 0 1 ) R t e [0,2],
0 0
(75) cen=(g o). ®ne02x-10
1 -1

(7.6) B(t):<2 1 >, t €10,2].

The system (7.1)-(7.2) is subject to the initial conditions
(7.7) z1(1) =0, 7€[-1,0), 2(0)=2,
(78) 22(7‘) =0, T€ [—1,0), ZQ(O) =1,
and the terminal conditions
(7.9) z1(2) =5,
(7.10) 29(2) = 6.

Comparing the initial conditions (7.7)-(7.8) with the initial conditions (2.2), as
well as the terminal conditions (7.9)-(7.10) with the terminal condition (2.3), we
can see that in (7.7)-(7.8)

(7.11) @(T)E<8>, 7 [-1,0); ZOZG),

and

(7.12) 4:<g>.

In this example, the functional is chosen as:

2
(7.13) Tu()) = [ aiar

where u(t) = col(ui(t) , ua(t)), t € [0,2].
Comparing the functional (7.13) with the functional (2.4),(2.6), we have that
qg=1and

(7.14) R(t) = (é 8> Rit)=1, tel0,2].

In this example, the set U, of admissible controls for the system (7.1)-(7.2) is the
set of all controls u(-) € L?[0,2;R?] such that this system has a solution satisfying
the initial conditions (7.7)-(7.8) and the terminal conditions (7.9)-(7.10).
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We look for the control u°(-) € U,, which satisfies the inequality
(7.15) J@()) < J(u()  Vu() € U..

Thus, the minimum energy control problem, consisting of the system (7.1)-(7.2),
the initial conditions (7.7)-(7.8), the terminal conditions (7.9)-(7.10), the functional
(7.13) and the condition of the control’s optimality (7.15), is a particular case of
the minimum energy control problem (2.1),(2.4),(2.5),(2.6). Following the results
of Section 3, we are going to transform the minimum energy control problem (7.1)-
(7.2),(7.7)-(7.8),(7.9)-(7.10),(7.13),(7.15) to the equivalent simpler form problem.

We start with the obtaining the matrix-valued function W(t), defined by the
terminal-value problem (3.1). Using the data (7.3)-(7.5), we directly obtain W(t)
corresponding to this data

(7.16) U(t) = (), te0,2)
where the scalar function () has the form
[ 2—t, te]0,1],
(7.17) v(t) = { 1, te(1,2).
Substitution of (7.6) and (7.16)-(7.17) into (3.3) yields
e-n(y Z1). tebu,
(7.18) B(t) =
Lot te(1,2]
2 _ 1 ? Y *

Thus, the system (3.5) becomes

1 -1
(2-1) , telo1],
URE e () <f>1> ut), telo2)
, te (1,2

2 -1

where z(t) = col(z1(t) , z2(t)), (z1(t) and z2(t) are scalar variables), u(t) =
col(u1(t) , ua(t)).

Furthermore, using the data (7.3)-(7.5),(7.11) and the equations (7.16)-(7.17), we
directly have the vector z¢, defined by (3.4),

(7.20) wo = col(4 , 2).
Thus, due to (3.6),

(7.21) x(0) = col(4, 2).

Also, due to (3.7) and (7.12),

(7.22) x(2) = col(5, 6).

In this example, the set U, of admissible controls for the system (7.19) is the set
of all controls u(-) € L?[0,2;R?] such that this system has a solution satisfying the
initial condition (7.21) and the terminal condition (7.22).
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The minimum energy control problem, equivalent to the above formulated prob-
lem (7.1)-(7.2),(7.7)-(7.8),(7.9)-(7.10),(7.13),(7.15), is to find the control uj(-) € U,
which satisfies the inequality

(7.23) J(ui(-) < J(u())  Vu() € U

This problem is a particular case of the OMECP formulated in Section 3 (see Remark
3.4). In what follows of this example, we are going to derive the control wuf(t),
t € [0,2] using the results of Sections 5 and 6. To proceed with the application
of the results of these sections to the derivation of the control wj(t), t € [0,2],
first, we should check the fulfilment of the assumption of Proposition 4.2, i.e., the
positive definiteness of the matrix Ws (see the equation (4.4)). Using the equations
(4.4),(7.3) and (7.18) yields

10 /2 3

meaning the positive definiteness of this matrix.
Due to the equation (5.1), we partition the matrix B(¢), given by (7.18), into two
blocks B (t) and Ba(t) which are

(Z_t)<;>’ tE[O,l],
(7.25) Bi(t) = 1
(3): te (.2,
1
(t_2)<1>7 tE[O,].],
(7.26) Ba(t) = 1
<_1>, t e (1,2],
Calculating the matrix K (see the equation (5.3)), we obtain
10 10
3 3
(7.27) K=
10 10
3 3

This matrix has a simple zero eigenvalue, meaning the fulfilment of the assumption
A1l with & = 1. The orthogonal matrix L, appearing in the equation (5.4), can be
chosen as

1 1
V22
(7.28) L=
1 1
V2 V2

Substituting the matrices K and L, given by the equations (7.27) and (7.28), into
the equation (5.4), we obtain after a routine algebra the matrix D

0 0

(7.29) D
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The latter, along with (5.4), means that
20
37
Substitution of (7.26) and (7.28) into (5.5) yields after a direct calculation

(t—2) (\%) t € [0,1],

(7.30) o=

(7.31) LBy(t) =

(—ﬂ)’ te(1,2].
Hence,
(7.32) At) = { _g(f_”’ ttg ([2%

Using the equations (7.14),(7.25),(7.28) and calculating the expression in the
left-hand side of the equation (5.8), we obtain

b —1 T T % Bk
(7.33) L / Bt R ()BT (t)dtL” =
0 -5 15

Comparing the matrices in the right-hand sides of the equations (5.8) and (7.33),
we directly have

5
(7.34) Q= 3 Qg =-5 Q3 =15,
which, due to (5.20), yields

(7.35) @0_<86 8)

Using (7.14),(7.12),(7.21),(7.25),(7.28),(7.35), we can calculate the function ug , (t),
given by (5.21). Thus, we obtain

(7.36) g (t) = { 83(2 - ee[( 12]]

Similarly, using (5.25),(7.12),(7.21),(7.28),(7.30),(7.34), we calculate the function
ug o(t) as:

(7.37) ugo(t) = { 82(2 ~th iee[(of,lz]]’.

Thus, by virtue of the equation (5.27) and the results of Section 6, the solution
of the OMECP in this example is

(2—t)<8:2>, te o1,

< 82 ), te(1,2].

Due to Proposition 3.3, this control also solves the initially formulated problem of
this example (7.1)-(7.2),(7.7)-(7.8),(7.9)-(7.10),(7.13),(7.15).

(7.38) wi(t) =
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Finally, using (5.29),(7.12),(7.21),(7.28),(7.35), we calculate the value of the func-
tional (7.13) corresponding to uj(t), ¢ € [0,2] in both minimum energy control
problems

(7.39) Ji=2.7.

8. EXAMPLE ON NON-UNIQUENESS OF SOLUTION TO THE OMECP

Consider the following particular case of the boundary-value problem (3.5)-(3.7):

dx;t(t) = (t — 2w () + (2t — Dug(t), te€[0,2],
dxdzt(t) = (4 —2t)ui(t) + (2 —t)ua(t), te€]0,2],

21(0) = z01,  72(0) = 702,
21(2) = zp1,  22(2) = 252,
(8.1)
where x1(t), z2(t), ui(t), ua(t) are scalar variables; xo,1, o2, 2f,1 and zs are some
given scalar values.
In this example, first, we consider the set U, of admissible controls for the differ-
ential system of (8.1) as the set of all controls u(-) = col(u1(-), ua(-)) € L?[0,2; R?]
such that this system has a solution satisfying the corresponding boundary condi-

tions (see the equation (8.1)).
Furthermore, in this example, the functional is chosen as:

2
(8.2) J(u() = /0 (1)t

The minimum energy control problem, consisting of the boundary-value problem
(8.1), the set of admissible controls U, and the functional (8.2) is a particular case
of the OMECP formulated in Section 3 (see Remark 3.4), where

(8.3) n=2  r=2 q=1, ty=2,

4-2t 2—1

xo = col(xo,1,202), 2zf =col(zf1,2¢2).

B(t)z(t_Q zt_4>, Rit)=1, tel0,2],

(8.4)

Based on the results of Sections 5 and 6, let us derive the control uj(t), t €
[0,2] solving the aforementioned minimum energy control problem. In order to
apply the results of these sections to the derivation of the control uj(t), ¢t € [0,2],
first, we should check the fulfilment of the assumption of Proposition 4.2, i.e., the
positive definiteness of the matrix Ws (see the equation (4.4)). Using the equations
(4.4),(8.3) and (8.4) yields

(85) we=3 (5 5 )

meaning the positive definiteness of this matrix.
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Due to the equation (5.1), we partition the matrix B(t), given in (8.4), into two

blocks B (t) and Ba(t) which are

2t — 4
2—t

>, t €[0,2].

16

3

8

t—2
(8.6) Bi(t) = ( 4o ) . Ba(t) = <
Calculation of the matrix K, defined by the equation (5.3), yields
32
3
(8.7) K =
_16
3

3

meaning that K has zero eigenvalue of the algebraic multiplicity & = 1. Hence, the

assumption Al is fulfilled.

The orthogonal matrix L, appearing in the equation (5.4), can be chosen as

1 2

NV

(8.8) L=
2 1
55

Substituting the matrices K and L, given by the equations (8.7) and (8.8), into
the equation (5.4), we obtain by a routine algebra the matrix D

0 0

(8.9) D=
40
0 3

The latter, along with (5.4), means that

4
0=2

(8.10) .

Calculating A(t), defined by the equation (5.5), and using Ba(t) and L (see the

equations (8.6) and (8.8)), we obtain

(8.11) A(t) = V5(2 — 1),

t €10,2].

Now, calculating the block-form matrix, defined by (5.8), and using (8.6) and

(8.8), we obtain by a routine algebra

72
Q1 Q2 15

8.12 =
(8.12) (Qsz 913> 9
15

96
15

128
15

This block-form matrix and the equation (5.20) yield

>

(8.13) d) =

0

5
57 O

Using (8.4),(8.6),(8.8),(8.13), we can calculate the component ug ; (¢) of the con-

trol u(t), given by (5.21). Thus, we obtain

(8.14) il (t) = é

—<(t=2)[(zr1 — z0,1) + 2(212 — T0,2)],

t €10,2].
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Similarly, using (5.25),(8.4),(8.8),(8.10),(8.11),(8.12), we calculate the component
ug o(t) of the control ug(t) as:

. 1

(8.15) up2(t) = g(t = 2)[2(z,1 —wo1) + (22 —@02)], ¢ €[0,2].

Furthermore, using (5.29),(8.4),(8.8),(8.13), we calculate the value of the func-
tional (8.2) corresponding to ug(t) = col(uf (t),uf5(t)), t € [0,2] in the minimum
energy control problem (8.1),(8.2)

1
= 274[

Proceed to the derivation of another solution to the minimum energy control
problem (8.1),(8.2). For this purpose, we extend the set U, of admissible controls
for this problem. Namely, let us consider the following set of controls:

(8.16) Jg (Zﬁl — $071) + 2<Zf72 — 1‘0,2)]2.

A

U= {u(t) = col(u1(t), us(t)) : ui(t) € L?[0,2], ua(t) € (U(;ULQ[O, 2]> },

Us = {85(t — D)},
(8.17)

where (3 is any real number; ¢ € [0,2] is any time instant; (¢ — t), t € [0,2] is the
d-function of Dirac with the impulse at ¢ = ¢.

Consider the set U, of all controls u(t) € U such that the boundary-value problem
(8.1) has a solution with any u(t) € U,. Thus, U, C U, while U, C U,. The set U,
is chosen as the extended set of admissible controls in the minimum energy control
problem (8.1),(8.2).

Let us find out whether there exist 8 and ¢ € [0, 2] such that the control u(t) =
col (u1 (), ua(t)) = col(0, B6(t — 1)) € U,

Substituting u(t) = u(t) into the boundary-value problem (8.1), we have

d‘i}t(t) — (- 4)B5(t—1), tel0,2],
dg”;t(t) = (2-1)Bs(t—1), telo,2],

z1(0) =z0,1,  22(0) = 70,2,
1(2) = zp1,  22(2) = 2y,
(8.18)

Integrating the differential system in (8.18) from ¢ = 0 to ¢t = 2, and using the
corresponding initial and terminal conditions yield

Zf1 = Zo,1 t+ (Qt_— 4)5,
zf2 =202 + (2 —1)B.
(8.19)

For any t # 2, this set of equations with respect to the unknown /3 has a solution if
and only if

(8.20) zp1 — xo1 = —2(252 — T02),
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and this solution is § = B(f, 202, 272) 2 (zf2 — w02)/(2 — 1) for any t € [0,2).
Hence, subject to the condition (8.20), the control

’fL(t) = COl(ﬂl(t),ﬂg(t)) = CO](O,,B(E, 0,2, Zf,2)5(t — E)) eU, Vte [0, 2).

Since @1 (t) = 0, t € [0,2], then J(a(t)) = 0 meaning that u(t), t € [0,2] is a solution
of the minimum energy control problem (8.1),(8.2) for any ¢ € [0, 2).

It should be noted that, subject to the condition (8.20), the component ug , (t)
of the control ug(t) becomes zero (ug,(t) =0, t € [0,2]), the component ug o(t) of
the control ug(t) becomes as ug o(t) = 3(z12 — 202)(2 — t), t € [0,2], the value of
the functional (8.2) corresponding to the control uf(t) with these components in the
minimum energy control problem (8.1),(8.2) (see the equation (8.16)) becomes zero.
Moreover, subject to the condition (8.20), any control u(t) = col(u1(t), ua(t)) =
col(0,u2(t)) € Uy, where us(t) € L?[0, 2] satisfies the Fredholm integral equation of
the first kind

2
/ (2 — D)iia(t)dt = 275 — w0,
0

is a solution of the minimum energy control problem (8.1),(8.2).

Thus, subject to the condition (8.20), we have derived infinitely many solutions
to the minimum energy control problem (8.1),(8.2). Among these solutions are
ug(t) = col(0,uf 5(t)) € Upr C Uy and u(t) = col(0,ua(t)) € U, C Uy, while the
other solutions are u(t) € U, valid for any ¢ € [0,2). The values of the functional in
the problem, corresponding to these solutions are the same, namely, zero. It should
be noted that, due to the presence of the Dirac d-function in u(t), the solution u(t)
can be useful rather for a theoretical analysis of the minimum energy control prob-
lem, while the solutions wg(t) and u(t) can be useful for both purposes, theoretical
analysis of the minimum energy control problem and practical implementation of
this solution.

9. CONCLUSIONS

In this paper, the minimum energy control problem was considered. The dy-
namics of the problem has multiple point-wise and distributed delays in the state
variable. The weight matrix of the control cost is block-diagonal with two blocks
on the main diagonal. One of these blocks is a positive definite matrix, while the
other is zero matrix. Thus, the aforementioned weight matrix of the control cost is
singular, meaning that the considered minimum energy control problem is singular.
The control coordinates, which are present in the functional are regular, while the
other control coordinates are singular. A set of admissible controls in the prob-
lem is chosen as the set of all square integrable control functions, transferring the
problem’s dynamic system from a given initial position to a given terminal position.

By the proper linear change of the state variable, the initially formulated control
problem was transformed equivalently to a much simpler one. This new problem
also is a singular minimum energy control problem, while its equation of dynamics
does not have delays any more. In the sequel of the paper, this new undelayed
problem was considered as an original minimum energy control problem. To solve
this problem, the regularization method was applied. Namely, the original problem
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was replaced by a regular minimum energy control problem, which depends on a
small positive parameter €. This new minimum energy control problem has the
same dynamics and the same set of admissible controls as the original problem has.
However, the functional in the new problem differs from the one in the original
problem. The new functional is the sum of the original functional and the finite-
horizon integral of the squares of the singular control coordinates with the small
positive weight . Thus obtained the parameter dependent minimum energy control
problem is a partial cheap control problem, and it becomes the original problem for
e = 0. Asymptotic analysis with respect to € of the solution to this partial cheap
control problem was carried out. Based on this analysis, the solution (the open-
loop optimal control) of the original singular minimum energy control problem was
derived. The corresponding value of the functional also was obtained.

It was shown by example that, subject to some additional condition, the singular
minimum energy problem can have infinitely many solutions in the original set and
in some extended set of admissible controls.
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