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We study here the static state-feedback stabilization of linear finite dimen-
sional systems depending polynomially upon a finite set of real, bounded,
parameters. These parameters are a priori unknown, but available in real-
time for control. In consequence, it is natural to allow possible dependence of
the gain with respect to the parameters (gain-scheduling).

We state two main results. First, we show that stabilizability of the class
of systems obtained for frozen values of the parameters, may be expressed
equivalently by linear matrix inequalities (LMIs), linked to certain class of
parameter-dependent Lyapunov functions. Second, we show that existence of
such a Lyapunov function for the linear parameter-varying (LPV) systems
subject to bounded rate of variation of the parameters with respect to time,
may be in the same manner expressed equivalently by LMI conditions. In
both cases, the method provides explicitly parameter-dependent stabilizing
gain. The central arguments are linked to the existence of a decomposition
of some symmetric parameter-dependent matrices as sum of positive definite
terms.

1 Introduction

Linear parameter-varying (LPV) systems have recently received much atten-
tion, in connection with the gain-scheduling control design methodologies, see
[5, 12] for recent surveys and bibliography on the subject. LPV systems are
linear systems that depend upon time-varying real parameters. The latter are
not known in advance, but may be used in real-time for control purposes.
However, they are usually constrained to lie inside a known bounded set.
The issue of checking the stabilizability and determining a parameter-
dependent stabilizing gain for every frozen admissible value of the parameters,
is already a difficult task. As an example, a coarse application of the Lyapunov-
based synthesis techniques available for linear systems is impossible, as it leads
to solve an infinite number of linear matrix inequalities (LMIs). At this point,
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two types of methods are usually used (see the recent works [14, 7] on LPV
systems): either the controller gain is first computed for a bunch of parameter
values, and then interpolated between the nodes of this grid (but the stability,
and possibly performance, results are not guaranteed between the nodes); or
the solution of the parameter-dependent LMIs involved is sought for with
prespecified dependence with respect to the parameters, usually constant or
affine (at the cost of adding conservatism). Of course, the stabilization issue
is still more complicated when the parameters are time-varying.

In this paper, we show that, in principle, for linear systems depending
polynomially upon finite number of bounded parameters, the determination of
parameter-dependent stabilizing gain may be achieved without conservatism.
More precisely, we state two main results (Theorems 1 and 2 below), whose
contribution may be summarized as follows.

1. The stabilization of all the systems obtained for constant values of the
parameters in the admissible hypercube is equivalent to the existence for
the closed-loop system of a quadratic Lyapunov function polynomial with
respect to the parameters. For fixed value of the degree, the coefficients of
this polynomial may be found by solving a LMI.

2. The existence of a similar quadratic Lyapunov function (depending in the
same way upon the parameters) for the corresponding LPV system with
restricted rate of variation of the parameters, is also equivalent, for fixed
degree, to the solvability of a LMI.

3. In both cases, a parameter-dependent stabilizing gain is deduced from the
solution of the LMIs.

The originality of the results presented here lies in the nonconservative na-
ture of the LMI conditions proposed. They constitute a systematization of the
approaches based on parameter-dependent Lyapunov functions. Further work
should consider dynamic controller synthesis and performace verification.

Effective use of the results given here is subordinate to powerful LMI
solvers. A general idea for reducing the computation complexity consists in
performing first a subdivision of the admissible parameter set in subdomains
and applying the results presented below on these smaller regions. The present
paper provides a stage towards such a hybrid control (with switches according
to the parameter values), which in principle could lead to sensible diminution
of the (off-line) computational burden, but whose study is out of our scope
here.

The paper is organized as follows. The problem is presented in Sect. 2.
Notations are provided in Sect. 3. The result on systems with frozen parame-
ters (Theorem 1) is stated in Sect. 4. The results on systems with parameters
with bounded derivative (Theorem 2) is stated in Sect. 5. Elements of proof
are displayed in Sect. 6. Some technical results related to the computations
involved are gathered in Appendix.
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2 Problem Statement

‘We consider here the issue of state-feedback stabilization for the class of linear

systems
i = A(o(t))z + B(o(t))u . (1)

In (1), the matrices A € R"*™ B € R"*P are supposed to be polynomials

of partial degree (at most) k with respect to the components of a vector

o def (01,...,0m) of m real parameters.

We are interested in the design of stabilizing static state-feedback for (1),
under the assumption that Vt > 0, o(¢) € [—1;+1]™. In the special case where
the components of o are constant (& = 0), this is equivalent to find, for any
o € [-1;4+1]™, a gain K (o) such that A(c)+ B(o)K (o) is Hurwitz. This leads
to study the following property.

Property I. There exist mappings P : [—-1;4+1]™ — S8, N : [-1;+1]™ —
RPX" such that, Vo € [~1;+1]™, P(c) > 0,, A(c)P(c) + P(a)A(0)T +
B(o)N(o)+ N(o)TB(o)T < 0,,.

In this formula, S™ represents the set of symmetric matrices of size n x n.
Property I is equivalent to the stabilizability of (1) for every admissible choice
of the parameters.

As is well-known, the previous condition, guaranteeing stability for the
frozen parameter systems, is not enough to guarantee stability of the systems
with time-varying parameters. An attempt to extend the previous ideas to sta-
bilization of LPV systems with parameters having variation rate constrained
by |6;| < 0; a.e., i =1,...,m, leads to the following interesting issue.

Property II. There exist mappings P : [-1;+1]™ — 8™, N : [-1;+1]" —
RP*™ P differentiable, such that, Vo € [—1;+1]™, Yo; € [—oi; 0i], P(o) >
0n, A(0)P(0)+P(0)A(0)" +B(0)N(0)+N(0)" B(o)" =31 0,252 < 0,.

Property I1 is equivalent to the existence of a quadratic Lyapunov function
depending regularly upon the present values of the parameters. This property
is thus a priori stronger than the stability of the systems (1) attached to every
admissible trajectories of the parameters.

3 Notations and Preliminaries

e The matrices I,,, Op, 0,,%p 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 product being used with the natural meaning: M°® = 1,

Mre & e-ne ® M. Key properties are: (A ® B)T = AT @ BT, (A®
B)(C® D) = (AC ® BD) for matrices of compatible size. The transpose and
transconjugate of M are denoted M” and M*. The unit circle in C is denoted
as the boundary 0D, and the set of positive integers N. Diagonal matrices
are defined by diag. Also, the set of symmetric real (resp. hermitian complex)
matrices of size n x n is denoted 8™ (resp. H").
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Last, we introduce some spaces of matrix-valued polynomials. R"*"[o]
(resp. 8"[o]) will denote the set of polynomials in the variable o € R™, with
coefficients in R™*™ (resp. 8™). We shall also consider in the sequel the set,
denoted R™*™[z, ], of polynomials in z and z, z € C, with coeflicients in
R™ ™. The sets 8"|z, z], H"[z, Z] are defined similarly.

e We now introduce specific notations. For any [ € N, for any v € C, let

1

1 def

(2)

,Ul—l

This notation permits to manipulate polynomials. Notice in particular that,
for a free variable z € C™, the vector (zig ® zgl]) contains exactly the [™
monomials in z7, ..., 2z, of degree at most [ — 1 in each variable.

Using this notation, any element M(z) in RP*™[z, z] may be represented
as

Mz =Ele ellern)yMmEe 0l . (3)

In this formula, for given [ € N, the matrix M; € R'"PX!"" is unique, in the
sense that: M(z) = 0 for all z € C™ iff M; = 0. Independently of minimality,
the matrix M is called the coefficient matriz of this representation of M(z),
[ — 1 its degree.

In the sequel, we shall use the following change of variables (i* = —1):

o [=1;+1]"™ — (D), 0 — z = ¢(0)

(4)
where z; d:efoi—i—i\/l—aiz,i: 1,....,m.

Basically (see the developments below), changing o in z will permit to use
Kalman-Yakubovich-Popov lemma, “replacing” the free variables z; by matrix
multipliers in the parameter-dependent LMIs appearing in Properties I and

IL. In particular, for z in the range of ¢, p'(2) = 2£2. When z = (21, ..., 2
covers (OD)™, 252 varies in the whole set [—1;+1]™.
Generally speaking, for M defined as in (3) and the change of variable ¢

as in (4), M(¢(0)) is a polynomial in o; and /1 — 02, i = 1,...,m. Among
these polynomials, some will be of particular interest here, those leading to
polynomials in the o; only. It may checked easily that these are the polynomij
als whose coefficients in the monomials [[,_, . zf‘ilo/ and [[,_, . 2" éf
are equal when {a;,a!} = {3;,/} for any ¢ = 1,...,m. Indeed, up to fac-
torization by powers of |z;|? (which is equal to 1 on D), those polynomials
are functions of z; + z; = 20; only. This property corresponds to matrices
M; € RPXI"n in (3) having a particular mirror block structure, those per-

taining to the set
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RE A e R Yoy ag,al,. ..l € {0, 11},
(ea,, @ - Qeq, ® Ip)TMl(ea;n ® -+ ®eq ® Ip) depends only upon the sets
{ala 0/1}7 B {am7alrn}} )
where we put el def (O1xa 1 le(lfafl))'
The definition of R%"’lm is such that M; € Rﬁ;"’lm iff M(p(0)) is poly-
nomial in o € [—1;+1]™, for M(z) defined by (3). The subset of those maps

M (z) of RP*"[z, z] such that M(¢(c)) is polynomial in o € [—1;+1]™, will
be denoted RE (" [z, z]. Also, we define S} [z, Z] def R} "z, 2] N S™[z, Z].

Let us point out to the reader, that some technical results linked to the
matrix transformations induced by operations on polynomials, are gathered
in Appendix.

e We finally define some matrices. For [,I’ € N, let jp,l, jpyl € RXUHT) pe
defined by

= def s def

Jiai E (L Orr), Jvg E (O L) (5)
A key property of these matrices is that, Vv € C, for v! defined previously,

ol = JAZ,JU[ZH’]7 Uz’v[z] _ jl’,lU[H_l,] ) (6)

Last, define L; € R by:

4 Constant Parameters

In the case where the parameters o are constant, it turns out that Property
I is fulfilled if and only if it is fulfilled for certain P(c), N(c) depending
polynomially upon o (see also [2]). This naturally introduces as new variables
the degree [ — 1 of the polynomials, and the coefficient matrices of P and N.
It turns out moreover, that, for given [, the coefficients may be found out by
solving an LMI. This permits to find in an explicit way stabilizing controllers,
as functions of the parameter o.

Theorem 1. The following assertions are equivalent.

(i) Property 1 is fulfilled.
(ii) There exists (P(c), N(o)) € S™[o] x RP*™[g] fulfilling Property 1.
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(#ii)There exist an integer ! € N, 2 matrices P, € Slm"ﬂRﬁdX"’lm, N, € R’;\;"’lm
and 2m matrices QlP’L = S(l*l)m_i+llj_1n’ Ql]{z c S(k+l71)nl_1+l(k+l)j_ln’
i=1,...,m, such that the system (8) of 2 LMIs is fulfilled, where Ry =
Ry 1(Py, N;) € SEHI™n s the coefficient matriz of R(z) defined in (9),
corresponding to P(z), N(z) with coefficient matrices Py, Nj.

- F(m—1 T F(m—i
Oen < P+ Y (HT50% @ L) QF (JT50° @ 1)
=1

- 2(m—1 3 T Am—i «
— Z (Jl(J,l)@ ® J1—1® [lifln) in (Jf’l,1)® @ J1,—1 ® Izifln> ., (8a)
i=1

m ) T )
sim—i+1)® s(m—i+1)®
O(k—i—l)mn > Rpyi+ E (Jl(,k+l—1) ® I(kJrl)ifln) QlI?z (Jl(,k—i-l—l) ® I(k;+l)i—1n)

i=1

F(m—1 7 T 2(m—1 2
—Z (Jl(’k;Jrl)f@i @ S pt1-1® I(k+l)"'*1n> Qﬁi (Jl(,kﬂ),? ® J1 k-1 ® I(k-q—l)i*ln) )

(8b)
R() S AC er 5)P()+P()AC ;L B ;L 2)N(z)+N(z)TB(%Z)T <
9)

Moreover,

o given a solution of LMI (8), for P(z),N(z) having coefficient matrices

Py, Ny, P(p(0)), N(g(o)) fulfil Property 1, and K (o) " N(p(0)) P(p(0))

is a stabilizing gain, rational in o;
o if LMI (8) is solvable for the value l of the index, then it is also solvable
for any larger value.

The matrices .J,.J have been defined earlier in (5). Details for a system-
atic computation of the matrix Rj4; and of the gain K (o) may be found in
Appendix.

Theorem 1 offers a family of relaxations of Property I. These conditions
are less and less conservative when the index [ increases. Asymptotically, the
conservatism vanishes, as solvability of (8) for certain [ is also necessary to
have Property 1.

Notice that the two inequalities in (8) correspond respectively to the condi-
tions P(552) > 0, and R(2§%) = A(252)P(2)+P(2) A(32)"+ B(3Z)N(2)+
N(z)TB(%2)" < 0, for all z € (9D)™. Elements of proof of Theorem 1
are provided in Sect. 6, but we briefly indicate here how to prove that fea-

sibility of (8) implies Property I. Right- and left-multiplication of (8a) by

(z%] ®--® zgl] ® I,) and its transconjugate yields, using (6) repeatedly:
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0, < (ool o) heEle ol o) +Zl—\zz|

(-1 M1

x (g0l Vel 0 @0 QF (<L Ve - ®z“ e @ addlal,),

from which one deduces, putting |z;| = 1:

def

Vze (D)™, P(x) € (e ol eL)yPEle -0l eL)>0,

[k+1]

Applying similar argument on (8b) with (zm; " ® -+ ® z[kH] ® I,)) leads to

Wz € (D)™, R(z) € (ke 0o n) R (ke 0 el,) <0, |

It is now evident that solvability of (8) gives rise to a solution (P,N) of
Problem I of degree [ —1in z, z, and K (o) as defined in the statement appears
as a stabilizing gain, for every admissible value of the parameters.

Remark that, writing the positive right-hand side of, say, (8a) as UT AU
with UT = U~! and A = diag{A;}, the previous computations show that, for
any z € (0D)™

ZA( M. m@]))

which thus appears as a sum of squares of matrix-valued polynomials.
Incidentally, stabilizability of a pair (4, B) is equivalent [4, §7.2.1] to the
existence of a definite positive matrix P such that AP + PAT < BBT. This
corresponds to the choice N = f%BT in the LMI: AP+PAT+BN+NTBT <
0. Similarly, it may be checked that, replacing in (9) the matrix N(z) by
— 3BT (2£%), provides a simpler stablhzablhty criterion. Another particular
case is B(c) = 0, which provides a robust stability criterion, see also [1].

(vClle-olony)

7

5 Time-Varying Parameters with Bounded Variation

Contrary to the constant-parameter case, when Property II is fulfilled, there
is probably no necessity for existence of a parameter-dependent Lyapunov
function of the kind exhibited in Theorem 1. See however related results in
[8, 9, 10]. But it is worth noting that, for given degree, the existence of such
a Lyapunov function may be expressed without loss of generality as a LMI
problem, in a way similar to what was done for Property I in Theorem 1.
Analogously, stabilizing controllers are then found explicitly as functions of

a(t).
Theorem 2. The following assertions are equivalent.

(i) There exists (P(c), N(0)) € 8™[o] x RP*"[o] fulfilling Property II.
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(ii) There exist an integer | € N, 2 matrices Pl e 8" ARV N, €
Ran,l" , m matrices QP e SU=1" TN 1,...,m, and 2™ matri-
ces QRn € S+-)™" AR CDEE "i=1,...,m,n€ { 1,1}™ such that
the system (10) of (2™ +1) LMIs obtamed for allnin {—1 1}m is fulfilled,
where Ryy; = Ri41(P;, N;) has the same meaning than in Theorem 1 and
Pk+l,i e SEHD™n s ¢ coefficient matriz of the map z — M|

do; U:#'
m T
O <P+ > (Jl(’f D9 g IlHn) QL (Jf’? —HDe o IlHn)
=1
m
—Z( jom ) ®J1-1 ® Lie 1n) Qu( 1. ) ® Jig-1 @ Li- ln)’ (10a)
i—1

Ohttymn > Riri + D mi@iPatia
i=1

. T .
jim—i+)® Ry [ $(m—i+1)®
+ Z (Jl(,n;-‘rll—l) ® I(kJrl)i’ln) 171.77 <J1(TZ+;_1) ® I(kJ’,l)i—ln)
=1

3

m

=1

Moreover,

e given a solution of LMI (10), for P(z),N(z) having coefficient matrices
Py, Ny, P(p(0)), N(p(0)) fulfil Property 11, and, for any absolutely contin-
uous o such that o(t) € [-1;+1]™, 5(t) € [[2,[—0:; +2:] almost every-
where, K(o(t)) d:efN(gp(a(t)))P(c,o(a(t)))*1 is a stabilizing gain, rational
in o(t);

e if LMI (10) is solvable for the value | of the indez, then it is also solvable
for any larger value.

The LMIs in Theorems 1 and 2 differ only by the presence of the terms in

PkH i in (10b). The latter correspond to the derivative terms 8( o) appearing

in the inequality in Property II. See Appendix for details on the Computations.

6 Elements of Demonstration

We only give here indications for proving Theorems 1 and 2. Application of
the same techniques may be found in [3, 1], under more detailed form.

T
—Z <J1(7Z+Z) 1 ® i K—1 @ L(gqyi- ln) p (Jl( k+l) 1 ® A kti—1 @ Lgoqpyi- 1n> )

(10b)
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6.1 Sketch of Proof of Theorem 1

1. The equivalence between (i) and (ii), i.e. the fact that P, N in Property
I may be supposed polynomial without loss of generality, is consequence of a
result on existence of polynomial solutions for LMIs depending continuously
upon parameters lying in a compact set, see [2].

2. Take now (ii) as departure: there exiits (P,N) € S}\ZL] [z, 2] x RhF" [z, 2], with
coefficient matrices P, € "™ HRK/[X"J , N, € sz\/lxn,l for a certain integer [,
such that, Vz € (D)™, (ziﬁ R - zgl] ® In)*Pl(zr[g Q- ® zy] ®I,) > 0, and
(27[5_'—” X ‘®Z£k+l] ®In)*Rk+l(Z7[7kl+l] & '®Z£k+l] ®In) < On, for Rk+l(-Pl7 Nl)
defined as in the statement. The proof consists in achieving joint reduction
of these two inequalities to the LMIs in (8). For simplicity, we expose this
procedure for one inequality only, the first one. For ¢ = 0,...,m, an(l)te
(P;) the property: 3 € N,3QF, € HU-D"n . 3QF, € HU-V" T n,
V(Zit1, .-+, 2m) € (OD)™" such that (11) holds:

(Z,ﬁ®-~-®zﬂ1®llin) P

‘ ~(m—j+1 T F(m—j5+1
+ Z (Jl(vl_lj-‘r ® ® Iljiln) QZ{DJ (Jl(al_1j+ )® ® Ilj71n>
Jj=1

i ) r o )
- Z ( 1(,171])® ®J1,1-1® Iljfln) Qll,Dj <J1(’171])® ®J1,-1® Izjfln)

=1
X (zlg R ® zﬂl ® Ilin) > 04y - (11)

Property (Pg) is the part of (ii) devoted to P, whereas (P,,) is just (8a).
We indicate in the remaining, how to establish that (P;) < (P;11) for any
i=0,...m—1.

Remark that (zﬂ@ . -®zﬂl ®1iy) = (ziﬁ@ . -®zﬂz ®In+1n)(zl[ljrl ®1Ijin)

I
and (2! R1Iyiy) = < tn 1 ),with
(i1 ® 1) zir1 (Tg—1yin — it (F—1 © Liy)) (fim1 @ Liy)

def (O1xq-1y O ) def ( 1 )
e f .
: ( L1 Og—1)x1 L Ou—1)x1

Applying discrete-time Kalman-Yakubovich-Popov lemma (see [13, 11]
and the statement in the complex case for the continuous-time case in
[6, Theorem 1.11.1 and Remark 1.11.1]) yields equivalence of (P;) with:

3 e N,3QP € Hi=Y" L 3QF € HEDTTT T V(an L 2m) €
(oD)m—i=1, EIQlIi)i+1(Zi+2, ooy Zm) € HUTDU guch that:
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Opi+1, < (27[51] & - [l] 2 ® Ill+1n) P,

i T
S (I e ) (T e )
j=1

( Al(, ?® i1 ® Is- 1n) ij (jl(lej)@) ® J11-1® Ilen)

)

Jj=1

X (Zgl] R R 21[12 [ Ili+1n>

o T ~p N . T ~p .
+(J1,z—1 ® Izm) Qlit1 <J1,1—1 ® Ilin)*(Jl,zq @ Lin) Qi1 (J1i-1® Liy)
(12)

3. Using again the result in [2], in+1(zi+27 .+ Zm), solution of a LMI with
parameter in (OD)™~ =1 may be chosen polynomial in its variables and their
conjugates. Let [ — 2 be its degree. If [ < [, then Qz Z+1(zt+2,...,zm) =

(o V@ ® Zz[+2] ® Li—1yiin)* Qf 11 (2m w e Zz[+2] ® Iq—1yiin), for a

coefficient matrix @/, € HU=D™U'n If [ > [, it may be shown that, up to
an increase of [, the degree may be supposed the same, so same formula holds
(see [3, 1] for similar arguments).

At this point, the last two terms in inequality (12) have been transformed
in:

” T _ . ~
(J1,zf1 ® Inn) (ngu Q- ® Zl[irgl] ® I(l—l)lin) Qlia (Zl Uo. @ 21[5,21] ® I(l—min) (J1,zf1 ® Izz‘n)

. T -~ .
—(J1a-1 ® Liy,) (2’7[51 Ug. l[lJrg] ® Ig—1)iin ) Ql i1 ( I1g...0 Z[l 1] ® I(l,l)lin) (J10-1 ® Liy)

for a certain matrix QF, it+1 € HED"

4. Some matrix intervertions in the last two terms of the previous formula
finally yields equivalence between (P;) and (P;1).

5. The assertion that solvability of (8) for index [ implies the same property
for every larger index, is proved using the same techniques than the one evoked
(but not displayed) in point 3., to increase the size of the solution.

6. Last, the same argument is applied to (8b), with detail variations. Appli-
cation to (8a) and (8b) has to be done together, because of the coupling term
P,. Due to the fact that solvability of (8a), resp. (8b), for a value [ of the
index implies solvability for every larger value, taking a value for which both
inequalities are solvable yields equivalence of (ii) and (iii).

6.2 Sketch of Proof of Theorem 2

The demonstration is copied from the demonstration of the previous Theo-
rem. Due to the affine dependence upon the g; in Property II, it is enough
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to consider only the extremal values +p;. It is hence required that: 3 €

N, 3P, € 8", AN, € R vy e {-1,1}™, vz € (D)™, (M ®

cedlen)ypElle e dlern) <0, amd e 0ltg

I,)* (Rk+l + 3 ni@iPkJrl}i) Mg @M eT,) <0,

The argument then essentially follows the proof of Theorem 1. One has

to check carefully that the process of increase of the degree (point 3. in Sect.
6.1) still works.
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A Appendix on Polynomial Matrices

We give here details on the computations necessary for systematic use of
Theorems 1 and 2. It is explained in Sects. A.1 and A.2 how to compute
Ry41(P;, N;), that is how to determine the coefficient matrices of the terms in
(9). Then in Sect. A.3 are provided formulas for explicit computation of K (o)
as a function of o, that is of P(¢(0)) and N(p(0)) for P(z),N(z) defined
by their coefficient matrix P;, NV;. Last, the computation of the term }SIH_M in
(10) is explained in Sect. A.4.

We first extend the notations defined in (5). For I[,I’ e N, [ < I, a =
0,1,...,1', define J, ;€ RI*XUH) by

def
Jagr = (Oixca 11 Opxir—a)) -

A ~ ’
Then Jl/J = JO,lJ’, Jl’7l = JyJ)p, and Uav[l] = Ja,l’l/U[H—l ].

A.1 Representation of Polynomial Matrices

A rather natural representation for a matrix-valued polynomial M : R™ —
RP*™ (such as A(c) and B(o)) of degree [ — 1 is

M@) =Ml e -2dler,), (13)

for a certain, uniquely defined, matrix M; € RP*!™"_ From this, one should
be able to deduce the coefficient matrix of the map M ( 232)7 in order to apply
Theorems 1 and 2. The effect of the corresponding change of variable (4) is

summarized by Lemma A.1.

Lemma A.1l. Let Ml S R”le", then Ml ((@)[l] Q- ® (#)[l] ® In)
(zy[ﬁ ®- - ® zgl] ® Ip)*Ml(zm ® - ® zgl] ® I,), where the matriz M, €
R’j/[x”’lm is given by the formula M, def Zogaiglfl(Jam,l,lﬂ@' ®@Jay 1,1-1®
Ip)TMl(Kl,am ® - ® Ko, ®I,), in which, by definition, the i-th line

of the matriz K;, € R™! is equal to 2771 (CIZ{ C!=7 ... C?_; 0... 0),
def 4

Clq T oali—a)!

Proof. K, defined in the statement is such that Yo € C, (”;”7)[” =
Efx_:lo EaKl7av[l]. Thus,

N N
~ Zm + Zm 21+ 2z
Ml - R ® ¥ ®In
2 2
= Y A M(Kpe, ® @ Kia) G e 0 91

0<a;<l—1

The conclusion then follows from the fact that Yv € C, v® = v*l] =
Jo1-10Y, s0 v = U[l]*‘]g,m—l'
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A.2 Products of Polynomial Matrices

Solving the LMIs in Theorems 1 and 2 necessitates to be able to express the
coefficient matrix Ry1; of R(z) defined in (9), given the coefficient matrices
P, N; of P(z), N(z). This in turn necessitates to express the coefficient ma-
trix of a product of matrix-valued polynomials, as function of the coefficient
matrices of the factors. This is the goal of Lemma A.2.

Lemma A.2. Let [,I' € N, and M(z), M'(z) with coefficient matrices M, €
RPXITn gl e RETPXUTA . Then, M'(z) has coefficient matriz M),
where I = 1+ 1U' — 1 and M], d:ef Zogaigz_l,ogaggz'—l(Ja;n,l,l/—l Q- ®

1<i<m
Jo/l,z,l/—l®Ip)TMl(Jam,1,l—1®' : '®Ja1,1,1—1®In)T(Ja;n,1,l/—1®' : '®Ja'1,1,l/—1®
L )My (Jaar4-1 @ -+ @ Jay -1 ® Ig).

Proof. One has, Vv € C,

-1
’ ’
’U[l] = E UaJoj;l,lfh v[l]’u[l I = E v*o” J(zﬂ’l’l,lJa’,l,l’fl )
a=0

0<a<li-1,
0<a’/<l’/ -1

and the proof is achieved by using the fact that voll'l = Ja’l/,l,lv[“‘l/_l],

o ) [ _ o [14+1=1]% 7T
v UH —'U[ I Ja’,l,l’—l'

A.3 Formulas Attached to the Inversion of the Map ¢

Once the LMI (8) or (10) has been solved successfully (for a given 1),
one has to express explicitly P(p(o)) and N(p(o)) to obtain the gain
K(0) = N(p(o))"tP(p(0)), departing from the coefficient matrices P, N,
of P(z), N(z). This is done with the help of the following result.

Lemma A.3. Let N(z) € RY"[z,2] with coefficient matriz N, € Rﬁ;n’lm.
Then,

N(p(0)) = Z Pay—af (01)-. ‘Pay—al, (om)

X (Jor, 10-1 @ @ Jar 1121 @ Ip)Ni(Jay 10-1 @ -+ @ oy 11-1 @ )",

‘mo

where by definition, the polynomials p, are such that, for any ¢ € R,
cos(ad) = pu(cos ).

The coeflicients of the p,, are easily found, allowing effective use of the previous
result. For example, cos 2¢ = 2 cos? ¢—1, cos 3¢ = 4 cos® p—3 cos ¢, so po(0) =
1, pi(o) = 0, pa(0) = 20% — 1, p3(0) = 40® — 30, and so on.

Forming, from the maps p,, the matrices Tj o € R™*! such that Yo €
{-(=1),...,0,...,1 = 1}, V¢ € R, cos(ap) = Tl"a|(cos¢)[”, the formula
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in Lemma A.3 writes under matrix form as in (13), with A replaced by
Zo<a i (Jar, 10-1 @ @ Jor 1021 @ I)Ni(TE 1 1 Tjag—ar,| © - ®

mo

T
Ja1,1,171Tl,\a17a/1| ® Ip).
Proof. As a direct consequence of the definition, N(z) is equal to ) o<a, ar<i—1
21z ...z,‘flméf‘nm(J 1 —1® Q@ 11-1®1 )Nl(Ja,,L,1,171®~ - ®Jay 1,-1®

I,,)T. Taking into account the fact that |z;| =1, i = 1,...,m and that N, €
Rpxn,l
M

’
g —Oh _a
, the previous expression is equal t0 Y o<a, al<io1 o= o) 297 Z0% L 2w

i=1,...,

1,1-1®®Jor 1,1-1@1p)Ni(J oy, 1,1-1® - ®J oy 11— 1®I) +>° o<ajal<ion

"L7 ?

(Jur

a1<a’1, i=1,..., m

l
o) —a1 | _al—aqy  as —0 _an,
(211 +ZTON) 29255 L ez (Ja ar, 1,1-1@ ®@Ja 1,1 1@L) Ni(Ja,, 1,1-1@

Ry 11191, ) . Introducing the functions p; as deﬁned in the statement,

’ ’
Qo —O _an,
this is also equal to > 0<a;,al<i-1 Pay—af 1(01)25° 2,7 o 2y Zm™ (Jar 101 ®

@ Jay1-1® Ip)Nl(Jam’l,l,l ® 8 Jay1.1-1 ® I,)T, because o1 = Re 21.
The result follows by induction on m.

A.4 Differentiation of Polynomial Matrices

Lemma A.4 below permits to express the coefficient matrix of the terms
OP(o) ‘

80’1
Notice that the formula therein provides directly the derivatives as a poly-
nomial of degree k + 1 — 1 (instead of [ — 2), ready to be added to the term
A(o)P(o) + P(0)A(0)T + B(o)N(0) + N(o)TB(o)T in the matrix inequality
in Property II, which has precisely the same degree.

_=¢= in Property II as function of the coefficient matrix of P(z).

Lemma A.4. Let M (o) def M (o Ue.. ®a[l] I,). Then, for any nonnegative
integer k, a]glg(i") = MkJrl, (o [k+l]® ‘R0 [k+l]®f ), with MkHJ- de Ml(J,gT g
L s JDe o L)

Proof. Indeed, BM(U) = M(om g.. ® 80 ® J[l] ® - ® Ugl] ®I,) =

M, (Iz(m 9 e L ®Iz(l Ve ®In)(07[g : ®U£] ®I,) = Mk+l,i(07[§+l] R ®
[k+1]

o; C®1L,).



