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    ABSTRACT

To improve the prediction of fatigue performance of automotive
components in their early design stage, the operational boundary
conditions and loads have to be modelled.  The use of an experimental
description of the dynamic behaviour of existing parts of the final
assembly is proposed.  3 different methods to couple these measured
data to the MSC/NASTRAN model are presented.  The first method aims
at direct application of frequency dependent boundary conditions to the
free-free FE-model.  Next, the coupling of MSC/NASTRAN modal model of
the component to the experimental modal model of its carrying structure is
discussed.  The third method uses impedance coupling algorithms to
predict transfer function matrices after assembly starting from the
Frequency Response Functions (FRF) calculated by MSC/NASTRAN at
the interface DOF’s of the compoment and measured interface FRF’s on
the carrying structure.  The methods are applied to estimate resonance
frequencies of a newly designed alternator support when bolted to a truck
engine.  Experimental evaluation data are measured on a prototype
support.  To minimize bias errors, the original MSC/NASTRAN model is
correlated and tuned prior to the application of coupling algorithms, based
on experimental modal analysis on the prototype component.



Introduction

Limitations currently put on design cycle times ask for methods of fatigue
performance evaluation based on early design stage information.  Critical items in
such a prediction scheme are the quality of the mathematical models and the
reliability of the algorithms used for coupling of substructures.  To improve
confidence in these predictions, it is of major importance to maximise the use of
knowledge on the dynamic behaviour of existing parts of the final assembly.  This
requires the coupling of measured data with numerical model output using so-called
hybrid coupling algorithms.  This paper discusses the application of 3 different
coupling methods for an automotive case study.

The final aim of the project is to predict operational strains in a new alternator
support.  Therefore a reference set of operational loads has to be applied to a
dynamic model of this support, after having integrated the experimental description
of the engine dynamics.  To evaluate alternative coupling procedures, a prototype
support is build and used for reference.  To minimize bias errors, the FE-model of the
support is correlated and tuned based on experimental modal analysis on the
prototype, prior to the application of coupling algorithms.

To integrate the carrying structure dynamics into the design model 3 different
coupling methods are applied :

• FE-calculations using boundary conditions derived from FRF measurements
at the engine coupling interface;

• coupling of an FE modal model of the support with experimental modal
model of engine;

• interface FRF based ‘impedance’ coupling

Component Description

The device under test is defined by the assembly of Figure 1, consisting of a
newly designed aluminum alternator support, an existing alternator and its position
adjustment device.  The “carrying structure” is an existing truck engine.

The support is a non-symmetric casted part of 0.832 kg.  It is mounted to the
engine by 3 bolts of which 2 (approx 0.40 m) are passing through a cantilever pump.
The interface forces between the support and the engine are thus spread over 3
planes: the ‘bolt’ plane at the free side of the support, the contact plane between
support and pump and the ‘nut-plane’ at the free side of the pump.  On top, at one
side, the support is directly bolted to the alternator.  At the other side, it is bolted to a
bracket that is in turn fixed to the alternator by two screws.

The main part of the position ajustment device is a 8mm curved steel plate with
variable cross section.  At one side, it is bolted to the alternator via the adjustment
nut.  On the other side, it is bolted to a water pump, directly attached to the main body
of the engine block.



Figure 1 Component under study

Problem frequency identification by operational data
acquisition

To identify critical frequencies at standard operating conditions, the support is
instrumented with strain-gages and acceleration pick-ups and mounted on a test
engine.  Campbell diagram spectra are acquired during run-up/coast-down.
Acceleration and strain gage peaks occur in vertical and axial direction at 88 Hz and
153 Hz.  In axial direction, 2 closely spaced additional peaks occur around 135 Hz.
The waterfall plots acquired during run-up clearly indicate resonance related
dynamic behaviour.

Component Experimental Modal Analysis

Within the scope of this project, a series of experimental modal analysis (EMA)
are performed.  First, modal models of the prototype alternator support and the
assembly (support, alternator, adjustment device) are constructed to validate and
tune the corresponding MSC/NASTRAN FE-models.  Next, a modal model is created
of the test engine without the assembly mounted to yield data for the hybrid modal
coupling.  This includes a global dynamic analysis of the engine and a local analysis
around the fixation area of the assembly. In a third phase, an experimental modal
analysis is performed on the complete engine for validation results of the coupling
prediction schemes.  Again, global and local models are constructed and the
influence of the alternator belt on the dynamics of the assembled structure is
investigated.  It must be emphasized that the technology evaluation aspect of the
project introduces an amount of experimental work that exceeds the actual
measurement effort for coupling prediction purposes.



1. Aluminum support modal analysis

The dynamic behaviour of the assembly in free-free conditions can be expected
to show two types of modes : a group defined by the inertial parameters of the
components and the flexibility of their connecting elements, and a second group
consisting of component deformation modes.  To validate the MSC/NASTRAN-model
of the support only, it has been isolated from the assembly to conduct a free-free
modal analysis.  4 deformation modes are identified below 8 Khz.

2. Assembly modal analysis

The alternator is bolted to the support at reference torque values.  The
assembly is suspended by bungees to a supporting frame.  Responses due to impact
hammer excitation are measured at 174 DOF’s.  FRF are measured in an effective
bandwidth from 0 Hz to 1600 Hz. Due to the connecting elements, some non-
linearities and some reciprocity deviations are observed from 500 Hz upward.  The
measured FRF matrix is processed to extract poles using the CMIF method.  Modes
below 500 Hz are tabulated in table 1.

pole
no

frequency
Hz

damping
(%)

description

1 180.678 1.907 adjustment bracket(ab) bending (B)
2 205.792 8.963 ab BY & alternator (alt)rotor translation (T)
3 369.500 1.056 ab+support ALU (supp) rotation (R)
4 456.500 2.717 supp RYZ & ab TrX
5 475.500 1.474 supp+alt RZ & ab TRX
6 495.500 2.028 supp RYZ & alt RZ

Table 1 Free-free assembly modal parameters

Mode 1 is a pure bending of the adjustment bracket, while the support and the
alternator act as a dead weight, clamping the bracket.  An important mode with
respect to the support-to-alternator connection is mode 3 : the adjustment bracket
and the support move out of phase, while the alternator stands still. Mode 2 is an
rigid rotor mode and non-relevant.

Finite Element Model Description

The original FE model of the aluminum support is a MSC/NASTRAN volumetric
model consisting of 1228 CHEXA8 and 96 CPENTA6 elements.  This discretisation
is chosen in view of future fatigue analysis.  Based on the real prototype dimensions,
some minor changes to the model geometric parameters have been made.  The
position adjustment device bracket is modelled by 87 CQUAD4 plate elements.
elements.  The alternator is assumed rigid in the frequency range of intrest and the
inertial parameters are concentrated in a single node at its centre of gravity.  The
connections between components are modelled by linear springs and/or rigid links.



FE correlation and model updating

At completion of the experimental and the FE modal analysis, all results are
transferred to one single LMS LINK database.  The FE geometric model, element
matrices and modal analysis results are imported from neutral file, generated from
the binary MSC/NASTRAN OUTPUT2 file.  Prior to correlation evaluation, FE nodes
corresponding to the measured DOF are selected using an automated coordinate
mapping procedure.  The experimental modeshape vectors and the wireframe model
are copied into this correlated nodes group.  This allows visual inspection of
differences between calculated and measured modeshapes by animation of one
single wireframe representation of the structure and prepares for correlation
evaluation algorithms.

1. tuning of the aluminum support FE model

The original MSC/NASTRAN modal model of the newly designed support
predicts the 4 lowest eigenfrequencies within 15 % of their measured values.  Some
minor geometric modification are applied to tune the design model to the actual
prototype geometry and mass.  Final prediction results differ less than 3 % from the
experimental results.

2. Assembled components : resonance frequency and modeshape
correlation

FE modal analysis indicates the presence of 3 modes below 1 KHz, while 16
modes are identified by EMA.  Joint animation of measured and calculated
modeshapes indicates that the first FE mode (240 Hz) is quite similar to the EMA
mode (180 Hz).  The second FE mode (293 Hz) still ressembles the 3th EMA mode
(369 Hz).  The lack of flexibility between the support and the alternator causes the
higher FE modes to shift upward.  The correlation between both modal models is
quantified by MAC calculations.  Critical area’s are located by MAC variation
analysis and CoMAC calculations.  The initial correlation is insufficient to proceed
with automatic parametric updating.  Based upon the correlation analysis results, the
model of the intermediate support between the aluminum support and the alternator
is refined.  The connection of this support to the alternator is stiffened. The
connection of the adjustment bracket to the alternator is remodelled in more detail.
The new model yields high MAC values for 7 experimental modes below 1 Khz.



Figure 2  Final MAC matrix between EMA and MSC/NASTRAN modes

An iterative automated updating procedure based on sensitivity analysis results
provides an optimal set of modifications to mass and stiffness parameters of grouped
elements, in order to minimize the frequency difference in a least squares sense.
These updates yield final frequency differences below 10 % for the first 4 FE modes,
and corresponding MAC values between 0.53 and 0.9.  Figure 2 shows the final
MAC matrix between EMA modes 1-23 and FE modes 1-10.

Dynamic characterisation of the engine block

1. Transferfunction measurements at the engine interface

The coupling prediction by a constrained FE model and the impedance
coupling method require the measurement of FRF at the component-to-carrying
structure interface DOF, in absence of the alternator assembly.  Shortened
attachment bolts (original minus thickness of alu support) are put in place of the real
bolts and used to fix small aluminum cubes to the interface.  These cubes allow
accurate impact excitation in each of the 4 connection points, along 3 perpendicular
directions.  In 3 points around each excitation point, response accelerations are
measured by triaxial accelerometers.  In total 36 response DOF are thus measured.
Figure 3  shows a wireframe geometry defined by the response and excitation DOF.



Figure 3 Response and excitation DOF at engine interface

2. Validation FRF measurements

Some of the response accelerometer positions of Figure 3 are accessible for
measurement after mounting the alternator assembly.  However, none of the
excitation points remains accessible, because the engine interface is fully covered
by the alternator support.  The validation FRF are thus measured by exciting the
attachment bolts at their free end, i.e. at a distance from the interface equal to the
support thickness.  Figure 4 shows the resulting FRF after assembly (solid line) on
top of the corresponding interface FRF prior to assembly (dashed line).  One clearly
observes the presence of 2 resonance peaks (95 Hz and 165 Hz) after assembly,
while a single resonance (155 Hz) is governing the interface dynamic behaviour
before assembly.

Figure 4  Measured FRF with (solid) and without (dash) alternator assembly



3. influence of the alternator belt

To quantify the influence of the driving belt on the system dynamics at the
support-to-engine interface, FRF are measured with and without the belt installed.
From 250 Hz upward, the difference is quite important.  Below 250 Hz, an upward
frequency shift of the 2 dominant modes is observed when putting the belt in place.
The shift is limited and the overall shape of the FRF is unaffected.  As these 2 modes
govern the fatigue behaviour (section 3), it is decided to neglect the presence of the
belt in the coupling calculations.  In case predictions up to 500 Hz and higher are
necessary, the effect of the belt has to be included and its dynamic stiffness as well
as the effect of preloading the alternator rotor has to be identified.

4. Engine and engine interface experimental modal analysis

An experimental modal analysis covering the complete engine, without the
alternator assembly mounted is setup.  The engine is suspended by bungees, to
have rigid body modes below 10 Hz.  Shaker excitation is used to excitate the
structure via the flywheel housing.  Responses are measured in 112 points in 3
directions (336 DOF).  The accelerometer spatial density is increased around the
interface DOF.  FRF are acquired in an effective bandwidth from 0 Hz to 600 Hz.  As
expected, modal density is very high.  34 deformation modes are identified between
60 Hz and 590 Hz.  In the frequency range of intrest, a mode at 139 Hz is found of the
cantilever engine part to which the alternator assembly is to be bolted.  At this
frequency, bending in the horiontal plane occurs.  The frequency difference between
these results and the direct interface FRF measurements is expected to be caused by
non-linearities, appearing due to excitation level and excitation position differences

Coupling calculations

1. constrained FE-calculations

The modelisation of real life boundary conditions requires the definition of
additional constraints in the finite element model.  One approach is to create/use a
FE model of the carrying structure and validate it in free free conditions by
experimental modal analysis.  Subsequent dynamic analysis then allows to extract
local dynamic stiffness values from calculated compliance functions at the
component connection DOF.  In case of more complex dynamic behaviour, the
model can be downsized to the interface DOF using superelements, prior to the
integration of the component model.  In both cases, a detailled model of the carrying
structure has to be generated and validated.  The method proposed below aims at
using measured data directly to construct appropriate boundary conditions for the
component model.

1.1. spring elements at interface DOF
The most straightforward approach to include the carrying structure dynamics is

to ground the support interface DOF via spring type elements and/or to constrain
some DOF completely.  The values to be entered for the elastic spring elements are
derived from the measured inertance FRF in the coupling DOF.  This measured



matrix is integrated to compliance and inverted, to generate diagonal (direct) and off-
diagonal (cross) dynamic stiffness.  Two restrictions apply to this method.  The first
one is related to the stiffness of the interface with respect to the mounted component :
a resonance of the carrying structure in the frequency range of intrest cannot be
modelled by spring type boundary conditions only.  The second one is related to the
numerical stability of the interface FRF inversion.  FRF averaging and advanced
inversion methods are used to avoid the stiffness values to be corrupted by
measurement noise.

Prior to inversion, the 27 translational I/F FRF around each connection point are
averaged to yield a 3x3 local interface stiffness matrix.  The resulting stiffness values
vary between 2.E07 N/m and 8.E08 N/m.  When the free-free FE model is
constrained with the equivalent springs, good coincidence of the first critical mode
around 95 Hz is found.  This mode is determined by the alternator inertia and the
stiffness of the adjustment bracket.  It corresponds to the 180 Hz free-free mode.  The
higher mode (153 Hz), related to the cantilever pump resonance, is not found.

1.2. introducing experimental modeshapes as FE boundary
condition

Instead of modelling the engine block through some additional elements, a
modal domain description based on experimental modal analysis results can be
used. The basic DOF’s of the FE model become the participation factors related to
each experimental mode shape.  For each of these DOF, one can define mass and
stiffness as the modal mass and stiffness obtained from the experimental modal
analysis.  For future forced response calculations, the damping can be set to the
modal damping.  The relationship between the modal DOF’s introduced in this way
and the physical DOF is the ratio between the individual mode shape coefficients to
the total length of the experimental mode shape.  This information is directly
available if the experimental modeshapes have been scaled to unity length prior to
their input to the FE-model.  This approach can be used for any number of
experimental mode shapes.

In a first step, the measured FRF matrix at the engine interface DOF is used for
an experimental modal analysis.  A normal mode (real) curvefit is applied and the
modeshapes are scaled to unity modal length.  Next, the associated modal masses
and stiffnesses are directly input to the FE data through the definition of modal mass
and stiffness matrices (through K2GG and M2GG commands in NASTRAN).  A multi-
point constraint statement set defines how each physical attachment DOF of the
engine block is related to each modal DOF, by entering the corresponding mode
shape coefficient.  For rigid body modes, the relationship depends on the distance
between the attachment point and the centre of gravity of the engine block.  The
dependent grid points in the multipoint constraints are existing grid points of the FE
model of the alternator support, which implicitly connects the engine interface to the
alternator support.  A standard normal modes solution is performed using the
extended input data file.

The method is applied introducing the modeshape of the horizontal bending of
the cantilever pump.  The coupled system calculation predicts resonance
frequencies at 100 Hz and 163 Hz, which is close to, but slightly above the measured
resonance frequencies of the assembled structure.  The effects of introducing the
rigid body properties of the engine and of increasing the number of interface modes
are currently investigated.



2. coupling of modal models

The design finite element model is imported in LMS LINK via neutral file and
subsequently transferred to an LMS CADA-X database.  The experimental modal
model is directly available in this format.  The coordinate systems of both models are
aligned.  As the modal density in the experimental modal analysis is usually quite
high, a restricted number of relevant modeshapes is loaded from the complete data
set for further analysis.  It is imperative to take into account the rigid body modes of
both structures.  The design FE model rigid body modes can be incorporated in the
normal modes solution.  The rigid body behaviour of the engine can be measured,
as it is suspended by bungees.  In case the engine inertia properties are available
from other models, a set of rigid body modes can easily be synthesized and added to
the experimental database.

The prediction of the modal behaviour of the assembly requires the definition of
a set of coupling degrees of freedom pairs and the associated stiffness and damping
values.  The bolts connecting the aluminum support and the engine have contact
with the support at its free side only.  At the support-to-engine interface, no contact
with the bolts exists.  At the free (accessible) side of the cantilever pump, the nuts are
the only contact between the bolts and the engine.  The physical interface thus
consists of 3 separate area’s, with a maximal distance of about 0,4 m in between
them.  To simulate this coupling condition in modal design, 2 parallel links with their
corresponding connection stiffness values are defined for every DOF at each
interface point.  One link is defined between the FE model DOF at the free side of the
support and an experimental DOF at the free side of the cantilever pump.  This link
thus represents the bolt stiffness.  A second link is defined between the FE model
DOF on the support interface and the opposite experimental DOF on the engine
interface.  This link represents the interface friction stiffness, and thus depends on the
prescribed torques.  The connection stifness is kept equal for all points and
proportional damping is added.  Constant modal damping is introduced for FE-
modes.

A series of coupling calculations is made with different values of the connection
stiffness.  An upper treshold value of 1.E09 N/m is found, above which the
assembled modal model gets incomplete due to numerical instabilities (negative
damping).  A lower treshold (1. E6 N/m) is reached when non-realistic out-of-phase
rigid body behaviour from the modelled component with respect to the engine is
found in the frequency range of intrest.  At 9.E07 N/m, good correlation is found
between the estimated and measured resonance frequencies and modeshapes.
The modeshapes are relatively invariant with changing connection stiffness.  The
frequencies do change over a 25 Hz range when the connection stiffness increases
from 5.E07 N/m to 5.E08 N/m.  It must be concluded that the complexity of the
mounting is such that the coupling by modal models can only yield approximate
frequency estimates.



3. impedance coupling

In order to predict the dynamic behaviour of assembled structures, some well
established methods are known to use transferfunction data, measured at the
coupling interface of both components (ref 2 & 3).  No parametric modelling is
needed and the mathematical formulation requires basic matrix operations only.
Unlike parametric models, the measured data include residual effects.  Recent work
on data enhancement methods to cope with the core matrix inversion, (usually ill-
conditionned), and the availability of dedicated software to perform matrix algebra on
spectral data has renewed intrest in the method.  

    The       first        phase        of       t       he        FRF        based        coupling     consist of averaging and smoothing
the measured data in order to obtain a matrix of FRF between a set of excitation DOF
and a selected response DOF set at the coupling interface.  In general the excitation
DOF are restricted to translational degrees of freedom.  Although not directly
measured, proper definition of the response locations and subsequent geometrical
postprocessing of the measured FRF allows to estimate rotational response DOF.
The response points as shown in Figure 3 are selected to extract rotational FRF.

    The        next        step     is to implement a matrix formulation relating the interface FRF to
the FRF after assembly.  In this particular case, a formulation assuming rigid coupling
at the interface is selected.  The same remarks as for modal coupling hold with
respect to the physical location of the connection.  Figure 5 shows the formula
definition screen (upper) and the matrix data definition screen (lower) as generated
by the Matrix Toolbox.

A series of prediction calculations are made for different recombinations of
response information.  The local stiffness of the engine at the coupling interface
minimizes the influence of rotational DOF.  Nevertheless, the presence of the
cantilever pump horizontal bending mode, introducing a interface mode without
deformation, affects the prediction accuracy.




