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Abstract:  
 

The prototypes vibration test carried out for obtaining reliable information 
concerning machine’s dynamic properties in its development process. 
Analysis results should be able to correlate with FE model to determine if 
some underlying assumptions (material properties & boundary conditions) 
were correct. EMA used for extracting structure modal parameter under 
laboratory condition. However, EMA can generally not provide all 
required information concerning machine dynamic property. To simulate 
vibration in operating, it commonly requires the model based on dynamic 
properties of the machine under operating. Thus, vibration tests need 
carried out under operational condition. OMA is a useful tool for extracting 
information concerning dynamic properties of operating machine. This 
report concerns vibration test of part of mining machine under operating 
condition. Modal parameters extracted by two kinds of OMA methods. 
Results from OMA were compared with corresponding EMA results, 
illustrates reader the advantages of OMA. 
Keywords:  
Operational Modal Analysis, FDD, SSI, Experimental Modal Analysis, 
Noise and Vibration Test. 
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Abbreviations 
 
2DOF               2 Degree of Freedom 

CPSD               Cross Power Spectrum Density 

dB                    Decibel  

EMA                Experiential Modal Analysis 

ESD                 Energy Spectral Densities 

FDD                 Frequency Domain Decomposition 

FEM                 Finite Element Method 

FE                    Finite Element 

FRF                  Frequency Response Function 

FFT                  Fast Fourier Transformation 

ITD                  Ibrahim Time Domain 

LSCE               Least-Squares Complex Exponential method 

MDOF             Multi Degree of Freedom 

MIMO             Multiple Input Multiple Output 

ODS                 Operational Deflection Shapes 

OMA                Operational Modal Analysis  

RPM                 Revolutions per Minute 

RSM                 Response Spectrum Method 

SIMO               Single Input Multiple Output 

SSI                   Stochastic Subspace Identification 
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2. Introduction 
 
2.1 Problem statement 
 
Mining and rock excavation equipment always acts as workers who carry out 
their mission in harsh condition, outdoor or underground, without smooth 
roads. Such working conditions are not easily simulated under laboratory 
conditions using hammer or shaker as excitation sources [1]. 

 

 
Figure 2.1. The underground loader Atlas Copco Scooptram ST7 [2]  

 

Operational excitations from the road, engine, cooling fan, pump or even 
wind will in general differ compared to the excitation possible to apply in a 
laboratory with the aid of shaker or hammer, because the stinger of shaker or 
extra force from hammer may possibly change the stiffness of structure [3].  

To experimentally determine the dynamic properties of e.g. a mechanical 
structure, experimental modal analysis (EMA) is generally used. With the aid 
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of EMA dynamic properties of a structure such as natural frequencies, 
relative damping ratios and mode shapes are identified based on 
experimental vibration measurements of hammer or shaker excitation force 
and system response [4]. 

However, it may not be practical or even possible to carry out experimental 
modal analysis on some special structures. For example, it is neither easy to 
move a bridge into a laboratory for analysis nor to simulate the traffic or wind 
condition for a bridge in a laboratory. 

Anyhow, the load conditions for an underground loader when operating will 
differ compared to the case when it is not operating e.g. when it is in a 
laboratory prepared for an EMA. Depending of the conditions the 
underground loader operates under its structural dynamic properties may 
vary. Thus, it is important to do vibration tests under operational condition 
to determine structural dynamic properties of the underground loader for 
different relevant operating conditions. 
 

 
 

Figure 2.2. The underground loader Atlas Copco Scooptram ST7 under 
typical Operating Conditions [5]. 
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This report concerns Experimental Modal Analysis (EMA) and Operational 
Modal Analysis (OMA) of the laser tower on the underground loader Atlas 
Copco Scooptram ST7. Both OMA and EMA have been carried out for the 
laser tower and the results obtained from these two methods have been 
compared. The results indicate that OMA may indeed applicable for 
extracting modal parameters for the Atlas Copco Scooptram ST7 laser tower.    
 

2.2 Scope of thesis work 
 

 Carry out Operational Modal Analysis and Experimental Modal 
Analysis of the laser tower on an Atlas Copco Scooptram ST7. 

 Compare the OMA and EMA determined modal parameters, 
resonance frequencies, damping ratios and mode shapes. 

 Providing conclusions and recommendations based on the 
comparison of the estimated modal parameters. 

 

2.3 Outline of the Thesis 
 
This thesis will begin with a literature study and methodology selecting for 
operational modal analysis and then, preparing and doing the vibration test 
both under operational condition and experimental condition. After the data 
checking process, the methods selected in methodology part will be applied 
on the operational output data. Classical EMA analysis will be done at the 
same time with force input data and output response data. Finally, the 
comparison between OMA and EMA results will be carried out in order for 
the conclusion and recommendations. 
 

2.4 Background and Related Work 
 
The operational modal analysis (OMA) idea was first promoted in the field 
of civil engineering and was originally proposed by M.A. Biot, 1932 [6].  

The concept of RSM (response spectrum method) was formulated by Biot 
for analyzing the responses of civil buildings of earthquake excitation with 
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the aid of the envelope of seismogram spectra. This is a standard spectral 
curve for the evaluation of the probable maximum effect on buildings [7].  

Then, G. Housner [8] improved Biot’s idea by defining the shock response 
spectrum (SRS) for clearly identifying that it characterizes this shock 
response of a kind of linear, one degree of freedom system subjected to a 
prescribed ground shaking.  

After 1933 the long beach earthquake in California, USA, D.S. [8] Carder 
carried out vibration tests based on ambient vibrations and applied 
rudimentary OMA techniques to determine the natural frequencies of 200 
buildings in frequency domain.  

At that time, there was no digital computer, the computation of structural 
response was extremely time consuming and hard for popularizing to the 
general public. These kinds of methods which were applied by defined 
formula and delicate mathematical processing could be seen as the beginning 
exploration of operational modal analysis methods. 

From the late 1970s and 1980s, the track of OMA separated into two 
directions: one where the parameters identification of structural dynamic is 
carried out from acquired data directly in time domain and one where the 
parameter identification is carried out in the frequency domain [9]. 

In 1977, Ibrahim [10] was first to put forward a time domain analysis method 
for extracting structural dynamic parameters from multi output systems. It 
was the well-known ITD method that is based on the basic assumption that 
the output responses of a multi output system in the time domain can be 
simplified to free decay responses. Pappa and Juang [11] introduced the 
Eigen System Realization Algorithm (ERA) in 1985, a time domain method, 
which can indicate the eigenvalues and the eigenvectors can be estimated 
from the so called discrete time system matrix. The well-known Least-
Squares Complex Exponential (LSCE) method was introduced by D. Brown 
[12]. Basically, modal parameters are extracted from impulse response 
functions (IRFs) estimated based on simultaneously measured excitation 
force at one location and the corresponding responses at different locations 
on a structure.  

Peeters and DeMoor [13] took up Stochastic Subspace Identification method 
for operational modal analysis in 1999. It became a very popular method 
during the first decade of the millennium and was implemented in some 
commercial software, such as the MACEC and the ARTeMIS Extractor [8]. 
Frequency domain methods may also be addressed for EMA and OMA, for 
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instance the simple peak picking method may be utilized based on estimated 
frequency response functions or cross spectra for a structure. However, if the 
eigen-frequencies of a structure are not well separated this method may not 
be recommended [14].  

Frequency domain decomposition was introduced by Brincker [8] in 2000 
for OMA. The key element of this method is the singular value 
decomposition.  

 
Figure 2.3. Operational Modal Analysis Algorithm Classification. 

 

In operational modal analysis and experimental modal analysis, the purpose 
is to extract the modal parameters; the natural frequencies, the damping 
ratios, the mode shapes and the modal scaling factors, for a structure under 
analyse. 

With the aid of operating deflection shapes (ODS) analysis, the spatial 
vibration behavior of a machine or a civil structure caused by unknown input 
force/forces may be visualized. The unknown excitation of a machine might 
be caused by an engine and for civil structures the operating forces maybe 
caused by wind and/or traffic [8].  

ODS analysis could be applied both in the time domain and in the frequency 
domain. In the time domain animation of ODS may provide information 
concerning the spatial deformation of a structure under operational loads as 
a function of time. In the frequency domain ODS shows the spatial 
deformation pattern of a structure at specific frequencies. The ODS can be 
defined at any time or at any frequency, but mode shapes is only defined for 
specific natural frequencies [15].  
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3. Methodology 
 
In the methodology part, the basic ideas of different methods relevant for the 
present work are introduced. These methods cover both the time domain and 
the frequency domain.  

When discussing OMA, the fundamental assumptions for the application of 
it should always mentioned [16]:  

The system is assumed to be linear and time independent.  

The system is observable, i.e. the sensor positions have been properly 
selected to enable them to observe the modes of interest. 

The system input or excitation is unknown but assumed to be provided by 
several uncorrelated stationary stochastic processes with zero mean and a flat 
continuous power spectral density up to a sufficient frequency for the testing. 
 

3.1 Analytical Analysis 
 
Modal analysis is basically based on the idea that the vibration behaviour of 
a complex structure can be described in terms of the superposition of the 
response of a sufficient number eigenmodes because of a known force 
excitation of the structure. If we can use a system matrix  that may 
represent the system in terms of a mathematical model and we may calculate 
the eigenvalues and eigenvectors of the matrix, then we also have the systems 
dynamic properties.  

Based on the eigenvalues and eigenvectors of the system matrix, we can find 
the modal parameters, such as, natural frequencies, damping ratios and mode 
shapes.  
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Figure 3.1. Two Degree of Freedom Model [4]; The response coordinates 
 and ; Forces  and ; Stiffness  , , ; Dampings 

, , . 

 

In order to show the main idea concerning the calculation of the eigenvalues 
and eigenvectors of a system matrix , the equations of motion for a simple 
mechanical system, a Two Degree of Freedom System TDOF, will be 
considered, see figure 3.1.   

Based on Newton’s second law the equations of motion for an undamped 
TDOF system may be written as:   

 

 

(3.1) 

And in terms of vectors and matrices these equations may be rewritten 
as  

 

                                      (3.2) 
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Where  is the mass matrix,  is the damping matrix,  is the stiffness 
matrix,  is the response vector and  is the force vector. If we 
consider the homogeneous equations of motion for a TDOF system, we have: 

                                                        (3.3) 

 

In the frequency domain via the Fourier transform the homogeneous 
equations of motion for the TDOF system are 

 

                                                          (3.4) 

 

Multiply by the inverse of , assuming that it exists, we get 

 

 

Which is an eigenvalue problem. Now we solve the eigenvalue problem with 
 as an eigenvalue: 

 

 

Defining the system matrix as: 

 

 

The eigenvalues relate to the complex variable s as 

 

 

Thus, the undamped natural frequencies may be calculated according to:  
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By inserting the eigenvalues into the equation (3.6), the eigenvectors can 
be extracted. The obtained eigenvectors for the undamped system are 
the mode shapes which are unique for each boundary condition of the 
system. The mode shapes are determined only in shape and not size.   

If we want to produce a model of our measured frequency response 
functions based on the modal model and estimates of the modal 
parameters, for unity modal mass scaling the modal scaling coefficients 
is calculated as: 

 

 

The residues  expressed in terms of modal scaling coefficient  and 
mode shapes, , , are given by: 

 

 

The unity modal mass scaled normal modes are given by:  

 

 

When solving an eigenvalue problem defined by the homogeneous equations 
of motions for a TDOF system we determine the eigenvalues and 
eigenvectors for the equations. While in the case of operational model 
analysis we basically try to determine the equations of motions of a system 
we have made spatial vibration measurements on during operation. For more 
details, see for instance reference [4]. 
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Combined System 

3.2 Time Domain Algorithms 
 

The fundamental idea of OMA testing techniques is the assumption that the 
structure to be tested is excited by some type of excitation that has a flat 
continuous power spectral density up to a sufficient frequency for the testing 
and that the structure is excited by several uncorrelated sources in a sufficient 
number of spatial directions for the testing [17]. 
 

 

 

 

 

 

Figure 3.2. Classical Experimental Modal Analysis System. 
 

In OMA testing, the force input vector  and structural system’s 
frequency response function matrix  are unknown while the output 
response vector  is measured and known, see figure 3.2. 

In order to explain the basic assumption of excitation having a flat continuous 
power spectral density up to a sufficient frequency for a test, a pseudo system 
is required to be connected in series with the classical structure system to 
assemble a new combined system. This is illustrated in figure 3.3. 

 

 
 

 

 

 

 

 

Figure 3.3. The new combined system with input and output by combing the 
pseudo system and structural system together. 

Structural System Force Output 
Respons 

Structural 
System 

Output Respons Pseudo System Force White Noise 
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If we consider the single input case for a system, the pseudo systems’ 
frequency response function  is combine with the structural systems 
frequency response function  and assumed to have a white input 

.  

We have that: 

 

 

Hence, the frequency response function of the combined system may be 
written as: 

 

 

The structural systems frequency response function may be expanded in 
terms of first-order system according to: 

 

 
And similarly for the pseudo systems frequency response function we 
may expand it as: 

 

 

Thus, the frequency response function for the combined systems may be 
expressed according to: 
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This equation maybe rewritten in terms of first-order systems as: 

 

 

Where  

 

 

Hence, the modal parameters of the structural system and the force pseudo 
system are preserved and separated. The poles, in the denominator, are 
unaffected by combining the two systems together [17]. 

 

3.2.1 Ibrahim Time Domain 
 

Basically, if the system matrix  for a structural system can be determined 
with adequate accuracy the natural frequencies, relative damping and the 
mode shapes may be estimated based on the eigenvalues and eigenvectors of 
the system matrix. 

S.R.Ibrahim [18] follow this theory and formulate a mathematical modal 
based on the time domain free response of a linear time invariant structural 
system. The Ibrahim Time Domain (ITD) method connects the mathematical 
model of a MDOF system with the measured responses of a structure 
(measured time domain free response) by a series of delicate assumption and 
mathematical transforms. 

Assuming that the free decay responses at M spatial locations of a structural 
system have been measured and recorded.  The sampled free decay responses 
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vector of the M spatial locations at discrete time n may be expressed as a 
linear combination of mode shapes and exponential decays [8]: 
 

 

Where ,  …  are mode shapes in the formula, ,  are the 
continuous time poles, ,  are the discrete time poles, ,  are the initial 
modal amplitudes defining the free decay at time zero and  is the sampling time 
interval. 

A Hankel Matrix may be produced based on the measured and recorded 
responses at the M spatial locations of the structure.  The Hankel Matrix for 
the sampled responses may be defined as: 

 

 

Assuming that we have  columns in the Hankel Matrix, the first row of 
vectors in this matrix may be expressed as: 

 

 

Defining  as: 
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And defining a  mode shape matrix, as 

 

 

We have that  

 

 

Now we define a one sample shift matrix, according to 

 

 

And thus row 2 of the Hankel matrix is given by 

 

 

By dividing the Hankel matrix into two parts according to  

 

 

And 
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With the aid of the two parts of the Hankel Matrix we may eliminate  
and form the equality: 

 

 

Now we multiply with  from the right and obtain: 

 

 

This expression may be rewritten as 

 

 

Now we may define a system matrix  as: 

 

 

If we instead multiply (3.35) with  from the right we obtain: 
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Based on this expression a system matrix  may be produced as: 

 

 

An unbiased estimate of a system matrix is generally produced as: 

 

 

Finally, to obtain estimates of the eigenvectors and eigenvalues for the 
system under investigation a standard eigenvalue problem for the system 
matrix  is formulated and solved [8]. After the frequency domain 
decomposition method isolated different modes and each modal coordinate 
was transformed to time domain. This ITD method could be applied on each 
isolated SDOF free decay in order for extracting eigenvectors and 
eigenvalues parameters of each mode. 

 

3.2.2 Eigen system Realization Algorithm 
 

A MDOF linear system may be described in terms of a state-space 
formulation, according to: 

 

 

Where  is discrete time,  is the  state vector,  is the  
state matrix,  is the  input matrix,  is the  output matrix, 

 is the  output response vector and  is the  force vector. 
Assume that: 
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And for simplicity we have an impulse force  at arbitrary excitation 
position , , thus we have that: 

 

 

Otherwise we have that the force vector is given by: 

 

 

Now we have that: 

 

 

Now we may produce a Hankel matrix  according to: 

 

 

This may rewrite as [19]: 
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Here  and  observability and controllability matrices. The one 
sample shifted Hankel matrix  may now be written as [19]: 

 

 

The Hankel matrix may be expanded with the aid of singular value 
decomposition, according to [8]: 

 

 

Where the singular value matrix  is a diagonal matrix with the singular 
values (real and positive values) for the Hankel matrix  along its 
diagonal.  Now a new observability matrix and a new controllability matrix 
may be defined as: 

 

 

And 
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Thus, we have that: 

 

 

The one sample shifted Hankel matrix  may now in terms of  and 
 be estimated as: 

 

 

The system matrix  may be calculated as: 

 

 

And estimated according to [19]: 

 

 

Finally, we can put up an eigenvalue problem as: 

 

 

Where  is an eigenvalue and  is the corresponding eigenvector.                                 

Conversion from discrete time to continuous time representation is given by: 

 

 

The natural Frequency is produced as: 



26 
 

 

And the corresponding relative damping is calculated as: 

 

 

For natural input excitation of a system the auto- and cross-correlation 
function estimates of the measured response of a system are generally used 
for the Hankel matrices for the ERA method [8].  

 
3.2.3 Stochastic Subspace Identification 
 

In the Stochastic Subspace Identification (SSI) method it is assumed that the 
structure to be tested is excited by some type of excitation that has a flat 
continuous power spectral density up to a sufficient frequency for the testing 
and that the structure is excited by several uncorrelated sources in a sufficient 
number of spatial directions for the testing. Assuming that the responses at 
M spatial locations of a structural system have been measured and recorded. 
Assuming that we have recorded N samples of each measured response a 2L 
x (N-2L+1) Hankel matrix may be produced as: 

 

 

Now we partition the Henkel matrix in terms of two matrices according to: 
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Where 

 

And 

 

The projection matrix is defined as a conditional mean according to: 

 

 

The conditional mean can for a Gaussian process is completely described by 
its covariance. The projection matrix may be estimated according to [13]: 

 

 

The first four matrices in the product are the covariance between channels at 
different time lags, the last matrix in this product defines the conditions. 

Each column in the matrix  is a stacked free decay of the system to a set 
of initial conditions, it can be expressed by: 

 

 

The Kalman states are simply the initial conditions for all the columns in 
the matrix O 
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Where the matrix  named the Kalman states at time lag zero and matrix 
 is the observability matrix. 

Then singular value decomposition (SVD) is applied on the projection 
matrix  

 

 

After SVD, we get the estimated observability matrix  and the estimated 
Kalman states matrix  below: 

 

 

According to [8] several different techniques can be formulated for 
Stochastic Subspace Identification (SSI) by using a generalized projection 
matrix by multiplying the real valued weight matrices  and  on each 
side of the projection matrix before performing the singular value 
decomposition (SVD) on the resulting matrix: 

 

 

After SVD, the system matrix  is estimated from the estimated 
observability matrix  as , if we remove one block from the top and one 
block from the bottom: 

 



29 
 

Then, the system matrix  is found by regression and the observation 
matrix  is estimated by taking the first block of the observability matrix: 

 

 

Apply an eigenvalue decomposition of the system matrix : 

 

 

Where  the discrete time poles: 

 

 

And the continuous time poles is  is found from discrete time poles: 

 

 

Resonances is found by: 

 

 

Where  
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Damping can be found from: 

 

Mode shape matrix can be found by: 

 

 

3.3 Frequency Domain Algorithm 
 
3.3.1 Peak Picking 
 

The simplest and easiest frequency domain parameter identification for 
operational modal analysis is the pick peaking method. In operational modal 
analysis information regarding the modal parameters is extracted from power 
spectral densities and cross-spectral densities instead of frequency response 
function estimates used experimental modal analysis where the excitation of 
a system is also known. Assuming that the responses at M spatial locations 
of a structural system have been measured and recorded. For each of the 
peaks in power spectrum estimates, of the responses measured on the system 
that corresponds to natural frequencies of the system responses the damping 
ratio for respective natural frequency may be estimated as [14]. 

 

 is the half-power bandwidth and  is the damped natural frequency 
of a considered resonance peak. 

Poles  can be produced as: 
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 is undamped angular (natural) resonance frequency, when : 

The damped angular (natural) resonance frequency almost equal to 
undamped angular (natural) resonance frequency, , according to: 

 

 

Residuals can be estimated as: 

 

 

Where the approximated accelerance is function and  is the 
undamped natural frequency of a considered peak. 

If we select the unity modal mass scaling, we have that: 

 

 

Finally, estimates of the mode shapes scaled for unit modal mass are 
produced as: 

 

 

Finally, we can get the mode shapes, however, these mode shapes are 
actually operational deflection shapes (ODS). Since this method assumes that 
there is only one mode active at each of the peaks of the power spectral 
densities and cross-spectral densities, these ODS can be used as 
approximations of the mode shapes. 

The peak picking method is very easy to learn and apply, but if the modes 
are not well separated this method will not work. 
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3.3.2 Frequency Domain Decomposition 
 

The frequency domain decomposition (FDD) is a powerful method for 
separating and to identify closely spaced modes and harmonics in measured 
and recorded responses from M spatial locations of an operating structural 
system. To achieve this, FDD relies on the basic idea which is doing singular 
value decomposition on the spectral density matrix for generating the 
singular values of the spectrum matrix in frequency domain. 

For any measurement, the response signals from the M response locations 
may be written as: 

 

, , is a mode shape.  

 is the response vector at discrete time . 

 is the forced response vector or modal 
coordinate vector in the principal coordinate system or mode shape 
coordinate system. 

And [Ψ] is the mode shape matrix, given by: 

 

The correlation function matrix for the response vector may be produced as: 

 

 

Submit (3.89) into (3.91), we get: 
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The correlation function matrix for the response vector  is thus similar 
to the correlation function matrix for the modal coordinate vector via the 
mode shape matrix. 

 

 
Figure 3.4. Illustrating Correlation of response signals measured at a 
number of locations on a Structure. 

 

With a correctly scaled Discrete Fourier Transform (DFT) of the correlation 
function matrix for the response vector in Eq. (3.92) we may produce the 
spectral density matrix for the response vector according to: 

 

, ,               

 

Where  is the discrete normalized frequency, N is the length of the DFT,   
is the sampling frequency and  is the spectral density matrix modal 
coordinate vector. 

With the aid of the singular value decomposition we may decompose the 
spectral density matrix for the response vector , according to: 
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Here  and  are unitary matrices. 

 

 
Figure 3.5. Frequency Domain Decomposition Analysis Procedure. 

 

Then we need isolating the modal coordinates in case of closely spaced 
modes. This procedure was introduced by Zhang [25] and aimed at isolating 
the modal coordinates by model filtering. 

Assuming a frequency band with a series of modes in this band, we have 
similarly to (3.94), the following expression: 

 

 

Where  and  modal coordinate spectral densities and ,  are 
mode shape vectors. 

A matrix is defined as  such that: 
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 can be defined as the Hermitian of the pseudo inverse of the mode shape 
matrix: 

 

We find that the set of vectors is orthogonal to the mode shapes , . 
Performing the inner product of any of the vectors from the orthogonal set 
over the SD matrix isolate the spectral density of the corresponding modal 
coordinate [8]: 

 

 

The frequency domain power spectral density function may be transformed 
to the time domain and the modal parameters may be estimated assuming 
that the obtained correlation function approximates the free decay of the 
corresponding SDOF system. A kind of fit of an SDOF model to the isolated 
modal coordinate could be carried out as described in Zhang [25] or we can 
simply deal with it by using a time domain technique with one DOF, e.g. 
after each of the modal coordinates power spectral densities are isolated, each 
modal coordinate power spectral density is transform to time domain by 
inverse Fourier transform and the poles are estimated from the corresponding 
correlation using ITD method as described in [8]. 
 

3.4 OMA on rotating machines 
 
When an operational modal analysis is considered for a structure or 
machinery with rotating components care has to be taken. For instance, if the 
Atlas Copco Scooptram ST7 used in the experiments is considered the 
engine, gearbox, etc. will excite harmonic vibration. The question that may 
arise is; will the harmonic vibration have any degrading influence on an 
OMA of the Scooptram? Actually, this is a complex problem and it will be 
briefly discussed in this section.  
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It is necessary to select adequate method/methods for dealing with the 
harmonics in response signals measured on an operating machinery before 
an operational modal analysis is carried out based on these signals.  

One way is to identify the frequencies of the harmonics and remove them in 
the frequency domain. Jacobsen [26] introduced an approach where the 
removal of harmonics is done by linear interpolation in a SVD plot. Someone 
went to the angle domain, e.g. Bart. Peeters gave the so called ‘harmonic 
filter’ aimed at removing disturbing harmonics even if the fundamental 
frequency is unknown (Tacho-less rpm extracton). Four steps may be used 
by B. Peeters for removing for removing harmonics in a signal [27]: 

First, measure (preferred) or estimate the fundamental harmonic of the 
engine rotation speed   of the machinery. 

Second, Re-sample the date with constant angle sampling interval . Then 
FFT algorithm should applied to this re-sampled data in order to estimate the 
spectral in order domain. 

Third, apply an order domain sliding window synchronous averaging for 
separating discrete (harmonic) and random (broadband response) 
components.  
Finally, the signal whose harmonics has been removed is restored from the 
order domain to the time domain.  

 

3.4.1 Order Tracking 
 

Many kinds of machineries have an engine or motor as a power supply that 
will excite harmonic vibration. Harmonic vibration of a machinery with a 
frequency equal to the engine rotation speed or frequency, a 1st order 
vibration, is usually related to an unbalanced shaft or blade and a harmonic 
vibration with a frequency equal to twice the engine rotation frequency, a 
2nd order vibration, is usually the result of misaligned shaft in the machinery.  

For a gasoline engine, the order of the vibration it excites depend on the 
cylinder count of the engine [28]. For example, the firing of 4 stroke 4 
cylinder engine is distributed over 2 crankshaft revolutions (over ).  

Thus, one of the 4 cylinders will provide power every 0.5 crankshaft 
revolutions ( ). 
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This will result in to high vibration of the 2nd order. 

 

The same principle is valid for a 6 cylinder 4 stroke engine; each cylinder it 
is fired every 2 crankshaft revolutions ( ).  The firing of the 6 cylinders 
is distributed over 2 crankshaft revolutions. 

Thus, one of the 6 cylinders will provide power every   revolutions ( ). 

 

 

For instance, the Atlas Copco Scooptram ST7 mining machine is equipped 
with a 6 cylinder 4 stroke engine. Thus, its engine will produce harmonic 
vibration excitation at the 3rd, 6th, 9th  order.   

The rotation speed of a modern combustion engine may generally be 
extracted from the tachometer signal (a tachometer is generally included in 
the engine control system). The frequency of an order is related to Revolution 
Per Minute (RPM) according to [29]: 

 

For example, a fixed rotation speed of 1000 rpm, 3rd order, yield the 
frequency 50 Hz.  
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4. Experimental and Measurement 
 
4.1 Experimental Setup 
 
The vibration experiments were carried out on the laser tower on the 
underground loader Atlas Copco Scooptram ST7. The following equipment 
was selected and provided by Atlas Copco for the experiments: 

 LMS Scadas 32 channel + LMS Scadas 20 data acquisition system. 
 8 Triaxial Accelerometers of PCB Piezotronics, Inc. 
 LMS Test.Lab 15A, Signature Acquisition Workbook. 
 DELL laptop computer with LMS Test.Lab 15A installed. 
 4-conductor Cables for Sensors. 
 Excitation Hammer. 

 

4.1.1 Sensors and Locations  
 

The locations of the accelerometers are showed in figure 4.1. In total 8 
accelerometers were used, 7 of them were attached to laser tower beam and 
1 of them was attached on the low part of the camera housing. The uneven 
distribution on the laser tower beam was considered as an advantage for 
sensing more modes, especially those modes at high frequencies. 
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Figure 4.1. Accelerometer positions on the laser tower beam and camera 
housing. 

4.1.2 Mounting of Accelerometers 
 

 

Figure 4.2. Photo of Accelerometers with mounting. 
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The measurement object is made of steel, thus a suitable way of attaching the 
accelerometers is via accelerometer magnetic mounting bases. It is also the 
most convenient way of attaching accelerometers without using glue to 
attach the measurement object. Although, such mounts are easy to use, two 
things however have to be considered before they are selected for the 
experiments. However, to attach the accelerometers for the experiments a 
number of issues had to be considered and they are as follows: 

First, the magnetic base needed to be attached to measurement object before 
the accelerometer was screw onto the magnetic base. Because when the 
magnet snap on to the steel structure, it may damage the sensor.  

Second, it is necessary to tape on the accelerometer magnetic mounting 
bases. The tape act as a mechanical low pass filter and electrical isolator 
which in case of forming the ground loop current noise.  

Moreover, the cables used for transferring the accelerometer signals to the 
signal conditioning equipment should be taped and fixated to avoid to vibrate 
with the structure when machine is e.g. driving on the road. 

 

4.1.3 Excitation Hammer Selection 
 

If hammer excitation is selected for an experimental modal analysis, it is 
important to select adequate size of hammer in terms of its mass and impact 
tip material stiffness. Basically, with increasing impact tip stiffness the wider 
its excitation frequency range is and with greater hammer mass more 
excitation energy may be applied to a structure.  

 

4.1.4 Measurement Procedure 
 

After all the accelerometers were mounted on the Atlas Copco Scooptram 
ST7 laser tower, the EMA using excitation hammer was carried out indoors, 
in X and Y direction separately. The machine’s driving direction was defined 
as the +X direction and the machine’s width direction was defined as the Y 
direction (+ Y direction towards right side of the machine). 

The Hammer test was carried out with the engine off subsequent of the EMA 
and the machine was driven outdoors for OMA testing.  The weather of the 
test day was raining a little and windy. 
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Figure 4.3. Experimental Testing (above) and Operational Modal Analysis 
Testing (below). 

 

In the operational modal analysis experiments, the mining machine 
excitation forces cannot be measured, it is usually assumed that the excitation 
have stochastic properties with a flat continuous power spectral density up to 
a certain frequency. The excitation is generated by an engine, gear box, road, 
wind, dynamic working force, etc. In the experiments the machine was 
operated outdoors with driving at a test track and carrying out loading 
activities in order to provide test conditions close to the normal working 
conditions in a mine.  
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Figure 4.4. Separating date into data set 1 (170s to 300s) named driving data 
and data set 2 (400s to 527s) named loading data. 

 

During the outdoor tests 24 channels of accelerometer time data were 
recorded during 630 s. When investigating the collected data, it was observed 
that they had different properties for the test track and for the loading 
activities. Basically, the data collected during loading activities displayed a 
more pronounced transient behaviour. The data were divided into two sets, 
one for the test track named date set 1 and one for the loading activities 
named date set 2. The date set 1 was selected to be between 170s and 300s 
of the recorded vibration data and the date set 2 was selected to be between 
400s and 527s of the recorded vibration data  
 

4.2. Data Quality Checking 
 
4.2.1 Spatial positions and directions of accelerometers 
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Figure 4.5. Spatial Positions and Directions of 8 Accelerometers. 

 

When accelerometers are attached to a structure via accelerometer magnetic 
mounting bases, dust on the mounting surface structure and/or the surface on 
the structure is not sufficiently even may cause an erroneous accelerometer 
attachment. Erroneous accelerometer attachment using magnetic mounting 
bases may for instant result a wiggling motion of an accelerometer with 
respect to the mounting surface on the structure it is attached to. One way to 
check that accelerometers are not wiggling is to excite a rigid body motion 
of the structure which the accelerometers is attached to and monitor the 
operational deflection shapes (ODS) of it.  If the ODS do not display a 
consistent acceleration from all the sensors it may indicate an e.g. wiggling 
motion of an accelerometer. 

 
4.2.2 Signal Quality 
 
When making vibration measurements using accelerometers on an operating 
machine, transient vibration may be excited.  Transients in the vibration 
measured by an accelerometer may excite resonant motion of the 
accelerometers’ internal mass-spring system, i.e. as the seismic mass plus 
piezoelectric element of the accelerometer. If resonant motion of the 
accelerometers seismic mass is excited it may result in zero-shift in the 
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accelerometer output signal and thus an incorrect accelerometer signal [20]. 
To detect transients in an accelerometer signal and eventual zero-shifts in the 
signal the statistical quantity, kurtosis might be utilised [21]. The kurtosis for 
a signal provides information on the shape of its first-order probability 
density. A Kurtosis value greater than 0 for a signal indicates that it contains 
more outliers as compared to the case of being normally distributed [22].  

 

4.2.3 Coherence 
 

The coherence function,  is defined by the ratio between the  
estimate and the  estimate [4]:  

 

The  estimator is the cross-spectral density between x and y divided by the 
auto-spectral density of x: 

 

The  estimator is the auto-spectral density of y divided by the cross-
spectral density between x and y: 

 

In the case of the single-input-single-output system, for each frequency , the 
coherence between the system’s input signal  and the system’s output 
signal   provides a measure on the extent the output signal   can be 
linearly explained from the input signal . A coherence of 1 indicates that 
the output signal can be completely linearly explained from the input signal, 
a coherence drops below 1 indicates that the output signal can only partly be 
linearly explained from the input signal and that there may exists a no linear 
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relation between the input and output signal and/or there is contaminating 
noise in the input signal and/or output signal while a coherence of 0 indicates 
that there exists nonlinear relation between the input and output signal. 

   
Figure 4.6. Coherence Function between 24 output channels (n=1,2, ,8 in 
legend means 8 accelerometers); Red curve: coherences between input force 
in X direction and 8 output responses in X direction; Green curve: 
coherences between input force in X direction and 8 output responses in Y 
direction; Yellow curve: coherences between input force in X direction and 
8 output responses in Z direction. 

 

4.2.4 Power Spectral Density 
 

The power spectral density is generally used to study the spectral properties 
of random signals and is usually estimated with the aid of the Welch’s 
spectrum estimator [23]. The Welch’s spectrum estimate is obtained by 
averaging a number of periodograms. Each periodogram is based on a 
segment of a time series   and each segment consists of N successive 
samples.  The original time record of data is divided into data segments 
according to: 
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Where  is the starting time for each periodogram and  is the overlapping 
increment. If  there is no overlap, and if , there is 50% overlap 
between the successive time segments  and . Dividing the 
original time series into data segments is equivalent to multiplying the time 
series by a window. Hence, each periodogram is based on a windowed time 
segments, , where . 

The Welch’s power spectral density estimator is given below [23]: 

 

(4.5)

(4.6) 

Where ,  is the number of periodograms,  is the length 
of each periodogram,  is the sampling frequency and  is the window-
dependent effective analysis bandwidth normalisation factor defined as: 

 

 

The single-sided power spectral density estimate  is given by: 
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4.2.5 Random error 
 

The random error in a Welch estimate of a power spectral density is related 
to the number of averages used in the production of the estimate. The 
normalized random error of a power spectral density estimate without 
overlapping is given by [4]: 

 

However, if overlapping is used in the production of a power spectral density 
estimate the normalized random error of the power spectral density estimate 
is instead given by: 

 

Where  is the equivalent number of averages [4]. 

 

For example, in the FDD analysis case, the loading data set with 130048 
samples, block length was , the equivalent number of averages 

, Hanning window and 50 % overlap was used. The 
normalised random error was estimated to 15.8 %.  
 

4.2.6 Bias error 
 

The normalised bias error  for a resonance peak r in a power 
spectral density estimate may be estimated [4]. The maximum normalised 
bias error is a function of . 
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Where  is resonance bandwidth,  (Hz) is the spectral resolution in terms 
of the distance between the FFT lines, i.e frequency increment.  is 
undamped nature frequency and  is the relative damping of the system.  

 

Where  is the sampling frequency,  is the sampling time interval, N is the 
FFT block length and T is the time duration of a FFT block. 

Taking data set 2, first resonance in FDD analysis as an example, the 
frequency increment used in the production of spectra was: 

 

 

Based on the figure 10.7 in reference [4] where the maximum normalized 
bias error is plotted as a function of : 

 

4.2.7 Independent Inputs 
 

When a structure is excited by a number of independent sources, which 
effectively is the case when the excitation is provided by e.g. random wind 
load, combustion engine, road irregularities exciting the wheels of a vehicle, 
or an operating machine with a substantial number of moving components 
[8]. A way to distinguish how many independent sources that provides 
excitation is the physical rank of the spectral density (SD) matrix of the input 
sources. The number of physical rank of problem can be detected by finding 
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how many distinct separation of the singular value lines above the ‘noise 
floor’ within the analysed frequency band. The singular value plots generated 
in frequency domain decomposition (FDD) can help us to check the rank of 
the problem and in further to judge whether the FDD analysis is helpful at 
identifying closely spaced modes. 

 

a) b) 

Figure 4.7. Singular value plots in dB of response spectral matrix of laser 
tower beam - camera housing system. a) was generated from operational 
responses data and b) was generated from the measured experimental 
impulse responses data. 

 

The distinct separation of the singular value lines in figure 4.7 a) indicates 
the spectral has approximately rank of 5-6 above the ‘noise floor’ (cyan & 
blue curve) over the whole frequency band. However, there is only 1-2 rank 
of the response spectral matrix above the ‘noise floor’ (red, green, yellow, 
magenta, cyan & blue curve) in figure 4.7 b).  

It is not hard to find out that there are relative less information showed by 
singular value plots in figure 4.7 b) than figure 4.7 a), e.g. resonances around 
26 Hz, 29 Hz and 35Hz can be detected in figure 4.7 a), however, only around 
26 Hz can be detected in figure 4.7 b). 
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5. Analysis and Result 
 
5.1 Hammer Excitation 
 
For the experimental modal analysis of the laser tower beam - camera 
housing system, hammer excitation was used. In figure 5.1. a) the excitation 
force pulses and in figure 5.1. b) the corresponding measured responses at 
the 7 spatial accelerometer positions on the laser tower beam and the 
accelerometer position on the camera housing are shown. 

 

a) b) 
 

Figure 5.1. a) The hammer excitation force pulses and b) corresponding 
measured impulse responses of laser tower beam - camera housing system. 

 

The hardness of the hammer head will affect the bandwidth of the excitation 
provided by the hammer.  Generally, the harder the hammer head is, the 
wider the excitation bandwidth. In the experiment a medium hard hammer 
head was selected and the excited approximately frequency band 0-210 Hz. 
In figure 5.2  a) hammer X direction of the laser tower beam - camera 
housing system 5.2. b) hammer Y direction of the system are shown. 



51 
 

In this experimental modal analysis, the exponential window was typically 
applied for the impulse responses signal which does not completely decay to 
zero, in order to minimize the leakage effect after fast Fourier transformation. 

Where  is the time and  is the time constant. 

The following kind of compensation is required in order to get the corrected 
modal damping according to [30]. 

 

Where  is the corrected modal damping,  is the actual measured modal 
damping,  is the nature frequency in Hz,  is the time constant of the 
corresponding exponential window. 

In figure 5.2, the energy spectral densities of the hammer excitation force in 
the X and Y directions of the laser tower beam - camera housing system is 
shown together with corresponding energy spectral densities (ESD) of the 
acceleration responses in the X and Y directions of the laser tower beam - 
camera housing system. The hammer force signals and corresponding 
acceleration response signal were low-pass filtered to adequate frequency 
range with identical filters before the energy spectral densities were 
estimated.   

 

a) b) 
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Figure 5.2. a) The X direction Force Energy Spectral Density with 
corresponding Acceleration Energy Spectral Density and b) the Y direction 
Force Energy Spectral Density with corresponding Acceleration Energy 
Spectral Density. 

 

The purpose of generating figure 5.2 is for making sure that the frequency 
band (0-210 Hz) was sufficiently excited. 

 

 
Figure 5.3. The 48 transfer path mobility FRFs from the EMA were built by 
Welch's spectrum estimator, they are used for re-calculating the impulse 
response and in further to generate the Stabilization Diagram. 

 

The mobility frequency response functions are generated by the 48 transfer 
paths (24 channels of hammer X direction & 24 channels of hammer Y 
direction) data measured for the EMA. They were estimated by using the 
Welch's spectrum estimator [4] and used for re-calculating the matrix of 
impulse responses. 
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Figure 5.4. Re-calculated Impulse Response from Frequency Response 
Function by Inverse fast Fourier transform. 

The impulse responses shown in figure 5.4 were used as input to the poly-
reference least-squares complex exponential time domain method. Based on 
the poly-reference least-squares complex exponential time domain method 
for a selected range of parametric model orders the poles for these models 
were plotted in a Stabilization Diagram. 

 

Figure 5.5. Stabilization Diagram for selecting stable poles and model order 
for Experimental Modal Analysis. 
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Figure 5.6. Coherence Function between 24 output channels (n=1,2, ,8 in 
legend means 8 accelerometers); Red curve: coherences between input force 
in X direction and 8 output responses in X direction; Green curve: 
coherences between input force in X direction and 8 output responses in Y 
direction; Yellow curve: coherences between input force in X direction and 
8 output responses in Z direction. 

 

From figure 5.6, it may be observed that when only X direction of the laser 
tower is excited, the X direction 8 coherences (red curves) are close to one. 
However, in the Y and Z directions, the 16 coherences (green & yellow 
curve) are not sufficient. One possible explanation maybe that the structure 
stiffness maybe changed when X direction is excited with a hammer, which 
results the nonlinearity between X direction input and Y & Z direction 
output.  

In order to emphasize the relevance of the extracted modal parameters, both 
the synthesized frequency response functions (red dashed line) produced 
based on extracted modal data and the corresponding measured non-
parametric frequency response function (blue solid line) estimates are shown 
in the figure 5.7. 
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a) b) 
 

c)  
 

Figure 5.7. Synthesized frequency response functions produced based on 
extracted EMA modal data (Red dashed line) and measured data when Force 
impulse in X direction; a): Response in X-direction; b): Response in Y-
direction; c) Response in Z-direction. 

 

Based on experimental modal analysis, a number of eigenfrequencies and 
corresponding damping ratios were extracted for the laser tower beam - 
camera housing system and are given in table 5.1 below: 
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Frequency 
(Hz) 

26.66 28.89 88.03 96.12 115.46 149.68 164.15 201.22 

Damping 
ratio 

0.007 0.025 0.028 0.007 0.014 0.015 0.019 0.008 

 

Table 5.1. Extracted eigenfrequencies and corresponding damping ratios for 
the laser tower beam - camera housing system in Experimental Modal 
Analysis. 
 

5.2 Data Set 1 (Driving Test) 
 
5.2.1 Frequency Domain Decomposition Analysis 
 

The spectral density matrix was estimated for the data set 1 measured and 
recorded during the driving experiments. By applying the singular value 
decomposition on the spectral density matrix for date set 1, the singular value 
spectra were calculated for the spectral density matrix and are shown: 

 

Figure 5.8. The Singular Value spectra for the Spectral Density Matrix for 
data set 1. 
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As it was demonstrated in methodology part 3.3.2, the singular value 
spectrum with highest magnitude always contains the most adequate 
information for FDD method [8]. If the spectra in figure 5.8 are considered 
the attention should be on the spectrum graph with black solid line to identify 
the resonance frequencies of the laser beam structure. The red circles on 
‘black curve’ indicate the resonances found by observation and the red dotted 
lines are the frequency bands which are selected for recovering, calculating, 
the free decay responses in the time domain for each of the selected 
resonances of the laser beam. 

The FDD spectrum can assist in detecting closely spaced modes and the SVD 
of the power spectral density matrix also provides its physical rank, the 
maximum number of modes that are contributing to the response in any 
frequency band [8], and thus the information required to judge if the analysed 
data set is suitable for doing operational modal analysis or not. From figure 
5.8, it follows that the spectral density matrix for data set 1 have 
approximately rank 5, i.e. 5 singular value spectra above the ‘noise floor’ 
(magenta, cyan & blue curve) which indicates that OMA may be carried out 
for five modes of the laser beam. 
Harmonics can be found by checking harmonic component which can be 
thought of as a forced vibration with extremely low damping [24]. There are 
harmonics can be detected near 55 Hz and 170 Hz on the black curve’s 
extremely thin peak. 

When carrying out FDD analysis of data set 1, the expected resonances peak 
emerges on the first singular value spectrum graph with black curve and all 
the relevant peaks in the spectra are selected for the purpose of identifying 
the corresponding mode shapes. The frequency band (red dotted lines in 
figure 5.8 is selected to be used for the modal coordinate estimation in the 
time domain by modal filtering from the frequency domain with usage of 
inverse fast Fourier transform. The number of points to be used for 
identification on the modal coordinate in time domain should be also 
determined in order for the parameters e.g. damping and mode shapes could 
be estimated from the correlation function by ITD method for each isolated 
SDOF free decay. 
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Figure 5.9. Auto Modal Assurance Criterion of Mode shapes estimated by 
FDD on singular value spectrum graph (Include Redundant Modes) for data 
set 1. 

 

After extracted all the mode shapes with the aid of FDD method, the attention 
is paid on the auto MAC which is generated based on the estimated mode 
shapes in order to judge their quality. See figure 5.9, it is obvious that several 
of the estimated mode shapes have high correlation, for instance modes 1 and 
2. 

By comparing the participation factors for correlated modes the modes with 
low participant factor were deleted. In table 5.2, the resonance frequencies, 
damping ratios and participation factors are given for the identified modes 
for data set 1. 

 
Possible 
Modes 

No. 

Frequency (Hz) Damping ratio Participant % 

1 1.32 0.099 59.386 
2 2.27 0.027 29.756 
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3 8.38 0.012 0.001 
4 26.46 0.013 0.002 
5 29.02 0.006 0.973 
6 34.81 0.013 0.828 
7 86.70 0.011 0.713 
8 95.92 0.008 0.231 
9 102.72 0.008 0.004 

10 115.70 0.012 0.021 
11 149.98 0.007 0.421 
12 163.65 0.004 0.047 
13 201.80 0.005 0.054 

 

Table 5.2. Resonance frequencies, damping ratios and participation factors 
for Modes identified by FDD for Data set 1 

 
After the redundant modes were removed in table 5.2, a new MAC matrix 
was generated, see figure 5.10. 
 

 
Figure 5.10. Auto Modal Assurance Criterion of Mode shapes generated by 
removing redundant modes (Without Redundant Modes) for data set 1. 
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a) b) 

c) d) 
Figure 5.11.  Modal auto correlation function of the Rigid body mode, Mode 
1, 2 and 3; Asterisk (ITD fit), Solid line (Data). a) Rigid body mode; b), c) 
and d) Mode 1, 2 and 3. 

 

A rigid body mode appears when the motion of the laser tower beam - camera 
housing system and the machine is rigid thus without any significant internal 
dynamic deformation.  

The figure 5.11 illustrates the auto correlation function found by taking the 
modal coordinate estimated in the frequency domain by modal filtering back 
to time domain by usage of inverse fast Fourier transform. 300 points was 
used for identification of damping on the modal coordinate in time domain. 
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5.2.2 Stochastic Subspace Identification Analysis 
 
In the driving experiments, 8 triaxle accelerometers were used for measuring 
the response of the laser tower beam - camera housing system. Thus, 
theoretically 24 modes may be identified. The SSI algorithm was utilised for 
the extraction of the mode shapes of the structure. The Auto MAC matrix 
was produced, see figure 5.12, for the extracted mode shapes in order to judge 
their quality.  

 

Figure 5.12. Auto Modal Assurance Criterion of Mode shapes estimated by 
Stochastic Subspace Identification (Include Redundant Modes) for data set 
1. 

 

From figure 5.12, it is obvious that several of the estimated mode shapes have 
high correlation, for instance, modes 5, 6 and 7; modes 8, 9, 10; modes 16 
and 17...  

By comparing the participation factors for correlated modes the modes with 
low participant factor were deleted, in table 5.3, the resonance frequencies, 



62 
 

damping ratios and participation factors are given for the identified modes 
for data set 1. 

Number Frequency Hz Damping ratio Participant 
% 

1 0.36 0.909 0.829 
2 1.38 0.075 18.497 
3 2.43 0.055 59.674 
4 2.91 0.177 1.543 
5 4.29 0.624 14.781 
6 8.77 0.084 0.068 
7 11.92 0.130 0.531 
8 15.52 0.085 0.098 
9 26.60 0.006 0.544 
10 29.11 0.027 0.247 
11 29.13 0.017 1.091 
12 31.38 0.040 0.099 
13 33.58 0.022 0.064 
14 36.28 0.026 1.176 
15 69.09 0.144 0.106 
16 86.09 0.008 0.177 
17 88.46 0.011 0.126 
18 95.66 0.009 0.089 
19 97.41 0.011 0.049 
20 115.48 0.014 0.008 
21 150.661 0.005 0.176 
22 166.68 0.009 0.003 
23 199.61 0.007 0.007 
24 202.77 0.003 0.013 

 

Table 5.3. Resonance frequencies, damping ratios and participation factors 
for Modes detected by SSI for Data set 1. 

 
After the redundant modes were removed in table 5.3, a new MAC matrix 
was generated, see figure 5.13. 
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Figure 5.13. Auto Modal Assurance Criterion of Mode shapes estimated by 
Stochastic Subspace Identification (Without Redundant Modes) for data set 
1. 

 

Now all the modes which detected for the driving data set by SSI method are 
individual modes. These modes will be useful for plotting mode shapes in 
conclusion part. 

In order to emphasize the relevance of the extracted modal parameters, both 
the synthesized frequency response functions (red dashed line) produced 
based on extracted modal data and the corresponding measured non-
parametric frequency response function (blue solid line) estimates are shown 
in figures 5.14. 



64 
 

a) b) 

 

c)  
 

Figure 5.14. Synthesized frequency response functions produced based on 
extracted modal data for SSI data set 1 (Red dashed line) and cross power 
spectral density. a) X-direction; b) Y-direction; c) Z-direction. 
 

5.3 Data Set 2 (Loaded test) 
 
5.3.1 Frequency Domain Decomposition Analysis 
 

The spectral density matrix was estimated for the data set 2 measured and 
recorded during the loading experiments. By applying the singular value 
decomposition on the spectral density matrix for date set 2 the singular value 
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spectra were calculated for the spectral density matrix and are shown in 
figure 5.15. 

 

Figure 5.15. The Singular Value spectra for the Spectral Density Matrix for 
data set 2. 

 

The singular value spectrum with highest magnitude always contains the 
most adequate information for FDD method [8]. If the spectra in figure 5.15 
are considered, the attention should be on the spectrum graph with black solid 
line to identify the resonance frequencies of the laser beam structure. The red 
circles on ‘black curve’ indicates the resonances found by observation and 
the red dotted lines are the frequency bands which are selected for 
recovering, calculating, the free decay responses in the time domain for each 
of the selected resonances of the laser beam. 

The FDD spectrum can assist in detecting closely spaced modes and the SVD 
of the power spectral density matrix also provides its physical rank, the 
maximum number of modes that are contributing to the response in any 
frequency band [8], and thus the information required to judge if the data set 
is suitable for doing operational modal analysis or not. From figure 5.15, it 
follows that the spectral density matrix for data set 2 have approximately 
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rank 7, i.e. 7 singular value spectra above the ‘noise floor’ which indicates 
that OMA may be carried out for seven modes of the laser beam. 

Moreover, the harmonics that were observed near 55 Hz and 170 Hz in data 
set 1 are not observable in data set 2. Instead a harmonic at 100 Hz was 
observable in data set 2, see figure 5.15.  

When carrying out FDD analysis of data set 2, the expected resonances peak 
appears on the first singular value spectrum graph with black curve and all 
the relevant peaks in the spectra are selected for the purpose of identifying 
the corresponding mode shapes. The frequency band (red dotted lines in 
figure 5.15. is selected to be used for the modal coordinate estimation in the 
time domain by modal filtering from the frequency domain with usage of 
inverse fast Fourier transform. The number of points to be used for 
identification on the modal coordinate in time domain should be also 
determined in order for the parameters e.g. damping and mode shapes could 
be estimated from the correlation function by ITD method for each isolated 
SDOF free decay. 

 

Figure 5.16. Auto Modal Assurance Criterion of Mode shapes estimated by 
FDD on singular value spectrum graph (Include Redundant Modes) for data 
set 2. 
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After extracted all the mode shapes with the aid of the FDD method, the 
attention is on the auto MAC which is generated based on the estimated mode 
shapes in order to judge their quality, see figure 5.16.  

From figure 5.16, it is obvious that several of the estimated mode shapes have 
high correlation, for instance modes 1 and 2, modes 6, 7 and 8, and modes 
10 and 11... 

By comparing the participation factors for correlated modes the modes with 
low participant factor were deleted. In table 5.4, the resonance frequencies, 
damping ratios and participation factors are given for the identified modes 
for data set 2. 

 
Number Frequency (Hz) Damping ratio Participant % 

1 1.91 0.047 2.745 
2 7.06 0.013 0.026 
3 26.42 0.009 31.644 
4 28.99 0.013 2.409 
5 35.61 0.019 54.21 
6 73.74 0.009 0.010 
7 78.14 0.009 0.014 
8 87.63 0.013 2.295 
9 96.73 0.005 0.125 
10 113.42 0.012 0.428 
11 125.90 0.013 0.019 
12 150.59 0.007 4.963 
13 164.57 0.008 0.046 
14 201.61 0.005 1.064 

 

Table 5.4. Resonance frequencies, damping ratios and participation factors 
for Modes detected by FDD for Data set 2 

 

After the redundant modes were removed in table 5.4, a new MAC matrix 
was generated, see figure 5.17. 
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Figure 5.17. Auto Modal Assurance Criterion of Mode shapes generated by 
removing redundant modes (Without Redundant Modes) for data set 2. 

 

Now all the modes which detected for the loading data set by FDD method 
are individual modes. 

 

a) b) 
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c) d) 
 

Figure 5.18. Modal auto correlation function of the Rigid body mode, Mode 
1, 2 and 3; Asterisk (ITD fit), Solid line (Data). a) Rigid body mode; b), c) 
and d) Mode 1, 2 and 3. 

 

The rigid body mode can be seen as a free up and down movement or swing 
of the laser tower beam - camera housing system with the machine without 
any significant internal dynamic deformation.  

The figure 5.18. illustrates the auto correlation function found by taking the 
modal coordinate estimated in the frequency domain by modal filtering back 
to time domain by usage of inverse fast Fourier transform. 300 points was 
used for identification of damping on the modal coordinate in time domain. 
 

5.3.2 Stochastic Subspace Identification Analysis 
 

The SSI algorithm was utilised on data set 2 for the extraction of the mode 
shapes of the structure. The Auto MAC matrix was produced, see figure 5.19, 
for the extracted mode shapes in order to judge their quality. 
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Figure 5.19. Auto Modal Assurance Criterion of Mode shapes estimated by 
Stochastic Subspace Identification (Include Redundant Modes) for data set 
2. 

 

From figure 5.19, it is obvious that several of the estimated mode shapes have 
high correlation, for instance, modes 3 and 4; modes 6, 7 and 8; modes 9 and 
10; modes 12, 13 and 14...  

By comparing the participation factors for correlated modes the modes with 
low participant factor were deleted. In table 5.5, the resonance frequencies, 
damping ratios and participation factors are given for the identified modes 
for data set 2: 

 

Number Frequency (Hz) Damping ratio Participant % 
1 0.95 0.198 0.306 
2 1.32 0.615 10.64 
3 2.09 0.093 7.823 
4 5.34 0.311 1.918 
5 6.69 0.153 5.735 
6 11.46 0.075 0.477 
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7 13.41 0.066 0.392 
8 18.89 0.044 0.157 
9 25.85 0.038 8.876 
10 26.68 0.009 29.073 
11 29.06 0.011 1.813 
12 31.29 0.023 12.130 
13 33.82 0.014 4.372 
14 35.94 0.010 10.025 
15 38.01 0.006 0.539 
16 86.47 0.017 1.243 
17 88.70 0.009 0.626 
18 96.75 0.004 0.087 
19 114.85 0.012 0.536 
20 148.90 0.003 0.204 
21 150.78 0.005 2.518 
22 163.60 0.017 0.134 
23 199.27 0.004 0.113 
24 202.02 0.003 0.267 

 

Table 5.5  Resonance frequencies, damping ratios and participation factors 
for Modes detected by SSI for Data set 2 

 

After the redundant modes were removed in table 5.5, a new MAC matrix 
was generated, see figure 5.20. 
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Figure 5.20. Auto Modal Assurance Criterion of Mode shapes estimated by 
Stochastic Subspace Identification (Without Redundant Modes) for data set 
2. 

 

In order to emphasize the relevance of the extracted modal parameters, both 
the synthesized frequency response functions (red dashed line) produced 
based on extracted modal data and the corresponding measured non-
parametric frequency response function (blue solid line) estimates are shown 
in figure 5.21. 
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a) b) 
 

c)  
 

Figure 5.21. Synthesized frequency response functions produced based on 
extracted modal data for SSI data set 2 (Red dashed line) and cross power 
spectral density. a) X-direction; b) Y-direction; c) Z-direction. 
 

5.4 Comparison  
 
5.4.1 Data Set 1 Driving test 
 
The modal parameters identified with the aid of both the experimental modal 
analysis and the operational modal analysis are given in table 5.6. 

 Operational Modal Analysis Experimental Modal 
Analysis 

 FDD SSI Hammer 
 Frequency 

(Hz) 
Damping 

ratio 
Frequency 

(Hz) 
Damping 

ratio 
Frequency Damping 

ratio 
 
 

Rigid 
body 
mode 

  0.36 0.909   
1.32 0.247     

  2.43 0.055   
  4.29 0.624   
  15.52 0.085   

Mode 1 26.46 0.006 26.60 0.006 26.66 0.007 
Mode 2 29.02 0.013 29.13 0.017 28.89 0.025 
Mode 3 34.81 0.035 36.28 0.026   
Mode4   69.09 0.144   
Mode 5 86.70 0.011 86.09 0.008 88.03 0.028 
Mode 6 95.92 0.008 95.66 0.009 96.12 0.007 
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Mode 7 102.72 0.008     
Mode 8 115.70 0.012 115.48 0.014 115.46 0.014 
Mode 9 149.98 0.007 150.66 0.005 149.68 0.015 

Mode 10 163.65 0.004 166.68 0.009 164.15 0.019 
Mode 11 201.80 0.005 202.77 0.003 201.22 0.008 

 

Table 5.6  Comparison of modal parameters estimated using the different 
methods. 

 

A most obvious thing that may be observed in table 5.6 is that the OMA finds 
more mode shapes as compared to EMA. Also the natural frequencies 
identified are almost identical for the SSI, FDD and EMA methods. For some 
of the modes EMA and OMA resulted in fairly similar damping estimates, 
for instance, mode 1, mode 6, mode 8. Otherwise, the damping estimates 
differed significantly. 

In order to facilitate a comparison of the mode shapes extracted for the laser 
beam with both the EMA and the OMA the corresponding mode shapes are 
plotted together in figure 5.22. 

a) b) 
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c)  
Figure 5.22. Summary of first mode shape detected by a). FDD Analysis; b). 
SSI Analysis; c). Experimental Modal Analysis. 

 

From diagram 6 a) in appendix, there are all detected mode shapes by 
different methods. Similar mode shapes were estimated with the aid of FDD, 
SSI and EMA for the modes 1, 2, 5, 6, 8, 9, 10 and 11. 

 
a) b) 
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c)  
Figure 5.23. Cross-MAC matrix between a). SSI and FDD; b). SSI and EMA; 
c). FDD and EMA mode shapes (Data set 1). 

From figure 5.23, it is noticed that the Cross-MAC matrix between SSI and 
FDD looks better than those between SSI and EMA, or FDD and EMA. 
 

5.4.2 Data Set 2 Loaded test 
 

The modal parameters identified with the aid of both the experimental modal 
analysis and the operational modal analysis are given in table 5.7. 

 Operational Modal Analysis Experimental Modal 
Analysis 

 FDD SSI Hammer 
 Frequency 

(Hz) 
Damping 

ratio 
Frequency 

(Hz) 
Damping 

ratio 
Frequency 

(Hz) 
Damping 

ratio 
 

Rigid 
body 
mode 

  0.95 0.198   
  1.32 0.615   

1.91 0.047 2.09 0.093   
  6.69 0.153   

Mode 1 26.42 0.009 26.68 0.009 26.66 0.007 
Mode 2 28.99 0.013 29.06 0.011 28.89 0.025 
Mode 3 35.03 0.019 35.94 0.010   
Mode 4 86.81 0.013 86.47 0.017 88.03 0.028 
Mode 5 96.17 0.005 96.75 0.004 96.12 0.007 
Mode 6 114.72 0.012 114.85 0.012 115.46 0.014 
Mode 7 149.99 0.007 150.78 0.005 149.68 0.015 
Mode 8 164.94 0.008 163.60 0.017 164.15 0.019 
Mode 9 201.83 0.005 202.02 0.003 201.22 0.008 

 

Table 5.7. Comparison of results for different analysis methods. 
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Also for data set 2 in the OMA finds more mode shapes as compared to EMA, 
see table 5.7. The natural frequencies identified are almost identical for the 
SSI, FDD and EMA methods. For some of the modes EMA and OMA 
resulted in fairly similar damping estimates, for instance, mode 1, mode 5, 
mode 6. Otherwise, the damping estimates differed significantly. 

Moreover, the OMA in driving test detecting one more modes, 69.09 Hz and 
102.72 Hz, than the loading test.  

In order to facilitate a comparison of the mode shapes extracted for the laser 
beam with both the EMA and OMA, the corresponding mode shapes are 
plotted together in figure 5.24. 

 

a) b) 
 

c)  
 

Figure 2.24. Summary of second mode shape detected by a). FDD Analysis; 
b). SSI Analysis; c). Experimental Modal Analysis. 
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From diagram 6 b) in appendix, there are all detected mode shapes by 
different methods. Similar mode shapes were estimated with the aid of FDD, 
SSI and EMA for the mode shapes 1, 2, 4, 5, 6, 7, 8 and 9. 

a) b) 
 

c)  
 

Figure 5.25. Cross-MAC matrix between a). SSI and FDD; b). SSI and EMA; 
c). FDD and EMA mode shapes (Data set 2). 

 

From figure 5.25, same thing happened that it is noticed that the cross-MAC 
matrix between SSI and FDD looks better than those between SSI and EMA, 
or FDD and EMA. One possible explanation is that the hummer impulse as 
an external force probably changed the structure stiffness or maybe the 
external force was too strong and bend the structure. 
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5.5 Decide Valuable Sensors 
 
In the practical vibrational testing procedure, an important issue is to do a 
‘hindsight’ analysis after all mode shapes are identified and plotted 
concerning with how many sensors that actually are needed to describe the 
modes. The selection of sensor positions e.g. an EMA depends tester’s 
experiences, etc. and frequently more sensors are used than necessary for the 
EMA. This may for instance result in more information concerning the 
analysed system and may even acts as future testing reference or modify 
reasons.  

In the diagram 6 a) and b) in appendix, each star point ‘*’ in the diagram 
indicates an accelerometer. Red ‘*’ indicates that the sensor is required to 
describe the mode, green ‘*’ indicates that the sensor is redundant and may 
be ignored and do not affect the identification of the mode shape. 

 
 Sensor 1 Sensor 

2 
Sensor 
3 

Sensor 
4 

Sensor 
5 

Sensor 
6 

Sensor 
7 

Sensor 
8 

Mode1 * * * * * * * * 
Mode2 * * * * * * * * 
Mode3 * * * * * * * * 
Mode4 * * * * * * * * 
Mode5 * * * * * * * * 
Mode6 * * * * * * * * 
Mode7 * * * * * * * * 
Mode8 * * * * * * * * 
Mode9 * * * * * * * * 

 

Table 5.8. Checking processing for deciding the useful or redundant sensors, 
Red ‘*’ represents the required sensor, green ‘*’ represents the redundant 
sensor. 

After checking if a sensor was redundant or not as illustrated by table 5.8, 
sensor 3, 4 were selected to be redundant. 
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6. Conclusion and Recommendation 
 
6.1 Conclusion  
 
This report concerns an investigation of the capability of operational modal 
analysis methods to extract structure dynamic properties of the laser tower 
on the Atlas Copco Scooptram ST7. The OMA experiments were carried out 
during operational conditions, resonance frequencies, damping ratios and 
mode shapes were estimated. Experimental modal analysis was also carried 
out for the laser tower on the Atlas Copco Scooptram ST7 and the EMA 
results were compared with the corresponding results from the operational 
modal analyses. 

Firstly, the OMA can assist in identifying more resonance frequencies of a 
structure as compared to EMA. The resonance frequencies identified with 
both OMA and EMA are almost identical.  

Secondly, the damping ratios estimated by the operational modal analysis 
with the aid of the SSI method are similar with the FDD (ITD) method 
results. Some of the estimated damping by EMA are quite similar with those 
estimated with the OMA, some of estimated damping by EMA are different 
with OMA. 

Thirdly, a greater number of modes was identified with the aid of operational 
modal analysis methods, FDD and SSI, as compared to the EMA, with the 
rigid body modes excluded.  

Fourthly, harmonic vibration excited by e.g. engine and gear box during 
operational conditions are easily identified with the FDD method from the 
singular value spectra produced with the SVD of the spectral density matrix. 

Other advantage observed when carrying out vibration test under operational 
conditions is that such tests do not require a huge test rig and an extreme 
impact hammer. Furthermore, the time consumption for carrying out OMA 
tests compared to carrying out EMA tests is substantially lower and thus to a 
substantially lower cost. 

The results discussed illustrate that the OMA delivers different results in 
terms of resonance frequencies, damping ratios compared to EMA. 
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Moreover, during operational conditions   temperature, wind, operational 
conditions will affect the OMA results but are not included in an EMA.  

Last but not least, OMA was carried out on both data set 1 and data set 2, but 
the identified mode shapes were different for the two data set. The 
operational condition of data set 2 (loading test) is recommended because 
both FDD and SSI identified similar mode shapes, which may be seen as a 
kind of more stable way of operational excitation for extracting modal 
parameters as compared the operational conditions for data set 1.At least, 
data set 2 results indicates that the OMA can provide almost identical results 
as the EMA. 

 

6.2 Recommendation 
 
The Operational Modal Analysis method seems to be a more effective way 
for doing modal analysis compared to EMA in terms of the experimental 
setup and the experimentation however conditioned that the operational 
conditions provide a sufficient excitation. 

OMA was carried out on both data set 1 and data set 2, but the identified 
mode shapes were different for the two data set.  Here the operational 
condition of data set 2 (loading test) is recommended because both FDD and 
SSI identified similar mode shapes, thus the operational conditions for data 
set 2 may be more suitable excitation for extracting modal parameters as 
compared to the operational condition during the acquisition of data set 1. 

Because of the re-checking of how many sensors that actually were needed 
to describe the modes of laser tower beam-camera housing system, two more 
accelerometers were attached on the vertical fixture. So, if accelerometer 3 
and 4 were attached on respective corner of the camera housing, maybe some 
more mode shapes of the laser tower beam-camera housing system would be 
identified. 

 

 

 

 



82 
 

7. References 
 

1. Bart Peeters, Jean-Sébastien Servaye, Joon De Cock, Truck 
applications of Operational Modal Analysis, LMS International, 
Belgium. 

2. http://miningandconstruction.com/news/productsprogress/bestsellin
g-scooptram-st7-racks-up-100-sales-1912/ 

3. Dave Cloutier, Dr. Peter Avitabile, (2008), Shaker/Stinger effects on 
measured frequency  response function, Structural Dynamics and 
Acoustic Systems Laboratory University of Massachusetts Lowell 
One University Avenue Lowell, Massachusetts. 

4. Anders Brandt, (2010), ‘Noise and Vibration Analysis: Signal 
Analysis and Experimental Procedures’ © John Wiley & Sons, Ltd. 
ISBN: 978-0-470-74644-8. 

5. http://www.atlascopco.se/sesv/products/last--och 
transportutrustning/3506190/1471533/ 

6. Biot, M, (1933), ‘Theory of Elastic Systems Vibrating under 
Transient Impulse with an Application to Earthquake-Proof 
Buildings’. Proceedings of the National Academy of Sciences of the 
United States of America 19, no. 2 262–68. 

7. Mihailo D. Trifunac, (2007), Early history of the response spectrum 
method, Department of Civil and Environmental Engineering, 
University of Southern California, United States. 

8. Rune Brincker and Carlos Ventura, (2015), ‘Introduction to 
Operational Modal Analysis’, First Edition. © John Wiley & Sons, 
Ltd. Published 2015 by John Wiley & Sons, Ltd.  

9. Lingmi Zhang, Rune Brincker, Palle Andersen, (2005), ‘An overview 
of operational modal analysis: Major development and issues’. 
Nanjing University of Aeronautics & Astronautics, China. 

10. Ibrahim, S. R, (1977), ‘Random Decrement Technique for Modal 
Identification of Structures’. Journal of Spacecraft and Rockets 14, 
no. 11: 696–700.  

11. Juang, J.-N., and R. S. Pappa, (1985), ‘An Eigensystem Realization 
Algorithm for Modal Parameter Identification and Model Reduction’. 
Journal of Guidance, Control, and Dynamics 8, no. 5: 620–27. 

12. Brown, D., Allemang, (1979), ‘Parameter Estimation Techniques for 
Modal Analysis’, SAE Technical Paper 790221. 



83 
 

13. Rune Brincker, (2006), Understanding Stochastic Subspace 
Identification, Department of Structural and Environmental 
Engineering University of Aalborg, Denmark. 

14. Single Degree of freedom experimental modal analysis methods. 
Lecture Material from Blekinge Institute of Technology. 

15. L. Andre’n, L. Håkansson, A. Brandt and I. Claesson, (2004), 
"Identification of Motion of Cutting Tool Vibration in a Continuous, 
Boring Operation - Correlation to Structural Properties", Journal of 
Mechanical Systems & Signal Processing, 18(4), pp. 903-927. 

16. Rainieri, Carlo, and Giovanni Fabbrocino, (2014), Operational Modal 
Analysis of Civil Engineering Structures. New York, NY: Springer 
New York. 

17. S.R.Ibrahim, R. Brincker and J.C Asmussen, (2015), ‘Modal 
Parameter Identification from Responses of General Unknown 
Random Inputs’. (7 Pages) – Society for Experimental Mechanics’. 

18. Ibrahim, S. R. (1977), A method for the direct identification of 
vibration parameters from the free response, The Shock and 
Vibration Inform. Ctr. Shock and Vibration Bull. Part. 4: Sep. 1977; 
p 183-198, United States. 

19. https://www.ethz.ch/content/dam/ethz/special-
interest/baug/ibk/structural-mechanics-
dam/education/identmeth/ERA_2013.pdf 

20. Anthony Chu, (1986), Zero Shift of Piezoelectric Accelerometers in 
Pyroshock Measurements,  Paper presented at the 57th Shock and 
Vibration Symposium. 

21. G. M. Nita, (2016), Spectral Kurtosis Statistics of Transient Signals, 
Center for Solar-Terrestrial Research, New Jersey Institute of 
Technology, Newark, USA 

22. AretheSkewnessandKurtosisUsefulStatistics. 
https://www.spcforexcel.com/knowledge/basic-statistics/are-
skewness-and-kurtosis-useful-statistics 

23. Welch, P. D. (1967), The use of Fast Fourier Transform for the 
estimation of power spectra: A method based on time averaging over 
short, modified periodograms, IEEE Transactions on Audio and 
Electroacoustics. 

24. N-J. Jacobsen, Using Enhanced Frequency Domain Decomposition 
as a. Robust Technique to Harmonic Excitation in Operational. 
Modal Analysis, Brüel & Kjær Sound & Vibration Measurement A/S, 
Nærum, Denmark. 



84 
 

25. Lingmi Zhang, A Frequency-Spatial Domain Decomposition 
(FSDD) Technique for Operational Modal Analysis. Nanjing 
University of Aeronautics & Astronautics, China. 

26. N-J. Jacobsen, Operational Modal Analysis on Structures with 
Rotating Parts, Brüel & Kjær Sound & Vibration Measurement A/S, 
Denmark. 

27. Bart Peeters, Bram Cornelis, Karl Janssens, Herman Van der 
Auweraer, ‘Removing disturbing harmonics in operational modal 
analysis’, LMS International, Leuven, Belgium. 

28. Ordertracking, DEWEsoft, Users Manual, Version 1.2, Page 33/35. 
29. Fyfe, K. R., and E. D. S. Munck, (1997), ‘Analysis of Computed 

Order Tracking’. Mechanical Systems and Signal Processing 11, no. 
2, Canada. 

30. Dr. Colin P. Ratcliffe, (1998), Correcting a Significant and Consistent 
Error in the Modal Damping Obtained using Transient Vibration 
Data, Mechanical Engineering Department United States Naval 
Academy. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 
 

8. Appendix 
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Diagram 1 a):  Synthesized frequency response functions produced based on 
extracted EMA modal data (Red dashed line) and measured data when Force 
impulse in X-direction and Response in X-direction. 

 

 
  



87 
 

 

Diagram 1 b):  Synthesized frequency response functions produced based on 
extracted EMA modal data (Red dashed line) and measured data when Force 
impulse in X-direction and Response in Y-direction. 
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Diagram 1 c):  Synthesized frequency response functions produced based on 
extracted EMA modal data (Red dashed line) and measured data when Force 
impulse in X-direction and Response in Z-direction. 
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Diagram 1 d):  Synthesized frequency response functions produced based on 
extracted EMA modal data (Red dashed line) and measured data when Force 
impulse in Y-direction and Response in X-direction. 
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Diagram 1 e):  Synthesized frequency response functions produced based on 
extracted EMA modal data (Red dashed line) and measured data when Force 
impulse in Y-direction and Response in Y-direction. 
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Diagram 1 f):  Synthesized frequency response functions produced based on 
extracted EMA modal data (Red dashed line) and measured data when Force 
impulse in Y-direction and Response in Z-direction. 
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1.32 Hz 26.46 Hz 

 29.02 Hz 34.81 Hz 

86.70 Hz 95.92 Hz 
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102.72 Hz 115.70 Hz 

149.98 Hz 163.65 Hz 
 

201.80 Hz  
 

Diagram 2. Synthesized Auto correlation function produced based on 
extracted FDD modal data od data set 1 and measured data; Asterisk (ITD 
fit), Solid line (Data). 
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Diagram 3 a):  Synthesized frequency response functions produced based on 
extracted modal data by SSI of data set 1 (Red dashed line) and Cross power 
spectral density (Blue line). X-direction. 
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Diagram 3 b):  Synthesized frequency response functions produced based on 
extracted modal data by SSI of data set 1 (Red dashed line) and Cross power 
spectral density (Blue line).Y-direction. 
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Diagram 3 c):  Synthesized frequency response functions produced based on 
extracted modal data by SSI of data set 1 (Red dashed line) and Cross power 
spectral density (Blue line).Z-direction. 
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28.99 Hz 35.03 Hz 
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114.72 Hz 149.99 Hz 

164.94 Hz 201.83 Hz 
 

Diagram 4. Synthesized Auto correlation function produced based on 
extracted FDD modal data of data set 2 and measured data; Asterisk (ITD 
fit), Solid line (Data). 
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Diagram 5 a):  Synthesized frequency response functions produced based on 
extracted modal data by SSI of data set 2 (Red dashed line) and Cross power 
spectral density (Blue line). X-direction. 
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Diagram 5 b):  Synthesized frequency response functions produced based on 
extracted modal data by SSI of data set 2 (Red dashed line) and Cross power 
spectral density (Blue line). Y-direction. 
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Diagram 5 c):  Synthesized frequency response functions produced based on 
extracted modal data by SSI of data set 2 (Red dashed line) and Cross power 
spectral density (Blue line). Z-direction. 
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Diagram 6 a):  Summary of mode shapes detected by frequency domain 
decomposition, Stochastic Subspace Identification and experimental modal 
analysis. 
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Diagram 6 b):  Summary of mode shapes detected by frequency domain 
decomposition, Stochastic Subspace Identification and experimental modal 
analysis. 
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