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LINEAR CONTINUOUS-TIME
TIME-INVARIANT SYSTEMS

X(7) = Ax(7) + Bu(7)

, (1)
v(7) = Cx(1) + Du(1)

with AeR"™", BeR"™, CeR"™" and DeR"*".
x € R" denotes the state vector, and u, y € R™ the input
and output vectors, respectively.

G(s) = |:é g} =CGI—A)'B+D

being s the Laplace variable.



FREQUENCY TRANSFORMATIONS

G(s) G(F(s))

S < F ()

In this discussion often we will consider F(s) as a loss-less function, defined as the
impedance or the admittance of a bipole with only capacitors and inductors.
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LINEAR DISCRETE-TIME
TIME-INVARIANT SYSTEMS

x(t+1) = Ax(t) + Bu(t)
y(t) = Ca(t) + Du(t)

where A € R™" B e R™™ C ¢ RF"D € R™P.

being z the zeta-transform variable.
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4.1. Results from hyperstability theory

Consider a system described by its transfer function G(s) and let K(s) be the transfer
function of a particular compensator for G(s),asin the Figure. Then one can conclude

stability of the closed-loop system using the following two theorems from hyperstability
theory.

= Gls) 5 D/

K(s) |e——

Hyperstable feedback system.

Theorem 4.1
The system shown in the Figure is stable if both G(s) and K(s) are positive real.

Theorem 4.2

The system shown in the Figure is asymptotically stable if either one of the two
blocks, G(s) and K(s), is strictly positive real and the other positive real.
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Feed-Forward Control Scheme
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An analytical approach to one-parameter MIMO systems passivity enforcement
A. Buscarino®®, L. Fortuna®®, M. Frasca®®* and M.G. Xibilia®
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(Received 22 June 2011; final version received 30 March 2012)

Stable linear time-invariant systems can be made passive by a feedforward action. In this article, an analytical
approach to obtain the matrix which allows to enforce passivity in the system is proposed. This matrix depends
only on one parameter, namely e@. The introduced method is based on the calculation of the characteristic
polynomial of the Hamiltonian matrix associated to the Positive Real problem. This polynomial 1s then used to
derive a finite set of values of the paramet

dissipation can be selected. Numerical ex: : al
Keywords: passive systems; Positive Real +l
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Figure 1. Control scheme consisting of a feedforward action
making passive the system in the dashed box and a classical
feedback loop.
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Abstract

In this paper the invariance of the characteristic values and of the L. Y
systems under lossless positive real transformations is proven. Given a
matrix G(s), the transformation s+ F(s) with F(s) being an arbitrary los
np is considered, and the algebraic Riccati equations (AREs) allowin;
transformed system G(F(s)) are investigated. It is proven that, under su
the AREs associated to system G(F(s)) are related to those of G(s).

G(F(s)) and G(s) have the same L., norm and that the characteristic v
each with multiplicity ng.
© 2016 The Franklin Institute. Published by Elsevier Ltd. All rights re
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Keywords:
Negative imaginary systems
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ABSTRACT

In this letter a strategy to make a system negative imaginary is introduced. We prove that a dynamical
forward action is effective to do it for Lyapunov stable systems and discuss how to design the forward
compensator for SISO and MIMO systems. Some numerical examples are also included.

© 2016 Elsevier B.V. All rights reserved.
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Positive-real systems under lossless transformations:
Invariants and reduced order models
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Abstract

In this paper, positive-real systems under lossless positive-real transformations are investigated. Let
Gis) be the transfer funclion matrix of a continuous-time positive-real system of order n and F(s) a
lossless transfer function of order ng. We prove here that the lossless positive-real transformed system.
Le. GUF(s)), i1s also positive-real. Furthermore, the stochastic balanced representation of positive-real
systems under lossless positive-real transformations is considered. In particular, it is proved that the
positive-real characteristic values T of G(F(5)) are the same of Gis) each with multiplicity #ng, indepen-
dently from the choice of Fis). This property is exploited in the design of reduced order models based
on stochastic balancing. Finally. the proposed technique is a passivity preserving model order reduction
method, since it 15 proven that the reduced order model of G(f(s)) 1s sull positive-real. An error bound
for truncation related to the invariants m; is also derived.
© 2017 The Franklin Institute. Published by Elsevier Lid. All rights reserved.

T, Ty, ..., T, positive real characteristic values
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Continuous time LTI systems under lossless positive real transformations:
open-loop balanced representation and truncated reduced-order models
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ABSTRACT ARTICLE HISTORY

In this paper, new results on the open-loop balanced representation of continuous time linear time- Received 23 February 2016
invariant systems are reported. More particularly, the effect of lossless positive real transformations on Accepted 28 June 2016
open-loop balanced representations is investigated with specific attention to the problem of model

) . o : KEYWORDS
order reduction. The properties of systems where a lossless positive real transformation has been . : .
. . . . I . . Continuous time LTI systems;
applied are discussed showing that, if the original system is open-loop balanced, the resulting trans- model order reduction:
formed system is still open-loop balanced. Furthermore, the singular values of the transformed sys- open-loop balanced
tem are related to those of the original one. These results allow to derive a model order reduction realisation; lossless positive

strategy for this class of systems that leads to a consistent decrease of the numerical complexity. The real transformation
proposed approach reveals to be of particular interest for the design of reduced-order systems with
specific amplitude responses, including analog multiband filters.
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ABSTRACT

The relevance of odd, and in particular loss-less, frequency transformations is well established in analog
filter design. A loss-less frequency transformation s < F(s), in fact, allows to design multi-bandpass
multi-bandstop filters as transformed systems G(s) — G(F(s)) from an original prototype lowpass filter
G(s), by properly selecting F(s). In this paper the invariance of the shape of the Nyquist plot for linear
time-invariant continuous-time systems under a class of odd frequency transformations is proved. This
result allows to determine closed-loop stability conditions for this class of transformed systems on the
basis of the Nyquist's criterion referred to the original, lower order, system.

© 2019 Elsevier B.V. All rights reserved.
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Cascading With Inner Systems: Hankel Singular
Values and Characteristic Values

Arturo Buscarino
Mattia Frasca

Abstracl—In this paper, new properties of the cascade between
a multi-input multi-output linear time-invariant system, referred to
in the following as the original system, and an inner system are
dealt with. In particular, attention is devoted to the relationship
between the Hankel singular values and characteristic values of
the cascade system and those of the original one, proving that,
if the inner system has gain greater than or equal to one, then the
first n Hankel singular values (characteristic values) of the cascade
system are greater than or equal to those of the original system.
The results are then applied to derive a new property of minimum
phase systems.

Index Terms—All-pass systems, characteristic values, Hankel
singular values, inner systems, linear time-invariant (LTI) systems.

G,(s) L

G,y(s)

, Senior Member, IEEE, Luigi Fortuna
, Senior Member, IEEE, and Giuseppe Nunnari

, Fellow, IEEE,
, Senior Member, IEEE

a procedure to obtain a minimal spectral factorization is presented, and
in [10], which assesses a complete factorization theory of discrete-time
all-pass functions. Recently, in [12], the framework was extended to
linear stochastic models.

In this paper, we consider a multi-input multi-output (MIMO) LTI
system of order n and connect it in cascade with an inner system of
order n, and prove a property holding for both Hankel singular values
and characteristic values: if the inner system has gain greater than or
equal to one, then the Hankel singular values (characteristic values) of
the cascade system of order n + n; are such that the first n Hankel
singular values (characteristic values) are greater than or equal to those
of the original system.

G,(s)G," (-s)=I
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Hankel singular values and LQG characteristic
values of discrete-time linear systems 1n cascade
with mner systems

Maide Bucolo, Senior, IEEE, Arturo Buscarino, Senior, IEEE, Luigi Fortuna, Fellow, IEEE, Mattia Frasca, Senior,
IEEE, Giuseppe Nunnari

Abstract—Recent results have shown that, for continuous-time
systems obtained by cascading an asymptotically stable system
with an inner system, the first n Hankel singular values are
greater than or equal to those of the original system. Similarly,
cascading a system in minimal form with an inner system,
the same property holds for the LQG characteristic values.
In this technical note, we consider the discrete-time case and
demonstrate that the property also holds for these systems. A
very important consequence stemming from these results is that
the Hankel singular values and the LQG characteristic values of
input-delayed discrete systems are greater than or equal to those
of their zero-delay counterpart.

Index Terms—Discrete-time linear systems, all-pass systems,
singular values, characteristic values, input-delay systems.

G,(z) _y>

G,(z)

important for singular filtering [10], [11], optimal LQ control
[12] and in loop transfer recovery [13]. Factorization of
rational discrete-time spectral densities has been approached in
[8] and in companion papers [14], [15] by adopting strategies
based on mner and all-pass functions.

The property discussed in [6] is proven for the continuous-
time case; here, the discrete-time case i1s dealt with. More
in detail, we consider a system formed by the cascade of
a discrete-time MIMO linear, time-invariant (LTI) system of
order n and an inner system of order n, and prove that, if the
inner system has gain greater than or equal to one, then the
Hankel singular values of the cascade system (which has order

G,(2)G," (1/z)=I
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1. Delay Independent Stability Control for Commensurate Multiple Time-Delay Systems

1

X(t) = Aox(t) + ) Apx(t — )
k=1

Is it possible to stabilize delay independently a Commensurate Multiple Time-Delay
System, by using a single control parameter? YES (Proved)

x(t) = Agx(t) + ) Agx(t — k)
k=1

where Ag = Ag — Lo and Lo = 1. with [ being the scalar
controller parameter gain and I is the identity matrix. is
delay-independent stable.
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2. MIMO Frequency Transformations: all the previous results regarding the lossless
transformations are valid if instead of being F(s) scalar, F(s) is a lossless MIMO
function.
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Valori singolari
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CONSIDERAZIONI CONCLUSIVE

| risultati presentati fanno parte di uno spazio di ricerca che ci siamo riservati in parallelo
ai progetti di ricerca finanziati a cui abbiamo dovuto far fronte nelle nostre attivita

accademiche.

Mantenere filoni di ricerca tradizionali significa non chiudere dei percorsi e rendere vivi
guei filoni di studio che si andrebbero a spegnere negando cosi quasi tutto il lavoro di
tante generazioni di ricercatori del’/Automatica.



