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Abstract— We address the problem of robust, global, delay-
dependent and delay-independent stabilization of nonlinear
time-delay systems with memory state feedback. The methodol-
ogy we use is based on a linear-like representation of the time-
delay system for which we construct appropriate Lyapunov-
Krasovskii functionals. The resulting conditions take the form
of infinite-dimensional state-dependent Linear Matrix Inequal-
ities which can be treated as sum of squares matrices. The
sum of squares program that emerges can then be solved using
semidefinite programming and SOSTOOLS, which results in an
algorithmic construction of the control law and the Lyapunov-
Krasovksii functional. An example is presented that shows the
effectiveness of the methodology.

I. INTRODUCTION

Functional Differential Equations (FDEs) [1] are the sim-
plest adequate framework for modeling systems that involve
transportation of data or which have an aftereffect. Examples
come from population dynamics [2] and network congestion
control for the Internet [3]. Time-delay systems are important
for providing robust system descriptions; the presence of de-
lays should be taken into account analysis and design as they
can cause instabilities and loss of performance. Inevitably the
stability and stabilization of time-delay systems has attracted
the attention of many researchers in the area [4].

The analysis of systems described by FDEs is complicated
by their infinite-dimensional nature which many times gives
rise to conditions that are difficult to test algorithmically.
In particular, in the case of analyzing delay-dependent sta-
bility of linear time-delay systems, the complete Lyapunov-
Krasovskii (L-K) functional yields Linear Matrix Inequality
(LMI) conditions that are infinite dimensional [5] which are
difficult to test in general. Several ways have been proposed
recently to address this problem, such as a discretization
method by Gu [6] and other techniques [7]. In particular, a
technique based on the sum of squares (SOS) decomposition
that was proposed in [8] does not only allow the efficient
solution of such LMIs in the linear case, but it can also be
used to treat the more interesting case of stability analysis
for nonlinear time-delay systems algorithmically.

This paper is about controller synthesis for uncertain
systems described by FDEs. There are various classifica-
tions of state feedback control synthesis approaches for
FDEs of retarded type, based on whether the feedback is
instantaneous (memoryless) or contains delayed information
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(memory); whether the stabilization is for specific delay sizes
(delay-dependent) or not (delay-independent); whether a cost
function is being minimized (optimal control) or the pure
stabilization problem is being considered; and whether the
systems considered are linear or nonlinear, uncertain or not.
Memory controllers are a more natural choice for feedback
control, as time-delay systems are infinite dimensional. Such
controllers can achieve better performances than memoryless
controllers; in some cases memoryless controllers are inca-
pable of stabilizing the system.

There is a series of papers concerned with the design of
state feedback controllers for robust feedback stabilization
of linear time delay systems, see for example [9], [10].
Similar results were obtained for output feedback compen-
sators [11]. As far as optimal control is concerned, controllers
for robust optimal control of linear time delay systems
have been developed, such as H., [12], [13], [14] and
with guaranteed cost [15], [16], [17]. Some of the above
methods take the size of the delay into account during
the controller synthesis (delay-dependent stabilization), and
some don’t (delay-independent stabilization). In [18] the
authors consider the construction of L-K functionals using
the discretization approach proposed in [6], by solving the
resulting infinite dimensional LMIs.

As far as nonlinear time delay systems are concerned,
solutions of the global asymptotic stabilization problem of
feedforward systems and systems consisting of chains of
integrators with a delay in the input have been produced [19],
[20]. A synthesis procedure for nonlinear time-delay systems
was developed based on the backstepping method for con-
troller design [21], as well as other control L-K functional
constructions in [22].

Here we address the problem of memory controller synthe-
sis for delay-independent and delay-dependent stabilization
of uncertain nonlinear time delay systems, by constructing L-
K functionals algorithmically. Even in the case of nonlinear
systems described by ODEs, this problem is difficult to solve
algorithmically. In [23], using a linear-like representation of
the system dynamics and a new methodology for solving
state-dependent LMIs, a special class of Lyapunov functions
was constructed algorithmically to address the state feedback
control synthesis problem for nonlinear systems even with
guaranteed cost or H, performance objectives. Here we take
a similar approach. The time-delay system is represented in a
linear-like fashion, and the resulting stabilization conditions
are in the form of state-dependent LMIs [24]. These are
then treated as SOS matrices and solved using the SOS
decomposition [25] and SOSTOOLS [26]. This way we
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construct memory controllers for robust delay-independent
and delay-independent stabilization.

The paper is organized as follows. In Section II we revisit
the basic tools that will be needed to formulate and solve the
problem at hand. In Section III we present the problem we
wish to solve, and derive the relevant state-dependent infinite
dimensional LMIs. In Section IV we illustrate our technique
with some examples. We conclude the paper in Section V.

The notation we use is standard and can be found in [1].
R™ denotes the n-dimensional real Euclidean space with
norm | - |. C,, = C([a,b],R™) denotes the Banach space of
continuous functions mapping the interval [a, b] into R™ with
the topology of uniform convergence. For [a,b] = [—7,0]
we designate the norm of an element ¢ € C([—7,0],R")
by [|¢|l = sup_,<g<o|®(0)]. For ¢ € R and A > 0 and
r € C([o — 7,0 + A],R") then for any t € [0, + A] we
let z; € C be defined by z(0) = z(t +6), —7 < 6 <0.

II. PRELIMINARIES

In this section we revisit some tools that will be needed to
formulate and solve the problem of interest. These are state-
dependent Riccati equation techniques and an algorithmic
approach for solving the infinite dimensional LMIs, using
the SOS decomposition and SOSTOOLS [26].

A. State-Dependent Riccati Equation Techniques

Consider the nonlinear differential equation

i = f(x) + g(0)u

where x € R", u ¢ R™, and f : R* — R"” and g : R™ —
R™ are polynomial functions with f(0) = 0. We seek a

u=k(x)

where k(z) is a polynomial function of z so that the zero
equilibrium of the feedback system

&= f(x) + g(x)k(x)

is globally asymptotically stable. The problem of designing
k(x) and finding an appropriate Lyapunov function V' (x) is
not jointly convex, so the problem is algorithmically hard.

To tackle the synthesis problem, the following method-
ology has been proposed. It is based on representing the
nonlinear dynamics in the following linear-like form with
state-dependent coefficients:

&= A(z)Z(z) + B(x)u (1)

where A(z) and B(z) are polynomial matrices in = and
Z(x) is an N x 1 vector of monomials in z satisfying
Z(x) = 0 if and only if z = 0. In addition, we define
M(x) an N x n polynomial matrix such that M;; = g%
It was shown in [27] there are many ways of ‘recasting’ the
nonlinear system to the state-dependent coefficient form. We
let w = K(x)Z(z) and we have [23]:

Theorem 1: For system (1), suppose there exist an N x N
symmetric polynomial matrix P, an m X N polynomial
matrix K (z), a constant €; > 0 and a sum of squares €3 (z)

such that the following two parameter dependent Linear
Matrix Inequalities are satisfied:

P — 61[ 2 0 (2)
— PAT(2)MT (z) — M(2)A(z)P — KT (2)BT (x)M™ (z)
— M(2)B(z)K(x) — ea(x)I >0 3)

Then the state feedback stabilization problem is solvable, and
a controller that globally stabilizes the system is given by:

u(z) = K(z)P~ ' Z(x). 4)

Furthermore, if (3) holds with ez (x) > 0 for z # 0, then the
zero equilibrium is globally asymptotically stable.

The proof of the above theorem can be found in [23], and
is based on the fact that

V(z)=Z(x)" P Z(x) 5)

is a control Lyapunov function for the above system. The
problem that remains is how to test the above conditions
algorithmically and construct the resulting nonlinear control
law.

B. Solving state Dependent LMIs

Here we present a methodology for solving state-
dependent LMIs or in general, infinite dimensional LMIs
that appear in time delay systems when investigating delay-
dependent stability. What we mean by state-dependent LMIs
is an infinite dimensional convex optimization problem of
the form:

minimize Z a;c; (6)
i=1
subject to Fy(x) + Y _ ciFi(x) > 0 7)
i=1

where the a;’s are the cost coefficients on the decision
variables ¢;, and the F;(x) are some symmetric matrix
functions of x € R™. We therefore seek c; that minimize
the cost function (6) and for which the LMI (7) is satisfied
for all x € R™. If we restrict our attention to the case in
which the F;(x) are symmetric polynomial matrices in x,
the sum of squares (SOS) decomposition [25] can provide
an appropriate computational relaxation. This is stated in the
following Proposition:

Proposition 2: Let F(z) be an N x N symmetric poly-
nomial matrix of degree 2d in x € R", where by degree
we mean the maximum degree of all the polynomial entries.
Also, let Z(z) be a column vector whose entries are mono-
mials in 2 with degree no greater than d. Then v” F(z)v is
a SOS, where v € RY if and only if there exists a positive
semidefinite matrix () such that

TF@w = (0® Z@) Qe Z(x)  ®)

where ® denotes the Kronecker product. Furthermore, if
v F(z)v is a SOS, then F(z) > 0 for all z € R™.

The proof can be found in [23]. A matrix for which v? F(x)v
is a SOS, is termed a SOS matrix. Therefore instead of

5789



solving the optimization problem (6-7), we can solve the
problem:
minimize Y _ a;c; )
i=1

subject to  vT (Fy(z) + Z ¢iFi(x))v is SOS  (10)
i=1

(9-10) can be solved using semidefinite programming and
SOSTOOLS [28]. In the next section we will be using the
SOS decomposition to test the SOS matrix property.

III. STABILIZATION OF TIME-DELAY SYSTEMS

We are now ready to state the problem we wish to solve,
and provide a solution. Consider a nonlinear time-delay
system of the form:

@(t) = f(xe,p) + gz, p)u
x(0) = ¢(0), 6¢€[-7,0]

where for convenience f(0,p) = 0. Here z; € C, =
C([—7,0],R™) is the state, u € C,, is the input and p € A
is a parameter set, which we assume takes the form:

A= {peRFlg(p) <0,i=1,...,N}

We assume that the g;(p) are polynomial functions of p. The
initial condition is ¢(#) € C,, and 7 > 0 is the time delay of
this system. For the purposes of this paper, we will assume
that both f(z:,p) and g(x:,p) are polynomial functions in
z(t),z(t — 7) and p — although this is not restrictive as
the case in which the system state is non-polynomial can be
treated in a unified manner [29]. The aim of this work is to
construct (design) u of the form:

u=k(xz(t),z(t — 7)) (11

i.e. a polynomial function of z(t) and z(¢ — 7), so that the
zero equilibrium of the resulting closed loop system enjoys
certain stability properties. In particular, the controller u has
to be such, so that the zero equilibrium of the closed loop
system

(E(t) = f(x(t)vx(t - T)vp)
+9(2(t), z(t — 7))k(z(t), z(t — 7))

is robustly (asymptotically) stable in a delay-independent or
delay-dependent fashion.

For notational simplicity, we denote z; = z(t) and 25 =
x2(t — 7) and let Z(y) be a vector of monomials in y =
(y1,...,yn) such that Z = 0 if and only if y is zero. In order
to proceed we write the above system in state-dependent
linear like representation:

#(t) = Ao(z1, 22,p) Z(21) + A1(21, 22, ) Z(22)
+ B(z1,22,p)u (12)

where Ay, A; and B are polynomial matrices in (z1, 22, p).
The control law is assumed to have the form

U = k:(zl,22) = Ko(Zl,Zg)Z<Zl) + Kl(Zl,ZQ)Z(ZQ).

9Zi_(x(t)). The closed loop

Similarly, we define M;; = 92,0

system is therefore

where we have suppressed the fact that A; are polynomial
matrices in (z1, 22, p) etc.

In the next two subsections we will construct controllers
for delay-independent stabilization.

A. Delay-independent stabilization

Delay-independent stabilization aims in constructing a
controller and a Lyapunov functional so that the resulting
system is delay-independent stable. Recall that for a system
of the form:

&= f(x)

with f(0) = 0 the following L-K functional was used in [8]
to prove delay-independent stability:

0

V(z) = ao(z(t)) +/ a1 (z(t + 6))do

Here by a; we mean polynomials of degree at least 2 in their
arguments, that need to satisfy certain SOS conditions.

For the state-feedback stabilization of the system described
by (12) in a robust, global, delay-independent fashion, we
have the following Proposition:

Proposition 3: For system (12), suppose there exist N X
N dimensional symmetric matrices P and ), m x N dimen-
sional polynomial matrices Sy and S7, a constant €; > 0 and
a SOS €5(21) such that the following are satisfied:

P—el>0,
@ >0, and

M(AgP + BSy) + €2(21)
— +(STBT + PADYMT +Q
(STBT + PAT)MT

13)
(14)

) M(A,P + BS))

-Q
(15)
is a SOS matrix for p € A. Then the state feedback

stabilization problem is solvable, and the controller is given
by:

u(z) = So(z)P~ Z(x(t)) + Si(x) P~ Z(2(t — 7)). (16)

This control law stabilizes the zero equilibrium of (12)
globally in a robust delay-independent way. Moreover, if
€a(z1) > 0 for z; # 0, then the equilibrium is robustly
globally asymptotically stable independent of the size of the
delay.

Proof: Consider an L-K functional of the form:

V() = Z7(21) P71 Z(21)

0
+/ ZT(2(t +0)P QP Z(x(t + 6))db

-7

V' is positive definite since the conditions P > 0 and @ > 0
are imposed by (13—14). The time derivative of V' along the
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system trajectories is:

V=2T(2))(P"*MAy+ ATMTP~ + P71QP 1) Z(2))
+Z (1) (P"*MBKy + K BT MTP~1)Z(2)
+ ZT (29)(AT + K BTYMT P~ Z(2))
+ Z%(2))P7 M (A, + BK1)Z ()
~ Z" () PTIQP T Z(2).

Now condition (15) implies that

PATMT + M AP
(+S&ﬂMT+MB%+Q MAE + MBS,
STBTMT + PATMT -Q

is negative semidefinite for all z1, z5 and p € A (recall that
the matrices .S; are dependent on 21, z5 and A; are dependent
on z1, 2o and p even though this is not written explicitly). Pre
and post-multiplying this last expression by a block-diagonal
matrix diag{ P~!, P~} and renaming Sy = Ko P and S; =
K1 P, we conclude that V is non-positive for all p € A.
This proves robust global stability of the zero equilibrium
of the closed loop system independent of the size of the
delay. If e2(z1) > 0 for z; # 0, then V < 0, and therefore
the zero equilibrium is robustly, globally, delay-independent
asymptotically stable. |

The conditions in the above Proposition can be tested
algorithmically using the SOS decomposition, as explained
in Section II. Recall that the set A is captured by certain
inequalities, g;(p) < 0. These inequalities can be adjoined
to condition (15) using SOS multipliers, in a way reminiscent
to the S-procedure, as it was done in [8]. The resulting SOS
programme can be solved algorithmically with the aid of
SOSTOOLS.

We now turn to the more interesting delay-dependent
robust stabilization case.

B. Delay-dependent stabilization

If the size of the delay for which stabilization is required
is known a-priori, a more attractive stabilization condition
would be a delay-dependent one. A better performance may
be achieved by resorting to this type of stabilization rather
than a delay-independent one.

Recall that for a system of the form:

&= f(xt)

with f(0) = 0 the following L-K functional was considered
in [8] for delay-dependent stability, which resembles closely
the complete L-K functional in the linear case,

V(xy) = ao(x(t))

[[ales, (t+0), (t + £), 2(t))dbdg

o s [ [ e

where again the a;’s are polynomials of degree at least 2
in the state arguments. In particular a; can be taken to be
bipartite in (6,&) and (x(t + 6), z(t + &), z(t)).

0))dcde

Here we use a more structured L-K functional, similar to
the one shown above, for delay-dependent stabilization. In
particular we have the following Proposition:

Proposition 4: For the system (12), suppose there exist
N x N dimensional symmetric matrices P and @), m X
N dimensional polynomial matrices Sy and S;, a matrix
polynomial R(¢, ) of size N x N, a constant €; > 0, positive
semi-definite matrices 7 and 7%, and a SOS polynomial
€2(z1) such that (18-19) hold. Then the state feedback
stabilization problem is solvable, and the controller is given
by:

u(z) = So(z) P~ Z(x(t)) + S1(x) P~

This stabilizes the zero equilibrium of system (12) globally

in a robust way, for a delay size equal to 7. Moreover, if

€2(z1) > 0 for z; # 0, then the equilibrium is robustly

globally asymptotically stable for a delay size equal to 7.
Proof: Consider the following functional:

veo= [ [ 2

spol P
Ip-t 1P IRT(¢,9)P!

YZ(x(t—1)). (A7)

0
/ / 27 (2(Q))P~"T P Z(x(C))dCdb

L

Condition (18) imposes positive definiteness of V' since we
can pre- and post-multiply it by a block diagonal matrix
diag{P~1,P~Y, P71}, as P > 0, and T} > 0, Ty > 0. The
derivative of V' along the trajectories of the system (12),
with the control law (17) imposed, denoting z; = z(t), 22 =
x(t —7), 23 = x(t +0) and 24 = z(t + &), is given by
(20). Condition (19) guarantees that V' is non-positive for
all 0 € [—7,0], £ € [-7,0] and p € A. To see this, pre-
and post-multiply (19) by diag{P~!, P~1, P~! P~} and
rename of variables So = KoP and S; = K;P. Note that
the resulting SOS matrices depend on the delay, and so the
resulting controller

u(z) = So(z)P~*Z(2(t)) + Si(z) P

robustly, globally stabilizes the zero equilibrium of the
system for a delay of size 7. Moreover, if ez(z1) > 0 for
z1 # 0, then V < 0 and the equilibrium is robustly globally
asymptotically stable for a delay size equal to 7. |

Remark 5: Different Lyapunov functionals can be used
for the construction of appropriate delay-dependent stabi-
lization conditions, such as the one used in [13] or the
methodology proposed in [18].

PP Z(2(C))dCdE.

“1Zx(t—1)) @21

5791



P %P ip e 00
%P 2Q iREO0) | -] 0 0 0
1P iRT(¢,0) 1Q 00 0

(PAT +sTBT)MT + Q + 2P

+M(AgP + BSq) + 7(T1 + Ta)

M(A1 P+ BSy) — P

sead +s¥BT)mMT + L R0, 0)

is SOS matrix V6 € [—7,0],¢ € [—T,0],

s@af +sfBTHmMT + JrT (¢, 0

(18)

(AT +sTBT)MT — P

—-Q

AT + sTBT)MT — TR(-7,0)

TPaT s BT MT — TRT (¢, —7)

IM(AgP + BSp) + L RT (0, 0)

LM(AL P+ BSy) — sRT (—7,6)

_1
T

_10R(§,0) _ 1 9R(£,0)
2~ 90 2~ 09¢

$M(AgP + BSo) + L R(¢,0)

SM(A P+ BSy) - $R(¢, —7)

_10RT(£,0) arT (¢.0)
) 20 DE

1
2

_1
TT2

62(21) 0 0 O
- 8 8 8 8 is SOS matrix V0 € [—7,0],£ € [-7,0] and p € A. (19)
0 0 0 0
V(z) = Z7(20) (AT + KIBTYMT P~ + P~'M(Ao + BK))Z(21) + Z7 (22) (AT + KIBTYMTP~1Z())
+ ZT(21)P7 M (A, 4+ BK 1) Z(23) + 227 (21) P71 Z(21) — ZT(21) P Z(22) — Z7 (20) P71 Z(21)
0
+ [ (ZT () (AL + KT BTY + Z7 (20)(AT + KT BT)YMT P~ Z(23)d0 + Z" (21) P~ ' QP ' Z(2)
0
+ [ ZTE0P M (A + BE)Z() + (A -+ BEDZ ) — 27 ()P QP 2(z)
0
+/ (ZT(21) P R(0,0) — ZT (20) P~ R(~7,0)) P~ Z(23)d0
0
+ [ 2T EOPT REOP T Z() - R —r)P 2 (2))de
0 0
+[T[TZT(Z4)P*1 <5Ré§’ %) + aRég’ 9)) P71 Z(23)d0dé + 127 (2)) P T P~ Z(2))
0 0
+7ZT ()P ToP Z(21) —/ ZT ()P VP Z(23)d0 — | Z7(24) P 1o P~ Z(24)dE (20)

The conditions 6 € [—7,0] and £ € [—7, 0] can be adjoined
to the SOS matrix condition (19) using SOS matrix multi-
pliers, in a way similar to the S-procedure [8]. The resulting
SOS conditions can be tested algorithmically using SOS-
TOOLS; so the resulting infinite dimensional LMI conditions
can be solved directly, without resorting to discretization [18]
or other approaches [7]. To get robustness with respect to the
delay size, one can impose an extra condition that the above
LMIs are valid for all delays 7 € [0,7].

IV. EXAMPLE

Consider the system:

:cl(t) = (El(t)$2(t)+2(£1(t—7')x2(t)—$1(t—7)+u
Ta(t) = —pri(l) + 22t —7)
where p € [0.5,1.5]. We represent the system as follows:
_ Z'Q(t) l’l(t—’r) xl(t)
-5 T 186
71+£L'2(t) 0 l’l(tf’l') 1
] L

When u = 0, the above system has two equilibria, one which

1 1

is at the origin and the other one at (3—, 7). A sample sim-
p’ 3

ulation for the system with nominal value p = 1, initialized
with the constant initial function (z1,z2) = (0.5,0.5) with
delay 7 = 0.1 is shown in Figure 1A. We aim to construct
controllers for robust global delay-independent and delay-
dependent stabilization of the zero equilibrium, based on the
conditions for stabilizability that we proposed in this paper.
Note that the equilibrium of the above system is unstable in
the undelayed, unforced, linearized case.

A. Delay-Independent stabilization

In this case we setup a SOS program, which needs to
satisfy all the conditions in Proposition 3. For the above
system an appropriate control law was constructed which
guarantees that the zero equilibrium of the above system
is robustly globally delay-independent stable. The control
law that was constructed contains terms up to 2nd order in
x1(t), x2(t), x1(t — 7) and z2(t — 7), and is omitted due to
space restrictions. A simulation of the closed loop system
for p = 1 can be seen in Figure 1B.

B. Delay-dependent stabilization

Similarly, Proposition 4 was used to construct a feedback
control law that ensures robust global delay-dependent sta-
bility of the equilibrium of the loop system for 7 = 0.1.
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System with u=0and 1=0.1 Stabilized system for = 0.1 (delay-independent stabilzation) ‘Stabllized system for < = 0.1 (delay-dependent stabiization)
T

1 T T T T T T T -

Fig. 1. Simulations from initial conditions (z1,z2) = (0.5,0.5). Figure A: open loop system. Figure B: closed loop system as it was stabilized in a
delay-independent fashion. Figure C: closed loop system as it was stabilized in a delay-dependent fashion.

Simulations of the closed loop system can be seen in Figure
1C for p = 1. The controller structure is also a polynomial
up to 2nd order in x1(t), x2(t), z1(t — 7) and z5(t — 7).

V. CONCLUSIONS

In this paper we presented a new technique for controller
synthesis for time-delay systems to achieve robust global
delay-dependent and delay-independent stability. The infinite
dimensional, state-dependent LMIs were solved using the
SOS technique. The above methodology can be extended
to guaranteed cost control and H, control synthesis proce-
dures, which will be the subject of future research. These
constructions were already implemented in [23]. Local (but
nonlinear) stabilization is also possible, by imposing that the
Lyapunov conditions are only satisfied in a neighborhood of
the equilibrium of interest.

REFERENCES

[1] J. K. Hale and S. M. V. Lunel, Introduction to Functional Differential
Equations, ser. Applied Mathematical Sciences (99). Springer-Verlag,
1993.

[2] Y. Kuang, Delay Differential Equations with Applications in Popula-
tion Dynamics, ser. Mathematics in Science and Engineering (191).
Academic Press, 1993.

[31 R. Srikant, The Mathematics of Internet Congestion Control.
Birkhauser, 2003.

[4] S.-I. Niculescu, Delay Effects on Stability: A Robust Control Ap-
proach, ser. Lecture Notes in Control and Information Sciences (269).
Springer-Verlag, 2001.

[5]1 V. B. Kolmanovskii, S.-I. Niculescu, and J.-P. Richard, “On the
Lyapunov-Krasovskii functionals for stability analysis of linear delay
systems,” International Journal of Control, vol. 72, no. 4, pp. 374-384,
1999.

[6] K. Gu, “Discretised LMI set in the stability problem of linear uncertain
time-delay systems,” International Journal of Control, vol. 68, pp.
155-163, 1997.

[7]1 T. Azuma, R. Wanatabe, and K. Uchida, “An approach to solving
parameter-dependent LMI conditions based on finite number of LMI
conditions,” in Proceedings of the American Control Conference, 1997.

[8] A. Papachristodoulou, M. Peet, and S. Lall, “Analysis of nonlinear
time delay systems using the sum of squares decomposition,” in
Proceedings of the American Control Conference, 2004.

[9]1 H. Li, S.-I. Niculescu, L. Dugard, and J.-M. Dion, “Robust stabiliza-
tion of uncertain linear systems with input delay,” in Proceedings of
the European Control Conference, 1997.

[10] Y. Xia and Y. Jia, “Robust control of state delayed systems with
polytopic type uncertainties via parameter-dependent Lyapunov func-
tionals,” Systems and Control Letters, vol. 50, pp. 183-193, 2003.

[11] W. M. Haddad, V. Kapila, and C. T. Abdallah, “Stabilization of
linear and nonlinear systems with time delay,” in Proceedings of the
American Control Conference, 1997.

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

5793

S.-I. Niculescu, “Hs, memoryless control with an a—stability con-
straint for time-delay systems: An LMI approach,” IEEE Transactions
on Automatic Control, vol. 43, no. 5, pp. 739-743, 1998.

C. E. de Souza and X. Li, “Delay-dependent robust H, control of
uncertain linear state-delayed systems,” Automatica, vol. 35, pp. 1313—
1321, 1999.

T. Azuma, S. Sagara, M. Fujita, and K. Uchida, “Output feedback
control synthesis for linear time-delay systems via infinite-dimensional
LMI approach,” in Proceedings of the IEEE Conference on Decision
and Control, 2003.

X. Nian and J. Feng, “Guaranteed-cost control of a linear uncertain
system with multiple time-varying delays: an LMI approach,” IEE
Proceedings on Control Theory Applications, vol. 150, no. 1, pp. 17—
22, 2003.

S. O. R. Moheimani and I. R. Petersen, “Optimal quadratic guaranteed-
cost control of a class of uncertain linear systems,” IEE Proceedings
on Control Theory Applications, vol. 144, no. 2, pp. 183-188, 1997.

Y. S. Lee, Y. S. Moon, and W. H. Kwon, “Delay-dependent guaranteed
cost control for uncertain state-delayed systems,” in Proceedings of the
American Control Conference, 2001.

K. Gu and Q.-L. Han, “Controller design for time-delay systems using
the discretized Lyapunov functional approach,” in Proceedings of the
IEEE Conference on Decision and Control, 2000.

F. Mazenc, S. Mondié, and R. Fransisco, “Global asymptotic sta-
bilization of feedforward systems with delay in the input,” IEEE
Transactions on Automatic Control, vol. 49, no. 5, pp. 844-850, 2004.
F. Mazenc, S. Mondié, and S. I. Niculescu, “Global asymptotic
stabilization for chains of integrators with a delay in the input,” IEEE
Transactions on Automatic Control, vol. 48, no. 1, pp. 57-63, 2003.

F. Mazenc and P.-A. Bliman, “Backstepping design for time-delay non-
linear systems,” in Proceedings of the IEEE Conference on Decision
and Control, 2003.

M. Jankovic, “Control of nonlinear systems with time delay,” in
Proceedings of the IEEE Conference on Decision and Control, 2003.
S. Prajna, A. Papachristodoulou, and F. Wu, “Nonlinear control syn-
thesis by sum of squares optimization: A Lyapunov-based approach,”
in Proceedings of the Asian Control Conference, 2004.

J. R. Cloutier, “State dependent Riccati equation techniques: An
overview,” in Proceedings of the American Control Conference, 1997.
P. A. Parrilo, “Structured semidefinite programs and semialgebraic
geometry methods in robustness and optimization,” Ph.D. dissertation,
California Institute of Technology, Pasadena, CA, 2000.

S. Prajna, A. Papachristodoulou, and P. A. Parrilo, “SOSTOOLS —
Sum of Squares Optimization Toolbox, User’s Guide,” 2002, available
at http://www.cds.caltech.edu/sostools.

J. R. Cloutier, C. N. D’Souza, and C. P. Mracek, “Nonlinear regulation
and nonlinear Ho, control via the state-dependent Ricatti equation
technique; Part I, theory; Part II, examples,” in Proceedings of the
International Conference on Nonlinear Problems in Aviation and
Aerospace, 1996.

S. Prajna, A. Papachristodoulou, and P. A. Parrilo, “Introducing
SOSTOOLS: A general purpose sum of squares programming solver,”
in Proceedings IEEE Conference on Decision and Control, 2002.

A. Papachristodoulou and S. Prajna, “Analysis of non-polynomial
systems using the sum of squares decomposition,” 2004, to appear
in Positive Polynomials in Control, Springer-Verlag.



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




