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Interval Observer Design for Estimation and
Control of Time-Delay Descriptor Systems

Denis Efimov, Andrey Polyakov, Jean-Pierre Richard

Abstract

The problem of interval observer design is addressed for a class of descriptor linear systems with time delays.
First, an interval observation for any input in the system is provided. Second, the control input is designed together
with the observer gains in order to guarantee interval estimation and stabilization simultaneously. Efficiency of the

proposed approach is illustrated by numerical experiments with Leontief delayed model.

Index Terms

Interval Observers, Descriptor Systems, Time-delay Systems

I. INTRODUCTION

The state estimation problem for uncertain models of industrial plants or biological systems has a great practical
importance [1], [2], [3]. The model uncertainty can be presented by unknown (possibly time-varying) parameters,
external disturbances and/or measurement noises. In such a way the designed estimator has to ensure a certain
robustness of generated estimates with respect to perturbations. Another issue is that the observer design is
structurally complicated in this case, since all uncertain terms should be either estimated simultaneously or avoided
in the observer equations (e.g. substituted by some known bounds).

In such a case an important characteristic appears dealing with accuracy of the generated estimates in the presence
of all perturbations (unknown parameters, exogenous disturbances, measurement noise). The problem of accuracy
evaluation is partially related with the problem of quantitative estimation of robustness. The difference is that usually
for robustness quantification a gain should be computed between the maximal amplitude of perturbation and the
maximal amplitude of response (the state estimation error in our case), while for accuracy evaluation the deviations
from the nominal values have to be computed as tight as possible. It is strongly appreciated in applications to
estimate this accuracy either off-line (during the design phase) or on-line using some numerical routines. The
set-membership estimation algorithms dispose this important advantage [4], [5], [6].

There exist many approaches to design state observers for uncertain systems [1], [2], [3], all of them are
heavily related with the type of the plant model. A special class of models is composed by the so-called (linear)
continuous-time descriptor systems (singular systems or differential-algebraic systems) [7]. Descriptor systems have
attracted much attention due to the numerous applications in economics (Leontief dynamic model) [8], in electrical
engineering [9], mechanical systems with constraints [10] or flow optimal control [11]. Another important class of
models is described by time-delay differential equations [12]. The problem of observer design for delayed systems
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is rather complex [13], as well as the stability conditions for analysis of functional differential equations are rather
complicated [14], [15]. Especially the observer synthesis is problematical if the model of a delayed system contains
parametric and signal uncertainties, or when the delay is time-varying or uncertain [16], [17], [18], [19], [20].

The present work deals with an intersection of these classes, i.e. with linear descriptor systems subject to a
constant time delay. An observer solution for this more complex situation may be demanded in many real-world
applications (economics, electrical circuits, flow control systems, and so on). Inclusion in a descriptor model of
(almost always presented) delay effects increases accuracy of modeling (among others, in the case of convection
effects in a fluid flow). In addition, a delayed descriptor system is a combination of two dynamics: a differential
equation with a difference equation (in the delay-free case, algebraic constraint is static), which enlarges the class
of physical phenomenon that can be modeled in this framework.

The proposed solution of estimation problem for these systems is based on the set-membership estimation
approaches [4], [5], [6], and in particular a design of interval observers [21], [22], [4], [23], [24], [25], [26]
is presented in this work. Some results have been obtained recently on synthesis of interval observers for time-
delay systems [19], [20], and the objective is to extend these design tools to the class of descriptor systems.
The advantages of the interval observers are that they are well adapted for observer design for highly uncertain
systems (if the intervals of admissible values for unknown terms are given) and that they are capable to provide
asymptotically rather tight bounds on the estimation accuracy, since the interval of admissible values for the state
at each instant of time is evaluated.

The outline of this work is as follows. Some preliminary results are given in Section 2. Problem statement is
presented in Section 3. Main results are formulated in Section 4. Numerical experiments and concluding remarks

are presented in sections 5 and 6 respectively.

II. PRELIMINARIES

In the rest of the paper, the following definitions will be used:

o R is the set of all real numbers (R4 = {7 € R: 7 > 0}), C is the set of complex numbers; C; = C([—7,0],R)
is the set of continuous maps from [—7,0] into R; C-+ = {y € C; : y(s) € Ry,s € [-7,0]};

e 1z is an element of C associated with a map z; : R — R"™ by x4(s) = z(t + s), for all s € [—7,0];

e |z| denotes the absolute value of z € R, ||z|| is the Euclidean norm of a vector x € R", ||¢|| =
Supe[—rq] |l¢(t)|| for ¢ € CF, |[A]| corresponds to the Euclidean induced norm for a matrix A € R"*";

o for a measurable and locally essentially bounded input v : Ry — RP the symbol ||ul|f, ;] denotes its Lo
norm ||ull, ) = esssup{||u(t)|],t € [to, 1]}, the set of all such inputs u with the property ||uljg o0y < 00
will be denoted as L5 ;

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

e 1, € R" is stated for a vector with unit elements, I,, denotes the identity matrix of dimension n x n;

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

o the relation P < 0 (P >=0) means that the matrix P € R™*™ is negative (positive) definite.

A. Descriptor linear systems

Consider a descriptor system
Ei(t) = Aoz(t) + Bu(t),



where z € R" and u(t) € L7 are the state and the input (the matrices £ € R"*", Ay € R™*™ and B € R"*"™),
which is called regular if the characteristic polynomial det(sFE — A) does not vanish identically for all s € C [27],
[28]. In the regular case there exist matrices P, Q) € R™*" such that

J 0

0 I, |’

where ng = n —ny for some 1 < ny <n, N € R"*" and J € R™*™ are in the Jordan canonical form, the
matrix N is nilpotent of index v (i.e. NV = 0 and NY~! # 0). The descriptor system (or the pair (E, Ag)) has

I, 0

QEP = ; QAP =

index that is the index of nilpotence v of N. If a descriptor system has index v > 1, then it admits impulsive

solutions.

B. Descriptor linear time-delay systems

Consider a descriptor time-delay system
Ei(t) = Agz(t) + Arx(t — 1) + Bu(t), (1)

where 7 > 0 is the delay and x(t) € R" is the state, zp € C' is the initial condition, u(¢) € L. The system (1)
has an index that is equal to the index of the pair (E, Ag). If v > 1 then the descriptor time-delay system has
impulsive solutions. If a regular descriptor system has index 1, then it can be presented in the following canonical

form (similar case has been considered in [27]), where

In
0 O

Denote in this case z = [z] z3]T, where z; € R™ and x5 € R". Note that this canonical representation is not

By
By

A Ap
Az Ay

y T —

,i=0,1. (2)

unique, indeed for any nonsingular matrix Y € R"™"2*"2,

i 0] 5
0 0

is again a canonical representation of (1) in the same coordinates z. If it is assumed that det(Ag4) # O (that is the

By
T By

Ain Ap
TA;z TAy

E= = ,i=0,1

3 7

case considered below), then (2) can be selected in the following form for T = —Aa41:
I, O B A A A A
B N B = 1 Ay = 01 02 A = 11 2| 3)
0 0 By Aoz —1Ip, A1z A

Proposition 1. [27] Assume that det(Aps) # 0 and xo € CI, then for any u(t) € L2 an absolute continuous
solution (see [9]) of (1) exists for all t € Ry and it is unique.

The notion of (global) asymptotic stability for (1) is understood in the standard for time-delay systems sense
[12].

Proposition 2. [27] Assume that det(Aps) # 0 and maxi<i<n, |)\Z-(Aa41A14)\ < 1. If there exist P € R"*",

P 0
P, P

P= , P =P/ =0, P, c R"*™ Py cR"™¥" 4)




and U € R™", U = UT = 0 that satisfy the following LMI for some ~y > 0:

v P'B  PTA,
B'™P —4?I,, 0 <0,
ATP 0 -U
U =PlAy+ AP+ U + 1,

then the system (1), (2) is globally asymptotically stable for v = 0 and any delay T > 0, in addition its H, gain

from the input u to the state x is less than ~.

C. Positive descriptor linear time-delay systems

Positive (nonnegative) or cooperative (monotone) models [29], [30], [31], [32] have a large area of applications

for description the systems of different nature in biology, economics, chemistry efc.

Definition 1. A regular descriptor system (1) with index 1 is called positive if the restrictions g € C?,, u(t) € R}
for all ¢ > 0 imply that 2(¢) € R”} for all ¢ > 0.

The generic results on positivity of the descriptor linear systems (without time delays) and their stability results
are presented in [28], [33]. In the regular case with index 1 they can be seriously simplified [33]. In the spirit of
these results, for time delay systems the following extensions can be obtained. For this purpose recall that a matrix
A is called Metzler if all its off-diagonal elements are nonnegative, a matrix A is called nonnegative if A > 0

(elementwise).

Proposition 3. For a regular descriptor system (1) with index 1, written in the canonical form (2) with det(Ao4) # 0,
the following properties are equivalent:

(a) it is positive;

(b) there exists representation (2) such that Aoy is Hurwitz, Ag is Metzler and Ay, B are nonnegative;

(¢) Ao is Metzler and A, B are nonnegative in (3).

Proof. (b) = (a). In this case the system (1) can be presented as follows:

:i:l(t) = Apz (t) + Aogxg(t) + Aj121 (t — T) + Algxg(t — T) + B1u(t),
0 = Aogl‘l (t) + A04ZL‘2(t) + Alga?l (t — ’7') + A14l‘2(7§ — ’7') + Bgu(t)

with initial conditions zg = [a:{o J:2TO] € C?,. According to [29], [32], z1(t) € R’ for all t > 0 with 19 € C}'}
provided that Ag; is Metzler, the matrices By, Ag2, A11 and Ajo are nonnegative, and x5 (t) € R’f forall t > —7.
The latter condition is satisfied for xog € C'3 if Aoy is Hurwitz and Metzler matrix (in this case Agj < 0 [34)),
the matrices By, Aoz, A13 and Ay4 are nonnegative, and x(t) € R for all t > —7:

zo(t) = —Ag}[Aoszr(t) + Arzzi(t — 7) + Argza(t — 1) + Bau(t)].

Summarizing all these restrictions on matrices we obtain that Ay should be Metzler with a Hurwitz block Aoy,
A; > 0and B > 0 in (2). Therefore, z1(t) € Ry for all ¢ > 0 if g € C7, and u(t) € R, z2(t) € R’? for all
t > 0; while x2(t) € Ry for all ¢t > 0 if zp € C?, and u(t) € R, x1(t) € RY? for all £ > 0. Consequently, the
conditions xo € C, and u(t) € R for all t > 0 lead to x(t) € R”} for all ¢t > 0.

(a) = (c). If det(Apyg) # 0 in (2), then without loosing generality we can select (3) with Agy = —1I,,,. The

claim for the variable z; has been proven in [29], [32] (considering x5 as a nonnegative input for all £ > —71),



then a proof for the variable x5 follows similar arguments (the idea is that if Ay is not Metzler for Aoy = —1I,,, or
Ai, B have a negative element, then there are o € C?,, u(t) € R such that x(t) takes a negative value at some
time instant).

Obviously (¢) = (b) since (3) is a variant of (2). d

D. Interval arithmetic

The following lemmas have been proven in [22], [21]. Given a matrix A € R™*", define AT = max{0, A}
(elementwise), A~ = A"t — A (similarly for vectors) and denote the matrix of absolute values of all elements by

A = A+ + A~

Lemma 1. Let x € R"™ be a vector variable, x < x < T for some x,T € R", and A € R™*" be a constant matrix,
then
At — A T <Az < AT — A z.

Lemma 2. Let A < A < A for some A, A, A € R™" and x < x < 7 for some z,T,x € R", then

Atzt — Z—Fg* —A T T+ AT <Ax< Atz — AT — A szt + Az

III. PROBLEM STATEMENT
In this work we will consider an extended version of the descriptor time-delay system (1)

Ex(t) = Aoz(t) + Aix(t — 1) + Bu(t) + d(t), 5)
Cx(t) + v(t),

<

—~
<~

~

where as before 7 > 0 is the delay and x(¢) € R™ is the state (with initial conditions xo € C?); u(t) € LY is the
control signal; d(t) € L™ is a disturbance; y € RP is the output signal available for measurements; v(t) € L5 is
the measurement noise. The constant matrices F, Ay, A;, B and C have appropriate dimensions. The following

restrictions are imposed on (5). The case of multiple delays can be incorporated using the results of [27].
Assumption 1. The system (5) is regular with index 1 and presented in the canonical form (2) with det(Ao4) # 0.
Assumption 2. The state x(t) is a bounded function of time (i.e. x(t) € L)

Assumption 3. There is a known constant V' > 0 such that ||v;]| |[0700) <V forall 1 < i < p, there exist two known
functions d,d : Ry — R", d(t),d(t) € L, such that d(t) < d(t) < d(t) for all t > 0, and there exist x,, Ty € C*
such that o < xo9 < Top.

The first assumption claims that the system (5) is regular and it has no impulsive solutions. It is also indicated
that (5) is transformed to the canonical representation (that is always possible for a regular systems with index
1). In the second assumption, boundedness of the state is imposed, which is a typical restriction in the estimation
theory. In the third assumption it is assumed that the noise is bounded by V' and the lower and upper bounds for
d(t) are given (an interval of admissible values for d(t) at each instant of time ¢ > 0).

The objective is to design an interval observer for (5), i.e. a dynamical system

Eé(t) = F(zt,yt,u(t),V,d(t),E(t)), 20 € Cﬁ? k>0,
x(t) = H(ze,yp, ult), V,d(t), d(t)), T(t) = H (2, e, u(t), V. d(t),d(t)),



where F, H, H are some functionals and £ € R***, such that z(t) < z(t) < T(t) for all t > 0 provided that
2o < 20 < To. In addition, if limy o |[d(t) — d(t)|| = lims 400 |[v(2)]| = O, then limy_, oo ||z(t) — Z(t)|| =

limy 4 o0 ||2(t) — F(t)]| = 0.

IV. MAIN RESULTS

First of all note that for any L1, Lo € R™*P the system (5) can be rewritten as follows:

Ex(t) = Aoz(t) + Ar1x(t — 1) + Bu(t) + d(t) + L1(y(t) — Cz(t) — v(t))
+Lo(y(t —7) = Cax(t —7) —v(t — 7)) (6)
= (A() — LlC):c(t) + (Al — LQC)l’(t — T) + Bu(t) + (S(t) + Lly(t) + Lgy(t — T),

where §(t) = d(t) — L1v(t) — Lov(t — 7), and using the result of Lemma 2, for all £ > 0:

8(t) < 8(t) < 3(t),
8(t) = d(t) — (|1La| + |L2])1pV; 0(t) = d(t) + (|La| + [L2])1, V.

Below, two sets of conditions for L; and Lo are considered with two different interval observers. Next, we will
skip the requirement of Assumption 2 that the state z(¢) is bounded, and in addition to L;, Ly we will design a
control u(t) dependent on the interval estimates z(t), Z(¢) providing the state x(¢) stabilization, as it has been done
in [21], [35] for ordinary differential equations and time-delay systems (with the delay in the input channel only).

Further, denote

C=[CCy, L; =

where C7 € RPX™ Oy € RPX"2 [, € R™*P and L;9 € R™2%P,

A. The case of a positive system

Actually we will not assume explicitly in this subsection that z:(¢) € R’} and that (5) is positive, but the conditions
imposed on L1 and Lo imply that the linear part in (6), i.e. the matrices Ag — L1C, A1 — LoC and B, is positive.

Consider the following interval observer:
Ez(t) = (Ao— L1O)x(t) + (A1 — L2C)x(t — 1)
+Bu(t) +6(t) + Liy(t) + Lay(t — 7), @)
Ex(t) = (Ao — LiO)T(t) + (A1 — LaC)z(t — 7)
+Bu(t) +6(t) + L1y(t) + Loy(t — 7)

with initial conditions x, To given in Assumption 3. As we can conclude from (7), the dynamics of x(¢) and Z(t)

are independent.

Theorem 1. Let assumptions 1-3 be satisfied, Ag—L1C' be Metzler with a Hurwitz block Agy—L12Cs, and the matrix
Ay — LyC be nonnegative. Then in (5), (7), z(t) < z(t) < Z(t) for all t > 0. In addition, if maxi<i<p, |\i([Aos —
L12Cs] 7 [A14 — LaoCs))| < 1 and there exist matrices P € R™ ™ of the form (4) and U = UT € R™ " that for



some vy > 0 satisfy the LMIs

\\J PT PT(A1 — LQC)
P 221, 0 <0,
(A1 — LyO)'P 0 U

U = PT(Ag— L1C) + (Ag — LiC)'P+U+1I,, U >0,

then z(t),Z(t) € L7, for any T > 0 and an Hy, gain from the inputs § — & and § — § to the state estimation errors

r — x and T — x, respectively, is less than .

Proof. Since all conditions of Proposition 1 are satisfied, the solutions of interval observer (7) are unique, absolutely
continuous and well defined for all ¢ > 0. Let us introduce into consideration the lower and upper estimation errors

e=x —z and € =T — x, which yield the algebraic-differential equations:

Ee(t) = (Ao — L1O)e(t) + (A1 — LaC)e(t — 7) +6(t) — 4(1),

Ee(t) = (Ao — LiC)e(t) + (Ar — LoC)e(t — 7) + 6(t) — 5(t).

Under introduced conditions, these equations are independent and describe positive descriptor linear time-delay
systems due to Proposition 3,(b). Since §(t) — §(¢) > 0 and 6(t) — §(t) > 0 by construction for all ¢+ > 0, then
e(t) > 0, e(t) > 0 for all ¢ > 0 provided that e, > 0, ey > 0, which imply the required interval estimation of
x(t) by z(t), z(t). Boundedness of z(t),Z(t) follows the result of Proposition 2 under the LMI introduced in the
theorem formulation and boundedness of z(t), v(t), d(t), d(t) and d(t). O

Remark 1. Note that the result of Theorem 1 means that if §(¢) — §(t) — 0, 6(t) — 6(t) — 0 with t — +o0, then
z(t) — x(t) < T(t) asymptotically.

Note that the LMIs introduced in the formulation of Theorem 1 imply Hurwitz property of Aoy — L12C5 and
they can be rewritten in the form suitable for solution with respect to L; and Lo.

Corollary 1. If there exist p > 0, matrix variables W1 € R"*P, Wy € R"™*P, Q € R™*™ having a generic
structure, diagonal matrices S, P € R™*" satisfying the following LMIs
v PT  PTA; —WhC
P —2I, 0 <0,
ATp — Cctwrl 0 -U
U =PlAg+ AP — W, C — C™W] +U + I, U = 0,
In, AT Py — CIWE, ] o
P3Ayy — WaCs Q
Q + 1Py, + (P3Ags — Wi2Ca) + p(AfPs — CIWT,) =0, ©)
PTAg—W1C+ S >0, PTA; — W»C >0, (10)
W11],W2_ [Wm
Wig Wao
P, >0, Py >0, P=diag[P,Ps]; S>0, Q> 0,

®)

Wy =

9

then Ly = P~'W,, Ly = P~'Wy are the required observer gains, which yields all restrictions of Theorem 1.



Proof. The restriction of Theorem 1

12&); ’)\ ([A04 — ngcg]_l[AM — L2202D| <1 (11D
can be equivalently rewritten as follows [A14 — LQQCQ]T[A04 - ngcg]iT[A(M - ngcg] [A14 — LQQCQ] < 1I,,.
Let Q = 0 be such that P3Q ' P3 = [Ags — L12C5]) " T[Ags — L12C5] 71, then the inequality
I A1y — Loy Co)TP.
[A14 — LaoCo) ' PsQ ' P3[A1y — LooCo] < Iy, & " s = Lol Py =0
P3[A14 — LgyCh] Q

implies (11). On the other hand, P3Q'P3 > [Agy — L12Co] T [Ags — L12C5)~! is equivalent to P?)_IQPS_1 =
[Ags — L12C5][Aps — L12Co)T or

Q =< [P3Agy — P3L12C5][P3Agy — P3L12Cs)T. (12)

Since (X — Y)(X — Y)T = 0 for any matrices X and Y of the appropriate dimensions, then XY 7 + YV X7 <
XXT+YYT and for X = —[Ags — L1205] and Y = pul,,,, > 0 we obtain

—u[P3Ags — P3L19Cy) — pu[P3Ags — P3L12Cs]" < [P3Aos — P3L12Co)[PsAgy — P3L12Cs)" + 21,
In this case, the inequality
Q = —p[PsAos — P3L1205) — pu[PsAgs — P3sL12Cs) — pi°T

implies (12). Finally, introducing new variables W1 = PL; and Wy = PL9 we obtain the proposed series of
LMIs. O

In Corollary 1 the matrix P is defined diagonal (i.e. P; € R™*™  P3 € R™*" are diagonal while P = 0 that
is a restriction with respect to (4), which is however natural for nonnegative systems [34]). The LMIs (8), (9) imply
the restriction max <j<p, |Ai([Aosa — L12C2) 7 [A14 — L22Cs])| < 1, and (10) ensures that the matrices Ay — L1C,
Ay — LsC' are Metzler and nonnegative respectively.

B. The case without restriction on A1 — LoC

In this part we would like to relax the restrictions introduced in the previous subsection for L; and Ls. For this

purpose consider another interval observer:

Ei(t) = (Ao— L1C)z(t) + (A1 — LeC)Ta(t — 1) — (A1 — LeO) " Z(t — 7)

+Bu(t) + 6(t) + L1y( ) + Loy(t — 7), (13)
EZ(t) = (Ao— LiC)T(t) + (A1 — LeC)TZ(t — 7) — (A; — LoC) " z(t — 7)

+Bu(t) + 6(t) + Liy(t) + Loy(t — 7)

with initial conditions z,Zo from Assumption 3. In this case the dynamics of z, T are interrelated in (13) and the

matrix A; — LoC may have negative elements.

Theorem 2. Let assumptions 1-3 be satisfied and the matrix Ay— L1C' be Metzler with a Hurwitz block Agy— L12C5.
Then in (5), (13), z(t) < x(t) < Z(t) for all t > 0. If maxj<i<an, |)\i(Aa41A14)| < 1 and there exist matrices

Pc R2n><2n
P 0

P, P

P= , PL=Pl~0, P, e R?mX?1_ p; c R2M2X2n2 (14)




and U = UT € R?"?" that for some ~ > 0 satisfy the LMIs

o PT  PTA
P —2L, 0 |=<0,

ATP 0 U
Aq A
U=P AN+ ANP+U+1I, Us0, A= | " 2| i=1,2
Nz Ay
[ Aot — L11Cy 0 ] [ Aga — L11Cs 0 ]
Aor = Moz = ’
I 0 Aor — L1iCh | I 0 Agz — L11Ch |
[ Apz — L12C1 0 ] [ Aps — L12Cs 0 ]
Aoz = , Aoy = ;
I 0 Aoz — L12Cy I 0 Ags — L12Cs
Ayp = (A11 — Lo1Cy)T (A1 — LanCh)™ _ Ag = i (Aig — Lo1C2)T (Aig — La1Co)~
(A1 = La1C1)™ (A — LaaCh)* | ’ | (A2 — Lo1Co)™ (A1 — LanCo) ™ ’
A13 _ (A13 - LZQCI)+ (A13 - L2201)7 A14 _ (A14 — LQQCQ)+ (A14 — LQQCQ)i
(A13 — LaaCy)™ (A1 — LoCh)t | ’ | (Arg — L22Ca)™  (Aua — LosCo)t |’

then z(t),T(t) € LY, for any T > 0 and an H, gain from the inputs § — 6, § — & to the state estimation errors
T —x, T —x is less than .

Proof. Again, all conditions of Proposition 1 are satisfied, then the solutions of interval observer (13) are unique,
absolutely continuous and well defined for all £ > 0. The dynamics of the lower e and upper € estimation errors

admit the algebraic-differential equations:

Ee(t) = (Ao — LiC)e(t) + (A1 — LeO)Te(t — 7) + (A1 — LoC) et — 1) + 0(t) — (1),
Ee(t) = (Ag— LiC)e(t) + (A1 — LoC) 8(t — 7) + (Ar — LoC)~elt — ) + 5(t) — 6(8).
Introducing the partition e = [e] el]T, & = [e] €I]T and similarly for §,d,5 we obtain:
e (t) = (Aot — Li1Cr)e, (t) + (Aoz — L11C2)ey(t) + (A1 — L21C1)+§1(t —7)+ (A2 — L2102)+§2(t -7)
+(A11 — La1Ch) e(t — 1) + (A2 — La1Co) " ex(t — 7) + 61(t) — 0, (),
0 = (Aoz — L12C1)e, (t) + (Aos — L12C%)ey (t) + (A1z — L2aCi) Ve, (t = 7) + (Ara — Lo2Co) ey (t — 1)
+(A13 - LQQCl)_él (t — 7') + (A14 — LQQCQ)_EQ(t — 7') + 52(t) — éz(t),
e1(t) = (Ao —LuCh)e(t) + (Aoz — L11C2)ea(t) + (A1 — L1 C1) T (t — 7) + (A1 — LaonCo)Tea(t — 7)
+(A11 — LaaC1) e (t — 7) + (A12 — L21C2) ey (t — 7) + 01(¢) — 61(2),
0 = (Aoz— Li2C1)er(t) + (Aoa — L12C2)ea(t) + (A1z — LaoChr)  er(t — 7) + (Ara — L2202)+€2(t -7)

“F(Ald - LQQCl)_Ql (t — T) + (A14 — LQQCQ)_gz(t — T) + SQ(t) — 52(t).

T

Introducing a common error vector € = [e] €] el €3] we can rewrite the dynamics of ¢ in the descriptor form:

SE(t) = Age(t) + Ave(t — ) + p(t), (15)



where p(t) = [(51(t) — 8, (6))" (B1(t) — 51(£)" (82(t) — 8,(1))" (Ba(t) — 52())"]T € R2" for all ¢ > 0,

I
s | O
0 0

It is straightforward to check that for the partition € = [e] €1]T with ¢ € R* and e € R*" the descriptor
time-delay system (15) is in the canonical form (2), and due to Proposition 3 and the structure of Ag, A; the
system (15) is positive (if the matrix Ag — L1 C is Metzler, then the blocks Agy — L11C4, Agqy — L12Co are Metzler
and Agy — L11Co, Ags — L12C1 are nonnegative). Thus p(t) > 0 for all ¢ > 0, then €(¢) > 0 for all ¢ > 0 provided
that ¢p > 0, which is equivalent to the required interval estimation of x(¢) by z(t),Z(t). Since det(Ags) # 0 if
det(Aps — L12C5) # 0, then boundedness of €(t) follows from the result of Proposition 2 under the LMI introduced
for the system (15) in the theorem formulation and boundedness of z(t), p(t) (the latter is bounded if v(t), d(t),
d(t) and d(t) are so0). O

Contrarily to Theorem 1, the restriction Ay — LoC' > 0 is not imposed in Theorem 2, the price for that is
more complicated equations of interval observer (check (13) with respect to (7)) and more sophisticated matrix
inequalities. The restrictions of Theorem 2 can also be presented as a series of LMlIs as in Corollary 1 for Theorem

1 since the conditions of these theorems are similar (this result is skipped for brevity).

Remark 2. The conditions of Theorem 2 may be relaxed asking existence of a transformation matrix S € R™*™
such that S~1(Ag — L1C)S is Metzler, the conditions of such a transformation matrix existence can be found in
[24] (for Theorem 1 such a relaxation is more complicated since in that case in the new coordinates it is necessary
to ensure that S~1(Ay — L1C)S is Metzler and S~!(A; — LoC)S is nonnegative).

Remark 3. Finally note that a bounded function d(-) can be dependent on measured output y and input u in a
nonlinear fashion, which does not change the applicability conditions of theorems 1 and 2 provided that d(¢) and
d(t) can be constructed. Thus the proposed interval observers (7) and (13) can be applied for estimation of uncertain
nonlinear differential-algebraic systems. The delay 7 can also be considered time-varying and uncertain under a

mild modification of the structure of observers (7) and (13) in the way it has been proposed in [20].

C. Stabilization of descriptor time-delay systems using interval observer (7)

In this subsection we will try to skip Assumption 2 and, in order to simplify the presentation, we will consider

the case of interval observer (7) only (similar results can be obtained for (13), they are omitted for compactness).

In Theorem 1 the gains L; and Lo have been used to guarantee the properties of positivity and stability for
the dynamics of estimation errors e(t),€(t). The positivity property has been obtained uniformly in w(t). Thus the
control design can be applied in order to ensure boundedness of the observer estimates z(t),Z(t), that in its turn
(z(t) < z(t) < z(t) for all ¢ > 0) will provide boundedness of x(¢). An advantage of this approach is that the
system (5) is uncertain and the state of that system is not measured, while the observer (7) is a completely known
system with the accessible state z(¢),Z(¢) [21]. A drawback is that the dimension of the state for (7) is 2n, while

the dimension of the control is m, similarly to (5).

It is also necessary to take into account that for stabilization of z(t),Z(¢) in (7), the signals y(¢) and y(¢t — 7)
form a kind of functional perturbation, which is globally Lipschitz with respect to z(t),Z(¢). Indeed, from the



relation z(t) < z(t) < Z(t) we have

i) < max{la (8], [7:(8)]} V1<i<n,
i < lm@P + @@ v1<i<n,
le@ll < VIlz®I? + [[Z0)]? < V2max{]lz@)]], 0]},

then ||y(t)|] < ||C||v2 max{][z(t)|], [[(t)]]}.
Take
u(t) = Kyz(t) + K1z(t) + Koz(t — 7) + Koz (t — 7) — Ryy(t) —

Royy(t —7) (16)

for some matrices K, K; € R™*", R; € R™*P with i = 1, 2. The idea of introduction of R, and Ry is to minimize
the influence of y(t), y(t — 7) on the dynamics of z(t),Z(t) in (7), i.e. to minimize the norm of F; = L; — BR;.

In a similar way, a term can be introduced in w(t) in order to reduce the influence of &(t),(t).

Theorem 3. Let assumptions 1,3 be satisfied, the matrix Aqg — L1C be Metzler with a Hurwitz block Aoy — L12Co
and the matrix Ay — LoC' be nonnegative. Then in (5), (7) with the control (16), z(t) < x(t) < Z(t) for all t > 0.
If maxi<j<n, |)\i(Aa41A14)| < 1 and there exist matrices P € R*"*2" of the form (14) and U = UT €
that for v < [[|C]|2v2(|| ]| + || [ )]

R2n X2n

satisfy the matrix inequalities

) pPT PTA,
P L, 0 =<0,
A{P 0 -U
AV EVAV)) .
=P A+ AP+ U+ Iy, U0, A; = ‘ ol i=1,2,
Ai?) A’L'4
Ans — [ Aor — L11C1 + B1K BiK1 Ay — [ Aoz — L11C2 + B1K |, B1K12
01 = — 02 —
i B1K,, Aor — L11C1 + B1 K11 | i B1K,, Aoz — L11C2 + B1 K12 |
Ane — [ Aoz — L1201 + Bo K 4 BaKn1 Ay — [ Aos — L12C> + B2 K |, BaK12
03 = — 04 —
L B:K Aoz — L12C1 + Ba K11 | B2 K, Aos — L12C3 + B2 K12 |
A | An - LG+ BIK,, BiKx A | A2 = LnCe + BiK,, BiKa2
11 — —_ 12 —_
i B1K,, A1 — L21C1 + B1 Koy | i B1K,, A1z — L21Cy + B1 K2 |
Ave — [ Ay — LonCy + By K, BsKa Avs — [ Ay — LaCo + B K, BsKao
13 = — 14 —
i B2 K,, A1z — L22C1 + Ba Koy | B K, A14 — L2oCy + Ba K22 |

then x(t), z(t),

and to the state x is less than \/ﬁ’y.

z(t) € LY for any T > 0 and an H gain from the inputs 9, & to the states x,

T is less than ~y

Proof. Substitution of the control (16) into equations of the interval observer (7) gives:

Ei(t) = (Ag— LiC+ BK,)z(t) + (A; — LoC + BK,)z(t — 1)
+B[EK 1 Z(t) + KoT(t — 7)) + 8(t) + Fay(t) + Fay(t — 1),

Ez(t) = (Ao— L1C+ BK1)Z(t) + (A1 — LyC + BK2)z(t — 7)
+B[K z(t) + Kox(t — 7)] + 0(t) + Fiy(t) + Fay(t — 7).

Introducing partition of matrices K ;, K;, F; on the corresponding blocks with dimensions n; and nz, and denoting

the common state vector by £ = [z] Z] 2] Z1], we can rewrite the dynamics of z(¢), Z(t) in the descriptor canonical



form:

SE(t) = Nob(t) + A&t — ) + plt, ve), (17)
where (t, y) = [(8;(t) + Fi1y(t) + Fory(t — 7))7 (61(¢) + Fray(t) + Fay(t — 7))7 (85(2) + Fiay(t) + Faoy(t —
)T (82(t) + Fray(t) + Fooy(t — 7))T]T € R?",

¥ = [ Ly 0 ] .
0 0

Since the signals §(t),d(t) are bounded and ||y(t)|| < v/2[|C]|||£(t)||, then the input x can be considered as a
globally Lipschitz nonlinearity with the gain v, = ||C||2v/2(||Fy|| + || F||). If it is possible to ensure stability
of the system (17) with an Ho, gain y from the input x to the state £ such that v <, 1 then by the standard
small-gain arguments the system is asymptotically stable if §(¢) = 6(¢) = 0 for all ¢ > 0, and it has an H,, gain
7 from the input [§(t)T §(¢)T]T to the state £(¢) [36]. Following Proposition 2, the conditions of these stability
properties are fixed by the matrix inequalities introduced in the theorem formulation. Similar properties for z(t)
follow. O

In order to calculate L;, K;, K;, i« = 1,2 the conditions of Theorem 3 can be decoupled. First, asking for L;
such that Ay — L1C is Metzler and Hurwitz and A; — LoC' is nonnegative and Schur stable. Second, looking for
K, K; such that the LMI in the formulation of Theorem 3 is satisfied (applying a technique similar to Corollary
1).

V. SIMULATIONS

In this section, three examples of numerical experiments are given for the interval observers (7) and (13). Note
that on a finite time interval used for simulation the class of inputs L., is included in Lo (assuming that inputs

d(t) and v(t) equal zero after the end of simulation).

A. Leontief delayed model

In economics, the Leontief model is a quantitative technique representing the interdependency between production
of different commodities [37], [38], [8]. Using designations of (5), x; represents production of ith commodity, Ag— I
represents the rate of production of commodities, ' corresponds to stock placement of commodities, A; may give
the influence of the past production, the input Bu(t) corresponds to the known supply rate and the disturbance
d(t) presents the supply uncertainty, y corresponds to the productions of commodities available for evaluation, v(t)
is the error of such an evaluation. It is required to reconstruct the vector of production of all commodities . For
simulations we will use in this section

-9 1 3 2 1 -1 0 0 0 1
1 4 -8 2 3 2 1 0O 1 0 1 0
A=l 11 101 4 | A= -1 002 2 2,
0 1 2 —10 0 0 0 2 1 0
1 1 0 0 —10 -1 1 0 0 2
I
E=|" %1 B=1, c=10,0,00,
0 0
sin(bx1 + t)
cos(t) .
d(t)y =10 sin(2x3) , u(t) =1+40.25 sin(i), v(t) = Vsin(25t), § = 0.5, V. =0.2, 7 = 0.1,
sin(3z2)

cos(4t)



Figure 1. The results of simulation for Leontief model

where d is unknown (the model uncertainty) and only the value of § is available. The system is nonlinear since d
depends on x. Take

17.39 —1.62
0.37 —0.027

L, = 0.074 |, La=| —0.125 |,
—0.02 —0.026
0.078 —0.12

then d = —615 = —d and the LMI of Theorem 1 is satisfied for v = 3/3, P = diag[1.06,4.05, 4.59, 5.86, 10.1]

and
10.81 0.04 —-0.02 -0.1 0.21

0.04 262 —-0.81 -0.88 —0.77
U=| -0.02 -081 366 —0.78 —-0.78
-0.1 —088 —0.78 4.74  0.05
0.21 —-0.77 —-0.78 0.05 6.91
All conditions of this theorem are valid and the results of interval observer (7) application are given in Fig. 1, for
the unmeasured commodities z2—x5 (the initial uncertainty for each z; has been assumed in the interval [0, 30]). In
each figure red lines correspond to the coordinates x;, blue and green lines represent z,; and x; respectively. Due
to presence of the system uncertainty (5(t) — d(¢) # 0 in (6)) the estimates x;, Z; do not converge to the real states
x;, but they provide an interval estimate of the state with accuracy proportional to ~.

B. Academic example: estimation

Let us consider system (5) with

-1 05 05 0 0 —-0.1 0.1 0
-1 -1 1 —0. . 2
Ay — 0 0 A= 0.5 05 0 0 7
0 04 -1 0 0.2 0 0 -0.1
-05 03 0 -1 01 =03 O 0
T
0 1
B I 0 B= 1 O= 0 7
0 0 1 0
-2 0
sin( %) 4 d sin(x2)
sin(ZL) — d cos(2t) 1.t .
d(t) = 3 , u(t) == =), v(t) =V 5t), 6 =0.25, V. =0.1, 7 = 0.5,
® sin(%) + 0 sin(t) u(®) 2 5111(2) v(®) sin(51) 4

sin(%-) 4 d cos(z1t)



where the part of d proportional to ¢ is unknown (the model uncertainty). The system is nonlinear since d depends
on x, however the known part of d depends on x(t) = y(t) — v(t), then we can design d(¢) and d(¢) dependent
on the measured signal y, § and V' only:

sin(%,%)f(s ﬁ(%ﬁ,%)Jﬂﬁ
sin(U Yy _§ - sin(42 Yy 45
d(t) = 3.3 dity=| "\ 373
d sin(%,%)fé » d(t) sin(@,%)Jré
sin( 5, ) = 0 sin(*5, 5) +9
V) if >0 s5(V) if >0
o) — sy [V @ =0 [507) i costy) >
¢(V) if sin(y) <0 s(V) if cos(y) <0
— c(V) if si >0 V) if >0
) s [V T =0 ) it cos(y) >
c(V) if sin(y) <0 5(V) if cos(y) <0
-1 if V>
c(V)= min cos(v) = nren ¢(V)= max cos(v)=1,
—VsesV cos(V) ifV<m —Vswsv
-1 ifvV >3z 1 ifvV>Zz
s(V)= min sin(v) = Br=n , 3(V)= max sin(v) = trea
—V<uv —sin(V) ifV <2 —Vsesv sin(V) if V < 3
Take
2 0
-1 -0.5
Ll = ; L2 =
0 0.2
—-0.5 0.1

then the matrix Ag — L1C is Metzler, but the matrix A; — LoC contains negative elements, which cannot be
compensated by the term LoC'. Thus Theorem 1 cannot be applied here, however the LMI of Theorem 2 is satisfied

for v =4,
46.17  —12.62 247  —2.66 0 0 0 0
—12.62 1044  —2.67 —0.52 0 0 0 0
247  —267 4629 —1265 0 0 0 0
p_ | —266 —052 1265 1044 0 0 0 0
-218 -52  —0.76 —0.01 1443 -0.33 -0.34 —0.03 |’
-52  -1.86 —0.04 -252 -0.33 1197 -0.02 -0.86
-0.76  —0.04 —-193 529 —0.34 —0.02 1445 —0.3
| —0.01 -252 -529 -185 -0.03 -08 —0.3 11.97
62.68 —8.46 —2.32 —2.68 -18.07 —0.02 0.36 3.7
-846 805 -263 117 079 —261 065 —2.54
-2.32  —2.63 628 861 032 364 —1815 —0.29
po | 268 117 861 804 066 —253 08 262
-18.07 079 032 066 105 —0.47 —03 —0.46
—0.02 —2.61 3.64 -253 —047 746 —0.45 —0.49
0.36  0.65 —1815 08 -0.3 —045 105  —0.46
3.7  -254 -029 -262 —046 —0.49 —0.46 7.48

All conditions of this theorem are valid and the results of

interval observer (13) application are given in Fig. 2,

for the unmeasured coordinates xo—x4 (red lines correspond to the coordinates x;, blue and green lines represent

x,; and T; respectively).

C. Academic example: stabilization
Consider system (5) with

112 —01 0 0 Lo 1 1
Ao=1]01 -05 0 |,A =] 02 01 01 ,E_[ 02 o |PB=lo ], c=101,
0 01 -1 01 0 —001 0 1



Figure 2. The results of simulation of the interval observer (13)

sin(0.3t)
dit)y=9 sin(t) , v(t) = Vsin(15t), § = 0.5, V. =0.1, 7 = 0.1,
sin(2t)
where it assumed that the information available about disturbance d is d = —015 = —d. It is straightforward to

check that the matrices Ay and Ay + A; have positive eigenvalues and the system is unstable for u(t) = 0. Take

—0.1
Ll = 0 ) L2 = 0 )
—0.01

then the matrix Ag — L1C is Metzler and the matrix A; — LoC' is nonnegative. Assign
51:—[1 1 2},?1:—[2 1 1],
52:—[0.1 1 2},?2:—[1 1 4},
Ry =2, Ry = —0.1,

then the conditions of Theorem 3 are satisfied for v = 22,

4788  —=32.07 —28.20 42.74 0 0 [ 56.05 —32.83 —1.72 41.11 28.37 8.86
—32.07 125.38  41.64 51.09 0 0 —32.83 76.74 43.24 —4.33 —33.84 31.10
p_ —28.20 41.64 54.83  —23.89 0 0 U— —-1.72 43.24 79.10 —16.80 5.08 44.82
42.74 51.09 —23.89 207.82 0 0 ’ 41.11 —-4.33 —16.80 93.19 28.13 —17.38
—-5.93 —62.08 —58.61 0.99 200.22  79.34 28.37 —33.84 5.08 28.13  173.58  65.61
5.34 —5.04 —11.82 —69.85 79.34 520.68 | | 886 31.10 44.82  —17.38 65.61  273.49 |




o i
X3 U oof

Figure 3. The results of stabilization using the interval observer (7)

The results of interval observer (7) application are given in Fig. 3 together with the control input (16), again red
lines correspond to the coordinates x;, blue and green lines represent z; and x; respectively. Stabilization to a zone

is achieved only due to presence of measurement noise (V' # 0) and uncertain input d.

VI. CONCLUSION

For a class of regular descriptor linear systems of index 1 with delays two interval observers are proposed.
Two sets of conditions are developed for these observers guaranteeing an interval estimation in the presence of
any control input. Next, a control input is designed based on interval estimates providing interval estimation and
stabilization simultaneously. Efficiency of the proposed approach is demonstrated in simulation.

As directions of future works, development of computationally less restrictive and simpler LMIs than given in
Corollary 1, delay-dependent stability conditions, analysis of time-varying delays or relaxation of Assumption 1,

can be considered.
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