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Abstract: - In this paper, authors propose a new design of an unknown input observer, in discrete time-domain,
for a class of bilinear singular systems. In this contribution, a variable delay is considered on the state vector and a
constant one is represented in both known input vector and bilinear form present in the system dynamic equation.
Authors propose to apply the Lyapunov Krasovskii stability theory to compute the observer gain independently
from the unknown input. Then, an unbiasedness dynamic of the observer is given to reconstruct both a state
functional and a part of the unknown input. A numerical example is presented to prove the effectiveness of the

proposed approach.

Key-Words: - Bilinear, Delay, Singular, Observer, Time-domain, Discrete

Received: May 9, 2024. Revised: August 8, 2024. Accepted: September 5, 2024. Published: October 10, 2024,

1 Introduction

Numerous researches have considered bilinear mod-
els when studying control, filtering and stability
subjects [6, 11, 17, 19]. In fact, bilinear mod-
els describe well engineering systems, especially,
when non-linear representations generate compli-
cated mathematical constraints and when linear
descriptions fail to reproduce real evolutions of the
considered systems. Moreover, bilinear models
are widely used when representing real systems
in various domains such economic field, chemical
processes, automotive district, nuclear researches
[20].

Furthermore, delays consideration has been the
focus of many studies [3, 4, 7, 15]. In fact, such
parameter describes the time delay of the input
propagation through the actuators dynamics to the
measurement provided by sensors. Thus, state delay
can affect stability and system performances. Then,
many results are developed to be used for stability
analysis and control loop synthesis purposes for
delayed models [12, 18].

In addition, singular representations are of great
utility.  Such models describe well engineering
systems rather than regular configurations [5]. They
combine dynamic evolution with state algebraic
constraints. In this context, numerous results have
been developed to revise stability, controllability and
observability theories [13].

In one hand, in the last decade, many researchers
have been interested in the state estimation by devel-
oping a suitable observer for a class of linear singular
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delayed systems in the continuous time-domain
[14]. A wide attention has been given, also, when
considering non-linear models. Then linear results
have been improved and applied when adopting a
linear submodels approach [16]. Besides, a great
focus has been dedicated to the state estimation and
partial or full reconstruction of the unknown input
for fault detections purposes [9].

In the other hand, few results have been made in
the discrete time-domain to reconstruct a functional
state of a delayed singular bilinear model [1, 2, 8, 10].

Motivated by these facts, authors propose in this
contribution, an observer design algorithm for a class
of singular delayed bilinear systems in the discrete
time-domain. The considered state-space model, in
this paper, is affected by two types of delay present in
the dynamic equation. A variable delay is considered
in the state vector and a constant one present in the
known input vector. The delayed input vector is, also,
represented in the bilinear form. The authors aim to
reconstruct both a functional state and a part of the
unknown input. The proposed observer gain is com-
puted by imposing unbiasedness conditions leading
to a stable dynamic. Observer stability is ensured by
considering a Lyapunov functional condition which
is transformed to a set of linear matrix inequalities.

The present paper is organized as follows. Para-
graph 2 is dedicated to compare the present approach
to a set of similar results and to define the context
of some used results. Section 3 defines the proposed
bilinear model and formulates the problem to solve.
The fourth section presents the observer scheme and
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the synthesis steps. Then, authors propose a numeri-
cal example to prove the effectiveness of the observer
design approach and section 6 concludes the paper.

2 Related Works

This contribution is based on [9, 17, 19] which deal
with observers for a class of bilinear models. In
fact, comparing to [17], the present contribution pro-
poses delays in both state and input vectors. Besides,
the proposed approach uses decoupling scheme intro-
duced in [17, 19] to isolate the unknown input vec-
tor and results have been applied for descriptor sys-
tems as shown in [9]. In this paper and comparing
to [9], discrete time case is discussed for singular bi-
linear systems and variable time delay is considered
in the state vector. Thus, constant delay is present in
both regular input vector and bilinear form described
in the dynamic equation of the presented state space
bilinear model. In order to develop a stable observer
dynamic, the proposed approach is based on the Lya-
punov Krasovskii stability theory as done in [12, 13,
15], so the observer gain is calculated using a set of
LMI conditions.

3 Problem Formulation

Letus consider a system described by the next bilinear
model:

Ex(k+1) = Ax(k)+ Agze(k — hi(k)) (1)
+Fv(k) + Bu(k) + Bqu(k — h2)
+> " Dyui(k)x(k)

i=1
+ Z Didui(k — hg)x(k})
i=1
y(k) Cz(k) + Gu(k) (2)
2(k) Lxz(k) 3)

x(k) is the state vector, y(k) is the output vector,
w(k) = [ur(k) ug(k) U (k)] is the known
input vector, z(k) is the functional state vector and
v(k) is the considered unknown input vector.

E, A, Ad, B, Bd, Di1<i<7n’ Ddi1<7:<m’ C, F, G and
L are known and invariant matrices of appropriate
dimensions.

hi(k) is the variable state delay such h; the upper
bound: 0 < hy(k) < hy.

hy is the considered constant known input delay.

Assumptions: [17]
The proposed approach is based on the next assump-
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tions:

rang [g] = (q (4)
rang (G) = §<gq 6)

Then, according to [17] there exists a non-singular
matrix W and an orthogonal matrix V' as follows:

VIGW = [Iq 0]

0 0 (6)

When multiplying y(k) explicated in (2) by V7 and
according to (6), we obtain:

(k) = Crx(k)+vi(k) (7
y2(k) = Cax(k) )]
with
G =vre. [n] = v
yi(k) € RT, ya(k) € RPY )

When deducing v; (k) from (7), the system (1-3) was
transformed into the following form:

Ex(k+1) = Ajz(k)+ Agze(k —hi(k))  (10)
—i—Flyl(k) + FQUQ(k) + Bu(k)
+Bau(k — ha) + Y Diui(k)a(k)

i=1
+ Z Didui(l{ — hg)x(k)
i=1
y1(k) Crx(k) + v1(k) (1)
y2(k) = Cox(k) (12)
Z(k) La(k) + Iy (k) (13)
Where

vtk - a q—q
[végkg] = W lu(k),vi(k) € R%,vy(k) € RT(14)

A =A-FRC (15)
[y Py =FW (16)
_ (L
L <—Cl> (17)
_( 0
I (Inxq> (18)

y(k) is decomposed into y; (k) and y2 (k). According
to (7), y1 (k) is totally affected by the unknown input
v1(k) and as shown in (8), v2(k) is disturbance free.
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4 The Observer Design

By this contribution, authors aim to reconstruct the
state functional given by (3) and, then, deduce v (k).
There exists a non-singular matrix S'

a b
S = (C d> (19)
such that
aE+bCy = L (20)
cE+dCy = 0 (21)

The proposed observer scheme is given as follow:

n(k+1) = Hn(k)+ Ham(k — hi(k)) (22)
+L1y1 (k) + Loy (k)
+Lay2(k — h1(k)) + Ju(k)
—i—Jdu(k — hg)
+ Niui(k)y2(k)
=1
+ Z Nigui(k — h2)y2(k)
i—1
zZ(k) = n(k)+ Piyi(k) + Paya(k) (23)

where n(k) is the state vector of the proposed ob-
server and Z is the estimation of the functional state
Z(k) H, Hd, Ll, LQ, Ld, J, Jd, NZ‘, Nid’ P1 and P2
are matrices of appropriate dimensions.

Objectif:
The observer given by (22) and (23) is determined
when H, Hd, L1, LQ, Ld, J, Jd, Ni, Nz'd, P1 and PQ
are computed such as z converges asymptotically to

lim (2(t) — z2(t)) =0

t—>00

24)

4.1 Conditions of the unknown input

observer synthesis

The estimation error is given by:
e(k) = 3(k) — 3(k) (25)

When replacing z(k) and z(k) by their expressions
given, respectively, by (13) and (23), we have:

e(k) = n(k)+(Pi—Dy1 (k) +(PCa— L)z (k) (26)
Let us suppose that:
I=n
According to (20)-(21), we have:

e(k) = n(k)—(a+pBec) Ex(k)+ (Pr—b—fd)Cox(k)
(28)

27

ISSN: 2367-8917

15

International Journal of Control Systems and Robotics
http://www.iaras.org/iaras/journals/ijcsr

we suppose that:

P,=b+p3d 29)
then, we can write:
e(k) =n(k) — pEx(k) (30)
with
p=a+fe 31)

Theorem 1 The system (22-23) is a functional ob-
server for the system (1-3) if and only if the following
conditions are reached:

1. e(k+1) = He(k) + Hqe(k — hy) is asymptoti-
cally stable

HoE + LyCy — A1 =0
HypE + LgCy — A3 =0
J=pB

Ja = @By

Ly = ol

pFy =0

8 N, = pDyCH =0

N S A N

with

o = [Fr DurCyl (32)

Cy 0 0 0

o Cy 0 0
Ca = |y 0 Cy o ©G3

0 0 0 Cy
N, [V Ny Nag Nam] (34)
D, Dy D,, Dy Dam] 35)

Proof 1 When computing the quantity Ae(k) by re-
placing n(k+1) by its expression in (22) and Ex(k+
1) by its expression in (10) and by ensuring an unbi-
asedness dynamic Theorem 1 becomes obvious.

4.2 Computing of observer matrices

When replacing relation (31) in conditions b), ¢), g)
and h) from the Theorem 1, we have:

aA HaoFE + KCy — BcAq (36)
agAq = HgaE + K4Cy — BcAy  (37)
aly = —pcFy (38)
aD,C) = N, — BeD,Ct (39)
K = Ly—HpAd (40)

Ky Ly — HypBd (41)
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Equations (36)-(41) are transformed in a matrix form

as follows:
X¥=06 (42)
where
X = [H Hi K Kq [ N (43)
© = [LAy LAy LD; LF),_. (44
[ aF 0 0 0 7
0 ok 0 0
. Co 0 0 0
=10 & o o |®
—CA1 —CAd — F2 —CDa
| 0 0 0 Ca |
There exists a solution of (42) if and only if:
z
rang [9] =rang(X%) (46)
1<i<m
The solution of equation (42) is:
X = @E]Lgigm —Z(I -xxh) (47)

With X" is the inverse of the matrix ¥ whereas Z is an
arbitrary matrix of appropriate dimension which will
be determined by the LMI approach.

The matrix H to be computed, is given by:

(48)

OO O OO~

By replacing X given by (42) in (43), we obtain the
following expression:

I I
0 0
+10 |0
H=06% 0 —Z(I—-%X%¥T) 0 (49)
0 0
0 0
We consider that:
I I
0 0
H =oxt | o |and iy = (1-55%) | | 50)
0 0
0 0
Then
H=H, - ZHy (51)

ISSN: 2367-8917

16

International Journal of Control Systems and Robotics
http://www.iaras.org/iaras/journals/ijcsr

By using the same algorithm given by equation (48)-
(51), we obtain the matrix Hy:

Hy=Hg — ZHg (52)
where
0 0
I I
+10 |0
Hdl =0X 0 and Hdg = ([ ) ) 0
0 0
0 0
(53)

At this stage, we propose the following theorem to
compute the observer gain Z.

Theorem 2 The functional observer is an unknown
input functional observer for the system (1-3) if there
exist matrices P = PT >0, Q = QT > 0and Y
which satisfy the following matrix inequality

—P /h(PH, —YHs) hi(PHy —Y Hg)

* Q+R—MP 0 <0
* * R—-Q
(34)
Where the arbitrary matrix Z is given by the following
equation.
Z="PrPy (55)
Proof 2 It’s obtained by considering the following
Lyapunov functional [18].
V(k) = Vi(k) + Va(k) (56)
—1
Vi(k) = he" (k)Pe(k) + > e"(i)Qe(i) (57)
i=k—hy
hy
Va(k) = eT(k+1—i)Re(k+1—1i) (58)
i=1
Using condition a) of Theorem 1 and equations (56)-
(58), AV (k) is calculated as follow:
AVi(k) = Vi(k+1)—Vi(k) (59)

= (k) HTPH — h P + Qle(k)
+hiel (K)HT PHge(k — hi(k))
+hiel (k — hy(k)HY PHe(k)
+eT(k — hy)[mHY PHy — Qle(k — hi(k))

AVy(k) = eT (k)Re(k)—eT (k—hy(k))Re(k—hy (k)
(60)
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Based on equation (59) and (60), we can write:
AV (k) = T (k)Ve(k)

0= (e )

(x mHTPH,
\1,_< mHTPH, - Q-r) <" ()

where x = hHTPH — P+ Q+ R

(61)
with
(62)

So AV (k) < 0 is equivalent to ¥ < 0.

To avoid the quadratic from present in equations
(63), we propose to rewrite this equation as following
form:

v =U-0'="10 (64)
where:
Q—R—hP 0
U = [ 0 _Q_4 (65)
Q = [VhMH hiH (66)
2 = —p! (67)

According to the Schur lemma [14], ¥V < 0and = < 0
if and only if:
= Q
A= [QT U] <0 (68)
By applying a congruence transformation [14] to A
such as:

AT <0 (69)
with
P 00
O=|x I 0] <0 (70)
* k]

Replacing A and 11 by their expressions (68) and (69)
and using (48)-(53), Theorem 2 holds.
5 Numerical Example

5.1 The model matrices
-5 0

10 10
E:<1 0>’A:<o —3)’Ad:<0 —0.5)7

2 0 2
B:(—1 3.2>’Bd:<2
4 1 -1 0
FZ(O 2>7D1:<2>7D2:Dd1:<0)a
1 2 1
Dd2:<2), GZ(O 0)’ L:(2 _1)

The state delay has a sinusoid form such h;(k) =
3sin(0.5k), then we can easily deduce that h; = 3s.
The input delay hs is such ko = 1s.

ISSN: 2367-8917

-1 1 -1
0>’C:<o.5 3>’

17

International Journal of Control Systems and Robotics
http://www.iaras.org/iaras/journals/ijcsr

5.2 Observer matrices

_3.92 9217 057 28
H= ( 1.73 —11.94) , Ha= ( 0.3 —1.51> )
8.66 0 433 —4.33
L= <—4.66> = <1> yJa = <—2.33 2.33 ) )
5.05 10.83 —6.93
L= <—2.72> = (—5.83 3.73 ) !

5.3 Figures and interpretations

Fig.1 and Fig.2 explicit, respectively, the used known
and unknown input vectors in the numerical example.
As shown both inputs have two components.

4

2 S —

Ob---m---

| i i —viiq)
08 |boomemm b [ AR SO
) S NSRS SO, ISR AR SR
DB fee e beernneeene :
| | | | i
0 5 10 15 20 25 30
2 ; .
; —vizq)
1 —_— s E
T RERCSREE [SRRLRREES g
T A S
| 1 1 1 I
0 5 10 15 20 25 30

Figure 2: The used unknown input
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Fig.3 draws both real and estimated functional
state vectors. We can remark a quick convergence
during the permanent phase and a short transitory
phase t € [0, 5].

8 ! ‘ ! ' ;
H : Real functional state
Estimated functional state {

5 10 15 20 25 30

Figure 3: The real and estimated functional state vec-
tors

Fig.4 draws both real and estimated functional un-
known input vectors. we can check the quick conver-
gence dynamic of the proposed observer.

5 T T I I 13
: ‘ Real functional Unknown Input
Estimated functioan! Unknown Input ||

15 20 25 30

Figure 4: The real and estimated functional state vec-
tors

Fig.5 and Fig.6 show the estimation error of the
functional state vector and the unknown input which
converge asymptotically to 0 and confirm the effec-
tiveness of the proposed approach.
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1 T T T ! I I I I 13
Estimation error of functional state

Figure 5: The state estimation error

25 T T T T T T T T T
Estimation error of functional unknown input

05 (S S S NN U B B
0
Figure 6: The unknown input estimation error

6 Conclusion

In this paper, authors have presented an observer
scheme for singular bilinear systems with variable
state delay. A constant delay has been also consid-
ered in the input vector in both regular and bilinear
form. The observer proves its effectiveness tested
on a numerical example and reconstruct both func-
tional state vector and a part of the unknown input
vector. The proposed approach is based on the Lya-
punov Krasovskii stability theory so the observer gain
is calculated by using a Lyapunov functional and en-
sures an unbiasedness dynamic. The estimation error
is independent from the presented unknown input and
the considered input delay.

Volume 9, 2024



Malek Khadhraoui et al.

References:

[1]

[2]

[3]

[4]

[5]

[7]

(8]

[10]

A. Dunoyer and K. J. Burnham, European Con-
trol Conference (ECC), Practical aspects of dis-
cretisation of bilinear systems, 1997, pp. 2582-
2587, doi: 10.23919/ECC.1997.7082496.

A.Mohammed and H.Abdelaziz, WSEAS
Transactions on Systems and Control, Control
for stability and positivity of 2-D linear discrete-
time systems, Vol 12, No 2, pp 546556, 2007.

A.ALEXANDER, A.ELENA and Z.ALEXEY,
WSEAS Transactions on Systems and Con-
trol, Asymptotic stability conditions for certain

classes of mechanical systems with time delay,
Vol 9, pp 388-397, 2014.

B.Vladimir, C.Petr, K.Marek and D.Petr,
WSEAS transactions on systems, Identification

and self-tuning control of time-delay systems,
2012

C. Bruni, G. DiPillo and G. Koch, IEEE
Transactions on Automatic Control, Bilinear
systems: An appealing class of “nearly lin-
ear” systems in theory and applications, Vol.
19, No. 4, pp. 334-348, August 1974, doi:
10.1109/TAC.1974.1100617.

F. Amato, C. Cosentino and A. Merola, Mediter-
ranean Conference on Control Automation,
Stabilization of bilinear systems via linear
state feedback control, 2007, pp. 1-5, doi:
10.1109/MED.2007.4433740.

F. Hamzaoui, M. Khadhraoui, and H. Messaoud,
ICCAD, 4 New Functional Observer Design of
linear Singular Systems with an additional un-
known input and variable time delay in Time and
Frequency domains, Vol 9, No 4, article 3, 2020.

F. Hamzaoui, M. Khadhraoui, and H. Messaoud,
ICCAD, A New Functional Observer Design of
Delayed Singular Systems in Discrete time and
Frequency domains, Vol 9, No 4, article 3, 2020

F. Hamzaoui, M. Khadhraoui and H. Messaoud,
IEEE Access, A Contribution in the Observer
Design for a Class of Bilinear Singular De-
layed Systems, Vol. 10, pp. 3807-3813, 2022,
doi: 10.1109/ACCESS.2021.3140137.

J. Li and J. Shi, Chinese Control And Decision
Conference (CCDC), Admissibility analysis for
discrete-time bilinear singular systems using bi-
linear state-feedback controller, 2018, pp. 2448-
2452, doi: 10.1109/CCDC.2018.8407536.

ISSN: 2367-8917

19

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

International Journal of Control Systems and Robotics
http://www.iaras.org/iaras/journals/ijcsr

L. Guoping, Z. Xiaomei, T. Hongji and Z. Lei,
6th World Congress on Intelligent Control and
Automation, Stabilization of Discretetime Bilin-
ear Descriptor Systems, 2006, pp. 164-167, doi:
10.1109/WCICA.2006.1712293.

M. Darouach, IEEE Transactions on Automatic
Control, Linear Functional Observers for sys-
tems with delays in state variables: The discrete
time case, 2005.

M. Ezzine, M. Darouach, H. Souley Ali and
H. Messaoud, 18th IFAC, (2011), Unknown In-
puts Functional Observers Designs For De-
scriptor Systems with Constant Time Delay,2011
, Milano-Italy.

M. Khadhraoui, M. Ezzine, H. Messaoud and
M. Darouach, 6th International Symposium on
Communications, Control and Signal Process-
ing (ISCCSP), Design of full order unknown in-
put observers for delayed singular systems with
state variable time delay, 2014, pp. 624-627,
doi: 10.1109/ISCCSP.2014.6877952.

M. Khadhraoui, M. Ezzine, H. Messaoud, and
M. Darouch, WSEAS Transactions on Systems
and Control, Design of unknown input func-
tional observers for delayed singular systems
with state variable time delay, 2014, pp 4806-
4810.

M. Khadhraoui, and H. Messaoud, ICCAD, De-
sign of a Functional Observer for Non-Linear
Singular Delayed Systems, Vol 9, No 4, article
3, 2020.

M. Zasadzinski, H. Rafaralahy, C. Mechmeche,
and M. Darouach, Journal of Dynamic Systems,
Mesurement, and Control, On Disturbance De-
coupled Observers for a Class of Bilinear Sys-
tem, Vol 120, No 3, 1998.

N. Krasovskii, Stanford University Press, Sta-
bility of Motion, 1963.

W. Zarrougui, F. Hamzaoui, M. Khadhraoui, and
H. Messaoud, ICCAD, A4 new time domain func-
tional observer design for bilinear system with
constant time delay and unknown input, 2020.

R. R. Mohler, Englewood Cliffs, NJ: Prentice-

Hall, Nonlinear systems, Application to bilinear
control, 1991.

Volume 9, 2024



	Introduction
	Related Works
	Problem Formulation
	The Observer Design
	Conditions of the unknown input observer synthesis
	Computing of observer matrices

	Numerical Example
	The model matrices
	Observer matrices
	Figures and interpretations

	Conclusion



