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Abstract: We consider a linear control system defined by a scalar stationary linear differential
equation in the real or complex space with multiple non-commensurate lumped and distributed
delays in the state. In the system, the input is a linear combination of multiple variables and its
derivatives, and the output is a multidimensional vector of linear combinations of the state and
its derivatives. For this system, we study the problem of arbitrary coefficient assignment for the
characteristic function by linear static output feedback with lumped and distributed delays. We
obtain necessary and sufficient conditions for the solvability of the arbitrary coefficient assignment
problem by the static output feedback controller. Corollaries on arbitrary finite spectrum assignment
and on stabilization of the system are obtained. We provide an example illustrating our results.

Keywords: linear differential equation; time-delay system; lumped delay; distributed delay; charac-
teristic function coefficient assignment; stabilization; linear static output feedback

1. Introduction

A large number of works have been devoted to the problem of stability of time-delay
systems and problems of stabilization for control systems with delays (see reviews [1-4]).
A number of methods have been developed to solve this problem. One of the methods,
known as the Lyapunov—Krasovskii functional approach [5], allows one to obtain sufficient
conditions for asymptotic and exponential stabilization of delayed systems [6—8]. This
method historically traces back to the second Lyapunov method. Another approach to
studying problems of stability and stabilization of time-delay systems is an eigenvalue-
based approach [9]. This approach traces back to the first Lyapunov method. Here, the
goal is to find conditions providing the desired assignment of the spectrum of the system,
that is, the set of zeros of the characteristic function of the system.

The classical problem of spectrum assignment (for systems without delays) is usually
studied as the problem of coefficient assignment for characteristic function (in another
terminology as the problem of modal control) and is as follows: consider a linear time-
invariant control system

x = Ax + Bu, 1)

x € K", u € K" (here K = C or K = R). Let the controller have the form of linear static
state feedback

u = Qx. )
The closed-loop system (1), (2) takes the form

%= (A+ BQ)x. 3)
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Definition 1. System (1) is called arbitrary spectrum assignable by means of static state feedback
(2) if, for any «v; € K, i = 1,n, there exists a gain matrix Q such that the characteristic polynomial
of the matrix A + BQ of the system (3) coincides with the polynomial

AN+ A e @)

The problem of arbitrary spectrum assignment was solved in [10] (for K = C) and
in [11] (for K = R)—namely, it has been proven that complete controllability of (1) is a
necessary and sufficient condition for arbitrary spectrum assignability (i.e., for modal con-
trollability) of system (3). This property is a sufficient condition for exponential stabilization
of the system (with any given decay of rate).

For systems with delays, the spectrum is in general infinite. The spectrum depends on
coefficients of the characteristic function. The problem of arbitrary spectrum assignment
of linear time-delay systems (in contrast to systems without delays) is not equivalent to
the problem of arbitrary coefficient assignment (ACA) for the characteristic function of the
closed-loop system. A number of early works dealt with coefficient assignment, spectrum
assignment, and stabilizability problems for linear time-delay systems by means of static
state feedback with delays: sufficient conditions for ACA were obtained in [12] for systems
with multiple lumped delays; decoupling and canonical forms were used for coefficient
assignment in [13,14]; stabilizability and spectrum assignment for linear autonomous sys-
tems with general time delays were studied in [15]; problems of stabilizability independent
of delay were developed for the class of delay differential systems of the retarded type
with commensurate time delays in [16]; spectrum placement problem was studied in [17]
by using a ring of delay operators.

In a study [18], an approach was developed for assigning an arbitrary finite spectrum
for linear systems with delays. Later, the finite spectrum assignment problem for time-delay
systems by linear state feedback was studied in [19] for systems with one lumped delay
in the states with the scalar controller, in [20] for systems with multiple commensurate
lumped delays in the states with the scalar controller, in [21] for systems with multiple
commensurate lumped delays in the states and control with the scalar controller, in [22]
for systems with multiple commensurate lumped delays in the states and control with
the multidimensional controller, in [23] for systems with multiple commensurate lumped
and distributed delays in the states with the scalar controller, and in [24] for systems of
neutral type with multiple commensurate lumped delays in the states with the scalar
controller. In [25], the ACA problem was studied for single-input single-output (SISO)
systems with commensurate lumped delays in the states by the dynamic output feedback
controller. In [26], the problem of stabilization of linear systems with both input and state
delays by observer—predictors was studied. In the paper [27], the assignment of the poles
of a second-order vibrating system through state feedback with one lumped delay was
studied by means of the linear matrix inequality (LMI) approach. A partial pole assignment
approach was presented in [28] for second-order systems with time delay.

Some recent important works on stochastic time-delay systems have been reported
in [29-31]. In [29], the event-triggered control problem of stochastic nonlinear delay sys-
tems with exogenous disturbances and the event-triggered feedback control was studied.
In [30], the stability problem for a class of stochastic delay nonlinear systems driven by
G-Brownian motion was studied. The global stabilization of stochastic nonlinear systems
with time-varying delay, unknown powers, and SISS stochastic inverse dynamics was
studied in [31].

The problem of spectrum assignment by static output feedback (for systems without
delays) is as follows: consider a linear time-invariant control system

x=Fx+Gu, y=Hx, 5)
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x € K", u € K",y € K. Let the controller have the form of linear static output feed-
back where
u = Ky. (6)

The closed-loop system (5), (6) takes the form

% = (F+ GKH)x. @)

Definition 2. System (5) is called arbitrary spectrum assignable by means of static output feedback
(6) if, for any «v; € K, i = 1, n, there exists a gain matrix K such that the characteristic polynomial
of the matrix F + GKH of the system (7) coincides with the polynomial (4).

The static output feedback problem of eigenvalue assignment (in particular, of stabi-
lization) is one of the most important open questions in control theory; see reviews [32,33].
This problem has been studied for over 40 years by various authors. The most significant
results have been obtained in [34] for K = C, in [35-37] for K = R.

The problems of stabilization and spectrum assignment by static output feedback for
time-delay systems are more difficult to study. A study [38] considered the problem of
stabilization of system (5) by static output feedback with a delay u(t) = Ky(t — 7). For
SISO systems with delays, necessary conditions for the existence of static output feedback
stabilizing controllers were derived in [39]. Another study [40] considered the output
feedback stabilization problem for a class of linear SISO systems with I/O network delays.
The problem of stabilization of linear time-varying systems with input delays via delayed
static output feedback is studied in [41].

Consider a control system defined by a linear differential equation of nth order where
the input is a linear combination of m variables and its derivatives of order < n — p, and
the output is a k-dimensional vector of linear combinations of the state x and its derivatives
oforder<p—-1(1<p<n):

x gD 4 pgx =

= bplugnip) + bp+1,1u§n7pfl) 4.+ bpu ... (8)
4 Byt byttt P 4 Bt

y1= C11x+c21x’+,,,+cp1x(r7—1), o

Yk = cppX + o’ + ..+ Cpkx(P—l)_
Here, x € K is a state variable, u, € K are control variables, yg € K are output variables,
ﬂi/ blou Cl/ﬁ 6 K, l = 1,7/ l — W/ v = W/ N = m, ﬁ = ﬂ COI’IStI‘uct the Vectors

u=col(uy,..., um) € K",y =col(yy,...,yx) € KK Let the control in system (8), (9) have
the form of linear static output feedback:

u = Qy. (10)

System (8), (9), (10) can be rewritten in the form (5), (6). We say that system (8), (9) is arbitrary
coefficient assignable by linear static output feedback (10) if for any ; € K, i = 1, n, there exists
a linear static output feedback control (10) such that the characteristic polynomial of the
closed-loop system (8), (9), (10) has the form (4). The conditions imposed on the orders of
derivatives in (8) and (9) are natural because one needs the orders of the derivatives on the
right-hand side of the closed-loop system to be less than #.

For the scalar system (8), (9), (10), the arbitrary coefficient assignment problem by
static output feedback has been solved in [42]. Construct the matrices B = {b;,},1 = 1,1,
a=1,m,and C = {c,g},v=1,n,p =1,k where by, := 0 for | < pand c,g := 0forv > p.
Let ] := {¢;;} € Mu(R) where ¢;; = 1 for j =i+ 1and ¢;; = 0 for j # i + 1. Let T denote
the transposition of a matrix. The following theorem holds [42]:
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Theorem 1. System (8), (9) is arbitrary coefficient assignable by linear static output feedback (10)
if and only if the matrices
Cc'B, C'JB, ..., CTj" !B

are linearly independent.

Extension of Theorem 1 to the case when the state, input, and output are multidimen-
sional (i.e, x € K, uy € K* yg € K*, s > 1) was obtained in [43].

In the present paper, we extend Theorem 1 on arbitrary coefficient assignment by
static output feedback to systems with non-commensurate lumped and distributed delays
in the state variable.

Notation. Denote K = Cor K = R; K" = {x = col (x1,...,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) := Mp,n(K); I € M, (K) is the identity matrix; @ is the complex conjugation of a; T
is the transposition of a vector or a matrix; * is the Hermitian conjugation, i.e., A* = ZT ;
Sp H is the trace of a matrix H € M, (K); for a matrix H € M,,(K), we use the denotation
H® := [; denote ] := {¢;;} € My(R) whereej; = 1forj=i+1lande;=0forj#i+1;
denote by vec: M ,4(K) — KP7 the mapping, which “unrolls” a matrix Z = {z;;},i =1, p,
j = 1,4, by rows into the column vector vec Z = col (z13, . . . JZ1gs -+ s Zpls e .,zpq) e K1,

2. Main Results

Consider a control system defined by a linear time-invariant differential equation of
nth order with multiple non-commensurate lumped and distributed delays in the state
variable x € KK; the input is a linear combination of m variables and its derivatives of order
< n — p; the output is a k-dimensional vector of linear combinations of the state x and its
derivatives of order < p —1,

X () + arox " V() 4+ ayxV (=) + . A agex D (=) + .
+ auox(t) +apx(t —hy) + ...+ apsx(t — hs)

+2 Z/ " 18177 i)(t+T)dT (11)

i=1y=1
—b 1u§” ”)(t) +bp+1,1u§"_”_”(t) 4o bpqug(t)
Foo bttt P () 4 A bt (F), >0,

y1(t) = ernx(t) + e (t) + ...+ enxP (1), ..,
y(t) = Cpex(t) + e’ (1) + ...+ Tx P (), (12)

with initial conditions x("~) (1) = ¢;(1), T € [~hs,0]; here 0 = hy < Iy < ... < h; are
constant delays, ¢;: [—hs,0] — K are continuous functions; ajj, bia, cp € K,i=1,n,
i=05l=pna=1mv=1p B =1k Siy: [—hy, —hy—1] — K are integrable
functions (i = 1,n, n = 1,8); u = col (uq,...,um) € K™ is a control vector and y =
col (y1,...,yx) € KFis an output vector; p € {1,n}; the complex conjugation to ¢, is used
for convenience of notation (for consistency with previous works).

Let the controller in system (11), (12) have the form of linear static output feedback
with lumped and distributed delays:

Os1

0
H=Y Qult—c,)+ Z/ y(t+7)dr, (13)
o=0

y(t) =0,t < —hs. Here 6 > 0 is an integer, 0 = 0p < 07 < ... < 0y are constant delays,
Qp = {qiﬁ} € M,,x(K) are constant matrices (o = 0,0), Rx(7) = {r;3(1)} € Mx(K),
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r;‘ﬁ : [=0, —0,,-1] — K are integrable functions (> = 1,0), « = 1,m, p = 1,k. By (12),
we have

p
=Y e V(t), p=Tk
v=1

Hence, for any o« = 1,m,

The closed-loop system (11), (12), (13) takes the form

n s ]
n t) + Z Zaijx(”_l)(t - l’l])

i—1j—

+ Z / gw n—i) (t+7)dt (14)

i=17=1

B=1 ~p=0 =1

/ T (é t+r))er(n_l) —0.

Denote by ¢(A) the characteristic function of the closed-loop system (14). Then

A”+ZA” I(Zﬂu M Z/h " gy (1) dr) (15)
1

L (Z[fqzﬁ& Vi)
r

Uyl

cvﬁeM dT] /\””V1>.

—iim(ﬂ [i i%gcwe ) + E/

a=1l=p v=1

Theset A = {A € C: ¢(A) = 0} is the spectrum of system (14). If A is contained in the
open left half-plane, then system (14) is exponentially stable. The spectrum of system (14) is
uniquely determined by the coefficients of system (14). We study the problem of assigning
an arbitrary coefficients to the characteristic function (15) of the closed-loop system.

Definition 3. System (11), (12) is said to be arbitrary coefficient assignable by static output
feedback (13) if, for any integer £ > 0, for any given 0 = wy < wy < ... < wy, for any numbers
Yip €K i=1npu= 0,¢, and for any integrable functions J; : [—wg, —wg,l] —Ki=1,n,
& = 1,4, there exist an integer § > 0, numbers 0 = 0p < 01 < ... < 0y, constant matrices Qp €
M,k (K), p = 0,0, and integrable matrix functions R,.: [—0.., —0,,—1] = M, x(K), 22 = 1,6,
such that the characteristic function (15) of the closed-loop system (14) satisfies the equality

—)t”-O—Z)t" 1(2%# Aw”-i-Z/ s i )‘Tdr)

Remark 1. The problem of arbitrary coefficient assignment was studied and solved in [44] for
system (11), (12), (13) with only lumped delays (g;;,(t) =0,i=1,n,1 = 1,5 R..(1) =0 €
M, (K), 22 = 1,0); in [45] for systems with only one lumped and one distributed delays (s = 1,
0 =1, h =01 =h > 0) in[46] for systems with multiple commensurate delays (h; = jh,
j=20,s,0p =ph,p=0,0; h > 0). Here, we consider a more general case.
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From system (11), (12), construct the matrices B = {b;,}, I = 1,n, a = 1,m, and
C={cp}l,v=1n,B=1k whereby, :=0for! < pandc,g:=0forv>p.

Theorem 2. System (11), (12) is arbitrary coefficient assignable by the static output feedback
controller (13) if and only if the matrices

C*B, C*JB, ,..., C*J*7B (16)
are linearly independent.

Proof. Let a function

— A+ EAn 1( Z'qu )\wy_'_ Z/ we— 1 ATdT) (17)

be given, where ¢ > 0 is an arbitrary integer, 0 = wp < wj < ... < wy are arbitrary given
delays, 7;, € K are arbitrary numbers, and 6z : [—~wg, —wg_1] — K are arbitrary integrable
functions. One needs to construct a number 6 > 0, numbers 0 = 0y < 01 < ... < 0y,
matrices Q, € M,,«(K), p = 0,0, and integrable functions R,.: [—0.,, —0,, 1] — M, (K),
» = 1,6, such that the characteristic function (15) of the closed-loop system (14) satisfies
the equality

P(A) = p(A). (18)

Let us write the characteristic function (15) of the closed-loop system (14) in the form

A”+ZA” l(Zal] AMZ/ e ()evdr) - A, (19)

Iy

where A = A1 + Ay, and
0 m k n p
A = Z Z Z Z Z blaEV‘qu‘B)\nflﬁ'V*le*/\O’p,

ro};‘B (T)/\n_l+v_1€)\TdT.

By using the proof of [44] (Theorem 2) (see the reasoning from Formula (11) to Formula (15)
in [44]), we obtain that

0 n . .
A=Y ) Sp(C T 1BQy)A" Te .

M=) ) / 7 Sp (CTJIBR. (1)) A" e .

»=1i=1

Substituting A1 and A; in (19), we obtain

/\”+2/\” l(zal] M/+2/ gy (T “dr)
(20)

- A (ZSP (C* T 'BQp)e % + 2/ p (C*J"1BR,.(1)) Ade).
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Taking into account (20), (18), and (17), we obtain that system (11), (12) is arbitrary coef-
ficient assignable by (13) iff there exist 6 > 0, numbers 0 = 0y < 07 < ... < 0y, matrices
Qp € M, x(K), p = 0,0, and integrable matrix functions R,,: [~0;, —0,_1] = M, x(K),
2 =1,0, such that for alli = 1, n the following equalities hold:

4 s 0 )

Z ,yiye—)twy — Z aije_/\hj o Z Sp (C*]Z—lBQp)e—/\Upl (21)
u=0 j=0 0=0

{ —Wa_ S —h, _

2/ ) 15i§<T)€MdT: 2/ ! 1gi77(1')e“d1'
g=17"we n=1""Ty

6 —05—1 .

-y / Sp (C*J71BR (1)) e d1. (22)

=17 "0

Denote
T1 = {wl,...,wg}, Tz = {hl,...,hs},

Si={pe{lt}: w, eI\ T}, Sp:={pe{l}:wy€eHNT},
S3:= {]'E{ﬁ}ih]‘ETlﬁTz}, Sy = {jE{E}ZhJ‘ETz\Tl}.

Set T := TZ'UTy, 6 := |T|. Set oy := 0. Let us denote the elements of the set T as
o <oy <...<o0p.
Let

Ki:={pe{1,0}:IuesS op=wu},
Ky:={pe{1,0}:3j€S3 0p=hj},
K3:={pe{1,0}:3j€Sy 0p=hj}
Then, equalities (21) take the form
Yio + ( Yo+ ) )%‘yeﬂ\w"
HES;  pES,

= aj—Sp (C*J"'BQo) + ( Yo+ ), )aijei)\hj (23)
j€Ss sy

(L + L+ X% )sp(CBQye M,

peky  peky  peky

Denote R: [—0y,0] = M,, ;(K):

Set
il(’l.’), T E [—wl,O],
2(7), TE[~wy —wr),

Si(T), TE [~wy—wiq),
0/ TE [_0-9/ —(UL)),
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gin(7), T€[~hy,0]

8in(T), TE[~hy,—M),
Qi) =< ..., ,

8is(T), TE[~hs, —hs_1),

0, T E [—0y, —hs),

Then, equalities (22) take the form

0 0 -0 .
/ 6;(t)eMdr = / gi(T)eMdT — / Sp (C*J'"'BR(t))e*dr. (24)
—0p —0p —0p
Equalities (23) hold for all i = 1, n iff for all i = 1, n the following equalities hold:
Tio = aio —Sp (C*J""'BQo);
’)/l']l = Sp (C*]lilBQp)/ 2 € Sl/ 1Y € Kl/ 0‘0 = wy/

Yip = ij — SP (C*]iilBQp)r ue S2, ] € S, pE Ky, Op = h] = Wy,
0=a;—Sp(C* T 'BQ,), jE€Ss peKs 0,=h;

(25)

Equalities (24) hold for all i = 1, n iff for a.e. T € [—0p, 0] the following equalities hold:
6;i(t) = gi(t) —Sp (C*J"1BR(7)), i

Every pth system of (25) consists of n equations with mk unknown entries of the
matrix Qp, p = 0,0. System (26) consists of n equations with mk unknown entries of
the matrix function R(7), T € [0p,0]. Let us rewrite systems (25), (26) in the vector
form. By definition of the mapping vec, we have Sp (XY) = (vec X)T - (vec YT) for any
X € Mp,4(K), Y € Mg,,(K). Let us apply this equality in system (25), for every i = 1,7, to
the matrix X = C*J i=1B and to the matrices Y = Qo p= 0,6, and in system (26), for every
i = 1,1, to the matrix X = C*J'"1Band to Y = R(7). Let us construct the nk x n-matrix

17 (26)

P = [vec(C*B),vec(C*JB),...,vec(C*J""!B)]. (27)
Denote v, := vec (QF) € K™, p = 0,0, f(1) := vec (RT(1)) € K", T € [~0y,0],
wo :=col (a10 — Y10, - -, An0 — Yno) € K;
Vs —Tp) €K, p €Sy, peKy, 0p=wy;

(
(—
wp :=col (ayj — Y1, 0nj —vup) €K', w €Sy, j€S;, peKy 0p=hj=wy;
wp = col (alj, . ,an]-) €K', jeSis peK3 0p= hj;

B(7) :=col (g1(1) — 61(7),...,8n(T) — u(1)) € K".

Then, one can rewrite systems (25), (26) in the vector form

wp = col

PTv, =w,, p=0,0, (28)
PTf(t) = 8(1) ae. T € [~0p,0]. (29)

System (11), (12) is arbitrary coefficient assignable by feedback (13) if and only if
system (28), (29) is solvable with respect to v,, p = 0,0, and f(7), T € [~0p,0], for any
0=wy < wy <...<wy any numbers v;, € K, p = 0,/, and any integrable functions
dig: [~wg, —weq] = K, ¢ = 1,4, i = 1,n. The condition of linear independency of the
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matrices (16) is necessary and sufficient for solvability of system (28), (29). In that case,
system (28), (29) has the particular solution

v, = P(PTP)w,, p=0,0, (30)
f(r) =P(PTP)" (1), 7€ [-0p,0]. (31)

The required matrices Q,, p = 0,6, and R(7), T € [~0p,0], can be found from
the equalities

Qp = (Vec_lvp)T, p=0,0, R(7) = (vec f(1))T.
O

3. Corollaries

If the characteristic function of the closed-loop system (14) turns into a polynomial,
then the spectrum A of system (14) is finite. We say that system (11), (12) is arbitrary finite
spectrum assignable by linear static output feedback (13) if for any ; € K, i = 1, n, there exist an
integer 6 > 0, numbers 0 = 0y < 07 < ... < 0y, constant matrices Q, € M, x(K), p = 0,6,
and integrable matrix functions R, : [—05, —05—1] = M, x(K), 3¢ = 1,0, such that the
characteristic function (15) of the closed-loop system (14) satisfies the equality

PA) = AT AT L T

Corollary 1. System (11), (12) is arbitrary finite spectrum assignable by linear static output
feedback (13) if and only if the matrices (16) are linearly independent.

The proof of Corollary 1 follows from the proof of Theorem 2: the problem under
consideration is equivalent to solvability of system (28), (29), where ¢ = 0, vyjp = ;
(l = 1,7), T1 = @, T2 = {l’ll,...,hs}, 51 = 52 = S3 = @, 54 = {1,5},9 =5, (Tp = I’lp
(p = 1,5), Ki =Ky, =3,K3z = S4.

Corollary 2. System (11), (12) is exponentially stabilizable with an arbitrary pregiven decay rate
by linear static output feedback (13) if the matrices (16) are linearly independent.

Corollary 2 follows from Corollary 1.
Consider system (11), (12) containing only lumped delays, i.e., suppose that

Siy(T) =0, T € [=hy, —hy 4], i=1n,1=15s. (32)

Let the controller (13) also contains only lumped delays, i.e.,

Ry,(t)=0, t€[-0, —0,1], »x=1,0. (33)

In this case, the closed-loop system (14) does not contain distributed delays. Under
conditions (32) and (33), the statements of the problem is as follows: system (11), (12) is
said to be arbitrary coefficient assignable by static output feedback (13) if, for any integer £ > 0,
for any given 0 = wy < wy < ... < wy, and for any numbers Yin €K i=1npu=0, l,
there exist an integer # > 0, numbers 0 = 0y < 07 < ... < 0p, and constant matrices
Qp € My, x(K), p = 0,6, such that the characteristic function (15) of the closed-loop system
(14) satisfies the equality

n ¢ )
q)()t) = A"y Z Z ,Yiy)‘nfzef)\wy
i=1pu=0
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Corollary 3. Under conditions (32) and (33), system (11), (12) is arbitrary coefficient assignable
by linear static output feedback (13) if and only if the matrices (16) are linearly independent.

The proof of Corollary 3 repeats the proof of Theorem 2, under conditions (32), (33)
and condition &;(t) = 0, T € [—w,0], i = 1,n. In fact, this proof was carried out
in [44] (Theorem 2). So, Theorem 2 is an extension of [44] (Theorem 2) from systems with
only lumped delays to systems with lumped and distributed delays.

Suppose that the delays in system (11), (12) and in feedback (13) are commensurate,
ie., forsomeh > 0,

op=ph, p=0,0. (35)

~

In this case, the closed-loop system (14) contains only commensurate delays. Under
conditions (34) and (35), the statements of the problem is as follows: system (11), (12)
is said to be arbitrary coefficient assignable by static output feedback (13) if, for any integer
¢ > 0, for any numbers Yipn €K, i =1npu=0, ¢, and for any integrable functions
dig: [=Ch,—(—1h] — K, i = 1,1, & = 1,7, there exist an integer 6 > 0, constant
matrices Q, € M, (K), p = 0,6, and integrable matrix functions R, : [—sch, — (s —1)h] —
M, x(K), 22 = 1,6, such that the characteristic function (15) of the closed-loop system (14)
satisfies the equality

A L (@ R
P(A) = A"+ Y A [ Y e Y / 5z (1)eMtdr ). (36)
i=1 #=0 i1/ —¢h

Corollary 4. Under conditions (34) and (35), system (11), (12) is arbitrary coefficient assignable
by linear static output feedback (13) if and only if the matrices (16) are linearly independent.

The proof of Corollary 4 repeats the proof of Theorem 2, under conditions (34), (35)
and condition wy, = ph, p = 0, £. In fact, this proof was carried out in [46] (Theorem 1). So,
Theorem 2 is an extension of [46] (Theorem 1) from systems with commensurate delays to
systems with non-commensurate delays.

Remark 2. Let us indicate to differences between systems with commensurate and non-commensurate
delays. In systems with commensurate delays, one needs, for a given triplet

To= (0 v i =T, w = 0,0}, {0 (), i = Tm, E = 1,}),

to construct a triplet

To = (6,1Qp 0 = 0,0}, {Ro(-), = 1,0}

ensuring (36), while in systems with non-commensurate delays, one needs, for a given quadruple

Ql - ('gl {w}l/ ,u - W}/ {r}/i;u i = 1/”1 ]’l - W}/ {61(:()/ i= 1/”/ C = 116})/

to construct a quadruple

2 = (0, {0p, p = 0,8}, {Qp, p = 0,0}, {Ru(-), = 1,6}),

ensuring the equality from Definition 3. Thus, the problem statements are different. Corollary 4, for
systems with commensurate delays, was proved in [46] (Theorem 1). Here we prove a more general
result. Difference and difficulty here, with respect to [46], is in choosing the required numbers o,.
The proof given in [46] does not provide an algorithm for constructing the indicated numbers o, and
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the corresponding gain coefficients Q, and R..(-). Here, we overcome these difficulties. It provides

the novelty of the results obtained.

4. Modeling Example
Let iy = 1, hp = /2. Consider the system

X" () + X" (t—hy) + X (8= hp) 4+ X' () + x(t)

+ x(t —hy) — x(t — hy) +/ "(t+ ) cosTdT
0

—2/ "(t+ 1) SlanT—/h x(t+ 1) cos2tdT
-

= u(t )+u1( ) +uy(t),

yi(t) = —x(t) = x'(t), ya(t) = (1),

(37)

(38)

x € R, u = col (uy,up) € R%, y = col (y1,y2) € R2 System (37), (38) has the form (11), (12)

wheren =3, m=2,k=2,p=2,5=2;

ap=0,a1n1=1 ap=1 a0 =1, a5 =0, app =0,
a0 =1, a3 =1, a;p = -1,
g11(7) =cos T, g12(7) =0, §21(7) =0, g22(7) = —2sinT,
231(T) = —cos2t, g3(T) =0;
byy =1 bp=1, b1 =1, by =0;
ci1=-1, co01=-1, c1p=0, cpp=1.

From system (37), (38), construct the matrices B, C: we obtain B =
-1 0
-1 1
0 0

Construct the matrix (27):

. Hence,

en -1 -1 e [—2 -1 von  [-1 0
CB—[l 1], C]B—[l 0], C]B—{O 0].

-1 -2 -1
-1 -1 0
1 1 0
1 0 0

P =

0 0
1 1(,C =
10

(39)

We have rank P = 3 = #, hence, the matrices (39) are linearly independent. Therefore,
by Theorem 2, system (37), (38) is arbitrary coefficient assignable by linear static output
feedback (13). Let us construct such a controller. Suppose, for example, that £ = 2, wy =1,

wy = /3, and

0
p(A) =A% +A? (2 +e M2 — / eM(sinT — cos T) dr)
—

n A(l 4 e M@ /

1
M sin 27 dT) +e M,
—awn

(40)



Mathematics 2021, 9, 2158

12 of 16

Then

Ty = {wy, w2} ={1,V3}, To={hy, b} ={1,V2};
Y0=2, mm1=0, 712=1 720=1 721=2
Y22=0, 730=0, 7;1=1 7932=0;
S11(t) =costT—sint, O15(7t) =0, d&(T) =0,
0(T) = —sin2t, d&31(7) =0, b3(7)=0.

From the proof of Theorem 2, we obtain
S1=1{2}, S={1}, S3={1}, S ={2},
T = {hy, hp,wr} = {1,V2,V3}, 0=3,

m=h=w=1 0n=h=v2 c=w=13
Ki=1{3), Ko={1}, Ks—{2}.

We have
cosT, TE [—0y,0],
g1(1) =40, T € [0y, —01),
0, T E [—03,—0),
0, T € [—m,0],
(1) =¢ —2sint, TE [-0p, —0q),
0, T € [—03,—0),

COST — SINT,

T € [—0,0],

41(t) =10, TE [0, —0),
0, T € [—03,—02),
0, T € [—0,0],

&0(t) =14 —sin2t, TE [—0),—01),
—sin2t, T E[—03,—07),
0, T€[-0n,0],

33(1) =0, T€E[-0,—01),
0, T€][—03 —0m).

Next, we have

wo = col (a10 — Y10, 420 — 20,430 — Y30) = (—2,0,1),
wy = col (a1 — Y11, 821 — V21,831 — 731) = (1,-2,0),
wy = col (a1p,a2,a3) = (1,0,-1),

w3 = col (=712, =722, —732) = (=1,0,0),

B(7) = col (g1(7) — 61(7), §2(7) — 62(7), 83(7) — &3(7))

T E [—0’1,0},
={ col (0,—2sinT +sin27,0), T € [—0n, —01),
col (0,sin 27, 0),

col (sinT,0, — cos 27),

T E [—03,—0).
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Calculating v, v1, v2, v3, and f(7) by formulas (30), (31), we obtain

vy =col (-1,1,-1,-1), v =co0l(0,1,-1,3),
vy =col(1,-1,1,0), v3 = c0l(0,0,0,—1);

col (cos 2T, — cos 2T, €0s 2T, sin T — cos 2T),
T € [—(71,0],

col (0,sin T — sin T cos T,

f(r)=4¢ —sinT+sinTcosT,2sinT — sin27),

T € [~ —01),

col (0, — sin T cos T, sin T cos T, — sin 27),

T € [—03, —0).

From this, it follows that

-1 -1 0 -1
1 1 0 0
[ cos2t cos 2T
|—cos2T sinT —cos2T7|’
T € [~0,0],
[ 0 —sinT +sintcosT
R(t) = { [sinT —sinTcos T 2sinT —sin2t |’
TE [0, —07),
[ 0 Sin T cos T
|—sinTcosT —sin2t

TE [—(73, —(72).

The controller (13)
o] =@ bac] ~ @ b "
+Q [ E: : Z;] + Q3 B;Ei : Zzﬂ + /O{TS R(t)y(t+71)d

has the components
ur(t) = —x'(t —hy) + x(t) — x(t — hy) —/Oh x(t+ 7) cos2TdT
Rt
+/h2 x'(t+ T)(sinTcos T —sinT) dT+/ x'(t+ 1) sintcos Tdr,
up(t) = —=2x'(t) + 2« (t—h1)+x(t—h2)—x(t—w2)
—x(t) —x(t —hy) +x(t —hp) +/ t+T)cosZTdT+/ "(t+ T)sinTdt

—hl
—i—/ t+1) smTcosr—smr)dT+/ x'(t+ 7)(sinT — sin T cos T) dT

—hy
+/ (t+7 SlnTCOSTdT—/ x'(t+ ) sinT cos T dT.

—wy
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System (37), (38) closed-loop by feedback (41) takes the form
() +2x" () + 2 (t— wp) + X () + 24 (t — wy)
o —wr o, (42)
+x(t—w1)—/ x (t—i—'r)(sin'f—cosr)d'r—/ x'(t+1)sin2tdt = 0.
—w1 —w?

The characteristic function of system (42) is equal to (40). In particular, system (42) (with
w1 = 1, wy = V/3) is exponentially stable. This is confirmed by Figures 1 and 2. Figure 1
shows the spectrum of system (42) with w; = 1, wy = V3. The spectrum is in the left
half-plane. Figure 2 shows solutions of system (42) with wy = 1, wp = V3, with the
initial functions x(7) = 1 (blue plot), x(7) = T (violet plot), x(t) = T2 (green plot) for all
T € [—V/2,0]. Solutions tend to zero exponentially.

ImA
X
X
X
“ 20-
X
X
104
X
X
| | 3% x Rel
_15 ~10 ~05 x
X
X
_107,
X
X
X —20+
X
X
X

Figure 1. The spectrum of system (42) with w; = 1, wy = V/3.

~10+

Figure 2. Solutions of system (42) with wy =1, wp = V3.
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5. Conclusions

Necessary and sufficient conditions were obtained for the problem of arbitrary coeffi-
cient assignment for the characteristic function of the closed-loop system by static output
feedback for a linear differential equation with non-commensurate lumped and distributed
delays. The obtained results extend the earlier corresponding results for systems with com-
mensurate delays and for systems with only lumped delays. Corollaries on arbitrary finite
spectrum assignment and on stabilization were stated. We provided an example illustrating
our results. In future works, we expect to extend these results to control systems defined
by non-scalar systems of differential equations. Moreover, this approach could be applied
to problems of stabilization by static output feedback for linear quasi-differential equations
and for nonlinear differential equations with delays based on linear approximation.
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