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Abstraci—This paper deals with the problem of model
(in)validation of discrete—time, causal, LTI stable models subject
to Slowly Linear Time Varying structured uncertainty, using
frequency—domain data corrupted by additive noise. It is well
known that in the case of structured LTI uncertainty the
problem is NP hard in the number of uncertainty blocks. The
main contribution of this paper shows that, on the other hand, if
one considers arbitrarily slowly time varying uncertainty and
noise in %3, then tractable, convex necessary and sufficient
conditions for (in)validation can be obtained.

I. INTRODUCTION

This paper deals with the problem of frequency-domain
(in)validation of discrete~time, causal, Linear Time Invariant
(LTT), stable models subject to Slowly Linear Time Varying
(SLTV) structured diagonal uncertainty, that enters the model
in Linear Fractional Transformation (LFT) form. In general
terms, this problem can be formally stated as follows: Given
frequency—domain data corrupted by additive noise, find
whether the candidate model together with some combination
of admissible uncertainty and noise could have generated this
data. If the answer is negative, then the model is said to be
invalidated and should be rejected; otherwise, is said to be
not invalidated by the available experimental evidence.

Model (in)validation of LTT systems in a Robust Control
setting has been extensively addressed in the past decade (see
for instance [10], [7], [2]. [11, [5], [9), [13] and references
therein). The main result ([2], [1]} shows that in the case of
LTI causal unstructured uncertainty and general LFT depen-
dence, model (in)validation reduces to a convex optimization
problem that can be efficiently solved, by applying norm
constrained interpolation theory.

In the case of structured uncertainty, the problem still can
be recast as a set of necessary and sufficient conditions,
but in terms of bilinear matrix inequalities and has been
shown in [12] to be NP-hard in the number of uncertainty
blocks. However, computable weaker conditions (sufficient
for the model to be invalidated) in the form of Linear Marrix
Inequalities (LMIs) are available, by reducing the problem
to the (in)validation of a scaled model subject to a scaled
unstructured uncertainty as proposed by [2}, [12], [9], or
alternatively, by stating the invalidation problem as one of vi-
olation of robust performance by any admissible uncertainty
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(and solved as a structured singular value problem type) as
in [10], [5]. ‘

This paper seeks to overcome the computational com-
plexity of model (in)validation in the presence of structured
uncertainty and in this sense, it is related to the approach
in [5]. In fact, our starting point is a set of frequency-
dependent LMI conditions with the same structure as the
ones developed by [5]. However, by considering SLTV
uncertainty operators with arbitrarily small variation rates
{at the expense of relaxing the causality requirement, as is
also the case of [5]), we obtain a necessary and sufficient
condition for a model to be invalidated by experimental
data. Note that since currently available analysis and design
tools, e.g. u-synthesis, provide tight conditions only for
SLTV uncertainty', from a practical standpoint it is desirable
also to allow for SLTV uncertainty in the model validation
process. This avoids obtaining potentially more conservative
LTI descriptions that, nevertheless, cannot be fully exploited
for controller synthesis. Moreover, this set-up allows for
directly dealing with an .% characterization of the noise
(as in the original formulation in [5]), rather than a set of
pointwise in frequency euclidian norm constraints.

The paper is organized as follows, Section II presents
the notation and conventions used through the paper and
Section I states the model (in)validation problem under
consideration. Section IV contains the main results; for ease
of presentation the proof of the driver result of this paper
is left to the Appendix. Finally, Section V illustrates the
proposed method with a simulation example and Section VI
presents some conclusions as well as directions for further
research.

I1. PRELIMINARIES

Z, R and C denote the set of integer, real and complex
numbers respectively. x denotes a complex—valued column
vector, x* its conjugate transpose row vector and |x| its
euclidean norm +/x*x. A* denotes the conjugate transpose of
matrix A, A;; its (i, ) element, A; its i-th column and @ (A}
its maximum singular value. If A=A then A > 0 (A < 0)

"These conditions are also tight in the case of of y—simple LTI uncertainty
structures, in which case the conditions provided in the present paper are
also necessary and sufficient.
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Fig. 1. Model (In)Validation Set—up

means that A is positive definite (negative semidefinite).
1,0 denote the identity and null matrices of compatible
dimensions (when omitted).

Let £7 denote the Hilbert space of vector—valued sequences
x = {x;}icz, equipped with the norm [|x||} = Tczxx
and #(f,), the space of discrete—time, LTV, bounded
operators M in £, equipped with the norm {|M|l¢, g =
SUp,, o | Mufll2/|jufl2. Let %> denote the Hilbert space of
Lebesgue square mteﬂrablc functions x(w) equipped with
the norm [1x[1} = f7" race(x(w)x(w)*) 42; .., the Lebesgue
space of complex—va]ued matrix functions X(z) essentially
bounded on the unit circle, equipped with the norm || X||. =
€ss sup),—; G (X(2)); J, the subspace of functions in %%
with bounded analytic continuation inside the unit disk,
equipped with the norm ||X||. = ess supj;; T (X(z)} and
R L. (), the subspace of 2. (54.) of rational functions.
Let #Z°(y) be the open y-ball in a normed space 2,

BEY={xe Z: |xlla <y} BZ(y), the closure of
BE(y) and BE (#BZ), the open {closed) unit ball in
.

Finally, given a real-valued sequence x in £, x{e/®)
denotes its Fourier transform x{e/®) = ¥,z x:¢/® and X{z),
the Z-transform of a real-valved matrix sequence {X;}icz.
X(z) = Yz XiZ. We will use the same notation x, {jxfl; for
elements in either €5 or %%, in any case it will be clear
from context which space we mean. A denotes the unit delay
operator and M+ A, the upper linear fractional transformation
M*A=MnAI—MnA) " Mz + M.

I1I. PROBLEM STATEMENT

Consider the model (in)validation set-up, shown in Fig. 1
on the left, as an upper linear fractional interconnection P+ A
between a discrete-time, causal, stable, LTI candidate model
P:

q(e’®) = Pii(e’”)p{e!®) + Pia(e Ju(e™®)

. . . . . . 1
(€)= Poy (1) p(ei®) + Pra(e®Yu(ei®) 4 2™y
and a structured uncertainty block A = diag(A;,...,A,) with
Ay full square:
pk:Ak(qk)a k=1,...,n (2)

which is assumed to belong to the set:

ATV(n) ={A€ BL(L)(1): A~ Al ing S v},

with v > 0 but arbitrarily small, i.e. to the set of Linear Time
Varying (LTV) operators bounded by ¥, of arbitrarily slow
variation? v

The block P consists of a nominal model of the actual
system P and some description of how the uncertainty
affects the model, given by blocks Pii, P2 and P;. Fur-
thermore, we assume that model P has a rational transfer
function P(z) € Z#5, and that |Py;|l. < ¥~! so that the
interconnection PxA is robustly £; stable. Finally, (¢, p) are
partitioned according to the uncertainty structure as in (2)
and (u,s,z)} are scalar signals.

Given a known fixed frequency—domain input signal
u{e’®) and its output s(e/®) possibly corrupted by additive
noise z(e/?) in the set

N =Bh(e),

the goal is to determine whether the candidate model P
together with some admissible pair of uncertainty A €
ASHV(y) and noise z € .4 could have generated this input—
output pair, i.e. whether:

s=(PxAju+z, forsome (A,z).

If the answer is affirmative, then the model is said to be not
invalidated by the experimental evidence. On the contrary, if
no such pair (A,z) exists, the model should be discarded.

Under the assumptions that both signals (u,s) are the
impulse responses of some discrete—time, causal, stable, LTI,
rational systems in .3, equations (1) can be rewritten as
follows:

q(e’®) = Mi1(e’®) p(e!®) + M2 (e’ (/)
2(e/®) = Ma1 (/) p(e®) + M2z (7 1 (e/®),
where v is an impulsive signal, i.e. v(e/®) =1 Vo € [0,27),
u(e’) = 8, (e/)v(e’?),
M1y (e7°) = yPa(e’”),  Mio(e/®) = Pra(e/®)S, (7)),

My (£79) = — ZPz; (&), ©)

M (/) = - (5(6’“’) Pa(e/")Su(e’))

and now (z,A) are assumed to be bounded in norm by 1,
ie. € B, Ac APV, In this framework, the model
(in)validation problem can be precisely stated as follows.

Problem I: Given the input-output pair {u{e/®),s(e/®)}
and the admissible sets of noise .4 and uncertainty
ASLTV(y), determine whether there exists at least one pair
z€ N, A€ ASTV(y) so that equations (1) and (2) hold; or
equivalently, whether there exists at least one A € ASTV 5o
that:

fzllz = f(M A2 < 1, @)
with system M defined as in (3) and v an impulsive input.

*Recall that if operator A € B.F({) is time—invariant, it commutes with
the delay operator, i.e. AA = AA and therefore v =G, On the other hand,
v =2 corresponds to the arbitrarily fast time—varying case, because [AA —
Aty ing < 20|Alle ing-
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IV. MAIN RESULTS

This section proposes a necessary and sufficient test that
solves Problem 1, in terms of frequency—dependent Linear
Matrix Inequalities. We begin by presenting the driver result
of the paper.

Theorem I; Consider a discrete—time, causal, stable, ratio-
nal, LTI system M(z) € #.5#, and a structured uncertainty
A g ASFTY A = diag{A;,...,A,). Then, there exists some
v* > 0 such that [{(M*A}|3 > 1, with v an impulsive
input, for any A € ATV of variation v < v* if and only if
there exists a hermitian matrix X () > 0 and a real transfer
function y(e) > 0, such that Y& in [0,27) the following
inequalities hold:

X(w) = diag(x; (@)1, ..., x,(@)],) and
(M2 > 1. ©
Proof: Given in the appendix. ]

Direct application of this result leads to the following
corollary, outlining a necessary and sufficient test for model
(in)validation subject to structured SLTV uncertainties.

Corollary I: Given a candidate model P, the experimental
data {u(e/®),s(e/®)} and candidate noise and uncertainty
sets { A, ATV (1) }:

1) Form the system M defined in (3).

2) Evaluate at each frequency

$(w) = sup{y: conditions (5) hold } )

and compute the integral /() = [ ()42,

3) Then there exists at least one A € ASLTY of arbitrarily
small variation v so that [(MxA)v)2 £ 1 with v an
impulsive input (i.e. the model is not invalidated by
the experimental data available so far) if and only if

IM<1. (8)
Remark I: Conditions (3) and (6), and therefore the pro-
posed model (in)validation test, remain necessary and suf-
ficient for LTI structures A with at most two different full
blocks. The proof follows along the lines of that of Theorem
1. The sufficiency is straightforward for an arbitrary number
of blocks; pre/postmultiplying (5) by [p* +*]" and its
hermitian conjugate and using the facts that [|A|ls, jpg <1
and it commutes with D immediately yields |z{w)|? > y(®).
The desired result follows then from (6). Necessity follows
from the losslessness of the S-procedure in the case of at
most three Hermitian quadratic forms in a complex linear
space (see [3] and [6], Chapter B, Section 8.1.2); if LMI
(5) fails, it is always possible to construct a LTI A so that
I(M(e5) « A@)(e)2 < 1, v(el®) = 1, Yo.
On the other hand, if conditions (5) and (6) hold for a
constant matrix X, then (as a consequence of operator D

being constant and DA = AD) {|(M*A)|j3 > 1, for any
Ac AV = [A e BL(6): |AA— Ah|yina € 2} and an
inpulsive input v, ie., model M subject to arbitrarily fast
LTV uncertainty is invalidated by the experimental evidence.

Note that in principle applying the test above requires
having experimental data at all frequencies. However, due to
the continuity of M{e/®), which in turns implies continuity
of X(w) and y(w), the integral (6) can be approximated
with arbitrary precision by a surn and thus the (in)validation
test requires only a finite (albeit possibly large) number of
experimental data points.

V. A SIMPLE EXAMPLE

In order to illustrate the proposed method, consider the
following true LTI system P+ A, with:

01 0 0

Pulz)=10 0 0] Ppa()={I1

0 0 0 1
3.5(z+1)%

Pu(@)=[1 0 ~1] Pu(s)= ger—pea s

and A(z) = diag(A;(z), Ax(z),A3(2)), with:
0.85(5.1 - 4.92)

M) =5 37536250

« . 0.65(5.001 —4.9990z)
800 =6 15385

. 095(5.15—4.85z)
M) == 55305

Assume we are given Pn(z) as a candidate model for P+
A, together with a description of the uncertainty type® and
how it enters the model in terms of the blocks (Pi1, Pz, Po1)
respectively, Our “experimental” data*, s(e/®), consists of a
set of N = 1000 samples of the frequency response of PxA,
corrupted by complex additive noise in A = B.%5(€), with®
€ =0.0894, The plant, the model and the samples are shown
in Fig. 2.

The goal is to check whether the given model subject
to structured SLTV uncertainty is able to reproduce the
experimental evidence within the assumed noise bound, i.e.
whether there exist at least one A € ASLTY so that the
equivalent closed—loop model as defined in (3) satisfies
[[(M*A)v||2 < 1, where v denotes an impulsive input. If the
answer is affirmative, it is also of interest to quantify the
minimum size of the uncertainty ¥, so that the model remains
not invalidated by the data.

*Note that || Al = 0.95.

*In this example, we have generated the output noise samples as complex
numbers with uniformly distributed random phase (between [0,27)) and
(bounded) magnitude. We assume however that these frequency domain
samples belong to some system in %252, and therefore satisfy the conjugate
SYmmelry property.

5This noise upper bound represents a 5% of the true frequency response
Energy. .
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Fig. 2. Model, actual plant and samples.

To this end, we evaluated condition (7) at a grid of 1000
frequency points over the interval [0,2x). The second and
fourth columns of Table I display the results of the proposed
(in)validation test for increasing values of the uncertainty
size ¥ in the interval [0.2,0.35]. According to Lemma 1,
the model remains invalidated by the available evidence, i.e.
[ls = (PxA)v||2 > &, for y < 0.2333. Starting at y = 0.25 the
approximate value of /(§) = [§ #()%2 does not exceed 1
and we may conclude that there exists at least one admissible
uncertainty in A7V (y) so that the interconnection P*A can
explain the experimental data.

VI. CONCLUSIONS AND FURTHER RESEARCH

This paper presents a frequency-domain test for (in)val-
idation of LTI models subject to SLTV structured diagonal
uncertainties. By characterizing the noise in terms of its %5
norm and allowing an arbitrarily small variation rate of the
uncertainty operator, at the expense of relaxing the causality
requirement, this paper presents a set of frequency—dependent
LMI based conditions, that are necessary and sufficient to
solve the model (in)validation problem.

Efforts are currently under way to remove the noncausal-
ity limitation of the proposed method, by addressing the
(in)validation problem in the time domain.

APPENDIX

Proof: [Sufficiency] Assume conditions {5) and (6) hold,
ie., for any £ >0 and Yo € [0,2r), there exist X(w) =
X{w)" > 0 and a positive transfer function y{w) so that:

M(ejm)*[x(om) _()]]M(ejm)_[x(w) 0 }

0 —yw)
—el<0 (9

and f&”y(m)g—i’ > 1. Following a reasoning similar to [8]
(Lemma 2.3} or [6] (Chapter 6, Lemma 6.7), given X(w)
and the fact that M(z) is rational, it is possible to construct a
function D(z) € Z 5%, that preserves the structure of X, such
that D~1(z) € ZH#. and Vo, X (o) = D(e/9)*D(e/®). Since

Y I(7) = Y 17} =~
0.2000 2.5887 0.2833 | 0.3274
02167 | 19162 || 0.3000 | 0.1703
0.2333 | 1.3577 || 0.3167 | 0.0769
0.2500 | 05093 || 0.3333 | 0.0281
0.2667 | 0.5683 | 0.3500 | 0.0077

TABLE I

RESULTS OF THE MODEL (IN)VALIDATION TEST

D(z) € &5, it admits the expansion ¥, Dzt where the
sequence {D;} converges exponentially to zero. Denote by
D the corresponding (LTI, causal) operator in .¥({), D =
YDAl

Pick x(e/?) = [p(e/®)" v(e/®)*]*, v{e/®} = 1. Multiplying
(9) from the left and from the right by x(e/®)* and x(e/?)
respectively, rearranging terms and integrating over {0,27]
yields:

m dw
[I2gl~ 10715 ~ (o3 + 1)} + [ (@) 52 < 1eIB.
(10)

Consider the term between brackets on the left hand
side of the above equation. Following [6] (Chapter 6, page
91), we have that [DAD™ |, 5ng < 1+ vk(D) with x(D) =
1Dty ind Tieg 76 (D;) < oo. Letting u = Dg:

NDAD™ )ull3 = |IDpll3 < [1+ vie(D)*[Dgll3 &

0 < [Dgli ~ 1Dl + [v2K(D) + 2vK(D)]1Dql}
2 2

< 1Dgl3 = |Dpll3 + [v* k(DY + 2v(D)IDIZ, snallll3-
Denote ar(v) = [V2k(D)? + 2vk(D)][D|17, ;0a- Clearly a(v)
approaches 0 as Vv tends to 0. On the other hand, [jg||, is uni-
formly bounded above by B = |[({ — M1A) ¢, inal|Mi2 |l
over the class A3V ([6], Appendix B) and by assumption

f02 "y g—;‘r’ =147, y>0. Back to the term between brackets
in (10):

(I1Dgl3 ~ IDplZ+a(v)lgl) — e (llpl3+1) - e(v)liqli3 =
—£(llglf + 1) —a(W)llqllF = —e(B*+ 1) ~ ax(v)B* > ~.
Choosing £ < y/(2(1+?)) and v* sufficiently small so that
a(v*) < y/(2B?) renders the left hand side of (10) always
greater than 1 and vields the desired result:

1< flzll = I(M#AWE,  v(e™®) =1,

for any A € AV with v < v*. [ ]
Before proceeding with the necessity part of the proof, we

need the following preliminary result. See also [11].
Lemma 1: Let

If the following [.MI:

X 0 X 0
W[l [l 8] <o

o € [y, @y + H]
otherwise.

an
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does not have a positive definite solution X, then there exist
signals r = [p* v*|*, v{e/¥) =1 and s = [¢* 2*]* supported in
[ax), @y + k) such that:

s=Mr gl 2 Ipdl k=1,..on, [l2l3 < VI3 (12)
Proof: Let B, and Qp be matrices of the form
0-070-.-0), such that:
pe k=1,....n e k=1,....n
Fer = {v k=n+1 kaﬁ{z k=n+1.

According to [4] (Lemma TI1.1}, if (11) is not feasible then
the following dual LMI has always a solution W = W* > 0,
W #0:

VX, trace (MOWMS [‘g _0[} -W [}é _01]) >0

= trace(Q:MoWMa O —RWP)) >0, k=1,....,n (13}
n+1W nt+1 T Q11+1M0WM6Q.:+] = 0. (14)
Let m = rank(W) and factor W as RR*, where R=[R; --- Ry

in Cl+1Xm_ Replacing the expression of W, equanons (13)
and (14) become:

trace (Z OyMoR:R; M Q5 —- ZPkR,R*Pk) >0,

i=1 i=1

k=1,...,

m
ZP”+1R R, n+1 ZQ:I—C-‘M()RI'RTMSQ;"H 20.
i=1 i=1

(15)

Since P WPy, # 0 (otherwise robust stability would be
vlolatedﬁ) we can always scale W so that B, y\WF) | =
il |R,H_1,| = 1. Moreover, we can always choose the
elements R,1;#0, i=1,...,m {e.g. by right multiplying
R by a unitary matrix U).
Define the signal r over non-overlapping frequency inter-
vals of length A|R,.1.*:

R. .
r(ej"’):: eyt wE [w-no], (=1...m
0, otherwise,

with @y = w;_1 + 4R, 11> Now by construction v(e/®) =1

6C0n51der the input signal r over non-overlapping frequency intervals of
length &

we {1, .

i R;.
ay i
(e = { 0. otherwise,
with @y = @;_; + % If Py 1WAy, then [lv|[> =0 while (p.g) are not zero
signals, violating robust stability against the class A3V,

in [, oo + 4] and:

2 RiR! dw
v e”" r(ef® f L
/U i ) oy [Rug1i]? 27

M

——ZRR*

f MM(ej“’)r(ejw)r(ej“’)*M(ejw)* d0
0 2n
=X S morremg,
2 5 !
‘which together with (15) yields (12). [ |

Proof: [Necessity] Following [11], define at each fre-
quency m:

$(w) =sup{y: conditions (5) hold}
= max Jlw
* we[kh,(k+l)h]y( )
for any partition over [0,27]. Note that since y < M3,M»),
¥ is well defined. Assume that condition (6) fails, ie.
3 $(@)42 < 1. Consider first the case fj" )32 < 1.
Then, glven an arbitrarily small g > 0 there exists a k1 {€g) >0
50 that:

L dw h
i — < o — <] — < i
fo V() 7 ‘%3”‘2:: <1-—ve), Ye<h

Pick y(e) =€£(2—§) > 0.

Using the facts that the interconnection M A is uniformly
robustly stable for the class ASITV (see [6], Appendix B,
Corollary B.5) and system M continuous on [0,27), there
exists a Ay > 0 so that Vi < hy:

m

H(M*A (M*A)”iz <5 VAE

2
where M{e/®) = M(e#*") for w € [kh, (k+ 1)}A].

Next, note that if (X(w),y(w}) solve LMI (5), then so do
Xe(w) = aX(w) and yo(w) = ay(w) for any a € (0,1) 7.
Thus, it follows that ${@) > 0. Define now the narrow-band
system:

ASIV(16)

. v 0
My = M(") }:0 1 ] , with k< min{h,h2);
:?prs

"This follows from noting that ¥(p,q.v.z) and ¢ € (0.1: . .

0> X () q(e’®)? - X (@
- lz(e )P > |x

W) )P
X(@) plel)
) o) =~ Llele®) P

(™) +x(w
: q(e’“’)lz -
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by assumption the following LMI:

(e

XA |

=WFW)EMPFW)2FO

is not feasible. Applying Lemma 1, there exist (piece-

]M(eﬂ‘h)

wise constant) signals supported in [kh,(k+ Di], * =
[(p*y () )%, vF =1 and 5F = [(¢*)"(z*)]*, so that:
s =M(e™)E, HIghE = 11pF13 i=1,...,n, .
1213 < O+ €3] (17)

Consider the following piecewise constant signals with sup-
port in [0,27):
plei®y = p*, Hel®) =¥
el =g, HeP)=F
the system M(e/?) = M(e/**) for @ € [kh,(k+ 1)A] and the
perturbation A ({6], [11)): )

@ € [kh,(k+1)A],

pigt,u)
A= E AT

By construction, p = Agt and = (M *A)0. It can also be
shown that A € ASLTV with v = 2sin(%). And according to
Lemma 1 and (17), for an impulsive mput v(e/®) = 1:

A= diag(&l .- A,,

1M B)v]3 < Ek;(yk + s)ﬁ.

Using (16}, for this particular A and this particular input v:
1M % B)v]l < (M xB)v— (M4 A)vlla + | (M* A2

< slvll2+ (%()JH-E);;I-) < %+(1~]’(E)+8)% =1,
(18)

Then there exists at least one A of variation v = 2sin{§) with
h < min{hy, k), so that iL(M *ﬁ)v“% <1,

On the other hand, if f;” j(c) g—;‘r’- <1 then given any £ >0
there exists ki (g) >0 so that:

2 dﬂ) h
()= < Y m—=< <h.
fo Slw)7— < 2',»21? S1+¥(e), Yh<h

Nm

Pick y(e) = €2/4. By following the same reasomng as
before, we can construct a A of variation v = 251n( } with
h < min(h,hz), so that [[(MxAp|5 < (1+e&). Since £
is arbitrarily small, we conclude that the model remains
not invalidated against the class ASYV of arbitrarily small
variation Vv, i.e.

Lim [|(M* A7 < 1.
Y

(1

(21

(3]

[4]

[5]

(6]

(7

(8]

[10]

(1]

[12]

[13]

6126

II. REFERENCES

J. Chen, “Frequency-domain tests for validation of
linear fractional uncertain models,” IEEE Transactions
on Automatic Control, vol. 42, no. 6, pp. 748-760, June
1997.

J. Chen and S. Wang, “Validation of linear fractional
uncertain models: Sclutions via matrix inequalities,”
IEEE Transactions on Automatic Control, vol. 41, no. 6,
pp. 844-849, June 1996.

A. L. Fradkoff and V. A. Yakubovich, “The S-proce-
dure and duality theorems for nonconvex problems of
quadratic programming,” Vesmik Leningradskogo Uni-
versiteta, vol. 1, pp. 81-87, 1973.

G. Meinsma, Y. Shrivastava, and M. Fu, “A dual formu-
lation of mixed i and on the losslessness of (d,g) scal-
ing,” IEEE Transactions on Automatic Control, vol. 42,
no. 7, pp. 1032-1036, July 1997.

M. P. Newlin and R. S. Smith, “A generalization of the
structured singular value and its application to model
validation,” IEEE Transactions on Automatic Control,
vol. 43, no. 7, pp. 901-907, July 1998.

F. Paganini, Sets and Constraints in the Analysis of
Uncertain Systems, Ph. D. thesis, California Institute
of Technology, 1996.

K. Poolla, P. Khargonekar, A. Tikku, J. Krause, and
K. Nagpal, “A time domain approach to model valida-
tion,” IEEE Transactions on Automatic Control, vol. 39,
ne. 3, pp. 951-959, May 1994.

K. Poolla and A. Tikku, “Robust Performance Against
Time-Varying Structured Perturbations,” IEEE Transac-
tions on Automatic Control, vol. 40, no. 9, pp. 1589-
1602, Sept. 1995.

S. Rangan and K. Poolla, “Model validation for struc-
tured uncertainty models,” in American Control Confer-
ence, pp. 629-633, Philadelphia, PA, USA, June 1998.
R. S, Smith and J. C. Doyle, “Model validation: A
connection between robust control and identification,”
IEEE Transactions on Automatic Control, vol. 37, no. 7,
pp. 942-952, July 1992,

M. Sznaier, T. Amishima, P. A. Parrilo and J. Tierno, “A
convex approach to robust % performance analysis,”
Automatica, vol. 38, no. 6, pp. 957-966, June 2002.
O. Toker and J. Chen, “Time domain validation of struc-
tured uncertainty model sets,” in 35'" IEEE Conference
on Decision and Control, pp. 255-260, Kobe, Japan,
Dec. 1996.

D. Xu, Z. Ren, G. Gu, and J. Chen, “LFT uncertain
model validation with time and frequency—domain mea-
surements,” IEEE Transactions on Automatic Control,
vol. 44, no. 7, pp. 1435-1441, July 1999.



