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Abstract

New interval observers are designed for linear systems with time-varying delays in the case of delayed measurements. Interval
observers employ positivity and stability analysis of the estimation error system, which in the case of delayed measurements
should be delay-dependent. New delay-dependent conditions of positivity for linear systems with time-varying delays are
introduced. Efficiency of the obtained solution is demonstrated on examples.
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1 Introduction

An estimation in nonlinear delayed systems is rather
complicated [31,15], as well as analysis of functional dif-
ferential equations [30]. Especially the observer synthe-
sis is problematical for the cases when the model of a
nonlinear delayed system contains parametric and/or
signal uncertainties, or when the delay is time-varying
and/or uncertain [4,5,33], the frequent applications in-
clude biosystems and chemical processes. Delayed mea-
surements usually also increase complexity of estima-
tors, which is a case in networked systems. An observer
solution for these more complex situations is highly de-
manded in these and many others applications. Interval
or set-membership estimation is a promising framework
to observation in uncertain systems [17,19,20,24,22,27],
when all uncertainty is included in the corresponding in-
tervals or polytopes, and as a result the set of admissi-
ble values (an interval) for the state is provided at each
instant of time.

In this work an interval observer for time-delay systems
with delayed measurements is proposed. A peculiarity

* This paper was not presented at any IFAC meeting. Cor-
responding author is D. Efimov.

Preprint submitted to Automatica

of an interval observer is that in addition to stability
conditions, some restrictions on positivity of estimation
error dynamics have to be imposed (in order to envelop
the system solutions). The existing solutions in the field
[23,12,14,26] are based on the delay-independent condi-
tions of positivity from [18,2]. Some results on interval
observer design for uncertain time-varying delay can be
found in [28,12]. The first objective of this work is to
use the delay-dependent positivity conditions [13], which
are based on the theory of non-oscillatory solutions for
functional differential equations [1,9]. Next, two inter-
val observers are designed for linear systems with de-
layed measurements (with time-varying delays) in the
case of observable and detectable systems (with respect
to [13] the present work contains new result, Theorem
12, relaxed Assumption 1, and new examples). Efficiency
of the obtained interval observers is demonstrated on a
benchmark example from [23] and a delayed nonlinear
pendulum.

The paper is organized as follows. Some preliminaries
and notation are given in Section 2. The delay-dependent
positivity conditions are presented in Section 3. The in-
terval observer design is performed for a class of linear
time-delay systems (or a class of nonlinear systems in
the output canonical form) with delayed measurements
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in Section 4. Examples of numerical simulation are pre-
sented in Section 5.

2 Preliminaries

2.1 Notation

R is the Euclidean space (Ry = {r € R: 7 > 0}),

C! = C(]—,0],R™) is the set of continuous maps from

[-7,0] into R” for n > 1; C, = {y € C : y(s) €

R%, s € [-7,0]};

e 1, is an element of C? defined as x:(s) = z(t + s) for
all s € [-7,0];

e |z| denotes the absolute value of z € R, ||z||2 is
the Euclidean norm of a vector x € R", ||p|| =
SUPse(_rq) () |]2 for ¢ € CT;

e for a measurable and locally essentially bounded in-
put u : Ry — RP the symbol |[|u|f,+,) denotes its
Loo norm ||ul[fy ¢,y = esssup{||u(t)||2,t € [to,t1)},
the set of all such inputs v € RP with the property
I[w]]j0,4+00) < 00 will be denoted as LZ;

e for a matrix A € R"*™ the vector of its eigenvalues is
denoted as A\(A);

e [, and 0, «,, denote the identity and zero matrices of
dimensions n X n and n X m, respectively;

e aRb corresponds to an elementwise relation R € {<
,>,<,>} (a and b are vectors or matrices): for exam-
ple a < b (vectors) means Vi : a; < b;; for ¢, € C-
the relation ¢ R ¢ has to be understood elementwise
for whole domain of definition of the functions, i.e.
?(s) R p(s) for all s € [—7,0];

e for a symmetric matrix T, the relation T < 0 (T < 0)

means that the matrix is negative (semi) definite.

2.2  Delay-independent conditions of positivity

Consider a time-invariant linear system with time-
varying delay:

z(t) = Agz(t) — Arx(t — 7(¢)) + b(t), t >0, (1)
xz(0) = ¢(0) for —7<0<0, p€Cr,

where z(t) € R”, z; € CZ is the state function; 7 : Ry —
[T, 0] is the time-varying delay, a Lebesgue measurable
function of time, 7 € R is the maximum delay; b € L
is the input; the constant matrices Ay and A; have ap-
propriate dimensions. The matrix Ag is called Metzler
if all its off-diagonal elements are nonnegative. The sys-
tem (1) is called positive if for zy > 0 it has the corre-
sponding solution x(t) > 0 for all ¢ > 0.

Lemma 1 [18,2] The system (1) is positive iff Ao is Met-
zler, A1 < 0 and b(t) > 0 for allt > 0. A positive system
(1) is asymptotically stable for b(t) = 0 for all T € Ry
iff there are p,q € R} (p > 0 and q > 0) such that

pT[Ao— A1) +q" =0.

Under conditions of the above lemma the system has
bounded solutions for b € L7 . Note that for linear time-
invariant systems the conditions of positive invariance of
polyhedral sets have been similarly given in [8], as well as
conditions of asymptotic stability in the nonlinear case
have been considered in [6,7,3].

3 Delay-dependent conditions of positivity

Consider a scalar time-varying linear system with time-
varying delays [1]:

L(t) = ao(t)xlg(t)] — ar(t)x[n(t)] + b(t),  (2)
z(0) =0for 6 <0, z(0) € R, (3)

where ag € Lo, a1 € Lo, b € Loo, h(t) =t € Lo,
g(t) —t € Loo and h(t) < t, g(t) <t forallt > 0. For
the system (2) the initial condition in (3) is, in general,
not a continuous function (if z(0) # 0).

The following result proposes delay-independent posi-
tivity conditions.

Lemma 2 [1] (Corollary 15.7) Let h(t) < g(t) and 0 <
a1(t) < ag(t) for allt > 0. If z(0) > 0 and b(t) > 0
for allt > 0, then the corresponding solution of (2),(3)
x(t) >0 for allt > 0.

Recall that in this case positivity is guaranteed for “dis-
continuous” initial conditions. The peculiarity of the
condition 0 < a;(t) < ag(t) is that it may correspond to
an unstable system (2). In order to overcome this issue,
delay-dependent conditions can be introduced.

Lemma 3 [1] (Corollary 15.9) Let h(t) < g(t) and 0 <
Lag(t) < ay(t) for allt > 0 with

¢ 1 1
tselgi /h(t) [a1(§) — gao(f)]df <=

where e = exp(1). If x(0) > 0 and b(t) > 0 for allt > 0,
then z(t) > 0 for allt > 0 in (2), (3).

These lemmas describe positivity conditions for the sys-

tem (2), (3), which is more complex than (1), but scalar,
they can also be extended to the n-dimensional system

(1).

Corollary 4 The system (1) with b(t) > 0 for allt > 0
and initial conditions

x(0) =0 for —7 <6 <0, 2(0) € RY,
is positive if — Ay is Metzler, Ag > 0, and
0 S (AO)'L',i § e(Al)i,i < (AO)’L'J +?71

foralli=1,... n.
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Figure 1. Different positivity conditions for (2)

From these corollaries it is easy to conclude that the
delay-dependent case studied in Lemma 2 and Lemma
3 is crucially different from the delay-independent pos-
itivity conditions given first in Lemma 1, where in the
scalar case the restriction a; < 0 implies positivity of (1)
and the condition ag < a; according to Lemma 1 ensures
stability for any 7. These results do not contradict to
Remark 3.1 of [18], since (6) # 0 for —7 < 6 < 0 there.
A graphical illustration of different delay-independent
conditions (positivity from lemmas 1 and 2) and delay-
dependent ones (from Lemma 3, the stability conditions
are also satisfied in this case) for the system (2) is given
in Fig. 1 in the plane (ag, a1). It is worth stressing that
an extension of the positivity domain in Lemma 3 is also
achieved due to restrictions imposed on initial conditions
in (3).

In order to use the results of Lemma 2 and Lemma 3 it is
necessary to pass from discontinuous initial conditions
in (3) to continuous ones usually studied [31]. Further,
in this section we will be interested in the case

ap(t) = ag, a1(t) = a1, t =7 < h(t) <t, g(t) =t, (4)

where 7 > 0 is maximum delay. Now let us extend the
initial condition (3) with a continuous one (note that
all developments above can be easily adopted for piece-
wise continuous initial conditions, such a reformulation
is omitted for simplicity):

z(0) = ¢(8) for 0 € [-7,0], ¢ € C5 (5)
and consider the conditions providing delay-dependent
positivity for (2), (4), (5).

Remark 5 As mentioned in [21], the first delay interval
0 <t < T is important for delay-dependent conditions

giving solution bounds (and not just stability conditions).

Proposition 6 Let0 < ag <ea; < ag+7 1. Ifz(0) >
0, b(t) > 0 for allt > 0 and

b(t) > a1¢lh(t)] Vte{0<t<7T:h(t) <0},

then the corresponding solution of (2), (4), (5) satisfies
x(t) >0 for allt > 0.

PROOF. Consider the following system

2(t) = agz(t) — arz[h(t)] + b(t) + p(¢),
z(0) =0for 6 € [ 7,0), 2(0) = ¢(0),
o=y S

which is of the form (2), (4), (3) with z(0) = ¢(0) and
b(t) + ¢(t) > 0 for all t > 0 by the conditions. Since all
conditions of Lemma 3 are satisfied, then z(¢) > 0 for
all ¢ > 0. From another side, it is easy to check that the
solution of (2), (4), (5) z(t) = z(t) for all ¢t > 0.

The following extension for n-dimensional system (1)
can be obtained.

Corollary 7 The system (1) with b(t) > 0 for allt > 0,
x(0) € R, with a Metzler matriz —A;, Ag > 0 and 0 <
(Ao)ii < e(A1)ii < (Ag)ii +7 ' foralli = 1,.

has the corresponding solution x(t) > 0 for all t > O
provided that

b(t) > Arg(t — (1) Vit € [0,7].

Let us show how these conditions can be used for the
design of interval observers.

4 Interval observer design under delayed mea-
surements

In this section a useful inequality for interval analysis
and a statement of the problem are given. Next, a moti-
vating benchmark example from [23] is investigated, us-
ing the results of the previous section, in order to clarify
the main idea. Finally, a delay-dependent approach for
an interval observer design is presented.

4.1 Interval bounds

Given a matrix A € R™*" define AT = max{0, A},
A= = A" —Aand |[A| = AT+ A . Let x € R" be a
vector variable, x < x < 7T for some z, Z € R", and
A € R™*™ be a constant matrix, then [10]

Ate — A T < Az < ATT— A~ z. (6)



4.2 Problem statement

Consider a linear system with a time-varying delay:

(1) = Ao (t) + Ara[h(t)] + b(t), (7)
y(t) = Calh(t)] +v(?),

where z(t) € R", t — 7 < h(t) < t is a known time-
varying delay (¢t — h(t) € L), T > 0 is maximum delay,
xo € CZ; y(t) € RP is the system output available for
measurements with the noise v € L2 ; b € LT is the
system input; the constant matrices Ay, A1 and C have
appropriate dimensions. It is assumed that for given b
and h the system has a unique solution defined at least
locally. In the state and the output equations of (7) the
same delay is used, that corresponds to a delay-free sys-
tem with delayed measurements, for example, or a sys-
tem closed by an output-based feedback. The input b(t)
can be a function of control, and it can also contain a
delay.

Remark 8 Note that the results to be obtained for (7)
can be easily extended to the case with multiple delays:

+2Ax +b(t),
y(t) = Cualha(t )] v(t),

provided that h;(t) = t — 7;(t) and h;(t) < hq(t) for all
t > 0 (in this case an output injection y[t—;(t)+71(t)] =
Czlhi(t)] + v[t — 7(t) + 71(t)] can be used in observer).
A compact form (7) is used in the paper for brevity of
presentation.

( A(),’E

Assumption 1 There exist known functions z,,To €
CZ such that xy(6) < xo(0) < To(0) for all § € [T, 0].

The assumption about a known set [z, To] for the ini-
tial conditions xq is standard for the interval or set-
membership estimation theory [12,17,19,20,24]. We will
assume that the values of matrices Ag, A; and C are
known and the instant values of the signals b(¢) and v(t)
are unavailable.

Assumption 2 There exist known signals b,b € L7
and v, U € L such that b(t) < b(t) < b(t) and v(t) <
v(t) <o(t) for allt > 0.

Therefore, the uncertain inputs b(t), h(t) and v(t) in
(7) belong to known intervals [b(t),b(t)], [t — 7,t] and
[v(t),D(t)] respectively for all £ > 0.

It is required to design an interval observer,

such that z(t) < z(t) < Z(t) for all ¢ > 0 provided that
2y <x9<Tp,and z —z,T —x € LT, s > 0. A similar
problem has been studied in [23] but for constant delays.

4.8  Motivating ezample

Consider a motivating example introduced in [23], where
the problem of a 1-framer ! design has been posed for a
scalar system

i(t) = —a(t — ) (8)
with initial condition x¢ € C,. This system is globally
asymptotically stable if 7 < Z. It has been proven in
[23] (Proposition 3.2) that this system has no 1-framer
of the form

F(&) = Fié(t) + Fog(t —7),
G(&) = Hi&(t), G(&) = Hak(1), (9)

where & € C2 for any s > 1 and F;, H; (i = 1,2) are
matrices of appropriate dimensions.

Applying the result of Proposition 6, the system (8) has
positive solutions for a discontinuous initial condition
(3) with 2(0) > 0 if 7 < 1. Actually in this case it
has a non-oscillating solution which is asymptotically
converging to zero (since % < 5), and which does not
cross the zero level for all ¢ € Ry . Further, using the
result of Proposition 6, we can design a 1-framer for (8)

having the form (9) for ¢t > 7.

Claim 9 For the system (8) with any initial condition
9 €Cr and T < %, the system

&(t) = —z(t = 7) = 8(|[Fo — zol)),

z(t) = =2(t = 7) + 6([[To — zol]),
s ift<T,

o(s) = {0 otherwise

is a 1-framer, ie. z(t) < x(t) < T(t) for all t > 0,
provided that xo < x¢ < To, Zy,To € Cr, and x, T € L2.

PROOF. Introducing the interval estimation errors
e=x—xand e =T — z we obtain

—e(t —7) +4([[To — o),
= —e(t = 7) +0(|[Fo — Tol])

with e, > 0 and €y > 0. All conditions of Proposition
6 are satisfied for the equations describing the error dy-
namics with 7 < 1, then e(t) > 0 and &(t) > 0 for all
t>0.

o I

! The definition of a 1-framer can be found in [23], roughly
speaking it is an interval open-loop estimator independent

of y(t).



Therefore, a 1-framer of a form similar to (9) can be
designed for (8) with a restricted value of delay 7 < L (it
differs from (9) only on the interval [0, 7]). The results
of simulation for this example are given in Section 5.

Let us extend this idea of interval observer design to a
more generic system (7).

4.4 Delay-dependent conditions for interval estimation

The equation (7) can be rewritten as follows:

(t) = Aga(t) +

where L € R™*P is an observer gain to be designed.

(A — LC)x[h(t)] + Ly(t) +b(t) — Lv(t),

Assumption 3 There exist an invertible matriz S €

R™ " and L € R™*P such that S(A; — LC)S™! = Ry,
where Ry is a Metzler matriz and
R, = RJ{ + th RJ{ = diag[-T11,-- -, —T1n], R1 >0

with RJ{ is the diagonal matriz composed by all elements
on the main diagonal of Ry, 1, >0 foralli=1,...,n,
and Rzl 1s formed by the rest elements of Ry out of the
main diagonal.

The conditions of existence of such matrices S and L can
be found in [27], in particular Assumption 3 is satisfied if
the pair (A4;, C) is observable, then they can be expressed
as a LMI with respect to S € R"*™ and W € R"*? for
a fixed Metzler matrix Ry:

SA, —WC =R, S (10)

with L = S='W (if the matrix R; is considered as a
variable, then it is a bilinear matrix inequality; for its so-
lution a grid of admissible values of R; can be used with
posterior resolution of the LMI (10) for each candidate
of Ry). Under this assumption in the new coordinates
z = Sz the system (7) takes the form:

2(t) = Roz(t) + Raz[h(t)] + SLy(t) + 6(2),  (11)

where Ry = SAgS™! and B(t) = S[b(t) — Lv(t)] is a
new additive uncertain input, the initial condition zy =
Szg € C2 and

) S 20 S 207
where zy = STz, — ST and Zp = STTy — Sz, are
calculated using (6), z9,Zo € CZ. From Assumption 2
and the relations (6) we obtain that

B(t) < B(t) < B(t) V=0,

where f(t) = S*b(t) — Sb(t) — (SL)*o(t) + (SL)"u(t)
and B(t) = S*B(t) — S7b(t) — (SL)u(t) + (SL)o(0).

Then the following interval observer can be proposed for
the representation (11):

2(t) = Ry 2(t) — Ry z(t) + Ruz[h(t)] + SLy(t) + B(t) —
Z(t) = Ry Z(t) — Ry 2(t) + RiZ[h(t)] + SLy(t) + B(t) + 6
§=101,...,6n]"%, (12)
T, —zop4ll ft<T B
6i:{01 ’ otherwise ’ & L...n

with initial conditions z,,Zo for the variables z(t),z(¢)
respectively. Finally interval estimates for the variable
x(t) can also be obtained using (6):

t), (13)

which may be conservative, see discussion and improved
solutions in [29]. For all ¢ = 1,...,n denote

0,5 = (Ra—)11
Proposition 10 Let assumptions 1-3 be satisfied and

T0,i < eri; <7roq+ ?71

foralli=1,...,n. Then the relations

z(t) <z(t) <Z(t) Vt>0 (14)

hold for the system (7) and the interval observer (12),
(13). If in addition there exist symmetric matrices P €

R2n><2n} Y e RQTLX27L7 =c R2n><2n and © € RQTLXQTL such
that the LMIs

£6
=0, P=0,2>0, 20, (15)
e =
oTP+PP+S—-E © PP +E-0 7OI=
(€] -z =—-0 O2n x2n
<0,
eTP+z-0 -0 0+0T 2= 7oT=
T=Pg O2n x2n T=DP, —=
where
® R(J)r Ry R1 Onxn
0= _ 1= )
Ry RY Onxn R

are satisfied, then x — x, T —x € L2, .

PROOF. Introduce the interval estimation errors ¢ =
z — z and € = Z — z for the observer (12) and (11):

(t) +
(t)+96

e(t)=RJet) + Ry

&(t) = Ry e(t) + Ro e(t) + Relh(t)] + B(t) —

8
e(t) + Raelh(t)] + B(t) — B



which for any ¢ = 1,...,n may be rewritten as follows:

&;(t) =ro,ig;(t) — riae;[R()] + X, (t) (16)
+Bi(t) — B,(t) + di,

€i(t) =ro€i(t) — r108[h(t)] + X;(t) (17)
+8,(t) — Bi(t) + 6,

where

X(t Z(R 'L]j

j= 1J¢’L

Z R )i,kék(t +Z(RZ .7 J()
k=1 j=1

Xi(t) = Z (R wej(t)JFZR )i,k (t) + Z Vige;(t

J=Lj#i k=1 Jj=1

The relations 8;(t) — 3,(t) > 0, B, (t) — Bi(t) > 0 for all
t>0and § > 0 are satisfied by construction, for all
i =1,...,n. The signals x (t) > 0 and X;(t) > 0 for all
t>0 and i=1,...,n provided that e(t) > 0 and &(t) >
0. Note that for the systems (16), (17) all conditions of
Proposition 6 are satisfied due to the selection of §, thus
by induction if e(0) > 0 and €(0) > 0, this property is
preserved for all ¢ > 0:

Therefore, from (13) the required property (14) is valid.

In order to prove boundedness of © — x, T — x consider a
Lyapunov functional candidate from [25,16]:

VitG. =T Orcn + [ CTmcs
+T/ {7 ()5¢ (s)dsdb, (18)
—7 Jt46
where ( = { 1s the combined error vector of the
observer (12), and dynamics of ¢ have the form:

(1) = @, d.Clh
¢(t) C(t) + @1CR()] + 30— A1)

B(t)—ﬂ(t)] . [11 5

where the matrices ®¢ and ®; are defined in the propo-
sition formulation. The LMIs (15) imply stability of this
system [25,16], and boundedness of {(t) for any bounded
input.

The LMIs (15) ensure stability of (16), (17), they can be
modified [16] in order to ensure a desired gain from the
inputs 8— 3, 5—f to the estimation errors e, € optimizing
the interval estimation accuracy. Such a modification is
omitted for brevity of presentation.

Remark 11 The restrictions imposed in Proposition 10
on all matrices S, L, P, Y, Z and ©, which are needed to
design interval observer (12), are interrelated and non-
linear, therefore, it is hard to represent them in a LMI
form directly. It is proposed to decouple these conditions:
on the LMI (10) from Assumption 3 (if L and S are
fixed, then the matrices Ry and R; become given, and
vice versa) and the LMI (15) with respect to P, X, 2 and
©. Such a two step scheme can be iterated for different
selections of Ry, until a solution is found.

An alternative procedure can be provided assuming that
S =1, and Z = pP for some scalar tuning parameter
w > 0, then the above conditions can be rewritten as a
series of bilinear matriz inequalities:

C
P<I>17W|: +T>0,P>0, %0, T >0,
C
uwP © A(T Ay A1 Onxn
=0, &9 = Zoa = ,
© uP Ay Ag Onxn A1
ol'P + Pog + % — uP e Dy Tudd P
S} —X —uP uwP —o 02n x2n
T T T =0,
o7 pwpP—-—06 o+06T —2up &
TuP g O2n x2n ®3 —pP

c c
@Q:Pqnfw[ :|+HP—@,<I>3:?;L(P4>17W|:
c c

for symmetric matrices P € R?"*2" 3 ¢ R2x2n T ¢
R27%27 gnd © € R?™*2" Y and P should also be declared
diagonal, W € R*"*2P s a matriz block-diagonal vari-
able, then L = P~'W. For any fized value of ji the above
system becomes a LMI and it can be efficiently solved with
respect to L, P, ¥ and © (and W, T).

The result of Proposition 10 is based on a rather restric-
tive Assumption 3, that the matrix A; — LC is Hurwitz.
In many cases (if, for example, the output y measure-
ments are available with delays, but the system itself has
no delayed dynamics) this assumption cannot be verified
and may be relaxed as follows.

Assumption 4 There exist an invertible matrix S €
R™ "™ and L € R"*P such that

Q 15—
S(Al_Lc)S—IZlel Ql Ixn—I ‘|’
On—l><l On—lxn—l
SALS-! — 0p— l@m QO,Q] |
QO,S QO,4

Qo1 € R Qoo € RX™TH Qp 3 € RN
_ixn—1 A =T , =
Qoa ER"VT Q= Q1 +Qy, Qoa= Q(T)A + Q0 4»

where @I = diagl[-q1,1, ..., —q1,1]) with g1, > 0 for all
k=1,...,1,Q.>0,and 0 <1< n.



As before @J{, Q;SA are diagonal matrices composed by
all elements on the main diagonals of Q; and Qo,4 Te-
spectively, and @Zl, QE)’ , are formed by the rest elements
of @, and Qo 4 out of the main diagonals. In this case
it is assumed that some part of the system (7) cannot
be stabilized by a linear output injection. In the new co-
ordinates z = Sz = [T 27|T, 21 € R}, zp € R"! the
system (7) takes the form:

21(t) = Qoz(t) + Qrz1[h(t)] + Ary(t) + Ba (), (19)
Zo(t) = Qo,321(t) + Qo,az2(t) + Aay(t) + Ba(t),

where Q, = [Qo.1 Qo.2) and SL = [AT AT]T are the ma-
trices of appropriate dimensions; and the input 5(¢t) =
[BE(#) B3 (t)]T = S[b(t) — Lv(t)] with the initial condi-
tion 290 = [2g; 202]7 = Szo € C2 have the same form
and interval bounds as for (11). Then the following in-

terval observer can be proposed for the representation
(19) instead of (12):

gm=@&®—@7@+@gwm+mm>garw
Z1(t) = Qg 2(t) — Qo 2(t) + QyZ1 [h()] + Ary(t) + By (1) + &'
2y(t) = Qi 52, () — QusZ1(t) + Qf 42, (t) + (Qh 1) T 25 (1)

—(Qb,4) " Z2(t) + Azy(t) + B, (1), (20)
Z2(t) = Qi 5% 3Z1(t) — Qo324 () + Qo 432(75) + (on,4)+§2(t)
*(Qo,zl) 25(t) + A2y(t) + By(t),
ot=8t,..., 80",
52—{gL”VQk_ZQ”| ziigge,kzl,.l

with initial conditions z4,Z9p € CZ for the variables
2(t) = [2F (1) 28 (D], 2(t) = [ZL(t) 2X (t)]" respectively.
Finally interval estimates for the variable z(¢) can also
be obtained using (13). For all k = 1,..., denote

+
qo.k = (Qo )k k-

Theorem 12 Let assumptions 1, 2 and 4 be satisfied and
Go.k < eqir < qok +7!

for all k = 1,...,1. Then the interval observer (13),
(20) for the system (7) admits the relations (14). If in
addition there exist symmetric matrices P € R2x2n
¥ € R2X2n =2 ¢ R27X27 gnd © € R2"*2" sych that the
LMIs (15) are satisfied for

Qa1 Qo Qo2 Qo2
by | @1 Qi Qn Qo2 7
Qs Qos QLa+ (@67 (R4
Qus Qs Qo4 Qla+ Q)"
Q, Oixt Oixn—t  Oixn—i
o, — Orx1 Q. Oixn—t  Oixn—t ’

On—ixt On—ixi On—ixn—1 On—ixn—1t

On—ixt On—ixt On—ixn—1 On—ixn—1t

thenx —z,7 —x € L.

PROOVF. Introduce the interval estimation errors e =
z—z = el elTande = 7 — 2z = [e] 1|7 for the
observer (20) and (19):

(1) =Q e(t) + Qp e(t) + Quey [h(t)] + Br(t) — B,
&1 (t) = Qo e(t) + Qg e(t) + Qs [h(t)] + By () — B
Qz(t) = Q(J)r,3§1 (t) + Qo,sel(t) + [Q0,4 (Qé) 4)+]92(t)
H(@b.)ea(t) + Ba(t) — B, (1),
Ea(t) = Qi a8 (t) + Qoaer () + Q)4 +
H(Qb 1) "en(t) + By(t) — Ba(t).

+ B
B

(Qo 4) ]52( )

It is easy to see that positivity analysis for the variables
e, (t) and &, (¢) is similar to the one given in the proof of
Proposition 10, while for the variables e, (t) and e;(¢) the
positivity follows the fact that the matrix Q(JSA + (Q6,4>+
is Metzler by construction and the rest terms in the right-
hand side of é,, €, are nonnegative provided that e(t) > 0
and €(t) > 0. By induction, if e(0) > 0 and €(0) > 0,
then the relations e(t) > 0, €(t) > 0 are preserved for
all t > 0 [32]. Therefore, from (13) the inclusion (14) is
valid.

In order to prove boundedness of z,T consider a Lya-
punov functional candidate (18) from [25,16], where ¢ =

T
[Q? é? @% Eg} with

Br(t) — B,(0) ?

£ = @oc(t) + i) + | 1O AT T
Ba2(t) — B, (1) On—ix1
Ba(t) — Ba(t) On—ix1

and the matrices &g and ®; are defined in the theo-
rem formulation. The LMIs (15) imply stability of this
system [25,16], and boundedness of solutions for any
bounded inputs.



Remark 13 It has been assumed before that the delay
h(t) is time-varying and known, the latter restriction can
be relazed rewriting the equations (19) as follows:

21(t) = Qoz(t) + Qi 21[t — 7] + Q{z1[h(t)] — 21 [t — 7]}
+A1y(t) + Ba(t),
29(t) = Qo321 (t) + Qo,a22(t) + Aoy(t) + B2(t),

where as in [12] it is possible to calculate an interval
inclusion:

4,() SQu{z @) - 21t -7} < @, (),
0,()= win (@G -zl -7) + @il -2l -7},

sE[t—T

a() = max (@1l - 71l = 7) + Qi Eils] — 2l -7}

sE[t—T,t

provided that z,(0) < z1(0) < Z1(0) for all® > —7, where
q,(t) and q,(t) can be derived on-line. Then the term
containing uncertain time-varying delay Q,{z1[h(t)] —
z1[t — 7]} can be treated as a part of B1(t), and interval
observer (13), (20) can be applied taking into account
only the mazimal admissible delay T (see the pendulum
example in Section 5). Another approach that can be used
to treat uncertain time-varying delays (skipping q L (t) and
G, (t)) is presented in [28].

Remark 14 Though all results in the paper are formu-
lated for a linear system (7), they can also be applied to
nonlinear ones, provided that nonlinearities are functions
of measured outputs and inputs. Such a case is illustrated
by the pendulum example below.

5 Examples
5.1  Motivating example

To illustrate the result of Claim 9 for the system (8) let
us consider (7) forn =1

&(t) = u(t) +d(t), y(t) = z(t — 7(t)) + v(?),

where z(t) € R is the state, u(t) = sin(¢) is the system
known input, d(t) € [-0.1,0.1] is the input disturbance,
v(t) € [-0.1,0.1] is the measurement noise, and 7(¢) =
70932 (1 4 sin(0.5¢)) with 7 = t71-. We can rewrite this
system as follows:

z(t) = —x(t — 7(t)) + b(¢),
b(t) = y(t) + u(t) + d(t) — v(t)

with b(t) = y(t) +u(t) — 0.2 and b(t) = y(t) +u(t) +0.2,
where now z(6) = z(0) for all § € [-7,0). Assume that
[lzo]] < 5. For L = 0 and S = 1 the interval observer
(12) takes a form similar to the 1-framer from Claim 9,

Figure 2. The results of simulation for the motivating exam-
ple

and all conditions of this claim or Proposition 10 are
satisfied. The results of simulation for

d(t) = 0.1cos(3t), v(t) = 0.1sin(5¢t)

are shown in Fig. 2. The red solid curve represents a tra-
jectory of the system x(t), the blue and green dash-dot
lines correspond to the interval estimates z(t) and Z(t)
generated by the interval observer. As we can conclude
from Fig. 2, the inclusion z(t) < x(t) < Z(t) is ensured
for allt > 0, and asymptotically the width of the interval
[(¢),Z(t)] is proportional to the system uncertainty.

5.2 A pendulum example

Consider an example of (7) for n = 2

(1) = w2(t), y(t) = w1 (t — 7(1)),
&2(t) = 0.121(t) — 0.522(¢) — 0.35sin[z1 (t — 7(¢))]
+sin(1.25t),

where 0 < 7(¢t) < 7 is a delay of measurements and
1 < #(t) < 2 is an uncertain time varying delay in
the state equation (for simulation we selected 7(t) =
0.24+0.12sin(t) and 7(t) = 1 +sin?(2t)). The models of
nonlinear delayed pendulums appear in microgrid con-
trol systems [11]. Thus, in this case

0 1
’ Al = O»
0.1 —-0.5

h(t)=t—7(t), T =0.36, v(t) =0,

Ao =

b(t) = 0
| -035 sinfy(t — #(t) + 7(t))] + sin(1.25¢) |’

and Assumption 2 is satisfied for:

o) = " ,
minge(y,2){—0.35sinfy(t — 0 + 7(¢))]} + sin(1.25¢)

b(t) = 0 _
maxgei,2){—0.35sin[y(t — 0 + 7(¢))]} + sin(1.25¢)



Figure 3. The results of simulation for the delayed pendulum

The results of simulation in Fig. 3 show that for the
initial conditions ||z1p]| < 1, ||z20|| < 1 Assumption 1
is also satisfied. For L = [1 0]7 and S = I, the con-
ditions of Assumption 4 are verified, then z = x. The
LMIs of Theorem 12 are satisfied for the given value of
7 = 0.36. The results of simulation are shown in Fig. 3,
they confirm efficiency of interval estimation and valid-
ity of delay-dependent positivity conditions (the stabil-
ity conditions of Theorem 12 are satisfied for 7 < 1.3 in
this example, but for 0.37 < 7 < 1.3 the positivity con-
ditions of Proposition 6 are not satisfied and the interval
estimation cannot be guaranteed).

6 Conclusion

In the paper, new interval observers for linear time-delay
systems with delayed measurements have been designed
extending the theory of [23,12,14]. For this goal, new
delay-dependent positivity conditions for linear systems
with time-varying delays have been proposed. These con-
ditions are related with non-oscillatory behavior of so-
lutions [1]. They nicely complement the existing delay-
independent conditions of [18] (see Fig. 1). The results
have been applied for the benchmark system from [23].
Two interval observers have been proposed for the cases
of observable or detectable systems. The efficacy of ob-
servers has been illustrated by numerical experiments.
Extension of these results for the case of sampled-data
measurements is a direction of future research.
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