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Robust H>* Control of Uncertain Systems with
Structured Uncertainty™®

Andrey V. Savkinf Ian R. Petersenf

Abstract

This paper considers a problem of absolute stabilization with a
specified level of disturbance attenuation for a class of uncertain sys-
tems in which the uncertainty is structured and satisfies a certain
integral quadratic constraint. The paper shows that an uncertain
system is absolutely stabilizable with a specified level of disturbance
attenuation if and only if there exists a solution to a corresponding
H*° control problem. The paper also shows that if an uncertain sys-
tem can be absolutely stabilized with a specified level of disturbance
attenuation via nonlinear output feedback control, then it can be ab-
solutely stabilized with a specified level of disturbance attenuation
via linear output feedback control.

Key words: robust H* control, absolute stabilizability, uncertain systems, in-
tegral quadratic constraint, structured uncertainty, nonlinear control

AMS Subject Classifications: 93B36

1 Introduction

An important idea to emerge in recent years is the connection between the
Riccati equation approach to H*® control and the problem of stabilizing an
uncertain system containing norm bounded uncertainty; e.g., see [1, 2, 3].
In these papers, the notion of stabilizability considered is that of quadratic
stabilizability. This notion can be extended to consider the problem of
robustly stabilizing a system and also giving a specified level of disturbance
attenuation; e.g., see [4].

In contrast to the quadratic stabilizability approach mentioned above,
an alternative approach involves the notion of absolute stabilizability for
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uncertain systems in which the uncertainty satisfies a certain integral quad-
ratic constraint; e.g., see [5, 6, 7]. The advantage of this approach is that it
allows for non-conservative results to be obtained for the case of uncertain
systems with structured uncertainty. Furthermore, using this framework,
it was shown in [5] that if an uncertain system with structured uncertainty
can be absolutely stabilized using nonlinear output feedback control, then it
can also be absolutely stabilized using linear output feedback control. The
main contribution of this paper is to extend the results of [5] to consider
a problem of absolute stabilization with a specified level of disturbance
attenuation. Also, the results of this paper enable some of the strong
assumptions made in [5] to be weakened.

As in [5], a key technical result used in this paper is an extension of
the “S-procedure” result of [8]. An important feature of the nonlinear S-
procedure result of this paper is that the assumptions required are signifi-
cantly weaker than the assumptions required in the nonlinear S-procedure
of [5]. It is this nonlinear S-procedure result which enables us to consider
the problem of absolute stabilization with a specified level of disturbance
attenuation for the case of uncertain systems with structured uncertainty.
Furthermore, this result also allows us to consider the possible use of non-
linear controllers.

The remainder of the paper proceeds as follows. In Section 2, we de-
fine the class of uncertain systems under consideration. For this class of
uncertain systems, we define our notion of absolute stabilizability with a
specified level of disturbance attenuation. In Section 3, we establish our
technical result concerning the extension of the “S-procedure” result of [8]
to the case of nonlinear systems. Section 4 of the paper presents our main
result which is a necessary and sufficient condition for absolute stabiliz-
ability with a specified level of disturbance attenuation. This condition is
given in terms of the existence of solutions to a pair of parameter dependent
algebraic Riccati equations of the game type.

2 Problem Statement

We consider an output feedback H control problem for an uncertain
system of the following form:

k
B(t) = Az(t) + Biw(t) + Byu(t) + Y Das(t);

[
—~

~
~—

Cll’(t) + D12u(t);
Cl(t) = Kll’(t) + Glu(t);
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Cr(t) Kpx(t) + Gru(t);

y(t) = Csx(t) + Dayw(t) (2.1)
where z(t) € R™ is the state, w(t) € RP? is the disturbance input, u(t) € R™
is the control input, z(t) € RY is the error output, (1 (t) € RM, ... ((t) €
R™ are the uncertainty outputs, & (t) € R™,... & (t) € R™ are the

uncertainty inputs and y(t) € R is the measured output. The uncertainty
in this system is described by a set of equations of the form

a@t) = et GOl
& () ¢2(taC2(')|f))

&k (t) Sr(t, G (4)lg) (2.2)

where the following Integral Quadratic Constraint is satisfied.

Definition 2.1 (Integral Quadratic Constraint; see [9, 10, 11, 12, 13, 14,
15, 5, 6, 16, 7].) An uncertainty of the form (2.2) is an admissible un-
certainty for the system (2.1) if the following conditions hold: Given any
locally square integrable control input u(-) and locally square integrable dis-
turbance input w(-), and any corresponding solution to the system (2.1),
(2.2), let (0,t.) be the interval on which this solution exvists. Then there
exist constants dy > 0,...,d;, > 0 and a sequence {t;}52, such that t; — t.,
t; >0 and

ti t;
/|@@ng/|mmWw+@ Vi Vs=1,...k  (23)
0 0

Here || - || denotes the standard Euclidean norm and Ly[0,00) denotes the
Hilbert space of square integrable vector valued functions defined on [0, 00).
Note that t; and t, may be equal to infinity. The class of all such admissible
uncertainties £(-) = [&1(+), ..., & ()] is denoted =.

In references [14] and [15], a number of examples are given of physical
systems in which the uncertainty naturally fits into the above framework.
Also, note that the above uncertainty description allows for uncertainties
in which the uncertainty input £, depends dynamically on the uncertainty
output (. In this case, the constant ds; may be interpreted as a measure
of the size of the initial condition on the uncertainty dynamics.

Also, it is clear that the uncertain system (2.1), (2.3) allows for un-
certainty satisfying a norm bound condition. In this case, the uncertain
system would be described by the state equations

k k
B(t) = [A+ Y D,AMKx(t) + [Br+ Y DA (t)Gult) + Biw(t);

s=1 s=1
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y(t) = Cox(t) + Danw(t);  sup||A ()] <1 (2.4)

where A4(t) are the uncertainty matrices (see e.g. [2, 3]). Indeed, let
&s(t) = As(t)[Ksz(t) + Gsu(t)]. Then the uncertainties &(-) satisfy condi-
tions (2.3) with d; = 0 and with any ¢;.

For the uncertain system (2.1), (2.3), we consider a problem of absolute
stabilization with a specified level of disturbance attenuation. The class of
controllers considered are nonlinear output feedback controllers of the form

ge(t) = Aze(t),y(t));
u(t) = Awe(t), y(t)), (2.5)

where A(z.,y) and A(z.,y) are continuous vector functions. Note that the
dimension of the controller state vector z.(¢) in (2.5) may be arbitrary.

Definition 2.2 The uncertain system (2.1), (2.3) is said to be absolutely
stabilizable with disturbance attenuation ~y (via nonlinear output feedback
control) if there exists an output feedback controller (2.5) and constants
c1 > 0 and c2 > 0 such that the following conditions hold:

(i) For any initial condition [x(0),z.(0)], any admissible uncertainty in-
puts £() and any disturbance input w(-) € L2|[0,00), then

[w(-),mc(-),u(-),fl(-), s 7€k()] €Ly [Ov OO)
(hence, t, = oo ) and

"
O3+ e I3 + NuCIE + D 1€

k
< afllzO)I + e (O)I + w3 + Y d]. (2.6)

(11) The following H*® norm bound condition is satisfied: If (0) =0 and
z.(0) =0, then

M2 — koa
Jé sup sup ||Z()||2 cQZs:l s <,}/2 (27)

w(-)eL[0,00) E(-)EE Jw(-)[13

Here, ||q(-)|l2 denotes the L2[0,00) norm of a function q(-). That is,
A roo
a5 = fy~ Nla@)l*dt.

Observation 2.1 It follows from the above definition that if the uncer-
tain system (2.1), (2.3) is absolutely stabilizable with disturbance atten-
uation <y, then the corresponding closed loop system (2.1), (2.3), (2.5)
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with w(-) € Ly[0,00), has the property that x(t) — 0 as t — oo. In-
deed, since [z(-),u(-),&(:),w(:)] € Ly[0,00), we can conclude from (2.1)
that Z(-) € Ly[0,00). However, using the fact that z(-) € L2[0,00) and
#(-) € Ly[0, 00), it now follows that z(t) — 0 as t — oc.

3 S-Procedure for Nonlinear Systems

In this section, we present a result which extends the “S-Procedure” of
[8]. The result is closely related to the result presented in [5]. However,
the assumptions required for this result are considerably weaker than the
assumptions required in [5]. The main result of this section applies to a
nonlinear, time-invariant system of the form

h(t) = I(h(t), ¥ (1) (3.1)

where h(t) € RY is the state and ¢(t) € RM is the input. Associated with
the system (3.1) is the following set of functionals:

fo (h(-),9(4))

/0 " a(h(e), (),
fi (O)() = / (), w(0))dt,

Fo (W), 0() = /000 v (h(t), (1)) dt.

Assumptions The system (3.1) and associated set of functionals satisfy
the following assumptions:

3.1 The functions II(-, ), »(+,+),. .., vk (-, ) are continuous.

3.2 For all 1(+) € Ly[0, 00) and all initial conditions k(0) € RY, the cor-
responding solution h(-) belongs to Ly[0,00) and the corresponding

quantities fo (A(-), (), f1 (A(-),9()), -+, fi (B(-),9(:)) are finite.

3.3 Given any ¢ > 0, there exists a constant 6 > 0 such that the fol-
lowing condition holds: For any input function to(-) € {¢o(-) €
Ly[0,0), [éo()[ < 6} and any ho € {ho € RN : [[ho < 8}, let
ho(t) denotes the corresponding solution to (3.1) with initial condi-
tion ho(0) = hg. Then |fs (ho(+),%0o(+))| < e for s =0,1,... k.

Note, Assumption 3.3 is a stability type assumption on the system (3.1).
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Notation For the system (3.1) satisfying the above assumptions, we
define Q@ C L3[0,00) as follows: € is the set of {h(:),%(:)} such that
P(-) € Lz[0,00) and h(-) is the corresponding solution to (3.1) with ini-
tial condition h(0) = 0.

Theorem 3.1 Consider the system (3.1) and associated functionals and
suppose the Assumptions 3.1 — 3.3 are satisfied. If fo (h(-),% (")) > 0 for

all {h(-), ()} € Q such that fi (h(-),(-)) 2 0,..., fi (h(-),%(:)) 2 0, then

there exist constants 9 > 0,7, > 0,...,7, > 0 such that ZI;:O s > 0 and
7o.fo (h(-);¥(-)) = 10 f1 (h(-), () + 2 f2 (R(-), ¥ () + - + T fr (h(-)ﬂ(llg(-%g
for all {h(-),¥()} € Q. ‘

In order to prove this theorem, we will use the following convex analysis
result, the proof of which was given in [5]. However, we first introduce some
notation.

Notation Given SC R™ and T C R", then S+ T :={z+y:z € S,y €
T}. Also, cl(S) denotes the closure of the set S.

Lemma 3.1 (See [5] for proof) Consider a set M C RFtY with the prop-
erty that a + b € cl(M) for all a,b € M. If zy > 0 for all vectors

[ To v Tk ]I € M such that 1 > 0,...x; > 0, then there exist con-
stants 79 > 0,...,7 > 0 such that Efzo 75 > 0 and Toxg > 1T + Toxo +
-~ + Tpxg for all [ To - Xk ]IEM.

Proof of Theorem 3.1: In the order to prove this theorem we establish
the following claim.

Claim: Given any ¢y > 0 and any input t¥o(-) € L2[0,00), then there
exists a constant dy > 0 such that the following condition holds: for any
ho € {ho € RN : ||ho|| < 6o}, let hi(t) denotes the corresponding solu-
tion to (3.1) with initial condition hy(0) = 0 and let hy(¢) denotes the
corresponding solution to (3.1) with initial condition hz(0) = hg. Then
s (11, 00()) — i (o), Bo() | < €0 for s = 0,1,..., .

Indeed, let ¢¢ > 0 be some constant and let § be the constant from
Assumption 3.3 corresponding to £ = ¢. According to Assumption 3.2,
[h1(-),%0(-)] € L2[0,00) and, therefore, there exists a T > 0 such that
|h(T)|| < & and [ ||vho(t)[|?dt < 6. Assumption 3.1 implies that there
exists a constant &y > 0 such that for all ||hg|| < o, the solution hy(-) of
the system (3.1) with input %o (-) and initial condition h2(0) = hg satisfies
condition

T
| b 0,006 = o), im0t < (33

6
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for all s and 5

1h2(T) = i (D)} < 3- (3.4)
Since [|h1(T)|| < £, we have from (3.4) that ||ho(T)|| < 6. Furthermore,
Assumption 3.3 and time invariance of the system (3.1) imply that

/| " b (0),0(1)) — wa(ha(t), o (1))t <

[ 0, 00(e0] + (a0 a0t < 3+ 3 = 5

From this and the inequality (3.3) the claim follows immediately.
Now suppose fo (h(+),¥(-)) > 0 for all {h(-),®(-)} € Q such that

fr(h(:),9()) 20, fi (A(-),%()) > 0
and let

={[ S0 o JeBO),B() " € R¥: (), 6()} € 2}

It follows from the assumption on the set Q that zq > 0 for all vectors
[0 -~ @ | € Msuchthat z; >0,...,2, > 0. Let {ha(-),%a(-)} € Q
and {hy(-),¥p(-)} € Q be given. Since hy(-) € L2[0,00), then there exists
a sequence {T;}2°, such that T; > 0 for all 4, T; — oo and ho(T;) — 0 as
i — 0o0. Now consider the corresponding sequence {h;(-),¥;(-)}2, C Q,

where bal®) : )
t t €10,T3);
i t — a ) 1)
0= iy 157
We will establish that fs(hz()a¢z()) - fs(ha(')a¢a(')) +fs(hb(')a'¢}b(')) as
i — oo for s = Q,l,.. k. Indeed, let s € {0,1,...,k} be given and fix
i. Now suppose hi(-) is the solution to (3.1) with input ¥(-) = 1s(-) and
initial condition A}(0) = hy(T;). Tt follows from the time invariance of the
system (3.1) that h(t) = hi(t — T;). Hence,

8

fs(hi(), i) = vs(h i(t))dt

T;

a()dt + fs(hy(-), v (-)-

[

_ / ))dt+/oovs( (8), ot — Ti))dt
[
(

Using the fact that h,(T;) — 0, the above claim implies f,(Ri(t), ¥y(t)) —
Fo(ho(-),00()) as i — oo, Also, [, vy(ha(t), ba(®)dt = fo(ha(), $a(-))-

Hence,
fs(hi(-),i(1)) = Fo(ha(-),a () + fo(ho(-), s (-))-
7
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From the above, it follows that the set M has the property that a+b €
cl(M) for all a,b € M. Hence, Lemma 3.1 implies that there exist constants
70 >0,...,71 > 0 such that EI;:O 7, > 0 and oz > M1 + - -+ + TRy fOr
all [ g - ]I € M. That is, condition (3.2) is satisfied. O

4 The Main Results

In this section, we present the main result of this paper which establishes
a necessary and sufficient condition for the uncertain system (2.1), (2.3) to
be absolutely stabilizable with a specified level of disturbance attenuation.
This condition is given in terms of the existence of solutions to a pair of
parameter dependent algebraic Riccati equations. The Riccati equations
under consideration are defined as follows:

Let m >0, ..., 7, > 0 be given constants and consider the algebraic Riccati
equations

(A— ByE7' D}, C)'X + X(A— BET' DL, CY)
+ X(BB, = ByE{'B'5)X + Ci(I — D, ET'DL,)Cy = 0; (4.1)

(A— By Dy E; 1 Co)Y + Y(A — By Dy E; L Cy)
+ Y(CiCy = C'3E; 1 Co)Y + By(I — DiyE;y'Doy)BL =0 (4.2)

where
Ci Dy»
. VT K . VTG
C, = . i Dia = . 5
VT K} VTG
13212[7*1D21 0 ... 0];
E, = ﬁ'mﬁm;Ez:ﬁmﬁ’m;
Bi = [y'B yu 'Di ... y7% 'Di].

(4.3)

Assumptions The uncertain system (2.1), (2.3) will be required to sat-
isfy the following additional assumptions:

4.1 The pair (A4, Cy) is observable.
4.2 F, > 0.
4.3 The pair (A, By) is controllable.
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4.4 F> > 0.

Theorem 4.1 Consider the uncertain system (2.1), (2.8) and suppose that
Assumptions 4.1-4.4 are satisfied. Then the following statements are equiv-
alent:

(i) The uncertain system (2.1),(2.3) is absolutely stabilizable with distur-
bance attenuation v via the nonlinear output feedback control (2.5).

(i) There exist constants 71 > 0,...,7, > 0 such that the Riccati equa-
tions (4.1) and (4.2) have solutions X >0 and Y > 0 and such that
the spectral radius of their product satisfies p(XY) < 1.

If condition (i) holds, then the uncertain system (2.1), (2.3) is abso-
lutely stabilizable with disturbance attenuation 7y via a linear controller of
the form

i‘c(t) = Acmc(t) + ch(t);
uw(t) = Cexc(t) (4.4)
where
A. = A+ ByC.—B.Cy+ (B, —B.Dy)B, X
B. = (I-YX) YYC'y+ B Dy)E;"
C. = —ETYB':X+D;,C)). (4.5)

Proof: (i) = (¢i) Consider the set  of vector functions

AC) = [2(), 2 (), 6(), w(-)]

in L»[0, 0c0) connected by (2.1), (2.5) and the initial condition [2(0), z.(0)] =
0. Condition (2.7) implies that there exists a constant 6; > 0 such that J <
7?2 —261. Let 65 = min[(2c1k) 1,81 (2e2k(cr +1)) 7L, 81 (2(e; +1)) 1], where
c1 and ¢y are the constants from Definition 2.2. Consider the functionals
fo, fi,.-., fr. from Q to R where

A = =203 = P lwOIE + SO
fi(AC)) G O3 = €L GIE + 82

Q) = GONE = &GS + S2IACI (4.6)

Here [[AC)II* = lz()[I3 + ()13 + IEC)I3 + [lw(-)[I3. We will prove that
fo(A(+)) > 0 for all A(-) € Q such that fo(A(-)) > 0for s =1,...,k. Indeed,
if fs(A(-)) > 0for s =1,...,k, then the vector function A(-) satisfies the

9
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constraints (2.3) with ds; = &||A(*)||? and ¢; = co. Hence, condition (i) of
Definition 2.2 implies that [|A()[|* < (¢1 + 1)|Jw(-)||3 + c1ké2||A(+)]|*. Since
82 < (2c1k)™1, then

IACOI? < 2(er + Dlw()]3- (4.7)

cakb2||A(+)]|? > 0 for all A(-) € Q such that fs(A(:)) > 0fors =1,... k.
Since 85 < 61(2cak(c; +1))7! and 62 < 61(2(c; +1))71, inequality (4.7) im-
plies that &1 ||w(-)||3 > cokda||A(-)||* and & [|w(-)[|3 > &2/|A(+)]|*. Therefore,

Q) = =203 =y wO)Z + 60IA)]%)
_< 1213 = 2 [lwIIE + 82 AN + b llw ()13 )

Condition (ii) of Definition 2.2 implies that —(||z(-)||3 — (72 —281)||w()||3)+
)

—c2ka[[AC) 1 + 1 llw ()13 = S2[IAC)I1?

=121 = (4% = 260w (1) + 2k A1
> 0.

Now the closed loop system (2.1), (2.5) can be rewritten as the system
(3.1) whete h(-) = [#(-),z(-)] and ¥(-) = [&1(),- & (), w(-)]. Using the
continuity of the coefficients in the controller (2.5)), it follows immediately
that the closed loop system satisfies Assumption 3.1. Furthermore, given
any ¥(-) = [&1(+), ..., & (+), w(+)] € La[0, 00), it follows that the uncertainty
inputs [£1(+), - - ., & ()] satisfy the constraints (2.3) with ds = [|£()||3 and
t; = oo. Hence, condition (i) of Definition 2.2 implies that Assumption 3.2
is satisfied. Also, given any ¥(-) = [&1(+),...,&(-),w(:)] € Lz2[0,00) such
that ||1(+)||3 < &, then the constraints (2.3) are satisfied with d; < §. Thus,
condition (i) of Definition 2.2 also implies that Assumption 3.3 is satisfied.

We can now apply Theorem 3.1 to the above closed loop system. Using
this theorem, it follows that there exist constants 79 > 0,74 > 0,...,7, >0
such that Efzo Ts > 0 and the inequality (3.2) is satisfied for all A(-) € Q.

Now we prove that 7, > 0 for all s =0,1,..., k. Condition (3.2) for the
functionals (4.6) implies that

k

(2003 = P lwO)B) + Y 7GO3 = 1€6C)13)
s=1
k
< =803 IEOE + w3 (4.8)
s=1
where 6 = 62 32F_ 7, > 0. If 7; = 0 for some j = 1,..., k then we can

take w(-) = 0,&(-) = 0 for all s # j and £;(-) # 0. Then, the inequality
(4.8) is not satisfied, because the left side of (4.8) is non-negative and the
right side of (4.8) is negative. (Analogously, if 79 = 0, we can take w(-) # 0

10
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and £(+) = 0.) Therefore, 75 > 0 for s = 0,1,...,k. In this case, we can
take in (4.8) 1o = 1.
Consider the following linear system

@(t) = Az(t) + Biw(t) + Bau(t);
3(t) = Chz(t) + Disul(t);
y(t) = Cau(t) + Dayii(t) (4.9)

where

5

() = Dwl),va&l), - v,
) = [OvmGl), - vl

and the matrix coefficients Bl,é’l,ﬁlg and Ds; are defined by (4.3). In
this system, w is the disturbance input and Z is the controlled output.
The inequality (4.8) with 79 = 1 may be rewritten as

IZONZ = o5 < =6ollw()]l3. (4.10)
That is,

50112
NE sup M <1 (4.11)
w(-)eLaf0,00),2(0)=0,z.(0)=0 1P )2
Therefore, the controller (2.5) with the initial condition z.(0) = 0 solves a
standard output feedback H> control problem for the system (4.9). Hence,
condition (ii) of the theorem follows directly using Theorems 5.5 and 5.6
of [17]. This completes the proof of this part of the theorem.

(#9) = (i) It is a standard result from H* control theory that if con-
dition (ii) holds then the linear controller (4.4) solves a standard output
feedback H® control problem defined by the system system (4.9) and H*>
cost bound (4.11); e.g., see [17, 18]. Furthermore, condition (4.11) im-
plies that there exists a constant §; > 0 such that the inequality (4.10)
is satisfied for all the solutions of the closed loop system (4.9), (4.4) with
w(+) € Ly[0,00) and the initial condition [z(0), z.(0)] = 0.

Now the closed loop uncertain system defined by (2.1) and (4.4) may
be rewritten as

h(t) = Ph(t) + Qus(t), (4.12)

_ T _ A Cc _ Bl
=[n]r=lee S]e=[on]

Since the controller (4.4) solves the H* control problem described above,
the matrix P is stable. Furthermore, condition (2.3) implies that any
disturbance input w(-) € Lz[0,00) and admissible uncertainty inputs
&1(4), ..., &(+) satisfy the following integral quadratic constraint:

where

11
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There exists a constant d > 0 and a sequence {¢;}$°; such that ¢; — ¢,
(where [0,t,) is the interval of existence for the corresponding solution)
and

t; ti
/ ||1f;(t)||2dt§/ Th()|Pdt + d Vi (4.13)
0 0

where A A
T=[C DpC.].

Moreover, the constant d is given by

k
d =7 lwC)lI5 + Y 7eds.

s=1

However, since 2 = Th, condition (4.10) and stability of the matrix P
imply that there exists a constant § > 0 such that

/OOO(IIT’“L(t)II2 — b (®)]*)dt < -6 /OOO(II’“L(t)II2 +lo@)|*)dt (4.14)

for all [A(-),w(:)] € L2[0,00) connected by (4.12) with h(0) = 0. Using
Theorem 1 of [11], condition (4.14) and the stability of the matrix P imply
absolute stability of the uncertain system (4.12), (4.13). Thus, there exists
a constant ¢ > 0 such that for any initial condition [z(0),z.(0)] and any
uncertainty w(-) described by (4.13), then [z(-), z.(+),w(-)] € Lz2[0, 00) and

/Ooo(llcv(t)ll2 +llze @) + 1o ()]*)dt < colllz(0)II* + llzc(0)|I* +d]. (4.15)

Since u(t) = Ccx.(t) in controller (4.4),
w(-) = yw(), vr&i(), - VTR ()]

and d = v*|lw()||5 + Ele Tsds, condition (i) of Definition 2.2 follows from
the inequality (4.15).

We now establish condition (ii) of Definition 2.2. We have estab-
lished that condition (4.10) is satisfied for all the solutions of the closed
loop system (2.1), (4.4) with zero initial condition. This may be rewrit-
ten as condition (4.8) with 79 = 1. Furthermore, all solutions to the
closed loop system (2.1), (4.4) from L[0, c0) satisfy condition (2.3) with
ds = max[0, —(||zs(-)||3 = |€s(+)||3)] and t; = co. Therefore, it follows from
(4.8) that condition (2.7) holds with ¢; = max[ry,...,7;]. This completes
the proof of the theorem. a

The following corollary is an immediate consequence of the above theo-
rem and the remarks following the definition of the uncertain system (2.1),
(2.3).

12



ROBUST H* CONTROL

Corollary 4.1 The uncertain system with norm bounded uncertainties,
(2.4) will be absolutely stabilizable with disturbance attenuation v via the
linear controller (4.4),(4.5) if condition (ii) of Theorem 4.1 is satisfied.
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