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Abstract: This paper deals with observer-based stabilization for a class of Linear Parameter-
Varying (LPV) systems in discrete-time case. Two new LMI design methods are proposed
to design the observer-based controller gains. The first one is based on the use of a Young’s
relation in a judicious way, while the second one, which provides more interesting results, is
based on the use of a general congruence principle. This use of congruence principle leads to
some additional slack matrices as decision variables, which make disappear some bilinear terms
leading to less conservative LMI conditions. To the authors’ best knowledge, this is the first
time the congruence principle is exploited in this way. The effectiveness and superiority of the
proposed design techniques, compared to existing results in the literature, are demonstrated

through two numerical examples.

Keywords: Linear matrix inequalities (LMIs), linear parameter-varying (LPV) systems,
Young’s relation based approach, congruence principle, uncertainties.

1. INTRODUCTION

Linear parameter-varying (LPV) modeling has been the
subject of increasing interest in the literature with many
practical applications in the areas of aerospace, automo-
tive, ...etc.. Indeed, LPV systems offer an alternative
to handle the complexity of nonlinear systems and com-
bine the simplicity of linear systems and the real vari-
ability of their parameters avoiding the approximation of
nonlinear systems by linearization or with a transforma-
tion. Although this simplified representation of systems
is very useful and practical, but the parameters of an
LPV system are generally uncertain and unavailable for
measurements. For the case of continuous-time LPV sys-
tems, see for instance, Apkarian and Adams (1998), Kose
and Jabbari (1999), Balas et al. (2004), Scorletti and
El Ghaoui (1995), Wu (2001), Gilbert et al. (2010), Sato
(2011), Song and Yang (2011). Also, for the discrete-
time dynamic output feedback controller LPV systems,
see for instance, Blanchini and Miani (2003), De Caigny
et al. (2012), Zhang et al. (2009), Emedi and Karimi
(2014), De Oliveira et al. (1999), Oliveira and Peres
(2005)). Hence, the investigation of LPV systems with
inexact but bounded parameters attracts the attention of
many researchers in this field Wu et al. (1997), Kalsi et al.

(2010). If the problem of observer design for LPV systems
with known and bounded parameters is easy to investi-
gate, the observer-based stabilization problem is difficult
from the LMI point of view. Therefore, the stabilization
problem becomes more complicated when the parameters
are unknown. Indeed, these unknown parameters lead to
bilinear matrix coupling, which are difficult to linearize
with known mathematical tools. Some design methods
have been proposed in this area in the literature, however
all the proposed techniques still remain conservative ( see
for instance Daafouz and Bernussou (2001), Daafouz et al.
(2002), Ibrir (2008), Ibrir and Diopt (2008), Kheloufi
et al. (2013)). This motivates us to develop new and less
conservative LMI conditions by using new mathematical
tools.

In this paper we propose new and enhanced LMI condi-
tions to solve the problem of observer-based stabilization
for a class of discrete-time LPV systems with uncertain
parameters. The proposed technique consists in designing
an observer-based controller which stabilizes the LPV sys-
tem, provided that the difference between the uncertain
parameters and their estimates are norm-bounded with
bounds not exceeding a tolerated maximum value. Hence,
the observer-based gains depend on these bounds. The
problem we investigate in this paper is motivated by



the work proposed in Heemels et al. (2010), Jetto and
Orsini (2010) and recently in Zemouche et al. (2016).
One of the contributions of this paper consists in the use
of a relaxed reformulation for the parameter uncertainty.
This relaxation is inspired from recent design methods for
observer design of nonlinear Lipschitz systems Zemouche
and Boutayeb (2013), Phanomchoeng et al. (2011). Using
this reformulation, two new LMI synthesis methods are
developed to design observer-based controllers for a class
of LPV systems with inexact but bounded parameters.
The approach used a new congruence principle by pre-
and post-multiplying the basic BMI condition by new and
ingenious slack matrices. Thanks to these matrices, which
can be seen as additional decision variables, some bilinear
terms vanish from the BMI, which increases flexibility in
the to linearization. We show analytically how particular
forms of the slack variables reduce the complexity of the
bilinear problem. This new use of congruence principle
allows avoiding the gridding method as in Kheloufi et al.
(2015).

The rest of this paper is organized as follows: after giving
the problem formulation in Section 2, we devote Section 3
to our contribution: new LMI synthesis methods to design
observer-based controllers for uncertain LPV systems are
presented. Section 4 gives simulation examples and com-
parisons to show the superiority of the proposed design
methodology. Finally, some conclusions are reported in
Section 5.

2. SYSTEM DESCRIPTION AND PROBLEM
STATEMENT

Consider a discrete-time LPV system described by the
following state-space equation:

where x; € R"™ is the state vector, y; € R™ is the
measurement vector, u; € RP is the control signal, for
any t € ZT. Further, the state matrix A(p(t)) € R™*"
depends on a bounded time-varying parameter p(t) =
[p1(t), ..., pn(t)]T, which is assumed to be not available
in real time, but only an approximated p(t) € © C R,
satisfying

sup lp(t) —p@)]] < A (2)

is known, where A is some nonnegative constant indicating
the uncertainty level, and © is some bounded subset of
RY. B and C are real matrices the dimension n x p and
m X n , respectively. Throughout the paper, the following
assumptions are made:

e The matrix A(p(t)) lies for each p(t) € © in the
convex hull Co(A4y, ..., Ax), that is there exists a finite

sequence (§i(p(t)))£\;1 depending on p(t) such that
§(p) 2 0, ZiLy €'(p(t) = 1, and

N
Ap(t)) =D& (p(t) As; (3)
i=1

e The pairs (4;,B) and (A;,C), for i = 1...,N, are
respectively stabilizable and detectable.

The observer-based controller we proposed here is the
same as in Heemels et al. (2010); Jetto and Orsini (2010);
Zemouche et al. (2016), and described by the following
equations:
T = A(p(1)) 2 + L(p(1)) (ye — C¢) + Buy, (4)
Uy = Ciy.
Based on the estimate Z;, we develop a set of the con-
trollers of the form

up = K(p(t))Z:. (5)
Define 7; = [2] e |7, where e; = &; — x; is the estimate
error. Then the closed-loop system of (1), (4) and (5) is
described by

AGHBEG) L T o

—AA A(p) + AA—L(p)C| ™"

where, for shortness, we set AA = A(p(t)) — A(p(¢)),
X(p):=X(p(t)) and Y(p) := Y(p(t)), for any parametric
matrices X and Y.

Tyy1 =

In this paper, the aim is to design a collection of
observer-based controller gains K (p) = Zjvzl &(p)K; and

L(p) = Zjvzl & (p)L; such that the closed-loop system (6)
is globally asymptotically stable.

We first formulate the non-convex optimization problem
that allows us to compute the observer-based controller
gains K; and L;, for j = 1,...,N, using Lyapunov
stability. For the stability analysis, we use the same
quadratic and parameter dependent Lyapunov function as
that in Heemels et al. (2010), namely,

V(Z,p): =2 P(p(t))Z, = T] ﬁT% ﬁ%ﬁ?] o
where
P(p(t)) = Z & (p(t) P,

One obtains after some calculations (see Zemouche et al.
(2016) for more details) that
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where for each j,l =1,2,..., N,
Q= —P; + 11 R,
and
_ |A4; + BK; -L;C
I = { “AA T Aj+AA- Ll (7)
We have that AV4(Z, p) < 0 for all Z(.) # 0 and p(t) € ©
if
Q=-P;+1I]PIl; <0,Vj,l=12,...,N, (8)
or, equivalently,
—P; H]T
I —p
For simplicity, we set in the rest of the paper A =
{1,2,...,N}.

}<0, Vj,l=1,...,N. (9)



3. TWO NEW LMI DESIGN PROCEDURES

This section proposes new ways to linearize the Lyapunov
stability problem (9), which is BMI due to many coupling
between the Lyapunov matrices and the observer based
controller gains. Our purpose is to give new strategies
that give better solutions to (9) in the sense that they
tolerate larger uncertainty level A. We begin by giving
an equivalent reformulation for the parameter uncertainty,
and consequently a relaxation of the assumption proposed
in Heemels et al. (2010) will be derived.

3.1 About the Assumption (2) on the uncertainty

It is easy to see that condition (2) is equivalent to the
existence of two vectors A™" ¢ RV and A™®* ¢ R so
that

AP < pp(8) — pr(t) < AP VEk=1,...,N. (10)
Thanks to this reformulation of (2), it allows us to relax

the assumptions proposed in Heemels et al. (2010), namely
the matrix AA satisfies the following condition:

AATAA < ATTT (11)
where I' is known constant matrix of appropriate dimen-
sion. This relaxation, inspired from recent design meth-
ods for observer design of nonlinear Lipschitz systems
Zemouche and Boutayeb (2013), Phanomchoeng et al.
(2011), is based on the use of an LPV approach to treat
the uncertainties on the parameters. From now on, the
condition (10) will be denoted by (H).

Let us start by checking that under condition (2) or (H),
the following result, which is given in Zemouche et al.
(2016) without proof, holds.

Proposition 1. Under condition (H), the parametric ma-
trix AA belongs to a bounded convex B, for which the set
of vertices is defined by :

Va={Al0)= > oAy o € (AP AP0},
(4,5,k)€S
(12)
The set S is defined by

S={(0,3.k)  (or — )Ny # 0}

The proof is based on the following Lemma:

Lemma 2. (Zemouche and Boutayeb (2013)). Consider a
function ¥ : R™ — R. Then, for all

X = [xh...,xn]T cR"andY = [yl,...,yn]T cR"
there exist functions ¢; : R x R® - R, j =1,...,n so
that

j=n
U(X) = W(Y) = 300 (X X el () (X - V)
j=1
(13)
where XYi = [yi,... ,yj,:ch,...,xn]T, XY = X and

en(7) is the jth vector of the canonical basis of R™.

Proof of Proposition 1: We have the detailed form of
A(p):
Alp) = ZAij(p) en(i)ey, (4)-
"7j

Thus we can write AA under the more suitable form:

AA= A(p) - A()

n
=3 (4500 = 45()) en(del (). (14)
ij=1
By using Lemma 1 on A;;, for each fixed 7,5 = 1,...,n, we

obtain the existence of functions 1/)5 R"xXR® > R, k=
1,...,n such that

Aij(p) — Aij(p) = Z by (,0’3’“’17,0’%) (pr — pr)  (15)
=1

By replacing in (14) the reformulation of A;;(p) — Ai;(p)

given in (15), we get
Alp) = AD) = 3o = pr)iely (07,7 enli)el ()

ik
(16)
Thanks to the following notations
N =0l (070, Ay = enli)el ()
we obtain that
AA= Y7 (pe(t) = pr(t)A A, (17)

(i,9,k)€S
from which we conclude that AA belongs to the bounded
convex B. Which completes the proof of Proposition 1.

Now, let us return to the linearization problem (9). To
our knowledge, the best manner to linearize the Lyapunov
inequality in the discrete-time systems is the introduction
of slack variables (see for instance De Oliveira et al. (1999),
Daafouz et al. (2002)). Since inequality (9) depends on
both indices j, [, let us introduce a matrix Gj; of adequate
dimension that depends on j and [. Firstly, we use the
congruence principle as follows: we pre- and post- multiply
(9) by diag(I,Gj;) and diag({, GJTZ) respectively. Secondly
we exploit the adapted well-known inequality (see for
example (Heemels et al., 2010, Ineq. (12))),
—~GuP Gl < PN -Gy - Gy, Vi l€A.

One obtains that inequalities (9) hold, if the following ones

—p WG

Gull; P —Gj — G]Tl
are fulfilled. Now, we take the detailed structures of P, and
G 1 respectively:

[ R 6, [C G

r= [ ] =[G G
Notice that the slack variable G;; that we use here is
more general than Heemels et al. (2010); Jetto and Orsini
(2010); Zemouche et al. (2016); Alessandri et al. (2013)
since it involves both indices j and [ and not necessarily
of the form «; /. This form comes from the dependency of
inequality (9) on both j and .

} <0, VjleA (18)

(19)

8.2 A relaxed LMI Design Procedure

In what follows, we will discuss a new way to choose judi-
ciously the matrix G;; that allows to linearize inequality
(20). Our strategy consists in analyzing how to eliminate
the bilinear terms coming from a more general structure of
G 1, without imposing a diagonal structure. By substitut-
ing (19) in inequality (18) and after some mathematical



developments, one obtains the following detailed version
of (18):

T I

*x) —P; w

o o e er| <0 @

() () () PP —He(G)

for all j,1 € A, where

W13—AT(G )" +KTBT( JI)T AAT(G;JQ)Ta
Wil = AT(G2N)T +KTBT( 2)T _ AAT(GE)T,
W23—_CTLT(G1 ) + (A4 + AT (G]llZ r
W24 = (AA+A)T (Gjl) - CTL]T(G?Z "‘G‘sz)T:
W33 = Plu He(Gjl‘zl)~

We begin by dealing with terms coupled with Lj, j € A,
namely the bilinear terms in w23 and w2 4 Our first strategy
consists in choosing G11 = G}' (independent of j) and
G2 = G22 (mdependent of l) and eliminate the remining
bilinear terms by setting G11 G;IQ =0or G21 G?? = 0.
But since G?ll is also coupled with the matrlces K;, it
should be taken null. For instance, the following structure
of G; is convenient.
11 11

G =% (21)
However, for the relaxed LMI design, we will use a more
general G instead of —G}'. That is, we take

Gll G12

where Gjll2 will be selected suitably after using the congru-
ence principle.

(22)

Pre- and post- multiply (20) by diag((G}l)_1 I(GIY)~, I)
and taking the following change of variables and notations
11 1\ —1  pll _ AL pll AT

Gt = (G, P =GB (G
K; = K;(G"", P}* = G}' P2
we get the following equivalent inequality:

P11 P12 ol GuAAT(GQQ)
( _P22 ol gl o

(* ; (*) wzi éllGu <0, (23)
(x) (%) (%) P22 (G?Q) G22

where
T
~jl 1L AT | 77T RT _ ALLA AT ( AlL 12
afy = GIAT + K] BT - G'aa” (GI'Gl)

- - T
oy = —C LTI+ GPGI)T + (45 + A4 (GHGIR)
L7124 = (AA+ ANT(GPAT - CTL](GP)T,

O3 = B -Gt = (G
In order to eliminate the remaining terms in (23), and since

the term L; is coupled with both I + G“Gll and (}?2, an
adequate choice consists in taking

Gjii = G'GP -G}
This leads to the followmg structure of G;:
Gll G11G22 Glll

Gjl = 0 G22

Both choices (21) and (24) allow to simplify the complexity
of the BMIs (23). To be more general and to reduce
the conservatism, the idea consists in combining the two
choices (21) and (24) by introducing free scalars «a;; as
follows:

Gii = a;G]'G7* —
which means that

Gjl =

Gt (25)

11
Gl

Gll Qs G11G22 _
! Gl G»Q (26>

0

Note that if a;; = 0, for all j,l € A, we get the
structure (21), and if aj; = 1, for all 5,1 € A, we get
the structure (24).

Now, we complete the design methodology by linearizing
the uncertain terms AA. From the convexity principle, we
deduce that (23) with (26) holds for each [,j € A, if it
holds for each I, 5 € A, and each A(p) € Vg.

Taking into account (26) and using the notation L; =
G22Lj, inequality (23) can be rewritten under the follow—
ing form:

Ej(Ale)) + He(Z;Fj Zaj1) <0,

Vi,j € A, VA(o) € Vg, (27)
—133.11 Pl2 QJ 0
= _ (*) P22 le Qj
HJZ(A(Q)) - (*) (*) Q P12 4T 340[ lG22 )
0 () & PEogz_ (@
s =Gj AT + f(f BT,
0y = — a; ) CTLT + (A; + A(0)) " (0G - )T
Oy =(4; + Ao)"(GPT = CTLT,
Qby =P = GI' = (GM)T,
Zyj = [—A(e)(G;H)T 00 0],
Zoji =[0 0 (0 G2 — )T (GP)T].

By using Young relation, and Schur complement Lemma,
we obtain that inequalities (27) hold, if the following
inequalities are fulfilled:
Ej 2L, .AT( ) ZQTj
(%) - Ly 0
) ) -4l
Then the following Theorem is inferred (and then proved).

<0,Vl,j €A, VA(p) € Vp. (28)

Theorem 3. The observer-based controller (5) stabilizes
asymptotically the system (1) if, for some scalars fixed a
priori ;i ;, €; > 0, there exist symmetric positive definite
Pt pl2 € R2nx2n Gl (22 . "
() P22 , G5, G357 are invert-
ible matrices, and matrices Kj, f/j, with 1,7 € A, such
that LMI (29) holds for all [, j € A. Hence, the stabilizing
_ (G?Q)_l

matrices D; = [

observer-based control gains are given by L
and Kj = f(j(éjl-l)iT

Remark 4. Notice that (29) is an LMI if we fix a priori
a1, €;. Then we use the gridding method with respect to
a1, €5, for each j and I, to solve inequalities (29). From
numerical point of view, interesting results are obtained

even when we take oj; and €; independent of j (see Table 2
in the following section). On the other hand, we can also



B P GUAT 4 KT BT 0 VAT 0

() =P —a; CTLT 4+ (A; + A(@) (0 G3? = DT (Aj + A(e)"(G3)T —CTLT 0 0

(CORNCY! Bt -Gt —(@ahH” B2 41— a;GP? 0 anGP —1

<0. (29)
RN *) PP -G (63T 0 a3
) ® *) *) RES 0
L ) (%) (%) (%) (*) —e;1

linearize (29) with respect to €; by using the inequality L= 0.3031 I = 0.2415
—lr<—(2-¢)l 1= 119758 ] 72 = | —0.0407] -

4. NUMERICAL EXAMPLES

In this section, we provide numerical examples and sim-
ulations. The first example is taken from Heemels et al.
(2010). The goal of this example is to show that the
proposed design methodology tolerates larger uncertainty
level A. The second example is taken from Jetto and Orsini
(2010). We compare the proposed methods to those in
Heemels et al. (2010); Jetto and Orsini (2010); Zemouche
et al. (2016).

Ezxample 1. Consider the following discrete-time LPV sys-
tem Heemels et al. (2010)

0.25 1 0 1

Tir1 = l 0 0.1 0 2zt + |0 uy (30a)
0 0 0.6+p(t) 1

ye =1[10 2]z, (30b)

with p(t) € [0,0.5], t € Z*T. In this case, we can take
the functions &;(p) = 0.65;,0 and &3(p) = & and Ay =
A(0), A2 = A(0.5). The LMIs (29) return simultaneously
for ¢; = 0.03, j = 1,2 and (ozj)le = (100, 130), the
controller gains

K, =1072 x [0.0019 0.0005 —58.8554],

Ko =1072 x [-0.0001 0.0006 —133.5613]
and the observer gains given by

—0.0054 —0.0284
L = l 0.0055 | , Lo = | 0.0112 ] .
0.2273 0.4598

These observer-based controller gains are obtained for the
largest value of uncertainty level A .x = 0.4441, while the
other methods in Heemels et al. (2010), Jetto and Orsini
(2010) and Zemouche et al. (2016) are found infeasible for
this uncertainty level.

Example 2. Now, we consider the DC motor model given
example 2 in Jetto and Orsini (2010).

We have compared the feasibility of the proposed design
methods and those established in Heemels et al. (2010);
Jetto and Orsini (2010); Zemouche et al. (2016), by in-
creasing the uncertainty level A until obtaining infeasi-
bility. The superiority of the proposed LMIs (29) is quite
clear from the results presented in Table 1.

With Apax = 1.4, LMIs (29) return simultaneously the
observer-based controller gains

K, =[0.0100 —4.0310], K5 =[0.0100 —0.0067],
and

We see through these comparisons that the proposed meth-
ods solve the stabilization problem with better uncertainty
levels. The gains of the observer-based controller are com-
puted by solving only a single set of LMIs running with
only one-step algorithm. This demonstrates the simplicity
and the efficiency of the proposed methodology.

5. CONCLUSION

In this paper, we have presented two new LMI synthesis
methods to design observer-based controllers for a class
of LPV systems with inexact but bounded parameters.
The approach used a new congruence principle by pre-
and post-multiplying the basic BMI by new and ingenious
matrices. Thanks to these matrices, some bilinear terms
vanish from the BMI, which becomes more flexible for
the linearization. To show the validity and superiority
of the proposed design methods, two numerical examples
from the literature have been reconsidered in this paper.
The comparisons show that the proposed methodologies
provide less conservative LMI conditions compared to LMI
techniques reported previously in the literature.

REFERENCES

Angelo Alessandri, Fazia Bedouhene, Houria Kheloufi, and
Ali Zemouche. Output feedback control for discrete-
time linear systems by using Luenberger observers under
unknown switching. In Decision and Control (CDC),
2018 IEEE 52nd Annual Conference on, pages 5321—
5326. IEEE, 2013.

Pierre Apkarian and Richard J Adams. Advanced gain-
scheduling techniques for uncertain systems. IEEE
Transactions on Control Systems Technology, 6(1):21—
32, 1998.

G Balas, Jozsef Bokor, and Zoltan Szabd. Tracking of
continuous LPV systems using dynamic inversion. In
Decision and Control, 2004. CDC. 43rd IEEE Confer-
ence on, volume 3, pages 2929-2933. IEEE, Dec 2004.
doi: 10.1109/CDC.2004.1428911.

Franco Blanchini and Stefano Miani. Stabilization of LPV
systems: state feedback, state estimation, and duality.
SIAM Journal on Control and Optimization, 42(1):76—
97, 2003.

Jamal Daafouz and Jacques Bernussou. Parameter de-
pendent Lyapunov functions for discrete time systems
with time varying parametric uncertainties. Systems &
Control Letters, 43(5):355-359, 2001.

Jamal. Daafouz, Pierre. Riedinger, and Claude. Iung.
Stability analysis and control synthesis for switched



Table 1. A.x tolerated for different methods in Example 1 and 2

Method Amax in Example 1 Amax in Example 2

LMI in Heemels et al. (2010) 0.1786 1.0855

LMI in Jetto and Orsini (2010) " 0.0800

LMI 18 in Zemouche et al. (2016) 0.2123 0.9999

LMI 24 in Zemouche et al. (2016) 0.3107 0.9999
(aj)j=1,2 = (100,130) | (oj)j=1,2=1
(€5)j=1,2 = 0.03 (€5)j=1.2 =24

LMI (29) 0.4441 14

systems: A switched Lyapunov function approach. IEEE
Transactions on Automatic Control,, 49(11):1883-1887.,
2002.

Jan De Caigny, Juan F Camino, Ricardo CLF Oliveira,
Pedro LD Peres, and Jan Swevers. Gain-scheduled
dynamic output feedback control for discrete-time LPV
systems. International Journal of Robust and Nonlinear
Control, 22(5):535-558, 2012.

MC De Oliveira, JC Geromel, and Liu Hsu. LMI charac-
terization of structural and robust stability: the discrete-
time case. Linear Algebra and its Applications, 296(1-3):
27-38, 1999.

Zlatko Emedi and Alireza Karimi. Robust fixed-order
discrete-time LPV controller design. IFAC Proceedings
Volumes, 47(3):6914-6919, 2014.

Wilfried Gilbert, Didier Henrion, Jacques Bernussou, and
David Boyer. Polynomial LPV synthesis applied to
turbofan engines. Control Engineering Practice, 18(9):
1077-1083, 2010.

WP Maurice H Heemels, Jamal Daafouz, and Gilles Mil-
lerioux. Observer-based control of discrete-time LPV
systems with uncertain parameters. IEEE Transactions
on Automatic Control, 55(9):2130-2135, 2010.

Salim Ibrir. Static output feedback and guaranteed cost
control of a class of discrete-time nonlinear systems
with partial state measurements. Nonlinear Analysis:
Theory, Methods & Applications, 68(7):1784-1792, 2008.

Salim Ibrir and Sette Diopt. Novel LMI conditions for
observer-based stabilization of Lipschitzian nonlinear
systems and uncertain linear systems in discrete-time.
Applied Mathematics and Computation, 206(2):579-588,
2008.

Leopoldo Jetto and Valentina Orsini. Efficient LMI-
based quadratic stabilization of interval LPV systems
with noisy parameter measures. IEEE Transactions on
Automatic Control, 55(4):993-998, 2010.

Karanjit Kalsi, Jianming Lian, and Stanislaw H Zak. De-
centralized dynamic output feedback control of non-
linear interconnected systems. IFEFE Transactions on
Automatic Control, 55(8):1964-1970, 2010.

Houria Kheloufi, Ali Zemouche, Fazia Bedouhene, and
Mohamed Boutayeb. A new observer-based stabilization
method for linear systems with uncertain parameters. In
Control Conference (ECC), 2013 European, pages 1120—
1125. IEEE, 2013.

Houria Kheloufi, Fazia Bedouhene, Ali Zemouche, and An-
gelo Alessandri. Observer-based stabilisation of linear
systems with parameter uncertainties by using enhanced
LMI conditions. International Journal of Control, 88(6):
1189-1200, 2015.

I Emre Kose and Faryar Jabbari. Control of LPV systems
with partly measured parameters. IEEFE Transactions

on Automatic Control, 44(3):658-663, 1999.

Ricardo CLF Oliveira and Pedro LD Peres. Stability of
polytopes of matrices via affine parameter-dependent
Lyapunov functions: Asymptotically exact LMI condi-
tions. Linear Algebra and its Applications, 405:209-228,
2005.

Gridsada Phanomchoeng, Rajesh Rajamani, and Dam-
rongrit Piyabongkarn. Nonlinear observer for bounded
Jacobian systems, with applications to automotive slip
angle estimation. IEEE Transactions on Automatic
Control, 56(5):1163-1170, 2011.

Masayuki Sato. Gain-scheduled output-feedback con-
trollers depending solely on scheduling parameters via
parameter-dependent Lyapunov functions. Automatica,
47(12):2786-2790, 2011.

Gérard Scorletti and L El Ghaoui. Improved linear
matrix inequality conditions for gain scheduling. In
Decision and Control, 1995., Proceedings of the 34th
IEEE Conference on, volume 4, pages 3626-3631. IEEE,
Dec 1995. doi: 10.1109/CDC.1995.479152.

Lei Song and Jianying Yang. An improved approach
to robust stability analysis and controller synthesis for
LPV systems. International Journal of Robust and
Nonlinear Control, 21(13):1574-1586, 2011.

Fen Wu. A generalized LPV system analysis and control
synthesis framework. International Journal of Control,
74(7):745-759, 2001.

Fen Wu, Xin Hua Yang, Andy Packard, and Greg Becker.
Induced l3-norm control for LPV systems with bounded
parameter variation rates. Int. J. Nonlinear Robust
Control, 6:983— 998, 1997.

Ali Zemouche and Mohamed Boutayeb. On LMI condi-
tions to design observers for Lipschitz nonlinear systems.
Automatica, 49(2):585-591, 2013.

Ali Zemouche, Mohamed Zerrougui, Boulaid Boulkroune,
Rajesh Rajamani, and Michel Zasadzinski. A new LMI
observer-based controller design method for discrete-
time LPV systems with uncertain parameters. In Amer-
ican Control Conference (ACC), 2016, pages 2802-2807.
IEEE, July 2016. doi: 10.1109/ACC.2016.7525343.

Lixian Zhang, Changhong Wang, and Lingjie Chen. Sta-
bility and stabilization of a class of multimode lin-
ear discrete-time systems with polytopic uncertainties.
IEEE Transactions on Industrial FElectronics, 56(9):
3684-3692, 2009.



