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Abstract

This Master project concerns the problem of distributed controller synthesis for a special class
of interconnected systems known as "decomposable systems" in a large-scale setting. Due to
computational limitations, scalability constitutes one of the major concerns of the controller
synthesis of such large-scale systems. One possibility to deal with this limitation is to decompose
the synthesis conditions by enforcing some structure on the Lyapunov and multiplier matrices.
However, this approach in general introduces conservatism. The aim of this project is to analyze
the conservatism introduced by imposing specific structures on the matrices involved and then to
reduce the conservatism imposing less structure, however still achieving some degree of decompo-
sition. The strongest limitation in terms of performance, in the state of the art of the controller
synthesis for this kind of systems, comes from the structure imposed on the Lyapunov matrix
that is needed both for the decomposition and for the achievement of the desired distributed
controller structure. During this project a new method, based on the Full Block S-Procedure
and on the extended formulation of the Bounded Real Lemma, has been designed. It will be
shown that, with the proposed method, it is possible to impose less restrictive structures on
the Lyapunov matrix by still keeping the same degree of decomposition, and thus reduce the
conservatism.
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Chapter 1

Introduction

There is a wide variety of applications, that have been made possible by modern technologies,
that are characterised by their large scale, their distributed nature and the sparse structure of
their physical interconnections [30]. This is the case for systems such as new smart grids, the
internet, automated highways [30], satellite formation flying [17, 31|, car platoons [24], unmanned
aerial vehicles [1, 23] and large telescopes [28], [36]. For this reason, in recent times, the Systems
and Control community has cultivated an increasing interest in the modelling and control of these
systems in which many agents interacting through a network are involved. Distributed systems
constitute one class of interconnected systems. When systems are physically interconnected
we refer to them as "spatially distributed systems" and this is the case of automated highway
systems [35], airplane formation flight, satellite constellations [17, 31]. We call, instead, "virtually
interconnected systems" those systems in which all the agents are not spatially interconnected,
but they share information in order to reach a common goal as it happens, for instance, when
dealing with mobile robots [33]. Groups of identical subsystems, that are connected either
physically or virtually, constitute a "homogeneous system", see [3].

When dealing with interconnected systems, three possible control strategies can be adopted,
namely centralized, distributed and decentralized control. In a centralized control model, one
component plays the role of controller and it is responsible of managing and coordinating the
tasks of all the agents in the network. In a decentralised approach, instead, each component of
the network adopts an independent controller calibrated exclusively on measured local signals.
In a distributed control strategy, finally, each agent of the network has its autonomous controller
and all the local controllers are allowed to communicate among themselves.

Very often the control of large-scale networked systems results to be a challenging problem since
a wide number of inputs and outputs can be involved. Whenever the number of interconnected
systems grows the controller synthesis becomes more complex and, in order to render it feasible,
it is fundamental to reach an adequate level of decomposition and scalability of the synthesis
equations. When the subsystems in the network are subject to communication constraints [6],
in fact, both the synthesis and the implementation of a centralised controller can be not feasi-
ble in practice and either a decentralised or a distributed control architecture may be needed
[29]. However, in applications in which a strong interaction among the subsystems is needed, a
completely decentralised architecture of the controller may not guarantee good performance [12].
This project focuses on linear time invariant homogeneous systems in a large scale setting. The
peculiarity of these systems is that they can be expressed in a state space form through system
matrices with identical diagonal blocks and non zero off-diagonal terms. Moreover we will focus
our attention on a specific class of systems known in literature as "decomposable systems" for
which a special, simplified, control synthesis procedure can be adopted. For a decomposable
system, in fact, as explained in [29], the off-diagonal terms assume a block structure whose dis-
position mirrors the interconnection topology of the network and thus they can be formalised



through a Kronecker product in which a "pattern matrix" is involved. It must be said that
the idea of decomposing a system in order to simplify the controller synthesis has been widely
exploited in the past and has found many applications in different contexts such as symmetri-
cally interconnected systems [22, 40] and in SVD (Singular Value Decomposition) controllers [4].
From this formalisation, in fact, many interesting properties can be deduced and a controller
with a distributed architecture can be easily designed. In the context of interconnected systems,
exploiting the graph theory, each subsystem can be thought as a node of the graph, the intercon-
nections as the edges and the pattern matrix as the adjacency matrix. Many properties related
to decomposable systems will be presented and widely exploited in this work, especially when
dealing with the LMIs that incorporate the constraints to be fulfilled to meet the stability and
Hoo performance requirements for the systems. It will be shown, then, that a MIMO (Multi
Input Multi Output) system with n inputs and n outputs can be treated as n SISO (Single Input
Single Output) systems.

Goal of this project is to bring some improvements with respect to the state of the art of the
research related to the distributed controller synthesis for interconnected decomposable systems,
reducing the conservatism introduced by the decomposition of the conditions to be solved. The
constraints to be satisfied are derived from the Bounded Real Lemma and the extended Lya-
punov stability inequality exposed in [8] and will be reformulated according to the Full Block
S-Procedure presented by C. W. Schrerer in [39)].

This thesis is organised as follows. Chapter 2 contains the preliminary notions and the math-
ematical tools exploited in this project, while in Chapter 3 an alternative stability condition
and the extended version of the Bounded Real Lemma are introduced. In Chapter 4 the setting
in which our problem is formulated is introduced, while Chapter 5 is the core of this work. It
explains the Ho controller synthesis method derivation as a reformulation of the Full Block S-
Procedure [39], the extended Lyapunov inequality [8] and the Bounded Real Lemma. In Chapter
6 some numerical results are shown, while Chapter 7 concludes this work.



Chapter 2

Preliminaries

In this chapter, the mathematical tools exploited in this Master Degree project are introduced.

2.1 Vector Norms and Matrix Norms

In this section the definitions of vector norms and matrix norms are recalled since they play a
leading role in the synthesis and design of H, controllers that are the core of this project. These
concepts will be widely exploited whenever we will consider the Ho, norm of transfer functions
or transfer matrices.
Let X be a vector space. A function || - ||: & — R is said to be a norm on X if it satisfies the
following properties:

(7) ||z]] > 0 (nonnegativity);

(#) ||z = 0 if and only if z = 0 (positive definiteness);
(71) ||aa]| =|a| ||z|| for any scalar a (homogeneity);
() |lz+y| > ||z|| + ||y|| for any z, y € X (triangle inequality).

Let z € C™, then the vector p-norm of x is defined as

1
n P
|z, == (Z|xz|p> , for 1< p < o0. (2.1)
i=1

The norms that are most commonly used in control as performance criteria are the following ones.

Vector 1-norm .
llly =il (2.2)
i=1
vector 2-norm

]2 :=

=1

vector oco-norm

o = max f|. (24

Let Y = [y;;] € C™*", then the matrix norm induced by the vector p-norm is called induced
p —norm and is defined as

Y
1Vl = sup 122l
20 [y

(2.5)



For matrix norms, in addition to the properties (i)-(iv), it holds that:
(v) |XY|| > || X]|||| Y| for any X, Y € C"™*" (Cauchy-Schwarz inequality).

From a system theory perspective, the induced norm can be interpreted as an input/output
amplification gain.

2.1.1 Signal Norms

This mathematical concept will be exploited when we will investigate the Lo gain of a system
(see Section 2.2) and when we will give a physical interpretation of the L, norm of a system
(Section 2.5).

Consider a multivariate signal z(¢) that maps ¢ €] — 0o, o[ to C". Signals norms fulfil the norms
properties (i)-(iv) and are defined as follows

signal p-norm .
|2(t)]], == </_ Zm \pd7>”‘ (2.6)

In the following, some signals norms of particular interest are enlisted.

Signal 1-norm
lo(t) = / S Jas(r)ldr = / lo(r)dr, (2.7)
T =1 -

signal 2-norm

letelei= | [ Zm edr = [ et (2.8)

—00

signal co-norm

2.2 L9 Gain

Before introducing the Bounded Real Lemma in Section 2.5, we first need to recall the concept
of Ly gain of a system. To do so we first recall that the L9 gain of a signal z(t) : (—o0, +00) — C

is defined as - )
el = ([ etolPdr)” (210)

Consider now a system of transfer function 7'(s) with input w and output z as shown in Figure
2.1.

w(t) T(S) z(t)

Figure 2.1: Transfer function from w to z

Its Lo gain is defined as

I7(3)]]> := max 1212 (2.11)

w0 [lwlla’



If we look at the signal w as a disturbance and at the signal z as a performance output, bound-
ing the £y gain of the system 7'(s) amounts to bounding the effects of the disturbance on the
performance output. Let us introduce thus a Lyapunov method to bound £y gain [25].

Theorem 2.2.1 Let us consider a generic non-linear system

&= f(z,w), x(0)=0 (2.12)
z=g(x,w) (2.13)

with z(t) € R™, w(t) € R™ and 2(t) € R™ and f : R™™v — R" q class C! function. Suppose
there exists v > 0 and a differentiable Lyapunov function V : R® — R with V : R™*™Mw — R
defined as

V(z,w) = VV(x)T f(z,w) (2.14)
such that
(i)V(x) >0 for all z, V(0) = 0; (2.15)
(i) V(z,w) < ~y*wlw — 212 for all 2, w. (2.16)

Then, the Lo gain of the system is not greater than ~.
Proof:

V(x(o0)) = V(2(0)) = /Ooo V(a(t), w(t)dt < /OOO(VQUJ(t)Tw(t) —2(t)"2(1))dt (2.17)
and since V(x(0)) = V(0) = 0 and V(z(oc0)) > 0 it holds that
0 < Via(oe) = Via0) < [ " (PuTw(t) — (07 ()t (2.18)
from which
/ T LT (t)dt < A2 / () w(t)dt (2.19)
0 0

that is
12113 < ¥?|lwll3 (2.20)

What has just been stated holds for all z,w and therefore also for the w such that the ratio [Edle

l[wll2

is maximized. This guarantees that ||7'(s)||2 < v and this concludes the proof. [J

2.3 H. Space

As stated in [44], robustness to disturbances and uncertainties can be a challenging problem to
be addressed in feedback control and hence developing robust control methods is an attractive
objective for control engineers. One way to formulate performance requirements for a certain
system is in terms of the norm of specific signals of interest: it is in this scenario that Hso robust
control techniques have to be located and this is the reason why a first introduction to the Hardy
Ho space is presented.



L (jR) Space

If X is a vector space and ||-|| is a norm defined on it, then X is a normed vector space.

A sequence {z}, is a Cauchy sequence if Ve there exists an integer number N such that for
every pair of positive integer numbers n,m > N, it holds |z, — x| < €.

A vector space X is called complete, if every Cauchy sequence {z}, in X converges to a point
belonging to X for n — oc.

A complete normed vector space is called Banach space.

A L (jR) space, or briefly L., is a Banach space of matrix-valued (or scalar-valued) functions
F(s): C— C™™ that are bounded on jR, with norm

[1F oo := sup & [F(jw)], (2.21)
weR

where the symbol ¢[F(jw)] indicates the maximum singular value of F(jw).
The rational subspace of L, denoted by RL(jR), consists of all proper and real rational
transfer matrices with no poles on the imaginary axis.

H~ Space

Hoo is a closed! subspace of L, consisting of all functions F(s) : C — C™ ™ that are analytic
and bounded in the open right-half plane. The H, norm is defined as

[Flloc := sup a[F(s)] = sup o[F(jw)], (2.22)
Re(s)>0 weR

where the second equality follows from a generalisation, for matrix functions, of the following
theorem.

Maximum modulus theorem [9] Let S C C be an open set, and let f(s) : S — C be a
complex function on S analytic in its domain.? If f(s) is continuous on a closed-bounded set
S and analytic in the interior of S, then |f(s)| can not reach its maximum in the interior of S
unless f(s) is a constant function.

The maximum modulus theorem implies that | f(s)| can only achieve its maximum on the bound-
ary of its domain (9) and hence

mae] ()| = mae] £ ()] (2.23)

The real rational subspace of H, is denoted by RH . and consists of all proper and real rational
stable® transfer matrices.

2.4 Hamiltonian Matrices

Hamiltonian matrices constitute a category of matrices that exhibit some interesting properties.
The Bounded Real Lemma in Section 2.5 will refer to them.

LA vector space X is said to be closed if it contains all its accumulation points.

2A function f(s) : S — C is said to be analytic at a point zo if it is differentiable at zp and at each point
in some neighbourhood of zp, and thus it admits a power series representation around the point zp. A function
f(s): S — C is said to be analytic in S if it is analytic at each point of S. A matrix-valued function is said to be
analytic in S if every element of the matrix is analytic in S.

3For a continuous time system, a transfer matrix is said to be stable if all its poles lie in the open left half-plane



Consider the square matrix J € R?"*2"  defined by

On In
J = (—In 0n> : (2.24)

where the symbol 0,, € R™*" indicates the zero matrix of dimension n by n, while the symbol
I, € R™™ indicates the identity matrix of the same dimensions.
Definition 2.4.1 (from [42]) A matrix A € R?"*?" is said to be Hamiltonian if JA is symmetric
and therefore

JA=(JAT — ATJ+JA=0 (2.25)

where the implication follows directly from the fact that J. = —J.
The set of 2n x 2n Hamiltonian matrices is denoted by

H" = {A e RV AT T + JA =0}

Properties [9]

In the following a list of some interesting properties of Hamiltonian matrices is provided.

M= <g g) (2.26)

where A, B,C, D € M"™*", the following properties hold:

Given a matrix

(i) M is Hamiltonian if B and C' are symmetric matrices and A + DT = 0;

(#i) the transpose of a Hamiltonian matrix is still a Hamiltonian matrix;
(i) the trace of a Hamiltonian matrix is zero;
(

iv) the eigenvalues of a Hamiltonian matrix are symmetric with respect to the imaginary axis.

2.5 L, Norm of a System and the Bounded Real Lemma

2.5.1 L. Norm of a System

The Lo norm of a transfer function 7'(s) [9], is the maximum norm of the matrix T'(jw) over all
possible w and thus, it is well defined if and only if T'(s) does not have poles on the imaginary
axis. For a SISO system it corresponds to the maximum value of the Bode amplitude plot of the
transfer function. For MIMO systems, instead, it corresponds to the maximum of the maximum
singular value over all possible w. In other words, for a system with transfer function 7'(s) € L
it is defined as

17 (s)llo0 = sup|[T'(jw)]|
w
In case T'(s) € Hoo, this norm can be expressed as

IT(s)| = sup [|T(s)].-
Re(s)>0

Unfortunately there is not a direct way to calculate the L. norm of a system, but there are
some tests that allow one to establish if the L., norm is smaller than a certain positive value +,
namely if ||7'(s)|lcc < . This is equivalent to verify if
1 . .
I- ?T(—jw)'T(jw) >0, Yw (2.27)
and the smallest y for which this inequality is satisfied represents the £, norm (in the following,
simply “the infinity norm") of T'(s).



2.5.2 Physical Interpretation of the £, norm of a System

Let us consider a system with transfer function 7'(s), as in Figure 2.1, that takes as input the
signal w(t), for example an exogenous input, and gives as output the signal z(¢). In this context,
in which w is the disturbance input and z the performance output, the infinity norm of a system
can be interpreted either as the worst case gain in frequency domain

||T(S)HOO = max max M,
w  w(w)£0 [|[w(w)||2

or as the worst case induced 2-norm in time domain

I[2(8)l2
T'(s)]loo = max ——>=.
1T (s)]| w(t)20 ||w(t)]|2

The worst case input is a sinusoid with frequency w* in the direction to which it corresponds as
output the highest peak of the maximum singular value of T'(jw*) [11]. More generally, we can
write

Izll2 < T lloollw]]2- (2.28)

So, the Hoo norm of T'(s) provides a bound on the energy throughput of the system. The
objective is to minimise the infinity norm of this system in order to keep as small as possible the
energy of the output signal with respect to the energy of the exogenous input.

Tests to compute the Hs norm of a system follow directly from the Bounded Real Lemma to
which the following section is dedicated.

2.5.3 The Bounded Real Lemma

The Bounded Real Lemma [10] is the starting point for the derivation of a controller synthesis
method in the context of Ho, control. It will be widely exploited in Chapter 5.
Let us consider the closed-loop system

= Agx + Byw (2.29)
z=Cux (2.30)

with strictly proper transfer function T(s) = Ce(sI — Ae) 1By, then the following are equivalent
(DT oo <3

(ii) The matriz ®(s) := v°1 — TT (—s)T(s)satisfies P(jw) > 0, Yw € R;

(ii1) The Hamiltonian Matrix

A L B,BT )
M — Ci ~y w-w GR nx?2n
! (CZZCCZ —Ag >

has no purely imaginary eigenvalues;

(iv) There exists a matriz X > 0 such that

T T
<AdX + XA+ CHCy XBw> <0 (2.31)

BTX —~2I

In Appendix A some comments about this theorem and its time domain interpretation are given.
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2.6 Linear Fractional Transformation

A Linear Fractional Transformation (LFT) is a useful way to standardise and make different
block diagrams comparable for robust control analysis and design. It will be exploited in Section
4.3 for the calculation of the Ho, system norm.
A mapping F : C — C of the form:
a+ bs
F(s) =
() c+ds
with a,b,c and d € C is called an LFT. If ¢ # 0 then F(s) = a+8s(1—vs)~! for some o, 3, € C.
Definition 2.6.1 Let M be a complex matrix block-partitioned as

(2.32)

My Mo (p1+p2)x (q1+q2)
M = cC p1Tp2 q11Tq2 2.33
<M21 M22> ( )

and let A; € CP1*% and A, € CP2*%2_ A Jower LFT is defined as
Fy(M,-) : CP2X% 5 CPYX9 with Fy(M, Ay) = My + MiaAy(I — Moo Ay) ™ Moy (2.34)

provided that (I — Ma/A;) ™! exists.
An upper LFT is defined as

FU(M, ) : (Cplqu — (Cp2><q2 With FU(M, Au) == M22 + MQlAu(I — MHAU)_lMlQ (235)

provided that (I — M11A,)~! exists.
The diagrams in figures 2.2-2.3, taken from [26], clarify the origin of the terminologies “lower and
upper LET".

Lower LFT
Tow1 := Fi (M, A))
1M [
yl Ml
AI
Figure 2.2: Lower LFT
z1 My Mig| |un
[yl] [M21 MzJ [ul] " i (2.36)
up = Ay (2.37)
Y1 = Marwi + Mauy (2.38)
from which
Y1 = Mawy + Moo Ay, (2.39)



that brings

Y1 = (I - M22A1>_1M21w1 (240)
uy = Al(l - MQQAl)_lMgl’wl (241)
and then, from (2.36),
zZ1 = M11’UJ1 + M12u1 = [Mll + Mlel(I — MggAl)ilMgl] w1. (2.42)
Fy(M,A)

Upper LFT
T2 = Fu(My Au)

Y

A

/4
y2 u2
. M |,
) W,

Figure 2.3: Upper LFT

2.7 Schur Complement

The Schur complement is a very powerful mathematical tool that allows to convert nonlinear
inequalities into Linear Matrix Inequalities (LMIs). This is a reformulation of what is discussed
in detail in Section 2 of [19]. This mathematical tool will come in handy in Section 5.7 for the
derivation of the extended version of the Full Block S-Procedure.
Suppose to deal with the system

Ma = b, (2.43)

M= (g g) , (2.44)

a block-partitioned matrix, where A € RP*P, D € R?%4 and n = p + q. Moreover a = (z,y)’ €
R™, b= (c,d)T € R". Assuming that the submatrix D is non-singular, the matrix (A — BD~1C)
is called the Schur complement of D in M, while, if A is invertible, the Schur complement of A
in M is defined as (D — CA~!B). The following explains why these matrices deserve attention.
System (2.43) can be equivalently written as

with M € R,

Ar+By=c (2.45)
Cx+Dy=d (2.46)

and, under the assumption that D is invertible, it follows from (2.46) that
y =D (d - Cx) (2.47)

10



and substituting in (2.45) we get
Az + B(D7'(d - Cx)) = ¢, (2.48)

that can be rewritten as
(A—BD'C)z =c— BD™1d. (2.49)

If (A— BD'C)~! exists then we get the solutions

z=(A-BD'C)"}(c—BD'd) (2.50)
y=D"Yd—-C(A—-BD'C)"Yc— BD'd)) (2.51)

Analogously, if A is invertible, starting from (2.45), we can write z = A~!(c— By) , and plugging
it in (2.46) and repeating the same steps as above, it turns out that the Schur complement of A

in M is (D — CA™'B).
Equation(2.43) yields to
Ty —1{({¢C
() =a (2). o
While, rewriting the equations (2.50) and (2.51) as

t=(A-BD'C)"'¢e—(A-BD'C)'BDd (2.53)
y=D'C(A-BD'C) e+ (D' + D 'C(A-BD'C)"'BD Yd (2.54)

comparing (2.53), (2.54) with (2.52) it turns out that

oo (A B '/ (A-BD'C)™! —(A— BD'C)"'BD! (255)
~\c¢ p)] “\blca-BD'C)"' D'4+D'C(A-BD'C)"'BD!)

can be factorised as follows

(45 - (L9200 ) () e

and then

<é g) T <_DI_1C ?) ((A—Bzglc)l Do—l) <é —B;ﬂ) (257

and from the property of the inverse of a product of matrices it turns out that

A B\ (I BD! A—BD7'C 0 1 0 (2.58)
¢ D) \o I 0 D)\D™C 1) '
2.7.1 Schur Complement as Check for Positive Definiteness of Symmetric
Matrices

Let us suppose now that M is symmetric, which means A = AT, D = DT and C = BT so that

A B I BD Y (A—BD BT 0\ /I BD\"
M_<BT D>_(O I >< 0 D) <0 I > (2.59)

This leads to the following proposition.
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Proposition 3.2.1 For any symmetric matriz M of the form

A B
= (5 o)

if D is invertible, then the following properties hold:

(i) M = 0 iff D = 0 and A— BD 'BT »~ 0,
(i4) If D = 0, then M = 0 iff A— BO~'BT = 0.

For the proof, see Appendix B.

2.8 Kronecker Product

The Kronecker product is a mathematical operator that is widely used when dealing with dis-
tributed and multiagent control. It has some interesting properties that will be exploited in
Chapter 4, when dealing with the properties of decomposable systems, and in Section 5.8 where
a decomposition approach for the Full Block S-Procedure will be introduced.

Given two matrices A € M"™*"™ and B € MP*?, the Kronecker product of

ail ... Qin =b11 ... big
A= ST and B = : P F
aml .- Qmn bpr ... by
denoted by the symbol A®B, returns a matrix C € M™P*™ of the type

anB e alnB
C = (A®B) = : :
amiB ... amnB

2.8.1 Properties

The Kronecker product has a lot of interesting properties, some of them are listed in this section
and can be easily verified by the reader. For more specific details about the Kronecker product
the reader can refer to [21].

Bilinearity and Associativity

Given the matrices A € M™*", B € MP*? and C' € M"*¢ it holds that

A® (B+C)=(A®B)+ (A () (2.60)
(A+B)@C=(AC)+ (B () (2.61)

Mixed Product
Given the matrices A € M™*" B € MP*?, C € M™*", D € M?%¢, it holds that
(A® B)(C ® D) = (AC) ® (BD) (2.62)

12



Inverse of a Kronecker Product

Given two invertible matrices A, B then (A ® B)~! exists and it is given by
(A B '=A"1'9 B! (2.63)

This property holds for the Moore-Penrose pseudoinverse as well.

2.9 Dissipativity of a System

Before introducing an extended version of the Bounded Real Lemma in Section 3.2, it is worth
to define the concept of dissipativity of a system.

Definition 2.9.1 The system
t=Ax+ B
{ v Av Bu (2.64)

y=Cx+ Du

is said to be dissipative with respect to a supply rate s(z,w) : R™*™» — R if there exists a
continuously differentiable storage function V' (z) : R™ — R such that V(0) =0, V(z) > 0Vx # 0
and

V(x)+ s(z,w) <0. (2.65)
Definition 2.9.2 System (2.64) is said to be strictly dissipative with respect to the supply rate
s(z,w) if there exists a continuously differentiable storage function V(x) such that V(0) = 0,
V(z) >0 Vx #0 and

V(x)+ s(z,w) < 0. (2.66)
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Chapter 3

An Alternative Stability Condition and
the Extended Bounded Real Lemma

In this chapter an extended and less conservative stability condition with respect to the classic
Lyapunov stability inequality for continuous time systems is shown. Afterwards an extended
version of the Bounded Real Lemma, that incorporates the extended stability condition, is pre-
sented. This chapter is a reformulation of the results presented in the research works [8, 13, 14]
that, together with the Full-Block S-Procedure in [39], constitute the inspiration of this master
project.

3.1 Extended Stability Condition for Continuous-time Systems

Consider a generic continuous time system expressed in state space form:

& = Ax + Bu (3.1)
y=Cx+ Du

where A € R™" B € R"*/ C € R™*", D € R™*,

Definition 3.1.1 System (3.1) is asymptotically stable if all the eigenvalues of the A matrix lie
in the (open) left half of the complex plane.

If the system is asymptotically stable, there exists a positive definite matrix P such that the

Lyapunov matrix inequality
PA+ATP <0 (3.2)

holds.
Theorem 3.1.1 [8]: If there exist a positive definite matriz P € M™ ™! and a matriz F € M™*"
such that (i)-(ii) hold, the following conditions are equivalent:
(i) PA+ ATP <0,
(ii) < FA+ ATF P—F+ATFT> 0

P-F'+r4 —-F-FT '
Proof : Referring to the system (3.1), let us define z := .
The equation

T = Az + Bu

G0 O-G 126

=F

can be rewritten as:

'Note that the matrices P such that (i) and (ii) are satisfied are not necessarily the same.
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and defining & := <sz> the quadratic Lyapunov function can be expressed as:

V(€) =zl Px=¢T (1; 8) £. (3.4)

Let us call E the descriptor matrix of the system (3.3), namely

E= (é 8) . (3.5)

(15 8>:<§ §>E:ET (sz £T>7 (3.6)

and thus V can be expressed as:

It holds that

. (P F - o P 0
Vo= (§ p)BE+EE () (3.7
from which the new stability condition turns out to be

(000 1) 05 (5 )= o5

FA+ATF P—F+ ATFT -0
P—FT+FA —F—FT

that brings to

and this completes the proof. [

The advantage of this extended formulation is that it eliminates the product between the matrix
A and the Lyapunov matrix P, introducing extra degrees of freedom by means of the matrix F,
that is not restricted to be symmetric. The decoupling between the Lyapunov matrix and the
system matrices will prove to be very beneficial to obtain a less conservative controller synthesis
procedure.

3.2 Extended LMI for H., Controller Synthesis

Consider the continuous time closed-loop time-invariant linear system

T = Ayx + Byw (3.10)
z=Cuyx + Dyw (3.11)

in which w represents the exogenous input and z the performance output. The control input «
n (3.1), has been replaced by the expression u = Kz and A, = A+ B,K, Cy; =C+ B,K. In
the following T'(s) denotes the transfer function from the input w to the output z.

Lemma 3.2.1 (H norm)[13] Let ||T']|~ denote the Ho, norm of T'. A is stable and the H
norm of 7' is smaller than ~ if and only if there exists a symmetric matrix P > 0 such that

AP+ PA, PB, CJ
BLP —~yI D, | <0. (3.12)
C’cl Dw _71
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Notice that this is an equivalent formulation of the Bounded Real Lemma presented in Section
2.5.3. In fact, by applying the Schur complement, and imposing D,, = 0, from (3.12) we obtain:

(i) —~I <0 (3.13)
T 1T
(i) <A P+ PAg+ -C,Cy PBw) <0

c ¥

i 1 (3.14)

That is equivalent to (2.31) after the substitution D = 0 up to a v factor on the last diagonal
element and a /7 factor on the channel z — w.
Adapting the inequality (3.1) to system (3.3) it turns out that the expression (3.8) implies that

FAy+ ALFT  P—F+ ALFT FB,

V(Ew) = (i)T P—-FT+FA, —F - FT FBy <§)) =< 0. (3.15)
BLFT BLFT 0
FAINES
In fact, after defining a new vector p:= | = | = (w)’ we can rewrite the system (3.3) as

w

I 00 T 0O I 0 x

0 0 0 | =|Aq -1 By T (3.16)

000 w 0O 0 0 w

P 0 0
Vig)=a"Pr=0"10 0 0]o. (3.17)
0 00
So now it holds that
P 0O P F 0 P 0 0
0 00|]=(0 F o|E=ET|FT" FT 0], (3.18)
0 00 0 0 0 0 0 0
from which
' P F 0 P 0 0
Vie)=0' [0 F 0| Eo+o"ET|FT FT 0o (3.19)
0 0 0 0 0 0
and the new stability condition turns out to be
P F 0 0 I 0 0 AL, 0\ /P 0 0
0 F 0||{Ay —-I B,|+|I —-I o|[|FT FT 0] <0, (3.20)
0 0 0 0 0 0 0 BI' o 0 0 0

that leads to
FAy+ATFT pP-F+ ALFT FB,
P—FT 4+ FA, —F—FT FB, | <0. (3.21)
BTFT BLFT 0
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Theorem 3.2.1 (Extended H., Norm) [13] System (3.1) is asymptotically stable and ||T||~
is smaller than ~y if and only if there exist a matrix P = 0 and a matriz F' such that

FAq+ALFT  P—F+ ALFT FB, C}

P—-FT 4+ FA, —F—FT FB, 0
Cy 0 D, —~I

Proof: (Necessity) If the norm of ||T'||~ is less than v then the system with transfer function T’
is strictly dissipative with respect to the supply function

s(z,w) = <Z> T (iof —3]) (Z) - }Ysz — ~ywTw (3.23)

that is the same as in (2.16) except for a multiplication by a factor /7 along the performance
channel z — w, that does not invalidate what has been stated.
Recalling that

z=(Ca 0)¢+ Dw (3.24)

it turns out that the supply function in (3.23) can be expressed as a function of the variables £

and w as
T T 1 0
eo=(5) (50 7) G o) (0 )6 e

that is equal to

5(§w):<§>T Cgc 8 CCTloDw <5> (3.26)

w T w
chcl T
LuCe o DID, —

and from the strict dissipativity of the system it directly follows that

V(€ + s(§w) <0, (3.27)
that is, from (2.65) and (3.26),
FAg+ALFT 4 4% p_p 4 ATFT FB, +C5D,
P-FT + FA, ~F - FT FB, < 0. (3.28)
DI C,
BIFT 4 Pule BLFT DDy —

This is equivalent to (3.22) after applying the Schur complement with respect to —yI, namely

FAq+ALFT p—F+ ATFT FB, Ca\ 1
P—FT 4+ FA, —F—F7T FBy,|+| 0 | =I(Cq 0 D,). (3.29)
BILFT BILFT —yI pl) "

(Sufficiency) Suppose there exist P > 0 and F' satisfying the matrix inequality (3.22). Then
the asymptotic stability of the system follows directly from the fact that one of the diagonal
blocks of the matrix in (3.22) is the extended stability condition (3.9). For what concerns the
performance requirements, instead, by reversing the previous steps, we have

T
FA,+ATFT  pP_F+ ATFT FB, Calet 0 CTD,
P—-FT+FA, ~F—FT FB,|+| 0 0 0 <0, (3.30)
BLFT BLFT 0 Diyccl 0 DID, —~
V(€) s(&w)
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or equivalently, exploiting the expression (3.23),

V(e + (w) L) () <o

Integrating from ¢ = 0 to t = T' > 0, and assuming z(0) = 02, we get

2(T)T Pa(T) + /0 ' (i)T (%I _g I) (5}) dt < 0.

And since z(T)T Pz(T) > 0, this implies that

r 1
/ ywlw — =2Tzdt > 0
0 v

(3.31)

(3.32)

(3.33)

and thus it is a valid supply function for the performance requirements according to what

expressed by the Bounded Real Lemma. This concludes the proof. [J

2By definition of Lyapunov function, V(0) = 0.
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Chapter 4

Decomposable Systems

This thesis focuses on the problem of designing a distributed controller for a specific class of sys-
tems called "decomposable systems". They are characterised by the fact that they are obtained
from the interconnection of identical subsystems and are such that their state space matrices
satisfy a certain structural property. This allows us to derive a procedure to design a distributed
controller whose structure mirrors the interconnections among the subsystems and to decompose
the constraints to be satisfied for stability and performance purpose, improving the scalability
of the controller that, when dealing with large-scale systems, results to be a major concern [29].

Definition 4.1 Assume that P € RV*V is diagonalizable. We define pP? as the set of all
matrices M € RVPXN4 for which there exist two matrices M9, M? € RP*4 such that [29]
M=1Iy® M+ Pc M. (4.1)
An interesting property of this set is given by the following lemma.
Lemma 4.1 Let P € RV*N be a diagonalizable matrix and let Z € CN*Y be a non singular
matrix such that A = Z7'PZ is diagonal. If M € P4 then
M= (Z®1,) 'M(Z®1I,) (4.2)

is block diagonal.
Proof: From (4.1) it follows that

M=(ZoL,) '(Iy@ M+ P M)ZoI,) (4.3)
and applying the properties of the Kronecker product, listed in Section 2.8, we can write
M=ZaL) '(IneM+PoM)(Za1,) =
= (Z'QL)INO M+ P M) (Z®I,) =
=[(Z'e L) INneM)+(Z '@ L) (Pe M)|(Z21,) (4.4)
=(Z'oL)INnoMYZel)+(Z '@ L) (P MY ZaI,) =
=(Z U@ LMY ZRI)+(Z' P [LM)(Z®1,) =
= (ZUNZ @ LML) +(Z'PZ @ [,M'I,)) = Iy @ M+ A ® M°
and since Iy and A are diagonal, then M is block diagonal.[]

It is worth noticing that the matrix M has a special structure since in addition to being block
diagonal, each of its diagonal blocks M;, admits the following parametrization

M; = M?+ \M* (4.5)

where J; is the ith eigenvalue of P.
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4.1 Interconnected Systems

Let us consider N identical subsystems, each of them of order [. Suppose they are interconnected
in accordance with a pattern matrix P. We call P a "pattern matrix" since it mirrors the inter-
connections among the subsystems, as the adjacency matrix does for the nodes of a non-oriented
graph. Exploiting the analogy between interconnected systems and graphs, in fact, we can think
of each subsystem as a node of the graph, the interconnections as the edges and the pattern
matrix P as the adjacency matrix.

Definition 4.1.1 Let us consider the NI-th order dynamical system described by the following
equations:
&(t) = Az(t) + Byw(t) + Byu(t)
2(t) = CLx(t) + Dow(t) + Doyult) (4.6)
y(t) = Cya(t) + Dyww(t)

where z € RM is the state, w € RVN™w ig the disturbance, v € RV™« is the control input,
y € RNV is the measured output and z € RN"= the performance output. The system is said
to be a decomposable system if there exists a state space representation as in (4.6) such that
A, By, By, Cy, Cy, Dy, Dy, Dy, have the same structure as in (4.1) with P diagonalisable.

If the pattern matrix P is symmetric we call the system a symmetric decomposable system.
In this case the matrix Z that diagonalizes P is real and orthonormal. The diagonal blocks of
the matrices, marked with the superscript "d", represent the internal dynamics of each subsys-
tem, while the off-diagonal, marked with the superscript "i", model the interactions among the
subsystems.

An interesting property of this kind of systems is stated by the following theorem.

Theorem 4.1.1 [29]: The decomposable system (4.6), of order NI, is equivalent to N independent
subsystems of order I, each of which with m, inputs, m,, disturbances, r, performance outputs
and ry measurement outputs.

Proof From the equation (4.2) it follows directly that every matrix M can be rewritten as

M=(ZeL)MZxI,)™!
where M is block diagonal, and I,,, I, of adequate dimensions. Then after the following manip-
ulations:
:i’\”
Zeoh)lit)=ZeoL)TAZeL)(Zo L) 2t) + (2 1) By(Z @ I, ) (Z @ Iy, ) ™!
+HZ L) 'Bu(Z @ Iy, (Z @ Ln,) tu(t)

(Z&@ L) " 2(t) = (Z® L,.)'Co(Z ® [)(Z ® ) a(t)+
HZ @1;,) ' Do (Z @ Iy )(Z @ Ly, ) "t (t) + (Z @ Iyny,) Do Z @ LIy )(Z @ L, )~ tu(t)

(Z@1,) ) = (ZeL,)) ' Cy(Z @ L)(Z @ 1) x(t)+
+(Z @ 1,) ' Dyu(Z @ Iy, )(Z & I, )t (2)

and exploiting the relation (4.2) we come to

(Zo L) 'a(t) = A(Z@ L) a(t) + Bu(Z @ In,) tw(t) + Bu(Z @ In,) tu(t
(Z®I,)” lz(t) A(Z® Il)_lx( ) +Dow(Z @ Iy, )~ ! w(t) + Do (S @ I, )~
(Z®1I,) 'y(t) = Cy(Z @ 1)~ 'x(t) + Dyw(Z & Im,,) ' w(t)

H\_/

C u(t)  (4.8)
C
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with A, B,,, B, C, block diagonal.
Finally, after the following change of variables

= (ZoL) ',

W= (Z® I,) ',

j=(Zol,) "y, (4.9)
o= (Z®Iy,) tu,

(= (Z®I,.) 12,

the system becomes
Z(t) = AZ(t) + By (t) + Bya(t)
22(t) + Doyw(t) + Dy tlt) (4.10)
(

and this is equivalent to the following set of IV equations, one for each subsystem:

() = Agdi(t) + Buthi(t) + Bt (t)
Zi(t) = Ci@i(t) + Daw,iwi(t) + Deytii(t) i=1,...,N (4.11)
Ui(t) = Cyii(t) + Dy s205(t)

where Z; is the i-th element of size [ x 1 of Z, w; is the i-th element of size m,, x 1 of W, 4; is
the i-th element of size m, x 1 of 4, Z; is the i-th element of size r, x 1 of Z and g; is the i-th
element of size 7, x 1 of §. [

Subsystems in (4.11) are called "modal subsystems". It is worth noticing that these subsystems
are not the same as the physical subsystems that compose the global plant (i.e. the diagonal
part of A). In fact, according to the result obtained in (4.4), it holds that

2i(t) = (A" + NAYE () + (BE ; + NiBl, )i(t) + (Bl + \iBy,)au(1)
ZZ(t)Z(Cg’l—F)\ZCl) (t) ( zwz+)‘Dl z) Z()+( zuz+ADguz)A(t) izl"‘WN
yi(t) = (Cy; + NCy )Ei(t) + (D, ; + AiDyy, ;)ii(t)

(4.12)
with \; the iy, eigenvalue of P. This property of decomposition, is what gives this kind of systems
its name. This is their main characteristic and it is what allows us to face many control design
problems decomposing them into N smaller problems independently.

4.2 Static State Feedback Controller for Decomposable Systems

Goal of this project is to design a stabilizing static state feedback distributed controller whose
structure mirrors the interconnections among the subsystems, i.e. a controller taking the form

u(t) = Kx(t), (4.13)

with
K=Iy®K'+P® K", (4.14)
To this end, techniques from robust control will be exploited. More specifically, we will exploit

the Full Block S— Procedure that provides a convex formulation for the state feedback synthesis
problem under some structural assumptions. In order to bring the system model in a form such
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that the Full Block S-Procedure is applicable, we introduce a new channel p — ¢ in the model
that in a decomposed form becomes

$Z(t) = Adxi(t) + Blpz‘ (t) + ngi(t) + Buz(t)
qi(t) = Crxi(t) + Dipi(t) + Diow;(t) + Erug(t) i=1,...,N (4.15)
2i(t) = Coxi(t) + Da1p;(t) + Dow;(t) + Eau(t)

where z;(t) € Rl is the iy, state variable, w;(t) € R™w the iy, exogenous input, u;(t) € R™ the
iy, control input, z;(t) € R the iy, performance output and ¢;(t) € R, p;(t) € R™ signals
such that, for the original system, it holds that

p(t) = P ® I, q(t) (4.16)
and for the decomposed system it holds that
pi(t) = Nigi(?). (4.17)

Starting from (4.16), repeating the steps of decomposition,

(Z&1,,) 'pt)=(Z®1,) (PR I1,)(Z®I1,)(Z®I,) 'q(t), (4.18)
p(t) = A® In,q(1), (4.19)

it follows that
pi(t) = Nigi(?) (4.20)

The state space matrices for the new model are

d | Ai d d d
4| 5| B | B e
Ci| D1 | D | Er| = (4.21)
oD 5T E 010 0 0 0 I
2 21 2 2 a [ d d
Cy|C, Dy | 0 | Dy, 0O
and we will exploit the fact that the system
i(t) = (In ® AT+ P @ ANz(t) + (In ® By)u(t) + (Iy ® By)w(t) (4.22)
2(t) = (IN®C¢+ P® CHz(t) + (Iy ® Dzy)u(t) '
in closed loop with A
u(t) = (Iy @ K%+ P ® K')x(t) (4.23)

is equivalent to

i(t) = (INn® A+ P ANz(t) + (In® [By, 0]+ P®[0 Byu)u(t) + (In ® By)w(t)
Z(t) == (IN & Cg + P® C;).%'(t) + (IN & [Dzu 0] + P® [0 Dzu])a(w

(4.24)
in closed loop with
Kd
u(t) = Iy ® [ Z] x(t) (4.25)
K
and both of them yield
i(t) = (In ® (A% + B,K9) + P® (A' + B,K"))z(t) + (In ® By)w(t) (4.26)
2(t) = (IN ® (C&+ D,y K + P @ (CL + Dy, KY))x(t). '

24



For this reason we can synthesize a decentralized controller (4.25) for the system (4.27) and from
it compute the distributed controller (4.23) for the original system.

It is important to notice that this equivalence holds under the hypothesis that both B and D!
are equal to zero. In fact if this hypothesis is violated the original system in closed loop takes
the form

i(t) = (IN® A+ P@ A)z(t) + (In ® B¢+ PR Bi)(In ® K¢+ P ® KV)x(t) + (Iy ® By)w(t)
2(t) = (IN®CI+ P CHz(t) + (In® D, P @ D) (IN @ K44+ P ® KH)x(t)

that is

i(t) = (Iy ® (A4 BIKY) + P ® (A" + B K¢+ BIKY) + P? @ BiK)z(t) + (In ® By)w(t)
2(t) = ((In ® (C¢+ DI, K + P® (CL + D! K+ D? K') + P> ® D!, K*)x(t)

While, for the transformed system, it holds

it)=(IN@AT+ PR A)x(t) + (IN®[B, 0+ P®[0 B,))IN® e

) =(Un@CI+ P CH2z(t)+ (IN®[Dy 0+ P[0 D))y ®

(4.27)
and the presence of the terms depending on P?, when B!, and D! are different from zero, in the
first equations, would prevent the two formulations to be equivalent.

Another important assumption is the constraint that the matrix P is symmetric. In fact, if we
denote by T, the transfer function from w to z of the transformed system it holds:

A sl < el < 2 ol (4.28)
where Z € R™*" is the matrix that diagonalizes P, and ¢ and ¢ indicate the maximum and
minimum eigenvalues of Z, respectively. Since P is symmetric, Z is orthonormal, and this
guarantees that o(Z) = 6(Z) = 1 and thus that |Ty:||oc = || Tw:|leo. This means that dealing
with the transformed system does not lead to a loss of information about the norm of the real
system. Another advantage of dealing with symmetric pattern matrices lies in the fact that they
have real eigenvalues and this makes the decomposed system and the decomposition approach,
that will be treated later, more manageable.

4.3 Ho Norm of Decomposable Systems

The Hoo norm of the system is calculated by applying a linear fractional transformation to the
decomposed system. More explicitly, let us define for the system in its decomposed form the
state space matrices as follows

A B By B INRAY| IN® By | IN®By | IN® B
Ci D1 Dip & = |IN®CyL | IN®Dy | IN®Dia | IN® Eq (4.29)
Co Dy1 Dy & IN®Cy | IN® Doy | IN® Dy | In ® Es

that, in closed-loop, become

T A+BK By B T
q| = |Ci+&K Dy Do |p (4.30)
z Co+EK Dy Dy w
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and after a reordering of the variables

T A+BK By B X G11 | G2 x
z| = [Co+EK Dy | Dy w| = w . (4.31)
q CG+&EK Dio| D |p Ga1 | Gazo| |p

By exploiting the relation
p=P® Inp q (432)
N——

A

and referring to the lower LFT as shown in Figure 4.1,

K

u
w ( f z
p

A

Figure 4.1: Lower LFT for decomposable systems.

we have )
m = F(G, A) m with p = Aq. (4.33)
z w
From (4.31) it follows
p=Aq
T 4.34
q= G2 + G22Aq (4.54)
from which
p=A —GpA)'Gn Lﬂ (4.35)
and thus '
|:§:| — Gll |:fU:| + G12p = (Gll + GlgA(I — GQQA_1G21)) |:Z]:| (436)
Fi(G,A)

From F;(G,A) in (4.36), we can extract the closed-loop matrices from which we calculate the
Hoo norm of the system through the Matlab function

norm(ss(A_cl,B_cl,C_cl,D_cl), Inf) with A cl,B cl,C cl,D cl, extracted from the rela-
tion (4.33) block-partitioning F;(G, A) according to the dimensions of the vectors z, w.
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Chapter 5

Full Block S-Procedure

In this chapter a sub-optimal approach for the design of distributed controllers for decomposable
systems is presented. This technique is based on a robust control synthesis procedure called "Full
Block S-Procedure" [39].

5.1 Introduction

The Full Block S-Procedure is a powerful mathematical tool that applies to more general problems
with respect to that one addressed in this work. The main objective for which it was conceived
is the construction of controllers that take into account online measurements of time-varying
parameters that influence the system dynamics. Linear Parameter Varying (LPV) systems are
systems described by the equations

(t) = {1(5(75))?6(75) + B1(8(t))w(t) + Ba(5(t))u(?)
2(t) = C1(3(8))z(t) + D1(9(t))w(t) + D12(6(t))u(?) (5.1)
y(t) = Co(0()x(t) + D21 (6(2))w(t)

where z(t) € R, w(t) € R™v u(t) € R™«, y(t) € R, 2(t) € R"= are the state, the disturbance,
the control input, the measured output and the performance output, respectively, while 4(t) € RF
is the time-varying parameter. They are the object of considerable attention since they are well-
suited to model and synthesize problems related to robust control and non linear control. In
LPV control it is assumed that the time-varying parameter §(t) belongs to an a priori given set
0, whereas the actual parameter curve is not known a priori but can be measured on-line. The
objective is to design an LPV controller of the type

{aacu) = A(®)a(t)
u(t) = Celo(t))ae(t)

(0()y(t)

(6(6))w(t), (52)

+ B,
+ D,
that takes on-line decisions based on the measured input y(¢) and the time-varying parameter

d(t) according to which it generates the control input u(t).
The closed loop system then, takes the form

. . (5.3)
u(t) =€ (6(t)§(t) + 2(6(t))w(t)

The design goal is to stabilise the controlled system (5.3) and to satisfy the performance require-
ments on the channel w — z generalized by the expressions (5.4)-(5.6). From a general point of

{S(t) = o/ (3(£))E(t) + B(E(1))w(t)
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view, in fact, the closed-loop system is required to satisfy

[ G (& ) (2)=0 (5.4

for all "> 0 and all §(¢) € d if £(0) = 0.
If the objective is to bound the Hoo gain of the channel w — z, a possible choice in (5.4) is

(& &)= ) 6

Performance requirements together with stability can be guaranteed by the existence of a matrix
Z > 0 such that the following (infinite) family of LMIs is feasible

(ﬂf(é(t)) @(g(t))\ 32” o 8
0 S
0

0
C(;p . \ d ; )<0 (5.6)
Sy Ry) \Z(6(t)) 2(5(t))
for all 6 € 9.

It is immediate to see how these LMIs can be interpreted as a generalisation of the Bounded
Real Lemma. In fact, developing the calulations in (5.6) for the time invariant case, we obtain

[ecBen) New]

(ATX +XA+CTR,C  XB+CTSI'+CTR,D )
<0.

BTX + 8,0+ DTR,C Qy+D"ST + 8+ D'R,D (5:7)

Plugging the (5.5) in (5.6) in order to guarantee the satisfying of the performance requirements
and D = 0 in accordance with (2.30) it immediately follows that (5.7) is nothing but (2.31).

5.2 Full Block S-Procedure

The Full Block S-Procedure represents a general result on families of quadratic forms which
allows to rewrite (5.6) into one LMI in which 2" and the so called multipliers are the decision
variables.

Let % be a closed subspace of R", let U € RP*™ and V € R, let Q € RP*P be symmet-
ric, and let .(A) C R? be the subspace that depends continuously on the parameter A which
varies in the compact path-connected set A. Moreover define

B(A) :={zx e BVx € L(A)}. (5.8)

Theorem 5.2.1 (from [39)])
(a) The performance specification

UTQU < 0 on B(A) for all A € A (5.9)
holds if and only if there exists a symmetric multiplier P with

P>0on.7(A)forall Ae A (5.10)

which satisfies
UTQU + VTPV < 0 on %; (5.11)
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(b) suppose there exists a subspace By C B on which UT QU is positive semi-definite, and whose
dimension is large enough to satisfy

dim(V %) + dim((A)) > gq. (5.12)
Then (5.10) and (5.11) imply that VA, and .7 (A) are in direct sum (symbol &), namely
VA © .S (A) =R? for all A in A. (5.13)

Proof. (a) The proof of "if" in (a) is trivial. In fact, if we choose any z € Z(A) with = # 0,
since z € 4, it follows directly from (5.11) that

2TUTQUx < 2"V PV (5.14)
Since x € #(A) it holds that Vo € .#(A) and therefore from (5.10) we deduce that
eTVT PV >0 (5.15)

in which the equality holds when Va = 0. Condition (5.14) yields 27 UTQUx < 0, that is (5.9),
and this concludes the proof.

The proof of "only if" in (a) consists of six steps.

Step 1

Let us denote by S(A) the orthogonal projector onto .(A). Since .’(A) depends continuously
on A, also S(A) does. Moreover

S(A) = ker(I — S(A)). (5.16)

To see that this relation is always satisfied it is worth noticing that this is equivalent to saying
that
L(A)={z e R - S(A)z =0} ={z € RI[z = S(A)x} (5.17)

that means that ./(A) is the vectorial space generated by all the vectors 2z € R? whose orthogonal
projection is the vector x itself, that is a redundant way to say that z € Z(A).
From (5.16) we obtain an alternative description for Z(A):

B(A) = BN ker([I —S(A)]V). (5.18)
In fact, similarly to what has been done before, this is equivalent to
B(A) ={zx € B|Ve=5SA)Vz}, (5.19)
ie. x € B and Va € .S (A).
Step 2
We claim that there exists dg > 0 such that
UTQU + 6oI < 0 on B(A) for all A € A. (5.20)

If not true, there exists for any j = 1,2,... a A; € A and a vector z; € #(4;), x; # 0 such
that
2} [UTQU + j~ ' a; > 0. (5.21)
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By the compactness of A, there exists a subsequence j, such that A; — Ag € A and z;, — xg
with z¢ # 0 for v — co. Moreover, since z; € Z(A;), we infer that

[I — S(Ajv)]ijv =0 (5.22)
which implies that, since .#(A) depends continuously on A, for v — oo
[I —S(Ag)]Vrg =0 (5.23)

Since 4 is closed, we also infer that xy € # which, together with (5.23), yields zg € Z(Ay).
Moreover the inequality (5.21) for v — oo becomes xOTUTQUxO > 0. Thus we have found a non
zero vector xg € ZB(Ap) such that hypothesis (5.9) is contradicted.

Step 3

Let B; be a basis matrix of ker(V) N % and By an extension to a basis B of £, so that
B = (B1B3). This means that VB; = 0 and, since Bj is a basis for ker(V) N2 and By is a set
of generators for %, that V By has full column rank. By definition of Z(A) and of vector space

in general, it also holds that
ker(V)N%# C B(A) (5.24)

that, together with (5.20), yields
BI[UTQU + 601)B; < 0. (5.25)

Therefore there exists a symmetric matrix M such that

T
eFMe; = max <§1> BTUTQU + 6,1|B (§1> (5.26)
&1 13 &
Let us define
P = —[(VBy)|TM(VBy)T,* (5.27)
from which
M = —(VBy)'P(VBy). (5.28)

Due to (V B2)!(VBy) = I we deduce that, for all £ = (&7, )T,
E'BTVTPVBE = €7(B1B)T VI PV(B1By)¢ = X (VBo)TP(VBy) &o = —€X MEy,  (5.29)

/

-M

where the fact that V. B; = 0 has been exploited. Finally, combining (5.29) with (5.26), we come
to the conclusion that

e'BTVT PV Be < —¢T'BTUTQU + 801) B¢ (5.30)
~—_—
—£TM&

where the equality holds if &; is the argmax in (5.26). The (5.30) can be equivalently expressed
as

T pRT T T B T pT
B U' QU+ V" PVIBE < — &g & B B¢, (5.31)
>0 >0
which implies
BT[UTQU + VPVIB <0 (5.32)

!The symbol tindicates the Moore-Penrose inverse.
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Step 4

In this step we prove that
P>0on.2(A)NVZAforall A € A. (5.33)

Indeed, for any vector z # 0 such that z € ./ (A) NV A there exists £ # 0 for which z = V Ba&s.
Let us take the corresponding maximising vector ¢; in (5.26) and define ¢ := (£7¢1)T. Since
V B; = 0 we have that VB{ = V Bs& = z from which, due to (5.29),

2Py =¢TBTVTPVBE = —¢F Méy = —¢T"BT[UTQU + 601)BE. (5.34)

where the last equality holds since &; is the argmax in (5.26). Moreover, since VB¢ = z €
Z(A)\{0}, we deduce, by definition of #(A), that B¢ € HB(A)\{0} which implies by (5.20)
that

e'BTUTQU + VT PV]BE < 0. (5.35)

Thus from (5.34) we obtain 27 Pz > 0 that confirms the thesis (5.33).

Step 5

Let L be a full row rank matrix such that ker(L) = VZ. We claim that there exist some 9 > 0
such that

P=P+roLTL>0o0n.7(A) for all A € A. (5.36)

The proof follows by contradiction. In fact, if the claim was false, we could find for each
j=1,2,... aAj € A some z; € (A), zj # 0 such that

2P+ LTL)z <0 (5.37)
Take a subsequence j, such that A; and z;,, converge to Ag € A and 2y # 0 respectively. Since

zj, € ZL(Aj,)
[I = S(4;,)]z, =0 (5.38)

and, since .’(A) depends continuously on A, for v — co we obtain
[I —S(Ao)]z0 =0 (5.39)

and hence zg € . (Ap). Notice that (5.37) allows to write

2Py P+ LTL]z;, <0 (5.40)
from which we conclude, for v — oo
A LTL2 <0 (5.41)
=0

which implies Lzp = 0 and hence zy belongs to ker(L) or alternatively zp € V.2. Since we also
have

2F Pz, < —juzl LTLz;, <0 (5.42)

we infer zg P2y < 0. Therefore we have 2 # 0,20 € S (Ag) UVZA for which zg P2y and this
contradicts (5.33).
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Step 6
In (5.36) we have constructed a multiplier in accordance with (5.10). Due to
(VB)TPVB = (VB)T[P+rLTLIVB = (VB)'PVB (5.43)

we can rewrite (5.32) as
BT[UTQU +VPVIB <0

which is an equivalent formulation of (5.11), and this concludes the proof. [J

(5.44)

Proof. (b) Let z # 0 be a vector in V.ZyN . (A), and let 2 be a non-zero vector, x € %, such
that z = Vz. Since x € # we infer from (5.11) that

cTUTQUz < 2" VTPV = —2TP2 <0 (5.45)
where the last inequality holds due to (5.10). Thus we end up with
2TUTQUz < 0 on %y (5.46)

That contradicts the hypothesis that 27 U7 QUz > 0 on the same set. Therefore V.%,N.7(A) =

{0} and so VA, and .#(A) are in direct sum, that means
dim(VAy + L (A)) = dim(VAy) + dim(.#(A)) = ¢, (5.47)

and thus they generate R?. [

The previous result allows to replace the family of (infinite) constraints (5.6), with the following
LMIs:

X =0 (5.48)
21 @8 = 0on.7(A) forall A € A 5.49
A on . (A) for a € (5.49)
JYHJT <0. (5.50)
With
0 X| 0 0] 0 0]
X 0|0 0] 0o o0
0 0/Q S| o o
°H = 0 0/ST R| 0 0 (5.51)
0 0|0 O0|—%T 0O
o olo0o 0| 0 I
and
0 0 0
A By B
0 I 0
J= 5.52
Ci D1 Dia (5:52)
0 0 I
|Co Doy Do |

with A, By, By, C1, D1, D12, Cy, Da1, Dy expressed as in (5.1) and <7j((f))) € S(A(t)) C Rmwtrs,
The main advantage of (5.48)-(5.50) over (5.6) is that the Full Block S-Procedure provides a
standard linear matrix inequality in the unknowns @Q, R, S, X and that the uncertainties come
into play only on the multipliers (5.49). This separation brought an important contribution to

the theory of robust control.

2This is the P matrix in the Full Block S-Procedure theorem.
3This is the UTQU + VT PV matrix in the Full Block S-Procedure theorem.
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5.3 Dualisation

When the state matrices belong to a closed loop system with state feedback control, the state
matrix A in (5.7) will be replaced by A+ BK. This means that, when developing the calculation,
we will end up with terms of the following kind

X(A+BK), (A+BK)TXx (5.53)

in the unknowns X and K. This is undesirable because it makes the problem non-convex in the

unknowns X, K and thus not solvable via convex optimisation tools. For this reason the dual
system needs to be considered. Moreover a trick will be applied. It exploits the fact that the
Lyapunov stability inequality that appears in (5.7)

X(A+BK)+ (A+BK)'X <0, (5.54)
can be factorised as
XAX '+ BEKX 14 X 1AT + X 'KTBT)X <0 (5.55)

and upon defining Y = X! and introducing the auxiliary variable M = KY, we can equiva-
lently rewrite the Lyapunov inequality as

AY + BM +YAT + MTBT <0 (5.56)

that is affine in the variables Y, M and thus convex. After computing the optimisation variables
Y, M, we can obtain the controller K through the relation K = MY 1.

5.3.1 Dual Bounded Real Lemma

Lemma 5.3.1.1 Let us consider the dual closed-loop system

{g'c = A%z + Chw (5.57)

_ BT
z=DByx

with strictly proper transfer function T(s) = BL(sI—AL)~tCT

o> then the following are equivalent:

(DT Nloo <73
(id) Given ®(s) := ~*I — TT(=s)T(s) then ®(jw) >0 Yw € R;
(#ii) The Hamiltonian Matriz

AT LHTH
My = <_GGT VQ_AT

> c R2n><2n

has no purely imaginary eigenvalues;

(iv) There exists a matriz Y > 0 such that

T T T
<YAcz + AaY + By By, YCcz> <o (5.58)

CuY —~21
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In order to formalise the dual Full Block S-Procedure, we first need to introduce the follow-
ing lemma.

Dualization Lemma (from [38]) Let P be a non-singular symmetric matriz in R™*™ and let %
and ¥ be two complementary * subspaces of R™. Then

eTPr <0V xecw\{0} and " Px >0V eV (5.59)

15 equivalent to
TP le>0Vee {0} and TPl <0Vazeyt (5.60)

Proof Since @ ¥ = R" is equivalent to %+ @ ¥+ = R™, we only need to prove that (5.59)
implies (5.60). The converse follows by symmetry.
(5.59) = (5.60)
Let us assume that % and ¥ have dimensions k and [, respectively. From (5.59) it follows that
P has at least k negative eigenvalues and at least [ non-negative eigenvalues. Since % and ¥ are
in direct sum, k+! = n and P is non-singular, we infer that P has exactly k negative eigenvalues
and [ positive eigenvalues. Let us prove now that P~ is positive definite on %+, by proceeding
by contradiction. Assume that there exists a vector y € % +\{0} such that y” P='y < 0. Upon
defining the vector z := P~1y, we deduce from (5.59) that z does not belong to %. In fact, if z
belonged to % , it would have followed that 27 Pz < 0 and zLy = Pz. Since z is in % and y in
%+ that would have implied

(z,y) = (2, Pz) = 0= 2" Pz (5.61)

thus contradicting the fact that P is non singular. Therefore the vector subspace %, = span(z)+
7 has dimension k + 1. Moreover, for any x € % we have

(z42) ' P(z4x) = (P ly+2) ' P(P  y+a) = yT P ly+y w4+ 2Ty +al Pe = y" P71y + 2T Pa®

1 Ll <0 <0
(5.62)
that implies
(z4+2)'P(z+x) <0. (5.63)

This implies that P has at least k + 1 non-positive eigenvalues, which contradicts what has
already been established, namely that P has exactly k negative eigenvalues and that P has not
zero eigenvalues.

Let us prove now that P~! is negative definite on #*. Note that

tT(P+Te)x <0V xe#\{0} and 27 (P+el)z >0V z € ¥\{0} (5.64)
for € > 0 small. Moreover due to what has already been proved and by symmetry, this implies
eT(P+1Ie) e >0z ewt\{0} and 2T (P4 el) Lz <0V z € ¥1\{0} (5.65)
for all small € > 0. Then we exploit the fact that
(P4+el)™ = Pt fore—0 (5.66)
since P is non singular. Therefore, after taking the limit, we get from (5.65)
TPz >0V eew\{0} and 2T Ptz <0 Vz e ¥H\{0} (5.67)

where we already know that the first inequality is strict. [

The dual Full Block S-Procedure is structured as follows.

4The therm complementary means that the subspaces are in direct sum.
®The equality holds if z = 0.

34



5.3.2 Dual Full Block S-Procedure
Conditions (5.48)-(5.50) are equivalent to

Y =0 (5.68)
[5% g]6<00n YL(A) forall A € A (5.69)
JYHT -0 (5.70)
with _ -
0o Il0o o]l o o0
I 00 0| 0 o0
~ 00/l Q S| 0 o0
H=10 013" R| 0 o (5.71)
0 0l0 o|l=-%LI 0
Y
00/ 0 0] 0 I
and
vy AT —vct —-yoi
I 0 0
- | -Bf  -DI -DI
J= 0 ! 0 (5.72)
Y oY e a YA
_B2 _D21 _DQ
0 0 I

where in (5.68) Y = X!, while (5.69) is a direct consequence of the dualization lemma applied
to (5.49). As regards (5.70), it can be derived as it has been done for (5.50) starting from the
dual Bounded Real Lemma and exploiting the relations (5.55)-(5.56).

5.4 Dual Full Block S-Procedure for Infinity Norm Minimisation
of LTI Decomposable Systems

As already mentioned in Chapter 4, in order to apply the Full Block S-Procedure, we need to
equivalently rewrite the system (4.6) by introducing an interconnection channel ¢ — p so that
the new mathematical model for the interconnected system in a decomposed form becomes

#;(t) = Alx;(t) + Bipi(t) + Bow;(t) + Bu(t)
¢i(t) = Cizi(t) + Dip;i(t) + Digw;(t) + Eyu(t) i=1,...,N (5.73)
2i(t) = Cowi(t) + Da1p;i(t) + Dow;(t) + Eou,(t)

)

where z;(t) is the iy, state variable, w;(t) the iy, disturbance, u;(t) the iy, control input, z;(t)
theiy, performance output, and g;(t), p;(t) are such that

qi(t) = Aipi(t). (5.74)

P is the pattern matrix and it is assumed to be symmetric.
In the following we recall the nomenclature for the state space matrices of the decomposed

system:
d 7 d d d
Cl Dl D]Q El = (575)
oD D, | E 00 0 0 0 I
2 21 2 2 d 7 d d
cilci D, [ o [DE, 0

5This is the inverse of the P matrix in the Full Block S Procedure theorem.
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A B By B INRAY| IN®By | IN®By | IN® B
Ci D1 Dip & = |IN®RCyL | IN®Dy | IN® D12 | IN® Eq (5.76)
Co Da1 Dy & IN®Cy | IN®Day | IN® Dy | In® Es

The objective of the distributed control problem, that we investigate in this work, is to minimise
the H oo norm of the transfer function T,,, between the exogenous input w(t) and the performance
output z(t), thus guaranteeing robust stability. As claimed in [28], the feasibility of the LMIs
(5.77)-(5.79) is a sufficient condition for the existence of a controller that solves the afore men-
tioned problem. In the following the matrix constraints for the synthesis of the desired controller
are listed.

Y >0 (5.77)
T ~ ~
I Q S I
[P@I} [ST RHP@I}ﬂ) (578)
JTHJT -0 (5.79)
with _ )
o Ilo o]l 0 o0
I 0/0 0| 0 O
- 00/ Q@ S| 0 0
H=19 ol5" R| o o| (5.80)
0 0] 0 O —V%I 0
00/0 0 0 I
Q:IN®Q1'7 R:IN®RZ', SZIN(X)gZ i=1,...,N (581)
and
_—(.AY + BM)T —(Cly + 51M)T —(CQY + SQM)T_
I 0 0
i ~D7 ~DF,
J= 0 ] 0 (5.82)
—BT -DF, >
i 0 0 I |

Anyway it is worth noticing that the use of this procedure, as soon as some structure is imposed
on the decision variables, brings some conservatism and therefore the solvability of the LMIs
(5.77)-(5.79) is just a sufficient condition for the fulfilling of the performance requirements.
Exploiting the Full Block S-Procedure it is possible to obtain a static state feedback controller
of the form

u(t) = (Iy ® K+ P @ K")x(t) (5.83)
by extracting the controller parameters from the relation
K4 -
[K} = M;Y; ! (5.84)

in which both the optimization variables M and Y are imposed to be blockdiagonal. A controller
as the one in (5.83) is called "distributed controller". In this case, the control action on each
subsystem depends on both the subsystem itself and all those ones with which it communicates
and with which the controller can interact. Under the additional constraint K* = 0, that can
be enforced by imposing that the lower part of each diagonal block in M is equal to zero, the
controller is instead called "decentralized controller". In this case the controller interacts only
with the single agent and therefore the control decisions are taken only on the basis of the local
outputs.
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5.5 Decentralised Controller Synthesis

In this section we face the problem of synthesising a decentralised controller for decomposable
systems through the Full Block S-Procedure. The objective of this controller is still to guarantee
the stability of the system, meanwhile minimising the Ho, norm of T, .

Theorem 5.5.1 (from [28]) Let us consider the continuous time decomposable system described
by the equations

(5.85)

i(t) = (In® A+ P® ADx(t) + Iy @ Bdu(t) + Iy ® Blw(t)
2(t) = (In ® C¥+ P @ CHx(t) + Iy @ Du(t)

here x(t) is the state variable, w(t) the disturbance, u(t) the control input, z(t) the performance
output. There exists a sub-optimal controller of the form

u(t) = (In ® K)x(t) (5.86)

with ||Ty.| < 7 if there exist some matrices Y = YT, M,R = RT.S.Q = QT such that the
LMIs (5.87)-(5.90) are feasible. The controller gain K is obtained as K = MY L.

Y >0, (5.87)
T ~ ~
I Q S I

{P@I} [ST RHP@I}*O (5.88)
GTHG -0 (5.89)

with _ .

0o Ilo ol 0 o0

I 0,0 0| 0 0

-0 0]l@ S| 0 o0
H=19 o357 R| o ol (5.90)

0 0[0 0|1 0

0 0/0 0 0 I
Q=IN®Q:, R=IyoR, S=Iy®S i=1,..N (5.91)

and '
[—(AYY + BIM)T —(AY)T —(CdY + DIM)TT
I 0 0
~ _7 0 _CiT
G = 0 7 0 (5.92)
—BIT 0 0
L 0 0 I |

5.6 Distributed Controller Synthesis
To make the synthesis of a distributed controller for decomposable systems
u(t) = (In @ K%+ P ® K9z(t),

compatible with the Full Block S-Procedure, we will exploit the fact, already showed at the end
of Chapter 4, that, the following system

{x(t) =(IN® AT+ P® A)z(t) + (In ® By)u(t) + (In ® By)w(t) (5.93)

2(t) = (In ® C¢ 4+ P @ C)x(t) + (Iy ® Dy )ult)
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in closed loop with '
u(t) = (Iyn @ K+ P @ K")x(t) (5.94)

is equivalent to

9

i(t) = (INn® A+ P ANz(t) + (In @ [By 0]+ P®[0 By)u(t) + (In ® By)w(t)
2(t)=(IN®@CI+PRCHz(t)+ (IN®@[Dsy 0]+ P[0 D.))i(t)

(5.95)
in closed loop with
d
it) = In ® [f{] (1) (5.96)
and both of them yield
i(t) = (In ® (A% 4+ ByK%) + P ® (A" + B,K))x(t) + (Iy ® By)w(t) (5.97)
2(t) = (Iy ® (C? + D, KY) 4+ P® (C! + D, K%))x(t) '

The previous reasoning ensures that we can design a controller of the form (5.96) for the decom-
posed system (5.95) and from that one go back to a distributed controller as in (5.94) for the
system of interest (5.93). This is summarised by the following theorem.

Theorem 5.6.1 (from [28]) Let us consider the continuous time symmetric decomposable system

{x(t) = (In ® A"+ P ® ANx(t) + Iy @ Byu(t) + Iy @ Byw(t) (5.98)

2(t) = (In®@ A + P @ AN (t) + In @ Dyu(t)

where x(t) is the state variable, w(t) the disturbance, u(t) the control input, z(t) the performance
output. There exists a distributed controller with the following structure

u(t) = (Iy ® K+ P @ K")x(t) (5.99)

such that | Ty, |lee < 7y if there exist some matrices Y = YT M, R = RT,S,Q = QT such that
the LMIs (5.100)-(5.102) are feasible.

Y =0, (5.100)
T ~ ~
I Q S I
[P@I} [ST R][P@I}-“) (5.101)
LTHL ~ 0 (5.102)
with _ -
o 7Ilo o] o o0
I 0,0 0| 0 0
- lool@ S| o o
H=10 0157 R| o o (5.103)
0 0] 0 0 —W%I 0
0 0[O0 0| 0 I
Q=In®Q;, R=IN®R;, S=Ix®S, i=1,...,N (5.104)
and
_—(.AY+BM)T —(Cl}/—l-glMT) _(C2Y+52M)T-
I 0 0
| BT ~DT ~DF,
L= 0 7 0 (5.105)
-BY -DT, -DT
| 0 0 I |
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i which

A B By B IN®Ad Iy ® By IN®By | IN®B
Ci D1 Dip & | =|INn®Cy | IN®D; | IN®Dy2 | In® Ey (5.106)
Co Doy Dy & IN®Cy | IN® Doy | IN® Dy | IN® Ea

The controller parameters K¢ K are extracted from the relation
K _
[K} = MY, (5.107)

For the sake of clarity we recall that the LMI (5.100) impose the Lyapunov matrix to be positive
definite, the LMIs (5.101), (5.102) come directly from the Full Block S-Procedure and the Dual-
ization Lemma and take the role of the LMIs (5.49),(5.50) respectively in the primal version of
the Full Block S-Procedure.

Proof Consider the decomposed system described as in (5.73), where \; is the iy, eigenvalue of
P:

#i(t) = (A + N ADxi(t) + ([Bu 0] + N[0 Bu))@i(t) + Bywi(t) (5.108)
zi(t) = (CF + XiChi(t) + ([Dzw 0]+ MN[0 Du])ia(t) '
with @; = [adT  @iT]T. Let us define the signal g; as follows
a(t) =[] @'l" (5.109)
and the signal p; as
pi(t) = Aigi(t) (5.110)
then the system (5.108) is equivalently written as
i;(t) = Adx;(t) + [A* Bupi(t) + [By 0] (t) + Buw;(t)
1 00
it— SUit—l- ’ELit 1:)\21 5.111
0 0]<>OI<> p=Xa (G110
zi(t) = ngi(t) + [0 Daulpi(t) + [Daw Olai(),
or, in a more compact form:
" Al A B | BE| BY 0] [y
“I I ]10 0 0 0 Of |pi
T olo ool o 1w (5.112)
i d 7 d d 70
Cy|Cy Dy, | 0 | Dy, 0] Lt

in accordance with (5.75) and this concludes the proof. [

It is worth recalling that, as already mentioned in Section 4.2, considering the decomposed
system, since P is symmetrical, does not lead to a loss of information about the norm of the real
system.

5.7 Extended Full Block S-Procedure

In order to derive the extended version of the Full Block S-Procedure we follow the steps explained
in [39] and summarized in Sections 5.1-5.2, relying on the extended version of the dual Bounded
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Real Lemma presented in Section 3.2. As demonstrated in [14], the LMI in the dual Bounded
Real Lemma (3.22) can be equivalently rewritten as’

—AgF —FTAT Y+ F-FTAL -B, —FICh

Y + FT — A, F F+FT —B,, 0
=0 5.113
-BL —-BT vl -DI (5.113)
—CyF 0 —D,, I

By applying a similarity transformation that permutes the last two columns and rows

1 000 —AqF —FTAL Y +F-FTAL -B, —FICT\ /1 0 0 0
0100]||-Y+F—AyF F+FT By, 0 01 00|
0001 -BL -BT v —-DT 000 1]
0010 —CyF 0 —Dy, I 0010
(5.114)
—AqF —FTAL Y+ F-FTAL —FTCY -B,
_ | Y+ FT - AF F+FT 0 —By,
—CyF 0 I —Dy,
~BI —BL -DI' 421
and taking the Schur complement with respect to the last diagonal entry
—AqF — FTAL Y +F—-FTAL —FTCY —Bu\
-Y + FT — AyF F+FT 0 — | =Bw | 7 (-BL —-BL -DI)
—CyF 0 I ~-D,) 7
we obtain
~FTAL — AgF - Befe _FTAT 4 F -y - Befu _FTC, - Bedu
~AF +FT -y - Befu F+FT - Befu _BuDy . (5.115)
Ia D, BT D, BT DwD’é I
~halt T T T T T

Referring to the linear time invariant case, the matrix (5.115) rewritten in the same form as
(5.6), becomes

00 I 0 0 0 —FTAT _FTAT _FTCT
0 0 0 I 0 0 0 0 0
I 0 0 F-Y | 0 0 I 0 0
*lo 1 FT—y F+FT| 0 0 0 I 0 ’ (5.116)
0 0 0 0 —7% 0 k —BT —BT -pDT }
0 0 0 0 0 I 0 0 I

from which, introducing the multipliers, as done in [39], the new constraints to be fulfilled become

y-0 (5.117)

I Tro § I
[—P®I} [?T RH_p®I]<0 (5.118)
NTLN >0 (5.119)

"Here the Lyapunov matrix is called Y and not P, as was done in Section 3, in order not to create ambiguity
with the pattern matrix.
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with

00 I 0 0 0| 0 0]
0 0 0 I 0 O 0 0
I 0 0 F-Y | 0 O 0 0
F_ |01 F'—y F+F'| 0 0| 0 0
|10 0 0 0 Q S 0 0 (5.120)
0 0 0 0 ST R 0 0
0 0 0 0 0 0[—1 0
0 0 0 0 0 O 0 I}
and
—(AF + BM)T  —(AF + BM)T —(CiF + & M)T  —(CoF + EM)T
0 0 0 0
1 0 0 0
~ 0 1 0 0
N = 5.121
-5 8T o7 =7, o120
0 0 1 0
—BT -BT -DFL, -DT
L 0 0 0 1 ]
We can now introduce the following statement.
Let us consider the continuous time symmetric decomposable system
2(t) = (In ® AT+ P® A)x(t) + Iy @ Byu(t) + Iy @ Byw(t) (5.122)
2(t) = (In ® AT+ P® ANz (t) + Iy @ Du(t) '

where x(t) is the state variable, w(t) the disturbance, u(t) the control input, z(t) the performance
output. There exists a distributed controller with the following structure

u(t) = (Iy ® K+ P @ K")x(t) (5.123)
such that || Ty, |leo < 7 if there exist some matrices Q = QT, R = RT,S,M,F,Y = Y7 such that
the LMIs (5.117)-(5.119) are feasible.

Comments

It is worth noticing that as soon as some structure is imposed on the optimization variables
F)Y,Q, R, S, M, the satisfaction of the constraints (5.117)-(5.119) is just a sufficient condition
for the existence of a controller described as in (5.123) that allows to satisfy the stability and
performances requirements. The imposition of the block diagonal structure on the optimization
variables F, M is necessary in order to be able to go back to the controller parameters K¢, K*
that in the Extended Full Block S-Procedure are extracted from the relation

B

Ki (5.124)

where M; and F; are the iy, diagonal blocks of the matrices M and F, respectively. At the
same time, restricting the optimization variables to assume some particular structures, even if
this can bring to some loss in terms of controller performance, is advantageous to reduce the
computational burden of the controller synthesis that is a major concern when dealing with large
scale systems. This new formulation has some benefits with respect to the standard formulation of
the Full Block S-Procedure. In this case, in fact, thanks to the introduction of a slack variable F,
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the Lyapunov matrix appears decoupled from any other optimization variable and this allows us
to impose a less restrictive structure on it. In the standard version of the Full Block S-Procedure,
in fact, in order to be able to extract the parameters K%, K* of the distributed controller it was
necessary to restrict the Lyapunov matrix to be block diagonal and, as it will be shown in Section
6.1, this is a significant source of conservatism in the controller synthesis. In this formulation,
instead, to extract the controller parameters, the matrix M and the slack variables F' are involved
and the variable F' is not restricted to be symmetric. In this way, by keeping the same level of
scalability, the degree of conservatism is reduced by adding more degrees of freedom.

Anyway the extended method showed in this section, in the context of decomposable and ho-
mogeneous systems, can be interpreted as a more general result applicable to LPV systems in a
formulation analogous to the one in [39]. Moreover, when dealing with interconnected system,
this approach is still valid even when the pattern matrix P depends continuously on a parameter
A that varies in a compact set.

5.8 Decomposition

The decomposition approach presented in this section is a method that allows to impose less
restrictive structures on the optimization variables by still reaching the same level of scalability
as in the case when all the optimization variables are restricted to assume a block diagonal
structure.

Let us call Z a matrix such that

A=2Z"'PZ =diag{\,..., \n} (5.125)
and let us suppose that the eigenvalues of the pattern matrix P are ordered as follows

A <o < AN (5.126)

Multiplier Condition

Let us apply a similarity transformation by means of the matrix Z ® I, to the multiplier
condition. And let us assume that the multipliers Q, R, S get the structure M = Iy @ M+ P ®
M?. The multiplier condition in the Full Block S-Procedure takes the form:

Iy ® I, ]T[IN®Q‘[+P®Q1' IN®Sd+P®Si] [ Iy @1,

Z'er -~ : - =
®np[_p®1np IN@ST+P®ST IN®R'4+PQR|| —P®I,,

]Z@Inp-<0

(5.127)
and exploiting the properties of bilinearity and associativity of the Kronecker product,

z'96, |'[IneQ+PeQ IveS'+PeS|[ Zel, |_
~Z7'P@l,, | |IN®ST+PeST IN®RI+PRR|| —PZ®1,,
:IN®Qd+A®Qi—A@SdT—AQSiT—A®Sd—A2®Si—|—A2®Rd—|—A3®Ri,
we end up with a block diagonal matrix of the form
diag{Q? + X(Q" — S — §4) + X\}(—ST — §' + RY) + XN3R"},=y N <0 (5.128)

where in the writing above, "diag" indicates a block-diagonal matrix in which all the diagonal
blocks assume the same structure, as the one written in brackets, depending on \;. The constraint
in the expression (5.128) is not convex in the variable A; due to the presence of the cubic term
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A R? and the quadratic term \?(—S*T —S?+ R?) whose definiteness is a priori not defined. At the
price of introducing some conservatism, it is possible to make this constraint convex by imposing

R' =0 (5.129)

(=8T" -~ S' + RY) - 0. (5.130)
This brings the advantage that, the fulfilment of this new constraint

diag{Q? + \i(Q" — 89T — 8% + X2(=ST — 8" 4+ RO} N <0 (5.131)

-----

is equivalent to the fullfillment of the same constraint only for the vertices of the convex set
{A1,..., An} on which the constraint is defined. This means that we can take into account only
these two LMIs:

diag{Q? + M\ (Q° — S — %) + X2(—5T — 5" + R)} <0 (5.132)
diag{Q? + An(Q" — ST — 5% + ] (—ST — 5" + R)} <0 (5.133)

It has been found empirically that, adding the constraints (5.129), (5.130) to the optimization
problem, does not induce much conservatism. For example, for a bound ~ of the order 107!, the
loss in terms of performance brought by adding these constraints is of the order of 1073 even
when dealing with strongly coupled networked systems (i.e. P matrix quite dense).

Nominal Condition

The decomposition approach can be applied to the nominal condition as well and, also in this
case, exploiting the diagonalizability of the pattern matrix, we can obtain the same level of
decomposition and scalability as if all the optimization matrices were block diagonal. Let us
consider a matrix V of the form

A IV1 T

V= 2@ Iv, , (5.134)

Z®IV3

and a matrix U of the form

P IU1

U — Z® Iu, , (5.135)

Z®IU3

where the dimensions of the identity matrices Iy, and Iy, ¢+ = 1,2, 3, are such that the diagonal
blocks match the dimensions of the blocks in the matrices L and H.

Applying a similarity transformation by means of the matrix V' and multiplying on the left and
on the right the matrix H by the identity written in the form UU ! we can equivalently rewrite

the nominal condition as follows

VIALTUU'HUU 'LV =0 (5.136)
LT H L
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and recalling that

(—In @ (AYY; + BM)T —Iy ® (O1Y; + E1M;)T —In @ (CoY; + EaM;)T]
I 0 0
- —In ® BT —Iy @ DT —Iy ® DI
L= 0 I 0 , (5.137)
—Iy ® BY —Iy ® DI, —Iy ® DT
i 0 0 I ]
(0 1 0 0 0 0]
I0 0 0 0 0
q_ 100 IN®Q+PRQ" In®ST+P®S'| 0 0 5 138
10 0] IN®ST+P2ST IN@R'+PR| 0 0| (5.138)
0 0 0 0 -7 0
Y
0 0 0 0 0 I
it turns out that
Z’1®IU1 0o I 0 0 0 0l rze Iy
I o0 0 0 0 0 1
P 7z Te g, 0 0] IN®QT+PRQT IN®ST+P®S’ 0 0 Z® I,
= 0 0| Iy®58T+pPgsT Iy®@R*+PQR! 0 0
Z T @Iy, | |0 O 0 0 —%21 0 Z® Iy,
0 0 0 0 0 I
[0 IN®T 0 0 0 0 |
In®1 0 0 0 0 0
o] 0 0 INOQI+A® Q" INn®ST+A®S 0 0
- 0 0 INST + A ST Iy®@R'+A® R 0 0 )
0 0 0 0 IN®—$2 0
0 0 0 0 0 IN®1T|
Iy ® (AYY; + BM))T —In ® (O1Y; + E1M)T  —Iy @ (CoY; 4 EoM;)TT
I 0 0
i —Iy ® Bf —Iy® DT —In® DT,
0 I 0 ’
—Iy ® BY —Iy ® DL —Iy® DT
i 0 0 I ]

and in this way the product LTHL takes the following structure

(In@Jf +A® Jh

IN®JH+A® T,

In®JL +A® Ji,

J=LTHL = |Iy @ J§, + A® Ji

IN®JS+A® TS,

In®J%+ A Ji

[diag{J{, + \iJi bica

IN®J§IQ+A®J§2

N

diag{J{h + NiJip}i=1, N

IN® J§5 +A® Ji
diag{J + NiJis}iz1, n

diag{Jd, + N J&; i1

..... N

diag{J%, + Ni T yic1..N

77777

| diag{J$, + \iJ4; bica

44

N

diag{J% + NiJi izt N

diag{J& + NiJistiz1, N
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with

Jih = —(A%Y; + BM;) — (A?Y; + BM;)" + B1Q" B — 7123235 ., Jh=BQB],

J$ = —(C1Y; + By M;) + D1Q*Bf — S*Bf - 712D1232T . Ji, =D1Q'BT — s'"TBT,

J$h = —(CoYi + EyM;) + D QB — ;DQBQT , J5 = DaQ'BY,

Jiy = —(C1Yi+ ExM;)" + BiQ'DY — B, S — ;BQD%;, {2 =B1Q'D{ — B1S",

J5o = D1Q?Df — D157 — S Df + R — vlgDuD%;, Jiy = D1Q'DT — D57 — 5T DT + R,
Jdy = +Dn@Q DT — Dy 57 - ;DQD%;, Jiy = D@ DY — Dy,

Jh = —(CoY; + BEoMy)T + B1QDY, — ;BQDZ,T, Jis = B1Q' DI,

Jg = +D,QDY, — 5DI, — ;QDHDZT, Js3 = D1Q' D3, — S'D3;,

J§3 = Dn QD] — ;DQDQT +1, Ji,=DyQ'DY.

The constraints in (5.139) turn out to be affine in the variable A\; and thus convex. For this
reason in order to be sure that the nominal condition is fulfilled for each \; it is necessary and
sufficient to check if it is satisfied just for Ay and Ay.

The decomposition approach, here introduced for the standard version of the Full Block S-
Procedure, is still applicable when considering its extended version.

Moreover, it is possible to extend the decomposition approach to matrices that have an even less
restrictive structure. For this purpose we first recall the following definition and theorem.

Definition 5.8.1 A set of matrices P is said to be simultaneously diagonalizable if there ex-
ists an invertible matriz Z such that, for every P € P, Z~'PZ is diagonal.

Theorem 5.8.1 [20] Two diagonalizable matrices A, B are simultaneously diagonalizable if
and only if AB = BA.

In light of what it has just been mentioned, it is evident that, whenever the optimization variables
take the following structures

M=IoM! M=IoM!+PoM, M=I®M*+P &M + P M,
M=IeoM'+P @ Mj+---+P,®M
with P, P», ..., P, simultaneously diagonalizable matrices, the decomposition approach is
still applicable and, generally, including non-null simultaneously diagonalizable matrices in the

structure of the variables can bring improvements in the performance since more degrees of
freedom are included.
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Chapter 6

Numerical Results

In this chapter some numerical results are shown. The Matlab parser Yalmip that relies on the
external solver SDPT3 has been exploited.

6.1 Numerical Analysis for the Sources of Conservatism in the
Standard Full Block S-Procedure

The following results refer to a homogeneous system composed of N = 6 interconnected subsys-
tems of third order. The numerical example we are going to refer to is taken from [2]. In the
following the state space realization has been reported

0.1 —0.2 0.7] [0l 01 -01
AY=1-09 —-06 —04|, A'=|-03 —01 —0.1],
—-0.9 0.6 —0.5] —02 01 0

0.1] ~[0] [0.7 [0
BY= 01|, Bi=|o|l, Bi=|o0|, B, =|o0f,
0.1] 0 0.5 0
4 [09 02 03 . [05 03 05
Cr = 0o 0 0] =10 o ol

0 ; 0 0 ; 0
R O R

All the subsystems are interconnected according to the following interconnection matrix

000101
000001
000100

P=11 01010 (6.1)
000101
1100 1 0

to which the interconnection graph in Figure 6.1 corresponds.
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Figure 6.1: Interconnection graph among the subsystems.

In the following tables the symbol M®p stands for M = Iy ® M?% 4+ P ® M.

Table 6.1: Distributed Controller from Standard Dual FBSP without structure on the Lyapunov

matrix

Table 6.2: Distributed Controller from Standard Dual FBSP with Y = Iy @ Y%+ P® Y

H ‘ Y full H
Multipliers full | Multipliers ® p | Multipliers blockdiag
v 0.1888 0.2175 0.2779
Hoo 0.1888 0.2107 0.2624

[ | Y op H
Multipliers full | Multipliers ® p | Multipliers blockdiag
v 0.2126 0.2175 0.2779
Hoo 0.2062 0.2107 0.2624

|

Y blockdiag

|

Multipliers full

Multipliers ® p

Multipliers blockdiag

gl
Hoo

0.2779
0.2624

0.2779
0.2624

0.2779
0.2624

Table 6.3: Decentralized Controller from Standard Dual FBSP with block diagonal Lyapunov
Matrix

The results above show that whenever either the Lyapunov matrix Y or the multipliers @, R, S
are restricted to assume a block diagonal structure, the value of the bound v assumes the highest
value among all possible combinations of structures imposed in the standard version of the
Full Block S-Procedure. Moreover it is worth noticing that, in order to be able to extract the
parameters K% K* of the distributed controller from this method, it is necessary, to the best
of our knowledge, to impose a block diagonal structure on the Lyapunov matrix. This justifies
the need to adopt a strategy that allows to bypass what can be considered as a limit of the
standard Full Block S-Procedure when applied to homogeneous interconnected decomposable
systems. This is what has led us to reinvent this method based on the extended version of the
Bounded Real Lemma. In this way we could exploit the advantage of decoupling the Lyapunov
matrix from all the variables involved, by the introduction of a new slack variable that is not
restricted to be symmetric.
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6.2 Numerical Comparison between Standard and Extended Full
Block S-Procedure

The following results refer to a homogeneous system composed of N = 6 interconnected sub-
systems of third order. The state space matrix elements have been randomly generated from a
uniform aleatory variable defined on an an interval of amplitude 0.2 centered around the example
taken from [2]. We will consider a strictly proper system (D%, = D%, = 0) and we recall that
B! and D!, need to be imposed equal to zero in order to render the Full Block S-Procedure
applicable. Without loss of generality, the matrices B. and C! have been imposed to be zero
since this choice led to more explicative results. The realisation we are going to refer to is:

0.1903 —0.1159 0.6105 ‘ 0.1966  0.0603 —0.1402
A% = |-0.8524 —0.6462 —0.4154|, A'= |—-0.2667 —0.1078 —0.1396] ,
—0.8904 0.5115 —0.5165 —0.1667 —0.0356 0

0.5 o 0.2976 o

Bl= 05|, Bi=|0|, Bi=|-08983|, B =0,
0.5 0 0.3289 0
(d _ [ 08008 02844 0.3115 ci_ oo 0]
¢~ |-0.0787 0.0924 —0.0991]" = |0 0 0]°

a _[o . _[o ¢ _ [0.0550 . o
Dzw_ |:0 ) Dzw_ 0 ) Dzu_ 09365 ) Dzu_ 0 .

All the subsystems are interconnected according to the adjacency matrix

0007101
000010
0007100

P=11 01001 (6.2)
010000
1001 0 0

corresponding to the interconnection graph in Figure 6.2.

Figure 6.2: Interconnection graph among the subsystems.

In this example, two simultaneously diagonalizable matrices are involved, namely P;(= P) and
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P, and they assume the following structures

I
_ o = O O O
O = OO OO
[N e o NoNo
_ o O = O

co—~ oo
I
coococoo

(=Nelololl =

oL O O OO
S o oo oo
o O oo oo
oo oo oo

(=Nelololl =

P> = [pijli,j=1,...~ has been found by solving the optimization problem

mf%X E Dij-
S.T. . .
Py=PI i<j
P Pa=P>P;
pii=0

pij (1=piz)=0

Tables 6.4, 6.5, 6.6, 6.7 refer to the standard version of the Full Block S-Procedure while the
results in Tables 6.8, 6.9, 6.10, 6.11 refer to the extended Full Block S-Procedure.
In the following the symbol M ®p, p, stands for M = Iy ® M4+ P ® M{ + P ® MQZ

[ | Y full |
Multipliers full | Multipliers ® p | Multipliers blockdiag
v 1.5816 2.2280 2.7440
Hoo 1.5816 2.0986 2.5787

Table 6.4: Distributed Controller from Standard Dual FBSP without structure on the Lyapunov

matrix

[ | Y or H
Multipliers full | Multipliers ® p | Multipliers blockdiag
~y 2.1802 2.2280 2.7440
Hoo 2.0723 2.0986 2.5787

Table 6.5: Distributed Controller from Standard Dual FBSP with Y = Iy @ Y4+ PQ Y"

H

|

Y ®py,p,

|

Multipliers full

Multipliers ®p, p,

Multipliers blockdiag

gl
Hoo

2.1802
2.0723

2.2228
2.0960

2.7440
2.5787

Table 6.6: Distributed Controller from Standard Dual FBSP with Y = Iy®Y 9+ P @Y{+P,®Yy

H

|

Y blockdiag

|

Multipliers full

Multipliers ® p

Multipliers blockdiag

gl
Hoo

2.7440
2.5787

2.7440
2.5787

2.7440
2.5787

Table 6.7: Decentralized Controller from Standard Dual FBSP with block diagonal Lyapunov

Matrix
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|

F full

|

I

Multipliers full

|

Multipliers ® p

|

Multipliers blockdiag

I

Y full
~ |1.5816
H o[1.5816

Y ®p
1.7774
1.6787

Y blockdiagY full

1.8270
1.6994

2.2379
2.0940

Y ®p
2.2379
2.0940

Y blockdiagY full

2.2482
2.1196

2.8053
2.5823

Y ®p
2.8053
2.5823

Y blockdiag
2.8053
2.5823

Table 6.8: Distributed Controller from Extended Dual FBSP without structure on the slack
variable F'

[ | | Fop | [
H \ Multipliers full \ Multipliers ®p \ Multipliers blockdiag H
Y full Y ®p Y blockdiagY full Y ®p Y blockdiagY full Y ®p Y blockdiag|
v [1.9828 2.0683 2.1012 [2.2428 2.2428 2.2549 2.8053 2.8053 2.8053
Hool1.8704 1.9309 1.9900 [2.1062 2.1062 2.1129 [2.5823 2.5823 2.5823

Table 6.9: Distributed Controller from Extended Dual FBSP with slack variable F = Iy @ F% +
P®F

[ | | F O .p; | [
H \ Multipliers full \ Multipliers ®p,  p, \ Multipliers blockdiag H
Y full Y ®p,,p, Y blockdiaglY full Y ®p,.p, Y blockdiag|Y full Y ®p,.p, Y blockdiag
~v 11.9417 2.0654 2.1013 [2.2428 2.2428 2.2549 2.8053 2.8053 2.8053
Hoo|1.8302 1.9234 1.9899 [2.1062 2.1062 2.1129 [2.5823 2.5823 2.5823

Table 6.10: Distributed Controller from Extended Dual FBSP with slack variable F = Iy @ F%+
PLQF +P,®F;

L] |

F blockdiag \

I

H \ Multipliers full \ Multipliers ® p \ Multipliers blockdiag

[

Y full Y ®p Y blockdiagY full Y ®p Y blockdiagY full Y ®p Y blockdiag
v 2.2135 2.2135 2.7739  2.3550 2.3550 2.7757 2.8053 2.8053 2.8053
Hoo[2.1695 2.1694 2.5812 [2.3186 2.3186 2.1196 [2.5823 2.5823 2.5823

Table 6.11: Decentralized Controller from Extended Dual FBSP with block diagonal slack vari-
able

Comments

The numerical results show that the more restrictive the structure imposed on the optimisation
variables the lower the performance. In fact, it is evident that the optimal value is reached
from both the procedures when all the optimisation variables are not restricted to assume any
particular structure while the performance gets much worse when imposing the block diagonal
structure on all the optimisation variables. Moreover Tables 6.2, 6.4 and Tables 6.6, 6.7 show that
involving the Kronecker product with simultaneously diagonalisable matrices in the structure of
the optimisation variables can bring improvements. However the improvement brought in this
case are not so consistent since the matrix P» is very sparse and thus not so many degrees of
freedom are introduced. More consistent improvement could have been reached for other P;, P>
in which P5 is a less sparse matrix with respect to the one involved in this numerical example.
Another fact that deserves attention is that, in the standard Full Block S-Procedure, whenever
one of the matrices is set to assume a block diagonal structure, the performance bound ~ assumes
the highest value among all the v obtained in the same procedure while this does not happen in
the extended Full Block S-Procedure and this is a considerable advantage. This is a considerable
improvement with respect to the classical approach since the block diagonal structure is always
needed at least on one of the optimization variables (Y in the standard case, F' in the extended
case) in order to be able to extract the controller parameters.
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The structure involving the simultaneously diagonalisable matrices on the slack variable F' and
on the Lyapunov matrix in the extended and standard Full Block S-Procedures respectively is
the less restrictive structure that allows to decompose the controller synthesis inequalities. In
that case the distributed controller parameters would assume the form

K= MYF*+ \FH)™ K= MY(FY+ \FH™L (6.4)

In this case better performances with respect to the case in which the variable F' (or Y for the
standard Full Block S-Procedure) are constrained to be block diagonal can be achieved. However,
since in this case the controller parameters depend on J;, it generally happens that Kl-d #* K;-l
Vi # j and K! # K; Vi #£ j. A still open question is if in this case it would be still possible to
design a distributed controller for the untransformed system and, if yes, it would be interesting
to understand how to arrange the different K’ corresponding to the non-zero elements of the
pattern matrix and the different K¢ on the diagonal entries. The fact that different controller
parameters Kl‘?l, K¢, for different subsystems, allow to reach a lower bound for the Ho, norm
with respect to the case in which the controller parameters are all equal, even when dealing
with homogeneous systems, is not surprising. In the physical plant, in fact, each subsystem
can be connected to a different number of other subsystems and therefore dealing with different
controllers in the plant would allow to reach better performances.
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Chapter 7

Conclusions and Future Works

During this master project two approaches for the synthesis of distributed controller for homoge-
neous decomposable systems have been developed. An extended version of the already existing
Full Block S-Procedure has been presented and a decomposition approach in order to improve
the computational efficiency has been proposed.

The Extended Full Block S-Procedure has been derived from the extended version of the Bounded
Real Lemma and it has the advantage of reducing the conservatism with respect to the standard
version by introducing a slack variable that renders the Lyapunov matrix decoupled from any
other optimization variable. In this way we overcame the limit of the standard Full Block S-
Procedure in which the Lyapunov matrix was constrained to assume a block diagonal form in
order to let us extract the distributed controller parameters. In this way the extended Full Block
S-Procedure bypasses one of the main sources of conservatism in the state of the art of distributed
controller synthesis for this class of interconnected systems.

The decomposition approach can be applied to both the versions of the Full Block S-Procedure.
With this method we exploit the diagonalizability of the pattern matrix so that, by applying a
similarity transformation, we can impose less restrictive structures on the optimization variables
by still reaching the same level of scalability with respect to the case in which all the optimization
variables were block diagonal. Both the proposed methods show the advantage of reducing the
conservatism with equal level of scalability with respect to the state of the art. Anyway it is
worth remembering that the Full Block S-Procedure is a powerful robust control method that, in
general, can be applied to linear parameter varying systems depending on uncertain parameters
in a compact domain which means that, when it is applied to the restrictive case of deterministic
linear time invariant systems, some more conservatism is induced, as said in [28].

A possible extension to this project could be to consider the more general case of a —
heterogeneous systems in which « different types of systems and [ different kinds of inter-
connections are involved. In a more general context, in fact, different system variables could be
interconnected according to different pattern matrices and g different interconnection channels
would be introduced. Moreover it could happen that the controller interacts with the system
according to a different pattern matrix with respect to the one that mirrors the physical inter-
connections among the subsystems. In a large scale setting, it is more likely, for the controller
patter matrix, to involve less communication links. Anyway, whenever the § (or a subset of
them) interconnection matrices are simultaneously diagonalizable, the decomposition approach
is still a valid approach.
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Appendix A

Considerations About the Bounded
Real Lemma and its Time Domain
Interpretation

A.0.1 The Bounded Real Lemma
Let us consider the closed-loop system

& = Aqgx + Byw (A.1)
z=Cqyzx (A.2)

with strictly proper transfer function T(s) = Ce(sI —Ag) ™' By, then the following are equivalent
(T Moo <

(i3) Given ®(s) := > — TT(—s)T'(s) then ®(jw) >0 Vw € R;
(ii1) The Hamiltonian Matrix

Acl %BwBT
M. = ¥ w e R2n><2n
7 <_C§Ccl _Acl

has mo purely imaginary eigenvalues;

(iv) There exists a matriz X »= 0 such that

<A5X + XAq +CLCy XBw>
T 9 <0
B, X —v=T
Considerations

If v > 0 then M, has a clear division of eigenvalues, in the sense that they respect a certain
symmetry on the complex plan. To make it more evident, we apply a similarity transformation
that, as known, does not change the eigenvalues of the matrix. Let us consider the matrix

J = (_OI é) (A4)

Notice that the J matrix is such that it is equal to the negative inverse, in fact

(-6 ~s
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and, since J2 = —I, multiplying both the terms in (A.5) by J~!, it is evident that J = —J 1.
Therefore it holds that
JIM,J = —JM,J = M (A.6)

where the last equality holds because a multiplication, both on the left and on the right, by J
corresponds to permute rows and columns of the matrix. Therefore

det(sI — M,) = det(sI + M) = det(sI + M), (A7)

where the last relation is due to the fact that, since M, is a square matrix, its eigenvalues
coincide with those of its transpose. Since M., is hamiltonian, its eigenvalues are symmetric with
respect to the imaginary axes and thus we have a clear separation among stable and unstable
eigenvalues showed in the following.
Let us consider the following similarity transformation

(Ve Vi)', (V, Vu)—<AOS fu) (A.8)

where V; indicates the eigenspaces associated with the stable eigenvalues, V,, the eigenspace
associated with the unstable eigenvalues, As; a block diagonal matrix, where all the diagonal
blocks are upper triangular matrices with stable eigenvalues on the diagonal and A, has the
same structure as Ag but with unstable eigenvalues on the diagonal.

Equivalently, multiplying on the left both the expressions in (A.8) by (VS Vu) it results that

As 0
M, (Vs V)= (Vs V) <0 Au> : (A.9)
Partitioning the eigenvectors of M., as follows
_ Vo Vi 2nx2n
(Ve V) = <VS2 Vu2> €R (A.10)

in which each block has dimension 2n, we assume also Vi to be non singular and define
P = VoVi! (A.11)

From (A.9) it follows
MV, = Vi, (A.12)

and multiplying on the right by VsIl we get
(V) vt = (V) vt vaavst (A.13)
Vsa) ¢ Vso) 00 2

=Ac

(A.13) together with (A.11) yield to

M, (é) - (é) A, (A.14)

I :
and thus ( P) is another basis for the eigenspace associated with the stable eigenvalues. Ex-

pressing the above relation in an extended form

Ag  HBLBIN (I I
’Y w =
(e ) () = (0) w19
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we can derive the following two equations
1
Ag+ ?BU,BLTSP = A, (A.16)
—ctc, — ALP = PA, (A.17)

and plugging the first equation into the second one we get the following Algebraic Riccati
Equation (ARE)

1
ALP 4+ PAy + ?PBU,BZ:P +CLC, =0 (A.18)
It is worth noticing the similarity between the ARE (A.18) and the Lyapunov equation
ALP 4+ PAy+CICy =0 (A.19)
——
=@Q>0

to which the extra term %PBU,BEP, quadratic in P, has been added and which is known to
be solved by the observability Gramian

P:/ eASTCE;CcleACZTdT (A.20)
0

The ARE (A.18) admits just one solution that is a stabilizing solution, namely a solution P
such that there exists a control matrix depending on P, Ky(P), that makes A, + By, Ky Hurwitz

and it results to be .
Kq= —BLP. (A.21)
Y

Recalling equation (A.16), we have that

1
A+ ?BngP = Ay + ByKg = A, (A.22)

where A, is known to be stable since it has as eigenvalues all the stable eigenvalues of M.,.
In order to ensure the stability of the sytstem from the ARE (A.18) we come to the Quadratic
Matrix Inequality (QMI) in P

1
ATP+ PA, + ?PBngP +ChC, <0 (A.23)

that is equivalent to the LMI

AP+ PA,+CEC, PB,
( BTP ey =<0 (A.24)
in fact, the Schur complement of —v? in (A.24) brings to the constraints
(i) =421 <0 (A.25)
() ALP + PA, +CLC,y — PB(—*)"'BIP <0 (A.26)

where the first constraint is trivial, while the second one is equivalent to the QMI (A.23). What
afore mentioned ensures that the P that solves the (A.23) is a stabilizing solution.

As regards the second statement of the Bounded Real Lemma, instead, we will exploit the
equivalence

ALP + PAy + jwP = —(—jwl — Ay)TP — P(jw — Ay) (A.27)
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and the LMI

T T _— —1
0= (BL(—jwl — Aq)™" 1) (ACZP “;%g*cdcd r f;jr) (Uw "i;l) Bw) (A.28)

<0
that is equal to

BI(—jwl — Ay)™TCL C(jw — Ag) 1By —21 = T* (jw) T (jw) — ~1. (A.29)

T(jw)

Condition (A.28) holds since the matrix in the center is the same as the one that appears in the
statement of the Bounded Real Lemma, while the matrices that multiply it are one the transpose
conjugate of the other. The equivalence between the (A.28) and (A.29), instead, comes from the
relation (A.27). In fact, developing the calculations in (A.28), we obtain

4 ATp+ PA,+CEC, PB (jw—Aq)"'B
T/ o -T cl cl A w J cl w

<0

= BL(—jwl — Ay) " TALP(jwl — Ay) ' By + BL(—jwl — Ag) " TPAL(jwl — Ay) ' B+
+GT (—jwl—Ay) TCLCy(jwl—Ay) ' By+BLP(jwu—Ag) ' Bu+ Bl (—jwl—Ag) T PB,—~2T
in which
By (—jwl — Aq) T AGP(jwl — Aq)T'G + GT(—jwl — Aq) ™" PAa(jwl — Aa)"'G+
+GTPGjwl — Ag)'G — GT(—jwl — Ay)"TPG =0 (A.30)
To see that, we rewrite this expression in a more compact way as

Bl (—jwl — Ag)~ T [ALP + PAy + (—jwI — Ag)" P + P(jwl — Ay)] (jwI — Aq) ' B, (A.31)

=0

and exploiting the equivalence (A.27) it is immediate to see that the expression in between square
brackets is equal to zero. Therefore from (A.28) and (A.29) it follows that

T T
(AdP + PAg + CHCy PBw> <0 (A.32)

BLP —~2I
if and only if Yw € R ®(jw) = 2T — T*(jw)T (jw) = 0

The Time Domain Interpretation

Let us consider the system (A.1)-(A.2) and the differentiable quadratic Lyapunov function
V(z) = 2T Px, where P is the stabilising solution for the ARE (A.18). In order to bound
the L2 gain of the system, according to what expressed in (2.16), we impose that

V(z,w) < y*wlw— 212 (A.33)
that is
V(z,w) = i’ Pe+2T Pi = (Agz+Byw)! Pr+at P(Ayz+Byw) < y2wlw—zTCLCyx (A.34)
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that can be rewritten as

2T AL Pz + wT BL Pz 4 2" PAyz + 2T PByw — y*wTw + 27 CLCyz < 0 (A.35)
or equivalently
ALP+PA,+CiCy PB x
T T cl cl c el w =<
(27 w?) ( BIP —2r) \w) B 0 (A.36)

and the inequality is strict as soon as x,w are both different from zero. This relation provides
an upper bound on the L5 gain of a system.
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Appendix B

Schur Complement as Check for
Positive Definiteness of Symmentrc
Matrices

Proposition 3.2.1 For any symmetric matriz, M, of the form

M= (;T g) (B.1)

if D is invertible then the following properties hold:

(i) M = 0 iff D = 0 and A— BD'BT » 0.
(i4) If D = 0, then M =0 iff A— BO~'BT = 0.

Proof (i) We recall that (B.1) can be equivalently rewritten as

A B I BD Y (A—BD BT 0\ /I BD "
v=(ar p)=( 7)) D)6 T) w2

From equation (B.2) it directly follows that proving the positive definiteness of M is equivalent
to prove the positive definiteness of

A-BD7'BT 0
G"‘( 0 D>

In fact, 2" Mz > 0V 2 # 0 if and only if y" Gy > 0 V y # 0 where
_ (1 BD™N'
Y=o 1
And since G is block diagonal, it holds that G is positive definite if and only if each diagonal
block is such, which concludes the proof.

(#) Similarly to what has been proven above, proving that M > 0 is equivalent to prove that
G > 0 and since D > 0 by hypothesis, it has to hold that A — BD~'BT > 0. O
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