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Abstract

The output stabilization problem for a linear system with an unknown bounded time-varying input delay is considered. The
interval observation technique is applied in order to obtain guaranteed interval estimate of the system state. The procedure of
the interval observer synthesis uses lower and upper estimates of the unknown delay and requires to solve a special Silvester’s
equation. The interval predictor is introduced in order to design a linear stabilizing feedback. The control design procedure
is based on Linear Matrix Inequalities (LMI). The theoretical results are supported by numerical simulations and compared
with a control design scheme based on a Luenberger-like observer.

1 Introduction and related works

A time-varying input delay arises in models of control
systems due to many reasons. Usually its presence is
motivated by a physical nature of a plant. It may be
related to transport delays (like in chemical, hydraulic
or pneumatic systems) or computational delays (e.g. in
digital controllers or communication networks [17]). On
the other hand, time-varying input delay can be intro-
duced ”artificially” in order to model a sampling effect
(see, for example, [26], [12], [11]).

Control of a system with input delay is an important
problem treated in literature (see, for example, [23], [16],
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[19] and references within). The predictor-based feed-
back [25] is a usual tool for control design if the input
delay is known. This method is well-developed for both
constant and time-varying delays [1], [28], [16]. It has
been effectively used even for nonlinear [3] and sliding
mode control systems [21]. If delay is constant, but un-
known, then delay estimation technique [4] and/or the
delay-adaptive control approach [5] can be applied. For
unknown delay the predictor-based feedback design has
to be accompanied with robustness analysis [16], [29].

Typically, the predictor feedback is effectively applicable
if the whole state-vector of a system is measured [25],
[23], [29], [16], [21]. The observer design for systems with
time-varying input and state delay is presented in [24].
The results related to designing of an output predictor
feedback for systems with input delays, which are known
and constant, can be found, for example, in [27] and [15].
The adaptive output feedback regulator for a chain of
integrators with an unknown time-varying delay in the
input is presented in [6].

In this paper a recently developed technique of interval
observers [13], [18], [22] is applied in order to tackle the
problem of the output-based control design for linear
MIMO systems with unknown time-varying input delay.
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The interval observer provides the guaranteed interval
estimates of the system state in a real-time. This prop-
erty simplifies the control of transition processes with
respect to system state [8]. The problem of an inter-
val observer design was studied in [20] for systems with
known delays and in [7] for systems with unknown state
delays. The present paper extends the interval observer
technique to systems with unknown time-varying input
delay under assumption that lower and upper estimates
of the delay are given. It also presents the interval pre-
diction scheme (interval predictor), that allows us to re-
alize a feedback design based on LMI.

2 Notations

e The set of real numbers is denoted by R and Ry :=
{reR:2>0}.

e spec(A) is the spectrum of the matrix A € R™*".

e R(\) is the real part of the complex number A.

e H is the set of Hurwitz matrices from the set R"*",
iee AcH < R(\) <O0forall A € spec(4).

e M is the set of Metzler matrices from the set R™*™,
ie. R={ri}',.1 €M <& 1y >0fori#j.

e The inequality F' > 0 (F < 0) for a symmetric matrix
F € R™*™ denotes its positive (negative) definiteness.
The order relations ' > 0 and F' < 0 are used in order
to assign the positive and negative semidefiniteness of
the matrix F, respectively.

e The inequalities z > 0, 2 < 0, z > 0 and z < 0
written for the vector x € R™ are understood in a
componentwise sense. The inequalities A > 0, A < 0,
A >0 and A < 0 written for the matrix A € R™**™
are understood analogously.

e The identity matrix of the size n x n is denoted by I,,;
the square zero matrix of the size n x n is denoted by
0,; the rectangular zero matrix of the size n x m is
denoted by 0y, xm.

3 Problem statement

Consider the input delay control system of the form

{ i(t) = Aw(t) + Bu(t = h(t)), Q)

y(t) = Cx(t),

where z € R" is the system state, u € R™ is the vector
of control inputs, y € RF is the measured output, A €
R™*" B € R™™ and C € RF*™ are known matrices
and the input delay h(t) is assumed to be an unknown
locally integrable function within the bounded interval:

0<h<h(t)<h (2)

where the numbers h and h are given. The system (1) is
studied with the initial conditions:

2(0) = zg, u(t) =wv(t) fort € [~h,0), (3)

where v(t) is some continuous function.

Assumption 1 The pair (A, B) is controllable and the
pair (A, C) is observable.

Assumption 2 For any t > 0 the information on the
control signal u(t) on the time interval [t — h,t) can be
stored and used for control design purposes.

Assumption 3 The set 2 C R™ of admissible initial
conditions xog € Q of the system (1) is assumed to be
bounded and known.

Remark that the second assumption is usual for a
predictor-based approach to control design.

The main objective of this paper is to design a control
algorithm for exponential stabilization of the system (1),
i.e. for some numbers ¢, 7 > 0 any solution of the closed-
loop system (1) has to satisfy the inequality ||z(¢)| <
ce™"t ¥t > 0, where x(0) € Q.

4 Interval observer and interval predictor de-
sign

4.1 Interval observer

Let us introduce the following notations

B'u(r):== min B'u(r —6), (4)
0€[0,h—h]

B'u(r) :== max B'u(r —0), (5)
0€[0,h—h]

where min(max) is considered componentwise and B’ is
some matrix of an appropriate dimension.

Since the input delay of the system (1) is unknown then
formally we need to estimate the state of the system with
unknown input. However, for the case of bounded delay
under assumption 2 we may design the so-called interval
observer using lower and upper estimates of the input
signals over the delay interval [t — h,t — h].

Lemma 4 Under Assumptions 1-8 there always exist
matrices L € R™F and S € R™ ™ det(S) # 0 such that

A+LCeH, S YA+LC)SeM, (6)

such that for any continuous control signalu : Ry — R™
the interval observer of the form

&(t) = z()+ u(t —h)+ L(Cz(t) — y(t)),
Z(t) = AZ(t) + Bu(t — h) + L(CT(t) — y(t)),  (7)
A=8"1AS, B=S"1B, L=S"'L, C=CS



has the following properties:

1) if z(0) < £(0) < T(0) then z(t) < Z(t) < T(t) for
t > 0, where

(t) = S a(t)
and x(t) is the solution of the system (1), (3) withxg € Q;

2) if IA* € RY and 3q € R U {0} such that

Bu(t —h)— @(t —h) < A% fort >0€ Ry,

then for allp € <O, min
A€spec(A+LC)

matriz M € RT_:_X" such that

—%(A)) there exists a

F(t)—2(t) < Me " (#(0)—2(0)+v(p — ¢, HA"),

z(t)—z(t) < Me ™ (T(0)~2(0)+v(p — ¢, H)A"),
e(P—a)t _q
where v(p — q,t) = { p=q Jor p# 4,
t for p=gq.

Proof. 1) Since the pair (A4, C) is observable then an
appropriate selection of the matrix L can assign any real
simple negative spectrum to the matrix A + LC, i.e.
oc(A+LC) = {Ai}?:h Ai < Oand \; # Aj fori = j. Then
the matrix S can be defined as Jordan transformation
(see, for example, [18]) for A + LC', which is real in this
case. Indeed, S™1(A+ LC)S = diag()\;) € MNH. Other
variants of computation of S and L are also possible [22].

Since the control signal u is continuous and the delay
function A is locally Lebesgue integrable then the func-
tion u(t — h(t)) is locally Lebesgue integrable and all so-
lutions of the system (1), (3) are defined for all ¢ > 0.
The assumption 2 implies that the functions u(t — h),

@(t —h) and ?u(t — h) can be calculated for any ¢ > 0.
So, the interval observer (7) is correctly defined. Denote
e=2—xzand e =7 — Z. In this case we have

¢ = (A+ LC)e + Bu(t — h(t)) — Bu(t — h), ®
6 = (A+ LCYe + Bu(t — h) — Bu(t — h(t)),

I
I

ol
Il
—

wherﬁprf/é € MNH. Since Bu(t—h(t))—Bu(t—h) > 0

and Bu(t — h) — Bu(t — h(t)) > 0, then the system
(8) is positive [9]. Therefore, the inequalities e(0) > 0,
€(0) > 0 imply e(t) > 0, e(t) > 0 for all ¢ > 0, i.e. the
first statement of the lemma is proven.

2) The matrix A + LC is Metzler and Hurwitz. So,
) >0 and for any p € (0, min —§R(A)>
A€spec(A+LC)

we have A+LC+pI,, € H. Hence, there exists M € R*"

et(A+

such that the inequality e (A+LC) < NPt holds and
results the following estimates

e(t) < Me Ple(0)+
M [ er(s=t) (Bu(s — h(s)) — Bu(s — ﬁ)) ds,

0

e(t) < Me P'e(0)+

Moftep(s_t) (Bu(s — h) — Bu(s — h(s))) ds.

Finally, the inequalities

Bu(t — h) — Bu(t — h),
Bu(t — h) — Bu(t — h)

Bu(t — h(t)) — Bu(t — h) <
Bu <

Bu(t — h) — Bu(t — h(t))

imply the second statement of the lemma. W

Lemma 4 guarantees that a bounded control input al-
ways implies a bounded observation error of the ob-
server (7). Moreover, if u(t) converges to some constant
value exponentially with the rate ¢ € R} then the ob-
servation errors of the interval observer (7) converge
to zero exponentially with the rate min{p,q}, where

p e |0, min —%R(A) |. Theorem 8 below uses

Aespec(A+LC)
this property in order to prove the exponential conver-
gence of the observed states to the real ones.

Remark 5 To realize in practice the interval observer
(7) the condition z(0) < Z(0) < Z(0) must be guaranteed.
Since the set of admissible initial conditions () is assumed
to be known (see, Assumption 3), the required inequality
can be ensured. For example, if @ = {x € R" : 27 Px <
1}, P = 0, then 2TSTPS% < 1 and 2,(0) = —7;(0) =
—1/Amin(STPS), i = 1,2,...,n. Similar estimates can
be also presented if () is a polyhedron.

Let some Hurwitz and Metzler matrix R be given and
suppose we need to find S and L such that

S~ (A+LC)S = R.

Denote X = S~! and Y = S~!'L. In this case the re-
quired equality can be rewritten in the form of Silvester’s
equation [2]

XA+YC = RX, (9)

where X € R"*" and Y € R™*F,

Proposition 6 [2/, [22] If the matriz R has disjoint
spectrum and the pair (A, C) is observable then the equa-
tion (9) has a solution.



Equation (9) can be rewritten in the form of the system
of linear algebraic equations

Wz =0, (10)

where W = (1, 9 AT - R 1, T& ("),

2= (X115 oy Tndy T21s oo Trns Y115 o5 Y15 Y215 -5 Ynk)
and ® is the Kroneker product. So, numerically the re-
quired solution of the equation (9) can be found as an
element of the null space of the matrix W.

)T

4.2 Interval Predictor

Consider the system (7). By analogy with Artstein trans-
formation [1] let us introduce the following predictor
variables:

2(t) = eMa(t) + / 0 e~ Bu(t + 6)de), (11)
~h

4w=e”w@w+/oaﬁﬁhu+ema (12)
—h

which are correctly defined due to Assumption 2. The in-
troduced variables estimate the interval observer states
at the future time moment ¢+ h, i.e. z(¢) =~ z(t+h) and
Z(t) = T(t + h). These approximate equalities become
exact if the observation error tends to zero (see, (7)).

Below it is shown that a stabilizing control for the orig-
inal system can be designed as a linear feedback with
respect to the predictor variables.

Remark 7 In order to compare the interval observation
approach with a scheme based on the usual Luenberger-
like observation technique we also consider the following
observer

3(t) = Ai(t) + Bult — h) + LO(E(t) — y(t), (13)

where © € R"™ is the observer state and the ma-
triv L € R™* is such that A + LC € H. Analo-
gously to Lemma 4 it can be easily proven the simi-
lar Input-to-State stability property for the presented
observer, namely, if 3A* € Ry and 3¢ € Ry :
max || B(u(t—0)—u(t—h))|]| < A*e % fort >0e€ Ry
0€[h,h]

then for any p € <O min

, —%(A)) there exists
A€spec(A+LC)

M € Ry such that

2(t) — a (@)l < Me™" (2(0) — (0)[[+v(p — q, ) A7),

where v(p — q,t) is defined in the statement of Lemma 4.
The corresponding predictor variable 2(t) is

2(t) = ehi(t) + / ’ e~ Bu(t + 0)do. (14)
—h

5 Stabilizing control design

Assume that the interval observer (7) for the system (1)
is designed and the matrices S, A, L, C, B are obtained.

Let us define the control in the form
z@t) +z@1), (15)

where the matrix K € R™*" is to be designed.

u(t) = Kz(t), 2(t) =

N

Let B; € R™™ i =1,2,...,n be the matrix such that
i-th row of B; coincides with i-th row of the matrix B
but all other rows of B; are zero. Denote also B,4; =

B;,i=1,2...,n.

Theorem 8 If for some given a € Ry the matrices
X, Z R;,S; e R"*™ ¢ =1,2,...,2n and the matriz Y €

R™*™ satisfy the following LMI system
We W@Z
<0,X>0,Z=0,R; >0,5; =0, (16)
wL w,
where
I BY By, Y
| YTBT —emethsy 0,
YTBgn . —€_aAhSQn
I, IIa3 BY B, Y
mZ, Il BY Bs,Y
W.=| YTBY YTBT —e—o2hR, .. 0n ,
YTBY YTBY, 0y, . —e ARy,

([ ZCTET AL, 1| O
o O2n2x2n O2p2 ,
I = (A+LC)VZ + Z(A+ LC)T + oz,
I, = AX + BY + XAT + YTBT 1 oX,
My = 1 S5 (R + e*hS,) — X, Ah =T~ h,
- My = XAT + YT BT,

then

1) the system (1) together with the control (15) for K =
Y X1 is exponentially stable with the convergence rate
greater than or equals to o /2;

2) the states z(t) and T(t) of the observer (7) tends to
Z(t) = S™1a(t) exponentially with the convergence rate
greater than or equals to /2.



Proofs of all theorems are given in the Appendix.

In fact, the parameter @« € R4 has to be selected as
follows
0<a< -2 max __ R(N).
A€spec(A+LC)

Indeed, the necessary condition for feasibility of the LMI
system (16) is II; < 0, which is equivalent to A + LC +
0.5al,, € H. Since A+ LC € H then the selection of the
positive parameter a only from the mentioned interval
guarantees II; < 0.

Under conditions of controllability of the pair { A, B} the
LMI system (16) is feasible at least flor sufficiently small
Ah. Indeed, if we select R; = S; = EX, 1=1,2,...,2n
then for Ah — 0 we easily derive that feasibility of (16)
follows from feasibility of

I, ZCTLTeA™R
. <0,X >=0,7Z 0.
e rCz I,

The last LMI system is always feasible if Assumption 1
holds.

Remark 9 Let us mention that the control function can
be selected in a more general formu(t) = K z(t)+ Kz(t),
where K, K € R™*", In particular, the gain matrices
can be defined as K = nK and K = (1—p) K, where p €
[0,1]. This form of control implies some small changes in
formulation and proof of Theorem 8. We select u = 0.5
for simplicity and shortness. Moreover, such selection
had allowed us to attain the best convergence rate during
numerical simulations.

Similarly to Theorem 8 the following result can be pro-
vided for output stabilization of time-varying input de-
lay system (1) using Luenberger-like observer (13).

Theorem 10 If the following system of bilinear matriz
inequalities

Wy WHwWL o BY
14Y% Was W. 0

W = oo <0, (17
WQI W23 W33 0

YIBT 0 0 —e "R

Wi =AZ+ ZAT + LCZ+2C0TLT +aZ, Z+0,
Way = AX + XAT + BY + Y"BT + aXx, X >0,
1
War = LCZ Wo3=AX +BY, Wi =R — N
a€R,Z X RcR™ YcR™" LcR™ER =0,

is feasible then the system (1) with the control

u(t) = K2(t), (18)

where z(t) is defined by (14), (13) and K = YX~1,
is exponentially stable with the convergence rate greater
than or equals to o /2.

If the observer gain £ € R™** is selected such that A +
LC € H then the matrix inequality (17) becomes LMI
with respect to the rest of variables. The obtained LMI
is feasible at least for sufficiently small Ah. The proof of
this fact repeats the considerations presented after the
statement of Theorem 8.

The control design schemes introduced in Theorems 8
and 10 are based on prediction technique (see, [1], [16]),
which allows us to ”compensate” the input delay up to
the lower known boundary h. So, feasibility of the corre-
sponding matrix inequalities is mainly depended on Ah.

6 Example
6.1 Linear oscillator

Consider the system (1) with n =2,k = m = 1 and pa-
rameters

i) (8) e (o).

In order to compare the control schemes based on the
interval observation method and the Luenberger-like ob-
server design we fix the lower boundary of the input
delay h = 1 and try to find maximum possible upper
boundary delay h for each scheme. In both cases we try
to design the control, which guarantees the exponential
convergence rate 5 - 1074, i.e. a = 0.001.

For the control design using interval observer technique
the maximum upper bound of the delay is found h =
2.037. The observer parameters are selected by means of
solving the Silvester’s equation (9) for

(—63.95825 8.60475 )

0.7077  —1.49000
It leads to

o (0543359 13.91293 | ., (9998522
-87.64917 326.80682 / -0.17489 |’
N 1.46567 —5.30612 ) - 0.68996
A= ,B=10"° ,
0.59331 —1.46566 3.24496
¢ = (—65.43359 13.91293) .
Finally, using Sedumi-1.3 for MATLAB we solve LMI
system (16) and obtain

K = (60.34248 ~299.16907 )

For an interval observer design it is assumed that z(0) €
{x € R? : |z;| < 1,i = 1,2}. Then due to relation #(0) =
S~1x(0) the initial conditions for the interval observer
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Fig. 1. Evolution of the system states for the interval ob-
server-based control scheme

(7) can be selected as Z(0) = [S™1| ( 1 > , z(0) = —z(0),

where the modulus of the matrix is understood compo-
nentwise.

For the Luenberger-like observer-based control scheme
the maximum upper bound of the input delay is found
h = 1.464. The corresponding observer gain is

—1.07670
L= :
—0.31524
Using Sedumi-1.3 for MATLAB we solve the LMI system
(17) with selected £ and obtain

K = ((0.138642 ~1.077025 )
Remark, if for Luenberger-like observer we use the same
gain £ = SL as for the interval one then the maximum
upper boundary of the input delay, for which LMI (17)
is feasible, is tangibly less than 1.464.

The figures 1 and 2 depict the results of numerical sim-
ulations for the system (1) with the control (15) and
the control (18), respectively, with the following initial
conditions: #(0) = (0,1)7 and v(t) = 0. In both cases
the delay function is defined by the following formula
h(t) = 0.5(h + h) 4+ 0.5(h — h) sign(sin(2t))). The simu-
lations have done using the explicit Euler method with
a constant step size 7 = 0.01. They show the better con-
trol performance for the interval observer-based control
scheme.

6.2 Double integrator

The adaptive control scheme presented in [6] also deals
with an unknown time varying input delay, but it is
applicable only for a chain of integrators. In order to
compare our control algorithms with the one presented
in [6] we consider the output control problem for double
integrator, i.e. n =2,k =m =1 and

— I
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Fig. 2. Evolution of the system states for the Luenberger-like
observer-based control scheme

A- (g;),gz (g),cz@o).

For the control scheme based on interval obser-
vation we solve the Silvester’s equation (9) with

R —3.0000 2.3200
0.2700 —0.4100
and derive
g —3.6234 —0.2599 i 0.9479
—1.5558 —9.1860 ) ' —0.0948
- 0.4346  2.5663 - 0.0079
A= ,B = ,
—0.0736 —0.4346 —0.1102
€= (36234 02599 ).
The numerical simulations have been done for the
same time delay as in [6] : i) h(t) = 2sin(¢) + 2; ii)
h(t) = 3+ cos(100¢); and for the same initial conditions:
z(0) = (1,=1)", v(t) = 0,t € [=h,0).
In the case i) we have h = 0, h = 4. Solving the LMI
system (16) for o = 0.2 gives

K= (0.7889 3.7978) .

For the case ii) the estimates of the delay are h = 2

and h = 4. The corresponding vector of feedback gains
obtained by the LMI system (16) is the following

K = (1.0747 4.5060) .

The simulations results for control of double integrator
are presented on the figures 3 and 4. They show that
the control algorithm based on the interval predictor
technique provides three times faster convergence rate
of the system states to the origin comparing with the
adaptive scheme presented in [6]. Moreover, in contrast
to adaptive algorithm it shows a better dumping during
the transitory motion.

The control scheme based on Luenberger-like observer
application also allows us to stabilize the double inte-
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Fig. 4. Evolution of states for controlled double integrator
for the case ii).

grator under the same restrictions on delay. However, it
provides a slower convergence rate, which is close to the
results of the paper [6].

7 Conclusions

The two output-based predictor feedback control algo-
rithm are presented for exponential stabilization of a lin-
ear system with unknown time-varying input delay. The
first one is based on an expansion of interval observer
technique to systems with unknown time-varying input
delay. The corresponding procedure of the observer de-
sign requires solving of the special Silvester’s equation.
The second algorithm uses the standard Luenberger-like
observer. In both cases the predictor-based feedback con-
trol is designed by means of finding a solution of the LMI
system. The stability analysis of closed-loop systems is
based on the method of Lyapunov-Krasovskii function-
als, which allow us to present the delay-depended sta-
bility conditions using upper and lower estimates of the

unknown input delay. The numerical simulations show a
better performance for the interval observer-based con-
trol scheme. The main disadvantage of the presented
control algorithms is the necessity of on-line calculation
of the integral transformation in order obtain the pre-
dictor variables (see, formulas (11), (12) and (14)). This
problem is common for many predictor-based control
schemes.

The main results are presented for a linear system with
uncertain input delay. However, they can be possibly ex-
tended to the case of state and/or output delays and
other types of system uncertainties and disturbances. It
is also important to present the control design schemes,
which will take into account the rate of the delay varia-
tion. The second statement of Lemma 4 guarantees that
slow variation of the control input implies small obser-
vation errors. Seemingly, this property will allow us to
solve a tracking problem for a system with time-varying
and unknown input delay, if a reference signal will be
sufficiently slow. All these problems are subjected for
future researches.

Appendix
Proof of Theorem 8

I. Due to the form of the control input (15) for ¢t > Ah,
we have

Bu(t) — Bu(t) = min ]—BK / 3(s)ds,
t—0

0€]0,AR

¢
Bu(t) — Bu(t) = eerﬁ)agh] -BK / 2(s)ds,
t=0

where min(max) is considered in componentwise sense.
Then for any function z(t) there exist functions 6; :
Ry — [0,Ah], i =1,2,...,2n such that

3 ¢
WK [ Z(s)ds
t—01 (t)

5 t
hK [ Z(s)ds
t797L+1(t)

. t
b K [ Z(s)ds
t—0s, (t)

where l;, is the i-th row of the matrix B.



Introduce the auxiliary state vector e = Egg, where € =
T —Z and e = & — z. In this case using (8), (11) and (12)

for t > h we obtain the following system

- . 2n t—h(t)
ée=(A+LCYe — 3 BiK 28 gs,
’:22 ] t—ﬁ—tei(t.—ﬁ) o (19)
(=(A+BK)z—- Y B:K [ @ds—keAﬁLCe.
=1 t—0,(t)

II. Consider the Lyapunov-Krasovski functional (LKF)
defined for t > h

Vie(t), z(t), 2(-)) = Ve + Vz + Veu,
Vele(t), 2(-)) = ' (£)Qe(t)+

0 t—h _
Ahz [ [ ePlmtHhIsT(5)S,2(s)ds db,

i=1 —Aht—h+0

Va(2(t), () = 2T (t) P2(t)+
2n 0 t
ARYS [ [ eet=0:T(s)R;z(s)ds df,
i=1 7Aht+9
Ve (2(-) = thfh (I 2T (5) S5 (s)ds

where o, 3,7 € Ry, P,Q,S;, R; € R, P - 0,Q > 0,
S;=0,R; >=0,i=1,2,...,2n.

The structure of term V, of the LKF V is similar to
the one from the paper [11]. The terms V., and V, are
motivated by the extended system (19), that implicitly
contains both system state and observer state.

Remark also that the presented functional V has the
form of a discretized LKF [14]. Usually the discretization
is applied to a complete LKF [14] in order to obtain sta-
bility conditions in LMI forms. The ”discretized” LKF
of this paper is imposed by structures of the interval ob-
server and the interval predictor.

ITI. Calculating the time derivative of the functional
V.(z(t), 2(-)) we derive

Va(2(1), 2() = 227 (1) P2 (t)~

2n 0 t 5
aAR S [ [ et (5)R;2(s)ds dO+
i=1 —Aht}o
2n -
(AR 35 ST ()R (1)
i=1
2n t ~
AhYS [ eI (s)Riz(s)ds = -aV(2(t), 2()+
=1 t-Ah

az () Pz(t) + 227 () PA(t) +

On the one hand we have
1 t
PPN / £ (s)Riz(s)ds < / DT ()R 2(s)ds.
t—Ah t—Ah

On the other hand due to 0 < 6;(t) < Ah the following
inequalities

/t £T(s)Riz(s)ds < /t T (s)Riz(s)ds,
“Ah

t—0,(t) t

~

hold. So, taking into account Jensen’s Inequality

¢ r ¢
( J 2(s)ds> ( il z’(s)ds)ﬁ
t—0:(t) —0:(t)
R

0:(8) Jy_g ) 27 () Riz(s)ds
we derive
V. < —aV, + 2T (t)Pz(t)+
(AR)2:T (1) <22" R> 2(t) + 22T (t) P3(t)—
ﬂmhz (Fy 20605) " R (S 200ds) =
) +

~aVL(a(0),5()) + T Wl
@ () (£ 5, ) 20,

where
T
t t
9= = Z(t)72(t), z(s)ds, z(s)ds ’
t—01(t) t—02, (t)
aP P 0p (0
2n -
P (Ah)2 Z Ri%—e'YESi (0 (0
i=1
1_ ~
=1 o, 0, e
On On On . e(vAh RQn

Similar considerations for the functional V. (e(t),2(-))



give the following estimate

V., < =BV, + BT (t)Qe(t) + 2

(AR)2:T(t — h) ( )

n t-h(t) t-h(t)
eﬁ% > <t Ik ,é(s)ds> S; (t Ik )z'(s)ds) =

i=1 \¢-h-0;(t-h) -h-0; (t-h
—BVe(2(t), 2()) + gE Wl ge + 2T (1)Qé(t)+

(AR)2:T(t — h) (2271 S) i(t — h),

(t)Qe(t)+

where
t-h t-h T
ge = | e(t), / 2(s)ds, ..., / Z(s)ds |
t-h-61 (t-h) t-h-02n (t-h)
80 0, .. 0,
W1 _ 0y, 7676Ah§1 0y,
0p 767’6Ah;§2n

Finally, taking into account that

t ~ ~
4 h (s=t+h) 2T (5)S; 2(s)ds = ez () S;(t)—

t
; ) N
7 f V=) T (6) 5,2 (s)ds — 27(t — h)Si2(t — h)

we conclude

V(e(t)7z(t),T2(~)) < —min{a, 8,7}V (e(t),2(t), 2(-))+
Je W, 0 9e T\ 0
(g) ( 0 W;> (g)me 0:0)

IV. Following the descriptor approach [10] we consider
the following equality

on t-h(t)

0=2¢"Q | (A+LC)e - Y BiK / 2 s —
i=1 t-h-0; (t-h)
+2(Pz + AhP2)T x

t
(A+BK)z ZB K ) g e[ Ce-z

t-0;(t)

that obviously holds for any solution (e(t), 2(t)) of the
system (19) if ¢ > h. This equality can be rewritten in
the form

T
o Je Weg WO Je . eT ¢
o= () () () e

where
QUA+LC)+(A+LO)TQ QLK QB K
-KTBTQ
W2 — 0, ... 04
T T
K 5@ Op v Oy
\1/1 \I’Q _PB;K _PBQ2"K
T -PB1 K -PBy, K
Wa o 2AMP TG e Srak
2_ | -kT"BTP -KTBTP
Wz - 2 Q(Ah)l-l On On )
-K"BL P —KTBL P
5 SR 0, .. 0,
W C?TETeATﬁ {P AhP} On><(2n2)
0= )

0(2n2)><2n O2p2
where ¥y = P(A + BK) + (A + BK)"P and ¥, =
Ah(A+ BK)TP — P. Hence, the time derivative of the

functional V calculated along the trajectories of the sys-
tem (19) can be estimated as

V(e(t)»Z(t%i(')) < —min{a, 8,7}V (e(t), 2(1), 2(-))+
YGe Wel + We2 WO e
9z wi o owiew?)\g. )
Finally, for 8 = v = a and

Z=Q', X=P, §,=1PS,P, R,/=1PR,P, Y=K P,

we have

or Wl+w?2 W, o [ We We
wl Wi+ w? wZ w, )’

I, 0 0 0 0
Q' o 0
0 -2I,- 0 0 0
0 Pt 0
G=|l0 0 I, O 0
0 0 0 =L, 0
Ah 0 P1
0 0 0 0 -2I:



Therefore, feasibility of LMI (16
stability of (19).

) implies exponential

V. By the definition we have

Z(t) _ E(t) ;—é(t) _ eﬁﬁg(ﬂ ;f(t) +
/0 o (Bu(t Lo+ ABu(t + ) ;rZBu(t + 9)) .
—h

where u(t) = Kz(t). Hence, the limits e(t) — 0 and
z(t) — 0 imply Z(t) — 0 or, equivalently, z(t) — 0. It
can be easily shown that the rate of convergence of x(t)
to zero is the same as for e(t) and z(t). The functional
V calculated along trajectories of the system (19) tends
to zero exponentially with the rate a. Since we have
lel < Amk (@VV and [l2]] € AzL,(P)V/V then =(t) and
e(t) converge to zero exponentially with a rate p, which
is greater than or equal to a/2.

Since u(t) = Kz(t) converges to zero exponentially with
the rate p > /2 and «/2 € | 0, — max __ R(N)
A€spec(A+LC)

(see, the considerations after the statement of Theo-

«
2

rem 8), then selecting q € - max R(A) | by

Aespec(A+LC)
the second statement of Lemma 4 we derive that €(t)
and e(t) converges to zero exponentially with the rate

min{p, q} > a/2.

Proof of Theorem 10

I. Denote é = & — . Then the system (1) with the ob-
server (13) and the control u(t) = Kz/(t) can be rewrit-
ten in the form

t—h
é=(A+LC)+BK [ Z(s)ds,
t—h(t) (20)
z= (A4 BK)z +elLCe,

where 2 is defined by the formula (14). Obviously that
Z(t) — 0 and é(t) — 0 imply z(t) — 0.

II. The rest part of the proof is just sketched, since it re-
peats the considerations presented in the proof of The-
orem 8. Consider the Lyapunov-Krasovski functional of

10

the form
V(e(t), 2(t), 2(-) =
eT (t)Qe(t) + 2 (t)Pz(t) + Vi(2(-) + Va(3()),
() = <Ah>2tfh AT (5)RE (s) s,
Va(2())) = Ah JQ t fﬁ ers=t+0) 2T (§)RZ(s)ds db,
—Aht—h+0

where v, € Ry, Q,P,R € R P~ 0,Q - 0,
R = 0.

The time derivative of the functional V' can be estimated
as follows

V(e(t), (1), 2(-) < —ae” (1) Qe(t) — BT ()PA(t)

—AVi(2() = uVa(3()) + 267 (1) QE(t) + g" Wig,
where o, 8 € R} and
t—h T
g=|e). 20, 30, | As)ds]|
t—h(t)
aQ 0 0 0
0 pP P 0
Wy = b _
0 P (Ah)%2e2R 0
0 0 0 —e HARR
II1. We consider the following equality
t—h
0=2¢T(t)Q | (A+LC)é(t)+BK (s)ds — é(t) | +
t—h(t)

2P2(t)+ARPE(t)T ((A—i—BIC)é(t)—i—eA'iECé(t)—é(t)) ,

that obviously holds for any solution (e(t), 2(t)) of the
system (20) if ¢ > h. This equality can be rewritten in
the form 0 = g7 Wag, where

ﬁll 1:[12 1:[13 1:[14
Wy 1?{2 1?22 My O 7
7, Moy —ARP 0
nr, o 0 0
with TI;; = QA + LC) + (A + LO)TQ, T, =

CTLTeA™ P Ty = P(A + BK) + (A + BK)TP,



l:'[lg = AhCTETeATﬁP, My =
11,4, = OBK.

AWP(A+BK)-P,

Hence, for ¢t > h the time derivative of the functional V'
calculated along the trajectories of the system (20) can
be over-estimated as

V((t),2(1),2()) < =2rV(e(1),2(1),2(-))+9" (W14 Wa)g,
where r = 0.5min{a, 3,7, 11}
Finally, for 1 =~ = 8 = a and

Z=Q L X=P 1 R=e"PRP,Yy=KP!

we have
GT(W1 + WQ)G =W,
where G = diag{Q~!,P~1, P~1, P~1}.
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