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ABSTRACT

The enhanced rotational compliance function (eRCF) is a useful concept for estimation of static torsional
compliance/stiffness of a structure using measured frequency response functions (FRFs) fromteustural
system with free-free boundary conditions. The eRCF is estimateing FRF measurements from impact
testing, namelya four by four (4 x 4) FRF matrix at four separate, symmetric locations on a structure. A
companion paper presents the complet¢éheoretical development and initial analytical and experimental
examples. The theoretical background is summarized in this paper along with the results from extensive
testing on automotive bodies, involving several tests on the same body style along widsts from different
body styles. Comparisons are made to traditional, static torsion tests and a discussion of practical
implementation is included.
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1. Introduction

Because of theextensive reource effort involved in the historical static torsion stiffness test of an automobile
body, an alternative method was sought wherein the torsion stiffness could be deteined or characterized
using a method involving minimal test resources.The new methal could be exploited in the manufacturing
environment where production quality control often requires more test subjects than preproduction
development testing. A partnership between BMW Manufacturing Co., LLi@ Spartanburg, SC and the
University of Circinnati was established to development the method and its applicatiorJsing an FRF
measurement method, similar to that used for experimentainodal analysiswas found to beadvantageous for
several reasons including ease of setup, test time requirementsc pre-existing desire to determine modal
parameters on the saméody in white (BIW). After several trials, the eRCF method was found to leliable

in characterizing the longstanding BMW static method!!
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2. Background

A typical torsion static torsion stiffness test rig requires several mashours of setup with careful attention to
boundary and loading conditions, symmetry and sensor placement. Repeatable results are achieved only
after these factors are closely controlled Comparisons from manufaatirer to manufacturer are less
repeatable due tothe idiosyncrasies ofrespective rigsand the differences in body configuration in the test
situation. The concept of applyingree-free modal analysismethods (typically using acceleration over force
FRFs)to determine static characteristics was tempting for several reasons. The frédee boundary condition,
in comparison with the static, is simple and can be easily repeated throughout research or manufacturing
facilities. Straightforward free-free modal analysis methods have been attemptedJAE Papers, Griffiths]
without sufficient agreement to current static torsional stiffness methods. A more advanced approach that
begins with free-free modal analysis methods augmented by ipedance and modal modeling tehnology has
been extensively researched and found to be successful [LMS, BMW SAE Referendssh extensive
resources are available. Unfortunately, this approach is not applicable to potential applications to production
quality control situations.

3. General Methodology

The new methodology involves developing a virtual measurement that can be estimated quickly from free
free frequency response function (FRF) measurments. This virtual measurement, referred to as an enhanced
rotational compliance function (eRCF), is derived from a four by four matrix of acceleration over force FRF
measurements taken on a structure in a freéree configuration. Generally, these measurements can be taken
using impact testing involving only one hammer and four acceleromets, roving the hammer location over

the four accelerometer locations in four measuement cycles. The development of the eRCF is based upon the
using a weighted averaging methodology that simulates the application of a moment and the measuent of

the rotational response in two planes of interest on the structure. A brief explanation of the method follows.
For further details, please note the fdbwing references [MAC eRCF Theory paper, H. Pasha PhD
Dissertation].

Assumptions in the application of theeRCF method include that the system is linear, that the front and rear
DOFs are symmetric about the centerline, that, beyond the soft support loading, only vertical loads are
applied at the DOFs, that rotations meet the small angle criterioand that theforces and displacements are
characteristic of the historic, or traditional, method.
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Figure 1:DOF Top View
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Figure 2: DOF Rear View

As seen inEquations 1 and 2below, the distance between front DOFs and rear DOFs determines the moment
arm while the FRF measurements hold the displacement/force datd.he moment arm vector (2) also

weights, or enhances, the modes which contain torsional shapes between the front and rear DOFs where the
FRFs are outof-phase.
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The static stiffness from the eRCF alculated by applyinga SDOF modal parameter estimatiomodel that
includes a residual compliance term to the eRCH.he purpose of the SDOF model with residuabmplianceis

to estimatethe torsional stiffnessat zero frequencysince the actual datainduding the eRCFis very noisy

and inconsistent below 10 Hertz. The static compliancgan be found byutilizing the model at zeroHz and
inverting the results to get rotational stiffnessin standard units of torque over angle of twist.Note that the
useof the model is just to estimate the zero frequency characteristic and no specific use is made of the modal
information. A higher order MDOF model with residual compliance can be used if desire@he fit of the

model to the data is used as a quality chk@long with the data characteristics in the low frequency rgion

(zero slope magnitude with zero phase, properly estimating a low frequency, grounded compliance FRF).

Enhanced Rotational Compliance Function
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Figure 3: eRCF Visualized

Figure 3 shows how information fom the eRCF is chosen. The top plot shows the phase, from which a stable
“fl at” r e gtofibthe rasidual stiffreess eThe bottom plot is the magnitde, from which the SDOF

peak information is chosen. The blue lines on each plot come from teRCF while the green line is the model,
an SDOF fit with added residual.

Data collection and calculation steps are summarized in the following bullet points

1 Make 4 x 4 FRF matrix in four passes of 1 x 4 FRF measurement cycles. The data is accelemt&n
force on a freefree structure configuration, properly calibrated to appropriate acceleration and force
units.

1 The 4 x 4 FRF matrix is processed by Equation 1 with weighting factors thavolve the sensor
locations, in consistent length unitsfrom Figure 1.

1 The frequency range of the eRCF is chos@onsistent with the parameter estimation model. The
minimum frequency isnormally chosenbased upon the low frequency slope and phase
characteristics. The high frequency is chosen, dependent on thergmeter estimation model, at or
beyond the peak of the first observable resonance.

4
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1 The match of the synthesized data compared to thestimated eRCF is evaluated for consistency and
physical appropriateness.

1 The zero frequency compliance is estimated frorthe zero, or low, frequency value of the model.
This value is inverted to get the torsional stiffness in proper units.
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Figure 4: eRCF Graphic User Interface

4. Summary of eRCF Application to Automotive Bodies

Figure 5:A BMW E70 BIW Showig Front and Rear DOF Locationfor eRCF Measurements
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Initial testing occurred on an E70Sports Activity Vehicle SAV) model test structure which had been weH
tested and which was going oubf-production at the time of the BMWUC project. It served as eonsistent
test subject while many of the other structures were preproduction or production bodies which would
eventually be built into full vehicles. Mass perturbation waslso implemented to verify that themethod was
consistent when mass was perturbedbut not stiffness

Normalized
Measurement Value
Traditional Method 1.000
eRCF 0 Mass 0.969
eRCF 1 Mass 0.975
eRCF 2 Mass 0.965
Figure 6. Mass Addition Table 7. Mass additive check
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Enhanced Rotational Compliance Function
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Figure 8 eRCF with overloads

Figure 8 illustrates a challenge to producing quality dving point FRFs from impact testing, especially in the
low frequency range. Ima related IMAC papef!, the issue of high frequency overloads associated with such
impact testing is discussed. With manual adjustments to the range of certain sensordstproblem can be
overcome.

5. Results/Significance:

Five body styleswere tested at the BMW facility in Spartanburg using both th&aditional static torsion test
method as well as the eRCF method. The following plot summarizes the results:
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Figure 9: Traditional Stiffness Result (red) vs eRCF (blue) for Five Body Styles

The bodymdybdspurhneaszéd asvarious versions of theSAV. Differences between bodies which
account for the differences in stiffness include overall size, shape (coupa)cawhether the body has a sunroof
opening or not.

The plot shows a consistentrelationship between the eRCF resuland the staticresult from body-to-body.
These data suggedhat, for the limited number of test subjects, the eRCF caredict the static method within
standard uncertainty (3 %). While the sample size is not statistically significant, the eRCF technique is an
appropriate tool for production monitoring

6. Discussion, Issues, Concerns:

An obvious disparity between the two methods is tk level of loading seen in the static torsion application
versus the impact of a handheld hammer This can be an important issue depending on the degree of non
linearity that is in the body, the rig attachment hardwareand/or the static testing rig.

Another difference is the boundary conditions, namely that the nature of the static rig requires extra
constraints, and thereforemay impart an additional artificial stiffness to the test subject. Since the eRCF
estimate is consistency lower than the staticesting estimate, this would support the possibility that the static

testing rig is adding stiffness due to the lateral constraint.
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The fact that the eRCF estimate shows a consistent relationship a traditional torsion method is sufficient
agreement to provide a benefit. Since the eRCF methodology can be applied with a minimum amount of
technology costs (hardware, hardware cost, test time, testing expertise, etc.), the method shows significant
potential as a production quality control tool.

7. Summary and Future Work:

Following this study, the eRCF method was determined to be an appropriate replacement for the historic
static test methodin the production environment. The method will be used in production monitoring for the
body types cited in thisstudy. Future bodies will require calibration with the static test bench and will
hopefully provide further verification of the utility of the method. Development of a similar tool to evaluate
bending stiffness is under review UECSDRL.
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