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Abstract In this paper, we consider the problem of designing reduced-order
linear functional interval observers for nonlinear uncertain time-delay systems
with external unknown disturbances. Given bounds on the uncertainties, we
design two reduced-order linear functional state observers in order to compute
two estimates, an upper one and a lower one, which bound the unmeasured
linear functions of state variables. Conditions for the existence of a pair of
reduced-order linear functional observers are presented, and they are trans-
lated into a linear programming (LP) problem in which the observers’ matrices
can be effectively computed. Finally, the effectiveness of the proposed design
method is supported by four examples and simulation results.

Keywords Reduced-order observers, interval observers, uncertain models,
biological systems

1 Introduction

The control of many practical systems such as life sciences, physics and tech-
nology, economics, chemistry and biology has recently attracted much interest
(see, for example, [6,16,25,26,39,47,49] and the references therein). However,
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the lack of information of state variables of the systems has limited the ap-
plication of control theory to these systems. In this case, the estimation of
actual states and output feedback control law are very necessary. It is well-
known that a large amount of additional information can be obtained through
available measurement with the help of state observers. These observers are
designed to reconstruct the unmeasured states from the measured ones un-
der a priori knowledge of the method. During this last decades, the problem
of designing state observers for dynamical systems has aroused considerable
attention in the literature. In particular, state observers have important ap-
plications in realisation of state-feedback control, system supervision, fault
diagnosis of dynamic processes, and general control and diagnosis issues from
available information (see, for example, [7,21,27,45,46,48]). There are vari-
ous state observer design methods and observer structures available in the
literature for linear systems (see, for example, [9,19,20,43] and the references
therein) and for nonlinear systems (see, for example, [8,15,18,22,23,28,41,50],
and the references therein).

In the literature, when dealing with the problem of state estimation for
dynamical systems consisting of ‘uncertain’ facts such as uncertain biologi-
cal dynamical system [15], the problem of designing interval observers which
derive bounds for the solutions of a differential system at any time instant
is much attracted (see, for example, [2,13,24,30,33,42], and the references
therein). In particular, in [13], the design of interval observers relies on the
positivity notion was reported without mentioning time-delays on the system.
In [30], the authors proved that for detectable linear systems there always
exists an interval observer which can be constructed via an adequate time-
varying change of variable. In [42], the authors provided a different approach
for stable uncertain linear positive systems. In [33], based on the decompo-
sition of the nonlinear part of the system as a difference of two monotone
functions, the design of interval observers for nonlinear uncertain system was
reported. In [24] the problem of positive state-bounding observers for positive
linear continuous-time systems with both interval uncertainties and time delay
was considered, while the authors of [2] provided conditions for the existence
of upper and lower estimates for the instantaneous states of the systems and
established the asymptotic convergence of the interval error. It was found
that the interval observers had many practical applications, such as for con-
trol design [12], for fault detection and isolation (see, for example, [4,5,38]),
state estimation in biological systems (see, for example, [15,32,36]), interval
observers in automotive domain (see, for example, [11,14]), namely, the prob-
lem of air-to-fuel ratio interval estimation and control is consided in [11] and
a car positioning problem is solved in [14].

Due to the fact that the interval observers have an enlarged dimension
with respect to the system dimension (two times bigger than the system)
since the upper and lower estimate of the state interval are generated by
an observer (see, for example, [31]), the problem of reduction of an interval
observer dimension of time-delay systems has been addressed (see, [10]). On
the other hand, in practice, many control processes require only the availability
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of some linear functions of the system states for the purpose of monitoring and
stabilizing independantly of disturbances, failures and attacks. Therefore linear
functional observers which estimate linear functions of the state vector without
estimating all of the individual states have attracted alot of research attentions
(see, for example, [9,43,44]). Although there have been abundant outstanding
results on linear functional observers for time-delay systems, to the best of our
knowledge, little attention has been paid to the problem of designing interval
observers for linear functions of state variables, which motivates the present
study.

In this paper, we address a new problem of designing interval observers for
linear functions of the state vector of nonlinear uncertain time-delay systems
with external unknown disturbances. The main contributions of this study are
highlighted in the following: (1) We first introduce a pair of reduced-order
linear functional observers which constructs interval observers for linear func-
tions of the state vector of the considered system; (2) we then derive new
conditions for the existence of such reduced-order linear functional observers;
(3) by using these conditions and some auxiliary lemmas, we then propose a
computational approach based on linear programming (LP) for the determi-
nation of the unknown observer matrices; (4) the effectiveness of the proposed
design method is supported by four examples and simulation results.

This paper is organized as follows. In section 2, we provide the problem
statement and preliminaries. In section 3, we present the main results and
some remarks. In section 4, we provide four examples to demonstrate the
effectiveness of our proposed design method. Finally, a conclusion is drawn in
Section 5.

Notation: I, denotes the n x n identity matrix, 0,,, denotes the m x n
zero matrix. R’} denotes the nonnegative orthant of the n-dimensional real
space R™. For a real matrix M, M7 denotes the transpose, M > 0 is called a
nonnegative matrix if all of its components are nonnegative (i.e. m;; > 0 for

all i,7). For vectors = = [z 23 ... :I:n]T ER" y= [y yn}T € R”,

2| = [|o] |@2] ... |zn|}T, [|z]| is the Euclidean norm of vector z. = < y
(x < y) means that z; < y; (x; < i), Vi =1,2,...,n. 1,, denotes the vector
in R™ with all entries equal one, i.e., (1 1... 1)T. We denote by diag(A) the
—_———
diagonal matrix whose entries are formed by the components of the vector A.
Note that A=diag(A)1,. B® denotes the set of all vectors v € R® with the
property ||v|| < oco. €& = C(]—7,0],R?) denotes the set of continuous maps
from [—7,0] into R*; C2 . = {¢ € Ci : ¢(¢) € RS, ¢ € ([—7,0]}. Given a matrix
M € R™*" define Mt = max(0, M), M~ = M*—M and |[M|=M*+M".
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2 Problem statement and preliminaries

Consider the following nonlinear system with time-delays

z(t) = Azx(t) + i Ajx(t — ;) + Bu(t) + f(t,9(t)) +d(E), t >0, (1)

=1
z(0) = ¢(0) € R™, VO € [—Tmax, 0], Tmax = max 7, (2)
1<i<q
q
y(t> = C:C(t) + Zl sz(t - pz); vt > Pmax; Pmax — 1H<1a<X Pis (3)
P(t) = y(t) + w(t), (4)

where z(t) € R™ is the plan state vector, u(t) € R™ is the control input vector,
y(t) € RP is the plan output with y(¢) being defined as (C+Y_7_; C;)x(t), Vt €
[—Timaz + Pmaxs Pmax), ¥ () is the measurement for feedback control, w(t) € RP
is the unknown disturbance in the output satisfying |lw|| < {2 where (2 is
constant and known, ¢(6) is a continuous initial function, matrices A, A;,
B, C, C; (i =1,2,...,q) are constant and of appropriate dimensions. The
time delays 7; > 0,p;, > 0, ¢ = 1,2,...,q, are assumed to be known con-
stant. The nonlinearity f(¢,9(t)) € Ry x RP is assumed to be measured
with respect to ¢ and Lipschitz continuous with respect to ¥(t), not well
known, functionally bounded, i.e. there exist known maps f~(¢,v¢(¢)) and
T ,w( )) (bounded below by f~(¢,1(t)) and above by f*(¢,1(t))) such that
F@0@) < ft,v(t) < fT(E () for all (¢,-) € Ry x RP. d(t) € R™ is the
external disturbance satisfying d~(¢t) < d(t) < dt(¢) for all ¢ > 0, where
d~(t) € R" and d*(t) € R" are two known bounds.

The following definitions and lemmas will be used in this paper.

Definition 1 The nonlinear time-delay system of the form

1) = Aalt) + Y At - ) + o) V(0. A0, 20, (3
2(0) = 6(6), ve?{—m, 0, )

y(t) ) + Z Ciz( » V2 pmax; pmax = MAX pi, (7)
olt) = (t) +o(t) ®)

is said to be positive if, for any initial condition ¢(0) € R}, V0 € [-7,0], 7 =
max{ Tmax, Pmax f, any input u(t) € R}, Vvt >0, y(t) € RP and d(t) € R", the
corresponding trajectory x(t) € R’} for all ¢ > 0.

Definition 2 [29] A square real matrix M is called a Metzler matrix if its
off-diagonal elements are nonnegative, i.e. m;; > 0, ¢ # j.
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Lemma 1 [1,13] For a given Metzler matriz A, the following conditions are
equivalent.

(i) The matriz A is Hurwitz stable.

(ii) The matriz A is nonsingular and A= < 0.

(i1i) There exists a vector A > 0 such that A\ < 0.

Let ¢(0) € R}, V8 € [—7,0] and u(t) € R, Vt > 0. Then from [17] and
[44], we obtain the following condition which ensures the positivity of system

(5)-(8)-

Lemma 2 System (5)-(8) is positive if and only if A is a Metzler matriz, A;
(i = 1,2,...,q) are nonnegative matrices and g(u(t),v(t),d(t)) > 0 for all
t>0.

3 Main results

Let z(t) = Fz(t) € R", 1 <r <mn, be defined as a linear function of the state
vector, where F' > 0 is any given r X n matrix. Our objective in this paper
is to design two reduced-order linear functional observers in order to compute
two estimates, an upper one 21 (¢) and a lower one 27 (¢), which bound the
unmeasured linear function z(t) = Fx(t), i.e. 27(t) < 2(¢t) < 27(t) for all
t > 0 and the estimated error e(t) = 27 () — 27 (¢) is bounded. To achieve the
objective, we consider the following reduced-order linear functional observers:

é*@):A&+@)+55Nﬁ+@—wﬂ+Jw@%%UHH?+FfWLw@D

+FBu@ydeWw,tzo, (9)
2H(0) = ¢ (0) €R", VO € [-7,0], (10)
PT(t) = N2 () + Z N2~ (t — )+ J0(t) — [J|1,02 + Ff~ (£, 4(t))

+FBu@y;dew,tzo, (11)
27(0) = ¢~ (0) €R", VO € [—7,0], (12)

where 27 (t) € R", 27 (t) € R", ¢T(#) and ¢~ (#) are continuous initial func-
tions. Matrices N € R™*", N; € R"™" and J € R"*? are unknown observer
parameters.

From now on we assume that z(t) = Fz(t) € B", 1 < r < n, where z(t) is
the state of the system (1)-(3).

Definition 3 For system (1)-(3), let f~(¢,%(t) < f(t, (@) < fHt,v())
for all (¢,-) € Ry x R? and d™(¢) < d(t) < dt(¢) for all ¢ > 0 for some
known f~(¢,9(t)) € R™, f*(t,4(t)) € R", d~(¢t) € R" and d¥(t) € R". Then
the system (9) and (11) are called a reduced-order linear functional interval
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observer for (1)-(4) if for any initial conditions, ¢+( , 0~ (0) eR", § € [—7,0],
the solutions of equations (1), (9) and (11) exist, 27 (¢), 27 (¢) € BT and
() <2(t) <27(1) (13)

for all ¢ > 0 provided that the relation ¢~ (6) < F¢(0) < ¢T () holds.

Let us next define the upper error e*(t), the lower error e~ (¢) and the
total error e(t) as

)
)
(t)
e () =0€eR], VGE[ T,O],
e(t)=et(t)+e (t)=21(1)—2(t), t >0,
)=0€eR], V0 € [-7,0],

The following theorem provides conditions which guarantee the existence
of a reduced-order linear functional interval observer for (1)-(4).

Theorem 1 Assume that there exist a vector X € R, a Metzler matriz N €
R™", nonnegative matrices N; € RIX", two fized positive vectors by and by
satisfying the following:

q
(N+) Ni)r <0, (14)
=1
NF — FA+JC =0, (15)
NF—FA;=0,i=1,2,...,q, (16)
JC;=0,i=1,2,...,q, (17)
F(fH () — f~ (6 9() < bi, F(dT(t) —d™ (1) < ba. (18)
Then,
2T(t) < 2(t) < 2T(t), VE>0 (19)
and
N—i—ZN (by + bo+2|J[1,92), Vi >0. (20)

Moreover, —(N + Y1, N;)71 (b1 + ba+2|J|1,92) is the smallest bound of the
estimated error.
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Proof Regarding (1), (9) and (11), the derivatives of e™ (¢) and e~ (¢) are given
by

et (t) = 27 (t) — Fi(t),
)+ zq:NieJ“(t — 7))+ (NF — FA+JC)x(t)

q

JrZJC:Etfpl +ZNF FA)z(t — 1)
+F(f+( b(t)) = f{t, (1) + F(d* () — d(t))
+Jw(t) + |10, t >0, (21)
et(0) =0€eR,, V0 € [-T,0], (22)
and
e~ (t) = Fa(t) —

) —27(1),
= Ne™ (1) +i]\7ief(tfﬂ-) +(FA— NF—-JC)x(t)

q
—Zcht—meZFA — N;F)z(t — 1)
=1

+F(f( Y1) = f7 (6 9(1)) + F(d(t) — d™ (1))
—Jw(t)+ |J]|1,02, t >0 (23)
e (0) =0ecR], Vo e [-7,0], (24)

It is clear from (21) and (23) that if conditions (15)-(16) of Theorem 1 are
satisfied, then we obtain the following:

e (t) = Net(t)+ ) Niet(t — ) + F(f*(t,9(1)) - f(t,4(1)))

+F(d*(t) l—:d(t))—i—Jw(t) +[J|1,02, t >0, (25)
et(0) =0€eR], Vb € [-T,0], (26)
e~ (t) = Ne™(t) + Z Nie™ (t —7:) + F(f(t,9(t) = f~ (8, 4(1)))

+F(d(t) — e (t)—Jw(t) 4 |J[1,92, t >0, (27)
e (0) =0ecR], Vo e [-7,0], (28)

&(t) = Ne(t) + Y Nie(t — ) + F(fF (£, 9(t) = £ (1, 4(¢)))

+F(d+(tz):— d=()+2|J]1,92, t >0, (29)
e(d) =0€R], VO € [-7,0]. (30)
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Since N is Metzler, N; > 0, F > 0, d~(¢t) < d(t) < d*(t) for all t > 0,
f_(taw(t)) < f(taw(t)) < f+(ta1/](t)) for all (ta') € R-i' x RP, ||w|| < {2 and
|J| = Jt +J°, Jt = max(0,J), J- = Jt — J, systems (25)-(26), (27)-
(28) and (29)-(30) are positive. Hence, we obtain (19) and e(t) > 0 for all
t > 0. Let us next prove that the errors e*(¢) and e~ (t) are bounded. We
will present the proof for et (¢) (the proof for e~ (¢) is the same). Denote
A(t) = F(fT(t,9(8) = f (9 (0))) + F(dT () —d(t))+Jw(t) + [ J[1,2. By using
assumption (18) and ||w|| < 2, we have A(t) € B". Since the matrix N is
Metzler and the matrices N;, (i = 1,2,...,q) are non-negative, it follows from
Lemma 3 in [10] that there exist some p1,p2 € R (p1 > 0 and po > 0) such
that

q
pi (N + ZNi) = —p;-
i=1
Let us consider for equation (25) the Lyapunov functional V' : CI, — R,
defined as

q 0
V(o) =rel0)+ > [ Nl

Clearly, for any ¢ € C7, the functional V is positive definite and radially
unbounded, its derivative for e*(t) takes the form

V= [+ 30 M) () + AB)] < —het (1) + o At

=1

Therefore, for A(t) = 0, the system is globally asymptotically stable, and since
A(t) € B", we have et (t) € B" (for further details on the proof, the reader
can refer to [37]). The boundedness of 27(¢), 21 (¢) is implied by boundedness
of z(t), e (t) and e~ (¢).

Now, we prove (20). Let us first express N = N + Ny, where A is Met-
zler matrix and Ny is nonnegative matrix. We now denote ¢(¢,e(t), e(t —
1), .6t — 1), v(t) = 2o Nie(t — 1) + v(t), where 79 = 0 and v(t) =
F(fT(t,v(t) = f (&) + F(dT (t) —d (t))+2|J]|1,92. Then equation (29)
can be rewritten as follows

é(t) = Ne(t) + o(t,e(t),e(t —71),...,e(t — 1), v(t)). (31)

It follows from (18) that 0 < v(t) < v, where 7 = by + ba+2|J|1,$2. Since N
is Metzler matrix, N; >0, i =0,1,...,gand N + > ! (N, = N+ > | N,
from (14) and Lemma 1, we see that matrix N+ Y {_  N; is invertible and
(N + 37 Ni)~! < 0. Hence, from Lemma 3 in the work of [35], we have
pN + 37 Ni) <0, where p(N + Y7 N;) stands for the spectral abscissa
of matrix A"+ Y7, N;. Denote

q
0= (N+> Ni)7 by + ba+2|J[1,02). (32)
=1
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It is easy to see that
L=WN+> N) o (33)

Therefore, by using Theorem 1 in the work of [35], we have that the box
B(0,¢) = {z € R" : |z| < £}, where ¢ defined as in (32) is the smallest box
which bounds reachable sets of system (29)-(30), that is, ¢ is the smallest
bound of estimated error e(t). The proof is complete.

Remark 1 Tt is worth noting that for each bound of the uncertainty in the
system, the method [15] only gives a bound of the estimated error. In this
paper, our method (Theorem 1) gives the smallest bound of the estimated
error with respect to each bound of the uncertainty in the system.

Remark 2 From Theorem 1, the design of a pair of reduced-order linear func-
tional observers now rest with determining unknown observer parameters
N € R™*", N; € R™" such that conditions (14)-(16) of Theorem 1 hold.

For this, we represent equations (15)-(17) into the following form
xX =Y, (34)

where

X1 Xo

X = [N Ny Ny ... N J} , X = [X3 4] € R[(Q+1)r+p]x(2q+1)n7 (35)

X, = block-diag (F, F,...,F) € RUFI™>@Hn 50 =041 ans (36)
X;=[C0...0] eRP*¥@Fn ¥, = [C} Ca...Cy] €RP*  (37)
Y = [FAFA FAy...FA,0...0] e R"*(atln, (38)

Since X and Y are two known constant matrices, a solution for x always
exists if and only if [3], [40]

rank [‘;(] = rank(X). (39)
Under condition (39), a general solution for y is given by
X:YXJrJrZ(I(qul)Ter—XX"'), (40)

where X+ € RGetDnx[(a+D)r+p] g the Moor-Penrose-inverse of X and Z €
R7*[(a+1)r+2] i5 an arbitrary matrix to be determined. Moreover, matrices N,

N; (i=1,2,...,q) and J can now be extracted from (40) and are expressed
as
N = dey + ZUey, (41)
Ni = @eNi + ZW@N“ (42)

J=®e;+ ZWey, (43)
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where
=YX, W:I(q+1)r+p—XX+ (44)

and ey, ey, € Rl@tDr+plxr o ¢ RUaHDT4PIXP gre the following

I, 0 0T
0 I 0
(i+1)—th
0 0
EN = y ENp = 0 y EN; = IT 7i:27"'5q727
0 0 0
0 :
| 0] | 0] | 0 |
[0 T r 0 7 o
0 0 0
0 0 0
) 0
ENg_1 = 0 y EN, = 0 , €J = : (45)
q—th 0 0
R (a+1)~th 0
r =~ 0
0 I, I
| 0 ] | 0 ] L-P |

Now, in order to implement reduced-order linear functional observers (9)-
(10) and (11)-(12), we will gather conditions (14)-(16) to formulate an LP-
based problem for checking the design parameters. By using (41)-(42), con-
dition (14) can be represented as

q q
(€N + Y eR)P A+ (e} + Y ek ¥ I, <. (46)

i=1 i=1

Based the above discussion we obtain the following theorem which provides
a computational approach which is based on LP for the determination of the
parameters N, N; (i =1,2,...,q) of linear functional observers.

Theorem 2 If the following LP problem with the variables A € R™ and I €
RUaHDHPIXT 46 feasible:

A >0, (47)
(eN + 2 en)PT A+ (el + X0 eq, ) o', <0,

then the observer gains N, N; (i = 1,2,...,q) are obtained as in (41)-(42)
where Z = (diag(\))~1I'T.
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We now propose an effective algorithm to obtain the observer parameters
for the pair of reduced-order linear functional observers (9)-(10) and (11)-(12).

Algorithm 1
Step 1: For given matrices A, 4; (i = 1,2,...,q), obtain matrices X and YV
from (35)-(38). Check the existence condition (39).
Step 2: Compute the matrices @ and ¥ from (44).
Step 3: Solve the LP problem (47) with respect to I" and .
Step 4: Compute the matrix Z = (diag(\)) ™17 where (A, I') is a solution
obtained in Step 3.
Step 5: Substitute Z into (41)-(43) to obtain observer gains N, N; (i =
1,2,...,9) and J.

Remark 3 For the case where A; =0, C; =0, i =1,2,...,¢, i.e. system (1)-
(4) has no time delay, the following result is an extension of the work [15] to
the design of reduced-order linear functional interval observers. Note that in
[15], only full-order Luenberger-type interval observers for nonlinear systems
without inputs, sensor noise as well as external disturbance were considered.
Now, we have the following reduced-order linear functional interval observers

[27(1), £ (0)]:

ZY(t) = N2 (t) + FfH(t,4(t)) + FBu(t) + Fd* (t)

+JY(t) + |J|1,92, t >0, (48)
21(0) = 25 €R", (49)
Z7(t) = N2~ (t) + Ff~(t,1(t)) + FBu(t) + Fd~(t)

+JP(t) — [J|1,92, t >0, (50)
27(0) = 2, €R", (51)

where 27 (¢) € R", 27 (¢) € R", matrices N € R™*" and J € R"*? are unknown
observer parameters. We can obtain conditions to ensure that [27(¢), 21 (¢)] is
an interval observer of the linear function z(¢t) = Fz(t). The conditions are as
given below

N is Metzler and Hurwitz,
NF — FA+JC =0, (52)
F(fH( @) = [ (6 9(1)) < by, F(dT(t) —d™ (1)) < ba.

Hence, N and J can be determined if the following LP problem with the
variables A € R" and I" € R"™*" is feasible:

A >0, (53)
(eX)PTN + (eX)?TT1, < 0.
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4 Examples
4.1 Example 1 (A numerical example).

Consider a fifth-order time-delay system of the form (1)-(4), where

42 1 3 2 [0.10.10.20.40.2
1 61 4 0 0.30.20.10.10.1
A=]10 0-90 0,4 =|0 0050 0],
00 1 -40 0 0020 0
2 0 0 1 -7 | 0 0.20.10.30.1
0.10.20.10.40.1
0 0.20.1020.3 -
A,=10 0030 0], C= é?égg]
0 0 0020 L
0.10.20.40.30.5
o — 10100 00000
1= 00000 2= 100010
1 dl(t) 1§Lt +0.1 1
2 do(t) - +0.2
31, dt) ds(t) | = H1+1+Hmmlw|,
4 dy(t) |sm(0 05t)] + 1
5 ds(t) A7 +0.3
0
0 .
a1 (8) (1 (D +wi (1)) 00100
f(taw(t)): b1+ t)+wa(t ; F=
O A O 00010]
ba+(y1(t)+wi(t))

—c(t)(y2(t) + wa(t))

Assume that known bounds Ff~(¢,v(¢)), FfT(t,v(t)), Fd~(t), Fd*(t) are
as

o} 00} (1) oL (1) 0)

+ _ —+ t)twa(t — _ —+ t)+wa(t

FfF&v0) = | dhnrmm) | T EPO) = | 20 Gam e | -
ba+(y1(t)+wi(t)) ba+(y1(t)+wi(t))

where a1 (t) = |sin(0.1t)| 4+ 1, az2(t) = |sin(0.1¢)| + 0.1, ¢(¢) = | sin(0.05¢)| and
ay (t) < ax(t) < af (t), ay (t) < a2(t) < af (1),

Fd~(t) = [ + 0.9 4 | sin(0.1¢t)] | sin(0. 5t)|+06}

t+1

Fd*(t) = [ 7y + 1.1+ [sin(0.1¢)] | sin(0.5¢)| + 1.5] ", V& > 0.

A random measurement disturbance is chosen with [[w|| < 3= £2. We aim to
use the Algorithm 1 to compute two estimates, an upper one and a lower
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one, which bound z;(¢) = x3(t) and 22(t) = 24(¢). According to Step 1 of
Algorithm 1, we obtain matrices X and Y from equations (35)-(38). Since

rank {X

Y}srank[x],

condition (39) is satisfied. By setting a constraint

0.1 2
2] <2< 5]
the LP problem (47) is feasible with

(54)

\ = 1.9649 477 — —4.188800000 —4.1888 0
- 12.3513 ~ | —4.183800000 —4.18880 |

Now, taking (54) into account for Step 4 and Step 5 of Algorithm 1, the
observer gains are obtained as

—9 0 0.50 0.3 0
v [P0 s foz ] =[]

1 0.2
J =022, by = L} , ba = {0_9} .

With N, Nj, Na, by and bs have been obtained, it is not hard to see that
the conditions of Theorem 1 hold. Hence, we obtain a pair of second-order

linear functional observers to reconstruct z(t) = {zlgg] = [?Eg] with
2 4

géigg] is the smallest bound
of the estimated error e(t) = 27 () — 27 (¢). For simulation, let us consider the
input u(t) = eo'lt, 0<t<30, 71 =0.7s, 72 =08s, pr = 0.5s, po = 0.25
and the initial conditions are z1(6) = 1, x2(0) = 2, x5(0) = 3, 24(0) = 4,
z5(0) = 5, 27 (0) = 4, 27 (0) = =2, 25(0) =5, 2, (0) = =3 for 6 € [-0.8,0].
Figure 1 shows the responses of 21 (t) = z3(t), 27 (t) and 2] (), while Figure 2
shows the responses of 25(t) = z4(t), 25 (t) and 25 (¢).

0= —(N+ Ny + N2)7L(by + ba+2|J]|1292) = {

4.2 Example 2 (A practical example).

Consider the following population structured into three stages:

T1 (t) = —alxl(t) — mi1x (t) + T(t, $3(t)) + dl(t),

i‘g(t) = alxl(t — T) — agmg(t) — mgl‘g(t) + u(t) + dg(t),

23(t) = agma(t — 1) — maz3(t) — c(t)zs(t) + 2u(t) + ds(t), (55)
y(t) = z3(t)a

P(t) = y(t) +w(t)

with the initial conditions z1(6) = z2(0) = z3(f) = 0 for all € [—7,0]. In
the above model x4 (t), z2(t), 23(t) are larvae, juveniles, adults, respectively.
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-2 I I I I I
0 5 10 15 20 25 30

Time(sec)

Fig. 1 Responses of 21 (t) = x3(t), 27 (t) and 2] (¢)

-3 I I I I I
0 5 10 15 20 25 30

Time(sec)

Fig. 2 Responses of zo(t) = z4(t), 25 (t) and 25 (t)

The positive coefficients «; and m; represent the growth and mortality rates,
respectively. The term c(t) represents a harvesting effort on the adult popu-
lation. In model (55), we assume that only measurement available observation
with a noise concerns the adults stock, i.e. y(t) = z3(t), ¥(t) = y(t) + w(t)
where w(t) is the unknown disturbance in the output and the births in class
x1(t) are generated only by the adults class x3(t) with a reproduction law of
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Beverton-Holt type [34]:

a(t)zs(t)

D a(t) >0, b>0. (56)

r(t, xs(t))

The parameter 7 > 0 exists due to the delay in the increment of larvae and

juveniles. The vector d(t) = [di(t) da(t) ds (t)}T is the external disturbance
and u(t) is the control input vector, y(t) is the plan output vector. Note that,
when 7 = 0, d(t) = 0, u(t) = 0 and w(t) = 0, the model (55) is reduced
to the one considered in [15]. Denoting 81 = a3 + mq, f2 = s + ma and
B3 = ms. Then (55) can be expressed into the form (1)-(4), where ¢ = 1,

da(t) -3 0 0 000 0
TliT,d(t): dg(t) ,A: 0 —ﬁg 0 ,A1: 04100 7B: 1 s
d3(t) 0 0 —ﬁ3 0 (6%) 0 2
ety
+(y(t)+w
ft(t) = 0 ,C=[001],Cy =03
—c(t)(y(t) +w(t))

Let us now design two reduced-order linear functional observers in order
to compute two estimates, an upper one and a lower one, which bound the

100 .
01 0]. For this, we

use the data given in [41] for oy, ag, m1, ma, a™(t), a=(t), b as a; = 0.3,
az=0.3,m; =0,my=0, mg=0.3,a"(t) =04, a=(t) =0.2, b=1 and let
c(t) = |cos(0.5t)], d(t) = [z + 14 |sin(0.1¢)] |sin(0.5¢)] + 1 |sin(0.5t)|}T
and a random measurement disturbance is chosen with |jw|| < 1= 2. Then

known bounds Ff~(t,4(t)), FfT(t,4(t)) are as

unmeasured linear function z(t) = Fx(t), where F = {

) ot () (O +w () B o~ (B () +w(?))
Fff (L) = | HO@ROT | P (L(0) = | OO >0,

Assume that known bounds Fd~(t), Fd*(t) are as

Fd~(t) = [ 74y +0.995 + [ sin(0.1¢)] | sin(0.5¢)] +0.95]"

Fd*(t) = [ 745 + 1.005 + [ sin(0.1¢)| |sin(0.5¢)| + 1.01]" v > 0.
According to Step 1 of Algorithm 1, we obtain matrices X and Y from equa-
tions (35)-(38). Since

rank {X

Y} — 5 — rank [ X] .

condition (39) is satisfied. By setting a constraint

0.01 2.1
o) <2< [37]-
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the LP problem (47) is feasible with

| 17748 T
A= |:13135:| and I = 0215. (57)
Now, taking (62) into account for Step 4 and Step 5 of Algorithm 1, the
observer gains are obtained as

03 0 00 0.2 0.01
N= { 0 —0.3]’ M= {0.30]’ J =00, b1 = { 0 ] b2 = [0.06]'

With N, Ni, b; and by have been obtained, it is not hard to see that the
conditions of Theorem 1 hold. Hence, we obtain a pair of second-order linear

functional observers to reconstruct z(t) = [21 Ei” = [il Eg] with ¢ = —(N+
2 2

Ny)7 by +ba+2[J[1192) = [8;] is the smallest bound of the estimated error

e(t) = 2+t(t) — 27(¢). In order to obtain simulation results, let us consider
the input u(t) = €%, 0 <t < 30, 7 = 0.7s and the initial conditions are
71(0) = 1, 22(0) = 2, 23(0) = 3, 37(0) = 4, 2,7(0) = -2, 25(0) = 2.5,
25 (0) = 1.5 for 6 € [-0.7,0]. Figure 3 shows the responses of z;(t) = z1(t),
27 (t) and 2] (t), while Figure 4 shows the responses of z2(t) = x2(t), 25 (t)
and 25 (t).

_2 1 L L L L
0 5 10 15 20 25 30

Time(sec)

Fig. 3 Responses of z1(t) = z1(t), 27 (t) and 27 (¢)
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0 5 10 15 20 25 30

Time(sec)

Fig. 4 Responses of 22(t) = x2(t), 25 (t) and 25 (¢)
4.3 Example 3

Let us now consider a particular case of the population structured into three
stages (55), where time-delay 7 = 0, the unknown disturbances w(t) = 0,
d(t) = 0 and the control input vector u(t) = 0, for all ¢ > 0. For this case, we
can express (55) into the following form

B(t) = Ax(t) + o(t,y(t)), t =0, (58)
y(t) = Cux(t), (59)
where
S, it
A= | a1 =f2 0 |, C=[001] and ¢(t,y(t)) = 0
0 ax —f3 —c(t)y(t)

The authors of the work [15] proposed full-order Luenberger-type interval

observers for the state vector z(t) = [x1(t) 2(t) SCg(t)]T. Given bounds on
the uncertainties in the model, they provided bounds on the estimation of the
variables. However, they did not consider the problem of obtaining the smallest
bounds for the estimation of the variables. To demonstrate the advantages
and the generalization of our method, we now apply the result presented in
the Remark 3 of this paper to design reduced-order linear functional interval
observers for the model (58)-(59). For this, we first consider the case where

F= [(1) (1) 8} , 1.e. we aim to design interval observers for x;(t) and z2(t). We
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then consider the case where F' = I3, i.e. we aim to design interval observers
for the state vector z(t). Note that, the bound of estimated error obtained in
this example is the smallest.

Let us consider the following data: a3 = 0.3, az = 0.3, m; = 0, mo = 0,
mz = 0.3, B1 = a1 +mq, B2 = ag+mg and B3 = mg, at(t) = 0.4, a(¢t) = 0.2,
b =1 and let ¢(t) = 0.05| cos(0.5t)|.

100
010

0.01 2.1
[0.02} sAs [3.1} ’

the LP problem (53) is feasible with

For the case where F' = [ } , by setting a constraint

\ {1.6973

T _
13253:| and I'" = 0213. (60)

Now, taking (60) into account for Step 4 and Step 5 of Algorithm 1 (in case
g = 0), the observer gains are obtained as

—03 0 0.2
N= [ 0.3 0.3} S =021, b1 = [ 0 }

With N and b; have been obtained, it is not hard to see that the conditions of
(52) hold. Hence, we obtain a pair of second-order linear functional observers
to reconstruct z(t) = {Zl(t)] = {xl(t)} with £ = —~N~1b; = {0'6667] is the
29(t) (1) 7 10.6667
smallest bound of the estimated error e(t).
Now, for the case where F' = I3, by setting a constraint

[0.01 2.1
0.02| <A< |31],
0.03 4.1

the LP problem (53) is feasible with

[2.0527
A= |1.7144 | and I'" = 033. (61)
| 1.0006

Now, taking (61) into account for Step 4 and Step 5 of Algorithm 1 (in case
g = 0), the observer gains are obtained as

-0.3 0 0 at —a~ 0.2
N=|03 -03 0 , J =031, b1 = 0 = 0
0 03 -0.3 (¢t — ¢ )aipax 0.015

With N and b; have been obtained, it is not hard to see that the conditions
of (52) hold. Hence, we obtain a pair of third-order linear functional observers
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to reconstruct z(t) = | z2(t) | = |x2(t) | with £ = —N~"1b; = | 0.6667 | is
Zg(t) $3(ﬁ) 0.7167

the smallest bound of the estimated error e(t).

For simulation, we consider the initial conditions x1(0) = 0.1, z2(0) = 0.2,
73(0) = 0.3, 27 (0) = 0.3, 2, (0) = 0, 25 (0) = 0.5, 25, (0) = 0.1, 25 (0) = 0.6,
25 (0) = 0.2. Figure 5 shows the responses of z1(t) = z1(t), 2, (t) and 2{ (¢),
Figure 6 shows the responses of 23(t) = za(t), 2, (t) and 25 (t) and Figure 7
shows the responses of z3(t) = x3(t), 23 (t) and 25 (¢).

Fig. 5 Responses of z1(t) = z1(t), 27 (t) and 25 (t)

4.4 Example 4

Consider a third-order time-delay system of the form (1)-(4), where

—0.5 0.1 0.01 000
A=| 0 -2 0 |, 4=[0200]|,C=[101],
0 0 -3 0 040

100
010

known bounds F f~(t,4(t)), Fft(t,4(t)), Fd~(t) and Fd*(t) are assumed to

satisty F(f*(£,4(1) — £~ (,0(t) < b = [Oﬂ L P(d(t) — d= (1) < by =

[0.01

01[000},17[ },BT[Olﬂ,

0 06] and a random measurement disturbance is chosen with ||w|| < 1= (2.
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Fig. 6 Responses of 22(t) = x2(t), 25 (t) and 25 (¢)

0.6 \

0.5

0.4
0.3
0.2;

01

0 10 20 30 40 50 60 70 80

Fig. 7 Responses of z3(t) = x3(t), 23 (t) and 25 (¢)

According to Step 1 of Algorithm 1, we obtain matrices X and Y from
equations (35)-(38). Since

rank {X

Y} — 5= rank [X],
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condition (39) is satisfied. By setting a constraint
0.02 2.5
[0.05} SAS [3.6} !
the LP problem (47) is feasible with

\ [1.8614} nd 17 — [—6.3308 000 —6.3308} . (62)

3.5595 —6.3308 0 0 0 —6.3308

Now, taking (62) into account for Step 4 and Step 5 of Algorithm 1, the
observer gains are obtained as

—0.510.1 00 0.01
o[ e (8]0 )

With N, Ny, J have been obtained and b; and by are given above, it is not
hard to see that the conditions of Theorem 1 hold. Hence, we obtain a pair

Zl(t)] _

z9 (t)
] is the smallest

of second-order linear functional observers to reconstruct z(t) = {

0.466

[fcl(t)] with £ = —(N 4 N1) = (b1 + b2 +2[J[1112) = [0 0766

o (t)

bound of the estimated error e(t) = 2+ (t) — 27 (1).

5 Conclusion

In this paper, a pair of reduced-order linear functional observers for a class of
nonlinear uncertain time-delay systems with external unknown disturbances
has been proposed. This pair of reduced-order linear functional observers de-
termines upper bound and lower bound of linear functions of the state vector.
Conditions for the existence of such obervers and a method based on LP has
been provided for determining observer matrices. The effectiveness of the pro-
posed design method is supported by four examples and simulation results.
Further work is required to discuss the control laws in terms of computa-
tional complexity, physical constraints or limitations in implementation. Also,
extending the results of this paper to include unknown time-varying delays
would prove to be an interesting problem for future research.
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