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Abstract: We consider a bilinear control system defined by a linear time-invariant system of
differential equations with multiple lumped and distributed delays in the state variable. A problem of
finite spectrum assignment is studied. One needs to construct control vectors such that the characteristic
function of the closed-loop system is equal to a polynomial with arbitrary given coefficients. We obtain
conditions on coeflicients of the system under which the criterion was found for solvability of this finite
spectrum assignment problem. This criterion is expressed in terms of rank conditions for matrices
of the special form. Corollaries on stabilization of a bilinear system with delays are obtained. An
illustrative example is presented.
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1. Introduction

Bilinear systems appear in the control of various real problems and have found a rich area of
applications in physics, biochemistry, agriculture, engineering, economics, etc. (see, e.g., [1] and
the references therein). The problems of stabilization of bilinear systems using the second (direct)
Lyapunov method were studied in early works [2-5] and in later and recent works (see [6—10] and
references therein). The Jurdjevic—Quinn stabilization technique [2] was extended to bilinear periodic
systems [11-13], infinite-dimensional bilinear systems [14—16], bilinear systems with delays [17-19],
and complex-valued bilinear systems [20-22]. See also the recent papers [23,24].

Another approach for solving problems of stabilization and control over asymptotic behavior of
bilinear systems is based on the first Lyapunov method (eigenvalue approach). The problems of
assigning the spectrum of eigenvalues were studied in [25-29]. The eigenvalue approach for stabilizing
systems with delays is presented in [30].
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In the presented work we use the first Lyapunov method (eigenvalue approach). We consider
a bilinear time-invariant system with multiple lumped and distributed delays. We are studying the
problem of assigning a polynomial with given coefficients to the characteristic function.

The paper is organized as follows. In Section 2, we introduce notations and present some
background to the issue and describe previously obtained results. In Section 3, we give the statement
of the problem and present the main result of the work, namely, Theorem 1. In Section 4, we present
auxiliary statements that are required to prove the main result. In Section 5 we give a proof of
Theorem 1. In Section 6 we derive corollaries from the main result and note that Theorem 1 generalizes
some results obtained earlier. In Section 7 we show that the main result can be extended to systems
that have a slightly more general form. In Section 8, we provide modeling examples that illustrate the
results obtained. In Section 9, we give a conclusion.

2. Notations and preliminaries

Relations @ := 8 and § =: @ mean that « is assumed, by definition, equal to 8. Denote K = C or
K=R; K" ={x =col(xy,...,x,): x; € K} is the linear space of column vectors over K; M,, ,(K) is the
space of m X n-matrices over K; M,(K) := M, ,(K); I € M,(K) is the identity matrix; O € M,(K) is the
zero matrix; T is the transposition of a vector or a matrix; * is the Hermitian conjugation, i.e., A* = A ;
Sp H is the trace of a matrix H € M,,(K); y(H; 1) =4 det(1l — H); we use the denotation A° := I for
any matrix A € M, (K); the notation i = a, 8 (where @, 8 € Z and & < ) means that i runs from « to 3.

Consider a bilinear control system defined by a time-invariant differential system with multiple
lumped and distributed delays in the state:

x(t) = Agox(t) + ug1Ag1x(t) + ... + I/torvorox(l)
+A10X(l - (.U]) + M]]A]]X(l’ — a)l) + ...+ I/tlr]A]r]X(l' — a)l) + ...
+ Apx(t — we) + upApx(t —we) + ...+ Ltgr[A[r[X(l‘ — wy)

0 @.1)
+f (Clo(T) + W11(T)C11 +.. F Wy (T)Clql)x(l + T) dr +...

w]
—We-1
+f (Coo() + wer(T)Cot + ... + Wy (T)Cp, )x(t + T)dT, t>0,
—wr
with initial conditions x(7) = xo(7), T € [—w, 0]; here 0 = wy < w; < ... < w, are constant delays;
xo: [-we, 0] — K" is a continuous function; x € K" is a state vector; u, = col (u,...,u,,) € K,
u = 0,¢, are control vectors; wg(t) = col (wg(7),. ..,Wqu(‘l')) e K% & = 1,0, 7 € [~wg, —wg_ ], are

control vector functions; A,, € M,(K), u = W v =01y Coo: [~ws, —we1] = M,(K) are integrable
functions, C¢r € M,(K), § =1,¢,{ =1, ¢q.

In [31], we considered a control system defined by a linear time-invariant differential equation of nth
order with multiple not necessarily commensurate lumped and distributed delays in the state variable
x € K; the input is a linear combination of m variables and its derivatives up to the order < n — p, and
the output is a k-dimensional vector of linear combinations of the state x and its derivatives up to the
order < p — 1:

n

s n s —hy-1 . m n
X0+ DY apx" e —h)+ YN f g+ Tydr =Y 3 b0, (2.2)
Jj=0 =1 p=1 —hy

i=l j i= = a=1 I=p
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p
w0 =Y e @), B=Tk, 2.3)
v=1
t > 0; here xX"9(1) = x;(7) are initial conditions, T € [=h,,0]; 0 = hy < h; < ... < hy are constant
delays, xjo : [-h,,0] — K are continuous functions; a;;, b,,c,z € K, i = L,n, j = 0,5, 1 = D, 1,
a=1,mv= L,p, B = 1,k; g : [=hy,—hy,-1] — K are integrable functions (i = 1,n,7 = 1,s);
u = col (uy,...,1u,) € K" is a control vector, y = col (y,...,yr) € Kfis an output vector; p € {1,n}.
The controller in the system (2.2), (2.3) was constructed as linear static output feedback with lumped
and distributed delays:

—O0 -1

u(r) = Z Q)1 —0,) + Z f R, ()y(t + 1) dr, 2.4)

where y(r) = 0, 1 < —h,; here 6 > 0 is an integer, 0 = 09 < 0y < ... < 0y are constant delays; O, =
qﬁﬁ € M,,x(K) are constant matrices (p = 0,6 0), R, (1) = {r aﬁ(r)} € M, 1(K), rzﬁ: [0y, —01] = K
are integrable functions (x = 1,6 ,0), a = 1 m, B = 1,k. The problem of assignment of arbitrary
coeflicients to the characteristic function for the closed-loop system (2.2)—(2.4) has been solved in [31];
in particular, the arbitrary finite spectrum assignment problem has been solved.

These results were generalized in [32] for the case when a control system is defined by a system of
differential equations with lumped and distributed delays. In [32], we considered the following system
of delay differential equations with constant coefficients:

_h,] 1

%(f) = Z O x(r — h)) + Z f W, (D)x(t + T dT + Ou(r), 1> 0, 2.5)

y() = E*x(2), (2.6)

with an initial condition x(7) = xo(7), T € [—hy, 0]; here 0 = hy < h; < ... < h, are constant delays,
Xo: [=hs,0] — K" is a continuous function; ®; € M,(K) (j = m), 0 cM,,(K), and Z € M, (K)
are constant matrices; V), : [=h,, —h,-1] = M,(K) (7 = 1, 5) are integrable functions; x € K" is a state
vector, u € K™ is a control vector, and y € K¥ is an output vector.

For the system (2.5), (2.6), the controller is constructed in [32] as linear static output feedback with
lumped and distributed delays (2.4). The closed-loop system (2.4)—(2.6) has the form

s 0
i(t) = (D + OQEIx(1) + ) Dpx(t —hj) + > OQ,E x(t - 7,)
= - 2.7)

—O0x-1

By
+ Z f W, (D)x(t + T dT + Z f OR,(T)Ex(t + T) dT.

For system (2.5), (2.6), the problem of arbitrary coefficient assignment to the characteristic function
of the scalar type by linear static output delayed feedback (2.4) has been solved in [32]; in particular,
sufficient conditions have been obtained for assigning an arbitrary finite spectrum for the system (2.7).

The system (2.7) can be considered as a special case of the system (2.1). In fact, let system (2.7) be
given, where

®:[®l’~"7®m]’ E:[Ela'-~a5k]’ ®a/aEﬂeKna
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Denote
Ty :={h,....hs}, Tr:={o1,...,00)
Si={je{l,sh:hjeT\Ts}, S»:={je{l,s}:h;e T\ NT}
Sy={pel{l,0:0, €T NTy}, Ss:={p¢€ {ﬁ}:o-pETZ\T]}'

SetT :=T;UT,, €:=1T|. Set wy := 0. Denote the elements of the set 7" as w; < wy < ... < Wy.
Let

Ki:={ue(l,0}: 3j€S1 w,=hy),
Ky:={ue{l,8y:3jeS, ApeSs w,=h; =0y},
Ky:={ue{l,t}:Ape Sy w, =0}
Set

ryi=mk, pu= 0,_{’; q: :=mk, &=1,0; Ay := Dy,
Ao,ﬁ = @152, AO,k+ﬂ = @25;, ey AO,(m—l)k+ﬂ = @,nE;, ﬂ = 1,k, (28)

- 0 0 0 0 0 0 0
MO L COl(q]]7 q]Z?"-’q]k7 q217"-7q2k’- '-’qm]" "’qu)'

Next, we set

O, fueKiUK, and w, = h;,
A= q 0 DHEBIE R A0 G =T 2.9)
0, 1f/.l€K3.
Next, we set
Aoy, if/,tEKzUK3anda)'u:0'p,
Ay = ) v=1,r,
0, lf,LlEK],
) (2.10)
o col (o, dss oo oot s @ 00, if pe Ko U K3 and wy, = 0,
7 eol (O, . .., 0), if u € K.
Next, we set
VY. (1), if e Ky UK, and wg = h,,
Caolr) 1= | 1T e € KU Mo and e =y @.11)
0, lfé‘:EK:;.
Next, we set
A()(, if§€K2UK3and(1)f:0'H,
Cgév = ’ . ’ {: 1,q§,
0, lfé:EKl,
(2.12)

- col (0 (1), ..., v (D), ..., 0 (T), ..., 00 (T), ifé€ KUK and we =0,
we(T) =
¢ col(0,...,0), if £ € K.

Then system (2.7) takes the form (2.1) with coeflicients (2.8)—(2.12).

In the present paper, we obtain sufficient conditions for arbitrary finite spectrum assignment for the
system (2.1). These results generalize some of the results of [32] (namely, Corollary 3 on assigning

arbitrary finite spectrum and Corollary 4 on stabilization by linear static delayed output feedback) from
system (2.7) to system (2.1) and extend the results of [33,34].
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3. Main result

System (2.1) can be written in the form

4 Tu

(1) = D (At = 0) + ) A x(t = w,)
u=0 v=1
L . @3.1)
¥ Z ( f (Cao®) + )" weer)Cog)ate + 7y dr ).
—1 =1

Let us denote by () the characteristic function of the system (3.1), i.e.,

l

r# —Weg—1 4.
W = det[ar =) (A0 + Z Ay )€™ Z f " (Cao(r) + 2 werMCer)e™dr| (3.2)
0 =

#:
System (3.1) has the form

0

14
i(t) = Dox(t) + ) Dyx(t = w,) + f F(r)x(t + 1) dr. (3.3)

p=1 v
Here w = wy,

Ty
D}l = A,uO + Z u}lVA/lvv M= W’

v=1

F(r) = F‘f(T), TE [—(1)5, —(1)5_1],

Fe(t) = Coo() + ) wee(Cer, €= 1,1
=1

Let us introduce the following denotations:

1
Si={si9= > ws & €l0, ., Of = {wp, 01, w0 =t {551 5n ),
i=1
2
So={si9= > ws s €{0 . O = {sh, ], ),
i=1
S,={sts= ) w6 €010 ={s).5.....90 ).

i=1

Here m; := |Z;|—1,i = ﬁ the i in the notation 5;; means the index, not the power. We suppose that the
elements s, of the set X; are sorted in ascending order, i.e., s, < s,,. We have s) = ... = s = 0. Set
my =0, 55 := 0.

The characteristic function () of the system (3.3) has the form
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6939

Y ="+ /l”‘i(z Siox exp(—As,)

i=1 k=0

i Tiy 0 0 v
+ Z:;kzz;‘ Iw . j:w Oik(T1, ..., Ty)EXP (/l(zn - 52‘“))(2’7’1 .. drv). (3.4)

=1

Here the numbers 6;o; (i = 1,n k= Tn,-) and the functions 6;,(7y,...,7,) I = Lnv=1,i,k= O,T,-_U,
7€ [-w,0], 1= 1,v) depend on coefficients D, (u = W) and F(7) (1 € [-w, 0]) of the system (3.3).

The set A = {1 € C : y(1) = 0} of the roots of the function (3.2) forms the spectrum of the
system (3.1). In general, the spectrum A of the system (3.1) is infinite.

Suppose that, in (3.4), ;o = 0 for all i = 1,nand k = 1, 7, and O (71, ...,7,) =0foralli = 1,n,
v=1ik=1,nm_,7 € [-0,0],] = ﬁ Then the characteristic function turns into a polynomial,
and the spectrum A is finite. Consider the problem of assigning an arbitrary finite spectrum A for the
system (3.1).

Definition 1. We say that the system (3.1) is an arbitrary finite spectrum assignable if, for any y; €
K, i = 1,n, there exist constant vectors u, € K'* (u = 0,€) and integrable vector functions we :
[—we, —wey] = K% (& = 1,¢) such that the characteristic function y() of the system (3.1) satisfies
the equality

YD) = A"+ 7y,

In [34], sufficient conditions for the solvability of the finite spectrum assignment problem were
obtained for the system (3.1) containing only lumped delays and no distributed delays (i.e., in the case
where Cg; = O, & = 1,0, { = 0,q¢). In [33], sufficient conditions for the solvability of the finite
spectrum assignment problem were obtained for the system (3.1) containing only one lumped and one
distributed delay (¢ = 1). Here, the results of [33,34] are generalized to systems with multiple lumped
and distributed delays.

Suppose that the coeflicients of the system (3.1) have the following special form: The matrix Ay
has the lower Hessenberg form with non-zero superdiagonal entries; for some p € {1,...,n}, the first
p — 1 rows and the last n — p columns of matrices A,,, u = 0,(,v = ﬁ ((u,v) # (0,0)), and of
matrices Cg, & = ﬁ, { = r%, are equal to zero, i.e.,

ain an 0 “en 0

an ann ar; ... 0
Ap =1 ... R a1 #0, i=1ln-1, (3.5)

ap-11 Ap-12 -+ .. Au_1p
[ amn cee e Aun
0 0 —~ —
Ayv = [A\IJV 0] ’ A[,lV € Mn—p+1,p(K), M= 0’ f, V= 0’ Ty, (,U, V) ¥ (0’ O), (36)
0 0 0 O

C =|= s Cey=|= , 3.7
() [C§0(T ) O] “ [sz O] G0

Ceo(7),Cer € My_pi1 y(K), E=1,4, £ =1,qz T € [~we, w1 .

AIMS Mathematics Volume 10, Issue 3, 6934-6951.



6940

From system (3.1) we construct the matrices I', € M, (K) (u = W), X, €M, (K)(u= ﬁ) and
matrices Y € M, ,(K), Zs(1) € M, 1(K), 7 € [~wg, —we1], & = 1, E:

Sp (Ao1) Sp (Ap2) Sp (Aoy,)
Iy = Sp(AoiAo)  Sp (ApAw) Sp (Ao, Aoo) ’ (3.8)
[Sp (AniAly")  Sp (AnAly! Sp (AonAGy'
Sp (A/JI) Sp (Au2) Sp (A/Jr,,)
r,= Sp (Au1Ae)  Sp(AuAw) Sp (A, Aoo) , (3.9)
[Sp (AuiAly")  Sp (ApAl! Sp (A, Al
Sp (Aw)
Sp (A0A00)
Xo=| L G109
| Sp (Aqu'Sal
Sp (Ce1) Sp(Ce) Sp (Ceq,)
Y, = Sp(Ce1Aoo)  Sp (CerAno) Sp (CegeAo0) ’ (3.11)
[SP(CaAlh) Sp(Cadly! Sp (CeqeAfy'
Sp (C§O(T )
Sp(C A
Zu(7) = P (Ceo(1)Ac0) . (3.12)
Sp (Ceon(MAG'

Construct the matrices 4, = [I,, X,] € My, 1(K) (u = 1,¢) and the matrices Q1) = [Ye, Ze(1)] €
Mn,q§+l(K)a TE [_w§9 _wf—l]a é: = 1’ 5'

Theorem 1. Suppose that the matrices of the system (3.1) have the special form (3.5)—(3.7). Then the
system (3.1) is arbitrary finite spectrum assignable if and only if the following conditions hold:
(C1) rank Iy =n;
(C2) rank[l, =rankd, forall
(C3) rankY, =rank Q.(1) a.e

=16
T € [~we, —we_1]

forall &=1,¢
4. Auxiliary statements

For proving Theorem 1, we need auxiliary statements. Let y(Ag; A) =: A" + a; A" + ... + a,. Set
ap := 1. From the matrix Ao, we construct the matrices

N; = apAjy + Al +...+ql, i=0,n-1. (4.1)

Lemma 1. Suppose that a matrix Aoy has the form (3.5) and a matrix H € M,(K) has the following
form for some p € {1,...,n}:

H:[O 0], Hy € M,_p,1 ,(K). 4.2)

H 0

AIMS Mathematics Volume 10, Issue 3, 6934-6951.
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Let y(Agp + H; ) =: " + A" ' + ...+ g, Then g; = a; — Sp(HN;_,) foralli = 1, n.
Lemma 1 is given in [32, Lemma 1]. The proof is given in [35, Lemma 1].

Lemma 2. Let 1) < 71 < ... < 7. Let B : [—1,—79] — K be an integrable function. Consider a
function

-
f) =ae™™ + a1 +.. + e+ f B(r)etdr, AeK.
1
Suppose that f(1) = 0 for any A € K. Then
ay=a;=...=a; =0, B(r)=0a.e 1€ [—T4 —T0].

Lemma 2 with the proof is given in [32, Lemma 4].
5. Proof of Theorem 1

Let the matrices of the system (3.1) have the form (3.5)-(3.7). We will solve the problem of
assigning an arbitrary finite spectrum. Let a polynomial

P ="+ A7+ 4y, (5.1)

with ﬂmbers ¥i € K be given. We need to find u, € K'* (u = 0,¢) and We ¢ [~wg, —we ] — K%
(¢ = 1, ¢) such that the characteristic function (3.2) of the system (3.1) satisfies the equality

() = p(). (5.2)
Denote
1o 4 Tu 4 —Wg-1 q¢
H = Z MOVAOV + Z (A#O + Z uHVAW)e_A“’” + Z f (Cfo(’[') + Z ng(T)Cfg)e/lT dr. (53)
v=1 u=1 v=1 &=1 VY TWe =1
We have
Y(A) = det(Al — (Ag + H)) = x(Ag + H; A). 5.4

From conditions (3.6) and (3.7), it follows that the matrix (5.3) has the form (4.2). Taking into
account (5.1), (5.2), (5.4), and condition (3.5), and applying Lemma 1, we obtain that the system (3.1)
is an arbitrary finite spectrum assignable if and only if there exist u, € K% (u = 0,¢) and w; :
[—we, —we1] = K% (£ = 1, £) such that the following equalities hold:

Yi=0a—Sp(HNiy1), i=1,n (5.5)

Taking into account (5.3), we obtain that equalities (5.5) are equivalent to the following equalities:

o

¢ Ty
Yi=a—Sp (( Z MOVAOV)Ni—l] - Z Sp ((Auo + Z MyvApv)Ni—l] e
pu=1

y=1 v=1

¢ —we q
- f " sp {(Cfo(r) + jwfg(f)cﬂ)zvi_l)eﬂfdf, i=1,n
£=1 Vo

=1

(5.6)
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By Lemma 2, we obtain that (5.6) are equivalent to the following equalities:

Yi=q; —Sp ((i uOVAOV)Ni— ], i=1,n,

v=1

p ((Aﬂo + Z uWAW)N,._l] =0, pu=1,0 i=1Ln, (5.7)
v=1

q¢
Sp [(Cgo(‘l')+Zng(T)C{:g)Ni_l]=O, ae. TE[-wp—we), £=16 i=1,n
=1

From the definition (4.1) of the matrices N, it follows that, for any i = 1, n,

i-1

Nt = ) a1 Al (5.8)

n=0

Substituting (5.8) into (5.7), we get that (5.7) are equivalent to the following systems:

i—1 10
Z i1y Z Upy SP (AOVAg())) =0 Y% [ = 1, n, (59)
n=0
i—1 Tu i—1
>t Z e SP (A Al)) = = > a1 SP(AAl), p=1.0 i=Tn, (5.10)
n=0 n=0
i-1 q¢ i—1
019 ) wer() SP (CecAly)) = = > 011y S (Cao(T)AY)
n=0 ¢=1 n=0 (5.11)
ae. T€[-w,-weil, E=1,0 i=1,n

The system (5.9) consists of n linear equations with ry unknown variables uy, . . ., ug,,. For every u =
1, ¢, equalities (5.10) represent a linear system of n equations with r, unknown variables u,;, .. ., ;.

For every € = 1, ¢, equalities (5.11) represent a linear system of n equations with r, unknown functions
We1(T), . . ., We, (7). Let us rewrite (5.9)—(5.11) in vector form. Let us construct the matrices (see [32,
(50)])

G = {gij}zj‘zla gii=0G<)), g=a;00=)), (5.12)

and (3.8)—(3.12). Denote d; := col (a;—yy,...,a,—y,) € K". Then one can rewrite systems (5.9)—(5.11)
in the vector form

GFQM() = d(), (513)
G, = -GX,, u=1,¢, (5.14)
GYewe(r) = =GZ(1) ae. TE[-ws—we ], &é=1,¢L (5.15)

Taking into account that detG = 1 # 0, we see that the system (5.13) is resolvable with respect to uy,
for any giveny; € K, i = 1, n, if and only if condition (C1) is fulfilled; the systems (5.14) are resolvable
with respect to u, (u = 1, ¢) if and only if condition (C2) is fulfilled; the systems (5.15) are resolvable
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with respect to wg(7) (€ = rf) if and only if condition (C3) is fulfilled. Since Z¢(7), T € [~wy, —we_1],
& = 1,¢, are integrable, it follows that wy(7), T € [~wg, —ws_1], § = 1, {, are integrable as well. Finding
uo, uy (1 = 1,0), and we(T) (§ = 1, ) from (5.13)—(5.15), we assign a desirable polynomial (5.1) as the
characteristic function for the system (3.1). Theorem 1 is proved.

Remark 1. Note that the condition ry > n is necessary for condition (C1).
6. Corollaries

Suppose that the following condition holds:

(C4) rank @, =nforally=1,¢

(A necessary condition for (C4)isr, > n, u = ﬁ.) Then, clearly, (C2) holds.
Similarly, let the following condition hold:

(C5) rank Y, =nforall £ = 1,¢.

(A necessary condition for (C5)is gz > n, & = 1,¢.) Then, clearly, (C3) holds.
So we have the following corollary.

Corollary 1. Suppose that the matrices of the system (3.1) have the special form (3.5)—(3.7). Suppose
that the following conditions hold: (C1) and ((CZ) or (C4)) and ((C3) or (CS)). Then the system (3.1)
is an arbitrary finite spectrum assignable.

Next, consider a problem of exponential stabilization for the system (3.1): one needs to construct
u, € K (u = W) and we : [~wg, —wg_1] — K% (€ = ﬁ) such that the system (3.1) is exponentially
stable. The system (3.1) is exponentially stable if and only if A € C_ := {1 € C: Re A < 0}. Suppose
that the system (3.1) is an arbitrary finite spectrum assignable. Let us choose the polynomial (5.1) such
that its roots lie in C_. Then system (3.1) is exponentially stable. So, we get the following corollary
from Corollary 1.

Corollary 2. Suppose that the matrices of the system (3.1) have the special form (3.5)—(3.7). Suppose
that the following conditions hold: (C1) and ((C2) or (C4)) and ((C3) or (C5)). Then the system (3.1)
is exponentially stabilizable.

Remark 2. Suppose that ¢ = 1. In this case, Theorem 1 was proved in [33, Theorem 3]. Thus,
Theorem 1 is a generalization of [33, Theorem 3] to the case of multiple delays.

Remark 3. Suppose that Ce(1) = O, T € [—we, —we_1], Cer = O, & = 1.¢, { = 1,q¢. In this case,
Theorem I was proved in [34, Theorem 1]. Thus, Theorem 1 is a generalization of [34, Theorem 1] to
the case of systems containing, in addition to lumped ones, also distributed delays.

Remark 4. Suppose that the system (2.1) has the form (2.7), i.e., the coefficients of the system (2.1)
have the form (2.8)—(2.12). In this case I'y = I'y = Y¢ for all u = 1,¢, ¢ = 1, L. Suppose that, for this
system (2.77), the conditions of [32, Corollary 3] hold for assigning an arbitrary finite spectrum, i.e.,
the matrices of the system have the special form and the matrices

'O, E'®y0, ,..., EZ0)'0 (6.1)

are linearly independent. One can check that (see, e.g., [34, Remark I and Lemma 2]), in this case,
the coefficients (2.8)—(2.12) of the system (2.1) have the form (3.5)—(3.7), and conditions (C1), (C4),
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and (C5) are fulfilled. Then, by Theorem 1, the system (2.1) is an arbitrary finite spectrum assignable.
Conversely, if the matrices (6.1) are not linearly independent, then condition (C1) does not hold and,
hence, by Theorem 1, the system (2.1) is not an arbitrary finite spectrum assignable. Thus, Theorem I
extends the results of [32, Corollary 3] from systems (2.7) to systems (2.1). Similarly, Corollary 2
extends the results of [32, Corollary 4] on stabilization from systems (2.7) to systems (2.1).

7. Case of time-varying C, & = 1,0, =1, ¢,

Consider the system similar to (3.1) where the matrix coeflicients Cg, & = 1,4, { = 1, g, are not
constant and are time-varying:

l

x(r) = Z (Aﬂox(t —wy,) + 2 Uy Ay X(t — wy))
v=1

u=0
, e " (7.1)
# > f (Cao®) + - weer)Ceclm))xtt + ) ).
e=1 Vo =1
t > 0, with initial conditions x(7) = xo(7), T € [—wy,0]; here 0 = wy < w; < ... < w, are constant
delays; xo: [~w¢, 0] — K" is a continuous function; x € K" is a state vector; u, = col (u,..., Wur,) €
K', u = 0, ¢, are control vectors; We(T) = col (Wei(7), . .., Weq (7)) € K%, & = 1.0,T€ [—we, —wg_1], are

control vector functions; A,, € M,(K), u = 0,¢, v = 0,r,; Ceo: [—we, —we1] o My(K) are integrable
functions, C¢: [~wg, —we—1] — M, (K) are continuous functions, & = 1,¢,{ =1, g..
Suppose that the matrices of the system (7.1) have the special form (3.5), (3.6), and

0 0
Cfév(T) 0

Ce(7) = [ ], @4(7’) EM, 1K), &= 0,¢, ¢ = L,qe, 7€ [~we, —wet]. (7.2)

Construct the matrices (3.8)—(3.10), the matrix

Sp (Ce1(7)) Sp(Cax(1)) ... Sp(Cg(1))
(Wg( ) = Sp (Cf.l.(-T )Ao)  Sp (Csfz.(‘T )Aoo) Sp (Cg.ckf (-T )Aoo) , (7.3)
SP(Ca(MA")  Sp(Ca(MALY) ... Sp(Cey (DAY

and the matrix (3.12).

Theorem 2. Suppose that the matrices of the system (7.1) have the special form (3.5), (3.6), and (7.2).
Then the system (7.1) is an arbitrary finite spectrum assignable if and only if the following conditions
hold: (C1) and (C2) and

(C6) For every & = 1,4, for almost every T € [~wg, —wg_1], the system of linear equations

(Wg(T)xg(T) = Zg(T)

is resolvable with respect to X (1) € K% and the solution X (1), T € [~w¢, —we_1], is an integrable
Sunction on [—wg, —we_1 .
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The proof of Theorem 2 repeats the proof of Theorem 1 up to formula (5.15), with replacing C by
Cg(r), 6 =1,¢, =1, g, Instead of (5.15), we have the equality

CWewe(r) = =GZe(1) ae. 7€ [-ws—wel, é=1,¢L (7.4)

Resolvability of system (7.4) is equivalent to condition (C6), which completes the proof.

Corollary 3. Conditions of Theorem 2 are sufficient for exponential stabilization of the system (7.1).
8. Examples

Example 1. Let us present an example illustrating Theorem 2. Suppose K =R, n =3, =2,p =2,
ro=3,r=3,rn=2,q =3, g, =2, and the matrices of the system (7.1) have the following form:

-1 1 0 0 0 O 0 00 0 0 O
AOO =|-2 2 1 . A()] =|-2 1 O . A02 = 1 O 0 N A03 =11 -1 0 .
2 -1 -1 3 -1 0 -3 10 0O 1 O
0 0O 0O 0 O 000 0O 0 O
AIO - 1 O 0 , All = —1 1 O ’ AlZ = 1 0 O , A13 = 1 O ,
-1 10 3 20 000 0 -1 0
0O 0 O 0 0 O 0 0 O
A20 =|-1 1 0 . A21 = O 1 0 . Azz = 2 -1 0 . (81)
2 -1 0 1 -2 0 0O 0 O
0 0O O 0O 0 O 0 0 O 0O 0 O
C]()(T) =|cost sint O . C]](T) =|2 -1 0 . C12(T) =|-1 1 0 . C13(T) =10 0 0 .
sint cost 0 -1 1 0 3 -2 0 2 -1 0
0 0 O 0 00 0 0 O
Cy(t)=|cost 0 0], Cyu(r)=]| sint 0 0|, Cun(r)=|2cost 0 O0f.
0 sint O —cost 0 O sint cost O

The matrices (8.1) of the system (7.1) have the special forms (3.5), (3.6), and (7.2). We have y(Ago; 1) =
A —1. Hence, a; = 0, a; = 0, a3 = —1. Let’s calculate the matrices (5.12), (3.8)—(3.10), (7.3),
and (3.12): we obtain G = I,

1 0 -1 1 01 1 -1 0 1
Io=|-1 2 0|, I'=|(-11 1|, IL={0 0|, X, = , XZ—O},
1 -1 1 1 10 0 1 1 1
-1 1 O 0 0
Wi(r) = l 1 -1 —1} , Wshr) = sint 3cosT , (8.2)
1 1 1 SinT—cosT 3cosT+sIinT

0

, Z»(1)=|cosT+sinT
COST +SINT

sint
Zi(t)=|2cosT+2sinT
2¢coST+2sIinT
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One can see that conditions (C1), (C2), and (C6) hold. Hence, by Theorem 2, the system (7.1) with
the matrices (8.1) is an arbitrary finite spectrum assignable. Let us construct that control uy € R?,
u € R uy € R%, wi(r) € R? (1 € [~wy,0]), wa(1) € R? (1 € [~w,, —w1]). Suppose, for example, that
P =A+ 1A +2)(A1+3)in (5.1). We have y; = 6,y, = 11, y3 = 6. Hence,

dy = col(a; —y1,a; = y2,a3 —y3) = (=6, -11,-7). (8.3)
Resolving the systems (5.13), (5.14), and (7.4) with coefficients (8.2), (8.3), we obtain

1 1 4 1
up = col (—3—7 —E ——9), u; = col (— —— ——), u, =col (-2,-1),

3° 37 3 373 3
wi(t) =col(—=2cosT—2sinT,—2cos7T—3sin7,2cos T + 3sin71), (8.4)
(1) = col sinT(cosT+sinT) cosT(cosST + SinT)
T) = - -
"2 1 +2cos?2t 1 +2cos?t
The system (7.1) with the matrices (8.1) closed-loop by the control (8.4) takes the form
-1 1 0 0 0 O 0 0O
x(r)=1{14/3 -4 I {x()+]-2/3 0 Oflx(t—w)+|-3 0 0|x(t—wy)
0 -20/3 -1 0 2/3 0 0 30
(8.5)
o | O 0 0 —o | O 0 0
+ f a(T) 0 Ofx(t+7)dr + f B(1) 0 Ol x(t +1)dr,
0 —a(r) O “2 10 -B(1) O

cos’ T —sinT cos2 T—sinT

where a(1) = —cost—sinT, B(1) = 5eo . Calculating the characteristic function
for the system (8.5), we obtain that Y(1) = (1 + 1)(/1 + 2)(A + 3). In particular, the system (8.5) is
exponentially stable.

Example 2. Let us consider the mathematical model of an automatic rheostat voltage regulator [36,37].
The dynamics are described by a system of differential equations with delay [36,37]

0,a(t) + ea(t) + Ba(t — 1) — gB(t) = A
0:5(t) + kB(t) + eB(t) — ea(t) = 0

Here 6, is a moment of inertia of the regulator anchor, 6, is a moment of inertia of the damper sector and
the regulator washer, « is the angle of rotation of the regulator anchor, g is the angle of rotation of the
damper sector and the regulator washer, k is a damping coefficient, A = 2CU,Uy — 2CU,yy — 2CU?;
B,&,C,U,,v, ¥, are constants, Uy is a voltage at the anchor terminals, 7 > 0 is a constant delay. Let us
assume that the voltage U, can be chosen from the class of piecewise continuous functions. Then, the
value A in (8.6) acquires the meaning of control A = v(¢) € R. Let us introduce a change of variables
x = col(e, &, B, B) € R*. Then, system (8.6) will be written in the form

(8.6)

x(t) = Ax(t) + Bx(t — 1) + Gv(1), (8.7)
0 1 0 O 0 00O 0
- 0 x« 0 -6 0 00 1

A= 0O 0 0 1} 8= 0 0 0 of g_O’ (8.8)
p 0 —p —o 0 00O 0
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%:8/91, p:8/92, O':k/ez, (SZB/Q] (89)

Suppose that € # 0. Then, » # 0, p # 0. The free system (8.7)—(8.9) (i.e., a system with v(¢) = 0) is not
asymptotically stable for some values of parameters. For example, letk =2,0, =6, =e=1,B =1/2,
T=m/2. Then,x =1,p = 1,0 = 2,6 = 1/2. Then, the characteristic equation has the root A = i [36].
In [36], the linear state feedback regulator with delay is constructed in the form

u(®) = Qox(t) + Q1x(r = 1),  Qo, Q1 € M14(R), (8.10)

such that the characteristic function (A1) of the closed-loop system (8.7)—(8.10) is equal to (1 + 2)* (in
particular, the closed-loop system is asymptotically stable).

Let us consider a slightly modified system (8.7)—(8.9), namely: We will assume that the system has
not one but two control inputs and has the form

x(t) = Ax(t) + Bx(t — 1) + Hw(1). (8.11)

Here x € R*, v = col(vy, v2) € R?, the matrices A and B are taken from (8.8), and the matrix 7 has the
form

00
1 0
7-(—00.
01

Suppose that the output is not the entire state vector but only part of its coordinates:

yi=xi, y2=x, y=0ny) R (8.12)
Suppose that the controller v(¢) in the system (8.11) is constructed as linear static output feedback with
delay:
0 0 11 _
v g3 [0 |3 a4 [»(t=1)

Then, the closed-loop system (8.11), (8.13) takes the form

x(1) = Aox(t) + @)A1 x(t) + gy AL x(t) + g3A3x(1) + g ALx (1)

| | | | (8.14)
+Box(t — 1) + qB1x(t — 7) + ¢, Box(t — 7) + q3B3x(t — 7) + q4B4x(t — 1),
00 0O 00 0O 00 0O 00 0O
1 000 0100 0000 00 0O
A=looool 2 loooo P looool “loooof @D
00 0O 00 0O 1 000 0100
AO = :7(, B() = B, B] = A], 32 = Az, B3 = A3, B4 = A4. (816)

Thus, system (8.14)—(8.16) has the form (2.1) where £ = 1, rp = r, =4, w; = 1,and all C¢ = O €
M, (K).

One can see that the matrices (8.15) and (8.16) of the system (8.14) have the special form (3.5)—
(3.7). Let us show that the conditions of Theorem 1 are satisfied and construct a control ¢?,q;, i =
1,...,4, that makes the characteristic function (1) equal to the given polynomial p(1). We have
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Y(Ap; ) = A +0 2+ (p+x)A2 +0oxd. Hence, a; = 0, a, = p+x, a3 = ox, and a, = 0. Let us calculate
the matrices (3.8)—(3.10) and (5.12) (the matrices (3.11) and (3.12) are zero, so (C3) holds): we obtain

0 1 0 0 0 10 00
1 0 0 0 -5 o 1 00
o=l=lo o »|" Y“lo| “Flo+x o 1 0 (8.17)

- 0 % —ox ox ox p+x o 1

We have detly = »*. Since & # 0, it follows that » # 0. So, (C1) and (C2) hold. Hence, by
Theorem 1, the system (8.14)—(8.16) is an arbitrary finite spectrum assignable. Suppose, for example,
that p(1) = (A + 1)*in (5.1). We have y; = 4, v, = 6, y3 = 4, 4 = 1. Hence,
do =col(a; =y, =y, a3 —y3, a4 —ys) = (-4, p+x—6,0x—4,-1). (8.18)
Resolving the systems (5.13) and (5.14) with coeflicients (8.17) and (8.18), we obtain
q(l): —0t+x+p+4do -6, qg =0 -4,
& = (0p—up—4ap +6p—p* - 1)/x,
g3 = (0 = 2)(0* = 2p - 20 +2)/x,
41=6 ¢ =q5=q;=0.
Calculating the characteristic function for the system (8.14)—(8.16) with coefficients (8.19), we obtain
that /(1) = (A + 1)*. In particular, this system is exponentially stable.

(8.19)

9. Conclusions

We have studied a problem of arbitrary finite spectrum assignment for a bilinear control system
defined by a linear time-invariant system of differential equations with multiple lumped and distributed
delays in the state variable. We have obtained the criterion for solvability of this problem when the
coeflicients of the system have a special form. This criterion is expressed in terms of rank conditions
for matrices constructed from the matrix coefficients of the system. Corollaries on stabilization of a
bilinear system with delays have been obtained. The results extend the previously obtained results for
less general cases. Modeling examples have been presented.
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