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Abstract. In this paper, robust stability for linear systems with several uncertain (complex
and/or real) scalar parameters, is studied. A countable family of conditions sufficient for robust
stability is given, in terms of solvability of some simple linear matrix inequalities (LMIs). These
conditions are of increasing precision, and it is shown conversely that robust stability implies solv-
ability of these LMIs, from a certain rank and beyond. This result constitutes an extension of the
characterization by solvability of Lyapunov inequality, of the asymptotic stability for usual linear sys-
tems. It is based on the search of parameter-dependent quadratic Lyapunov functions, polynomial
of increasing degree in the parameters.
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1. Introduction. We study in this paper the robust asymptotic stability of
finite-dimensional linear systems subject to several scalar parametric uncertainties,
namely:

= A(z)x, =z def (z1,--,2m), A(2) def Ao+ 2141+ + zmAm (1.1)
where the fixed matrices Ay, A1, ..., A, are elements of C"*™. Here, the uncertain
scalar parameters z; may be complex or real numbers. In the latter case, for sake of
clarity, we shall rather write r;.

It is a well-known fact that asymptotic stability of system (1.1) without uncer-
tainty (z1 = -+ = 2, = 0) is equivalent to existence of a hermitian matrix P € C"*"
such that

P>0,, AP+ PAy <O, .

This is the well-known Lyapunov inequality. This approach is related to the search for
a Lyapunov function of the form z(¢t)? Px(t), positive definite and decreasing along
the trajectories of £ = Agzx.

This approach has been extended in different ways, in order to consider uncertain
systems (1.1). In the various existing variants, one usually considers a set of constant
systems, typically compact and convex: the task is to establish whether all the systems
in this set are asymptotically stable or not. Various types of parameter sets are in
consequence associated to (1.1), usually elliptic or polytopic. In the present paper,
we mainly face the case of constant, noncorrelated, parameters, with values in closed
unit balls of R or C. In other words, we wish to test the existence of a hermitian
matrix P(z) such that

P(2) > 0,, A(2)"P(2) + P(2)A(2) < 0, , (1.2)

for any z € C™ with |z;] <1, z; € Ror C, i = 1,...,m. This problem appears as a
parameter-dependent LMI.
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This problem is decidable, but NP-hard. Indeed, it amounts to evaluate some
particular structured singular values [15, 47]. Generally speaking, computing and
approximating u is a hard task [9, 40, 19], and the gap with its usual upper bound
is infinite [41, 38]. The more specific problem studied here may be seen equivalently
[10] as checking delay-independent stability [28, 29, 24] of a delay system, which has
been proved to be NP-hard too [39].

A first method to cope with uncertainty consists in looking for a simultaneous Lya-
punov function, i.e. for a constant hermitian positive definite P such that z(t)¥ Px(t)
decreases along the trajectories of (1.1), for any value of z in the convenient set;
see bibliography on quadratic stability in [8, pp. 72-73]. Subsequent developments
have led to consider parameter-dependent Lyapunov functions: sufficient conditions
for existence of affine parameter-dependent functions P(z) in (1.2) are provided in
[22, 18, 12, 34], and in [42, 43] for functions quadratic in the parameters. Methods
involving piecewise quadratic Lyapunov functions [44, 36] and LMIs with augmented
number of variables [23, 33] may also be found.

Another approach is based on the use of scaling or multiplier in an input/output
stability framework. The use of diagonal scaling (D-scaling) [15] permits to obtain
upper bound for u, whereas DG-scaling [16] plays analogue role for real parametric
uncertainty. Contributions based on the larger class of LFT-scaling [1] and on mul-
tiplier technique [20] have provided less conservative results. Some results are based
on mixed methods [13, 21].

The contributions presented previously provide sufficient conditions for robust
stability of (1.1), that is for asymptotic stability for any value of the parameters
in the adequate set. However, they are far from being necessary and, due to their
conservatism, may fail to detect robust stability. On the other hand, they may be
checked easily. Indeed, most of them reduce to testing the solvability of LMI problems,
a standard convex optimization problem [8], achievable in polynomial-time. Efficient
interior-point methods have been developed and are available as toolboxes in widely-
spread control-oriented scientific softwares, such as MATLAB or SCILAB.

From a theoretical point of view, the connection between the two methods has
been enlightened by Iwasaki [25] and Iwasaki and Hara [27]. Both may be interpreted
as special cases of the quadratic separator, separating in an appropriate space a graph
associated to the “system” from a graph associated to the “perturbation”, here the
parameters. Roughly speaking, the previous results are obtained when looking for
such a separator with prespecified, “simple”, dependency, either with respect to the
frequency (frequency-dependent scaling matrix in p-analysis), or to the parameters
(parameter-dependent Lyapunov functions). Clearly, taking small separator classes
yields gain in computational simplicity. On the other hand, increasing the separator
class size reduces the conservatism of the obtained criterion.

The existing exact methods of resolution of the problem are based on the use
of upper and lower bounds on (smaller and smaller) subdomains of the parameter
space, see [11, 3, 46]. Due to the computational complexity of the task, they lead to
prohibitive growth in computation cost with the problem size, at least in the worst
case. The main problem is to find an acceptable trade-off between precision and com-
putational burden.

The results in the present paper provide a systematic way for the use of parameter-
dependent Lyapunov functions and their related LMI criteria. The general principle
for their derivation may be explained as follows.
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First, the solution P(z) of the Lyapunov equation A(2)? P(z) + P(2)A(z) = —1I,
is analytic with respect to the vector of parameters z and its conjugate z (this fact may
be checked from the explicit form P(z) = [, AR AR qt) . This suggests that
for systems which are robustly stable, there always exists a parameter-dependent
Lyapunov function x(t)f P(2)x(t) with P fulfilling (1.2) which is polynomial with
respect to z,Zz. Basically, this comes from the the fact that one may truncate the
latter expansion, due to convergence uniform in z. One hence takes as new unknowns
of the problem a positive integer k, such that k — 1 represents the maximal power in
the variables z, Z of the polynomial P(z), plus the k™ coefficients themselves, which
are hermitian matrices of size n xn. Second, it turns out that the conditions that must
be verified by the previous coefficients (including the global condition of positivity of
P(z) for all z) may be transformed into a set of linear matrix inequalities in a total of
m~+1 unknown hermitian matrices. The main tool for this operation is the application,
repeated m times, of the discrete-time Kalman-Yakubovich-Popov lemma.

This two-step procedure motivates the form of the results presented in the core
of the paper, which we now summarize. A family of LMIs is exhibited, indexed by
the positive integer k (roughly speaking, the degree in the z, z of a solution of (1.2)),
and whose solvability implies robust stability of system (1.2). Also, it is shown that
solvability for rank k implies solvability for &’ > k, so these sufficient conditions are
more and more precise (less and less conservative), as the degree of the polynomial
solution increases. A key issue is that a necessity property also holds, in the precise
sense that: if robust stability holds, then the corresponding LMIs are fulfilled from a
certain rank k and beyond. Thus, the conservatism vanishes asymptotically. Robust
stability of system (1.1) is hence characterized by solvability of LMI problems. The
originality of the proposed method is to associate to a sequence of increasing classes
of candidate parameter-dependent Lyapunov functions, whose existence for a precise
problem may be checked by solving a LMI, a completeness result, ensuring that robust
stability implies existence of a Lyapunov function in at least one of the classes. Related
idea for generation of parameter-dependent Lyapunov functions based on nonminimal
state is used in [26], without however insight into the necessity part.

The paper is organized as follows. In §2 are given some notations necessary to the
statement of the results. In §3 are stated the two results corresponding to m complex
parameters (Theorem 4.1) and m real parameters (Theorem 4.3). The mixed case
may be written down easily, and is not extensively developed here. In the sequel, we
provide as a straightforward consequence a result on robust stability of systems with
polytopic uncertainties (Corollary 4.4). A numerical example is presented further on,
in §5. Comments on the status of the results are given in §6. Complete proof of
Theorems 4.1 and 4.3 is given in §7. Last, concluding remarks are made in §8.

2. Notation. The matrices I, 0, Onxp are the n x n identity matrix and the
n x n and n X p zero matrices respectively. The symbol ® denotes Kronecker product,

the power of Kronecker products being used with the natural meaning: M°%® = 1,

Mo C -8 @ a1 Recall the important property that (A ® B)(C ® D) =

(AC®BD) for any matrices with compatible size. The spectrum of a square matrix M
is written o (M), and applying the operation Re to this set, one denotes by Reo (M)
the set {Res : s € ag(M)}: Reo(M) < 0 thus means that M is Hurwitz. The spec-
tral radius of a square matrix M is written p(M). The conjugate and transconjugate
of M, are denoted MT and M¥. N is the set of positive integers. By D is denoted
the closed unit ball in C. The unit circle is denoted as the boundary dD. By C+ is
meant the closed set of complex numbers with nonnegative real part. Last, the set of
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complex hermitian matrices of size n x n is denoted by H".

Let Jy, Ji € R¥*(*+D) be defined by

jk d:ef (Ik kal); jk d:ef (0k><1 Ik) .

These matrices will prove essential for polynomial manipulation. In particular, a
key property is that, for ul¥) € C¥ defined, for u € C, by

1
e def [0 (2.1)
uk:—l
one has
JpulFt = u[k], JeulF U = g lf (2.2)

Also, we will use the fact that, for any k& € N,

Jodis1 = Jidir1 = (Okx1 I Opx1) - (2.3)
Finally, one shows directly that, for any matrix M € CP*4, for any u € C,
Wt @ 1,)M = (I,  M)(uH @ 1,) . (2.4)

3. Polynomially parameter-dependent quadratic functions and their
evolution. In the study of system (1.1), a crucial role will be played here by the
search for parameter-dependent Lyapunov functions chosen within the following class.

DEFINITION 3.1. We call polynomially parameter-dependent quadratic function
(PPDQ function for short) any quadratic function ™ P(z)x on C" such that

k]

k
Mo . ® [+

L)YPE . . 04"0,), (3.1)
for a certain P, € H¥" ™. The integer k — 1 is called the degree of the PPDQ function
P.

Notice that the expression (z,[ﬁ] R ® ng]) gathers in a column all the monomials
with degree at most k — 1 in each of the components of z.

The following auxiliary result provides the derivative of a PPDQ function along
the trajectories of (1.1).

PROPOSITION 3.2. The derivative of the PPDQ function (3.1) of degree k — 1
along the trajectories of the system & = A(z)x is a PPDQ function R(z) of degree k
given by

p(z) &

Ri) g g g )R, (M g . 0 gL, | (3.2)

where Ry, € HETD™ " is defined as
m H
R def ((j;’@ ® AO) i (jém—z)@ ®Jp ® jlil_l)® ® A1)> P, (j;?@ ® In)

i=1

+(Jree In)T Py ((J,T® ® o) + i_n; (e he i Ai)>
3.

(3-3)
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and depends linearly upon P, € HF"™.
Proof of Proposition 3.2. Clearly, R(z) = A(2)" P(2)+ P(2)A(z). As an example,
let us evaluate P(z)A(z). One has
P)AR) =Moo zgk] L) PRGN .. ® z[k] ® I,)A(z)
=B e 0l e L) Pl A(z))(zi,’i] © @ @)
(due to (2.4))
= (257[5] QK- ng] (9 In)HPk (Ikm ® Ao)( [k] - ® ng] X In)

F(Iim @ ANEH @ @ 22N @ L)+ A (T @ A) zmz @ - @ M o 1)

and the second term in (3.3) is obtained by repeated use of the two formulas in (2.2).
d
To study systems with real parameters & = A(r)x, we use the change of variables
22 which maps D™ onto [—1;4+1]™. It turns out that the formulas are of smaller
size when one is directly looking for a Lyapunov function parametrized by z and not
by 7. The analogue of Proposition 3.2 for this case is given below, and its proof, using
the same techniques, is left to the reader:

PROPOSITION 3.3. The derivative of the PPDQ function (3.1) of degree k — 1
along the trajectories of the system & = A(zgg)x is a PPDQ function R(z) of degree

k given as (3.2), where Ry € HEED™ s now defined by

m H
1 m—i i— 7m
de:ef5<( ®®Ao)+§ (J( % @ Jp @ S 1)®®A)> Pk(Jk®®In)

r =

< Jre ®Ao P (Ji® @ ln) +
+ 5 (Jn ®®1) ((J,Q”®®Ao)+
2 <(j£”®®1")TPk (¢ @ 40) +

-

N
Il
-

N | =

N =

-

oo )

i=1

—

NE

1

.
Il

(3.4)

and depends linearly upon P, € HF" ™.

4. Main results. We are now in a position to state the main results of the
paper.
THEOREM 4.1 (Robust stability of systems with complex parameters). The fol-
lowing three properties are equivalent.
(i) The matriz A(z) in (1.1) is Hurwitz for any z € D™
(ii) There exists a PPDQ Lyapunov function x™ P(2)x for the class of systems
& = A(z)x with A(z) defined by (1.1), i.e. such that

VzeD", P(z) >0, R(z) <0,

where R(z) is defined by (3.2), (3.3).
(iii) There exist a positive integer k and (m + 1) matrices

P, e H*"™ and Qk,i € Hkm*iﬂ(kJrl)iil”, i=1...m,

(Jr° © 4) " B (J° @ du 0 S zn)>

(e e i en) B (i®e Ai)>
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which solve the following LMI:
Py > Opmy,

. F(m—1 T F(m—1
Ry + Z (Jli e g I(kJrl)i*ln) Qi (J,§ e g I(k+1)i*1n)

=1

- F(m—1 x T ~m—i -
- Z (Jli )® R Jp ® I(kJrl)ifln) Qk.i (J]g )® R Jp ® I(k+1)i71n) < O(k_l’_l)Tan ,
=1

(LMI,)
with Ry = Ry (Py) defined in (3.3).

Moreover, if (LMIy) with (3.3) is solvable for the index k, then it is also solvable
for all indices k' > k. Finally, if the matrices A;, 0 < i < m, are real, then the
statement holds with real, symmetric, matrices Py, Qr i, 1 <i < m.

The proof of Theorem 4.1 is given in §7.1.

From Theorem 4.1, one deduces in particular that, for any positive integer k,

(LMIy) is solvable = (LMIy/) is solvable for k' > k
= system (1.1) is robustly stable against any z € D" (4.1)

In other words, any of the conditions (LMIy) is sufficient for robust stability, and they
are more and more precise. Necessity of the condition is obtained asymptotically, for
large enough k.

The sufficiency result (4.1) is central, and turns out to be the “easy” part of
the proof. Before commenting further on Theorem 4.1, we provide indications on its
demonstration, leaving the details for the complete proof in §7.1.

Sketch of proof for (4.1). Left- and right-multiplication of the second inequality
in (LMI}) by (z,[,liﬂ] ®- - -®z£k+1] ®1I,,) and its transconjugate yields R(z)+ > .-, (1—
|zi|2)(z7[7]§] Q- - -®zz[k] ®z£’i1] Q.. .zgkﬂ] ®In)HQk7i(z,[ff] - - -®zz[k] ®zl[lil] Q.. .zgkﬂ] ®
I,) < 0,,. Indeed, this is a direct consequence of (2.2). Thus, R(z) < 0, if |z1| =
-+ = |zm| = 1, so the matrix A(z) is Hurwitz for all z € (D)™, and this may be
extended to the whole ﬁm; see the details in §7.1.1. This proves that solvability of
(LMI},) is sufficient for robust stability.

To prove that solvability of (LMIy) implies solvability of (LMIj41), one constructs

directly a new solution Pri1, Qr+1,1,---,Qkt1,m, by taking
f
Pk+1d:e Z (MM®"'®M1®In)TPk(Mm®"'®M1®In),
M;e{Jp,Jx}, i=1,...,m
def
QkJrl’i = Z (Mm®®M1®In)TQk,z(Mm®®M1®In>,
My € {Jis1, Jugp1}, L=1,...,i—1,

M, G{jk-,Jk}, l=1,..., m
fori =1,...,m. One then shows that the matrix Ry41 obtained from Py by formula
(3.3) verifies:
def
Rp1 = > (Mpy @ @My @ L) " Riy(My, @ - @ My @ 1)
M—;E{jk+1,jk+1}, 1=1,..., m

As a matter of fact, one may show that this amounts to multiply P(z) and R(z) by
(1+|21/%) ... (1 + |2mm|?) in (ii). Based on properties (2.3), (2.4), the two inequalities
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of (LMIj41) are then deduced from the inequalities of (LMI}), see details in §7.1.3
below. O

REMARK 4.2. Paradoxically, the positive definite PPDQ function ' P(2)x of
degree k — 1 formed from a solution of (LMIy) is not ensured to decrease along the
trajectories of the system. The argument developed above consisted in showing that
R(z) < 0, for z € (OD)™. As said before, thzs yields Hurwitzness of A(z) for z €
(OD)™, which implies the same property in D™ , basically by an analyticity result, see
§7.1.1. However, in general R(z) &£ 0y, for z E D™, unless Qk,i > Ogm—it1(hg1)i-1n
for alli = 1,...,m. In the case of a unique scalar uncertainty (m = 1), there is
no loss of generality to add this positivity condition on Qg1 in the LMI, see [5]. We
conjecture that the same remains true for m > 1.

In the case m = 0, the problem (LMIy) simply states that: 3P € H™, P > 0,,
AP 4+ PAy < 0,,. For m = 1, one gets the following family of LMIs indexed by
keN: 3P, € Hk", P > O, ﬂQk S Hkn,

(Ji ® AV Py(Je ® 1) + (Jo ® A Py(J), ® 1,)
+ (Je ® L) Pe(Ji ® Ao) + (j 1) Pu(Jr @ Ay)
+ (@ L)TQu (e © 1) = (Jo © L) Qi (Jk ® 1) < 0k 1yms
that is:
T @ L\ (I ® Ao) Py + Pl ® Ao) + Q. Pu(ly © A1)\ (Jr ® I,
(jk ® In) ( (I ® A1)H P, —Qs ) (jk o [n> < Okt1)n
(4.2)

For two parameters (m = 2), one obtains: 3Py € szn, Py, > Ogzp, Qi1 € szn,
Qs € HEGH,

(J2® @ A" PL(R® @ L) + (J2® @ 1) Pe(J3® ® Ao)
+ (Jr @ Jp @ ADEPL(J® @ 1) + (J2° @ L) Pu(Jy, @ Ji ® Ay)
+ (Jr ® Jy @ A) TP (J® @ 1) + (J2° @ L) P(Jy, ® Ji @ Ay)
+ (PP 9 L) Qa2 @ In) = (Ji © Ji @ 1) Qua (Je ® Jiy @ I,)
+ (ke @ Lernyn) " Q2 (Jk @ Lipyn) = (Jk @ Iegnyn) " Qra (T @ Ligayn)
< O(k41)2n »

or again

Jr ® Jk ® 1 (12 ® A1) Py —Qk1 Or2p,

(Jk Q Ji @ I ) ((Ikz R A)T P, + Pr(I}2 ® Ao) + Qi Pu(lz ® A1) Pu(l2 ® AQ)) (Jk ® Jr @ I,
Jk®Jk ® I, (Ik2 ®A2)HP]€ Okzn Okzn

N T a
Jr ® I(k+1)n) < Qk,2 0k(k+1)n> <Jk ® I(k+1)n)
4+ ’ = <0 n- (43
<Jk ® I(k+1yn Oprt1yn  —Qk2 Je @ Lkt1yn ()2 (4.3)
An interesting comparison may be made, concerning the simplest criterion, ob-
tained for k = 1. In the case m = 1, see (4.2), (LMI;) writes

AP+ PLAy + P A
P, =P >0, QI,IZQ{{U < 0t AHlPO @ 1) <o
141 —Q11

Jk®Jk®[
Je® e ® I,
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which matches the conditions for quadratic stability with D-scalings. For the case
m = 2 of two parameters, see (4.3), the inequalities are

H H H
Pr=P7" >0, Q11 =071, Q12=01,,

AP+ PlAy+ Qi1 PLAT PiAy 0,
Al py —Q11 0p 0y Q12 Oz
APy 0, 00 0n| T 0 —Qin) <"
0, 0, 0, On

where here the size of (1,2 is twice that of @);,;. This is clearly less restrictive that
the conditions obtained with D-scalings, namely

Pl = PlH > 07 Ql,l = Q{—{lv Q1,2 = Q{{Qa
AP+ PlA+Qia+ Qi PlAT PiA
Al py ~Qu1 0. | <o.
AP 0y, —Q1,2

For larger values of m, (LMI;) is obtained by introduction of the remaining multipli-
ers (01,5, along the same principles. The obtained conditions are related to, but less
conservative than, the ones obtained with D-scalings.

The result for systems with real parameters is analogous to Theorem 4.1:
THEOREM 4.3 (Robust stability of systems with real parameters). The following
three properties are equivalent.
(i) The matriz A(r) in (1.1) is Hurwitz for any r € [—1; +1]™.
(ii) There exists a PPDQ Lyapunov function xf P(r)x for the class of systems
& = A(r)x with A(r) defined by (1.1), i.e. such that

Vr e [-1;+1]™, P(r) >0, R(r) <0,

where R(r) is defined as in (3.2), with Ry given by (3.4).
(iii) There exist a positive integer k and (m + 1) matrices

P, e H*"™ and Qp; € HETT DT 1 m

)

which solve the (LMIy) with Ry = Ri(Py) defined in (3.4).

Moreover, if (LMIy) with (3.4) is solvable for the index k, then it is also solvable
for all indices k' > k. Finally, if the matrices A;, 0 < i < m, are real, then the
statement holds with real, symmetric, matrices Py, Qr i, 1 <i < m.

The proof of Theorem 4.3 is given in §7.2.

For m = 1 and m = 2 respectively, the two following families of LMIs are obtained:
P, € Hkn, P > Ogn, ﬂQk S H]m,

(e @ A0)" Pl ® 1) + § (s © AT Py © L) + (e ® A1) Pi(Jy © 1))
+ (jk & In)TPk(jk ® Ao) + % ((jk ® In)TPk(jk ® Al) + (jk ® In)TPk(jk & Al))

+ (Je ® L) " Qu(Ji @ 1) — (Ju ® L) " Qi (Ji ® ) < Ojsayn
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and: 3P, € szn’ Py > Ox2ns HQk,l S Hana HQk,Q S Hk(k+1)na
(J2 @ Ao) Pu(JE® @ L) + (JE° @ L) Py (J3° @ Ay)

(I @ ANIP(J @ Ji @ 1) + (Jp @ Jiy @ AP PL(J2® © I1,)

. (

30 )+ )

+ 1 (2 0 )P ® Tk @ L) + (Jo @ Ji ® A P(JE® @ 1))

(0 )+ ( )
)

Je ® Jp @ L) Pe(J2® @ A T2 @ L) Pe(Jp @ J, @ Ay)

N[=

+1 ((J,c ® Jp ® L)T Po(J2® ® Ag) + (J22 @ 1,)T Pu(Ji, ® J, ® Ay
+(JP L) Qui(JP @ 1) — (Jp © Jo ® L) Qur(Jp @ Jp @ 1,)
(Jk®f(k+1 )T Qk Q(Jk®l(k+1) )= (Je @Ik 1yn) " Qr2(Jk @ It1yn) < Ogrt1)2n -

Forms similar to (4.2) and (4.3) may be obtained. For k =1, m = 1, one gets for
the LMI defined in Theorem 4.3:

AP+ PiAg+ Qi 5(A P+ PLAY)
P:PH>0, _ H, o P 140 1 3\ <0,
X i Qi1 =Q1; < LAY P+ P AY) —Q11

to be compared to the condition obtained by DG-scaling;:

H
P =Pl >0, D=D" G+G" =, (A0P1+P1A0+D P1A1+G) Y

Alp 4+ GgH -D

One may verify that there is no loss of generality to take G = $(Af Py — PiAy) in
the latter inequality, so the two criteria are equivalent. The formulas for larger m are
obtained similarly to the complex case, they provide also tighter sufficient conditions
than the ones based on DG-scaling.

Theorems 4.1 and 4.3 are easily adapted to treat the mixed complex/real case.
The result is not stated completely here, for sake of space. As an example, for stability
analysis of Ag + zA; + rA,, for a complex parameter z and a real parameter r, both
of norm less or equal than 1, the cr%terion is based on the following family of LMIs:
3P € HE™, Py > Ojen, 3Qu € HE T, 3Q,0 € HEFH,

(J22 @ Ag)H PL(J2° @ I,) + (Jp @ Jp @ A1) HPL(J2® @ 1,,)
+1 (U2 @ 4) P @ i @ L) + (i @ Ji @ ) P2 @ 1))
+ (jlf® ® In)TPk(JE@ & AO) + (j1§® o2 In>TPk(jk ® jk ® Al)
+1 ((Jk @ J @ L) T Pu(J2® ® Ag) + (J2° @ L) Pu(Jy, ® Jip © AQ))
+ (PR L) Qi (S @ 1) — (Jr @ Jk @ L) Qi (Jr @ Jr ® I,,)
+ (T @ Ik 1yn) " Qr2(Je @ Ies1yn) — (Jk @ Ly 1yn) " Qre2(Jk @ I 1yn) < Oh1)2n

The robust stability of a polytope of matrices is now addressed, by reduction to the
problems solved in Theorem 4.3. Consider, for m + 1 fixed matrices B,...,Bpy41 €
C™*"_ the class of systems

i =Bz, B (Bo,B1r....Bm) BB BeBo+ BB+ .. BB . (4.4)
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Define the polytope P! def {BeR™ 3 >0, fo+--+ B =1}

COROLLARY 4.4 (Robust stability of real convex polytopic systems). The follow-
ing three properties are equivalent.

(i) The matriz B(3) in (4.4) is Hurwitz for any 8 € P™+L
(ii) There exists m +1 PPDQ functions 2" P;(8)x, i = 0,...,m such that

P(B)>0,i=0,...,m

m+1
VB eP , B(ﬁ)HParg max G (ﬁ) + Parg max 8 (ﬁ)B(ﬁ) <0.

(iii) For each wvalue of i = 0,...,m, there exists a positive integer k for which
k) Wi k defined in (3.4) is solvable, wi
LMI ith Ry, d d in (3.4) is solvabl ith

Ay = B %Z

m
def
j=0,j#

B (A An} = {%Bj :j;éi}. (4.5)

Proof of Corollary 4.4. Let for example maxo<i<m B; = Bo > 0, write

B(B) = (BO+ ZB+ Z<2—1> )

Remark that the map [0;+1] — [-1;+1], u — 2u — 1 is one-to-one. For any fixed
value of ¢ = argmax ; (take any value if the maximum is attained for more than
one index), property (i) is thus equivalent to robust stability of # = A(r)x with the
definition of Ay, A1,..., A, given in (4.5), and it is possible to apply Theorem 4.3.
For any fixed i = argmax 3;, a PPDQ Lyapunov function is found as a function of

T def —142p;/ max 3;, j # i, and may be expressed with respect to 3; after adequate

change of the coefficients. d

Application of Theorem 4.3 thus provides for this problem too a family of sufficient
conditions for robust stability, whose conservatism vanishes asymptotically: m + 1
families of LMIs are found, such that robust stability of (4.4) is equivalent to the
solvability of at least one LMI in each family. Clearly, this approach amounts to the
search for a piecewise PPDQ Lyapunov function, chosen, in m + 1 quadrants of the
parameter space, according to the value of max ;.

5. Numerical example. Consider the following example. Let n = 3,

12 -7 7 01 0 1 2 0
Ag=[-11 —-13 —5], 4, =1 0 2|, 4,=|-3 -1 0
-2 9 -8 030 -1 0 0
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We evaluate the following robustness margins:

def

Oy = sup  Reo(Ap + 2141 + 2242),
(21122)652
def
o P— sup Reo (Ao + zA; +rAs),

(z,r)€DX[-1;+1]

ef
Qpy = sup
(r,2)€[—1;+1]xD

Re O'(AO —+ TAl —+ ZAQ),

a, def supReo(Ap + z(41 + A2)),

z€D
def
Ay = sup Rea(Ag +r1A; +1r24z),
(r1,m2)€[=1;+1]2
def
ar = sup Reo(4o+r(4; + A43)) .

re[—1;+1]
Clearly, the latter quantities are linked by the inequalities:

Qzz > Opy Qpy > Qpp > @, and o, > @z > ap . (5.1)

We use the previously presented LMIs to find, for each uncertainty structure, the
least real number « such that A(z) — al,, is robustly stable. For each integer k and
for each value of a, a convex problem is solved, but the problem is not jointly convex
in the four unknowns Py, Qk,1, @k,2 and «, so a bisection process is achieved.

The computations presented here have been performed using the package 1mitool
of the free software SCILAB. The successive (upper) estimates of the robustness mar-
gins, according to the value of k, are given in Table 5.1. Between parentheses is given
the CPU time necessary for the solution of the LMIs (for the corresponding values of
a and k), measured on a computer equipped with a Pentium IIT 800MHz.

oz | Ozr oz
k=1] -2.42 (0.2s) | -3.17 (0.2s) | -2.42 (0.19s)
k=2 | -3.87 (7.63s) | -4.57 (9.73s) | -4.46 (7.84s)
052 QTT QT
k=1 ] -3.24 (0.06s) | -3.17 (0.25) | -3.24 (0.07s)
k=2 |-4.14 (0.23s) | -5.24 (10.1s) | -5.39 (0.26s)
k=3 -5.41 (0.65s)
TABLE 5.1

Succesive estimates of the margins and corresponding CPU times.

The values are compared to those obtained by checking directly the robust sta-
bility by means of gridding of the parameter space, which are presented in Table 5.2.
Due to the small size of the problem, small computation times are required.

One verifies that, for each margin, the successive estimates are nonincreasing
functions of k, and that the inequalities corresponding to (5.1) are fulfilled for any
value of k. In the present case, the tests achieved for k = 2 provide these true values
up to three digits, except for . (k = 3).

In principle, the previous numbers may also be determined using the fact that

a., =inf{a €R : Yw e R,Va € (o;+00), pua(Gjw+a')) <1},



12

PIERRE-ALEXANDRE BLIMAN

Number of nodes

in parameter space Qs Q. Qry
10x10 -3.93 (0.02s) | -4.63 (0.02s) | -4.48 (0.02s)
100x100 -3.88 (1.67s) | -4.57 (1.68s) | -4.47 (1.66s)

aZ a’l"’f’ a’l"
10x10 -4.15 (0.01s) | -5.24 (0.01s) | -5.42 (0.01s)
100x100 -4.15 (0.02s) | -5.24 (0.84s) | -5.42 (0.01s)

TABLE 5.2

Succesive estimates of the margins by gridding and corresponding CPU times.

I,
I,
{diag{z11,; 22I,} : z; € C}. Similar formulas hold for the other margins. Define the
constants

where G(s) def (sIn - Ao)_1 (A1 Ag), and for the uncertainty structure A =

a f i {d€R : Yw e RV € (a; +0), 7(G(jw + ') < 1},
[P def o {a€R : Yw e R,V € (a;+0), va(G(jw+a)) <1} ,

where A is the same set than above, and @ and va denote respectively the largest
singular value and the usual upper bound of ua [16]. Based on the properties of va
[16], one has a,, < @,, < @. The results of the estimation of the previous constants,
based on the underlying LMI problems, are summarized in Table 5.3. As before,
between parentheses is indicated the CPU time necessary to check that, for a fixed
value of a, 7(G(jw + a)) < 1 (respectively va(G(jw + «)) < 1) for a discretized
sample of frequencies w on the real axis. Tighter discretization, not reproduced here,
shows that the values obtained for 1000 gridding points are the true values of the
extrema @ and @,,. Recall that the estimate «,, obtained by use of Theorem 4.1 for

Number of nodes @ sy
in frequency domain
100 -0.241 (0.43s) | -1.30 (0.84s)
1000 -0.151 (5.22s) | -1.21 (7.96s)
TABLE 5.3

Succesive estimates of the margins upper bounds and corresponding CPU times.

k = 2 is exact (up to the precision considered), while @ and @, provide conservative
robust stability margins. For this simple example, the gain in precision is clear, for
comparable computation time.

6. Comments on the results. The results stated in §4 permit a systematic ap-
proach to the study of parameter-dependent quadratic Lyapunov functions for robust
stability: a class of candidate Lyapunov functions is exhibited (given in Definition
3.1), rich enough to characterize robust stability, but structured enough to permit
the use of LMI tests. In our opinion, this offers a useful insight into the powerfulness
of quadratic Lyapunov functions for stability analysis. Similarly, it provides informa-
tion on the kind of problems solvable by LMIs: the issue of robust stability analysis
is located “on the boundary” of these problems, as it may be relaxed with arbitrary
precision into a standard LMI, obtained explicitly. In this sense, the results given here



A CONVEX APPROACH TO ROBUST STABILITY 13

constitute an attempt to investigate in more detail the abilities of the LMIs, which
have become, in the last decade, a unifying framework for expressing and solving
many problems in control theory.

We believe that, beyond their theoretical interest, the proposed results may offer
attractive numerical alternatives for robust stability analysis, at least for problems of
low order. The construction of the LMIs involved is reasonably simple, using only
elementary algebraic operations. For a given value of k, their complexity is polynomial
with respect to the dimension n of the matrices, and exponential with respect to the
number m of scalar parameters. More precisely, the total number of scalar elements of
the unknowns Py, Qp.1, - - -, Qr,m in (LMI) is $[E™n(k™ + 1) + > oyepn K™k +
1)1 (k™= (k +1)"=! 4 1)], which is equivalent to 2 k*"n? when k — +o0, while
the number of rows of the inequalities involved is [k + (k 4+ 1)™]n, which is of the
order of 2k™n when k — +oc.

A quantitative evaluation of the relationship between the size of k and the pre-
cision of the criteria, should be considered as a natural next step in forthcoming
research. In the general case, however, when no special matrix structure exists for
the system under study, the growth of the value of k needed to check robust stability
of a system cannot be polynomial in the worst case. The effective use of large values
of k hinges upon the possibility of intensive computation and use of large memory.

The method for robust stability analysis proposed here may be compared to the
one consisting in checking stability in every node of a grid of the parameter space.
Both methods are able to provide less and less conservative criteria — when the dis-
cretization step goes to zero, or when the degree, with respect to the parameters, of the
underlying parameter-dependent Lyapunov function goes to infinity. Both methods
are exact, in the sense that they provide asymptotically arbitrarily precise estimates of
the true stability margins. The gridding method, however, offers successive (less and
less) optimistic estimates, whereas the other one provides (less and less) pessimistic
indications, usually more useful in practice.

Also, both methods are, in the present state of knowledge, computationally unde-
cidable: no information is known on the size of the least k, if any, for which the LMIs
are solvable (in other words, of the largest k& which is necessary to test numerically to
decide whether the system is robustly stable or not). This is an important question,
both from theoretical and practical point of view. Some numerical experiments (see
§5) indicate that small values of k often yield correct answers.

Finally, recall that ensuring robust stability analysis is equivalent to checking that
a certain structured singular value is less than 1. In consequence, the results presented
above may be as well seen as providing a family of more and more precise upper bounds
for these special-structured singular values. In a future work, the extension of this
to the general case of structured singular values with repeated scalar blocks will be
investigated. Indeed, it may be reasonable to employ these new upper bounds in a
branch and bound algorithm [3], in place of the usual ones.

Alternatively, in the case of real parameters, a possible way to consider problems
of larger size rests in the combination of decomposition of the parameter domain
and resolution on each subdomain by use of low-order test. This should permit to
find a compromise between the number of independent LMIs to be solved (equal to
the number of subdivisions) and the computational complexity (due to high degree
of the underlying parameter-dependent Lyapunov functions). When coupled with
decomposition in the parameter space, one may expect a better fit of the proposed
method than the direct use of Theorems 4.1 and 4.3, at least for problems of medium
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size.

7. Proofs. The following decomposition of the matrix Ji, defined in 82 will be
used

Je= T Opx1) = (fx Fr) ,

def 1 def (01 (k—1) 0 )
le R . 7.1
T <O(k1)><1) ¥ < I—1 Og—1)x1 (7.1)

The size of the previous matrices is f : k X 1, Fy : k X k, and the spectrum of F}, is
{0}. Simple computation shows that, for any z € C, (I — zF})z¥ = f, that is

where

(Iy — 2Fp) "1 fp = 2% (7.2)

Another useful property is the fact that, forany i e N, 0 <i <k — 1,

) N , (il [ k1]
iT k] _ O(kfz)xz Iy _Z ) _ i <
b ( 0; Oix(ki)) <212[kz]> : <0i><1) ' (73)

7.1. Proof of Theorem 4.1. We now prove Theorem 4.1. The proof of the
equivalence between the properties (i), (ii) and (iii) consists of three main stages, that
we now present, and which are detailed below in §§7.1.1 to 7.1.3.

1st stage. We detail here the ideas given in the Sketch of proof of formula (4.1).
We show that the computations proposed there permit to establish that solvability
of (LMIy) implies solvability of (1.2) for all z € (0D)™. It remains to show that this
implies however Hurwitzness of A(z) for any z in the whole set D™. This gives the
implication (iii) = (i).

2nd stage. The 2nd step establishes that the robust stability property (i) implies
that the parameter-dependent Lyapunov inequality (1.2) admits a solution P(z) of the
form (3.1), for a certain k € N, with Py, positive definite. For this, one shows essentially
that the associated Lyapunov equation A(z)" P(z) + P(2)A(z) = —I,, admits as a
solution an infinite sum of powers of z, Z, converging uniformly in D™. It then suffices
to truncate this expansion to obtain a polynomial solution (of unknown degree) to
inequality (1.2). The corresponding coefficient matrix Py is positive semidefinite by
construction, and some more work is necessary to obtain an expression with a positive
definite matrix. This gap is filled in in Lemma 7.1. As a by-product, the implication
(i) = (ii) is obtained here.

3rd stage. At this point, (i) has been shown to imply existence, for large enough
k, of a certain Py, > 0 such that R(z) given by (3.2), (3.3) is negative definite for any
z€D™. The next step (Lemma 7.2) is the key part of the necessity proof. It consists
in showing that R(z) < 0 for all z € (D)™ 4f and only if the second inequality in
(LMI}) holds. This is done by applying recursively D-scaling with respect to each
of the parameter z;. At each step, a new matrix, depending upon the remaining
parameters z;i1,...,2m, is introduced. The latter may be assumed polynomial in
the previous parameters and their conjugates (this is deduced from a general result
on existence of polynomial solutions to parameter-dependent LMIs, Theorem 7.3),
with coefficients defined by a constant matrix, which is precisely the variable Qy ;
of (LMI). The transformation carried out by this procedure is not restrictive, as
the scaling technique (the Kalman-Yakubovich-Popov lemma, recalled in Appendix
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A) is lossless for one complex parameter. This yields the implication (ii) = (iii).
Incidentally, we prove at this stage that the solvability of (LMIy) implies the same
property for largest indices.

When the coefficients are real, then the polynomial solutions exhibited above are
easily proved to be real too, basically due to the remark on realness given after the
version of Kalman-Yakubovich-Popov lemma recalled in Appendix A.

7.1.1. First stage. Suppose (LMI}) holds. As suggested in the Sketch of proof

of formula (4.1), left- and right-multiplication of its second inequality by (z,[,’i“] ®

@A @ 1,) and its transconjugate yields R(z)+ S (- 1z (g0

zl[li"{l] ®... zgkﬂ] ® In)HQkﬁi(zgf] ® - ® zz[k] ® zl[li—i{l] ®... zgkﬂ] ® I,,) < 0,. Indeed,
this comes directly from the fact that, due to (2.2), for any i = 1,...,m,

(j]gmfiJrl)@ ® I(k-i—l)i*ln) (ZL]?LH] R @ Z£k+1] ® 1)

(K]

i

[k+1]

= Mo eele.  AMer,),

(‘]Alg77%71-)® ® jk & I(k_ﬁ_l)ifln) (zy?fb"'l] R ® ZEkJFl] ® In)

= zi(zgfb] X zz[k] & zz[litl] .. .zEkJrl] ® Ip).
Thus, R(z) < 0y if |z1] = -+ = |zm| = 1, so the matrix A(z) is Hurwitz for all
z € (0D)™.

The remaining argument is based on a subharmonicity and continuity argument.
Using the fact that the map Ct U {oo} — D, s, + (1 —s,)/(1+s,) is one-to-one, one
proves [7] that

max p(eA(z)> = sup p(eA0+(1fsl)/(1+sl)A1+~-~+(1fsm)/(1+sm)Am)
zeD™ seCt™
A0+(1751)/(1+51)A1+---+(175m)/(1+sm)Am)

= sup ple
sEGR)™

_ Ay
L pen)

As a consequence, if all the matrices A(z) are Hurwitz for z € (9D)™, then the
previous expression is less than 1, and the same property holds on the whole D"
This shows that (iii) implies (i).

7.1.2. Second stage. Property (i) implies solvability of (1.2) for each z € D",
which, as is well-known, is equivalent [30] to the solvability of the (Lyapunov) equation

P(2) > 0,, A(2)P(2) + P(2)A(2) = — 1, . (7.4)

Now, when (i) holds, the latter has a solution analytic in z, z in D". Indeed, when
A(z) is Hurwitz, the explicit form of the solution of (7.4) is given by

+00 -
P(z2) :/ eAE Tt AR gy
0

When A(z) is Hurwitz for any z in the compact set D™, the convergence of this
integral in ¢t = 400 is uniform with respect to z, so there exists 7' > 0 independent of



16 PIERRE-ALEXANDRE BLIMAN

z, such that P(z) defined now by
T H
P(z) = / A AR gy (7.5)
0

is positive definite and solves inequality (1.2) in D".

Expanding the integrand in powers of the z;,Z;, 1 < ¢ < m, and interverting the
sum and the integral, one exhibits an expansion of P(z) in powers of z, Z, converging
uniformly for (z,¢) € D™ x [0;T]. More precisely, let Mj, : [0;T] — C™**"" be such
that M} (t)(zgi} R ® zgk] ® I,) represents the terms of degree less than & in each of
the z; in the expansion of eA(*)t. Then,

T
/ eA@ AR dt = lim e . oM hWe -0 MeI,) (7.6)
0 — 100

with uniform convergence in D", where P, € H*"'™ is defined by

p, def /T My, ()" My (t) dt >0 . (7.7)
0

Now, this implies that, for large enough k, (zL’ﬂ ®--® zgk] ® In)HPk(zL{f] ®®

ng] ® I,) solves inequality (1.2) in D"". This provides a PPDQ Lyapunov function
for (1.1), but not the desired one, as the matrices Py, are only positive semidefinite
(except P; = P(0), which is positive definite).

Let instead, for the matrix Fj, defined in (7.1),

k—1
PE Y (Freo o oL)P(F e o F o). (7.8)

LEMMA 7.1. The matriz P, € H*"™ defined in (7.8) is positive definite and, for
large enough k € N, (zyi] ® - ® ng] ® In)HPk(lei] ® - ® ng] ® I,) solves (1.2) in
D"

Proof.  We begin by the positivity property. Note first that P, > 0, because
15k > 0. Let u € CF"" such that u? Pou = 0, let us establish that this implies
u = 0. In view of (7.8), and thanks to the fact that P, > 0, this implies that:
VO<ig,.oooim<k-—1,

W (Fim @ @ F' @ I,)Py(Fim @ -+ @ F{* @ I,)Tu = 0. (7.9)
First, notice that for any integer ¢, k, : < k, all the terms of degree less than k —1
in eA(*)* whose total sum is Mk_i(t)(z,[ﬁﬂ} ® --® zgkﬂ] ® I,) by definition, are also

present in My, (t)(z,[fﬂ Q- ® ng] ® I,,). At the level of the matrices Py, this property

reads as

T
5 Tie—i Ti—i 5 Ti—i Ti—i
(e ) o) (G oo ) o0) |
Oix (k—4) O (k—0) Oix (k—4) O (k—0)
(7.10)

I

Oix (k—0)
larger than k — 7 — 1, which are replaced by zero. Remark also that, for i’ <1 < k,

FiT — (O(k—i)xi Ti—i ) _ ( Tp—ir ) (O(k—i)xi Ti—i ) RENCATY
0; Oix (k—0) Osr (k=) ) \Ogi—inyxi  O@i—ir)x (k—4)

Indeed, for z € C, ( ) 2F=1 is equal to z*, except for the terms of degree
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Putting now i3 = -+ = 4, = k — 1 in (7.9) and using identity (7.11) with
i =14 =k —1and (7.10), one deduces first that

= 2
lel/2 ((le(k—l) 1) ®-- (le(k—l) 1) ®In) UH =0,

ie., as P >0,
(01 (k-1 1)®-~~®(01X(,€,1) D@lL)u=0. (7.12)

Taking then iy = k — 2,ip = -++ = i, = k — 1 in (7.9), using (7.11) with
t=it=k—2and i =k—2,i=k—1, and then (7.10), yields

~1/2 01 k—1 1 01 k—1 1

’PQ ((02><(k—2) 12) ® (Oliik—li O) ®--® (Olizk—li 0 @1 Ju

Now,

. O1x(i_1) 1 Oixr—1) 1

P1/2(0 T ®(1X(k 1) )@...@(“(k D )®In)

2 ( 2x(k=2) 2) O1xk—1) O O1x(k-1) 0O ‘
~ Orx(s_oy 1 0 O1x(k—1) 1 O1x(r—1) 1

p1/2<< 1x (k=2) )@(“(’“ b >®~~®<“<’“ b >®In)
2 \owi—ey 0 0) “ 00egees) 0 Oxhot) 0 '

5 Oyniroty O O1x(r_1) 1 O1x(k—1) 1
+ P1/2 << 1x(k—1) ) ® < 1x(k—1) ) R ® ( 1x(k—1) > ®In>
2 O1x(k-1) 1 Oix(p-1) 0 Ox (k-1 0 ’

(by linearity)

~ 0 _ 1 0 0 _ 1 0 _ 1
:Pl/Q(( 1x (k—2) )®(1><(k 1) )®.“®(1><(k 1) )®In)
2 O1x(k-2) 0 O O1x(k-1) O O1x(k-1) O “

(due to (7.12)) ,

2
=0.

and, thanks to (7.10),

~ 0 _ 1 0 0 _ 1 0 _ 1
pL/2 (( 1x (k—2) )®( 1x(k—1) >®“.®( 1x(k—1) )@In)
H 2 O1x(k-2) 0 O O1x(k-1) O O1x(k-1) O “

=B (O 1 0@ Oy D @@ Oy D@ )uf

The last term is thus null, due as before to definiteness of P, so one concludes that
((O1x-2) 1 0) @ (Orxg—r) 1) @@ (Orxg—ry 1) @Ln)u=0.
Carrying on in this way, one shows that all the components of u, taken n by n, are

null. Thus, u Pyu = 0 implies v = 0, so Py > 0, for any k& € N.

e We now show that, for large enough values of k, P, defined in (7.8) generates a
PPDQ function fulfilling the requirement of (ii). For this, let us first establish that

1

lm @ !
k=t Iz 12 [lzm |2

= lim Mo 0 Mer)ib:Me oM, (713)

k— 400
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where both limits are uniform in D" . The second limit is already known to exist, and
to be equal to P(z) in (7.5).
From identity (7.8) one deduces, thanks to (7.3), that

(e o o) PERe oo
H

= 0 oi {{ i k=il _(( lhin] k=il
= > |zl|“...|zm|“n<<m >®~-~®<1 )®In) Pk<<m >®~-~®<1 )@In).
A 04, %1 0i,, x1 0i,, x1 04, %1

As
k—1 . .
T e P ECE BT R PGS
i1 yeenyim =0
we get
1702 B 2Pe) - W e e e L) TR e 0 o 1)

k—1

>l | PG)

i15eeyim=0

() e )y (o= (0) )
_ m ® .. ® ® n m ® . ® ® n
0;,,x1 0i; <1 * 0i,,x1 0i; <1

Now, uniform convergence of the right-hand side of (7.13) yields: for any & > 0, there
exists k. such that, for any k > k., for any z € D",

(7.14)

K

1P(z) — (¥ @ ® 2 M

L)VIPH® .4 "0L)| <c.

Distinguishing between the terms for which max{i1, ..., iy} < k—k. and max{iy,...,im} >}
k — ke, allows to show that the norm of the left-hand side of (7.14) is bounded from
above by
k—1
el A 20 D e P
1y 5tm =0

max{ii,...,im} >k — ke
In the previous expression, c is defined as
. . H . .

o[ ) oo (G o) 2 (G0 e () o)
¢ = max m ®---@ (1 ®I,] B m ®---@ (1 ® I, :
{H << 04, x1 0i1x1 * 0i,, x1 0iy x1

z2e€D" i1, im gk,k;eN} .

The constant c is finite, because, when i; — 400, 1 < j < m, the expression inside
the norm converges uniformly in D" towards P(z), which, being continuous, is itself
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bounded. On the other hand, for any z € C™,

k—1

PR TN E
i1, . im =0
max{i1,...,im} >k — ke
k—1 k—ks—1
D E O N L N -1 R A L
Tlyenny ’LmZO il ..... ’LmZO
k k—k. — k.
= [l2702 2 = g
k k—ke k
= (12 = b ) gz 2t
k—ke. k—ke ke
oo TR TR (T )
[k] 2 [k*ka] 2
b 12292 — 1)
< mllz 27 max S
I L
11202 v ve ot 2|20k —1)
— mll e ek L L ]2

[k]||2 .

It turns out that, uniformly in ﬁm, the following estimate holds:

1
HH@— T e e @ L) P e - 0nl L)
21117 - - - 2
1 — ke
< e+ 2mec sup ph—ke Tk ,
ref0;1) L—r

provided that k& > k.. Notice that, for any fixed k., the quantity

1 — ke
sup rk ke 1 5
ref0;1) -r

vanishes when k goes to infinity. Thus, for large enough £, it is smaller than ¢/2mc
and then, for any z € D™,

1
HP(Z) Me - eolen) pEle oMerl)| <.

- k k
(Bl R

This achieves the proof of the announced convergence property (7.13).

As a consequence of (7.13), the truncated expression W(m@ ® - ®
zq lzm

ng] ® In)HPk(zyfb] ® - ® ng] ® I,,) solves (1.2) for large enough k, and = (z,[fﬂ ® - ®
zgk] ® In)HPk(z,[ﬁ] ® - ® zgk] ® I,)x with Py > 0 is also a PPDQ Lyapunov function
for (1.1). This achieves the proof of Lemma 7.1. o

As a conclusion of this second stage of the proof of Theorem 4.1, we have shown
until now that property (i) is equivalent to (ii), in which moreover the hermitian Py

defining P(z) may be supposed positive definite without loss of generality.
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7.1.3. Third stage. This part is achieved by induction. Consider for any
i=0,...,m, the following

Property (P;): 3k € N, 3P, € HF"", P, > 0, 3Qp; € HF" 70+ 0 i =1
v(zi+17 ey Zm) S (8]]))7”_1,

eyl

H
(Zv[yliﬂ] Q- Zz[ﬁl] ® I(k+1)in)

i o T (e
Ry + Z (J,i I+ ® I(k+1)jf1n) Qk.j (J,i I+ ® I(k+1)jf1n)

Jj=1

L B T I B
- Z (J,ﬁ"‘ D2 J® I(k+1)j—1n) Q. ; (J;i N® @ J® I(k+1)j—1n)

j=1

(ZT[I:LJFH K- & Zl[i—il_l] ® I(k_;’_l)in) < O(k_;’_l)in .

In the previous expression, the matrix Ry = Ry(Py) is defined in (3.3). One
verifies easily that (Py) may be as well expressed as: there exists P(z) as in (3.1) such
that P, > 0 and R(z) defined in (3.2), (3.3) is negative definite for all z € (9D)™.
Property (Py) is thus a consequence of (ii) (see §7.1.2), while in parallel (P,,,) writes
simply: there exists k € N such that (LMI}) holds, that is (iii).

In order to prove that (Pgy) implies (P,,), we establish the slightly stronger fol-
lowing result.

LEMMA 7.2. Foralli=1,....m—1, (P;) & (Pit1).
Proof of Lemma 7.2. First, remark that,

(Z[kJrl] ®--0 e I(kﬂyn)

%

= (bt @25 @ Tpgayonn ) (2517 ® Tgayin)

Tieatyin
Zyrf—i_l] D ® Z[lrgl] ® I(k+1)i+1n) ( (k+1)

1
the last identity being obtained after writing zl[]fl’l] = ] | and using (7.2).
Zit1%i41
Applying Kalman-Yakubovich-Popov lemma as recalled in Appendix A, with p =

k(k+1)n,g=(k+1)in, A=F,® Iit1)in, B = fr @ I(j41)in, and remarking that
the following identities hold:

(B A) = jk @ L(kt1)in; (Opxq Ip) =Jy® Itkt1yin

property (P;) is proved to be equivalent to: Ik € N, AP, € H*"'" P, > 0, 3Qy,; €
HETT R G = 1Y (Zigas e 2m) € (OD) T 3041 (Zig2, - - Zm) €

—1
Zir1 (Tne1yin — Zit1 (Fk © Ig1yin)) - (Fr © Lg1yin)

).
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Hk(k-i—l)in,

H
(Z7[71§+1] ® - ® 0 I(kﬂ)in)

i o T (e
R+ (Jzim D8 o I(k+1>f*1n) Qr.; (Jzi D8 o I(k+1>f*1”)

j=1

IR 3 T I .
- Z (J,ﬁ"‘ D2 J® I(k+1)j—1n) Q. ; (J;i N® @ J® I(k+1)j—1n)

j=1

(Z’I[7]’€L+1] R® Zz[ﬁ_'gl] ® I(k+1)in)

. T . . . . .
+(Jk ® I(k-i—l)in) Qi1 (Jk ® I(k-',—l)in)_(Jk ® I(k-i—l)in)T Qrit1 (Jk @ Ipy1yin) < Oggryicay, - I

The next step consists in assigning polynomial form to Q;“-H. This is done with
the help of the following general result, proved in Appendix B, and which, up to our
knowledge, is original.

THEOREM 7.3. Suppose Go,Gh,...,Gp are continuous mappings defined in a
compact subset K of R™, and taking values in the set of symmetric matrices of R™*™.
If, for any 6 € K, there exists a solution x(0) € RP to the parameter-dependent LMI

3z € RP, G(z,8) W Go(6) + 21G1(8) + -+ 2,Gp(8) > 0, (7.15)

then there exists a polynomial function x* : K — RP, such that, for any § € K,
G(z*(),9) > 0.

REMARK 7.4. Incidentally, one may wonder why Theorem 7.3 was not used in
§7.1.2, in order to get a polynomial expansion of P(z), see formula (7.6) above. The
reason is that semidefiniteness of the matrices Py as given by (7.7), which cannot be
obtained by Theorem 7.3, was a crucial point to carry on the second stage.

Notice that any LMI depending upon a finite number of scalar parameters may
be put under the form (7.15).

By use of the previous result, Q;murl (#zit2,- .-, 2m), being solution of a LMI contin-
uous with respect to the parameters (z;42, ..., 2m) in (0D)™ "1 (seen as a compact
set in RQ(m_i_l)), may be chosen polynomial in the real and imaginary parts of the
zi, or as well in the z;, z;, that is

- ~ H _ .
~ i k
Qriv1 = (27[5] ® - ® 21[4-]2 ® Ik(k+1)in) Qiv1 (27[7]?] Q- ® Zz[—i-]2 ® Ik(kJrl)in) ’
o v (7.16)
for certain degree k — 1 and coefficient matrix Q; ,,, € R T (k)
A priori, the integers k and k are different. If k& < k, one may as well suppose

that k = k, enlarging the coefficient matrix Qi1 by addition of zeros. If k > k, one
shows now that k£ may be as well replaced by k + 1. For this, define

f
Prpr 3 (Myy ® -+ ® My ® L) Pu(Myy @ --- @ My ® 1),
M;e{Jp,Jx}, i=1,...,m
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and, for j =1,...,4,

def
QkJrLj :e Z (Mm®"'®M1®In)TQk,j(Mm®"'®M1®In)v
My € {Jit1, Jega}, 1=1,...,5 = 1,
M, G{Jk,Jk}, l=3,..., m
- def -
Qk+1,i+1 = Z (M, @+ @My @ 1) Qpiv1i (M, @ ---@ My ® I,).
M; € {jk+1,Jk+1}, j=1,..., i,

Mj e {Jn, Ju}, §=i+1,....,m

One first shows that the positivity of Py implies positivity of Pxi1: for any u €
CE+D™n guch that uHPkHu = 0, one has Pkl/2(Mm ® QM ®I,)u =0 for any
M; € {Jy,Ji},i = 1,...,m, and this implies that u = 0, whence the positivity of
Py11. One then shows that the matrix Ry obtained from Pyy; by formula (3.3)
verifies:

Ryt def Z (M, @+ @ My @ L) Riy(My, @ - @ M1 ® I,) .

Mi€{Jpt1.dut1}, i=1,...,m

This requires cumbersome but straightforward calculations, using property (2.3). A
new set of matrices verifying property (P;) has thus been generated, with index k+ 1
instead of k. Remark that otherwise, the degree k — 1 in the unknowns Zid2y -y Zm
of the new matrix QkJrLiH is the same than for Q;“-H. It thus suffices to repeat this

operation to obtain a solution with k = k. Finally, up to a possible increase of k, one
may always suppose that & = k in the decomposition (7.16) of Q. it1-

REMARK 7.5. Applying the previous argument to (Py,) proves that solvability of
(LMIy) implies the same property for the larger values of the indez, as announced in
the Sketch of proof of formula (4.1).

It now remains to achieve some matrix manipulations. Using the following for-
mula, obtained by use of (2.4),

(27[51 R ® Zl[lj_g ® Ik(kJrl)in) (jk ® I(k+1)in)

= (Ikmfifl &® jk & I(kJrl)in) (Z,[s] Q- ® Zz[li]g & I(k+1)i+1n)

- (j]gmfi)® ® I(Hl)in) (Zﬂf“] ® 0l f(k+1)i+1n) ’

and similarly

(z"[,rli] R ® Z’L[i]Q 39 Ik(k-i—l)"n) (jk &® I(k-i—l)in)

= (j]im—i—l)@ ® J. ® I(k+1)in) (ZL@LH] Q@ Zz[lrgﬂ ® I(k+1)i+1n) 7

one finally proves that (P;) is equivalent to:

Ik e N,AP, € HM'" P > 0,3Qr, € HF" TR T g — 41,
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V(2ig2, .-y 2m) € (OD)m=i71

H
(Z'ESJFH R-Q Zz[lrgl] ® I(k+1)i+ln)

(et He T (et 1)®

Ry + Z (J,gm A ®I(k+1)j—1) Qk.j (ka A ®](k+1)j,1)
j=1

Lt S 3 T o .

=Y (P @ g @ Lyt ) Qg (J® @ Tk @ Iy )
j=1

k
(Z£T]§+1] R Zz[—i-gl] X I(k+1)i+1n) < 0(k+1)i+1n .
One recognizes property (P;+1). Hence, (P;) < (Piy1), and Lemma 7.2 is proved.
a
The equivalence between (Py) and (P,,) shows in particular that (ii) implies (iii).
This achieves the proof of Theorem 4.1.

7.2. Proof of Theorem 4.3. The proof proceeds by using the change of vari-
ables r = (z + 2)/2, z € D", already introduced to get Proposition 3.3, and by
achieving the slight necessary adaptations of the proof of Theorem 4.1, using Ry de-
fined in (3.4) and not in (3.3). The argument used in the third stage is here trivial,
as the sets {A((z+2)/2) : ze D"} and {A((z+ 2)/2) : z € (D)™} are identical.

REMARK 7.6. Notice that the change of variables which is used leads to D-
scaling as in the complex parameter case, and not DG-scaling, although the parameters

1nvolved here are real.

8. Conclusion. Robust stability of linear systems with several scalar (complex
or real) parameters has been studied. For each problem, a family of LMIs, indexed
by a positive integer k, is provided. Their solvability is sufficient for robust stability,
and the corresponding conditions are becoming less conservative with increasing k.
Conversely, if robust stability holds, then the corresponding LMI problems are solvable
from a certain k£ and beyond. The method involves search for a quadratic Lyapunov
function depending polynomially on the parameters and their conjugates.

The LMIs are obtained in a constructive and systematic way, resulting from a
limited set of elementary algebraic matrix operations. In consequence, the derived
algorithms are immediatly implementable in a MATLAB/SCILAB-like environment. In
practice, the accuracy of the approximation is only limited by computation time and
available memory size.

Further research includes the following aspects.

1. Determination of the degree of accuracy needed to test the robust stability of
any specific system; that is, of an a priori (upper) estimate on the least k, if any, for
which the LMIs are solvable. More generally, the complexity and numerical aspects
have to be analyzed.

2. Extension of the results to robust input/output performance evaluation for
systems with scalar parameters, and to systems with polynomial and LFT dependency
(see first results in [6] and [5, 4] respectively). Application to p-analysis.

Appendix A. Discrete-time version of Kalman-Yakubovich-Popov
lemma.

Initially appearing in [45], the result has been first published under its discrete-
time form by Szeg6 and Kalman [37]. We use the statement as expressed e.g. in [35].
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A proof of the result in the complex case (and for the continuous-time case) may be
found in [31, Theorem 1.11.1 and Remark 1.11.1].
Let A € CP*P, B € CP*4, M € HPT1.
LEmMMA A.1. If det(l,, — zA) # 0 for any z € 9D, then the following two
statements are equivalent.
(1) There exists Q € HP such that

Oprg> (B A" QB A) = (0pxg L) QOpxq L)+ M.

(ii) For any z € 0D,

I m I
P P
(Z(Ip - zA)lB) M (z(lp - zA)lB) <0p-
When in the statements the matrices A, B, M are real, then @ is real, symmetric.

Appendix B. Proof of Theorem 7.3.
Under the hypothesis of solvability of (7.15) for any § € K, there exists, by
continuity and compactness, a real number a > 0 such that

Vo e K, {x eRP : Go(d) + 21G1(0) + -+ + 2pGp(8) > 2al,} #0 .
Define

F K—>2RP,

(B.1)
00— F()={zeRP : Go(0) +21G1(6) + - - + 2,Gp(6) > al,}.

The set-valued map F' maps K into the non-void closed convex subsets of RP.

Let us first establish that F fulfils the following property of lower semicontinuity,
see e.g. [2].

DEFINITION B.1. Let X be a topological space, Y a metric space. A set-valued
map F from X toY is said lower semicontinuous at #° € X if for any y° € F(2°)
and any neighborhood N (y°) of y°, there exists a neighborhood N (z°) such that

Vo € N(z°), F(z) "N N(y°) #0 .

F is said lower semicontinuous if it is lower semicontinuous at every point z° € X.
Let 0° € K, 2° € F(6Y), e > 0. To prove lower semicontinuity of F at §°, we
exhibit n > 0 such that for any § € K with ||0 — §°||,, < 7, there exists z € F(4),
|z — 20|, < e.
Indeed, by assumption, there exists 2% € R? such that G(az‘so,éo) > 2al,. For

A € [0,1] to be defined afterwards, let = def (1 = N)a® + Az%’. Then, the fact that G

is affine with respect to z implies for any 1 > 0, any § € K such that ||6 — &°|,, <7 :
= (1= NG(2°8) + G, 5)
= (1= N)G(2°, 6% + AG(2, %)
+(1=2) (G(°,8) — G(2°,8%) + A (G(:&“,(S) - G(x5°,50))
+ M1,

G(z,0)

> a(l
— swp 1G@E°,6) -G+ sup G, 8) - G, 8w | I -
[[6=089|m<m [[6—=3m<n
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On the other hand,
0
lz =, = All2® —2°, -

So, take A € [0,1] such that

€
A<
= 2)2% — a0,

and choose 1 > 0 such that

sup  [|G(2%,8) — G, 00+ sup G, 6) — G, 8%, < ar.
[16—=8°m <n 16—8°]Im <n

With these choices, one has ||z — 2°||, <e/2 < ¢, and G(z,8) > a(l + NI, — all, =
aly,, so z € F(J), provided that 6 € K and ||§ — 6°||,,, < 7. One concludes that F is
lower continuous at §°. This achieves the proof of lower semicontinuity of F.

We now apply to F defined in (B.1) Michael’s Selection Theorem [32], see also
[2].

THEOREM B.2 (Michael’s Selection Theorem). Let X be a metric space, Y a
Banach space. Let F' from X into the closed convex subsets of Y be lower semicon-
tinuous. Then there exists f : X — Y, a continuous selection from F.

This yields existence of a continuous selection f : K — R? from F defined in
(B.1). This function is such that

Vo € K, G(£(5),0) > al, .

It remains to apply to each of the p? coefficients of f the following result, see e.g.
[14].

THEOREM B.3 (Weierstrass Approximation Theorem). Every continuous real-
valued function defined on a compact subset K of R™, is the limit of a sequence of
polynomials, which converges uniformly in K.

Thus, the selection f previously exhibited is uniform limit in K of a sequence of
(matrix-valued) polynomials in z. In particular, there exists a polynomial function
z* : K — RP such that

Vo € K, G(a*(5),08) > %In >0

One concludes that there exists a polynomial solution to the parameter-dependent
LMI (7.15), and this achieves the proof of Theorem 7.3.
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