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ROBUST DISSIPATIVITY OF INTERVAL UNCERTAIN
LINEAR SYSTEMS*

FLORIN DAN BARB', AHARON BEN-TAL#, AND ARKADI NEMIROVSKI#

Abstract. In this paper we are concerned with the problem of robust dissipativity of linear
systems with parameters affected by box uncertainty; our major goal is to evaluate the largest
uncertainty level for which all perturbed instances share a common dissipativity certificate. While it
is NP-hard to compute this quantity exactly, we demonstrate that under favorable circumstances one
can build an O(1)-tight lower bound of this “intractable” quantity by solving an explicit semidefinite
program of the size polynomial in the size of the system. We consider a number of applications,
including the robust versions of the problems of extracting nearly optimal available storage, providing
nearly optimal required supply, Lyapunov stability analysis, and linear-quadratic control.
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1. Introduction and motivation. An important requirement of any modern
control system is its robustness. In many system theory and control applications,
the concept of robustness is related to the stability of the closed-loop system and its
performance measured with respect to a certain objective function.

In this paper, we focus on robustness with respect to unknown-but-bounded (and
possibly time-varying) perturbations of the entries in the matrix ¥ = {g g} of a
continuous-time linear dynamical system

2= Az + Bu,
y = Cz + Du.

For the time being, we assume the simplest interval model of perturbations—every
entry ¥;; in X, independently of all other entries, can vary in the interval ¥;; £+ pd>;;,
where ¥;; are the nominal data, d¥;; are given scale factors, and p is the uncertainty
level. The set of matrices just defined will be referred to as interval matriz and will
be denoted by U,,.
The question we are addressing is as follows:
(?) What is the supremum p* of those uncertainty levels p under

which all perturbations of level p preserve a particular property of the

system, such as stability, passivity, contractiveness, etc.?
Typically, it is computationally intractable to give a precise answer to such a question.
For example, it is known to be NP-hard to check the stability of all instances of an
interval matrix U, [7]. In other words, we do not know how to check efficiently whether
every one of the Lyapunov linear matrix inequalities (LMIs)
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find X such that X >= 0 and ATX + XA < 0'

corresponding to the instances A of an interval square matrix is solvable.

The situation does not improve at all when we pass from the question “whether all
instances of an interval matrix are stable” to the seemingly simpler question “whether
all instances of an interval matrix admit a common quadratic Lyapunov stability
certificate,” or, which is the same, whether the aforementioned LMIs have a common
solution. Although in the new form the question is to check the solvability of a finite
system of LMIs

X=0, ATX+XA<0 V(AeV),

where V is the (finite!) set of the extreme points of the original interval matrix, the
number of LMIs in this system blows up exponentially with the size of the matrix
(unless the number of uncertain entries in the matrix remains once and for ever fixed).
It turns out that in general it is already NP-hard to check whether a given candidate
solution X is feasible for the above system of LMIs.?

The difficulty arising when checking stability of (all instances of) an interval
matrix is typical for other problems of the aforementioned type: the property of
interest is equivalent to the solvability of certain LMI Lx(X) > 0 with the data
coming from the matrix ¥ of the system in question. When ¥ is subject to interval
uncertainty, both of the following tasks become NP-hard:

(1.A) Checking whether every one of the LMIs

(1) Ls(X) >0

with ¥ € U, is solvable (i.e., to verify that the desired property is possessed by all
instances), and
(1.B) Checking whether the infinite system of LMIs

Ls(X)>0 V(EelU,)

is solvable, i.e., whether all instances of our interval matrix share a common certificate
for the property of interest (which normally is a sufficient condition for the property
to be preserved also by dynamic perturbations).

Now, in light of the fact that it is NP-hard to answer questions (1.A), (1.B)
exactly, a natural course of action is to relax the questions in order to make them
tractable. We are not aware of any good relaxation of question (1.A). In contrast
to this, recent progress in what is called robust semidefinite programming [1, 5, 6]
(specifically, the matrix cube theorem [3]) leads to “tight” tractable relaxations of
question (1.B). It turns out that under favorable circumstances (which do take place
for a wide family of “properties of interest”) one can build efficiently a lower bound p
on the supremum p* of those uncertainty levels p for which the answer to the question
(1.B) is affirmative, and this lower bound is tight within an absolute constant factor
(the latter is in most of the cases 5 = 1.57...). The goal of this paper is to justify
the above claim.

IWe write A = B (A = B) to express that A, B are symmetric matrices of the same size such
that A — B is positive semidefinite (respectively, positive definite).

2This “analysis” problem is not simpler than checking whether all instances of a given interval
symmetric matrix are positive semidefinite; it is shown in [7] that the latter problem is NP-hard
already in the case when all entries in the interval matrix, except for those from the first two rows
and columns, are fixed.
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A convenient general framework for our study is the dissipativity-based approach,
as developed in the seminal papers of Willems [9, 10]. The notion of dissipativity is
one of the most important concepts in systems and control theory, both from the
theoretical point of view as well as from the practical perspective. In many mechan-
ical and electrical engineering applications, dissipativity is related to the notion of
energy. Here, a dissipative system is characterized by the following property: at any
moment of time, the amount of energy which the system can supply to its environ-
ment cannot exceed the amount of energy that has been supplied to it. However, the
dissipativity-based framework is not restricted to the energy-related issues; it allows
us to investigate stability analysis and linear-quadratic control as well.

The rest of the paper is organized as follows. In section 2, we review basic notions
and results from dissipativity theory. In section 3, we present the box model of uncer-
tainty (which is slightly more general than the simple interval model) and pose and
motivate three basic dissipativity-related versions of question (1.B): finding a common
dissipativity certificate for all instances of a given uncertain system (a particular case
of this problem is the Lyapunov stability analysis under box uncertainty); extracting
available storage/providing required supply in the face of uncertainty (this covers, in
particular, the optimal linear-quadratic control of uncertain systems). In the central
section 4, we develop “tractable tight relaxations” of the problems posed in section
3. Finally, in section 5, we present several illustrating numerical examples.

On many occasions in this paper we use the term “efficient computability” of
various quantities. An appropriate definition of this notion does exist,® but for our
purposes here it suffices to agree that all “LMI-representable” quantities—those which
can be represented as optimal values in semidefinite programs

N
min {CT{)S :Ap + Z%‘Ai - 0}

=1

or generalized eigenvalue problems

N
i=1

7

N
min{ w: B(xz)=Bo+ Y. x;B; S wA(x)

T,w 1=1

N
C(JE)EC()‘FZJCZ‘OZ' EO
i=1

—are efficiently computable functions of the data ¢, {A4; € S"}Y,, respectively,
{4;,B;,C; € S" fiog where S™ is the space of real symmetric n x n matrices. From
now on, missing blocks in block matrices are assumed to be zero.

2. Dissipative systems. In this section, we shall briefly review the dissipativity
theory for linear systems with quadratic storage and supply functions as developed in
[10]. The readers less familiar with the topic are referred to [8] for details.

Consider a continuous-time linear time-invariant dynamical system given by

@) 2(t) = Az(t) + Bu(t), 2(0) = ¢,
y(t) = Cz(t) + Du(t),

3For a definition which fits best of all the contents of the paper, see [2, Chapter 5].
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where X = (3 7] € R (" +P)x(n+m) ig the matrix of system coefficients, u(-) € R™ is
the input (which henceforth is assumed to be locally square integrable), z(-) € R™ is
the state, and y(-) € RP is the output. In what follows we refer to system (2) given
by a matrix ¥ as “system X.”

Let us fix a quadratic supply function

o emweon swn=[1]8 H][2]
here
»[ 3 4]

is a symmetric supply matriz (Q is pxp, R is mxm). Given a trajectory (z(-),y(+), u(+))
of (2) and two time instants ¢y < t1, we interpret the corresponding supply

ty
| s,
to
as the work carried on the system in the time interval [tg, 1] along the trajectory in
question, if the supply is nonnegative, and as minus the energy extracted from the
system, if the supply is negative.

Note that along a trajectory of (2) the supply can be expressed in terms of the
state and the input:

Ss(z,u) = 6(Cz + Du,u)
(4) (21" cTqc CT(L+QD) P
| (L+QD)'C DTQD+L'D+DTL+R || u |

Ss

DEFINITION 2.1. System X is called dissipative with respect to supply &, if there
exists a nonnegative storage function V(z), V(0) =0, such that

(5) V(=(0)) + / S((t). u(t))dt > V(=(T))

for all T >0 and all trajectories (z(-),y(-),u(:)) of the system.

The standard interpretation of a storage function is that V(z) is the internal
energy stored by system in state z; with this interpretation, (5) means that the work
W on the system needed to move it from one state to another is at least the resulting
change AV in the internal energy stored by the system; the excess W — AV > 0 is
thought of to be dissipated by the system.

The summary of facts on dissipativity we need in what follows is as follows.
Assume that system 3 is controllable, and let & be a quadratic supply:

D.1. (¥, 6) is dissipative if and only if (X, &) admits a quadratic storage function
V(z) = 27Zz, where Z € S" (from now on, S7 is the cone of positive
semidefinite matrices from S™).

D.2. A quadratic function V(z) = 27 Zz is a storage function for (¥, &) if and only
if Z €S and
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for all trajectories (z(-),y(+),u(-)), or, which is the same, if and only if Z € S™
solves the system of matrix inequalities (MIs)

(6a)
(6b)

(for

Z =0,

ATZ +ZA ZB

notation, see (4)). Note that MI (6b) expresses a very transparent re-

quirement that

(7)

So(a(t), u(t) 2 5 (7 ()2:(0)

for all ¢ and all trajectories (z(t),y(t), u(t)) of ¥. In what follows, we call the
solutions of (6) the dissipativity certificates for (X, S).
D.3. If (£, 6) is dissipative, then we have the following:

(a)

among the associated storage functions there exist the (pointwise) min-
imal one,

Va(z) = sup {—/016(y(t),u(t))dt: Z'? ),y(),u(-)) is a trajectory, }

Vieq(2)

(Z()sy()u(-)

(“available storage”), and the (pointwise) maximal one,

= in " u ~(2(4),y(9),u(-)) is a trajectory,
- (z('%y('gﬂb(')) {/o Slole),ule))dt 2(0)=0,2(t) = » }

(“required supply”). Every storage function V(-) for (X, &) satisfies the
relations Vg, (2) < V(2) < Vieq(2) for all z, and every convex combina-
tion of V4, (+) and V,..4(+) is a storage function for (X, S).

(b) Both the available storage and the required supply are quadratic func-

tions of the state:

Vao(2) = 2TZ442,
Vieq(2) = ZTZTqu,

where the positive semidefinite matrices Z,,, Z,cq are, respectively, the
~-minimal and the >-maximal solutions of (6). The set of solutions to
(6) is exactly the “matrix interval” {Z : Z,, X Z <X Z,cq}.

D.4. Assume that (3, &) is dissipative and that the matrix DT QD+ LT D+ DT L+
R is positive definite. Then the state feedback

u=Fz2 Fu=—-(D'QD+L*'D+D'L+R)YB"Z,, — (L+QD)'C)

stabilizes the system (i.e., the real parts of all eigenvalues of the matrix A 4+
BF,, of the closed-loop system are negative), and with this feedback, the
energy extracted from the system, the initial state of the system being { € R",
is exactly the available storage V4, (¢):

~ /O  S(y(t), ult))dt = T ZonC,
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where (y(t),u(t)) are given by

2(t) = Az(t) + Bu(t), 2(0) = ¢,
u(t) = Favz(t)v
y(t) = Cz(t) + Du(t).

Similarly, the state feedback
U= Freqz, Freq=—(D"QD+L"D+DTL+R) ™ (B" Zyey— (L+QD)"C)

stabilizes the “backward time” system (i.e., the real parts of all eigenvalues
of the matrix —(A + BF)¢,) of the closed-loop system with backward time
are negative), and with this feedback the supply required to move the system
from the origin to a state ¢ is exactly the required supply Vieq(¢):

/0 " S (y(t),u(t))dt = (T Zyoyt,
where (y(t),u(t)) are given by

(t) = —[Az(t) + Bu(®)l,  2(0) =,
u(t) = Freqz(t),
y(t) = Cz(t) + Du(t).

Let us list several important examples of supply functions.
EXAMPLE 1 (positive-real systems). Here m = p, and the supply matriz is

B=[ 11ie,
S(y,u) = 2y" u.

Assuming that A is stable and (A, B,C) is minimal, the pair (%, 6) is dissipative if
and only if (2) is passive, i.e., fOT yT(t)v(t)dt > 0 for all T > 0 and all trajectories
(2(t),y(t),v(t)) with z(0) = 0. Under the same assumptions on A, B, C, the frequency
domain characterization of passivity is that the transfer function

H(s)=C(sI — A" 'B+D
of the system is such that
R(s) >0= H(s)+ H"(s) = 0,

where H*(s) is the Hermitian conjugate of H(s) and R(s) is the real part of s € C.
EXAMPLE 2 (nonexpansive systems [4]). Here the supply matriz is P = ['»
(I is the k x k unit matriz), i.e.,

]

Im

S(y,u) =u"u—y"y.

Assuming again that A is stable and (A, B, C) is minimal, dissipativity of (£,8) is
equivalent to the fact that

/0 T (B (t)dt < /O o (tyu(t)dt
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for all T > 0 and trajectories (z(t),y(t),u(t)) of (2) with z(0) = 0. Under the same
assumption on A, B,C, the frequency domain characterization of nonexpansivity is
that the transfer function H(s) of the system is such that

R(s) >0=H"(s)H(s) = I.

ExaMPLE 3 (linear-quadratic control [4]). Here the supply matriz B is positive
semidefinite. Assuming that (A, B) is controllable, the pair (X, &) is always dissipa-
tive, with the available storage Vo, (2) = 0. The required supply Vieq(2) is the optimal
value in the problem of optimal control where the goal is to minimize fOT S(y(t), u(t))dt
when moving the system from the origin at time 0 to the state z at time T (to be cho-
sen).

3. Dissipativity under uncertainty. Now assume that the linear dynamic
system in question is uncertain, so that all we know about the matrix ¥ is that ¥
belongs to a given uncertainty set U, in the space of (n + p) x (m + p) real matrices.
In this paper we focus on the case of box uncertainty:

L
(8) Up:{EZE—}—ZU@dZ@:—pSUgSp,EZL...,L},
=1
where
e ¥ =[2 Blis the nominal system;
e d¥, = [géﬁ jgi], {=1,...,L, are basic perturbation matrices;

e p > 0 is the uncertainty level.

In what follows, we refer to matrices ¥ € U,, as to instances of the uncertain system
associated with the uncertainty set U,.

Let us fix a quadratic supply function (3); in what follows, when speaking about
the dissipativity of a certain system, we mean the dissipativity with respect to this
supply function. We assume from now on that the nominal pair (A, B) is controllable,
and the nominal system ¥ is dissipative, with the minimal and maximal dissipativity
certificates Zgy, Zreq, respectively.

We intend to focus on three dissipativity-related problems for uncertain systems,
specifically, the following problems:

1. Common dissipativity certificate. Find a common dissipativity certificate for
all instances of the uncertain system.

2. Extracting available storage. Given € € (0, 1), find a feedback which stabilizes
all instances of the uncertain system and allows us to extract from the initial
state ¢ of any instance energy at least (1 — €)¢TZ,,C.

3. Providing required supply. Given § > 0, find a feedback which stabilizes
in backward time all instances of the uncertain system and allows to move
every instance from the origin to a given state { with total supply at most
(14 6)CT ZyeqC.

Our next goal is to motivate and to model the outlined problems.

3.1. Common dissipativity certificate. The problem of finding a common
dissipativity certificate for all instances of an uncertain system is as follows.

PROBLEM 1. Given a supply &, a convexr set I in the cone S}, and the data
specifying U,, find the supremum of those p > 0 for which all instances from U, admit
a common dissipativity certificate in I, or, which is the same in view of D.2, find the
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supremum of those p > 0 for which the system of constraints

(9a) Z e,

_[cTQec-ATZ - zA CT(L+QD)-ZB }>0

Ob) DelZI=1 1 Jopyrc- BTz DTQD YLD +DTL+R

A B
vz:[c D}eup

(see (6)) in matriz variable Z is solvable.

The motivation behind Problem 1 is quite transparent: there are cases when the
dissipativity is a highly desirable property, and in these cases it is worthy of knowing
what are the largest perturbations which for sure preserve this property. With this
motivation, however, it remains unclear why we should be interested in a common
dissipativity certificate for all X € U, rather than to ask what is the largest p for
which every instance from U, admits a dissipativity certificate (perhaps depending on
the instance). The motivation behind seeking a common dissipativity certificate comes
from the fact that such a certificate ensures dissipativity of the uncertain time-varying
system

A(t) = A()2(t) + B(t)u(t),

10
10 (1) = C(1)=(0) + D(Dyulo),
where the dependence of X(t) = [gg;; ggig] on t is not known in advance; all we

know is that X(¢) is a measurable function of ¢ taking values in U,. The precise
meaning of the claim “existence of a common dissipativity certificate for all instances
Y € U, implies dissipativity of the uncertain time-varying system (10)” is given by
the following simple statement.

PRrROPOSITION 3.1. Let Z be a common dissipativity certificate for all instances
Y €U, ie., let Z = 0 satisfy (9b). Then for every T > 0 and every trajectory
(z(t),y(t),u(t)) of the time-varying system (10) with ¥(t) € U, for all t, one has

T
(11) zT(O)Zz(O) +/ S(y(t),u(t))dt > zT(T)Zz(T).
0

Proof. Tt is immediately seen that (9b) implies that

S(y(t),u(t) = £ (T (1)22(0)

for all ¢. Integrating this inequality, we arrive at (11). |
EXAMPLE 4 (Lyapunov stability analysis under box uncertainty). Assume that
we have designed a controller for a linear dynamical system, and let

2= Az

be the description of the closed-loop system (so that some components of z represent
states of the plant, while the remaining components of z represent states of the con-
troller). After the design is completed, a natural question is how the performance of
the system can be affected by perturbations in A (i.e., in the parameters of the plant
and of the controller). Assuming a box model of perturbations

L
AEVPZ{A:A‘FZUédAZ_PSUZSPagzL7L}7
(=1
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an important component of the above question is, What is the supremum p* of those
uncertainty levels p for which all instances A € V,, remain stable, moreover, such that

(12) 2T (1)Z2(t) < Bexp{—at}zT(0)Zz(0) Yt >0

for all trajectories z(-) of all perturbed instances? Here Z > 0, > 1, and @ > 0
are given in advance. A well-known sufficient condition for (12) is the existence of
an appropriate quadratic Lyapunov stability certificate, namely, a matriz Z satisfying
the relations

(13a) B2 =7 <12,
(13b) ATZ + ZA < —aZ VYA€V,

Indeed, if Z satisfies (13) and z(t) is a trajectory of the time-varying system

) =A@)(t) (A eV, W),

then
4T Z2(t) = 2T () [AT (1) Z + ZA(t))2(¢)
< —azl(t)Z(t) (cf. (13b))
< —azT(t)Z2(t) (cf. (13a));
hence

2T (1) Z2(t) < exp{—at}zT(0)Z2(0)
< exp{—at}zT(0)Zz(0) (cf. (13a))

and therefore

2T () Zz(t) < BT (t) Z2(t) (cf. (13a))
< Bexp{—at}zT(0)Zz(0).

On the other hand, it is immediately seen that relations (13) say exactly that Z is a
common dissipativity certificate, belonging to the matriz interval T = {Z : p~'Z < Z
= Z} for all instances ¥ € U, of the system

Z2=Az40px1-u,

14
( ) y:Z+0n><1'u

when the supply matriz is specified as
—aZ
(15) p=| % s

here U, is the box uncertainty given by

dAZ On>< 1

Onxn On><1

de=|: :|, {=1,...,L.

We see that Problem 1 can be used to find the largest uncertainty level p for which the
validity of (13) can be guaranteed by a quadratic Lyapunov stability certificate.
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3.2. Extracting available storage. Assume that we are interested in retriev-
ing the energy stored in the initial state (. If there were no perturbations, the maximal
amount of energy we could retrieve would be the nominal available storage (7 Zq.C,
and the corresponding control could be chosen in the state feedback form (see D.4).
With perturbations, we hardly could guarantee the same amount of retrieved energy;
however, it is reasonable to look for a state feedback which stabilizes all instances of
the uncertain system in question and allows us to retrieve, whatever is an instance
and an initial state ¢, at least a given fraction (1 — €)¢(7Z,,¢ of the nominal avail-
able storage. To model this target mathematically, we start with the following simple
observation.

PROPOSITION 3.2. Assume that 0 < Zg,, and let € € [0,1), p > 0 be given.
Assume that matrices G, H € S} and a state feedback u = Fz are such that

1.
(16)
crtqQe CT(L+ QD) _ ATG+GA GB “ 0
(L+QD)'C DTQD+L"D+DTL+R BTG =
A B
{4 2],
i.e., G is a common dissipativity certificate for all instances of U,;
2.
(17)
[ 7 FT } crQcC CT(L+Q@D) I
(L+@QD)'C DTQD+ LD+ DTL+R F
< [(A+ BF)TH + H(A+ BF)]
B
a e
3.
(18) (1—-€)Zyy < H=<G.

Then all instances of the uncertain time-varying closed-loop system

N-
—~
~
~—

|

A(t)=(t) + B(t)u(t), AW B
(19) ©) = CO)=(t)+ D(t)ult), cu, v
ult) = Fa(b) {C(t) D(t)}

share a common quadratic Lyapunov function zT (G—H)z. Moreover, for every initial
state ¢ = z(0) of (19), one has

(20) - [ St utar = TH = (1 - 0672
i.e., the state feedback F' allows us to extract at least (1—¢) times the nominal available
storage CTZq,C.

Proof. Consider a time-invariant instance X = [& 5] of (19), and let (2(¢),y(t),

u(t)) be a trajectory of this instance. By (16), the quadratic function V(z) = 27G»
is a storage function for (X, &); hence for every to <ty

(21) to GZ to / 6 dt >z (tl)GZ(tl).

On the other hand, (17) implies that
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S(y(t),u(t) < & (T (O H=() - 67 (1)2(1)

for certain # > 0; hence

[ S, < [T ) T )] 0 [ @

0

Substituting this inequality into (21), we see that for every trajectory of every time-
invariant instance of (19) and every pair tg < ¢; of time instants one has

2T (t0)[G — H)z(tg) — 0 t 1 2T (t)z(t)dt > 27 (1) [G — H)z(ty);

hence 4 (27 ()[G — H]z(t)) < —0zT (t)z(t) for all t > 0 and all trajectories, so that

(A+BF)'[G — H)+ |G — H](A+ BF) < —0I.

Since this relation is valid for all ¥ € U, and since G — H > 0 by (18), G — H is
indeed a quadratic Lyapunov stability certificate for (19).
Now consider a trajectory (z(t),y(t),u(t)) of (19). Same as above, we have

S(y(t),u(t)) < - (T () H=(1)).

Integrating both sides of this inequality from 0 to oo and taking into account that
(2(t),y(t),u(t)) converges exponentially fast to 0 as ¢ — oo (we have seen that (19)
admits quadratic Lyapunov stability certificate!), we get

/0 S (y(t), u(t))dt < —=T(0)H(0),

as required in the first inequality in (20); the second inequality in (20) is readily given
by (18). O

In view of Proposition 3.2, we could pose the problem of extracting available
storage as the problem of finding the supremum of those uncertainty levels p for
which the semi-infinite system of MIs (16), (17), (18) in matrix variables G, H, F is
solvable. This problem, however, is too difficult; it is completely unclear how to check
efficiently the solvability of this nonlinear in F, H MI even in the nominal case p = 0.
This is why we are forced to simplify our task by assuming that either F' or H are
given in advance. With this simplification, we arrive at the following pair of problems.

PROBLEM 2A. Given a supply S, a feedback matriz F', parameter € € (0,1), and
the data specifying U,, find the supremum of those p > 0 for which the system of MlIs
(16)—(18) in matrixz variables G, H is solvable.

With F' specified as the ideal nominal feedback F,,,, see D.4, Problem 2A becomes
a quite natural question of finding the largest uncertainty level for which we can certify
the fact that whatever is an initial state ¢ of an instance of the uncertain system, the
nominal feedback allows us to extract at least the fraction (1 —¢) of the corresponding
nominal available storage (7 Z,.,C.

PROBLEM 2B. Given a supply &, parameter € € (0,1), an n X n positive definite
matriz H = (1 — €)Z4,, and the data specifying U, find the supremum of those p > 0
for which the system of MIs (16), (18) in matriz variables G and F is solvable.

A simple choice for the matrix H in Problem 2B is the solution of Problem 2A.
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3.3. Providing required supply. The motivation behind this problem is com-
pletely similar to the one for the extracting storage problem; the only difference is
that now we want to drive the system from the origin to a given state { and we are
interested in achieving this target with the total supply not exceeding (1 + ¢) times
the nominal required supply ¢?Z,.,(. We have the following analogy of Proposition
3.2.

PROPOSITION 3.3. Assume that 0 < Z,.q, and let 6 € [0,1), p > 0 be given.
Assume that matrices G,H € S% and a state feedback v = Fz are such that the
conditions (16), (17) and the condition

(22) G<H=X(146)Zeq

are satisfied.
Then all instances of the uncertain time-varying closed-loop system

(1) = —[A(0)2(1) + B(tyu(t))
@) () = C(0)=(t) + D(tyult), [’4“)
ult) = Fa(t),

(which is the backward time version of system (19)) share a common quadratic Lya-
punov function zT[H — G)z. Moreover, for every initial state ¢ = z(0) of (23), one
has

c(t (t)} cu, t
F

(24) / T St ult)dt < (14 8)C ZyeqC,

e., the state feedback F allows us to move system (19) from the origin to a given
state ¢ with total supply at most (1 + &) times the nominal required supply (T ZcqC.

The proof is similar to the one of Proposition 3.2.

In view of Proposition 3.3, a natural way to model the providing required supply
problem would be to look for the largest p for which the semi-infinite system (16),
(17), (22) in matrix variables F,G, H is solvable; however, “tractability reasons”
similar to those in section 3.2 force us to simplify the setting and restrict ourselves to
the following pair of problems.

PROBLEM 3A. Given a supply &, a feedback matriz F, parameter § > 0, and the
data specifying U,, find the supremum of those p > 0 for which the system of MlIs
(16), (17), (22) in matriz variables G, H is solvable.

PROBLEM 3B. Given a supply &, parameter 6 > 0, an n X n positive definite
matriz H < (14 6)Z,¢q, and the data specifying U,, find the supremum of those p > 0
for which the system of MlIs (16), (17) in matriz variables G, 0 < G < H, and F is
solvable.

In contrast to the situation of section 3.2, now there exists a particular “tractable
case” where one can treat in the system of interest (which is now the system (16), (17),
(22)) both F' and H as design variables; this is the case of positive semidefinite supply

matrix [% ] (as it happens in linear-quadratic control).* In this case it makes sense

to specify the common dissipativity certificate G of the perturbed instances as the
zero matrix; this choice ensures the validity of (16) and is “ideal” from the viewpoint
of the constraint (22). Setting G = 0 and treating F'; H as the design variables in the

4Note that this case makes no sense in the extracting storage problem, since there it would imply
that “there is nothing to extract” — Zg, = 0
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system (16), (17), (22), we arrive at the following version of the problem of providing
required supply.

PrROBLEM 3C. Given a supply & such that the supply matriz B is positive semidef-
inite, parameter 6 > 0, and the data specifying U,, find the supremum of those p > 0
for which the system comprised of semi-infinite MI (17) and the LMI

(25) 0<H = (14 06)Zeq

in matrixz variables F, H is solvable.

4. Processing the problems. Every one of Problems 1, 2A, 2B, 3A, 3B, and
3C asks for finding the largest p such that a given system of MIs (depending on
p as on a parameter) is solvable. The systems in question are semi-infinite—they
involve infinitely many MIs with the data running through the uncertainty sets. It
is well known that semi-infinite systems of MIs are, in general, NP-hard; it is easy
to show that in general this is the case with the specific semi-infinite systems arising
in Problems 1, 2A, 2B, 3A, 3B, and 3C. What we intend to do is to replace these
NP-hard systems with their computationally tractable conservative approximations,
the latter notion being defined as follows.

DEFINITION 4.1. Let S be a system of constraints on a design vector x. We
say that a system A of constraints on x and a vector of additional variables y is a
conservative approximation of S if the x-component of every feasible solution (x,y)
of the approzimating system A is a feasible solution of the original system S.

Our plan for processing Problems 1, 2A, 2B, 3A, 3B, and 3C is as follows: we
start with reviewing the basic results we intend to use when building computationally
tractable approximations of the problems and then apply these results to the problems
of interest.

4.1. The matrix cube theorem. Consider an uncertain LMI with affine box
uncertainty

L
(26) Az) + Y weAl(@) =0 V(u: [lufe < p),
=1

where

e 2 € R% is the vector of decision variables;

e AY(z), £=0,1,...,L, are symmetric m x m matrices affinely depending on

€T
® uy,...,ur are perturbations, and p > 0 is the uncertainty level.

It is known that in general, it is NP-hard to solve (26) or even to check whether
a given candidate solution z is feasible. However, (26) admits a computationally
tractable conservative approximation which is a system of LMIs in original variables
z and additional symmetric matrix variables Xi,...,Xp. Let us write X > 1Y
as a shortcut for the system of two matrix inequalities X > Y, X > —Y. The
aforementioned conservative approximation of (26) is as follows:

(27a) X, = +A%x), L=1,...,L;

L
(27b) Py Xy < Aa).
=1
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The fact that (27) is indeed a conservative approximation of (26) is evident: if z can
be extended by appropriately chosen Xi,..., X, to a feasible solution of (27), then
from (27a) it follows that u,A*(x) = —pX, for all u, such that |us| < p; hence

L L
A(@) + S up Al (@) = L) —pY Xe V(ut fulls < p);
=1 =1

the right-hand side matrix in the latter relation is = 0 by (27b), so that x indeed
satisfies (26).

It turns out that the “level of conservativeness” of the approximation (27) is not

too big, provided that the matrices A!(z),... , AY(x) are of small ranks.

PROPOSITION 4.1 (matrix cube theorem [3]). Let yu = max, max;>1 Rank(A*(z)).

(Note £ > 1 in the max!). Then the relation between the feasible sets of (26) and (27)
is as follows:

1. If z can be extended to a feasible solution of (27), then x is feasible for (26).

2. If x cannot be extended to a feasible solution of (27), then x is infeasible for

(26) with p replaced by 9(p)p, where 9(-) is certain universal function such

that 9(u) < WT‘/E for all u and
(1) =1, 9(2)= g =157..., 9(3)=173..., 9(4)=2.

In particular, for every set X C R® one has

1< sup{p : (26) has a solut?on %n X} 0
sup{p : (27) has a solution in X'}

provided that the numerator in the fraction is positive.
Remark 1. Sometimes we shall be interested in a sufficient condition for the strict
version

L
A@) + > up Al (@) =0 Y(u: ulle < p)
=1

of the semi-infinite LMI (26). Such a sufficient condition can be obtained from (27)
by replacing the nonstrict LMI (27b) with its strict version. For the resulting pair of
conditions, a statement completely similar to the matrix cube theorem takes place.

4.2. Approximating Problem 1. Let
Q=Q+—-Q-

be the representation of ) as a difference of two positive semidefinite symmetric
matrices with orthogonal image spaces, and let

S, =QY? S_=qY%

From now on, we assume that the set Z in Problem 1 is LMI-representable, i.e., it can
be specified by LMI {Z : Z[Z] = 0}, where Z[-] is an affine function taking values
in the space of symmetric matrices. With this assumption, Problem 1 becomes the
problem of finding the supremum p7 of those p > 0 for which the system of LMIs
(28a) Z[Z] = 0,
—ATZ - ZA CTL—-ZB ct
LTC-BTZ L'D+DTL+R ] * [ DT } Q¢ Dxo

V(A,B,C,D)eU,

(28b)
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in symmetric matrix variable Z has a solution. This system can be equivalently
rewritten as

(29a) Z[Z] = 0,
§CTQC + CTQRSC + CTQC | $CTQD + CTQSD + CTQD
~ATZ — ZA +CTL - ZB
DTQ6C +6DTQC +DTQC | 6DTQD +DTQsD + DTQD
+LTC - BTz +ILTD+DTL+R
sCTS_ sCT
(29b) "{5DTS_] [ S_6C S_6D }+’[5DT }Q+[ 6C 6D =0

v A=A+6A B=B+6B cu
C=C+6C D=D+6D .

Since @+ = 0, the last term in the left-hand side of (29b) is positive semidefinite.
Eliminating this term, we pass from (29) to a conservative approximation of this
system. By the Schur complement lemma,® this approximation is equivalent to the
system of LMIs

(30a) Z[Z] = 0,
(30b)
scTQec + cTsc + cfQc 8CTQD + CTQ6D + CTQD sCTs
—ATZ - ZA +CTL - ZB -
T T
D7QsC + §DTQC + DTQC 0D QD + D QoD , >0
LITC BT +DTQD sDTS_
+L"D+ DL+ R
S_6C S_6D I,
y|[ A=A+6A B=B+6B cu
C=C+6C D=D+6D o

Taking into account (8), we see that the latter semi-infinite system of LMIs is in the
form of (26), and we can use the construction from section 4.1 to build a computa-
tionally tractable conservative approximation of this system (and thus of (28)). The
approximation is the following system of LMIs in matrix variables Z, { X, }:

(31)
Z[|Z] = 0,
At(Z)
dcfQc + CcTQdc, dCF[L + QD) -
P T dcts_
—dAYZ — ZdA, +CTQdD, — ZdB,
X, =+ [L +QD]7dC, dDT L + QD] T , 4=1,...,L,
T i p dDF's_
+dDfQC — dBf z +[L + QD])"dD,
S_dCy S_dD, Opp
CTQC - A"Z - ZA | CT[L+ QD] - ZB
L LD +DTL
X, =< L DI'Cc -B7Z
p[;l L2 [ +Q ] +DTQD+R
IP

5The Schur complement lemma (see, e.g., [2, Chapter 4]) states that a symmetric block matrix
[LPT g] with @ > 0 is positive definite (positive semidefinite) if and only if the matrix P — LQ 1L
is positive definite (positive semidefinite).
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Note that the supremum p; of those p > 0 for which system (31) is solvable is efficiently
computable—it is the optimal value in the problem

max 2 (p,{ X}, Z) solves (31)}.
ppax {p: (p{Xe} 2) (31)}

The latter is a generalized eigenvalue problem, so that its optimal value is efficiently
computable. We intend to use the efficiently computable quantity p as a bound for the
“quantity of interest” p7. The properties of this bound are described in the following
statement.

PROPOSITION 4.2. (i) System (31) is a conservative approzimation of (28), so
that the Z-component of a feasible solution to (31) is a feasible solution of (28). In
particular, p1 is a lower bound for py.

(ii) If either

(a) @ 20 (i.e., Q1 =0) (as it is the case, e.g., in Examples 1, 2, 4)
or

(b) D and C are certain (i.e., dCy =0, dDy =0 for all £),
then

(32) 1< < I(p)

provided that p; > 0. Here ¥(u) is the function from Proposition 4.1 and

_ 4 .
p=, max max Rank(A*[Z]);

see (31).

Proof. The validity of the first claim is readily given by the origin of (31). To
justify the second claim, note that in the case of =< 0, same as in the case when
C, D are certain, system (30) is solvable if and only if (28) is solvable, so that p7 is
the supremum of those p > 0 for which (30) is solvable; with this observation, (32) is
readily given by Proposition 4.1. 0

Unfortunately, we cannot bound from above fraction (32) in the case of uncertain
C,D and Q4 # 0, since here the derivation of the approximating system includes a
step (passing from (28) to (30)) with an unknown “level of conservativeness.”

4.3. Approximating Problems 2A and 3A. It suffices to process Problem
2A, since Problem 3A can be treated in a completely similar fashion. The semi-infinite
LMI (16), similar to the semi-infinite LMI (28), admits the conservative approximation
(cf. (30))

(33)
50TQC + CTQSC +CTQC | 6CTQD +CTQED+CTQD | i1
—ATG -GA +CTL-GB -
T T
DTQSC + 6DTQC + DTQC 8D7QD 4 D Q5D . = 0
e e +DTQD sDTS_
+ILTD+DTL+R
S°6C 56D I,
o[ A=A+ea B=BroB |

C=C+6C D=D+6D
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which is equivalent to (16) in the case of Q4 = 0, as well as in the case of certain
C, D. The semi-infinite LMI (17) can be rewritten as

(34) ]
1| ereererae S0 T 1]
(L+QDTCH(L+QDTC " nrop  DTL 4 L7D + R
+ (6C + 6DF)T'S3 (6C + 6DF)
— (6C +6DF)TS2(6C + 6DF) < [(A+ BF)TH + H(A+ BF)]
w| A=A+64 B=B+oB | _,

C=C+6C D=D+6D

The third term in the left-hand side of this MI is negative semidefinite; eliminating
this term, we get a conservative approximation of (34), and this approximation, by
the Schur complement lemma, is equivalent to the following semi-infinite LMI, where
we set

I,
F=| F
Ip
(35)
ATH + HA - CTQC HB - CT(L+QD) sCTs
—6CTQC — CTQSC —6CT(L + QD) .
FT |7 BTH - (L+QD)"C | —6DT(L+QD) —(L+QD)T6D | c(ory |[F =0
—(L+QD)"sC -D'L+L'D-D'QD - R .
S.6C 516D Ip

C=C+6C D=D+6D

in matrix variable H. Thus, the system of semi-infinite LMIs (33), (35) in matrix
variables G, H is a conservative approximation of (16), (17); in the cases when Q =0
and/or C, D are certain, the former system in fact is equivalent to the latter one. The
semi-infinite system (33), (35) is in the form of (26). Applying the construction from
section 4.1, we end up with computationally tractable conservative approximation of
the system (16), (17), (18). The approximation is the following system of LMIs in
matrix variables G, H, { Xy, Y;}:

(36a)
BY[G]
dCFQC + CTQdC, dC¥ (L + QD) -
T T dCe S_
—dA; G — GdA, +C" QdD¢ — GdBy
X ==+ (L +QD)TdC, dDY (L + QD) T , £=1,...,L,
T T T dD; S—
+dDFQC - dBf G +(L 4+ QD)dD,
S_dC, S_dDy
(36b)
L CcTQCc - ATG - GA CT(L+QD)-GB
Py X = (L+QD)TC -BTG D'QD+ L' D+DTL+R ,
£=1 I,
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(36¢)
crH]
dATH + HdA, HdB, ICTS
—dC{ QC — CTQdC, —dCY (L + QD) — CTQdD, e
Yo = £ F" dBTH —dDT (L + QD) s, | F
—(L+QD)"dc, — dDfQC —(L+QD)TdD, e
S dC, S, dD,
(36d)
L ATH+ HA - CTQC HB - CT(L 4+ QD)
p> Vi<F'| T BTH-(L+QD)’C | D'QD-L'D -D’L-R F,
=1 I,
(36e)

(176)Zav j H < G

The supremum py4 of those p > 0 for which system (36) is solvable is efficiently
computable, and this efficiently computable quantity can be used as a bound for the
optimal value p3, in Problem 2A. The properties of this bound are described in the
following.

PROPOSITION 4.3. (i) System (36) is a conservative approximation of (16), (17),
(18) so that the G, H-components of a feasible solution to (36) are a feasible solution
of (16), (17), (18). In particular, paa is a lower bound for p}, .

(ii) If either

(a) Q=0 (i.e., Qy =Q-=0),

or
(b) D and C are certain (i.e., dCy =0, dDy =0 for all £),

then

(37) 1< 222 <y

P24

provided that p5, > 0. Here 9(u) is the function from Proposition 4.1 and
— 4 4 .
ju = max | max Rank(B [GD’@I?% Rank(C*[H])| ;

see (36).
Tractable conservative approximation of Problem 3A looks exactly as (36), up to
the constraint (36e), which should be replaced with the constraint

0=G=<H= (1408 Zeq.

The properties of this approximation are completely similar to those established in
Proposition 4.3.

4.4. Approximating Problems 2B and 3B. Our current goal is to build a
tractable conservative approximation of the semi-infinite system of Mls associated
with Problems 2B and 3B. Both problems have the same structure, so that it suffices
to consider the system associated with Problem 2B, i.e., the system (16), (17), (22)
in variables G, F (H now is fixed). We have already built a tractable conservative
approximation of the semi-infinite MI (16); it is given by system of LMIs (36a), (36b)
in matrix variables G, {X,}. Let us focus on the semi-infinite MI (17) in variable F.
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We can rewrite this inequality equivalently as

(38)
(S4+6C + S16DF)T (S16C + S16DF) — (S_6C + S_6DF)T(S_6C 4+ S_8DF)
scTQC + CcTsC CT(L + QD) + 6CT(L + QD)
+cTQcC +CTQSD s
T T T T
+[ 1 FT ] (L+QD)TC + (L + QD)T6C D QDT+L D+TD L+ R [F]
L6DTOC §DTQD + DT QD
+LT8D +6DTL

< ([A+ BF|TH + H[A+ BF))
y| A=A+64 B=B+éB | _
C=C+6C D=D+6D P

The second term in the left-hand side of the latter MI always is negative semidefinite;
eliminating this term, we come to a conservative approximation of (38) as follows:

(39)
(S4.6C + S 6DF)T(5,.6C + S46DF)
[ Joo[Z] Jo1 (=] 7
scTQC + cTQsc CT(L+QD)+6CT(L + QD)
+CTQC +CTQs6D s
T T T T
H0 P T oo e apyae | D@D DT | | |
+5DTQC +6DTQD + DTQSD
+LTé6D +6DTL
L J10[] J11[X]

< ([A+ BF|TH + H[A + BF))

_[A=A+6A B=B+4B

VRS 0—C+8C D=D+6D

| eu.

Note that the matrices J;;[X] are affine in X.
Observe that (39) is exactly the semi-infinite MI

[A + BF]TH + H[A + BF] - JOO[Z] - FTJM)[Z] - J01 [E]F
—(846C + S,.6DF)T(S,6C + S,6DF) — FTJ[S]F = 0

[ A=A+6A B—B+6B
VRS o_ci6Cc D=D+eép | €U

(40)

Now assume that J;1[X] > 0. Note that this assumption is quite natural-—the matrix
J11[X] should be positive semidefinite already to make feasible (16) with p = 0. Let

K = J;'[%], §J11[68] = Ji1[Z + 6%] — Ji1[X].
We claim that the following relations hold true:

(41a) K-KsJ[sSJK -0 VS =%+6%cl,

(41b) Jll[Z] =0 VY e Z/[p
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(41c) K- KoJ[6SK] ™= [Ju[Z]] 7P =0  VE=X+6% €U,

Indeed, the equivalence between (41a) and (41b) follows from the identity
K — K61 [fX]K = KJj,[S — 65K

(which is readily given by the definition of K), combined with the fact that U, is
symmetric with respect to 3. To see that (41b) implies (41c), observe, first, that

(42) X4y = X' X'YX'I'=X+VY =0

Indeed, assuming X > +Y and setting Z = X ~'/2Y X~/2 (so that I > £Z), we
have

(X+Y) - [X = X"lYX Y = [XYV2(I+ 2)XY2) L — X—V2[ — Z]X~Y/2
=XV2I+2) -1 -2)Xx1/?
=X"12Z(I1+2)"'ZX"? =0,

hence (X +Y)™ ! = [X ' — X'V X ! and thus [X 1 - XY X1 = X+V =0,
as required in (42). Now let 6 be such that ¥ + 06X € U,. Since U, is symmetric
with respect to X, we have ¥ — 63 € U, as well. In the case of (41b) it follows that
J11[2 £ 6X] = 0 or, which is the same, Ji1[X] = £6J11[6X]. Applying (42), we arrive
at (41c).

By (41), in the case of (41a) the semi-infinite MI

[A+ BF|TH + H[A + BF)] — Joo[X] — FTJ10[S] — Jo1[S]F
— (S46C + SL6DF)T(S.6C + S16DF) — FT[K — KéJ1 [6S]K]'F = 0

A=A+6A B=B+6B

VESXAON=] 0 cisC D=D+6D

cu,

is a conservative approximation of (40), which in turn is a conservative approximation
of (17). Applying the Schur complement lemma, the resulting semi-infinite MI can
be rewritten as

(43)
[A+ BF|TH + H[A + BF] - -
S.6C + S46DF F
—Joo[Z] = FT Jwo[2Z] — Jo [B)F (8+8C + 54 ) -
(S+8C + S+6DF) I
F K - Ké6J11[6Z]K
B [ A=A+6A B=B+6B
VE=E40X=] c_ctéc D=D+ép | U

Note that the validity of this semi-infinite LMI automatically implies (41a). Further,
the matrix in the left-hand side of the resulting semi-infinite LMI is affine in ¥, so that
we can apply the scheme from section 4.1 to build a computationally tractable con-
servative approximation of this semi-infinite LMI. The approximation is the following



ROBUST DISSIPATIVITY OF INTERVAL UNCERTAIN LINEAR SYSTEMS 1681

system of LMIs in matrix variables F, {Y;}:

(44)
DR
[dA¢ + dB,F)TH + H[dA,; + dB,F)
—dcfQc - cTQdc, dCT s,
—{dcT 1L+ QD]+ CTQdD | F +FTADT S,
o = +| -F7{acfL+qD]+ CTQdDz}T
S+dCy
+SydD¢F
—KdD} [L + QDK
-K[L + QD]"dD,K
£=1,...,L,
[A+BF]"H + HA + BF] - cTqcC T
P 3 v < —FT[L+@D]"C — C"[L + QD|F .
=
' F K
We arrive at the following result.
PROPOSITION 4.4. Assume that the matriz
(45) K '=DT"QD+L"D+DTL+R

is positive definite. Then
(i) The system of LMIs (36a), (36b), (44) and the LMI

(46) H<G

in matriz variables G, F,{ X, Yy} is a conservative approzimation of the system (16),
(17), (18) associated with Problem 2B. In particular, the efficiently computable supre-
mum p of those p > 0 for which the approximating system is solvable is a lower bound
on the optimal value p3y of Problem 2B.

(ii) If either

(a) C,D are certain (i.e., dCy =0, dDy =0 for all ¢)
or

(b) @ =0 and D is certain,
then

p*
(47) 1< =28 <9(p),
D
provided that p5g > 0. Here ¥(p) is the function from Proposition 4.1 and

— ¢ ¢ .
[ = max }él?)é Rank(B [G]),ergix} Rank(D°[F])| ;

)

see (36a), (44) for the definitions of BY[G] and D[F).

Tractable conservative approximation of Problem 3B looks exactly like the one
for Problem 2B, with the only difference that the LMI (46) should now be replaced
with the LMIs

0<G<H.

The properties of this approximation are completely similar to those established in
Proposition 4.4.
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4.5. Approximating Problem 3C. Now consider Problem 3C. The system
of MIs to be approximated is now comprised of the semi-infinite MI (17) in matrix
variables F, H and the LMI 0 < H < (1 + 6)Z,¢,. The system in question can be
rewritten equivalently as

(48)
[ 1 FT}{CT HLQT IL{HC ?} I | < [(A+BRTH+H(A+ BF)]

DT 1
A B
v[c D}eup,

0<H = (1 + 6)Zreq~
We can assume that Z,., = 0—otherwise the system clearly is unsolvable. Let us
use the standard change of variables (H, F) — (U = H~1,V = FH~1). Multiplying
both sides of (48) from the right and from the left by H ™!, we rewrite (48) in the new
variables as

(49)
T
[ U VT}{gT IHLQT ]L%HC ?Hg} < [AU+UAT + BV + VT BT]
————
¥ A B
{4 5)eu
U = (1+87'z27.
Setting M = %%‘fy ]\]\j[[y“ = B/2 (recall that we are in the case of P > 0) and
yu uu

applying the Schur complement lemma, we can rewrite the latter system equivalently
as

(50)
AU 4+ UAT UCcTM,, UCTM,,
+BV +VTBT +VT[MyyD + My,)" | +VTIML D+ My,)"
M,,CU
—
+[My,D + M,,]V Iy z0
M, CU
I
+[MyTuD + M,V m

A B
4 5 eu
—1rp—1
Uz (1+6) " ey
System (50) is in the form of (26); applying the construction from section 4.1, we end
up with a tractable conservative approximation of (49), which is the following system

of LMIs in matrix variables U, V, {X,}:

(51)

Uz (1468720,
dA,U + UdAT UdCT My, UdCT My,
+dBV + VTdBT +VTdDI My, +VTdDT My,
MyydCpU 0
+MyydD,V pxp '
MT,dC,U 0
+MT,dD,V mxm

gLiu,v]
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AU + UAT UCT My, UCT My,
L +BV + VBT +VT[MyyD + Myu]” +VTIM,D + Myu]”
M,,CU
X, < Yy I
ngl £ = | HIMyyD + My ]V P
ML, CU I
+MID + My |V "

We arrive at the following.

PROPOSITION 4.5. Assume that the supply matriz P = [LQT ILJ 18 positive

semidefinite and that Z,eq = 0. Then the system of LMIs (51) in matriz variables
U, V,{Xy} is a conservative approzimation of the system associated with Problem 3C.
In particular, the efficiently computable supremum p of those p > 0 for which the ap-
proximating system is solvable is a lower bound on the optimal value p5- of Problem
3C. For this lower bound, one has

(52) 1< %C < d(u),

provided that p5 > 0. Here 9(u) is the function from Proposition 4.1 and

_ £ .
p=, max Rank(E°[U, V);

see (51).

4.6. Simplifying approximating systems. A severe practical disadvantage of
the tractable approximations of Problems 1, 2A, 2B, 3A, 3B, and 3C we have built is
that the sizes of these approximations, although polynomial in the sizes m,n,p, L of
the underlying dynamical system and uncertainty set, are quite large. For example,
approximation (31) has a single (m +mn+p) X (m+n+ p) symmetric matrix variable
X and two (m 4+ n + p) X (m + n + p) LMIs per every basic perturbation in the
data, so that the design dimension of the approximation is of order of L(m +n + p)?,
a quantity which typically is prohibitively large for practical computations. We are
about to demonstrate that under favorable circumstances the sizes of the approxi-
mating systems can be reduced dramatically. For the sake of simplicity, we restrict
our considerations to the case of the approximation (31) associated with Problem 1;
the approximations associated with other problems can be processed in a completely
similar fashion.

System (31) is of the generic form

(53a) P(z) = 0,
(53b) Uy = +Qy(x), (=1,..., M,
(53c) V, = £Ry, (=1,...,N,
(53d) pID U+ Vil 28(),

L L

where
e z is the collection of the original design variables (for (31), x = Z);
e Uy, V; are additional K x K matrix variables (for (31), K = m + n + p,
M + N = L, the U-variables are those of X, for which .A°[Z] indeed depends
on Z, while the V-variables correspond to those of X, for A‘[Z] in fact does
not depend on Z);
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o P(x), Qu(z), S(x) are affine functions of x taking values in the spaces of
symmetric matrices of appropriate sizes, and R, are given K x K symmetric
matrices.

Note that in the situations we are interested in, the ranks of the matrices Q;(x), Ry
are small, provided that the ranks of basic perturbation matrices dAy, dBy, dCy, dD;
are small (as indeed is the case in applications). The undesirable large sizes of the
approximating system (53) come exactly from the necessity to introduce large-size
“matrix bounds” Uy, V; on the small rank matrices Qg(x), Ry.

Note that in our applications all we are interested in are the z-components of
the feasible solutions of (53). Thus, for our purposes (53) can be replaced with any
x-equivalent system of LMIs—a system of LMIs £(z,y) *= 0 in the original variables
x and additional variables y such that the set of z-components of feasible solutions to
the latter system is exactly the same as the set of z-components of feasible solutions of
(53). What we intend to do is to demonstrate that under favorable circumstances we
can build a system of LMIs which is z-equivalent to (53), while being “much smaller”
than the latter system. The key to our construction is given by the following two
observations.

LEMMA 4.6 (see [3, Lemma 3.1 and Proposition 2.1]). (i) Let a,b be two nonzero
vectors. A symmetric matriz X satisfies the relation

X = +[ab” + ba”]
if and only if there exists positive A such that
1
X = daa” + XbbT.

(ii) Let A be a n X n symmetric matriz of rank k > 0, so that A = PTAP for
appropriately chosen k X k matric A and k x n matrix P of rank k. A symmetric
matriz X satisfies the relation

X =+4A
if and only if there exists k X k symmetric matriz X such that

X = PTXP
54 ~
(54) X = £A.

Now assume that the matrices Qy(x) are of the from
(55) Qu(z) = arbi (z) + be(w)ay ,

where ay # 0, be(x) # 0 are, respectively, a vector and an affine vector-valued function
of . Let also

Ry=PIR,P,: R,=RI eS™, k¢ = Rank(R) > 0.

Applying Lemma 4.6, we see that (53) is z-equivalent to the following system of
constraints in the original variables  and the additional variables A\, > 0, V, € Ske:

P(z) = 0,
Vi +R,, ¢=1,... N,

p [Zz [)\gagag + )\%bg(ac)bg(x) + %:PETY//\'@PZ} =< S(x)



ROBUST DISSIPATIVITY OF INTERVAL UNCERTAIN LINEAR SYSTEMS 1685

(where %bbT is 0 for b = 0 and is undefined for b # 0). The resulting system, via the
Schur complement lemma, is z-equivalent to the system of LMIs

(56a) P(z) = 0,
] v ]
X — > Nagal | bi(z) bo(x) ... bu(z)
/=1
by (x) AL
(56b) bT (z) Ao = 0,
biy () Av
(56¢) Vo= +R,, ¢=1,...,N,
(56d) p|X+> PIViP| 2 S(x)
0 i

in the original variables z and additional scalar variables {\,}2Z, and matrix variables
X7 {Vé}évzl

System (56) is z-equivalent to our original system (53) and is usually much better
suited for numerical processing than the original system. Indeed, as compared to (53),
in (56) there are

e asingle K x K matrix variable X and M scalar variables {\,}}Z, instead of
M K x K matrix variables Uy;

e ky x ky matrix variables V; instead of K x K matrix variables Vp, and k, x ky
LMIs (56¢) instead of K x K LMIs (53c) (recall that k, are assumed to be
small as compared to K);

e a single LMI (56b) instead of M LMIs (53b). Although the size of LMI (56b)
is larger than those of LMIs (53b), the LMI is of very simple arrow structure
and is extremely sparse.

It remains to understand what should be required from the uncertainty set U,
in order to ensure that the approximations associated with Problems 1, 2A, 2B, 3A,
3B, and 3C possess property (55) and thus admit the outlined simplification. The
corresponding requirements are as follows:

A. In the case of Problems 1, 2A, 3A, it suffices to assume the following:

A.1. The parts [A, B] and [C, D] of the matrix ¥ = [ 2 7 | are perturbed
independently (i.e., for every ¢ exactly one of the matrices [dAy, dBy],
[dCy, dDy] is nonzero).

A.2. The basic perturbations of the part [A4, B] of ¥ are of ranks < 1.

Note that under these assumptions the quantity p in Propositions 4.2, 4.3

and the above quantities k; satisfy the relation

ke < p < 2max |1, m;lX(Rank(dC’g) + Rank(dDy))| .

B. In the case of Problems 2B, 3B, it suffices to assume the following.
B.1. The parts A, B, C, D of ¥ are perturbed independently (i.e., for every
¢ exactly one of the matrices dA;, dBy, dCy, dDy is nonzero).
B.2. The basic perturbations of the parts A, B, C', D of ¥ are of ranks < 1
and
i. either Q@ =0
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Fic. 1. “Bridge.”

ii. or D is certain.
Note that under these assumptions the quantity p in Proposition 4.4 and the
above quantities k, satisfy the relation

ke <p<2.

C. In the case of Problem 3C, it suffices to assume that

C.1. the basic perturbations d¥, are of ranks < 1.

Note that under these assumptions the quantity p in Proposition 4.5 equals

2.
Note that the sets A.1-A.2, B.1-B.2, C.1 of the assumptions are satisfied in the
simplest case of the interval uncertainty—every entry in Y, independently of other
entries, runs through a given interval. In this case, ky < p = 2, and the corresponding
“tightness bound” ¥(u) (see (32), (37), (47), (52)) becomes 7.

5. Illustrating examples. Here we present three simple illustrations of the
proposed approach. The first two of them correspond to the positive-real case, while
the third has to do with the linear-quadratic case.

5.1. Positive-real case. Consider the simple RC circuit (“bridge”) presented in
Figure 1. The input is the outer voltage applied between the node A and the ground,
the output is the current through the circuit. The state variables are the potentials
at the nodes 1, 2, 3 (normalized by the condition that the potential of the ground is
identically zero). Applying the Kirchoff laws, the description of the system becomes

2(t) = Acr2(t) + Beru(t),

(57) y(t) = Crz(t) + Dyul(t),

where we have the following:
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e c € R0 is the vector of capacitances of the capacitors in the 10 arcs of the
circuit (9 “visible arcs” and the external arc from node 2 via point A to the
ground; for arc ¢ with no capacitor, ¢; = 0).

e r € R0 is the vector of conductances of the resistors in the 10 arcs of the
circuit (for arc ¢ with no resistor, r; = 0).

e the matrix ¥ = [ a8 } is given by

—[PTDiag{c}P|~'[PTDiag{r}P] | [P"Diag{c}P]~'[P"Diag{r}J],

—[PTDiag{r}J], | JTDiag{r}J, ’

=3, =

where Diag{p} denotes the diagonal matrix with diagonal entries given by
vector p and

— P is the incidence matriz. The rows of P are indexed by the 10 arcs in

the circuit, the columns are indexed by the 3 nonground nodes 1, 2, 3

and the element P;; is equal to +1, —1 or 0 depending on whether node

# j starts arc # 1, ends this arc, or is not incident to the arc. For our

circuit, P is as follows (R stands for arcs with resistors, C for arcs with

capacitors):
Arcs Nodes
Origin  Destination Type 1 2 3
1 2 R 1 -1 0
1 2 C 1 -1 0
2 3 R 0 1 -1
2 3 C 0 1 -1
3 4 R 0 0 1
3 4 C 0 0 1
4 1 R | -1 0 0
4 1 C -1 0 0
1 3 C 1 0 -1
2 - A— 4 R 0 1 0
—J = (0,...,0,1)7 € R “points” to the external arc (which in our

enumeration is the last of the 10 arcs of the circuit).

We treat as the uncertain parameters the capacitances of the capacitors and the
conductances of the resistors (except for the “outer” resistor in the external arc; it
represents the inner resistance of the outer supply and is assumed to be certain) and
assume that every one of these parameters can vary, independently of others, by at
most p times the nominal value of the parameter, where p is the uncertainty level in
question. The nominal values of the data are given in Table 1. Here is the nominal
instance (entries are rounded to 4 digits after the dot):

—-0.5005  —50.0000 —0.4995 | 50.0000
0.1000 —101.1000  0.0000 | 100.0000
—0.4995 —50.0000 —0.5005 | 50.0000
0 —100.0000 0 ‘ 100.0000

Y

The elements of the matrix X , are nonlinear functions of the “physical data” c,r, so
that an interval uncertainty in the latter data is not equivalent to a box uncertainty
in ¥.,. We neglect this phenomenon by linearizing ¥, . at the nominal data, thus



1688 F. D. BARB, A. BEN-TAL, AND A. NEMIROVSKI

TABLE 1
Nominal values for the bridge circuit.

H Element [ Nominal value “ Element [ Nominal value H

Ri2 1.2 Ci2 1.0
Ras 1.0 Cag 1.0
Ry 1.0 Caq 1.0
Ra1 1.0 Cy1 1.0
Roa 100 Cis 1000

arriving at a box uncertainty set with L = 9 basic perturbation matrices, according
to the number of uncertain capacitances and conductances in the circuit. Note that
for our particular circuit, the resulting uncertainty affects only the [A, B]-part of X,
and the basic perturbation matrices [dAy, dBy] are of rank 1.

Recall that the supply in the SISO positive-real case is 2yu, i.e.,

[ Q=0 L=1T7
¥= ILT=1 R=0 |’

for our RC circuit, the supply is nothing but (twice) the electrical power pumped into
the circuit by the external voltage.

We have carried out two experiments with the outlined system: the first deals
with extracting the energy stored in the circuit, and the second with moving the
circuit from the zero initial state to a given state.

Extracting available energy. The question we are addressing is to find the
largest level p}, of uncertainty for which the “performance” © of the “ideal extracting
feedback” F,, (see D.4) corresponding to the nominal instance is at least 1 — e, i.e.,
this feedback still allows, for every perturbed instance and every initial state  of the
circuit, to extract at least (1 — €)-part of the nominal available storage ¢(7Z,,¢. In
our experiment, we set € = 0.1. Solving the conservative approximation

e : (p, G, H,{Xy,Ye}) satisfies (36
p,G,H,{XgA,Y[}{p (p { X0, Ye}) (36)}

of the associated Problem 2A, we end up with a lower bound
p=11e-3

on pr,; in other words, we can be sure that with 0.11% perturbations of the uncertain
capacitances and conductances, the nominal feedback F',,, still allows us to extract at
least 90% of the nominal available storage, whatever is the initial state of the circuit.
A natural question arises, How conservative is our bound? Recall that there are two
reasons for it to be conservative:
e First, the bound comes from solving a conservative approximation of Problem
2A rather than from solving the problem itself; according to Proposition 4.3,
the true optimal value in the problem is at most 5 times larger than the
bound (recall that we are in the situation of Q = 0 and p = 2).
e Second, and worse, even the true optimal value in Problem 2A is a lower
bound on p},, since the problem comes from the sufficient condition, stated
by Proposition 3.2, for “good” performance of the nominal feedback F,,
under data perturbations. Note that we have no idea how conservative this

sufficient condition is.
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TABLE 2
Performance of the nominal feedback F 4., versus uncertainty level.

b | 125 =13e-3 | 22p —2.36-3 | 35 — 3.26_3
(C] 0.893 0.805 0.736
1 1
09|
08|
08|
07 0§
08|
04
03|
o 02
03] o
02
-02
01
0 05 1 s % o 1 15 2 25 3
p:o p:ﬁ: 1.19_3
0=1 =0.910

p=22p=23e—-3
© =0.805

F1c. 2. Sample plots of #%

In spite of these pessimistic considerations, the experiment shows that our bound is
pretty tight. Looking through all 2% = 512 “extreme” perturbations of the data,
and playing with the initial state of the circuit, we found out that the worst-case
(with respect to relative perturbations of the uncertain entries in ¢,r of level p and
initial states) performance © of the ideal nominal feedback is at most as given in
Table 2. In particular, we see that with the level of perturbations 1.2p, the worst-case
performance of the ideal nominal feedback is less than 0.9 (= 1 —¢) times the nominal
available storage. It follows that p’, < 1.2p, i.e., our bound p is within 20% margin
of the quantity of interest.

Figure 2 represents three sample plots of the extracted energy F,,(t) as a function
of time for the feedback F,.
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TABLE 3
Price of the nominal feedback Freq versus uncertainty level.

o || 1.2p =5.5e—4 | 2.2p=1.0e—3 | 3p = L.4e—3
T 1.056 1.105 1.148

Moving the circuit to a given state. Now let us try to find the largest
uncertainty level pr,., for which the “price” I' of the “ideal driving feedback” F'.,
(see D.4) corresponding to the nominal instance is at most 1 + 6, i.e., this feedback
still allows, for every perturbed instance and every target state ¢ of the circuit, to
move the circuit from the zero initial state to the state { while pumping into the circuit
at most (1+6) times the nominal required energy (TZreq( . In our experiment, we set
6 = 0.1. Solving the conservative approximation of the associated Problem 3A (see
the end of section 4.3), we end up with a lower bound

p=4.6e—4

on py.,; thus, we can be sure that with 0.046% perturbations of the uncertain ca-
pacitances and conductances, the ideal nominal feedback F,.4 still allows us to move
the circuit from the zero state to (any) target one while pumping into the circuit at
most 110% of the nominal required energy. It turns out that our bound is perhaps
not as tight as in the previous case, but still is good enough. Indeed, looking at
the data in Table 3, which represent lower bounds on the price of the ideal nominal
driving feedback F;., under different levels of perturbations, we see that with the
perturbations of the level 2.2p the price of moving the circuit to certain target state
¢ by the feedback F,., can be larger than 1.1 (= 1 + §) times the nominal required
energy (7 Zy.,(; hence Preq < 2.2p. Note that, in the case in question, the conser-
vative approximation of Problem 3A contributes to the ratio pj.,/p ~ 2.2 a factor
< § = 1.57; the remaining factor in the ratio (which is at least 2.2/1.57 ~ 1.4) comes
from the conservativeness of the sufficient condition expressed in Proposition 3.3 and
underlying Problem 3A.

Figure 3 presents three sample plots of the pumped energy E,.,(t) as a function
of time for the feedback F,.,.

5.2. Linear-quadratic case. Consider the mechanical system shown on Figure
4; it consists of 5 material points in a two-dimensional plane linked to each other by
elastic springs as shown on the figure; the points can slide without friction along the
respective axes 01, ... ,05. The nominal data for the system are given in Table 4. The
system is controlled by two external forces acting at the masses 1 and 5. The first 5
components of the state vector are the shifts x; of the points from their equilibrium
positions along the lines of motion, and the next 5 components are the linear velocities
&; of the points; these velocities are the outputs of the system. With respect to these
states, the dynamical system in question is

[ T } B%Bw

y =

&
| — |
SHES
| I
|

(58)

where M is the diagonal matrix with the masses m(i) of the points as the diagonal
entries, F is the stiffness matrixz readily given by the rigidities of the springs and
the equilibria positions of the points, and B is the 10 x 2 matrix with two nonzero
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02 L L L I L
0 05 1 15 2 25 3

p=22p=10e—3
I =1.105

Ereq(t)

Fic. 3. Sample plots of T (0)Zeq2(0) "
req

entries Bs 1 =m~1(1) and Big2 = m~1(5). Here is the nominal instance (entries are
rounded to 4 digits after the dot):

—2.5647 —1.0797 —1.0890 1.9637
—0.6038 —0.8206 —0.4766
2= —0.6009 —1.5044 —0.4808
—0.4300 —1.1142 —0.5131
—0.6190 —0.4626 —0.8352 1.1161

We are interested to bring the system from the equilibrium to a given state while



1692 F. D. BARB, A. BEN-TAL, AND A. NEMIROVSKI

(.
T B

Fic. 4. 5 masses linked by elastic springs

TABLE 4
The nominal data.

Point Mass Dlst:: ZZEﬁif)}rlieuz?gm Spring | Rigidity
1 0.5093 0.8034 1-2 1.461
2 0.9107 0.7430 2-3 1.369
3 0.7224 0.9456 3-4 1.088
4 0.8077 0.8810 4-5 1.203
5 0.8960 0.7282 5-1 1.468

minimizing the cost functional
o [ 5 2
[ [ o] a
0 Li=1 i=1
which is equivalent to the providing required supply problem with the supply matrix

L= Q=1 |L=0sx
LT:Ozxs‘ R=1I |’

In our experiment, we treat as uncertain parameters the masses of the points and
the rigidities of the springs and assume that every one of these parameters can vary,
independently of others, by at most p times the nominal value of the parameter. Note
that the perturbations affect only the [A, B]-part of the matrix ¥ of the system and
that the dependence of ¥ on the masses and rigidities is nonlinear (although both
M and E in (58) are affine in the parameters). As in the previous example, we
neglect this phenomenon by linearizing > at the nominal data, and end up with a box
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uncertainty set with L = 10 basic perturbation matrices, according to the number of
uncertain parameters; all these perturbation matrices turn out to be of rank 1. The
outlined model underlies two numerical experiments we are about to report.

Designing robust feedback with “nearly optimal” performance. For the
nominal system, there exists the ideal state feedback u = Fz which moves the sys-
tem from the equilibrium to (any) given initial state ¢ at the minimum possible cost
CTZTqu . What we are interested in now is to find the largest uncertainty level for
which there still exists an instance-independent state feedback with a given perfor-
mance index 1+ §; the latter means that the feedback allows to move every instance of
the perturbed system from the equilibrium to (any) given state ¢ at the cost at most
(1+46) times the “ideal nominal cost” (TZ;.,¢. In our experiment, we set § = 0.1 and
get the desired feedback by solving the conservative approximation (50) of Problem
3C associated with the outlined model. As a result, we get

(a) state feedback with the matrix

F_ —0.0396 0.0220 —0.3685 —0.8069 —0.4099 0.0152 —0.3694 0.0647 —0.0498 1.3167
— [—0.3993 —0.6453 —0.4886 —0.2269 —0.0322 1.1859 —0.5896 —0.2165 —0.3263 0.0268] »

which is slightly different from the ideal nominal feedback

Fi —0.0281 0.0289 —0.4196 —0.8948 —0.4551 0.0063 —0.3897 0.0628 —0.0558 1.3826
— [ —0.4467 —0.7133 —0.5466 —0.2423 —0.0311 1.2269 —0.6375 —0.2570 —0.3520 0.0111] »

and
(b) the “safe” uncertainty level p = 0.0048, which is a lower bound on the optimal
value p3. in Problem 3C.
What we know about F' and p from their origin is the following:
e The performance index of the state feedback u = F'z is no worse than 1 + 6,
provided that the level of perturbations does not exceed 0.48% (which is our
p). Note that this statement remains true even for dynamical perturbations.
e The true optimal value p5. in Problem 3C is at most § times larger than p
(see Proposition 4.5; note that our basic perturbation matrices are of rank 1,
so that the quantity p in (52) equals 2 by item C of Section 4.6).
What we are interested in now is how conservative are our results, specifically, what
is the actual value of the ratio p3-/p. An even more important question is as follows.
The optimal value p3~ of Problem 3C is itself no more than a lower bound on the
supremum p* of those perturbation levels for which there still exists a state feedback
with performance index 1 + ¢ = 1.1 (since what underlies Problem 3C is no more
than a sufficient condition for good performance under uncertainty). How large is the
ratio p*/p, or, in other words, how far is the robustness of our feedback F from the
“ideal” robustness compatible with the prescribed performance index 1.17 It turns
out that the answers to these questions are quite assuring. Indeed, looking at a large
enough number of randomly perturbed instances with different perturbation levels
and computing the required supply for these instances, one can find out that already
at the perturbation level 1.2p = 0.0058 there exist perturbed instances ¥ and target
states ¢ such that 3 cannot be moved from the equilibrium to the state ¢ at the cost
< 1.1¢"ZycyC. Tt follows that

Pic < p* < 1.2p,

which is much better than we could expect.
Lyapunov stability analysis. Here we use the data yielded by the previous
experiment for illustrating another application of the proposed approach, namely,
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estimating the level of perturbations which keep the closed-loop system stable. This
problem was the subject of Example 4 in section 3.1, where it was shown that the
problem can be posed as the one of finding the supremum of those uncertainty levels for
which all perturbed instances of the system share a common dissipativity certificate.
As our sample closed-loop system, we used the outlined mechanical system equipped
with the state feedback F' found in the previous experiment. Our uncertainty model
for the matrix

A=A+ BF

of the closed-loop system is as follows: we use the aforementioned “physical” model of
perturbations in [A, B] and assume, in addition, that the entries in F also are subject
to perturbations. Since we have no physical model of the controller, we assume that
the entries Fj; in F' can vary, independently of each other (and independently of
the perturbations in [A, B]), in the intervals [F}; — p|F5|, F5 + p|Ff[], where p is
the uncertainty level, and Fj; are the “nominal” values as computed in the previous
experiment. R

As in the previous cases, we linearized the dependence of A on the perturbations,
thus arriving at a box model of perturbations in the matrix of the closed-loop sys-
tem. Then we solved the conservative approximation (31) of Problem 1 associated
with system (14) and the supply matrix (15). Since we were interested solely in the
stability of the closed-loop system under perturbations and did not care of any kind
of performance, we looked for the common dissipativity certificate Z in a pretty wide
“matrix interval” T = {Z : 1077Z < Z =< Z}, which in the situation of Example
4 basically means that we do not impose restrictions on Z except for being positive
definite.

The results of our experiment are as follows. The solution of (31) yields a level
of perturbations p = 0.041 and a positive definite matrix Z, which is a common Lya-
punov stability certificate for all perturbed instances of the matrix A of the closed-
loop system when the level of perturbations is p. Thus, we can be sure that the
closed-loop system remains stable whatever are 4.1% perturbations of the physical
parameters of our mechanical system and 4.1% perturbations of the coeflicient in the
feedback matrix, even when these perturbations are dynamical. A natural question
is, How conservative is this conclusion? Note that, a priori, there is no reason to be
too optimistic in this respect, since the existence of a common Lyapunov stability
certificate, as a sufficient condition for stability, may be quite conservative already by
itself, and we are dealing with conservative approximation of this condition. However,
the experiment demonstrates that we are lucky: simulating about 1,000 random per-
turbations of the closed-loop system at different uncertainty levels, it turns out that
at the uncertainty level 1.6p = 0.065 there already exist perturbations which make
the closed-loop system unstable. Thus, the closed-loop system definitely survives
perturbations not exceeding 4.1% and can be crushed by 6.5% perturbations.

6. Conclusions. We have developed techniques for specifying the magnitudes
of dynamic perturbations in the parameters of a linear system which preserve a de-
sired property of the system (such as positive-realness, nonexpansiveness, etc.). The
standard sufficient condition for this is the solvability of an associated infinite system
S of linear matrix inequalities. The latter condition, however, is usually NP-hard to
verify, so that one is forced to look for efficiently verifiable sufficient conditions for &
to be solvable. We propose such a condition and demonstrate that in many cases it

us

is provably tight, within an absolute constant factor, 3 in most cases (for details, see
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Propositions 4.2, 4.3, 4.4, 4.5). This “guaranteed tightness” is a specific (and, to the
best of our knowledge, unique) feature of the paper.

Recently, it turned out that the matrix cube theorem, which underlies all our

developments, can be extended to the complex case and even with a model of uncer-
tainty richer than the interval one. These extensions could then imply corresponding
extensions of the results we have presented here.

(1]

REFERENCES

. BEN-TAL, L. EL GHAOUI, AND A. NEMIROVSKI, Robust semidefinite programming, in Hand-

book on Semidefinite Programming, H. Wolkowicz, R. Saigal, and L. Vandenberghe, eds.,
Kluwer Academic, Norwell, MA, 2000, pp. 139-162.

. BEN-TAL AND A. NEMIROVSKI, Lectures on Modern Conver Optimization: Analysis, Al-

gorithms, and Engineering Applications, MPS SIAM Ser. Optim. 2, STAM, Philadelphia,
2001.

. BEN-TAL AND A. NEMIROVSKI, On tractable approximations of uncertain linear matriz

inequalities affected by interval uncertainty, SIAM J. Optim., 12 (2002), pp. 811-833.

. Boyp, L. EL GHAoul, E. FERON, AND V. BALAKRISHNAN, Linear Matriz Inequalities in

System and Control Theory, STAM Stud. Appl. Math. 15, SIAM, Philadelphia, 1994.

. EL GHAoul, H. LEBRET, Robust solutions to least-squares problems with uncertain data,

SIAM J. Matrix Anal. Appl., 18 (1997), pp. 1035-1064.

. EL GHAoul, F. OusTRry, H. LEBRET, Robust solutions to uncertain semidefinite programs,

STAM J. Optim., 9 (1998), pp. 33-52.

. NEMIROVSKI, Several NP-hard problems arising in robust stability analysis, Math. Control

Signal Systems, 6 (1993), pp. 99-105.

SCHERER AND S. WEILAND, Linear Matrixz Inequalities in Control, Dutch Institute
of Systems and Control graduate course lecture notes, version 2.0, http://www.ocp.
tudelft.nl/sr/personal /Scherer /lmi.pdf (April 1999).

. C. WILLEMS, Dissipative dynamical systems, part 1: General theory, Arch. Rational Mech.

Anal., 45 (1971), pp. 321-351.

. C. WILLEMS, Dissipative dynamical systems, part I1: Linear systems with quadratic supply

rates, Arch. Ration. Mech. Anal., 45 (1971), pp. 352-393.



