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ABSTRACT

DEVELOPMENT OF A MODAL ANALYSIS SOFTWARE PLATFORM

OZGELEN, Onur
M.S. , Department of Mechanical Engineering

Supervisor : Asst. Prof. Dr. Gokhan O. Ozgen

February 2014, 95 pages

Modal identification techniques are used for identifying modal paesef
the system via frequency response functions of the systemmedtdiom modal
testing. In this master study, it is aimed to develop avso& platform in which
different modal identification techniques can be implemenkex. this purpose,
many modal identification techniques available in the liteeatire investigated and
some of them are selected to be used in the softwdferpia

Besides the investigation on modal identification techniques, evoiaily
available modal analysis softwares are researched in tordet the recipe for what
a modal analysis software is to be included. Accordingpedfindings of the recipe,
the parts of modal analysis software are constructed.

LabVIEW is chosen for environment to develop the software. praerred
for that it has programming advantages for the developer over mtbgramming
languages. Furthermore, creating graphical user interfaceshéorusers using
LabVIEW is by far easier compared to other programming laregiag

In order to validate that the software works properly, two casdies are
carried out. The result of first case study is taken frormitefelement software
package. Numerically generated frequency response functionskae from an
arbitrary structure by using the finite element software s&HeRFs are processed in
the developed software. As for the second case study, experimgathlered FRFs
are processed in the software. Thus, it is shown that ftvease works properly for

FRFs which is obtained by either analytical or experimené&ans.
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Oz

MODAL ANAL Z YAZILIM PLATFORMU GEL T R LMES

OZGELEN, Onur
Yuksek Lisans , Makina MuhendisiiBolimu
Tez Yoneticisi : Yard. Dog. Dr. Gokhan O. Ozgen

ubat 2014, 95 sayfa

Modal tan mlama teknikleri sistemlerin deneysel elde edileakaihs
taban ndaki sonug¢ fonksiyonlar ndan sistemlerin modal parametrelsimiemek
icin kullanIrlar. Bu yuksek lisans ¢amas nda, icinde farkl modal tan mlama
tekniklerinin uygulanabilece bir yaz | m platformu gelitiriimesi amaglanmtr. Bu
amacla, literatirde mevcut olan bircok modal tan mlama tekmikicelenmitir ve
iclerinden baz lar yaz I mda kullan Imak tzere segilmi

Modal tan mlama tekniklerinin arer Imas na ek olarak, ticari olarak
kullan lan modal analiz yaz | mlar da bir modal analiz yazn n neleri icermesi
gerekti i konusunda recete ¢ karabilmek icin dmnalm tr. Recetedeki bulgulara
gore, modal analiz yaz | m n n bolimleri oturulmu tur.

Yaz I m gelitirme ortam olarak LabVIEW segcilntir. LabVIEW, yaz I m
geli tiricisi a¢ s ndan dier programlama dillerine goére programlama avantajlar
oldu u igin tercih edilmitir. Bunun yan s ra, LabVIEW kullanarak kullan c lar i¢in
grafik arayizleri haz rlamak deér programlama dillerine gére ¢ok daha kolayd r.

YazIlmn dizgin calt n onaylamak icin iki tane ©6rnek caha
gercekletirilmi tir. Birinci ornek c¢al mann sonuglar sonlu eleman yazIm
program ndan alnmtr. Sonlu eleman yaz|m kullanlarak herhangi bir yap
Uzerinden say sal olarak oturulmu frekans sonug¢ fonksiyonlar al nrr. Bu
frekans sonug fonksiyonlar geirilen yaz I mda ilenmitir. kinci 6rnek ¢al ma

icin ise deneysel olarak elde edilen frekans sonug fonksiyg@al mda ilenmi tir.

Vii



Boylece, yazl mn analitik veya deneysel yollarla eldelesdifrekans sonug

fonksiyonlar icin doru bir ekilde gal t  gdOsterilmiftir.

Anahtar Kelimeler : Deneysel Modal Analiz, Modal Parametre Tahmini, Modal

Tan mlama Teknikleri, Bi Uydurma
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CHAPTER 1

INTRODUCTION

Modal analysis serves as a tool to define the dynamic behavistruofures in
real engineering applications. Modal parameters can be detziranalytically or
experimentally. Experimental modal analysis (EMA) is theramtion of modal
parameters in terms of damped frequencies, damping factodal naectors and
modal scaling using experimentally identifed frequency responsédos¢FRF) of
the system of interest. The identification of modal parameéseeccomplished by
curve-fitting of FRFs or impulse response functions (IRFs). Cfittveg is based on
minimizing an error function (i.e. least-squares approach) betteemnalytical

function and the measured data.

Experimental modal analysis is comprised of three stages:alMddta
acquisition, Modal parameter estimation and Modal dataieatiin. Focus of this
thesis study is on modal parameter estimation and modal datzatenf stages.
There are various options of modal parameter estimation techrfigguesmeone
who wishing to apply these techniques for a structure using expgaimaodal
analysis. There exists some advantages and some constfaii@seotechniques that
will lead the user towards which one should be used for a certdmgtagplication.
Therefore, a good background of the theory behind these techniques providerthe

to evaluate different options of methods to be used for a given problem

In the scope of the thesis work, various modal identification tecbsique
investigated. Introductory information is given about almosbfathese techniques.
The formulations & features of some of these techniques arenprds@he features
& sections of the developed software are determined by igaésg the commercial

modal analysis softwares.

Implementation of the most commonly used modal parameter idatitfic

techniques is another focus of this thesis. LabVIEW is sleas environment for



the development of the software to build up a know-how & user-experadrog
LabVIEW in the department. The experience gained during thistivesk can be a

good starting point for the new developers.

With this thesis work, the main purpose is to generate a know-how about
available modal identification techniques and modal analysis guoeeOf course,
one can find entire modal analysis software packages, whithked to modal
testing systems and doing not only modal parameter estimatiorsoupr@- and
post-processing calculations. However, these softwareseayeexpensive and are
not easily affordable for engineers wishing to work in vibration atated fields.
Therefore, it is very important to gain experience about $8ise. In the near future,
the developed software may be an initial step or an prototype toadlygdevelop

national modal analysis software.

The thesis involves five chapters. In the second chapter, faitdfioemation
about modal analysis and modal identification techniques is giMoreover,
important concepts in modal parameter estimation are introduced eaa ohata
verification stages are explained. The features of comalesnftwares are
presented. Consequently, previous studies similar to this stedyisoussed. Third
chapter is about the development procedure of the software. Tladedlet
formulations & expressions of selected modal parameter estinmagtmods for the
software are given and graphical user interface (GUI) desigtheofsoftware is
introduced. In the fourth chapter, the results obtained from thelajed software
are presented and discussed. Two case studies are perforraitican &
experimental, respectively, in order to verify that the dgwedl software works

properly. In the last chapter, future work suggestions fostindy are discussed.



CHAPTER 2

LITERATURE SURVEY

2.1. Introduction

In literature survey of the study, the theory required for develogingodal
parameter estimation software is investigated. Firstlygeneral overview modal
analysis and modal parameter estimation techniques is présdimin, important
concepts in modal parameter estimation are found out. Obtaineal perdmeters
also require verfication process. Therefore, the ways of modalvdafication are
introduced. Commercial softwares related to modal analysidiscussed in order to
have an idea about of what a modal analysis software should Fiaadly, some

similar studies to my study are discussed.
2.2. Modal Analysis

Modal analysis identifies the modal parameters of structanesal engineering
applications. Experimental modal analysis requires measilvestion data in order
to obtain modal parameters. There exists frequency and time rdomoadial analysis

methods which use frequency response and impulse response fumespastively.

The Frequency Response Function (FRF) is basically a transfetiofun
between two points on a structure as a function of frequencyreFy1 shows a
block diagram representation of an FRF. An FRF may also be defina degree of
measure which shows that how much response of a structure in tdrms
displacement, velocity, acceleration is at an output DOFRupierof excitation force
at an input DOF.

Time: F(t) Mechanical X(®)
[ >| svstem |[——>
Frequency: F(w) X [Hw) ] = X(w)

Figure 2.1. Block Diagram of an FRF



While frequency domain modal analysis use measured FRF dagagdimain
modal analysis utilizes from time response data. Time respdat or impulse
response functions (IRF) are related to FRFs through inversgeF transformation.
Impulse response information can be obtained either from measmedesponses
or the FRF data. Time domain methods has several advantages$rexusEncy
domain methods. Firstly, time domain methods requires fewer resdatseThey
can also be quite effective for analysing closely spacedtiahrmodes. On the other
hand, vibration modes are not visible when time domain methods atewisieh

makes these methods more user dependent [3].

2.3. Modal Testing

Modal testing is the act of performing vibration tests on acstire for
identifying FRFs or IRFs which will then be used to extract mpdehmeters of the
same structure. At least one row or column of the FRF maist be constructed to
carry out modal testing. There are common ways to measure @ giagbr a single
column of the FRF matrix. These are called a roving hammpact test and a
shaker test, respectively. By a roving hammer test, thpubuemains fixed and
FRFs are measured from multiple inputs. Inversely, the inpuiains fixed and
FRFs are measured from multiple outputs by shaker test. Bptttrand shaker test

can be grouped as single reference (or SIMO) testing.

When an FRF matrix has more than one column or row, thiasrtbat two or
more fixed inputs or outputs are used. This is called as Multipleréce or MIMO
(Multiple Input — Multiple Output) testing. MIMO testing may becessary for the

following reasons:

All modes of interest of the structure can not be excitath fone reference.

The structure has repeated roots (or closely spaced modes) [1]

Figure 2.2 is a good representation of constructing FRF or IRFxnveth

modal testing [1].
2.4.Experimental Modal Analysis

Experimental Modal Analysis (EMA) definitely plays a key rog¢he analysis

of structural dynamics. Experimental modal analysis is the atdraof modal



parameters (damped frequencies, damping factors, modal vantbrsodal scaling)
from experimental FRFs or IRFs. Modal parameters are foundtimg fthe curves
of FRFs or IRFs obtained from modal testing.. Curve-fittingamseto determine
suitable mathematical expression to the measured data poimsraBe an error
function is defined between assigned analytical function toFRE or IRF and
measured data points. Then, this error function is tried to bemimed. Modal
parameters can be also determined by analytical means. Rgdirehows the
different ways how modal parameters are obtained, both aalyti and

experimentally.

Experimental modal analysis may be used to verify the redulte @nalytical
solution of modal parameters for a structure. Additionallgag a wide range of uses
such as structural modification, troubleshooting vibration problemge felement
analysis correction, development of mathematical models, whleation of design

changes.

[ }{1{1'1“} ] | . » h17[i'-'-‘} . = 11 .
Xofjw) & haz{jw) .
1 Xgliw) = By (juw) F2(jw)
Xo(t) = X jww)

Xq{t) = X4(jw) [

|

i+(t) = F-(jw)

Figure 2.2. Measuring FRFs or IRFs on a Structure [1]
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In order for experimental modal analysis results to be vidiole; basic

assumptions should be valid for the structure of inerest: linedintg invariancy,

reciprocity i.e. , and underdamped system behavior.

Analytical

Differential Equations

H Fourier Transform

System Matrix

Eigensolution

—

Experimental

FRF Matrix

Curve Fit

—

Fourier Transform

Impulse Responses

Curve Fit

————

Modal

Parameters

Modal

Parameters

Modal

Parameters

Figure 2.3. Analytical and Experimental Modal ParamEtdraction [1]

Experimental modal analysis can be mainly described as ttagess Modal

Data Acquisition, Modal Parameter Estimation, and Modal DMatdfication. Main

concern of this study is on modal parameter estimation and modaletdieation

stages.




2.5. Modal Data Acquisition & FRF Estimation

Data acquisition is the initial step of getting modal paranseto be estimated.
It is mainly related with digital signal processing. Modata acquisiton has some
techniques in order to minimize random or deterministic (biasy @rnature. The
accuracy of frequency response measurements is directlgddtaerrors that may
occur due to misuse of digital signal processing. There areavegories of the error
in FRF estimation: variance and bias. The variance is aratiaticof the distribution
of each sample data from the mean value. The bias error diffdsence between
the expected and the true value of the estimated paraméésing and leakage are
the two most commonly faced errors that would be classified ashiar. Aliasing
arises from the discretization of the original continuous timeyistf the sampling
rate is not chosen properly, the original signal is distorted btghmis of frequency
& phase. The minimum sampling rate is at least two tirhessignal frequency in
order to avoid aliasing. This phenomenon is known as “Nyquist-Shannon 8gmpli
Theory”. The distortion of the continuous input signal from periodicép cause
leakage. Windowing functions, which is multiplied by time signeds be utilized in

order to minimize leakage problem.
2.6. Modal Parameter Estimation Techniques

Modal parameter estimation is the process of estimating modampgers
utilizing a suitable mathematical model to fit to the meabsWHRBF or IRF data. It
plays a key role in experimental modal analysis and is alem afalled “curve
fitting” in literature. A vast amount of literature existsoat the curve-fitting subject.
In this section different types of curve-fitting applicationdl \we categorized and
discussed. As discussed earlier, at least one row or colunmegefehcy response
matrix is required to identify complete set of modal paramsetAfter measuring
complete set of frequency responses, the frequency and darapiegch mode are
firstly estimated. Then, the residues can be calculimiedach measurement point.
Finally, mode shapes are scaled from residue terms. Theisesteas of modal
parameter estimation can be also illustrated in Figuré2?.

Modal parameter estimation techniqgues work with frequency-response

functions (FRFs) and impulse-response functions (IRFs) working irfir¢la@ency



and time domain, respectively. The IRFs are obtained frommseveourier transform
(IFFT) of FRF’s. FRF and IRF can be written as follows:

! (2.1)
#3$

whereN is the number of modes of vibratioyJ=(n x n) residue matrix for thek
mode,  is pole location for the'kmode,  is damping coefficient for thé'kmode,

« is damped natural frequency for tHekode, and “*” is the operator for complex
conjugate.

9 &0 g )+ (2:2)

#$

where[h(t) ] is (p x q) the IRF matrix.

Main parameter for the classification of identificatioethods is whether the
data is used in time domain or frequency domain. The number of respoddorce
locations may also change for each domain, which leads to thewiud

classification:

single-input single-output (SISO)
single-input multiple-output (SIMO)
multiple-input multiple-output (MIMO)
multiple-input single-output (MISO)

One more classification criterion for both domains relates wightérms of
estimated dynamic properties. While direct methods estirhatdynamic properties
in terms of stiffnesses, masses, damping coefficientseictdmethods estimate the
modal parameters: resonant frequency, damping ratio and modgrtsng-igure

2.5 shows the overall classification of modal identificatechniques:



Response Model (measurements)

Curve Fit

Modal Model (parameters)

w — Frequency
L — Damping
{0} — Mode Shape

Figure 2.4. Main Steps of Modal Parameter Estimatipn [2

The peak-picking method is a frequency domain SDOF method. Thelnatura
frequency of each mode is estimated from the peak values oRfheTRe damping
is then identified using half power point method. Finally, the modaktant can be
easily calculated from the known natural frequency and dampingesalThis
method works fine for structures with well-separated modes.sfreture should

neither be so lightly-damped nor so heavily-damped [4].

The Quadrature Response and Maximum Quadrature Component methods
differ from peak-picking method when identifying natural frequenaésthe
structure. The Quadrature Response states that natural friesgueccur at the points
where real part of the response is zero. Whereas, the MaxiQuadrature
Component method considers the natural frequencies occur at the poimes whe

imaginary part of the response is maximum [4].
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Figure 2.5 Classification of Modal Parameter Estimatioethods [4]

The work of Kennedy&Pan, also called Circle Fit methods also anothe
early and basic modal parameter identification mé The method offers t
represent FRF in the complex plane, called Nyquiot. The plot seems like circ
around thaesonant frequency. In fact, the shape of theipleixactly circular for i
single-degree-ofreedom (SDOF) syste. Resonant frequencies and the dyng
properties associated with each of resonancesdardified through a circ-fitting
method utilizig Nyquist plot. The basic assumption of the modehat there is
complex constant contributing the selected modethgr mode: This contributior
is represented as mass and stiffness term separated or even more data poir
are required from outde of the experimental frequency rangedentify mass an

stiffness term [4].

Another SDOF method is the inverse FRF me [5]. The method accepts tt
the inverse of the FRF data linear. Therefore, the real and imagy parts of
inverse FRF are figld with straight line The natural frequency is determined fr
the intercept of the real plothe phase of the modal constant can be estimated
the ratio of two slopes. Then the modulus of thelah@onstant is found out fro
either slope of straight lines.
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Dobson [6] developed a method, which can be regarded as the extdrtsien o
inverse method. It is based on curve-fitting straight links the inverse FRF
method. A series of straight lines can be obtained for bothetideand imaginary
parts of function by selecting a frequency around the natural fnregu€itting the
slopes of these straight lines with respect to square ofréa@ency around the
natural frequency, two slope plots are obtained. Modal parasneter then be

identified from the slopes and intercepts of the two strdiigbs.

The complex exponential (CE) method is a time-domain SISO metR&d. |
are used for this technique. The algorithm of the method is basedoogy’'sP
equation. Prony equation leads the user to the coefficientheoftharasteristic
polynomial. Modal parameters can be identified from the robtsharacteristic

polynomial [4].

Least-squares complex exponential (LSCE) is the SIMO versiorCeof
method, proposed in [7]. IRFs are used simultaneously for thes gaserating a set
of global parameters (natural frequencies, damping ratiogyefdre, the variations
in the same parameters are prevented. As for LSCE, thdiccodt + of
charasteristic polynomial are global quantities. In other wahey, are not changing
for every IRF used. Approaching the solution in the global sense ajesesn
overdetermined system of equations, solved by least-squares Jémsrest of the

procedure is same as CE method.

Polyreference complex exponential (PRCE) is a MIMO method in time
domain, developed by Vold et. al. [8,9]. It is actually ¢éixéension of LSCE method,
including IRFs from several input reference points. PRCEreal$y a breakthrough
in modal parameter estimation since identifying closely-sgpaar even repeated
modes of complex structures has become possible. PRCE is alsd @s
polyreference time domain (PTD) in literature. Zhang et.[H)] assert that the
identification accuracy of the method can be improved by appboangglation filter

to noisy time response data.

Ibrahim time domain method (ITD) is a SIMO method, develdpetbrahim
& Mikulcik [11]. Instead of IRFs, the method utilizes from freeceleration
responses. The method uses state vectors. Displacement arity vekponses are

also required, calculated by the integration of the freelation responses. All
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modal parameters can be identified in one step by eigenvalue prdid¢éimating

the correct number of modes is a problem. Eigenvalue problem Wwasks! on the
number of chosen responses. If these chosen responses are eratdrettrue
number of resonances, some of these solutions are not physicadigingful.

Therefore, it is difficult to understand whether they aretthe solutions or not.
There is a quality check for the results proposed in [12], calledal confidence
factor, comparing eigenvectors in the subsequent time intefvadsITD method is
also extended into MIMO version [13], called as Multi-referefim@him Time

Domain (MRITD) or Enhanced Ibrahim Time Domain (EITD) huat.

Eigensystem Realization Algorithm (ERA) is a time domailM&@ method,
developed by Juang&Pappa [14]. It is based on general state-cgsagption of
linear dynamic systems. State-space model comes frommsystdization used in
system/control engineering and it is adapted to modal idenitilcam aerospace,
mechanical and civil engineering applications. A frequency domigorigom that
follows mainly the same steps as for the time domain versi@ises developed
(ERA-FD) [15]. Furthermore, the general realization algori{@RA) [16] is also
developed to identify modal parameters of linear multi-degfdeeedom (MDOF)
dynamic systems. The GRA is an extension of the well known HERAddition to
ERA case, the GRA offers a refinement of state-spadeatan through least-
squares optimization in order to get the minimum prediction eorahé response. It
is alleged in the study that the GRA gives very accuraiemasts of the modal
parameters in case of noise-free input-output data or low output AbiseGRA is
recommended for realization of linear dynamic systems subjéctshort-duration

or nonbroadband excitations such as eartquake and shake taladgansit

The Autoregressive Moving-Average method (ARMA) is also propesed
tine-domain method.. The behaviour of a linear system is 8escmwith single
input-single output. MIMO versions of the method are also availditiey are called
as the Autoregressive Moving-Average with exogenous varigdRBAX) and the
Autoregressive Moving-Average Vector (ARMAV) [17]. Thermiples are the same

as for ARMA. However, time series is expressed in termsnafrix difference

equations. These methods must be used when the input is not known, fpteexam

bridges subjected to wind excitation [4].

12



The Rational Fraction Polynomial (RFP) is a SISO method inuénecy
domain [18]. The FRF used in the method is expressed as tibe ofatwo
polynomials. The coefficients of two polynomials are calculdtgdthe method.
Orthogonal polynomial coefficients are calculated from ordinaryyrmhial
coefficients to overcome ill-conditioned numerical problems.adbagl version of this
technique is also available, called as Global Rational iBra€tolynomial (GRFP).
This extension of the RFP is developed in [19,20]. GRFP methddasatended
into MIMO version to cope with multiple input locations by differemithors
[21,22]. Instead of using orthogonal polynomials in order to obtain waltitoned
set of linear equations, a technique based on RFP represemtBRF is developed
in [23]. The method can be adapted to SISO, SIMO & MIMO systelhe method
solves set of linear equations in total least-squares senge iZ-domain, which

enables the user to achieve modal parameters in a numeeicalient way.

Polyreference frequency domain method (PFD), developed by Zétaray.
[24-26], was the first MIMO method in frequency domain. In additoreceptance
function, it makes also use of mobility function. A similarsien of this method
based on direct parameter identification was also developed inT[&ig]. method is

also called as frequency domain parameter identificaBB#() in literature.

Peeters Bet. al.[28] proposed a new frequency-domain parameter estimation
method. The method is called as PolyMAX or polyreferenastisquares complex
frequency-domain estimator. The method is based on a weighaststpiares
approach and uses MIMO FRFs. The method follows so-called righixrfraction
model in Z-domain model. In the study, it is shown that when PolyM#ethod is
compared with commercially available methods concerning stalaitguracy of the
estimated modal parameters and quality of the frequency respongerfayathesis,
it yields superior results. Very clean stabilisation diaggaare obtained by the
implementation of the method, which enables the user to dbkediest structural

system poles.
2.6.1. Comparison of Modal Parameter Estimation Methods

It is difficult to determine the requirements for each methmtlta find the best
one due to the large amount of literature on currently availgteithms. There is

no ideal solution for a specific case. Many of the methods amiéasito each other.
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In fact, some methods are just extensions of basic curvegfatgorithms. Although
there are several ways to categorize curve-fitting methaldsan be grouped into

four categories:

Local SDOF

Local MDOF

Global (SIMO testing applications)
Poly-reference (MIMO testing application)

While local methods work with one FRF at a time, global and pefrence
methods work with entire set of FRFs. Local SDOF methodsamiest to use and
work efficiently with lightly damped structures. When the egsis highly damped,
MDOF methods must be preferred. Global methods give beteitsethan local
MDOF methods. However, global methods have some problems in soiyiagted-
roots, which means very closely coupled modes. Poly-reference methiogsthe
best estimates for obtaining modal parameters. Two or more esland rows of the
FRF matrix can be handled by these algorithms. Table 2.1 [ip@fssa comparison

table of all curve-fitting methods in terms of pros and cons.

As a final remark, there is no such a suggestion as the ddagbs. Some

methods work better for some applications. The choice of the mdépmhds upon:

Available resources
Available time
Object of the study

Personal experience of the user
2.6.2. Transfer & Frequency Response Function Relationghi

The transfer function correlates input and output of a physicakrayst
mathematically. There is a relationship between input and owtpat physical
system and can be defined as in (2.3). This is the s&dthatput divided by input in

Laplace transform.

- 10/
’ 120/

(2.3)
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Furthermore, the frequency response function is actually afdérafusiction

which is used to solve vibration problems. The relationship betwersfdraand

frequency response functions can be adapted to modal parameteatiestiprocess.

Either frequency domain or time domain method is used, modal para@sémation

routine consequently reaches the poles of the system, asatiaksin Figure 2.6 [29]:

After finding the poles of the system, natural frequencies amapohg ratios

can be easily found using the equations below. A conversion (z-tramasi@ninis

necessary if a time domain method is used to estimate modahgt@rs.

324
5

(2.4)

(2.5)

Table 2.1. Comparison Table of Modal Parameter Estim&thods [20]

Method Advantages Disadvantages
* * 1
Local SDOF . East For lightly damped
asy to use structures
* heavily damped * requires skill to choose the # of
Local MDOF structures modes
* good with noise * poor results
* * i
Global global frequency & errors with poorly

damping estimation

excited modes

Poly-reference

* good for
repeated roots

* poor results with
inconsistent measurements
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pole location

conjugate pole , 1 o

O - damping coefficient
w -damped natural frequency

r
(1, - resonant {(undamped natural frequency)

¢, =cos Br - damping factor (or percent of critical damping)

Figure 2.6. Pole Location of a Transfer Function [29]

7 €& 966E ¢ ¢ (2.6)
b= —— 2.7)

where s pole location for the®kmode, is damped natural frequency for tH& k
mode,> is undamped natural frequency for tierkode and is damping ratio for

the K" mode.

As seen in (2.4), a conversion is necessary for time dometimoats to identify
the pole of the systenb term is necessary in this formulation. The user may
sometimes not have time history data. Since most of thedmmmain methods work
with IRFs obtained by inverse FFT, the user may perform diomeain analysis with
only frequency data. For such cases, the following relatioim@risom Sampling

Theory must be used in order to obtain time intebval(

?
5

2.8
€ asc 28)

where agc is maximum frequency aridl is sampling time.
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2.7. Important Concepts in Modal Parameter Estimation

2.7.1. Mode Indicator Functions

Mode indication functions (MIF) indicate possible existence paihtsodes in
frequency domain. These functions provide deeper insight intoigke about the
number of poles in the frequency range of interest. Many toolavaitable for the
pole estimation. Main tools used today as mode indicator tngctre:

Multivariate Mode Indicator Function (MvMIF)

Complex Mode Indicator Function (CMIF)
2.7.1.1. Multivariate Mode Indicator Function (MvMIF)

The modes are the points which have the lowest value in tletesbfeequency
range of interest in Multivariate mode indicator functionstMNF may not give
accurate results when non-real or complex modes exist in thenmsy80]. The
number of inputs of modal testing determines the number of mode wicat
functions to be plotted. Although the primary MIF exhibits locahima at the
natural frequencies of the system, the higher order ones dealainima in case of
repeated roots.

Since the real part of the FRF is much smaller than thgimagy part of the

FRF, a minimization problem is offered [31] in order tketadvantage of this fact:

D2 FGH Jm ' I kuwn FGH
EE ? retcowm!' Jam PO RSMTLI QJ rgmTUVFGH

(2.9)
The solution of the minimization problem is to find the sasilleigenvalue
awxand the corresponding eigenvedtob,x

)
s <m FF C o) we  CwaslC wagVF F (2.10)

The above eigenvalue problem is solved at each frequency. Thi@nges
eigenvalues are plotted with respect to frequency range efegitas a plot of

MvMIF. Figure 2.7 shows as an example of MVMIF.
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Figure 2.7. An example of MVMIF
2.7.1.2. Complex Mode Indicator Function (CMIF)

CMIF is another mode indicator function available in litera. The peaks in
the CMIF plot give the damped natural frequencies for each nBydéaking the
singular value decomposition of the FRF matrix at each spéiciealan equation is

as follows:

a J

VAL AV Ay LAy VA (2.11)

where\ ; is number of outputs, is number of inputs\ y is number of effective
modes, _ is left singular matrix cor. to the matrix of mode shagetors,
is singular value matrix an@ is right singular matrix cor. to the matrix
of modal par. vectors
The eigenvalues of normal matrix is another mathematicalession of

CMIF. The normal matrix is written as below :

J a N a J (2.12)
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The CMIF plot is the plot of eigenvalues of the normal main a log scale in

frequency domain :

1 b c d 2@f f e\y (2.13)
where 1 is K" CMIF function of frequencyc is K" singular value of
the FRF matrix at frequency, b is K" eigenvalue of the normal matrix of FRF

matrix at frequency .

Figure 2.8 is an example of complex mode indicator function. Thedreies
where more than one curve approaches the same maximum artedepemial
frequencies.

Apart from being a mode indicator function, CMIF may serve aswaerful
parameter estimation method. In addition to identifying modes, CAlHE gives
global modal parameters, damped natural frequencies, mode shapenodal
participation vectors. Unscaled mode shape vectors and modalpaaidn factors

are used to obtain the enhanced FRF for each foydt is formulated as:

&g FH Fat (2.14)

where& g is enhanced FRF function fof knode
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Figure 2.8. An example of CMIF
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Since mode shape vectors and modal participation factors are lizedniay
SVD, the enhanced FRF is actually decoupled single megemse function:

h
&g —_— (2.15)

whereh is the scaling factor.

At this stage, a single degree of freedom method(such asppeakg, circle-
fitting) can be applied to enhance the accuracy of the naturpleney estimate.

Then, damping values and scaling factors for the mode shagedaund.
2.7.1.2.1. Cross Eigenvalue Effect

Peak values of the CMIF curve may not sometimes represenpeda
frequencies of the structure. Errors such as noise, leakagénearity and cross-
eigenvalue effect can also make a peak. Cross eigen¥tdaereay occur due to the
equal contribution of two modes. The eigenvectors of adjacentraplines must be

compared to ensure that the observed peaks are physicatingfeamodes [32].

Another way of understanding whether the peaks in CMIF functionsuaréod
cross eigenvalue effect or not is to calculate MAC matrixubing data from
different CMIF functions. Two arbitrarily frequency points arkosen for both
CMIF functions. MAC value is checked for these frequency poiltsen this MAC
matrix is close to the unity matrix, this means that th& pe&MIF functions really
represents a resonance peak [33].

?j €7k @ €«?k ?2 0

% @k G ¢k I m o oF (2.16)

wherea & b represents frequencies around the peak in CMIF functions.
2.7.2. Stability Diagram

In modal analysis, stability diagram is an important tool wigigides the user
to identify physical poles from mathematical ones. The chaifitsined by repeating
the analysis for increasing model order of characteristicnpatyal equation. When
the estimates of physical modal parameters stabilize,edns that the assigned
model order is sufficient. Whereas the physical poles temtie tat nearly identical

locations for each estimation order, non-physical ones do not ataliliring the
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analysis, which must be extracted out of modal parameter @hta data which
shows inconsistencies is just a mathematical poles and thealbasirise from
noise, leakage errors etc. in the measurements. Figure &9eisample of stability

diagram.
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Figure 2.9. An example of Stability Diagram

2.8. Modal Data Verification

Modal data verification process enables the user to check whetbeal
parameters obtained through modal analysis is meaningful or not.pidtiess
usually involves numerical tabulation, plotting or animation of mquabmeters.
There are some ways available in the literature to valittet correctness of modal

parameters.
2.8.1. FRF Synthesis

FRF Synthesis is the re-plot of the FRF based on identified npadameters
using the measured data. The plots of synthesized and measureshdsepsponse
functions shoul be look similar at all frequency points. Figure 2hbivs a typical
FRF synthesis.
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Apart from visual check, a numerical value can also be giwechéck the
validity of any FRF estimates. This numerical value isledalas ‘Synthesis

Correlation Coefficient’ and should be close to unity, ifésgmate is correct.

Vo w
vavy-]st u Fgt U ¢

2.17
.g rx;I(\VVJSt uldg u I‘x;’(\‘vvlst u gt U ( )
where is measured FRF4 is synthesized FRF.
FRF Synthesis with Residuals
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Figure 2.10. Typical FRF Synthesis
2.8.2. Modal Assurance Criterion (MAC)

MAC is a degree of measure of similarity between twadah vectors. This

criterion is formulated by [29] :

EF{ o) FF[ ke

(2.18)
€F{ J FF{ gte € JH{ K

where{ g, is mode shape vector obtained from method 1 & 2 and dte the

operators for complex conjugate and transposeectsply.

MAC value is always between 0 and 1. Being MAC value unity, nsbdge

vectors obtained by different solution aproaches is fully corretatedch other. If
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that number approaches to zero, it can be inferred that correltetioreen vectors

diminishes.
2.8.3. Modal Phase Colinearity (MPC)

The estimated mode shapes should be normal for lightly dampednsyste
which means that the phase angle between the real & impagiagrof mode shape
coefficient should be eithar, ?}o! or ?}o |. Modal Phase Colinearity is an index
which indicates the linear functional relationship between tHe&r@aaginary parts
of each mode shape coefficient. The index should be unity falaormal mode. A
low value of MPC means that there exists error in the omedsdata or modal

parameter estimation.

The variance and the covariance of real & imaginary parts afenshape
vectors are computed to quantify the complexity of a mode shaper.vatit the

formulas given below are taken from [34]:

\CC {2{<
o {Ww (2.19)
e- { U,

The eigenvalues of the covariance matrix must then belatéd:

The eigenvalues of the covariance matrix can be calcutgtgden formulas:

cc . L9 7 -

$e - -
N (2.20)
€

€ c-
The MPC index is expressed as:

= (2.21)
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2.9. Commercial Softwares
2.9.1. LMS Software

LMS software is a very eficient tool to perform experinaéntodal analysis. It
is widely used especially by defense industry. The softwasblies to plot mode
indicator functions and stabilization diagram for mode selecticodaViparameter
estimation algorithms from simple to poly-reference actuded in the software.

The superiority of the software over other softwares is thhastits unique
estimator which is developed in LMS test laboratories. Thena&ir is named as
PolyMAX. PolyMAX is able to obtain very clean stabilizatiodiagrams.
Additionally, it is capable of dealing with structures whieve high-damping.

The software has also automatic modal pole selection (AMR®)ré&which
provides substantial guidance for new users.

The software is also capable of performing operational moddysimaThe
software can deal with complex structures with sufficienicieficy for modal

analysis.
2.9.2. ME’scopeVES

ME’scopeVES (Visual Engineering Series) is a family of wafe packages
which enables the user to analyze vibration problems in maghanstructures. The
software can also perform analytical modal analysis apam fxperimental one.

ME’scopeVES has the capability for performing:

FRF-Based Modal Analysis
Operational Modal Analysis
Vibro-Acoustic Analysis
Dynamics Modelling & Simulation
Structural Dynamics Modification
Experimental FEA

FEA Model Updating

ME’scopeVES estimates modal parameters (frequency, dampingnadd
shapes) by curve-fitting of a set of FRFs. ME’'scopeVES ha tkinds of modal

analysis options as follows:
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Basic Modal Analysis
Multi-Reference Modal Analysis

Operational Modal Analysis

As stated before, multi-reference modal analysis is wstd FRFs obtained
from more than one reference in modal testing. Closely coupledesncan be
identified with multi-reference modal analysis option. Mu#tierence option modal

analysis option of the method has three algorithms:

Complex Exponential
Z-Polynomial (LSCF) frequency domain curve fitting

Patented Alias Free (AF) Polynomial method

The software is also able to plot mode indicatior functions ankiligta

diagram as for LMS software.

2.9.3. Pulse Analyzer Platform (Bruel & Kjaer)

Pulse is a Briel & Kjaer's platform for noise and vibration asialylt is
actually hardware and software family. My main focus istengoftware part of the

platform, which is able to perform experimental modal analysis.

The software has various to perform modal analysis such as mdidator

functions, curve-fitters and validation tools.

As for LMS software, automated mode selection procedure is adpbvi
option to the user. It is able to draw complex mode indicator funcGOMK) &
multivariate mode indicator function (MvMIF). Various SDOF &D@F curve
fitters can be implemented by the software. SDOF curverditare least-squares
global fraction and quadrature picking. MDOF curve fitters aréPR,
Polyreference Frequency, Polyreference Time, Eigensystatis&en, Alias-free
Polyreference.

The software has the enhanced mode selection algorithm in toradatain
clean stabilisation diagrams. Pole cluster diagram and poleyplais are provided
to the user for mode selection in addition to stabilizatiaxyrdim.
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FRF Synthesis, mode shape animation, AutoMAC, CrossMACdabid 3D
plots are validation tools of the software. The softwarable to perform correlation

analysis between FEM vs. Test, Test vs. Test and FEMEM results.

The software has also reporting capabilities directlyedléd Microsoft Office

applications such as Word, Excel, PowerPoint.

In summary, Pulse Reflex allows the user to perform a compheigal

analysis in five main steps:

Measurement Validation
Parameter Estimation Setup
Mode Selection

Analysis Validation

Reporting
2.9.4. STAR Modal

Star Modal is an another commericla software package for Inaoddysis. It
provides you to analyze and present the modal results with confidéegdeatures

of the software can be summarized as follows :

Modal Analysis

Time Domain Analysis and Animation
Operating Deflection Shapes
Multi-Reference Curve-Fitting

Modal Assurance Criterion

FRF Synthesis

Structural Dynamics Modifications
Forced Response Simulation

Sinus idal Response

Measurement Calculator

Geometry Tools
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STAR Modal software utilizes from commonly used curve-fittitgpathms in
the industry in order to estimate modal parameters precisalysimple analysis, the

software has various SDOF and MDOF curve fitters.

Least Squares Complex Exponential is the multi-reference cutee-di the
software.
The software uses MAC tool and FRF Synthesis to check theygaoalyour

analysis.

2.9.5. Common Features of Commercial Softwares

Evaluating the overall features of the commercial softwar@smon features
of those of softwares can be listed as follows:
Plotting Mode Indicator Functions
SDOF/MDOF — Local / Global / Polyreference Curve Fitters
Stability Diagrams for mode selection
Validation Analysis
FRF Synthesis
Modal Assurance Criterion (MAC)

2.10. Previous Studies

There are lots of research related to modal parametarag®m. In this part of
the thesis, the previous researches which have close scopey tstudy are

investigated.

Iglesias [35] investigated various modal parameter estmagichniques to see
how much accurate the damping ratios are estimated with regpecarious
parameters and conditions. Four modal parameter estimation techmgues
selected to perform this investigation. These techniques arel€orExponential
Method (CE), which is also called as Prony algorithm, the Ibrafime Domain
Method (ITD), the Rational Fraction Polynomial Method (RFP) anitbet
Envelope Method. Both simulated analytical and experimentalgz used during
the analysis. The simulated analytical data was aedlpecause the exact values of

modal parameters are known, which enables the user to serattteegor in the
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estimation. As for the experimental data, the exact vauesot known. However,
the results obtained from different estimation techniques wergae@d for this
case. RFP method is said to give the most accurate dampingesiimate.

Moreover, Hilbert Envelope Method is claimed to give moreabddi results of
damping ratios compared to CEM and ITD. CEM and ITD method require user
judgment because when the FRF is truncated or the mode iedstie FRF loses
information which generates leakage error in the calculated FR&lly, CEM and

ITD method are found to be more appropriate for heavily dantpectises.

Beskhyroun [36] developed a graphical user interface (GUI) basédasef
toolbox to estimate modal parameters. The software was developddTLAB.
The software is capable of doing modal analysis in three fregugomain and two
time domain techniques. While frequency domain ones are peak@i¢RP)
method, the frequency domain decomposition (FDD) and the enhanceerfoy
domain decomposition (EFDD), time domain ones are the eigensystization
algorithm (ERA) combined with natural excitation technique (NExfd stochastic
subspace identification (SSI) method. The software can worlh wither
experimental (input-output data) or operational (only output) data.ifidentnodal
parameters can be visualized in tabulated form and the resuldmesbtfrom
different techniques can be easily illustrated in the sanmofagor identified modal
parameters. In order to test the functionality of the softwarease study was
performed with different data sets. It was observed that the EEB#ique was the
least accurate of whole techniques, for almost all dataesgtscially for higher
modes. For some data sets, PP, FDD and EFDD techniques ayesistent results
for all modes. Despite some inconsistencies in the reghkssoftware has been

proven to provide effective modal analysis for real structures.

Allemang R.J. and Brown D.L. [37] developed a formulation of modal
parameter estimation algorithms into a singular mathenhatipeesentation. This is
called as Unified Matrix Polynomial Approach (UMAP). The modatapzeter
estimation methods are categorized as zero, low, high ordeithigs, respectively.
This approach is used to unify the algorithm of current modal pagarestimation
methods such as the least-squares complex exponential (LSCHpplyneference
time domain (PTD), Ibrahim time domain (ITD), eigensysteaiization algorithm

28



(ERA), rational fraction polynomial (RFP), polyreference fregiyedomain (PFD)
and the complex mode indicator function (CMIF). UMAP concept refonesila
different classes of modal parameter estimation techniques sitaicture of matrix

polynomial model.

In the lights of above discussion, an experimental modal analy&isase
package is developed in Structural Dynamics Research Lab diriversity of
Cincinnati, whose name is X-Modal Il. The software functiofiéciently to
determine modal parameters of a structure. The softwar&swioased on the
principles of matrix polynomial approach. The software can utfliam the FRF
data provided in Universal File Format (UFF). It has a graphisar interface
developed in MATLAB. The solutions of all the major modal paramestimation

techniques can be handled by the software.

Peeters B. & Ventura C.E. [38] presented the results of pa@tive study of
various techniques in order to investigate bridge dynamic propeftiem
experimental data. Seven different research teams camehdodet the study
applying various types of modal analysis techniques. Seleetdthijues for the
study are Peak-Picking (PP), complex mode indication function (CMI&9, called
frequency domain decomposition (FDD), rational fraction polynorR&iP), also
called orthogonal polynomial (OP), as frequency domain methods.oAsinfie
domain methods, Ibrahim time domain (ITD), subspace identificatiethods
(SUBSP). Variants of these methods are eigensystematatizalgorithm (ERA),
canonical variate analysis (CVA) and balanced realization).(BRally, two-stage
least squares method (2LS), also called ARMAYV technique. \lorafita was taken
in three ways: forced, free, ambient. The Z24-Bridge, aethpan reinforced
concrete bridge in Switzerland, was selected as a case §adhparing the results
of different modal analysis techniques from different exatatechniques fro large

civil engineering structures was the objective of the study

Three stabilisation diagram was obtained by applying subspacgification
to the shaker, free, ambient data, respectively. Thetsdsas shown that the number
of estimated poles is different for different excitation techesguvhich indicates that
the excitation type significantly affects the quality of idésdtion results. In

addition to this factor, applied modal analysis techniques €fisct éhe quality of the
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results. Furthermore, the experience of the modal andlyst,spent to analyse the
data and the capacity of the analysis computer directly plagnportant role in the

accuracy of results.

Evaluating the overall results of modal identification techrsquesearchers
concluded that the multiple-input RFP method applied to the FRFsmett&dom
shaker and subspace methods applied to all data sets gave thestheonsistent
modal parameter estimates. It is also possible to obtaircéessstent results with
the subspace methods, if the experience of the user is not enoughherAnot
observation of the researchers is that the stabilisationadiaigra very powerful tool

to detect resonant frequencies, even for FRFs with unclaispe

Jianping H.et. al.[39] compared the identification results obtained from RFP
in frequency domain and ERA in time domain for the data taken fhakes on a
12-storey reinforced concrete frame model. The results hasnstimv frequency
values between identification methods and Finite Element Agaly&tA) are in
good agreement. On the other hand, it is observed that there diggtpancies in
damping ratios for higher modes. ERA has also a satisfactamyracy for mode

shapes compared to FEA results.
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CHAPTER 3

DEVELOPMENT OF THE SOFTWARE

3.1. Introduction

The task of the developed software starts after gatherinigintest data written
in Universal File Format (UFF). The software enables ther tss identify modal
parameters of a structure utilizing from available curttéxfj algorithms operating
in the frequency domain or time domain. Curve-fitting methodsria iomain work
based on the Inverse Fourier Transform of a FRF, corresponding tmplse
response function (IRF). The calculation of inverse FFT roayse a leakage
problem. Some methods directly use the force and response measardéme
overcome the leakage problem. Generally, time domain methedshasen when
dealing with large frequency range of data because befeits can be obtained
from time domain methods working with large number of modesdard#ia. When
the frequency range of interest is limited, frequency dommeethods should be used.
However, frequency domain methods have recently become more populairntaa
domain methods since frequency domain methods are able to accouesidiomal
terms in the data, which improves the accuracy of the residtgrary to time
domain methods. Under the lights of facts discussed above, sawefitling

methods are chosen for the developed software.
3.2. Universal File Format (UFF)

The software is able to read UFF file. This is a speeidlftle which includes
necessary information about modal test data. The use of UniveiisaFormat
provides standardization between experimental modal analyfisases. These
formats are still being used by the experimental modal anatgssnunity. The
specific ASCII structure of several existing Universale FFormats used for

experimental modal analysis are:
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UFF Dataset 151: includes Header information

UFF Dataset 164: includes Units information

UFF Dataset 15: includes Nodes information where the nodes att@chiee
structure in terms of X,y,z coordinates.

UFF Dataset 58: includess Nodal Function information

UFF Dataset 82: includes Trace Lines information

There exists guide file which says which line provides whiébrimation [40].
3.3. Preliminary Checks of FRF Data

Before identifying modal parameters, the software gitesuser to carry out
some preliminary visual checks of measured FRF data. Tinésd checks are
advised to take in order not to waste time on data which subsequpntly
inadequate results. There are some points on which the user phguddtention to
the measured data.

A log-log plot of the modulus of the measured FRF is used tg oatrmost of
the necessary checks. The measured FRF may be in the foeeeptance, mobility
or accelerance. The characteristics at very low freqeerns the first thing to be
checked on the measured data. The user should see the trenddeteahehich
corresponds to the support condition of the test for low frequencié® oheasured
data. The FRF curve should appear as asymptotic to the diffimes at low
frequencies, of which the magnitude of the curve is almost ¢gjtlaé static stifness
of the structure provided that test condition of the structureoisngled. As for free
condition testing case, a mass-line asymptote in the cunexpsected at low
frequencies. If these expected trends are not observed, nitsntieat the required
support conditions have not been achieved.

The upper end of the frequency range of the measured data d@aosher
checkpoint especially for mobility measurements. The curve segm like
asymptotic to a mass line or to a stiffness line. Sueim@ency in the measured data
reflects that the excitation is applied at a point of vegy mass or flexibility, which
makes the modal analysis process by far more difficulthdftendency discussed

above is observed, the user must choose a different excitatioripaimlyze.
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Clearly observed resonance and antiresonance characteristiesiother
important point for the FRF data. Failure in sharp charatitarisf resonances in the
FRF data may result in poor modal parameter estimation [41]

3.4. Selected Modal Parameter Estimation Methods for the Swofare

Based upon literature survey, the most popular and widely used modal
parameter estimation methods both for frequency and time domaselacted for
the developed software.

3.4.1. Frequency Domain Methods
3.4.1.1. The Rational Fractional Polynomial Method (RFP)

The RFP is one of the most widely used MDOF frequency domaiimochelt
is implemented in many commercial modal analysis softwdtrésa local curve-fit
method and works with single FRF. The mathematical mod#ieoRFP method is
in the rational fraction polynomial form instead of general fraqyedomain curve
fitting model, which is partial fraction form of the FRF. Fhetwo models can be
seenin 3.1 and 3.2.

Partial Fraction Form:

! (3.1)
#$
Rational Fraction Form:
roui®.
—_— (3.2)
Mot

* & & %o
2/D&"j ;" 0;:3S2;Dj3 ;& : &2

+ @&2:D2j;70;352,Dj3:;& :&2

The unknown numerator and denominator polynomial coefficients of set of
linear equations are solved by the RFP method. Knowing polynomediicents,
poles and residues can be determined by numerical root solving diadl fpaction
expansion, as illustrated in Figure 3.1.

The whole procedure of the method is fully referenced by [18]t thinsg to
do is to define an error function getting into problem formulationorBunction is
defined as a measure of the error at each value of freq@emntybtained from

rational fraction polynomial formula (3.2):
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Solve Linear Equationg

Numerator Coefficients

(3.3)

Denominator Coefficients

Root Solve

Poles

A

RootSolve!
Partial Fraction
Expansion
Zeros l
Residues

Figure 3.1. RFP Solution Procedure [42]

Error function can then be reformulated by an entire vextterror:

&
o"";" a&: ;" F H ”
[ ] 8)(.
The error vector can be rewritten in matrix form:

b, FF " F™% Rt
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A squared error criterion can be written from error functMain idea is to try

to minimize that equation.

N¢

y & & Fo PPt (3.6)
\#$

The polynomial coefficients can be obtained by minimizing equa{3od).
However, Miramand Net. al[43] claim that solutions obtained from these equations

are generally ill-conditioned. Therefore, reformulation tpuieed as follows:

A . P
r#i-l\e

—_ A )
"x#i‘ 5. 5 «f "¢ (3.7)
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After finding orthogonal polynomial coefficients, next step isumtback to
the ordinary polynomial coefficients. Then, modal parameters easily be

calculated.

In Richardson & Formenti’'s study, orthogonal polynomials are gesteiat
Forsythe method. Orthogonal polynomials can be also obtained by otherooidhog

polynomial approaches like Legendre, Chebyshev polynomials etc.
3.4.1.2. The Global Rational Fractional Polynomial Method (GRFP

This method is the extension of the RFP method to analyze modahgtars
in global sense, using a set of FRFs in one single input reéerkeantifying modal
parameters in global sense was developed in references [1R@ndHerefore, all

formulas used below are taken from references [19] & [20].

Using several FRFs to determine the modal frequency and dangting r
causes overdetermined set of equations (3.8), which means thaurger of

equations is greater than the number of unknowns.
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Least squared error solution:

_ ™ _ Fat (3.9)
#$ #$

Solving (3.9) by pseudo-inverse gives (3.10):

ETM )% Rt (3.10)

After solving (3.10), polynomial coefficients for the denominator loa found.
Then a polynomial solver can be used to determine modal frequency rapihda

estimates in global sense.
3.4.1.3. The Polyreference Frequency Domain Method (PFD)

The governing equation for a linear mechanical system witdegrees of
freedom and inputs can be described by a set\ofsecond order differential

equations [27]:

Fot 1 FoFF : (3.11)

At this point, the state space expansion is implemented to reldeicg/stem

into a first order system and formulate a new eigenvalue problem:

FAb r ¢ (3.12)

The system of second order differential equation can be rewiittterms of

the state space response vector as follows:

. . 0 FF
|O ]IF4I-| Fol

F4k a_ ‘o .
L oV (3.13)
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The response vector turns out to be impulse response function for unit

impulsive loads. The state space form of the equations admioécomes:

Lt ot Fot
» 11/ ™ »F I-l/ aFOI-O (314)

Finite difference form of the above equation is as follows:

af ap by af apsht, ,Fok,

F apsh *F aptt Fob (3.19)

Taking Laplace transform of the above equation and considering rimeria
response of the system:

a (0] ™ a (0] a (o] (316)

The above equation comes out to be for unit harmonic response & gi
point:

F k, EF k, F?k,
a o ™ a o a o} 17
EF k, F k, Fot (3.17)
A more general form of previous equation can be written as:
F K, EF h F2h,
a (o] a o ™ T a (0]
S EF fhE o0 s BT ot (318)

Y, ™ matrices are calculated from FRF and frequency infoomaEither
+ ¥ ¢ has to be assumed to be identity matrix to solve ysgem of equations.
Assuming ¢ is equalto identity and reformulating (3.18) with FRF inforomatat

each frequencies, following equation is written:

LCsF gk o> O F b
, F  ghy> F hw o
2 PHy, > PRy «

Q: ™ ™ »>U:2 FoH > FoH ¢ (3.19)
2 EsPHy > E PR, 9
2 Fot >  Fot \
1 C > b
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Since PFD works with large amount of spatial information, corademsmust
be applied to reduce data to be processed. Singular value decompissiion

efficient tool for condensation.

VI YXAY,  _ bix (3.20)
° &A& %o

2 2/Dk&"; D&

Once is condensed, parameter estimation procedure as for thdafallset
is followed. The poles of the condensed data are the same jasléls of the full data
set. However, modal vectors are not the same. They musarisarmmed back into

full space.

{  _sx{’ (3.21)
e & & %o
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Above all, the identification procedure can be summarizedlasvs:

1. First step is to discover how many modes exist in the syMede indicator

functions can be utilized for this purpose.

2. Secondly, frequency range of interest, the number of modes &umber of

™terms are selected. Then, condensation is applied.

3. i matrix is computed using equation (3.19) and an eigenvalue pradlem

formed to calculate Modal Frequencies & Modal Vectors.

. 1 o (3.22)

4. The whole three steps are repeated until all Modal Fremse&cModal

Vectors are identified.
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The limitation criterion of the method is that since theénested matrix . is
\ v\ v matrix, which is equal to number of effective modes, tlbenber of
independent response measurements must be higher than the numiiectiok e

modes of the system.
3.4.2. Time Domain Methods
3.4.2.1. The Complex Exponential Method (CE)

The CE method works with one impulse response function (IRF) ame ti
obtained from inverse fourier transform of a FRF. The algoribf the method is

taken from [45].

© © &W (3.23)
<#$

Real-valued time response at a series of L equally spganedntervalss is
written as:

t 0 <
<#$
$ 5 & «®)
S (3.24)
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Unknown variables of <A andac can be calculated using the Prony’s method.
Prony method states that an underdamped system has #wag®ts . in complex

conjugate pairs. Thus, a polynomial wih of order L with real coefficients can

always be written as:

+r g ta o> +2a<2 o] (3.26)

After some mathematical manipulations, the coedfits+ can be calculated by the

following equation:

2 ts_ Tt oo
. . ¢ 2} ¢ i oo (3.27)
_ "t Bt tris A t$
or simply:
F+F F A

@"@ @"? @A? (3.28)

From (3.28), the coefficients can be found. The roots can be calculated
after obtaining the coefficients. Since the roots. are directly related to the roots
<, hatural frequencies and damping ratios can be calculated) eemplex

conjugate pairs of..
3.4.2.2. The Least-Squares Complex Exponential Method (LSGE

Exactly same case is valid between CE & LSCE as in tee o&d RFP &
GRFP. The LSCE is the extension of CE method. It perfolmasahalysis using
several IRF’s at one single reference. Therefore, it ovees the variation problem

in the results obtained from the CE method.

Equation (3.28) in CE method provides the solution for modal paramAters.
for this case, they must be same for every IRF used. Therefguation (3.29) must

be written as:
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or simply:
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Since the number of equations is more than the number of unknownspequa

(3.30) can be solved by pseudo-inverse technique:

Bk ¢ 20 2U% OF A (3.31)

The rest of the solution is same as CE method. Afterrfgndoefficientst, the

values ofa. can be obtained.

The estimation of the correct number of modes is stil a protdsrfgr the CE
method. The rank of matrix £ can be used as a sign to estimate the correct number
of modes [7]. The procedure of the CE and LSCE method can be suadhari
Figure 3.2.

3.4.2.3. Ibrahim Time Domain Method (ITD)

The ITD method was firstly presented as identification methou free decay
responses. Later, it evolved to a IRF-driven modal parameteragien method. As
in the case of PFD, a second order differential equation farear mechanical

system can be written in terms of state response vector

: 4 . 0 . _FF
ao a o
Ly ]I4 by OIC_E Fo (3.32)
* & & %o
FH
Multiplying (3.32) by~ 19:

.1 o 4 . T3 TS <. SFH
b ]I4 i 1 o I CE Fob (3.33)

Rewriting the above equation:
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(3.39)
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PHC E,PH ng CE

Linear equations for coefficienb

Prony's equation

A4

Linear equations for residt

Figure 3.2 Procedure of the CE and LSCE met [3]

Considering free decay condition, the equationduwnt to be a eigenvall
problem:

sPH LPH o (3.35)
AP o APS$
$ (;AP$E + CAPIE 0 (3.3¢)
* & & %o
s =1
AP
rs G AP$E

APS o
E
A G APt

t As Ar
Finally, equation (3.36comes out to b

42



1 s Feb o (3.37)

The eigenvectors of the above equation are the modal vectore system.
Modal frequencies can be found by applying z-transform to thenaagees of the

above equation.
3.4.2.4. The Polyreference Complex Exponential Method (PRGQE

This method is the MIMO version of previously discussed LSCE meiftoal.
method identifies the modal parameters several IRFs frontadematput & input
locations. The full algorithm of the method is referred to [45ftending the
equation in CE & LSCE for every input & output locations leads to:

N # . .
TI\E ) e E) t$

o o o (3.38)
Knowing the coefficient matrix™, equation (3.81) can now be used to solve
the eigenvaluesa . The matrix in the following equation is called as companion

matrix in literature:

+rtg 3t O g +y Fhyigh Fd;4 gt

o 1 (o} C (0] 0 3 F47T F F42T F
E (0] ® e ® @ £ e a<£ e (3.39)
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The modal frequencies and damping ratios can be calculated from the

eigenvalues and eigenvectors of the companion matrix.
3.4.2.5. Eigensystem Realization Algorithm (ERA)

This is a MIMO method in time domain, developed by Juang & P§pfa
Clear explanation of main steps is discussed below [45]. [goeitam is based on a

state-space formulation. The basic equation of the method is:

e C  \ps wo L. (3.40)

¢ \py ws L, A i

The Hankel matrix is formed, which is composed by Markov paters:
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The pseudo-inverse of o can be calculated by the singular value

decomposition(SVD):

(0] ¢ a..)

e 0@ @ @ @° (3.43)

After some mathematical manipulations, realized matriaesbe calculated by

equations:
) $¢
g ¢ U _. C
(C. 180 ) 2 a. ¢ 180y (3.44)
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Then, modal parameters can be derived from an eigenprolaised lon matrix

ek Flet (3.45)

The following relation is used in order to obtain the mode shapesnrs tof

physical coordinates of the system:
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In summary, a flowchart of the procedure to perform modahmater
estimation with the ERA is presented as follows in FegaiB [14].

Modal Amplitude Coherence [14], defined as the coherence between each
modal amplitude, is the suggested check method to distinguish betystem and
noise modes. However, stability diagram is used in the dex@lspftware as a tool

to identify computational modes for all the methods.
3.5. Summary of Modal Parameter Estimation Procedure

Selected modal parameter estimators for the software diffeeent features.
At least one local, global & poly-reference curve-fittegthod for both frequency &
time domain is included for the software. Mathematicatleis of the methods can
be grouped into two as polynomial & state-space models. Local, gfolpaly-
reference curve-fitters give different sizes of polyndneigefficients to solve the
poles of the system. Depending on the size of polynomial coeticienodal
parameters are determined by finding the roots of the polynomiatieqwr solving

an eigenvalue problem.

The construction of stabilization diagram also varies due tosthes of
polynomial coefficients. While the construction of stabilizatitbagram is based on
frequency & damping estimates for local & global methods, litaised on frequency,
damping & modal vectors estimates for poly-reference ones.iZ@@fspolynomial
coefficients can also vary with respect to output & input locatibable 3.1 shows a

comparison table of selected modal parameter estimataditssfeoftware.

Although some steps can vary with different algorithms, the whole Imoda

parameter estimation procedure can somehow be unified and sueuresifollows:

The matrix polynomial coefficients are determined in a leastrequa
sense from a set of linear equations obtained by measured FRFs.
Stability Diagram is constructed by finding the roots of polynbmia
coefficients or solving an eigenvalue problem with respectdeasing

model orders of polynomials or different subspace model sizes. Thi
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diagram involves the estimate information of modal frequencies,
damping ratios, modal vectors or modal participation factors.

Based on the user-interpretation of the stability diagram, moda
frequency estimates which have physical meaning for the wteuate
selected. Damping ratios & modal vectors can also be detednfiiom

the selected modal frequencies provided that the size of polynomial
coefficients is a matrix. Otherwise, only damping ratios can be
determined.

Residue terms, the lower and upper residuals of FRFs e bé

calculated by solving equation (3.47) in a least-squareg.sens

g (3.47)

If the size of polynomial coefficients 5° , modal vectors can not
be directly determined since stability diagram contains the
information of modal participation factors. An additional compartat

(3.48) is required to calculate modal vectors or mode shapes.

) (3.48)
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3.6. Graphical User Interface (GUI) Design of the Software

LabVIEW is chosen as software development environment. A graplseal
interface (GUI) is designed for the software. The softwamees as a modal
parameter estimation toolbox for the user. Being compact, effjciser-friendly and
easy to handle are taken into consideration while developing theasefby the

developer. Therefore, LabVIEW is chosen as the development envimosinee it

a7



is the easiest one among programming languages to handle theepugioihe

developer which are discussed above.

Table 3.1. Comparison Table of Selected Modal Paramsten&iors

Domain Coefficients Stability Criteria
Algorithm | Frequency| Time | Scalar| Matrix FDrzﬂ%rf.L Fégﬁgf

RFP . . .
GRFP . . .

PED . pxp .
CE . . .
LSCE . . .

ITD . pxXp .

PTD . qxq .

ERA . pxp .

where p,q are the number of output & input locations, resgdgtiv

It is very easy to create GUIs by using LabVIEW. Whendéeeloper wants
to create a control or an indicator object on the interfaeeptity thing to do is to
pick up the control unit from controls palette of the software armemato the front
panel. Its icon is automatically created on the block diagratheofoftware. While
front panel serves as a graphical user interface, block diagemes as a
programming environment. Contrary to other text-based programming Gegjua
LabVIEW has graphical based programming (GBP) technology. TharB8P, the
developer does not have to correlate a control unit on the froat @ad its icon on
the block diagram with the code. They are already correlatedmatically.
Programming is done by wiring different icons or symbols on thekldomgram to
each other. Another advantage of LabVIEW, maybe the most imporianis not to
worry about the memory of the computer. In C/C++, C# etc. progmagnm
languages, the user must use pointers in order not to occupy the ynefirtbe
computer so much by the defined variables. However, LabVIEWages memory

for you and you do not have to think about arranging the memory byeoint
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The software involves five tabs. Each tab accomplishesexeiff defined task
for the modal parameter estimation. In this section, thgeusd each tab of the

software is introduced.

3.6.1. Test Parameters Tab

The first tab in the modal parameter estimation toolbd¥ ést Parameters”
tab, as shown in Figure 3.4. First thing to do of the user cpém the input file
which includes FRFs obtained from modal testing. The softigaable to read UFF
file, so the input file must be in UFF. The user must giveatthdress fronfOpen
Input File” path control and press th®pen” button. As soon as the user presses the
“Open” button, he will see output & input degree of freedoms of thetatejovhere
the FRFs are taken from the structure. A degree of freedatensified by a node

number and its direction.

The purpose of this tab is to give the user a visual checatbéged FRF files.
The user must select output & input DOFs from the given listbondschck the
“FRF” button to plot the selected FRFs. The user can see theediffeersions of
FRFs such as magnitude, real part, imaginary part & pbb§d&RFs by selecting
“FRF Plot Type” from menu ring control. If the user wants to see impulse resppns

“IRF” button must be used.

If the user does not want to include all the frequencies ilaéysis, he can
use“Lower & Upper Limit” cursors seen on FRF plot. By moving these cursors,
frequency range of interest can be adjusted. The location ofutsers can be
followed by numeric controls entitled as‘Lower Limit” & “Upper Limit".
Furthermore, the user can plot the mode indicator functions by clitikigF" &
“MVMIF” buttons. The user can add or subtract FRFs by choosing from listboxes.
When the user decides the FRFs to be involved in the andigsisust choose them

from listboxes and clickPick Data” button.

3.6.2. Pole Results Tab

Once the user picks the FRF that is to be included in the analysiuser must
move to theé'‘Pole Results”tab, shown in Figure 3.5. Firstly, the user must select the
method from“Select Method” menu ring control. After selecting the method, the

user enters the necessary inputs for the selected methodsfrmmm or numeric
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controls entitled aSModel Order”, “Number of Iterations”. The input varies with
the selected method. Then, the user clicks®hat” button to plot stability diagram
to see the different sets of pole estimates.

MODAL PARAMETER ESTIMATION TOOLBOX

Test Parameters ] Pole Results | Residues Calculation | Mode Shapes | Results & Modal Data Validation

Open Input File
% Di\ter\caismalari1 2Temmuz\ | & ==

Frequency Range of Interest

| LowerLimit  Upper Limit

Freq & Time Domain Functions 4|
e

Mag vl 42|
-4,4-|
Made Indicator Functions -4,6-

Qutput DOFs 5
1] |
2+X

3+X

Amplitude

Input DOFs
L ' 2
2+%

sex 64

I |

- 0 20 0 60 20 100 120 140 160 180 200 220 20 60 280 300 320
Pick Data Rer=isy

Figure 3.4. Test Parameters Tab

Once the stability diagram is plotted, a cursor is seen odiglgeam named as
“Pole Detector” sticking to stable freq.& damping or stable pole estimates
depending on the selected method. Using this detector, modal fogzgiei the
structure can be identified by the user. The user can pick #mifidd modal
frequencies by moving the cursor on stable poles estimates. Whtte user makes
choice,“Add” is to be pressed and the identified frequency value can be seen on
“Selected Modesllistbox. When the user picks the unwanted result, he can dedete
result by clicking‘Delete” button. Similarly,“Delete All” button deletes the whole
result in the listbox. When the number of modes to be pickedniplete, the user

can click“Save” button to save modal parameters in the memory.

There is a button on the bottom left corner of‘thele Results”tab named as
“Stability Criteria”. Clicking on this button, a pop-up window opens (Figure 3.6).
The values seen on Figure 3.6 are the default values for staiitiyia of stable

pole estimates in terms of frequency, damping & vector. 8tafititeria affects the
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stability check to construct stability diagrams. Upon requlestuser can change the
stability criteria for different type of estimates by chaggtheir numeric control
values. Whenever the user clicks“‘@ancel” button, the pop-up window closes up
and the program returns ‘tBole Results”tab.

Figure 3.5. Pole Results Tab

Stability Criteria

@ - .
% s

[ a5 for vector
2 [

e

Figure 3.6. Pop-Up Window of Pole Results Tab

Finally, “Update” button is added t6Pole Results” tab. Using this button,
The user refreshes his memory about selected modes before aad kkeecthe
results in the listbox.
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3.6.3. Residues Calculation Tab

Having identified the modal frequencies or the poles of FRFs, stegtis to
calculate residue terms of FRFs. Then, FRFs are agateglgb to identified modal
parameters. Firstly, the user chooses the method whose soluti@ntseto use from
“Choose Method” menu. Then, the user sees the picked results with thetesbl
method from*Modal Frequencies”listbox. Subsequently, the user decides whether
the residual terms are added to FRF synthesis calculaticeidntisg“Yes” or “No”
from “Residual Terms”menu ring control. As in the case of test parameters, the use
must select output & input DOFs to perform FRF synthesis frengiven listboxes.
Synthesized FRF is plotted by clicking on tRéot” button.“Synthesize_ COF’tan
also be seen for the selected FRF via a numeric indicatdrealeft bottom of
“Residues Calculation'tab (Figure 3.7).

MODAL PARAMETER ESTIMATION TOOLBOX

Test Parameters | Pole Results Residues Calculation | Mode Shapes | Results & Modal Data Validation

FRF Synthesis with Residuals
Choose Method  Residual Terms

-3
CE Ves l

Modal Frequencies
47,694 rad/s | 344
134313 rad/s
205,300 rad/s 364

Output Degree of Freedoms

E3

Amplitude

Input Degree of Freedoms

2+
34X

| -6,8-]

Ea
Synthesize COF
0,98936 7.2+
Actual FRE [~ 145 | | ' ' ' ' | ' I | ' ' ' I | '
0 2 L 60 80 100 120 140 160 180 200 220 20 260 280 300 320
FRE [~ Frequency

Figure 3.7. Residues Calculation Tab

3.6.4. Mode Shapes Tab

“Mode Shapestab (Figure 3.8) enables the user to see the mode shaps. result

The coordinates & trace line information of nodes on the struotust be input as
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an initial point. Then, the geometry of the structure is visedl by clicking on
“Draw Geometry” button. After the geometry is drawn, mode shapes can be plotted
by giving “Mode Number” & “Magnification Factor” for any method:Milisecond
Timer” slider control provides the user somehow to adjust the framesepend of
mode shape animatiofStart/Stop Animation”vertical toggle button either starts or
stops mode shape animation.

MODAL PARAMETER ESTIMATION TOOLBOX

Test Parameters | Pole Results | Residues Calculation Mode Shapes I Results & Modal Data Validation

Mode Shape 1

Input Coordinates Information (UFF15)

ry—— 1

Input Trace Lines Information (UFF82)

& Ditea\calismalar, | =l

Draw
Geometry
Mode Shape Results

m Tl

Mode Number
¢
o
Magnification Factor

' — 7

- T,

Figure 3.8. Mode Shapes Tab
3.6.5. Results & Modal Data Validation Tab

“Results & Modal Data Validation"tab (Figure 3.9) offers some useful tools
to validate modal data from different methods. Modal Frequen&ieDamping
Ratios can be seen for different methods by clickBigow Results’button. Mode
shape results obtained from different techniques can be compak&8lG bar plot
using “Compare Results”button.“Get Image” button gets the image of MAC bar
plot in jpeg format into current VIs path. “Save Modal Patars” button saves all
modal parameters from every method. Also, it saves the MA(loa results in

tabulated form and all saved parameters are exported tb datasheet.
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MODAL PARAMETER ESTIMATION TOOLBOX

Test Parameters | Pole Results | Residues Calculation | Mode Shapes Results & Modal Data Validation

Modal i Damping Ratios
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Figure 3.9. Results & Modal Data Validation Tab

3.7. Modular Structure of the Software

That the software has modular structure is very important for nipgo
developers of the software. The code of the software idathvinto small sub-groups
as much as possible to provide penetrability to the code. Theasefis composed of
one main VI (main function) & sixty sub VlIs (sub-functions). tié algorithms of
selected modal parameter estimators are written as subm\rder to facilitate the
work of new developers. When a new developer of the softwareswaadd a new
MPE estimator, the only thing he needs to do is to write his swnVI for the
estimator and connect to the main structure without trying iapoehend the whole
frame of the software. Figure 3.10 shows an illustrative rgggm of what a

developer must do to add a new estimator to the software.
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Figure 3.10. Modular Structure of the Software
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CHAPTER 4

RESULTS & DISCUSSION

In this part of the thesis, that the software working properiyal&@ated by
analytical and experimental means. Two case studies arenrapted. Firstly, a
theoretical modal analysis will be performed by using a fieiEment software
(ANSYS). Then, FRFs obtained from modal testing are processtt isoftware.
Modal parameters of the structures for both cases are esdintgt using the
developed software in the study. The results of modal paranadéasied from

different cases are compared and discussed.

4.1. Analytical Case Study

The main goal of the case study is to show that the softvearesense and
work with FRFs in Xx,y,z directions at the same time. In otdgerform case study
analytically, a finite element software (ANSYS) is disé\ structure is modeled
(Figure 4.1), whose mode shapes can be sensed in 3-D (x,y,Z)odsed=irstly,
modal analysis is performed in order to identify modal frequen8even modes of
the structure is used in the analysis. Knowing modal frequenc#éses the user to
determine the frequencies of the cyclic load for the harmemmadysis. Subsequent to
modal analysis, harmonic analysis is performed in orderxtaa FRFs of the

structure. The cyclic load is defined one by one in 3-Batiilons.

The model is composed of 12 nodes. All degree-of-freedoms of dispate
of four nodes are constrained at the bottom of the structure. dhoit in Xx,y,z
directions is applied for each analysis, respectively. 24 EREgbtained from each
analysis and 72 FRFs in total. Thus, FRFs in x,y,z directiana@mnieved for each

node.

The structure is composed of line elements. BEAM4 is suggektatnt type
of line elements in literature for 3D analysis. All elertseare 3 meters in length. A
square shape cross section (0.3m x 0.3m) is defined for the el@fgune 4.2).
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Structural steel is chosen as the material of the elenypet tThe necessary

geometric properties for steel is given as an input to tea@ in Table 4.1.

ANSYS

K

Figure 4.1. Geometry of the Model

0.3 m

0.3 m

Figure 4.2. Cross section of elements for the structure
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Table 4.1. Geometric Properties for Steel

Young’s Modulus (E) 200 GPa
Poisson’s Ratio 0.33
Density 7800 kg/nt

The damping is given as an input to the structure. The dampitrix r@ain
ANSYS is calculated by given formula in harmonic, damped moddltensient
analysis [46]:

" smi " LNL
+ +@( @L +3/ ( LL (41)

s #$
* &&®

2 j2 Dj Dj” D/3 03&"
+ 522 2& Dj* DI303&
+o 52 j2 2& Dj° D/I3 03&
+y, A"jk3& 2& Dj” D/3 03&"
4y 2 .g& U 522 D027 ;
QuU "&°/&2:S <«&08&2«&2 D02 Dj"
&3&D&2 D02 Dj"

Constant mass & stiffness matrix multiplier %2 tand constant damping ratio
U are specified for the model (Table 4.2). Of course, peeiied damping has no
physical meaning. Yet, the aim of the case study is tulzé the damping for the

structure and compare with the results of the developedeaeft

Table 4.2. Specified Constants for Damping in ANSYS

0.00011
0.00017
0.01

< C| O

ANSYS has seven types of eigenvalue solvers for modal asalykich can

be listed as Block Lanczos, PCG Lanczos, Reduced, UnsymmBamped, QR
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Damped and Supernode. Except for Damped & QR Damped cases, other methods
are not suitable for damped cases. Therefore, QR damped wicatgien method is

selected to perform modal analysis for the structure.

Performing modal analysis, seven modes are found in between 0-180 rad/
(Table 4.3). However, these seven modes can not be excited FREH# while
performing harmonic analysis with different directions of etmn forces. Figure
4.3 shows the FRF curves of different nodes obtained from harranalgsis. As
seen from FRF curves, seven modes of the structure can rtdted. Various
number of modes are excited with respect to different FRFs. Fatynanode
indicator functions exhibits all modes of the structure and givesuser an initial
idea how to be advanced through the analysis. Figure 4.4 & 4.5teslial the
identified modes from mode indicator functions. Last mode of thuetste can be

more clearly seen with MvMIF compared to CMIF plot.

After investigating FRFs and mode indicator functions, modeseatimated
with all the methods available in the software. ThereSd#® methods like RFP, CE
etc. which can work with single FRF or IRF in the softwdieerefore, there is a risk
of not identifying all modes of the structure. When working whis ttype of

methods, FRF is chosen for the analysis, in which alintbées are excited.

Table 4.3. Modal Frequencies by ANSYS

Mode Natural Frequencies (rad/s)

12.330
24.455
27.963
34.373
42.951
48.842

~N o o0~ W NP

90.637
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(@)
M
(4)

(3)

®)
Figure 4.3. FRF curves of different nodes from harmonicyaisat (1) 11Z-9X, (2)
9X-9X, (3) 8Y-9Z, (4) 42-9Z, (5) 9Z-9Y
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Figure 4.4. CMIF of all DOFs from harmonic analysis
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Figure 4.5. MVvMIF of all DOFs from harmonic analysis

Modal parameters are estimated utilizing from stabilitygdiens for each

method. These stability diagrams are presented in follpWgures.
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Figure 4.7. Stability diagram obtained by RFP

63



£
:
§

BOX W OB OB W WX KKK

o x
000000000

Figure 4.8. Stability diagram obtained by LSCE

Pole Detector

8000000 X 4

0 000 0 e b OO X g

Figure 4.9. Stability diagram obtained by GRFP
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Figure 4.12. Stability diagram obtained by PFD
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Figure 4.13. Stability diagram obtained by ERA
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When two SISO methods compared in frequency & time domainolissrved
that CE works more efficient than RFP. As it seen in Figusek 4.7, model order is
increased more for RFP compared to CE to reach stable polesoworfirst mode

of the system is not so clearly defined with RFP.

During the analysis, it is seen that GRFP method is nofffaneet method
when many degree of freedoms exist for the system. It occopeputer memory
too much and decreases the speed of the analysis. Stableagolashieved with
lower level of model order compared to RFP since it is vmgrkiith many
measurements. As in the case of SISO methods, modes arel@ohedefined with
LSCE compared to GRFP. GRFP is not recommended when working axgé |

engineering structures since it requires so much computatianm. eff

ITD & PFD methods are based on state space models. Seyevtrk with
large amount of spatial information, stable poles are astdnwith fewer runs
compared to other methods. PFD method also requires much computéian ef
PTD & ERA methods estimate the stable poles with lower modersicompared to
other modes. Since the data do not contain noise inside, the methods stach
stable poles with so low model orders up to seven. Above allethdts of modal
parameters by each method & ANSYS are given in Table 4Ldl&e 4.5.

Table 4.4. Modal frequencies by each method & ANSYS

Modal Frequencies (rad/s)

Mode
CE RFP LSCE GRFP ITD PTD PFD ERA ANSYS

1 12.341 12.332 12.346 12.299 12.345 12.345 12.3323452 12.329

2 24.488 24.420 24.475 24.318 24.484 24.484 24.455 24.485 24.453

3 27.996 27.970 28.000 28.189 27.996 27.996 27.959997Z7 27.960

4 34.411 34.381 34.414 34.253 34.412 34.412 34.378 34.414 34.367

5 42996 42.943 42996 42.940 42995 42.995 42.9390043 42.940

6 48.888 48.830 48.890 48.838 48.889 48.889 48.838 48.900 48.826

7 91.066 90.951 91.058 90.949 091.068 91.053 90.9370291 90.531
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Table 4.5. Damping ratios by each method & ANSYS

Mode

N o o0 B WwN P

Damping ratios (%)

CE
1.640
2.278
2.496
2.839
3.295
3.611
5.873

RFP LSCE GRFP ITD PTD PFD ERA ANSYS
1.683 1.683 1584 1.658 1.658 1.649 1.658 1.665
1.666 2.331 2.395 2.305 2.306 2.309 2.305 2.306
2498 2504 2396 2.493 2493 2496 2.493 2.493
2850 2.836 2.712 2.835 2.835 2.818 2.832 2.835
3.291 3.293 3.173 3.293 3.293 3.308 3.281 3.293
3.610 3.608 3.606 3.608 3.608 3.555 3.586 3.608
5.862 5.868 5.860 5.859 5.887 5.856 6.451 5.840

Comparing the results with the modal parameters by ANSY &eathods give

very consistent results except for the damping ratio of secmald obtained by RFP

method. Furthermore, ITD & PTD methods almost give sametsestlie closest

results in modal frequencies to the analytical ones@md by PFD. On the other

hand, ITD & PTD methods almost give same damping ratids anglytical ones.

ERA method can not find accurate damping ratio for the seveatte (Table 4.6 &

4.7).

Table 4.6. Percentage error of modal frequencies betweemediobd & ANSYS

Mode

N OO 0o WN P

Percentage error (%)

CE
0.097
0.143
0.129
0.128
0.130
0.127
0.591

RFP LSCE GRFP ITD PTD PFD ERA
0.024 0.138 0.243 0.130 0.130 0.024 0.130
0.135 0.090 0.552 0.127 0.127 0.008 0.131
0.036 0.143 0.819 0.129 0.129 0.004 0.132
0.041 0.137 0.332 0.131 0.131 0.032 0.137
0.007 0.130 0.000 0.128 0.128 0.002 0.142
0.008 0.131 0.025 0.129 0.129 0.025 0.152
0.464 0.582 0.462 0593 0577 0448 0.550
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Table 4.7. Percentage error of damping ratios betweemesitiod & ANSYS

Percentage error (%)

Mode
RFP LSCE GRFP ITD PTD PFD ERA
1 1.502 1.081 1.081 4865 0420 0.420 0.961 0.420
2 1.214 27.754 1.084 3.859 0.043 0.000 0.130 0.043
3 0.120 0.201 0.441 3.891 0.000 0.000 0.1220 0.000
4 0.141 0529 0.035 4.339 0.000 0.000 0.600 0.106
5 0.061 0.061 0.000 3.644 0.000 0.000 0.456 0.364
6 0.083 0.055 0.000 0.055 0.000 0.000 1.469 0.610
7 0.565 0377 0479 0.342 0.325 0.805 0.274 10.462

After modal parameters are estimated, arbitrary sangilésRFs are chosen
and recalculated based on estimated modal parameters. Vhdsesged FRFs are
given in Figure 4.14. Also, modal vectors found by each methodoangared with
MAC bar plots (Figure 4.15). Discrepancies between resuttsobserved. It may
occur due to inconsistencies between FRFs. Reliable modesstapeaot be found
with PFD method.

Mode shape plots obtained from the developed software & ANSYS ar
compared. Except for the seventh mode, satisfactory matchedretnesults is
obtained (Figure 4.16).

(1) )

Figure 4.14. Synthesized FRFs of node points between - (9X6X2) 10Y-9Y, (3)
27-9Y, (4) 6Z-92
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Figure 4.15. MAC bar plots between - (1) ITD-PTD, (BD{ERA, (3) ITD-PFD, (4)

PFD-ERA, (5) PTD-ERA, (6) PTD-PFD
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(6)

(5)

Figure 4.15. Continued

(1)

Figure 4.16. Mode shapes from the developed software &YANS(1) 1st mode,
(2) 2nd mode, (3) 3rd mode, (4) 4th mode, (5) 5th mode, (6) 6th nid&h(mode
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Figure 4.16. Continued
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(6)

(1)
Figure 4.16. Continued

Inconsistency in seventh mode can also be seen in MAC tablee(Za)l
between the results of ANSYS & ITD method of the developedvaodt Other
modes are in perfect match with each other.

Reliability of the mode shape results can also be checked by tdBIE
obtained by different methods. Table 4.9 shows MPC results ett&iom different
methods. Being close to unity of table results means that thiésrase as expected.
Low value of MPC results of PFD explains the inconsistency ACMbar plots
between PFD & the other methods.
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Table 4.8. MAC table between the mode shape resultd&YAS & ITD method of

the software

ITD method of the software
Mode 1 2 3 4 5 6 7
0.000 0.000 0.020 0.000 0.000 0.000
0.000 0.000 0.003 0.022 0.000
0.000 0.000 0.000 0.027
0.000 0.000 0.000
0.001  0.000
0.000

0.000
0.000  0.000
0.020 0.000 0.000
0.000 0.003 0.000 0.00
0.000 0.022 0.000 0.000 0.001
0.000 0.000 0.000 0.000 0.000

ANSYS
~No o~ wN

0.0

Table 4.9. MPC table obtained from different methods

Mode 1 2 3 4 5 6 7

ITD 1.00(¢ 1.00(¢ 1.00( 1.00(¢ 1.00(¢ 1.00(¢ 0.99¢
PTD 0.999 0.999 0.999 0.979 0.995 0.908 0.486
PFD 0999 0.628 0.567 0.275 0.807 0.341 0.017
ERA 0.999 0.999 0.999 0.999 0.999 0.999 0.940

Since the 7th mode does not match at all for the mode shagts,resodal
analysis by ANSYS is re-evaluated and repeated. The an&ysidended to eight
modes. It is realized that modal frequencies of 7th & 8th modénebtdy ANSYS

is so close to each other (Table 4.10).

Table 4.10. Modal frequencies of 7th & 8th mode obtained by Y¥NS

Mode Modal Frequencies(rad/s)
7 90.531
8 90.945

Later, it is understood that 8th mode of the structure is a&inas 7th mode
by methods of the developed software. This idea is also verifiethdyesults
between so called 7th mode of the developed software & 8th mudeed by
ANSYS (Figure 4.17). The satisfactory match between modpestesults is also

obtained between the modes.
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Figure 4.17. Mode shape results from 7th mode of the dekekagavare & 8th
mode of ANSYS

4.2. Experimental Case Study

The main purpose of the case study is to show that the develdpedreaan
give accurate modal parameter results while working with SFBBtained from
modal testing. For this purpose, the results of modal testimm @uminum circular
plate structure having two input and thirty output degrees of freedemsad. The
results of the developed software are compared with the gesfuthodal analysis
software X-Modal Il developed by SDRL at the University ofcinati.

4.2.1. Test Structure

The test object is a ¥ inch circular aluminum plate withrmaall hole at its
center. The outer & inner diameter of the circular plate3&eénches & 2 inches,
respectively. It is supported by three soft springs to obtaie-ffe® boundary
condition simulation. The outputs were taken from thirty poirtitdernthe system was
excited simultaneously at two points (Figure 4.18).

The instrumentation setup is composed of a laptop computer, a Hewlet
Packard VXI mainframe, two sixteen channel ICP supplies, twpliéens, two
voltage feedback shakers, 30 ICP accelerometers, and 2 IGeelt®dA detailed
layout of the instrumentation setup is given in Figure 4.19. Thensuynof final

measurement configuration is given in Table 4.11.
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Figure 4.18. Test Structure — Circular plate
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Figure 4.19. Detailed layout of the instrumentation

Table 4.11. Test Configuration

# of inputs 2
# of outputs 30
Test method MIMO
Excitation Bur(s(););a()r;dom
FRF Estimator Hv
# of cyclic ave. 6
# of spectral ave. 15
Windowing Type Uniform
Frequency Range 0-800 Hz
# of spectral lines 3200

76



4.2.2. Modal Parameter Estimation Results

CMIF plots are utilized to estimate the number of modesectyr Two
reference measurements yield two CMIF plots. CMIF plotscatdi the presence of
six pairs of repeated roots and three single roots between 0-50@ddericy range
which means the existence of fifteen modes in the selegdeincy range (Figure
4.20). Table 4.12 shows the approximate estimated frequencies andehefdheir
roots. The number of modes is also estimated by MvMIF plédsvever, repeated
roots can not be clearly seen with MvMIF plots for this testfiguration (Figure
4.21).

Table 4.12. Inferences from CMIF plots

Estimated frequency Number of roots
60 2
100
135
225
230
350
375
420
500

PRI INININININIPFP

25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 75 800
Frequency

Figure 4.20. CMIF plots
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Amplitude
e

25 S0 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 745 800
Frequency

Figure 4.21. MvMIF plots

Parameter estimation results are obtained using X-Modal M/Version of
the RFP method was used for this analysis. Final results bfreade obtained from

X-Modal Il & the developed software are given in Table 4.13

The methods which are not MIMO methods in the software can notfidenti
repeated roots of the structure. Therefore, their resultn@represented. Modal
parameters are estimated by using ITD, PTD & ERA. Stalilagrams obtained by
those methods are presented in Figure 4.22. One pair of theekpeats can not be
estimated by ITD & ERA. PTD can find all the modes which esgmated by X-
Modal 1l using the RFP method. The results of modal frequecesery close to
the results of X-Modal Il. However, damping ratios do not pdsfetctatch. The
damping ratios found by ERA are not correct. Although some variatiosisie the
results, it can be concluded that PTD is the best option tafidespeated roots in

the structure.

Also when mode shape plots compared, satisfactory match dretwsults of
X-Modal Il & the developed software is observed (Figure 4.23)
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Table 4.13. Parameter estimation results

X-Modal 1l The developed software
Mode RFP ITD PTD ERA
Freq(Hz)| x (%) | Freq(Hz)| x (%) | Freq(Hz)| x (%) | Freq(Hz)| x (%)
1 57.229 | 0.034 56.963 | 0.042 56.802 | 0.032 56.919 | 0.151
2 57.861 | 0.030 57.577 | 0.058 57.531 | 0.179 57.628 | 0.253
3 97.062 | 0.560 96.736 | 0.709 96.724 | 0.589 96.949 | 1.212
4 133.373| 0.024 133.090| 0.02% 133.077| 0.024 - -
5 134.013| 0.02% - - 133.729| 0.022 133.720| 0.0341
6 221.273| 0.148 220.961| 0.156 221.009| 0.161 221.050| 0.127
7 222.992| 0.115 222.442| 0.139 222.487| 0.140 222.445| 0.404
8 233.560| 0.034 233.262| 0.032 233.252| 0.033 233.318| 0.039
9 234.531| 0.031 234.209| 0.039 234.221| 0.035% 234.270| 0.047
10 | 357.000| 0.032 356.692| 0.032 356.695| 0.033 356.683| 0.031
11 | 358.974| 0.025 358.558| 0.027 358.547| 0.023 358.572| 0.034
12 | 379.203| 0.116 378.954| 0.109 378.753| 0.176 378.690| 0.183
13 | 380.603| 0.130 380.323| 0.124 380.119| 0.159 380.126| 0.139
14 | 414.344| 0.668 414.318| 0.770 413.960| 0.605 413.900| 0.614
15 | 496.754| 0.034 496.424| 0.034 496.422| 0.035 496.459| 0.034
1)
Figure 4.22. Stability diagrams obtained by different methad3 H D, (2) PTD, (3)
ERA
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Figure 4.22. Continued
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1)

)

3)
Figure 4.23. Mode shape plots obtained from the developedasef@vX-Modal Il —
(1) 1st mode, (2) 2nd mode, (3) 3rd mode, (4) 4th mode, (5) 5th n&)dizh(mode,
(7) 7th mode, (8) 8th mode, (9) 9th mode, (10) 10th mode, (11) 11th (A&jd.2th
mode, (13) 13th mode, (14) 14th mode, (15) 15th mode
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Figure 4.23. Continued
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Figure 4.23. Continued
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(10)

(11)

(12)

Figure 4.23. Continued
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(13)

(14)

(15)

Figure 4.23. Continued
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Finally, synthesized FRF results are presented in Figj2de

(1) (2)

3) (4)
Figure 4.24. Synthesized FRFs of node points between (1) 4Z2R¥0Z-19Z, (3)
20Z-14Z, (4) 222-14Z
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CHAPTER 5

CONCLUSION & FUTURE WORK

In the scope of the thesis, a modal analysis softwatéoptais developed
which is mainly based on experimental modal identification technigdasgous
modal parameter estimation techniques are investigated katesefor the software
to be implemented. At least one time and frequency domain mdtbadsimple to

complex, is included for the software.

LabVIEW is used to develop the software. Whether the softwases the
correct results is checked by one analytical & experimenta sagly. FRFs are
gathered by harmonic analysis using ANSYS to perform the aralysitidy.
Moreover, experimental results taken from a circular plate @mocessed. The
validity of the results of the software can be checked sineecorrect results of
analytical & experimental case studies are known. Howeher,software gives
reasonable results, each method chosen for the software doesrkowith same
efficiency. For instance, GRFP method occupies computer memoorymuch
working with large amount of FRFs since it requires a transition in between
ordinary & orthogonal polynomial coefficients to overcome ill-conditioned
numerical conditions. Furthermore, although PFD method identifies modal
frequencies correctly, it can not find the correct mode shagi@ns. In experimental
case study, the structure has several repeated roots. RTHddns the only one

which can identify all the modes of the system.

One of the objectives of the study is to get familiathwnodal parameter
identification techniques and understand the main idea to estimaté¢ paoaaeters
through these techniques. This background may lead new resedectexglop an
original modal parameter estimation algorithm within the depamt. Another
objective is to clearly define the sections of a modal amsalysftware. In other
words, which features a modal software is to be include. getthow-how

regarding LabVIEW is an another motivation of the research.
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In conclusion, modal analysis is a research field which is opefmrtoer
discussion and development. Hopefully, this thesis work will maka gantribution

to upcoming researchers within the department.

Since the scope of the modal analysis is so wide, theretitinaiech more

concept that is to be investigated and discussed followiagrtaster study.

First of all, this study is mainly focused on modal identifaattechniques
working with input & output measurements. However, there also eotgggit only
modal identification techniques in literature. They are aldteccas Operational
Modal Analysis (OMA) techniques. OMA has been growing its pofiular recent
years since conducting a forced excitation tests are wddficult for some
engineering structures such as large aerospace structurel, esgineering
constructions like bridges. For such cases, modal parametectiextravhich is
possible directly from operational data where the input forarqnot be measured is
a great use for engineers. OMA techniques mainly utilize femto- and cross-

correlation functions instead of FRFs.

Several primary modal parameter estimation techniques that baen
proposed as OMA techniques are Auto-Regressive Moving Averagiodels!
(ARMA), the Natural Excitation Technique (NEXT), subspace ifleation methods
which can be subdivided as Balanced Realization (BR) & CanoMealate
Analysis (CVA) as time domain methods. As for frequency domaeak-picking
can be adapted to OMA case. Furthermore, CMIF was reforeaudaid given a new
name as the frequency-domain decomposition (FDD) method [4 BwAvarsion of
the RFP method which can used for OMA cases is also introduc&dHhwarz &
Richardson [48].

The available curve-fitting algorithms in literature candseuped under the
name of least-squares (LS) estimators. When the data ethtaom modal testing is
too noisy, LS estimators may not give satisfactory restaximum likelihood
estimator (MLE) must then be used. This estimator identifydal parameters
together with their confidence intervals. MLE is based atistical framework. On
the other hand, LS estimators has deterministic approahthé framework of the
LS estimators can be turned into statistical, and call&deaghted Generalized Total
Least Squares (WGTLS) or Bootstrapped Total LSE. The exanuilethese
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implementations can be found in [49]. Although MLE can tackle withsynoi
measurements, it has some drawbacks. MLE requires much roneutational
effort and initial estimates for the modal parameters,ciwtdare obtained by LS

estimators [50].

Unfortunately, pole selection of the software is based on thenisgsretation.
However, an automated modal analysis procedure can be deVvetopmder to
overcome the problems of inexperienced analysts. Automating thd padaneter
estimation process also aims to prevent inconsistency betwématestof different
operators. J. Lanslott. al.[51] presents an approach for automating pole selection.
Similarly, P. Verboveret. al.[52, 53] develops a clustering algorithm for the poles
which divides the poles into physical and mathematical ones withoutusery

interaction.
To summarize up the points discussed above:

More identification techniques can be added to the software

OMA techniques can be added to the software.

MLE can be an additional assisting tool for the software.

An automated mode selection procedure can be developed for the

software
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