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a b s t r a c t

In this paper, suitable criteria are sought for an optimal replacement of unobservable cou-
pling DoFs when performing substructure decoupling, that is the identification of a
dynamic model of a substructure embedded in a known structure. The need arises since
coupling DoFs are often difficult to observe, either because they cannot be easily accessed
or because they include rotational DoFs. The substitution must be carried out both to pre-
serve the information that would be lost when some coupling DoFs are not taken into
account, and to avoid or minimize ill-conditioning problems.
As shown in previous papers, coupling DoFs can be effectively replaced by internal DoFs

for the sake of substructure decoupling. Furthermore, criteria for an appropriate selection
of the internal DoFs used to replace unobservable coupling DoFs are sketched, which
involve either the Frequency Response Function (FRF) or the transmissibility between
internal and coupling DoFs.
Here, previously introduced FRF and transmissibility criteria are combined with the con-

dition number of the interface flexibility matrix to develop a procedure to optimally
replace some coupling DoFs with a subset of internal DoFs. The procedure is tested using
both simulated and experimental data of a tree structure (known structure), made by a
cantilever beam with two offset short arms, coupled to another beam (structure to be
identified).

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The objective of this paper is to define and test suitable criteria for an optimal replacement of unobservable coupling DoFs
when performing substructure decoupling [1,2]. Substructure decoupling can be defined as the identification of the dynamic
model of a substructure embedded in a structure known from experiments (assembled structure) and connected to the
remaining part of the structure (residual substructure) through a set of coupling DoFs. The degrees of freedom of the assem-
bled structure not belonging to the couplings are defined as internal DoFs.

The need of replacing some coupling DoFs arises since they are often difficult to observe, either because they cannot be
easily accessed or because they include rotational DoFs. The substitution must be carried out both to preserve the informa-
tion that would be lost when some coupling DoFs are not taken into account, and to avoid or minimize ill-conditioning prob-
lems [2]. Also in the transmission simulator method [3], a well conditioned mode shape matrix ensures the effectiveness of
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such fixture. Coupling DoFs can be efficiently replaced by internal DoFs when dealing with substructure decoupling, as
shown in [4,5].

Substructure decoupling is a need for subsystems that cannot be measured separately, but only when coupled to their
neighboring substructure(s), such as fixtures needed for testing [6,7]. Decoupling represents a special case of experimental
dynamic substructuring, since the model of the assembled system derives from experimental tests. In Frequency Based Sub-
structuring, Frequency Response Functions (FRFs) are preferred to modal parameters to avoid modal truncation problems. A
general framework for dynamic substructuring is provided in [8]. Some experimental issues arising in frequency based sub-
structuring are reported in [9].

Another well known issue in experimental dynamic substructuring is related to rotational DoFs: rotational FRFs are quite
difficult to be obtained experimentally, both from translational FRFs [10] and by measuring directly the rotational responses
[11,12]. To obtain rotational FRFs around two axes from translational FRFs, the equivalent multi-point connection (EMPC)
was proposed in [13,14]. Subsequently, it was extended to triaxial environment in [15,16]. However, whilst rotational FRFs
are needed when coupling together different subsystems, they are not essential in substructure decoupling (see again [4,5]).
In fact, the actions exchanged through the connecting DoFs, and specifically through rotational DoFs, are already embedded
in each FRF of the assembled system.

To achieve decoupling, a negative structure with a dynamic stiffness opposite to that of the residual substructure is added
to the coupled system, and appropriate compatibility and equilibrium conditions are enforced at interface DoFs. Interface
DoFs may include coupling DoFs only (standard interface), additional internal DoFs of the residual subsystem (extended
interface), subsets of coupling DoFs and internal DoFs of the residual subsystem (mixed interface), or a subset of internal
DoFs of the residual subsystem only (pseudo interface). The use of a mixed or pseudo interface amounts to replace some
coupling DoFs (e.g. rotational DoFs) with a subset of internal DoFs.

In previous papers [17,18], criteria for an appropriate selection of the internal DoFs used to replace unobservable coupling
DoFs are sketched, which involve either the Frequency Response Function (FRF) or the transmissibility between internal and
coupling DoFs. These criteria allow to rank the effectiveness of using any internal DoF instead of a given coupling DoF.

Here, previously introduced FRF and transmissibility criteria are combined with the condition number of the interface
flexibility matrix to develop a procedure to optimally replace some coupling DoFs with a subset of internal DoFs. The pro-
cedure is tested using both simulated and experimental data of a tree structure (known structure), made by a cantilever
beam with two offset short arms, coupled to another beam (structure to be identified). In Section 2, the substructure decou-
pling problem is recalled by highlighting the role of the so called disconnection forces. In Section 3, criteria for an optimal
replacement of unobservable coupling DoFs with internal DoFs are presented and discussed. In Section 4, the devised criteria
are applied to show that they lead to optimal decoupling results.

2. Direct decoupling: disconnection force intensities

Substructure decoupling consists in the identification of a dynamic model of a structural subsystem, starting from an
experimental dynamic model (e.g. FRFs) of the assembled system RU and from a dynamic model of a known portion of it
(the so-called residual subsystem R). The unknown substructure U (NU DoFs) is joined to the residual substructure R (NR

DoFs) by nc coupling DoFs through which constraint forces (and moments) are exchanged (see Fig. 1). The degrees of freedom
of the assembled structure (NRU DoFs) can be partitioned into coupling DoFs (c), internal DoFs of substructure U (u) and inter-
nal DoFs of substructure R (r).

Fig. 1. Assembled system RU, with the unknown subsystem U (green) and the residual subsystem R (blue). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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