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ABSTRACT

Accurate prediction of the vibration responsesnsessential requirement during the
design and optimization stages of mechanical atnest For this reason, a vibration response
prediction (VRP) methodology, based on a set ajueaecy response functions (FRF) and
operational responses, is established. In this oulogy, defining the sources and
transmission paths of the structure accuratelyrigoal. Since it is based on the FRFs of the
system, unconsidered sources and/or missing pathitre inaccurate predictions. The goal of
this paper is to present the effect of a missinth ma the prediction results. In accordance
with this purpose, a three degree-of-freedom systéhbe investigated analytically and VRP
methodology will be applied along with the calcethitreceptances and displacements of the
system.

EKSIK PAT iKA VE KUVVET iIN TIiTRESIM CEVABI ONGORUSUNE
ETKIiSi

Oz

Mekanik yapilarind dizayn ve optimizasyogamalarinda yapi tzerindeki titgini
dogru olarak dngorulmesi 6nemli bir ihityactir Bu nede, operasyonel cevap ve frekans
cevap fonknsiyonuna (FCF) Bla olan bir titresim cevabi 6ngorusit (TCO) metodu
kullaniimaktadir. Bu metotta,titten  kaynaklarini ve iletim patikalarini gou olarak
tanimlamak cok kiritiktir. Metot sistemin FCF'leenbali oldugundan, hesaba katilmayan
kaynak velveya eksik patikalar gtoa olmayan ongorulere neden olacaktir. Bu makalenin
amac! eksik patikanin 6ngéri son uclarina olansatikisunmaktir. Bu amacg gaultusunda Uc¢
sebrstlik dereceli bir system analitik olarak inee¢cek ve TCO metodu hesaplanan deplasman
ve FCF'ler ileuygulanacaktir.

Keywords: vibration responsematrix inversion, cross-coupling, 3 DOF systems.
Anahtar Kelimeler: Titresim cevabl, matris tersine cevirme gieetki, t¢ serbestlik
dereceli system.
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1. INTRODUCTION

Accurate prediction of the vibration responses s assential
requirement during the design and optimization edagf mechanical
structures. The first step of the vibratioesponse prediction (VRP) is to
identify the exciting forces acting on the struetufhe force data is usually not
available as the direct measurement of these fasc@mpractical or almost
impossible. Therefore, the identification of théseces by using the vibration
data has been attracted a lot of attention. Ver[idijpresented dynamic
stiffnress method which seems to be the most basiy, wespecially for
structures having elastomer components. Howeveunrate complex dynamic
stiffness data is seldom available and even ifetgrit is only valid for a given
load condition. Hillary and Ewins [2] investigatdide problem of sinusoidal
force identification of a cantilever beam usingadt-squares method. Dascotte
and Desanghere [3] presented a methodology basetheo®Bayesian force
identification procedure. Janssens et al. [4] itigaged the use of an
equivalent force method to determine the soundsimégsion in ships.
Transmissibility method has been used to predietvibbration response at a
point of interest without identifying the forces-§. This approach is much
simpler and faster compared to other methods beansidered potential cross-
coupling between the paths lead to incorrect ptiegis. Matrix inversion
method has been developed in the early 1980s [9,Th@s technique uses an
inverted matrix composed of the frequency respdusetions (FRFs) and a
vector of measured vibration responses. In thishowgtdefining the sources
and paths accurately is critical. Thus, the dedaggdrogram is usually created
in order to avoid missing paths. A missing path msethat a force is acting on
the structure at a given point but no path inpuj.(an acceleration signal) is
measured at that point [8]. Missing paths resuinaccurate prediction of the
total force and hence, the vibration response. gba& of this paper is to
present the effect of a missing path on the priedigesults. For this reason, a
three degree-of-freedom system will be investigaiealytically and the matrix
inversion method will be applied based on the dated receptances and
displacements of the system.
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2. THEORY OF VIBRATION RESPONSE PREDICTION

In a dynamic system, the vibration response ofiat@trongly depends
on not only the corresponding point force but dls® other operating forces.
This effect is called cross-couplings and shoulatdsesidered by including all
FRFs between path inputs, as in Equation (1).

Xy=F Hyy+ FaHoy+ -+ F, Hyy (1)

wheren is the number of path inputs or internal fordess the exciting force
andH is FRF between the force and the path inputs.

A square FRF matrixy x n is created since the number of forces and
responses are equal to each other. By taking tle¥ga of this FRF matrix and
multiplying the vector of vibration responses, &xeiting forces are identified,
as shown in Equation (2).

Fi@h = [H;)] @)} ()

wherei=] which denotes the number of paths and forces.

Vibration response at the point of interektjs predicted once the
exciting forces acting on each path are calculadeduming that the system is
linear and time-invariant, partial contributionsezch path to the response are
added up and the vibration response at the tasyetlculated, as seen in
Equation (3).

2@y =Y Rul@) = Y R (@) (3)

=1 i=1
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3. THREE DEGREE-OF-FREEDOM (DOF) SYSTEM

In order to illustrate the vibration response p&on based on the
matrix inversion method and the transmissibilitypegach, consider the
following 3 DOF system.

Figure 1. Three DOF system [11]

The degrees of freedom of a lumped mass systergaia to the number
of vibrating mass points and the number of natiresjuencies. In this system,
there are three coordinates defining the movemanedch moving mass;,

X2, and xs. The moving massesy, m,, andmg are connected to each other
througha series of spring and viscous dampers with théficieats ki, kp, ks
andcy, Cp, respectively. The system is excited by the eseiorcesf;, f, andfs.

Using the free body diagrams for each mass andyzngl the forces
acting on them by applying Newton’s Second Law @ftion, the equation of
motion for the system in matrix notation is asduls;
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As shown in Equation (4), the matrix containing timasses which is
multiplied by a vector of accelerations is calleds®s matrix,M, the matrix
containing the damping coefficients which is mdiad with the vector of
velocity is called the structural damping matr&,and similarly, the matrix
containing the spring coefficients which is muligal with the vector of
displacements is called the stiffness matfix,

IMHER + [CH3+ [Klx3 = {7} ®)

Removing the damping effects and considering thee fwvibration,
Equation (5) becomes;

[MHE} + [Klix} = {0} (6)

The solution of the undamped system can be exmfeasea set of
harmonic functions, which is simply amplitude mplied by a complex
exponential.

)= {@) el (1)

The terme’*™ s a mathematical expression to solve differemtiplations
by using the phasor form for the solution. Aftebstituting the solution to the
matrix;

(K1~ w} IMI{@le/nt = {0} (8)
In Equation (8), the exponential pasg£“®™ cannot be zero for finite

Thus, the equation is reduced to the problem adftemountered in mathematics
which is called the eigenvalue problem, as in Equaf9)

(K]~ wi [M]He}= {0} (9)

In this eigenvalue problents contains the eigenvalues of the system,
namely natural frequencies af@} is the eigenvector representing the mode
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shapes. After solving the eigenvalue problem, tloelath matrix is constructed
with the eigenvectors and denoteddyModal transformation is carried out by
defining the relationship between the physical dowate, x and modal
coordinateg.

fx}= [0]{z} (10)

The modal matrix is used to transform into modabrdmates and
uncouple the equations of motion. Using the ortimadjoy, diagonal modal
mass, damping and stiffness matrices are created as

= [T MIe]  [C]= @YCl®] [K]= @TK]®] (11)

Force vector is also transformed into modal coatdis;
fa}= 1 (12)

Substituting Equation (10) and (11) into Equatidh (he modal equation
of motion for the damped system is determined bevis;

[Mq]ﬁ}‘l‘ [Eq]{é}‘l‘ [Hq]{q}: {fq} (13)

After solving Equation (13), the results are baensformed to physical
coordinates and a solution exists of the fol#d depending on{f}. The
relationship betweefx} and{f} can be expressed as;

3= el {f} (14)

wherel@] is the receptance FRF matrix and defines the &egyresponse of

the model. The individual component of the receptamatrix,®x)is
defined as follows;
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wherej represents the number of DOF andlenotes the number of forces.

Individual FRF parameter@x{) can be calculated by using the following
formula based on the modal matrix elements.

N

{a}'r} {ak ;v-]

r::_{k’" — wim,)+iwce,)

a_;l'k (EJ..'I} =

(16)

where k.-, m, and ¢ are the indices of the modal mass, damping, and

stiffness matrices, respectively.

3.1. Vibration Response Prediction Study
Turning now to the VRP study based on the 3-DOFResysn Figure 1,

the study is composed of three parts.

In the foatt, x3 is aimed to be

predicted when there are just two forces appliednpand mp. In this case,
there is a(2x2) FRF receptance matrix and (@x1) vector of vibration
responses as displacement vectaris aimed to be predicted by applying
matrix direct inversion method along with Equat{@p and (3). The following

parameters are used in this section.

Table 1 Three DOF system properties

my  1kg ¢t 1Ns/m kq
m, 0.5kg Cc 1Ns/m ko
ms 0.2 kg ks

ke

1.4x1G N/m fi, 20N
2.8x10N/m f, 10N
1x10°N/m f; ON
7x10*N/m

According to the comparison

between calculated gorddicted

responsexs shown in Figure 2, it can be stated that VRP basethe matrix
inversion method poses accurate prediction if allirses and paths are

considered.
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Figure 2. Vibration responsexs

The question is now what if any path and one ofdberces are not
taken into account. In the second part of the staaly external forcef; is
applied omg with a magnitude of 10 N. The responsgs predicted in such a
case that third DOF and the external fofggre not considered. Although the
force also contributes to the target responses itot taken explicitly into the
calculations. In this respect, the predicted resppq is shown in Figure 3.
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Figure 3. Vibration responsexz (without considerinds = 10 N)
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As shown in Figure 3, unconsidered source and patult in
remarkable error up to 40 dB. In the third casestfs is increased up to 20 N
and the response wtis predicted without consideririg as shown in Figure 4.
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Figure 4. Vibration responsex (without considerinds = 20 N)

According to the analytical case studies, it isvamdhat the resulting
error is proportional to the amplitude of the oedttforce and the error
increases as 2 dB when the force is doubled. Stack path is connected to
each other, cross-coupling effects become moren a$sue. Missing paths are
one of the most important inaccuracies in the VRIys Therefore, this issue
should be given utmost importance before perfornvRg® study.

4. SUMMARY AND CONCLUSIONS

In this study, the effect of missing path on thedpction of vibration
response was discussed with the methodology of bmatwersion. Three
analytical case studies were executed. Throughwuisét of these analytical
case studies, it is determined that unconsideracteand missing path result
in remarkable error up to 40 dB. Furthermore, #multing error in prediction
depends on the amplitude of the missing force aedoverall error increases
up to 2 dB when the missing force is doubled. Asoasequence, cross-
coupling effects become more of an issue since patthis connected to each
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other and missing paths are one of the most impomaccuracies in the VRP
study. Therefore, this issue should be given utmiogpbortance before
performing VRP study.
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