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Abstract

This paper extends the inverse substructuring (IS) approach into the state-space domain and presents a novel state-
space substructuring (SSS) technique that embeds the dynamics of connecting elements (CEs) in the Lagrange Multi-
plier State-Space Substructuring (LM-SSS) formulation via compatibility relaxation. This coupling approach makes it
possible to incorporate into LM-SSS connecting elements that are suitable for being characterized by inverse substruc-
turing (e.g. rubber mounts) by simply using information from one of its off diagonal apparent mass terms. Therefore,
the information obtained from an in-situ experimental characterization of the CEs is enough to include them into the
coupling formulation. Moreover, LM-SSS with compatibility relaxation makes it possible to couple an unlimited num-
ber of components and CEs, requiring only one matrix inversion to compute the coupled state-space model (SSM).
Two post-processing procedures to enable the computation of minimal-order coupled models by using this approach
are also presented. Numerical and experimental substructuring applications are exploited to prove the validity of the
proposed state-space realization of IS and the inclusion of CEs into the LM-SSS formulation via compatibility relax-
ation. It is found that the IS approach can be accurately applied on state-space models representative of components
linked by CEs to identify models representative of the diagonal apparent mass terms of the CEs, provided that the CEs
can be accurately characterized by the underlying assumptions of IS. In this way, state-space models representative of
experimentally characterized CEs can be found without performing decoupling operations. Hence, these models are
not contaminated with spurious states. Furthermore, it was found that the developed coupling approach is reliable,
when the dynamics of the CEs can be accurately characterized by IS, thus making it possible to compute reliable
coupled models that are not composed by spurious states.
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1. Nomenclature

For easier understanding of all the parameters used in this article, the nomenclature is given in table[I]
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Table 1: Nomenclature

A state matrix L Boolean localization matrix
B input matrix M mass matrix
B¢ mapping matrix u/U*  input vector
Br state mapping matrix Vv damping matrix
C output matrix x/X*  state vector
D feed-through matrix y/Y*  displacement output vector
g/G* connecting forces vector Z state vector transformed into coupling form
H Accelerance matrix z7A apparent mass matrix
K stiffness matrix A dynamic stiffness matrix
0% Gaussian distributed independent stochastic variable ~A/A* Lagrange multipliers vector
0 Gaussian distributed independent stochastic variable
°p block diagonal matrix o k-th discrete frequency
o, fixture A oy variable associated to connecting elements
or, fixture B neg matrix transformed into negative form
e mrF;  structure composed by F4 and Fg linked by M ., p-th substructure
o i-th output o matrix associated to structures
o j-th input
., substructure « Ly side of M which is linked to substructure a
o, Mp structure composed by « and S linked by M o\ side of M which is linked to substructure 5
% substructure 3
o ! inverse of a matrix of pseudoinverse of a matrix
edccel acceleration o’ interface DOF
odisp displacement state-space model o transpose of a vector/matrix
! internal DOF 0! velocity state-space model

matrix of an inverted state-space model

first order time derivative
coupling vector/matrix

second order time derivative

* Lower case and capital letters correspond to time and frequency dependent variables, respectively.

2. Introduction

Dynamic substructuring revealed to be a valuable tool to analyze complex structures. This concept was firstly
introduced in the last century and relies on the dynamic characterization of complex structures by separate analyses
of its components. This concept has been continuously investigated and several formulations have been proposed by
the scientific community, all ranging from modal, frequency and time domain approaches [[1]].

The focus of this paper will be on time domain methods, specifically on the class of state-space substructuring
techniques. Literature provides several state-space substructuring methods [2],[3],[41],[5],[6] (just to cite some), how-
ever none of them discusses the possibility to include CEs into the formulations. Yet, nowadays, the use of CEs, e.g.
rubber mounts, is frequent in many mechanical systems and engineering areas (e.g. automotive industry [[1]). When
exploited in the experimental substructuring field, SSS formulations hold the disadvantage of requiring the use of sys-
tem identification algorithms to compute state-space models representative of the components under study. Nonethe-
less, for some applications, the representation of the dynamics of both the connecting elements, and the coupled
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structure wherein they are included, through state-space models is advantageous. When dealing, for instance, with
connecting elements presenting time-varying performances (e.g. rubber mount submitted to different temperatures
over time), the state-space representation has great potentials and there are several publications in the literature treat-
ing the state-space identification of components presenting varying performances (see for example [7],[8],[9],[L1O]).
These approaches enable the computation of linear-parameter varying (LPV) models that describe the variation of the
dynamics of substructures presenting varying dynamic behaviour. Furthermore, by using SSS formulations we are
capable of computing different coupled models for each variation on the dynamics of the CEs, thus making it possible
to perform time-domain analyses with assembled structures presenting time-varying performances. Last but not least,
as by using SSS formulations we are working in time-domain, these approaches are more suited to deal with highly
damped CEs than the FBS formulations.

In the experimental substructuring field, the inclusion of CEs into FBS methods is generally performed by using
two different approaches, either by considering the CE as another structure to be coupled or by performing coupling
by relaxation of the compatibility conditions [[1]].

The first approach mentioned relies on testing the CEs incorporated in an assembly (for instance, by testing the
connecting element with two fixtures attached at its ends). Hence, after the dynamic characterization of the assembly,
the fixtures used to test it must be removed by using decoupling, thus making the identification of the CE possible
[[L1],[12]. This operation might be performed by using either primal or dual formulations [13]. To perform the
decoupling of the fixtures, one may use dynamic information at the interfaces. However, measuring the dynamic
response at the interface of the structure might be difficult when testing the component with fixtures attached. One
possibility to overcome this difficulty is testing the CE attached to fixtures manufactured on purpose. For instance,
M. Hiuessler et al. [12] proposed to use aluminium crosses specifically designed to behave as rigid bodies within
the frequency range of interest. The use of those fixtures made it possible to excite both translational and rotational
DOFs of the CE leading to a twelve DOFs characterization. Furthermore, the rigid body behaviour made it possible
the use of virtual point transformation (VPT) [14],[15].[16] to calculate the FRFs at the interfaces from measuring
and exciting at internal locations. The whole approach still requires the testing of the assembly (CE with attached
fixtures) and the fixtures isolated.

The second approach embeds the dynamics of the CE into the coupling formulation by relaxing the interface
compatibility conditions [1I[,[17],[11]. By following this coupling approach, the dynamics of the CE is included by
using just one of its diagonal dynamic stiffness terms. For this reason, the use of this coupling method is equivalent to
characterize the CE by using the inverse substructuring (IS) method [11]], which was discussed in several publications,
[LL8],[19],[201,[21]] (in some publications also denominated as in-situ characterization). IS assumes that the CE is
massless and that there are no cross couplings between DOFs. This means that each DOF on one side of the connecting
element is only coupled to one DOF on the other side (being both DOFs associated to the exact same direction). As
proven in [20], the off diagonal terms of the dynamic stiffness of a system composed by two substructures connected
by a CE are a property of the CE. Hence, to identify the off diagonal terms of the CE, we are not required to dismount
it from the structure were it is included and we are not required to know the dynamics of the structures to which the
CE is coupled. Moreover, if inverse substructuring assumptions are valid the identified off diagonal dynamic stiffness
terms can be directly used to calculate the diagonal ones [22],[21],[12].

The first approach presented to couple CEs can be performed by using the SSS methods already well known from
literature. However, in an experimental scenario, to include a CE by treating it as a regular component, we are in
general demanded to perform decoupling operations to identify a state-space model representative of its dynamics.
When decoupling the state-space models representative of the fixtures from the one representative of the CE with
fixtures, the obtained state-space model representative of the CE will present ny,,r + 2 X ny — 2n; states (assuming
that a minimal-order coupled state-space model is obtained [2]), where n,,r is the number of states of the state-space
model representative of the CE with fixtures attached to its edges, n is the number of states of the model representative
of a single fixture and 7; is the number of interface DOFs.

For state-space models estimated from experimentally acquired data is usually verified that n >> n, (being n and
n, the number of states and outputs of a generic state-space model, respectively), hence the decoupling operation
might generate an important increase of the number of states. This increment of the number of states will definitely
result in a greater computational effort when performing calculations. In fact, it has been well discussed in [23]] that the
increment of the number of states is caused by the double inclusion of the dynamics of the decoupled structure, since
the same dynamics was already present on the initial state-space model and was reintroduced to perform decoupling.
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Consequently, pairs of spurious modes will be present on the obtained state-space model. These modes are easy to
identify and eliminate when there is previous knowledge about the substructure intended to be identified. However, in
a real case scenario this method is used to characterize CEs from which no a-priori information is known, turning the
identification and elimination of the spurious modes, which might be present on the obtained state-space model, hard
to be accomplished.

In this way, the identified state-space models representative of the CEs will in general be composed by spurious
states, hence leading to the computation of coupled models spoiled by spurious states. The calculation of these
coupled state-space models holds two negative consequences. Firstly, a less elegant representation of the coupled
structure is obtained. Secondly, it leads to the computation of state-space models composed by a large number of
states, with a consequential increase in the computational cost characterizing these models in time-domain analyses.
The increment of the number of states will be more significant as the number of state-space models to be decoupled
in order to identify the intended CE model increases and as these state-space models are composed by more states.
Consequently, the suitability of the computed coupled models to be exploited in some applications, for example in a
real-time context, might be compromised.

To overcome, the mentioned negative effects of including experimentally characterized CEs by treating them as
regular structures, we aim at developing a novel SSS technique by relaxing the compatibility condition of the LM-SSS
formulation (see [24],[6l,[25]), enabling the inclusion of the dynamics of CEs by using one of its diagonal terms. This
formulation would be tailored to couple CEs suitable to be characterized by IS, because its diagonal terms can be
identified from the state-space model representative of the structure were they are included. Therefore, there is no
need of performing decoupling operations. Thereby, we also aim at presenting the state-space realization of the IS
approach, which will provide us with the possibility to identify models composed by a significantly lower number
of states without the presence of spurious states. Hence, when including the dynamics of the CEs by using state-
space models representative of their diagonal terms, we are not spoiling the coupled model with spurious states.
Thus, the computed coupled state-space models will be a more elegant representation of the coupled structure and
will in general be composed by a significantly lower number of states, opening the perspectives of exploiting them
on new applications. Furthermore, the development of this approach will allow the user to benefit from the practical
advantages of exploiting IS to characterize CEs, i.e. we are not required to dismount the CE from the structure where it
is included and we are not demanded to know the dynamics of the structures to which the CE is coupled. Consequently,
dismounting and mounting operations are avoided and we are not required to perform further experimental tests to
characterize the dynamic behaviour of the structures to which the CE is coupled.

The LM-SSS with compatibility relaxation method is theoretically developed in section [3] while section [ dis-
cusses two post-processing procedures to erase the extra states that are present in the coupled modes obtained by the
developed coupling technique. In section [5] procedures to determine analytically, numerically and experimentally the
state-space models representative of the CEs to be included in the LM-SSS with compatibility relaxation formulation
are outlined. All the discussed approaches are validated on both numerical and experimental substructuring scenarios
in sections [6] and [7] respectively. Finally, the conclusions of this paper are presented in section 8]

3. Including CEs in the LM-SSS formulation via compatibility relaxation

In this section, the LM-SSS compatibility conditions will be relaxed (this can be seen as a weakening in the
interface [[11]) to develop a novel SSS technique. To start, let us consider an assembled structure composed by two
substructures (@ and ) connected by a CE. Depending on the importance of the contribution of the mass of the CE to
its dynamic behaviour in the frequency range of interest, we may represent the mentioned assembled structure in two
different ways. Assuming that the mass of the CE cannot be ignored, the structure must be represented as depicted in
figure[Ta] Whereas, if the CE is massless, we may represent it as given in figure[Tb]

Assuming that the assembly under analysis is composed by a massless CE, if we separate the substructures and
the CE, connecting forces (g/, gé, gy, and gj/w) will appear at their interfaces as depicted by ﬁgure

Further assuming that the CE does not present cross couplings between its DOFs (hence, that it is suitable
to be characterized by IS), its off diagonal dynamic stiffness terms and the diagonal ones are related as follows
[22], 211, (12

[ZZ[’U(J.U))] = _[Z;],lz(jw)] = _[2174,21(1.(1))] = [2;4,22(].(1))] (D
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(a) Connecting element M, whose mass cannot be ignored.

(b) Massless connecting element M.

Figure 1: Assembled structure composed by two substructures « and S connected by a connecting element M.
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Figure 2: Structure of ﬁgurewith separated components.

where, [Z°] represents a dynamic stiffness matrix and the subscript M denotes variables related to the CE. As for
the other numbers in the subscript, the first refers to the outputs and the second to the inputs of each variable. The
number 1 means that the outputs or/and inputs are associated to the DOFs on the side M« of the CE, the number 2
tags the outputs or/and inputs associated to the DOFs on the M side (see figure[2).

When a structure is composed by two substructures connected by a CE, whose diagonal and off diagonal stiffness
terms are related as given in expression|[I] it can be demonstrated that the difference between the displacements on the
interface of both substructures is given as follows (see, [17])

[BHY(jw)} = [Z5 ()] {AGjw)) )

where, [B¢] is a signed Boolean mapping matrix, which is constructed by giving unitary negative coefficients to
the interface DOFs of one substructure and positive ones to the interface DOFs of the other substructure [26]. The
term {Y(jw)} is given as follows

(Y(jw) = {Yi(w) Vi) Yi(o) Yijo) 3)

while, {A(jw)} is the vector of Lagrange Multipliers that represent connecting forces [26],[13]. The relation
between {A(jw)} and the connecting forces acting on the interface of substructures @ and S is given as follows (see

figure[2))

(GG _ 1 T ynss
{{G,;(jw)}} = —[Bc] {A(jw)} 4
where, vectors {G,(jw)} and {Gg(jw)} are given below.
) o

Note that, the relations given by equation (@) continue to be valid in time domain.

Expression (2)) establishes the relative motion between the interface of substructures « and 3, therefore it represents
the compatibility condition of our problem. However, this condition is expressed by using the dynamic stiffness terms
of the CE. In order to arrive to a compatibility condition written in time domain and given by state-space model terms,
we must understand the physical meaning of the term [ijmz( J HAw)).

The term [Z;(mz( jw)] Y A(jw)} represents the displacement at the interface Mg of the CE (see ﬁgure when the
connecting forces {A(jw)} are applied at that location. Hence, to represent [2174,22( ja))]’l{A( jw)} in time domain we
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may establish a state-space model for the CE, whose outputs will be the displacements at the interface M and the
inputs will be the connecting forces applied at that location (see figure[2). This model must be computed as follows:

Lm0} = [Andlxu ()} + [ By ] (A0)
s = [Cy [ 1w
where, superscript disp denotes a state-space matrix of a displacement state-space model (a state-space model
whose output vector elements are displacements).

Expression (0) is the state-space representation of the term [Z5;55( j) I HA(jw)}, hence it is the inverted state-
space model representative of the diagonal dynamic stiffness term of the CE (the procedure to invert state-space

models is presented in [Appendix _A)). Thus, by using expressions (2)) and (6) we may define the identity given as
follows:

(6)

{yJMﬁ(t)} = [Bcly()} @)
where {y(¢)} is given by equation (8).

b)) = pho o o o) @®)

By using equation (7)), we may establish the state-space model given below.

(im0} = [Aulxn () + [ B}, | {10)]
[Belly®)} = €7 [ txm ()}

The output equation of the state-space model given by expression (9) represents the compatibility condition of
our problem written in state-space model terms. However, to perform coupling by following the LM-SSS formulation
the compatibility condition should be defined in terms of acceleration and therefore the state-space model given in
expression (9) must be double differentiated.

By calculating the second order time derivative of the state-space model given by expression (9) (see [27]), we
obtain:

©))

(im0} = [Aulxn ()} + [ By, (A0)

(10)
[Bcly(0) = |Chs™ [txm ) + [D55 7 [ 1Ay
where,
[caes™ | = [Coit AnAu] (11a) [Dy | = [yt Ay, (11b)

and superscript accel denotes a state-space matrix of an acceleration state-space model (a state-space model whose
output vector elements are acclerations). Note that, the state-space model given in expression is the inverted state-
space model representative of the diagonal dynamic mass term of the CE.

The output equation of the state-space model given by equation (I0) represents the compatibility conditions of our
problem in terms of accelerations, when one CE is intended to be included into coupling. However, we can generalize
this expression to provide the compatibility conditions, when an unlimited number of CEs is intended to be coupled.
To perform such achievement, we must construct a diagonal connecting elements state-space model as follows:

{dar, (D} {oxn, (D} {1}
o O = (4, p] {10 4 By, p] {0

12)

{Va (0} {xar, (O} {.(0)}
[Bc] 4 s} :[Cﬁtgl] {xar, (D} +[D‘,{,§j§l] {45(0)}
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where,

J
AM] BM1 ,2 J
[Aupl = Awm, , [Bupl= By,
Cascel,] Daccel,]l (13)
M2 1 M;,22 177
. l accel, l accel,
[Ciis1 = Cina A Dy, 23

{x(t)} € R™! represents the state vector, which presents n states and {u(¢)} € Rux1 represents the input vector,
whose elements are forces. Subscripts M| and M, denote variables associated to different CEs, while subscript D
denotes a block diagonal matrix.

By observing figure[2] it is well evident that a diagonal coupled state-space model similar to the one presented in
[6] can be developed as follows:

{Za (D)} {xa(D} {ua.()} {10}
PO = (A5 p1 LB 4 (B o) | s — (BT LA}
: : : : "
Vo (0} {xo (1)} {ua ()} {1, (1)}
(s — [Cacce) {xgO} L [Dicel] lugOIY _ g7 {40}
where,
Aoz ] Ba
[Aspl=| A |, [Bspl=| B
Cgccel Dgccel ( 1 5)
L IR A T U B

and subscript S denote variables related to the substructures.
The diagonal coupled state-space model given by expression (I4)) can be rewritten in a more compact form as in

equation (T6).

{xs (O} = [As plixs (O} + [Bs pl(u(t)} — [Bel" (A1)
FO} = [CE5 Nxs O} + [DEG @)} = [Bel™ {A0))

When coupled, the substructures must fulfill two different conditions, compatibility and equilibrium. The com-
patibility condition was already computed, being given by the output equations of the diagonal connecting element
state-space model (see expression (12)). The equilibrium conditions can be fulfilled by forcing the substructures to
verify the local equilibrium conditions given by the output equations of the diagonal coupled state-space model (see
equation (T6)). Rearranging the second equation, the following expression is obtained.

(16)

{u(®} = [DEFT (3O} - [C5 Hxs (O + [Be)T {0}

Using together the equilibrium and compatibility conditions (equation (I7) and the output equations (I2)), respec-
tively), and dropping {e}, [e] and (#) for ease of readability, we can establish the following system of equations.

7
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Daccel Caccel + BT A=
{ )G - xs)+Bed=u (18)

ch Caccel Xy + Daccel pl

After some mathematical manipulations, the system of equations (I8]), can be rewritten as in equation (I9).

1= (BCDgccelBT Daccel) ( CaccelxM + Bccaccelxs + BCDaccel )
— (Caccel DaccelBT (B DactelBT Daccel) IBC Caccel)xs + DactelBT (BCDHCEEZBT Damel) IC%CSIXM (19)
+(Daccel DaccelBT (BCDaccelBT + Daccel) IB Daccel)u ' '

By using equation (T7) and the bottom equation of the system of equations (T9), the state equation of the diagonal
coupled state-space model (equation (T6)) can be rewritten as follows.

Xs = (As.p — Bs DBC(BCDgclc)el BL + Dg;cgl) 1 BCCaccel) xs + Bs.pB' (B¢ Daccel BL + D%CDel) Caccel Xu o0
+ (Bs.p — Bs DBC(BCD?E)EIBC DucLel) B Duccel)u

Using the value of {A(r)} given by the upper equation of the system of equations (I9), the state equation of the
state-space model given by expression (I2)) can be rewritten as in equation (27).

Xy = BMD(BCDch)elBT D;I\;CDel) IBCCaccele + (AM,D _ BM,D(BCDgff)dBT DX;C;I) lcaccel) (21)
+ Byp(BcDEy' B + Dy Be Dy u

From equations (20), (ZI) and the bottom equation of the system of equations (I9), we obtain the following
coupled state-space model:

{fcs(’)} _ 4] {f‘s ® } + [BMa(n)

xp(t) _XZ)(I) 22)
= _ rpaccel Xs naccely =
o) = (C ]{)_CM(I)}HD (o)
where,
o1 _ |Ass  Asm 5 _ | Bs
[A]_[AMS AMM]’ [B]_[BM] (23)

[Caccel] = [C_‘gccel C%cez]’ [Dcel] = [ Dgccel]
and over-lined variables represent variables of the coupled state-space model. The coupled state-space matrices
Zig ?ﬁoizsgifi \f:l)}r,r)l ;kslef (iile(l)%”osnal coupled and diagonal connecting elements state-space models (expressions (T6)
[Ass]=As.p = BspBe(Be DS B + D)™ BeCsh!
[Asm] = Bs.pBe(BeDST ' Be + Digs) ™ Chiy)
[Aus] = Bup(BeD§p' Be + Dy )™ BeCsy!
[Avu] = Awp = Bup(BeD§ "B + Dii) ™ Cipg!
[Bs] = Bs.p — Bs pBL(BcDS' BL + D5 ™ Be D! (24)
[Bu1 = Bup(BcDs' B + Dy 5) ™ Be DSy
[Caceel) = Cgcz)el DchDel BL(B¢ Daccel Bl + DacLel) 1B Cgcz)el
[C4°“1 = DYy BL(Bc DG BE + Dysh ™' Cors!
[ Dgccel] Dgc;)el Dgcgel BT(Bc Dgcz‘)el BT + D%cgz) Be Dmez
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By using expressions (22)) and (24) it is possible to compute the coupled acceleration state-space model (a state-
space model whose output vector elements are accelerations). To get displacement and velocity coupled state-space
models it is sufficient to adjust the output and feed-through state-space matrices in expressions (see
[B).

For CEs, whose diagonal and off diagonal dynamic stiffness terms are not related as given in expression (I)),
equation (@) will not be valid, hence this formulation cannot be used. For those situations, it is suggested to treat
the CE as another substructure to be coupled and perform coupling by using the LM-SSS method. Applying this
suggestion to the structure depicted in figure 2] we would assume two rigid couplings, one between the interface of
component @ and the interface M« of the CE and the other between the interface of component 5 and the interface
Mp of the CE.

4. Minimal-order coupled state-space models

The LM-SSS with compatibility relaxation method developed in section [3]is valid to couple state-space models
previously transformed into coupling form. However, the computation of the minimal-order coupled state-space
model from the one directly obtained by using this coupling approach deserves some attention.

Let us assume that the coupling of the components presented in figure 2] is performed by using LM-SSS with
compatibility relaxation. Let us further assume that the diagonal connecting elements state-space model (see equation
(T0)) and the state-space models of the substructures were previously transformed into coupling form. By dropping
{e} and (r) for ease of readability, the state vectors of the state-space models of the components transformed into
coupling form would be given as follows:

= {l vl o) (25) = v ) (25b)

where z represents the state vector of a state-space model transformed into coupling form.
By following the notation used in equation (), the state vector of the diagonal connecting elements state-space
model transformed into coupling form will be given below.

(e = s Vg xh) (26)

By using LM-SSS with compatibility relaxation to couple the transformed state-space models and having in mind
the identity provided by equation (7)), the state vector of the obtained coupled state-space model will be given as
follows:

- - - - - - - - _\7
Zamph = {90 70 * ¥ ¥, X [BAB) [BAG) ) 27)
where subscript Mp denotes a variable related to the assembled structure depicted in figure [Tb|and {j} is given
below.

o= 5 oS 28)

By analyzing the state vector of the coupled state-space model given by equation (7)), it is clear that this vector
does not contain states that represent the same physical quantity. Instead, thanks to the inclusion of the CE through the
use of the diagonal connecting elements state-space model (equation (I0)), this model presents states whose physical
meaning is the difference between the interface outputs of the connected structures. Even though these states cannot
be considered as redundant ones, since they represent different physical quantities, their contribution can be retrieved
from the interface outputs of the connected structures, hence they can be eliminated.

To obtain the minimal-order form of the computed coupled state-space model, the use of the post-processing
procedure that relies on the construction of a Boolean localization matrix, [Lr], presented in [6] still holds. However,
the construction of the state mapping matrix [Br] that is used to compute [Ly] will depend on the construction of the
[B¢] matrix. To ease the computation of [Br] let us assume that [B¢] is constructed as follows



5
_ J Yo | _
[Belyy = [0 17 1] 0] (= fo} (29)
s
In equation (29), I; and I are given as follows:
7] = ¢l1] (30a) [151 = —¢l1] (30b)

where [[] is an identity matrix with dimension n,, being n; the number of connected DOFs. ¢ is a numeric
coefficient, whose value can be selected to be either —1 or 1. The role of this variable is to adjust the use of the
post-processing procedures here outlined in compliance with the computation of [B¢].

By using expressions (29), (30a) and (30b), [Br] can be always constructed in compliance with [B¢] by following

equation (BI).

Om’l
o O
oS
o
o O
~ O
o O
| S
BN
Il
—_—
[«
=

€29}

S~

[Brli{Zomp} =

=L O
s

After using [Br] to calculate the [Lr] matrix and after applying the post-processing procedure presented in [6], the
coupled minimal-order state-space model would be obtained and its state vector would be given as shown hereafter.

Cangd =[50 70 &5 5 % &) (32)

It is worth noticing that the procedure used above to compute minimal-order coupled state-space models from
the ones obtained by using LM-SSS with compatibility relaxation can be extended to coupled state-space models
representing mechanical systems composed of an unlimited number of components and CEs.

On the other hand, the manual post-processing procedure to compute minimal-order coupled state-space models
presented in [6] cannot be applied to the coupled state-space models obtained by using LM-SSS with compatibility
relaxation. Nevertheless, we may outline a manual procedure that is suitable to compute minimal-order models from
the coupled state-space models obtained by exploiting this coupling formulation.

To implement a manual post-processing procedure that mimics the one that relies on the use of a Boolean local-
ization matrix, the following procedure should be used for each pair of the coupled interface outputs present on the
state vector.

1. Add the column of [A] that is being multiplied by the difference of the coupled interface outputs previously
multiplied by ¢ to the column that is being multiplied by the coupled interface output of the first substructure
state-space model introduced in the diagonal coupled model (see equation (14));

2. Add the column of [A] that is being multiplied by the difference of the coupled interface outputs previously mul-
tiplied by —¢ to the column that is being multiplied by the coupled interface output of the second substructure
state-space model introduced in the diagonal coupled model (see equation (14));

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

4. Eliminate the row correspondent to the difference of the coupled interface outputs and the column of matrix [A]
that is being multiplied by the same quantity;

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.
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5. Determining inverted state-space models representative of diagonal apparent mass terms of CEs

The coupling approach developed in section [3] makes it possible to include CEs into the LM-SSS formulation by
using state-space models representative of their inverted diagonal apparent mass terms. Depending on the selected
strategy to determine these models (i.e. analytically, numerically or experimentally), different approaches must be
applied to compute them.

5.1. Primal state-space formulation

For an easier understanding on how the inverted state-space models representative of the diagonal apparent mass
terms of a CE can be determined experimentally, in this section we will develop a primal state-space formulation. It
is important to mention that when the substructures under analysis present just interface DOFs, both dual and primal
formulations are equivalent [12]. Whereas, if the substructures under analysis present both internal and interface
DOFs, the use of dual formulations is preferred. Dual formulations just require the inversion of quantities related to
the interface DOFs in order to perform coupling or decoupling, while primal ones in general require the inversion
of all data, since accelerance is typically the estimated quantity from experimental tests. Nevertheless for specific
applications, the use of primal formulations might present important advantages over dual ones. This applies, for
instance, when a state-space model of a massless component is intended to be identified from the state-space model of
the assembled structure wherein it is included. In fact, if this is the case, the use of a dual formulation would lead to an
ill-conditioned matrix inversion, since the feed-through matrix of the identified model would be composed by infinite
valued terms. However, an identification without facing any numerical problem would be achieved by using primal
disassembly. By following this procedure the state-space models involved in the decoupling process would have to be
inverted, but during primal disassembly none matrix inversion is performed (see equation (39)). This will prevent the
inversion of ill-conditioned matrices, leading to a successfully characterization of the massless component.

Here, the primal state-space formulation will be established by taking the primal formulation in frequency domain
presented in [[13] as main source of inspiration. To estimate state-space models representative of the dynamic be-
haviour of real substructures it is common practice to use information identified from the measured FRFs (in general
from accelerance). Yet, when performing primal assembly in frequency domain, the substructures to be assembled are
represented by their inverse FRFs. Hence, the state-space models to be primally assembled must either be constructed
by using information from the inverted FRFs of the substructures to be coupled or by inverting the state-space models
constructed from the measured FRFs. In general, the state-space models are constructed by following the second
approach (see, for instance [28]]). This procedure makes the estimation of displacement state-space models possible.
These models should then be double-differentiated to obtain the associated acceleration state-space models, since to
invert a state-space model the inversion of its feed-through matrix is required (see[Appendix_A].

Let us set up a diagonal coupled state-space model as follows:

{xe (D} {xe (D} {Va(0)}
s 2 [ag o] 1O 4 (g ] 4550
: : : )
{ua (0} {80} {xe (D} (D}
(s} 4 HgsOI 2 [ 1] O 4 g ] 550
where matrices [As pl, [Bs.pl, [Cs p] and [Ds p] are given below.
Aq B,
[As.p] = Ap . [Bspl = By
4
c. D, (34)
(Cspl=| © |, [Dspl= Dg
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By using a more compact representation, the state-space model given by expression (33) can be rewritten as in
equation (33).

{xs (O} = [As,plixs O} + [Bsp[{H(1)}
{u@®} + {g®} = [Cs.pl{xs (O} + [Ds pl{F(D)}
At this point, the Boolean localization matrix [L] presented in [13] must be introduced. This matrix can be

calculated by computing the nullspace of the mapping matrix [ B¢], and can be used to establish the following relations
[L3]):

(35)

y®} = [LI{y®)} (36a) [L]"{g(®) = {0} (36b)

where, {¥(#)} represents the coupled output vector, which is composed by the unique set of displacements.

In primal formulation, compatibility is enforced by retaining the unique set of DOFs, hence this coupling condition
is mathematically given by equation (36a). On the other hand, the equilibrium condition is mathematically given by
equation (36D}, because it enforces the mutual cancellation of the connecting forces that guarantees force equilibrium
at the interfaces.

Since the inputs of the state-space models under analysis are accelerations (see equation (33)) the compatibility
equation (36a) should be double differentiated.

0} = [LIY(®) (37
By using equation (37)), expression (33)) can be rewritten as follows.
{xs O} = [As,plxs (O} + [Bs pl[LIY (D)}
({u®)} + {8} = [Cs pl{xs (O} + [Ds plILIY(®)}

By pre-multiplying the output equations of the state-space model given by expression (38) by [L]” and by using
equation (36b), expression (38) can be rewritten as follows.

(38)

{xs (O} = [As pl{xs O} + [Bs pl[LIF (D)
[L" Hu(n)} = [L]"[Cs pl{xs (t)} + [L1 [Ds pl[L1{H(0)}

The state-space model given by expression (39) represents the primally assembled model and can be rewritten as
follows:

(39)

{Xs (0} = [As,pl{Zs (D)} + [Bs p1{J(1)}
{a(0)} = [Cs pl{xs (1)} + [Ds pl{¥(1)}

where, {ii(t)} represents the unique set of forces and matrices [As pl, [Bs.pl, [Cs.p] and [Ds p] are given as in
equation ({T).

(40)

[Asp]l = [Asp], [Bspl=[Bsp]lLl

_ _ (41)
[Cs.pl = [L1" [Csp], [Dspl=I[L]" [Dsp]IL]

Note that, expressions can also be used to perform primal disassembly. However, the state-space models of
the substructures to be disassembled must be previously transformed into negative form by following the procedure
presented in[Appendix C

It is worth noticing that the assembly/disassembly of state-space models previously transformed into coupling
form (see, [3],[29]) continues to be valid when primal formulation is used. The transformation into coupling form
can be either applied to state-space models representative of accelerance, which then must be inverted to be primally
assembled, or can be directly applied to state-space models representative of inverted FRFs. Afterwards, the redundant
states can be erased by using the post-processing procedures presented in [6].
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5.2. Analytical and Numerical determinations

In an analytical or numerical context, the mass, stiffness and damping matrices of the mechanical systems under
study are usually known. In this way, to compute a state-space model representative of the diagonal apparent mass
terms of a given CE, we must start by retaining from its mass, stiffness and damping matrices the coefficients associ-
ated with the set of diagonal apparent mass terms to be identified. Then, by following the expressions given in[C.3] a
state-space model representative of the selected set of diagonal apparent mass terms of the CE is obtained. Finally, by
inverting this model (see[Appendix A} we are capable of computing the intended state-space model representative of
the inverted diagonal apparent mass terms of the CE.

Note that, if the CE under analysis is massless, the feed-through matrix of the state-space model representative of
the diagonal apparent mass terms of the CE will be null. Hence, the inversion of this state-space model will introduce
ill-conditioned numerical problems. To overcome this issue, one may add to the [D] matrix of this state-space model
an identity matrix multiplied by a small residue. The value of this small residue should be as small as possible: its
only intent is preventing ill-conditioning of the [D] matrix. It is clear that adding this matrix is similar to add small
virtual masses to the edges of the CE under study.

5.3. Experimental determination

In an experimental context, the CEs are usually tested with attached fixtures to its edges, because performing a
direct excitation of an isolated CE is generally unfeasible. Thus, to estimate state-space models representative of the
inverted diagonal apparent mass terms we will extend the IS approach into the state-space domain.

To start, let us consider a generic set-up used to characterize the dynamic behaviour of CEs as represented in figure

Bl

Yy Uy,
Fixture A Fixture B

/

Vi Yy,

1

® M

Figure 3: Typical measurement set up to characterize the dynamic behaviour of a connecting element.

Let us further assume that the inverted acceleration state-space models of the CE M and of the fixtures A and B
are available. If the primal formulation presented in section [5.1]is applied to assemble those state-space models, the
assembled model would be given as follows:

XFA(I) AFA 0 0 XFA(I) BFAJl 0 {j}‘/](l‘)}

i@ =10 Ay O |qxy®+|Bus Bus §2.(0)
XFB(I) 0 0 AFE XFB(t) 0 BFBJz 2 @)
xXp, (1 ..
un\ _ (Craa Cu, 0 xi;((t)) + |PFasin + Dy, Di,g,4, V(0
uy, (1) 0 Cuy, Crpi, Dy g1, Dr, 1,0, + Dyt gy | |90, (0)

Xp, (1)

where, subscripts F4 and Fz denote variables related to the fixtures A and B (see figure [3)), respectively, while
subscripts J; and J, denote inputs or/and outputs associated to the DOFs responsible for modeling the connection of
the CE with fixtures A and B, respectively.

By applying a Fourier transformation, the state-space model given by expression (@2)) becomes:

JAXEmry G = [Ar i WX Emry GO)) + [Brmrs 1~ Y, ()}
{Ukmry (GO)) = [Cramry WX E iy (G)} + (D, (0™ YE i, ()}

where, subscript F4 M Fp denote variables related to the assembly representative of the fixtures A and B linked by
the connecting element M.

(43)
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After some mathematical manipulations, the following expression to calculate the apparent mass of the mechanical
system presented in figure[3]is obtained:

{Ur,mr,(jw)}

m = [Cr,mry 1] = [Ap,mry ) [Bromry] + [Drymrs] (44)

Ay
[Z7(jw)] =
where, variable Z* represents an apparent mass matrix.
By using equation (#2) and by performing some mathematical manipulations, equation (@4)) can be rewritten as
follows:

A . . .
Z i, () = [ZQAMFB’JIJI (].w) ZQAMFB,JIJZ(J'U)) )
o FamFy 100, D) ZE vipy 1, (JW)

where, matrices [ZI’ﬁA g0, GO, [ZIéA A IN [Z;?A MFys0, ()] and [ZI’ﬁA MFgs,0,(JW)] are given by expres-

sion (@6).

BFAJI
[Z2 iy 000, GO = [Crosy Caagy O] GlIl = [AFME, D™ | Butsy | + Drysis + Dass
0
0
[Z?AMFB,J,JZ(J"U)]=[CFA,JI Coi, 0] (el = [Ar,urs )" | Buss, | + Das,
[ BFy, |
S (46)
BFAJl
[Z8 iy GO =0 Crrsy Crypo, | GlIl = (AR Mp, D" | Buts, | + Davras,
0
0
(28 iy o, G =0 Crisy Crypos| Gl = [ApMr, )" | B, | + Dryotos, + Doty
BFBJz

By analyzing expressions in (@6) and remembering that [Af, yr,] is a block diagonal matrix, we conclude that
the off diagonal apparent mass terms of the assembled structure can be retrieved from the state-space model of the
CE. Therefore, those terms are also the off diagonal apparent mass terms of the CE as suggested in [20]. To obtain
a state-space model representative of one of those terms, we must retain from the assembled state-space model the
inputs and outputs of the off diagonal term to be identified, while the others must be eliminated. This means that the
columns of matrices [B] and [D] that are not being multiplied by the inputs of the off diagonal apparent mass term to
be identified must be eliminated. Similarly, the rows of matrices [C] and [D] that do not correspond to the outputs of
the off diagonal apparent mass term to be identified must also be eliminated.

By performing the identification of state-space models representative of the off diagonal apparent mass terms as
described above, we will be including states from the fixtures A and B, which are in theory not necessary to describe the
terms intended to be identified. However, when the measured FRFs of the assembly used to test the CE are processed
to estimate the respective state-space model, the states come mixed and not arranged as depicted in equation (@2).
Consequently, the distinction between the states of the fixtures and of the CEs becomes hard to be performed. Hence,
in general, during the construction of the state-space models representative of the off diagonal terms, all the states of
the state-space model estimated from the measured FRFs of the assembled system are kept.

If inverse substructuring method is valid to characterize the CE under analysis, the diagonal apparent mass terms
can be obtained by multiplying the off diagonal ones by —1 (see equation (I))). Hence, to obtain a state-space model
representative of the diagonal apparent mass terms, the identified state-space model representative of the off diagonal
terms must be transformed into negative form, which is performed by multiplying its output and feed-through matrices
by —1 as demonstrated in Finally, by inverting the obtained state-space model, we may compute the
intended model representative of the inverted diagonal apparent mass terms of the CE.
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6. Numerical validation

In this section, a numerical example will be used to validate the LM-SSS with compatibility relaxation developed
in section [3] and the state-space realization of IS presented in section [5.3] The section will start by describing the
exploited numerical model (in section @ Then, in section[@], the identification of the state-space models from the
FRFs of the components and mounts contaminated with artificial noise is performed. Afterwards, in section the
coupling of the numerical substructures (see figure ) is performed by using LM-SSS with compatibility relaxation.
Two coupled models are computed: one is obtained by coupling the untransformed models and the other by coupling
the same models previously transformed into the coupling form presented in [3]] (from now on labelled as OCF,
standing for Original Coupling Form). In section[6.4} the components are coupled by assuming the mounts as another
substructure to be coupled. To obtain the state-space model of the mounts primal state-space disassembly (see section
[5.1)) is applied to decouple the attached fixtures, then the identified state-space models are coupled by using LM-SSS
formulation (see [6]). The FRFs of the coupled model are then compared with the ones of the coupled state-space
model obtained from LM-SSS with compatibility relaxation. Finally, in section [6.5] a discussion on the obtained
results is performed.

6.1. Numerical test case

The numerical example here analyzed is composed by two components (see figure @) connected by two mounts
(see figure 5. Table [2] reports the values assigned to the parameters addressed in figures 4] and [5} Those parameters
are the mass, the damping and the stiffness of the substructures A and B, of the mounts m1 and m?2 and of the fixtures
T.

Ya1, Ua1 Yaz Ugn Yp1 Up1 Yp3r Ups
e kaz = e kp1 L Y11, U1 Y13, Urs
v Jn T
kay az p1 kepa [ T i
C €.
Mg a2 D1
1 ‘ kg3 kpo e — it k1 Cm1 K2 Cmz2
& P
at m m s
o ] e [l
Ca3 Cpa
= = Y Yr2, Utz Vra, Ury
Yaz, Ugs Yp2, Up2 _ .
Component A C tB Mount m1 with  Mount m2 with
omponen

attached fixtures attached fixtures

Figure 4: Isolated components.

Va1, Ua1 Ya2, Ua2 Yp1, Up1 Yp3, Up3
— P T~ S
a2 ml pl y 5
p4» “p4
m m I
C C C
—\\\ Mgy a2 mil pl Mp3 Moy
:l ka3 kmz kpZ
Ca1 Cp3
M3 Mp2 4
— — 3 ]_.
Ca3 I Cm2 Cp2

Va3, Ua3 yer upZ

Figure 5: Assembled Structure.
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Table 2: Physical parameter values.

i mikg ¢Nsm) kNm)

al 10 30 1.5 x 10
a2 3 50 5x10°
a3 3 50 4.5x10°
pl 5 50 1x10°
p2 7 50 1.5 x 10
p3 10 10 5x 103
p4d 1 - -

ml - 20 1 x10°
m2 - 20 2x10°
T 2 - -

6.2. Identification of State-Space Models

To compute the exact state-space models of the components, mounts and assembled structure, Lagrange equations
[30]] were firstly used to compute the mass and stiffness matrices of each mechanical system. The stiffness matrix of
each component was used to built the respective damping one by replacing the stiffness terms with the damping ones.
Finally, the exact accelerance state-space models were constructed from the computed matrices in compliance with
[27].

Noise was also added to the FRFs of the components, in order to simulate realistic experimental data that would
be affected by noise. This noise introduction followed the procedure used in [3]], which consists in perturbing the real
and imaginary parts of each FRF per frequency line by adding Gaussian distributed independent stochastic variables
in accordance with equation (@7):

H,;i(jwy) = Hpij(jok) + vijk + j0ijk 47)

where, subscript p denotes the structure to which a variable is associated. Subscripts i, j and k denote the output,

input and the discrete frequency of the FRF term that is being perturbed. Finally, variable j represents the imaginary

unit, while variables y and 6 are the Gaussian distributed variables responsible for perturbing the FRFs of the compo-

nents, presenting zero mean and a standard deviation of 5 x 10~ ms™2N~!. It is worth mentioning that by perturbing
the FRFs as suggested in equation (7)) only the output part of the FRFs is contaminated with noise.

After the estimation of the FRFs, the Simcenter Testlab® implementations of the PolyMAX (see, [31]]) and of the
ML-MM (see, [32]) methods were exploited to estimate modal parameters. It was found that the identified state-space
models representative of components A and B were composed by 18 and 22 states, respectively. These models were
then double-differentiated (see [27]) in order to compute the respective acceleration models. In figure[6] we observe
the comparison of a noisy FRF of the component A with the respective FRF of the exact and identified models, the
same can be observed in figure [7]for one FRF of component B.
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Figure 7: Accelerance FRF of the component B, whose output is the DOF p1 and the input is the DOF p3.

After identifying the state-space models representative of the components, the same identification procedure was
applied to estimate state-space models from the computed noisy FRFs representative of the mounts with attached
fixtures (see figure ). Each of the computed state-space models was found to be composed by 10 states. Then, the
obtained state-space model was double differentiated and inverted. To obtain a model representative of an off diagonal
apparent mass term of the mount, the output and input associated to that term must be retained, while the others must
be cancelled out (see section@). In this case, the output yr; and the input ur, were retained for the mount m1, while
the output yr3 and the input ur4 were retained for the mount m2. After obtaining the state-space models representative
of the off diagonal term of each mount, these models were transformed into negative form (see[Appendix_C) in order
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to obtain the state-space models representative of the diagonal apparent mass terms. Afterwards, those models were
again inverted to obtain the state-space models required to perform coupling by using LM-SSS with compatibility
relaxation (see section [3). Moreover, by inverting the noisy FRFs of mounts m1, the noisy off diagonal apparent mass
term, whose output is yr; and the input is uy, was retained. Then, by multiplying the retained off diagonal apparent
mass term by -1 the noisy diagonal apparent mass term of mount m1 was obtained. The same procedures were applied
with the noisy FRFs of mount m2 to identify the noisy off diagonal term, whose output is y73 and the input is uz4.
Afterwards, by multiplying the identified off diagonal term by -1 the noisy diagonal apparent mass term of mount m?2
was computed.

Figure 8 reports the accelerance FRFs of the noisy inverted diagonal apparent mass term of mount m1 as well as
those of the exact and identified SSM models. Figure [Q]reports the same comparison for mount m2.

Analyzing figures[6]and[7] it is clear that the system identification method has performed an accurate identification
of both components. Moreover, observing figures [§] and 0] we may conclude that by exploiting the state-space real-
ization of IS we are capable of computing reliable inverted state-space models representative of the diagonal apparent
mass terms of the CEs from the models representative of the structures where they are included. The estimated state
space models were found to be not passive.

10! ¢ |
- E |
IZ | -—;-.w--w,-u-d-.-.f_q..—-—t,‘..-‘—f
) ’ 7 ,‘,__,“_o-/.‘i,-—‘-ot -
w 10" O i 7
3 f e |
ST S = |
£ | }A’ ----- Noisy FRF E
g : Identified SSM |1
10 ‘ ‘ ! | | | | ]
10 20 30 40 50 60 70 80 90 100
180 n ) ‘-
o0} 7
<
<
o
-90 § 7
-180 b i1 ! ‘ | | | | |
10 20 30 40 50 60 70 %0 m -

Frequency [Hz]

Figure 8: Inverted diagonal apparent mass term of mount m1.
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6.3. Coupling by Relaxing the Compatibility Conditions

To validate LM-SSS with compatibility relaxation, the state-space models estimated in section [6.2] were coupled.
Then, to also validate the post-processing procedures to eliminate the extra states originated from coupling described
in sectionfd] the estimated models were transformed into OCF and were coupled by using LM-SSS with compatibility
relaxation to compute a minimal-order coupled model. The state-space model obtained by using LM-SSS with com-
patibility relaxation was composed by 60 states, while the computed minimal-order coupled model was composed by
56 states.

It is worth mentioning that the state-space models of the inverted diagonal apparent mass of the mounts written
in OCF were obtained from the state-space model of the mount with attached fixtures, previously, transformed into
coupling form by following the procedure described in section[6.2] This choice is justified by the fact that to transform
a state-space model into OCF its displacement output matrix is required. This matrix is available for the state-space
model representative of the mount with attached fixtures (calculated by the system identification method). However,
for the state-space model representative of the inverted diagonal apparent mass of the mounts this matrix is not
available, being known just its acceleration output matrix. Since the computation of the displacement output matrix
from the acceleration one demands the inversion of the state matrix (see [27]]), it is not recommended the direct
transformation of the inverted diagonal apparent mass of the mounts into OCF.

Figure [I0] shows the FRF of the exact coupled model as well as the FRF obtained by LM-FBS with compatibility
relaxation and the FRFs of the coupled model obtained by coupling the estimated state space models untrans-
formed and transformed into OCF.

19



10°

E T 3

o ;/\\ ——Exact 3
> [ \\ ------- LM FBS Compatibility Relaxation 1
‘\.‘w § \ | LM-SSS Compatibility Relaxation §
e [ ~—\ e LM-SSS Compatibility Relaxation OCF |]

o 1020 \\\f \ d
k-] E * 3

2 £ 1

= L .

£ E El

< 5 =

10-4 ! ! ! ! ! ! ! \

,_
S
N
S
3
=3
N
S
ot
S
=
S
=
=]
0
S
©
S
=
1=y
S

180

Phase [°]

-180 | \ \ \ \ \
10 20 30 40 50 60 70 80 90 100

Frequency [Hz]

Figure 10: Accelerance FRF of the assembled structure, whose output is the DOF p4 and the input is the DOF p1.

By observing figure [T0] we can conclude that the FRFs of the coupled state-space models obtained by LM-SSS
with compatibility relaxation and the ones obtained by LM FBS with compatibility relaxation perfectly match. Fur-
thermore, the FRF of the coupled model obtained by LM-SSS with compatibility relaxation is very well matching
with the exact one. Hence, we may conclude that LM-SSS with compatibility relaxation is a reliable technique to
couple substructures linked by CEs that are suitable to be characterized by IS. Moreover, from figure [I0] we may
conclude that the FRFs of the coupled state-space models obtained by using LM-SSS with compatibility relaxation
and LM-SSS with compatibility relaxation OCF are very well matching, showing that the post-processing procedures
outlined in section ] are valid to eliminate the extra states originated during coupling with this method.

6.4. Coupling by treating the Mounts as Regular Components

To validate the primal state-space formulation presented in section [5.1} this technique was used to compute state-
space models representative of mounts m1 and m2 by decoupling the attached fixtures at its edges (see figure [4).
Due to the lack of stiffness, the masses 7" attached to each mount (see figure [d) did not present any flexible mode.
Consequently, it did not make sense to introduce their FRFs in the routines of the system identification algorithm to
identify modes that actually do not exist. Hence, the state-space model of the attached masses was calculated directly
from its mass matrix. Figures[TT]and[I2]show, respectively for mounts m1 and m2, the transfer (DOF T2 over DOF T'1
for figure [TT} DOF T'3 over DOF T4 for figure[I2)) apparent mass function obtained for the following cases: i) exact
model; ii) identification from the inverted noisy FRFs by using IS, primal disassembly iii) by using untransformed
state-space models and iv) by using the state-space-models transformed into OCF together with the post-processing
presented in [[6] that relies on the use of a Boolean localization matrix to compute minimal-order coupled models.
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Figure 12: Apparent mass of the mount m2, whose output is the DOF 73 and the input is the DOF T4.

By observing figures [T1] and [I2] it is evident that the models of both mounts were successfully identified by
using primal disassembly. Furthermore, the FRF of the identified model, obtained by using the models previously
transformed into OCF, is also very well-matching with the exact solution. Hence, these results validate the primal
formulation developed in section[5.1]and the hints given in the same section to obtain minimal-order models by using
primal disassembly. It was found that the state-space model obtained through primal disassembly was composed by
14 states, while the minimal-order model obtained by exploiting the same approach presented 10 states.

By using LM-SSS, the inverted state-space models representative of the mounts M1 and M2 identified from the
decoupling operations are coupled with substructures A and B. Furthermore, the same coupling is performed, but with
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the models previously transformed into OCF, together with the post-processing procedures presented in [6] to compute
a minimal-order coupled model. These coupled state-space models are composed by 60 and 52 states, respectively.

Figure[[3|shows the FRF of the theoretical model and those retrieved by the LM-SSS with compatibility relaxation,
LM-SSS and LM-SSS OCF approaches. This comparison aimed at proving that all the techniques could lead to
coupled state-space models presenting the same FRFs, provided that the connecting elements under study obey the IS
assumptions.
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Figure 13: Accelerance FRF of the assembled structure, whose output is the DOF p1 and the input is the DOF p2.

6.5. Results and discussion

In sections [6.3] and [6.4] it was found that the identified models representative of mounts M1 and M2 obtained
by exploiting the state-space realization of the IS approach or by performing decoupling operations are reliable to
characterize the dynamics of both mounts. Nonetheless, it was clear that the number of states presented by the models
computed with primal disassembly was higher than the one computed through IS. This increment of states is due to
the use of primal disassembly to decouple the masses attached to the edges of the mounts.

However, analyzing the number of states of the minimal-order model obtained by exploiting primal disassembly
together with tailored post-processing procedures, we conclude that this model is composed by the same number
of states as the model obtained with IS. This is a direct consequence of the models representative of the masses be
computed analytically and solely composed by interface DOFs (see section [0.4). Analytically computed state-space
models are composed by a number of states that is twice the number of DOFs, but as the models representative of the
masses are just composed by interface DOFs, they are composed by a number of states which is twice the number
of their interface DOFs. Therefore, as the post-processing procedures used to compute minimal-order models from
primal assembly/disassembly operations eliminate a number of states that is twice the number of interface DOFs, all
the states introduced through the performed decoupling operations are eliminated.

Evaluating the number of states of the computed coupled models, we conclude that the models computed by
LM-SSS with compatibility relaxation and LM-SSS are composed by 60 and 68 states, respectively. Once again, the
state-space model obtained by using LM-SSS is composed by a higher number of states due to the inclusion of the
mounts M1 and M2 through models identified by using decoupling operations. The minimal-order coupled state-
space models originated with LM-SSS with compatibility relaxation OCF and LM-SSS OCF present 56 and 52 states,
respectively. The larger number of states of the state-space model obtained by LM-SSS with compatibility relaxation
OCF is justified by the fact that due to the inclusion of the mounts dynamics by an inverted model representative of
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one of their diagonal apparent mass terms, we are only enforcing compatibility by using half of their interface DOFs,
hence from the coupled state-space models we are only able to eliminate a number of extra states equal to the number
of the interface DOFs of the mounts. Whereas, by exploiting LM-SSS we are enforcing compatibility by using the
full-set of interface DOFs of the CEs, thus we are able to eliminate a number of redundant states equal to twice the
number of the interface DOFs of the mounts.

After analyzing the computed coupled models, we can conclude that the model computed by LM-SSS OCF is the
most interesting, because it presents the same FRFs of the other coupled models and is composed by a lower number
of states. Nevertheless, this happens only because we are dealing with an analytical example. In fact, if we were
dealing with an experimental substructuring case, the state-space models of the masses attached to the mounts could
not be obtained analytically. Therefore, they would have to be estimated by using system identification algorithms,
which in general leads to the identification of state-space models composed by a number of states much larger than the
number of outputs of the structures under analyze. As consequence, by performing decoupling operations we would
contaminate the identified state-space models representative of the CEs with spurious states, making the coupled
models computed with LM-SSS composed by a dramatically higher number of states. This is better illustrated in
section[7] where state-space models estimated from experimentally acquired FRFs are coupled by exploiting LM-SSS
with compatibility relaxation, primal state-space formulation and LM-SSS.

7. Experimental validation

In this section, the approaches discussed in this paper are experimentally validated. We start by briefly presenting
in section [7.T] the experimentally characterized mechanical systems and how the testing campaign was conducted. In
section the FRFs collected from the performed experimental tests are exploited to compute state-space models
representative of the components experimentally characterized. Then, in section different state-space models
representative of a CE are computed by performing decoupling with LM-SSS (see [25]), by using primal state-space
disassembly (see section[5.T)) and by exploiting the state-space realization of IS (see section[5.3)) on the model of one
of the assemblies composed by the CE to be characterized. Furthermore, two additional state-space models of the
CE are computed by exploiting primal state-space disassembly together with post-processing procedures enabling the
computation of a minimal-order model and by exploiting IS on the model of one of the assemblies composed by the
CE to be characterized, previously transformed into OCF. Finally, in section by using the identified CE models,
different coupled state-space models are computed by exploiting LM-SSS, primal state-space assembly and LM-SSS
with compatibility relaxation (see section [3). Afterwards, two minimal-order coupled models are also computed
by exploiting both primal state-space assembly and LM-SSS with compatibility relaxation approaches together with
tailored post-processing procedures.

7.1. Testing Campaign

The experimental data that will be exploited in this section was collected from the experimental modal character-
ization of the following substructures/structures:

e Two aluminum crosses (from now on labelled as cross aluminum A and B);
e Two steel crosses (from now on labelled as cross steel A and B);
e Assembly A composed by the two aluminum crosses connected by a rubber mount;

e Assembly B composed by the two steel crosses connected by a rubber mount.

To perform dynamic substructuring operations, we are required to estimate state-space models, whose outputs
and inputs are located at the interface of the analyzed components. However, placing sensors or/and exciting at the
interface of the components under analyze is infeasible. Therefore, to overcome this issue, the aluminium and steel
crosses were designed to behave as rigid bodies in the frequency band of interest (from 20 Hz to 500 Hz). Hence, we
may excite and place sensors at accessible locations, then by using the well-known virtual point transformation (VPT)
(see [15]]) approach we are capable of estimating the desired state-space models.
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(b) Assemblies.

(a) Crosses.

Figure 14: Test set up used to experimentally characterize the isolated crosses and assemblies.

The test set-up exploited to characterize the isolated crosses and the assemblies can be observed in figures[T4aland
[4b] To perform the experimental tests the roving hammer testing approach was used. On each cross (either isolated
or included in the assemblies), sixteen hits at different locations were applied and three accelerometers were placed
as depicted in figure[T3] For further details on the performed testing campaign, the readers should refer to [23].
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Figure 15: Locations of measurement accelerometers (green), hammer impact directions (orange arrows) and virtual point (white).

7.2. Estimated components state-space models

To estimate state-space models representative of the experimentally characterized components, we started by ex-
ploiting the Simcenter Testlab® implementation of the PolyMAX and ML-MM methods to estimate modal parameters
from the measured sets of FRFs. Then, the VPT-SS approach proposed in [33] (which, represents the extension of
VPT into the state-space domain) was exploited to transform the outputs and the inputs of the estimated state-space
models into the interface of the structures under study. It is worth mentioning that we could have followed a different
approach to estimate the intended state-space models. We could have, firstly, applied the VPT approach on the mea-
sured FRFs to obtain the FRFs at the interface of the structures under study and then estimate the intended state-space
models from these sets of FRFs. However, in [33] this approach demonstrated to lead to the estimation of less accurate
state-space models composed by a larger amount of states. Furthermore, possible errors on the construction of the
transformation matrices involved in the VPT approach can be easily compensated if the approach proposed in [33] is
exploited.
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Figure 16: Comparison, for each estimated model, of interface FRFs obtained by applying VPT on the measured FRFs with the FRFs of the
estimated state-space model and with the FRFs of the same model previously transformed into OCF: a) FRF of the aluminum cross A, whose
output is the DOF V){ and the input is the DOF mY ; b) FRF of the steel cross B, whose output is the DOF v; and the input is the DOF 5.

Figures [T6] and [T7] show, for each estimated model, the comparison of the interface FRFs obtained by applying
VPT on the measured FRFs with the FRFs of the estimated state-space model and with the FRFs of the same model
previously transformed into OCF. In the captions of figures [T6]and [T7]and through the rest of the paper, the interface
outputs of the crosses aluminum and steel A will be tagged as v;, while its interface inputs will be labelled as m;.
The interface outputs of the crosses aluminum and steel B will be tagged as v,, whereas its interface inputs will be
addressed as m,. It is worth noticing that no state-space model representative of assembly B was estimated, because in
section [7.4) we aim at computing coupled state-space models representative of this structure by using the state-space
models here estimated. In the same section, the accuracy of these state-space models will be evaluated to assess the
performance of the approaches used to compute them.

By observing figures[I6]and[I7] it is possible to conclude that for all the estimated state-space models, the interface
FRFs obtained by applying VPT on the measured FRFs are very well matching the FRFs of the estimated state-space
model and the FRFs of the same model transformed into OCF. Therefore, we may conclude that the state-space models
were successfully estimated, being suitable to be transformed into coupling form.

It is worth mentioning that the computed state-space models representative of the aluminium cross A and B are
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Figure 17: Comparison, for each estimated model, of interface FRFs obtained by applying VPT on the measured FRFs with the FRFs of the
estimated state-space model and with the FRFs of the same model previously transformed into OCF: a) FRF of the assembly A, whose output is
the DOF ‘”1 and the input is the DOF mg; b) FRF of the assembly A, whose output is the DOF vg‘ and the input is the DOF mlf".
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composed by 195 and 201 states, respectively, the estimated models representative of the steel crosses A and B are
composed by 197 and 183 states, respectively, and the state-space model of assembly A is composed by 242 states.
It is worth mentioning that the estimated state-space models representative of the crosses aluminum A and B were
expected to present the same number of states (the same was expected for the cross steel A and B). However, the
FRFs of these components were experimentally acquired, as consequence they did not perfectly match, which lead to
the estimation of state-space models composed by a different number of states. The mismatch between the measured
FRFs of aluminum crosses A and B can be justified, for example due to slightly different boundary conditions during
the experimental tests and due to small differences between the mechanical properties of both crosses (e.g. different
mass) (the same justifications apply to explain the differences between the measured FRFs of the crosses steel A and
B). Hence, the number of identified in-band modes was different, leading to the computation of state-space models
composed by a different number of states.

7.3. Identified rubber mount state-space models

In this section, starting from the state-space model representative of assembly A, state-space models representative
of the rubber mount included in assemblies A and B will be estimated by following three different approaches based
on LM-SSS decoupling, primal state-space disassembly and exploiting IS on the estimated model representative of
assembly A. To evaluate the accuracy of the mentioned approaches, the rubber mount FRFs obtained by exploiting
LM FBS decoupling and IS on the interface FRFs of the assembly A will be taken as reference. Both approaches have
already demonstrated to be valid to identify dynamic models of rubber isolators (see [12]).

Figure [I8] shows the comparison of a rubber mount driving point translation and rotation dynamic stiffness ob-
tained by exploiting the following approaches: i) decoupling with LM FBS the accelerance interface FRFs of crosses
aluminum A and B from the interface FRFs of assembly A, ii) by using IS approach on the apparent mass of assembly
A to estimate the diagonal apparent mass terms of the rubber mount by multiplying by -1 the off diagonal apparent
mass terms associated with the outputs placed on cross aluminum A and the inputs placed on cross aluminum B, iii)
dynamic stiffness of the state-space model obtained by decoupling with LM-SSS the state-space models of the crosses
aluminum A and B from the state-space model of assembly A, iv) dynamic stiffness of the model obtained by pri-
marily disassemble the state-space models representative of the apparent mass of crosses aluminum A and B from the
state-space model representative of the apparent mass of assembly A and v) dynamic stiffness of the model obtained
by applying the IS approach on the inverted model of assembly A to identify a model representative of the diagonal
apparent mass terms of the rubber mount by transforming into negative form (see[Appendix _C) the state-space model
representative of its off diagonal terms, whose outputs are placed on cross aluminum A and the inputs are placed on
cross aluminum B.

Note that, to ease the interpretation of figure [I8] we have decided to show the correspondent dynamic stiffness
matrices of all the computed solutions. Hence, the accelerance FRFs directly obtained with approaches i and iii were
inverted and multiplied by —w? to calculate the correspondent dynamic stiffness matrices. Whereas, the apparent mass
directly computed by approaches ii, iv and v were multiplied by —w? to compute the correspondent dynamic stiffness.

By observing figure[I8] it is straightforward that as expected the dynamic stiffness of the rubber mount state-space
models identified by LM-SSS decoupling and by primal state-space disassembly are perfectly matching. Hence, we
may conclude that the primal state-space formulation developed in section [5.1]is accurate when dealing with state-
space models estimated from measured data. Furthermore, both solutions are well-matching the dynamic stiffness
identified with LM FBS decoupling, which demonstrates that the state-space models computed by exploiting LM-
SSS decoupling and the primal state-space disassembly are reliable.

By further analyzing figure it is evident that the dynamic stiffness matrices computed by exploiting IS on
the measured FRFs of assembly A and on the estimated state-space model representative of assembly A are well-
matching. Hence, we conclude that the procedures outlined in section [3]to identify state-space models representative
of off diagonal terms is valid even when dealing with state-space models estimated from measured FRFs.

Comparing the dynamic stiffness matrices obtained from the three approaches relying on a decoupling operation
(i.e. approaches i,iii and iv) with the two approaches relying on IS (i.e. approaches ii and v), we observe that at low
frequencies the results provided by all the approaches are similar. However, as we analyze higher frequencies, a more
pronounced bias between the approaches starts to occur. Indeed, the observed bias at higher frequencies is expected,
because by exploiting IS we are assuming that the rubber mount is massless. Thus, the observed bias indicates that for
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Figure 18: Comparison of some rubber mount FRFs obtained by applying the following approaches: i) LM FBS decoupling (represented by the
black solid line), ii) IS on the apparent mass of assembly A (represented by the cyan dashdot line), iii) FRFs of the state-space model obtained
with LM-SSS decoupling (represented by the red dashed line), iv) FRFs of the state-space model obtained with primal state-space disassembly
(represented by the yellow dotted line) and v) IS on the inverted state-space model representative of assembly A (represented by the magenta dashed

line).
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higher frequencies this assumption does not hold and that the mass of the rubber mount starts to have a non negligible
effect over its dynamics.

Additional state-space models were computed by using the primal state-space disassemble with tailored post-
processing procedures to compute a minimal-order state-space model representative of the rubber mount and by
exploiting IS on the inverted assembly A model transformed into coupling form to compute state-space models trans-
formed into OCF representative of the off diagonal terms of the rubber mount. Figure [T9] reports the comparison
between the dynamic stiffness computed by the following procedures: dynamic stiffness of the state-space model
computed by exploiting the primal state-space disassembly technique (approach iv), dynamic stiffness of the minimal-
order state-space model computed by using primal state-space disassembly to decouple the aluminum crosses models
transformed into OCF from the assembly A model transformed into OCF with the post-processing procedure sug-
gested in [[6] that relies on the use of a Boolean localization matrix (approach vi), dynamic stiffness of the model
representative of the diagonal apparent mass terms obtained by applying IS approach on the inverted model of as-
sembly A (approach v) and the dynamic stiffness of the model obtained by applying the IS approach on the inverted
model of assembly A previously transformed into OCF to identify a model transformed into OCF representative of
the diagonal apparent mass terms of the rubber mount by transforming into negative form (see[Appendix C) the state-
space model representative of its off diagonal terms, whose outputs are placed on cross aluminum A and the inputs
are placed on cross aluminum B (approach vii). Once again, to ease the interpretation of figure [T9b] we have decided
to show the correspondent dynamic stiffness matrices of all the computed solutions.

By observing figure[T9] it is evident that both dynamic stiffness functions computed by exploiting the primal state-
space disassembly are perfectly matching. Hence, we can state that we have validated the use of the primal state-space
formulation together with the post-processing procedures outlined in [6]] to compute minimal-order coupled models
when dealing with models estimated from measured FRFs. Moreover, the dynamic stiffness obtained by applying
IS approch on the untransformed inverted assembly A model and on the same model transformed into OCF are
also perfectly matching. This further demonstrates that IS can be also applied on state-space models previously
transformed into coupling form.

As final note, we must reflect on the number of states of the state-space models representative of the rubber
mount here identified. By following the approaches iii and iv, we ended up with a state-space model representative
of the rubber mount composed by 638 states, while by following approach vi, we have identified a state-space model
composed by 614 states. Whereas, by using approaches v and vii, the identified state-space models representative of
the off diagonal terms are composed by 242 states. The models identified by using the approaches iii, iv and vi are
composed by a number of states substantially larger than the models identified by exploiting approaches v or vii due
to the performance of decoupling operations to remove the dynamics of crosses aluminum A and B from the model
of assembly A. Indeed, as discussed in [23] and in the introduction of this paper, the performance of decoupling
operations promotes the computation of a state-space model, which double includes the dynamics of the decoupled
structures. Consequently, this state-space model will be spoiled with pairs of spurious modes, which are difficult to
identify and eliminate, when there is no previous knowledge about the structure to be identified (which is the common
situation in practice).

Thus, we may state that the LM-SSS decoupling and the primal state-space disassembly hold the advantage of
not assuming that the CE to be identified is massless and that there are no cross couplings between DOFs. Conse-
quently, these approaches are valid to identify any structure/CE, whereas the application of IS approach is restricted
to identify models representative of structures that are suitable to be characterized by IS (for example CEs, such as
rubber mounts). However, when the CE is intended to be experimentally characterized, we are only required to ex-
perimentally characterize the assembly were the CE is included, avoiding dismounting and mounting operations and
the performance of more experimental tests to characterize the structures to which the CE is coupled. Furthermore,
by characterizing the CE by exploiting IS, we are not required to perform decoupling operations, leading to the iden-
tification of models composed by a substantially lower number of states. This advantage will be more significant as
the number of state-space models to be decoupled in order to identify the intended CE model increases and as these
state-space models are composed by more states, thereby as the structures to be decoupled get more complex. As the
number of states of the state-space models identified by IS is in general dramatically lower, a significantly lower com-
putational effort is required. Hence, they are interesting, for example, when real-time-domain analyses are intended
to be performed with the identified CEs state-space models.
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Figure 19: Comparison of the FRFs of the identified rubber mount dynamic stiffness by exploiting the following methodologies: dynamic stiffness
of the state-space model computed by primal state-space disassembly (approach iv), dynamic stiffness of the minimal-order coupled state-space
model obtained by primal state-space disassembly (approach vi), dynamic stiffness obtained by exploiting IS on the inverted state-space model
representative of assembly A (approach v) and the dynamic stiffness obtained by exploiting IS on the inverted model of assembly A previously
transformed into OCF (approach vii).
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7.4. Coupling Results

In this section, we will start by coupling the state-space models representative of steel crosses A and B with
the rubber mount models identified by exploiting LM-SSS decoupling, primal state-space disassembly and IS on the
inverted state-space model of assembly A (see section [7.3). In figures 20] and 2] we may observe the comparison
of some interface accelerance FRFs of assembly B (obtained by applying VPT on the measured FRFs) with the
following solutions: a) the FRFs obtained by coupling with LM-FBS the rubber mount FRFs obtained by using LM-
FBS decoupling with the interface FRFs of crosses steel A and B, b) the FRFs obtained by using LM-FBS with
compatibility relaxation to couple together the interface FRFs of steel crosses A and B with the inverted diagonal
rubber mount terms obtained by exploiting IS on the interface apparent mass of assembly A, c) the FRFs of the
coupled state-space model obtained by using LM-SSS to couple the models of crosses steel A and B with the rubber
mount model identified with LM-SSS decoupling, d) the FRFs of the inverted coupled state-space model obtained by
using primal state-space assembly to couple the inverted models of the steel crosses A and B with the rubber mount
model identified by using primal state-space disassembly and e) the FRFs of the coupled state-space model obtained
by exploiting LM-SSS with compatibility relaxation to couple the steel crosses models with the inverted state-space
model of the diagonal rubber mount terms obtained by exploiting the state-space realization of IS on the inverted
state-space model of assembly A.

By observing figures [20|and [21] we may conclude that the coupled FRFs computed by LM FBS (approach a), the
FRFs of the coupled state-space models obtained by exploiting LM-SSS (approach b) and the FRFs of the coupled
model computed with primal state-space assembly (approach c) are well-matching the interface FRFs of assembly B.
Thus, we may conclude that the coupled state-space models computed by exploiting LM-SSS and primal state-space
assembly are accurate. Moreover, as expected, the FRFs of the coupled state-space models obtained by using LM-SSS
and primal state-space assembly are perfectly matching, which further validates the primal formulation developed in
section[5.11

Figure [20a] also shows that the axial (z axis direction in figure[I5) interface FRF of assembly B is well-matching
the FRF obtained by exploiting LM-SSS with compatibility relaxation (see figure [20a); the same holds for the FRF
associated with the rotations around the axial direction (see figure [20b). This is very likely due to the light weight of
the rubber mount (27 g) compared to the weight of a single steel cross (560 g). Furthermore, as discussed in [12],
where the experimental characterization of a cylindrical shape rubber isolator (same shape of the rubber mount under
analyze) is performed, there are no cross couplings between the z direction and the rotations around the x and y axis
(axis orientation can be observed in figure [I5)).. The same can be stated about the cross couplings between the x and y
directions and the rotation around the z axis. For these reasons, the underlying assumptions of identifying the rubber
mount by applying IS have a small effect over the quality of the results associated with both z direction and rotation
around z. However, by observing figures 21a] and [21b] we can conclude that the FRFs associated with the x and y
directions and with the rotations around x and y axis computed by LM-SSS with compatibility relaxation are far from
being a good estimate of these radial (associated with x or y axis direction in figure[I5) interface FRFs of assembly
B. The low quality results for these directions can be explained by the existence of important cross couplings between
the displacements on one of the radial directions and the rotations around the other axial direction (see [12]), which
are ignored when the rubber mount is characterized by exploiting IS approach. Comparing the FRFs obtained by
exploiting LM FBS with compatibility relaxation with the FRFs of the state-space model computed with LM-SSS
with compatibility relaxation, it is evident that the FRFs obtained by both methodologies are well-matching. The two
solutions are not perfectly fitting because the identification of the state-space models from the measured sets of FRFs
is not completely perfect. Thus, we may claim that the LM-SSS with compatibility relaxation method is validated to
perform coupling with state-space models estimated from experimentally acquired data.

At this point, it is worth evaluating the suitability of the primal state-space assembly formulation and of the LM-
SSS with compatibility relaxation technique to compute minimal-order coupled models, when dealing with state-space
models computed from experimentally acquired data. Figures[22|compare the FRFs of different coupled models com-
puted by exploiting the following procedures: inverted coupled state-space model computed by exploiting the primal
state-space assembly technique (approach d), inverted minimal-order coupled state-space model obtained by using
primal state-space assembly to couple the inverted models of the steel crosses A and B previously transformed into
OCEF with the rubber mount model identified by using primal state-space disassembly with state-space models trans-
formed into OCF together with the post-processing procedure proposed in [6] that relies on the use of a Boolean
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Figure 20: Comparison of the interface FRFs of assembly B with the coupled FRFs obtained by using the following methodologies: LM FBS
(approach a), LM FBS with compatibility relaxation (approach b), LM SSS (approach c), primal state-space assembly (approach d) and LM-SSS
with compatibility relaxation (approach e): a) FRF of the assembly B, whose output is the DOF 1§ and the input is the DOF m3; b) FRF of the

assembly B, whose output is the DOF v]fz and the input is the DOF mlfz.
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Figure 21: Comparison of the interface FRFs of assembly B with the coupled FRFs obtained by using the following methodologies: LM FBS
(approach a), LM FBS with compatibility relaxation (approach b), LM SSS (approach c), primal state-space assembly (approach d) and LM-SSS
with compatibility relaxation (approach €): a) FRF of the assembly B, whose output is the DOF v{ and the input is the DOF m7; b) FRF of the

assembly B, whose output is the DOF vI;* and the input is the DOF mf”.
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localization matrix (approach f), state-space models obtained by using LM-SSS with compatibility relaxation to cou-
ple the models of the steel crosses and of the inverted diagonal apparent mass terms of the rubber mount (approach
e) and the minimal-order coupled state-space model computed by using LM-SSS with compatibility relaxation to
couple the steel crosses models previously transformed into OCF with the inverted state-space model of the diagonal
apparent mass terms of the rubber mount obtained from the inverted model of assembly A previously transformed into
OCEF together with the post-processing procedure outlined in section ] that relies on the use of a Boolean localization
matrix (approach g).

By analyzing figures 22} it is evident that the FRFs of the inverted state-space model obtained by primal state-
space assembly are perfectly matching the FRFs of the inverted minimal-order coupled state-space model originated
by applying primal state-space assembly with a post-processing procedure to eliminate the redundant states originated
from the coupling operation. Thus, we may conclude that the use of primal state-space assembly together with the
post-processing procedures presented in [6] to compute minimal-order coupled models is valid to deal with state-space
models estimated from measured data.

Moreover, further observing figures we can claim that the FRFs of the state-space model computed by LM-
SSS with compatibility relaxation are perfectly matching the FRFs of the minimal-order coupled state-space model
obtained by using LM-SSS with compatibility relaxation with the post-processing procedure suggested in section [4]
that relies on the use of a Boolean localization matrix. Hence, we may state that the use of LM-SSS with compatibility
relaxation together with the post-processing procedures suggested in section [ is a reliable approach to compute
minimal-order coupled models representative of structures connected by CEs suitable to be characterized by exploiting
IS.

As final analysis, we must compare the number of states of the coupled state-space models computed in this
section. The coupled models obtained by exploiting approaches ¢ and d, lead to the estimation of models composed by
1018 states, while by following approach f a coupled model with 970 states was obtained. Approaches e and g enabled
the computation of coupled state-space models composed by 622 and 610 states, respectively. The coupled models
computed by approaches c, d and f are composed by a number of states significantly larger that the models obtained by
approaches e and g, because methodologies ¢, d and f include the dynamics of the rubber mount through state-space
models obtained from decoupling operations. In this way, we may conclude that by computing state-space models by
including CEs as regular structures there is no need to make assumptions on their physical behavior. Consequently,
the method does not suffer on any restriction, neither on frequency ranges nor on the type of CEs characterizing the
target structure. However, this approach always lead to the computation of coupled models composed by spurious
states and, consequently, composed by a greater number of states.

On the other hand, as LM-SSS with compatibility relaxation relies on the characterization of CEs by exploiting
IS, its applicability is restricted to CEs suitable to be characterized by IS. Furthermore, its application is limited up
to frequencies for which the mass of the CEs presents a negligible contribution to their dynamics. Nonetheless, if
the mass of the CEs is negligible when compared with the structures to which it is coupled, the massless assumption
will not cause a significant degradation of the coupled results (see [[12]). Moreover, by exploiting LM-SSS with
compatibility relaxation we have the possibility of computing coupled state-space models without presenting spurious
states, leading in general to the computation of models composed by a significantly lower number of states. Hence,
the state-space models computed by LM-SSS with compatibility relaxation are particularly useful when time-domain
analyses are intended to be performed with the coupled models, for example in a real-time context. Therefore, when
dealing with CEs that can be characterized by IS or that their characterization by exploiting IS leads to reliable
coupling results, there is no advantage of characterizing the CEs by performing decoupling operations.

8. Conclusion

The state-space realization of IS presented in this article showed to be accurate to identify state-space models
representative of diagonal apparent mass terms of CEs that are suitable to be characterized by IS. LM-SSS with com-
patibility relaxation showed to be an accurate approach to embed the dynamics of this kind of CEs into the LM-SSS
formulation. Moreover, the post-processing procedures outlined in section ] showed to be accurate to eliminate the
extra states originated from the performance of coupling operations with LM-SSS via compatibility relaxation. It was
also demonstrated that the FRFs of the coupled state-space models obtained by exploiting LM-SSS with compatibility
relaxation perfectly match the coupled FRFs computed with LM FBS via compatibility relaxation (see [17]), provided
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Figure 22: Comparison of the FRFs of the following state-space models: state-space model obtained by primal state-space assembly (approach
d), minimal-order coupled state-space model obtained by primal state-space assembly (approach f), state-space model obtained with LM-SSS
with compatibility relaxation (approach e) and the minimal-order coupled state-space model computed with LM-SSS with compatibility relaxation
(approach g)
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that the FRFs of the state-space models involved in the coupling operation with LM-SSS via compatibility relaxation
match the ones involved on the coupling operation with LM FBS via compatibility relaxation (see section [6.3)).

Discussing the results obtained from the experimental substructuring application exploited in section [/} it turned
out that by exploiting the state-space realization of IS to identify models representative of experimentally characterized
CEs, decoupling operations can be avoided. In this way, state-space models free of spurious states and, thus, composed
by a significantly lower number of states can be computed. Furthermore, by embedding these identified models in
LM-SSS with compatibility relaxation, coupled state-space models composed by a dramatically lower number of
states can be computed. We may then claim that the approaches here discussed are interesting to compute state-
space models (representative of CEs or of assemblies composed by CEs) tailored to perform time-domain analyses.
Nevertheless, it was found that the applicability of both state-space realization of IS and LM-SSS with compatibility
relaxation is limited in frequency and restricted to CEs suitable to be characterized by IS, i.e. CEs that do not present
important cross couplings between their DOFs and in a frequency range for which their mass presents a negligible
contribution to their dynamic behaviour (see sections[7.3]and [7.4).
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Appendix A. Inverting state-space models

When a state-space model is inverted, its output vector becomes the input vector of the inverted model and vice-
versa. To demonstrate how the inverted state-space model can be computed, let us consider the following generic
acceleration state-space model.

{x(0} = [Al{x(D} + [Bl{u(n)}

(A.1)
(0} = [CHx()} + [DI{u(n)}
By solving the output equations of (A.T)) to find the value of {u(7)}, the equation below is obtained.
fu(®} = [DTI{FO} — [CHx() (A2)

By using equation (A.2), the state equations of the state-space model given by expression (A.T]) can be rewritten

as in equation (A.3).
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(X0} = [Alix(0)} + [BIID™' (150} = [CHx(D)) (A.3)
By using equations (A.3) and (A.2), the inverted state-space model can be computed as follows:

(D) = [A™{x(0)) + [B™]{5(1))

. . (Ad)
{u(n} = [C™{x(®)} + [D"HF(D)}
where, matrices [A™], [B™], [C™] and [D™] are given by expression (A.3).
Ainv =[A]l =B D—l C , Binv =[B D—l
[A™] = [A] = [B][D""][C], [B™]=[Bl[D"] (AS)

[C™]=~[D7'][C). [D™]=[D"]

Appendix B. Extending the LM-SSS with compatibility relaxation formulation to directly compute coupled
displacement and velocity state-space models

In this section, the expressions (24) that enable the computation of acceleration state-space models by exploiting
LM-SSS with compatibility relaxation (see section [3) will be adjusted to directly compute displacement and velocity
coupled models. As the state and input matrices are equal for displacement, velocity or acceleration state-space
models, we are only required to adjust the output and feed-through state-space matrices in expressions (24).

To start, let us rewrite the expressions to compute [C“““] and [D“““!] (see equation (24)) by using displacement
state-space matrices (see [27]).

[Cgeel] = d”pAs pAsp — (Cdl W As.pBs.p)B( (BC(Cd”pAs pBs p)BL+

(€ P AMpBMD)) " BcCy i As pAs.p
[Cie'] = (C§ ) As.pBs.p)BL(Bc(Cy i As.pBs.p)BE + (Coy b AwnByn)) ™ Cy b AvpAwp (B.1)

[D§e'] = d”pAs pBs.p — (Cd »As.pBs.p)B( (BC(Cd”pAS pBs p)BC+
(€ hAMpBMD)) " Be(Cyr As.pBs.p)

From the relation between the acceleration and displacement output and feed-through matrices, expressions to
compute [C4P] and [D¥*P] can be established from expressions as in equation (B-2).

[CS°P] = C§' ) — (C§ 37 As pBs.p)BL(Bc(Cy 1w As.pBs p)BE + (Coy b Ay Byp)) " BeCy
[C"””] = (C§' )} As.0Bs 0)BL(Bc(C§ 1 As pBs.p)BE. + (Chy' b AwpBup)) ' Ciy'h
[D§*"] = C§' W As.pBs.p — (Cy 1w As.pBs.p)Be(Bo(Co  As.pBs p) Bit
(Cy b AmpBup)) ' Be(Cy 3 As pBs.p) — C™“PAB = 0

(B.2)

From the relation between the acceleration and velocity output and feed-through matrices, expressions to compute
[C"'] and [D"'] can be established from equations (B.I)) as follows:

[C§"1 = C. As.p ~ (C§ As.pBs.p)BU(Be(CS ) As.pBs.0)BE + (Chy' b AmpBy.n) ™ BeC ) As.p
[C}i'] = (Cy ) As.0Bs.0)BL(Be(CS ) As.pBs.p)BL + (Chy' b AupBuo)) ™ Coy' b Anp
[D§"] = €5} Bs.o — (C§.p As.oBs.0)BE(Be(Cy ) As.oBs.p) B+
(ChrpAm.oBup)) ' Be(Cyy) Bs.p)

(B.3)
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where, superscript vel denotes a state-space matrix of a velocity state-space model (a state-space model whose
output vector elements are velocities). If the coupled state-space model obeys the Newton’s second law [C?jjpB?jf] =
[0] [270,[31, hence [Dy”'] = [0].

As previously mentioned, the state and input matrices are equal for displacement, velocity or acceleration state-
space models and are given by equations (24). However, those equations can also be easily rewritten by using dis-
placement state-space matrices.

Appendix C. Negative form of a state-space model representative of apparent mass

This section demonstrates how to establish the negative form of a state-space model representative of apparent
mass. This demonstration can be performed by starting from a numerical acceleration state-space model, which can
be established by using the mass, stiffness and damping matrices of the mechanical system under analysis as presented
in [27].

Let us consider the following acceleration state-space model:

{x(0} = [Al{x()} + [Bl{u(n)}

. (C.1)
V() = [CH{x()} + [DNu(®)}
where, the state-space matrices are given as follows:
-M'v —M—lK] [M—l]
A = . B =
- [ ! 0 =1 (C2)

[Cl=[-M"'V -M"'K|, [D]=|M"]
and matrices [M], [K] and [V] are the mass, stiffness and damping matrices respectively.

By following expression (A.35), the inversion of the state-space model given by expression (C.I)) can be computed.
The state-space matrices of the resultant model are given as follows:

[A™] = [A] - [BIID™[C] = [_M_IV _M_IK] - [Mol] [ [ [tV v K]

1 0
_|-m'v -mT'k| [-M7'V -M7'K| [0 0
1 o | | o0 0 |~ |1 0
- M! -1 |1
[B™] = [BI[D™'] =[ 0 }[M"] L= [O] (C.3)

[C™] = —[D™[C] = - [Mfl]—l [_M—IV —M*lK] = [V K]

(D™ =0 =M = M)

As presented in [23],[34], the computation of the negative form of a state-space model can be performed by
multiplying its [M], [K] and [V] matrices by —1. Hence, the negative form of the state-space matrices presented in
the set of equations (C.3) can be obtained as shown below:

(Al = [‘,) 8] (B = [(’,]

[Cheel ==V =K1, [Djy] = [-M]

neg

(C4
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where, subscript neg denotes a state-space matrix transformed into negative form.
By analyzing expression (C.4), we may conclude that to obtain the negative form of a state-space model represen-

tative of apparent mass its output and feed-through matrices must be multiplied by —1. This procedure is also valid to
compute the negative form of state-space models established in modal domain.
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