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Abstract

This thesis aims at developing novel methodologies to mitigate the limitations of
the state-of-the art State-Space Substructuring (SSS) techniques and of the state-of-
the-art approaches to estimate state-space models from experimentally acquired data.
Moreover, we also aim at demonstrating the benefit of using state-space models and
SSS methods to tackle time-domain Transfer Path Analysis (TPA) applications.

In this thesis, the dual SSS formulation (also, denoted Lagrange Multiplier State-
Space Substructuring method (LM-SSS)) is extended to directly perform dynamic sub-
structuring (DS) operations with displacement and velocity state-space models. A
novel coupling form, tagged Unconstrained Coupling Form (UCF), specially tailored to
perform DS operations with LM-SSS is derived. With respect to the coupling forms
previously presented in literature, UCF holds the advantages of only requiring the
computation of a single nullspace and not demanding the typical difficult selection of
a subspace from a nullspace. Then, novel post-processing procedures to eliminate the
redundant states originated from the performance of DS operations with LM-SSS are
proposed to enable the computation of minimal-order coupled models. An additional
post-processing procedure is presented to avoid a manual elimination of the redundant
degrees of freedom (DOF's) of the coupled state-space models computed with LM-SSS.
By comparing LM-SSS enhanced by the proposed post-processing procedures with two
state-of-the-art approaches, it is straightforward that LM-SSS entails the advantages
of both, without presenting any of their drawbacks. Subsequently, a novel primal
state-space assembly formulation is derived. Afterwards, a novel SSS technique, named
LM-SSS via compatibility relaxation, is developed to allow the inclusion of connect-
ing elements (CEs) into SSS operations via compatibility relaxation. Post-processing
procedures to eliminate the extra states originated from the performance of coupling op-
erations with this method are also derived, enabling the computation of minimal-order
coupled models. A discussion on how to compute models of CEs to be used with LM-
SSS via compatibility relaxation in analytical, numerical and experimental contexts
is conducted. To estimate these models in an experimental context, the state-space
realization of the Inverse Substructuring (IS) method is derived.

Then, a novel method to impose Newton’s second law on estimated state-space mod-
els that does not rely on the use of undamped residual compensation modes (RCMs) is

introduced. Thereby, this technique enables the computation of models strictly verify-
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ing this physical law that are suitable for being used in time-domain analysis. Besides
this benefit, by comparing this method with a state-of-the-art approach, it is evident
that the method here derived holds the additional advantage of permitting the en-
forcement of Newton’s second law by using RCMs presenting lower natural frequencies.
Subsequently, a novel strategy to impose stability on unstable coupled models resul-
tant from the performance of DS operations with non-passive models is proposed. This
approach has the important advantage of not necessarily rely on iterative algorithms.
Afterwards, the developed methodologies are validated on numerical and experimen-
tal substructuring cases. The identified state-space models representative of the sub-
structures/assemblies under study showed to be highly accurate, while respecting New-
ton’s second law. This clearly demonstrates the robustness of the proposed approach
to force state-space models to obey Newton’s second law. Reliable decoupling/coupling
results are obtained with LM-SSS enhanced by the developed post-processing proce-
dures and by using the estimated models transformed into UCF. The primal state-space
assembly formulation also showed to lead to accurate primally assembled/disassembled
results. Moreover, the state-space realization of IS showed to be capable of computing
reliable models representative of the CEs, provided that they verify the underlying as-
sumptions of IS. The LM-SSS via compatibility relaxation method also demonstrated
to be able to accurately include the models of the CEs identified with the state-space
realization of IS into the coupling operations. On top of this, it is evident that the pro-
posed approach to impose stability on unstable coupled state-space models is reliable.
Indeed, it turned out to lead to the determination of accurate stable coupled models
from unstable coupled models resultant from the performance of several DS operations.
Then, a local approach to compute interpolating Linear Parameter-Varying (LPV)
models is presented and validated on numerical and experimental examples. The state-
space realizations of the matrix-inverse classical Transfer Path Analysis (TPA) and of
the in-situ component-based TPA methods are presented. Subsequently, novel applica-
tions of LPV models in TPA are proposed and validated on an analytical assembly made
of a source and a passive system. The dynamics of both systems is time-dependent. In
a first instance, an interpolating LPV model describing the dynamics of the passive sys-
tem is used with the matrix-inverse classical TPA method to estimate the time-domain
connecting force acting on the interface between the source and the passive system. It
is found that the estimated connecting force is accurate and can be used to perform
reliable estimations of the responses on DOFs belonging to the passive system. Then,
interpolated models computed from the LPV models describing the dynamics of the
source and passive systems are coupled at each time-sample by using LM-SSS to obtain
coupled models representative of the dynamics of the assembled structure. These cou-
pled models are used with the in-situ component-based TPA method to estimate the
time-domain equivalent force of the source. It is found that the estimated equivalent
force is accurate and can be used to perform reliable estimations of the responses on

the passive side of assemblies made of the same source connected to any passive system.



Sommario

Questa tesi mira a sviluppare nuove metodologie per mitigare i limiti presenti nello
stato dell’arte in relazione alle tecniche di State-Space Substructuring (SSS) e degli
approcci per stimare i modelli State-Space da dati acquisiti sperimentalmente. Inoltre,
si vuole dimostrare il vantaggio dell’uso dei modelli state-space e dei metodi SSS per
affrontare applicazioni Transfer Path Analysis (TPA) nel dominio del tempo.

In questa tesi, la formulazione SSS duale (anche denominata Lagrange Multiplier
State-Space Substructuring (LM-SSS)) viene estesa per eseguire direttamente opera-
zioni di dynamic substructuring (DS) con modeli state-space di spostamento e velocita.
Viene derivata una nuova forma di accoppiamento, denominata Unconstrained Cou-
pling Form (UCF), appositamente studiata per eseguire operazioni DS con LM-SSS.
Rispetto alle forme di accoppiamento precedentemente discusse in letteratura, la UCF
presenta il vantaggio di richiedere il calcolo di un solo nullspace e di non richiedere la
tipica e difficile selezione di un sottospazio da un nullspace. Vengono poi discusse nuove
procedure di post-processing per eliminare gli stati ridondanti derivanti dall’esecuzione
di operazioni DS con LM-SSS. In questo modo, ¢ possibile calcolare modelli accop-
piati di ordine minimo. Viene presentata un’ulteriore procedura di post-processing
per evitare l’eliminazione manuale dei gradi di liberta (DOF) ridondanti dei modelli
accoppiati con LM-SSS. Confrontando LM-SSS, potenziato dalle procedure di post-
processing proposte, con due approcci considerati ad aggi il reiferimento di letteratura,
e evidente che LM-SSS presenta i vantaggi di entrambi, senza presentare alcuno dei
loro svantaggi. Successivamente, viene derivata una nuova formulazione denominata
primal state-space assembly. In seguito, viene sviluppata una nuova tecnica SSS, deno-
minata LM-SSS via compatibility relaxation, per consentire l'inclusione degli elementi
di connessione (CE) nelle operazioni SSS tramite compatibility relaxation. Vengono
inoltre derivate procedure di post-processing per eliminare gli stati extra originati dal-
I’esecuzione di operazioni di accoppiamento con questo metodo, consentendo il calcolo
di modelli accoppiati di ordine minimo. Si discute su come calcolare modelli di CE
da utilizzare con LM-SSS tramite il rilassamento di compatibilita in contesti analitici,
numerici e sperimentali. Per stimare questi modelli in un contesto sperimentale, & stata
derivata una realizzazione state-space del metodo Inverse Substructuring (IS).

Viene poi introdotto un nuovo metodo per imporre la seconda legge di Newton su

modelli state-space che non si basa sull’'uso di modi di compensazione residui (RCM)
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non smorzati. In questo modo, € possibile calcolare modelli che verificano questa legge
fisica e che sono adatti a essere utilizzati nell’analisi del dominio del tempo. Oltre a
questo vantaggio, confrontando questo metodo con lo stato dell’arte, ¢ evidente che il
metodo qui derivato ha 'ulteriore vantaggio di consentire I'applicazione della seconda
legge di Newton utilizzando RCM che presentano frequenze naturali piu basse. Suc-
cessivamente, viene proposta una nuova strategia per imporre la stabilita ai modelli
accoppiati instabili risultanti dall’esecuzione di operazioni DS con modelli non passivi.
Questo approccio ha 'importante vantaggio di non basarsi necessariamente su algoritmi
iterativi.

Successivamente, le metodologie sviluppate sono state validate su casi di studio nu-
merici e sperimentali. I modelli state-space identificati, rappresentativi delle sottostrut-
ture/assiemi oggetto di studio, si sono dimostrati altamente accurati, pur rispettando
la seconda legge di Newton. Cio dimostra la robustezza dell’approccio proposto per
forzare i modelli state-space a rispettare la seconda legge di Newton. Risultati affi-
dabili di disaccoppiamento/accoppiamento si ottengono con LM-SSS migliorato dalle
procedure di post-processing sviluppate e utilizzando i modelli stimati trasformati in
UCF. La formulazione primal state-space assembly ha dimostrato di portare a risultati
accurati primal assembled/disassembled. Inoltre, la realizzazione state-space di IS ha
dimostrato di essere in grado di calcolare modelli affidabili rappresentativi degli CE,
a condizione di verificare le ipotesi di base di IS. Il metodo di rilassamento della com-
patibilita LM-SSS ha anche dimostrato di essere in grado di includere accuratamente
i modelli degli CE identificati con la formulazione state-space di IS nelle operazioni di
accoppiamento. Inoltre, & evidente che 'approccio proposto per imporre la stabilita ai
modelli state-space accoppiati instabili porta alla determinazione di modelli di coppia
stabili accurati da modelli state-space accoppiati instabili risultanti dall’esecuzione di
diverse operazioni di DS.

Viene quindi presentato un approccio locale per il calcolo di modelli interpolanti a
variazione di parametri lineari (LPV), validato su esempi numerici e sperimentali. Ven-
gono presentate le formulazioni state-space dei metodi matrix-inverse classical TPA e
in-situ component-based TPA. Successivamente, viene proposta e validata una nuova
applicazione dei modelli LPV nella TPA su una struttura assemblata analitica com-
posta da una sorgente e da un sistema passivo. La dinamica di entrambi i sistemi e
tempovariante. In un primo momento, un modello LPV interpolante che descrive la di-
namica del sistema passivo viene utilizzato con il metodo matrix-inverse classical TPA
per stimare la forza di connessione nel dominio del tempo che agisce sull’interfaccia
tra la sorgente e il sistema passivo. La forza di connessione che si ottiene ¢ accurata e
puo essere utilizzata per eseguire stime affidabili delle risposte sui DOF appartenenti al
sistema passivo. Quindi, i modelli interpolati calcolati dai modelli LPV che descrivono
la dinamica della sorgente e dei sistemi passivi vengono accoppiati ad ogni campione
temporale utilizzando LM-SSS per ottenere modelli accoppiati rappresentativi della di-

namica della struttura assemblata. Questi modelli accoppiati vengono utilizzati con il
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metodo in-situ component based TPA per stimare la forza equivalente della sorgente
nel dominio del tempo. Si scopre che la forza equivalente stimata & accurata e puo
essere utilizzata per eseguire stime affidabili delle risposte sul lato passivo degli assiemi

costituiti dalla stessa sorgente collegata a qualsiasi sistema passivo.
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Chapter 1

Introduction

This project has received funding from the European Union’s Framework Pro-
gramme for Research and Innovation Horizon 2020 (2014-2020) under the Marie Sklodowska-
Curie Grant Agreement n° 858018.

1.1 Research Context and Motivation

To ease the characterization of the dynamic behaviour of complex structures, we
may think on diving them into several simple substuctures. Then, by characterizing
the dynamics of each of those simple substructures and by coupling them, a character-
ization of the dynamic behaviour of the initial complex structure can be obtained. The
approach just described is commonly addressed in literature as dynamic substructuring
(DS). This concept can be exploited with substructures numerically or experimentally
characterized. Additionally, DS also provides us the possibility of coupling together nu-
merically and experimentally characterized substructures. In this thesis, our attention
will be focused on the application of DS with experimentally characterized substruc-
tures.

Nowadays, when dealing with experimentally characterized substructures, the DS
concept is mainly exploited in frequency domain. Yet, some applications would profit
from the use of DS in time-domain. For example, applications involving transient
phenomena, involving the characterization of the dynamics of mechanical systems pre-
senting non-linear or time-varying dynamic behaviour and real-time substructuring
applications. In fact, there are many mechanical systems that when operating un-
der regular conditions promote relevant changes on the dynamic behaviour of their
components. A classical example of these components are the rubber mounts, whose
dynamics depends on several external factors, such as on the temperature at which
they are submitted and on the value of the static pre-load applied on them.

To tackle this kind of applications, one may think of using state-space models to
characterize the dynamics of each component and then, couple them by exploiting SSS

methods. In fact, this strategy seems promising for several reasons. First of all, these
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models are known to be well-suited to deal with problems formulated in time-domain.
Secondly, the state-space models can be used to characterize mechanical systems, whose
dynamics depends on different external factors. Indeed, there are many approaches
proposed in literature based on state-space models that are adequate to characterize
components, whose dynamics depends on different factors. On top of this, these mod-
els are also well-known for being excellent choices to tackle real-time substructuring
applications. However, the state-of-the-art methodologies are not completely adequate
to experimentally estimate state-space models that are suitable for being exploited in
DS operations. Moreover, the family of SSS methods is still under investigation, not
being so well established in literature as, for example, the Component Mode Synthe-
sis (CMS) and Frequency Based Substructuring (FBS) methods. For these reasons,
the computation of accurate stable coupled state-space models by performing coupling
operations with models representative of real mechanical systems and estimated exper-
imentally, for example, from experimentally acquired Frequency Response Functions
(FRFs), continues to be challenging.

In the following, we detail the challenges to be overcome to ease the computation
of accurate stable coupled models from the performance of DS operations with exper-
imentally estimated state-space models. Moreover, we refer the kind of time-domain

TPA applications that we aim at tackling by using state-space models and SSS methods.
State-Space Substructuring

Two of the most well-known state-of-the-art SSS approaches are the methods pre-
sented by Su and Juang in [9] and by Sjovall and Abrahamsson in [8]. The method
derived by Su and Juang is capable of coupling an unlimited number of substructures at
same time. However, it presents two important drawbacks. On the one hand, it is not
capable of computing minimal-order coupled models. On the other hand, it requires
the performance of two different matrix inversions. Conversely, the method proposed
by Sjovall and Abrahamsson enables the computation of minimal-order coupled mod-
els and only requires the computation of a single matrix inversion. Nonetheless, this
method is only capable of coupling two substructures at same time. In addition, this
approach requires the previous transformation of state-space models into the coupling
form proposed in [8]. The transformation matrix involved on the transformation of
state-space models into this coupling form requires the selection of a subspace from the
nullspace of the input matrix of the model to be transformed. The selection of this
subspace is hard to be performed and strongly influences the performance of the trans-
formation. To ease the computation of coupled state-space models, a novel coupling
form and novel post-processing procedures are proposed in section 2.3 to define a SSS
approach that merges the advantages of both of these state-of-the-art SSS methods,
while mitigating their limitations.

Moreover, the SSS methods available in literature only allow the inclusion of the
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dynamics of CEs into coupling operations by treating them as others substructures to
be coupled. Even though this methodology does not pose any important disadvantages,
when dealing with CEs analytically or numerically characterized, it definitely presents
drawbacks, when the CEs are to be experimentally characterized. In an experimental
context, it is typical to test CEs with fixtures attached to their ends. Therefore, to
obtain a state-space model characterizing the dynamics of a CE by considering it as
a regular structure, we are required to decouple the dynamics of the fixtures used to
test it. Hence, we are demanded to determine models representative of these fixtures,
which might involve the performance of additional experimental modal characterization
tests. Furthermore, the performance of decoupling operations to remove the dynamics
of the fixtures leads to the identification of state-space models representative of CEs
that are contaminated by pairs of spurious modes. In practice, there is generally no
a-priori knowledge on the dynamics of the substructures to be identified by decou-
pling operations. Thus, the identification and subsequent elimination of these spurious
modes is many times hard or even infeasible to be performed. The use of state-space
models contaminated by spurious states to include the dynamics of CEs into coupling
operations is not recommended, because it leads to the computation of coupled modes
spoiled by spurious states. Moreover, due to the contamination by spurious modes, the
performance of calculations with these coupled models and with the identified models
of the CEs will demand higher computational effort.

To overcome the disadvantages associated with the inclusion of CEs into the cou-
pling SSS operations by treating them as regular structures, we may think on including
them into these operations via compatibility relaxation. In this way, we could include
the dynamics of CEs by exploiting state-space models representative of their diagonal
dynamic stiffness terms. The inverse substructuring (IS) method could be particularly
useful to compute these models, because it enables the determination of the diagonal
dynamic stiffness terms of CEs from the dynamic stiffness of the assembly, where they
are included, provided that these components verify the assumptions underlying IS.
Thus, it could be possible to experimentally determine state-space models representa-
tive of CEs without performing decoupling operations and hence, free of spurious states.
Moreover, in this scenario, we would not be required to determine state-space models
representative of the fixtures used to experimentally characterize the CEs. Thereby,
in section 2.5, a novel SSS method to include CEs via compatibility relaxation into
SSS coupling operations is proposed. Furthermore, the state-space realization of IS
is derived to experimentally determine state-space models representative of CEs to be

included into this novel SSS technique.

Estimation of state-space models

To be suitable for DS operations, the state-space models must present FRFs that
closely match the FRFs of the mechanical systems that they represent. On top of this,
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these models must be stable, reciprocal (in case that the substructures that they rep-
resent are reciprocal), obey Newton’s second law, passive and have to present outputs
and inputs collocated at the interfaces of the substructures involved in the DS opera-
tions. The state-space models defined in analytical and numerical contexts generally
verify these criteria. However, the experimental identification of state-space models
that verify all this criteria is not straightforward. In particular, the computation of
models verifying Newton’s second law and passivity remains challenging.

The identification of state-space models verifying Newton’s second law is manda-
tory, otherwise these models cannot be properly differentiated. Thereby, state-space
models that do not respect Newton’s second law cannot be properly transformed into
coupling form, which makes the computation of minimal-order coupled models infeasi-
ble, in case that the state-space models involved in the DS operations are not defined in
the physical domain (common situation in practice). Moreover, the accelerance FRF's
of state-space models violating this physical law cannot be correctly determined. The
state-of-the-art approaches to impose Newton’s second law on state-space models either
impose this physical law in a weak sense or make use of undamped residual compen-
sation modes (RCMs) to strictly impose it. On the one hand, state-space models that
do not strictly obey Newton’s second law are not suitable for being used in SSS oper-
ations. On the other hand, the inclusion of undamped modes on state-space models
is not recommended, because the performance of time-domain simulations with mod-
els composed by undamped modes may lead to numerical instabilities. To overcome
the limitations of the state-of-the-art approaches, in section 3.3.2, we propose a novel
method to strictly impose Newton’s second law on state-space models without relying
on the use of undmaped RCMs.

The estimation of state-space models verifying passivity is also fundamental, be-
cause the performance of DS operations with non-passive models generally leads to the
computation of unstable coupled state-space models. Many algorithms to impose pas-
sivity on state-space models have already been proposed in literature. These algorithms
are often clustered under the labels optimal and sub-optimal. Nevertheless, none of
these groups of algorithms is completely adequate to estimate passive state-space mod-
els to be involved on SSS operations, because they either lead to the computation of
state-space models with limited accuracy (case of the sub-optimal algorithms) or they
demand high computational effort (case of the optimal algorithms). This might pre-
vent the use of SSS methods in applications that require a fast computation of accurate
stable coupled state-space models. In [4], a direct method to impose passivity on state-
space models that does not belong to any of the groups of techniques mentioned above
was proposed. However, this approach may lead to the computation of passive models
presenting poor accuracy and not being globally passive (i.e. that are not passive in the
entire frequency axis). To surpass these difficulties, in section 3.5, we propose a novel
approach to compute accurate stable coupled state-space models directly from unstable

coupled models originated from the performance of SSS operations with non-passive
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models. In this way, we avoid the need of imposing passivity on state-space models.
State-space models and SSS methods in TPA

As discussed in section 1.1, the state-space formulation is well-suited to deal with
problems formulated in time-domain and to take into account possible time-domain
variations on the dynamics of mechanical systems by exploiting, for instance, interpo-
lating Linear Parameter-Varying (LPV) models. Thus, we intend to take advantage
of these characteristics of the state-space formulation to apply TPA methods on ap-
plications involving structures/components, whose dynamics changes over time. In
chapter 5, two time-domain TPA applications involving mechanical systems presenting
time-domain variations on their dynamical behaviour are tackled by using state-space
models and SSS methods.

1.2 Research Objectives

The aim of this thesis is to develop novel methodologies to mitigate the limita-
tions of the state-of-the art SSS techniques and of the state-of-the-art approaches to
experimentally estimate state-space models. Moreover, we also aim at demonstrating
the benefit of using state-space models and SSS methods to tackle time-domain TPA
applications. To accomplish these objectives, the state-of-the-art must be extended by

the following innovations:

e Develop a novel State-Space Substructuring (SSS) methodology that entails the
advantages of the state-of-the-art methods, while overcoming their main limita-

tions;

e Develop a novel methodology to enable the introduction of the dynamics of CEs

into SSS operations via compatibility relaxation;

e Derive a novel approach to determine state-space models of CEs to be included

into the coupling SSS operations via compatibility relaxation;

e Address the limitation of the state-of-the art approaches to force identified state-
space models to obey Newton’s second law, by developing a novel approach that

strictly imposes this physical law without relying on the use of undamped RCMs;

e Develop a novel method that enables the computation of accurate stable coupled
state-space models from the performance of DS operations with non-passive state-

space models;

e Investigate and demonstrate the benefit of using state-space models and SSS

methods for time-domain Transfer Path Analysis (TPA) applications.
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1.3 Thesis Contributions

The novel contributions of this thesis with respect to the state-of-the-art are listed

as follows:

e The dual SSS formulation (also denoted LM-SSS) is extended to directly couple
displacement and velocity state-space models. In this way, we can directly com-
pute displacement and velocity coupled models with LM-SSS, avoiding the need
of performing matrix inversions to compute displacement and velocity coupled

models from the correspondent acceleration coupled model;

e A novel coupling form tagged Unconstrained Coupling Form (UCF) is presented.
UCF is specially tailored to conduct DS operations with LM-SSS, holding the
advantage of transforming state-space models into coupling form without relying
on the selection of a subspace from a nullspace, which is many times difficult to
be performed. UCF is validated on numerical and experimental substructuring

cases;

e Novel post-processing procedures to eliminate the redundant states originated
from the performance of DS operations with LM-SSS are proposed. These ap-
proaches enable the computation of minimal-order coupled models with LM-SSS.
Numerical and experimental substructuring cases are exploited to validate these

post-processing procedures;

e To avoid a manual elimination of the redundant DOFs originated from the perfor-
mance of coupling operations with LM-SSS, a novel post-processing procedure is
proposed to retain a unique set of DOF's from the computed coupled state-space
models. This post-processing procedure is validated on numerical and experimen-

tal substructuring cases;

e A novel primal state-space assembly formulation is introduced. This approach is

validated on numerical and experimental substructuring cases;

e A novel SSS technique enabling the inclusion of the dynamics of CEs into LM-
SSS formulation via compatibility relaxation is derived. This approach enables
the inclusion of the dynamics of CEs by using state-space models representative
of their diagonal apparent mass terms. The accuracy of this coupling approach

is evaluated on numerical and experimental substructuring cases;

e Novel post-processing procedures to eliminate the extra states originated from the
performance of coupling operations with LM-SSS via compatibility relaxation are
presented. Thereby, enabling the computation of minimal-order coupled mod-
els with this SSS method. These post-processing procedures are validated on

numerical and experimental substructuring cases;
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e The state-space realization of the Inverse Substructuring (IS) method is derived.
This method enables the determination of state-space models representative of
the diagonal apparent mass terms of connecting elements (CEs) from state-space
models representative of the dynamics of the assemblies where they are included.
The accuracy of this method is evaluated on numerical and experimental sub-

structuring cases;

e A novel method to impose Newton’s second law on state-space models without
relying on the use of undamped RCMs is presented. This approach is validated to
force several state-space models representative of analytical and real mechanical

systems to obey Newton’s second law.

e A novel methodology to impose stability on unstable coupled state-space models
is proposed. Thus, making it possible to compute accurate stable coupled models
from the performance of DS operations with non-passive state-space models. This
methodology is validated to impose stability on an unstable coupled state-space
model resultant from the performance of several DS operations with non-passive

models representative of real mechanical systems.

e Novel strategies to apply both matrix-inverse classical TPA and in-situ component-
based TPA methods in time-domain, when dealing with assemblies composed
by sources and passive systems presenting time-varying dynamics are presented.

These methodologies are numerically validated.

1.4 Thesis Outline

Part of the content of this thesis has already been published in [1], [3], [10], [2],
[6], [11], [7]. However, those topics have been extended in this document to provide
the reader with a more detailed and comprehensive description of the work done. The
present document is organized according to the following structure:

Chapter 1 presents the motivation of the thesis, the defined research activities and
its contributions with respect to the state-of-the-art.

Chapter 2 discusses some state-of-the-art dynamic substructuring techniques be-
longing to the groups of Component Mode Synthesis (CMS), Frequency Based Substruc-
turing and State-Space Substructuring (SSS) methods. The state-of-the-art LM-SSS
method is extended to directly couple displacement and velocity state-space models. A
novel coupling form, specially, tailored to perform DS operations with LM-SSS is pre-
sented. Novel post-processing procedures to eliminate the redundant states originated
from the performance of DS operations with this technique and hence, to compute
minimal-order coupled models are proposed. An additional post-processing procedure
is outlined to eliminate the redundant DOF's from the coupled state-space models com-

puted with LM-SSS without relying on a manual elimination. A comparison of the
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LM-SSS method enhanced by the proposed post-processing procedures with two state-
of-the-art SSS techniques is also conducted. A novel primal state-space assembly formu-
lation is introduced. The inclusion of state-space models representative of connecting
elements (CEs) into the dual SSS formulation via compatibility relaxation is discussed,
leading to the development of a novel SSS coupling method, named Lagrange Multiplier
State-Space Substructuring via compatibility relaxation. Novel post-processing proce-
dures to eliminate the extra states originated from the performance of DS operations
with this technique are proposed. A discussion on strategies to compute state-space
models representative of diagonal apparent mass terms of CEs is conducted and the
state-space realization of the Inverse Substructuring approach is derived.

Chapter 3 presents a state-of-the-art methodology to construct state-space models
from modal parameters directly estimated from experimentally acquired FRFs. A
discussion on the need of constructing state-space models verifying Newton’s second
law is also conducted, being proposed a novel technique to impose this physical law
on state-space models. The proposed novel technique is compared with a state-of-the-
art approach. The state-space realization of the Virtual Point Transformation (VPT)
method is presented and a novel strategy to impose stability on unstable coupled state-
space models is developed.

Chapter 4 exploits numerical and experimental substructuring cases to validate
the novel methodologies proposed in chapters 2 and 3.

Chapter 5 presents a local methodology to construct interpolating LPV models.
This technique is validated on numerical and experimental examples. The use of in-
terpolating LPV models together with the matrix-inverse classical TPA and with the
in-situ component-based TPA methods is proposed to determine time-domain connect-
ing and equivalent forces, respectively, when dealing with mechanical systems, whose
dynamics changes over time. These approaches are validated by exploiting a numerical
example.

Chapter 6 presents the conclusions of this thesis and proposes future research

activities.



Chapter 2

Dynamic Substructuring

2.1 Introduction

Dynamic Substructuring (DS) is a methodology used to characterize the dynamic
behaviour of complex assembled structures. This methodology relies on the belief that
the characterization of a given complex structure can be easily performed by, firstly,
characterizing each of its constituent parts and, then, coupling them to obtain an
accurate representation of the initial complex structure. Over the last decades, this
methodology received much attention, which lead to the development of several DS
techniques [12]. In literature, these techniques are usually clustered in three main
groups. The group of the Component Mode Synthesis (CMS) techniques, the group of
the Frequency Based Substructuring (FBS) methods and the group of the State-Space
Substructuring (SSS) approaches.

In section 2.2, we will start by presenting state-of-the art approaches belonging to
the groups of CMS, FBS and SSS methods (sections 2.2.1, 2.2.2 and 2.2.3, respectively).
Then, novel procedures to mitigate the limitations of the Lagrange Multiplier State-
Space Substructuring (LM-SSS) method are outlined in section 2.3, while a novel primal
state-space assembly formulation is developed in section 2.4. Finally, the inclusion
of connecting elements into the LM-SSS formulation via compatibility relaxation is
discussed in section 2.5, leading to the development of two novel techniques, namely,
the LM-SSS via compatibility relaxation method and the state-space realization of the

inverse substructuring (IS) approach.

2.2 State-of-the-art

2.2.1 Component Mode Synthesis

The group of CMS methods was the first kind of investigated DS techniques and be-
came popular among the scientific community as a reduction method for finite-element

models [12]. When performing DS operations with CMS methods, the dynamical be-

9
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haviour of each of the substructures is represented by a set of modes [13]. Different
methods have been proposed to define reliable sets of modes that properly model the
mechanical behaviour of the substructures. One of the most famous methods is the
Craig-Bampton approach proposed in [14], which uses fixed-interface and constraint
modes to characterize each of the substructures. Yet, there are other techniques that
use other kind of modes. For example, the techniques proposed in [15],[16] that make
use of free-interface modes with and without residual flexibility.

The CMS methods can be used to rigidly couple components by imposing strict
compatibility between their interfaces, i.e. no relative displacement between the inter-
faces of the substructures is allowed (see [12]). Alternatively, these methods can also
be used to couple substructures, whose interfaces are not rigidly coupled, i.e. that may
present some relative displacement between them. For example, substructures that are
connected by connecting elements (CEs), such as screws and rubber mounts. To per-
form the coupling of this kind of substructures, two possible approaches can be followed.
Either we characterize the CE responsible for connecting the substructures and we in-
clude it in the coupling operation as a regular substructure or, we perform coupling
by relaxing the compatibility conditions [17]. By following the second strategy, the
compatibility conditions are no longer defined by imposing null relative displacement
between the interfaces of the substructures to be coupled. Instead, these conditions
are established through the relation between the relative displacement of the interfaces
of the connected structures and the connecting forces acting on the CE (see [18], [19],
20]).

Overall, this kind of methods are easy to apply, when performing DS operations
with numerically modelled substructures, for example modelled by using finite element
models. However, when dealing with experimentally characterized components these
techniques cannot be directly applied, because they require the use of system identi-
fication algorithms (see, for instance, [21],[22]) to identify modal parameters that well

describe the dynamics of the substructures [23].

Primal Formulation

To present the primal assembly formulation in the modal domain, we will start by
analyzing the assembled structure composed by two substructures denoted a and f

shown in figure 2.1.

y]lu]
1 I 1 1
YarUa ;W a % B ® Vpup

Figure 2.1: Assembled structure composed by two different substructures [1].
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By virtually separating the assembled structure presented in figure 2.1, the con-
necting forces acting on the interface DOFs of both substructures can be observed as

depicted in figure 2.2.

J J
Ja 9p

Youe B a R — ——% 5 ¥ Vo uf
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Figure 2.2: Substructures composing the assembly shown in figure 2.1 virtually separated [1].

The connecting forces represented in figure 2.2 present the same intensity, but dif-

ferent directions, hence we can represent these forces as follows

ga(t)
95(t)

{9(t)} = { } =~ [Bc]" {Ac(D)} (2.1)

where, {\c(t)} denotes a vector composed by Lagrange Multipliers that represent the
intensity of the connecting forces [24], while [B¢] is a signed Boolean mapping matrix
(see [24],]25],[12],[26]). This matrix must be constructed by assigning negative unitary
values to the coefficients associated with the interface DOFs of one of the substructures
and by assigning positive unitary values to the coefficients related to the interface
DOFs of the other substructure. The value of the coefficients associated with the
internal DOFs of the substructures must be set to zero. Subscripts o and 8 denote
vectors/matrices associated with substructures o and 3, respectively. Vectors {g,(t)}
and {gs(t)} are composed by the connecting forces acting on each of the substructures.

These vectors are given below.

0 0
{9a(0)} = {gg (t)} (222) {aa(t)) = {gg w} (2.20)

Note that expression (2.1) can be easily generalized and remains valid, when per-

forming coupling operations involving an unlimited number of substructures.

At this point, let us assume that the mass, damping and stiffness matrices of both
substructures is known. Thereby, by generalizing for coupling an unlimited number of

substructures, we may define a set of coupled differential equations as follows

[Mp]{ii(t)} + [Vbl{5(®)} + [Kp]{y()} = {u(t)} + {g(t)} (2.3)
where, [Mp], [Vb], [Kbp], {y(t)}, {u(t)} and {g(t)} are given as follows
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7 (2.4)

[Mp] = Mg , Vbl = Vs , [Kp]= Kg

where, {y(t)} and {u(t)} are vectors composed by the displacement responses of the
DOFs and by the external applied forces on the DOF's, respectively. Matrices [M],
[V] and [K] denote mass, damping and stiffness matrices, respectively. Subscript D
denotes block diagonal matrices.

Let us further assume that the exact relation between physical and modal coordi-

nates is given as follows:

(v} = [To] {n)} (2.5)

with,

T, Na(t)
Tp)| = T | {n(®)} = ) (2.6)

where, [T},,] is a matrix responsible for transforming the modal coordinates of a given
substructure into the physical domain, while vector {7(¢)} is composed by the modal
coordinates of a given substructure.

By using expression (2.5) and expression (2.3) pre-multiplied by [T}, p]?, we may
rewrite the set of coupled differential equations (expression (2.3)) in modal domain as

follows

[Min,p]{71(£)} + Vi, 0] {11(0)} + [Km, 0] {n(t)} = {um@)} + {gm (1)} (2.7)

where, matrices [My, pl, [Vin.p]s [Km,p], {um(t)} and {g,(t)} are given below.

[Myn,p] = [Tin,0)" IMD|[Tin,0],  [Vin,0] = [Tm,0]" [VD][Tm,p]
[Km,p] = [Trm,p)" [KD][Tm, D] (2.8)
[um ()] = [Tm.0] ()],  [gm(t)] = [Tm.0]" [9(t)]

To be coupled, the substructures must respect both compatibility and equilibrium

conditions. The compatibility condition states that the physical motion of the inter-
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face DOF's of both substructures must be the same. Hence, these conditions can be,

mathematically, defined as given below.

[Bol{y(t)} = {0} (2.9)

By using expression (2.5), expression (2.9) can be also defined in the modal domain

as:

[Bom] {n(t)} = {0} (2.10)

where, [Bc,,] is given hereafter.

[Boml = [Be] [T, ol (2.11)

However, when performing coupling by using a primal formulation, the compati-
bility condition is imposed by retaining the unique set of DOFs [12]. Thereby, this

condition must be defined as follows

{n(®)} = [Lom] {n@®)}, v{n(t)} (2.12)

where, {7(t)} represents the unique set of coupled DOFs represented in the modal
domain and [L¢ ] represents a Boolean localization matrix defined in the modal do-
main. The set of unique DOFs {7(¢)} must verify the compatibility conditions given

in expression (2.10), thus the following identities must be verified.

[Bem] {n(t)} = [Bom] [Lem] {(2)} = {0} (2.13)

It is evident that expression (2.13) will be verified, in case that [L¢c ] is computed

from the nullspace of [Bc ] as given below [24],[12].

[Lom] = null ([Bem)) (2.14)

The equilibrium conditions state that the sum of the connecting forces at the match-
ing DOF's must be null [9],]27]. This means that the connecting forces acting on match-
ing interface DOFs belonging to different structures must present the same intensity
and opposite direction (hence, must cancel each other). In this way, the equilibrium

conditions can be defined by the following expression.

[Lem] {gm(t)} = {0} (2.15)

To prove that the set of equations (2.15) holds, we may start by pre-multiplying
expression (2.1) by [T}, p]? as follows.

[Ton.0]" {9(t)} = = [Tm,p]" [Be]” {Ac(t)} (2.16)
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By using expression (2.8) and expression (2.11) together with the transpose matrix

property (AB)? = BT AT [28], we may rewrite expression (2.16) as given below.

{gm()} = = [Bom]" {Ac()} (2.17)

From expression (2.17), it is straightforward that expression (2.15) can be rewriten

as follows.

~[Legm]” [Bem]" {Ae()} = {0} (2.18)

As matrix [Lc | is the nullspace of [Be | (see expression (2.14)), we may write

the following expression.

[Be,m) [Lem) = {0} (2.19)

By using once again the transpose matrix property (AB)T = BT AT [28] and ex-

pression (2.19), we may define the identities given below.

([Beyml [Lem))™ = [Lom]” [Bem]™ = {0} (2.20)

Thus, [Lcym]T is the nullspace of [Bc,m]T and, hence expression (2.15) holds.
By imposing both compatibility and equilibrium conditions (expressions (2.12) and
(2.15), respectively) in expression (2.7), we may arrive to the following set of coupled

differential equations:

3| {0} + [V {00} + o] 30} = {0 (0]} (2.21)

where,

[M ] = [LC,m]T[Mm,DHLC,m]a [Vm] = [LC,m]T[Vm,DHLC,m]

" (2.22)
[Km] - [Lam]T[Km,D] [LC,m]v [ﬂm(t)] = [LC,m]T[um(t)]

Dual Formulation

A dual formulation can also be used to set-up the coupled differential equations
of motion in the modal domain. By using expressions (2.17), (2.10) and (2.7) and by
dropping [e], {e} and (¢) for ease of readability, the dual assembled differential equations

can be defined as follows

Mm,Dﬁ + Vm,Dﬁ + Km,Dn + Bgm@)\C = Um (2 23)

BC,mn =0

where, this set of differential equations can also be established in matrix form as given

below.
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SR

Decoupling

{A”C} = {un} (229

Decoupling is widely used in DS to identify the dynamic behaviour of components
that are part of an assembled structure. This DS operation requires the dynamic behav-
ior of the assembled structure and of the remaining components to be known. One of
the main applications of decoupling operations is the dynamic characterization of parts
that are difficult or even impossible to be tested separately. To perform decoupling, we
can follow the procedures discussed above. However, the mass, damping and stiffness
matrices (either represented in the physical or modal domains) of the substructures to
be decoupled must be, previously, multiplied by —1 [29].

Nevertheless, in practice it is sometimes difficult to perform measurements at the
interface between the substructure to be decoupled and the component to be identified.
To circumvent this difficulty, we may, for instance, exploit the Modal Constraints for
Fixture and Subsystem (MCFS) method presented in [30]. This approach enables
the use of information obtained from measurements performed on internal points of
the assembled structure belonging to the substructure to be decoupled. To perform
decoupling MCFS constrains the motion of the assembly and of the substructure to be
decoupled by using weak modal constraints to avoid high sensitivity to measurement
errors. This method demonstrated to be reliable to perform decoupling operations,
leading to the identification of accurate modal basis representative of the dynamics of

real mechanical systems (see, [29]).

Substructuring via compatibility relaxation

The strategy proposed in [18] to perform coupling of substructures, whose interfaces
are not rigidly connected, will be here presented. To start, let us consider the following

two substructures connected by a CE M depicted in figure 2.3.

Vit

vhu %« RN TH B by

Figure 2.3: Assembled structure composed by two substructures connected by a connecting
element [2].
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By virtually separating the assembly shown in figure 2.3, we may observe the con-

necting forces responsible for keeping the substructures coupled (see figure 2.4).
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Figure 2.4: Substructures composing the structure depicted in figure 2.3 virtually separated

2].

To exploit the strategy proposed in [18], we must assume that the CE is massless
and that there are no cross couplings between its DOFs. In other words, each DOF on
one of the interfaces of the CE must be only coupled to one DOF on the other interface
(being both DOFs associated with the same direction). If these conditions hold, we

may define the following relations [17]:

[Mara1] = [Marj2] = [Mar21] = [M,22] = [0]
Va1 = =[V2l = —[Varai] = [Var2e] = V] (2.25)
(K1) = —[Kma2] = —[Kuo1] = K] = K]

where, subscript M denotes variables related to the CE M depicted in figures 2.3 and
2.4, while the first number in subscript refers to the outputs and the second to the
inputs of each variable. The number 1 denotes that the outputs or/and inputs are
associated with the DOFs on the side M« of the CE, whereas the number 2 means
that the outputs or/and inputs are associated with the DOFs on the Mf side (see
figure 2.4).

The assembly depicted in figure 2.3 is composed by two substructures connected
by a CE. Thus, relative displacement between the interface of both substructures is
allowed. This relative displacement is a direct consequence of the connecting forces
that act at the interfaces of the CE. Thereby, by generalizing to couple an unlimited
number of substructures connected by an unlimited number of CEs, we may define
a relation between these connecting forces and the relative displacement between the

interfaces of the connected substructures as follows [18]:

{Ac(®)} = Varp] [Bol{y9(1)} + [Karp] [Bel {y(t)} (2.26)

where,

Vi, K,
[Va,p] = Vi, , [Kumpl= K, (2.27)
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where, subscripts M7 and Ms denote variables associated with different CEs.

As the CEs are assumed to be massless, the force equilibrium condition defined in
expression (2.1) is still valid [18],[20],[17]. In this way, by imposing the compatibility
conditions (see expression (2.26)) in expression (2.3), by exploiting the relation given
in (2.1) and by dropping [e], {e} and (¢) for ease of readability, we may establish the

following set of differential equations.

Mpij + Vpy + Kpy + BL(VarpBey + KaypBey) = u (2.28)

After some mathematical manipulations, the following set of coupled differential

equations can be defined.

Mpijj + (Vp + B&VapBe)y + (Kp + BEK v, pBe)y = u (2.29)

By exploiting expressions (2.5) and (2.8), expression (2.29) can also be represented

in the modal domain as given hereafter.

T;r:’DMDTm7D7.7. + Tf,:,D(VD + BEVa.pBe) T p1i (2.30)
+T7Z;,D(KD + BEK v pBe) T, pn = tm

2.2.2 Frequency Based Substructuring

In the Frequency Based Substructucturing (FBS) methods, the substructures to
be coupled are characterized by their impedance (i.e. for instance, dynamic stiffness
or apparent mass) or admittance (e.g. receptance, mobility or accelerance FRFSs).
Thereby, this group of methods is typically exploited when performing DS operations
with experimentally characterized substructures.

The first developed FBS methods relied on the performance of coupling by primally
assembling the impedance of the substructures involved in the DS operations (see [31]).
However, when performing experimental modal characterization tests, we usually mea-
sure admittance instead of impedance. Thus, the performance of coupling by primally
assembling the impedance of the substructures requires in general the previous inver-
sion of their FRFs. On top of that, after performing coupling, an additional matrix
inversion is required, in case that the determination of the coupled FRFs is of interest.
The performance of so many matrix inversions makes this kind of methods numerically
inefficient and prone to noise amplification [12].

A more suitable technique to perform DS was developed in [32]. This method
showed to be able to directly couple sets of measured FRF's belonging to an unlimited
number of structures at same time. In addition, it also showed to be numerically
efficient, because to perform coupling by using this approach, we are just required to
calculate the inverse of a single matrix of dimension n; X ny (where, n; represents

the number of interface DOFs). However, this approach demonstrated to be complex
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to be used in practice. For this reason, the method proposed in [32] was rewritten
in a more straightforward fashion in [23], giving arise to the development of the well-
known Lagrange Multiplier Frequency Based Substructuring (LM-FBS). This method
makes use of a dual assembly formulation representing a simpler version of the approach
proposed by Jetmundsen et al. in [32]. Due to its accuracy and simplicity, LM-FBS
method is usually the method of choice, when DS operations with FRFs are to be
performed (see, for example, [27],[33]).

When dealing with substructures connected by CEs, we may follow two different
approaches. On the one hand, we may treat the CEs as other substructures to be
coupled, on the other hand, we may include the dynamics of the CEs via compatibility
relaxation ([33],[34],[35]). To implement the second approach, we may exploit the
approach proposed in [20]. This approach represents the frequency based realization
of the approach proposed in [18] and presented in section 2.2.1. Thus, it is developed
by assuming that the CEs are massless and that no cross couplings between their
DOFs exist. By performing these assumptions, a new variant of LM-FBS method that
enables the inclusion of CEs via compatibility relaxation can be formulated. In this
new variant of LM-FBS, the compatibility conditions must allow relative displacement
between the interfaces of the substructures to be coupled. These coupling conditions
must be derived from the relation between the connecting forces acting on the CEs and

the relative displacement between the interfaces of the connected components.

Primal Formulation

To demonstrate how to perform primal assembly in the frequency domain let us
apply a Fourier transform on the expression (2.3) representative of a coupled set of

differential equations as follows

[Zp(j){Y (jw)} = {UGw)} +{G(jw)} (2.31)

with,

Za
[Zp(jw)] = Z = —w? [Mp] + jw [Vp] + [Kp] (2.32)

where, [Z] represents a dynamic stiffness matrix, while {Y (jw)} is a vector composed
by the displacements of the DOFs in the frequency domain. Vectors {U(jw)} and
{G(jw)} are composed by the external applied forces and by the connecting forces in

the frequency domain, respectively.

Before moving on, it is worth noting that expressions (2.1) and (2.9) are still valid

in the frequency domain. Thereby, we may define the following mathematical relations.



2.2. State-of-the-art 19

{G(jw)} = — [Bc]" {Ac(jw)} (2.33)

[Bol{Y (jw)} = {0} (2.34)

As mentioned in section 2.2.1, when using a primal assembly formulation, the com-
patibility condition is imposed by retaining the unique set of DOF's, whereas the equilib-
rium condition must be enforced by imposing the mutual cancellation of the connecting
forces acting on the matching interface DOFs. Thereby, the compatibility condition
must be defined as follows [24][12]

{Y ()} = [Lel {¥ (w) | .V { ¥ (jw)} (2.35)

where, {17( jw)} represents the unique set of coupled DOF's represented in the physical
domain and [L¢] represents a so-called Boolean localization matrix. Vector {Y (jw)}

must respect the compatibility conditions, thus the following identities must hold.

[Bol{Y (jw)} = [Bel [Le] { ¥ (jw) } = {0} (2:36)

By observing expression (2.36), it is evident that this expression will hold, in case

that [L¢] is computed from the nullspace of [B¢] as given below [24][12].

[Le] = null ([Bl) (2.37)

The equilibrium conditions can be, mathematically, established as given below
[24],[12].

[Le]'{G(jw)} = {0} (2.38)

To prove that the relations given in equation (2.38) are verified, we must rewrite

them by using expression (2.33) as follows.

—[Le]" [Bel" {Ac(jw)} = {0} (2.39)

As matrix [L¢] is the nullspace of [B¢] (see expression (2.37)), we may define the

following expression.

[Bc] [Le] = {0} (2.40)

By using the transpose matrix property (AB)T = BT AT [28] and expression (2.40),

we arrive to the identities given below.

([Bel[Lel) = [Le]" [Be]" = {0} (2.41)
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Thereby, we may conclude that [LC]T is the nullspace of [BC]T and, hence expression
(2.38) holds.

At this point, to primally assemble the dynamic stiffness matrices of each substruc-
ture, we must start by imposing the compatibility condition (see expression (2.35)) on

expression (2.31) as follows

[U(jw)} +{G(Gw)} = [Zp ()] Lel {¥ (jw) } (2.42)

by pre-multiplying expression (2.42) by [Lc]? and by imposing the equilibrium condi-
tions defined in expression (2.38), yields:

{0Gw)} = 12G) {¥ (jw)} (2.43)

where, [Z(jw)] and {U (jw)} represent the primally assembled dynamic stiffness ma-
trices and the vector composed by the unique set of external applied forces in the

frequency domain, respectively. These variables are given hereafter.

|Z(w)] = [Le]” [Zb(iw)] [Le] (2.44)

{0G@)} = (L™ {UGw)} (2.45)

To comoute the coupled set of receptance FRFs, we are only required to invert the

primally assembled dynamic stiffness matrices as follows

|f1(jw)] = [Z(je)] ™ (2.46)

where, [H(jw)] denotes a coupled set of receptance FRFs, which is composed by the
unique set of DOFs.

It is worth mentioning that, even though we have presented the primal assembly
formulation in the frequency domain by coupling dynamic stiffness, it continues to be

valid to couple other kinds of impedance, such as apparent mass.

Dual Formulation

To demonstrate how to perform dual assembly in the frequency domain, let us
start by using expressions (2.31), (2.33) and (2.34), to define the following system of

equations:

[Zp(jw)]{Y (jw)} = {U(jw)} — [BE] {Ac(jw)}
[Bel{Y (jw)} = {0}

by solving the first set of equations to obtain the value of {Y (jw)} and by dropping

(2.47)

[e], {®} and (jw) for ease of readability, yields:
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Y = Hp(U — BLA©)
BeY =0

(2.48)

where, [Hp(jw)] is given below.

[Hp(jw)] = [Zp(jw)] ™! (2.49)

After performing some mathematical manipulations with the system of equations

given in expression (2.48), we may define the following relations.

Y = Hp (I — B (BcHpBE) ™ BCHD) U

L (2.50)
Ac = (BcHpBL) ™ BeHpU

The first set of equations of the system of equations (2.50) can be used to define an

expression to calculate the coupled FRFs as follows

[ (jw)] = %E;:ﬁ — Hp (I ~ BL (BeHpBE) ™ BCHD) (2.51)
where, [H (jw)] denotes the coupled set of FRFs. Expression (2.51) enables the compu-
tation of coupled FRFs in a dual manner. A physical interpretation of this expression
can be found in [12]. This coupling approach was proposed by de Klerk et al. in
[23], where it was tagged as Lagrange Multiplier Frequency Based Substructucturing
(LM-FBS) method.

Unlike the primal assembly formulation, the dual assembly formulation does not
impose compatibility by retaining the unique set of DOFs. Thus, for each pair of
coupled DOFs, [H (jw)] will present two interface outputs and two interface inputs,
whose physical meaning is the same. To remove these redundant interface outputs and
inputs, for each pair of coupled DOFs we must remove a row and a column of [H (jw)]
associated with one of those outputs and inputs, respectively.

In alternative, to avoid the manual elimination of the redundant interface outputs
and inputs, we can use the previously defined Boolean localization matrix (see equation
(2.37)) to retain a unique set of outputs and inputs [27]. Thereby, let us use expression
(2.45) to define the following relation:

Wi = (i) {06w) (252

where, superscript f denotes the Moore-Penrose pseudoinverse of a matrix. By using

expressions (2.51), (2.35) and (2.52), we can define the following expression.

L ¥ () = [HGw)] (L") {60} (25

Finally, expression (2.53) can be rewritten as follows



22 2. Dynamic Substructuring

[V (jw)} = [H(w)] {06} (2.54)
where, [JEI (jw)] represents the coupled FRFs, which are composed by unique sets of

outputs and inputs. [ﬁ ( jw)} is given below.

= = f
| (jw)| = (L) [H ()] ([Ec)) (2:55)
Note that, even though we have presented the LM-FBS method by coupling recep-
tance FRFs, it continues to be valid to couple other kinds of FRFs, such as mobility

and accelerance.

Decoupling

To perform decoupling, we may exploit the Inverse Coupling approach [36]. By
following this method, the primal assembly formulation presented above is still valid.
However, we should multiply the impedance matrices of the substructures to be de-
coupled by —1. Similarly, to perform decoupling by using LM-FBS, the procedures
presented above still hold, but the FRFs of the substructures to be decoupled must be
multiplied by —1.

Nevertheless, different strategies can be followed to perform decoupling. One can,
for example, decouple a substructure from an assembled system by enforcing the com-
patibility and equilibrium conditions at the interface DOF's, hence by following the
presented procedures to perform coupling operations, but by using the impedance or
admittance of the substructure to be decoupled multiplied by —1. However, when per-
forming decoupling operations with assemblies/substructures described by their exper-
imentally acquired FRF's, this approach is known for amplifying possible measurement
errors, leading to inaccurate results. In an attempt to increase the robustness of the de-
coupling operations, information measured at internal DOFs may also be included. This
leads, in general, to an improvement of the observability, controlability and conditioning
of the problem [37]. Thereby, decreasing the sensitivity of the decoupling operations
to measurement errors [38]. Detailed discussions on different approaches to perform

decoupling in frequency domain can be found, for instance, in [36],[38],[27],[39],[37].

Substructuring via compatibility relaxation

Here, we will derive the variant of the LM-FBS method (see section 2.2.2) proposed
in [20] that enables the inclusion of CEs into the coupling operations via compatibility
relaxation. To start, let us analyze the assembled structure composed by two sub-
structures connected by a CE depicted in figure 2.3. We will assume that this CE is
massless and that no cross couplings between its DOF's exists. If these conditions hold,

the relations given below are valid [17].
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[Zma1(jw)] = =[Za2(iw)] = —[Zm21(jw)] = [Za22(jw)] = [Zm(jw)] (2.56)

As substructures o and 8 are connected through the CE M, relative displacement
between their interfaces is allowed. This relative displacement is associated with the
connecting forces acting on the interfaces of the CE (see figure 2.4). Thus, by gener-
alizing for coupling an unlimited number of substructures connected by an unlimited
number of CEs, we may determine the relative displacement between the interfaces of

the connected substructures as given hereafter [18].

[Be{Y (jw)} = [Zm,p(jw)) " {Ac (o)} (2.57)

where, matrix [Zy; p(jw)] is given below.

ZM1 (]w)
[Zm,p(jw)] = 2, (jw) (2.58)

Expression (2.57) defines the compatibility conditions, mathematically. The local
equilibrium conditions given by the first set of equations of the system of equations
(2.47) are still valid, because the CE is assumed to be massless [17]. Thus, by using the
top set of equations of the system of equations (2.47) and expression (2.57), we may

define the following system of equations

[Zp(jw)]{Y (jw)} = {U(jw)} — [BE] {Ac(jw)}
[Bel{Y (jw)} = [Zu,p(jw)] " H{Ac(jw) }

by solving the first set of equations of the system of equations (2.59) to find the value

(2.59)

of {Y(jw)} and by pre-multiplying the resultant expression by [B¢|, we may define the

following expression.

[Bo] {Y (jw)} = [Be] [Hp(jw)] {U(jw)} — [Bo] [Hp(jw)] [BS] {Ac(jw)}  (2.60)

By using expression (2.60) and by dropping [e], {e} and (jw), we may rewrite the
second set of equations of the system of equations (2.59) as follows
ZyipAe = BeHpU — BoHpBEAc (2.61)

after performing some mathematical manipulations, we may arrive to the following

relation:
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Ac = (Hyp + BeHBE) ' BHU (2.62)

where, [Hys,p] is given below.

Hyp = Z]\}%D (2.63)

By using expression (2.62) and after performing some mathematical manipulations,
we may rewrite the first set of equations of the system of equations (2.59) as given

below.

Y = HpU — HpBE (Hup + BCHDBE;)‘1 BcHpU (2.64)

Thus, we can define an expression that enables the computation of coupled FRFs

by exploiting LM-FBS via compatibility relaxation as given below.

() = 2D g (1= BE (Hap + BeHpBE) ™' BoHp) (2.65)
{U(w)}

Note that, as the used compatibility conditions to develop this variant of the LM-
FBS formulation do not impose null relative displacement between the interfaces of
the coupled substructures (see expression (2.135)), the computed coupled FRFs will
be composed by unique sets of coupled outputs and inputs. Hence, there is no need
to eliminate outputs and inputs from the obtained coupled FRFs. Moreover, it is also
worth mentioning that expression (2.65) can be used to couple any kind of FRFs, such

as receptance, mobility and accelerance.

2.2.3 State-Space Substructuring

The State-Space Substructuring (SSS) techniques make use of state-space models to
represent the dynamics of the components to be coupled. These approaches are suitable
to perform coupling with numerically and experimentally characterized substructures.

One of the first SSS techniques was proposed by Su and Juang in [9] (for this reason,
from now on it will be denoted as classical SSS). To implement this approach, we must
start by constructing an uncoupled state-space model by concatenating in a block
diagonal form the models of the substructures to be coupled. Then, to mathematically
define the coupling conditions (compatibility and equilibrium), a coupling matrix is
exploited. Finally, by imposing these conditions on the constructed uncoupled state-
space model, a coupled state-space model can be computed. This approach revealed to
be simple and to be able to successfully couple an unlimited number of substructures at
same time. However, this method also revealed to present two important limitations.
On the one hand, classical SSS requires the computation of two matrix inversions,

on the other hand, this approach is unable to compute minimal-order coupled models.
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Thereby, the computed coupled models will contain redundant states. These redundant
states do not perturb the input-output transfer functions of the coupled state-space
model [9]. Nevertheless, the computation of minimal-order coupled models is still
interesting for two main reasons. Firstly, minimal-order coupled state-space models
are free of redundant states, hence they are composed by a lower number of states.
For this reason, the computational effort required to perform calculations with them is
lower. Secondly, minimal-order coupled models are more elegant representations of the
dynamics of coupled structures.

When performing DS operations, we must eliminate one interface DOF for each pair
of connected DOFs. Thus, to obtain a minimal-order coupled model, for each pair of
connected DOFs, we must eliminate one state and its respective first order derivative
[9]. Thereby, the number of states included in a minimal-order coupled state-space
model is n —2n; (where, n is the sum of the number of states of the state-space models
of the coupled substructures, while n; is the number of interface outputs). By coupling
models represented in the physical domain (whose states and outputs present the same
physical meaning, hence composed by 2n, states (where, n, denotes the number of
outputs)), the states, which before coupling represented matching interface outputs,
will be representative of the correspondent coupled interface outputs (the same is valid
for the respective first order derivatives). Hence, the coupled model will include pairs
of states and respective first order derivatives, whose physical meaning is the same. To
compute a minimal-order coupled model, we cannot simply eliminate from the coupled
model one state for each pair of states, whose physical meaning is the same, because
each of these states contributes to the dynamics of the coupled model. Thus, to properly
compute a minimal-order coupled model, this state elimination must guarantee that
the contribution of each eliminated state is retrieved by the one kept in the coupled
model. Two post-processing procedures to perform this operation will be discussed in
section 2.3.3.

In contrast, when the state-space models are estimated from experimentally ac-
quired data (e.g. from measured FRFs), they are usually represented in the modal
domain (see, for instace, [40],[10]). For this reason, it is difficult to point out the states
that correspond to matching interface DOF's, which turns the elimination of the redun-
dant states infeasible. To circumvent this difficulty, one could think on transforming the
identified state-space models from the modal domain into the physical domain. How-
ever, as argued in [41],[42], the transformation of models identified from experimental
data into the physical domain is not feasible. For these models n >> n, is usually veri-
fied, consequently, the transformation of these state-space models into physical domain
would impose a tremendous constraint in the models to force them to be composed by
2n, states.

An approach to compute minimal-order coupled state-space models was proposed by
Sjovall and Abrahamsson in [8]. In their work, they suggested to couple the state-space

models of the substructures, previously, transformed into the so-called coupling form.
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The coupling form is based on the application of a similarity state vector transformation
that enables the partial transformation of the state vector of the state-space models
into physical domain. After performing this similarity transformation, the state vector
of the state-space models is composed by the first derivative of the interface outputs,
by the interface outputs and by n — 2n; internal states.

When represented in coupling form, the first block row of the state equation of the
state-space models represents a second order differential equation. Thereby, coupling
can be performed by directly summing those first block rows [41],[43]. Performing
coupling in this way is feasible, because the coupling form proposed in [8] guarantees
that the interface inputs of the models do not contribute to the response of their internal
states. Thus, the internal states are not involved on the coupling operation, being the
state-space matrix terms associated with them only correctly placed on the coupled
state-space model [41].

This coupling method demonstrated to be able to solve the problems pointed to
classical SSS. On the one hand, the coupled model can be computed by performing
a single matrix inversion and, on the other hand, a minimal order coupled model is
directly computed. Nevertheless, this approach imposes the limitation of coupling just
two substructures at same time. In addition, the construction of the transformation
matrix to transform the state-space models into coupling form is not straightforward,
because it requires the choice of a subspace from a nullspace. In [41], Gibanica showed
that this choice is difficult to be performed and that it strongly affects the performance
of the transformation.

In [41], Gibanica developed a novel SSS method by porting the SSS approach pro-
posed in [8] into the general framework presented in [12]. This method turned out to be
able to couple an unlimited number of substructures at same time. However, it requires
the performance of two matrix inversions to compute the coupled state-space model.

Recently, Kammermeier et al. developed a novel SSS method in [44] based on a
dual assembly formulation. This method was later labelled as Lagrange Multiplier
State-Space Substructuring (LM-SSS) in [1]. LM-SSS is able to couple an unlimited
number of substructures at same time and only requires the performance of a single
matrix inversion to compute coupled state-space models. Thus, LM-SSS combines
the advantage of coupling an unlimited number of structures (pointed to classical SSS)
with the advantage of requiring a single matrix inversion to compute the coupled model
(pointed to the method developed in [8]).

However, LM-SSS presents some important limitations. As this method makes use
of a dual assembly formulation, the full set of interface DOF's is retained during the
performance of coupling operations. Hence, we are required to eliminate the redundant
DOFs from the coupled state-space models obtained with LM-SSS. In addition, this
approach is unable to compute minimal-order coupled state-space models and it is only
capable of coupling acceleration state-space models (i.e. state-space models, whose

output vector elements are accelerations, respectively). Hence, if we are interested on
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computing a displacement or a velocity coupled model (i.e. state-space models, whose
output vector elements are displacements and velocity, respectively), we are forced to
firstly compute an acceleration coupled model with LM-SSS. Then, the correspondent
displacement or velocity coupled models can be obtained from the acceleration one (see
[45]). However, the computation of displacement and velocity coupled models from
acceleration ones is not convenient, because it involves the inversion of the state matrix

of the coupled model.

Despite the limitations here pointed to LM-SSS, in section 2.3 it will be shown that
they can be mitigated by using tailored post-processing procedures. In this way, LM-
SSS will combine the advantages of the methods proposed in [9],[8] without presenting
any important disadvantage or limitation. Thus, becoming a very promising SSS ap-
proach. This is the reason why, in the following, we will present the dual assembly
formulation in the state-space domain (also named LM-SSS). Additionally, we will also

discuss how to perform decoupling by using this approach.

Note that, in contrast with sections 2.2.1 and 2.2.2, here we will not present a
primal state-space assembly formulation neither the extension of the dual assembly
formulation to include CEs via compatibility relaxation. These techniques will be,
respectively, presented in sections 2.4 and 2.5. This is justified by the fact that these
approaches were not part of the state-of-the-art, before the performance of the research
activities described in this document. These formulations were, actually, developed in

one of the authors’ publications (i.e. in [2]).

Dual Formulation

In this section, we will present the dual assembly State-Space Substructuring formu-
lation [44], also known as Lagrange Multiplier State-Space Substructuring (LM-SSS)
method [1].

The first step to derive the LM-SSS method is the construction of a so-called diag-
onal coupled state-space model. This model can be constructed by concatenating the
state-space matrices of each state-space model of each substructure to be coupled in a
block diagonal form. Moreover, we must also consider the connecting forces that act
on the interface of the coupled substructures and that are responsible for keeping the
components coupled (see figure 2.2). Thereby, assuming that an unlimited number of
substructures is intended to be coupled, we can define the diagonal coupled state-space

model as follows

{#s(t)} = [As.0]{zs()} + [Bs.p] {u(®)} — {g()})
{50} = [ca5!| fws(t)} + [ DEF'| {u(t)} — L))

with,



28 2. Dynamic Substructuring

{zs(t)} = { zs(t) b {y(t)} =  us(t)

(2.67)
Uq(t) 9a(t)
{u(t)} = qus(®) ¢, {g(t)} = { 95(%)
A, 1 B,
[As,p] = Ag , [Bspl= Bg
Caccel 7 Daccel (2 ' 68)
[Cgf:lc)el] — Cgccel 7 [Dg"cgel] — Dgccel

{x(t)} € R™! represents the state vector, {u(t)} € R™*! represents the input vector,
whose elements are the external applied forces and {j(t)} € R™*! represents the
acceleration output vector. [A] € R™*" [B] € R™*™ [C] € R™*"™ and [D] € R™*"
represent, respectively, state, input, output and feedthrough matrices. Superscript
accel denotes a state-space matrix of an acceleration state-space model, while subscript
S denotes state vectors and state-space matrices of state-space models representative

of the dynamics of substructures.

By using expression (2.1), expression (2.66) can be rewritten as given below.

{#s,p(t)} = [As,pl{zs,p()} + [Bs,p]({u(t)} — [Bc]" {Ac(t)})
{i(0} = (055 Has.o )} + [DEF({u(®)} — [Bel {Ac(t)})

To couple the substructures, we must impose continuity at their interface. This con-

(2.69)

dition was already, mathematically, defined in expression (2.9). However, here we are
working with state-space models, whose outputs represent accelerations, thus equation

(2.9) must be set-up in terms of accelerations.

[Bol{ij(t)} = {0} (2.70)

Besides the compatibility requirement at the interface, the coupled substructures
have to verify the local equilibrium conditions defined by the output equation of the
state-space model given in expression (2.69). By solving these equations to determine

{u(t)}, we may obtain the expression given below.

{u®)} = [DEF {0} — [C§F Has,p(t)}) + [Bel {rc(t)} (2.71)
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By using the expressions representative of the compatibility and equilibrium condi-
tions (i.e. equations (2.70) and (2.71), respectively), and by dropping {e}, [e] and ()

for ease of readability, we can set-up the following system of equations.

(Dg5") i — Cgstas.p) + BEAo = u

Bey=0

(2.72)

By performing some mathematical manipulations, the system of equations (2.72)

can be rewritten as given hereafter.

)\C —_ (BCDaccelBT) (B Caccell,s + BcDaccel )
(Oaccel DaccelBC(BcDaccelBC) 1B Caccel)xS’D (273)
(Daccel Daccel BC(BCDaccelBC) 1B0ngf5€l)u
By using equation (2.71) and the bottom equation of the system of equations (2.73),

the state equations of the diagonal coupled state-space model (equation (2.69)) can be

rewritten as given below.

:USD = (ASD BSDBC(BCDaccelBC) lB Caccel)ﬂCSD

(2.74)
4+ (BS i BS DBC(BCDaccelBC) lB Daccel)

By using equation (2.74) and the bottom equation of the system of equations (2.73),

the coupled state-space model can be defined as follows

{z(t)} = [A{z()} + [B{u(t)}

) _ _ (2.75)
{H(t)} = [Co“"{z(t)} + [D*“u(t)}
where,
[A] = As,p — Bs pBE(BeDEE' BE) " BaCER!
B B - B BL(B DaccelB lB Daccel
[B] = Bs,p — Bs,pBb(Be ¢)” BeDSh (2.76)

[C’«accel] — Cg"ccel DaccelBC(BCDaccelBC) IBC’C&CBGZ
[Daccel] — DaS?CEl DaccelBC(BCDaccech) IBCD%’cjcjel

overbar variables represent vectors/matrices associated with the coupled state-space
model.

It is worth mentioning that several system identification algorithms developed to
identify state-space models from experimentally acquired data (e.g. from measured
FRFs) provide an estimation of displacement state-space models (see, for instance, [46]).
Nevertheless, to derive the LM-SSS method we have exploited acceleration models,
hence LM-SSS is only capable of coupling acceleration models. Thereby, to apply
the LM-SSS equations given in (2.75) and (2.76), the identified displacement state-
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space models must be previously double-differentiated to compute the correspondent
acceleration models.
By double differentiating a given identified displacement state-space model, we can

obtain the correspondent acceleration model as follows [45]

{#(0)} = [A™{x(t)} + (B {u(t)}
(i)} = [C ()} + [D*{u(t)}

where, matrices [A%c€!], [Baeel], [C9¢€l] and [D*?!] can be computed from the state-

space matrices of the identified displacement model as:

(2.77)

[Aaccel] — [A] ’ [Baccel] — [B]

[Coccel] = |:Cdzsp A A} [Daceel] — [Cdlsp AB} 4 [pdisy (2.78)

where, superscript disp denotes state-space matrices of a displacement state-space
model and [D%sP] = [0].

Decoupling

To perform decoupling in the state-space domain, the SSS methods proposed in
literature (see, for instance, [9], [8], [44]) are still valid. However, the state-space models
of the substructures to be decoupled must be represented in negative form [47], [43]. To
derive the negative form of a given state-space model, let us consider an acceleration
state-space model directly defined from the mass, damping and stiffness matrices of a

given mechanical system [41] as follows:

{#(t)} = [A{z()} + [Bl{u(t)}

) l . (2.79)
{ii(t)} = [C**Ha(t)} + [D*"{u(t)}
where, the state-space matrices are given below.
] — —MV —M‘lK] 5= [M‘1]
I 0 0 (2.80)

(Caceel] — [_Mflv _MflK} , [P = {Mﬁl]

To compute the negative form of the state-space model given in expression (2.79),

we must multiply the matrices [M], [V] and [K] by —1 [43],[47], as given hereafter.

-1
] (2.81)
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From the state-space matrices of the model given in expression (2.81), it is evident
that to compute the negative form of an acceleration state-space model, we must multi-
ply its input and feedthrough matrices by —1, while its state and output matrices must
remain unchanged. Although, the negative form of a state-space model was derived
by using an acceleration model directly constructed from the mass, damping and stiff-
ness matrices of a given system, the procedure here presented continues to be valid to
transform displacement and velocity state-space models into negative form. Moreover,
the state-space models can be established in any domain (for example, in the modal

domain), this approach remains valid to transform them into negative form.

After having performed the intended decoupling operations, we must retain from the
obtained state-space model the inputs and outputs of the substructure to be identified,
while the other inputs and outputs must be eliminated. This can be performed by
only keeping the columns of the input and feedthrough matrices associated with the
inputs of the component to be identified and by keeping the rows of the output and

feedthrough matrices associated with the outputs of the same component.

2.3 Mitigating the limitations of LM-SSS

In this section, approaches to mitigate all the limitations pointed to the LM-SSS
method in section 2.2.3 will be presented. To start, in section 2.3.1, the LM-SSS for-
mulation is extended to be capable of directly performing coupling operations with
displacement and velocity models. This extension of LM-SSS enables a direct compu-
tation of displacement, velocity and acceleration coupled state-space models. Then, a
novel coupling form, specially tailored to perform coupling with LM-SSS, is outlined in
section 2.3.2, whereas section 2.3.3 presents two novel post-processing procedures to en-
able the elimination of the redundant states originated from DS operations. Thereby,
the performance of coupling with LM-SSS by using state-space models transformed
into UCF together with these post-processing procedures makes the computation of

minimal-order coupled models possible.

Afterwards, in section 2.3.4 a post-processing procedure to retain a unique set of
DOF's from coupled state-space models obtained with LM-SSS is proposed. This devel-
opment enables a smooth elimination of the redundant DOF's included in the coupled
state-space models computed with LM-SSS,; avoiding, in this way, the need of manually
eliminating them. Finally, in section 2.3.5, the LM-SSS method enhanced with the
proposed post-processing procedures is compared with the SSS methods presented in
[9] and [8].
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2.3.1 Extending LM-SSS to compute displacement and velocity cou-
pled models

The LM-SSS method presented in section 2.2.3 will be here extended to directly
compute displacement and velocity coupled state-space models. To start, let us exploit

the relations defined in equation (2.78) to rewrite expression (2.76) as follows:

[A] = As,p — BspE(CE% As,pAs.p)
[B] = Bs.p — Bs,pE(CY’ 950 As pBs.p)

_ 4 (2.82)
[Coceel] = O As.pAs.p — (Cd”pAS pBs.p)E(CE Y As.pAs,p)
[Daceel] = depAs pBsp — (CS?D AS,DBS,D)E(Cg%?AS,DBS,D)
where, [E] is given below.
[E] = BE(Bo(CE As.pBs.p)BE) ™' Be (2.83)

By using expressions (2.78), equation (2.82) can be rewritten to compute coupled

displacement state-space models as given below.

[/_1] = AS,D - BS7DE(C ZSpAS DAS D)
[B] = Bs.p — Bs,pE(CY’ 950 As pBs.p)

[CdisP) = Cgffj” — (C¥F As,pBs D)E(Cgfg)) (2.84)
[DYsP) = CEP Ag pBs,p — (C4 As.pBs,p) E(CE3 As,pBs,p)—
C#PAB =0

By exploiting the relations between the state-space matrices of acceleration and
velocity state-space models (see [45]), expression (2.82) can be rewritten to directly

calculate coupled velocity state-space models as follows:

[A] = As,p — BspE(CZ AspAsp)

[B] = Bs.p — Bs,pE(CS % As.pBs D)
[C*') = C§'F As,p — (C§ 5 As.pBs.p) E(CS 1 Asp)
D] = CY By 1y — (O spASDBSD)E(Cd'L p )

(2.85)

where, superscript vel denotes state-space matrices of velocity state-space models. Note
that, if the coupled state-space model obeys Newton’s second law [C’dwp Bsp| = [0]
[45],[8], hence [D"] = [0].
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2.3.2 Unconstrained Coupling Form

When performing coupling with state-space models that are not defined in the
physical domain, these models must be previously transformed into coupling form in
order to open the possibility of computing minimal-order coupled state-space models
(see section 2.2.3). This is also valid, when performing decoupling operations, because
this DS operation also promotes the presence of redundant states in the resultant state-
space model.

The transformation of the state vector of a given state-space model representative
of the dynamics of a given substructure into coupling form can be defined as follows
[8]:

(1)
{z()} = [Ter{a®)} = v/ (t) (2.86)

2 (1)

<.

where, [Tor] € R™*™ is the matrix responsible for transforming a state-space model into
coupling form, {q(t)} € R™*! represents a state vector expressed in a given domain and
{2(t)} € R™*! represents a state vector transformed into coupling form. Superscripts
J and I denote variables related to interface and internal DOFs, respectively.

Matrix [ToF,o] can be constructed as follows:

Cdisp,JA
[Tor] = | Cdispd (2.87)
N

where, the first and second block rows transform the states into the first derivative of
the output DOF's and into the output DOFs [45], respectively. The last block row (i.e.
N e R(r—2ny )X”) applies a transformation on the internal states and it is included on
[Tcr] to make sure that the dimension of the state-space matrices is preserved.
Unlike the approach proposed by Sovall and Abrahamsson in [8], when using LM-
SSS, all the states are involved (including the internal states) in the DS operations. For
this reason, [N] does not have to be computed to make sure that the interface inputs do
not contribute for the response of the internal states. Therefore, provided that [Ter]
is invertible and full rank, any transformation can be applied on the internal states.

Thereby, [IN] can be computed as follows:

Cdisp,JA

s INT =0 (2.88)

By computing [N] as given in expression (2.88), we make sure that [Tcp] is always
full rank, provided that [C%*P] is full row rank. In this way, expression (2.88) concludes
the development of a novel coupling form specifically suited to perform coupling with

LM-SSS. This coupling form will be from now on denoted Unconstrained Coupling
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Form (UCF), because it is simple and it provides almost complete freedom for the

transformation of the internal states.

By comparing UCF with the coupling form proposed in [8], UCF has the advantage
of not requiring the selection of a subspace from a nullspace. This is an important
advantage, because the selection of the subspace used to define the similarity transfor-
mation matrix to transform state-space models into the coupling form proposed in [8]
is hard to be made and strongly affects the accuracy of the transformation [41].

It is worth mentioning that the input and the output vectors of a given state-space
model to be transformed into coupling form must be, previously, partitioned in terms

of interface and internal DOFs as given hereafter.

fu(t)} = {ng; } (2.89a) [0} = {zf((g } (2.89b)

Obviously, the rows and columns of the state-space matrices of the model must be

sorted in accordance with the input and output vectors.

2.3.3 Minimal-Order Coupled State-Space Models

When coupling state-space models, for each pair of connected DOF's, one interface
DOF must be eliminated to avoid the presence of redundant DOFs on the coupled
state-space model. Similarly, one state and its correspondent first derivative must be
eliminated to make sure that a minimal order coupled model, thus free of redundant
states originated from the coupling operation, is obtained [9]. LM-SSS method is unable
to directly compute a coupled state-space model free of redundant inputs and outputs
and, it is also unable to directly compute minimal-order coupled state-space models.
Procedures to remove the redundant inputs and outputs present in the coupled models
obtained with LM-SSS are discussed in section 2.3.4. Here, we will focus our attention
on the elimination of the redundant states originated from coupling operations by
proposing two post-processing procedures to eliminate these states from the coupled
models computed with LM-SSS.

To start, let us assume that acceleration state-space models representative of the
substructures depicted in figure 2.1 have been coupled by exploiting LM-SSS. Let us
further assume that before being coupled, the state-space models of these substructures
were transformed into coupling form. Thereby, the obtained coupled state-space model

can be represented as follows:

{z(0)} = [A{z(0)} + [Bl{u(t)}
{0} = [C{z(t)} + [D '] {a(t)}

where, the state vector is given below.

(2.90)
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EOY= {50 w@o Lo @3o Be B} (2.91)

Recall that to couple these structures, we must impose compatibility at the interface
DOFs of both substructures (see section 2.2.3), thus the following identities hold.

T Oy={0y ={gF )} (2920) {7/} = {GI®)} = {HF®)} (2.92b)

From expressions (2.91), (2.92a) and (2.92b), it is evident that the computed cou-
pled state-space model is a non-minimal order model, because it presents states, whose
physical meaning is the same (e.g. {7/(¢)} and {gé(t)}) However, to compute a
minimal order coupled model, we cannot simply remove one state and respective first
derivative of each pair of states representing the same physical quantity. This is jus-
tified by the fact that these states contribute to the dynamics of the coupled model.
Hence, when removing these redundant states we must ensure that their contribution
is retrieved by the states that remain in the coupled model.

To properly eliminate the redundant states from the coupled model, we may define

a signed Boolean matrix as follows:

[Bri{z(t)} = {0} (2.93)

where, from now on matrix [Br| will be referred as state mapping matrix. Exemplifying
for the coupled state-space model obtained by coupling the substructures shown in

figure 2.1, expression (2.93) would be given as follows:

i

J

eI 0 0 —¢I 0 0| )z} B
[Bri{z(t)} = 0 or 0 0 —or of 3] = {0} (2.94)
J
3

where, [I] € R™*" denotes an identity matrix and ¢ is a numerical coefficient, whose
value can be selected to be either 1 or —1.
At this point, we may set-up a relation between the state vector of the original

coupled model and of the minimal-order coupled model as follows:

{z(t)} = [Lr[{z(D)}, v{2(t)} (2.95)

where, {Z} € R™minX1 (with n,;, being the number of states of the minimal-order
coupled model) denotes the state vector of the minimal-order coupled state-space model,

while from now on [Lr]| will be denoted as state Boolean localization matrix. Vector
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{Z(t)} must respect equation (2.93), hence we may define the following relations

[Brl{z(t)} = [Br][Lr]{z(t)} = {0} (2.96)

thus, matrix [Ly] can be computed from the nullspace of [Br] as given below.

[Lr] = null([Br]) (2.97)

It is worth mentioning that a matrix defined in similar way as [Lp] has already
been exploited in [41],[42] to translate the SSS method proposed in [8] into the general
framework presented in [12].

By using expression (2.95), we may rewrite expression (2.90) as given below.

(L7 {5(t)} = [A] [LT]EZ(ZL/)} + [Bl{u(t)} (2.98)

{5} = [Co[LT{Z()} + [D*Hu(t)}
By exploiting the Moore-Penrose pseudoinverse of matrix [L7], a minimal realization

of the original coupled state-space model computed with LM-SSS (see expression (2.90))

can be defined as given below.

{2} = Lo [AILr {20} + [Lr) [B]{u(t)}
{ii()} = [CoNLr){Z()} + [D*{u(t)}

The post-processing procedure just presented requires the calculation of the pseu-

(2.99)

doinverse of matrix [L7]. Thus, it is important to analyze matrix [Lr] to evaluate if the

computation of its pseudoinverse will demand important computational effort and if it

may introduce numerical problems associated with ill-conditioned matrix inversions.
[L7] is a matrix of dimension n X nyipn, with n > ny,ip,, whose rank is n,,;,. Thus,

the pseudoinverse of [L7] can be computed as given hereafter [48].

[Lr]' = (L7Lr) 'L (2.100)

As [L7] is a Boolean matrix, it will represent an orthogonal basis for the nullspace
of [Br] [3]. Hence, matrix [L7]|T[Lr] can be defined as follows:

Uf{ V1 ® U1

(Lr]T (L] = |of [ul vy }z vz & v (2.101)

where, v; e v; =0, Vi # j,  represents dot product and v; represents the ith column
of [Lr] matrix.

Observing expression (2.101), it is evident that [L7]7 [Lr] is a diagonal and invertible
matrix [28]. Therefore, the computation of [L7]! will not introduce numerical problems

and it will not require important computational effort.
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Alternatively, to eliminate the redundant states from the coupled state-space mod-
els, we may exploit a manual post-processing procedure. To implement this manual

approach, for each pair of redundant sates we must proceed as follows:

Sum the columns of [A] that are associated with the pair of redundant states

under analysis and repeat the same operation on the columns of [C’“CC@Z];

Eliminate the row and column of [A] associated to one of those redundant states;

Eliminate the same row and column of matrices [B] and [C9¢?!], respectively;

Repeat the three first steps for the first derivative of the analyzed pair of redun-

dant states.

By exploiting this manual procedure, a minimal-order coupled state-space model
can be determined without using [L].

It is worth mentioning that the post-processing procedures here discussed to elim-
inate the redundant states originated from coupling operations still hold and can be
exploited in similar manner to eliminate the redundant states originated from decou-

pling operations.

2.3.4 Retaining the unique set of interface DOF's

The LM-SSS method is a dual DS formulation, thus, when performing DS operations
with this technique the full set of interface DOFs is retained. This happens, because the
compatibility and equilibrium conditions (see equations (2.70) and (2.71), respectively)
used to formulate LM-SSS do not define a direct relation between the unique set of
coupled outputs and inputs and the set of outputs and inputs of the state-space models
to be coupled. Therefore, for each pair of connected DOFs, two outputs and inputs,
whose physical meaning is the same, will be present in the coupled state-space model.
To compute a coupled model composed by a unique set of DOFs, for each pair of
repeated outputs and inputs, we can simply eliminate one of the rows of the [C] and
[D] matrices associated with one of the repeated outputs and one of the columns of
the [B] and [D] matrices associated with one of the repeated inputs [1]. Nevertheless,
this manual procedure might get cumbersome, when the coupling operations involve
the coupling of several interface DOFs belonging to several different substructures.

To ease the elimination of the redundant outputs and inputs that are present in the
coupled state-space model, we may exploit the relations between the full and unique
sets of outputs and inputs defined in expressions (2.35) and (2.45), respectively. Note
that these conditions have already been used in [27] to retain the unique set of DOFs
from the coupled set of FRFs obtained by exploiting LM-FBS (this procedure was also
shown in section 2.2.2). Note also that, expressions (2.35) and (2.45) are established
in the frequency domain. Nevertheless, they are still valid in the time domain, thus we

may express them in the time domain as given below.
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{a(®)} = [Lol {u(t)} (2.1022) {y(®)} = [Lel{u(t)} (2.102b)

where, {u(t)} represents the unique set of force inputs and {g(¢)} represents the unique

set of displacements outputs.

Let us now consider the following generic acceleration coupled state-space model
determined by exploiting LM-SSS.

{(z(0)} + [?]{ﬂ(t)} (2.103)
{z(t)} + (D' {au(t)}

{z(t)} = [4]
{u(0)} = [0

As the state-space model given in expression (2.103) is an acceleration model, before
retaining its unique set of outputs and inputs, we must compute the second order time

derivative of equation (2.102b) as given hereafter.

{7} = [Lcl{y(®)} (2.104)

By exploiting equations (2.102a) and (2.104), expression (2.103) can be rewritten

as given below.

{2(0)} = [A{z()} + [BI(ILc])Ha(t)}

. _ . 2.105
[Lal{y(t)} = [CoHa()} + (D] ([Le] ") {a(t)} (210

Finally, using the pseudoinverse of matrix [L¢|, the state-space model given in

expression (2.105) can be rewritten as given below.

{2(t)} = [A{z(®)} + [B([Lc]"){a(t)}

o [_ l o (2.106)
{9()} = [Le] Oz ()} + [Le] T [D* ] ([Le]T)a(t)}

The coupled state-space model given in expression (2.106) represents the state-
space model given in expression (2.103) composed by a unique set of interface inputs

and outputs. Thus, without presenting redundant inputs and outputs.

Note that, as [L¢| is Boolean, it represents an orthogonal basis of the nullspace of
[Bc]. For this reason, the computation of [L¢]| and ([L¢]T)T will not demand important
computational effort, because to calculate those matrices we are only required to invert

a diagonal matrix (see section 2.3.3).

It is also worth mentioning, that the procedure here presented continues to be valid
to eliminate the redundant inputs and outputs of displacement and velocity coupled

state-space models computed with LM-SSS.
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2.3.5 Comparison of LM-SSS with state-of-the-art SSS techniques

Here, we will perform a comparison between the LM-SSS method enhanced by the
post-processing procedures discussed in this section with the SSS methods proposed by
Su and Juang (here, also denoted as classical SSS) in [9] and by Sjévall and Abrahams-

son in [8].

When exploiting classical SSS, we make use of a so-called coupling matrix to impose
both compatibility and equilibrium conditions. This matrix is constructed by only
taking into account the interface DOFs of the components to be coupled. Each row
of the coupling matrix corresponds to a coupled DOF, while each of its columns is
associated with one interface DOF of the components to be coupled. Each row of the
coupling matrix is defined by assigning a unitary value to the terms associated with
the matching DOFs that are coupled to obtain the coupled DOF associated with the

row under construction, while the other terms must be set to zero.

By using the constructed coupling matrix, we can define relations between the in-
terface outputs of the components to be coupled and the unique set of coupled interface
outputs. These relations represent the compatibility conditions. Similarly, the equi-
librium conditions can be represented by using the coupling matrix to define relations
between the interface inputs of the components to be coupled and the unique set of
coupled interface inputs. Thereby, the compatibility and equilibrium conditions can be

defined as given hereafter.

{v/ ()} = Ts)" {57 (1)}, {@(1)} = [Tosl{u’ ()} (2.107)
where, [Ts;] € R™7*277 denotes the coupling matrix used in the classical SSS approach

to set-up the coupling conditions.

At this point, the state-space matrices of the models of the substructures to be
coupled must be partitioned in terms of internal and interface DOF's. Afterwards, we

must concatenate the partitioned state-space matrices in block diagonal form to set-up

It}
t)
(t)

an uncoupled diagonal state-space model as given hereafter.
u
U

{as()} = [Aspl{est)} + [ BS BSD] { (@;
@ (2.108)

y'@) | SD u!
{yJ(t)} ‘H ]{u‘] }

The performed concatenating operations to construct the uncoupled diagonal state-

I

{zs(t)} +

CSD

space model are exemplified for the construction of [Ag p], [Bé Dl [C’é p) and [Dé{D]

in the expression given below.
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[As p| = Ap , [qu,D] = Bé

:C[ : :DU (2.109)
ICLp) = c} , [D§pl = DY

By imposing the coupling conditions defined in equations (2.107) in the uncoupled
diagonal state-space model (see equation (2.108)) and after performing some mathe-

matical manipulations, we may compute the coupled state-space model as follows:

U
) ( (2.110)
g[ (t) CI ~ DH DIJ ,111 (t)
.yl =z | EOF+ | = =55 ~s
77 (t) C D D a’ (t)
where,
[A] = Asp+ Bé,DQCg,D
[B] = [BL + BLpQDE,  BL (L) TE,5 7]
@) = Clp + D§pQCE (2.111)

S~ Ts1 (D) Cd p
D¢p+ D§pQDY,  DYp(DEp) 113,87
S™'Ts;(Dg) ' DL, St

D)=

where, overtilde variables denote vectors/matrices associated with a coupled state-space
model composed by unique sets of outputs and inputs, whereas variables [S] and [Q]

are given below.

[S] = Ts,(D&D) ' T8, (2.112)

Q] = (D) 1L, Ts (D)™ — (D)™ (2.113)

By comparing LM-SSS with classical SSS, it is evident that LM-SSS is simpler to
implement, because there is no need of partitioning the state-space matrices in terms of
internal and interface DOFs to compute the diagonal coupled state-space model used
in LM-SSS (see expression (2.66)). In contrast, to construct the diagonal uncoupled
state-space model used in classical SSS, we are required to partition the state-space

matrices (see expression (2.110)).

Furthermore, by using classical SSS we are required to compute two matrix inver-
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sions, while by exploiting LM-SSS we are only required to perform a single matrix
inversion. This might represent an important advantage of LM-SSS over classical SSS,
when dealing, for instance, with real-time substructuring applications involving systems
presenting time-varying dynamic behaviour and, whose interfaces are characterized by
many interface DOFs. When dealing with this kind of applications, state-space models
representative of each variation on the dynamics of the substructures to be coupled must
be computed and coupled. Thus, these applications require the performance of several
coupling operations. Thereby, performing a single matrix inversion rather than two for
each coupling operation can represent a dramatic decrease on the computational cost
associated with the real-time substructuring application. On top of this, the matrix to
be inverted by using LM-SSS is of dimension n; X n; (see expression (2.76)), whereas
the matrices to be inverted by exploiting classical SSS are of dimension n; x ny and
2nj X 2ny (see expression (2.111)). Therefore, as the number of interface DOF's of the
substructures to be coupled increases, more important will be the advantage of using
LM-SSS instead of classical SSS.

Observing the coupling conditions defined for the classical SSS method (equations
(2.107)), we may notice that they establish relations between the unique set of interface
outputs and inputs and the interface outputs and inputs of the components to be
coupled. Thus, the coupled state-space model computed by classical SSS (see equation
(2.110)) will be composed by unique sets of interface outputs and inputs, hence there
is no need to use a post-processing procedure to eliminate redundant interface DOF's.

This represents an advantage of classical SSS over LM-SSS.

To analyze the SSS approach proposed in [8], we will consider the coupling of the
two substructures shown in figure 2.2. To start, we must transform the state-space
models of these substructures into the coupling form presented in [8] (from now on
labelled as SACF) as required by the method presented in the same publication. The
displacement state-space models of substructure o and 8 transformed into SACF can

be represented as follows

GO (AR A A (00) [BE B (4,
b =1 0 0 |qupn) |0 0 {uf t}
i (t) 0 Ald Al |«Lt 0o BH| VP

(2.114)

0 1 0
cl cli ol

{y{o(w} _
yp(t)

where, subscript P denotes vectors/matrices associated with substructure P, for this

specific case P may either be a or .

The compatibility and equilibrium conditions can be defined as follows
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J u‘]
{y3<t)}=H ey eusy (@)= 1 f]{ 3?;} (2.115b)

uﬂt

where, [I] € R™/*™/ is an identity matrix.

To compute the coupled state-space model, we must start by summing the first
block rows of the state equations of the state-space models of both components (i.e. «
and ). Then, by imposing both coupling conditions defined in expressions (2.115) and
after making some mathematical manipulations, we can determine the first block row
of the coupled state-space model (for details, see [49]). Finally, by correctly placing
the remaining state-space matrix terms of the models of the substructures a and 3, we

may define the coupled state-space model as follows

=J t Avv Avd Av[ Av[ ~J t BvY Bv[ B!
v (t) I 0 0 0 77 (t) Lo o0 o I
= Uu
@l (t) 0 Ald All xl (t) 0 BI o ‘;(t)
1 Id 11 I | (Ug
Ep(t) 0 A 0 Aj zp(t) 0 0 Bj (2.116)
~J y’ (1)
g’ (t) 0 1 0 0 ()
yé (t) = Cév Cclyd Cél 0 y[ (t)
I v Id 1| | *a
y5(t) cyocit oo Cf o (1)
3
where,
A" = BY'TAY + By TAY (2.117)
A" = BT A + BT Ay (2.118)
Al = ByTAY (2.119)
Ay = BT AY (2.120)
BY = BY'TBY’ (2.121)
By = ByTBY! (2.122)
By = BY'TBY (2.123)

with I' = (B2 + Bfé”)_l.

The coupled state-space model computed with the approach proposed in [8] (see
expression 2.116) is a minimal-order coupled model and does not present redundant
interface DOF's, because the coupling conditions used to compute it directly define

relations between the unique set of coupled outputs and inputs and the outputs and
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inputs of the state-space models of the substructures o and 3 (see equations (2.115)).
Therefore, we may conclude that this is an advantage of the method developed by
Sjovall and Abrahamsson in [8] over the LM-SSS method that requires the use of post-
processing procedures to compute minimal order coupled models and to retain the
unique set of coupled outputs and inputs (see sections 2.3.3 and 2.3.4, respectively).

Nevertheless, we may also point some advantages of using LM-SSS instead of the
method proposed in [8]. To start, the LM-SSS method enables the coupling of an
unlimited number of substructures at same time, while by exploiting the approach
proposed in [8], we are limited to couple two substructures at same time. Moreover, it
is important to mention that we can perform coupling by using the approach proposed
in [8], because the interface inputs of a state-space model transformed into SACF do
not contribute for the dynamic response of the internal states (see expression (2.114)).
If the interface inputs of the state-space models of the substructures contributed to the
response of the internal states, we could not directly insert terms of the state-space
matrices of the models to be coupled in the coupled state-space model (see expression
(2.116)). In other words, if this condition is not met, the internal states must be involved
on the coupling operation and, hence the approach proposed in [8] cannot be applied.
Conversely, by using LM-SSS this condition does not need to be met, because all the
states of the state-space models are involved on the coupling operation. Thus, when
transforming the state-space models to be coupled with LM-SSS into coupling form,
the transformation to be applied on the internal states can be arbitrary, provided that
the transformation matrix used to transform the model into coupling form is full rank
and invertible (see section 2.3.2). This is the reason why LM-SSS can also be used to
couple state-space models without being transformed into coupling form. Furthermore,
for computing minimal-order coupled models, LM-SSS can be used to couple models
transformed into UCF or SACF, while the approach proposed in [8] requires the specific
use of SACF. The possibility of using UCF is an important advantage of LM-SSS over
the method proposed in [8], because unlike SACF, UCF does not require the selection
of a subspace from a nullspace. Note that it was shown in [41] that the selection of the
subspace to compute the transformation matrix of SACF is difficult to be performed
and strongly affects the accuracy of the transformation into coupling form. Thus, we
may conclude that, when compared with the approach presented in [8], LM-SSS has
the advantage of being able to couple an unlimited number of substructures at same
time and it is simpler to implement, because it does not require the use of state-space
models transformed into SACF, whose transformation matrix is difficult to be correctly
set-up.

To summarize, we may conclude that the disadvantage of using LM-SSS instead of
the classical SSS and the method developed in [8] is the need of using a post-processing
procedure to retain the unique set of coupled DOFs. Moreover, when comparing LM-
SSS with the approach presented in [8], LM-SSS presents the additional disadvantage

of requiring another post-processing procedure to eliminate the redundant states orig-
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inated from the DS operations. However, note that the post-processing procedures
needed to retain the unique set of DOFs and to eliminate the redundant states are
very simple to be implemented, hence these disadvantages do not represent important
limitations of LM-SSS.

Conversely, LM-SSS showed to present the advantage of being simpler to implement
than the classical SSS and than the method proposed in [8]. On top of this, it requires
the computation of less matrix inversions than classical SSS and it enables the coupling
of an unlimited number of substructures at same time, while the approach presented in
[8] can only couple a maximum of two components at same time. Therefore, we may
claim that the use of LM-SSS with the post-processing procedures presented in this
section is, indeed, a very promising technique that holds important practical advantages
over the other SSS methods.

2.4 Primal state-space assembly formulation

In this section, we will present a primal state-space assembly formulation. This
approach will be outlined by assuming the performance of coupling operations with
state-space models representative of inverted FRFs, i.e. representative of, for instance,
dynamic stiffness and apparent mass. To present this method, let us assume that an
unlimited number of components is intended to be coupled and that the primal as-
sembly operation will be performed with state-space models representative of apparent
mass. When dealing with analytically characterized substructures for which the mass,
stiffness and damping matrices are known, these state-space models can be computed
by using expressions (B.3). In an experimental context, state-space models represen-
tative of the apparent mass of the substructures under study can be computed from
the inverted FRFs or by inverting state-space models estimated from measured FRFs.
The most common approach is to estimate state-space models from measured FRF's
(see, for example, [46],[40],[10]), yielding, in general, the identification of displace-
ment models. To obtain a state-space model representative of apparent mass, we must
double-differentiate the estimated displacement model and then, invert it by following

the procedure presented in appendix A.

After having computed state-space models representative of the apparent mass of
the components to be coupled, we can set up a diagonal coupled state-space model as

follows:
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{#a(t)} {zalt)} {iia(1))
{ia(0)} b = (421 S {wa() b+ (BIR] S Ls(t))

(2.124)
{ua(t)} {g0()} {za(t)} {ija(t)}

{us()} b+ { {as()} b = [C221 {wa()} § + D21 Liis(t)}

where, superscript apm denotes variables of a state-space model representative of ap-

parent mass, matrices [A], [Bh], [Cg'p] and [DS] are given below.

i AP™ 'ngm
apm apm
[Agp] = Ag , [Bspl= Bg
- apm : C o apm (2.125)
Cy Dy
apm apm
[C'p] = Cs . [Dgpl= Dg

The state-space model given in expression (2.124) can be represented in a more

compact manner as given below.

{is(t)} = [AGp Has (D)} + [BSp Hi(1)}
{u®)} +{9(0)} = [C5p Has ()} + (DS HIHD)}

By exploiting the Boolean localization matrix [L¢] (see section 2.2.2), we may define

(2.126)

both compatibility and equilibrium conditions as follows
{y()} = [Lc{y()} (2.127a) [Le] {g(t)} = {0} (2.127D)

where, {gy(t)} represents the coupled output vector composed by the unique set of
coupled displacements.

Recall that in primal formulation, the compatibility conditions are imposed by
retaining the unique set of coupled DOF's, thus this condition can be mathematically
established by equation (2.127a). The equilibrium conditions are imposed by forcing
the mutual cancellation of the connecting forces. Thereby, these conditions are given
by equation (2.127b) [12].

As we are deriving the primal state-space assembly formulation by using state-
space models representative of apparent mass (whose inputs are accelerations), the

compatibility conditions must be defined in terms of accelerations as well. Hence,
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expression (2.127a) must be double-differentiated as given hereafter.

{i(®)} = [Lcl{y(®)} (2.128)

By exploiting expression (2.128), expression (2.126) can be rewritten as given below.

{#s(t)} = [AFPHzs (D)} + [BLRILHY®)}
({u®)} +{9(0)}) = [Cp Has ()} + [DFPL{y (1)}

Pre-multiplying the output equations of the state-space models given in expression

(2.129)

(2.129) by [L¢]” and by imposing the equilibrium conditions (see expression (2.127b)),

we may rewrite expression (2.129) as given below.

{#s(t)} = [ALDHas (D} + B Ly (1)}
[LeHu()} = [Lel [Cp Has ()} + [Lel DS Lel{u(t)}

The primally assembled state-space model given in expression (2.130) can be rewrit-

(2.130)

ten as follows:

{z(t)} = [A""{z(0)} + [BP"{y (1)}
{a(t)} = [CP"{z(t)} + [DP™"]{y(1)}

where, {a(t)} represents the unique set of coupled inputs, while matrices [A], [B], [C]

(2.131)

and [D] must be calculated as given hereafter.

[Aerm) = [AZE), (B = [BERIILe,

3 ~ (2.132)
[Cr™) = [Le]T[Ch ), [D™] = [Lel' [DSR][Le]

It is worth mentioning that we can also exploit expressions (2.132) to perform
primal disassembly. Nevertheless, the state-space models of the structures to be disas-
sembled must be previously transformed into negative form, by following the procedure
presented in appendix B.

Note also that primal assembly/disassembly operations can be implemented with
state-space models transformed into coupling form (see, [8] and section 2.3.2). To
transform the state-space models involved in these operations into coupling form, we
can follow two different strategies. We can transform directly the state-space models
representative of inverted FRFs (i.e. representative, for instant, of dynamic stiffness
and apparent mass) into coupling form or, in alternative we can transform a model
representative of accelerance and then invert it. To eliminate the redundant states
originated from both primal assembly and disassembly operations, the post-processing
procedures discussed in 2.3.3 continue to be valid.

As final note, it is worth mentioning that in general when the components are ex-
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perimentally characterized, the use of dual formulations is preferred. This is justified
by the fact that to perform DS operations with dual formulations we are only required
to invert quantities related to the interface DOF's. In contrast, when exploiting primal
formulations, we are often demanded to invert all data, because accelerance is the quan-
tity usually measured from experimental tests (this was also discussed in section 2.2.2).
Nonetheless, primal formulations might be interesting for specific applications. For ex-
ample, when working with numerically characterized structures, it might be of interest
to identify a state-space model of a massless component from the state-space model of
the assembly where it is included. The exploitation of the dual SSS formulation (i.e.
LM-SSS) to identify state-space models representative of massless components leads
to ill-condition numerical problems, because matrix BC(C’gflS)pAS, pBs, D)Bg becomes
singular (see expression (2.82)). Conversely, the primal disassembly approach does not
involve the performance of matrix inversions, hence the identification of a model repre-
sentative of massless components can be successfully performed (see expressions (2.131)
and (2.132)).

2.5 State-Space Substructuring via compatibility relax-

ation

In this section, the LM-SSS formulation will be extended to include the dynam-
ics of CEs into coupling operations via compatibility relaxation. By using the SSS
methods presented in literature (see for, example, [9],[8],[41],[42],[44]) to include CEs
into coupling SSS operations, we are forced to treat them as others substructures to
be coupled. When dealing with CEs that are analytically or numerically modelled,
this approach does not impose important disadvantages. However, when dealing with
CEs experimentally characterized, the possibility of including them via compatibility
relaxation presents important advantages [2].

To experimentally characterize the dynamics of a CE (e.g. a rubber mount), it is
common practice to test it with fixtures attached to its ends. Thus, to experimentally
characterize this component, we are required to decouple the dynamics of the fixtures
from the assembly, where it is included (i.e. fixtures attached to the ends of the CE)
[17],[33]. Hence, we are required to know the dynamics of the complete assembly and
of the fixtures used to test the CE. If these mechanical components are to be character-
ized experimentally, this requirement imposes the performance of several experimental
modal characterization tests.

The decoupling operations required to identify the dynamics of the CE can be
implemented by either using the LM-SSS method or the primal state-space assembly
formulation presented in sections 2.2.3 and 2.4, respectively. However, by performing
these decoupling operations, we will end-up with a state-space model representative of

the CE that is composed by n ¢y, r +2n¢ —2n; states (assuming that the CE was tested
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with two fixtures attached to its ends and that the redundant states originated from
the decoupling operations are eliminated). Variables ny and nyp,; denote the number
of states of the state-space model representative of one of the fixtures used to test the
CE and of the state-space model representative of the fixtures attached to the CE,
respectively.

The state-space models identified from experimentally acquired data are usually
composed by a number of states that is substantially higher than the number of its
outputs and inputs [41]. For this reason, the performance of decoupling operations
might represent an important increment of states on the identified model of the CE. This
increment of states is due to the double inclusion of the dynamics of the substructures to
be decoupled. Indeed, the dynamics of the substructures to be decoupled were already
included on the model representative of the complete assembly, then by performing
decoupling the dynamics of these components is reintroduced. Hence, the identified
model will be spoiled by pairs of spurious modes. In a real case scenario, there is
generally no a-priori knowledge on the dynamics of the substructure to be identified.
Thus, the identification and consequent elimination of these pairs of spurious modes is
hard or even impossible to be performed [47].

Representing the dynamics of CEs by using state-space models contaminated by
spurious states presents two important disadvantages. On the one hand, by including
the dynamics of the CEs into coupling operations through these identified models, we
will end-up with coupled models spoiled by spurious states. On the other hand, the
computational effort required to perform calculations (e.g. time-domain simulations)
with these coupled models and with the identified models of the CEs will be substan-
tially higher. These disadvantages will be more noticeable as the number of spurious
states included on the identified models of the CEs increases. Hence, as the number of
state-space models to be decoupled to identify the CEs increases and as these models
are composed by a higher number of states, more significant will be the disadvantages
of identifying models representative of CEs by performing decoupling operations.

Conversely, by extending the LM-SSS formulation to include the dynamics of the
CEs via compatibility relaxation, we have the possibility of embed the dynamics of
the CEs into the coupling operations by merely using models representative of their
diagonal dynamic stiffness terms [34],[50]. For this reason, there is no need of per-
forming decoupling operations to obtain the state-space models needed to include the
dynamics of the CEs into the coupling operations. In [51], it was proven that the off
diagonal terms of the dynamic stiffness of a mechanical system composed by two com-
ponents connected by a CE are the off diagonal terms of the CE as well. This means
that the off diagonal terms of the CE can be identified directly from the experimental
modal characterization of the assembly where it is included. From these off diagonal
terms, we may exploit the inverse substructuring (IS) approach [52],[53],[51],[54] (in
some publications also tagged as in-situ characterization) to obtain the correspondent

diagonal dynamic stiffness terms. IS assumes that the CEs are massless and that no
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cross couplings between their DOFs exist. In other words, each DOF on one side of the
CE associated with a determined direction is only coupled with the DOF on the other
side associated with the exact same direction. If the CEs under analysis verify the as-
sumptions underlying IS, we can compute the diagonal dynamic stiffness terms of these
components by simply multiplying their off diagonal ones by —1 [55],[54],[33]. Thereby,
in this section we will also present the state-space realization of IS (see [2]) to identify
the state-space models required by the LM-SSS formulation to include the dynamics of

the CEs via compatibility relaxation without performing decoupling operations.

In this way, it is straightforward to conclude that by extending the formulation of
LM-SSS to include CEs via compatibility relaxation, we may benefit from important
advantages. On the one hand, we avoid the use of decoupling operations making it
possible to identify models free of spurious states representative of the dynamics of the
CEs. Thus, the coupled state-space models computed by including the dynamics of the
CEs via compatibility relaxation will also be free of spurious states. On the other hand,
we are no longer required to know the dynamics of the fixtures used to test the CEs.
Hence, the CEs can be tested on the structure where they are included (i.e. in-situ),
avoiding the need of performing dismounting and mounting operations. On top of this,
we are not demanded to perform extra experimental modal characterization tests to

characterize the dynamics of the substructures to which the CEs are connected.

In this section, we will start by extending the LM-SSS formulation to include the
dynamics of CEs via compatibility relaxation (section 2.5.1). Then, in section 2.5.2 two
post-processing procedures to eliminate the extra states originated from the coupling
operations performed with LM-SSS via compatibility relaxation will be outlined. After-
wards, in section 2.5.3 we will present how to determine analytically and numerically
state-space models representative of CEs to be included in the LM-SSS formulation
via compatibility relaxation, while in section 2.5.4 the state-space realization of IS is

presented to enable the experimental determination of the same state-space models.

2.5.1 Including CEs into LM-SSS via compatibility relaxation

Here, the LM-SSS formulation (see section 2.2.3) will be extended to enable the
inclusion of CEs into the coupling operations via compatibility relaxation. To develop
this variant of LM-SSS, let us assume that it is intended to couple an unlimited number
of components connected by an unlimited number of CEs. Let us further assume that
these CEs respect the assumptions underlying IS, i.e. that they are massless and that no
cross couplings between their DOF's exist. If these conditions are met, expression (2.56)
holds. Moreover, the frequency domain compatibility conditions defined in equation
(2.57) are also valid in the time domain, hence we may rewrite them in state-space

model form as follows
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{em ()} = [Amp{zm (D)} + [Bupl {Ac(t)}
Bl {y(H)} =[Oy Hzm(t)}

where, the defined state-space model is representative of the inverted diagonal dynamic

(2.133)

stiffness terms of the CEs to be included in the coupling operation, subscript M de-
notes state vectors and state-space matrices of state-space models representative of the

dynamics of CEs, while matrices [Axr pl, [Bum,p| and [C J\fg] are given below.

AM1 B]M1
[Arp] = A, . [Bupl= B,
| (2.134)
dis
3 = Cary’

The output equations of the state-space model given in expression (2.133) represents
the compatibility conditions in terms of relative displacement between the interfaces
of the connected substructures. Yet, to develop the LM-SSS formulation with compat-
ibility relaxation we must define the compatibility conditions in terms of the relative
acceleration between the interfaces of the substructures to be coupled. Thus, we must
double-differentiate the state-space model given in expression (2.133) as follows (see
45):

{em ()} = [AvH{zrm(8)} + [Bup] {Ac (D)}
(Bl (1)} = |C5575 ] {zar (0} + [ DSFB] e (1)}

where, the established state-space model is representative of the inverted diagonal ap-

(2.135)

parent mass terms of the CEs, whereas [C“CC@Z} and [Dﬁcfjl} are given hereafter.

ct] = [ctm Ao dun] . [D3H] = [ Av.p o] (2.136)

As the CEs are assumed to be massless, expression (2.1) continues to be valid.
Hence, the local equilibrium conditions defined in expression (2.71) still hold as well.
Thus, by using this expression and the compatibility conditions established by the
output equations of the model given in expression (2.135), we may define the following

system of equations:

(DEEH (i — C&F'as) + BEAde = u

2.1
B _ Caccel Daccel}\ ( 37)
cy = Typ+ M,DNC

after performing some mathematical manipulations, the system of equations (2.137),
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can be rewritten as follows:

Ao = ECR(_C]aMccBle 4 Bccaccelxs 4 BcDaccelu)
(Caccel DaccelBgECRBCCaCCEZ).TS 4 DaccelBTECRC]a\/chlxM (2138)

T
+(Dgff§l — D¥5' BLEcrBo DEE u

where, matrix [Ecpg] is given below.

[Ecr] = (BoD§H'BL + Diih) ™ (2.139)

By using together expression (2.71) and the bottom equation of the system of equa-
tions (2.138), the state equation of the diagonal coupled state-space model (equation

(2.69)) can be rewritten as in expression (2.140).

is = (As,p — Bs,pB&EcrBcCES xs + Bs,p B EcrCi{ G zm

(2.140)
+ (Bs,p — BS,DBCECRBCDg,ijd)U

From the upper equation of the system of equations (2.138), the state equation of

the state-space model given in expression (2.135) can be rewritten as given hereafter.

Ty = BM,DECRBCCg‘Cf)elxs + (Av,p — Bm DECRCGCCEl) Ty

(2.141)
+ Bu,pEcrBeDE 5 u

By using equations (2.140), (2.141) and the bottom equations of the system of

equations (2.138), we may compute the coupled state-space model as follows:

(2.142)
() = (el { st) } T D i)}
$M<t
with,
[N] _ ASS ASM N] _ BS
Aus Aum By (2.143)

[Caccel} [Caccel Cﬂ%cez}’ [Daccel] [ Daccel:|

where, the coupled state-space matrices can be computed by following the expressions

given below.
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[Ass] = As,p — Bs,p BEEcrBoCEH
[Asm) = Bs,pBEECRC S
[Ars] = Bu,pEcrBoCEss o
[Anrae] = Ao — B, DECRC'MCBl
[Bs] = Bs,p — Bs,p BbEcrBcDER! (2.144)
[Bun) = Bu,pEcrBeDER!
(Gaeeel) = Caesel — DIl B B Bo O
(Cieel) = DAesst BE o pClscs
[Dgeel] = DIl — DI BE B Bo D!

Note that, the used compatibility conditions to develop the coupling approach here
presented do not impose null relative acceleration between the interfaces of the coupled
substructures (see expression (2.135)). Thus, the output and input vectors of the
coupled state-space models (see expression (2.142)) obtained with this approach, will
be composed by the unique sets of coupled outputs and inputs, respectively. Hence,
there is no need to eliminate outputs and inputs from the computed coupled state-space
models.

Note also that the assumptions underlying the coupling approach here presented are
the same as the ones underlying IS method [17]. Thus, the CEs to be included in cou-
pling operations via compatibility relaxation, must respect the assumptions underlying
IS. When dealing with CEs that are not suitable to be characterized by IS, we must
include them into the coupling operations by treating them as a regular substructure
to be coupled, for example by exploiting LM-SSS (see section 2.2.3).

As final note, it is also worth mentioning that by exploiting expressions (2.143)
and (2.144), we can compute acceleration coupled state-space models that embed the
dynamics of CEs via compatibility relaxation. Furthermore, by simply adjusting the
expressions used to compute the output and feedthrough matrices (see expressions
(2.144)), we can also obtain displacement and velocity coupled state-space models (see

appendix C).

2.5.2 Minimal-order coupled state-space models

The coupled models obtained by exploiting LM-SSS via compatibility relaxation
(see section 2.5.1) are not minimal-order coupled models. Thus, here we will present
two post-processing procedures to compute minimal-order coupled models from the
coupled models obtained by exploiting LM-SSS with compatibility relaxation.

To start, let us assume that the components depicted in figure 2.3 were coupled by
using LM-SSS with compatibility relaxation. In addition, let us assume that the state-
space models representative of the inverted diagonal apparent mass terms of the CE

were previously transformed into coupling form and, that the acceleration state-space
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models representative of substructures o and 8 were also previously transformed into
coupling form. In this scenario, by exploiting LM-SSS with compatibility relaxation
and by dropping {e} and (¢) for ease of readability, the state vector of the coupled

state-space model would be given as follows:

. . . T
Govey = {5 o 2 § #} @ [Bcli [Bely ) (2.145)
where, subscript aM [ denotes a variable associated with the assembled structure de-

picted in figure 2.3, while {g} is given below.

w={ @ 5 n) (2.146)

By observing the coupled state vector given in expression (2.145), it is evident that
the coupled model is not composed by states, whose physical meaning is the same.
Indeed, this happens, because LM-SSS with compatibility relaxation includes the dy-
namics of the CEs by using state-space models, whose outputs are representative of the
relative motion between the interfaces of the substructures connected by the CEs (see
expression (2.135)). Hence, when these models are transformed into coupling form, they
will be composed by states, whose physical meaning is the relative displacement and
the relative velocity between the interfaces of the connected substructures. Although
these states cannot be classified as redundant, because they present different physical
meaning, their contribution to the dynamics of the coupled model can be retrieved by
the states of the coupled model representative of the displacement and velocity of the
interface DOF's of the connected substructures. Thus, these states can be classified as
extra states and, hence can be eliminated.

To eliminate these extra states, the post-processing procedure presented in section
2.3.3 that makes use of a state Boolean localization matrix continues to be valid. Never-
theless, the construction of the state mapping matrix [Byr] used to compute the required
state Boolean localization matrix [Ly] is now dependent on the mapping matrix [B¢]
used to perform coupling with LM-SSS via compatibility relaxation (see section 2.5.1).
To demonstrate how matrix [Br| must be set-up, let us assume that [B¢] is constructed

as follows:

Bolfg} = o 17 1] o] <% 4 ={o} (2.147)

where, I/ and I B] are given as follows:

[I]] = o[ (2.148a) [15] = —o[1] (2.148b)
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where, [I] € R™/*™ is an identity matrix, while ¢ is a numeric coefficient, which can be
selected to be either —1 or 1. Variable ¢ is responsible for adjusting the post-processing
procedures here presented in accordance with the computation of [B¢].

By exploiting expressions (2.147), (2.148a) and (2.148b), [Br] can be set-up in

accordance with [B¢| by following the expression given hereafter.

Ys
3 I7 o 0 Il 0 01 00 ~J
[Bri{Zams} = |/ ]

j ={o} (2149
0 I3 0 0 I 00 I 0 ] ( )

After having set-up [Br], [L7] can be directly computed from the nullspace of [Br]
(see expression (2.97)). Then, by applying the post-processing procedure presented in
section 2.3.3, the minimal-order coupled state-space model can be computed. The state

vector of this model is represented below.

G} = {3 7 3L 3 7 & @) (2.150

Note that, the post-processing procedure just discussed to eliminate the extra states
originated from the performance of coupling operations with LM-SSS via compatibil-
ity relaxation are still valid, when these coupled models are originated from coupling
operations involving an unlimited number of substructures and CEs.

In contrast, the manual post-processing procedure presented in section 2.3.3 cannot
be used to compute minimal-order coupled models from the coupled models obtained
with LM-SSS via compatibility relaxation. Nonetheless, a manual post-processing pro-
cedure can also be defined to eliminate the extra states originated from coupling opera-
tions performed with this formulation. This manual post-processing procedure is given

below and must be applied for each pair of coupled interface outputs.

1. Add the column of [A] associated with the difference between the coupled interface
outputs previously multiplied by ¢ to the column that is associated with the
coupled interface output of the first substructure state-space model introduced in

the diagonal coupled model (see equation (2.66));

2. Add the column of [A] that is associated with the difference between the coupled

interface outputs previously multiplied by —¢ to the column that is associated
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with the coupled interface output of the second substructure state-space model

introduced in the diagonal coupled model (see equation (2.66));

3. Repeat the procedures outlined in the first and second bullets for matrix [C];

4. Eliminate the row and column of matrix [A] associated with the difference between

the coupled interface outputs;

5. Eliminate the same row and column of matrices [B] and [C], respectively;

6. Repeat the procedure for the first derivative of the analyzed pair of coupled
interface DOFs.

2.5.3 Analytical and Numerical determination of state-space models
representative of inverted diagonal apparent mass terms of CEs

In case that a given CE is analytically or numerically characterized, its stiffness,
damping and mass matrices are usually known. Thereby, to identify a state-space
model representative of its diagonal apparent mass terms, we may start by retaining
from their stiffness, damping and mass matrices the coefficients associated with the
set of diagonal apparent mass terms intended to be identified. Afterwards, we must
construct a state-space model representative of the set of diagonal apparent mass terms
to be identified by exploiting expressions (B.3). Lastly, by inverting this model, the
intended state-space model representative of the inverted set of diagonal apparent mass
terms can be obtained.

It is worth mentioning that, if the CE under study is massless, the feedthrough
matrix of the model representative of its diagonal apparent mass terms will be null.
Thus, the inversion of this state-space model cannot be performed without facing ill-
conditioned numerical problems (see expressions (A.5)). To surpass this difficulty, we
can sum to the feedthrough matrix of this model an identity matrix multiplied by a
small residue. The value of this residue must be as small as possible, because its only
intent is to prevent ill-conditioned numerical problems, when inverting the feedthrough
matrix of the model representative of the set of diagonal apparent mass terms to be
identified. It is evident that summing this matrix is equivalent to couple small virtual

masses to the edges of the CE under analysis.

2.5.4 State-Space realization of IS

Performing direct excitation of an isolated CE is, in general, unfeasible. Thus, these
components are commonly tested with fixtures attached to its edges (see for example,
[51],[56],[33]). For this reason, to estimate state-space models representative of the
inverted diagonal apparent mass terms of a given CE, we will extend IS method into

the state-space domain.
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In this way, let us consider the generic test set-up used to experimentally charac-

terize the dynamics of CEs depicted in figure 2.5.

Vi Uy,

Fixture A / Fixture B

X M
Vi W,

Figure 2.5: Typical measurement set up to characterize the dynamic behaviour of a connecting
element [2].

In addition, we will assume that state-space models representative of the apparent
mass of the CE M and of the fixtures A and B are available. In this scenario, by
exploiting the primal state-space assembly formulation (see section 2.4), we can set-
up the following coupled state-space model representative of the apparent mass of the

assembly shown in figure 2.5:

QLU.FA(t) _ i'FA (t> _ ij (t)

En(®) ¢ = [Ahim,) S En(t) § + (B, { . (t)}

jFB (t) jFB (t) ’ (2 151)
U (t) _ | ~apm .%NFA (t) Aapm 3jJ1 (t)

st ~ [ Fn ) Pme] Vo

where, matrices [AZp ], [B vrp,)s (O vp,) and [DE ] are given as follows:

apm
AP0 0
1apm _ apm
[AFAMFB] - 0 AM 0
apm
0 0 AP
apm
BFA7J1 0
Hapm __ | papm Hapm _ apm apm
[BFAMFB] - [BFAMFBJl BFAMFB7J2i| - BM,Jl BM,Jg
apm
0 BFB,J2
éapm Capm Capm 0 (2 1 52)
[C«apm ] _ FAMFg,J1 Fy,J1 M,Jy
‘A B ~apm apm apm
FaME C 0o C C
FsMFg,Js M,Jz Fp,J2
Dapm Dapm
[D%p%F ] — ~FAMFB,J1J1 ~FAMFB,J1J2
A B apm apm
DEayMFg g PEaMEg, 20
apm apm apm
_ [DFA,JlJl + Dy Dt g, ]
apm apm apm
M.J2 s Drgtngs + Pt

where, subscripts J; and Jy denote outputs or/and inputs associated with the inter-
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face DOF's of fixtures A and B, respectively, subscripts F4 and Fg denote variables
associated with fixtures A and B (see figure 2.5), respectively, while subscript FoM Fp
denotes variables associated with the coupled model representative of the apparent
mass of the assembled structure composed by the fixtures A and B connected by the
CE M.

By applying a Fourier transformation on the state-space model given in expression
(2.151) and by dropping [e|, {e} and (jw) for ease of readability, we arrive to the

following expression:

jwXpamry = ARy XPariEy + Bityy e, (—w0* Vi, M) (2.153)
Upamrs = Colvip, Xeamrg + D g, (—w0* Vi, i)

after making some mathematical manipulations, we may define the following expression:

. U .
A FAMF 1
Z" = —WQ;/F MBF = Oy Wl = AR o)) By + Dy, (2154)
A B
where, [Z4(jw)] represents an apparent mass matrix.
By exploiting expression (2.151) and after making some mathematical manipula-

tions, equation (2.154) can be rewritten as follows:

N ZA . ZA .
[Z?AMFBUW)] - ~ZAMFB,J1J1 (J'w) ~I;AMFB,J1J2(.7.W) (2.155)
ZFAMFB,Jgjl (jw) ZFAMFB,JQJZ (jw)

where, by dropping again [e], {e} and (jw), we have:

Z?AMFB,JlJl FAMFB,J1 (ij Aan%F ) B%prx/fFB,Jl D%Z%FBlejl
Z?AMFB,JlJz = ;Z%FB, 1(3 Aan%FB) IB?’Z%FBW + D%Z%FB’JM (2.156)
Z?AMFB,JM FAMF (w0l — A?’p%FB) FAMFBaJl T D?’Z%FBJ?JI
28tk gsgs = ey 5, Gl — AR o VT B 0+ D e o,

From expressions (2.156) and (2.152) and having in mind that [A‘}p V) 15 a block

diagonal matrix, it is straightforward to conclude that the off diagonal apparent mass
terms of the assembled structure can be identified from the state-space model repre-
sentative of the CE. Hence, those terms are also the off diagonal apparent mass terms
of the CE as pointed out in [51]. This means that it is possible to identify state-space
models representative of the off diagonal apparent mass terms of the CE directly from
the state-space model representative of the apparent mass of the assembled structure.
To perform this identification, we must retain from the model of the assembly the
outputs and inputs associated with the off diagonal terms of interest. The rest of the

outputs and inputs must be eliminated. This can be done by only keeping the rows of
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[O%Z i ) and [D%ﬁ " ;] associated with the outputs of the off diagonal apparent mass
terms to be identified and by solely keeping the columns of [BEy, . | and [DZ ]
associated with the inputs of the off diagonal apparent mass terms to be identified.

If the assumptions underlying IS are verified for the CE under study, the diagonal
apparent mass terms can be obtained by multiplying the off diagonal terms by —1 (see
quation (2.56)). Thus, to compute a state-space model representative of the diagonal
apparent mass terms of the CE, we must transform the identified state-space model
representative of the off diagonal terms of these elements into negative form (see ap-
pendix B). By inverting the resultant state-space model, we are able to compute the
intended state-space model representative of the inverted diagonal apparent mass terms
of the CE.



Chapter 3

On the computation of stable

coupled models

3.1 Introduction

In this section, we will focus our attention on the computation of accurate stable
coupled models through SSS. To compute these models, we must start by making sure
that the state-space models involved in the coupling operations verify all the required
criteria to be suitable for being exploited in DS operations. Each of these state-space
models is responsible for characterizing the dynamics of one substructure involved on
the coupling operations. Thus, they must accurately represent the dynamic behaviour
of the substructures involved in these operations. On top of this, each of these state-
space models must be stable (i.e. their poles must be pure imaginary or present negative
real part), reciprocal (when representing the dynamics of reciprocal substructures),
verify the Newton’s second law, passive and must present outputs and inputs placed at
the interfaces of the substructures involved in the DS operations [46].

When estimated analytically or numerically, the state-space models generally fulfill
all the criteria outlined above. Thus, it is in general straightforward to compute stable
coupled models by coupling them. In contrast, by estimating state-space models from
experimentally acquired data (for example, from measured FRFs), it is usually difficult
to compute state-space models respecting the mentioned criteria. For this reason,
in this section we will only focus our attention on state-space models experimentally
identified.

To experimentally identify a state-space model representative of the dynamics of
a given mechanical system, it is common to exploit system identification algorithms
with data collected from the experimental modal characterization of that given me-
chanical system. Many different system identification algorithms have been proposed
in literature. Examples of these algorithms are the approaches, commonly, clustered
under the label subspace methods (see, for example, [57], [58], [59], [60]). This kind

of methods is capable of directly estimating state-space models from experimentally
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acquired data (either from time-domain or frequency-domain data depending on the
exploited subspace method). Other system identification approaches, specially, target-
ing structural dynamics applications can be found in literature as well. These methods
are usually tagged as Experimental Modal Analysis (EMA) methods and provide an
estimation for the modal parameters of the substructures under analysis [21]. These
parameters can then, be used to set-up state-space models (see, for instance, [40], [10]).
A classical EMA technique is the Rational Fractional Polynomial method presented
in [61], which was then, extended to deal with systems presenting multiple inputs in
[62]. After the publication of these techniques many other methods were published
(e.g. [63], [64], [65]). One of the most used and well-known EMA approaches is the
PolyMAX (Polyreference least-squares complex frequency-domain) method, which was
proposed in [66], [22]. This method makes use of the polyreference Least-Squares
Complex Frequency-domain (pLSCF) method to construct the so-called stabilization
diagram from which the poles and modal participation factors can be estimated. Then,
the Least-Squares Frequency-domain (LSFD) method (see, appendix D) is applied with
the poles, the modal participation factors and the reference FRFs to estimate the mode
shapes and the upper and lower residual matrices in a linear-least squares sense. To
improve the quality of the modal parameters estimated by PolyMAX, the Maximum
Likelihood Modal Model method (ML-MM) was developed in a series of papers [67],
[68], [69], [70]. ML-MM is an iterative method based on solving a non-linear optimiza-
tion problem. At each iteration, this method optimizes the modal parameters in two
different steps. Firstly, the poles and modal participation factors are updated by ex-
ploiting the Gauss-Newton optimization. Afterwards, the remaining modal parameters
(i.e. mode shapes, upper and lower residual matrices) are computed by using LSFD
with the optimized poles and modal participation factors and with the reference FRF's.
These optimized modal parameters are then used in the next iteration. The described
optimization loop runs until convergence is attained or the defined maximum number
of iterations is reached. Interesting overviews on the EMA techniques can be found in
[71], [72], [21], [73], [74].

Here, to experimentally identify state-space models, we will start by exploiting
PolyMAX to estimate modal parameters from sets of experimentally acquired FRFs.
Afterwards, if the estimated modal parameters are not of enough quality, the ML-
MM method will be exploited to improve them. Finally, by following the procedures
presented in [40], the state-space models will be constructed from the estimated modal
parameters. Note that, we have decided to exploit this methodology, because in [40] it
turned out to be accurate on experimentally estimating state-space models to be used on
real industrial applications. Furthermore, both PolyMAX and ML-MM approaches are
well established techniques that have already demonstrated to be accurate on estimating
modal parameters from challenging experimentally acquired data sets (see, for instance,
[22], [70], [75]).

When using PolyMAX and ML-MM approaches to estimate modal parameters form
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measured FRFs, we make sure that the identified poles are stable. Thus, we are sure
that the state-space models constructed from these modal parameters will be stable as
well. Moreover, if the substructure under analysis verifies reciprocity, we may construct
a reciprocal state-space model by estimating reciprocal modal parameters as reported
in [70].

The identification of state-space models verifying Newton’s second law is also manda-
tory, otherwise mismatches between the accelerance FRFs of the modal model (con-
structed from the identified modal parameters) and the accelerance FRFs of the iden-
tified state-space model will be observed [10]. On top of this, state-space models that
do not respect Newton’s second law cannot be properly transformed into coupling form
[8], making the elimination of the redundant states originated from DS operations im-
practicable, when the state-space models involved in these operations are not defined
in the physical domain (common situation in practice). Bylin et al. in [76] proposed an
iterative methodology that re-computes the input and output matrices of state-space
models to force them to obey Newton’s second law. Nevertheless, this approach makes
use of linear least-squares constraints. Therefore, the resultant state-space models only
respect Newton’s second law in a weak sense. Hence, as discussed in [46], the resultant
state-space models do not strictly verify this physical law and, consequently, they are
not suitable for being included in SSS operations. In alternative, the method proposed
by Liljerehn in [5] to force state-space models to respect Newton’s second law can be
exploited. This approach has already showed in [46], [10] to be reliable to, strictly,
force models estimated from experimentally acquired data to verify Newton’s second
law. Nevertheless, this method holds the disadvantage of imposing Newton’s second
law by means of undamped residual compensation modes (RCMs). This is, indeed, not
recommended, because the performance of time-domain simulations with state-space
models composed by undamped modes may lead to numerical instabilities [40]. Hence,
the approach presented in [5] is only suitable to impose Newton’s second law on state-
space models that will not be exploited in time-domain simulations. To overcome this
limitation, a novel approach to force state-space models to respect Newton’s second
law without using undamped RCMs will be proposed in this section.

Additionally, the estimated state-space models to be used in SSS must be passive.
If this requirement is not met the coupled state-space models resultant from SSS op-
erations will also be non-passive and most likely unstable. Thus, it is common that
by exploiting SSS approaches with experimentally identified models, we end-up with
coupled state-space models that cannot be used for performing stable time-domain
simulations. This strongly limits the applications of SSS methods.

Several approaches to impose passivity on state-space models are available in litera-
ture. These techniques can be roughly divided into two groups: optimal algorithms and
sub-optimal algorithms. The group of the optimal algorithms includes approaches that
impose passivity on the estimated state-space models by forcing them to respect the

Positive or Bounded real lemmas (see [77]). In addition, to make sure that the FRFs
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of the passive model match as close as possible the FRFs of the originally identified
model, the optimal approaches make also use of least-squares constraints. Even though
these methods lead in general to the computation of accurate passive models, they are
characterized for demanding very high computational effort. In [78], [79], [80], it is
possible to find examples of this kind of approaches. In contrast, the sub-optimal algo-
rithms require less computational effort than the optimal approaches. Yet, the passive
models computed by using these approaches are in general not as accurate as the pas-
sive models computed by exploiting optimal algorithms. A sub-optimal approach that
makes use of a constrained iterative scheme that is based on Hamiltonian eigenvalue
extraction and perturbation can be found in [81]. An interesting overview of different
approaches to impose passivity on state-space models can be found in [82].

Nevertheless, the algorithms listed above are not suitable to deal with some struc-
tural dynamics applications, because they either yield passive models with limited
accuracy or they require very high computational effort. Indeed, the determination
of passive models associated with high computation costs may unable the exploitation
of SSS in many practical applications. One may think, for instance, on applications
involving the characterization and the performance of time-domain simulations of as-
sembled systems presenting time-varying dynamic behaviour. To characterize this kind
of substructures, it is usual practice to exploit Linear Parameter-Varying (LPV) models
(see, [83], [84], [85], [86]). To construct these models, we must use a set of state-space
models representative of the dynamics of the assembled system for some pre-selected
fixed operating conditions. Thereby, assuming that a LPV model is set-up from, for
example, 5 coupled state-space models, we are required to force 5 X ng,, state-space
models to be passive, where ng,; represents the number of substructures to be coupled
to compute a coupled model representative of a given fixed operating condition. There-
fore, it is straightforward to conclude that to deal with this type of applications, there
is the need for direct methods that are capable of computing reliable passive state-space
models without demanding high computational effort.

In an attempt of computing accurate passive models, while avoiding high compu-
tational costs, Liljerehn and Abrahamsson in [4] proposed a direct method to impose
passivity on velocity state-space models. This approach was developed with the aim
of targeting structural dynamics applications involving SSS, which are also the ap-
plications that we are targeting in this document. To impose passivity on velocity
state-space models, this method relies on the application of a minimal adjustment on
the elements of both input and output state-space matrices associated with each mode
of the model to ensure that the direct elements of the FRF's of each of these modes are
positive real. This approach was successfully applied in [4] to impose passivity on a
state-space model estimated from experimentally acquired FRFs. Furthermore, in the
same publication it was demonstrated that a passive stable coupled model could be ob-
tained by coupling the model forced to be passive with a passive model computed from

information extracted from a Finite Element model. Nonetheless, both models involved
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in the coupling operation were representative of simple substructures. Moreover, im-
posing passivity by forcing the direct elements of the FRF's of all the modes included in
a given state-space model to present positive real part, represents a too strict passivity
requirement [43]. Hence, this approach might lead to relevant mismatches between the
FRFs of the computed passive model and the FRFs of the originally identified state-
space model, specially, when dealing with identified models representative of complex
substructures and composed by a high number of modes. More importantly, to exploit
this method we must select the frequency band for which the elements of the FRFs of
each mode will be investigated and forced to be positive real. Therefore, there is no
warranty that the computed passive state-space model will verify passivity for frequen-
cies outside of the selected frequency band and for frequencies in between consecutive
frequency points. Thereby, we run the risk of obtaining state-space models that are
not globally passive, i.e. that are not passive for the entire frequency axis. The com-
putation of models that are not globally passive is not acceptable, because the coupled
state-space models originated from DS operations involving this kind of models are, in
general, unstable.

To overcome the difficulties associated with imposing passivity on state-space mod-
els, a procedure to directly impose stability on unstable coupled models will be here
outlined. With this approach, we aim at enabling the direct calculation of stable cou-
pled models without strictly relying on iterative algorithms. Moreover, we intend to
come up with a methodology that enables the computation of accurate stable mod-
els even when performing SSS operations with state-space models representative of
complex substructures and presenting high model order.

Before being suitable to be exploited in SSS operations, the identified state-space
models have to present outputs and inputs collocated at the interface of the components
under analysis. Yet, in practice there are many substructures for which the placement of
sensors and/or actuators at their interfaces is infeasible. For this reason, it is sometimes
not possible to estimate state-space models, whose outputs and inputs are placed at
the interface of the experimentally characterized components. To surpass this difficulty,
it is common to exploit the so-called Virtual Point Transformation (VPT) approach
(see, [87], [27], [88]). By exploiting VPT we have the possibility of transforming the
outputs and inputs of the measured FRFs into the desired locations (i.e. into the
defined virtual points), provided that the components can be assumed to present rigid
local behaviour in the frequency band of interest. Thereby, enabling the computation
of the FRF's at the intended locations. This set of FRFs can then be used to construct
the intended state-space models. In alternative, we may think on directly applying
VPT on the state-space models to transform their outputs and inputs into the defined
virtual points. To make this approach possible, the VPT method will be extended into
the state-space model domain.

In the following, we will start by presenting in section 3.2 a state-of-the-art approach

to define state-space models from estimated modal parameters. Then, in section 3.3 a
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novel procedure to impose Newton’s second law on state-space models without relying
on undamped RCMs is presented, whereas the state-space realization of the VPT ap-
proach is outlined in section 3.4. Finally, in section 3.5 a novel procedure to impose

stability on unstable coupled state-space models is presented.

3.2 State-of-the-art method to experimentally estimate

state-space models

The purpose of this section is to explain in detail a state-of-the-art approach to
construct complete state-space models by using modal parameters estimated from ex-
perimentally acquired FRFs. We will start by presenting how to set-up a state-space
model from the modal parameters associated with the in-band poles (section 3.2.1).
Then, in section 3.2.2 we will show how to construct state-space models representative
of the contribution of both the upper and lower out-of-band modes. Finally, in section
3.2.3 we will present how to compute complete state-space models by using state-space

models constructed from the in-band and out-of-band modes.

3.2.1 In-band modes

Let us assume that the modal parameters of an experimentally characterized sub-
structure were estimated from their measured FRFs. From these identified modal
parameters, we may set-up a modal model representative of the displacement FRFs of

the characterized substructure as follows:

(H (jw)] = % <{¢ib,r}{lib,r} + {!Uib,r}*{libw}*) + [LE] + [UR] (3.1)

Jw = b,y Jw = A (jw)?

ib,r
where, [H(jw)] € C"*™ represents a FRF matrix composed by n, outputs and n;

r=1

inputs, n;, represents the number of identified modes, subscript [e]* denotes the complex
conjugate of a vector/matrix, {¢,} € C"*! is the r** mode shape, {l,} € C*™
is the r** modal participation factor, A, is the r* pole, while [LR] € R™*™ and
[UR] € R™*" are the lower and upper residuals matrices, whose role is modelling
the contribution of the lower and upper out-of-band modes in the frequency band of
interest, respectively. Finally, subscript ib denotes vectors/matrices associated with the
in-band modes.

The modal model given in expression (3.1) can be rewritten in matrix form as

follows:

Ly,
Ly,

[LE]
(jw)?

where, [A] € C™"#*™ib js a diagonal matrix composed by the system poles, [L] € C™ib*™i

jwlI] = +

[H(jw)] = [T T3] +[UR]  (32)

Ap O
0 A

is a matrix including as rows the modal participation factors and their complex conju-
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gates and [U] € C"*™ is a matrix including as columns the mode shape vectors and

their complex conjugates.

From expression (3.2), we may define a state-space model associated with the in-

band modes as follows (see [45]):

{2a(t)} = [Aw{zin(t)} + [BisJ{uin(t)}

disp (3.3)
{win(t)} = [C " Haa(t)}
where, matrices [A;), [Bip] and [C*?] are given hereafter.
Ap 0 L di
Ai = ; B’L = ) C; P = \Ilz v 3.4
ol = 0| B [L;s, T =y vy B4

3.2.2 Out-of-band modes

To construct a complete state-space model, the inclusion of the contribution of the
out-of band modes is mandatory. For this reason, in the following we will demonstrate
how to set-up state-space models representative of the contribution of both upper and
lower out-of-band modes. These models can then be concatenated with the state-space
model constructed from the in-band modal parameters (see expression (3.3)) to set-up

the intended complete state-space model.

Upper out-of-band modes

To include the contribution of the upper out-of-band modes, which is given by the
upper residual matrix (see expression (3.3)), we must start by performing the singular
value decomposition (SVD) (see, [89]) of matrix [UR] as follows:

NUR

[UR] = [Pyg[our][Wur]" = Z{PUR,T}UUR,TT{WUR,T}T (3.5)

r=1
where, subscript UR denotes vectors/matrices associated with the upper out-of-band
modes, while nyr = min(n;,n,). [Pyg] € R™*™E and [Wyg] € R"WEX™ are the
matrices composed by the left and right eigenvectors of matrix [UR)], respectively,
whereas [oyg| € R"WEXME ig a diagonal matrix composed by the singular values of
[UR] [21]. Note also that, {Pyg,} € R"%*! represents the " column of [Pyg], OURrr
denotes the 1" element on the diagonal of [oyg] and {Wyr,} € R1X™ represents the
1" row of [Wyg]. By exploiting the SVD of [UR], we may define residual compensation
modes (RCMs) tailored to model the contribution of the upper out-of-band modes. The

modal parameters associated with these RCMs can be computed as follows:

ARy = —SURrWURy £ JwuRry/1 — fng,T (3.6)
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{lur+} = _%\/UUR,TT{WUR,T}T (3.7)

WUR,r

{Wurs} = VOURAPUR} (3.8)

UR,r

where, wy g, and {ygr, are the selected natural frequency and damping ratio of the rth
mode of the computed RCMs, respectively.

By using expressions (3.6), (3.7) and (3.8),we may define a proportionally damped
modal model (i.e. modal model, whose residue matrices are pure imaginary [90]) that

approximates the contribution of the upper out-of-band modes as hereafter.

nUR 2jwuRre\/1 =GR,

UR| ~ [Hyr(jw)] =
[UR] ~ [Hyr(jw)] Z (jw)2+2jw§UR,erR,r+w(2]R,r

r=1

WursHlursy | (39)

Substituting expressions (3.7) and (3.8) in equation (3.9), it is evident that equations
(3.9) and (3.5) match for w = 0 rad s~!. However, for other frequencies the same
match is no longer verified and, hence expression (3.9) represents no more than an
approximation of expression (3.5).

To understand the effect of selecting different values for the natural frequencies and
damping rations of the RCMs on the quality of the match between expressions (3.5)
and (3.9), let us start by assuming that the natural frequencies and the damping ratios
of all the RCMs are selected to be the same (which is usual in practice). In this way,

by exploiting expression (3.9), we may define the following identity for w = 0 rad s~:

Pt (2ijR 1- f(sz{wUR,r}{lUR,r}>

[UR] = [Hyr(0)] = 5 (3.10)
YURr
which is equivalent to the expression given hereafter.
NUR
> (2jwm 1= E%R{wm,r}{zm,r}) = Wi r[UR) (3.11)
r=1

By observing equations (3.9) and (3.11), it is evident that as the value selected for
wyr increases, the more accurate will be the proportionally damped modal model (see
expression (3.9)) to model the contribution of the upper out-of-band modes. Moreover,
we can also conclude that the accuracy of this modal model will increase as the value
selected for £y g is selected to be lower.

At this point, we can exploit the RCMs computed from the SVD of [UR] to define
a state-space model representative of the contribution of the upper out-of-band modes

as follows:
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{tvr(t)} = [Aurl{zur(t)} + [Burl{uvr(t)}

) disp (3.12)
{yvr(®)} = [Cyr Haur(t)}
with,
A 0 L
[Aur] = [ vr . |+ [Burl= [ *UR
0 Apg Lyr (3.13)
dis *
[Cor1= [‘I’UR \IJUR}
where, [Ayr], [Lur] and [Yyg] are given below.
T
AUR,1 lura YUR1

[Avg] = AUR,2 . [Lur] = |lur2|, [Yur]= |YUrz2 (3.14)

As discussed above, the proportionally damped modal model given in expression
(3.9) will be more accurate to approximate the contribution of the upper out-of-band
modes as the value selected for wy g increases and as the value selected for £y r decreases.
Obviously, the same conclusions hold for the accuracy of the state-space model given
in expression (3.12), because it was set-up from the modal parameters used to define

the proportionally damped modal model given in expression (3.9).

Nevertheless, if the state-space model under construction is to be discretized, for
instance, to perform time-domain simulations, the value selected for wyr must not
be extremely high, because to properly discretize a state-space model, we must use a
sampling frequency that is at least twice the value of the highest natural frequency of
the modes included in the state-space model [40]. Thus, if an extremely high value is
selected for wy g, we will be forced to discretize the constructed state-space model by
using an even higher sampling frequency. This would definitely lead to a substantial
increment of the computational effort associated with the performance of calculations
with the discretized model. Hence, it would make the constructed model less appealing
to be exploited in practice. Moreover, the RCMs computed from the SVD of [UR)]
must not be undamped (i.e. the value selected for £yr must not be zero), because
the performance of time simulations with state-space models composed by undamped

modes may give rise to numerical instabilities [40].

As a rule of thumb, it was proposed in [10] that the value selected for wyr must
respect Wy > 5 X Winae (Where, Wy, denotes the maximum frequency of interest).
However, this value represents a lower limit for the selection of wyr. In fact, there are
many cases for which the natural frequency of the RCMs computed from [UR] must be
selected to be higher than 5 X wy,q,. In practice, we must select a value for wygr that

ensures that the FRFs of the state-space model given in expression (3.12) well match
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the elements of [UR] in the frequency band of interest (see expression (3.1))).

To avoid numerical instabilities associated with the performance of time-domain
simulations with state-space models composed by undamped or slightly damped modes,
a default value of 0.4 was recommended for {yg in [40]. Yet, the authors have noticed
that in the computation of many state-space models to be exploited in time-domain
simulations, it is not necessary to select such a high value for {yr. Thus, as a rule
of thumb, we recommend that the value of {yrp must obey 0.1 < {yr < 1. In this
way, when constructing the state-space model, we must start by selecting the value of
Eur to be 0.1. If the performance of time-domain simulations with the constructed
model leads to numerical instabilities, we must reconstruct the model by selecting a
higher value for £yr. When an appropriate value for {yg is found, we must re-check
the quality of the match between the FRF's of the state-space model computed from
the RCMs representative of the contribution of the upper out-of-band modes with the
elements of [UR] in the frequency band of interest. If this match turns out to not be
of sufficient quality, the state-space model must be reconstructed by selecting a higher
value for wypr. It is worth noting, that as we are using a modal model (which, is only
made of pairs of complex conjugate poles) to define the modal parameters of the RCMs
calculated from the SVD of [UR], the value of £y has to remain below 1.

Lower out-of-band modes

To include the contribution of the lower out-of-band modes, tailored RCMs rep-
resentative of the contribution of these modes in the frequency band of interest must
be defined. However, the contribution of the lower out-of-band modes is modelled by

[LE]

matrix =7y (see expression (3.3)), thus it is not evident, from which matrix these

RCMs must be computed. In an attempt to solve this question, let us assume that
the contribution of the lower out-of-band modes is approximated by a generic set of
RCMs. Additionally, let us further assume that by using this generic set of RCMs, we

can define the following proportionally damped modal model:

nLR 27w o 1—52 r
[LR] ~ [Hrr(jw)] = Z S \/7 {WrreHlLrr} (3.15)

(jw)? =\ (Jw)? + 2jwE LR WLRy + WR,

where, subscript LR denotes vectors/matrices associated with the lower out-of-band
modes, whereas npr = min(n;, n,).

From the observation of equation (3.15), it is straightforward to conclude that the
generic proportionally damped modal model will accurately approximate the contribu-

[LR]

tion of the lower out-of-band modes (i.e. (jw)Q), in case that its numerator is equal

to [LR] and if the values of the natural frequencies of the RCMs used to compute

this modal model are small when compared with wy,;, (where, wy,;, denotes the mini-
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mum frequency of interest). From now on, we will once again assume that the natural
frequencies and damping ratios associated with the RCMs are selected to be equal
(common approach in practice). In this way, for w = 0 rads—!, expression (3.15) can

be rewritten as given hereafter.

PLE (950 1 — &2 Mg,
[HLr(0)] = 2 < e waRWLR’ fn }> (3.16)
LR

By observing expression (3.16), it is evident that the numerator of the proportionally
damped modal model will be equal to [LR], if [HLr(0)] = gé—m. Thus, to compute RCMs

LR
capable of modelling the contribution of the lower out-of-band modes, we must perform

the SVD of [LE] as follows:

UJ2
LR
[LR] T_ S~ T
7= [PLr]loLr][WLR]" = Z{PLR,T}ULR,TT{WLR,T} (3.17)
LR r=1

where, [Prg| € R"™*"k and [Wrgr] € R"E*™ are the matrices composed by the

left and right eigenvectors of matrix géR], respectively, whereas [orr] € RMLEXTLER
LR
is a diagonal matrix composed by the singular values of [LQR] [21]. Note also that,

YLR
{PLr,} € R™>*! represents the r** column of [PLg], oLr .+ denotes the r' element on

the diagonal of [og] and {Wyg,} € R represents the r** row of [Wpg].

From expression (3.17), the modal parameters associated with the RCMs responsible
for modelling the contribution of the lower out-of-band modes can be calculated as given

below.

ALrr = —§LRWLR + ijR\/@ (3.18)

{lr} = =5\ /OTR (Wirs )" (3.19)

{Yrrs} = LRQ\/ULR,M{PLR,T} (3.20)

T SLR

By exploiting the modal parameters associated with the RCMs computed from the
SVD of LA (see expressions (3.18), (3.19) and (3.20)), we may define a state-space

YLR
model representative of the contribution of the lower out-of-band modes as follows:

{eLr(t)} = [ALrR{zLr(t)} + [BLrl{uLr(t)}

. 3.21
{yLr(®)} = [CT {zLr(t)} 321

with,
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A 0
[Apg] = | 5 .
0 Aip

Lpr
) B =
Pun [L*LR] (3.22)
[Cglép] [‘I’LR ‘I’LR]

where, matrices [Arg|, [Lrr] and [V ] are given below.

T
ALR,1 lLR VLR

[ALR] = ALR2 . |[Lrgr]l= |ler2|, [YLgr]= |YLR2 (3.23)

From equations (3.15), it is evident that the RCMs computed from [f}—? will be

more accurate to approximate the contribution of the lower out-of-band modes as the
values for their natural frequencies and damping ratios are selected to be lower. Thus,
the same applies for the state-space model defined in expression (3.21) from this set of
RCMs.

As decreasing the value selected for the natural frequencies associated with the

RCMs computed from ILH] R]

is not linked with any negative consequence, this value can
be selected with freedom. In contrast, the value selected for the damping ratios of
these RCMs must follow the rule of thumb proposed to define the damping ratios of
the RCMs responsible for modelling the contribution of the upper out-of-band modes.

To assess the accuracy of the RCMs responsible for modelling the contribution of ([jLwR}Q ,

we must compare the FRFs of the state-space model given in expression (3.21) with

([J.LWI;Z}Q (which represents the contribution of the lower out-of-band modes, see expression

(3.1)) in the frequency band of interest. If relevant mismatches are observed, these

RCMs must be re-computed by choosing a lower value for their natural frequencies.

3.2.3 Complete state-space model

To construct a complete state-space model, we must concatenate the state-space
models representative of the in-band modes and of the upper and lower out-of-band
modes (expressions (3.3), (3.12) and (3.21), respectively). In this way, the complete

state-space model can be set-up as follows:

{ipu(t)} = [Apul{@ pun(t)} + [Bpun] {upun(t)}

) (3.24)
{yra ()} = [CFf] {2 an®)}
with,
Apat 0 Lyun dis .
[Apun] = ](; A | [Byun] = Lf s Ca) = Wpar Wyl (3:25)
full Full
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where, matrices [A ], [Lpyu] and [Wpy,y] are given below.

A, O 0 L,
Apa) =10 Arg 0 |, [Lral = |Ler|s W) =Yy, Yrr Yyrl (3.26)

Note that the complete state-space model given in expression (3.24) can be trans-
formed into block-diagonal form by applying a similarity transformation as presented
in [91],[39]. When a state-space model is transformed into real block-diagonal form,
its state-space matrices become real-valued matrices. Thereby, we have the possibility
of decreasing the numerical complexity of the calculations to be performed with the

complete state-space model.

3.3 Imposing Newton’s second law

The aim of this section is to present a novel approach to impose Newton’s second law
on state-space models without relying on the use of undamped RCMs. In section 3.3.1,
we will start by explaining in detail the negative consequences of computing state-space
models violating Newton’s second law. Afterwards, in section 3.3.2 a novel approach
to force state-space models to respect Newton’s second law without using undamped
RCMs is presented. Finally, a comparison between the proposed novel approach and
a state-of-the-art procedure to impose Newton’s second law on state-space models is

given in section 3.3.3.

3.3.1 Negative effects of violating Newton’s second law

Newton’s second law states that there is a direct relation between force and acceler-
ation, but there are no direct relations between force and displacement or velocity. For
this reason, the feedthrough matrices of displacement and velocity state-space models
(i.e. [D¥5P] and [DV¥], respectively) must be null. This requirement is always met for
displacement state-space models, because the feedthrough matrix of this kind of models
is by definition null. In contrast, the feedthrough matrix of a velocity state-space model
will not necessarily be null. To better understand the reason why the feedthrough ma-
trices of velocity models might not be null, let us consider the expression to calculate

the displacement FRF's of a generic state-space model as given below (see [45]).

[H (jw)] = [C"*)(jwll] — [A)~'[B] (3.27)

To get to a mathematical expression to calculate the mobility FRFs of a given

state-space model, we must differentiate equation (3.27) as follows:

[HY! (jw)] = jwlH (jw)] = [C*](jwlI] — [A*]) " [B*] + [D*] (3.28)
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with,

[Av] = [4], [B*] = [B],[C*] = [C"*7][4], [D"] = [C""][B] (3.29)

where, superscript vel denotes vectors/matrices associated to a velocity state-space
model.

By observing expressions (3.28) and (3.29), it is evident that there is no guarantee
that the feedthrough matrix of velocity state-space models is always null. Hence, the
state-space models estimated from experimentally acquired data may violate Newton’s
second law. The computation of state-space models that violate Newton’s second law
presents two practical disadvantages. On the one hand, models not verifying Newton’s
second law cannot be properly transformed into coupling form [8]. This unables the
computation of minimal-order coupled state-space models, when performing coupling
operations with state-space models that are not represented in the physical domain
(common situation in practice) (see section 2.2.3). On the other hand, the accelerance
FRFs of a state-space model violating Newton’s second law cannot be properly com-
puted, which leads to a mismatch between these FRFs and the accelerance FRFs of
the modal model used to construct the state-space model (see section 3.2). To better
explain the second pointed disadvantage of estimating models that do not obey New-
ton’s second law, let us differentiate expression (3.28) to obtain the accelerance FRF's

of a generic state-space model as follows:

[ )] = (o) [H ()] = (€% (GeolT] — [A]) 7 [B] + [D*

A 3.30
+ jw[CP)(B] 0

where, [C9¢!] and [D?!] are given below.
(o) = [CBn)Al[A], - [De] = [0 ) B] (331)

From the observation of expressions (3.30) and (3.31), it is clear that the term
jw[C¥*P][B] is not included on any state-space matrix of the acceleration state-space
model. If the state-space model violates Newton’s second law, [C4*P][B] will not be
null. Hence, a mismatch between the accelerance FRF's of the state-space model and

of the modal model used to construct it will be observed.

3.3.2 Novel approach

To present a novel approach to impose Newton’s second law without relying on the
use of undamped RCMs, let us assume that a complete state-space model representative
of a given substructure was set-up by following the procedures discussed in section 3.2.

In this way, by using expression (3.28), we may compute the mobility FRFs of this
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model as follows

[Han(G0)] = [CRanl (GwlI] = [Agan]) ™ [Brau] + Do) (3.32)

where, matrices [C’}’ffll] and [D;ﬁ‘;l”] are given below.

(Cha) = [Cruil[Asan),  [Dian] = [C70)[Bsa (3.33)

The product [C fu”][B #ui1) can be represented as follows:

[CERNBran) = [Coy ) [Ba) + [CF 1 BLr] + [C[Bur) (3.34)

or, alternatively, by using expressions (3.24), (3.25) and (3.26), we may define the
product [C}iisfl’ |[Bfuu) as given below.

[C?ﬁf] [Bruu]l =[YiLip + VYrLrr + YurLyur

(3.35)
+ WLy + Vi rLIR + Y RLUR]

By computing the column-row expansion (see [28]) of each matrix product present

in expression (3.35), we may establish the following expression.

Tib NLR NUR
(CEMBrar) = Wivrlivg) + Y Crrslirs) + Y Vurilvrs)
T:1. r=1 r=1 (336)
Nip NLR NUR
+Z(¢:b7‘ ib,r +Z wLerLRr +Z 77bUR7“lUBT)
r=1 r=1

By observing expression (3.36), it is clear that by estimating the in-band modal pa-
rameters by assuming a proportionally damped modal model (for example, by following
the approach reported in [70], which involves the use of the constrained version of LSFD
presented in appendix E), we can ensure that [C’dwp |[Bin) = [0], because the residue
matrices (i.e. {1, }{livr}) of a proportionally damped modal model are pure imagi-
nary [90]. For this reason, [C] 5 4isp1 By ] = [0] and [Cgiff I[Bur] = [0] is always verified,
because the modal parameters of the RCMs responsible for modelling the contribu-
tion of both upper and lower out-of-band modes are defined by using proportionally
damped modal models (see section 3.2.2). Thus, it is straightforward to conclude that
[C’jelzfl’; [Bfui] = [CiiSp |[Bis] (see expression (3.34)). Therefore, from now on, to force
the complete state-space models to respect Newton’s second law, we will restrict our
attention to [C2*P][B;). Note also that, matrix [C%*F][By] will always be real, even
when the modal parameters are determined without assuming a proportionally damped
modal model.

Although the computation of state-space models respecting Newton’s second law by
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using modal parameters estimated by assuming a proportionally damped modal model
is possible, we must keep in mind that most of the real mechanical systems do not
present proportional damping. Thus, it is expected that the use of modal parameters
estimated without assuming a proportionally damped modal model lead to the com-
putation of state-space models presenting better accuracy. Hence, it continues to be
of interest to investigate how to properly force state-space models to verify Newton’s

second law.

To correctly force a complete displacement state-space model (see expression (3.24))
to respect Newton’s second law, we must make sure that the matrix resultant from the
product of its output and input matrices is a null matrix. On top of this, we must
also guarantee that the correspondent velocity state-space model properly includes the
contribution of [C4*?][By). Recall that to include the contribution of the upper out-
of-band modes, we must make sure that [UR] is properly included in the displacement
state-space model (see expression (3.1)), whereas to properly impose Newton’s second
law we are demanded to ensure that the contribution of [C;ibwp |[Bis) is properly included
in the complete velocity state-space model. Thus, it is evident that both problems are
similar. This suggests that to impose Newton’s second law, we can follow an approach
similar to the one exploited in section 3.2.2 to include the contribution of [UR] in the
displacement state-space models. Thereby, we must start by computing the SVD of

[C%<P|[By)] as follows:

K2

ncas

[P [Bas) = [Pesllocs|[Wes]T = > {Pepstocm{Weps}" (3.37)

r=1

where, [Pop] € R™*"CB and [Wep] € R"6B*™ are the matrices composed by the left
and right singular vectors of matrix [C’Z.d 'P][ Byp), respectively, while [ p] € R"CBX1CB g
a diagonal matrix composed by the singular values of [C’fllf *P1[By]. Subscript C'B denotes
vectors/matrices associated with [C’fl; *P|[Byp), whereas ncp = min(n;, n,). Note also
that, {Pcp,} € R™*1 represents the 1" column of [Pcpl, oc B,rr denotes the rth
element on the diagonal of [ocp] and {Wep .} € RY™ represents the " row of [Wep).
By using expression (3.37), we may define a set of RCMs, whose modal parameters

are given as follows:

AcByr = —€cBrweByr + jWCB,r\/% (3.38)

{lons} = =5 /ocBm{Wen, ) (3.39)

weB,r

2
CB,r

{eBrt = VOB PoBr} (3.40)

where, wep, and {cp, are the selected natural frequency and damping ratio of the rth
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mode of the RCMs computed from the SVD of matrix [C4*?][By), respectively. From
now on, we will assume that the natural frequencies and damping ratios of all the RCMs
computed from the SVD of [C’Z.C?Sp] [Bip] are selected to be equal, i.e. wop = wep,,r and
écB = &cB,r (which is the common choice in practice to set-up the RCMs responsible
for modelling the out-of-band modes (see section 3.2.2)).

By exploiting the modal parameters of the RCMs defined from matrix [ng *P1[By)
(see equations (3.38), (3.40) and (3.39)), a state-space model can be defined as follows

{icp(t)} = [AcB{zc(t)} + [Bes{ucn(t)}
{ses(t)} = [C&EHazcn(t)} + [DEB{ucs(t)}

where, matrices [Acg], [Begl, [CY%] and [DY%] are given as follows (see expressions

(3.28) and (3.29)):

(3.41)

Acg 0 Len
[AcB] = . |+ [Besl=1]_,
0 Agp Lep (3.42)
Ceh) = [won Vip|. (DE] = (CE)AcK] [Bos)
while, [Acg]|, [Lep] and [¥cp] are given hereafter.
T
ACB,1 lea YeBa

[Acg] = ACB,2 . [Leg]l = |lez2|, [Yep] = |YeB2 (3.43)

By using the state-space model defined in expression (3.41), we have the possibility
of imposing Newton’s second law on the complete velocity state-space model, while
properly including the contribution of [C’fl; *P1[Bjp]. Nevertheless, it would be better to
have the possibility of directly imposing Newton’s second law on the complete displace-
ment state-space model, while making sure that [CglfSp |[Bip] is properly included into
the correspondent complete velocity model. This would be advantageous, because from
the complete displacement state-space model, we can easily compute the correspondent
complete velocity and complete acceleration state-space models (see expressions (3.29)
and 3.31). In contrast, to compute the complete displacement state-space model from
the complete velocity model, we are forced to perform matrix inversions (see expres-
sions (3.29)). Thus, to be able to directly impose Newton’s second law on the complete
displacement state-space model, we must compute the displacement state-space model

associated with the velocity model given in expression (3.41) as follows:

{zeB(t)} = [AcBl{zeB(t)} + [Bepl{ucs(t)}
dis dis (344)
{yes(t)} = [CEF Hze(t)} + [Dep H{ues(t)}

where, [ngp | and [D‘éigp | are given as hereafter.
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(Ce) = [CEHllAcs] ™, IDEF] = [0] (3.45)

Analyzing expression (3.45), we may notice that to compute the displacement state-
space model associated with the velocity model given in expression (3.41), we are re-
quired to invert matrix [Acpg|. Nevertheless, this matrix is diagonal and it is of dimen-
sion 2ncp X 2ncop, thus the computation of its inverse will, in general, not demand a
high computational effort. On top of this, as the natural frequencies and damping ratios
of all the RCMs are often assumed to be equal, [A¢ ] is expected to present a low condi-
tion number. Therefore, the inversion of [A¢pg| will, in general, not introduce numerical
problems associated with ill-conditioned matrix inversions. Moreover, the performance
of this matrix inversion is definitely preferable than computing the complete displace-
ment state-space model from the velocity complete model, which would require the
inversion of a matrix of dimension 2(n+nyr+nrr+nce) x2(np+nyr+nLr+nes).

By exploiting the state-space model defined in expression (3.45), we may establish a

complete displacement state-space model that respects Newton’s second law as follows:

{afaur (1)} = [Afur Hafur (0} + [Bag Hufhif (6)}

. (3.46)
INL,dis
{yfair ()} =1 K G
with,
Apar 0 Bun INL,di ;
AINLY _ |4 . [BINE| = | Pfull| - oINLdisp) _ [Cdzsp cdisp (3.47
[Afur] 0 Acg [Bfui'] Ben [Cra™™™) Full (3.47)

while, superscript I N L denotes variables associated with a state-space model that was
forced to respect Newton’s second law. Note that, in appendix F it is mathematically
proven that the RCMs here proposed are, indeed, capable of properly imposing New-
ton’s second law on displacement state-space models. It is also worth mentioning, that
the state-space model given in expression (3.46) can be transformed into block-diagonal
form by applying a similarity transformation as presented in [91], [39].

At this point, it is important to analyze how the accuracy of the RCMs depends
on the selected values for their natural frequencies and damping rations. To perform
this study, we must define and analyze the expression that enables the computation of
the FRF's of the velocity model given in expression (3.41). All the steps to get to this
expression are presented in appendix F. Thus, let us recall the intended expression (i.e.

expression (F.9)) as given below.

w2 5C5")[Ba)

—w? + 2jwécpwep + wi g

— [C9*P)[By) (3.48)

K2

[HEB (jw)] =

Equation (3.48) presents two different right-hand side terms. The role of the first

term is to include the contribution of [Cdmp 1[Bip] into the complete velocity state-space
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model, whereas the second term has the function of ensuring that [C}{i\gf’dmp ] [B}%L] =

[0] is verified. Therefore, the velocity model computed from the RCMs responsible for
imposing Newton’s second law (see expression (3.48)) will be more accurate as its FRF's
are closer to be null. Furthermore, expression (3.48) shows that the RCMs responsible
for imposing Newton’s second law will always make sure that [C’;Zﬁ’disz’ ] [BJ{%L] is very
close to be a null matrix (not being a null matrix due to small numerical errors), not
mattering the selected values for the natural frequencies and damping ratios of these
RCMs. Nevertheless, the accuracy of the first right-hand side term is dependent on the
values selected for the natural frequencies and damping ratios of the RCMs responsible
for imposing Newton’s second law. By analyzing this term, it is evident that as the value
selected for the natural frequencies of the RCMs increases and as the value selected for
the damping ratios of the RCMs decreases, the value of the first right-hand side term
of expression (3.48) will be closer to [C*?][By]. Thus, the contribution of [C%*][By)]

will be included on the complete velocity state-space model with greater accuracy and

hence, more precise will be the RCMs to impose Newton’s second law.

To select the value of the natural frequencies of these RCMs (i.e. wop), we propose,
as a rule of thumb, that this value must respect 10 X wypee < wep. Therefore, we
must start by comstructing the RCMs to impose Newton’s second law by defining
weB = 10 X wpae. Then, to evaluate the accuracy of the constructed RCMs, we must
compute the first term of the right-hand side of equation (3.48) and compare it with
the elements of [Cgf *P1[B;p] in the frequency band of interest. If this match turns out to
be of good quality, it means that the RCMs responsible for imposing Newton’s second
law were correctly set-up. Otherwise, these RCMs must be re-computed by selecting a

higher value for their natural frequencies.

To define the value of the damping ratios of these RCMs (i.e. {op), we suggest, as
a rule of thumb, that this value must obey 0.1 < {op < 1 ({cp must remain below 1,
because the modal parameters of the RCMs are defined by using a modal model). Even
though, we mentioned above that the RCMs will be more accurate as the value for their
damping ratios is selected to be lower, it is not a good practice to include undamped
or slightly damped modes on state-space models. Indeed, the inclusion of this kind of
modes may give rise to instabilities, when performing time-domain simulations with the
constructed models [40]. Thus, we must start by computing the RCMs responsible for
imposing Newton’s second law by using {¢p = 0.1. If numerical instabilities are found,
when simulating the constructed model in time-domain, the state-space model must be
re-computed by using RCMs set-up with a higher value for {op. When an appropriate
value for {op is found, we must re-evaluate the quality of the match between the first
term on the right-hand side of equation (3.48) and [C’fgs” |[Bip) in the frequency band
of interest. If the match turns out to not be of sufficient quality, the RCMs must be

re-constructed by selecting a higher value for their natural frequencies.
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3.3.3 Comparing the novel approach with a state-of-the-art method

In this section, we will compare the approach proposed in section 3.3.2 to force
state-space models to verify Newton’s second law with the state-of-the-art approach
presented in [5]. An evident difference between both approaches is that unlike the
novel approach here presented, the method proposed in [5] does not make use of pairs
of complex conjugate RCMs. For this reason, the procedure proposed in [5] holds the
advantage of requiring the use of a lower number of RCMs than the approach pro-
posed in section 3.3.2. Nevertheless, the RCMs used in the technique presented in [5]
are undamped, while by exploiting the approach here presented we can use damped
RCMs. This represents a very important advantage of using the approach here pre-
sented, because the performance of time-domain simulations with models composed by
undamped modes may lead to numerical instabilities. On top of this, it is possible to
prove that the procedure developed in section 3.3.2 provides the possibility of properly
forcing state-space models to obey Newton’s second law by using RCMs presenting
lower natural frequencies. This represents another very important practical advantage,
if the computed state-space models are to be discretized. This is justified by the fact
that to properly discretize a state-space model, we must use a sampling frequency that
is at least twice the value of the highest natural frequency of the modes included in
the state-space model to be discretized (see [40]). Thereby, by using the novel ap-
proach to compute state-space models respecting Newton’s second law, we generally
have the possibility of discretizing these models by using lower sampling frequencies,
which substantially decreases the computational effort required to perform calculations
with them.

To mathematically prove the second pointed advantage to the method developed
in section 3.3.2, let us assume that we intend to impose Newton’s second law on a
SISO (Single Input Single Output) state-space model. In this way, by exploiting the
approach proposed in [5] and by recalling that [C4*"][By)] is real (see section 3.3), the
following displacement state-space model representative of the RCMs proposed in [5]

can be defined:

{tcB.arL(t)} = [Ac.arl{zcp,.ar(t)} + [Bep.arl{ucn,ar(t)}

” (3.49)
{yesar()} = [CoF a{zcn,an(t)}

with,

[Acp,a) = [jwep.atl, [Beparl = [—vVocsWis] [CgingL] = [Pcev/ocB] (3.50)

where, subscript AL denotes matrices/vectors associated with the state-space model
representative of the RCMs proposed in [5] to impose impose Newton’s second law.

Thereby, we may compute the FRFs of the correspondent velocity state-space model



3.4. State-Space realization of the VPT approach 79

as given below.

wep,arPopocsWip
—Ww + WeB,AL

[HER 4z (jw)] = — PepocsWip (3.51)

By computing the FRFs of the velocity state-space model constructed from the
RCMs proposed in section 3.3.2 (see expression (3.41)) and by assuming {cp = 0, we
obtain the following expression.

2 T
_ wepPepocBWep

[HE (jw)] = W + Wiy — PepocsWig (3.52)

Analyzing expression (3.52), it is evident that the first right-hand side term of
this expression is responsible for including the contribution of [Cfl,fSp |[Bip] into the
complete velocity state-space model, whereas the second term has the role of imposing
[C’chi\;lL’disP ] [B}IC%L] = [0]. Having in mind that wcp > Wmaz, by comparing expressions
(3.51) and (3.52), we may conclude that we are required to use a lower value of wcp to
force the first right-hand side term of expression (3.52) to be, approximately, equal to
[C’Z‘-j 'P][By] than to force the first right-hand side term of equation (3.51) to present the
same value. Thus, proving that by exploiting the approach proposed in 3.3.2, we have
the advantage of properly imposing Newton’s second law by using RCMs presenting
lower natural frequencies. Note that, this conclusion still applies for Multiple Input

Multiple Output (MIMO) state-space models.

3.4 State-Space realization of the VPT approach

Let us assume that an experimental modal characterization of a given mechanical
system, whose interface is not feasible to place actuators and/or sensors, is conducted.
Then, from the collected sets of FRFs and by following the procedures outlined in

sections 3.2 and 3.3.2, the state-space model given below can be identified.

{a(t)} = [A{z(O)} + [B{u(t)}
{y(®)} = [C"P{x(t)}

Let us now further assume that we intend to perform DS operations with the exper-

(3.53)

imentally characterized component. Hence, we are required to compute a state-space
model representative of this component, whose outputs and inputs are placed on its
interface. In this way, by assuming that the substructure under analysis behaves as a
rigid body in the frequency range of interest, we may start by applying VPT (see [87])
to transform the outputs and inputs of the FRFs of the state-space model given in
expression (3.53) into the defined virtual points (VPs) (i.e. into the intended locations,
in this case into the interface of the substructure under analysis). Thus, by exploit-
ing equation (3.27) to compute the FRFs of the state-space model given in expression

(3.53) and by applying the VPT approach, we may obtain the intended set of FRFs as
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follows:
, {Yvp(jw)} dispy[ -1 T
H w)] = ———= = [T,[([C*P](jw[I] — [A BTy 3.54
[Hy p(jw)] Ty pUa)] [T, ([C™*P)(jwI] — [A])~"[B])[T] (3.54)
where, subscript V P denotes vectors/matrices computed by exploiting VPT, whereas
T

matrices [T},] and [T;,]" are given below:

[T,) = (R, R,) 'R} (3.55a) T.)" = R.(RTR,)™ (3.55b)

while, [R,]| and [R,,] represent, respectively, the output and input Interface Deformation
Mode (IDM) matrices. These matrices must be constructed as reported in [87].

By observing expression (3.54), it is straightforward that we can directly apply the
VPT approach on the state-space matrices of the state-space model given in expression
(3.53). Thereby, we can transform the outputs and inputs of this model into the

interface of the component under study, yielding the following state-space model:

{#(t)} = [A{=(0)} + [Bvp{uvp(t)}

, 3.56
{yvp()} = OV F){x(1)} (3:50)
where, matrices [By p] and [C%:] are given hereafter.
Byel = BT (3570 Clm =[] (3.5h)

Note that, the state-space model given in expression (3.56) could have been obtained
from the set of FRFs computed with VPT (see expression (3.54)) by applying the
procedures presented in sections 3.2 and 3.3. However, if a mistake on the construction
of [R,] and/or [R,] matrices is noticed after the estimation of the intended model,
we are required to repeat the full identification procedure. In contrast, by directly
applying VPT on the state-space matrices of the state-space model representative of
the measured FRFs (from now on this approach will be denoted as VPT-SS), possible
errors on the construction of [R,] and/or [R,] matrices can be easily fixed, because we
are only required to re-apply VPT by using the corrected transformation matrices (see
equations (3.55a) and (3.55b)) on the state-space model representative of the measured
sets of FRFs.

3.5 Imposing stability on coupled state-space models

The coupled state-space models obtained by exploiting SSS techniques are many
times unstable (i.e. state-space model composed by poles presenting positive real part),
in special, when they are originated from coupling operations involving non-passive

state-space models. For this reason, in general the SSS methods cannot be exploited
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to compute coupled state-space models to be used in time-domain simulations. This
tremendously limits the applications of SSS methods. To come up with an approach
to properly force coupled state-space models to be stable, let us start by transforming

a given displacement coupled model into complex diagonal form as follows (see [39]):

{jor,cdf(t)} = [Aor,cdf]{jor,cdf (t)} + [Bor,cdf]{ﬂor,cdf(t)}
{Gorcar (8)} = [Co 1 Torcar (1)}

where, subscript or denotes matrices/vectors of an unstable coupled state-space model

(3.58)

directly obtained from coupling operations (from now on denoted as original unstable

coupled state-space model), subscript cdf denotes matrices/vectors of a state-space

model transformed into complex diagonal form, while [Ayy car], [Borcar] and [Cgﬁsgzlf]

are given as follows:

[Aor,cdf] = [Tor,cdf]_l[Aor][Tor,cdf]7 [Bor,cdf} = [Tor,cdf]_l[Bor]

disp 1 _ [Adisp (359)
[Cor,cdf] [Cor ][Tor,cdf]

[Trcqr] is a modal matrix composed by the eigenvectors of [A,,| and can be determined
by solving the following eigenvalue problem [39]:

[Am"] [Tor,cdf] = [Tor,cdf] [Aor] (3.60)

where, [A,,] is a diagonal matrix composed by the eigenvalues of [A,,] (which are also
the poles of the coupled system).
At this point, it is worth to recall the generic expression to compute the poles of a

given mechanical system as follows:

AN = =Ewy, £ jwp/1 — &2 (3.61)

where, w, and &, denote the natural frequency and the damping ratio associated with
a given pole. From the observation of equation (3.61), it is evident that an unstable
pole (i.e. presenting real positive part) can be interpreted as a nonphysical pole that
presents a negative damping ratio. Therefore, we will divide the original unstable
coupled model into two different models, one composed by the stable poles (from now
on denoted as stable state-space model) and the other one composed by the nonphysical
unstable poles (from now on tagged as unstable state-space model).

To set-up the stable state-space model, we must start by searching in the diagonal
of [Aorcqf] the stable poles. Then, by setting up a diagonal matrix with these stable
poles, we can compute the state matrix of the stable model (i.e. [Ag]). Afterwards, the
input matrix of the stable model (i.e. [By]) can be computed from the rows of [ By c4f]
associated with the stable poles, whereas the output matrix of the stable model (i.e.
[CY5P]) can be defined by using the columns of [ngfﬁlf] associated with the stable poles.

)

To construct the unstable state-space model, the same methodology must be followed,
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however in place of looking for the stable poles included in the diagonal of [A,, cqf], We
have to search for the unstable ones.

To impose stability on the defined unstable state-space model, we must firstly solve
the system of equations given below to determine the natural frequency and the damp-

ing ratio associated with each unstable pole:

_gut,rwut,r = %()\ut,r)

Wat,r \/ 1 - ut,r — ‘%()‘Utﬂ“)‘ (362)

Wut,r >0

where, subscript ut denotes variables associated with the unstable state-space model,
| o | represents the absolute value of a variable, while & and & denote, respectively, the
real and imaginary parts of a variable.

Analyzing the system of equations (3.62) and by taking into account that all the
poles of the unstable model are unstable, it is evident that all the determined damping
rations will be negative. Thereby, to impose stability on the unstable model, we must
start by multiplying all the determined damping ratios by —1. Afterwards, the poles of
the unstable model must be re-constructed by following equation (3.61) and introduced
in the diagonal of [A,;]. Thus, making it possible to compute a stabilized version of
the unstable model. Nevertheless, the FRFs of this stabilized model are expected to be
significantly different from the FRFs of the unstable model. This is expected, because
by multiplying the damping ratios calculated with the system of equations (3.62) by
—1 to obtain the stabilized model, the FRFs of the unstable model are altered. To
compensate the difference between the FRFs of the stabilized and unstable models, we
will exploit the Least-Squares Frequency Domain estimator (see, for example, [66]).

By using LSFD, we have the possibility of computing the mode shapes and the
lower and upper residual matrices in a linear least-squares sense, provided that the
reference FRF's, the poles and the modal participation factors are available in advance.
Therefore, to exploit this estimator, the mode shapes of the stabilized state-space model

will be assumed to be unknown.
To implement LSFD, we must start by defining the modal model in matrix form
(see equation (3.1)) as follows:
[fGw)| = Y] (LR [UR)| [A(L A jw)| (3.63)
matrices [ﬁ[(jw)} € Rrox2ming | [T] € RPX2m and [A(L,)\,jw)} € R@rm+2n:)x2niny
(being n,, and ny the number of modes and frequency lines, respectively) are given

below:

[A . } _ [%([Htarget(jw)]l [Htarget(jw)]nf)]T (364)

%([Htarget(jw)]l [Htarget(jw>]nf)
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(3.65)

[A(L,A, jw)] - [A%(L,)\, jw) As(L,A, jw)} (3.66)

where, [Hyarget (jw)] represents the displacement FRF matrices that the stabilized state-
space model must present, whereas |:A§R(L, A, jw)] and |:AQ;(L, A, jw)} are given here-

after.

[d%(L7)\ajw)]1 [&%(Lakvjw)]n

[A%(L, A, jw)} —

[Ag(L, A jw)} -

_[d%

{Bw(w)] )

(L7 )‘7 jw)]l
[0]

Fm(w)]

ng

[&g(L, A, ]w)]
[0]

ng

! (3.67)

(3.68)

while, [an(L, A, jw)], [ag(L, A, jw)] and F)%(w)] must be computed as follows:

R(H

Fooag) + R

i
(jwl—)\i)
R(j525—) + R(

~S() + 90 )

Jwi—A1 Jwi—A}

l;‘Lm )
Jwi=A%

lag(L, A, jw)], = (3.69)

l*
Jwi TK* )

nm

24 ) + 9

)+ ()

Jwi—=AY

[as (L, A, jw)]y = (3.70)

(3.71)

where [I] € R™*™ is an identity matrix. In appendix D, a mathematical proof for the
construction of matrix A(L, A, jw)} is presented and it is also shown how [A(L, A, jw)]
must be computed, when exploiting LSFD with mobility or accelerance reference FRF's.
Even though in general it leads to less accurate results, LSFD can also be used by
assuming that both upper and lower residual matrices are null. This is also presented
in appendix D.

By using expression (3.63), the mode shapes, the lower and the upper residual
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matrices can be estimated in a linear least-squares sense as given below.

1) (LR UR] = [H(w) [A(L,)\,jw)r (3.72)

Note that the poles of a given mechanical system can be real (when &, > 1) or
appear as complex conjugate pairs (see [39]). However, the LSFD estimator relies on
the modal model. This means that LSFD is unable to re-estimate the mode shapes
associated with real poles. To overcome this difficulty, we must divide the stabilized
model into two different models, being one of them composed by the real poles and the
other one composed by the pairs of complex conjugate poles. These two models can be
defined from the stabilized state-space model by following the described methodology to
construct the stable and unstable models from the original unstable coupled state-space
model.

After having partitioned the stabilized model, we have to identify the modal pa-
rameters of the model composed by the pairs of complex conjugate poles. To extract
the modal parameters from this model, we must start by identifying from the diagonal
of its state matrix, one pole of each pair of complex conjugate poles, the associated
row of its input matrix, which represents the correspondent modal participation factor
and the correspondent column of its output matrix representative of the correspondent
mode shape. As final step before exploiting LSFD, we have to establish the FRFs that
the state-space model composed by the pairs of complex conjugate poles must present
(target FRFs). We aim that the FRFs of the stabilized state-space model perfectly
match the FRFs of the unstable model. Thus, having in mind that the modal parame-
ters of the state-space model containing the real poles will not be optimized, we must
define the target FRF's as follows:

[Hiarget(jw)] = [Hut (jw)] — [H7* (jw)] (3.73)

where, [Hy(jw)] and [H5*(jw)] denote the FRFs of the unstable model and of the
model composed by the real poles constructed from the stabilized state-space model,
respectively.

After exploiting LSFD, we end-up with a set of modal parameters (i.e. poles,
modal participation factors, mode shapes, lower and upper residual matrices) that can
be used to construct an optimized model composed by the pairs of complex conjugate
poles identified from the stabilized model (see section 3.2). Before constructing this
optimized model, we must compare the FRFs of the modal model that can be computed
with the optimized modal parameters with the target FRF's (see equation (3.73)). If this
comparison turns out to not be a match of enough quality, we have to further optimize
the modal parameters of the model composed by the pairs of complex conjugate poles
by, for example, exploiting ML-MM (see [67], [68], [69], [70]). After being satisfied with
the quality of the optimized modal parameters, we are ready to use these parameters

to set-up an optimized state-space model composed by the pairs of complex conjugate
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poles by following the procedures discussed in section 3.2. Afterwards, by concatenating
in block-diagonal form the stable model, the stabilized model composed by the real poles

and the optimized model, we may define the intended stable coupled state-space model

as follows:
Ast Bst
{a=wy = | A {ast= ) + | B | {usn)}

{ gzibz(t)} _ [Ci;itisp *ggz,)stbz,disp C,ﬁ}t)bz,disp} i,zz;bz ()
where, subscripts st denote matrices/vectors associated with the stable coupled state-
space model computed from the original unstable coupled model, whereas subscripts rp
and pcp denote matrices/vectors associated with the state-space models composed by
the real poles and by the pairs of complex conjugate poles identified from the stabilized
model, respectively. Superscript stbz denotes matrices/vectors related to state-space
models that were forced to be stable, while superscript op denotes matrices/vectors
related to a state-space model constructed with the optimized modal parameters.

In the event that the stable coupled state-space model given in expression (3.74)
does not obey Newton’s second law, it must be forced to verify this physical law by
exploiting the approach proposed in section 3.3.2.

Note that the stable coupled state-space models computed by exploiting the pro-
cedures here proposed, might be composed by more states than the original unstable
coupled models. This increment on the number of states of the stable coupled model
may result from the use of RCMs to incorporate the contribution of the lower and upper
residual matrices associated with the optimized modal parameters (in case that LSFD
is used without assuming that [UR] and [LR] are null matrices) and, if demanded, due
to the inclusion of an extra set of RCMs to impose Newton’s second law. Thereby, the
inclusion of these sets of RCMs may represent at most an increment of 6 x min(n,, n;)
states.

It is also worth mentioning that the approach here proposed to impose stability on
coupled state-space models still holds and, can be applied in similar way to impose

stability on unstable models computed from decoupling operations.






Chapter 4

Numerical and experimental

validation

In this section, numerical and experimental substructuring cases will be analyzed. In
section 4.1, numerical substructuring cases are exploited to validate: the novel technique
to force state-space models to obey Newton’s second law introduced in section 3.3.2,
the post-processing procedures proposed in section 2.3 to mitigate the limitations of
LM-SSS method, the primal state-space assembly formulation derived in section 2.4,
the LM-SSS via compatibility relaxation method presented in section 2.5.1, the post-
processing procedures presented in section 2.5.2 to compute minimal-order coupled
models with LM-SSS via compatibility relaxation and the state-space realization of
the IS method introduced in section 2.5.4. Then, in section 4.2.3 an experimental
substructuring case is used to experimentally validate: the approaches numerically
validated in section 4.1 and the methodology presented in section 3.5 to impose stability

on unstable coupled state-space models.

4.1 Numerical Validation

In section 4.1.1, we will start by analyzing an assembled structure composed by two
substructures rigidly coupled to validate the approaches outlined in section 2.3. Then,
in section 4.1.2 an assembly composed by the same two substructures connected by two

mounts is used to validate the approaches presented in sections 2.4 and 2.5.

4.1.1 Numerical validation of LM-SSS enhanced with post-processing
procedures

In this section, the LM-SSS (see section 2.2.3) method enhanced with the post-
processing procedures presented in section 2.3 will be numerically validated. To perform
this numerical validation, we will analyze the components depicted in figure 4.1.

When coupled, the components shown in figure 4.1 give rise to the assembled struc-

87
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Figure 4.1: Uncoupled components [3].

ture depicted in figure 4.2. The value of the physical parameters denoted in figures 4.1
and 4.2 are listed in table 4.1.
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Figure 4.2: Assembled system [3].

Table 4.1: Physical parameter values of the analytical assembled structure composed by the
substructures A and B rigidly connected [3].

i m; (kg) ¢; (Nsm™1) ki (Nm™1)
al 10 30 1.5 x 10°
a2 3 50 5 x 10°

a3 3 50 4.5 x 10°
pl 5 50 1% 10°

p2 7 50 1.5 x 10°
p3 10 10 5 x 103

p4 1 - -

In the following, we will start by estimating state-space models from the FRFs of
components A and B perturbed by artificial noise, these models will be then trans-
formed into SACF and UCF. Afterwards, the identified state-space models are cou-
pled by exploiting LM-SSS. Three coupled state-space models are determined: a non
minimal-order coupled model obtained by exploiting LM-SSS with the untransformed
identified models and two minimal-order coupled models obtained by using LM-SSS
to couple the identified state-space models transformed into SACF and UCF together
with the post-processing procedures outlined in section 2.3.3 to eliminate the redun-

dant states originated from the coupling operations. Finally, LM-SSS is exploited to
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decouple the component A from the three computed coupled state-space models to
identify three different state-space models representative of component B. These three
state-space models of component B are obtained by the following approaches: decou-
pling from the non minimal-order coupled model the identified state-space model of
component A and by exploiting LM-SSS together with the post-processing procedures
presented in section 2.3.3 to decouple from the minimal-order coupled models obtained
by coupling the estimated models transformed into SACF and UCF the identified state-
space model of component A transformed into SACF and UCF, respectively, leading
to the computation of two models representative of component B free of the redundant

states originated from the decoupling operations.

Identified State-Space Models

To start, we must determine an exact state-space model representative of the com-
ponents and of the assembled structure shown in figures 4.1 and 4.2, respectively. These
state-space models were directly computed from the stiffness, damping and mass ma-
trices of the systems under analysis. Both stiffness and mass matrices were defined by
exploiting the Lagrange equations (see, for instance, [92]), whereas, for the sake of sim-
plicity, the damping matrix of each mechanical system was defined from the respective
stiffness matrix by replacing the stiffness terms with the damping ones.

However, to perform a more robust numerical validation, the exact state-space
models will not be used to perform DS operations. The models to be coupled will
instead be estimated from the FRFs of the mechanical systems under study perturbed

with artificial noise. These artificially perturbed FRFs will be computed as follows (see

[8]):

Hp;j(wk,) = Hpij(wk,) + Vijky + 30k, (4.1)

where, subscript P denotes the FRFs of a given substructure P, whereas subscripts
i, j and k; denote, respectively, the output, input and the discrete frequency of the
FRF term to be perturbed. Variables v and 6 denote Gaussian distributed independent
stochastic variables with zero mean and a standard deviation, in this case, assumed to
be 5 x 1073 m s~2 N~1. It is worth noticing that by following this approach to perturb
the FRFs, we are only adding artificial noise on the response (output) part of the FRF's.

To estimate state-space models directly from the perturbed FRF's, we started by
computing modal parameters from these FRFs with the Simcenter Testlab® imple-
mentation of both PolyMAX [66], [22] and Maximum Likelihood Modal Model method
(ML-MM) [67], [68], [69], [74]. State-space models were constructed with the estimated
modal parameters by following the procedures discussed in section 3.2. Then, these
models were forced to obey Newton’s second law by exploiting the approach discussed
in section 3.3.2, leading to the computation of state-space models representative of

components A and B composed by 24 and 30 states, respectively. Note that, to con-
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struct both state-space models, the RCMs responsible for including the contribution of
the upper out-of-band modes were set-up by selecting a natural frequency of 5 x 102
Hz, while the RCMs responsible for including the contribution of the lower out-of-band
modes were defined by selecting a natural frequency of 1 x 10~ Hz. In addition, the
RCMs responsible for imposing Newton’s second law were set-up by selecting a natural
frequency of 1 x 10 Hz. Furthermore, as time-domain simulations are not intended to
be performed with the state-space models computed in this section, all sets of RCMs
were defined to be undamped.

In figure 4.3, it is shown the comparison between an accelerance FRF of the exact
state-space model of component A with the same artificially perturbed FRF and with
the same FRF of the estimated state-space model, whereas the same comparison is

shown in figure 4.4 for an accelerance FRF of component B.
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Figure 4.3: Comparison of the accelerance FRF, whose output is the DOF a3 and the input
is the DOF al, of the exact state-space model representative of component A
with: a) the same FRF artificially perturbed; b) the same FRF of the estimated
state-space model.

After having estimated the state-space models from the artificially perturbed FRFs,
these models were transformed into SACF (see [8]) and into UCF (see section 2.3.2).
Figures 4.5 shows the comparison of an accelerance FRF of the identified state-space
model representative of component A with the same FRF of the same state-space model
transformed into SACF and UCF. The same comparison is shown in figure 4.6 for an
accelerance FRF of the identified state-space model representative of component B.

By observing figures 4.3 and 4.4, we may conclude that the state-space models
representative of both components A and B estimated from the artificially perturbed
FRFs are very well-matching the correspondent exact FRFs. Thus, it is evident that
these models were successfully identified. Moreover, from the analysis of figures 4.5
and 4.6, it is straightforward to conclude that both identified state-space models were

successfully transformed into SACF and UCF, because the FRFs of the transformed
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Figure 4.4: Comparison of the accelerance FRF, whose output is the DOF pl and the input
is the DOF p3, of the exact state-space model representative of component B
with: a) the same FRF artificially perturbed; b) the same FRF of the estimated
state-space model.

models perfectly match the correspondent FRFs of the unstransformed state-space

models.

Coupling Results

To compute a coupled state-space model representative of the assembled structure
depicted in figure 4.2, we started by exploiting LM-SSS to couple the state-space models
identified in section 4.1.1. This coupling operation lead to the computation of a non
minimal-order coupled model presenting 54 states. Then, to retain the unique set of
outputs and inputs from the computed coupled model, the post-processing procedure
discussed in section 2.3.4 was applied. The same coupling operation was done by using
LM-FBS to couple the FRFs of the identified state-space models. In figure 4.7, it is
shown the comparison between an accelerance FRF of the exact state-space model of
the assembled structure with the same FRF obtained by using LM-FBS and with the
same FRF of the coupled model obtained with LM-SSS.

By observing figure 4.7, we may conclude that the coupled FRF obtained with LM-
FBS and the FRF of the coupled model obtained with LM-SSS are very well-matching
the correspondent FRF of the exact state-space model of the assembled structure.
Moreover, the FRF of the coupled model computed with LM-SSS is perfectly matching
the coupled FRF obtained with LM-FBS. This demonstrates that both methods lead
to the same coupling result, when the FRFs involved on the coupling operation with
LM-FBS are the FRFs of the state-space models coupled with LM-SSS.

At this point, to assess the accuracy of LM-SSS to compute minimal-order coupled

models, the coupling operation described above was performed with the identified state-
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Figure 4.5: Comparison of the accelerance FRF, whose output and input is the DOF a2, of
the estimated state-space model representative of component A with the same
FRF of the same state-space model transformed into SACF and UCF.

space models transformed into SACF and UCF (see section 4.1.1). Then, from the
obtained coupled state-space models, minimal-order coupled state-space models were
computed by eliminating the extra states originated from the coupling operation. For
ease of implementation, the elimination of these redundant states was performed by
exploiting the post-processing procedure presented in section 2.3.3 that relies on the use
of a state Boolean localization matrix. As expected, it was found that both computed
minimal-order coupled models were composed by 50 states. Finally, the post-processing
procedure outlined in section 2.3.4 was used to retain the unique set of outputs and
inputs from the computed minimal-order coupled models. In figure 4.8, it is depicted
the comparison of an accelerance FRF of the computed non minimal-order coupled
model with the same FRF of the minimal-order coupled models obtained by coupling
state-space models previously transformed into SACF and UCF.

By analyzing figure 4.8, we conclude that the accelerance FRF's of the non minimal-
order coupled model and of the minimal-order coupled models obtained by coupling
state-space models previously transformed into SACF and UCF are perfectly matching.
Thus, it is evident that by exploiting LM-SSS to couple identified models previously
transformed into UCF together with the post-processing procedures presented in section

2.3.3, it is possible to compute accurate minimal-order coupled models.

Decoupling Results

To evaluate the performance of LM-SSS to implement decoupling operations, we will
start by identifying a state-space model representative of component B by decoupling
with LM-SSS the estimated state-space model of component A (see section 4.1.1) from

the non minimal-order coupled state-space model of the assembled structure computed
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Figure 4.6: Comparison of the accelerance FRF, whose output is the DOF p4 and the input
is the DOF pl, of the estimated state-space model representative of component
B with the same FRF of the same state-space model transformed into SACF and
UCF.

in section 4.1.1. The same decoupling operation will also be performed by exploiting
LM-FBS to decouple the FRFs of the estimated state-space model of component A
from the FRF's of the non minimal-order coupled model.

In figure 4.9, it is depicted the comparison between an accelerance FRF of the
exact state-space model of component B with the same accelerance FRF of component
B obtained by performing decoupling with LM-FBS and with the same FRF of the
identified state-space model of component B computed by performing decoupling with
LM-SSS.

From the observation of figure 4.9, it is possible to conclude that the FRF of com-
ponent B identified by performing decoupling with LM-FBS and the same FRF of
the state-space model identified by performing decoupling with LM-SSS are very well-
matching with the same FRF of the exact state-space model of component B. On
top of this, we may realize that the FRF of component B identified by performing
decoupling with LM-FBS perfectly matches the FRF of the identified model of compo-
nent B obtained by implementing decoupling with LM-SSS. This clearly indicates that
by performing decoupling with LM-FBS and with LM-SSS, the same coupling results
are obtained, provided that the FRF's involved on the decoupling operation with the
LM-FBS method are the FRFs of the state-space models involved on the decoupling
operation performed with LM-SSS.

It is now important to show that LM-SSS is also capable of decoupling state-space
models previously transformed into coupling form and that the redundant states orig-
inated from decoupling operations can be correctly eliminated by exploiting the post-
processing procedures presented in section 2.3.3. In this way, the state-space model

of component B will be re-estimated by decoupling the identified state-space model
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Figure 4.7: Comparison of the accelerance FRF, whose output is the DOF 2 and the input
is the DOF p3, of the exact state-space model of the assembled structure with
the same FRF obtained by using LM-FBS and with the same FRF of the non
minimal-order coupled model computed by exploiting LM-SSS.

of component A previously transformed into SACF and UCF from the minimal-order
coupled models (which are directly obtained in coupling form) determined in section
4.1.1 by using state-space models transformed into SACF and UCF, respectively. Then,
the post-processing procedure presented in section 2.3.3 that relies on the use of a state
Boolean localization matrix will be exploited to erase the redundant states originated
from the coupling operation.

Figure 4.10 shows a comparison of an accelerance FRF of the state-space model
representative of component B identified by directly using the estimtaed state-space
models (see section 4.1.1) with the same FRFs of the identified state-space models
computed by performing decoupling operations with models previously transformed
into SACF and UCF.

Figure 4.10 clearly demonstrates that the FRFs of the three identified models are
perfectly matching. Thus, validating the use of LM-SSS to perform decoupling opera-
tions with identified state-space models previously transformed into UCF together with
the post-processing procedures described in section 2.3.3 to erase the redundant states
originated from decoupling operations.

At this point, we must reflect on the number of states of the state-space models of
component B identified through decoupling with LM-SSS. By directly exploiting the
state-space models estimated in section 4.1.1, we were able to identify a state-space
model representative of component B composed by 78 states, whereas by using the
same state-space models previously transformed into SACF and UCF, we were able to
compute two state-space models representative of component B composed by 70 states.
Note that, the models of component B identified through decoupling with LM-SSS

are composed by a number of states substantially higher than the state-space model
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Figure 4.8: Comparison of the accelerance FRF, whose output is the DOF 1 and the input is
the DOF p4, of the non minimal-order coupled model with the same FRF's of the
minimal-order coupled models obtained by coupling identified state-space models
prevoiously transformed into SACF and UCF.

directly estimated from the artificially perturbed FRFs of component B (see section
4.1.1). Thus, we may conclude that all the state-space models estimated through
decoupling operations are non minimal-order models.

The high number of states composing the models identified through decoupling can
be explained by the introduction of the dynamics of component A to decouple it from
the assembled structure, which leads to the identification of models representative of
component B including the dynamics of the component A twice. This double inclusion
of the dynamics of component A leads to the presence of pairs of spurious modes on
the identified models of component B [47]. The elimination of these spurious modes is
usually hard to be performed, because it is difficult to distinguish spurious modes from
physical ones, when there is no previous knowledge regarding the dynamics of the com-
ponent to be identified (which is the common situation in practice). Therefore, when
possible, we suggest to avoid decoupling operations, by exploiting system identification
algorithms to estimate state-space models directly from data collected during the ex-
perimental modal characterization of the components or, by numerically modelling the

components to construct state-space models representative of their dynamic behaviour.

4.1.2 Numerical validation of LM-SSS via compatibility relaxation

In this section, the LM-SSS via compatibility relaxation method outlined in section
2.5.1, the state-space realization of IS presented in section 2.5.4 and the primal state-
space assembly formulation presented in section 2.4 will be numerically validated. To
perform these numerical validations, we will analyze an assembled structure, which

is composed by the components A and B analyzed in section 4.1.1 connected by two
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Figure 4.9: Comparison of the accelerance FRF, whose output is the DOF p2 and the input
is the DOF p3, of the exact state-space model of component B with the same
coupled FRF obtained by performing decoupling with LM-FBS and with the same
FRF of the identified state-space model of component B computed by performing
decoupling with LM-SSS.

mounts that respect the underlying assumptions of IS (see section 2.5) (see figure 4.11).
The assembled structure can be observed in figure 4.12, while the value of the physical
parameters indicated in figures 4.11 and 4.12 is given in table 4.2. Note that, the
mounts are assumed to present two fixtures attached to their edges (see figure 4.11),
because this is the common set-up used in practice to test CEs (see section 2.5.4).
Moreover, by assuming that the mounts present fixtures attached to their edges, we
have the possibility of numerically validate the state-space realization of the IS method
to identify the diagonal apparent mass terms of these mounts from the state-space

models representative of the mounts with attached fixtures to their edges.

Table 4.2: Physical parameter values of the analytical assembled structure composed by sub-
structures A and B connected by the mounts m1 and m2 [2].

i m; (kg) ¢ (Nsm™) ki (N m~1)
al 10 30 1.5 x 10°
a2 3 50 5 x 10°

a3 3 50 4.5 x 10°
pl 5 50 1 x 10°

p2 7 50 1.5 x 10°
p3 10 10 5 x 103

p4 1 - -

m1 - 20 1 x 10°
m2 - 20 2 x 10°

T 2 - -
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Figure 4.10: Comparison of the accelerance FRF, whose output and input is the DOF p2,; of
the state-space model representative of component B identified by directly apply-
ing decoupling with LM-SSS on the unstransformed estimated state-space mod-
els with the same FRFs of the identified state-space models computed by per-
forming decoupling operations with models previously transformed into SACF

and UCF.
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Figure 4.11: Isolated components [2].

In the following, we will start by estimating state-space models from the FRF's of the
components and mounts with attached fixtures perturbed with artificial noise, these
models are then transformed into UCF (which was already numerically validated in
section 4.1.1). Afterwards, LM-SSS via compatibility relaxation is exploited to couple
the components and mounts depicted in figure 4.11. By exploiting this method, two
different coupled models are calculated: a non minimal-order coupled model obtained
by coupling the untransformed identified models and a minimal-order coupled model
computed by coupling the identified models transformed into UCF and by exploiting
the post-processing procedures presented in section 2.5.2 to eliminate the extra states
originated from the coupling operation. The same coupling operation is then, per-
formed with LM-SSS by treating the mounts as regular substructures to be coupled.
To implement this coupling operation, primal disassembly (see section 2.4) is firstly
exploited to identify state-space models representative of the mounts without fixtures

attached to their edges. Subsequently, two coupled state-space models are computed
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Figure 4.12: Assembled structure [2].

by coupling with LM-SSS the identified state-space models of the mounts with the
identified models of components A and B. One of the computed coupled models is a
non minimal-order coupled model obtained by exploiting LM-SSS with the untrans-
formed identified state-space models, while the other is a minimal-order coupled model
obtained by coupling the identified state-space models transformed into UCF and by
exploiting the post-processing procedures presented in section 2.3.3. Afterwards, the
FRFs of both models are compared with the FRFs of the non minimal-order coupled
state-space model obtained with LM-SSS via compatibility relaxation. Finally, the

obtained coupling results are discussed.

Identification of State-Space Models

The exact state-space models of the components, mounts and assembled structure
were computed by exploiting the same methodology used to define the exact state-space
models of the numerical structures analyzed in section 4.1.1.

To perform a more robust numerical validation, the state-space models represen-
tative of the substructures and mounts with attached fixtures (see figure 4.11) to be
involved in DS operations will be computed from the FRFs of these mechanical sys-
tems perturbed with artificial noise. The perturbation of these FRFs will be performed
as reported in section 4.1.1. For this reason, the state-space models representative of
components A and B estimated in section 4.1.1 will be here exploited. Thus, we are
only required to estimate state-space models representative of the mounts m1 and m2
with fixtures attached to their edges.

By exploiting once again the Simcenter Testlab® implementation of both PolyMAX
[66], [22] and Maximum Likelihood Modal Model method (ML-MM) [67], [68], [69], [74],
modal parameters were estimated from the artificially perturbed FRF's of mounts m1
and m2 with fixtures attached to their edges. By using the estimated modal parameters
and by following the procedures discussed in section 3.2, state-space models represen-
tative of the mounts m1l and m2 with fixtures attached to their edges were set-up.
Then, the constructed state-space models were forced to verify Newton’s second law
by exploiting the approach presented in section 3.3.2, leading to the computation of
state-space models representative of the mounts m1 and m2 with fixtures attached

to their edges composed by 14 states. It is worth mentioning that to construct both
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state-space models, the RCMs used to model the contribution of the upper out-of-band
modes were defined by selecting a natural frequency of 5 x 10? Hz, whereas the RCMs
responsible for including the contribution of the lower out-of-band modes were set-up
by selecting a natural frequency of 1 x 10! Hz. In addition, the RCMs responsible for
imposing Newton’s second law were defined by selecting a natural frequency of 1 x 103
Hz. Moreover, as time-domain simulations will not be performed with the state-space
models here computed, the damping ratio of all the sets of RCMs was selected to be
Zero.

Afterwards, the estimated state-space models were double-differentiated and in-
verted (see appendix A). From the resultant models, state-space models representative
of an off diagonal apparent mass term of mounts m1 and m2 can be obtained by retain-
ing from these inverted models, the output and input associated with the off diagonal
term of interest, while the other outputs and inputs must be eliminated (see section
2.5.4). For the mount m1, we have decided to retain the off diagonal term associated
with the output yr; and the input upe, whereas the off diagonal term of mount m2
associated with the output yr3 and uwry was retained. To obtain state-space models
representative of the diagonal apparent mass terms of the mounts under analysis the
state-space realization of IS must be exploited (see section 2.5.4). Thereby, we have the
possibility of determining models representative of the diagonal apparent mass terms
of the mounts by transforming into negative form (by following the approach presented
in appendix 3.3.1) the identified state-space models representative of an off diagonal
term of each mount. Then, the computed state-space models representative of the
diagonal terms of the mounts must be inverted to compute the state-space models re-
quired to include the dynamics of mounts m1 and m2 in the LM-SSS formulation via
compatibility relaxation (see section 2.5.1). In addition, diagonal apparent mass terms
of mounts m1 and m2 were identified from the accelerance noisy FRF's of the mounts
with fixtures attached to their edges. This was done by inverting the noisy accelerance
FRFs of mount m1 with attached fixtures and by retaining the off diagonal apparent
mass term associated with the output yr; and with the input wps. The identified off
diagonal term was then, multiplied by -1 to estimate the intended diagonal apparent
mass term of mount m1. To estimate the diagonal apparent mass term of mount m2,
the same methodology was applied, however, the retained off diagonal term was the
one associated with the output yrs and with the input is wry.

In figure 4.13, it is possible to observe the comparison of the exact inverted diagonal
apparent mass term of mount m1l with the same term identified from the accelerance
noisy FRFs of mount m1 with attached fixtures and from the acceleration state-space
model representative of mount m1 with fixtures attached to its edges. The same com-
parison is reported for mount m2 in figure 4.14.

Figures 4.3 and 4.4, clearly demonstrate that accurate inverted state-space models
representative of the diagonal apparent mass terms of CEs respecting the assumptions

underlying IS (see section 2.5) can be identified from state-space models representative
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Figure 4.13: Comparison of the exact inverted diagonal apparent mass term of mount ml
with the same term identified from the accelerance noisy FRF's of mount m1 with
attached fixtures and from the acceleration state-space model representative of
mount ml with fixtures attached to its edges.

of the assemblies, where they are included, by using the state-space realization of IS

(see section 2.5.4).

Coupling by Relaxing the Compatibility Conditions

To compute a non minimal-order coupled state-space model representative of the as-
sembled structure depicted in figure 4.12, the LM-SSS formulation via compatibility re-
laxation will be exploited (see section 2.5.1) with the state-space models representative
of the components A and B (identified in section 4.1.1 ) and with the inverted models
representative of the diagonal apparent mass terms of the mounts m1 and m2 identified
in section 4.1.2. In addition, a coupled state-space model will also be computed by ex-
ploiting the LM-SSS via compatibility relaxation with the same identified state-space
models previously transformed into UCF (which was already numerically validated in
section 4.1.1). From this coupled model, a minimal-order coupled state-space model
will then be computed by exploiting the post-processing procedure presented in section
2.3.3 that relies on the use of a state Boolean localization matrix to eliminate the extra
states originated from the performed coupling operation. The performance of these
coupling operations leads to the computation of a non minimal-order coupled state-
space model presenting 82 states and to the calculation of a minimal-order coupled
model composed by 78 states. Moreover, the same coupling operation was performed
by exploiting the LM-FBS formulation via compatibility relaxation (see section 2.2.2)
with the FRFs of the state-space models representative of the components A and B

and of the diagonal apparent mass terms of the mounts m1 and m2.

Note that we have obtained the state-space models representative of the inverted
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Figure 4.14: Comparison of the exact inverted diagonal apparent mass term of mount m2
with the same term identified from the accelerance noisy FRF's of mount m2 with
attached fixtures and from the acceleration state-space model representative of
mount m2 with fixtures attached to its edges.

diagonal apparent mass terms of the mounts transformed into UCF from the state-space
models representative of the mounts with attached fixtures transformed into UCF by
exploiting the state-space realization of IS presented in section 2.5.4. The intended
state-space models were obtained in this way, because to transform the state-space
models representative of the inverted diagonal apparent mass terms of the mounts into
coupling form, we are required to know their displacement output matrices (see section
2.3.2). However, these matrices are not known, being only available their acceleration
output matrices. As to compute the displacement output matrix of a given state-space
model from the acceleration one, we are required to perform the inversion of its state
matrix (see expressions (3.30) and (3.31)), the direct transformation of the state-space
models representative of the inverted diagonal apparent mass terms of the mounts into
UCF is not recommended. This is the reason why, we decided to compute the intended
models from the state-space models representative of the mounts with attached fixtures,
whose displacement output matrices are available, transformed into UCF.

In figure 4.15, it is shown the comparison of an accelerance FRF of the exact state-
space model representative of the assembled structure with the same coupled FRF
obtained with LM-FBS via compatibility relaxation and with the same FRFs of the
non minimal-order and of the minimal-order coupled models computed with LM-SSS
via compatibility relaxation.

By analyzing figure 4.15, it is evident that the accelerance FRF of the coupled
models obtained with LM-SSS via compatibility relaxation and the coupled accelerance
FRF obtained through LM-FBS via compatibility relaxation are very well matching
the same accelerance FRF' of the exact state-space model of the assembled structure.

Thus, we may claim that LM-SSS via compatibility relaxation is, indeed, accurate to
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Figure 4.15: Comparison of the accelerance FRF, whose output is the DOF p3 and the input
is the DOF al, of the exact state-space model of the assembled structure with
the same coupled FRF computed with LM-FBS via compatibility relaxation and
with the same FRF's of the non minimal-order and of the minimal-order coupled
models obtained by exploiting LM-SSS via compatibility relaxation.

compute coupled models representative of substructures connected by CEs respecting
the assumptions underlying IS.

By further observing figure 4.15, we may conclude that the FRFs of the coupled
models are perfectly matching the coupled accelerance FRFs obtained by LM-FBS via
compatibility relaxation. Therefore, it is evident that both LM-SSS via compatibility
relaxation and LM-FBS via compatibility relaxation lead to the same coupling results,
provided that the FRFs involved on the coupling operation with LM-FBS via com-
patibility relaxation are the FRF's of the state-space models coupled with LM-SSS via
compatibility relaxation. On top of this, as the FRFs of the non minimal-order and
minimal order coupled models are perfectly matching, it is straightforward to infer
that the post-processing procedures described in section 2.5.2 are valid to eliminate the
extra states originated from the performance of coupling operations with LM-SSS via

compatibility relaxation.

Coupling by treating the Mounts as Regular Components

In this section, we will start by using the primal state-space assembly formulation
outlined in section 2.4 to decouple the fixtures attached to the edges of mounts ml
and m2 to compute state-space models representative of these mounts without fixtures
attached to their edges (see figure 4.11). As the fixtures to be decoupled do not present
stiffness (see Table 4.2), they will not present any flexible mode. For this reason, there
is no point on estimating modal parameters from the FRF's of the fixtures to compute
state-space models representative of their dynamics. Thus, the state-space models

representative of the fixtures will be directly estimated from their mass matrices.
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Figure 4.16 compares the apparent mass term, whose output is the DOF T2 and
the input is the DOF T1, of the exact state-space model of mount m1 with the same
off diagonal apparent mass term obtained by the following methodologies: i) identified
from the inverted noisy accelerance FRFs, by performing primal disassembly with ii)
the untransformed state-space models representative of the fixtures and of the mount
ml with the fixtures attached to its edges and with iii) the same state-space models
previously transformed into UCF and by using the post-processing procedure presented
in section 2.3.3 that relies on the use of a state Boolean localization matrix, leading to
the computation of a minimal-order model free of the redundant states originated from
the primal disassembly operation. The same comparison is performed in figure 4.17 for
the off diagonal apparent mass term of the mount m2, whose output is the DOF T3
and the input is the DOF T4.

10% E I
— E ——Exact
’-E ------ Noisy FRF
o 10t T - - - Primal Formulation i
Z E Primal Formulation UCF |3
© 1
S [
2 100
a E
£
<
10! | | | | | | | |
10 20 30 40 50 60 70 80 90 100
180
90 | &
&=
® P
% 0 ",‘.‘ il ol
=
o
90 - _
180 | | | | I | | |

10 20 30 40 50 60 70 80 90 100
Frequency [Hz]

Figure 4.16: Comparison of the apparent mass term, whose output is the DOF T1 and the
input is the DOF T2, of the exact state-space model of mount ml with the
same off diagonal apparent mass term computed by the following approaches:
i) identified from the inverted noisy accelerance FRFs, by performing primal
disassembly with ii) the unstansformed state-space models and with iii) the
same state-space models previously transformed into UCF and by exploiting the
post-processing procedure presented in section 2.3.3 that relies on the use of a
state Boolean localization matrix.

From the analysis of figures 4.16 and 4.17, it is clear that the apparent mass terms
of the state-space models identified through primal disassembly are very well-matching
the same term of the correspondent exact state-space models. Moreover, it is straight-
forward that the FRFs of the state-space models identified through primal disassembly
by using the untransformed models are perfectly matched by the FRF's of the minimal-
order models obtained with primal disassembly. Thus, we may claim that the primal
state-space assembly formulation presented in section 2.4 and the strategy discussed
in the same section to remove the redundant states originated from the performance

of primal assembly/disassembly operations are numerically validated. Note that, the
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Figure 4.17: Comparison of the apparent mass term, whose output is the DOF T3 and the
input is the DOF T4, of the exact state-space model of mount m2 with the
same off diagonal apparent mass term computed by the following approaches:
i) identified from the inverted noisy accelerance FRFs, by performing primal
disassembly with ii) the unstansformed state-space models and with iii) the
same state-space models previously transformed into UCF and by exploiting the
post-processing procedure presented in section 2.3.3 that relies on the use of a
state Boolean localization matrix.

state-space model identified by exploiting primal disassembly is composed by 18 states,
whereas the minimal-order model computed with the same approach presents 14 states.

At this point, the state-space models of mounts m1 and m2 identified through primal
disassembly will be inverted and coupled with the state-space models of substructures
A and B by exploiting LM-SSS. This coupling operation will lead to the computation of
a non minimal-order coupled model. Additionally, the same coupling operation will be
conducted by using the same models previously transformed into coupling form and by
exploiting the post-processing procedure presented in section 2.3.3 that relies on the use
of a state Boolean localization matrix, enabling the computation of a minimal order-
coupled model representative of the assembled structure given in figure 4.12. After
performing these coupling operations, it was found that the non minimal-order coupled
state-space model was composed by 90 states, while the minimal-order coupled model
presented 74 states.

In figure 4.18, an accelerance FRF of the exact model of the assembled structure
under analysis is compared with the same FRF of the coupled state-space models com-
puted by the following methodologies: i) non minimal-order coupled model computed
with LM-SSS via compatibility relaxation, ii) non minimal-order coupled model com-
puted by using LM-SSS and iii) minimal-order coupled model computed with LM-SSS.
By performing this comparison, we intend to prove that, if the CEs obey the assump-
tions underlying IS, all the approaches used to compute the coupled state-space model

lead to the calculation of coupled models presenting the same FRFs. Note that, the
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inverted non minimal-order and minimal-order coupled state-space models that could
have been computed by exploiting the primal state-space assembly formulation would

also present the same FRFs.
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Figure 4.18: Comparison of the accelerance FRF, whose output is the DOF a3 and the input
is the DOF al, of the exact state-space model of the assembled structure with
the same FRF of the following coupled state-space models: i) non minimal-order
coupled model computed by exploiting LM-SSS via compatibility relaxation, ii)
non minimal-order coupled model obtained with LM-SSS and iii) minimal-order
coupled model computed with LM-SSS.

Results and discussion

By analyzing the results reported in this section, it is clear that by performing
decoupling/disassembly operations or by using the state-space realization of IS (see
section 2.5.4), we can accurately identify state-space models representative of the dy-
namics of both m1 and m2 mounts. However, it was found that the state-space models
identified through the state-space realization of IS (made of 14 states) were composed
by a lower number of states than the state-space models obtained through primal disas-
sembly (composed by 18 states). The state-space models obtained by exploiting primal
disassembly present more states due to the performed disassembly operations to remove
the dynamics of the fixtures attached to the mounts (see section section 2.5).

Nevertheless, the minimal-order models representative of the mounts obtained with
primal disassembly (made of 14 states) are composed by the same number of states
as the models identified with the state-space realization of IS. Indeed, the state-space
models obtained by both strategies present the same number of states, because the
models of the masses are solely composed by a single interface DOF and were analyt-
ically computed. Hence, these models only present two states (i.e. twice the number
of their DOFs). Thus, having in mind that the post-processing procedures exploited

to compute minimal-order models (see section 2.3.3) remove from the state-space mod-
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els originated from primal assembly/disassembly operations a number of states that
is twice the value of the coupled interface DOFs, it is evident that all the introduced
states to perform the disassembly operation are eliminated.

Turning our attention to the computed coupled state-space models, we may realize
that the non minimal-order coupled models computed by exploiting LM-SSS via com-
patibility relaxation and by using LM-SSS present, respectively, 82 and 90 states. As
expected, due to the performance of decoupling operations to estimate the state-space
models of the mounts m1 and m2 to be included in the coupling operation with LM-
SSS, the coupled model obtained by using this approach presents more states than the
coupled model computed through LM-SSS via compatibility relaxation. In contrast, the
minimal-order coupled state-space model computed with LM-SSS presents 74 states,
while the minimal-order coupled model computed with LM-SSS via compatibility relax-
ation is composed by 78 states. The minimal-order coupled model computed through
LM-SSS via compatibility relaxation presents a larger number of states, because the
compatibility conditions are defined by calculating the relative motion between the
interface DOFs of components A and B. Thus, the extra states to be eliminated to
compute the minimal-order coupled model are the ones representative of the relative
displacement between these interface DOFs and the respective first-order derivatives
(see section 2.5.2). This renders the elimination of 4 states. Conversely, by exploiting
LM-SSS, we impose that the interface DOFs of each mount must present the same
physical motion as the interface DOFs of the components A and B to which the mount
is connected. Therefore, per each pair of matching interface DOF's, the computed cou-
pled model will present a pair of states presenting the same physical meaning. The
same is valid for the states representative of the respective first-order derivatives (see
section 2.3.3). Hence, to compute the minimal-order coupled model we are required
to eliminate 8 states. As we eliminate more states from the coupled state-space model
computed with LM-SSS, the minimal-order coupled model obtained with this method
presents less states than the minimal-order coupled model computed with LM-SSS via
compatibility relaxation.

It is now straightforward to infer that the minimal-order coupled state-space model
calculated by exploiting LM-SSS is the most interesting one, because it is composed by
the lowest number of states, while presenting the same FRFs as the other computed
coupled state-space models. However, it is worth mentioning that this model is the most
interesting, because we are dealing with an analytical substructuring case. Indeed, in an
experimental scenario, the fixtures could not generally be represented by an analytically
determined state-space model. Thus, we would very likely be required to identify
state-space models representative of the dynamics of the fixtures by exploiting system
identification algorithms (see section 3.1), which in general lead to the estimation of
state-space models presenting a number of states higher than twice the number of the
outputs (which is the number of states of analytically computed state-space models) of

the structures under study. Hence, the performance of decoupling operations with these
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estimated state-space models would lead to the identification of models representative
of the CEs spoiled by spurious states. For this reason, the coupled state-space models
obtained with LM-SSS are expected to be composed by a number of states significantly
higher than the number of states of the coupled model obtained with LM-SSS via
compatibility relaxation. This is verified for the experimental substructuring case to

be analyzed in section 4.2.

4.2 Experimental Validation

In this section, the approaches presented in sections 2.3, 2.4, 2.5, 3.3.2, 3.4 and 3.5
are experimentally validated. To start, in section 4.2.1 the components/assemblies to be
studied are presented and the conducted experimental tests to characterize them are de-
scribed. Then, in section 4.2.2 state-space models representative of the experimentally
characterized components/assemblies are computed in accordance with the procedures
presented in sections 3.2 and 3.3.2. Afterwards, in section 4.2.3 the performance of
decoupling/coupling operations with LM-SSS and the use of the post-processing pro-
cedures presented in section 2.3.3 to eliminate the redundant states originated from
these DS operations is experimentally validated. In section 4.2.4, the quality of the
state-space models computed by exploiting primal state-space disassembly (see section
2.4) is evaluated and the accuracy of the post-processing procedures outlined in section
2.3.3 to eliminate the redundant states originated from primal disassembly operations
is assessed, while the state-space realization of IS (see section 2.5.4) is experimentally
validated. Then, in section 4.2.5 the use of the primal state-space assembly formulation
together with the tailored post-processing procedures presented in section 2.3.3 is ex-
perimentally validated to compute minimal-order coupled models. Additionally, in the
same section, the use of LM-SSS via compatibility relaxation with the tailored post-
processing procedures outlined in section 2.5.2 to eliminate the extra states originated
from this coupling operation is experimentally validated. Finally, the approach pro-
posed in section 3.5 to impose stability on coupled state-space models is experimentally

validated in section 4.2.6.

4.2.1 Testing Campaign

To experimentally validate the techniques presented in sections 2.3, 2.4, 2.5, 3.3.2,

3.4 and 3.5, the following mechanical systems were experimentally characterized:

e Two aluminum crosses (from now on tagged as aluminum cross A and B);
e Two steel crosses (from now on tagged as steel cross A and B);
e Assembly A composed by the two aluminum crosses linked by a rubber mount;

e Assembly B composed by the two steel crosses linked by a rubber mount.
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To perform the intended experimental validations, we will be required to perform
DS operations with the state-space models representative of the dynamics of the ex-
perimentally characterized mechanical systems. For this reason, we are required to
estimate state-space models, whose outputs and inputs are located at the interfaces
of the crosses/assemblies under analysis. Nevertheless, the instrumentation of sensors
and the performance of excitation at the interfaces of these components is infeasible.
Thus, to surpass this difficulty, the crosses were produced to behave as rigid bodies in
the frequency band of interest, which was defined to be from 2 x 10" Hz to 5 x 10? Hz.
Thereby, we can compute the intended state-space models by exploiting VPT-SS (see
section 3.4) with the state-space models identified from FRFs collected from experi-
mental tests performed on the crosses/assemblies by applying excitation and by placing
sensors at accessible locations.

The test set-ups used to experimentally characterize the crosses and assemblies are
depicted in figures 4.19a and 4.19b, respectively. The experimental modal characteri-
zation tests were performed by using the roving hammer approach. Each cross, either
isolated or included in the assembly, was excited at sixteen different locations with an
instrumented hammer (PCB Model 086C03), while the responses of each cross were
measured by using three accelerometers (PCB Model TLD356A32) as shown in figure
4.20.

(a) Crosses. (b) Assemblies.

Figure 4.19: Test set-ups used to perform the experimental modal characterization of the
isolated crosses and assemblies [3].

To demonstrate that the aluminum and steel crosses can be assumed to behave
as rigid bodies in the frequency band of interest, Finite Element (FE) analysis of
both components were conducted in COMSOL Multiphysics® to determine their first
flexible eigenfrequencies. In figure 4.21a, the mesh used to analyze the aluminum cross
is shown, while figure 4.21b depicts the first flexible eigenmode of this component.
From the performance of these FE analysis, it was found that the first flexible modes
of the aluminum and steel crosses presented eigenfrequencies of 5.187 x 103 Hz and
5.950 x 103 Hz, respectively. Thus, we can conclude that these components can be
assumed to behave as rigid bodies in the frequency band of interest (i.e. from 2 x 101
Hz to 5 x 10?2 Hz). Moreover, it is worth noting that the fixtures attached to the
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f16 f12

Figure 4.20: Locations of measurement accelerometers (red), hammer impact directions
(black arrows) and virtual point (yellow) [3].

rubber mount were designed with a cross shape to enable an accurate excitation of the
rotational DOFs of the rubber mount. In this way, it is possible to perform a reliable
six DOFs characterization of each isolated cross and to make a reliable twelve DOF's
characterization of both assemblies A and B (see [33],[56]).

(a) Mesh used to analyze the aluminum cross. (b) First flexible eigenmode of the aluminum cross.

Figure 4.21: Finite element model analysis performed on the aluminum cross.

4.2.2 State-space models identification

Here, we will estimate state-space models representative of the aluminum and steel
crosses alone and of the assemblies A and B (see section 4.2.1). To estimate these
models, we will start by exploiting the Simcenter Testlab® implementation of both
PolyMAX and ML-MM methods to identify modal parameters from the measured FRF's
of each mechanical components and assemblies. It is worth mentioning, that these
modal parameters will not be identified by assuming a proportional damped modal
model. Thereby, we have the chance of evaluating in practice the suitability of the
RCMs proposed in section 3.3.2 to impose Newton’s second law on state-space models.
In addition, we circumvent the use of a modal model that is likely to not be the most
adequate to describe the dynamic behaviour of the mechanical systems under study,
in special the dynamics of the assemblies A and B, which are composed by a rubber
mount.

From the identified modal parameters, state-space models representative of the

systems under study were set-up by following the procedures reported in section 3.2.1.



110 4. Numerical and experimental validation

To include the contribution of the lower and upper out-of-band modes in the frequency
band of interest, sets of RCMs were set-up as reported in section 3.2.2 and inserted into
the state-space models. On top of this, a set of RCMs defined by following the approach
presented in section 3.3.2 was included into the constructed state-space models to force
them to respect Newton’s second law. The sets of RCMs inserted in each constructed
state-space model to include the contribution of the lower out-of-band models were
set-up by selecting wrr = 1 x 107 Hz and &7,5 = 1 x 107!, whereas the sets of RCMs
included in each of the constructed state-space models to account for the contribution
of the upper out-of-band modes and to impose Newton’s second law were defined by
selecting wyr = wep = 1.5 x 10* Hz and &pp = éop = 1 x 1071 (see, sections 3.2.2 and
3.3.2). After including these sets of RCMs on the state-space models computed from
the identified modal parameters, complete state-space models describing the dynamics
of the mechanical systems under analysis and respecting Newton’s second law were
obtained. Nevertheless, as these models are to be exploited in DS operations, they
must contain inputs and outputs collocated at the interface of the mechanical systems.
To fulfill this requirement, the VPT-SS method (see, section 3.4) was used to transform
the positions of the inputs and outputs of the estimated state-space models into the
interface of the respective mechanical systems.

Subsequently, the approach proposed in [4] was implemented to compute passive
models from the state-space models resultant from the application of VPT-SS. This
method requires the user to define the frequency band for which the FRFs of the
modes included in the state-space models are going to be monitored and imposed
to be positive real. However, no recommendations on how to properly define this
frequency band are reported in [4]. Here, to make sure that the dynamics of all the
modes included in the state-space models is well monitored, this frequency band was
selected to range from 1 x 1072 Hz to 1.8 x 10* Hz. On top of this, in an attempt to
circumvent possible passivity violations for frequencies in between successive frequency
points included in the selected frequency band, these points were defined to be spaced
by 1 x 1072 Hz. It is worth mentioning that, we have decided to exploit this approach
to compute passive models for two reasons. Firstly, it was developed by targeting
applications involving SSS. Secondly, it is a direct approach that does not rely on the
use of iterative algorithms and, hence, does not demand high computational effort.
Thus, obtaining coupled models by coupling state-space models forced to be passive by
using the technique proposed in [4] is the strategy that shares more similarities with
the approach that we proposed in section 3.5 to compute stable coupled state-space
models.

In figures 4.22, 4.23, 4.24 and 4.25 interface FRFs of each of the components/assemblies
under analysis computed by exploiting VPT on the measured FRFs are compared: i)
with the same FRFs of the respective estimated state-space model, ii) with the same
FRF's of the respective estimated state-space model transformed into UCF and iii) with

the same FRFs of the passive state-space model computed from the respective identi-
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fied model by using the method outlined in [4]. It is worth mentioning that from now
on, the virtual point responses of the crosses aluminum and steel A will be denoted v,
whereas the virtual point loads of the same components will be tagged m;. Further-
more, the virtual point responses of the crosses aluminum and steel B will be denoted
v9, while the virtual point loads of the same crosses will be tagged mo

From the analysis of figures 4.22, 4.23, 4.24 and 4.25, we may conclude that the
identified state-space models accurately describe the dynamics of the systems under
analysis. On top of this, it was found that all the estimated state-space models obey
Newton’s second law. In fact, the [C’J{i\;f odisp) [Bjni] matrix of the model describing
the dynamics of assembly A is the one presenting the term with the highest maximum
value. The absolute value of this term is, approximately, 1 x 1072, Thus, it is evident
that the approaches presented in section 3.2 are accurate to compute state-space models
from experimentally acquired FRFs and that the method discussed in section 3.3.2 is
reliable to impose Newton’s second law on these models. Moreover, it is also clear that
the FRFs of the estimated state-space models and of the same models transformed
into UCF are perfectly matching. Hence, we may conclude that state-space models
estimated from measured FRFs can be accurately transform into UCF.

Focusing our analysis on the computed passive models, it is straightforward to con-
clude that they poorly represent the dynamics of the mechanical systems under study.
Indeed, as discussed in section 3, the method proposed in [4] was already expected to
lead to the computation of low quality passive models. The poor accuracy of these
models is directly linked to the adjustments made on the terms of the output and input
matrices of the respective identified state-space models to force them to obey passivity.
As the mismatches between the FRFs of the estimated and passive models resultant
from these adjustments are not compensated in a later stage, they tend to sum up lead-
ing to the significant deviations between the FRFs of both models observed in figures
4.22,4.23, 4.24 and 4.25. Moreover, the computed passive models were found to violate
passivity for frequency values not included in the chosen frequency band. Thus, these
models are not globally passive. In fact, the enforcement of passivity by solely con-
sidering the frequency points included in a selected frequency band, commonly, leads
to the computation of models that obey passivity for the considered frequency points,
but that do not necessarily verify this criteria for other frequency values (see, [78]). On
top of this, the computed passive models violate Newton’s second law. This is linked
to the fact that the method proposed in [4] does not use any constraint to guarantee
that the adjustments performed on the output and input matrices of the state-space
models do not promote the computation of passive models violating Newton’s second
law. As a result of the lack of global passivity and of the poor quality of the models
defined by exploiting the method outlined in [4], these models will not be exploited to
conduct the DS operations reported in the following sections.

At this point, it is important to report that the models representative of the dynam-

ics of the aluminum crosses A and B are composed, respectively, by 204 and 210 states.
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Figure 4.22:
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Comparison of some accelerance interface FRFs (black solid line) (the left y
axis must be used to interpret the amplitude of these FRFs) with the same
accelerance FRFs of the: i) respective estimated state-space model (red dash-
dotted line) (the left y axis must be used to interpret the amplitude of these
FRFs), ii) of the respective estimated state-space model transformed into UCF
(cyan dashed line) (the left y axis must be used to interpret the amplitude of these
FRF's) and iii) of the passive model obtained by using the technique outlined in
[4] (blue dotted line) (the right y axis must be used to interpret the amplitude
of these FRFs): a) FRF of the aluminum cross A, whose output and input are
vY and mY, respectively; b) FRF of the aluminum cross B, whose output and
input are UQR’” and mQR‘”, respectively.
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Figure 4.23:
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accelerance FRF's of the: i) respective estimated state-space model (red dash-
dotted line) (the left y axis must be used to interpret the amplitude of these
FRFs), ii) of the respective estimated state-space model transformed into UCF
(cyan dashed line) (the left y axis must be used to interpret the amplitude
of these FRFs) and iii) of the passive model obtained by using the technique
outlined in [4] (blue dotted line) (the right y axis must be used to interpret the
amplitude of these FRFs): a) FRF of the steel cross A, whose output and input
are vf* and mf{”, respectively; b) FRF of the steel cross B, whose output and

input are v5 and mj3, respectively.
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Figure 4.24:
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Comparison of some accelerance interface FRFs (black solid line) (the left y
axis must be used to interpret the amplitude of these FRFs) with the same
accelerance FRFs of the: i) respective estimated state-space model (red dash-
dotted line) (the left y axis must be used to interpret the amplitude of these
FRFs), ii) of the respective estimated state-space model transformed into UCF
(cyan dashed line) (the left y axis must be used to interpret the amplitude
of these FRFs) and iii) of the passive model obtained by using the technique
outlined in [4] (blue dotted line) (the right y axis must be used to interpret the
amplitude of these FRFs): a) FRF of assembly A, whose output and input are

v3 and mf, respectively; b) FRF of assembly A, whose output and input are v;*
and mféz, respectively.
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Figure 4.25:
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accelerance FRFs of the: i) respective estimated state-space model (red dash-
dotted line) (the left y axis must be used to interpret the amplitude of these
FRFSs), ii) of the respective estimated state-space model transformed into UCF
(cyan dashed line) (the left y axis must be used to interpret the amplitude
of these FRFs) and iii) of the passive model obtained by using the technique
outlined in [4] (blue dotted line) (the right y axis must be used to interpret the
amplitude of these FRFs): a) FRF of assembly B, whose output and input are
v} and mY, respectively; b) FRF of assembly B, whose output and input are vfy
and m?y, respectively.
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The estimated state-space models describing the dynamic behaviour of the steel crosses
A and B are made of 206 and 192 states, respectively, while the models representative
of assemblies A and B are composed by 260 and 272 states, respectively. Naturally,
in the frequency band of interest, the mechanical systems under study present a sig-
nificant lower number of modes. However, to compute state-space models presenting
FRFs matching as closely as possible the correspondent reference FRFs (i.e. FRFs
obtained by applying VPT on the measured FRF's), we decided to compute the esti-
mated models by using a significant number of modes. On top of this, we would expect
the identified models describing the dynamics of the aluminium crosses A and B to
be composed by the same number of states (the same was, naturally, foreseen for the
models representative of crosses steel A and B). Yet, the identified state-space models
representative of these crosses were identified from different sets of FRFs. As these
sets of FRF's were experimentally acquired they did not match. This can be explained,
for instance, due to slight differences on the mechanical properties of the crosses. For
this reason, the estimated state-space models representative of the crosses aluminum
A and B are not equal neither made of the same number of states (the same holds for
the models representative of the steel crosses A and B).

When comparing the approach presented in section 3.3.2 to impose Newton’s second
law with the technique proposed by Liljerehn in [5], it is obvious that the approach
outlined in section 3.3.2 presents the relevant advantage of not making use of undamped
RCMs. Additionally, in section 3.3, we proved mathematically that by exploiting the
method presented in section 3.3.2, the state-space models can be accurately forced to
verify Newton’s second law by using RCMs presenting lower natural frequencies than
by using the approach outlined in [5]. To show this advantage in practice, we defined
two extra models representative of assembly A by using the previously identified modal
parameters and by following the procedures presented in section 3.2. To compute these
models, the RCMs responsible for including the contribution of the lower and upper
out-of-band modes were set-up by selecting wrr = 1x 107! Hz, wyr = 1.5 x 10* Hz and
rr = &gr = 1 x 1071, Then, one of these models was imposed to respect Newton’s
second law by exploiting the method proposed in [5] (from now on, this model will be
tagged state-space model A), while the other one was forced to verify this physical law
by exploiting the approach discussed in section 3.3.2 (from now on, this model will be
denoted state-space model B). The RCMs used to impose Newton’s second law on both
state-space models A and B were set-up by defining wop = 5 x 103 Hz and écp =0.

Figure 4.26 clearly shows that the FRFs of the state-space model B are better
matching the interface FRFs of assembly A than the FRF's of the state-space model
A. As expected, this is more evident for higher frequencies (see, expressions (3.51) and
(3.52))). Therefore, it is straightforward to conclude that by following the method
presented in section 3.3.2, Newton’s second law can be accurately imposed by using
RCMs presenting lower natural frequencies than by exploiting the approach outlined
in [5].
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Figure 4.26: Comparison of two accelerance interface FRFs of assembly A with the same
accelerance FRFs of state-space model A (forced to obey Newton’s second law
by using the method presented in [5]) (red dash-dotted line) and of state-space
model B (forced to verify Newton’s second law by exploiting the method dis-
cussed in section 3.3.2) (cyan dashed line): a) FRF of the assembly A, whose
output and input are, respectively, vj and mY; b) FRF of the assembly A, whose
output and input are, respectively, vf‘z and m;™.
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4.2.3 Experimental validation of LM-SSS enhanced with post-processing
procedures

To identify state-space models representative of the rubber mount, we will start
by decoupling the two aluminum crosses from assembly A by exploiting LM-SSS. T'wo
different state-space models will be computed. One of them will be obtained by using
the untransformed estimated displacement state-space models leading to the compu-
tation of a displacement non minimal-order model, while the other will be computed
by exploiting the same models previously transformed into UCF together with the
post-processing procedures presented in section 2.3.3 enabling the computation of a
displacement minimal-order model. Unfortunately, the FRFs of the rubber mount are
not known. For this reason, the FRFs of the rubber mount identified by performing
decoupling with LM-FBS will be considered as reference to assess the quality of the
FRFs of the models computed through LM-SSS decoupling. In figure 4.27, it is shown
the comparison of two dynamic stiffness terms of the rubber mount obtained by the
following approaches: i) by inverting and multiplying by —w? the accelerance FRFs
obtained by exploiting LM-FBS to decouple the accelerance interface FRFs of the alu-
minum crosses (computed by applying VPT on the respective sets of experimentally
acquired FRFs) from the accelerance interface FRF's of assembly A determined by ap-
plying VPT on the respective set of measured FRFs; ii) by inverting the FRFs of the
displacement non minimal-order state-space model computed by decoupling with LM-
SSS the untransformed displacement state-space models representative of the aluminum
crosses from the untransformed displacement state-space model of assembly A and iii)
by inverting the FRFs of the displacement minimal-order state-space model calculated
by implementing the decoupling operation performed in ii) by using the displacement
state-space models transformed into UCF (i.e. the state-space models representative
of both aluminum crosses and assembly A) and by exploiting the post-processing pro-
cedure presented in section 2.3.3 that relies on the use of a state Boolean localization

matrix to eliminate the redundant states originated from the decoupling operation.

From the observation of figure 4.27, it is clear that the dynamic stiffness terms of
the rubber mount identified by using LM-FBS are very well matched by the correspon-
dent dynamic stiffness terms of both non minimal-order and minimal-order state-space
models computed by performing decoupling with LM-SSS. On top of this, for low fre-
quencies, the identified dynamic stiffness terms are, roughly, given by a straight line
as expected (see, [33]). This observation further validates the identified rubber mount
dynamic stiffness terms. It is worth mentioning that, as expected, the non minimal-
order and minimal-order rubber mount models obtained by implementing decoupling
with LM-SSS are composed by 674 and 650 states, respectively.

At this point, the identified rubber mount state-space models will be coupled with

both steel crosses by exploiting LM-SSS. Figure 4.28 compares two interface acceler-

ance FRFs of assembly B obtained by exploiting VPT on its measured FRFs with
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Figure 4.27: Comparison of two dynamic stiffness terms obtained by the following approaches:
i) by inverting and multiplying by —w? the accelerance FRFs obtained by ex-
ploiting LM-FBS to decouple the accelerance interface FRFs of the aluminum
crosses from the accelerance interface FRF's of assembly A; ii) by inverting the
FRFs of the displacement non minimal-order state-space model computed by
LM-SSS decoupling and iii) by inverting the FRF's of the displacement minimal-
order state-space model calculated by implementing decoupling with LM-SSS:
a) dynamic stiffness term of the rubber mount, whose output is vf‘z and the
input is mfz ; b) dynamic stiffness term of the rubber mount, whose output is
v5 and the input is m3.
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the same accelerance interface FRFs computed by the following methodologies: i) by
using LM-FBS to couple the identified accelerance rubber mount FRFs with the accel-
erance interface FRF's of the steel crosses (computed by using VPT with the respective
measured FRFs); ii) by multiplying by —w? the FRFs of the displacement non minimal-
order coupled state-space model computed by applying LM-SSS to couple the identified
displacement non minimal-order state-space model of the rubber mount with the esti-
mated displacement state-space models representative of the steel crosses and iii) by
multiplying by —w? the FRFs of the displacement minimal-order coupled model ob-
tained by exploiting LM-SSS to couple the identified displacement minimal-order rubber
mount model (already identified in UCF) with the estimated displacement state-space
models representative of the steel crosses transformed into UCF and by exploiting the
approach relying on the use of a state Boolean localization matrix (presented in section
2.3.3) to eliminate the redundant states originated from the coupling operation. Note
that, to retain a unique set of outputs and inputs from the coupled models computed
with strategies ii) and iii), the post-processing procedure discussed in section 2.3.4 was
applied.

Analyzing figure 4.28, we may conclude that the accelerance interface FRFs of
assembly B are very well-matched by the accelerance coupled FRFs obtained with LM-
FBS and by the accelerance FRFs computed from the displacement coupled state-space
models computed with LM-SSS. Thus, it is clear that LM-SSS can be used to perform
accurate coupling operations with state-space models defined from experimentally ac-
quired data. Moreover, we may also claim that by using LM-SSS to perform DS opera-
tions with state-space models transformed into UCF together with the post-processing
procedures outlined in section 2.3.3, reliable minimal-order state-space models can be
computed, even when working with models directly estimated from experimentally ac-
quired data. It is worth mentioning that, as expected, the non minimal-order and
minimal-order coupled models computed with LM-SSS are composed by 1072 and 1024
states, respectively.

The coupling operation here performed was re-implemented by exploiting the ap-
proach proposed by Su and Juang in [9] (here also labelled as classical SSS). It turned
out that the FRF's of the acceleration coupled state-space model computed with classi-
cal SSS perfectly match the accelerance FRFs computed from the displacement coupled
models obtained with LM-SSS. As discussed in section 2.3.5, the LM-SSS method holds
the advantage of being more computationally efficient, because it just requires the per-
formance of a matrix inversion to compute the coupled state-space model, while classical
SSS demands the performance of two different matrix inversions. Thus, to demonstrate
the benefit of using LM-SSS in place of classical SSS in terms of computation time, we
measured the time required to compute the two matrix inversions involved in classical
SSS and the time used to compute the matrix inversion involved in LM-SSS. To give
statistical consistency to the measured time results, the matrix inversions involved in
classical SSS and LM-SSS were repeated 1 x 10* times. It was concluded that, the ma-
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Figure 4.28:
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Comparison of two accelerance interface FRFs obtained by exploiting VPT on
its measured FRF's with the same accelerance interface FRFs computed by the
following methodologies: i) by using LM-FBS to couple the identified rubber
mount FRFs with the interface FRFs of the steel crosses; ii) by multiplying
by —w? the FRFs of the displacement non minimal-order coupled state-space
model computed with LM-SSS and iii) by multiplying by —w? the FRFs of the
displacement minimal-order coupled model obtained by exploiting LM-SSS: a)
accelerance FRF of the assembly B, whose output is v§ and the input is m3; b)
accelerance FRF of the assembly B, whose output is vs* and the input is ma.
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trix inversions involved in classical SSS are performed in 2.12 x 10~5s (average value),
whereas the matrix inversion involved in LM-SSS takes place in 5.49 x 107%s (average
value). Thus, it is clear that the performance of the matrix inversion involved in LM-SSS
is, approximately, four times faster than the performance of the matrix inversions in-
volved in classical SSS. This analysis was performed on an Intel(R) Core(TM) i7-8550U
CPU and 8 GB RAM machine. The reported improvement in terms of computational
time by using LM-SSS is not relevant for the coupling operation here performed. Nev-
ertheless, when dealing with some applications demanding the performance of several
coupling operations, e.g. real-time substructuring applications involving mechanical
components presenting time-varying dynamics (see section 2.3.5), the use of LM-SSS
might substantially decrease the computational cost associated with the application.
Moreover, the benefit of exploiting LM-SSS in terms of computational time is expected
to be more important as the number of interface DOF's of the substructures involved

in the coupling operations increases (see section 2.3.5).

4.2.4 Experimental validation of primal state-space disassembly and
of the state-space realization of IS

Here, state-space models representative of the rubber mount will be identified by
exploiting primal disassembly (see section 2.4) and the state-space realization of IS
(see section 5.3.3). To assess the accuracy of these identified models, the rubber mount
dynamic stiffness obtained by LM-FBS and by applying IS on the apparent mass of
assembly A, will be considered as reference. In [33], these approaches have already
shown to be reliable to characterize the dynamics of a rubber mount. Furthermore,
the rubber mount dynamic stiffness of the displacement non minimal-order state-space
model obtained by using LM-SSS decoupling (which was already experimentally val-
idated in section 4.2.3) will also be exploited to evaluate the accuracy of the rubber
mount state-space models to be identified in this section.

In figure 4.29, it is shown the comparison of two rubber mount dynamic stiffness
terms identified by using the following strategies: i) by inverting and multiplying by
—w? the accelerance FRFs computed by using LM-FBS to decouple the accelerance
interface FRFs of both aluminum crosses from the accelerance FRFs of assembly A
(see section 4.2.3); ii) by multiplying by —w? the rubber mount diagonal apparent
mass terms obtained by exploiting IS with the off diagonal apparent mass terms of
assembly A, whose outputs and inputs are the interface DOF's of the aluminum crosses
A and B, respectively; iii) by inverting the FRFs of the displacement non minimal-
order rubber mount state-space model obtained with LM-SSS (see section 4.2.3); iv)
by multiplying by —w? the apparent mass of the non minimal-order state-space model
computed by primarily disassembling the inverted acceleration models representative
of the aluminum crosses from the inverted acceleration model of assembly A and v)

by multiplying by —w? the apparent mass of the state-space model representative of
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the rubber mount diagonal apparent mass terms computed by exploiting the state-
space realization of IS (see section 5.3.3) with the state-space model representative of
the rubber mount off diagonal terms, whose outputs and inputs are, respectively, the
interface DOFs of aluminum crosses A and B, identified from the inverted acceleration
model of assembly A.

From the analysis of figure 4.29, it is straightforward that the dynamic stiffness
terms of the state-space model obtained by using primal disassembly are very well
matching the dynamic stiffness terms obtained through the performance of decoupling
with LM-FBS. Moreover, as expected the dynamic stiffness terms of the state-space
models obtained by applying LM-SSS decoupling and primal disassembly are perfectly
matching. These observations demonstrate that the primal state-space assembly for-
mulation presented in section 2.4 is reliable to perform disassembly operations with
state-space models estimated from experimentally acquired data.

Further observing figure 4.29, it is clear that the dynamic stiffness terms obtained
by applying IS on the apparent mass of assembly A and by exploiting the state-space
realization of IS on the state-space model representative of the apparent mass of as-
sembly A are very well-matching. This demonstrates that the state-space realization of
IS is accurate even when working with models estimated from experimentally acquired
data.

Additionally, in figure 4.29 it is evident that the dynamic stiffness terms computed
through decoupling/disassembly operations (i.e. through strategies i, iii and iv) and
the dynamic stiffness terms computed by applying IS (i.e. strategies ii and v) are well
matching at low frequencies. Yet, as the frequency increases, more relevant deviations
between the results obtained by both approaches are observed. As the IS approach
assumes that the rubber mount is massless, the more pronounced deviations observed
at higher frequencies are expected. Indeed, the observed deviations indicate that for
higher frequencies, the massless assumption is no longer valid to properly characterize
the dynamics of the rubber mount.

To validate the post-processing procedures outlined in section 2.3.3 to eliminate the
redundant states originated from primal disassembly operations, a minimal-order rub-
ber mount state-space model was computed by using the state-space models previously
transformed into UCF (i.e. state-space models of both aluminum crosses and assembly
A) together with the post-processing procedure that relies on the use of a state Boolean
localization matrix. In addition, the state-space realization of IS was applied on the
inverted acceleration state-space model of assembly A transformed into UCF to iden-
tify the diagonal apparent mass terms of the rubber mount. Figure 4.30 compares the
dynamic stiffness terms of the rubber mount determined by the following approaches:
by multiplying by —w? the apparent mass of the non minimal-order state-space model
computed by primal state-space disassembly (solution iv); by multiplying by —w? the
minimal-order model obtained by exploiting primal disassembly with the state-space

models previously transformed into UCF (i.e. state-space models of both aluminum
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Figure 4.29:
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Comparison of some rubber mount dynamic stiffness terms obtained by exploit-
ing the following strategies: i) LM-FBS decoupling, ii) IS on the apparent mass of
assembly A iii) dynamic stiffness of the displacement non minimal-order state-
space model computed with LM-SSS decoupling, iv) dynamic stiffness of the
state-space model obtained with primal disassembly and v) dynamic stiffness of
the model obtained by applying the state-space realization of IS on the state-
space model representative of the apparent mass of assembly A: a) rubber mount
dynamic stiffness term, whose output and input are, respectively, U{L and mf’z;
b) rubber mount dynamic stiffness term, whose output and input are, respec-
tively, v5 and mj3.
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crosses and assembly A) with the post-processing procedure that relies on the use of
a state Boolean localization matrix (see section 2.3.3) (solution vi); by multiplying by
—w? the apparent mass of the state-space model representative of the rubber mount
diagonal apparent mass terms computed by exploiting the state-space realization of IS
(solution v) and by multiplying by —w? the apparent mass of the state-space model
representative of the rubber mount diagonal apparent mass terms transformed into
UCF computed by using the state-space realization of IS (see section 5.3.3) with the
state-space model representative of the rubber mount off diagonal terms, whose out-
puts and inputs are, respectively, the interface DOFs of aluminum crosses A and B,
identified from the inverted acceleration model of assembly A previously transformed
into UCF (solution vii).

Analyzing figure 4.30, we may conclude that the dynamic stiffness terms of the non
minimal-order and minimal-order state-space models obtained by using primal disas-
sembly are perfectly matching. Thus, it is obvious that the post-processing procedures
outlined in section 2.3.3 are accurate to eliminate the redundant states originated from
primal disassembly operations involving models estimated from experimentally acquired
data. On top of this, it is clear that the FRF's of the state-space models representative
of the rubber mount diagonal apparent mass terms obtained by applying IS on the in-
verted untrnsformed acceleration model of assembly A and on the inverted acceleration
model of assembly A previously transformed into UCF perfectly match. Hence, proving
that the state-space realization of IS can be applied on state-space models previously
transformed into UCF.

Analyzing the computed rubber mount state-space models, it is possible to con-
clude that by exploiting strategies iii) and iv), rubber mount state-space models made
of 674 states were computed, whereas with strategy vi), it was possible to compute a
state-space model representative of the mount composed by 650 states. In contrast,
by following strategies v) and vii), state-space models representative of the diagonal
apparent mass terms of the rubber mount composed by 260 states were obtained. It
is straightforward to conclude that the strategies iii), iv) and vi) lead to the compu-
tation of rubber mount models made of a substantially higher number of states, when
compared with the state-space models computed by following strategies v) and vii).
The strategies involving decoupling or primal disassembly operations lead to the com-
putation of rubber mount models composed by more states, because of the inclusion of
the dynamics of both aluminum crosses A and B to decouple them from assembly A.
These DS operations lead to the determination of state-space models that include the
dynamics of the decoupled/disassembled components twice (see section 2.5). Hence,
these state-space models include pairs of spurious modes, whose identification and elim-
ination is difficult, when the dynamics of the component to be identified is unknown
(usual scenario in practice).

Therefore, we may conclude that by performing decoupling with LM-SSS or by ex-

ploiting primal state-space disassembly, we have the advantage of not performing any
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Figure 4.30:
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Comparison of the rubber mount dynamic stiffness terms obtained by the fol-
lowing approaches: dynamic stiffness of the non minimal-order model com-
puted with primal state-space disassembly (solution iv); dynamic stiffness of
the minimal-order model computed with primal state-space disassembly (solu-
tion vi), dynamic stiffness of the model obtained by applying the state-space
realization of IS on the inverted acceleration state-space model of assembly A
(approach v) and the dynamic stiffness of the model obtained by applying the
state-space realization of IS on the inverted acceleration state-space model of
assembly A previously transformed into UCF (approach vii): a) rubber mount
dynamic stiffness term, whose output and input are, respectively, v and m7; b)
rubber mount dynamic stiffness term, whose output and input are, respectively,
vi and mj.



4.2. Experimental Validation 127

assumption regarding the dynamics of the CE. Thus, these strategies hold to identify
the dynamics of any component/CE. Conversely, IS can only be applied to identify com-
ponents verifying its underlying assumptions (i.e. the components must be massless and
must not present cross couplings between their DOFs (see section 2.5)). Nevertheless,
IS has the advantage of enabling the experimental characterization of CEs included
in assemblies without requiring dismounting and mounting operations and knowledge
regarding the dynamics of the structures to which the CE is connected, hence, avoiding
the performance of additional experimental tests to characterize the structures to which
the CE is linked. Moreover, the characterization of CEs through IS avoids the perfor-
mance of decoupling/disassembly operations, enabling the identification of state-space
models made of a lower number of states. Thus, the advantage of using IS will be more
pronounced as the number of substructures to be decoupled/disassembled enlarges and
as the state-space models that represent their dynamics are made of a higher number of
states. On top of this, as the state-space models computed by IS are generally composed
by a lower number of states, the computational cost associated with the performance
of calculations with them will generally be significantly lower. For this reason, these

models are more suitable to be exploited, for example, in real-time applications.

4.2.5 Experimental validation of primal state-space assembly and LM-
SSS via compatibility relaxation

In this section, state-space models representative of assembly B, will be obtained
by coupling the rubber mount state-space models identified in section 4.2.4 with the
identified state-space models representative of both steel crosses (see section 4.2.2).
Figures 4.31 and 4.32 report the comparison of some interface accelerance FRFs of
assembly B computed by applying VPT on the experimentally acquired FRFs with
the accelerance FRF's obtained by the following approaches: a) by using LM-FBS to
couple the interface accelerance FRFs of both steel crosses with the rubber mount
accelerance FRFs obtained with LM-FBS decoupling; b) by exploiting LM-FBS via
compatibility relaxation (see section 2.2.2) to couple the interface accelerance FRFs
of both steel crosses with the inverted rubber mount diagonal apparent mass terms
determined by applying IS on the inverted interface accelerance FRF's of assembly A; c)
by multiplying by —w? the FRFs of the displacement non minimal-order coupled state-
space model obtained by using LM-SSS to couple the rubber mount displacement non
minimal-order model obtained with LM-SSS decoupling with the displacement state-
space models of both steel crosses; d) accelerance FRFs of the inverted coupled model
calculated by exploiting primal state-space assembly to couple the non minimal-order
state-space model representative of the rubber mount identified by primal disassembly
with the inverted acceleration state-space models of both steel crosses and e) FRFs
of the acceleration non minimal-order coupled model computed by using LM-SSS via

compatibility relaxation (see section 2.5) to couple the inverted model representative of
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the diagonal rubber mount apparent mass terms obtained through the application of the
state-space realization of IS on the inverted model of assembly A with the acceleration
state-space models of both steel crosses.

By analyzing figures 4.31 and 4.32, it is clear that the coupled accelerance FRFs
obtained with LM-FBS (methodology a), the accelerance FRFs computed from the
displacement non minimal-order model obtained with LM-SSS (methodology ¢) and of
the inverted non minimal-order model computed with primal assembly (methodology
d) are very well matching with the interface accelerance FRFs of assembly B. On top
of this, it is obvious that the accelerance FRFs of the coupled model obtained with
LM-SSS are perfectly matching the same FRFs of the inverted coupled model obtained
by primal state-space assembly (see section 2.4). Hence, we may claim that the primal
state-space assembly formulation presented in section 2.4 is reliable to couple state-
space models estimated from experimentally acquired data.

By focusing our attention on figure 4.31a, it is clear that the axial (z axis direction
represented in figure 4.20) driving point interface FRF of assembly B is well matched
by the same FRF of the non minimal-order coupled state-space model obtained with
LM-SSS via compatibility relaxation (methodology e). The same is also verified in
figure 4.31b for the driving point FRF associated with the rotation DOF around the
axial direction. The good quality of the FRF's of the non minimal-order coupled model
obtained with LM-SSS via compatibility relaxation is probably justified by the fact that
the weight of the rubber mount (approximately, 27 g) is substantially lower than the
weight of each steel cross (approximately, 560 g). Moreover, cross couplings between
the z direction and the rotations around the x and y axis (see figure 4.20 to observe
the orientation of the axis) are not expected (see [33]). The same holds for the cross
couplings between the rotation around the z axis and the x and y directions. Hence, the
IS assumptions do not significantly deteriorate the coupled results related with both z
axis and rotation around z. In contrast, figures 4.32a and 4.32b show that the FRFs of
the coupled model obtained with LM-SSS via compatibility relaxation associated with
both x and y directions are poorly matching the same interface FRFs of assembly B.
The poor quality of the FRFs of the coupled model obtained with LM-SSS via com-
patibility relaxation are due to the existence of significant cross couplings between the
rotations around one of the radial directions (i.e. x or y directions, see figure 4.20) and
the displacement on the other radial direction (see [33]). These important cross cou-
plings are ignored when computing the coupled model with LM-SSS via compatibility
relaxation, because the dynamics of the rubber mount is included with a state-space
model identified by using the state-space realization of IS (see section 2.5.4).

Further observing figures 4.31a and 4.31b, we may conclude that the coupled FRFs
computed by exploiting LM-FBS via compatibility relaxation are very well matched by
the FRF's of the non minimal-order coupled model obtained with LM-SSS via compat-
ibility relaxation. Indeed, both sets of FRFs are not perfectly matching, because the
FRFs of the identified state-space models do not perfectly match the correspondent
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Figure 4.31:
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Comparison of two interface accelerance FRFs of assembly B with the coupled
accelerance FRFs computed by exploiting the following approaches: LM-FBS
(methodology a), LM-FBS via compatibility relaxation (methodology b), LM-
SSS (methodology c), primal state-space assembly (methodology d) and LM-SSS
via compatibility relaxation (methodology e): a) accelerance FRF of assembly
B, whose output and input are, respectively, v and m3; b) accelerance FRF of
assembly B, whose output and input are, respectively, vf‘z and mfz.
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Figure 4.32:
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Comparison of two interface accelerance FRFs of assembly B with the coupled
accelerance FRFs computed by exploiting the following approaches: LM-FBS
(methodology a), LM-FBS via compatibility relaxation (methodology b), LM-
SSS (methodology ¢), primal state-space assembly (methodology d) and LM-SSS
via compatibility relaxation (methodology e): a) accelerance FRF of assembly
B, whose output and input are, respectively, v¥ and m7; b) accelerance FRF of
assembly B, whose output and input are, respectively, vf‘“ and m?’”.
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measured FRFs (see section 4.2.2). For this reason, it is clear that LM-SSS via com-
patibility relaxation (see section 2.5.1) is an accurate approach to include the dynamics
of CEs into LM-SSS formulation even when dealing with state-space models estimated
from measured FRFs.

It is now important to assess the quality of the minimal-order coupled state-space
models computed by using primal state-space assembly and LM-SSS via compatibility
relaxation, when coupling substructures and CEs characterized by state-space models
estimated from measured FRFs. In figures 4.33, it is compared the accelerance FRF's
of coupled state-space models obtained by exploiting different methodologies: inverted
non minimal-order coupled model obtained by exploiting primal state-space assem-
bly (methodology d); inverted minimal-order coupled model obtained by using primal
state-space assembly and the post-processing procedure presented in section 2.3.3 that
makes use of a state Boolean localization matrix with the inverted state-space models
of both steel crosses transformed into UCF and with the minimal-order rubber mount
state-space model (already computed in UCF) identified by using primal state-space
disassembly (see section 4.2.4) (methodology f); non minimal-order coupled state-space
model obtained by exploiting LM-SSS via compatibility relaxation (methodology e) and
the minimal-order coupled state-space model obtained by exploiting LM-SSS via com-
patibility relaxation with the inverted model of the rubber mount diagonal apparent
mass terms computed from the inverted acceleration model of assembly A transformed
into UCF (see section 4.2.4) with the state-space models of both steel crosses trans-
formed into UCF and by exploiting the post-processing procedure presented in section
2.5.2 that makes use of a state Boolean localization matrix (methodology g).

From figures 4.33, it is possible to conclude that the FRFs of both inverted non
minimal-order and inverted minimal-order coupled state-space models obtained by ex-
ploiting the primal state-space assembly formulation are perfectly matching. There-
fore, we may claim that the use of the primal state-space assembly formulation with
the post-processing procedures outlined in section 2.3.3 represents a reliable method-
ology to compute minimal-order coupled state-space models even when working with
state-space models estimated from measured FRFs.

In addition, by analyzing figures 4.33, it is clear that the accelerance FRF's of the
non minimal-order and minimal-order coupled state-space models computed by LM-
SSS via compatibility relaxation are perfectly matching. Thus, it is evident that the use
of LM-SSS via compatibility relaxation together with the post-processing procedures
presented in section 2.5.2 is an accurate approach to obtain minimal-order coupled
state-space models even when coupling substructures and CEs characterized by state-
space models estimated from measured FRFs.

At this point, it is interesting to compare the number of states of the coupled
state-space models determined in this section. By following methodologies ¢) and d),
coupled state-space models composed by 1072 states were computed, whereas by ex-

ploiting methodology f) a coupled state-space model made of 1024 states was deter-
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Figure 4.33: Comparison of the accelerance FRFs of the coupled state-space models computed
by the following methodologies: non minimal-order coupled state-space model
computed by using the primal state-space assembly formulation (methodology
d), minimal-order coupled state-space model determined by exploiting the pri-
mal state-space assembly formulation (methodology f), non minimal-order cou-
pled state-space model computed through LM-SSS via compatibility relaxation
(methodology e) and the minimal-order coupled state-space model obtained by
using LM-SSS via compatibility relaxation (methodology g): a) accelerance FRF
of assembly B, whose output and input are, respectively, v{ and m3; b) accel-

erance FRF of assembly B, whose output and input are, respectively, UQR Y and

Ry
my Y.
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mined. Methodologies e) and g) lead to the calculation of coupled models made of,
respectively, 658 and 646 states. The methodologies c), d) and f), lead to the com-
putation of coupled state-space models composed by a substantially higher number of
states, because by following these methodologies the dynamics of the rubber mount is
included by using state-space models identified by performing decoupling/disassembly
operations (see section 2.5). Thus, we may infer that by including CEs into the cou-
pling operations by treating them as regular substructures, we have the advantage of
not making any assumption regarding their dynamic behavior. Thereby, the appli-
cation of this strategy is not limited in terms of frequency range and it is valid to
characterize any CE and substructure. Nevertheless, in general this strategy leads to
the determination of coupled state-space models made of spurious states and hence,
made of a larger number of states.

Conversely, by performing coupling with LM-SSS via compatibility relaxation, the
CEs are characterized by IS. Thus, LM-SSS via compatibility relaxation can only be
successfully applied to compute coupled state-space models representative of assembled
structures composed by CEs respecting the underlying assumptions of IS (see section
2.5). Therefore, this coupling formulation can only be applied on CEs that do not
present important cross couplings between their DOF's and up to frequencies for which
the mass of the CEs does not significantly contribute to their dynamic behaviour.
However, if the mass of the substructures linked by a given CE is significantly higher
than the mass of the CE, the violation of the massless assumption will in general not lead
to an important deterioration of the quality of the coupled results [33]. Furthermore,
the use of LM-SSS via compatibility relaxation opens the possibility of calculating
coupled state-space models free of spurious states and hence, it generally leads to
the determination of coupled models made of a substantially lower number of states.
Thus, the coupled models obtained through LM-SSS via compatibility relaxation are
interesting, when the coupled state-space models are to be exploited in time-domain
analysis. Thereby, when analyzing CEs suitable to be characterized by IS or when the
coupled models obtained by LM-SSS via compatibility relaxation are reliable, there is
no point on using decoupling/disassembly operations to compute state-space models

representative of the CEs.

4.2.6 Imposing stability on coupled state-space models

In this section, the displacement minimal-order coupled state-space model represen-
tative of assembly B computed in section 4.2.3 will be imposed to be stable by following
the approach discussed in section 3.5. Even though all the coupled state-space models
computed in sections 4.2.3, 4.2.4 and 4.2.5 are unstable, we have decided to impose
stability solely on this model, because the approach proposed in section 3.5 can only be
applied on displacement models. Indeed, by exploiting the primal state-space assem-

bly formulation (see section 2.4), it is not possible to directly compute displacement
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coupled models, because the coupling operation is performed with inverted state-space
models. As reported in appendix A, the inversion of a given state-space model re-
quires the inversion of its feedthrough matrix. Yet, the feedthrough matrix of both
displacement and velocity models is null (see section 3.3.1). Hence, we are required
to use inverted acceleration state-space models to perform assembling operations with
the primal state-space assembly formulation. By inverting the resultant models, one
will always compute acceleration coupled state-space models. For the same reason, the
state-space realization of IS (see section 2.5.4) can only be applied on inverted acceler-
ation state-space models. Thus, by inverting the models identified with this approach,
we will always obtain a state-space model representative of the inverted diagonal appar-
ent mass terms of the CEs and not of their inverted diagonal dynamic stiffness terms.
This is the reason why in section 4.2.5, we were only capable of computing accelera-
tion coupled state-space models with LM-SSS via compatibility relaxation. To surpass
these difficulties, one could think of exploiting expression (2.78) to compute displace-
ment coupled models from these acceleration coupled models computed with the primal
state-space assembly formulation and LM-SSS via compatibility relaxation. However,
the computation of a given displacement model from the respective acceleration one is
not recommended, because this operation involves the inversion of the state matrix of
the model, which may introduce numerical problems associated with the performance
of ill-conditioned matrix inversions. For this reason, stability will only be imposed on
the displacement minimal-order coupled state-space model computed with LM-SSS in
section 4.2.3.

In this way, to impose stability on this displacement coupled model, we started
by computing two state-space models from this model, one made of its stable poles
(composed by 959 states) and the other one made of its unstable poles (made of 65
states). Subsequently, by following the approach presented in section 3.5, a stabilized
model was computed from the state-space model made of the unstable poles. From this
stabilized model, two additional models were constructed, one containing its real poles
(composed by 3 states) and the other composed by its pairs of complex conjugate poles
(made of 62 states).

In accordance with section 3.5, the LSFD estimator was, then, used to improve the
quality of the modal parameters of the state-space model constructed from the pairs
of complex conjugate poles of the stabilized model. Note that the LSFD estimator
was exploited by using as reference the accelerance target FRFs (see, appendix D)
computed by subtracting the accelerance FRFs of the state-space model composed by
the real poles of the stabilized model from the accelerance FRFs of the state-space
model composed by the unstable poles of the minimal-order coupled model computed
with LM-SSS (see section 4.2.3). Figures 4.34 and 4.35 present the comparison of the
displacement target FRFs calculated by dividing the correpondent accelerance FRF's
by —w? with the same displacement FRFs of the: i) state-space model composed by

the pairs of complex conjugate poles of the stabilized model and ii) of the modal model
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defined from the modal parameters improved with LSFD.

By analyzing figures 4.34 and 4.35, it is clear that the displacement FRFs of the
state-space model composed by the pairs of complex conjugate poles of the stabilized
model are poorly matching the respective target FRFs. As discussed in section 3.5,
this observation was expected, because the pairs of complex conjugate poles composing
the state-space model computed from the stabilized model were forced to be stable by
multiplying their real part by —1, leading to a significant modification of their FRFs.
Thereby, due to the poor quality of the state-space model composed by the pairs of
complex conjugate poles of the stabilized model, it will not be used to compute a
stable state-space model represnetative of the unstable minimal-order coupled model
computed with LM-SSS in section 4.2.3.

Conversely, by observing figures 4.34 and 4.35, it is evident that the target FRFs
are very well-matched by the FRFs of the modal model constructed from the modal
parameters refined with LSFD. It is important to mention, that we have decided to ex-
ploit the LSFD estimator with accelerance target FRFs, because LSFD estimates the
modal parameters by solving a linear least-squares problem. Thus, the modal model de-
fined from the modal parameters estimated with this estimator will better approximate
the reference FRFs at frequencies for which their amplitudes are higher. By observing
figures 4.34 and 4.35, it is evident that the amplitude of the displacement target FRF's
at lower frequencies is significantly higher than at higher frequencies. Thus, the dis-
placement FRF's of the modal model computed from the modal parameters estimated
with LSFD by taking as reference the displacement target FRFs would not well match
these FRFs at higher frequencies. In contrast, the acceleration target FRFs present
less pronounced differences in terms of their amplitude at lower and higher frequencies.
This is the reason why, by exploiting LSFD with accelerance target FRFs, the accel-
erance FRFs of the modal model constructed from the estimated modal parameters
well match the accelerance target FRF's in the full frequency band of interest. Natu-
rally, in this situation, the displacement target FRF's are also well approximated by the
displacement FRFs of the modal model defined from the modal parameters estimated
with LSFD as can be observed in figures 4.34 and 4.35.

After having optimized the modal parameters of the model composed by the pairs
of complex conjugate poles of the stabilized state-space model, we can set-up a stable
coupled model (from now on denoted as SSM LSFD) representative of the unstable
displacement minimal-order coupled model computed with LM-SSS in section 4.2.3.
To define the SSM LSFD model, we must use the model composed by the stable poles
of the minimal-order coupled model computed with LM-SSS, the model composed by
the real poles of the stabilized model and the complete state-space model computed
from the modal parameters refined with LSFD (see, section 3.5). Note that to define a
complete state-space model from the modal parameters obtained with LSFD, we have
computed sets of RCMs to include the contribution of both lower and upper out-of-band

modes. These sets of RCMs were set-up by following the procedures described in section
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Figure 4.34:
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Comparison of two displacement target FRFs with: i) the displacement FRFs of
the model containing the pairs of complex conjugate poles of the stabilized state-
space model and ii) with the displacement FRF's of the modal model constructed
from the modal parameters refined with LSFD: a) displacement target FRF,
whose output and input are, respectively, v and m3; b) displacement target
FRF, whose output and input are, respectively, v{ and mj.
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Figure 4.35: Comparison of two displacement target FRFs with: i) the displacement FRFs of
the model containing the pairs of complex conjugate poles of the stabilized state-
space model and ii) with the displacement FRF's of the modal model constructed
from the modal parameters refined with LSFD: a) displacement target FRF,
whose output and input are, respectively, vf‘z and mf‘z; b) displacement target

FRF, whose output and input are, respectively, 115 Y and m?’"‘.
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3.2.2 and by selecting wr,p = 1x1072 Hz, wyr = 7.5x10* Hz and {15 = Eyp = 1x 1071,
To impose Newton’s second law on the SSM LSFD model, a set of RCMs was defined
as reported in section 3.3.2. The natural frequencies of these RCMs were selected to be
7.5 % 10* Hz, while their damping ratios were chosen to be 1x 10~!. Thereby, leading to
the computation of a displacement stable coupled model (denoted SSM LSFD model)
composed by 1096 states representative of the unstable displacement minimal-order
coupled model computed with LM-SSS.

To assess the accuracy of the defined sets of RCMs, we will compute the set of
FRFs that the SSM LSFD model would present if these sets of RCMs were able to
perfectly model the contribution of the out-of-band modes estimated with LSFD and
to perfectly impose Newton’s second law on the SSM LSFD model. This set of FRF's
is given by the sum of the displacement FRFs of the model composed by the stable
poles of the unstable minimal-order coupled model obtained with LM-SSS, with the
displacement FRFs of the model composed by the real poles of the stabilized state-
space model and with the displacement FRFs of the modal model constructed from the
modal parameters estimated with LSFD (from now on, this set of FRFs will be labelled
FRFs LSFD). Figures 4.36 and 4.37 compare some accelerance FRFs computed from the
unstable displacement minimal-order coupled model determined with LM-SSS, with the
same accelerance FRFs obtained by multiplying the set FRFs LSFD by —w? and with
the same accelerance FRFs of the state-space model obtained by double-differentiating
SSM LSFD (see expression (2.78)).

Figures 4.36 and 4.37 clearly show that the FRFs of the unstable minimal-order
coupled model computed with LM-SSS are very well-matched by the FRFs LSFD.
It is also evident that the FRFs of SSM LSFD well match these two sets of FRFs.
Nevertheless, at higher frequencies, the FRFs of SSM LSFD plotted in figures 4.36a
and 4.37a deviate from the same FRFs of the set FRFs LSFD and of the unstable
coupled model. These deviations are triggered by two distinct factors. Firstly, the
FRFs of the state-space model defined from the RCMs responsible for modelling the
dynamic participation of the upper out-of-band modes (see expression (3.12)) estimated
with LSFD do not approximate the elements of the upper residual matrix so closely
at higher frequencies (see, section 3.2.2). Secondly, the FRFs of the velocity model
constructed from the defined RCMs to force the SSM LSFD model to verify Newton’s
second law (see, expression (3.41)) do not present zero amplitude. In fact, the amplitude
of these FRFs increases with frequency (see section 3.3.2). On top of this, as the FRFs
plotted in figures 4.36a and 4.37a present low amplitudes at higher frequencies, small
inaccuracies on the performance of the defined sets of RCMs will promote pronounced
mismatches between the FRFs of SSM LSFD and of the set FRFs LSFD. The same
mismatches are not observed for the FRF's plotted in figures 4.36b and 4.37b, because
their amplitude is relevant at higher frequencies.

To mitigate the deviations observed between the accelerance FRFs of SSM LSFD
and the accelerance FRFs of FRFs LSFD, we could simply re-compute the RCMs used
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Figure 4.36:
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Comparison of two accelerance FRFs computed from the unstable displacement
minimal-order coupled model determined with LM-SSS in section 4.2.3 with the
same accelerance FRF's of the set FRFs LSFD and with the same accelerance
FRFs computed from SSM LSFD: a) FRF of assembly B, whose output and
input are v§ and m7, respectively; b) FRF of assembly B, whose output and
input are v5 and mj3, respectively.
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Figure 4.37:

Comparison of two accelerance FRFs computed from the unstable displacement
minimal-order coupled model determined with LM-SSS in section 4.2.3 with the
same accelerance FRFs of the set FRFs LSFD and with the same accelerance
FRFs computed from SSM LSFD: a) FRF of assembly B, whose output and
input are vf* and mR””, respectively; b) FRF of assembly B, whose output and
input are v;* and m;*, respectively.
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to include the contribution of the upper residual matrix computed by LSFD and to force
the SSM LSFED to obey Newton’s second law by choosing lower damping ratios or/and
by choosing higher natural frequencies (see, sections 3.2.2 and 3.3.2). However, we aim
at constructing a stable coupled model representative of the unstable minimal-order
coupled model computed with LM-SSS that is adequate for performing time-domain
simulations. Thus, these RCMs must not be defined to be undamped or to hold a
damping ratio very close to be null, otherwise numerical instabilities might be faced,
when performing time-domain simulations with the constructed model [40]. The re-
construction of these RCMs by selecting much higher values for their natural frequencies
is also not advised, because to properly discretize the constructed state-space model, we
would be demanded to use a significantly higher sampling frequency (see, section 3.2).
In this way, to get to an appropriate trade-off between the precision of the constructed
SSM LSFD model and its adequacy to be used in time-domain simulations, the RCMs
used to set-up SSM LSFD were defined as reported above.

At this point, it is important to demonstrate the benefits of determining a stable
coupled model instead of an unstable one. Thereby, a time-domain output simula-
tion will be performed by exploiting the identified state-space model representative of
the dynamics of assembly B (see, section 4.2.2), the double-differentiated unstable dis-
placement minimal-order coupled model computed with LM-SSS in section 4.2.3 and
the model resultant from the double-differentiation of SSM LSFD. To carry-out this
time-domain simulation, we will discretize the three state-space models by using the
first-order-hold method (see [93]) and a sampling frequency of 1 x 106 Hz, which is
higher than the highest natural frequency of the modes composing the three state-
space models to be exploited to perform the intended time-domain simulation (which
is 7.5 x 10* Hz). Moreover, the input m3 of these discretized models will be fed with a 1
second faded in/out sine sweep signal ranging from 2 x 10* Hz to 5 x 102 Hz to properly
excite frequencies included in the frequency band of interest (i.e. between 2 x 10! Hz
and 5 x 10? Hz). In figure 4.38, the responses of the outputs v and v calculated by
using each of the three discretized state-space models are compared.

Analyzing figure 4.38, it is straightforward to conclude that the unstable minimal-
order coupled model computed with LM-SSS in section 4.2.3 is not adequate to perform
time-domain simulations. To be capable of performing a proper comparison between
the output responses computed by using the estimated acceleration model represen-
tative of assembly B with the responses simulated with the model resultant from the
double-differentiation of SSM LSFD, we have plotted in figure 4.39 the responses of the
outputs v{ and v3 calculated with these models without showing the responses of these
ouputs determined with the unstable minimal-order coupled model computed with LM-
SSS. Note that the real time-domain response of the assembly B is, unfortunately, not
available. Thus, to evaluate the accuracy of the time-domain responses computed with
the double-differentiated SSM LSFD model, we will take as reference the time-domain

responses simulated with the identified model representative of assembly B.
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Figure 4.38:
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Comparison of the time-domain responses of outputs vi and v5 computed by
exploiting: the acceleration model representative of assembly B estimated in
section 4.2.2, by using the double-differentiated unstable displacement minimal-
order coupled state-space model computed with LM-SSS in section 4.2.3 and by
exploiting the double-differentiated SSM LSFD model: a) Time-domain response
of the output vf; b) Time-domain response of the output v3.
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Figure 4.39:
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computed by

exploiting: the acceleration model representative of assembly B estimated in
section 4.2.2 and by using the double-differentiated SSM LSFD model: a) Time-
domain response of the output vf; b) Time-domain response of the output v3.
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From the analysis of figure 4.39, we can conclude that the model directly estimated
from the measured FRFs of assembly B and the SSM LSFD model are stable and ad-
equate to conduct time-domain simulations. Moreover, it is evident that the responses
simulated with the estimated state-space model (which are taken as the reference re-
sponses) are well-matched by the responses simulated with SSM LSFD. However, it is
also visible that SSM LSFD model is clearly overestimating the time-domain responses
computed with the identified model of assembly B in the time interval between 0.35 s
and 0.4 s. To figure out the reason why SSM LSFD is not simulating so accurately the
responses of the system in this time interval, we have plotted in figure 4.40 the acceler-
ance interface FRF of assembly B, whose output and input are v5 and m3, respectively,
with the same accelerance FRF of the estimated model of assembly B, with the same
accelerance FRF computed from the unstable minimal-order coupled model computed
with LM-SSS and with the same accelerance FRF of the double-differentiated SSM
LSFD model.

Figure 4.40 clearly demonstrates that the interface FRFs of assembly B are very
well-matched by the FRFs of the unstable coupled model computed with LM-SSS and
by the FRF's of the double-differentiated SSM LSFD model. Nevertheless, for frequen-
cies surrounding the resonance of this FRF, i.e. in between, approximately, 1.80 x 102
Hz and 2.10 x 102 Hz, we can clearly observe that the interface FRF of the coupled
models presents higher amplitude than the corresponding interface FRF of assembly
B. Yet, the interface FRF of the estimated model does not overestimate this interface
FRF of assembly B. Interestingly, in the time interval corresponding to the observed
mismatches between the responses computed with the identified model of assembly B
and the double-differentiated SSM LSFD model, the frequencies being excited are in-
cluded in the frequency interval for which the SSM LSFD model overeestimates the
interface FRF of assembly B (see Figure 4.39b). Thereby, it is evident that SSM LSFD
overestimates the time-domain responses obtained with the identified model of assem-
bly B, because of the deviations observed between the interface FRFs of assembly B
and of the unstable minimal-order coupled model computed with LM-SSS. In this way,
we may conclude that the methodology discussed in section 3.5 is robust enough to
determine high quality stable coupled state-space models from unstable displacement
coupled models resultant from many DS operations performed with models estimated
from measured FRFs.

Unfortunately, as accurate passive models could not be computed from the identified
models (see section 4.2.2), it was not possible to perform a comparison between the
exactness of the stable coupled models computed by performing DS operations with
passive models and by exploiting the methodology presented in section 3.5. However,
it continuous to be possible to perform a well-argued prediction of the exactness of
the stable coupled model (obtained by using passive models) that could have been
computed, in case that accurate passive models could have been set-up from the models

estimated in section 4.2.2. To perform this prediction, we must have in mind that
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Figure 4.40: Comparison of the accelerance interface FRF of assembly B, whose output and
input are, respectively, vi and m7, with: the same accelerance FRF of the esti-
mated state-space model representative of assembly B (see section 4.2.2), with
the same accelerance FRF determined from the unstable displacement minimal-
order coupled state-space model obtained with LM-SSS in section 4.2.2 and with
the same accelerance FRF of the double-differentiated SSM LSFD model.

passivity is generally imposed on velocity state-space models by forcing them to obey
different passivity criteria (such as, the Positive Real Lemma (see [77])). In addition, the
methods reported in literature to impose passivity on state-space models make use of
constraints to compute passive models, whose velocity FRF's match as closely as possible
the FRF's of the originally non passive models (see, for instance [78]). Therefore, if the
best passive models could be computed, they would present the same FRFs as the
original non passive model. Yet, in practice the FRFs of the passive model will not
perfectly match the FRFs of the original non passive model, at least small mismatches

between both sets of FRFs will always be observed.

Moreover, the methods reported in literature to force state-space models to be
passive do not make use of any constraint to ensure that the determined passive model
verifies Newton’s second law. Thereby, the passive models computed by exploiting
these methods are expected to violate Newton’s second law. For this reason, RCMs
to force the computed passive models to obey this physical law would have to be set-
up and introduced into these models. Despite the introduction of these RCMs on the
passive models, the computation of stable coupled models by performing DS operations
with passive models will in general continue to lead to the computation of stable models
composed by a lower number of states than the models that would be computed by using
the methodology discussed in section 3.5. Thus, this is definitely a benefit of performing
DS operations with passive models in place of using the methodology presented in
section 3.5. Nonetheless, hinging on how many DS operations are made at the same
interface DOF's, on how many substructures are involved on those operations and on
how many internal DOF's each model presents, the stable coupled models resultant from
the performance of DS operations with passive models may be made of a number of

states equal or even higher than the stable coupled models obtained by exploiting the
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approach discussed in section 3.5. For the experimental substructuring case analyzed
in this section, to force the passive models representative of each aluminum and steel
crosses to verify Newton’s second law, we would be required to introduce 12 extra
states, whereas to force the passive model of assembly A to obey Newton’s second law,
24 additional states would have to be introduced on this model (see section 3.3.2).
Thus, the stable coupled model that would be computed by performing DS operations
with passive models would present the same number of states as the SSM LSFD model,
here determined by following the methodology presented in section 3.5.

On top of this, the stable coupled model computed by performing DS operations
with passive models is very likely to present less accuracy than the SSM LSED model.
First of all, the passive models will in general be less accurate than the original non-
passive models. Secondly, the used RCMs to force the passive models to verify New-
ton’s second law might promote an additional loss on the accuracy of these models
(see, section 3.3.2). Thirdly, it is very likely that by implementing DS operations with
the defined passive models, we get to stable coupled models, whose FRF's present more
significant deviations from the unstable coupled model than the deviations observed be-
tween the FRFs of the passive models and the respective original non passive models.
Therefore, we may conclude that the determination of stable coupled models from pas-
sive state-space models involves the performance of three procedures that degradate the
correctness of the coupling results (i.e. forcing models to obey passivity, imposing New-
ton’s second law on the passive models and the implementation of DS operations). The
degradation of accuracy associated with forcing the passive models to verify Newton’s
second law can be easily attenuated by increasing the selected value for the natural fre-
quencies of the RCMs responsible for imposing this physical law. Yet, the degradation
of accuracy associated with the other two procedures cannot be attenuated. In con-
trast, the method discussed in section 3.5 to determine stable coupled models involves
the performance of only two procedures that foster the deterioration of the accuracy of
the coupled results. These procedures are the application of LSFD to make the FRF's
of the model composed by the pairs of complex conjugate poles of the stabilized model
to match as closely as possible the target FRFs and the exploitation of sets of RCMs to
introduce the contribution of the out-of-band modes estimated by LSFD and to force
the complete stable coupled model to obey Newton’s second law. The deterioration of
the accuracy of the coupled results due to the application of these two procedures can
be easily reduced. Indeed, the loss of accuracy associated with the use of LSFD can
be attenuated by further improving the quality of the estimated modal parameters by
exploiting ML-MM algorithm (see, for instance, [74]). The loss of accuracy resultant
from the use of RCMs to define the complete stable coupled state-space model can also
be simply attenuated by tuning the value selected for their natural frequencies (see,
sections 3.2.2 and 3.3.2). The benefit of computing stable coupled state-space models
from passive models is that, it leads, in general, to the computation of a coupled model

that is passive as well (see [4]). Thereby, this coupled model would be more physically
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consistent than the SSM LSFD model, which violates passivity. However, it is quite
common in practice to describe the dynamics of real structures by making use of non
passive models. As an example, we may think on the FRFs collected during the per-
formance of experimental modal characterization tests that are often not passive due,
for instance, to slight inaccuracies in the test set-up.

Having in mind the reasons elaborated above, the stable coupled models defined
by exploiting the methodology presented in section 3.5 are likely to be more accurate
than the stable coupled models obtained by performing DS operations with models
imposed to be passive. On top of this, the approach discussed in section 3.5 presents
some practical benefits, when compared with the computation of stable coupled mod-
els by exploiting state-space models forced to be passive. To start, the methodology
presented in section 3.5 demonstrated to be capable of determining accurate stable
coupled models originated from the performance of DS operations involving models
composed by a high number of states without making use of iterative algorithms. In
addition, this approach must be applied on displacement models, while the strategies
exploited to enforce passivity take, in general, action over velocity models. In this way,
in case that we aim at determining a displacement stable coupled model, we are forced
to follow one of two different strategies. On the one hand, we can obtain the displace-
ment coupled model directly from the velocity coupled model (see, expression (3.45))
determined by performing DS operations with passive velocity models representative
of the components. On the other hand, we may think on determining the intended dis-
placement coupled model by using the displacement models of the components directly
obtained from the respective passive velocity state-space models. Nevertheless, these
two strategies hold the drawback of demanding the performance of matrix inversions
to compute displacement models from the velocity ones. On top of this, to compute
stable coupled models, we are solely demanded to apply the methodology presented
in section 3.5 on the unstable state-space model originated from all the implemented
DS operations. This benefit is more significant for DS operations involving a higher

number of state-space models.






Chapter 5

Novel applications of LPV
models in TPA

5.1 Introduction

In this section, we will focus our attention on the TPA techniques commonly clus-
tered under the labels classical and component-based. Due to their wide popularity,
the matrix-inverse and the in-situ methods of the classical and component-based TPA
methods (see, for instance, [94]), respectively, will be the analyzed techniques. In par-
ticular, we aim at using these methods to tackle applications in time-domain involving
mechanical systems, whose dynamics is continuously changing over time.

The performance of TPA analysis in time-domain is, indeed, advantageous to deal
with applications involving transient phenomena, for example, to perform the char-
acterization of injector noise and to perform ride comfort analysis while driving over
bumps. There are many methods available in literature that can be used to compute
connecting and equivalent forces in time-domain (see, for example, [95], [96], [97]).
Nonetheless, the determination of time-domain forces in the context of applications
involving mechanical systems, whose dynamics changes continuously over time, has
received little attention. Yet, there are many structures made of components, whose
dynamic behaviour may present time-variations due to different external factors (for
example, rubber mounts, whose dynamics is dependent on temperature, on the applied
static pre-load, etc [33]).

Therefore, to tackle this kind of applications, we will propose the use of the state-
space formulation. In fact, the use of state-space models to deal with these problems
seems promising, because these models are specially targeted to deal with problems
posed in time-domain. Moreover, there are many approaches reported in literature
based on the state-space formulation that are capable of characterizing systems pre-
senting time-domain variations on their dynamics. On top of this, the state-space
models are also known to be very well suited to perform real-time simulations.

Thereby, in this section we aim at proposing an approach to compute time-domain

149



150 5. Novel applications of LPV models in TPA

connecting and equivalent forces by using the matrix-inverse classical TPA and the
in-situ component-based TPA methods, respectively, when dealing with mechanical
systems, whose dynamic behaviour is time-dependent. As first step, this approach
makes use of local interpolating LPV models (see, for instance, [83]) to characterize
the dynamics of the substructures at each time-sample. Then, if the component-based
TPA method is to be exploited, the use of LM-SSS enhanced by post-processing proce-
dures (see sections 2.2.3 and 2.3) is proposed, in case that one is interested on coupling
at each time sample the state-space models of the substructures to compute models
representative of the dynamics of the assemblies at each time-sample (for example, in
case that the experimental modal characterization of the assembled structure is not
convenient to be performed). Finally, the time-domain connecting forces of the assem-
blies and the time-domain equivalent forces of the sources are computed by exploiting,
respectively, the state-space realizations of the matrix-inverse classical TPA and of the
in-situ component-based TPA methods.

In the following, we will start by presenting in section 5.2 the strategy that will be
here used to construct interpolating LPV models. In the same section, this methodology
is numerically and experimentally validated. Then, in section 5.3, the state-space
realizations of the matrix-inverse classical TPA and of the in-situ component-based
TPA methods are presented. Finally, in section 5.4 a numerical case is analyzed to
validate the use of the state-space realization of the matrix-inverse classical TPA and of
the in-situ component-based TPA methods together with LPV models to compute time-
domain connecting and equivalent forces, respectively, when dealing with mechanical

systems presenting time-varying dynamics.

5.2 Linear Parameter-Varying models

During the last decades, the Linear Parameter-Varying (LPV) models have received
significant attention. These models are used to characterize systems, whose dynamic
behaviour is dependent on a single or multiple time-varying parameters, commonly
denominated as scheduling parameters [83]. Indeed, the LPV models have been suc-
cessfully exploited to characterize real systems, whose dynamics is dependent on the
value of one or more scheduling parameters, in several different areas [98], for instance,
in automotive and aerospace applications (see [99] and [100], respectively), to model
computing systems (see [101]), to characterize mechatronic systems (see [102]) and to
model thermal and fluid processes (see [103] and [104], respectively).

However, the use of LPV models in structural dynamics applications is not common.
Yet, many structural dynamics applications involving the characterization of mechan-
ical components presenting time-varying dynamic behaviour would benefit from the
exploitation of LPV models. Actually, there are several mechanical structures that
when operating under normal conditions promote significant changes on the dynamics

of some of their components. An example of these components are the rubber mounts,
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whose dynamics is known to depend on several external factors, e.g. on the applied
static pre-load and on the temperature at which they are submitted (see [105], [106],
[33]). In this way, LPV models can be exploited to either characterize the time-varying
behaviour of complete assemblies or to characterize the time-varying dynamic behaviour
of isolated components, whose time-varying dynamics can be, subsequently, embedded
on the complete assembly by exploiting SSS techniques (see, for instance, [8], [1], [3],
2).

The methodologies presented in literature to construct LPV models are usually
divided in two main classes: the class of the global approaches and the class of the
local approaches [83]. In the global methodologies, the LPV models are constructed
from data collected during the excitation of the target systems, while the value of
the scheduling parameters characterizing their dynamics is continuously changing (see,
for instance, [107], [108]). In contrast, the local methodologies rely on experimentally
characterizing the dynamics of the target structure submitted to a pre-selected set of
different fixed operating conditions associated with constant values of the scheduling
parameters. Subsequently, by using the data collected from these experimental tests,
a set of Linear Time-Invariant (LTI) state-space models can be estimated. These LTI
models are then, interpolated to compute state-space models representative of the dy-
namics of the target structure for intermediate operating conditions characterized by
values of the scheduling parameters in between the values of the scheduling parameters
associated with the estimated LTI models (see, for instance, [109], [85]). This interpo-
lation is implemented through an interpolating LPV model defined from the computed
LTT models.

The global approaches hold the disadvantage of not being able to characterize the
time-varying dynamic behaviour of mechanical systems that cannot be persistently ex-
cited, while their dynamics is continuously changing (see, for instance the vibro-acoustic
system studied in [110] and the flight applications tackled in [111]). Conversely, in the
local approaches the LPV model is defined by using LTI models identified from data col-
lected during the experimental modal characterization of the target structure submitted
to pre-selected fixed operating conditions. Thus, well-known system identification al-
gorithms (see section 3) can be used to determine the intended LTI models. Moreover,
these approaches hold the advantage of being able to interpolate either continuous or
discrete state-space models.

Nevertheless, the local approaches present the important disadvantage of not in-
cluding information regarding the variation of the scheduling parameters characterizing
the dynamics of the target structures, because these approaches construct interpolating
LPV models by using LTT models representative of the dynamics of the target structures
for fixed operating conditions. For this reason, the computed LPV models are less suited
to characterize mechanical components, whose dynamics change significantly with the
value of the scheduling parameters and/or in case that the values of these scheduling

parameters exhibit fast time-variations. On top of this, the local methodologies are only
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applicable to analyze structures that can be tested, while the values of the scheduling
parameters characterizing their dynamics is kept constant. Although, there are several
structures that can be experimentally characterized in this fashion, there are some ap-
plications involving the characterization of structures, whose dynamics is governed by
scheduling parameters presenting persist time-variations on their values. To deal with
this kind of applications, one must exploit the global methodologies. Even though the
local approaches present some disadvantages, many structural dynamics applications
involving the characterization of components presenting time-varying dynamics can be
tackled by exploiting these approaches. For this reason, in this section we will focus
our attention on the construction of LPV models by using local approaches.

To estimate state-space models from experimentally acquired data, it is common
to exploit system identification algorithms (see section 3.1). However, by computing
state-space models with these algorithms, it is usual to end-up with state-space mod-
els that are not represented with respect to the same unique state-space realization.
Thus, to properly interpolate a set of estimated LTI state-space models, we must start
by coherently represent these models with respect to the same state-space realization.
Several different approaches to coherently represent sets of identified LTI models have
been reported in literature. For instance, in [112], a set of estimated SISO LTI mod-
els is made coherent by transforming each of the estimated state-space models into
controllable form, while in [84], the computation of similarity transformation matrices
from the observability and controllability matrices of identified LTI models is suggested
to transform these models into the same coherent state-space realization. However, by
following these approaches we may run into numerical ill-conditioned problems, be-
cause both observability and controllability matrices are known to be ill-conditioned
for medium and high-order state-space models [113]. Another proposed approach to
make a set of state-space models coherent can be found in [114]. This procedure re-
lies on the transformation of LTI state-space models identified by exploiting subspace
algorithms (see, for example, [59], [57]) into internally balanced realizations (see, for
example, [115], [116]). Nevertheless, the internally balanced realization is not unique,
which may lead to problems during the interpolation of the identified LTI models (see,
[83], [102]). Furthermore, the transformation of each of the identified LTI models into
the internally balanced realization is based on the correspondent controllability and
observability Gramians (see, [115], [116]) hence, these models must be observable and
controllable. In [83], a set of SISO LTI models is made coherent by representing each
of the estimated LTI models as a series connection of low-order sub-models. This
technique was then, generalized in [102] to deal with MIMO LTI state-space models.
Nonetheless, the approaches proposed in [83] and [102] hold the important disadvan-
tage of requiring a manual sorting of the poles and zeros of each LTI model. Thereby,
demanding experience, intuition and interaction from the user.

More recently, in [117], [118], [119], it was discussed and proven that a given set

of estimated LTI state-space models does not contain sufficient information to define
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similarity transformations capable of making them coherent. For this reason, we are
left with two different strategies to make a given set of LTI models coherent. The
first strategy is to assume particular global structural assumptions for the state-space
matrices of the estimated LTI models. For instance, by transforming the LTT models
into a state-space realization for which some elements of the state, input or output
matrices of all the LTT models are equal (e.g. by transforming them into the controllable
canonical form, see [118]). As second strategy, one may compute a set of coherent
state-space models by exploiting adequate input-output data sequences. These data
sequences must include time instants for which the target structure is submitted to
several jumps between the fixed operating conditions associated with the estimated LTI
models. From these data sequences, similarity matrices that enable the transformation
of the identified LTI models into the same unique state-space representation can be
computed. This strategy was firstly introduced in the framework of piecewise linear
systems in [120], while variants of this method in the context of local LPV model
identification can be found in [117], [85].

Here, to coherently represent a given set of estimated LTI state-space models, we will
start by transforming each of the LTI state-space models into complex diagonal form.
Thereby, transforming the state matrix of each of these LTI models into a diagonal
matrix composed by its poles (see, for instance, [39]). Then, the poles of each LTI
model will be sorted in terms of ascending damped natural frequency. In this way, the
poles can be automatically sorted without requiring interaction from the user. Finally,
to obtain a coherent representation of the set of identified models, a global structural
assumption will be performed.

After having computed a coherent set of LTI models, the state-space matrices of
these models can be directly interpolated by performing for instance, a linear interpola-
tion of each of their elements (see [121]). Alternatively, one can exploit the coherently
represented set of LTI models to compute an interpolating LPV model. A possible ap-
proach to define a LPV model is to represent each element of each state-space matrix
as a sum of unknown variables multiplied by shape functions dependent on the corre-
spondent values of the scheduling parameters. Polynomial and sinusoidal functions are
examples of types of shape functions that can be used to define LPV models (see [121]).
The unknown variables of the defined LPV model can then be determined by fitting in
a linear least-squares sense the state-space matrices associated with the selected fixed
operating conditions (expressed as a sum of the unknown variables multiplied by the
shape functions) with the estimated LTI models. Yet, other approaches to construct
interpolating LPV models have been presented in literature. For example, the compu-
tation of affine LPV models, whose associated unknown variables are determined by
solving a nonlinear least-squares problem, is proposed in [83].

Here, the LPV models will be defined by exploiting the approach presented in [102].
This approach defines LPV models by assuming that they present an homogeneous

polynomial dependency on the parameterized values of the scheduling parameters in
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a multisimplex A. By following this methodology, the unknown variables associated
with the LPV modeld under computation are found by solving a linear least-squares
problem.

The strategy exploited in this document to compute interpolating LPV models
is presented in section 5.2.1. Afterwards, in sections 5.2.2 and 5.2.3, the presented
approach to compute LPV models is numerically and experimentally validated, respec-

tively.

5.2.1 Constructing Linear Parameter-Varying models

In this section, a local approach to compute LPV models will be discussed. The
construction of LPV models by using local approaches can be divided into three different
steps. As first step, we must identify a set of LTI state-space models that accurately
characterize the dynamics of the mechanical system under analysis, when submitted
to different pre-selected fixed operating conditions. Then, we must guarantee that
the identified set of estimated states-space models is coherently represented. Finally,
we must construct an interpolating LPV model by using the identified coherent set
of state-space models. Here, the construction of LPV models will be presented by
exploiting displacement LTI state-space models. Indeed, the use of displacement state-
space models is beneficial, because the feedthrough matrices of these models are by
definition null. Thus, by using displacement models, we have the possibility to decrease
the amount of variables to be calculated in order to define the LPV models. Hence,
reducing not only the computational cost associated with the construction of the LPV
models, but also the computational cost associated with the use of the constructed
LPV models to calculate interpolated state-space models.

To start, we must discuss how to properly select the fixed operating conditions for
which LTI models must be identified. There are no rigorous procedures to select fixed
operating conditions that enable the computation of a set of LTI models suitable to
define an accurate LPV model. However, there are some guidelines that one must follow
to properly select these fixed operating conditions. As first guideline, the selected fixed
operating conditions must ensure that there is no need of performing extrapolation.
This means that if the value of a given scheduling parameter ranges from a minimum
value of 8 to a maximum value of B, we must select one fixed operating condition
associated with a value of that scheduling parameter slightly lower or equal to 8 and
another one associated with a value of that scheduling parameter slightly higher or
equal to B . It is also recommended to select fixed operating conditions associated with
equidistant values of the scheduling parameters. Furthermore, the number of selected
fixed operating conditions must be large enough to well capture the influence of the
scheduling parameters over the dynamics of the system under analysis. Additionally,
we must ensure that between consecutive fixed operating conditions, the dynamics

of the system under analysis do not change abruptly. At same time, the number of
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selected fixed operating conditions must be as small as possible to decrease the number
of LTI models to be estimated (see [102]). This is specially important to reduce the
number of experimental tests required to be performed, when each of the LTI state-
space models is estimated from the experimental modal characterization of the target

structure submitted to the associated fixed operating condition.

After having selected the fixed operating conditions, LTI state-space models repre-
sentative of the dynamics of the target structure submitted to those conditions must be
estimated. If these LTI models are analytically computed from the mechanical prop-
erties of the mechanical system under analysis, they will represent a coherent set of
state-space models. Nonetheless, when the state-space models are to be identified from
experimentally acquired data, we are generally required to exploit system identification
algorithms (see section 3.1) to compute them. By computing state-space models by
using system identification algorithms, it is common to end-up with state-space models
that are not represented with respect to the same unique state-space realization. To
coherently represent the identified set of state-space models, we may start by trans-
forming each of the estimated state-space models into complex diagonal form as follows

(see, section 3.5):

{dtar (1)} = [AgrH{tay (O} + [Biggl{ulye (1)}

| R (5.1)
{ybar (D} = [Claf ™"k (1)}

where,

[Aidf] =[N = cidf]il[Ai] [Tcidf]a [Bidf] = [Tcidf]il[Bi]

o o (5.2)
[CL™P) = [CH 5P [Tiy]

while, superscript ¢ denotes variables/vectors/matrices associated with the estimated
state-space model representative of the system under study submitted to the i** fixed
operating condition, [A?] is a diagonal matrix including the eigenvalues of [A?] (which
are also the poles of the state-space model [39]) and matrix [T, cidf] is a modal matrix
composed by the eigenvectors of [A'] that can be calculated by solving the eigenvalue

problem given hereafter.

[A[Tegg) = [Teap]IA]. (5:3)

C

With the identified state-space models represented in complex diagonal form, we
have the possibility of coherently sort their poles. Thereby, the poles of each state-space
model will be sorted in ascending damped natural frequency to take into account the
values of their natural frequencies and damping ratios. The damped natural frequency

of a given pole can be calculated as follows:

Wd,r = Wn,r 1- (gn,T)Q (54)
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where, wg, and wy, , denote, respectively, the damped natural frequency and the natural
frequency of the 7" pole, whereas &n,r Tepresents the damping ratio of the rtt pole.
It is worth mentioning that, when sorting pairs of complex conjugate poles, ties in
terms of the value of their damped natural frequencies are broken by firstly placing the
pole, whose imaginary part is positive, and by placing subsequently the pole, whose
imaginary part is negative. Obviously, when sorting each of the poles of each of the
estimated state-space models, the associated row of the input matrix and the associated

column of the output matrix must be sorted accordingly.

However, as the representation of a given state-space model in complex diagonal
form is not unique with respect to the scaling of both output and input matrices, to
compute the intended set of coherent state-space models, we also have to coherently
scale both input and output matrices of each of the estimated state-space models (see
[121], [84]). These matrices can be coherently scaled in accordance with the following

expressions:
[Biag.scl = 1077 [Biys] (5.5)

[CLP] = [CLi*P) ] (5.6)

where, subscript sc denotes a coherently scaled state-space matrix, whereas [©] rep-
resents the scaling matrix responsible for scaling both input and output matrices of a
given state-space model. To coherently scale the input and output matrices of each of
the estimated state-space models, we may, for example, normalize each row of [Bzdf]
with respect to one of its elements [121]. Therefore, by presuming that the normaliza-
tion of each row of [B? 4r] is to be performed with respect to its first element, [©7] must

be defined as hereafter:

Bil,cdf .
[©] = By car (5.7)

where, the first and second subscripts represent, respectively, the number of the row
and column associated with the element of [Bédf]. Note that by scaling both input
and output matrices of a given state-space model in accordance with expressions (5.5)
and (5.6) and by exploiting the diagonal scaling matrix defined in expression (5.7),
the input-output properties of the state-space model remain unaltered. To prove this
statement, let us compute the FRFs of the coherently scaled model associated with the

fixed operating condition ¢ as hereafter.
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(Coip "NO(GwlT] = [A])~'[67] ' [By]
(Coap 1G] = [A)) ' [Bly]

[Hédf,sc(jw)]

By analyzing equation (5.8) and by remembering that [©%] and [A] are diagonal
matrices, it is clear that by scaling the input and output matrices of the estimated LTI
models in accordance with expressions (5.5) and (5.6), respectively, the input-output

properties of the LTI state-space models are not perturbed.

At the end of this scaling process, we obtain a coherent representation of the set
of estimated state-space models. Thus, we can now exploit this coherent set of models
to compute an interpolating LPV model. The computation of this LPV model will be
performed by following the methodology proposed in [102]. Moreover, for the sake of
simplicity, we will assume that the dynamics of the target system depends on a single
scheduling parameter. Nevertheless, the approach presented in [102] continues to be
valid to compute LPV models representative of systems, whose dynamics depends on

multiple scheduling parameters.

The methodology presented in [102] presumes that the interpolating LPV model
to be set-up presents an homogeneous polynomial dependency on the parameterized
values of the scheduling parameter in a multisimplex A. Therefore, as first step to
implement this approach, we must define the dimension of the multisimplex A in which
the values of the scheduling parameter will be parameterized. Here, the dimension of
the multisimplex A will be selected to be Z = 2, which is a commonly chosen dimension
(see [102]). In this way, it is possible to parameterize the value of a given scheduling

parameter § associated with a given fixed operating condition [ as hereafter.

Ag = 3 =, Aga=1—-Ag; (5.9)

By using the parameterized values of the scheduling parameter, we may represent
the interpolated state-space matrices associated with the fixed operating condition [

computed by exploiting the LPV model under construction as follows:



158 5. Novel applications of LPV models in TPA

J=(x) y
diag[A())] = ) ol {A"} (5.10a)
a=1
J=(x) y
[B(a')] = > ok[B] (5.10b)
a=1
J=(x)
[CP#P(a)] = g, [C] (5.10c)
a=1

where, diag|e] is a column vector containing the diagonal elements of matrix [e], whereas

l
a

follows:

al represents the element placed on the a'" column of {a!}, which can be defined as

{a} = |A%,A%, AXT'AL, ... A% AY, (5.11)

where, x denotes the degree of the homogeneous polynomial dependency of the LPV
model under construction on the parameterized value of the scheduling parameter in
a multisimplex A (see equation (5.9)). The number of columns of the vector {a'} is

represented by variable Jz(x), whose value can be calculated as hereafter.

E+x-1)!

=00 =iz

(5.12)

To define the interpolating LPV model, we must determine the unknown vectors
{A%} € €™ and the unknown matrices [B?] € C"" and [C?] € C™*™ (see expression
(5.10)). To calculate these vectors/matrices, we must formulate a linear-least squares
problem by defining expression (5.10) for the selected fixed operating conditions and by
using the state-space matrices of the estimated LTT models. This linear-least squares

problem can be established as follows:

la]{p} = {b} (5.13)

with,
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(b} = {(diaglaly)T .. (diaglaz, "}
(b} = {(weelBly I .. (veclBy )T}
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where, @ denotes the Kronecker matrix product (see, for instance, [122]), [14 4] €
R [Ig g] € RW*m)x(nxmi) and (I o] € R(M*me)x(nx1o) are identity matrices, vec[e]
is the vector obtained by stacking all columns of matrix [e] and m is the number of state-
space models included in the set of estimated state-space models. It is worth mentioning
that in expression (5.10) and in the construction of {b} (see expression (5.15)) we
have only considered the diagonal elements of the state matrices of the estimated LTI
models, because these models were transformed into complex diagonal form and hence,
present diagonal state matrices. In fact, constructing LPV models by exploiting LTI
state-space models transformed into complex diagonal form is advantageous, because
instead of being required to define the LPV model by determining unknown matrices

composed by n? elements to calculate the state matrices of the interpolated models, we
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are only required to determine unknown vectors composed by n elements (see expression
(5.10a)). Thereby, we have the possibility of reducing the computational cost associated
with the computation of the LPV models and with the computation of interpolated
state-space models by using the defined LPV models.

By observing expression (5.13), it is evident that the unknown vector {¢} can be

determined in a linear least-squares sense as follows:

{p} = la)"{} (5.16)
the error vector associated with the determination of {¢} is given hereafter.
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As final note, it is important to mention that if the estimated LTI models are
solely composed by pairs of complex conjugate poles (for instance, in case the LTI
models are identified by using the approaches presented in sections 3.2 and 3.3.2), the
number of variables to be determined by solving the linear-least squares problem given
in equation (5.14) can be halved. Hence, the number of variables to be calculated to
compute interpolated state-space models with the constructed LPV models can also be
halved.

5.2.2 Numerical Validation

Here, LPV models representative of the three components (from now on, denoted
as components A, B, and C) depicted in figure 5.1 will be computed by exploiting the
procedures presented in section 5.2.1. The values of the physical parameters indicated
in figure 5.1 are reported in table 5.1.

By analyzing figure 5.1 and table 5.1, we may conclude that one damping and one
stiffness parameters associated with substructures A, B and C exhibit a non-linear
variation with respect to the value of ni, no and ns, respectively. The value of these
parameters over time is represented by the curves reported in figure 5.2. A sampling
frequency of 2 x 10 Hz was used to discretize each of these curves. Then, state-space
models representative of each of the components under study at each time sample were

computed directly from their mechanical properties. For the sake of simplicity, the
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Figure 5.1: Components [6].

Table 5.1: Physical parameter values of components A, B and C [6].

i m; (kg) c; (Nsm™) ki (N m™1)

al 6 10 4% 103

a2 4 (5)m® (2 x 103)™m®)
bl 5 20 1x 103

b2 3 (15)"2(®) (3.5 x 103)"2(®)
b3 1.5 5 4 x 103

cl 7 10 5 x 103

2 3.5 (20)"s() (7.5 x 10%)73(®)
c3 5 12 1x103

damping matrix of each of the components at each time sample was defined from the
respective stiffness matrix by replacing the stiffness terms with the damping ones.

At this point, three LPV models representative of the three components under study
(see figure 5.1) will be constructed by following the procedures presented in section
5.2.1. To define each of these LPV models, four LTI state-space models representative
of each of the substructures under study submitted to four different pre-selected fixed
operating conditions were used. The values of the time-dependent parameters associ-
ated with the selected fixed operating conditions to define each of the LPV models are
reported in table 5.2. These conditions were chosen to avoid the need of performing ex-
trapolation and to make sure that between consecutive fixed operating conditions, the
dynamics of the systems under analysis do not change abruptly (see section 5.2.1). The
state-space models associated with the selected fixed operating conditions were directly
set-up by using the mechanical properties of the components under study. Then, to

ensure that the obtained sets of state-space models were not represented with respect



162 5. Novel applications of LPV models in TPA
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Figure 5.2: Value of parameters ni, ne and ng over time.

to the same unique state-space representation (hence, that did not represented coherent
sets of models), each of the computed models was transformed into complex diagonal
form. Afterwards, the procedures presented in section 5.2.1 were applied to compute
sets of coherent state-space models from the estimated sets of LTI models associated
with each of the components under analysis. Note that to compute the coherent sets
of models, we have normalized the first column of the input matrix of each state-space
model (see section 5.2.1).

Table 5.2: Values of the time-varying parameters associated with the selected fixed operating

conditions to compute the LPV models representative of components A, B and C,
where FOC stands for fixed operating condition [6].

Parameter FOC 1 FOC 2 FOC 3 FOC 4
ni 1 1.05 1.1 1.15
19 0.85 0.9 0.95 1

n3 0.7 0.75 0.8 0.85

In figures 5.3, 5.4 and 5.5, it is compared two displacement FRF's of the analytically
determined state-space models with the same displacement FRF's of the correspondent
coherent state-space models used to compute the LPV models representative of the
dynamics of substructures A, B and C, respectively.

By analyzing figures 5.3, 5.4 and 5.5, it is clear that by following the procedures
presented in section 5.2.1, we can make a set of state-space models coherent with-
out perturbing their FRFs. Hence, the input-output properties of the models remain
unchanged as well.

Finally, by following the procedures outlined in section 5.2.1 and by exploiting
the constructed sets of coherent state-space models, LPV models representative of the
three components under study were obtained. To construct each of these models, we
have parameterized the values of the associated time-varying parameter in a multi-

simplex A of dimension two. Furthermore, to define the degree of the homogeneous
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Figure 5.3: Comparison of two displacement FRFs of the set of analytically determined mod-
els with the same FRF's of the coherent set of state-space models to be exploited
to define a LPV model representative of component A: a) displacement FRF,
whose output and input are the DOFs a; and ag, respectively; b) driving point
displacement FRF, whose output and input is the DOF as.

polynomial dependency of the LPV models on the parameterized values of the asso-
ciated time-varying parameter, we have computed each of those models by assuming
polynomial dependencies of degrees ranging from 1 to 4. It was found that the error
vectors associated with the solved linear least-squares problems (see expression (5.17))
to calculate the LPV models by selecting a dependency of degree three presented the
lowest 2-norms. For this reason, the three LPV models were constructed by assuming
an homogeneous polynomial dependency of degree three on the parameterized values

of the associated time-varying parameter.

To validate the computed LPV models, they were exploited to compute interpolated
state-space models associated with the fixed operating conditions given in table 5.3.
Figures 5.6, 5.7 and 5.8 report the comparison of two displacement FRF's of the analyt-
ically determined state-space models with the same FRFs of the interpolated models
computed by exploiting the constructed LPV models representative of components A,

B and C, respectively.
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Figure 5.4: Comparison of two displacement FRFs of the set of analytically determined mod-
els with the same FRFs of the coherent set of state-space models to be exploited
to define a LPV model representative of component B: a) driving point displace-
ment FRF, whose output and input is the DOF b3; b) displacement FRF, whose
output and input are the DOFs b; and by, respectively.

Table 5.3: Values of the time-varying parameters associated with the fixed operating condi-
tions used to validate the computed LPV models representative of components A,
B and C, where FOC stands for fixed operating condition [6].

Parameter FOC 1 FOC 2 FOC 3 FOC 4
ny 1.025 1.075 1.115 1.135
n9 0.875 0.915 0.935 0.97
n3 0.715 0.735 0.775 0.825

From the observation of figures 5.6, 5.7 and 5.8, it is clear that the FRFs of the
analytical models are very well-matched by the same FRF's of the correspondent inter-
polated state-space models. Thus, we may conclude that the computed LPV models
are indeed, accurate to model the dynamics of the substructures A, B and C, provided

that they are subjected to operating conditions associated with values of n; between
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Figure 5.5: Comparison of two displacement FRFs of the set of analytically determined mod-
els with the same FRF's of the coherent set of state-space models to be exploited
to define a LPV model representative of component C: a) displacement FRF,
whose output and input are the DOFs ¢y and c3, respectively; b) driving point
displacement FRF, whose output and input is the DOF ¢;.

1 and 1.15, of ny between 0.85 and 1 and of n3 between 0.7 and 0.85 (see table 5.2),

respectively.

5.2.3 Experimental Validation

Here, the strategy proposed in section 5.2.1 will be exploited to compute an interpo-
lating LPV model representative of the time-varying dynamics of assembly A (presented
in section 4.2.3), when submitted to a temperature run-up. To start, we will describe
the performed experimental test to characterize the time-varying dynamics of assem-
bly A. Then, an interpolating LPV model representative of the time-varying dynamic
behaviour of assembly A will be set-up. Finally, the interpolated state-space models
computed from the defined LPV model will be, firstly, used to reconstruct the measured
time-domain accelerations during the performed experimental test. Subsequently, these
interpolated models will be exploited with the Minimum-Variance Unbiased (MVU) es-

timator together with the measured time-domain responses to predict the time-domain
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Figure 5.6: Comparison of two displacement FRF's of the analytically determined state-space
models representative of system A submitted to the fixed conditions reported in
table 5.3 with the same FRFs of the interpolated models obtained by exploiting
the constructed LPV model of component A: a) driving point displacement FRF,
whose output and input is the DOF aq; b) displacement FRF, whose output and
input are the DOFs ay and ap, respectively.

load applied on assembly A during the conducted experimental test. To demonstrate
the benefit of taking into account the variation on the dynamics of assembly A, the
obtained results will be compared with the time-domain reconstructions obtained by

ignoring the time-domain variations on the dynamics of this system.

Testing Campaign

To experimentally validate the strategy discussed in section 5.2.1 to construct LPV
models, the assembly A (presented in section 4.2.3), which is composed by two alu-
minum crosses connected by a rubber mount, will be analyzed.

To promote time-domain variations on the dynamic behaviour of assembly A, this
system was experimentally tested inside of a climate chamber (see figure 5.9), where
it was exposed to a six minute temperature run-up. During this temperature run-up,

the temperatures of the air inside the climate chamber and at the surface of the rubber
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Figure 5.7: Comparison of two displacement FRF's of the analytically determined state-space
models representative of system B submitted to the fixed conditions reported in
table 5.3 with the same FRFs of the interpolated models obtained by exploiting
the constructed LPV model of component B: a) displacement FRF, whose output
and input are the DOFs by and bs, respectively; b) displacement FRF, whose
output and input are the DOFs bs and by, respectively.

mount were continuously registered by two thermocouples. These temperatures are

reported in figure 5.10.

By observing figure 5.10, it is clear that the temperature at the surface of the mount
increased from, roughly, 14 °C to, approximately, 35.2 °C. This temperature variation
promoted a continuous change on the dynamics of the rubber mount over time (see

section 5.2). Hence, leading to time-domain variations on the dynamic behaviour of

assembly A.

While submitted to the temperature run-up, the assembly A was continuously ex-
cited by a shaker. The force applied by this device was permanently registered by a
load cell. Moreover, three accelerometers were instrumented in each cross to measure
the acceleration responses of the system. To control the band of excited frequencies,

the shaker was provided with a random signal defined as:
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Figure 5.8: Comparison of two displacement FRF's of the analytically determined state-space
models representative of system C submitted to the fixed conditions reported in
table 5.3 with the same FRFs of the interpolated models obtained by exploiting
the constructed LPV model of component C: a) driving point displacement FRF,
whose output and input is the DOF ¢q; b) displacement FRF, whose output and
input are the DOFs ¢; and cq, respectively.

250
v(tg) = Z Y pCcos(2 x 2 f 4+ O¢ 1) (5.18)
f=10
where, subscript k denotes the k" discrete time instant and vtk and 07 are Gaussian
distributed stochastic variables, whose means are, respectively, 5 x 1072 V and 0 rad,
whereas the standard deviations of 7 and 60y are, respectively, 1 x 1072 V and 2

rad.

It is worth mentioning that we could have fed the shaker with any kind of signal,
provided that it enables the excitation of frequencies belonging to the frequency band
of interest (i.e. between 2 x 10! Hz to 5 x 102 Hz, see section 4.2.3), because the sole aim
of this section is to evaluate the accuracy of the LPV models constructed by exploiting
the strategy presented in section 5.2.1 to characterize the dynamics of real structures

presenting time-varying dynamic behaviour.



5.2. Linear Parameter-Varying models 169

Figure 5.9: Exploited test set-up to experimentally characterize the dynamics of assembly A,
when submitted to a temperature run-up [7].

45

T T T T T T T T T
—— Temperature of the air inside the climate chamber
— —-Temperature at the surface of the rubber mount

'
=

) w w
ot S &

Temperature [°C]

I~
=]

—
ot

10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Time [s]

Figure 5.10: Temperatures of the air inside the climate chamber (black solid curve) and at
the surface of the rubber mount (blue dashed curve) over time.

Computation of the Linear Parameter Varying model

The strategy presented in section 5.2.1 will be here used to define a LPV model
representative of the dynamics of assembly A, when submitted to the described tem-
perature run-up. To start, we must define a set of fixed operating conditions for which
LTT state-space models will be estimated. As the dynamics of assembly A changes over
time due to variations on the temperature of the rubber mount (from now on denoted
as Tpp), this temperature will be considered as the scheduling parameter governing the
dynamics of assembly A. In this way, to prevent the need of performing extrapolation,
we will define two fixed operating conditions to be associated with temperatures at the
surface of the rubber mount of 14 °C and 35.2 °C. In addition, to avoid abrupt variations
on the dynamics of assembly A between consecutive fixed operating conditions, three
LTI state-space models representative of assembly A for rubber mount temperatures of
20 °C, 25 °C and 30 °C will be estimated.

To estimate the intended set of LTI state-space models, we must start by computing
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the FRF's of assembly A, when the surface of the rubber mount is at the temperatures
associated with the selected fixed operating conditions (i.e. 14 °C, 20 °C, 25 °C, 30 °C
and 35.2 °C). Besides computing these sets of FRF's, we will also calculate a set of FRF's
representative of assembly A for T,;, =27.5 °C. This set of FRFs will serve as reference
to evaluate the accuracy of the LPV model to be constructed.

The intended sets of FRF's will be computed directly from the time-domain accel-
eration signals measured by the accelerometers and from the time-domain load signal
measured with the load cell. Thereby, to compute each set of FRF's, chunks of the
time-domain acceleration signals and of the time-domain load signal will be exploited.
To establish the initial time instant of the chunks of the time-domain acceleration and
load signals to compute each set of FRFs, we will look in the curve of the registered
temperatures at the surface of the rubber mount (see figure 5.10) for the time instant
corresponding to the temperature associated with the set of FRFs under computation
minus, approximately, 0.5 °C. Identically, to establish the final time instants of the
chunks of signals to be used to compute each set of FRF's, we will look in the curve of
the registered temperatures at the surface of the rubber mount (see figure 5.10) for the
time instant corresponding to the temperature associated with the set of FRFs under
construction plus, roughly, 0.5 °C.

The defined initial and final time instants of the chunks of time-domain signals
used to determine each of the intended sets of FRF's (i.e. representative of the system
at 14 °C, 20 °C, 25 °C, 27.5 °C, 30 °C and 35.2 °C) and the correspondent measured
temperatures at the surface of the rubber mount at those time instants are reported in
table 5.4.

Table 5.4: Initial and final time instants associated with the chunks of signals used to deter-
mine each set of FRFs and temperatures measured at the surface of the rubber
mount at those time instants [7].

Trb (OC) Linitial (5) tfinal (S) Trb,initial (QC) Trb,final (OC)
14 11 38 14.5 15.5

20 113.5 127 19.5 20.5

25 178.5 192 24.5 25.5

27.5 211 223 27 28

30 241.5 252.5 29.5 30.5

35.2 352 361 34.5 35.2

Note that we have decided to establish the initial and final time instants of the
chunks of time-domain signals as described in table 5.4 to allow the computation of
several averages of each set of FRFs. Moreover, the set of FRFs of the system for
Ty =14 °C was computed from chunks of signals, whose initial time instant is associated
with a rubber mount temperature of 14.5 °C (see table 5.4). We have made this choice

to ensure that during the full time-interval included in the chunks of signals used to
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compute the FRFs for T,;, =14 °C, the system was being properly excited. In fact, at
the beginning of the performed experimental test, the assembly A was at rest. Thus,
it is not recommended to compute sets of FRFs by using chunks of data including
the initial time-instants of the measured time-domain signals. On the other hand, we
do not expect that a variation of 0.5 °C on the rubber mount temperature leads to
important changes on the FRFs of assembly A. For this reason, by using the defined
chunks of time-domain signals, we expect to compute accurate FRFs representative of
the dynamics of assembly A for T, =14 °C.

The defined chunks of signals (see table 5.4) were used to compute the intended sets
of FRF's (i.e. for rubber mount temperatures of 14 °C, 20 °C, 25 °C, 27.5 °C, 30 °C and
35.2 °C) by exploiting an overlap process with 50% of overlap to enable the computation
of more averages of each set of FRFs. On top of this, to reduce the effect of leakage,
we have also applied an Hanning window on the output and input time-domain signals
used to determine each average of each set of FRF's (see [123]).

Figure 5.11 reports the comparison of the computed FRF's, whose output and input
are, respectively, S§ (where, superscript denotes the direction of the output) and LCf
(where, superscript denotes the direction of the input) (see figure 5.9), of the system
under study at the fixed operating conditions selected to define a LPV model represen-
tative of the dynamics of assembly A (i.e. for rubber mount temperatures of 14 °C, 20
°C, 25 °C, 30 °C and 35.2 °C).

1 1
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-90

220 240 260 280

1 il = aai
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Figure 5.11: Comparison of the determined FRFs of assembly A, when the surface of the
rubber mount is at 14 °C, 20 °C, 25 °C, 30 °C and 35.2 °C, whose output and
input are, respectively, Sy and LC}.

In figure 5.11, we can clearly observe that the FRF's of assembly A change with the
rubber mount temperature, in particular, for frequencies between 2 x 10?2 Hz and 3 x 102
Hz. Furthermore, as the temperature of the rubber mount increases, the amplitude of
the resonance of the FRFs of assembly A included in this frequency band increases and
its natural frequency decreases. In fact, these observations were expected, because the

value of the dynamic stiffness of rubber mounts is known to drop with the increment of
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the temperature at which they are subjected (see [124],[125]). On top of this, in figure
5.11, we can also notice that between rubber mount temperature values associated
with consecutive selected fixed operating conditions, the FRFs of assembly A change
smoothly. This is a clear indication that the set of selected fixed operating conditions
is suitable to compute the intended LPV model.

At this point, the LTI state-space models associated with the selected fixed operat-
ing conditions can be computed from the respective determined sets of FRFs (from now
on denoted as measured FRFs). To compute these models, we will, firstly, estimate
modal parameters from the measured set of FRFs representative of assembly A for
Ty, =14 °C, by using the Simcenter Testlab® implementation of PolyMAX (see, [22])
and ML-MM (see, [70]) algorithms. Then, to compute modal parameters representa-
tive of the dynamics of the system at the other selected fixed operating conditions, the
modal parameters identified from the set of measured FRFs associated with a rubber
mount temperature of 14 °C will be updated by using the ML-MM algorithm. All the
modal parameters will be estimated without assuming a proportionally damped modal
model. Subsequently, by using the estimated modal parameters and the approaches
presented in sections 3.2 and 3.3.2, LTI state-space models representative of assembly
A at the selected fixed operating conditions will be computed.

At the end of this process, five LTI state-space models representative of each selected
fixed operating condition were obtained. Each of these models is made of five in-band
pairs of complex conjugate poles, of two RCMs that model the contribution of the lower
out-of-band modes in the frequency band of interest, of two other RCMs, whose task
is modelling the contribution of the upper out-of-band modes in the frequency band of
interest and of two RCMs responsible for imposing Newton’s second law (see section
3.3.2). The RCMs used to include the contribution of the lower out-of-band modes
were defined by choosing a value for their natural frequencies of 1 x 10~! Hz, while the
RCMs responsible for including the contribution of the upper out-of-band modes and
for imposing Newton’s second law were set-up by choosing a value for their natural
frequencies of 1.5 x 103 Hz. Moreover, the value of the damping ratio of these RCMs
was selected to be 1 x 107! (see section 3.2).

In figure 5.12, the measured accelerance FRF, whose output and input are, respec-
tively, S and LCY, of assembly A for T,, =30 °C, is compared with the same FRF of
the correspondent estimated state-space model.

By analyzing figure 5.12, it is clear that the measured FRF of assembly A is very
well-matched by the correspondent FRF of the estimated state-space model. Thus, we
may conclude that the estimated LTI state-space model represents an accurate descrip-
tion of the dynamics of assembly A for T,;, =30 °C. Moreover, identical match quality
was observed between the FRF's of the computed state-space models representative of
the other fixed operating conditions and the correspondent measured FRFs. Therefore,
we may conclude that all the LTI state-space models were successfully computed.

Before computing the intended LPV model, the set of estimated state-space models
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Figure 5.12: Comparison of the measured accelerance FRF, whose output and input are,
respectively, SZ and LCF, of the assembly A for T, =30 °C, with the same FRF
of the correspondent estimated state-space model.

must be coherently represented by exploiting the strategy outlined in section 5.2.1.
Then, the obtained coherent set of models can be used to define the intended LPV
model by following the strategy described in section 5.2.1. Nevertheless, to compute this
LPV model, we are also required to select the degree x of the homogeneous polynomial
dependency of the LPV model on the parameterized values of the scheduling parameter
(i.e. rubber mount temperature) associated with each of the estimated LTI models.
However, we have no knowledge regarding the dependency of the dynamics of assembly
A on the rubber mount temperature. For this reason, to define a degree of dependency
that enables the construction of a reliable LPV model representative of assembly A, we
will construct different LPV models by choosing the value of x to be 1, 2, 3 and 4. The
2-norms of the error vectors (see expression 5.17) associated with the solved linear-least
squares problems to compute each of these LPV models is indicated in table 5.5.

Table 5.5: 2-norms of the error vectors (see expression 5.17) associated with the solved linear-

least squares problems to define LPV models by selecting the value of x to be 1,
2, 3 and 4.

X 1 2 3 4
I|E(p)]| 49.9402 27.0592 18.0371 4.3743 x 10~

From table 5.5, it is evident that the 2-norm of the error vector associated with
the solved linear least-squares problem to calculate the LPV model by selecting xy = 4
is very close to zero. Thus, by using this LPV model, we are capable of computing
state-space models representative of the dynamics of the system submitted to the se-
lected set of fixed operating conditions presenting state-space matrices elements closely
matching the elements of the identified LTI models. Thereby, presuming that the set

of identified LTI state-space models well captures the influence of the temperature of
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the rubber mount over the dynamics of assembly A, we expect the LPV model defined
by assuming y = 4 to be accurate to describe the dynamics of assembly A for rubber
mount temperatures ranging from 14 °C to 35.2 °C. Hence, the interpolated models
computed from the defined LPV model representative of the dynamics of assembly A,
when submitted to fixed operating conditions in between the selected ones to compute
the LPV model, are expected to be accurate.

In case that the LPV model is, indeed, accurate, the FRFs of the computed in-
terpolated models must not change abruptly for rubber mount temperatures ranging
from 14 °C to 35.2 °C (see figure 5.11). Moreover, the variation of the FRFs of the
interpolated models with the rubber mount temperature must follow the same trend
observed for the measured sets of FRFs (see figure 5.11). Figure 5.13 reports a surface
obtained from the FRF, whose output and input are, respectively, S§ and LC}, of the
computed interpolated state-space models representative of the dynamics of assembly

A for rubber mount temperatures between 14 °C and 35.2 °C and spaced by 0.1 °C.
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Figure 5.13: Surface constructed from the accelerance FRF, whose output and input are,
respectively, S§ and LCF, of the interpolated state-space models representative
of the dynamics of assembly A for rubber mount temperatures between 14 °C
and 35.2 °C and spaced by 0.1 °C.

By analyzing figure 5.13, it is clear that the FRF of the interpolated state-space
models varies smoothly with the rubber mount temperature. It was found that the other
FRFs of the interpolated state-space models also vary smoothly with this temperature.
Furthermore, the variation of the FRFs of the interpolated models with the rubber
mount temperature follows the same trend observed for the measured sets of FRFs
(see figure 5.11). Thereby, these observations indicate that the LPV model is correctly
set-up and that it is accurate to characterize the dynamics of assembly A, when the
rubber mount temperature is between 14 °C and 35.2 °C.

To further evaluate the accuracy of the constructed LPV model, this model was
exploited to compute an interpolated state-space model representative of assembly A
for T, =27.5 °C. In figure 5.14, the accelerance FRF of this interpolated model, whose
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output and input is S¥ and LC?, respectively, is compared with the correspondent
measured FRF.
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Figure 5.14: Comparison of the measured accelerance FRF, whose output and input is 5%
and LC7F, respectively, of assembly A, when the rubber mount is at 27.5 °C, with
the same accelerance FRF of the correspondent interpolated state-space model
obtained by exploiting the defined LPV model by selecting x = 4.

By analyzing figure 5.14, we may conclude that the measured accelerance FRF of
assembly A, when the rubber mount is at 27.5 °C, is very well-matched by the same FRF
of the correspondent interpolated model obtained with the constructed LPV model.
Thereby, further proving that the LPV model constructed by selecting x = 4 is valid

to characterize the time-varying dynamics of assembly A.

Time-domain responses simulation and time-domain load identification

As first analysis, the time-domain responses measured during the performed ex-
perimental test (see section 5.2.3) will be reconstructed by exploiting the interpolated
models computed from the constructed LPV model (see section 5.2.3) together with the
measured time-domain load signal applied by the shaker. Additionally, to demonstrate
the benefit of considering the time-domain variations on the dynamics of assembly A,
the same time-domain responses will be reconstructed by solely exploiting the estimated
LTT model representative of the dynamics of the assembly A for T, =14 °C.

Note that to restrict our analysis to frequencies for which variations on the rubber
mount temperature lead to the most important variations on the measured FRFs of
assembly A (see figure 5.11), the measured time-domain responses and load signals
will be filtered with a band-pass filter presenting passband frequencies ranging from
1.2 x 10% Hz to 3.5 x 10? Hz.

In figures 5.15 and 5.16, it is reported the comparison of the measured time-domain
response of two different outputs of assembly A with the correspondent reconstructed
responses obtained by using the measured time-domain load signal with i) the identified

LTI model of assembly A for T, =14 °C and with ii) the interpolated state-space models



176

5. Novel applications of LPV models in TPA

computed at each time sample from the defined LPV model of assembly A.

Figure 5.15:
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Comparison of the experimentally acquired time-domain response of output S%
with the predicted response of the same output obtained by i) exploiting the
identified LTI model representative of the dynamics of assembly A, when the
rubber mount is at 14 °C, and by ii) exploiting the interpolated state-space
models calculated at each time sample by using the defined LPV model.

_o |——Measured operational accelerations 4
---Reconstructed operational accelerations with LTI SSM at 14°C
o5l Reconstructed operational accelerations with LPV model | | L L
189.9 189.92 189.94 189.96 189.98 190 190.02 190.04 190.06 190.08 190.1
Time [s]

Figure 5.16: Comparison of the experimentally acquired time-domain response of output Sy

with the predicted response of the same output obtained by i) exploiting the
identified LTI model representative of the dynamics of assembly A, when the
rubber mount is at 14 °C, and by ii) exploiting the interpolated state-space
models calculated at each time sample by using the defined LPV model.

Figures 5.15 and 5.16 demonstrate that the measured time-domain responses are

very well-matched by the correspondent predicted responses by exploiting the interpo-

lated models computed from the constructed LPV model. Moreover, it is evident that

the time-domain responses predicted with the LTI state-space model representative of

assembly A

for T, =14 °C are less accurate. This is, particularly, evident at time

instants for which the rubber mount temperature is higher (see figures 5.10 and 5.15).

Thereby, it is straightforward to conclude that the methodology described in section
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3.2 is valid to determine accurate LPV models characterizing the dynamics of real com-
ponents, presenting time-varying dynamic behaviour. On top of this, the performed
comparison clearly illustrates the benefit in terms of the quality of the predicted time-
domain responses of taking into account the time-domain variations on the dynamics
of assembly A.

At this point, we will exploit the experimentally acquired responses together with
the MVU estimator presented in [126] to reconstruct the measured time-domain load
signal (see appendix G). Figure 5.17 reports the comparison of the measured time-
domain load signal with the predicted time-domain load signal by exploiting the ac-
quired time-domain responses and the MVU estimator together with the following
state-space models: a) LTI model representative of the dynamics of assembly A for
T, =14 °C and b) by using the interpolated state-space models computed at each time
sample with the defined LPV model.

Once again, to restrict our study to frequencies for which variations on the rubber
mount temperature lead to the most important variations on the measured FRFs of
assembly A (see figure 5.11), the measured time-domain responses and load signals were
filtered with a band-pass filter presenting passband frequencies ranging from 1.2 x 102
Hz to 3.5 x 102 Hz. Moreover, as during the performed experimental test (see section
5.2.3) the assembly A was not properly excited by the shaker in the z direction (see
figure 5.9), the time-domain load applied by the shaker was reconstructed without using
the time-domain responses measured in this direction.

Note also that, to implement the MVU estimator, we must know the state vector
at the initial time-instant and the associated covariance matrix. On top of this, we
must also define the covariance matrices associated with both process and measure-
ment noises (see appendix G). At the beginning of the conducted experimental test
(see section 5.2.3), assembly A was in steady-state. For this reason, the state vector
and its associated covariance matrix were assumed to be null. The covariance ma-
trix associated with the process noise was also defined to be a null matrix, because the
identified LTT models and the constructed LPV model demonstrated to be able to accu-
rately describe the dynamic behaviour of assembly A (see section 5.2.3). Moreover, the
covariance matrix associated with the measurement noise was defined from the statisti-
cal noise properties of the accelerometers reported by the manufacture (see [127]) and
by presuming that the measurement noise of the used accelerometers is not correlated
with each other. In this way, the covariance matrix associated with the measurement
noise was defined to be 6.16 x 1076 x [I], where [I] is a Nyt X Moyt identity matrix
(where, no,; represents the number of exploited outputs to predict the load applied by
the shaker).

From the analysis of figure 5.17, it is evident that the measured time-domain load
signal is very well-matched by the load signal predicted with the interpolated models
computed from the defined LPV model. On top of this, it is clear that the load
signal predicted with the LTI model representative of assembly A for T}, =14 °C is not
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Figure 5.17: Comparison of the measured time-domain load with the time-domain loads pre-
dicted by exploiting the experimentally acquired time-domain responses and the
MVU estimator together with: a) the identified LTT model representative of the
dynamics of assembly A for T,, =14 °C and with b) the interpolated models
determined at each time-sample with the defined LPV model.

matching so well the measured time-domain load signal. Thus, we may conclude that to
accurately reconstruct time-domain load signals, possible time-domain variations on the
dynamics of the mechanical systems under study must not be ignored. Moreover, it is
once again evident that the computed LPV model accurately describes the time-varying
dynamic behaviour of assembly A. Hence, we may claim that the approach presented

in section 5.2.1 is experimentally validated to set-up interpolating LPV models.

5.3 Transfer Path Analysis

In this section, we will start by presenting a brief review of some state-of-the-
art Transfer Path Analysis (TPA) techniques (section 5.3.1). Then, the state-space
realizations of both matrix-inverse classical TPA and in-situ component-based TPA

methods are presented in sections 5.3.2 and 5.3.3, respectively.

5.3.1 State-of-the-art

TPA has revealed to be a valuable family of techniques to identify and assess the
importance of transmission paths of noise and vibration from sources (active compo-
nents, e.g. engines) to passive components (see, [128]). The TPA problem is in general
represented by an assembled structure composed of a source in operation connected
to a passive component through rigid connections or via connecting elements. As the
source is under operation, its internal mechanisms originate structural and acoustical
excitation that is transmitted to the passive system through structural and airborne
transfer paths, respectively. The passive system is assumed to not receive any excitation

besides the one transmitted through these transfer paths.



5.3. Transfer Path Analysis 179

In practice, the performance of TPA usually aims at lessen the transmission of noise
and vibration from the active to the passive components. Applications of this concept
can be found in diverse areas, such as, in the automotive (see, for instance, [129],
[130], [131], [132]) and in the aerospace industries (see, for example, [133], [134], [135]).
Following the general framework for TPA presented by Van der Seijs et al. in [94], we
will divide the TPA techniques in three different groups, namely, in the classical TPA,
component-based TPA and transmissibility-based TPA methods.

The classical TPA methods aim at identifying a set of connecting forces acting at
the interface between the active and passive components. These forces can, then, be
used to compute the operational responses on the intended DOFs (commonly, denoted
as target DOFs) at the passive side of the assembled structure (i.e. source connected to
the passive system) resultant from the excitation provided by the active component. In
the family of classical TPA methods are included approaches that make use of different
strategies to compute this set of connecting forces. We can start by mentioning the
direct force method, which makes use of force transducers installed at the interface
between the active and passive components to measure the intended set of connecting
forces. While this method might be adequate to deal with massive structures (see,
[128]), when analyzing smaller mechanical systems the instrumentation of force sensors
at the interface between the active and passive components is many times impossible
due to lack of room or inconvenient, because it changes the mounting conditions be-
tween the components. On top of this, the measurement of the connecting forces on
all intended DOF's might not be possible. Another technique belonging to the classical
TPA family is the mount stiffness method (see, [128], [136]). This technique is appli-
cable, when the active and passive components are connected by flexible mounts. To
determine the connecting forces, the mounts are assumed to respect the assumptions
underlying IS (see section 2.5.1), being the connecting forces determined by using the
diagonal dynamic stiffness terms of the mounts and the difference between the dis-
placements at the interface of the active and passive systems (see, bottom equation of
expression (2.59)) [94]. An important drawback of this approach is that some mounts
do not obey the assumptions underlying IS.

Lastly, we may also refer the widely popular matrix-inverse classical TPA method.
This method determines the connecting forces between the active and passive compo-
nents by solving an inverse problem involving operational responses collected at the
interface and/or at the passive side of the assembled structure (i.e. active compo-
nent connected to the passive system) and a model characterizing the dynamics of the
passive system (for example, set of FRFs or a state-space model). However, it is well-
known that the inverse force identification problem is ill-posed [137]. In practice, to
make the inverse problem better conditioned, it is common to determine the connecting
forces in an over-determined fashion by exploiting operational responses acquired at a
number of DOF's at least two times higher than the number of connecting forces to be
determined (see [136], [50], [94]). The location of these DOF's (also known as indicator
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DOFs) must be close to the interface between the active and passive components to
properly observe the full set of connecting forces. On top of this, to further improve
the conditioning of the inverse problem, the use of regularization methods is common.
In frequency-domain, the matrix-inverse method is usually regularized by either trun-
cating the lowest singular values (see, for instance, [138]) or by exploiting the Tikhonov
regularization approach [139], [140] (see, for example, the force identification strategies
presented in [141], [142]).

In time-domain, many techniques enabling the identification of time-domain forces
by solving inverse problems were proposed. Even though, many of these approaches
were developed without specifically targeting the determination of connecting forces
in the context of TPA, they can be exploited for this purpose. An example of these
techniques is the adaptive algorithm proposed in [143], which was directly derived
from the Least Mean Square algorithm [144]. By following the approach presented
in [143], the time-domain forces are estimated recursively based on the error between
the measured operational responses and the operational responses computed with the
estimated forces. Thus, avoiding the need of performing possible ill-conditioned matrix
inversions (see, [96]). Another force identification method was derived in [145]. This
approach estimates the time-domain forces by using the inverse Markov parameters of
the system under study together with measured operational responses. Moreover, to
regularize the inverse problem, Tikhonov regularization is applied. In [146], a method
that reconstructs time-domain forces by using an inverse structural filter that takes
as input the operational responses of the system under analysis was presented. In
this approach, the inverse problem is regularized by truncating the lowest singluar
values. More recently, a novel force identification method based on the use of a precise
time-step integration method for Markov parameters (PTIM-MP) together with the
Tikhonov regularization approach was also proposed in [147]. Finally, we can mention
some of the Kalman filter versions derived from the original work proposed by Kalman
in [148] to solve the inverse force identification problem. Examples of these works are
the dual Kalman filter proposed by Azam et al. in [149] and the Augmented Kalman
Filter (AKF) presented by Lourens et al. in [150].

The family of component-based TPA methods aims at determining sets of forces
that are an inherent property of the active components alone. These forces are usually
addressed as equivalent forces. The interesting feature of these forces is that they can
be used together with a model characterizing the dynamics of the assembled structure
(i.e. source connected to passive system) to simulate the operational responses (i.e.
when the source is running) on its passive side. Additionally, the equivalent forces of
a given active component can be exploited to determine the operational responses on
the passive side of any assembled system made of this component connected to any
other passive system, provided that the operational excitation exerted by the active
component is the same. This is possible, because these forces are an inherent property

of the active component alone. However, as discussed in [26], [151], [94] these equivalent
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forces cannot be used to predict the operational responses on the active side of the
assemblies (i.e. on DOFs belonging to the active component).

To determine the equivalent forces of a given active component, we can follow differ-
ent methodologies. For example, we may think of exploiting the blocked force method.
This approach is based on the fact that if the boundary of the active component is
completely blocked, while it is running, the reaction forces at the interface of the active
system are, actually, its equivalent forces (see, for instance, [94], [50]). Thus, in this
situation, the equivalent forces can be measured by using force transducers. In con-
trast, one may think of measuring the interface operational responses of the source by
leaving it completely free. It can be proven that these free interface responses are also
an inherent property of the source being related to the equivalent forces. Indeed, in
frequency domain, one can compute the equivalent forces by using the inverted driving
point interface FRFs of the source and its free interface responses (see, for instance,
[152]).

However, in practice, these methods are hard to apply. On the one hand, the
blocked force method requires the source to be blocked in all directions by a test bench
presenting infinite stiffness. On the other hand, the measurement of free interface re-
sponses is challenging, because to be able to operate, the sources need to be mounted.
Therefore, we expect the blocked force method to perform better at low frequencies,
for which the interface of the source can be assumed to behave as a rigid body, whereas
the characterization of active components by using free interface responses is expected
to be more accurate for higher frequencies [94]. To surpass the practical difficulties
inherent to both discussed component-based TPA methods, we may exploit the ap-
proach presented by de Klerk and Rixen in [151]. In this method, the operational tests
are conducted with the source connected to a regular test-bench. During these tests,
interface operational responses and connecting forces are collected. Then, by using
these measured quantities, the equivalent forces can be computed as reported in [151].
The main drawback of this method is that it requires the measurement of collocated
responses and forces in all directions and for all the connection points of the source
with the test-bench. To avoid the need of measuring the forces at these connection
points, Van der Seijs et al. proposed in [153] an approach that enables the determina-
tion of the equivalent forces by only using measured interface responses. Nevertheless,
by exploiting this method, we are required to hold two models, one characterizing the
dynamics at the interface of the source and another one characterizing the dynamics of
the test-bench, while the approach proposed in [151] only requires the use of one model
describing the dynamics at the interface of the source.

In the family of the component-based TPA techniques, it is also included the widely
popular in-situ component-based TPA method (see, [154],[155]). This approach deter-
mines the equivalent forces by solving an inverse problem involving a model characteriz-
ing the dynamics of the assembled system (i.e. source connected to the passive system)

and operational responses measured at the interface or/and at the passive side of the
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assembly. In this way, by using this method we are able to calculate the equivalent
forces without using special test-rigs and without dismounting any component, which
makes this method very attractive to the scientific community. Yet, one must guarantee
that the assembled system is only excited by forces applied on the active side. Thereby,
the in-situ component-based TPA method is very similar to the matrix-inverse method.
The main difference is that the in-situ TPA method is based on solving an inverse prob-
lem involving a model characterizing the dynamics of the assembled structure, while
the matrix-inverse method is based on solving an inverse problem that involves a model
describing the dynamics of the passive system. Thus, the strategies described above
to better the conditioning of the inverse problem, when applying the matrix-inverse
method still hold for the in-situ component-based TPA approach. Moreover, the time-
domain approaches discussed above to implement the matrix-inverse method can also
be exploited to implement the in-situ component-based TPA method. In literature,
several works and studies exploiting the in-situ component-based TPA approach can
be found, see for example, [156], [97], [157], [158], [159], [160].

Lastly, we may also mention the pseudo-forces method proposed in [161]. In this
method, a given source is characterized by pseudo-forces placed on its outer surface.
These forces are computed by solving an inverse problem involving a model character-
izing the dynamics of the assembled system and operational responses acquired at the
interface or/and at the passive side of the assembly. Thereby, the in-situ component-
based TPA method is completely identical to the pseudo-forces method, in case that
the pseudo-forces are assumed to be positioned at the interface between the source and
the passive component. In [162], the pseudo-forces method was successfully applied to
characterize an air-compressor mounted on a framework.

The family of transmissibility-based TPA methods aims at identifying and evaluat-
ing the importance of the paths of noise and vibration from the source to the passive
system. In this way, the responses at the target DOFs are commonly decomposed into
partial contributions coming from the operational responses measured at the indica-
tors. To determine these partial contributions, this family of methods makes use of
transmissibilities that are a property of the passive system alone (see, for instance,
[163], [94]). In [164], Magrans proposed a method based on two steps that is capable
of performing the decomposition of the operational responses at the target DOFs in
terms of the responses at the indicators. The first step involves the measurement of
a set of so-called general transmissibilities, whereas in the second step operational re-
sponses are acquired, while the source is under operation. Nevertheless, the general
transmissibilities cannot be used to evaluate the contribution of the indicator responses
to the target responses, instead we must use the so-called direct transmissibilities (also
known in literature as global transmissibilities) that can be computed from the general
transmissibilities (see, for instance, [164], [165]). This approach (also known as Global
Transmissibility Direct Transmissibility method (see, for example, [166], [167])) has

already demonstrated to lead to robust results, even when dealing with applications
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involving real mechanical systems (see, [168], [169]).

To alleviate the experimental effort required by the approach proposed in [164],
Noumura and Yoshida proposed a novel approach in [170] commonly denoted as Op-
erational Transfer Path Analysis (OTPA). This method proposes the performance of
several experimental tests during which the source is running under different operational
conditions. By performing these tests, we aim at collecting operational responses at
the target and indicator DOF's representative of several independent excitation cases.
Then, the transmissibilities can be computed, for example, with the H; estimator (see,
for instance, [21], [123]), by using the cross-power spectra matrix between the target
and indicator DOF's and the auto-power spectra matrix of the indicators. Thereby, this
method holds the important advantage of being a single step approach, allowing the
determination of transmissibilities and the analysis of the transmission paths by solely
exploiting operational data. Nevertheless, to properly estimate the transmissibilities,
the auto-power spectra matrix of the indicators must be well-conditioned. Yet, the
generation of independent excitation scenarios is difficult specially at low frequencies
[171]. To improve the conditioning of the problem, we may, for instance, truncate the
lowest singular values of the auto-power spectra matrix of the indicators. However,
as discussed in [171], [172], this approach may lead to the computation of incorrect
transmissibilities. For detailed discussions on the limitations of the OTPA method the
readers are forward to [173], [171], [174], [175], [172]. Guidelines on how to apply this
method in practice and a practical tire noise application are discussed in [176]. An
application of OTPA in the context of time-domain auralisation can also be found in
[177].

Finally, we may also mention the Operational Path Analysis with eXogenous Inputs
(OPAX) method (see, [178], [179]). OPAX was developed with the aim of combining the
advantages of both OTPA and classical TPA methods. In this approach, the connecting
forces of the target assembly (i.e. active component rigidly connected to a passive sys-
tem or connected via flexible mounts) are computed by exploiting the mount-stiffness
classical TPA method. In case that the dynamics of the mounts are unknown, one can
exploit models to parameterise they dynamic stiffness (for instance, single DOF models
or multi-band models [179]). The parameters of these models can then be determined
by solving a linear least-squares problem involving a model representative of the dy-
namics of the passive system and operational responses measured at the interface of the
source and passive systems and at the indiator and/or target DOFs. If the assembled
structure under study is composed of a source rigidly connected to a passive system,
it is suggested to exploit the mount-stiffness method by using passive-side interface
operational responses together with a narrow-band mount model (see, [179]). Then,
by using the connecting forces together with a model representative of the dynamics
of the passive system, the path contributions to the passive side DOF's of interest can
be determined. The main disadvantage of this approach is that it requires the use of

a model characterizing the dynamics of the passive system. If this model is to be de-
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termined experimentally, we are required to perform experimental tests on the passive
system alone.

Here, as mentioned in section 5.1, we will focus our attention on the matrix-inverse
classical TPA and on the in-situ component-based TPA methods. In particular, we
alm at presenting the state-space realizations of these methods that will be exploited
in section 5.4 to determine connecting and equivalent forces, when analyzing mechnical

systems presenting time-varying dynamic behaviour.

5.3.2 State-space realization of the matrix inverse method

In this section, we will present the state-space realization of the matrix inverse
method. This approach will be presented to demonstrate, which state-space models
and operational responses must be used to compute connecting forces in time-domain
by exploiting the state-space formulation. To simplify, here, we will assume that the es-
timation of the connecting forces is performed in a linear-least squares sense. However,
the force identification problem is known to be ill-posed. For this reason, when identi-
fying forces from measured operational responses, the use of a linear-least squares ap-
proach is not recommended, because it generally leads to the amplification of the noise
present in the measured operational responses (see, for example, [146],[147]). Thus, to
estimate connecting forces by using measured operational responses, one must exploit
more robust approaches, for instance, joint input-state estimation algorithms (see, for
example, [126], [180]) and the Augmented Kalman filter (AKF) (see, for example, [150],
[181], [182]).

To present the state-space realization of the matrix inverse method, we will consider
the assembled structure AB depicted in figure 5.18 composed by a source A and a
passive system B rigidly connected. In this figure, four different sets of DOFs can
be observed. A set of internal DOFs a located on the source A, where the internal
force generated by its internal mechanism is applied, a set of interface DOFs b, a set of
indicator DOF's ¢ and a set of target DOF's d.

Let us now, virtually separate the mechanical systems composing the assembled
structure shown in figure 5.18. After performing this virtual operation, the mechanical
systems of the assembled structure can be represented as shown in figure 5.19. In this
figure, it is possible to observe the connecting forces, which are responsible for keeping

the source and passive systems connected, acting on the interface of both mechanical
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Figure 5.18: Assembled structure made of a source and a passive component rigidly con-
nected.
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Figure 5.19: Assembled structure virtually separated.

To identify the connecting forces acting on the interfaces of the source and passive
component in time-domain, one may think on using force transducers. Nevertheless,
this would require the placement of these transducers in between the interfaces of the
source and passive system. As argued in [94], for many applications, the instrumenta-
tion of these force transducers is neither desired nor even possible. In alternative, we
may also think on using the LM-SSS method (see section 2.2.3) to define a state-space
model, whose outputs are the connecting forces intended to be identified. This state-
space model can simply be set-up by using the state equation of the coupled model given
in expression (2.75) and the first equation of the system of equations (2.73). Thus, by
using these equations and by retaining a unique set of inputs (see section 2.3.4), the

intended state-space model can be obtained as follows:

[0} = [AapOUz0} + [Ban®)] {aas(n)}

(5.19)
De®} = [€450] {20} + [D450)] {man®t)}
with,
[Aap(t)] = [As,p(t)] = [Bs.p(D)][Be]" (BADSE (1)][Be]") ~H[BlICEE" (1))
[Bas(t)] = [Bs,p(t)] - [Bs,p(t)][Bel" (B)DSH' (1)][Bel") Bl [DEE (1))
[C45®)] = (BDEE ONBc)") BeCEH (1)) (5.20)
[D%5()] = (BADSH ()][Bel") Bl IDEE' (1))
faas(} = {#,() @) Tp(t) e}
while, [As p(t)], [Bs.p(t)], [Cs,.p(t)] and [Dg p(t)] are given as follows:
_|Aa(®) _ | Ba(®)
aso)= | Besw= | -
Caccel t Daccel t '
ezl = |0 )], gt = | P4 Dgce,(t)]

where, subscripts A and B denote, respectively, variables associated with the source
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and with the passive system, subscript AB represents variables associated with the

assembled structure AB, while {Ac(t)} is given as hereafter.

{QA“)} = —[Bc]"{Ac()} (5.22)

gB(t)

By analyzing expressions (5.19) and (5.22), it is clear that if [B¢| (see section
2.2.1) is set-up by assigning negative unitary coefficients to the interface DOF of the
source, {\c(t)} = {ga(t)}. In contrast, if [B¢| is defined by assigning negative unitary
coefficients to the interface DOFs of the passive system, {Ac(t)} = {gB(t)}.

It is worth mentioning that in expression (5.19) the state-space matrices were as-
sumed to be dependent on time, because by using state-space models to calculate the
connecting forces in time-domain, we can take into account possible variations on the
dynamics of the source and of the passive component (see section 5.2). Thus, from now
on, when working on time-domain, the state-space matrices of the state-space models
will be assumed to be time-dependent.

Even though by using LM-SSS we can compute the intended connecting forces,
we are required to know the excitation forces generated by the internal mechanism
of the source (see expression (5.19)). In practice, these internal forces are unknown
and impossible to be measured [94]. Thus, to circumvent the need of measuring the
forces generated by the internal mechanism of the source, we may exploit the matrix
inverse method. This method enables the computation of the connecting forces by
using a representation of the dynamics of the passive system (e.g. FRF's or state-space
model) together with the operational responses measured at the passive system or at the
interface between this component and the source, provided that the passive system is
only excited by the source [94]. In the frequency domain, this method can be exploited

to compute the connecting forces as follows [94]:

bb,accel ; - T S .
HP ()] (Vi0i)
{Gp(jw)} = |HZ*(jw)| < Yip(iw) (5.23)
db,accel ; - S .
Hp (Jw) Yip(jw)

where, superscripts d and ¢ denote, respectively, variables related to the target and
indicator DOFs (see figure 5.18). Expression (5.23) can be rewritten by using the
state-space matrices of a state-space model representative of the dynamics of the passive

system as given hereafter.

[C%accel](jw[l] . [AB])_l[BbB] [Dg”accel] 1 YIZB (jw)
(@)} = | [C5"")Gell] - [A8) ' [BY) + DG | {Vipliw) f  (524)
(C5* ) Gwll) ~ [As) B + [D5*]] \Yip(iw)

_|_
+

|
S
=,

To estimate the connecting forces in time-domain, we may exploit the inverted
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acceleration state-space model of the passive system (see appendix A) as follows:

. ' Jhp(t)
{ep()} = [AF" (M) Hzp®)} + [BE"(1)] < #55()
TR0 i
s (t)
{os()} = [C° )] Lep®} + [Di*(1)] { #55(0)
J4p(t)
where,
[ABY (1)) = [Ap(t)] — [BE@)][DE™ )] [Ch(#)]
(B (1)] = [BROIDE 0] (5.26)
[CE" (1) = —[DE** ()] [CE (1))
(DY (1) = [DE* ()]
while, [C%4(¢)] and [D%Cd’b(t)] are given below.
C%accel (t) Dz};gb,accel (t)
[CE 0] = |5 (0)| , [DE™" (0] = | D' (¢) (5.27)
Cé,accel (t) D%b,accel (t)

For the sake of completeness, in expressions (5.23), (5.24) and (5.25) the connecting
forces are calculated by exploiting measured operational responses at the interface,
indicators and targets location. However, in practice it is common to determine those
forces by only using operational responses measured at the indicators [94]. Indeed,
the measured responses at the target DOFs are generally not used to estimate the
connecting forces, because the number of target DOFs is commonly small and these
DOFs are many times placed far away from the interface. Hence, they do not properly
observe the connecting forces. On the other hand, the responses at the interface DOF's
are usually difficult to be measured. Conversely, the location of the indicator DOF's is
specially chosen to be accessible and close to the interface between the source and the
passive system to ensure a proper observation of the full set of connecting forces. On
top of this, the number of these DOF's is typically at least two times higher than the
number of connecting forces to be identified to guarantee over-determination [136], [94]

and hence, better conditioning of the feedthrough matrix to be inverted.

Note that as the matrix inverse method requires the characterization of the dynam-
ics of the passive system, we are demanded to dismount this system from the assembly
where it is included, in case that its characterization is to be experimentally performed.
In addition, we must bear in mind that the connecting forces are a property of the as-

sembly (i.e. source connected to the passive system) (see expression (5.19)), thus this
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set of forces is not transferable to an assembled system composed by the same source

connected to a different passive component.

5.3.3 State-Space realization of the in-situ component-based TPA
method

In this section, we will present the state-space realization of the in-situ component-
based TPA method. This approach will be presented to demonstrate, which state-
space models and operational responses must be used to compute equivalent forces in
time-domain by exploiting the state-space formulation. Once again, for the sake of
simplicity, we will assume that the estimation of the equivalent forces is performed in a
linear-least squares sense. However, as mentioned in section 5.3.2, when the forces are
to be estimated from measured operational responses, the use of a linear-least squares
approach is not recommended. Hence, when estimating equivalent forces from measured
operational responses, one must exploit more robust techniques, for instance, joint
input-state estimation algorithms (see, for example, [126], [180]) and the Augmented
Kalman filter (AKF) (see, for example, [150], [181], [182]).

To start, let us once again consider the assembled structure shown in figure 5.20a,
which is composed by a source A and a passive system B rigidly connected. The
family of the component-based TPA methods aims at determining a set of forces that
when applied on the source at rest, reproduce the operational responses at the passive
system. This is illustrated in figure 5.20b. These estimated forces are usually denoted
as equivalent forces and are an inherent property of the source itself. Thus, these forces
can be used to simulate the operational responses on the passive side of any assembly
composed by the same source connected to any passive system [94], [34].

By analyzing figures 5.20, it is evident that the operational responses at the indicator
DOFs can be computed by following two different strategies. On the one hand, we may
compute these operational responses by exploiting the internal forces originated by the
internal mechanism of the source, on the other hand, we can determine the operational
responses by using the equivalent forces of the source. Thus, by following both strategies
and assuming that we aim at computing the acceleration operational responses at the

indicators, we may define the following identity

Source A Passive B Source A Passive B
° o } ]
u“ ———a C/f'*)/// d ueq ::/—;///’ d
S N y - y
<) b(‘m . — o
C
y \q. yb \,. Yy
(a) Operational responses resultant from the (b) Operational responses resultant from
forces originated by the internal mecha- the equivalent forces computed with
nisms of the source. component-based TPA.

Figure 5.20: Assembly composed by a source and a passive system rigidly connected.
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A )| {UPeaio) } = [ (w)] (U85 (w)) (5.28)

where, {U b’eq(jw)} € C™*! is the vector containing the equivalent forces of the
source in the frequency domain. By exploiting LM-FBS (see section 2.2.2) and by
dropping [e], {e} and (jw) for ease of readability, we may rewrite expression (5.28) as

given below (see, for instance, [94]).

db,accel bb,accel b, db,accel ba,accel
Hpaceel gy p pribaccelybeq — privaceel g, o prbasaceelra (5.29)

where, F4p is given below.

EAB _ (Hgb,accel + Hgb,accel)—l (530)

Expression (5.29) can be rewritten as hereafter:

Ub’eq _ (HZb,accel)—1H2a,acceleB (531)

by using the state-space model of the source, we may define | H Zb’accel ( jw)} and [H ga’accel ( jw)}

as given below.

bb,accel __ ~b,accel; . —1 pb bb,accel
Hy = 0" (jwl — Ay) "By + D)y

(5.32)
HZa,accel _ Cg,accel(jwl . AA)_IBA%} + Di;lyaccel

Analyzing expressions (5.31) and (5.32), we may realize that the equivalent forces
are, indeed, a property of the source itself. To compute the equivalent forces in time-
domain, we may exploit the inverted acceleration state-space model (see appendix A)

representative of the assembled structure as follows:

@) = (A5 @)] e} + [BY™ 0] {0}

| | | (5.33)
(w0 - o] ey o] ko)
where,
AT ()] = [Aa(0)] — [BYOIDL ()]~ [Cheee! )]
inv o b bb,accel -1
[BR ()] = [BA(D][DY (1)) (5.34)

(Cipe (1)) = — DU (1) ko 1))
(D (8)] = DYy ()]~

while, the acceleration responses {ii’ (t)} can be computed by exploiting the state-space

model given below.
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{ea®)} = (Aa®] {za®} + [B30)] {us(t)}
{iho} = [t o] waw) + [Dlpeeer o] {uso}

By exploiting expression (5.33) and (5.35), we can compute the intended set of

(5.35)

time-domain equivalent forces, however we are required to know the internal forces
originated by the internal mechanisms of the source. As mentioned in section 5.3.2,
these internal forces are unknown and impossible to be measured in practice. Thus, to
compute the equivalent forces, we may, for instance, exploit the in-situ method proposed
by Moorhouse and Elliott (see [154],[155]). This method enables the calculation of the
equivalent forces by using a representation of the dynamics of the assembled structure
(e.g. FRFs or state-space model) together with operational responses measured at the
passive system or at the interface between this component and the source, provided
that the passive system is only excited by the source [94]. In this way, by using this
method we are able to calculate the equivalent forces without using special test-rigs
and without dismounting any component. By following this approach, the equivalent
forces at the interface between the source and the passive system can be computed as

hereafter.

T

rrbb,accel / . > .
]iIAbB l(Jw) X,ZB(JW)
{Uterion} = |5 (w) | { Vipliw) (5.36)
rrdb,accel / . S, .
Hyp ™ (jw) YXB(JW)

Alternatively, by exploiting a state-space model representative of the dynamics of
the assembled structure (see figure 5.20a), expression (5.36) can be rewritten as given

below.

(i) ol1) — [Aap) (Bl p) + (D] (Vhs (i)
{Ureigo)} = 1055 Gwll] ~ [Aap) Byl + DY | { Viplw) p (5:37)
b
A

€

[Ce (Gwll] — [Aap)) " [BYg] + D5 \Vip(iw)

To compute the equivalent forces in time-domain by using the in-situ method, we

may exploit the state-space model of the assembled structure as follows:

B ' Jhp(t)
{#0)} = [A50] =00} + [Bya ()] { im0
J4p(t)
B (5.38)
' ' Jp(t)
{urean)} = [l )] o)} + [Pl ()] < s (0)
J4p(t)

where,
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(Al ()] = [Aap(t)] — (B4 (1] [D" ()] [CYA(#)]
[BY5 ()] = [Bhs®)] D5 )

(€ 1) = ~ DY) (e o)
(D™ (1) = DY )]
while, [C*?(t)] and [DP®*(t)] are given below.
Cli (1) Dl ()
[C*%%(t)] — | oGy | [Df’;gvb(t)} — | Debgecel gy (5.40)
Oi,gccez (t) DibB accel (1)

It is worth mentioning that, for the sake of completeness, in expressions (5.36),
(5.37) and (5.38), we have assumed that the equivalent forces are computed from the
measured operational responses at the interface, indicator and target DOFs. However,
for the reasons presented in section 5.3.2, in practice the equivalent forces are in general

computed by only using operational responses measured at the indicator DOFs.

5.4 Numerical Validation

In this section, the state-space realizations of the matrix inverse method (see section
5.3.2) and of the in-situ component-based TPA (see section 5.3.3) will be applied on
numerical TPA cases. The two assemblies depicted in figure 5.21 will be analyzed. The
assembly AB is composed by the substructures A and B studied in section 5.2.2 rigidly
connected, while assembly AC' is composed by the substructure A rigidly connected to
the substructure C', which was also analyzed in section 5.2.2.

In the following, we will assume that the substructure A is a source, while substruc-

Ya1r Ya1 ypy Vb2, Up2 Vb3, Up3
- = - =
ka1 ka2 (1) ey ko2 (t) ki3
Mgy Mgz Myq My2 Mp3
—— —— —— —TH —T]
Ca1 Caz2(t) Cp1 cp2(t) €p3
Assembly AB
Ya1 Ug1 Yp iy Ve, Ucz Ve3r Ues
= |
ka1 ka2 (t) ket ke (8) kes
Mg, Maz Meq Me2 M3
— —i —i— —1— —1—
Ca1 Caz (t) Ce1 Ce2 (t) Ce3
Assembly AC

Figure 5.21: Assembled structures AB and AC' [6].
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tures B and C' are two different passive components. Additionally, we will assume that
the mechanical properties of the three substructures are time-varying and dependent
on the three time-varying parameters presented in section 5.2.2 (i.e. nj, ny and ng),
whose variation over time is given in figure 5.2. Moreover, assemblies AB and AC' (see
figure 5.21) will be analyzed for a time period of 4 s. During this time period, we will
presume that the source (substructure A) is turned on during 1 s originating a transient
load at DOF ay of 10 N. Then, the source is shut down and hence, the force acting on

DOF a; during the remaining 3 s drops to zero.

We will start this section by applying the state-space realization of the matrix
inverse method to determine the connecting forces acting on the interface of assembly
AB (section 5.4.1). Afterwards, in section 5.4.2 the state-space realization of the in-
situ component-based TPA method will be applied to determine the equivalent forces

of substructure A (which is assumed to be an active component).

5.4.1 Numerical Validation of the state-space realization of the matrix

inverse method

In this section, we will start by computing the analytical time-domain connecting
force acting on the interface of component B. This force will then serve as reference
to evaluate the accuracy of the state-space realization of the matrix-inverse method
presented in section 5.3.2. To compute the intended analytical time-domain connecting
force, we will define at each time sample a state-space model as given in expression
(5.19). These state-space models must be computed by using the models representative
of the dynamics of components A and B at each time sample (computed in section 5.2.2)
in accordance with expressions (5.20). Moreover, the mapping matrix [B¢] involved in
the computation of the intended models must be set-up by assigning negative unitary
values to the interface DOFs of substructure B. Thereby, the computed state-space
models will enable the determination of the connecting force acting on the interface of
substructure B instead of leading to the determination of the connecting force acting
on the interface of substructure A (which is equal in intensity and opposite in direction)
(see section 5.3.2). In this way, by using the force generated by the internal mechanism
of source A and by discretizing the computed state-space models with a sampling
frequency of 2 x 10* Hz and by exploiting the first-order-hold (foh) method (see [183]),
the analytical time-domain connecting force acting on the interface of component B

can be determined as follows:
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{@AB£+1}::L4ABJJ{EABk}4"{BABJJ b

’ (5.41)

{oma = [Chp ] {manat + [Dp,] § i

where, subscript AB denotes variables associated with a state-space model represen-
tative of the dynamics of assembly AB, while k represents the time sample under
analysis.

At this point, by exploiting the state-space realization of the matrix inverse method
(see section 5.3.2), we will compute the connecting force acting on the interface of
substructure B in time-domain by using two different approaches. Nevertheless, before
being able to exploit the matrix inverse method, we must compute the operational
responses of assembly AB. To determine these operational responses, we will start by
constructing at each time sample state-space models representative of the dynamics of
assembly AB directly from its mechanical properties. Again, for the sake of simplicity,
the damping matrix of assembly AB at each time sample will be defined from the
respective stiffness matrix by replacing the stiffness terms with the damping ones. Then,
by using the input force generated by the source (substructure A) and by discretizing
the computed state-space models with a sampling frequency of 2 x 10* Hz and by
using the foh method, the time-domain operational responses of assembly AB can be

determined as given below.

al
UAB K
“in
(@apin} = |Aape| (as} + [Bapa] {07
AB.k
3
u
AB.k
) (5.42)
(L] ai
YAB k UAB K
. ] J
yAB,k _ Caccel {.%’ }+ Daccel UABJf
by = |YABk ABk AB,k bo
YAB k U4AB K
..bs bs
YABk YAB K )

Note that, from now on the state-space models involved in calculations/simulations
performed in time-domain will always be discretized with the foh method and by using
a sampling frequency of 2 x 10* Hz.

After having determined the operational responses of assembly AB, we can exploit
the state-space realization of the matrix inverse method to compute the time-domain

connecting force acting on the interface of substructure B. To start, the intended
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connecting force will be calculated by exploiting the state-space realization of the matrix
inverse method with the computed operational responses at the interface DOF and at
the DOF b, of assembly AB and by using the discretized analytically determined models
representative of the dynamics of substructure B at each time sample (see section 5.2.2).
Afterwards, the connecting force will be re-determined by following the same procedure,
but by exploiting discretized state-space models computed at each time sample from
the LPV model representative of the dynamics of component B calculated in section
5.2.1.

It is worth mentioning that, as discussed in section 5.3.2, it is not usual to determine
connecting forces by exploiting operational responses measured at the interface between
the source and the passive system. Nevertheless, in this numerical example, we were
forced to exploit the operational responses measured at the interface of assembly AB,
because to implement the state-space realization of the matrix inverse method we are
required to invert the feedthrough matrix of substructure B. As the mass matrices of
this substructure are assumed to be diagonal, the feedthrough matrices of the state-
space models computed from its mechanical properties will be diagonal as well. For
this reason, to avoid the inversion of null matrices, we performed the estimation of
the connecting force acting on the interface of substructure B by using the operational
responses at the interface of assembly AB. In contrast, when dealing with structures,
whose dynamics is represented by state-space models estimated from experimentally
acquired data, the state-space realization of the matrix inverse method can be exploited
without using the operational responses at the interface between the source and the
passive side, because the feedthrough matrices of models estimated from measured data
are not diagonal.

Figure 5.22a shows the comparison of the analytical connecting force with the two
estimations of the connecting force obtained by exploiting the state-space realization
of the matrix inverse method (see expression (5.19)). Moreover, figure 5.22b shows
the comparison of the operational acceleration response of assembly AB at DOF b3
with the operational acceleration response estimated at the same DOF by using the
connecting forces obtained by implementing the state-space realization of the matrix
inverse method with the discretized analytical models of substructure B and with the
discretized models of the same substructure computed by using the correspondent in-
terpolating LPV model (see section 5.2.2).

By observing figure 5.22a, we conclude that the connecting force computed by
exploiting the state-space realization of the matrix inverse method with discretized
analytical models is perfectly matching the analytical connecting force. Additionally,
the operational response at DOF b3 computed by using this connecting force with the
discretized analytical models of component B is also perfectly matching the analytical
operational response at DOF b3 of assembly AB (see figure 5.22b). Thus, showing that
the state-space realization of the matrix inverse method is indeed valid to compute

time-domain connecting forces (see section 5.3.2) even when dealing with components
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(a) Connecting force.
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(b) Operational acceleration response at DOF b3 of assembly AB.

Figure 5.22: Comparison of the computed connecting force and of the operational acceleration
response at the DOF b3 of assembly AB by following three different methodolo-
gies: analytically (represented by the black solid curve); by using the analytically
determined models representative of the dynamics of substructure B at each time
sample (represented by the red dashed curve) and by using state-space models
representative of component B computed at each time sample by exploiting the
correspondent constructed LPV model (represented by the green dash-dotted
curve).
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presenting time-varying dynamic behaviour.

Moreover, by further analyzing figure 5.22a, it is clear that the connecting force
estimated by exploiting the state-space realization of the matrix inverse method with
discretized state-space models computed from the interpolating LPV model of substruc-
ture B is well matching the analytical connecting force. On top of this, the operational
response at DOF b3 of assembly AB can be accurately reconstructed by using the
estimated connecting force (see figure 5.22b). Therefore, we may conclude that the
use of an interpolating LPV model to take into account the time-varying behaviour of
mechanical systems, while computing connecting forces is a valid approach.

To demonstrate the benefit of taking into account the time-varying behaviour of
component B, the connecting force was re-calculated by assuming that the parameter
ng is kept constant and equal to one during the time period under analysis. Figure
5.23a shows the comparison of the analytical connecting force with: i) the same force
obtained by using the state-space realization of the matrix inverse method with dis-
cretized state-space models representative of component B determined at each time
sample from the correspondent LPV model (see section 5.2.2) and ii) with the dis-
cretized analytical state-space model of component B for no = 1. In figure 5.23b, it is
also shown the comparison of the reference operational acceleration response at DOF b3
of assembly AB with the operational acceleration responses predicted by the following
approaches: a) by exploiting the discretized state-space models of component B com-
puted at each time sample from the correspondent estimated LPV model (see section
5.2.2) with the connecting force obtained through approach i) and b) by exploiting the
discretized analytical state-space model of component B associated with no = 1 with
the connecting force determined from approach ii).

By analyzing figure 5.23a, it is evident that the connecting force computed by
taking into account the time-varying dynamic behaviour of component B by exploiting
the correspondent constructed LPV model (see section 5.2.2) is better matching the
analytical connecting force than the estimation obtained by using the analytical state-
space model associated with no = 1, which neglects the time-varying dynamic behaviour
of component B. Moreover, the same conclusions can be taken when comparing the
reconstructed operational response at DOF b3 of assembly AB by using each of the
estimated connecting forces. These observations clearly demonstrate that to accurately
determine connecting forces by using the matrix inverse method, we must take into

account possible time-domain variations on the dynamics of the target structures.

5.4.2 Numerical Validation of the state-space realization of the in-situ
component-based TPA method

Here, we will start by computing the time-domain analytical equivalent force of
component A. This force will be computed in two steps. Firstly, the operational ac-

celeration responses at the interface of component A (see expression (5.35)) will be
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(b) Operational acceleration response at DOF b3 of assembly AB.

Figure 5.23: Comparison of the computed connecting force and of the operational acceleration
response at the DOF b3 of assembly AB by following three different method-
ologies: analytically (represented by the black solid curve), by using state-space
models representative of component B computed at each time sample by ex-
ploiting the correspondent constructed LPV model (represented by the green
dash-dotted curve) and by using the analytical state-space model of component
B associated with ng = 1 (represented by the red dashed curve).
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determined from the applied force at DOF al and by using the discretized analytically
determined state-space models (see section 5.2.2) representative of the dynamics of this
substructure at each time instant. Then, the intended equivalent force will be calcu-
lated by exploiting those operational responses and the discretized inverted analytical
acceleration models representative of component A at each time sample (see expression
(5.33)).

To evaluate the accuracy of the in-situ component-based TPA method (see section
5.3.3), when dealing with substructures presenting time-varying dynamics, the time-
domain equivalent force of component A will be re-estimated by using this method
with the operating acceleration responses at the interface DOF and at DOFs by and
bs of assembly AB together with discretized acceleration models representative of the
dynamics of assembly AB at each time sample. The acceleration models of assembly
AB will be computed by using two different methodologies. Firstly, the intended models
will be calculated by using LM-SSS to couple the analytically determined displacement
models representative of substructures A and B (see section 5.2.2) at each time sample.
To remove the originated redundant states from each of the computed coupled models,
we will exploit the post-processing procedure presented in section 2.3.3 that makes
use of a state Boolean localization matrix, while to eliminate the redundant DOF's
of each of the computed coupled models, the method presented in section 2.3.4 will
be used. In the second strategy, the intended coupled models will be obtained by
exploiting LM-SSS to couple the displacement models representative of the dynamics
of substructures A and B at each time sample computed by using the interpolating LPV
models defined in section 5.2.2. It is important to mention that the state-space models
computed from the LPV models were transformed into UCF, before being coupled.
This was done, because the state-space models estimated from the defined LPV models
are represented in complex diagonal form (see sections 5.2.1 and 5.2.2). Thus, to be
able to compute minimal-order coupled models, we were required to transform these
models into UCF (see section 2.3.2) before coupling them. Once again, the originated
redundant states and DOF's of each of the coupled state-space models were eliminated
by using, respectively, the post-processing procedure presented in section 2.3.3 that
makes use of a state Boolean localization matrix and the post-processing procedure
presented in section 2.3.4. Obviously, by following both described strategies, we obtain
displacement coupled state-space models representative of assembly AB at each time
sample. Thus, these models must be double-differentiated to compute the intended
acceleration state-space models to be exploited in the state-space realization of the
in-situ component-based TPA method (see section 5.3.3).

To demonstrate that the calculated equivalent forces are indeed, a property of the
source and that they can be used to predict the responses on the passive side of struc-
tures made of the same source and different passive systems, coupled state-space models
representative of assembly AC' will also be computed by using the analytical models of

substructures A and C at each time sample and by exploiting the models of the same
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components computed from the respective constructed LPV models at each time sample
(see section 5.2.2). The elimination of the originated redundant states and DOF's from
the computed coupled models will be done by exploiting the same post-processing pro-
cedures used to eliminate the redundant states and DOF's from the computed coupled
models representative of assembly ADB.

In figure 5.24a, the time-domain analytical equivalent force of component A is com-
pared with the equivalent force computed by using the following approaches: a) time-
domain equivalent force obtained by exploiting the state-space realization of the in-situ
component-based TPA method with the discretized coupled models obtained by cou-
pling the analytically determined models representative of substructures A and B at
each time sample and b) time-domain equivalent force determined by exploiting the
state-space realization of the in-situ component-based TPA approach with the dis-
cretized coupled models calculated by coupling the interpolated models representative
of the dynamics of components A and B at each time sample obtained from the re-
spective interpolating LPV models constructed in section 5.2.2. Figure 5.24b reports
the comparison of the analytical operational acceleration response at DOF c¢3 of as-
sembly AC' (computed by following the methodology used to calculate the analytical
operational responses of assembly AB in section 5.4.1) with the operational acceler-
ation responses at the same DOF computed by exploiting the following approaches:
i) operational acceleration response obtained by using the equivalent force computed
through approach a) with the discretized coupled models of AC' obtained by coupling
at each time sample the analytical models representative of substructures A and C and
ii) operational acceleration response estimated by using the equivalent force computed
with approach b) together with the discretized coupled models of AC' determined by
coupling at each time sample the state-space models representative of the dynamics of
substructures A and C' computed by using the respective interpolating LPV models
defined in section 5.2.2.

By observing figure 5.24a, it is clear that the equivalent force computed by exploiting
methodology a) is perfectly matching the analytical one. Moreover, by analyzing figure
5.24b, it is clear that the analytical operational response at the DOF ¢3 of assembly AC
is perfectly matched by the correspondent operational response computed by using the
equivalent force obtained from approach b). Thus, demonstrating that the equivalent
forces obtained by using the state-space realization of the in-situ component-based TPA
are in fact, an inherent property of the source and hence, that can be used to predict the
operational responses on the passive side of assemblies composed by the same source
connected to any different passive system.

Further analyzing figure 5.24a, it is evident that the analytical equivalent force
of component A is well-matched by the equivalent force computed with approach b).
Furthermore, the operational response at the DOF c¢3 of assembly AC' computed with
approach ii) is well-matching the analytical one (see figure 5.24b). Therefore, we may

conclude that the use of the state-space realization of the in-situ component-based TPA
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Figure 5.24: Comparison of the time-domain equivalent force of component A and of the
operational acceleration response at the DOF ¢3 of assembly AC obtained by
exploiting three different approaches.
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method together with coupled models obtained by coupling state-space models com-
puted from LPV models is an accurate approach to calculate time-domain equivalent
forces, when dealing with assemblies, whose dynamics is time-dependent.

As final analysis, to evaluate the importance of taking into account the time-domain
variation on the dynamics of assembly AB, we will compute an additional estimation of
the equivalent force of component A by exploiting the state-space realization of the in-
situ method with the discretized acceleration analytical state-space model of assembly
AB associated with ny = ny = 1 and by using the analytical operational acceleration
responses of assembly AB at the interface DOF and at DOFs by and b3 (from now
on denoted as methodology c)). In figure 5.25a, it is reported the comparison of the
analytical equivalent force of component A with the same equivalent force estimated by
exploiting approaches b) and ¢). Moreover, in figure 5.25b, it is reported the comparison
of the analytical operational acceleration response at the DOF c3 of assembly AC with
the operational response at the same DOF computed with approach ii) and by using the
equivalent force computed with approach c¢) together with the discretized acceleration
analytical state-space model representative of assembly AC associated with n; = 1 and
n3 = 0.7 (from now on denoted as approach iii)).

By analyzing figure 5.25a, we may conclude that the equivalent force obtained by
exploiting approach c) (by neglecting the time-dependency of the dynamics of assembly
AB) does not represent a good estimation of the analytical equivalent force. On top of
this, the operational acceleration response at DOF c3 of assembly AC obtained through
methodology iii) is poorly matching the correspondent analytical response (see figure
5.25b). The poor quality of the estimated equivalent force obtained with approach
c) and of the operational response at DOF c3 of assembly AC predicted by using
approach iii) is a direct consequence of ignoring the time-varying dynamic behaviour of
assemblies AB and AC (see figure 5.25b). Hence, it is evident that to estimate accurate
equivalent forces and to exploit them to predict the operational responses at the passive
side of assemblies composed by the same source and different passive systems, we must
not ignore possible time-domain variations on the dynamics of the assemblies under
analysis.

Note that, to compute the equivalent force of component A by exploiting the state-
space realization of the in-situ component-based TPA method, we have used the in-
terface operational responses of assembly AB. In practice, it is not common to de-
termine equivalent forces by using interface operational responses (see section 5.3.3).
However, in this section we dealt with analytically modelled substructures/assemblies,
whose mass matrices are assumed to be diagonal and hence, that are characterized by
state-space models presenting diagonal feedthrough matrices. Thus, if the operational
responses at the interface of assembly AB were not used, we would be demanded to
invert null matrices. When dealing with real assemblies, whose state-space models are
estimated from experimentally acquired data, we can exploit the state-space realiza-

tion of the in-situ component-based TPA method without using operational responses
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Figure 5.25: Comparison of the time-domain equivalent force of component A and of the
operational acceleration response at the DOF c¢3 of assembly AC determined
by exploiting two different strategies that take into account the time-domain
variation on the dynamics of assemblies AB and AC with the equivalent force
and operational acceleration response at the DOF c3 of assembly AC' estimated
by exploiting a strategy that ignores the time-dependency of the dynamics of
assemblies AB and AC.
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collected at their interface, because the feedthrough matrices of state-space models

estimated from measured data are not diagonal.






Chapter 6

Conclusion

6.1 Conclusions

In this thesis, we have analyzed and discussed in detail the limitations of the state-
of-the-art SSS methods (see chapter 2). A similar debate on the limitations of the
state-of-the-art approaches to experimentally identify state-space models was also con-
ducted in chapter 3. Along with these discussions, novel methodologies to mitigate the
pointed limitations were proposed. This led to a detailed and justified presentation of
all the steps to be performed from the experimental identification of state-space models
to the computation of stable accurate coupled state-space models. As a result, chap-
ters 2, 3 and 4 demonstrate a substantial evolution of the state-of-the-art that enables
the determination of accurate stable coupled state-space models from unstable coupled
models originated from the performance of DS operations with non-passive models rep-
resentative of complex substructures. Moreover, in chapter 5 we have also proposed
two novel applications of LPV models in time-domain TPA. These applications clearly
demonstrate the benefit of using the state-space formulation and the SSS methods in
time-domain TPA applications involving mechanical systems presenting time-domain
variations on their dynamics. In the following, conclusions for these three main topics

are presented.
State-Space Substructuring

The LM-SSS method was exploited in sections 4.1.1 and 4.2.3 to perform decou-
pling and coupling operations with state-space models representative of analytical and
real mechanical systems, respectively. The accurate results reported on those sections
clearly demonstrate that LM-SSS is a reliable SSS method. On top of this, LM-SSS
showed to be capable of performing decoupling and coupling operations with mod-
els previously transformed into coupling form. In addition, the novel post-processing
procedures presented in section 2.3.3 showed to be able to correctly eliminate the redun-

dant states originated from the performance of SSS operations with LM-SSS leading,
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in this way, to the computation of accurate minimal-order coupled models. The post-
processing procedure presented in section 2.3.4 also demonstrated to perform well, en-
abling a correct retention of a unique set of DOFs from the coupled state-space models
computed with LM-SSS. Moreover, the novel coupling form, denoted UCF, proposed
in section 2.3.2 demonstrated to be applicable on state-space models representative of
analytical and real mechanical systems. UCF and the coupling form presented in [8]
showed to perform similarly. Nevertheless, as discussed in section 2.3.2, UCF presents
the relevant advantage of not requiring the selection of a subspace from a nullspace.

In sections 4.1.2 and 4.2.4, the state-space realization of IS demonstrated to be a
reliable approach to compute models representative of diagonal apparent mass terms
of CEs, whose dynamic behaviour can be accurately characterized by the assumptions
underlying IS (see sections 4.1 and 4.2.4). Moreover, the use of these models to in-
troduce the dynamics of CEs into the LM-SSS coupling formulation via compatibility
relaxation demonstrated to be an accurate approach to compute coupled models repre-
sentative of substructures connected by CEs suitable for being characterized by IS (see
section 4.2.5). The novel post-processing procedures presented in section 2.5.2 showed
to be reliable to eliminate the extra states originated from the performance of coupling
operations with LM-SSS via compatibility relaxation leading to the computation of
accurate minimal-order coupled models.

Furthermore, by analyzing the rubber mount models computed in the context of
the experimental substructuring case analyzed in section 4.2, it is evident that the
state-space models determined by exploiting the state-space realization of IS present a
significant lower number of states than the models identified by performing decoupling
operations with LM-SSS or by implementing primal state-space disassembly operations.
This is observed, because the state-space realization of IS does not make use of decou-
pling operations to compute the rubber mount models. Therefore, these models are not
composed by spurious modes and hence, they are made of a relevant lower number of
states than the models computed by implementing decoupling with LM-SSS or by per-
forming primal state-space disassembly operations. On top of this, the coupled models
determined by including the CEs into LM-SSS via compatibility relaxation are made
of a significant lower number of states than the coupled state-space models computed
with LM-SSS or with primal state-space assembly. Once again, this is justified by the
fact that the rubber mount models used in the LM-SSS method and in the primal state-
space assembly formulation are identified from decoupling/disassembly operations and
hence, they are contaminated by spurious modes. Thereby, it is straightforward to
conclude that the state-space realization of IS is the most suitable approach to identify
models of CEs, while LM-SSS via compatibility relaxation is the most adequate ap-
proach to include the dynamics of CEs into the LM-SSS formulation. However, the user
must bare in mind that both state-space realization of IS and LM-SSS via compatibility
relaxation rely on the assumptions underlying IS. Therefore, their application must be

restricted in frequency and must be applied on CEs, whose dynamic behaviour is ade-
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quate for being characterized by IS (see sections 2.5.1 and 4.2.4), i.e. the contribution
of the mass of the CEs must be unimportant for their dynamics in the frequency range

of interest and the CEs must not present relevant cross couplings between their DOF's.
Estimation of state-space models

The novel method proposed in section 3.3.2 demonstrated to be accurate to strictly
impose Newton’s second law on state-space models representative of analytical (see
sections 4.1.1 and 4.1.2) and real mechanical systems (see sections 4.2.2 and 5.2.3).
Moreover, it was shown that the proposed novel approach presents two important ad-
vantages over the state-of-the-art method presented in [5]. On the one hand, the method
developed in section 3.3.2 does not rely on the use of undamped RCMs to impose New-
ton’s second law. On the other hand, by using the approach here proposed, Newton’s
second law can be imposed by using RCMs presenting lower natural frequencies than by
exploiting the method outlined in [5] (see section 4.2.2). Therefore, we may claim that
the method proposed in section 3.3.2 is, particularly, interesting to set-up state-space
models that, besides strictly respecting Newton’s second law, are adequate for being
exploited in time-domain simulations.

In addition, the novel strategy developed in section 3.5 to impose stability on un-
stable coupled models was experimentally validated in section 4.2.6. This approach
demonstrated to be robust enough to compute an accurate coupled state-space model
from an unstable coupled model resultant from the performance of several SSS opera-
tions involving models estimated from the measured FRF's of many mechanical systems.
This approach holds the advantages of not strictly requiring the use of iterative algo-
rithms and of being simple to apply. Furthermore, in section 4.2.6, we have clearly
shown that, in contrast with the originally computed unstable coupled model, the de-
termined stable coupled model is adequate for performing time-domain simulations. In
this way, by exploiting the approach proposed in section 3.5, it is possible to compute
accurate stable coupled models by performing SSS operations with non-passive state-

space models estimated from experimentally acquired data.
State-space models and SSS methods in TPA

The local approach discussed in section 5.2.1 showed to be capable of computing
interpolating LPV models that accurately describe the dependency of the dynamics
of three analytical mechanical systems on scheduling parameters (see section 5.2.2).
Moreover, in section 5.2.3, this approach lead to the determination of an interpolating
LPV model that accurately describes the temperature dependency of the dynamics of
a real assembled structure. Indeed, by exploiting this LPV model, very good estima-
tions of the time-domain responses of this assembled structure, when submitted to a

temperature run-up, could be performed. Accurate estimations of the time-domain
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load applied on this structure during the performed temperature run-up could also be
obtained by using the computed LPV model. It was also evident that ignoring the
temperature dependency of the dynamics of the assembled structure leads to lower-
quality predictions of the time-domain responses and of the time-domain load applied
on this structure. Thereby, this case study motivates the exploitation of LPV models
to describe the dependency of the dynamics of more complex structures on scheduling
parameters. Alternatively, one may think on using interpolating LPV models to charac-
terize the dependency of the dynamics of simple components (such as, rubber mounts)
on scheduling parameters and subsequently, introduce them in complex structures via
SSS.

To validate the novel applications of LPV models in TPA proposed in chapter 5,
the three substructures analyzed in section 5.2.1 were once again studied, by assuming
that their dynamic behaviour is continuously changing over time and by presuming
that one of those substructures is a source (hence, it generates excitation) and that the
other two are passive systems. The use of the LPV models computed in section 5.2.2
together with the state-space realization of the matrix-inverse method demonstrated
to lead to the computation of an accurate estimation of the time-domain connecting
force (see section 5.4.1). Moreover, it was found that an accurate prediction of the
time-domain equivalent force could be performed by exploiting coupled models com-
puted at each time-sample with LM-SSS (by coupling interpolated models calculated
from the interpolating LPV models) together with the state-space realization of the
in-situ component-based TPA method (see section 5.4.2). Moreover, in sections 5.4.1
and 5.4.2, it is clearly shown that if the time-varying dynamics of the analytical sub-
structures are ignored, the quality of the estimated connecting and equivalent forces
is significantly deteriorated. Thus, this study clearly demonstrates the suitability of
the state-space formulation and SSS methods to tackle time-domain TPA applications

involving mechanical systems, whose dynamics vary over time.

6.2 Future Research

Many research topics must still be investigated to improve the SSS methods and
the methodologies to experimentally estimate state-space models suitable for being
exploited in SSS operations. In the following, some of these research topics are proposed
by the author:

e Automatic selection of the natural frequencies of the RCMs included
in state-space models: When computing complete state-space models, it is
common to use RCMs to include the contribution of the lower and upper out-
of-band modes (see section 3.2). Additionally, in section 3.3.2, we proposed the

use of RCMs to impose Newton’s second law on the constructed complete state-
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space models. As discussed in sections 3.2 and 3.3.2, to define these RCMs we
are required to select their natural frequencies and damping ratios. The value
of the damping ratio of these RCMs must be selected to be the minimum value
that allows the performance of stable time-domain simulations with the complete
state-space model under construction, while the natural frequency of the RCMs
responsible for modelling the contribution of the lower out-of-band modes can be
selected with freedom to make sure that the FRFs of these RCMs well match the
contribution of the lower out-of-band modes. Nonetheless, the selection of opti-
mal values for the natural frequencies of the RCMs responsible for including the
contribution of the upper out-of-band modes and for imposing Newton’s second
law on state-space models must be performed in an iterative fashion by following
a "try and error” approach. Thus, it would be convenient to possibly get to a
mathematical expression that allows the user to directly calculate optimal values

for the natural frequencies of these RCMs.

e Uncertainty quantification: In this thesis, the state-space models representa-
tive of real mechanical systems are estimated from modal parameters identified
from their measured FRFs. Therefore, the random uncertainties in the measured
FRFs will definitely influence the accuracy of the identified modal parameters and
hence, will be propagated during the performance of SSS operations. Thereby,
we propose the performance of a study on the quantification and propagation of

measurement uncertainties in SSS operations.

e Model order reduction: It is evident that the coupled state-space models
computed in chapter 4 are composed by a significant larger number of states than
the strictly needed to characterize the dynamics of the assembled structures. This
is definitely a consequence of using a large amount of modes to compute the state-
space models in order to make sure that their FRFs match as closely as possible
the measured FRFs of the components that they represent. Nevertheless, the
use of model order reduction techniques will always make the models computed
with SSS techniques more appealing to be exploited in time-domain applications
(e.g. in real-time applications). Moreover, as discussed in section 2.5, the state-
space models originated from decoupling operations include the dynamics of the
decoupled substructures twice and hence, they are contaminated with pairs of
spurious modes. Thus, the use of model order reduction techniques could be the

solution to eliminate these undesired modes.

e Direct computation of state-space models representative of inverted
diagonal dynamic stiffness terms of CEs: As the inversion of a given state-
space model involves the inversion of its feedthrough matrix, by exploiting the
state-space realization of IS (see section 2.5.4), it is only possible to determine

state-space models representative of inverted diagonal apparent mass terms of
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CEs. This is problematic, because to compute the correspondent state-space
model representative of the inverted diagonal dynamic stiffness terms of the CEs,
we would be required to invert its state matrix, which may lead to numerical prob-
lems associated with ill-conditioned matrix inversions. Moreover, this prevents
the computation of displacement coupled state-space models by using LM-SSS
via compatibility relaxation (see section 2.5.1) and hence, the methodology pro-
posed in section 3.5 cannot be used to stabilize the coupled state-space models
computed with this SSS technique. To overcome this difficulty, one may think on
determining the inverted diagonal dynamic stiffness terms of the CEs by using
IS in the frequency domain. Then, a state-space model could be estimated from
these FRF's by exploiting the methodology presented in section 3.2. However, this
is not recommended, because the IS method assumes that the CEs are massless.
Therefore, no resonances are expected to be observed on the inverted diagonal
dynamic stiffness terms of the CEs obtained with IS. The absence of resonances
will certainly make the estimation of modal parameters harder and hence, it will
be more difficult to construct the intended state-space models. Thus, it is neces-
sary to investigate an alternative approach to compute models representative of

the inverted diagonal dynamic stiffness terms of CEs.

Experimental validation of the novel applications of LPV models in
TPA: The use of LPV models together with the matrix-inverse classical TPA
and the in-situ component-based TPA methods demonstrated to be promising to
compute connecting and equivalent time-domain forces, respectively, when deal-
ing with components presenting time-varying dynamics (see section 5.4). Never-
theless, these approaches were tested in numerical cases. To assess their robust-
ness, it is essential to apply them on experimental cases, involving real mechanical

systems, whose dynamics change over time.
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Appendix A

Inverting state-space models

To demonstrate how the inversion of state-space models can be performed, let us

consider a generic acceleration model as given below.

{2(t)} = [A=(t)} + [Bl{u(t)}
{5} = [Co{a ()} + [D*"Hu(t)}

Solving the output equations of the state-space model given in expression (A.1) to

(A.1)

find the value of {u(t)}, we may define the following expression.

{u(t)} = DU ({3i(1)} — [C*"{z(t)}) (A.2)

By using equation (A.2), the state equations of the state-space model given by

expression (A.1) can be rewritten as given hereafter.

{#(t)} = [A{z(®)} + [BID“] 7 ({ii(1)} — [C*a(t)}) (A.3)

By using equations (A.3) and (A.2), the inverted state-space model can be computed

as follows:

{a(t)} = [A™ ()} + [B™ i)}

| | (A.4)
{u(®)} = [C"Ha(®)} + [D™ i (6)}
where, matrices [A™], [B™], [C*™"] and [D™"] are given hereafter.
invl] __ . accel1—1 accel invl] __ accel1—1
[A™] = [A] = [B][D*"] 7 [C**], [B™"] = [B][D***] (A.5)

[Cmv] — _[Daccel]fl[c«accel]7 [Dmv] — [Daccel]fl
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Appendix B

Negative form of a state-space
model representative of apparent

IMass

To demonstrate how to define the negative form of a state-space model represen-
tative of apparent mass, let us consider the following acceleration state-space model
directly derived from the mass, stiffness and damping matrices of a given mechanical

system (see [45]).

{#(t)} = [A{z ()} + [B{u(t)}

(B.1)
{5} = [C™ ()} + [D*Hu(t)}
where, matrices [A], [B], [C%?] and [D%*¢!] are given below.
vy -t -1
= |[TMV -ME| [B]:M]
1 0 0 (B.2)

(Coecel] — {fM—lV 7M—1K} , [P = {M_l]

By using expression (A.5), we may invert the state-space model given in expression
(B.1) to obtain the correspondent apparent mass model. The state-space matrices of

this model are given below.

233



234 B. Negative form of a state-space model representative of apparent mass

[Aapm] — [A] . [B] [Daccel]fl[caccel]

_ [—M—lv —M—lK] - [M‘1] [M—lr [—M—lv —M—lK}

1 0 0
— -M~'v —-M7K MW MK oo
- [ I 0 ] - [ 0 0 ] - [I O]
(B [B][Daccel]fl _ [MO_1] [M_l}_ _ [é] (B.3)
T Y VST By

[Dapm] _ [Daccel]—l _ [M_l} -1 _ [M]
In [47],[43], it was argued that to compute the negative form of a state-space model,

its [M], [K] and [V] matrices must be multiplied by —1. Thereby, we may define the

negative form of the state-space matrices given in expression (B.3) as follows

0 0 apmy |
I 0] ’ [Bneg ] - !0] (B4)

)=V —K]. D] = |-M)]

[Areg ] =

where, subscript neg denotes a state-space matrix transformed into negative form.

By observing expression (B.4), it is evident that to define the negative form of a
state-space model representative of apparent mass, we must multiply its output and
feedthrough matrices by —1. Note that this procedure continues to be valid to compute

the negative form of state-space models defined in the modal domain.



Appendix C

Displacement and velocity
coupled models with LM-SSS via

compatibility relaxation

Here, the expressions developed in section 2.5.1 to compute acceleration coupled
state-space models by using LM-SSS with compatibility relaxation (see expressions
(2.144)) will be modified to directly provide displacement and velocity coupled mod-
els. The displacement, velocity and acceleration models of a given mechanical system
present the same state and input matrices. Hence, we are only required to perform
modifications on the expressions associated with the computation of the output and

feedthrough matrices of the acceleration coupled model.

Let us start by rewriting the expressions responsible for computing matrices [C’“CC@Z]

and [D?<¢!] by using displacement state-space matrices as follows (see expression (2.78)):

[Caeeel] = CngpAS,DA&D - (CgngS,DBS,D)BgECRdBCCgf%?AS,DAS,D
(Chi!] = (CEH As,pBs,p) BEEcraClyy b An,p Ane,p (C.1)

[D¥ee!) = CEF As pBs,p — (CEY As pBs.p) BEEcraBo(CE 3 As,pBs,p)

where, matrix [Ecpg] is given below.

[Ecral = (Bo(CEP As.pBs,p) BE + (Cy b Av.pBar,p)) ™ (C.2)

By using the relations between the output and feedthrough matrices of acceleration
and displacement state-space models (see expression (2.78)), we may define the follow-
ing expressions to compute the output and feedthrough matrices of the displacement

coupled model.

235



236 C. Displacement and velocity coupled models with LM-SSS via compatibility relaxation

[égisp] dep (CdZSpAS pBg D)BCECRdBCchSp
[CY7] = (CEF As pBs,p)BEEcraCliy
[DEP) = CdZSpAs pBsp — (Cst AS,DBS,D)BCECRdBC(Csfz)pAS,DBS,D)—
C¥PAB = (

(C.3)

From the relations between the acceleration and velocity output and feedthrough
matrices (see, [45]), we may establish expressions to compute both output and feedthrough

matrices of the velocity coupled state-space model as follows:

[C¥') = C§ W Asp — (C§ 1 As.pBs p)BEEcraBeCS A p
[Cyi') = (C&'% As.pBs,p)BEEcraCly b Ant.p (C.4)
(DY) = CdmpBSD - (C’ng AS,DBS,D)BCECRdBC(Cst Bs,p)

where, if the coupled state-space model obeys Newton’s second law [Cgig’Bgi%p] = [0]
[45],[8], hence [D¥'] = [0].

As mentioned above, the state and input matrices of displacement, velocity and
acceleration state-space models are the same and are given in expression (2.144). Nev-
ertheless, those expressions can also be easily rewritten in terms of displacement state-

space matrices.



Appendix D

LSFD matrices construction

In this section, the construction of [A(L, ), jw)] (see expression (3.66)) will be math-
ematically proven. It will also be shown how this matrix must be set-up, when using
LSFD with mobility or accelerance reference FRFs. Furthermore, the implementation
of LSFD by assuming that both upper and lower residual matrices are null will also be
presented.

Let us start by considering the following modal model composed by a single pair of

complex conjugate poles and defined for a single frequency line:

{iHhy | {wl}*{h}*> + ([LR] + [UR] (D.1)

Jwi— A1 jwi — A} Jwr)?

Hreptis = (4

where, [H,¢(jw)] represents the displacement reference FRFs.

Let us now define {11}, - (L} and {ll}/\* as hereafter.

Jwi—A1
{1} = {a} +{b}j (D.2)
gy (D3)
Jwi —
”1} — (e} + ()] (D.4)
Jjwi —
{1 H{l}

By using expressions (D.2), (D.3) and (D.4), we may redefine the terms o

and {¢1} il 1*} as given below.

Wl}{ll} = ({a} + {0})({c} + {d})) = {a}{c} + {a}{d} + {b}{c}i — {b}{d} (D.5)

Jwi —

{t{u}t {11}

Jwi —

= ({a} = {b}5)({e} +{/}s) = {aH{e} +{a}{f}j — {b}{e}i +{b}{/} (D.6)
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238 D. LSFD matrices construction

From expressions (D.1), (D.5) and (D.6), we may express [H,.f(jw)]1 as follows

[Hyep(jw)ht = {a}{c} +{a}{d}j + {b}{c}j — {b}{d} + {a}{e}

D.7
- e+ 0+ 2 wm 7

thus, we may also write

st :[ﬂ&&&—{M&G+{M%ﬂ+{ﬂiﬂ+wﬁﬁy+WR]T D)
T {a}{d} + {b}{c} + {a}{f} — {b}{e}
with,

[ﬁref(jw)} 1 = [%([Hrefmw)]l) %([Href(]w)]l)} (Dg)
or, by representing equation (D.8) in matrix form, we may define the expression given
below.

{c}+{et A{d}+{S}
. —{d c}— e
()] = [t} @) (LR OB {fﬁgf} @ o
[1] [0]
By using equation (3.65), expression (D.10) can be rewritten as follows:

[HresGo)] = [0 (2R] (R [A@ )] (D.11)
with,

) = [R(wn}) S (D.12)
where, [A(L, )\,jw)} , is given as:
2 . [&%(Lv )\hjw)]l [dg(L, )‘ujw)]l

{A(L, /\,jw)} L= |: [&R(w)} 1 0] ] (D.13)

while, [ag(L, X, jw)]y, [as(L, A, jw)], and [?)%(w)}l are given hereafter.
| R + R )
(L, A, jw)], = _%Zj 51Z§A1) . %Zj w{fi )] (D.14)
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| () + 9 “f_&n]
ag(L, A\, jw)], = Jer= M Jer (D.15)

[ ! ]1 [%(ju;{fl}/\l) B %(lellj’)\?)
[b%(w)}l - [(]E}l]) ] (D.16)

Expressions (D.11) and (D.13) conclude the mathematical proof for the construction
of [A(L, A, jw)} , when exploiting LSFD with displacement reference FRFs. If mobility

reference FRF's are to be used, we have to rewrite expression (D.11) as follows:

B G| = dwr [Hes G| = [0 [LR) WR| [A(LAGw)] (D7)
where, [A”el(L, )\,jw)} ) is given below.

[AUGZ(L, A, jw)] = Jer [A(L, A, jw)]l (D.18)

While, in case LSFD is implemented with accelerance reference FRF's, expression

(D.11) must be rewritten as follows

Az (w)| = Gon)? [HrepG)| = [0 (LR [UR]] [A"(L, 0, jw)] - (D.19)
where, [AaCCEl(L, A, jw)} . is given hereafter.

[Aaccel(L, A, jw)] = (un)? [A(L, A jw)] 1 (D.20)

If LSFD is to be used by assuming that the lower and upper residual matrices are

null, we must re-establish expression (D.11) as follows:

ArerG)] =[] [ALoA )| (D.21)

where, [A(L, )\,jw)] . is given below.

[A(Lv )\,jOJ)] 1 = |:[&§R(L7 )‘7]("))]1 [d%(La )\a]w)]l] (D22)

When exploiting mobility reference FRFs, expression (D.22) must be rewritten as
follows:

Azt Go)] = [r] [A @] =[] dwr [T @) (D.23)

while, when using accelerance FRF's, expression (D.22) must be redefined as given
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below.

o

Azt =[] [Amet (Lo gw)] =[] Gen? [ALAGw)] (D24

It is worth mentioning that, although we have used a modal model composed by
a single pair of complex conjugate poles and defined for a single frequency line to
mathematically demonstrate how to set-up the matrices involved in the LSFD method,
the same methodology is applicable, when dealing with modal models made of an
unlimited number of pairs of complex conjugate poles and defined for an unlimited

number of frequency lines.



Appendix E

LSFD by applying the real mode

constraint

In this section, the implementation of LSFD by applying the real mode constraint
together with displacement, velocity and accelerance reference FRF's will be discussed.
Moreover, it will be shown how to exploit this constrained version of LSFD by assuming
that both lower and upper residual matrices are null.

Having in mind that the estimation of real modes is equivalent to model a given
structure by assuming that it has a proportional damping (see, for example [70]), let us
consider the following proportionally damped modal model composed by a single pair
of complex conjugate poles and defined for a single frequency line (see, for example,
[70]):

A UT SN j{¢1}{l1}>+ [LE] +[UR] (E.1)

Hyep(jw)h = ; * i
Hrer(G)h = <Jw1 A Jwi — A} (jwr)?

where, [H,¢f(jw)] represents the displacement reference FRF's.

Let us now define {1}, jw{lli}/\l and - { “xp as hereafter.

{¢n} = {a} (E.2)

{ll}

— (b} + {c}j (£.3)
Jjwi —
{“} — (d} + (e} (E.4)
Jwi —
J{viH{l}

By using expressions (E.2), (E.3) and (E.4), we may rewrite the terms <7 and

—j{vY1}H{l}

Jor—x7 s given below.

HBH _ jap o) + (1) = (@00 — () (E5)

Jwi —
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242 E. LSFD by applying the real mode constraint

—{i L}

Jwi — A]

—j{at({d} +{e}j) = —{a}{d}j + {a}{e} (E.6)
From expressions (E.1), (E.5) and (E.6), we may express [Hy.f(jw)]; as follows

[LR]
(jw1)?

[Hrep(jw)h = {a}{b}j — {a}{c} — {a}{d}j + {a}{e} +

+[UR] (E.7)

thus, we may also write

[Ares )] = [~{aHe} + {aHe} + 5 + [UR] {a}{b} - {aH{d)]  (E8)

with,
| Hre ()] = [R(HresGeollt) S([Hyes o)1) (£.9)
or, by representing equation (E.8) in matrix form, we may define the expression given
below.
) —f{ct +{e} {0} —{d}
HrerGw)], = [{a} [ZR) WR)|| Gl 0] (E.10)
1] [0]
Expression (E.10) can also be rewritten as follows:
[Hreriw)] = [t} (LR [UR]] [APP(L, A, 5w)] (B.11)
where, [APD(L, )\,jw)} ) is given as:
) @R, (5P (LA jw)],
[APD(L, A,Jw)} = { {EgD(w)} | o (E.12)
while, [akP (L, ), jw)] 1 [aLP (L, A, jw)] , and [l;gD(w)} | are given hereafter.
[P (L, jw)], = | -9 + ()] (E13)
[5P(L, )], = (R - ()| (E.14)
|:ZA)PD(UJ):| _[gar (E.15)
R 4 |

By using expression (E.11), the real mode shapes, the lower and upper residual
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matrices can be estimated in a linear-least squares sense as given below.

[} [LR] R = [FresG)] [47P(L25w)]| (E.16)

Expressions (E.16) concludes the presentation of LSFD by applying the real mode
constraint, when exploiting displacement reference FRF's. If mobility reference FRF's

are to be used, we have to rewrite expression (E.11) as follows:

A~

[Afﬁé(jw)]l = jw, [Href(jw)}l - [{%} [LR] [UR]} {APD’”EI(L,)\, jw)}l (E.17)
where, [APD’“I(L, )\,jw)} . is given below.

[APDW@!(L, A jw)] = jer [APD(L A, jw)] 1 (E.18)

Whereas, if accelerance reference FRFs are used, expression (E.11) must be rewrit-

ten as follows

Azt w)] | = Gon)? [Hyep(G)]

) (E.19)
= [{wl} [LR] [UR]:| [APD’GCCEZ(L7 )\’]w)i| 1
where, [AP Dhaceel (1, ), jw)} ) is given hereafter.
APPeeeel(L, ), jw)| | = Gen)? [APP(L, A jw) | (E.20)

If this constrained version of LSFD is to be used by assuming that the lower and

upper residual matrices are null, we must re-establish expression (E.11) as follows:

[ﬁ,,ef(jw)} =} [APD(L, A,jw)L (E.21)
where, [APD(L, /\,jw)} ) is given below.

[APPL )| = [[akP (LA jw)], [a5P (LA, Gw)], (E.22)

When exploiting mobility reference FRF's, expression (E.22) must be rewritten as

follows:

{ Ai’f}(jw)} = {wn} {AP PrlL A jw)| | = {un} e [APD(L, A, jw)]l (E.23)

whereas, when using accelerance FRF's, expression (E.22) must be redefined as given

below.
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(A Gw)| | =y [APPeeel (Lo )| = ) (Go)? [APP (Lo jw) | (E24)

It is worth mentioning that, even though we have used a modal model composed by
a single pair of complex conjugate poles and defined for a single frequency line to present
LSFD by applying the real mode constraint, this approach continues to be valid, when
dealing with modal models made of an unlimited number of pairs of complex conjugate

poles and defined for an unlimited number of frequency lines.



Appendix F

Suitability of the proposed RCMs

to impose Newton’s second law

Here, it will be mathematically proven that the RCMs proposed in section 3.3 are,
indeed, suitable to impose Newton’s second law on displacement state-space models.
Let us start by assuming that we aim at imposing Newton’s second law on a complete
displacement state-space model computed by following the procedures presented in sec-
tion 3.2. Thus, to be suitable to impose Newton’s second law, the proposed RCMs
must ensure that [C’]{i\;f’d“p I[BfNf] = [0] and that the contribution of [C4P) [ By
is properly included in the correspondent complete velocity state-space model. To
demonstrate that the proposed set of RCMs fulfil the first requirement, we must de-
fine [C}Zf’d“p ][Bfu\%] (see expression (3.47)) by remembering that [C?Zslﬂ [Brun) =
[C’Z.dlf *P][By) (as argued in section 3.3) as follows.

[Cral MBI = [C"1[Ban) + [CEF N[ Bes] (F.1)

Further assuming that the state-space model to be forced to respect Newton’s second
law is of SISO type and by exploiting equations (3.42), (3.38), (3.39) and (3.40), we

vel

may define [Acp|, [Bep] and [CEFg) as:

—Eopwep + jwepy /1 — &

(F.2)

—écpwep — jwepy/1— &g

_ _l\/UCBWCTB
[Bes] = [ %i/@WEB ] (F.3)

[C&B] = [\/%\/@PCB \/:%B%B\/UCBPCB} . (F.4)

By using expressions (F.2), (F.3), (F.4) and (3.45), it is evident that [CsF] must

be computed as hereafter.
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weceyocsPoB T
di _ V1-E& 5 (—¢cBweB+iwepy/1—E2
[CCZEP] = [Cg%][ACB] b= CB( weByocePoB OB) (F.5)

V1-€i5 <*£CBWCB —jwcBy/ 1*E%B>
From equations (F.3) and (F.5) and after making some mathematical manipulations,

we may define the following expression to compute [Cgf 1 Besl.

(CEFBos] = — [PepocsVis] (F.6)

By exploiting expressions (3.37) and (F.6), equation (F.1) can be rewritten as given
below.

(Cra "B = [PepocsVip] — [PopocsVip) = [0) (F.7)

Expression (F.7) proves that the proposed set of RCMs forces [C;Zf’d“p I[Bfai]
to be a null matrix. To prove that these RCMs are also capable of including the
contribution of [C’Zj *P][B;s) on the correspondent complete velocity state-space model,

let us compute the FRF's of the velocity model given in expression (3.41) as given below.

[HER (jw)] = [CEB)(wlT] — [Acs]) ' [Bes] + [CEF ) [Bex] (F.8)

By using expressions (F.2), (F.3), (F.4) , (3.37) and (F.6) and after performing
some mathematical manipulations, equation (F.8) can be redefined as hereafter.
Cdisp] [sz]

2
weslC;

H’UEl .(.U = CB i

[HeB(jw)] —w? + 2jwécpwep + wip

— [C5"1[Ba) (F.9)

The right-hand side of expression (F.9) is composed by two different terms. The
first has the role of including the contribution of [C’;?Sp |[Bip) into the complete velocity
state-space model, whereas the second ensures that [C]{i\;f’dwp ] [Bfﬁf] = [0] is always
verified. Hence, the RCMs will be more accurate as the value of the first term is
closer to [CglfSp |[Bip]- This will happen as the value selected for the natural frequencies
of the RCMs increases and as the value selected for their damping ratios decreases.
Thereby, we may claim that by properly selecting the value for the natural frequencies
and damping ratios of the proposed set of RCMs (see section 3.3.2), we can use these
RCMs to correctly force displacement state-space models to obey Newton’s second law.

It is worth mentioning that the mathematical proofs here performed continue to be
valid for MIMO state-space models.



Appendix G

Minimum-Variance Unbiased

estimator

In this section, the Minimum-Variance Unbiased (MVU) estimator developed in
[126] will be, briefly, presented. This approach enables the estimation of the inputs and
of the states of a given system, provided that the state-space model of the system is
known and that a set of response measurements of the system are available (for details,
see [126],[180]). To initialize this algorithm, the user needs to provide an estimate of
the initial state vector (i.e. w[_1]) and its error covariance matrix Pyjo—1). In addition,
the user must also know the covariance matrices associated with the process noise and
with the measurement noise (see [126]). Assuming that the state-space matrices are
known, time-varying and that have been previously discretized, we may present all

steps to implement the MVU estimator as follows:

Input estimation:

Ry, = CkPyp—1)CL + R
My, = (D{ R, 'Dy) ' D R,

(G.1)
Uik = Mi(yr — Crgip—1))
Pyr) = (DR, Dy) ™!
Measurement update:
Ki = Pupp—1CL Ry
Tk = Tijk—1) + KUk — Crpip—1) — Druggr) (@2)

Py = Pupii—1) — Ki(Ri = Di Py DY) KL
Puyiii) = Poaiig = —EKxDiProjiih

Time update:
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Tli1lk] = ArT k)] + Brtt[r)k)

Potl)  Popiriny | | AL (G.3)
T

_|_

[Pofks1]] = [Ak Bk}

Boalkik) - Lplklk)
where, superscript k£ denotes the time sample under analysis, uy is the estimated input
vector at the k" time instant, Q is the covariance matrix associated with the process
noise, R is the covariance matrix associated with the measurement noise and y is
the measured output vector at the k¥ time instant. Subscript [k|k — 1] denotes the
estimation of a given variable at time instant k given the measured output sequence
Y5, , with 6,1 = 0,1,2,..,k — 1, while subscripts [k + 1|k] and [k|k] represent the
estimation of a given variable at time instants k 4+ 1 and k, respectively, given the

measured output sequence y5, with 6, =0,1,2,.., k.
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