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a b s t r a c t

Experimental–analytical substructuring is attractive when there is motivation to replace
one or more system subcomponents with an experimental model. This experimentally
derived substructure can then be coupled to finite element models of the rest of the
structure to predict the system response. The transmission simulator method couples a
fixture to the component of interest during a vibration test in order to improve the
experimental model for the component. The transmission simulator is then subtracted
from the tested system to produce the experimental component. The method reduces ill-
conditioning by imposing a least squares fit of constraints between substructure modal
coordinates to connect substructures, instead of directly connecting physical interface
degrees of freedom. This paper presents an alternative means of deriving the experi-
mental substructure model, in which a Craig–Bampton representation of the transmission
simulator is created and subtracted from the experimental measurements. The corre-
sponding modal basis of the transmission simulator is described by the fixed-interface
modes, rather than free modes that were used in the original approach. These modes do a
better job of representing the shape of the transmission simulator as it responds within
the experimental system, leading to more accurate results using fewer modes. The new
approach is demonstrated using a simple finite element model based example with a
redundant interface.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Component mode synthesis (CMS) has been a fundamental tool for the structural analysis of large complex systems for
years. Instead of the system being modeled as a whole, it is broken up into components or substructures that are modeled
using finite elements, and then reduced to a smaller number of degrees of freedom. The substructure approach is often a
necessity due to sheer model size. In addition, individual system components are often constructed by different entities
leading to separate substructure models. This is especially true in the aerospace community. Substructuring can be used to
couple physical or modal models of subcomponents to create a model for the assembly. Refs. [1,2] provide an excellent
review of competing methods and their relations. For linear systems, one can also operate on the frequency responses
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directly to predict the response of the assembled system. The latter approach is called frequency based substructuring, or
impedance coupling [1].

In recent years, there has been a renewed interest in combining analytical and experimental based substructure models
using CMS. Experimental–analytical substructuring is attractive in many applications where there is motivation to replace
one subcomponent with an experimental model. For example, a component may be difficult to model if it contains materials
with unknown properties, intricate geometry that would require many elements to approximate, or joints or interfaces with
unknown stiffness and damping properties. In these scenarios, one can perform a careful dynamic test of the substructure
and extract an experimental-based model. This experimental model can then be coupled to finite element models (FEM) of
the rest of the structure to predict the system response.

Over the years, a relatively large number of researchers have studied the feasibility of combining analytical and
experimental substructures. For example, Martinez et al. investigated the coupling of an experimental beam like structure
and a shell-payload structure [3]. Urgueira [4] considered the need for the inclusion of residual compliances when free
interface substructure modes are used, and the difficulty associated with measuring rotations. Morgan et al. [5,6] developed
a modified residual flexibility approach based on frequency response measured at the substructure interface. A Craig–
Bampton [7] substructure representation was then recovered from the measured experimental results. Researchers have
attempted to eliminate the need for interface residuals by mass loading the substructure interface during a free–free
vibration test. Karpel and Newman [8] developed the fictitious mass method for mass loading the interface of analytical
models of substructures. The experimental version, called the boundary mass method [9], required the attachment of large
rigid masses to the substructure interface during the experimental vibration test. Ind [10] considered the problem of testing
a delicate substructure by attaching a fixture, testing the combined system, and then removing the effects of the fixture from
the measured responses using a variety of techniques. The direct approach to substructure coupling would be to then
enforce compatibility in the physical connection, or interface, degrees of freedom between substructures. Note that
“interface” and “connection” are used interchangeably in this paper. Work in this area has resulted in a measured amount of
success, but in most cases, significant difficulties were encountered due to lack of sufficient precision in the measurements,
uncertainties, numerical ill-conditioning, inability to measure rotations, nonphysical results, etc. Large errors in system
response can result from small errors in subcomponent models [11].

Recently, a new approach was introduced by Allen et al. [12], known as the Transmission Simulator (TS) method. In this
approach, the component of interest is tested with a fixture, called a transmission simulator, attached at the interface in
order to improve the experimental model for the component. This method reduces ill-conditioning by imposing a least
squares fit of a constraint connecting two substructures through a set of generalized coordinates corresponding to defor-
mations of the transmission simulator, rather than connecting the substructures directly through the actual physical
interface degrees of freedom. The transmission simulator method captures the compliance and damping of the bolted joints
at the interface, provides a means for dealing with continuous, compliant interfaces that cannot easily be reduced to a few
connection points, and improves the modal basis of the experimental component by exercising the interface. The dis-
advantage of this approach is that the transmission simulator must be modeled accurately and its model representation

Nomenclature

dof degrees of freedom
I identity matrix
kB exact component B stiffness matrix
K stiffness matrix
mB exact component B mass matrix
M mass matrix
P orthogonal projector
q fixed interface modal displacement vector
T transformation matrix
TS transmission simulator
u displacement vector
ϕ fixed interface modes of transmission

simulator
Φ free interface modes of transmission simulator
ψ interior partition of constraint modes

superscripts

A component A

B component B
C component i
D component D
E system E
T matrix transpose

subscripts

c interface dof
C constrained interface
CB Craig–Bampton
F Frobenius norm
G uncoupled system
IP interface preserving method
m measurement dof
mB measurement locations on component B
m/c m relative to c
o interior dof
q modal dof
S static reduction to interface dof
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