STATE FEEDBACK STABILIZATION OF A CLASS
OF NONLINEAR DISCRETE-TIME DELAY
SYSTEMS

K. E. Bouazza *! M. Boutayeb ** M. Darouach *

*CRAN-CNRS, IUT de Longwy, Université Henri
Poincaré-Nancy 1.186, rue de Lorraine.
54400 Cosnes et Romain. FRANCE
** LSIIT-CNRS, Université Louis Pasteur de Strasbourg,
Péle API, Bv. S. Brant, 67400 Illkirch Cedex, FRANCE

Abstract:

In this note we consider the problem of state feedback stabilization of a class of
nonlinear discrete-time delay systems. From an appropriate Lyapunov function and
judicious mathematical manipulations, we deduce a simple LMI condition (that may
be checked easily) to ensure asymptotic stabilization. On the other hand, we provide
two explicit state feedback laws that may be seen as a generalization of the existing
results on the stabilization of nonlinear systems. The approach developed in this note
is simple (without state augmentation) and efficient. Copyright (© 2005 IFAC
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1. INTRODUCTION

Over the last two decades, tremendous research
activities were focused on analysis and synthe-
sis of control design for time delay systems,
we may refer the reader to (Mahmoud, 1999),
(Fridman, 2001), (Fridman and Shaked, 2002),
(Li and de Souza, 1997), (Dugard and Verriest,
1997), (Richard, 2003), (Trinh and Aldeen, 1997),
(Boutayeb and Darouach, 2001) and the refer-
ences therein.

This interest is due to the great practical and
theoretical importance of such kind of systems.
Indeed, delays are typical in a large range of
industrial processes like chemical or teleoperation
systems. We notice however that, since most phys-
ical processes evolve naturally in continuous-time,
the major results were developed for continuous-
time systems. Little attention has been drawn to
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the discrete-time case and even less to nonlinear
models.

For linear discrete-time delay systems, one of the
pioneering work on control design has been estab-
lished by Astréom and Wittenmark (Astrém and
Wittenmark, 1984). This approach transforms the
delay difference system to a higher-order one with-
out delays. However for systems with large delays,
the proposed scheme will invariably lead to large
scale systems. Furthermore, for systems with un-
known or time-varying delays the proposed tech-
nique can not be applied.

An alternative approach was proposed in (Verriest
and Ivanov, 1995), where a Riccati equation is
developed, for analyzing the stability of discrete-
time systems with arbitrary unknown delay. An
extention of these results was proposed in (Kapila
and Haddad, 1998), where sufficient conditions
for H,, state feedback control of discrete-time
systems with state delay was provided.



Several Riccati equations giving sufficient stability
conditions have been formulated in (Kolmanovski
et al., 1999). The various matrix Riccati equations
have the same dimension as the state vector. This
is an advantage for high order systems.

In (Fridman and Shaked, 2003) a delay-dependent
and independent conditions have been derived for
determining the asymptotic stability of discrete-
time systems with uncertain delay, time-varying
delay and norm-bounded uncertainties.

Most of the works presented below are for linear
systems. In the case of nonlinear systems, the
problem of state feedback stabilization for delay
systems remains poorly studied and challenging
(e.g. (Mao, 1996), (Guay and Li, 2002), (Jankovic,
2001), (Fu et al., 2003), (Fridman, 2003) and the
references therein).

This paper is devoted to the problem of state feed-
back and bounded state feedback stabilization of
a class of nonlinear discrete-time systems with de-
lays. We provide two explicit state feedback con-
trol laws that may be seen as a generalization of
the Jurdjevic-Quinn controller and passive theory
results in the nonlinear field ((Lin, 1995), (Lin and
Byrnes, 1994), (Boutayeb et al., 2002), (Bouazza
et al., 2004b) and (Bouazza et al., 2004q)).

From an appropriate Lyapunov function and suf-
ficient conditions, expressed in terms of a simple
LMI, an asymptotic stabilization of a class of non-
linear discrete-time delay systems was achieved
through two different controllers; a state feed-
back controller and a bounded state feedback con-
troller.

2. PROBLEM FORMULATION

Consider the following discrete-time delay system

Tpy1 = Axg + Agxp—n + 9(Tp, Th—n)ur (1)

where z, € R™ and u;r € R™ denote the state
and input vectors respectively at time instant k.
A and A, are constant matrices of appropriate
dimensions. g(zx,zk—p) is a nonlinear map of
appropriate dimension and h is a known positive
number representing the delay. For simplicity of
notations, we replace ¢g(zg,xg—p) by gr in the
sequel.

Our goal in this paper is to provide a control law
that ensures the asymptotic stabilization of the
system (1).

The unforced dynamics are governed by

Trt1 = Azp + AgTr—n (2)

We assume that, possibly after using a smooth
feedback, the unforced dynamic system (2) is
Lyapunov stable.

Lemma 1. (Bouazza et al., 2004a) A sufficient
condition for (2) to be Lyapunov stable is that
there exists an n X n positive-definite matrix P
and an n X n nonnegative-definite matrix @), such
that

T T
P—ATPA-Q ATPA] _

H1) ATPA M |~

where
M=Q - ATPA,; > 0.

Before proceeding, let us define the sets
Q={z, eR":2{ (ATPA-P+Q+A"P
x AgM~"AfPA) 2, =0, k=0,1,...}

S1= {CL’k eR": gT(xk,xk,h)
x PAzy =0, k=0,1,...}

S2 ={x, e R": gT(:L’k,o:k_h)
PAgrip_p =0, k=h,h+1,.. }

H={z, ¢ R": ATPAx,
—(Q-AYPA)xy 1 =0, k=h,h+1,...}

3. STATE FEEDBACK STABILISATION

Theorem 2. Suppose that there exists an
n X n positive-definite matrix P and an
n X n nonnegative-definite matrix @, such that
H1) holds.

If QN S1NnS2n H = {0}, then the nonlinear
discrete-time delay system (1) is globally asymp-
totically stabilized by the following state feedback

w(zy, xp—n) = —Kizp — Koz,
-1
=—[I+g{Pgr] g PAm
—1
— [I + ngng] ggPAdIk_h (3)

O

Proof



To show the stability of the closed-loop system
(1)-(3), we consider the following Lyapunov func-
tion

k—1
Vi =} Pay + Z ! Qux; (4)
i=k—h

Notice that, since P is positive definite and @
nonnegative definite, Vj is then positive definite.

The difference of this Lyapunov function along the
trajectory of the closed-loop (1)-(3) is given by

AV = Vg1 — Vi
k

T T
= 2p  Prpyr + E x; Qx;

i=k-+1—h
k—1
—aF Pay— Z zFQx;  (5)
i=k—h

or equivalently,

AV, = fokaH + x{ka
— 2} Pry — 2t ,Qxr_n  (6)

Now, using the equation (1), we have

AV, = [Azy, + Agzp_p + grug) T P
x [Axg + Aazr—n + grue] + 24 Quk
—af Pay —af_,Qre_pn  (7)
which is also
AV, = aF AT PAxy, + 221 AT Pgruy,
+ ugngnguk — :cgpxk + xf@xk
+ 2x£ATPAdxk,h + mgthdTPAdxk,h
+ 22T, AgPgru — x}_,Qrr_pn  (8)
then

AV, = 2l [ATPA - P + Qlay, + 22 ATP Az,
+ uzggpgkuk - xkthl'k,h (9)

where M = Q — AT PA,.

Since
9k Pge = (I + g Pgi) — I

Then, equation (9) can be written in the following
form
AVy, = zF [ATPA — P+ Qlxy,
+ 2£L'£ATPAd1'k_h - :ck_thk_h
+ foATnguk + 2x{_hAngkuk
+up (I+gfPgr)uy, —upu,  (10)

Using the control law (3), we get

AVy, = 2l [ATPA — P + Qlxy
+ 20f ATPAqwy_p, — ap—nMrp_p
+ 2x£ATnguk + Qw%:hAngkuk
+zf AT Pgi(I + gf Pgk) ™' gi PAxy,
+ 2z AT Pgi(I + g{ Pgk) ™' gi PAqxi—n
+at_, AL Pgi(I + gl Pgy) ™!
X gf PAgry_p —upugp  (11)

which is equivalent to

AV, = 2} [ATPA — P + Qlwy
+22F AT PAgxy_, — 2 Mxp_p,
— 20T ATP g (I + gf Pgr) i PAxy,
—dzF AT Pgi(I + gf Pgy) ‘gl PAqzy—n
— 2z, AjPgi(I + g Pgr) ™" gi PAgw_n
+aF AT Py (I + gF Pgk) gl PAxy,
+ 22} ATPgy (I + g} Pgk) gl PAgxi_,
+ai_p Aq Pgr(I + gi Pgk) ™ g, PAgzy—,
—uu, (12)

This, in turn, implies

AVy, = 2L [ATPA — P + Qlxy,
+ 22T ATPAyy_, — 2 Mxp_p,
— af AT Pgi(I + g{ Pgi) "' g PAzy,
— 2z AT Pgi(I + gi Pg) g PAawk—n
— xi_, AL Pgr(I + gf Pg) ' gk Aaxr—n
—ufug (13)

or equivalently

AVy, = 2L [ATPA — P + Q|xy
+ 23:{ATP[A,1 — g Kolzk—p — xp_pMxp_p,
— af A" Pgi(I + gi Pgr) " g}, PAwy,
— xp_, AG Pgr(I + gi Pgr) " gf PAqwi_n
—uluy  (14)

Let A=A, — gr Ko, then equation (14) becomes

AVj, = 2L [ATPA — P + Q|xy
+ 2m£ATPf1xk,h —Tp_pMxp_p
— a3 A" Pgi(I + gi Pgi) ' gi PAxy,
—zj_, AG Pge(I + g Pgr) ' gi PAazy—»
—ujuy  (15)

Next, adding and subtracting 7 ATPAM ~*ATP A,
to and from the equation (15), we have



AV, = 2P [ATPA-P+Q+ ATPA
x M~YAT P Az, + 22T AT P Az,
— 2, ATPAM AT PAx), — zi_pn Mxj_p,
— xf AT Pgp(I + gt Pgy) "' gii PAxy,
— xj_p A5 Pgr(I + g Pgr) ' gy PAaxy—n
—ufug  (16)

Thus, a simple manipulation yields

AV, = 2l [ATPA—P+Q+ ATPAM AT
x PAlzy, — [M~2 AT PAxy, — M3 y,_p]"
x [M~2 AT P Az, — M2x;,_p)
- mgATng I+ gEng)flg,zPAxk
— 2}, AT Pgi(I + g} Pgr) ™ gt PAazi—n
- uguk (17)

A sufficient condition to have AV}, <0, is that

ATPA—P+Q+ATPAM'ATPA <0 (18)

Note that
A=Ay~ g K>
A=Aq—gi(I+ gl Pgr) tgF PA,
A= (I—gr(I+gfPge) gl P)Ag

A=P7' (P —Pgr(I+ g{ Pgr) 'gf P) A

Since Pgi(I + g Pgr)~'gl P is positive definite,
we have

P — Pgi(I + gF Pgy) tgf P < P

and then, we can deduce that

ATPA—P+Q+ ATPAM~'ATPA
<ATPA-P+Q+ ATPA;M AT PA (19)

Trough the hypothesis H1) we have, using the
Schur complement,

P—ATPA-Q - ATPA;M ALY PA >0
or equivalently,
ATPA—-P+Q+ ATPA;MTATPA <O

and therefore
AV, <0

Thus, the Lyapunov stability of the closed-loop
(1)-(3) is proved.

To show the asymptotic stability of the origin, it
suffices to show that the largest subset of AV}, =0
invariant under closed-loop dynamics is {0}.

Setting AV, = 0, it follows from (17) that

2} [ATPA—P+Q+A"PAM 'ATP Al), =0(20)
9" (wp, wp_n)PAz) = 0 (21)

9" (@, wp—p)PAgz—pn =0 (22)
MY2ATPAz,—MY %0, =0 (23)

u(zr) =0 (24)

using (24), equations (20), (21), (22) and (23)
becomes

2P [ATPA—P+Q+ATPAM *ATP A, =0(25)
gT(Z‘k, xk_}L)PAJJk =0 (26)
gT(l‘k,l‘}g,h)PAdCL‘k,h =0 (27)

AgPA.’L'k— (Q - AZ;PAd)LL'k,h =0 (28)

Thus, we can conclude from the assumption 2 N
S1nS2n H = {0} that AV(xy) = 0, for
k = 0,1,... implies x; = 0. We can conclude
that the asymptotic stability is proved because
all the conditions of LaSalle’s invariance principle
are verified.

Therefore, the origin is an asymptotically stable
equilibrium of the closed loop-system (1)-(3) since
V(zkr) — o0 as ||| — oo. |

4. BOUNDED STATE FEEDBACK
STABILISATION

Now we present the second result of this paper; it
concerns the stabilization of systems of the form
of (1) using a bounded state feedback.

The interest of this second result is that, for this
class of systems, it is useful to have a bounded
control to design observers or observer-based con-
trollers (Lin, 1995; Bouazza et al., 2004q).

Theorem 8. Suppose that there exists an
n X n positive-definite matrix P and an
n X n nonnegative-definite matrix ), such that
H1) holds.



If QN S1NS2n H = {0}, then the nonlinear
discrete-time delay system (1) is globally asymp-
totically stabilized by the following bounded state
feedback

Ua(Tk, Tp—p) = —Lixp — Lozp—p

T
T —1 P14$]C
= o [ P T o g

1 gtPAqxy_p,
—as [I+4IP (29
@2 L0 3 o A

(for any 0< ay<land 0< ay<l1)

O

Proof
Set
aq
~ =
YTt |lgT P Aze|
and
Q2
Y2 =

1+ |lgg PAazi—nll’
then the control bounded state feedback can also
be written

ua(Tr) = =11 K128 — 2 Komp—p, (30)
where K7 and K3 are defined as in (3).

Using the same Lyapunov-Krasovskii function (4),
the control law (29) and after some matrix manip-
ulations, we get

AV, = 2} [ATPA — P + Qlzy,
+ Qm;{ATP[Ad — Yogi Kolxk—n — xp—p Mz},
—2y2t ATPg K2, + vial APgL K, xy,
— 2y, A PgKixy + 2w, AL PgrKay,
— 2y01f_, Ay PgKomi i + Y5}y Aa
X PgpKoxp_p, —ulug  (31)
with M = Q — AT PA,.

From the equation (31), since 0 < a3 < 1 and
0 < as < 1, we obtain the following inequality

AVk S xf[ATPA - P + Q]xk
+ 2m£ATPAxk,h — Tp_pMxp_p (32)
where A = Ag — Y29, K.

Adding and subtracting foTPAM’lflTPAxk
to and from the inequality (32), we have

AV < 2F[ATPA—P+Q+ATPAM ' AT PA)xy,
+2$kATPAIL’k h— Tk— hM:Z?k h
—aF ATPAM YATPAx;,  (33)

then
AV, < 2l [ATPA-P+Q+A" PAM AT P Az,
— M 2 ATPAxy, — M2xy,_;]"
x [M~2ATPAz), — M2x;_,) (34)

We deduce that

AV, <zl [ATPA-P+Q
+ ATPAM YATP Az, (35)

A sufficient condition to have AV, <0 is
ATPA—P+Q+ ATPAMYATPA < 0(36)

Let us compute A.

A= A4~ pgiKo

A=Ag—ygu(I+g{ Pgr) ' gi PAq

A= (I —ygr(I +g{ Pgr) " gi P) Aq

A= P~ (P — Pyagi(I + gf Pgi)~'g{ P) A

Since P — Pyagr(I + gf Pgr) tgfP < P we
conclude that

ATPA—P+Q+ATPAM'ATPA
<ATPA-P+Q+ATPAMTAYPA (37)

So, if H1) is verified, then

AV =Vip1 = Vi <0

This prove that the closed loop system is Lya-
punov stable.

We obtain the asymptotic stability using the hy-
pothesis QN S1NS2N H = {0}, as in the proof
of Theorem 2.

Therefore, the origin is an asymptotically stable
equilibrium of the closed loop-system (1)-(29)
since V' (zy,) is proper. |

Remark 4. The condition
QNnsSins2nH = {0}

seems to be a controllability-like rank condi-
tion in the stabilization of nonlinear systems.
For standard systems, this statement is proved
using the passivity theory approach (Byrnes et
al., 1991)(Byrnes et al., 1993). We have not extend
this point to the delay systems yet.

5. CONCLUSION

The problem of state feedback stabilization of
a class of nonlinear discrete-time systems with



delays has been studied. A state feedback and a
bounded state feedback control laws, based on a
LMI sufficient conditions, have been developed.
This control laws ensure the stability of the re-
sulting closed-loop systems.

These results are an extension to delay systems of
the well known Jurdjevic-Quinn approach and the
passivity theory approach established for nonlin-
ear systems.

The approach developed in this note is simple
(without state augmentation) and efficient. The
use of this approach in the design of an observer
based controller for such kind of systems is under
study.
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