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Robust Closed-Loop State Predictor for Unstable Systems
with Input Delay

Vladimir O. Nikiforov!, Dmitry N. Gerasimov

Abstract— The paper addresses the problem of the safe im-
plementation of a state predictor used for stabilization of linear
time-invariant systems with input delay. To this end, we design
an observer generating an estimate of the state prediction error,
i.e., the estimate of the difference between the inaccessible true
state prediction and the state prediction estimate elaborated by
a state predictor. This estimate is used as feedback in the closed-
loop state predictor. The robustness of the proposed closed-loop
predictor with respect to parametric perturbations is proved
and illustrated by simulation results. Robustness with respect to
approximation errors caused by limited accuracy of a numerical
solver is discussed and illustrated by simulation results.

1. INTRODUCTION AND PROBLEM STATEMENT

Consider the problem of state-feedback asymptotic stabi-
lization of the following linear time-invariant system with
input delay':

&(t) = Ax(t) + bu(t — h), (1)

where £ € R™ is the state with the initial condition z,
u € R! is the control (u(t) = 0 for t < h), A € R™ " is
not Hurwitz, b € R"™, the pair (A,b) is controllable, and h
is the known time delay.

Remark 1: We will assume that the states of all considered
dynamical systems are zero for ¢ < 0, and under initial
condition we will assume the state at the instance ¢ = 0,
e.g., xg = 2(0). By xr = z(T') we will denote the state of
an integrator which is set/reset at the instance 7. |

One of the known approaches to the problem consists in
the use of the following control law [9], [7]:

u(t) = k" (eAh;l:(t) + /t

—h

t

GA(tT)bU(T)dT) , 2)

where the vector of feedback gains k£ € R™ is such that the
matrix A, = A —bk' is Hurwitz. It is worth noting that the
expression in the brackets is exactly predicted value of the
state, i.e.,

t
e (t) + / A Dbu(r)dr = x(t + h), (3)
t—h

while the control (2) yields the closed-loop characteristic
equation det (s — A+ bk') = 0.

Stabilizing feedback of the form (2) is widely used in
many control techniques such as model reduction through
state transformation [1], [2], finite spectrum assignment [9],
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[14], predictor-based stabilization of systems with multiple
delays [6], [13], output regulation in systems with delays [4],
[5], [11] and so on.

However, this elegant theoretical result has essential draw-
back related to practical implementation of the integral
term called distributed delay. In [9], it was proposed to
approximate the integral with some numerical quadrature
method when the integral is replaced by a discrete sum with
a finite number of terms. It was suggested that the closed-
loop system should be stable for sufficiently high accuracy
(i.e., for sufficiently large number of the terms). However, in
[3] it was demonstrated that for some conventional numerical
quadrature methods the control law (2) may not stabilize the
closed-loop system even for arbitrary large number of the
discrete terms in the sum. To overcome this obstacle, in [10]
it was proposed to include a low-pass filter in the control
loop, while in [15] modified safe discrete-delay implemen-
tations of the distributed delay were designed. However, in
[10], [15] robustness of the proposed techniques to the plant
parametric perturbations was not analyzed.

An alternative approach to the implementation of the
integral term is based on its treatment as the solution of
the ordinary differential equation

P(t) = Ap(t) + bu(t) — eMbu(t —h), Yo=0, (@)

where ¢ € R™. In this case,

z(t + h) = ex(t) + ¥(), 3)
and the control (2) takes the form
u=—k" (et +1). (6)

Hereafter, we will consider (4) and (5) as a virtual mathe-
matical model of the true state prediction x(t + h), while a
solution ) (t) of (4) as the unmeasured true integral term.

At the same time, we will assume that for implementation
of a control law the integral term estimate 1[)(15) is generated
as a solution (may be approximated by a numerical solver)
of the equation

() = AD(E) + bu(t) — eMbu(t — ), o, ()

where A and b are some constant estimates of A and b,
respectively. In this case, the state prediction estimate is

Bt + h) = eMa(t) + d(t), (8)
while the control takes the form
u(t) = =kT (eMa(t) + (1)) ©
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where the vector of feedback gains k is such that the matrix
A, = A —bkT is Hurwitz.

We w111 call the prediction estimate (8) as the open-loop
state prediction estimate, because the value (¢t 4+ h) is not
corrected by a feedback on the state prediction error as it
will be proposed in Section II.

The main drawback of this approach consists in the fact
that it is not robust since the model (4) is internally unstable
when A is not Hurwitz [9]. It means that the closed-loop
system (1), (7), (9) may lose the stability under arbitrarily
small perturbations. Such perturbations can be caused either
by parametric uncertainty of the plant (when some estimates
A and b are used in the control law (7), (9) and A %+ A,
b = b) or by approximation errors.

The main purpose of this paper is to propose a modifi-
cation of the control law which preserves the boundedness
of all the closed-loop signals and asymptotic convergence
z(t) — 0 as t — oo at least for small parametric and
approximation perturbations. The main contributions of the
paper are the following:

1) a new stable closed-loop state predictor is proposed;
2) the robustness of the proposed state predictor with
respect to the parametric perturbations is proved.

Additionally, robustness with respect to approximation
errors caused by a numerical solver is considered as a
conjecture and illustrated by simulation results.

The paper is organized as follows. In Section II, for the
sake of methodological purposes, we design and analyze the
closed-loop predictor under assumption that the parameters
A and b of the plant are known exactly and there are no
approximation errors. Then, in Section III, for the case of
A # A, we prove the robustness of the closed-loop predictor.
Simulation results are presented in Section IV.

II. CLOSED-LOOP PREDICTION

A. Control law design

To clarify motivation of the design, we start with the ideal
case when the control involves the true values of A and b,
and the equation (7) is solved absolutely precisely. In this
case, instead of equations (7)—(9) we have

(t) = Ad(t )%—bu(t)—-eAhbu(t——fw7 Po. (10)
E(t+h) = ea(t) + (), (11
u(t) = —kT (eAhas(t) + z[J(t)) . (12)

Here, we set 1[)0 # 0 just to stress the fact that the designed
closed-loop predictor is asymptotically stable. Of course, in
practical implementation it is reasonable to set ’L/AJ() = 0.
However, this choice is not crucial due to asymptotic stability
of the proposed predictor.

Introduce the state prediction error

e(t) :=az(t+h) —2(t+h). (13)
In view of (5) and (11), we have
e(t) = 9(t) — (), (14)

and in view of (4) and (10) we obtain:

E(t) = Ae(t),  <(0) = —vo, (15)
where £(t) is not measured. However, the value?
y(t) :=e(t —h) =z(t) — (t) (16)
or (see (11))
y(t) = x(t) — e a(t — h) — Pt — 1) (17)

is measured and can be considered as the delayed output of
the model (15). Then, in view of (15) and (16) we can write:

y(t) = e Are(t). (18)

The key idea of the closed-loop predictor design is to
estimate the difference between the inaccessible true state
prediction z(t+ h) and the state prediction estimate (¢t + h)
described by the model

E(t) = Ae(t), y(t) =e(t—h)

with the measured output y, and to use this estimate for
online correction of Z(t + h).

To this end, we use the following observer (which is a
particular case of the observer from Chapter 3 of [7]):

E(t) = A&(t) + Le (y(t) — e~ *Me(t)), 20 =0,

where £ € R” is the estimate of the state prediction error,
and the designer-chosen matrix L € R™*™ is such that A, =
A — L is Hurwitz.

Introducing the estimate error € := € — € and calculating
its time derivative in view of (15), (18), and (20), we obtain

19)

(20)

E=ALE (21)

and, therefore, £(t) — &(t) = z(t+h) —Z(t+h) as t — oo.
Remark 2: Since the model (18) is valid for ¢ > h only
(because 2(t —h) = 0 and ¢)(t — h) = 0 for 0 < t < h), we
set y(t) =0 for 0 <t < h. [ ]
Relation (14) and model (21) motivate us to correct the
state prediction estimate according to the expression

E(t+ h) = eMha(t) +P(t) + £(¢). (22)
It is easy to see that the following equality holds:
T(t+h)=z(t+h) — &), (23)

where £(t) — 0 as ¢t — oo. Therefore, instead of (12) we

use the control
u(t) = —k7 (eAh:c(t) +a(t) + é(t)) .
We will call the state prediction estimate (22) as the
closed-loop state prediction estimate because it is corrected
by ¢ depending on the feedback signal of the state prediction
error (see (20) and (16)).
However, despite of the fact that E(t) — 0 as t — oo, the
estimates € and ¥ may grow unboundedly since the model

(24)

2Similar approach was employed in [8], where the state prediction error
was used to cope with external disturbances.
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(19) is not stable. To prevent unbounded growth of 1/3 and €,
we propose to reset the states in the models (10) and (20)
at each instance m7T (where m = 1,2,3,... and T is a
sufficiently large time interval to be defined later) according
to the rule?

Uy = P(mT) + &(mT),
Taking into account that € = ¢ — & =1 — 1& — &, we obtain
Uy = h(mT) — &(mT). (26)

To provide smooth switching of the feedback signal () —
e~4"&(t) in the observer (20) depending on the past values

¥(t — h), instead of (17) we use the equation

Emr = 0. (25)

y(t) = x(t) — eMa(t — h) — bt = h), 27)
where ¢ (t — h) is defined as
Ot —h) +E(t—h)
P(t—h) = if mT <t <mT +h, (28)

Pt —h) if mT+h <t < (m+1)T.

To provide a decreasing sequence £(mT') needed for (26),
we choose T' according to the following rule. Let a positive-
defined matrix P be a solution of the matrix equation
AIP + PA; = —1I, while \; and )\ are the minimum and
maximum eigenvalues of the matrix P, respectively. Then,
in view of (21), we derive

- Ao _t
B < eSO

To provide inequality £((m+1)T) < &(mT'), we choose the
time interval 1" as

T > max{)\g In <)\1) ,h} .
A2

Remark 3: Note, since (A1/A2) < 1, then In(A1/A2) <0
and —)\gIn (% > 0. [ |

Thus, the proposed control law consists of: the closed-loop
state predictor (10) and (22); the prediction error observer
(20), (27), and (28); the controller (24); the scheme of the
states resetting (25).

(29)

B. Stability properties in the ideal case

To analyze the stability properties, we derive a model
of the closed-loop system. As it will be seen later, it is
convenient to derive separately two dynamic subsystems. The
first one will be represented in the components (£,x,1)),
while the second one will be represented in (g, £, 1)).

Remark 4: Since we switch the initial conditions for 7,/;
and £, the derived dynamic models are valid for the time
intervals mT <t < (m + 1)T. However, we will use these
models for stability analysis on the infinite time interval ¢ €
[0,00) taking into account the properties of the sequences
E(mT), &(mT) and e(mT). [ |

3 An alternative approach to the resetting of the model (10) was proposed
in [12]. However, in this paper the predictor remains open-loop and does
not provide asymptotic behavior of the prediction.

Substituting (23) and (24) into (1), we obtain
i=Ax — bk Tz +bkTE(t — h) = Apx + bk TeALhE,
Now, substituting (24) into (4), we have
b = Ap—bkT (eAhx+zﬁ+éi1/)>
+ ek Te — ek TE(t — h)
= Ay + Dz + CE,

where D = ek — bk TeAr, C = bkT — eArpkTe— ALk,
Therefore, on the time intervals m7T <t < (m + 1)T we
have

£ AL 0 0] [z
| = |bkTe Ath A, 0 x|,
W C D Ayl |v

where Ay and Aj are Hurwitz. Therefore, this subsystem
is asymptotically stable due to its diagonal structure. If T’
is defined by (29), the resetting does not destroy asymptotic
convergence and £(mT) — 0 as m — oo, and £(t) — 0 as
t — oo. Therefore, we conclude that £(t), z(¢),v(t) — 0 as
t — o0.

Now, we will derive a subsystem in the components
(e,€,v). For &, we have

é = Aé + LeAl (e_Ahg - e_Ahé) = Aré+ Le.

Replacing (24) in (10), we obtain

b = A —bkT (eAhw o+ é)
+ ek Tz — e kT (e(t — h) — £(t — h))
= App+ Dz — Ke + Ké,
where K = eA"bkTe A" and K = K — bk 7.

Therefore, on the time intervals m7T <t < (m + 1)T we
have

€ A 0 07 [e 0
El=1|1L AAL 0 5: + 10 . (30)
ol -k KA 4] D

This subsystem is unstable because of the matrix A.
However, due to the states resetting (25), we have e(mT') =
E(mT), where &(mT) — 0 as m — oo (as proved above).
Therefore, e(mT) is a decreasing sequence. Since £(t) =
eAte(mT) for t € [mT, (m+1)T), we conclude that £(t) —
0 as t — oo. Now, taking into account that x(t),e(t) — 0
as t — oo, from (30) we conclude that &(t),4(t) — 0 as
t — oo. Thus, we have proved the following statement.

Proposition 1: In the ideal case, in the closed-loop
system consisting of the plant (1), the closed-loop state
predictor (10) and (22), prediction error observer (20),
(27), and (28), the controller (24), and the scheme of
states resetting (25) all the signals are bounded and
(1), &(t), e(t), z(t), ¥(t), ¥ (t) — 0 as t — oo for any initial
conditions x, 1[)0. [ |

In the next section, we analyze robustness of the proposed
control with respect to parametric perturbations.
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III. ROBUSTNESS WITH RESPECT TO PARAMETRIC
PERTURBATIONS

Now let us assume that in the control law we use the
estimate A instead of the true value A, and A # A.

Remark 5: All results can be also extended to the esti-
mation of b. However, we consider the case of A only to
simplify expressions and the proof. ]

Therefore, the control law consists of:

the closed-loop state predictor

b(t) = A&( ) Hbut) = eMbult—h), G
B(t+h) = eMa(t) + (1) + &(1); (32)

the prediction error observer
i) = A&(t) + LeAt (y(t) - e*fihé(t)) . (33)
y(t) = a(t)—eMa(t—h)—YE—h), (34

where L is a designer-chosen matrix such that Ap=A-1L
is Hurwitz and (¢t — k) is defined by (28);
the controller

u(t) _—/J (t—l—h)

where a designer-chosen vector k is such that the matrix
A = A —bkT is Hurwitz;
the scheme of the states resetting (25), where T' is chosen

as
T > max{ —X2In Vg Jhop,
A2

)\1 and /\2 are the minimum and maximum eigenvalues of the
matrix P, respectlvely, while P is a solution of the matrix
equation A P+ PA, =—1I.

As in Sectlon II-B, we first derive a model of the closed-
loop system in the components (&, x, ).

For methodological purposes, we deﬁne the open-loop

(35)

(36)

state prediction estimate Z(f + h) := eA"z(t) 4 1(t). Then,
for the state prediction error we have
e(t) = a(t+h) —&(t+h) = Ex(t) +¢(t) — o(t), (37)
where E = eAh — ¢Ah,
Therefore,
é=Ex+y—9—& (38)

and (see (32))

eAhm+z/3+eAhx e“ihx—i—z/z—z/}—é
Ahg o) —E=a(t+h) — & (39)

Z(t+h) =

Substituting (39) into (35) and (1), we obtain
i = Az +bkTE(t — h),
where Ay = A — bk .

Now consider y(t) defined by (34):
y(t) = —h) + 9t —h) — et —h) = (t — h)
= Ex(t—h) 4+t —h) =t —h)=c(t—h).

In view of (37), (4), and (31), we have

et

Bi 14— = BAz + Ebu(t — h)
+  AY 4 bu — eMbu(t — h)

Avp — bu+ eMbu(t — h)
= Ae+ Eqz+ Ay,

where A = A — A and E4 = AeAh
In view of (40), we have

e =

(40)

—eAl A,

N t R
e(t—h) = e~Ahs(t)— / A (Baa(r) + Au(r)) dr
t—h
Define
t N
n(x, ) = —/ eAlt=h=7) (EA:C(T) + flw(T)) dr. (41)
t—h
Then
y(t) = et —h) = e~ e(t) + (e, ) “2)
and (in view of (40) and (33)) we have
E = é—E:A6+E~'Ax+/~1w
Aé + LeAn (B*Ah&t + n(x, ) — eiAAhé>
= Ape+ Ex+ Ay + Le®y(z, ). 43)

In view of (4), (35), and (39), we obtain
" A — ka(Ahx+w+6:tz/))

+ ek Tx — ek TE(t — h)
= Awp+4 Dz + bk —eMMbkTE(E — ),

where D = eAhpkT — bk TeAh,
Therefore, on the time intervals m7T <t < (m + 1)T we

have

g (A, E Al [e
¥ kT D Ayl |v
[0 LeAh A
+ bET |Et—h)+ | 0 | n(z,v).44)
—eAnpET 0

In view of Corollary 1 from Appendix, we conclude that
the matrix Ay, is Hurwitz for sufficiently small || Al|. Further,
since the matrices Ay, A; are Hurwitz, then the matrix

A0 0
0 A 0
€Ahb];iT D Ak

is Hurwitz due to its diagonal structure, and by virtue of
Lemma 1 the matrix
A

0
k

A
0
bk" A

o 2
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is Hurwitz for sufficiently small |A| (and, as a result,
for sufficiently small ||E||). By Lemmas 2 and 3 from
Appendix, we conclude that the origin of the system (44) is
asymptotically stable on time intervals m7T < ¢t < (m+1)T.
Further, we can prove that the sequence £(mT) is decreasing
for sufficiently small ||A|| if T is defined by (36). As a
result, we have that &(t), z(t),(t),n(t) — 0 as t — o0
for sufficiently small ||A]|. R
Now, we will derive subsystem in the coordinates (¢, £, ).
The model for ¢ is given by (40). In view of (33) and (42),
for € we obtain
£ = Aé+ LeAn (e‘Ahs + An — e‘Ahé)
= Apé+Le+ ﬁeAhAn.
Further, substituting (35) in (31) instead of w(t), and (35),
(39) instead of u(t — h), we obtain
b = Ad—bkT (eAhx+1z3+é)

+ oMbl Tr — eAbETE(t — h)

= App —bkTé+ Dz — A"k E(L — ),
where D = eAhbk T — bk T eAh,
On the time intervals mT < ¢ < (m + 1)T we have

é A 0 0] e Ea
b 0 —bkT Ag] ¥ D
A 0 0
+ 0|+ [LeArAln—| O |&t—h).
0 0 ek T

As it was proved above, x(t),£(t),¥(t),n(t) — 0 as t —
oo. However, this subsystem is unstable through the matrix
A. At the same time, due to the states resetting (25) at the
instants (36) we have ¢(mT) = £(mT), where &(mT) — 0.
As a result, e(mT) is the decreasing sequence. Taking into
account that A 1, and flk are Hurwitz, we can conclude that
e(t),&(t),1(t) — 0 as t — oo. Thus, we have proved the
following statement.

Proposition 2: The closed loop system consisting of the
plant (1), the closed-loop state predictor (31) and (32),
the prediction error observer (33), (34), and (28), the
controller (35), and the scheme of states resetting (25),
(36) is robust with respect to parametric disturbances
in the sense that for sufficiently small parametric distur-
bances ||A| all the closed-loop signals are bounded and
(1), &(t),e(t), z(t), ¥ (t), 1 (t) — 0 as t — oo for any initial
conditions x, zﬁo. |

IV. SIMULATION RESULTS

Consider simulation results illustrating robustness of the
proposed controller with the closed-loop state prediction.

Example 1. Robustness with respect to parametric distur-
bances. Consider the plant (1) with h = 1sec,

e - )

. x(1) _ul

Oﬁ-m-
4
-1 t t
0 10 20 30 40 0 10 20 30 40
Fig. 1. Transients in the system stabilized by the controller with the open-

loop prediction estimate of the state

W )

3
)
2 () 0
! -2
o
e -4
-1 t t
o 10 20 30 0 0 10 20 30 20
~ ~
0 &
15 vt 5 (1)
10 0
5 -5
0 -10
- ‘- '
% 10 20 30 a0 "% 10 20 30 20
Fig. 2.  Transients in the system stabilized by the controller with the

proposed closed-loop prediction estimate of the state

and 035 1
=0 o)

We set k = [3.17, 3.45]T. Simulations are carried out
in MATLAB/ Simulink with the use of ode8 (Dormand
-Prince) solver and fixed sample time 0.00001.

Simulation results obtained for the controller with the
open-loop state prediction estimate with zﬁo = 0 are pre-
sented in Fig.1 and demonstrate unbounded growth of z(t).
Fig.2 presents simulation results obtained for the proposed
controller with the closed-loop state prediction and the states
resetting. In this simulation, we set

< {5.35 0

L= 6 0-1} , T = 10sec.

As seen from the plots, in spite of the parametric perturba-
tions the proposed controller provides asymptotic zeroing of
(t), ¥(t), and £(t) with all the closed-loop signals bounded.

Example 2. Robustness with respect to approximation er-
rors. We make conjecture that the proposed predictor is also
robust with respect to numerical solver errors. To illustrate

this conjecture, consider the plant (1) with h = 1sec,

a3 s f] o[

We set k = [2, 3]T and

- 52 0
i- [ - 0] |
Let us first consider simulation results for the controller
with the open-loop state prediction obtained with the use of
ode8 (Dormand-Prince) solver and fixed sample time
0.00001 (see Fig.3.a). As seen from the plots, the controller
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0.7

L —x,(1)
O'SS/Q\- =%, (1)
@ o

038 i

-0.7 t

0.7

o.3sﬁ\
b o ‘

-0.35 4/

- t
0% 10 20 30

Fig. 3. Evolutions of z(t) in the system stabilized by the controller with
the open-loop prediction estimate of the state. Calculation using: a) ode8
(Dormand-Prince) solver and fixed sample time 0.00001; b) odel
(Euler) solver and fixed sample time 0.0001.

x(t u(t,
0.7 ) 1 Ll
, =0 0
0.351f;
o i P )
9%
-0.35 3
- t 4 ’
07 10 20 0 b 10 20 30
v e
0.2 vy 0.06 L
0
02 0.04
-0.4 0.02
-0.6
~0.8 t ‘
0% 10 20 0 O 10 20 30
Fig. 4. Transients in the system stabilized by the controller with the

proposed closed-loop prediction estimate of the state obtained using odel
(Euler) solver and fixed sample time 0.0001.

provides zeroing of the state x(¢) visible at least for the given
zoom and t < 30sec. However, for the less accurate odel
(Euler) solver with fixed sample time 0.0001 we obtain
fast diverging of x(t) (see Fig.3.b). The proposed controller
with the closed-loop state prediction estimate provides for
odel (Euler) solver with fixed sample time 0.0001 the
boundedness of all the closed-loop signals and asymptotic

zeroing of x(t), 1¥(t), and &(t) (see Fig.4).
V. CONCLUSION

The closed-loop state predictor is designed and its robust-
ness with respect to parametric perturbation is proved. As
a conjecture, its robustness with respect to approximation
errors of the differential equation solver is considered. The
further research directions will be focused on the rigorous
proof of the robustness with respect to approximation errors
as well as with respect to the plant external disturbances.

APPENDIX

In this appendix, we summarize some mathematical tools
used in the proof of the main result in Section III. All these
lemmas can be proved via the properties of linear systems.

Lemma 1: If a matrix A € R™*" is Hurwitz, then a matrix
A € R"™™ is also Hurwitz for sufficiently small || A||, where
A= A— Aand ||A]| is the spectral norm of the matrix. W

Corollary 1: Tf a matrix A, = A—bk " is Hurwitz, where
A € R"™™ and b,k € R", then a matrix Ak = A—bkT is
also Hurwitz for sufficiently small || A]|. [ ]

Lemma 2: 1f the LTI system

.’kl o Al 0 I
.’tz o 0 A2 To
is asymtotically stable, then the system
i _ [A Al [ 0 B
L= AR [
is asymptotically stable for sufficiently small ||Al|, where
A,A17A27B GRan and T1,T2 € R™. |

Lemma 3: If a matrix A; € R™ ™ is Hurwitz, then the
origin of the system

T = Alx + 3177(95);

where x € R", B; € R*»*™,
t
n(z) = / €A2(t_T)BQ$(T)dT7 n e R",
t—h

Ay € R™*™ By € R™™_ and h > 0 is a constant, is
asymptotically stable for sufficiently small || Bs||. [ |

REFERENCES

[1] Z. Artstein, Linear systems with delayed control: a reduction, /[EEE
Trans. Automatic Control, vol. 27, no.8, pp. 869-879, 1982.

[2] D. Bresch-Pietri, C. Prieur, E. Trelat, New formulation of predictors
for finite-dimensional linear control systems with input delay, Systems
& Control Letters, vol.113, pp. 9-16, 2018.

[3] K. Engelborghs, M. Dambrine, D. Roose, Limitations of a class
of stabilization methods for delay systems, IEEE Trans. Automatic
Control, vol.46, no.2, pp.336-339, 2001.

[4] D.N. Gerasimov, A.S. Miliushin, and V.O. Nikiforov, Algorithms of
adaptive tracking of unknown multisinusoidal signals in linear systems
with arbitrary input delay, Int. J. on Adaptive Control and Signal
Processing, vol.33, n0.6, pp.900-912, 2019.

[5] D.N. Gerasimov, A.V. Paramonov, and V.O. Nikiforov, Algorithms
of fast adaptive compensation of disturbance in linear systems with
arbitrary input delay, Int. J. of Control, vol.93, no.7, pp.1596-1604,
2020.

[6] V. L. Kharitonov, Prediction-based control for systems with state and
several input delays, Automatica, vol.79, pp.11-16, 2017.

[71 M. Kirstié Delay Compensation for Nonlinear, Adaptive and PDE
Systems, Birkhauser, Boston, 2009.

[8] V. Léchappé, E. Moulay, F. Plestan, A. Glumineau, A. Chriette, New
predictive scheme for the control of LTI systems with input delay and
unknown disturbances, Automatica, vol.52, pp.179-184, 2015.

[9] A.Z. Manitius, A.W. Olbrot, Finite spectrum assignment problem for
systems with delay, IEEE Trans. Automatic Control, vol.24, no.4,
pp.541-553, 1979.

[10] S. Mondie, W. Michiels, Finite spectrum assignment of unstable time-
delay systems with a safe implementation, /[EEE Trans. Automatic
Control, vol.48, no.12, pp.2207-2212, 2003.

[11] V.O. Nikiforov and D.N. Gerasimov, Adaptive Regulation: Reference
Tracking and Disturbance Rejection, Springer Nature, 2022.

[12] PK.S. Tam, J.B. Moore Stable realization of fixed-lag smoothing
equations for continuous-time signals, IEEE Trans. Automatic Control,
no.2, pp.84-87, 1974.

[13] D. Tsubakino, M. Krstic, and T. R. Oliveira, Exact predictor feedbacks
for multi-input LTI systems with distinct input delays, Automatica, vol.
71, pp. 143-150, 2016.

[14] Q.-G. Wang, T.H. Lee, and K.K. Tan, Finite Spectrum Assignment for
Time-Delay Systems, Springer-Verlag, London, 1998.

[15] Q.-C. Zhong, On distributed delay in linear control laws — part
I: discrete-delay implementations, [EEE Trans. Automatic Control,
vol.49, no.11, pp.2074-2080, 2004.

5707



