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Abstract: The aim of this paper is to develop a new observer-based stabilization strategy for
a class of Lipschitz uncertain systems. This new strategy improves the performances of existing
methods and ensures better convergence conditions. The observer and the controller are enriched
with sliding windows of measurements and estimated states, respectively. This technique allows
to increase the number of decision variables and thus get less restrictive and more general LMI
conditions. The established sufficient stability conditions are in the form of Bilinear Matrix
Inequality (BMI). The obtained constraint is transformed, through a useful approach, to a more
suitable one easily tractable by standard software algorithms. Numerical example is given to
illustrate the performances of the proposed approach.
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1. INTRODUCTION AND PRELIMINARIES
1.1 Introduction

Robust stabilization of nonlinear uncertain systems have
been extensively investigated in recent years and numer-
ous design methodologies have been established to filter
disturbances and uncertainties and ensure good degree of
noise sensitivity, good performance and robustness (Ho
and Lu (2003); Kheloufi et al. (2014); Song and S.He
(2015); Kheloufi et al. (2015); Ito and Dinh (2018)).

Many researchers focus on the observer-based controller
design for nonlinear continuous or discrete-time systems.
Interesting results are presented in Ibrir (2008); Grand-
vallet et al. (2013); Kheloufi et al. (2016). For example,
an LMI condition for observer-based controller design of
Lipschitz systems is given in Ibrir (2008). In this pa-
per, the author proposes to compute the controller and
the observer gains in two steps. Then, an other design
methodology is proposed in Grandvallet et al. (2013). This
method uses a diagonal Lyapunov matrix and allows to
compute the observer and the controller gains simulta-
neously via the same optimization problem. Recently, an
interesting publication of Kheloufi et al. (2016) presents a
new and useful design procedure to synthesize a robust
observer-based stabilization for nonlinear systems using
a symmetric Lyapunov function. In order to handle the
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difficulty of Non-deterministic Polynomial-time hard (NP-
hard) nature of the problem, the authors propose to use
a slack variable technique inspired from Heemels et al.
(2010) with the standard Young’s inequality. All these
interesting results use only the last available state and
measurement to synthesis the observer and the controller
gains.

In this paper, a new observer-based control design method-
ology for a class of Lipschitz discrete-time systems in the
presence of bounded disturbances and parametric uncer-
tainties is proposed. This work is motivated by the recent
results on observer design of Grandvallet et al. (2014);
Gasmi et al. (2018). The main contribution lies in the
use of a sliding window of measurements in a Luenberger
observer and a sliding window of delayed states in the
control law which allows to introduce additional decision
variables to enhance the constraint to be resolved. The
use of a sliding window approach, in the synthesis of the
robust observer-based controller, improves the disturbance
rejection by involving a fixed number of previous states
and measurements and allows to improve the robustness of
control. This new formulation is a significant contribution,
contrary to conventional approaches that consider only
the last available measurement for the observer and the
last available state estimate for the controller (Kheloufi
et al. (2016)). A judicious use of a slack variable technique
(Heemels et al. (2010)) with a useful reformulation of the
Young’s inequality (Zemouche et al. (2017)) allows to add
more degree of freedom.
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This contribution is organized as follows: In the next part
of this section, useful preliminaries are presented. The
problem statement is introduced in the second section.
The third section details the synthesis procedure of the
robust sliding window observer-based controller. Numeri-
cal example is provided, in the last section, to demonstrate
the validity of the proposed results for the considered class
of nonlinear systems.

1.2 Notation

The notation used in this paper are as following:
T

p — components
vector of the canonical basis of R?;
o UT is the transposed matrix of U:
e U is a square matrix. U > 0 (U < 0) designates a
positive definite (negative definite) matrix U;
e Blocks induced by symmetry in a matrix are repre-
sented by the symbol (x).

1.8 Preliminaries

Lemma 1. (Zemouche et al. (2017)). Consider a nonlinear
function f : R™ — R9. Then the following two items are
equivalent :

e f is globally Lipschitz with respect to its argument,
ie.
@) =fWV) IS U=V I, VU VeR" (1)
o there exist finite and positive scalar constants %,
and 7; so that for all V U,V € R" there exist
zi € Co(U V), z; # U, z; # V and functions
fij + R™ — R satisfying the following equality:

q,n
fU) = f(V) = Z fij(zi)Hij(U =V)  (2)

i,j=1
ndy, < fis(1) < 7, where fi; (1) = 2L () and

a. lhj\zjzz \meee zjzz—aszza

Hij = eq(i)ey, (4)- u
Lemma 2. (Zemouche et al. (2017)). Given two matrices
U and V of appropriate dimensions, then the following
inequality holds for any symmetric positive definite matrix

S of appropriate dimensions:

1
UV +v7TU < S U+ SVITSTHU+sv] (3)

Lemma 3. (Petersen (1987)). Given three matrices U, V
and S of appropriate dimensions with S7.S < I. Then, the
following inequality holds V 1 > 0:

1
USV +VvIsTuT <qguu™ + 5VTV (4)
|

2. PROBLEM STATEMENT

The class of nonlinear uncertain systems under study is
described by:

Tht1 A+ AAp)x, + Buy, + Df(xk) + FBiwg (5)

Yk C + ACk (E(k) + E2Wk
where zp € R™, up € R™, wr € R° and y € RP
represent the state, the input, the disturbance and the
output vectors, respectively. A, B, D, E;, C and E, are
constant matrices. f : R® — R? is a Lipschitz nonlinear
vector. The unknown matrices AA; and AC) represent
the time-varying parameter uncertainties with

AAk = MleNl (6&)
AC), = MyF}, N, (6b)

where Fj is an unknown matrix satisfying the following
condition :

FF <. (7)
For system (5), let us consider the following observer:
yr — Ciy

X . X Yr—1 — O
xk+1=Aa:k+Buk+Df(zk)+£ .

Ye—r+1 — CTp_ry1
(8)
where Z; and L represent the estimated state and the
observer gain matrix, respectively. r is the size of the
sliding window.

To integrate the delayed states into the state equation, (5)
is rewritten as follows :

Zpr1 = (.A + AAk)zk + Buy, + Df(ITzk) + & (9)
with

Tk WE
Thk—1 WEk—1
2 = . s Vi = . 5
Lh—r4+1 Wk—r+1
A 0 v - 0
I, 0 - - 0 B D
0 0
A = 0 ) B = ’ D= ’
R 0 0
0 I, 0
AA;, 0 --- 0 M,
0 0
AA;, = . =MEBN M = |
0 00 0
NE I, E, 0 0
0 0 0O 0 ---0
NT - 5 7= 5 81 -
0 0 0 -~ 00

Likewise, the sliding window observer (8) can be rewritten
as follows:

Zp1 = A+ Bu+D f (7 2,)+ILCCATLACK 2k + I LE vy,
(10)
where (; = 2z — Z; represents the estimation error,

L=(L Ly - L)

)

r times

——
C = block-diag | C,...,C |,
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r times

—_—
ACk = block—diag AC’k, ey ACk = MQ.FkNQ,
r times
—_——
My = block-diag | Ms, ..., M |,

Fi = block-diag(F;€7 . ,Fk—r+1),

r times

—_——~
N3 = block-diag | Na,...,No |,

r times

&y = block-diag | Es, ..., Es

Then, let us consider the following state estimate feedback
controller:

U = ZKijjkfiJrl (11)
i=1
where K; for i € {1,--- ,r} are the control gain matrices.
The controller (11) can be rewritten as follows:
Ug = Kfik (12)
with I = (K1 Ky - K,-).

In the rest of the paper, the objective is to determine the
observer gain £ and the control gain K while ensuring
the asymptotic stability of the closed-loop system and
satisfying the Ho, criterion.

Let (x = zx — Zx. The dynamic of this estimation error is
given by
Chy1 = (AAk - IﬁACk)Zk + (A — IﬂC)Ck
+D(f(Z72) ~ F(T72)) + (& — TLE) .

(13)

Using equation (12), the closed-loop system is given by:

Zk+1 = (A + AA, + B]C)Zk — B + Df(ITZk) + E1vg.
(14)

Then, by applying lemma 1 to the nonlinear vector f(.),

we obtain
qn

f(ITZk) = Z L,DinijITzk (15)
ij=1
q,n
F@ ) = f(T7%) = Z i HiZ" i (16)
ij=1

with 5, < @iy <Tj,0 04 < O STy, Hig = eq(i)er ()-

Using equations (13), (14), (15) and (16), the following
augmented system is defined:

Zht1 = (A + E(@))ék + gl/k
with

a= (&) == ("0 e oprr).

A= A+ AA,+BK  —-BK &= 1
T\NAAL, —TILAC, A-TILC) " T \& —TILE )

q,n q,n
Z1(0) = Y ¢ijHij and Z9(0) = > ¢i;Hyj.

ij=1 ,5=1

(17)

The parameter © belongs to the bounded convex set Hy,
for which the set of vertices is defined by

Vi, =10, 0 €RT*™ et oy, ¢y € {jfijﬁm}}- (18)

3. NEW #,, OBSERVER-BASED CONTROLLER
DESIGN METHOD

In this section, the design procedure of the proposed
observer-based controller is detailed.

3.1 Stability analysis

The observer and the controller gains are calculated while
respecting the following H,, norm:

1G(x = 2)[ls, < Allwllz, (19)
where A > 0 is the disturbance attenuation level to be
minimized and G is a known and constant matrix.

Therefore, We must look for a Lyapunov function Vj such
that

(20)

with Z = block-diag(Z,Z), G = block-diag(0, GTG), xp =
ITZk and ik = ITZA’]C.

. 22
AV, + ZLIGIT 5, — 7y,{yk <0.

The selected candidate Lyapunov function is defined as
follows:

Vi = 2L P2,
with P = PT > 0 is the matrix of Lyapunov.

(21)

Usually, to solve this kind of problem, most existing
works on observer-based controller design for linear and
nonlinear systems, use a particular form of the matrix
P = block-diag(Py, P;). To improve the existing results,
we choose to use the following non-diagonal Lyapunov
matrix in order to get a more relaxed LMI conditions:

(PP
p= (5 0.
Let AVy = V11 — Vi. Then, by developing the inequality
(20), we obtain (23):

~\NT ~
() o) <0
Vi Vi

((1,1) (A+ E(@)QTPEN
Q= o~ A
(x) ETPE - —Loxr

(22)

(23)

with

and (1,1) = A+ 5(0))" P(A+E(0)) — P + IGI”.
Note that the inequality (23) is satisfied if @ < 0. Then,
using Schur’s lemma, the following inequality is obtained:

-P7' A+E(0) I3
(x) —-P+IGI" 0

W W X

_7Is><r

r
The inequality (24) still unresolved due to its bilinear
nature caused by the existence of an unknown matrix
with its inverse (P and P~!). To overcome this major
obstacle, a slack variable technique is used with a judicious
reformulation of Young’s lemma. Thus, we obtain sufficient
and less conservative conditions ensuring the asymptotic
stability of the considered system. Corollary 1 introduce
the main contribution of the paper.

< 0. (24)
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Corollary 1. For a disturbance attenuation level A > 0, the
robust H., observer-based stabilization design problem,
corresponding to the system (5), the controller (11) and
the observer (8), is solvable if for positive scalars 72 and
73,5 there exist positive scalar 7; and matrices Py, Py, Ps,

Q1 > 0, Qy € RPMxnM_ p c RnxpM gnd K € RmX"M
such that the following BMI is feasible for all © € Vy

min A subject to

qn

My Py Iy 0 & Tl
(x) Moo ([ 1124 Ils5 0
() (x) =P —=P3; 0 0
(x) (%) () Haga 0 Ipxr T, (25)
(x) (%) (%) (x) Hss 10 <0
(*x) () (0 () ) —§Q1
(*) Y,
with . R X
i =P — G —'CQ?'+'U1A/1LA4¥w
i3 = (A+ DE(0)I" + BK)QT
s = —BKQT
Iy = P — Q2 — QF
oy = Q2 (A + DE2(0)I7 — ILC)
o5 = Q2(&1 — ZLE,)
Iy = -P, +IGTGI"
2
H55 - _LISXT
0 0 0 0 0
@My QILM; 0 0 0
T = 0 0 QNT QINT QIN
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
—i[ 0 0 0 0
2 1
Ty = (%) _773] 0 0 0
() (x) —-mI 0 0
(%) (x) (%) —m2I O
x) x) x) x) —ml
|

Proof. A slack variable @ is introduced to eliminate
P~1. Pre-multiplying (24) by block-diag(Q, I, I) and post-
multiplying it by block-diag(Q”,I,I). Then, using the
inequality — QP 1QTT < P —Q — QT (24) is equivalent
to

P-Q-Q" QA+E©) Qf
(%) —~P +IGI" 0

32 <0 (26)
() OIS
The slack variable @ is defined by:
o= (8:8) =)

Using (22) and (27), the inequality (26) can be written as
follows:

6051

Iy, Po—Q3—Q) IIiz Iy IIys
E*% P2 — 6(22)— Qg Hg, H]234 HO25
* * — _
(%) (x) ®) Ty 0 <0 (28)
2
CIENC NN

=P — Q1 —QF
i3 = Q1(A+ AAy, +BK 4+ D=E(0)17)
+Qs(AA, — TLACK)

My = —Q1BK + Q3(A —ILC + D=5(0)I7)

5 = Q1€ + Q3(&1 — LLEy)

s = Qu(A+ AAy, +BK + D=(0)17)
+Q2 (AAk — I,CACk)

Moy = —Q4BK + Q2 (A —ILC+ DEQ(@)IT)

o5 = Qa&1 + Q2(&E1 — LLE,)

Iy = — P +IGTGIT.

As can be seen from (28), the observer gain is coupled
with the unknown matrices @3 and (2. While, the gain
K is coupled with the unknown matrices @)1 and Q4. To
overcome this problem, we can choose @3 = Q4 = 0. Then,
the new structure of the matrix @ is given by:

_ (@1 0
@= ( 0 Q)"
Pre-multiplying (28) by block- diag(@l,I,I,Ql,I) and
post- multlplymg it by block-diag(Q7T, 1, QlT,I I) with

Q1 = Ql Then, using the notatlons Py = Q1 P; and
Q1P1Q1 , wWe get the following inequality:

(29)

P—Q1-Qf P3 Ths -BK &
(%) oy a3 Ilog  Ilos
DoEEE Y |ow
() ) )l

with
i3 = (A+ A4 + BK + DE1(0)I7) QT
Mo =P — Qy — QF R
oy = Q2(AA, — TLAC,)QT
Iy = Q2(A — ILC + D=Ey(0)I7)
Iy = Q2(&1 — ILE,)
Oy =—P, +IGTGIT.

To couple the gain K, in II;4, with the matrix Q?, we
rewrite the inequality (30) as follows:

~Qi—-QF Py 3 0 &
*) Moy a3 Ipq  Tlos
(*) (*) —P1 —P3 0
SRR ST
A
(*) (*) (*) (*) _7Is><7‘
' (31)
0
+|1 0 [(=BK)"0000)+VTU <0.
I’n,OX’r’ V
—_———
UT
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Then, by applying lemma 2 on (31) with S = Q1, the
following inequality is obtained:

P-Q,—QF P33 0 & —-BKQT
(%) Moy Ilpg Ilzq  Tls 0
(*) (x) =P —P3 0 0
(%) (%) (x) MHaa /\20 Inxr | <0
(*) () () ) *7[sw 0
I SRS RS R G B0
(32)

Note that in order to be able to apply lemma 2 on (31),
the matrix @) should be symmetric and positive.

Using lemma 3 and equations (6), we obtain

~Q1—-Qf P Mz 0 & —BKQT
(*) o2 0 Mg Tlos 0
(%) (*) =P —Ps 0 0
(*) (%) (%) Mag /\20 Lxr
(%) ) (x) (%) —7Is><r 0
I R S RS R S o

1 1
+m U U + Evffvl +nUU; + 77—2V1Tv1 + n3UsUL

1
+—Vi Vo <0
n3
(33)

with R

;3 = (A+ BK+DE(0)I7) QT

Iy = Q2(A—ILC+ DE5(0)IT)

U, =(MFoo0000)"

U, = (0O MFQTo000)"
Us = (0 MILTT7QT 000 0)"
Vi =(00MQ] 000)

Vo =(00MQ7 000).

Finally, by applying Schur’s lemma, we obtain the con-
straint (25). This ends the proof of corollary 1.

3.2 Converting BMI into LMI

To linearize the BMI given by (25), the following change
of variables for the terms coupled with the control gain
is defined: . .

K = KQT, (34)
but this is not the case for the terms coupled with the
observer gain L because of the matrix Z. Therefore, a
particular solution is proposed to linearize this BMI.

We consider the following particular form of the matrix

Q2:

2, Qe @y
B1Q5 SR e D10 a2y
Q2= L BQF : (35)
: : . r—1,r
/iQy BQ3 - QT QY
with @57 = a,1Qy "7, QYT = B1Qy T,
0<a;<land0<B;<1lforie{l,---,r—1}

Then, the following changes of variables is defined:

Li=Qi'L;, for ie{l,---,r} (36)
So, the BMI (25) is transformed into a convex problem.

Finally, the controller and the observer gains can be
computed through the following equations:

K= ICTQ;T

Li = (Q¥)™'L;, for ie{1,---,r}
4. NUMERICAL EXAMPLE

Let us consider the system studied in Kheloufi et al.

(2016). This system is described by the state model (5)
with

0.2 0.10.4 1 3 100
A=(06 1 05|, B=(-04 05|, D=[010],
~03 0 0.3 0.6 —0.4 001

1 0 0
B (1),0: (O01) = (52). o0 - <0.1 0.3),
1 ' 0 0.2

000 0 0.3 00 O
Nl:(o.zoo.zx)’M?:(oos) (0002)
0.1sin (xog
f(ack) = | 0.2sin (w3z) |, Fx = sin(k*).
0.3sin (x1x

f (xk) satisfy lemma 1 such that the set of vertices is

defined by
0 0.1 0
Vs = { ( 0 0 j:0.2> } )
+03 0 0

The obtained gain matrices using the sliding window
approach with r = 2 and a = 8 = 0.01 are as follows:

0.4181 —0.1258 0.3357 —0.2507
L = <1.1749 —0.3818>, KT = (—0.0392 —0.1028>7
0.2278 —0.0960 —0.1523 —0.1311
0.0055 —0.0030 0.0000 0.0000
Ly = < 0.0036 —0.0025), KT = (0.0000 —0.0000>7
—0.0012 0.0003 0.0005 —0.0042

and A = 1.4551.
The simulation results using the proposed approach are

given by figure 1 such that o = (107 —5)T7 To =
(<1415 andw=1for t € [2,3].

5. CONCLUSION

A robust sliding window controller for Lipschitz nonlinear
systems with parametric uncertainties in a noisy context is
proposed in this paper. The proposed strategy introduces
two sliding windows of delayed measurements and states,
respectively, into the Luenberger observer and the control
law in order to get less restrictive LMI conditions. A
judicious use of Young’s lemma combined with a particular
slack variable allows to enhance the obtained optimization
problem. Numerical example is presented to validate the
proposed LMI conditions.
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