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Abstract

Internal combustion engines are used in many applications. The same en-
gine type may have di�erent components mounted to it depending upon
its use. These engine mounted components need to be designed against
fatigue in order to withstand the engine vibrations. Measured engine vi-
brations are commonly used as input data for fatigue estimation. The focus
in this thesis is set on heavy-duty diesel engines, typically used in trucks,
buses and industrial applications. All of the appended papers use engine
vibration measurements to evaluate the proposed methods.

In Paper A, the engine block motion is described with a seven degree
of freedom kinematic model. These degrees of freedom consist of six ri-
gid body modes and one assumed twisting degree of freedom. With this
description, measured engine block vibrations can be used to accurately
predict the vibration in positions that have not been measured. Relating
the measured vibrations of an engine mounted component with the projec-
ted motion of the engine block at that same position, makes it possible to
identify local dynamic phenomena.

In Paper B, the kinematic model of Paper A is extended with three
assumed bending deformation mode shapes. For the current engine type,
all of the assumed deformation modes are ranked within the 10-300 Hz
frequency range. The deformation mode of highest importance is the engine
block twist. Including bending deformation increases the accuracy of the
engine block vibration description but it also increases the demands on
instrumentation.

In Paper C, the possibility to modify measured engine vibration signals,
for addition or removal of engine mounted components, is investigated.
For this purpose, engine vibration measurements were performed with and
without a 29 kg brake air compressor mounted to the engine. For the task
of removing the e�ect that this engine mounted component has on the en-
gine block, the two cases of knowing, and not knowing the vibration of
the component are both considered. The proposed methodology success-
fully predicts the changes in engine vibration due to system modi�cation.
The proposed method can also be used to estimate the time response of
a component's centre of gravity. In this study the component's dynamic
properties are derived from measurements but they could also be produced
using �nite element analysis. This can be useful early in the design process
to �nd critically stressed areas due to base excitation.
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Sammanfattning

Förbränningsmotorer används i många olika tillämpningar. Samma motor-
typ kan ha olika komponenter monterade beroende på användningsområde.
De motormonterade komponenterna måste konstrueras med avseende på
utmattning för att klara belastningen som uppkommer på grund av mo-
torns vibrationer. Uppmätta motorvibrationer används ofta som indata för
utmattningsberäkningar och provning i skakrigg. Denna avhandling är in-
riktad på den typ av dieselmotorer som används i tung fordonsindustri,
samt i olika industriella tillämningar. I alla bilagda artiklar används mo-
torvibrationsmätningar för att utvärdera de föreslagna modellerna.

I Artikel A beskrivs motorblocket med en kinematisk modell som har
sju frihetsgrader. Dessa utgörs av motorns sex stelkroppsfrihetsgrader samt
en antagen vridande deformationsmod. Med denna beskrivning kan upp-
mätta vibrationer på motorblocket användas för att med god noggrannhet
förutse vibrationen i ej uppmätta positioner. Jämförelse av uppmätta vib-
rationer på exempelvis en motormonterad komponent, med motorblockets
projicerade rörelse i samma punkt, gör det möjligt att identi�era lokala
dynamiska fenomen.

I Artikel B utökas den kinematiska modellen från Artikel A med tre an-
tagna böjdeformationsmoder. För den aktuella motorn rangordnades alla
antagna deformationsmoder inom frekvensområdet 10-300 Hz. Blockvrid-
ningen är den deformationsmod med störst betydelse för återberäkning
av motorvibrationer. Att inkludera böjdeformationer ökar noggrannheten
i motorblockets vibrationsbeskrivning ytterligare, men ställer också högre
krav på antalet accelerometrar och deras placering.

I Artikel C undersöks möjligheten att modi�era den uppmätta motorns
vibrationer, för att motsvara e�ekten av att lägga till, eller ta bort, en
�tung� motormonterad komponent. För detta ändamål utfördes vibrations-
mätningar på en motor, med och utan en monterad bromsluftkompressor
med massan 29 kg. För analysen där den motormonterade komponentens
inverkan på motorblocket tas bort, beaktas två fall. Nämligen att kompo-
nentens vibrationer från mätning kan vara kända eller okända. Den före-
slagna metodiken för modi�ering av motorvibrationer kan framgångsrikt
generera motsvarande resultat som de fysiska modi�eringarna utförda i
mätning. Den föreslagna metoden kan också användas för att uppskatta
det kompletta tidssvaret i en motormonterad komponents tyngdpunkt. I
denna studie löses komponentens dynamiska egenskaper utifrån mätning,
men kan även tänkas ges utifrån beräkning. Detta anses särskilt lämpligt
vid utvärdering av ej ännu tillverkade komponenter.
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Prediction of engine component loads using previous measurements

Introduction

In product development, products are designed to perform speci�c tasks.
In order to do that, these products must also be able to withstand their
working environment. In this thesis, focus is set on describing the working
environment of engine mounted components, the environment being the
engine block. All presented results relate to heavy-duty diesel engines, the
type of engines used in commercial vehicles such as trucks and buses, and
also in industrial applications such as generator sets.

The complexity of internal combustion engines has increased over time
and can be visualised by comparing a 6-cylinder diesel engine from 1949
with one from 2017, both seen in Figure 1. In 1949 the engine block did
not have that many components mounted to it. Nowadays, it is hard to see
the engine block itself behind all of the engine mounted components. These
components all have di�erent tasks, for example to supply the vehicle with
electricity and compressed air, or to improve the performance of the engine
itself.

(a) Engine from 1949. (b) Engine from 2017.

Figure 1. Two Scania 6-cylinder diesel engines, courtesy of Scania CV AB.

Designing a structure for a static load, for example gravity, is a rather
straightforward task. When designs instead are placed in a vibrating envir-
onment, as in the case with engine mounted components, the task becomes
much more complicated. These vibrations need to be known in order to
assess fatigue strength using computational tools or physical tests in test
rigs. Even seemingly small loads on a structure can cause a failure if exer-
ted enough times. This is "fatigue" and is best explained by the presence
of microscopic faults in the starting material that slowly grow over time
with cyclic loading in tension.
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So how can the fatigue strength be evaluated?

Running an engine for a long period of time to see if anything breaks, is
one way of testing. But it is an overly time consuming procedure to use for
product development. If simulations are used early in a project to evaluate
product properties, in this case fatigue strength, development time can
be drastically shortened. Working in this manner allows for many design
iterations before the �rst physical prototype has seen the light of day. This
way of working is commonly called `simulation driven design' and requires
trustworthy simulation tools. Besides having the required simulation tools,
another key aspect is to have relevant and correct input data. Correct input
data for an engine mounted component would help answer the question:
- What motion or force does the engine impose on the component during
operation?

How can the vibrations of an engine be described?

The motion of an internal combustion engine is at a glance quite complex.
For someone who is not familiar with the details of structural vibrations,
it might be intuitive to think of the engine as a rigid box that bounces
around on its isolators. It turns out that this idea to treat the engine as
rigid, is actually adequate for many design cases, for instance when running
simulations to dimension powertrain isolators. However, for someone who
works with structural dynamics, be it testing or simulation, it is probably
more intuitive to think that the motion at the engine surface is much more
complex than that of a rigid body. All physical objects have built in "pre-
ferred" de�ection shapes, mode shapes, with which they will move if set to
vibrate. The vibration will occur at certain frequencies called eigenfrequen-
cies, or natural frequencies. The mode shapes and eigenfrequencies of an
object are governed by its mass and sti�ness distribution. To visualize this,
consider the church bell depicted in Figure 2. The bell will vibrate with its

Figure 2. Church bell depicted with visualisation of two of its mode shapes.
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eigenfrequencies and mode shapes when hit on the inside with its clapper,
these vibration deformations of the bell set the air in motion, producing
sound waves with the same frequencies. Most of the motion for the presen-
ted modes are located at the open end of the bell. For the particular case
of a church bell, but also for most practical systems, such as the engine
block, these vibrations are at such high frequencies and have such small
amplitudes that they are most often not visible to the naked eye. But by
using modern computational software, these deformation shapes are pos-
sible to resolve. The same can be done with experimental methods that
visualize the vibration of the measured structure. So much in the same way
as the church bell, the casted engine block with all its components mounted
to it, will have its own mode shapes and eigenfrequencies that are excited,
not by a clapper, but by the resulting forces from the �ring cylinders and
internally moving components. Some mode shapes have motion that a�ect
most of the engine block whilst some mode shapes are highly local. The
relevance of these eigenmodes is dependent on what properties are to be
studied.

For acoustic analysis of the engine, it is important to capture local
behaviour at the engine surfaces. Much like the lower end of the church
bell, the engine block surface will act like a speaker. The higher frequencies
to describe correctly, the more modes are needed in the model. For fatigue
strength analysis of engine mounted components, the need to capture local
modes are of lesser importance. What modes to include for this purpose
and how to include them have been investigated in Paper A and Paper B.

Can component eigenfrequencies be separated from the excitation frequency?

When designing a component that will be subjected to vibration at its
support, one typically tries to design it in such a way, that its lowest ei-
genfrequencies are far away from the frequency of the excitation. If these
frequencies are too close, the component's amplitude of vibration may in-
crease to critical levels causing it to break.

For an engine mounted component, separation of eigenfrequencies from
the frequencies of engine vibration is not a simple task. The engine's fre-
quencies of vibration are coupled with the crankshaft's speed of rotation.
For a four-stroke engine, one engine period consists of two crankshaft re-
volutions. The fundamental frequency of engine excitation relates to this
period, which varies with the engine speed. Excitation will also occur at
multiples of this fundamental frequency. For road going vehicles the engine
speed will vary over a wide range during normal operation, and hence, so
will the frequency of excitation subjected to the engine mounted compon-
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ents. Therefore the eigenfrequencies critical to any engine mounted com-
ponent will most likely be excited at some engine speed within the engine's
operating range. This makes it important to know exactly how the com-
ponents respond to present engine vibrations. In the next section, a brief
text is given on the topic of base excitation, explaining how the strength
of a structure subjected to vibration at its support may be analysed. This
is intimately connected to how vibration data from the proposed methods
can be used.
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Base excitation

Consider �rst the design of a building. As previously mentioned, design
with respect to gravity loads is a natural �rst step. A next and some-
what more distant step, is taking earthquakes into account. Earthquakes
can cause horizontal land movements at the base of the building. As the
base moves, the building is forced to follow and an opposing inertia load
introduce stress in the structure.

A convenient concept for solving the response of a moving base, or 'base
excitation', is exempli�ed with a simple structure with the concentrated
mass m in Figure 3a. In this case, it is equivalent to solve the structure
response by subjecting the stationary structure to an external force F , as
depicted in Figure 3b, with a magnitude of

F = mẍb. (1)

In this way, the response of a building during an earthquake may be solved
through simulation by subjecting it, standing on a �x ground, to an accel-
eration �eld corresponding to the horizontal ground acceleration.

(a) Structure with translating base. (b) Equivalent system.

Figure 3. An example of base excitation.

The same problem with a moving base is also relevant during design of
vehicle mounted components and their respective brackets. Unlike build-
ings however, a vehicle component will continually have motion at its sup-
port. Just like the building, it is the component's inertia that loads its
surrounding structure when being forced to move. Unlike ground motions,
which are mainly of the translating kind, a vehicle chassis also rotates.
Hence, the number of degrees of freedom required to accurately describe
the support motions are increased. For the horizontally translating system
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in Figure 3, the acceleration at the base is used directly for the inertia load
in the equivalent system with a stationary base. When rotation of the base
is included as depicted in Figure 4a, the imposed motion of rotation needs
to be projected to the location of the inertia as

F = m(ẍb + θ̈br). (2)

This may seem a basic concept but it is vital for the understanding of how
measured vibration signals are used as input to fatigue computation or
testing. When working with this type of equivalent, �xed base systems, it
is often considered more intuitive, to subject the structure to a translational
acceleration �eld corresponding to the measured acceleration at the support
position. But in this seemingly intuitive process, one misses much of the
actual e�ect of the base rotation, acting at the centre of mass location
r. The somewhat more general and realistic case for a chassis mounted
component is shown in Figure 4b, where the supporting frame section has
six degrees of freedom. It may also be relevant to include deformation
modes such as twisting, bending or shearing of the chassis frames to describe
the relevant motion that excites the chassis mounted component.

(a) Translating and rotating base. (b) Chassis frame mounted component.

Figure 4. Supports with more than one degree of freedom.

Base excitation can be a useful tool as long as the vibrations of the
base are known. This work aims to re�ne the possible input data, given
to calculation and testing for engine mounted components, from previous
engine vibration measurements. So how can the motion of the base, in this
case the engine block, be described in an adequate way?
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Description of engine vibrations

Engine vibrations are typically measured at engine full load with a slow
speed increase, throughout the whole of the engine's speed range. This is
the case for all of the measurements used in the appended papers. Meas-
ured accelerations at the engine block surface, at di�erent positions and
in di�erent directions, serve as input, as well as the coordinates of the ac-
celerometer positions. In addition to rigid body motion, the engine block
deformations that have been modelled and investigated are visualised in
Figure 5. These assumed deformations consist of one twisting mode and
three bending modes. With a linear least square methodology the measured
acceleration signals are combined to describe the engine block's degrees of
freedom as a function of time. Having resolved these degrees of freedom,
the vibration in any other engine block position can be computed.

One way of assessing the success of such a method is to compare the
measured response with the predicted one, for an accelerometer that has

Figure 5. Visualisation of the four assumed deformation modes for the engine
block.
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not been used to describe the engine block motions. One such example
is presented in Figure 6, where the sensor B7 has been excluded from the
input channels and the predicted response is compared with the measured
one. The interested reader is referred to Paper B for more information re-
garding this particular measurement. From the �gure it is evident that the
peak vibration at the engine block surface is already captured quite well
by the rigid body description. The di�erences between the 6 DOF and 10
DOF descriptions are most pronounced at frequencies between 250 Hz and
300 Hz. This is of course just one example for one position and direction on
one speci�c engine. Compared to capturing twisting deformation, bending
deformations put a higher demand on the number of accelerometers used
and where they are positioned. So, with added degrees of freedom comes
an extra work e�ort during the measurement preparation. But if the en-
gine mounted component being designed is sensitive to excitation in the
frequency range where most bending occurs, it might be worth the extra
e�ort.

Figure 6. Peak velocity envelope for the measured (solid lines) and predicted
acceleration (dashed lines) in measurement position B7 in lateral engine block
direction. '6 DOF' describes the engine as a rigid body whereas '10 DOF' also
includes the four proposed deformation modes presented in Figure 5.

So how can this be used?

Going back to the idea of base excitation, when performing an equivalent
simulation with a stationary support, or a shake rig test with reduced
degrees of freedom, it is preferred to have the projected base motion at
the component's centre of gravity as input. For this, a measurement of
the motion at the component's base can be made, but the full extent of
the engine block rotation would not be captured. This method opens up
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the ability to use previous measurements to generate vibration data for
positions that were not measured. In addition to that, by knowing that
this relatively simple motion description is adequate for the engine block
makes it possible to compare the motion of di�erent engines in translation,
rotation and the chosen deformation degrees of freedom. The method can
also help in pointing out local dynamic phenomena where the measured
vibration in a position does not adhere to the projected motion of the
engine block.

Another example of how this methodology can be used, is to measure
accelerations and discretise the motions of more than one body. An example
from an operational de�ection shape (ODS) analysis is given in Figure 7.
ODS can be used to visualise the vibrations present in a measurement.
Instead of plotting the vibration in the few measured points, one can with
this proposed methodology generate vibration signals for each corner of
the measured bodies. By being able to plot the bodies as boxes, allows for
analysis of a more intuitive picture when the relative motions of the bodies
are of interest. Instead of using ODS, much of the interesting relative
motion of the bodies can e�ectively be analysed simply by computing the
di�erence between the respective body's rotational degrees of freedom.

This methodology can also be used for input in other applications than
just fatigue estimation of metal components. In Figure 8 an example is
given where sliding wear of a rubber gasket for the oil pan was analysed
[1]. Instead of simulating a full engine model, excited by cylinder pressure,
a stripped down engine block model was driven according to the rigid body
motion known from measurement. This allowed for increased model detail
in the area of interest.

Figure 7. Visualisation of measurement bodies, engine in red, gearbox in green
and engine mounted component in blue.
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Figure 8. Model and results pictures for analysis of sliding wear of a rubber
gasket [1].

What if the component changes the motion of the engine?

Up to this point, the fact that an engine mounted component could pos-
sibly have a signi�cant in�uence on the engine block motion has not been
considered. In many cases with smaller components, it is reasonable to
consider the engine vibrations to stay una�ected. Adding a component
to the engine will change the dynamics of the entire system, and with it
its eigenmodes. Some eigenmodes will contain relative motion between
the engine and the component. For heavier components, the inertia alone
can have some in�uence on the engine block, but the main contribution
is given under resonance conditions of such aforementioned eigenmodes.
An example of one such "heavy" component is the engine mounted AC-
compressor presented in Figure 9.

The equivalent acceleration used in testing or computation should prefer-
ably correspond to a measurement where the component is present. So
what if a new AC-compressor installation is being designed and there are
two previous engine vibration measurements available, one without an AC-
compressor mounted, and one with a previous generation of AC-compressor
installation. Which measurement should be used? Using the measurement
without the heavy component, the engine will in general move more freely,
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Figure 9. AC-compressor mounted to the far right of the engine block.

making the simulation or rig test tougher on the component. But for res-
onance frequencies prevalent to the system with the AC-compressor, the
motion will most likely be underestimated, since these resonances are not
included. If instead using the measurement with a previous generation
of the AC-compressor mounted, another type of bias will be introduced.
Design concepts with eigenfrequencies far from the ones present in the pre-
vious measurement will most likely be promoted. Preferably there would
be a way to change the measured engine vibration to match the engine
con�guration being evaluated. This is what was carried out in Paper C
and is presented brie�y in the next section.
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Predicting vibrations of a modi�ed engine

There are di�erent types of engine vibration modi�cations that may be of
interest. The ones treated in this thesis are:

• Component removal with known component motion.

• Component removal with unknown component motion.

• Component addition.

Up to here, the engine vibrations have been described kinematically
without any dynamic model. Here, inertia, sti�ness and damping need to
be de�ned in order to compute the engine block response to external loads.
For example, how the loading from an engine mounted component a�ects
the engine block. For this study the engine block motion is reduced to seven
degrees of freedom, six rigid body modes and a twisting degree of freedom.
For the rigid body motion, only the engine mass matrix is needed. For the
twisting deformation, the engine is modelled as a continuous torsion bar
where only the �rst twisting mode is included. This is proven to be an
adequate description for the modelled engine.

To develop this methodology an engine vibration measurement was run
with (WC), and without (WoC), a heavy engine mounted component, in
this case the brake air compressor. For the purpose of modifying the meas-
ured engine vibrations, such that the e�ect of the compressor is removed,
the measured motion of the brake air compressor is described with a rigid
body formulation. The compressor itself is not regarded to have any sig-
ni�cant internal excitation to its motion, therefore the sum of the forces
in the interface between engine and compressor, equals the product of the
compressor mass matrix and its acceleration vector. The compressor's rigid
body accelerations are resolved from measurement and the engine block's
response to these inertia forces are then subtracted from the previous en-
gine measurement. A result of modi�cation for the engine's twisting degree
of freedom γ is presented in Figure 10.

Now, if measurements on the component are not available, only the en-
gine block motion is known, an intermediate step is introduced to the ana-
lysis. Since the motion of the base is known, the response of the component
can be solved using base excitation. In order to excite the component, a
description of its dynamics, when coupled to the engine, is needed. This
was derived from the same measurements using a modal description. After
that the removal of the component's in�uence follows the same procedure
as previously explained.
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Figure 10. Peak vibration envelope for the engine twisting degree of freedom.
The measurement result without the compressor (WoC) is the reference to match.
The modi�cation result (WC→WoC) uses the measurement signals with the com-
pressor mounted (WC) as input.

Having this modal description of the engine mounted component also al-
lows for solving the case of 'Component addition'. A measurement without
the component can be modi�ed to represent a measurement with the com-
ponent. This analysis gives the sought modi�ed base motion of the engine
and at the same time, the time response of the component is also solved.
The computed response of the brake air compressor, here described with
two eigenmodes, is presented in Figure 11.
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Figure 11. Peak vibration envelope for the brake air compressor's translational
degrees of freedom. The measurement result with the compressor (WC) is the
measured reference. The modi�cation result (WoC→WC) uses the measurement
signals without the compressor (WoC) as input to compute the response of the
coupled system with the knowledge of the component modes derived from meas-
urement with the compressor (WC).
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Related research

The research presented in this licentiate thesis is driven by needs at Scania
CV AB. It is also part of a scienti�c e�ort to understand dynamics. Some
relevant references will now be presented.

Modelling an engine as a rigid body, as stated in the Introduction sec-
tion, is often adequate and a common approach in computations for power-
train isolator design [2]. In this thesis, deformation modes have been added
to the engine motion description, something which was suggested by Ho�-
mann and Dowling [3] in a study where a rigid heavy-duty diesel engine is
considered. The investigation in [3] focused on forces in the engine isolators
and not on vibrations at the engine block surface.

Using a linear least squares method to �t measured accelerometer data,
to map the motion of an object, is not novel. One such case is presented by
Hale and Porter [4] where a rigid body transformation is used to generate
input data to a multiple degree of freedom shake test rig. The authors
also present and discuss the possible errors due to incorrectly de�ned input
data. These types of errors are something that the error measures de�ned
in this thesis can help reveal, though not classify. The same least squares
�tting method is also used with a rigid body description in papers on inertia
parameter identi�cation, one example on this topic is presented by Lee et
al. [5].

The system modi�cation presented in Paper C can be classi�ed as a
variant of dynamic substructuring. In a paper by de Klerk et al. [6], a clas-
si�cation of di�erent techniques for dynamic substructuring are presented.
There are two classes of structural modi�cations; addition of substructures
(coupling) and subtraction of substructures (decoupling). Decoupling is of-
ten of interest when the properties of a component are sought, but not easily
measured on its own. Most of the experimental techniques for dynamic sub-
structuring revolves around modal testing and frequency response functions
(FRF). One such example for decoupling using FRF is given by Kranjc et
al. [7] where a decoupling method is proposed measuring forces in the
interface between the components. Describing the interface between two
components accurately, for example with sti�ness and damping properties,
is typically a di�cult task. The method proposed in Paper C circumvents
this problem by use of a base excitation formulation, solving 'relative ei-
genmodes' from measurement and using the analytically derived rigid body
mass matrix for the component. The properties of the analysed component
are in this case however only captured in the context of the present engine,
and the method is therefore less general.
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Concluding remarks and future work

Kinematic motion descriptions to capture vibrations of heavy-duty diesel
engines have been proposed in Paper A and Paper B. These motion de-
scriptions have been evaluated using measurements in engine test beds.
The proposed methodology can be used to compute vibrations in positions
not measured. This can both be used early in the design process to gener-
ate input data for fatigue estimation of engine mounted components, but
also to generate signals for component testing in shake rigs. It is also a
tool that enables comparison of the vibration environment on di�erent en-
gines. Methods for modi�cation of measured engine vibrations have been
developed and proven accurate, both for addition and removal of an engine
mounted component.

The 'relative' eigenmodes used to describe the dynamics of the brake
air compressor in Paper C was derived using a measurement of a running
engine. Such modes could also be produced using �nite element analysis,
with the exception of damping values, which would have to be estimated.
Applying this methodology to the design situation of a new engine mounted
component, does not only allow for modi�ed base excitation input data,
but also renders an estimated time response of the component's centre of
gravity. Though the speci�c example of an engine block has been the focus
of this work, the same methodology can be used to discretise measured
vibrations of other structures. Depending on the structure studied, the
relevant de�ection shapes will vary.

Engine vibrations are conveniently measured in engine test beds, but
the real usage of engines take place in di�erent applications, such as buses,
trucks and generator sets. There they are connected to gearboxes of dif-
ferent sorts and/or other equipment. In this work the vibrations of an
engine block have been modi�ed to match di�erent con�gurations of en-
gine mounted components. A next step would be to modify the measured
engine vibration signals to match usage in di�erent applications.

15



Bibliography

[1] F. Birgersson, P. Mikaelsson, T. Andersson and M. Olsson, Measure-
ments and simulations of sliding wear and leakage of engine rubber gas-
kets, Submitted for international publication, 2017.

[2] T. Ramachandran, K. P. Padmanaban, Review on internal combustion
engine vibrations and mountings, International Journal of Engineering
Sciences and Emerging Technologies, Vol 3, No. 1, pp. 63-73, 2012.

[3] D. M. W. Ho�man, D. R. Dowling, Limitations of rigid body descrip-
tions for heavy-duty diesel engine vibration, Journal of Engineering for
Gas Turbines and Power, Vol. 121, No. 2, p. 197, 1999.

[4] M. Hale, J. Porter, Validation techniques for 6-DOF vibration data ac-
quisition, Journal of the IEST, Vol. 55, No. 1, pp. 10�24, 2012.

[5] H. Lee, Y-B. Lee and Y-S. Park, Response and excitation points selec-
tion for accurate rigid-body inertia properties identi�cation, Mechanical
Systems and Signal Processing, Vol. 13, No. 4, pp. 571�592, 1999.

[6] D. de Klerk, D. J. Rixen and S. N. Voormeeren, General Framework for
Dynamic Substructuring: History, Review, and Classi�cation of Tech-
niques, AIAA Journal, Vol. 46, No. 5, 2008.

[7] T. Kranjc, J. Slavic and M. Boltezar, An interface force measurements-
based substructure identi�cation and an analysis of the uncer-
tainty propagation, Mechanical Systems and Signal Processing, DOI:
10.1016/j.ymssp.2014.11.005, 2014.

16


