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ABSTRACT

Accurate estimation of the rigid body properties of &
structure i5 important. These properties are for
instance used o determing the appropriate locations
and siifimess characteristics for enging mounts and
they are ohlen needed in modal substruciuricg.
Traditionally, the rigid body properiies are
expernmentally obfainad from a labonous pendulum
tesl.  An alternative method, which happens 1o be
easier and more accurate, makes use of FRF data
from a specific moadal test. The first part of this paper
explains the theory and the praclical implementation
ol this methed, How many inpuls &nd how many
cutputs should be used and whal is the optimal
measurement procedure 7 Which options are to be
chosen during the estimation of the cenire of gravity
and the ineria properies 7 The second par is aboul
practical test cases, which were investigated. Not
only simple objects, which were easily verilied, bul
glso real-life structures were examined. Bath types
of expariments bead o salislvng  results  and
confirmed the validity of the method.
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1. INTRODUCTION

Experimental freguency responsa functions (FRFs)
are more and more successiully used in different
fislds of dynamics and vibrations. In case they are
used to derve the imeria properties of a sysiem,
glebally two types of methods are applied. A& first
Iype determines the ineria charactensiics using fhe
rigid body mode shapes cblaned from lest data
iModal Model Method described in reference [1]). A
sacond type stans from the masslire, i@ the FRF
ingrtia restramnt of the saoftly suspended structure.
This massline is used in a el of kinematic and
dynamses  equabions, from which the rigid body
characterisiics (mass, centre o gravily, prncspal
derections and moments of ineria) can be determined
ireference [2]). Some of thase methads also ook for
the suspension stifinesses. Others consider the
mass of the sysiem a5 known (reference [3]). This
latest mathod, a massline method with given mass,
will be descrined and Wustrated by application
examples,



2. KINEMATIC AND DYNAMIC EQUATIONS

& set of FRFs between excitation DOFs 1.2....
{minimum 2} and respense DOFs (minimum &) in
nodes P,Q,.._ is used in the calculatons. A frequency
band of these FRFs, which represents the masshne,
is 1o be selected between the rigid body modes and
ihe first deformation mode (see figure 1), In stead of
the ‘Original FRF values themsehes, ‘Corected
FRF' values or ‘Lower residual’ values can be faken.
These two alternative methods are deall with in nex
chapter. & separate solubion of the inertia properties
can be delermined at each speciral ine of the chosen
frequency bard or a global {least squares) solution
can be calculated instead,

2.1. Calculation of the reference acceleration
matrix

For all spactral lines of the selectad band, for all
response nodes P, Q... and for all inputs 1, 2, ...
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Thes aver-determined systerm of eguations {number
of putput DOFs iz higher than or equals &) is sched
far each spectral line in a least sguare senze. In this
way al each spectral line, the reference acceleration
matnx is found. Furher, a general soluton of the
reference acceleration matrix owver the 1otal frequency
band is calculated by solving In a least squares sense
the giobal set of eguations containing &l outputs and
all spectral lines.

2.2. Calculation of the reference force matrix

Faor all smputs 1, 2, ..
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Tha left side of this equation describes the eguivalant
force vector in the reference node of input 1.

2.3. Caleulation of co-ordinates of centre of
gravity and moments and products af inertia

For each inpul and for each spectral line:
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These sets of eguations (for each excitation) can be
put togethes and the coordinates of the centre of
gravity and the inertia moments and products can be
solved in a least squares way.

This solution can happen in 1wo steps. First, the co-
arginates ol tha centre of gravity can be solved from
the first three equations per excitation.  Alerwards,
tnese valees can be filled in the last eguatons 1o
salve the inertia moments and products,

Step1

For each input and for each spectral line and lor each
input auved the tatal band:
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Step 2
For each input and for each speciral line and for each
input ower 1he total band:
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A gach spectral line, these ovar-datarmmed sats o
equations (numbser of excitations larger than or equal
to 2) are salved in & least sguare sense.  Also a
ghobal solution for these rigid bedy properties aver the
tatal band can be found from the global acceleration
matrix over the iotal frequency band (equation (1}).

2.4. Caleulation of principal axis of inertia and
principal moements of inertia

Im general:
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This i an  esgenvalue problem, where the

eigenvalues are the principal moments of mertia and
the eigenvectars the directions of principal axis of
inartia.

Eigenvalues : Iy, |3, Iy 3 principal moments of ineria

Eigenvectors: {g;], {ez], {g;} : direchons of the 3
principal axes of inerlia

3. MASSLINE METHODS

Im thieory, onby the high frequency values of the FRFs
af rigid boady structures (without deformation modes)
are massiine values, which can be usad in the former
calculatons. In practice, these values can be derived
from the measured FRFs in three ways:
s Criginal FRFs
When rigid body modes and deformation medes
are sulficiently spaced, the amplitude values
twith sign of real part) of the original measured
FRFz in the frequency band betweaen the iast
ngid body mode and the first deformation mode
can be used.
# Corrected FRF=
When the spacing between rigid body modes and
delormation modes is not suflicient, the FRFs
have to be corrected, In this case the influence
of the first deformation modes, i significant, can
be subtracted from the cnginal FRFs:
*  The first se1 of deformation modes is
estimated from the FAFS, usmg common
modal estimalors, e.g. Least Squares

Comgplex Exponential (LSCE) and Least
Squares Frequency Domam (LSFD), see
reference [4].

»  FRFs are symbesized with this set of
deformation modes in the frequency band of
inleras] (botwean rigid body and first
deformation mode), without using lower
residual 1erms,

These synthesized FAFs are subtracied fram
the measured FRFs and the amplitude
values {with sign of real part} of these
correcied FRFs are used i calculations

= Lower residuals

In case accurate measured FRFs are not

evailable in the frequency range direcily above

fe ngid body modes, lower regidual terms can
be used,

= The firs! st of deformation modes =
estimated from the FAFs, using comman
modal estimators, &.g. LSCE and LSFD, with
loweer and upper residual terms. About the
use of residual terms dunng eslimation: see
reference [4].

* The lower residual terms (each excitation in
the data sel leads to cne lowear and ane
upper residual term) represent the influence
of the modes below the deformation modes,
theradors they represent the rigsd body
maodes.

4. MEASUREMEMT SET-UP

=  Measurement locations
In theary 2 excdations and & responses ars
needed for calculations, Fractical 1ests show that
best results are chtained with af least 6
excitations {e.g. 2 nodes in 3 directions) and 12
responges. 1he localiong are regularly spread
owver the siructure to improve the spatial
observabiity.

= Suspension
A very soft suspension is usad, which allows
rigid body movemenis in all directions,
Transiational and ralabanal.

« Hardware
A frent-end with a2 high dynamic range is
needed, e.g. DIFA SCADAS 1116 biis ADC.
Because of the high number of excitations,
impact {hammer) testing = preferable. The
frequency range of inferest 15 very low: a soft
rubber hammer tip = 1o be used. The
frequency resolution has to be taken very high
[srmall frequency step, wide lime band).
Dbwviously the calibration (e.g. ratio calibration)
af the force cells and the accelerometers has 1o
be laken care of very carsfully.



5. ACADEMIC CASE : BEAM

Firgl, calculations are tested on 2 beam structure,
The ineria propertes of this structure can easily be
calcutated from the dimensions and the mass density
of the beam,

A M3C NASTRAM F.E, mode! of this beam is
available, which contains the & rigid body modes and
4 deformation modes, These modes are used to
synthesize FRAFs in 24 response DOFs (B nodes,
each in 3 directions) and in 12 excitation DOFs (4
nodes, each in 3 directions), see figure 1, Tha
synthesized FRFs, together with the latal mass of the
beam are used m the rigid body cekculations, The
three mass line methods are applied, see fable 1. All
estimated results are very close 1o the theorebcal
results; because the rgid body modes and the first
deformation modes are weall separated, also the
Ciriginal FAF" methed leads to good results.

The FAFs of this beam struciung were measured in
24 regponse DOFs and B excitation DOFs. The
estimated resufls, alse very close 1o the theoretical
resulis, ar2 shown in table 2,

6. REAL-LIFE CASE : FRAME

Mext, 8 more realistic frame structure is investigaled.
An ANSYS F.E. model with 2272 elements and 2347
nodes is available, The inemia praperies found with
fhie model will be the reference results for the
experimental rigid body anahysis.

Using the appropriate test set-up, 408 FRFs are
measured in 34 response DOFs and 12 excitation
DOFs. The F.E. model amd the measurement
Iocations are shown in figure 2. The frame structure
is exciled in the 4 corner nodes (in the 3 directions).
Afthough the Original FAF' method leads to resulis
close to the F.E. results, in this case the "Correctad
FRF and the 'Lower ressdual’ massline methods are
superion: see table 3.

Starting from the foeund inertia propertes, the rigid
body modes can be re-synthesized (method
descriped in relerence [5]). Figures 3, 4, and 5 show
the 3 synthesized rotational rigid body modes

7. COMCLUSION

Ueriving ngid body propertes from modal FAF data
can only bé successful when a number of conditions
are meat:
First, the lest conditions: sufficient measurement
kcatons en the nght place, & soft suspension, and
& high measurement accuracy in the lower
Irequency range.
Second, the comect massling valyes are to be
determined: sometimes the anginal FRF values

can be taken, more olten corrected values gre
preferable,

Al last, the kinematic and dynamic equations have
To be solved in a least squares way over the inputs,
over the outputs and over & number of spectral

lines, while the total mass is considerad to be
knowsmn.

When all these conditions are fulfiled, accurate rigid
body properies can be found, zlso for real-life
structures.
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Figure 1 : synthesized FRF :
I : Rigid body modes

Il : Massline

I : Deformation mode

Figure 2 : FRAME structure : FE model and
measurement location.

Figure 3 ; FRAME structure :
first rotational rigid body mode.

Figure 4 : FRAME structure :
second rotational rigid body mode.

Figure 5 : FRAME structure :
third rotational rigid body mode.




Prapedty Asfarances Unchanged Corrected Lower
{calculated) FRAF FRF residusl
HE-"I'U"! I'IIr [F3F-1071 Hz)
Mass [kg) 15.61 1561 15.E1 15681
Cantroid (mj|
e il b | 0322 0.322 0323
¥ bavas 00195 D085 0.0185
Zr 0.0F5 L0aaT 00385 pO3ae
Moment [kgm®)
(F%} [REEREER] LB ozt Qg2
[ 0.548 0.548 08448 0841
2z 0.543 0.552 0.553 0548
Table 1
Academic case: BEAM
[symthasized FAFs)
Property Aelerencs Unchanged Corrected Lower
{ealculated) FRF FRF residual
132-101 Hz) (32-10% Hz) .
Mass (kg| 15.81 15.E1 15,61 16,51
Cantrodd (m]
¥e il e 0322 n3z2 0.320
¥e oaas 0.0188 0.0Aar 0.0205
7 00398 0.0401 0.0382 DRETE
Maoment Ikgm'r:l
lwx o010 el a]i3 a.0107 00114
Iy 0.548 CLE8S 0557 0.524
lzz 0.543 D548 0548 oE1Z
Tabhe 2
Academic case: BEAM
imeasured FAFs)
Property Relerence Unchanged Carrecied Lower
(ANSYS) FRF FRF residual
[26-25 Mz} [28-35 Mz}
Mags (kg 8.81 B B8 g.81
Centraid [m)
i .43 0426 0&25 0.425
¥ Q.0B16 0.0853 CLOBET 0.08E8
i -0.0021 1 0.00248 000533 {$.00239
Momeni (kgm'|
[FF] O.{9E9 LOBvTs a.07a8 DaesF
Iyy 0,760 0745 0,750 0740
Izz 0.B43 0.HGZ 849 0.B57
Tahée 3

Fealdife case : FRAME




Proparty Aelerance Unchanged Corrected Lowesr
(AMEYE) FRE FRF residual
(4.5-10.2 Hz) {4.5:10.2 Hz)
Mass [xg) 5250 B2 RO B2 ED
Cantroid {m}
¥e 0,700 0.E9E 0,655
Y .04 LS 10 -C0018a
7 0,163 0,982 0182
Moment (kgm')
Lo 152 T4 18.4
Iyy 241 248 2.80
lzz 18.6 224 2.7
Frinciphe
Mament
fkgm®i 9.5 229 231
i 11,5 174 177
Iy 2% 2.4 2.42
b
Tabdp 4 "

Realdife case: REARAXLE




