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Abstract 

The operating motion of a ground compactor uses high power vibrations to 

improve mechanical properties of a compacted ground. This motion gives a good 

base for the vibration analysis with an aid of Signal Processing. In this thesis, the 

motion of a bottom plate in a compactor is of the main interest. The thesis 

concerns usage of two main spectral analyzing tools, Power Spectrum estimators 

and Power Spectral Density estimators, presenting advantages and disadvantages 

in the application of a vibration analysis. Moreover, an influence of two window 

applications, a Flattop window, and a Hanning window, is described in relation 

to both analyzing approaches. The results present problems that occur when a 

vibration with a present modulated frequency is analyzed and how a Power 

Spectral Density estimator arise in a more consistent estimate over analyzed 

vibration spectrum. What is more, an Ordinary Deflection Shapes for a 

simplified bottom plate model, under different motion excitations, are presented 

at the end of this thesis, giving a better view of the operational motion of an 

analyzed system. 
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Important markings and abbreviations 
 

PS – Power Spectrum 

PSD – Power Spectral Density 

FRF – Frequency Response Function 

ODS – Operating Deflection Shape 

ODSRMS – Root Mean Square of the Ordinary Deflection Shape 

MS – Mode Shapes 

FT – Fourier Transform 

DTFT – Discrete Time Fourier Transform 

DFT – Discrete Fourier Transform 

FFT – Fast Fourier Transform 

FEM – Finite Element method 

OMAX - Operational Modal Analysis with Exogenous Inputs 

MAC – Modal Assurance Criteria 

x(t) – arbitrary function in time domain 

Ts – sampling time [s] 

Fs – sampling frequency [Hz] 

B – bandwidth [Hz] 

∆f – frequency resolution [Hz] 

M – Mass matrix [kg] 

C – Damping matrix [kg/s] 

K – Stiffness matrix [kg/s
2
] 

[H(f)] - Frequency Response Function matrix 

X(f) - vector of a discrete Fourier transform of a displacements responses 

F(f) -  vector of a discrete Fourier transform of a external loads 

Txy(f) – Transmissibility function [-] 

𝛾xy(f) – Coherence function [-] 

f – arbitrary frequency [Hz] 

f0 – specific frequency [Hz] 

𝜃 – phase angle [rad] 

p(x) – probability density function [-] 

𝜇 – mean value 

E{x} – expectation operator 

𝜎 – standard deviation [-] 

RMS – Root Mean Square 
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k - defined as normalized discrete step 

N
-1

 - equidistant distance 

Em(m) – signal energy [J] 

Pm(m) – power of the signal [W] 

rxy(t) – crosscorrelation function 

rxx(t) – autocorrelation function 

Sxy(f) - averaged cross power spectrum 

Sxx(f) - the auto-power spectrum 

Pxy(f) - averaged cross power spectral density 

Pxx(f) - the auto-power spectral density 

UPS – window dependent effective analysis bandwidth used in power spectrum 

UPSD – window dependent effective analysis bandwidth used in power spectral density 

𝜑 – estimated function 

∈r – normalized random error [-] 

∈b – normalized bias error [-] 

∈RMS – root mean square error [-] 

L – number of averages 

Le – equivalent number of averages 

Be – equivalent noise bandwidth [Hz] 

Br – 3 dB bandwidth [Hz] 

ξ – viscous damping coefficient [kg/s] 

ζ – damping ratio [-] 

ψ – modal vector 
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1. Introduction 

Nowadays, people are changing the environment in many ways to fill the 

demands of growing population. As an indirect result, it leads society to 

constantly improve technical equipment and develop the infrastructures. Many 

construction branches and companies cooperate to provide society with the best 

outcomes. Few companies realize construction projects with an aid of the 

specialized equipment. Other companies care of the design, construction and 

production of the demanded tools and devices. One example of such a 

cooperation might concern the ground preparation work carried out when 

building roads and houses. The ground has to be specially treated in order to e.g. 

withstand the load of a building and time dependent random loads on roads [1]. 

1.1 Background and problem description 

The project was suggested by the Swepac
©

 AB, a company which is located in 

Ljungby, Sweden. The company specializes in the production of light road 

construction machinery, particularly light weight compactors, which can be 

manually operated.  Swepac
©

 was initially engaged in asphalt and compaction 

works over 40 years ago. Since that time, the company has developed its 

products and offers a variety of compactors certified with ISO 9001 and 14001 

[2]. Compactors are used for ground compaction in sand, gravel, asphalt, 

macadam and concrete. 

The products offered by Swepac
©

 are meant to be user-friendly. All parts of the 

machinery are designed to meet ergonomic requirements the customer needs. 

This implicates that all of their products tend to have low vibration levels on the 

handles resulting in less fatigue and hand numbness. 

Plate compactors can be divided into two main groups: forward and reversible 

compactors. In the forward plate compactor, the motion of the compactor is a 

result of the rotation of an eccentric mass mounted on a single shaft. Planar 

movement speed of the compactor is an outcome of the operating circular 

frequency of the shaft. In the reversible plate compactors, the plate vibration is 

generated by two counter-rotating eccentric masses located on two separate 

shafts, coupled with a gear of ratio 1:1. The shafts rotation also generates the 

forward and backward motion of the compactor. The direction of the compactor 

motion is controlled by a substantial change in the phase angle between the two 

rotating eccentric masses. The phase between the rotating eccentric masses is 

adjusted and controlled with the aid of the hydraulic control system, which 

allows to adjust the phase lag linearly of one of the shafts [3]. The design criteria 

of the plate compactors bottom plate assumes that the bottom plate behaves as a 

rigid body during operation. However, in reality the bottom plate of the 

compactor cannot be described as a rigid body. For this reason the spatial 

dynamic deformation of the bottom plate has to be investigated. The shape of the 
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considered bottom plate of the compactor may be observed from the photo of the 

stack of bottom plates shown in figure 1.1. 

 

 

1.2 Aim and purpose 

The aim of this project is to measure and analyze the spatial vibration motion of 

the plate compactor and in particular its bottom plate. The measured and 

recorded vibrations should provide sufficient information for visualization of the 

relative spatial vibration motion between the compactors rotor support structure 

and a bottom plate at frequencies related to the rotation frequency of the two 

counter-rotating eccentric masses. The acquired information regarding the spatial 

vibration motion of the soil compactor should form a base for further 

development of the compactor enabling higher compaction efficiency. Also, the 

―wobbling‖ motion of the bottom plate will be investigated. 

Furthermore, an increased knowledge concerning the spatial motion of the 

bottom plate during soil compaction provides the producer with more 

information regarding the machine's dynamic characteristics. The dynamic 

characteristic of a working compactor may aid in the characterization of the soil 

quality, thus support the user with an additional data about the ground on which 

the compaction work is being carried out [4]. In depth knowledge, concerning 

Figure 1. 1: Stack of bottom plates of the type used in the present versions of reversible 

compactors. 
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the soil compactors dynamic properties, may further aid in the reduction of the 

vibration exposure the operator is subjected to during operation of the 

compactor. 

From the scientific approach, there has been a little work done concerning the 

analysis of an operating vibrating plate compactor. The spatial motion of a 

manually operated reversible compactor during operation will be investigated 

with the aid of operating deflection shapes analysis based on vibration spectrum 

estimates of vibration measured on the plate compactor during operation. This 

will provide future research a good base for quantitative and qualitative 

approaches. 

1.3 Hypothesis and limitations 

The bottom plate of the plate compactor may not be considered as a rigid body. 

For that reason the spatial dynamic deformation during operation of the plate 

compactors bottom plate is of interest. This thesis is limited to an investigation in 

the frequency domain for the estimation of the spatial dynamic deformation of 

the bottom plate. 

1.4 Reliability, validity and objectivity 

Methods used in the present analysis should provide valuable and reliable 

information. The analysis will be carried out using well-established and 

documented methods from the field of Signal Processing and Signal Analysis, 

e.g. discrete Fourier transform, spectral estimation and operating deflection 

shape analysis [5] [6] [7]. The statistical properties of the resulted ODS are out 

of the scope of the thesis. 
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2. Literature review 

In a vibratory soil compaction, process knowledge of the properties of the 

vibration excitation of the soil is required to ensure adequate soil compaction. In 

this regard, Rinehart & Mooney [8] developed a control system to monitor and 

control the vibration of vibratory rollers. The three parameters: vibration 

frequency, force amplitude, and forward velocity were reported as the parameters 

controlled by vibration monitoring/control system. 

Plate compactors vibrate on the surface of the ground to produce  pressure waves 

that penetrates the ground to induce soil particle motion below the surface. 

During the state of the particle motion, the internal shear interaction between the 

soil particles is temporarily eliminated and the particles relocates to occupy a 

smaller volume. For sand, the internal friction between particles decreases at the 

acceleration of 0.2g to 0.5g, where g is the acceleration of gravity, while this 

value for saturated soil is 1.0g [4]. The relation between dynamic pressure and 

the soil compaction and the distribution of the dynamic force below the vibratory 

compactors can be approximated by the Boussinesq‘s theories [4]. 

An operational modal test was run on the Berke Arch Dam, in Turkey, in order 

to characterize the vibration properties of the Berke dam and calibration of the 

3D finite element model (FEM) of the dam, as the FE models dynamic properties 

of the dam structure differed from the experimental test results. In the 

experimental part of this research, a number of sensitive accelerometers were 

attached at different positions on the dam structure and ambient vibration tests 

were run for four days to acquire vibration data enabling to estimate modal 

parameters, using Frequency Domain Decomposition techniques (EFDD). The 

calibration of the FEM was done by changing the material properties of the 

model [9]. 

To perform operating deflection shape (ODS) analysis of e.g. an operating 

machine, requires spatial measurements of the machines response for instance 

using accelerometers. Renaud et al. tried to investigate squeal noise in a brake 

system using ODS [10]. The vibration-based damage detection for 

nondestructive testing method for static structures is well established. These 

methods are usually based on estimates of  natural frequencies and 

corresponding mode shapes. However, such methods can generally not be 

directly used on an operating structure. Therefore, new methods based on 

operating deflection shape (ODS) analysis are applied [10]. 

Another study, carried out by Zhang et al. concerned the identification of cracks 

in bridge based on ODS analysis of  the dynamic response of the bridge for 

passing vehicles [11]. Dynamic parameters acquires in this studies have been 

extracted from the acceleration records of a passing vehicle. Short time Fourier 

transform (STFT) was used on the record to calculate operating deflection shapes 

of a structure and then pre-filter the results to obtain modified ODS:s. Those 

allowed for further decomposition of operating deflection shape curvature 

(ODSC) which is obtained from the modified ODS:s by calculating central 

difference. Presented studies show that the highest system response, most 
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insensitive to noise, can be obtained while the frequencies of the excitation are 

equal or in a close range to the natural frequencies of a system [11]. 

The accuracy of FRF and transmissibility functions estimates, due to its 

significance in industry and research, has been studied for the non-parametric 

approach based on discrete Fourier transform (DFT), which is well known 

among engineers for its simplicity. However, the use of DFT has been criticized 

because of the spectral leakage it induces for so-called power signals. In this 

regard, research has been done to provide low bias or unbiased FRF estimates 

based on the DFT [12]. 

The post-processing based on the transmissibility measurements conducted by 

Devriendt et al. [13] to estimate the modal parameters. The result of this research 

shows that the transmissibility estimates can be used to calculate  ODS. 
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3. Theory 

This chapter covers main theory definitions which will be used in the following 

report to obtain ODS:s of an analyzed system. The information presented below 

should introduce basic concepts of spectral estimation to make it more 

comprehensible to the reader. 

3.1 Signal analysis and Signal processing 

Experimental vibration analysis of a structure is based on measured and recorded 

vibration i.e. time records of the structure‘s vibration. Time records of vibration 

or vibration signals may contain both deterministic and stochastic signal 

components. A deterministic signal can be either periodic or non-periodic. The 

non-periodic signals can be divided into quasi-periodic and transient signals. For 

example, a sound signal consisting of multiple tones, presented in the figure 3.1, 

might be considered as a random (stochastic) signal, although it is composed of a 

large number of deterministic periodic components [14] e.g. as shown in the 

figure 3.2. Other classes of signals are presented in the figure  3.3. 

  

 

Most of the signals present in the real world consists of both deterministic and 

random components [15]. Deterministic signals can be defined in the time 

domain in terms of functions of time, while this is not possible for random 

signals. In order to overcome this issue, random signals can be defined in terms 

of their statistical properties [7]. 

Figure 3. 1: Multitonal random signal sample. 
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In order to define the statistical properties of random signals, it is convenient to 

introduce the probability density function, which represents the statistical 

properties of a random variable ξ. A probability density function pξ(x) defines 

the probability of a random variable to assume a value in e.g. the interval 

[x, x + ∆x], according to: 

 
Pξ {x<ξ≤x+∆x}=pξ(x)∆x (1)  

The considered  probability density function is one-dimensional. For multiple 

stochastic variables ξ1, ξ2,…,ξn we have a  multi-dimensional probability density 

function pξ1, ξ2,…,ξn(x1, x2,…,xn) called the joint probability density function [17]. 

The first-order stochastic properties of a random variable ξ is its mean value 

E[ξ]=  μ where E[] is the expectation operator , defined by:  

 

Figure 3.3: Signal classes 

Figure 3. 2: Multitonal signal sample devided into main simple tone components, periodic and non-

periodic. 
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𝜇   , -  ∫     ( )  

  

  

 (2)  

The second-order stochastic properties of a random variable ξ is its variance σ2, 
defined by  

 
𝜎     ( )   ,(  𝜇) -  ∫ (  𝜇)    ( )  

  

  

 (3)  

Furthermore, the square root of the variance is the standard deviation σ.  

For the characterization of random signals in a statistical sense the concept of 

stochastic processes is introduced. A stochastic process {x(t)} is a family or 

ensemble of functions xl(t), where t  is time and l  is the outcome, lϵ Ώ where Ώ 

is the set of outcomes [7]. 

A random signal, whose joint probability density function does not change over 

time is called a stationary stochastic process. Thus, the mean value and the 

variance will also not change over time for a stationary signal [15]. In order to 

obtain quantitative results from a measured time signal it is fundamental to 

introduce the concept of ergodic processes [15]. A signal can be called ergodic if 

it is complying with the ergodic theorem [15]. Basically, mean, variance of a 

signal may be consistently estimated with the aid of a time average [15].  

The equation for estimating the mean value μx of an ergodic signal x(t) is given 

by: 

 
𝜇     

    

 

 
∫  ( )  
 

 

 (4)  

and the variance σ
2

x may  be estimated as : 

 
𝜎 
     

    

 

 
∫ ( ( )  𝜇 )

   
 

 

 (5)  

Consequently, the signals root mean square (RMS) value is given by: 

 
𝜎  (

 

 
∫  ( )   
 

 

)

   

 (6)  

The mean value of a vibration or a sound pressure signal are equal to zero, thus 

the standard deviation and RMS value are numerically identical [6]. 
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3.2 Fourier transform 

The Fourier transform of a function can be defined as [16]: 

  ( )  ∫  ( )         
 

  

 (7)  

Thus, the Fourier transform of a real signal is conjugate symmetric function of 

the frequency f. In other words, the Fourier transform of a real signal is generally 

a complex function [16] [17], which in polar form may be written as: 

  ( )    ( )     ( ). (8)  

Here   ( )  and    𝜃( ) are the magnitude function and phase function  of   ( ) 
[17]. In reality, a measured signal is converted from the analogue to the digital 

domain via an analogue-to-digital converter (A/D-converter) and this yields a 

discrete-time signals, a sampled version of the original continuous-time signal. 

In the discrete time domain the Fourier transform is replaced with the discrete 

time Fourier transform (DTFT) and the discrete time Fourier transform (DTFT)  

of an arbitrary signal x(n), n is discrete time, is given by [16]: 

 
 ( )  ∑  ( )       

 

    

 

 

(9)  

where        is the normalized frequency and    is the sampling frequency 

in Hz. The DTFT of x(n), X(F), is a periodic function of F, with the period length 

one. Hence,  ( )   (   ),where;  ∈ ,        -    ,   -  However, a 

computer has a limit word length and for that reason the number of frequencies 

the discrete time Fourier transform (DTFT)  of a signal x(n) evaluated must be 

limited. For that reason the Discrete Fourier Transform (DFT) is introduced and 

the DFT of an arbitrary signal x(n) may be expressed as a sampled version of 

DTFT, according to [16]: 

 
    ( )   ( )    

 

 ∑  ( )      
 

    
                 , (10)  

where N is the block length and k is the normalized discrete frequency.  

The calculation of the discrete Fourier transform of a signal according to 

equation (10) requires roughly    mathematical operations, which imposes a 

significant computational cost for large  . A more computationally efficient way 

to calculate the DFT for a signal is given by the fast Fourier transform (FFT) 
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[17]. The FFT can calculate the DFT by using            mathematical 

operations, where the value for         is highly recommended [16]. 

The FFT of a real signal will result in a complex number. Therefore, it can be 

described either in terms of real and imaginary numbers against frequency or 

amplitude and phase against frequency (Fourier spectrum) [7]. 

3.3 Sampling theorem and aliasing 

During the development of information theory, telecommunication and signal 

processing, many scientists focused on the requirements on sampling of signals 

[14]. H. Nyquist and C. E. Shannon, developed a theorem, which implies that 

selecting the sampling interval is not arbitrary, but is based on the requirements 

of the signal reconstruction from equally distributed discrete points in time of a 

signal. The Nyquist-Shannon sampling theorem complies as follows: ―(…) 

sampling with a possible reconstruction of the original signal x(t) [from the 

discrete signal x
*
(t)] is conditioned by the fact that the sampled signal x

*
(t) does 

not contain a sinusoidal component with a frequency greater than half the 

sampling frequency fs.‖ [15]. The theorem is illustrated by:  

 
            (11)  

Here fN is the so-called Nyquist frequency. Reconstruction of a sampled signal 

concerns also the retrieving of information about amplitude and phase of any 

frequency component from the frequency domain representation of the analyzed 

signal.  

Aliasing results from an ambiguous representation of a continuous signal by its 

discrete representation, sampled equally spaced in time, and is present when the 

continuous signal has frequency content above the Nyquist frequency  fN.  

To preserve the information in a continuous time signal over to the discrete-time 

domain via sampling it is crucial to select the sampling frequency to fulfill the 

sampling theorem. Thus, the sampling frequency should be selected at least to be 

two times greater as compared to the highest frequency of the frequency content 

in the continuous time signal. In order to omit aliasing in a sampled signal, the 

continuous time signal should pass a low pass filter before the AD converter. 

The analog filter should provide an attenuation of any frequency content in the 

continuous time signal above the so-called Nyquist frequency to protect the 

sampled version of the continuous time signal from aliasing distortion, thus a so-

called antialiasing filter. 

An analogue antialiasing filter has its limitations. It is impossible to construct a 

perfect low pass filter whose transition between its passband and its stopband is 

zero Hz. This will influences the theoretical frequency range of an analyzed 

signal, as it is no longer equal Nyquist frequency. The presence of the transition 
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band in an antialiasing filter limits maximum reliable frequency range to an fMAX, 

which is approximately equal to 80 % of the Nyquist frequency, according to: 

 
     

  
    

 (12)  

3.4 Energy and power of a signal 

In order to understand better signal properties, it is useful to focus on the 

meaning of the power and the energy of a signal. A power and an energy of a 

signal are not measures of either power nor energy, if the signal of a main 

concern does not represent an electric current flow [14]. Following definitions 

are applicable to every x(t) signals, including complex ones [18]. Energy of a 

signal x(t) is defined as: 

 
  ∫   ( )    

 

  

 (13)  

The energy of the x(n) discrete signal (in frequency domain) is defined by: 

 
   ∑   ( )  

 

    

 (14)  

The power of the signal x(t)  may consequently be calculated according to: 

 
     

   

 
 
∫   ( )  
 
 

 
 
 

 (15)  

This of cause requires that the limit for the integral exists. Whereas power of the 

x(n) discrete-time signal is defined by: 

      
   

 
    

∑   ( )  
  

    

 (16)  

From the equations (13), (14), (15) and (16) the following properties may be 

distinguished [18]: 

- energy signals are signals with E∈,0, CE], CE<∞; 

- power signals are signals with P ∈ [0, CP], CP <∞ 

- power for the energy signal is equal to 0 

- energy for the power signal is equal to ∞ 

- some signals are neither power nor energy signals 
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From the Parseval‘s Theorem [19], it follows that the energy of a signal in time 

domain is equal to the energy of a signal in frequency domain according to:  

 
∑   ( )  
   

   

 
 

 
∑   ( )  
   

   

 (17)  

Both the energy and the power can be defined for a signal in the time domain 

and in the frequency domain. A signal transformed to the frequency domain, will 

always consist of a real and an imaginary part. Using DFT, the power of the k
th

 

frequency component in a frequency domain of a signal can be presented as in 

equation (18): 

 
     ( ) 

  (18)  

However, if a time record  of a periodic signal that only contain one frequency 

component does not represent an integer number of periods of the signal, its 

frequency representation will be influenced by a so called „leakage‟ [18]. It 

means that the spectrum will have content at other frequencies than the 

frequency of the periodic component. Since a periodic signal have an infinite 

time duration and a time record will have a finite time duration a signal segment 

have basically been cut out from the original periodic signal, i.e. the original 

signal have been multiplied with a rectangular window of the same time duration 

as the signal record. In the frequency domain, the windowed signal will consist 

of the frequency function for the window centered at ± the normalized frequency 

of the periodic signal that is a continuous function of frequency. If a time record  

of a periodic signal that only contain one frequency component does not 

represent an integer number of periods of the signal the frequency function of the 

window will be observable at the discrete normalized frequencies of the DFT 

[18].  

3.5 Spectrum estimation  

Usually, measured and recorded signals contain both periodic and random 

components [20]. Therefore, it is crucial to introduce proper tools that allows 

analyzing random and periodic components in a signal. 

For a weakly stationary stochastic signal x(t) its spectrum, the power spectral 

density, is defined as the Fourier transform of the signal‘s autocorrelation 

function. The autocorrelation function for a weakly stationary stochastic signal 

may be defined as [17]: 

    ( )   , ( ) (   )-  ∫ ∫       ( )  (   )(     )      
 

  

 

  
, (19)  
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Where   ( )  (   )(     ) is the second-order probability density function for the 

signal x(t). The power spectral density (PSD) for a weakly stationary signal may 

now be produced as [17]: 

The PSD for a random signal is a real, non-negative and even function, where 

the Pxx(0) is equal to the average power of x(t). [16] 

In reality when the PSD for a sampled signal is produced the power spectral 

density is usually estimated with the aid of the Welch‘s method [16], also known 

as the tapered windowing method [17]. 

The Welch‘s method can be defined as the average of L overlapping or non-

overlapping periodograms, 50 to 70 percent overlap is common in practical 

studies [15]. To control the leakage of the L signal segments of a measured and 

recorded signal each signal segment consisting of N signal samples is windowed 

by an N sample long suitable data window. The choice of the number of  

segments L is a matter of compromising between, the so-called normalized bias 

error and the so-called normalized random error for the final spectrum estimate 

[20].  The Welch‘s power spectral density estimator is given by [15]: 

  ̂  
   (  )  

 

        
∑|∑ ( )    ( )   
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 (21)  

Where    
 

 
  , where, k=0,1,2…,

 

 
    L is the number of averaged 

periodograms, N is the signal segment length or block length, Fs is the sampling 

frequency and UPSD is the window dependent effective analysis bandwidth 

normalization factor, defined as [15] : 

 
     

 

 
∑( ( ))

 
   

   

 (22)  

An estimate of the power spectral density at each frequency fk is a weighted 

average of the actual power spectral density, by the squared magnitude function 

of the DFT of the window function, over approx. the windows main lobe 

centered at fk.  

Windows with narrower main lobe width and low side lobe magnitude are 

preferable in spectrum estimation of stochastic signals, typically in such cases 

the Hanning window is used [17]. However, windows with narrower main lobe 

width generally have ―high‖ side lobe magnitude and vice versa. For spectrum 

analyze of periodic signals, the Flattop window is more appropriate [17]. This 

    ( )  ∫    ( ) 
        

 

  
, (20)  
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results from the fact that the number of periods of a periodic signal within the 

FFT block length is generally not an integer number. A Flattop window main 

lobe magnitude is approx. constant over the discrete normalize frequency band 

0 
   

 
 
   

 
1 . Thus, the amplitude of periodic components of a signal may approx. 

be estimated using a Flattop window in combination with a power spectrum 

estimator. The Welch‘s power spectrum estimator is given by [15]: 

Where    
 

 
  , where, k=0,1,2…,

 

 
    L is the number of averaged 

periodograms, N is the signal segment length or block length, Fs is the sampling 

frequency and UPS is the window dependent magnitude normalization factor, 

defined as [15]: 

     
 

 
(∑  ( )

   

   

)

 

 (24)  

An estimate of the power spectrum of a periodic signal containing one frequency 

component will generally result in the spectrum of the window centered at ± the 

frequency of the periodic component normalized with the squared main lobe 

magnitude evaluated at the discrete frequencies    
 

 
   .  

When estimating spectra for signals composed of both random and periodic 

components it is usually possible to identify if a peak in a spectrum corresponds 

to a periodic component or resonance. If the power spectrum estimator is used, 

peaks in the spectrum corresponding to resonances will decrease in magnitude 

with increasing block length while the peaks corresponding to periodic 

components will have approx. constant magnitude. If, on the other hand, the 

power spectral density estimator is used, peaks in the spectrum corresponding to 

resonances will converge to magnitude of the actual power spectral density for 

the signal under analyze with increasing block length while the magnitude of the  

peaks corresponding to periodic components will continue to increase. 
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Table 3. 1: Spectrum estimation parameters used in the production of the spectra for the 

acceleration response of the bottom plate of the plate compactor. 

Parameter Value 

Sampling frequency 4096 Hz 

Block length N 32 768 

Frequency resolution f 0.125 Hz 

Number of averages L 200 

Window Hanning 

Overlap 50 % 

3. 6 Statistical errors 

The accuracy of a PSD estimate is provided by its normalized random error ϵr 

and its normalized bias error ϵb.  

3. 6. 1 Random error 

The normalized random error in a PSD estimate is approx. given by 

 
ϵ  √

   . ̂  
   
(  )/

   
 (  )

 
 

√ 
 

 

(25)  

For L non-overlapping signal segments, where fk>0. However, if a PSD estimate 

is based on Le overlapping signal segments, the correlation between the segments 

has to be taken into account. Thus, we can express the normalized random error 

approx. as: 

 ϵ  √
   . ̂  
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(26)  

Where Le is the equivalent number of averages and fk>0. Because of the 

correlation between averages the following inequality has to be fulfilled 

Le < 2L – 1. Where 2L – 1 is the actual number of overlapping averages in the 

spectrum estimate. 

If a 50% overlapping and a Hanning window is used to calculate the power 

spectral density estimate, it will result in an equivalent number of averages of 
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approximately Le  1.89 L < 2L – 1 [21]. However, the above expression is true 

only for a power spectral density estimate, where it is independent of the 

frequency. The normalized random error for cross-power spectral density 

estimates, however, depends on frequency and is given by [20]: 

 ϵ  √
   . ̂  

   
(  )/

   
 (  )

 
 

|𝛾  (  )|√  
 

 

(27)  

Where |𝛾  (  )| is the positive square root of the coherence function between 

signals x(t) and y(t). For the best choice of number of averages Le see reference 

[20], p. 298. 

3. 6. 2. Bias error 

The spectral density estimates at each frequency fk is based on a weighted 

average of an actual spectral density estimate. An estimate of a power spectral 

density for a vibration signal will have the greatest  normalized bias errors ϵb at 

the frequencies of the tops of the peaks and the bottoms of the valleys, according 

to [20]: 

    
  
 

  
[
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] (28)  

This equation may be approximated as [20]: 
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  (29)  

Where Br is the 3 dB bandwidth, also called the half power bandwidth, of the 

resonance peak at the frequency fk in the spectral density estimate. The equation 

for the approx. normalized bias error may be expressed as: 

 
    

 

 
(
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 (30)  

Where Be is the equivalent noise bandwidth of the used window. The equivalent 

noise bandwidth Be can be calculated as [21]: 
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Where Ts is the sampling time interval. As the result, for  Be = 0.25 Br, the bias 

error can be ignored and in such case the normalized bias error is -2.1% [20]. 



 

17 

A. G. Potarowicz &  S. M. Hosseini Moghadam 

When considering spectrum analysis of signals records the setting of the 

spectrum estimate will generally result in a compromise between the normalized 

random error and the normalized bias error in the final estimate, where the 

increase in one of errors follows by the decrease in the other error and vice versa. 

The most commonly used overlapping settings are 50 % and 66 % [15]. 

3. 6. 3. Root Mean Square error 

A suitable way of determining spectral resolution         and the number of 

averages that shoud be used in a PSD estimate may be obtained by considering 

the RMS error , the square root of the squared normalized bias error plus  the 

squared normalized random error [20], produced as: 

 ϵ    √ϵ   ϵ   

 

(32)  

In figure 3.4 the normalized bias errors ϵb, the normalized random error ϵr and 

RMS error ϵRMS are plotted versus the spectral resolution for PSD estimates of a 

time record consisting of 3 293 440 samples using a Hanning window. 

 

Note, that for a different analysis there might be different requirements. 

Figure 3. 4: RMS error in relation to resolution. 
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3. 7 Operating Deflection Shapes 

The spatial motion of a structure during operation may be investigated by 

measuring the response of the structure at M discrete points, the response of the 

structure at the M discrete points in terms of a column vector may be written as: 

  ( )  {

  ( )
  ( )
 

  ( )

} 

 

(33)  

Where x1(n), x2(n), …, xM(n), are the M spatial responses of the structure and if 

their Fourier transform of the M responses exist we have in the frequency 

domain [22]: 

The ODS in the frequency domain provide information concerning the spatial 

deformation pattern of a structure at a specific frequency. Despite of ODS:s 

dependency of a structures excitation forces, they are generally composed of  a 

linear combination of the structures mode shapes [15].  

3. 7. 1. ODS for periodic vibration components  

If a structure is subjected to periodic excitation, the operating deflection shapes 

of the structure at the discrete frequency or frequencies of the structures periodic 

response may be estimated with the aid of power spectra and cross-power 

spectra. It is possible to estimate the absolute magnitude of each of the periodic 

components structures periodic response. In relation to the power spectrum of a 

vibration, a Root Mean Squared values √ ̂  ( ) may be calculated, where 

m ∈ {1,   , M}. Combining RMS values with the phase functions  ̂  ( ) of the 

cross power spectrum estimates  ̂  ( ), where m ∈ {2,   , M}, an estimate of 
an operating deflection shape with absolute amplitude in the frequency 
domain may be produced as: 

 
 ( )  {

  ( )
  ( )
 

  ( )

} (34)  
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 (35)  

3. 7. 2. ODS for stochastic vibration  components 

During the steady-state operation of a structure, the measured spatial motion can 

have stochastic properties because of random excitation. In such case cross-

power spectral density estimates and power spectral density estimates can be 

utilized for the production of reliable operating deflection shapes in the 

frequency domain according to equation (35) by replacing power spectra with 

power spectral densities and the phase functions of the cross-power spectra with 

phase functions of cross power spectral densities [22]. The expression for an 

operating deflection shape estimate in equation (35) may be rewritten 

according to:  
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 (36)  

Where  ̂  ( ) is the power spectral density of the response of the structure at 

position 1, the reference point, and   ̂  ( ) is an estimate of  the transmissibility 

function between the response of the reference point  and a response of position 

m on the structure [17]. For instance, the transmissibility function between the 

reference point and response position m [17] : 

 
 ̂  ( )  | ̂  ( )| 

  ̂  ( )   
 ̂  ( )

 ̂  ( )
     (37)  

where  ̂  ( ) is the cross-power spectral density between the reference position 

1 and the response position m and  ̂  ( ) is the power spectral density for the 

reference point [13].   
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As a result, the ODS for the vibration of a random nature will not be a deflection 

shape with absolute magnitude. It will only present a deflection shape, which 

magnitude is relative to the RMS value of the PSD of the reference signal 

 ̂  ( ). In order to judge the quality of ODS estimates, it is crucial to introduce 

the coherence function 𝛾  
 ( ). 

Table 3. 2: Spectrum estimation parameters used in the production of the operating 

deflection shapes of the bottom plate of the plate compactor. 

Parameter Value 

Sampling frequency 4096 Hz 

Block length N 32 768 

Frequency resolution f 0.125 Hz 

Number of averages L 200 

Window Flattop 

Overlap 50 % 
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3. 7. 3. Coherence 

The coherence function 𝛾  
 ( ) is defined as: 

 
𝛾
  
 ( )  

| ̂  ( )|
 

 ̂  ( )  ̂  ( )
  (38)  

Where  ̂  ( ) is an  estimate of cross-power spectral density between the two 

signals x(t) and y(t),  ̂  ( ) and  ̂  ( ) are estimates of the power spectral 

densities for x(t) and y(t). In short, the coherence function 𝛾  
 ( ) represents how 

the output reference effects other output that is being measured.  

The coherence function 𝛾  
 ( ) assumes values between 0 and 1. A coherence 

close 1 at a frequency of a periodic component in a vibration basically indicates 

that the influence of noise is negligible at this frequency. For vibration with 

stochastic properties, if the coherence function assumes a value close to unity at 

an arbitrary frequency, it suggest that the y(t) signal might be explained linearly 

from the x(t) signal at that particular frequency. 

In general, coherence values close to unity at the frequency of an ODS obtained 

either from periodic or random vibration, indicates small random errors [17]. 

Note, that a coherence value close to one at a frequency does not provide any 

reliable information concerning if the system is linear, or not, between the y(t) 

signal and the x(t) signal at that frequency. 

3. 8 Mode Shapes 

Every element of the FRF matrix and the ODS matrix, are constituted by all of 

the mode shapes. The ODS:s are dependent not only on the excitation load but 

also on the resonant peak frequencies. Therefore, the more closer the external 

excitation energy is to the resonant peak frequency the larger the ODS will 

become [23]. 

In the frequency domain the equation of motion for an M degrees-of-freedom 

system may be written as 

 
,, -(    )  , -(    )  , --  * ( )+  * ( )+ (39)  

Where f is the frequency, * ( )+ is the displacement vector in frequency 

domain, * ( )+ is the force vector in frequency domain. This equation may be 

rewritten as: 
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* ( )+  ,, -(    )  , -(    )  , --  * ( )+  , ( )-* ( )+ (40)  

Here , ( )- is the receptance matrix or FRF matrix for the M degree-of-

freedom system. The receptance matrix , ( )- may be rewritten in the form of 

the modal model in the frequency domain, according to: 
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 (41)  

Where * +  is a mode shape vector,    is an undamped eigenfrequency of the 

structure,    is a damping ratio and    is a modal scaling factor. The 
*
 

superscript stands for a complex conjugate. The equation presented above 

describes modal model in the frequency domain and along with its equivalent 

equation in a time domain, they are the basis for the modal identification 

methods [5]. 

3. 9 Modal Assurance Criteria 

The Modal Assurance Criteria (MAC) is used to measure correlation between 

mode shapes and is defined as : 

 
      

 * + 
 * +  

 

(* + 
 * + )(* + 

 * + )
 (42)  

 

An M x M MAC matrix is formed with the MACij values where     ∈
*          +. All diagonal values of the MAC matrix should be close to unity, 

while other not diagonal values should be small or close to zero. 

If the MAC matrix between different ODS:s for a structure is produced and its 

diagonal elements are close to one and its non-diagonal elements are close to 

zero, then the ODS:s are dominated by the mode shapes. However, if the non-

diagonal elements are not close to zero. The ODS:s are linear combinations of a 

number of mode shapes [13]. 
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4. Methods 

4.1. Sensors 

4.1.1. Implementation of non-sensitive accelerometers 

The spatial vibration of the bottom plate of a plate compactor was measured 

using non-sensitive accelerometers , the model 353B11, produced by the P.C.B 

Piezotronics
©

 company. This accelerometer has a measurement range of ± 9810 

m/s
2
 peak, whereas its operating frequency range (±5 %) is from 1 Hz to 10 kHz 

[24]. The broadband resolution is claimed to be 0.1 m/s
2
 rms and its sensitivity 

(±10 %) is 0.51 mV/(m/s
2
) [24]. In order to obtain reliable data, each 

accelerometer has to be carefully calibrated. In the experiments carried out in the 

project 12 accelerometers have been used in total. For calibration details see 

appendix 3.  

4.1.2. Sensor positions 

This thesis project mostly focuses on the measurement of vibrations and 

resulting spatial deformations of the bottom plate of a plate compactor. The 

spatial dynamic deformation of the plate compactors bottom plate during 

operation is excited by the rotating eccentric masses in the compactors vibration 

generator. Furthermore, the rotating masses are connected via rods to a shaft that 

are supported by bearings in the chassis of the vibration generator. In turn, the 

generator chassis is joined with the bottom plate via screws. In this project the 

spatial dynamic deformations of the bottom plate relative to the vibration 

generator chassis during operation should be investigated. To measure the 

vibration of the vibration generator chassis a number of sensors may be attached 

adjacent to the bearings, supporting the shaft connected to the rotating masses, in 

the chassis. Also, measurements of the vibration of the bottom plate adjacent to 

the joint between the bottom plate and vibration generator chassis is of relevance 

concerning e.g. the vibration transmission between those structures. To acquire 

adequate information concerning the spatial motion of the bottom plate a suitable 

spatial sampling of the plate response and a suitable sensor positions on the plate 

should be identified.  

To identify suitable sensor positions on the bottom plate of the plate compactor it 

is crucial to carry out a simple modal analysis of the bottom plate. This allows 

omitting the positions that are not subjected to modal deformation. The analysis 

will be performed in the Abaqus finite element modeling software, more briefly 

described in a later part of this thesis. Accelerometer positions will correspond to 

the defined arbitrary node positions in the model. 

In order to attaché, the accelerometers on the plate compactor an adhesive will 

be used. The selection of adhesive for attaching the accelerometers play an 
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important role for the measurement result [25]. It should basically be stiff 

enough in the frequency range considered in the experiments to make any 

relative motion of the accelerometer with respect to the plate compactor 

negligible.  

4.2. Testing variety 

Originally, the experiments were supposed to be performed only on the provided 

rubber mats, which should have fairly the same physical properties as a soil 

ground. The most important physical properties that directly influence the 

motion of the bottom plate is the stiffness and damping properties [5]. 

Additionally, analysis of the bottom plate motion recorded with a high-speed 

camera, seem to indicate that the bottom plate motion differ between tests on a 

rubber mat and during field work on a soil. This might suggest that additional 

field tests have to be performed in order to validate usage of a rubber mats in the 

experiment. 

4.3. Programs used during analysis 

4.3.1. Abaqus 

The selection of sensor position on the bottom plate requires an approximate 

knowledge concerning its spatial dynamic response. Abaqus allows for a 

simplified dynamic analysis under the given constraints that are put onto the 

bottom plate. Additionally, a rubber mat is modeled in the program in order to 

present different material properties for the elements. Main assumptions for the 

finite element (FE) model concern fixation of a rubber mat to the ground and 

omitting gravitation as it will not influence the motion to a significant level. 

Moreover, to make the simulation possible, the bottom plate is constrained to the 

rubber mat in the geometrical symmetry point in order to prevent any deflection 

perpendicular to the normal of the bottom plate [5]. The resulting FE model of 

the bottom plate plus rubber mat was used as base for the selection of  mounting 

positions for the accelerometers. 

4.3.2 LMS Siemens
©
 

The software is used for controlling the data acquisition system connected to the 

accelerometers and the initial data analysis. For the initial spectrum analysis, 

LMS Test.Lab Spectral Testing tool was used. To select the settings for the data 

acquisition system initial measurements were carried out. Based on the initial 

measurements the input gains for the data acquisition system were selected. 

Furthermore, the measurement bandwidth was selected, which is equal half of 

the sampling frequency Fs in the LMS software, and the measurement time To 

was selected. The measurement time was selected to enable spectrum estimate 
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with low bias and variance. The relation between measurement time To and block 

length N, sampling frequency Fs and number of data blocks L may be written as:   

        
 

  
        

(43)  

Initially, the number of data blocks for the spectrum estimation was set to 50 and 

it was selected to 200 for the actual vibration measurements on the compactor. In 

figure 4.1 the LMS Test.Lab Spectral Testing tool test setup interface is shown. 

 

4.5.3 MatLab 

Data measured with the accelerometers and acquired with the data acquisition 

system should be analyzed with known signal processing algorithms. MatLab 

will allow to apply all the signal processing methods described in section 3. The 

MatLab codes for all the data processing done in this thesis project are given in 

appendixes 1.A-H. The MatLab programming environment allows not only to 

perform discrete calculation on the given data but also to implement 

sophisticated logical functions that result in a faster data processing. The 

advantage of MatLab over other CAE programs is its open database and library, 

which allows to follow and validate every step performed in the implemented or 

written codes and functions. 

  

Figure 4. 1: LMS Test.Lab Spectral Testing tool test setup interface; 1) Bandwith;2) 

Number of spectral lines and resolution; 3) Number of avarages 
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5. Implementation 

In this chapter, methods and equipment used for selecting sensor positions, 

calibrating accelerometers and acquiring data from the accelerometers are 

presented. Also, challenges with equipment during the project are reported in this 

chapter. 

5.1 Dynamic simulation 

In order to identify ―good‖ sensor positions on the plate compactor, it is needed 

to perform a pre-analysis providing an approximated knowledge on the dynamic 

behavior of the compactor‘s bottom plate. The dynamic analysis was performed 

in the Abaqus CAE software. A 3-dimensional model of a bottom plate was 

provided by the Swepac
©

 company. 

To perform dynamic analysis, first the model and the boundary conditions have 

to be defined in the Abaqus program. The boundary conditions applied to the 

rubber mat , such as the X, Y and Z displacements were set to be zero at the 

bottom of the rubber mat as well as the  rotations around these axes i.e. rubber 

mat is fixed to the ground. This is illustrated in figure 5.1. 

 Figure 5. 1: Bottom plate and rubber mat with Boundary conditions applied. 
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Interactions between bottom plate and rubber mat are set to be surface-to-surface 

contact with finite sliding in order to allow dynamic simulation to be carried out. 

Interactions between both models are presented in the figure 5.2. 

 

For both materials, adequate values of the Poisson coefficient, the Young‘s 

modulus and the density coefficients have been selected and are presented in  

table 5.1. 

Table 5. 1: Material properties for bottom plate and rubber mat. 

Property/Material Steel (hardox400) Rubber (common) 

Density [kg/m^3] 7800 1000 

Young's Modulus [GPa] 215 0.05 

Poissons's ratio [-] 0.3 0.45 

A mesh of the bottom plate of a plate compactor was created using a tetragonal 

element shape with different global sizes of the elements in order to improve the 

speed of the analysis. A finer mesh, of the approximated size of 20, was applied 

for the bottom plate except for the elements used for the reinforcements, ribs etc. 

they were of the approximated size 50. The finite element type for a meshed 

object was set to be of the quadratic geometry order.  

The maximum number of eigenmodes considered was set to 20. The first 4 

modes represent rigid body modes, whereas only the modes 1
st
 and 2

nd
 have 

close to zero eigenfrequency values. The 3
rd

 and the 4
th

 rigid body mode, having 

nonzero eigenfrequencies, does not represent any deformation, only rotation 

around symmetry axes. Another limitation in this project is the upper frequency 

limit of the accelerometers used and that was 10 kHz for ±5% error. This limits 

the number of mode shapes to five. Thus, the five relevant mode shapes with 

corresponding eigenfrequencies for the compactor‘s bottom plate are shown in 

figures 5.3 to 5.7. 

Figure 5. 2: Bottom plate and rubber mat contact. 
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Figure 5.4: Bottom plate mode shape for the 2

nd
 relevant Eigen mode at the Eigen frequency 5872 [Hz]. 

Figure 5. 3: Bottom plate mode shape for the 1
st
 relevant Eigen mode at the Eigen frequency 5824 [Hz]. 



 

29 

A. G. Potarowicz &  S. M. Hosseini Moghadam 

 

 

 

 

 

Figure 5.5: Bottom plate mode shape for the 3
rd

 relevant Eigen mode at the Eigen frequency 5919 [Hz]. 

Figure 5.6: Bottom plate mode shape for the 4
th
 relevant Eigen mode at the Eigen frequency 9781 [Hz]. 
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Based on the FE analysis of the bottom plate the sensor positions were selected. 

5.2 Sensors allocation 

In order to choose where the sensors should be positioned on the plate 

compactors bottom plate, it is important to consider the following: 

- Sensors should not be attached on the bottom plate, where deformation is 

not present, or where relatively small deformations are present, since that 

will not provide relevant information to the ODS analysis. 

- To relate sensor positions to the FE analysis of the model of the bottom 

plate and rubber mat, the sensors should be attached at positions 

corresponding to nodes of the mesh of the bottom plate.  

Two sets of  sensor positions A and B were selected and they are shown in 

figures 5.8 and 5.9 and in tables 5.2 and 5.3 the coordinates for the sensors in 

respective sensor sets are given. 

 
 

  

Figure 5.7: Bottom plate mode shape for the 5
th
 relevant Eigen mode at the Eigen frequency 10832 [Hz]. 
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Table 5. 2: Coordinates for the accelerometers in sensor set A. 

Point 
(arbitrary) 

Point 
(channel) 

Node 
number 

X (width) 
[mm] 

Y (length) [mm] 
Z (height) 

[mm] 

0 n/a 63  0 0 12 

1 10 4506 267.87 -513.72 80.32 

2 9 1228 0 515.1 76.41 

3 6 5501 -269.66 -513.94 80.62 

4 12 4645 -331.12 -185.82 10.22 

5 11 1577 -267.76 513.66 80.28 

6 4 2564 267.66 513.62 80.25 

7 7 2661 330.97 185.78 10.21 

8 8 1159 0 -314.01 17.73 

9 5 556 0 314.01 17.73 

10 3 

Vibration motor – corner 11 1 

12 2 

 

  

Figure 5.8: Position A for the accelerometers. 
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Table 5. 3: Coordinates for the accelerometers in sensor set B. 

Point 
(arbitrary) 

Point 
(channel) 

Node 
number 

X (width) 
[mm] 

Y (length) [mm] 
Z (height) 

[mm] 

0 n/a 63 0 0 12 

1 10 25531 329.09 -302.03 25.86 

2 8 1228 0 -515.1 76.41 

3 12 31721 -329.61 -299.54 25.41 

4 6 343 -328.76 0 10 

5 11 6903 -328.99 302.38 25.85 

6 9 426 0 515.1 76.41 

7 4 2564 267.66 513.62 80.25 

8 5 14161 327.23 298.76 25.04 

9 7 736 328.76 0 10 

10 3 

Vibration motor – corner 11 1 

12 2 

 

 

 

 

 

  

Figure 5. 9: Position B for the accelerometers. 
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5.3 Sensor calibration using certified calibrator. 

Calibration of each of the sensors was performed with the use of a Handheld 

shaker produced by PCB Piezotronics
®
. Enclosed with the calibrator was its 

certificate of calibration. This calibrator provides an accurate excitation 

acceleration of 1 g‘s rms (±3%)  (1g=9,8 m/s
2
) at its operating frequency is 

159,2 Hz (±1%). The calibrator is shown in figure 5. 10. 

 

 

Each of the 12 accelerometer used in the experiments were calibrated using  the 

handheld shaker in combination with the LMS Data Acquisition system and 

software using power spectrum estimates. This yielded new sensitivity values for 

each of the accelerometers. The new sensitivity values for all the accelerometers 

are presented in table 5.4. In figure 5.11 the sensor calibration with the aid of  

power spectrum estimate via the  LMS software interface is illustrated . 

 

 

 

Figure 5. 10: Photo of the handheld shaker for accelerometer calibration. 
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Sensor 
no. 

Serial 
Number 

Sensitivity 
(mV/g) 

1 25545 5.3166657 

2 34957 5.7572047 

3 38117 5.9310097 

4 38118 5.6716507 

5 38119 5.7692531 

6 39247 5.717745 

7 57642 0.42470222 

8 57643 5.6950837 

9 57644 5.5592187 

10 59229 6.6182991 

11 59383 6.914046 

12 61722 5.2235345 

Note the sensitivity value of the 7
th

 sensor, which is very low. This sensor 

requires further concerns and a recalibration may be required. Due to the lack of 

sensors, this sensor was mounted at a position that was predicted to have high 

acceleration levels. Other accelerometers that should be considered to have an 

investigation are sensors no. 10 and 11 as they have approximately 40 % higher 

sensitivity than they should have in relation to their specification. Therefore, 

none of these sensors was mounted in the positions that were predicted to have 

the highest accelerations. 

Table 5.  4: Calibrated sensor sensitivity values 

Figure 5. 11: Power spectrum estimate for one of the sensors during calibration (RMS scaling). 
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5.4 Sensor mounting 

Before mounting the sensors on the plate compactors bottom plate, each of the 

FE models node positions was carefully measured out and marked on the bottom 

plate. In order to properly glue the sensors on the surface, it was required to 

clean the surface with a cleaning liquid. A liquid used for cleaning brake pads 

was ideal for this task, as it dissolves easily the grease and oil and evaporates 

quickly. After the cleaning with the solvent the surface was polished slightly, 

with a sand paper having a small-grain size, in order to improve surface 

roughness for the adhesive application. All sensors were screwed on mounting 

bases, that where attached to the bottom plate surface with an adhesive. The 

sensors where positioned on the bottom plate to measure acceleration in the 

direction normal to  the ground surface. For areas of the bottom plate that are not 

parallel to the ground, the sensor bases were mounted on triangular shaped 

blocks to provide surfaces parallel with the ground. An example of 

accelerometer setup plus secured wire connections from the left side of the 

compactor is presented in figure 5.12. 

 

5.5 Final adjustments 

When everything has been prepared and checked, a test stand was set up. Apart 

from preparing the test stand for the measurements, the cables needed to be 

arranged properly. Moreover, a few basic adjustments needed to be carried out in 

the data acquisition system and this will be described briefly in the following 

sections. 

Figure 5. 12: Plate compactor with accelerometers attached to the bottom plate and 

secured wires. 
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5.5.1 Test stand set up 

In the experiments, the plate compactor was placed on a surface consisting of 

three layers of a particular rubber mat provided by the manufacturer. The rubber 

mats where in turn supported by an asphalted ground surface.  The rubber mats, 

in theory, should simulate the characteristic of ground consisting of soil. When 

all the sensors were attached to the bottom plate surface, cables were connected 

between sensors and the data acquisition system as well as secured for unwanted 

movement. An LMS Data Acquisition software was run on a PC that was 

standing next to the compactor on a movable table. A test setup for measuring 

vibrations of the compactor is presented in figure 5.13. Because of the lack of a 

gas extraction equipment for combustion gases inside the laboratory and the 

noise level of the plate compactor, the vibration tests of the compactor had to be 

carried out outside the laboratory building. This introduced another limitation to 

the project, i.e. when the weather conditions allowed experiments to be carried 

out.  

 

When all the sensors were connected to the data acquisition device, it was 

important to check if all the sensors where working properly. This could be done 

by checking the “status” option in the “channel setup” in the LMS software. If 

any of the sensors does not function, the data acquisition program would detect 

that. Another way of checking if the accelerometers are connected to the data 

acquisition system is provided by the input channel diodes; if an input channel 

diode lights green the input channels is on, as illustrated by the photo in figure 

5.14. On the other hand, if an input channel diode lights red, the channel is off.  

Figure 5. 13: Outdoor Measurement setup for the plate compactor. 
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5.5.2 Data acquisition 

To present quantitative results of the acquired vibration data the LMS Data 

Acquisition software cannot be used. Although this tool is capable of creating 

spectrum graphs with different scaling, the software‘s signal processing 

algorithms are not accessible due to its commercial use. The LMS Data 

Acquisition software is only used to acquire and record vibration signals from 

the accelerometers. Spectral analysis of a recorded signals is carried out in  

MatLab environment, due to its open database and the accessibility of all 

algorithms integrated into the software. It also supports creation of a new 

functions and programs within the environment, therefore basic programming 

skills are required in this project. 

Before every measurement, the values for  a number of parameters have to be 

selected in order to acquire and record a reliable set of vibration data: 

1) Bandwidth (B) [Hz]  

2) Resolution (∆f = Fs/N) [Hz]  

3)  Number of averages (L)  

4) Overlapping [%] 

Figure 5. 14: Data acquisition system indicating that its inputs are on with diodes lighting 

green. 
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Figure 5. 15: Suggested choice of an advanced file save 

options. 

After the measurement, the time data can be exported to a MatLab supported file 

format as a structure array. Observe, before extraction, it is important to check 

what conditions that should be given to the saved file, as those will influence 

matrix arrays and values (see figure 5. 15). 

 

 

While most of the options available to be chosen, might be changed freely, it is 

important to make sure, that the second box i.e. “Group similar blocks in a 

matrix” stays unchecked. Particularly, for an unknown reason, this is the only 

box ticked default in the LMS software. Choosing this option will interrupt time 

data and further results, as matrices will only contain half of the sampled 

information. Third option is suggested to be ticket, as MKS shortcut stands for 

Meter-Kilogram-Second (i.e. SI units) while normally the program operates with 

imperial units i.e. Inch-Pound-Second. This option is not of importance in this 

case, as the records are acquired with the unit g‘s. 

5.6 Problems that occurred during measurements 

In many cases when new measurements and experiments should be carried out 

things may gone wrong. Some problems might be avoided by managing the 

resources in a better way, but there are some factors that may occur randomly. 

As a result, every problem creates a challenge to the proceeded work to be 

solved before the measurements can continue. These challenges resulted in many 

delays that might influence final deadline of the presented report. 
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5.6.1 Diesel engine does not start 

At the very beginning, before the measurement setup was prepared, the machine 

was inspected and it should be tested, to see if everything was functioning and 

working properly. To the surprise of the researchers, the diesel engine did not 

start. Every electrical connection was checked along with the fuel level in a tank. 

Everything seemed to be correct. Subsequently, the battery voltage level was 

measured. The battery voltage level was 11,4 V and for a fully working battery 

the voltage level should be approx. 14,4 V
1
. This suggested a drained battery. 

The battery was charged using rectifier connected to the electrical outlet. 

Furthermore, after 24h charging of the  battery (diodes on the charger signaling 

that charging process was off) the engine did not start. A small ‗click‘ was heard 

after switching the key to the ‗ignition‘ position, suggesting that the starter was 

working, but the battery was fully depleted and did not support the starter with 

the current required to rotate the crankshaft. In order to prove this assumption the 

battery of the compactor was connected to a car‘s battery with the engine on. 

This solved the problem as the compactor‘s engine was able to start directly. 

What was interesting is that the deployed battery consumed so much current 

from the operating car, that the car engine was not able to run on idle. This might 

suggest that the battery in the compactor was fully depleted and that the 

compactors engine had not been started for a very long time and most of the 

engine oil was in the engine sump. After the start of the compactor it was 

operating approx. 30 min and engine rotation speed was slowly increased in 

order to supply all the inside parts with oil and to reduce inside resistance for any 

further starts. A new battery was delivered by the Swepac
©

 company soon after 

and it fully solved the problem.  

5.6.2 Vibrator motor does not work 

Soon after the case of the diesel engine not starting another problem occurred. 

The vibration generator, after switching the switch to the ‗on‘ position, did not 

start. After consultation with the Swepac
© 

company, the first inspection was 

decided to be held at the university site, before sending the device back to the 

company headquarters as this will result in a long delay to the project. With the 

given advices and help from the Swepac
©

 the problem was found quickly. The 

solenoid valve, responsible for turning on a hydraulic clutch between the diesel 

engine and the vibrator motor, was not functioning. 

                                                 
1
 Value of the battery static voltage was assumed to be the same as in a typical car battery. 
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A quick study of the solenoid valve provided a clue for the reason of the failure. 

The power was not supplied to solenoid valve. In relation to the electrical 

documentation of the compactor, which was delivered by the Swepac
©

 company, 

the problem was found. As presented in the figure 5.16, one of the electrical 

connections under the vibrator motor switch was unplugged. Connecting the 

electrical wire solved the problem and the power was delivered to the solenoid 

valve. Afterwards the compactor was operating normally, with a working diesel 

engine and a working vibration generator. 

 

 

Unfortunately, all the actions carried out to make the plate compactor operate 

were done during the project and this resulted in a few weeks delay. 

 5.6.3 Destroyed one of A/D converter lines 

The measurements did however not continue without other challenges. One day 

an A/D converter card in the data acquisition system stopped working. It could 

be observed by all the cards diodes having a red color, as shown in the 

figure 5.17
2
.  

                                                 
2
 The picture is exemplary. An actual photo of an  interrupted signal acquisition was lost. 

Figure 5. 16: Vibration motor switch. Red rectangle indicates the connection that 

was unplugged. 
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In order to solve the problem a number of options were checked: 

 The channels seems to work when the ‗input mode‘ is set either to 

Voltage AC or Voltage DC but not ICP.  

 Sensors are reconnected to the working A/D card. Signal is acquired 

correctly from all the sensors which suggests, that the sensors and cables 

are not damaged. 

 Reconnecting sensors from working card to the not working card does 

not solve the issue. 

 Restarting device manually or checking damaged channels via LMS 

software does not result in any change. 

Further consultations with the university staff did not solve the problem and 

consequently it was a hardware failure and the data acquisition system was 

replaced with a working data acquisition system.  

Figure 5. 17: Red diodes indicating a possible problem with the A/D card  in the  acquisition system. 
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6. Results 

The following chapter will cover the main topics; determining signal properties, 

bandwidth limitations and the operating deflection shape analysis. First 

subchapters motivate the approach for the performed studies, while the last 

chapters focuses on the result. 

6.1 Nature of a signal 

In order to perform any spectrum analysis of a signal it might be helpful to 

determine the nature of a signal. This can be done in a few steps. Firstly, the time 

signal can be analyzed to distinguish if a signal presents deterministic or random 

properties. As all of the accelerometers were mounted on the operating part of 

the plate compactor, it is sufficient to analyze the signal from one of the 

accelerometers, in order to obtain information about the nature of the response  

signals from the other accelerometers at the other positions on the bottom plate. 

The accelerometer signal from position 4 on the plate compactor during 

operation is shown in figure 6.1. 

Based on the information provided by this figure the signal is probably not 

deterministic, as it display random properties.  

 

 

Figure 6. 1: Vibration signal as a function of time from the accelerometer at  the 4
th
 measurement 

position. 
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Furthermore, it is crucial to determine if statistical properties of a signal are 

stationary, or non-stationary. To address this issue, first-order probability density 

function estimates are produced for different time durations. For each of the 

signals, estimates of a first-order probability density for different time durations 

for one of the acceleration responses measured on the plate of the plate 

compactor during operation are presented in the figure 6.2. 

 

 

From figure 6.2 it follows that the estimates of first-order probability density 

seems to be approx. independent of the time duration they were estimated over. 

For this reason, it is assumed that the acceleration response signals responses 

measured on the plate of the plate compactor during operation can be classified 

as stationary random signals.  

Table 6. 1: Estimates of first- and second-order statistical properties for different time 

durations‟ for one of the acceleration response‟s. 

Signal length S [%] 100 10 2 1 0.7 0.5 

Mean value μ [g] 0.0029 0.0313 0.2553 0.2892 0.5298 0.6412 

Standard deviation 𝛔 [-] 396.93 396.18 397.17 396.01 396.03 396.04 

 

In table 6.1 estimates of first- and second-order statistical properties for different 

time duration for one of the acceleration responses are given. 

Figure 6. 2: First-order probability density function estimates for different time durations for one of the 

acceleration responses measured on the plate of the plate compactor during operation. 
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6.2 Bandwidth limit 

Initial measurements were carried out to identify adequate settings for the data 

acquisition. Based on the power spectral density analysis of the measured 

acceleration responses of the plate compactors plate it was found that the highest 

accelerations was recorded at the fourth measurement position. Its PSD is 

presented in figure 6.3. All the power spectral density estimates produced 

initially are given in the appendixes 2.A-L.  

 

 

The y-axis in figure 6.3 has a decibel scale. As it might be misleading in the first 

look, the most important rule is that the highest peak presented in the graph has 

the value 3,6   10
5
 g

2
/Hz at the frequency 71,4 Hz. In a decibel scale, this peak 

value corresponds to a 55,56 dB level. The magnitude of the marked peak at 

1573 Hz has a total power density equal to 20,82 dB which is 34.74 dB lower 

than the peak at 71 Hz. This means, that the total power density of the peak at 

1573 Hz is approximately 2
11

 times lower than the power density level at 71 Hz. 

The next highest neighboring peak value present is at 2625 Hz is  5,47 dB, which 

is 2
5
 times lower than the power density level at 1573 Hz.  

Figure 6. 3: Power Spectral Density estimate  for the acceleration respone of the 4
th
 point (10 kHz 

bandwidth). 
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Based on the pre-analysis of the power spectral density of the signal, the 

bandwidth was set to 2048 Hz and the sampling frequency to 4096 Hz following 

the equation (44), which is based on the equation (12): 

 
                                    ,  - (44)  

The new bandwidth concerns the influence of the cut-off filter. Thus, the 

frequency content present up to 1600 Hz is not influenced by any distortions 

caused by the hardware. 

6.3 Operating Deflection Shapes of the plate compactors bottom plate 

To obtain an estimate of the vibration power in a frequency interval [f1, f2] from 

a power spectral density for the vibration, the power spectral density may be 

integrated according to: 

 
   ,     -

 ∫ ,   ( )     (  )-   
  

  

 (45)  

This fact has been taken into account while calculating PS and PSD, because 

Pxx( ) = Pxx(  ), the spectra containing positive frequencies were multiplied by 

the factor of 2. As a result, the power over an interesting frequency band can be 

calculated as shown in the equation: 

    ,     -
 ∫     ( )   

  

  

 ∑     (  )  ∆ 

  
 
   

   
  
    

 ∑     ( )  ∆ 

   

    

 (46)  

Where ∆       is the resolution of the spectrum in Hz. 

Based on the approach presented in the above equations, most desired outcome 

of the PSD estimate would be to have as low bias as possible. In figure 6.4 it can 

be seen that no major change in the peak magnitude value occurs when 

exceeding the block length 32 768 for the narrowest peak present at 71 Hz. 

Further increasing of the block length does not result in any significant change of 

the magnitude value.  Thus, in order to preserve sufficiently low bias error, the 

resolution of the PSD was chosen to be equal 0.125 Hz. 
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In order to present Operating Deflection Shapes for the analyzed system, the 

power spectral density has to be scaled from acceleration to the displacement. 

The displacement is calculated following the equation (47): 

 
 ( )  

 ̂  ( )

(   ) 
      

     

    
 
 ̂  ( )

  
 *
  

  
+ (47)  

The overall value was multiplied by the square 9,8 m
2
/s in order to get values in 

the SI units. The value of the gravitational acceleration was based on the 

certificate of calibration for the hand-calibrator used in the calibration stage. 

6.3.1 ODS for the sensor position set A 

The fourth measured position was chosen to be the reference point due to that 

most resonances, within the selected bandwidth, are present in the response at 

this position. The measurements were performed for three states representing the 

three different operating states of the compactor. The first state was idling 

operation of the compactor, the second state was forward motion of the 

compactor and the third state was reverse motion of the compactor. A number of 

peaks in the power spectral density of the response of the fourth position where 

selected for the analysis and they presented in the figure 6.5. Also, in this figure, 

for each selected peak the corresponding integration frequency range is 

illustrated by a blue horizontal line below the peak. Resulted integral will give 

the information of the  total power of the corresponding resonant frequencies. 

Resonance peaks that occur over 1600 Hz are not taken into account in the 

analysis. 

Figure 6. 4: Power spectral density estimates of the acceleration repose of the 4
th
 position using flattop 

window for different block lengths. 
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Note that the peak at approx. 71 Hz dominates all other peaks. That means, that 

the total RMS displacements calculated from the signals mainly consists of the 

signals power spectral density about the peak 71 Hz. To present it in numbers, 

the resonance present at 71 Hz, results in a 25,5 mm RMS displacement of the 4
th

 

measured position, while the signal component at 24 Hz results in approx. 

0,2 mm RMS displacement. Other components RMS displacements are one or 

more order of magnitudes lower that the one at 24 Hz. Thus, ODS analysis will 

focus on the operative deflection shape at 71 Hz frequency. 

As a result, the ODS estmate for the bottom plate of the plate compactor based 

on sensor set  A is presented in the figure 6.6. 

Figure 6. 5: Power spectral density estimate for the acceleration response of position four on the bottom 

plate - idle. 
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Figure 6. 6: ODS estimate for the plate compactors bottom plate for sensor set A – idle 

motion. 
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In the table 6.2 the ODS RMS deflections for 71 Hz are presented along with the 

coherence values between the reference position and given measured position. 

Table 6. 2: ODS RMS deflections and coherence between the reference position and 

given measured position based on sensor set A at 71 Hz - idle. 

Point no. ODS [m] Coherence [-] 

1 0.0094 0.9995 

2 0.0158 0.9999 

3 0.0002 0.9943 

4 0.0255 1.0000 

5 0.0188 1.0000 

6 -0.0039 0.9986 

7 0.0183 0.9999 

8 0.0038 0.9993 

9 0.0260 1.0000 

10 -0.0024 0.9988 

11 0.0232 1.0000 

12 0.0072 0.9996 

 

Following same pattern as described for the idle state of operation, a spatial ODS 

estimate for the forward motion is produced. A PSD estimate for the acceleration 

response of the 4
th

  position on the bottom plate of the compactor during forward 

motion is presented in the figure 6.7. 
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An ODS estimate for the bottom plate of the plate compactor based on sensor set  

A at 70 Hz was produced and it is shown in the figure 6.8. In Table 6.3 the ODS 

RMS deflections for 70 Hz are presented along with the coherence values 

between the reference position and given measured position. 

Table 6. 3: ODS RMS deflections and coherence between the reference position and 

given measured position based on sensor set A at 70 Hz – forward motion. 

Point no.  ODS [m] Coherence [-] 

1 0.00484 0.9975 

2 0.01412 0.9999 

3 0.00073 0.9994 

4 0.01583 1.0000 

5 0.01517 0.9999 

6 0.01235 0.9992 

7 0.01711 0.9998 

8 0.01341 0.9994 

9 0.01208 0.9999 

10 0.01467 0.9992 

11 0.01403 1.0000 

12 0.01304 0.9995 

 

  

Figure 6. 7 : Power spectral density estimate for the acceleration response of position four on the bottom 

plate - forward. 
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Figure 6. 8 : ODS estimate for the plate compactors bottom plate for sensor set A – 

forward motion. 
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Following same pattern as described for the forward state of operation, a spatial 

ODS estimate for the reverse motion is produced. A PSD estimate for the 

acceleration response of the 4
th

  position on the bottom plate of the compactor 

during reverse motion is presented in the figure 6.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the figure 6.10 it can be concluded that the dominating peak in the 

power spectral density is at approx. 70 Hz. An ODS estimate for the bottom plate 

of the plate compactor based on sensor set A at 70 Hz was produced and it is 

shown in figure 6.10 while in table 6.4 the ODS RMS deflections for 70 Hz are 

presented along with the coherence values between the reference position and 

given measured position. 

Figure 6. 9: Power spectral density estimate for the acceleration response of position four on the bottom 

plate – backward motion. 
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Point no. ODS [m] Coherence [-]

1 0.01188 1.0000

2 0.01298 1.0000

3 -0.00002 0.9994

4 0.02546 1.0000

5 0.01709 1.0000

6 -0.00973 1.0000

7 0.01508 1.0000

8 -0.00591 1.0000

9 0.02703 1.0000

10 -0.01123 1.0000

11 0.02349 1.0000

12 -0.00095 1.0000

Table 6. 4: ODS RMS deflections and coherence between the reference position and given 

measured position based on sensor set A at 71 Hz - backward. 

Figure 6. 10: ODS estimate for the plate compactors bottom plate for sensor set A – 

backward motion. 
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6.3.1 ODS for the sensor position set B 

When the first measurements using the setup for sensor set A was finished, a 

new sensor positioning was selected. In order to enable the merge sensor set A  

and B for the production of an ODS estimate for the bottom plate of the plate 

compactor, the 4
th

 measured position was chosen to be the reference for both 

measurements. A PSD estimate for the acceleration response of the 4
th

  position 

on the bottom plate of the compactor during reverse motion is presented in the 

figure 6.11. 

 

  

 

Similarly for the case of  sensor set A the dominating peak in the power spectral 

density is at approx. 70 Hz for sensor set B. Note, that in this case, the frequency 

for the dominating peak is approximately 1 Hz lower as compared to the case of  

sensor set A. The ODS estmate for the bottom plate of the plate compactor based 

on sensor set  B is presented in the figure 6.12. In the table 6.5 the ODS RMS 

deflections for 71 Hz are presented along with the coherence values between the 

reference position and given measured position. 

 

 

 

 

Figure 6. 11: Power spectral density estimate for the acceleration response of position four on the bottom 

plate - idle. 

 motion. 
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Table 6. 5: ODS RMS deflections and coherence between the reference position and 

given measured position based on sensor set B at 70 Hz – idle motion. 

Point no.  ODS [m] Coherence [-] 

1 0.01181 1.0000 

2 0.01319 1.0000 

3 -0.00002 0.9860 

4 0.02558 1.0000 

5 0.01797 1.0000 

6 0.00783 1.0000 

7 0.00883 1.0000 

8 -0.01105 1.0000 

9 0.02527 1.0000 

10 -0.00426 1.0000 

11 0.01751 1.0000 

12 -0.00520 1.0000 
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Figure 6. 12: ODS estimate for the plate compactors bottom plate for sensor set B – idle 

motion. 
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A PSD estimate for the acceleration response of the 4
th

  position on the bottom 

plate of the compactor during forward motion is presented in the figure 6.13.  

 

 

This time, the measurement was subjected to even higher frequency drift. The 

dominating peak in the PSD:s  was at approx. 69 Hz. In table 6.6 the ODS RMS 

deflections for 70 Hz are presented along with the coherence values between the 

reference position and given measured position. 

Figure 6. 13: Power spectral density estimate for the acceleration response of position four on the bottom 

plate – forward motion. 

Point no. ODS [m] Coherence [-]

1 0.00438 0.9923

2 0.01229 0.9992

3 0.00063 0.9976

4 0.01461 1.0000

5 0.01491 0.9996

6 0.01139 0.9985

7 0.01362 0.9985

8 0.00746 0.9966

9 0.01436 1.0000

10 0.01062 0.9974

11 0.01310 0.9997

12 0.00801 0.9972

Table 6. 6: ODS RMS deflections and coherence between the reference position and given 

measured position based on sensor set B at 69 Hz – forward motion. 
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Figure 6. 14: ODS estimate for the plate compactors bottom plate for sensor set B – 

forward motion. 
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An ODS estimate for the bottom plate of the plate compactor based on sensor set  

B at 69 Hz was produced and it is shown in the figure 6.14. 

A PSD estimate for the acceleration response of the 4
th

  position on the bottom 

plate of the compactor during reverse motion is presented in the figure 6.15. The 

dominating peak in the power spectral density is at approx. 69 Hz. In table 6.7 

the ODS RMS deflections for 69 Hz are presented along with the coherence 

values between the reference position and given measured position. An ODS 

extracted for the backward motion is shown in figure 6.16. 

 

Figure 6. 15: ODS estimate for the plate compactors bottom plate for sensor set B– backward motion. 
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Figure 6. 16: ODS estimate for the plate compactors bottom plate for sensor set B – 

backward motion. 
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Table 6. 7: ODS RMS deflections and coherence between the reference position and 

given measured position based on sensor set B at 69 Hz – backward motion. 

Point no.  ODS [m] Coherence [-] 

1 0.01184 1.0000 

2 0.01291 1.0000 

3 -0.00004 0.9978 

4 0.02546 1.0000 

5 0.01773 1.0000 

6 0.00741 1.0000 

7 0.00842 1.0000 

8 -0.01091 1.0000 

9 0.02516 1.0000 

10 -0.00492 1.0000 

11 0.01735 1.0000 

12 -0.00581 1.0000 

6.3.3 ODS for the sensor position set A and B merged  

To produce an ODS based on the accelerometer signals from both sensor 

position set A and B a few matters have to be considered. Comparing the 

frequency values for the dominating peak in the power spectral densities for the 

accelerometer signals from both sensor position set A and B, for each of the 

three operating states of the plate compactor, it follow that the dominating peak‘s 

frequency in the power spectral densities may differ between sensor position set 

A and B.  

However, in advance of the measurements in both the sensor position set A and 

B cases, a few actions were carried out to ensure the closest operating conditions 

for the two measurements and those are: 

 The layer of rubber mats was constant in both measurements. 

 The positioning of the machine on the rubber mats was checked to be 

approx. the same in both cases. 

 The throttle lever was set at the maximum position. 

 The lever responsible for variable phase lag in the vibration generator 

was set at the maximum or minimum position and fixated. 

Those conditions where the only an operator could control to prevent any 

operating differences between the measurements based on sensor position set A 

and B without using any additional measurement equipment.  



 

62 

A. G. Potarowicz &  S. M. Hosseini Moghadam 

To produce an ODS based on the acceleration responses from both sensor 

position set A and B a suitable reference sensor position has to be identified from 

the sensor positions that are identical for both sensor position set A and sensor 

position set B. Two mutual sensor positions for the sensor position sets where 

considered as reference position candidates and they were sensor position 2 and 

sensor position 4. 

The RMS values for displacements related to the dominating peak in the power 

spectral densities for the accelerometer signals from both the reference candidate 

sensor positions and comparisons of them are given in table 6.8 for the three 

operating conditions of the compactor. 

Table 6. 8: Estimates of the RMS values for the displacements of reference candidate 

sensor positions and comparisons of them. 

Idle motion 

A - 4th 

sensor [m] 

B - 4th 

sensor [m] 

Difference 

(B/A) [%] 

A - 2nd 

sensor [m] 

B - 2nd 

sensor [m] 

Difference 

(B/A) [%] 

0.025528 0.025579 -0.20% 0.015826 0.013187 16.67% 

Forward motion 

A - 4th 

sensor [m] 

B - 4th 

sensor [m] 

Difference 

(B/A) [%] 

A - 2nd 

sensor [m] 

B - 2nd 

sensor [m] 

Difference 

(B/A) [%] 

0.015827 0.014611 7.68% 0.014121 0.012290 12.97% 

Reverse motion 

A - 4th 

sensor [m] 

B - 4th 

sensor [m] 

Difference 

(B/A) [%] 

A - 2nd 

sensor [m] 

B - 2nd 

sensor [m] 

Difference 

(B/A) [%] 

0.025465 0.025459 0.02% 0.012976 0.012907 0.53% 

From table 6.8 it follows that the RMS values for the displacements of the 4
th

 

sensor  position are fairly similar for the measurements based on sensor position 

set A and the sensor position set B. This fact also motivates usage of the 4
th

 

sensor position, located on the bottom plate, as the reference position for both 

measurements. To adjust magnitude differences, an ODS for sensor position set 

B is normalized with the RMS displacements magnitude for the reference sensor 

position 4 and multiplied with the RMS displacements magnitude for the 

reference sensor position 4 for sensor position set A. ODS estimates based on the 

acceleration responses from both sensor position set A and B are presented in the 

figures 6.17 – 19. 
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Figure 6. 17: ODS estimate for the plate compactors bottom plate for sensor set A+B – 

idle motion. 
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  Figure 6. 18: ODS estimate for the plate compactors bottom plate for sensor set A+B – 

forward motion. 
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Figure 6. 19: ODS estimate for the plate compactors bottom plate for sensor set A+B – 

backward motion. 
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In relation to the presented ODS:s a number of observations can be made. The 

backward and idle spatial motion of the bottom plate are very similar, with the 

difference that in backward motion, the front and back ends of the bottom plate‘s 

rocking motion display a slightly higher displacement. While the ODS for 

forward motion do not display any significant rocking motion, it on the other 

hand display a synchronized displacement of the front and back ends of the 

bottom plate. 

The other distinct behavior of the bottom plate is recorded during idle motion. 

The corners of the back end of the plate (y ≈ -0.45) area seems to deflect more 

than the center of the  back end of the plate.  
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7. Analysis of the results  

In this chapter the analysis of the presented results is carried out. The content 

focuses mostly on the influence of the window choice and a closer comparison of 

two different approaches used for producing the operating deflection shape 

estimates One approach was based on power spectrum estimates and the other 

approach was based on a power spectral density estimates. 

7.1 Choice of spectral approach 

When the basic properties of the measurement have been set up, the signal 

contents are analyzed in order to distinguish if there are any periodic components 

present in the signal or not. Applying the power spectral density estimator, 

allows not only to estimate power spectral density of a signals random 

components, but also allows to guide which peaks in the power spectral density 

estimate might be related to periodic components in the signal. In order to 

analyze a signal using this approach, the PSD should be estimated  for  different 

block lengths. The magnitude of peaks related to periodic components in a power 

spectral density estimate will increase with increasing block length while peaks 

related to resonance phenomena will only increase until they reach the 

magnitude of the peak in the actual power spectral density for the signal. PSD 

estimates for the acceleration response of position four on the bottom plate, 

during idle operation of the compactor, for different block lengths are presented 

in figure 7.1.  

 

 

Figure 7. 1: Power spectral density estimate for the acceleration response of position four on the bottom 

plate for different Hanning window lengths, during idle operation of the compactor. 

. 
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Observe, that the magnitude of a number of peaks in the power spectral density 

estimates for the acceleration response of position four on the bottom plate in 

figure 7.1 increase for each increase in the block length.    

 

 

 

In figure 7.2 the power spectral density estimates for the acceleration response of 

position four during idle motion are zoomed into the peak at approx. 70.5 Hz.  

From the power spectral density estimates in figure 7.1 it might be observed that 

the magnitude of the  peaks at e.g. 24, 70, 141, 211, 352, 423 and 564 Hz 

increases with increasing block length.  Note, that every frequency value for the 

peaks above  70 Hz is approx. an integer multiple of 70 Hz. In order to check if 

the considered peaks at  e.g. 24, 70, 141, 211, 352, 423 and 564 Hz are related to 

the periodic components, power spectrum estimates for the acceleration response 

of position four on the bottom plate, during idle operation of the compactor, for 

different block lengths were produced. The magnitude of peaks related to 

periodic components in a power spectrum estimate should in general not be 

affected by increasing the block length while peaks related to resonance 

phenomena should decrease in magnitude with increasing block length. PS 

estimates  for the acceleration response of position four on the bottom plate, 

during idle operation of the compactor, for different block lengths using Flattop 

window are presented in figure 7.3.  

Figure 7. 2: Power spectral density estimate for the acceleration response of position four on the bottom 

plate for different Hanning window lengths zoomed in to the peak at approx. 70.5 Hz  , during idle 

operation of the compactor. 
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By studying the PS estimates in figure 7.3 it seems like the peaks at  e.g. 24, 70, 

141, 211, 352, 423 and 564 Hz are related to the periodic components. In figure 

7.2 the power spectral density estimates for the acceleration response of position 

four zoomed in to the peak at approx. 70.5 Hz. However, by zooming to the peak 

at approx. 70.5 Hz in the power spectra, as illustrated in figure 7.4,  it can be 

observed that the magnitude of the peak starts to decrease for block lengths 

exceeding 8192, which corresponds to the 0.5 Hz spectral resolution. Other 

suspected periodic components magnitude decreased with every increase of the 

block length. 

  

Figure 7. 4: Power spectrum estimate for the acceleration response of position four on the bottom plate 

for different Flattop window lengths, during idle operation of the compactor. 

Figure 7. 5: Power spectrum estimates for the acceleration response of position four on the bottom plate 

for different Flattop window lengths zoomed in to the peak at approx. 70.5 Hz , during idle operation of 

the compactor. 

 

Figure 7. 3: Power spectrum estimate for the acceleration response of position four on the bottom plate 

for different Flattop window length, during idle operation of the compactor. 
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The peak in the spectra at approx. 70 Hz is excited by the plate compactors  

vibration generator. Although its operation might be suspected to excite periodic 

vibration, in reality, however, there might be small fluctuations about the 

nominal operating frequency, as indicated in technical documentation delivered 

by Swepac
©

 company, see the table 7.1. Full technical specification for the FB 

510 compactor can be found in the appendix 4. 

Table 7. 1: Selected operating properties of the FB 510 compactor. 

Estimated centrifugal force at 70 Hz: 

65.5 kN 

According to data sheet: 

Frequency Centrifugal force 

70-72 Hz 66 kN 

 

This likely to be the cause of the peak value decrease as the resolution increases 

under 0,5 Hz. Basically, all other frequencies related to the suspected harmonic 

peak values showed higher decrease with the increasing block length. Thus, the 

plate compactors vibration generator produce a frequency modulated excitation 

and thus the vibration response of the bottom plate will also contain frequency 

modulated components. 

7.2 Frequency modulation 

A brief introduction of frequency-modulated signals and estimation of signal 

power based on PS and PSD estimates of a frequency modulated signal. A basic 

single-tone frequency modulated signal can be described as: 

 
 ( )         (      

   ∆
  

   (     )) (48)  

Where    is the sinusoidal carrier signals amplitude,    is the carrier frequency, 

   is an amplitude of the modulating sinusoid,    is the modulating frequency 

and  ∆ is the frequency deviation. If we assume that   
   ∆

  
 the frequency 

modulated signal might be expanded in terms of an infinite Fourier series, 

according to [26]: 

  ( )    ∑   ( )     ,  (      ) -

 

    

 

 

(49)  

Where   ( ) is called the Bessel function of the first kind and of order n, defined 

as: 
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  ( )  

 

  
∫   (        )  
 

  

 (50)  

The Fourier transform of the single-tone frequency modulated signal y(t) is given 

by: 

  ( )    ∑   ( ) (
 (  (      ))

 
 
 (  (      ))

 
)

 

    

 

 

(51)  

Where (f) is the Dirac‘s delta function. Thus, the single-tone frequency 

modulated signal will have a discrete frequency spectrum where the components 

at ±fc are the carrier components and the other frequency components are the so-

called sidebands.  

Taking into consideration Carson‘s rule it can be mathematically proved that 

nearly 98 % of the total power of a frequency modulated signal lies within a 

bandwidth BT defined as [26]: 

 
    ( ∆    )     (   ) (52)  

What can be taken into consideration is that a total amount of power of a 

frequency modulated signal may be estimated by with the aid of  PS estimator 

and it will approx. be given by the sum of the PS magnitude at the frequencies of 

the carrier components and the sidebands. On the other hand, if the PSD 

estimator is considered the power of a frequency modulated signal based on a 

PSD estimate of it, may be obtained by summing the PSD magnitude in the 

frequency intervals of the carrier components and the sidebands and multiplying 

this sum withf.  

Based on PSD and PS estimates for the acceleration response of the 4
th

 position 

on the bottom plate of the compactor during idle motion the power was estimated 

for the frequency modulated plate motion at about 70 Hz. The estimates of the 

power of the frequency modulated plate motion about 70 Hz based on PSD and 

PS are given in tables 7.4 and 7.5. The power was estimated only for positive 

frequencies. Here, the power of  the frequency modulated motion was calculated 

from the PSD estimates over bandwidth   , for  ∆ =±1 Hz.    was estimated 

based on PSD estimate plots where the width of the frequency modulated peaks 

were identified. 
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Table 7. 2: Estimates of the power of the frequency modulated plate acceleration about 

70 Hz based on PSD and PS estimates, with both Flattop window and Haning window, 

for the acceleration response of the 4
th
  position on the bottom plate of the compactor 

during idle motion;  ∆ =±1 Hz. 

Resolution 

[Hz] 

Power - 

PSD 

(Flattop) 

[g^2] 

Power - 

PS 

(Flattop) 

[g^2] 

Difference 

(PS/PSD) 

[%] 

Power - 

PSD 

(Hanning) 

[g^2] 

Power - 

PS 

(Hanning) 

[g^2] 

Difference 

(PS/PSD) 

[%] 

4 131156.26 131185.85 0.023% 131156.34 119308.68 -9.930% 

2 131157.72 131200.00 0.032% 131156.37 129113.19 -1.582% 

1 131153.42 130854.02 -0.229% 131155.11 108746.24 -20.607% 

0.667 131157.39 131170.28 0.010% 131155.80 145410.13 9.803% 

0.5 131157.57 130970.44 -0.143% 131156.20 143166.99 8.389% 

⁞ 

0.25 131152.12 127599.00 -2.785% 131153.47 120970.03 -8.418% 

⁞ 

0.125 131130.07 136453.62 3.901% 131140.27 134751.34 2.680% 

⁞ 

0.0625 131098.28 128466.38 -2.049% 131120.43 130883.91 -0.181% 
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Table 7. 3: Estimates of the power of the frequency modulated plate displacement about 

70 Hz based on PSD and PS estimates, with both Flattop window and Hanning window, 

for the acceleration response of the 4
th
  position on the bottom plate of the compactor 

idle  motion,  ∆ =±1 Hz. 

Resolution 

[Hz] 

Power - 

PSD 

(Flattop) 

[m^2] 

Power - 

PS 

(Flattop) 

[m^2] 

Difference 

(PS/PSD) 

[%] 

Power - 

PSD 

(Hanning) 

[m^2] 

Power - 

PS 

(Hanning) 

[m^2] 

Difference 

(PS/PSD) 

[%] 

4 3.57E-06 5.15E-06 30.678% 3.43E-06 2.81E-06 -22.036% 

2 3.44E-06 3.51E-06 2.017% 3.40E-06 3.49E-06 2.507% 

1 3.40E-06 3.30E-06 -3.004% 3.39E-06 2.74E-06 -24.069% 

0.667 3.40E-06 3.37E-06 -0.662% 3.39E-06 3.72E-06 8.739% 

0.5 3.40E-06 3.40E-06 0.188% 3.39E-06 3.74E-06 9.223% 

⁞ 

0.25 3.39E-06 3.31E-06 -2.387% 3.39E-06 3.15E-06 -7.628% 

⁞ 

0.125 3.39E-06 3.55E-06 4.435% 3.39E-06 3.50E-06 3.012% 

⁞ 

0.0625 3.39E-06 3.34E-06 -1.705% 3.39E-06 3.40E-06 0.133% 

7.2 Block length effects on spectrum estimates 

When estimating the power of a frequency-modulated signal using power 

spectrum estimates or power spectral density estimates of the signal the block 

length and the window type will affect the accuracy of the estimate. Basically, if 

the PS estimator is used and the signal only consists of a frequency modulated 

signal component, two cases may be considered: 

1. Flattop window and a block length that yields a width of the flat area of 

the windows main lobe that is equal or exceed the frequency range of the 

carrier component plus its sidebands. 

2. Flattop window and a block length that yields a width of the flat area of 

the windows main lob that is substantially below the smallest frequency 

distance between any of the carrier component and its sidebands. 
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In the first case if a single sided PS estimate is considered for a frequency-

modulated signal the magnitude of the single peak in the spectrum will provide 

an estimate of the average power of the frequency-modulated signal. However, 

in the second case if a single sided PS estimate is considered for a frequency-

modulated signal the sum of the magnitudes of the carrier components peak and 

its sidebands peaks will provide an estimate of the average power of the 

frequency-modulated signal.  

For instance,  assume that a number of single sided PS estimates are produced 

for the frequency-modulated signal for a range of different block lengths starting 

with a ―short‖ block length as in case one and ending with a long block length as 

in case two. This would result in a transition from one peak in the PS estimate to 

several peaks in the PS estimate. At first during this transition, the magnitude of 

the single peak will start to decrease while the magnitude of the sidebands start 

to increase and in the end during this transition the magnitudes of the carrier 

components peak and its sidebands peaks will assume approx. the level of the 

frequency-modulated signal‘s actual power distribution in the frequency domain. 

In figures 7.4 and 7.5 the transition where the magnitude of the single peak will 

start to decrease while the magnitude of the sidebands start to increase in power 

spectrum estimates are illustrated.  

Also, when estimating the power of a frequency-modulated signal using power 

spectral density estimates of the signal the block length and the window type will 

affect the accuracy of the estimate. Basically, if the PSD estimator is used and 

the signal only consist of a frequency modulated signal component the same two 

cases considered for the PS estimator may also be considered for the PSD 

estimator.  

In the first case if a single sided PSD estimate is considered for a frequency-

modulated signal by summing the PSD magnitude values in the frequency 

interval of the peak and multiplying the sum withf provides an estimate of the 

average power of the frequency-modulated signal. However, in the second case 

if a single sided PSD estimate is considered for frequency-modulated signal by 

summing the PSD magnitude values in the frequency intervals of the carrier 

component‘s peak and its sidebands, and subsequently multiplying the sums 

withf provides an estimate of the average power of the frequency-modulated 

signal.  
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7.4 MAC matrix – Abaqus mode shapes vs MatLab ODS estimates 

Because of the difference of two orders of magnitude in the considered 

frequencies for the estimates of the ODS:s and the estimated eigenfrequencies 

from the modal analysis of the FE model of the plate compactors bottom plate 

the operating deflection shapes estimated are not related to any resonant motion 

of the bottom plate. The investigation of the correlation between ODS and mode 

shapes was made based on curiosity. 

Table 7.6 presents MAC values between ODS estimates for idle operation of the 

plate compactors and FE model mode shapes and in figure 7.9 the corresponding  

is presented in a 3D bar diagram. 

Table 7.7 presents MAC values between ODS estimates for forward movement 

operation of the plate compactors and FE model mode shapes and in figure 7.10 

the corresponding  is presented in a 3D bar diagram. 

Table 7.8 presents MAC values between ODS estimates for reverse movement 

operation of the plate compactors and FE model mode shapes and in figure 7.11 

the corresponding  is presented in a 3D bar diagram. 

  

Figure 7. 6 : Power spectral density estimates for the acceleration response of position four on the bottom 

plate for different Flattop  and Hanning window lengths zoomed in at the left side of the carrier frequency 

peak at approx. 70 Hz  In the legend wh is Hanning window and wf is Flattop window. Observe the 

sideband peak at approx. 56 Hz. 
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Table 7. 4: MAC matrix between Abaqus modes vs. ODSs for idle operation. 

  Abaqus 

O
D

S 

[Hz] 4205 5824 5872 5919 9781 10832 

23.875 0.002 0.054 0.799 0.003 0.003 0.001 

47.625 0.484 0.043 0.085 0.039 0.012 0.048 

70.375 0.443 0.006 0.063 0.004 0.066 0.000 

104 0.402 0.005 0.029 0.004 0.058 0.002 

140.75 0.019 0.177 0.038 0.115 0.011 0.095 

211.125 0.073 0.059 0.594 0.014 0.008 0.013 

266.5 0.000 0.067 0.706 0.017 0.040 0.000 

352 0.000 0.009 0.313 0.044 0.008 0.017 

388.625 0.010 0.021 0.044 0.001 0.066 0.007 

422.25 0.003 0.000 0.023 0.005 0.008 0.005 

563 0.002 0.074 0.624 0.018 0.001 0.000 

633 0.013 0.057 0.374 0.010 0.055 0.226 

914.75 0.001 0.003 0.241 0.018 0.034 0.002 

1295.25 0.000 0.032 0.539 0.046 0.000 0.008 

1579 0.021 0.055 0.571 0.012 0.030 0.001 

 

  Figure 7. 7: 3D bar diagram for the  MAC matrix between ODS estimates for 

idle operation of the plate compactors and FE model mode shapes 
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Table 7. 5: MAC matrix between Abaqus modes vs. ODSs for forward movement operation. 

Figure 7. 8: 3D bar diagram for the  MAC matrix between ODS estimates for 

forward motion operation of the plate compactors and FE model mode shapes. 

[Hz] 4205 5824 5872 5919 9781 10832

23.75 0.000 0.052 0.741 0.002 0.004 0.001

47.375 0.169 0.013 0.056 0.010 0.010 0.008

69.25 0.006 0.001 0.210 0.007 0.127 0.001

138.5 0.180 0.011 0.053 0.000 0.053 0.001

207.5 0.112 0.008 0.002 0.001 0.022 0.014

266 0.000 0.063 0.675 0.015 0.038 0.000

345.875 0.007 0.016 0.027 0.022 0.120 0.003

392 0.006 0.067 0.623 0.013 0.004 0.000

483.875 0.000 0.025 0.124 0.013 0.212 0.048

579.5 0.005 0.074 0.790 0.019 0.002 0.002

622.125 0.001 0.016 0.200 0.004 0.000 0.002

816.875 0.148 0.048 0.513 0.019 0.007 0.000

923.125 0.002 0.007 0.262 0.022 0.003 0.000

1072.375 0.000 0.008 0.395 0.004 0.002 0.000

1294.25 0.001 0.026 0.583 0.061 0.001 0.005

1524.5 0.004 0.005 0.636 0.038 0.008 0.011

1578.125 0.001 0.059 0.833 0.018 0.046 0.001

Abaqus
O

D
S
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Table 7. 6: MAC matrix between Abaqus modes vs. ODSs for reverse movement operation. 

  Abaqus 

O
D

S 

[Hz] 4205 5824 5872 5919 9781 10832 

23.75 0.000 0.048 0.745 0.001 0.005 0.001 

47.375 0.439 0.012 0.093 0.005 0.007 0.028 

69.125 0.448 0.001 0.088 0.006 0.044 0.001 

138.25 0.109 0.145 0.095 0.191 0.083 0.007 

207.375 0.207 0.019 0.262 0.036 0.014 0.010 

276.25 0.000 0.042 0.261 0.010 0.002 0.004 

345.125 0.014 0.012 0.138 0.107 0.224 0.009 

388.25 0.020 0.025 0.520 0.014 0.147 0.003 

484 0.003 0.017 0.007 0.003 0.019 0.029 

552.875 0.000 0.081 0.775 0.016 0.002 0.001 

621.5 0.052 0.015 0.283 0.009 0.004 0.001 

1295.5 0.001 0.030 0.579 0.039 0.000 0.002 

   

 

Figure 7. 9: 3D bar diagram for the  MAC matrix between ODS estimates for 

reverse movement operation of the plate compactors and FE model mode shapes. 
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8. Discussion 

Despite the challenges that occurred during the thesis project, the overall 

outcome is satisfying in terms of the resulting estimates of the operating 

deflection shapes for the spatial motion of the bottom plate of the plate 

compactor. No experiments have previously been carried out concerning spatial 

measurements of the motion of  the bottom plate of the plate compactor during 

operation aiming at extracting operating deflection shapes using signal 

processing.  

However, the only valuable spatial deformation of the bottom plate extracted 

with an aid of signal processing was related to the frequency of the plate 

compactor‘s excitation source the vibration generator. Any ‗wobbling‘ of the 

bottom plate was not recorded during the experiments. Because of the time 

limitation for the project, further ODS analysis of the bottom plate‘s spatial 

deformation were not carried out for operating on grounds with different 

properties as compared to the three layers of rubber mats. Thus, it would be of 

interest to carry out further ODS analysis of the bottom plate‘s spatial 

deformation for operating on grounds with different properties as compared to 

the three layers of rubber mats. 

Note, that the rubber takes a role of a vibration isolator between operating 

machine and the ground. As an isolator the rubber mat is an additional dynamic 

system introduced in-between the plate compactor and the soil. The isolation was 

sufficiently high to suppress the planar movement of the compactor in any 

direction. If the isolation is too low, the compactor might start to move. Thus,  it 

is advised to immobilize the reversible compactor by using an adequate 

equipment in  further experiments. 
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9. Conclusions 

The motion of a bottom plate in the reversible compactor during operation is 

very complex to analyze and model. The vibration of the plate compactor 

produced a frequency modulated excitation at about 70 Hz that made the 

estimation of RMS displacement operating deflection shapes for the bottom plate 

of the plate compactor slightly more complicated. This challenge may however 

be addressed by attaching a tachometer to the rotating shaft of the vibration 

generator and use its output signal to control the data acquisition system to 

sample the accelerometer signal with a constant number of samples per 

revolution of the rotating shaft of the vibration generator. In such case the data 

would be in the order domain and any periodic vibration exited by the vibration 

generator will have a fixed number of periods (orders) per revolution. Hence, the 

frequency modulated vibration at approx. 70 Hz would in a spectrum produced 

based on the sampled signal in the order domain have a peak at order 1 and we 

would not have any challenges in the spectrum analysis because of the frequency 

modulation. 

An interesting fact that is despite the frequency modulation being present around 

the carrier frequency, it is possible to estimate ODS for the bottom plate  using 

PSD or PS. If single-sided PSD estimates are used to estimate the ODS, the PSD 

magnitude values in the frequency intervals of the carrier component‘s peak and 

its sidebands should be summed, and subsequently multiplied withf, to provide 

an estimate of the average power of the frequency-modulated signal.  While, if 

single-sided PS estimates are used to estimate the ODS, the PS magnitude values 

in the frequency intervals of the carrier component‘s peak and its sidebands 

should be summed to provide an estimate of the average power of the frequency-

modulated signal. With the acquired knowledge on spectrum analysis of 

frequency-modulated signals operating deflection shapes for the spatial motion 

of the bottom plate of the plate compactor during idle operation, forward 

operation and reverse operation were estimated. 

The ‗wobbling‘ of a bottom plate, as stated at the beginning of this thesis, was 

not recorded during the measurements. The reason for that might be, that the 

experiments were carried in a laboratory setup, where the reversible compactor 

was put on a layer of rubber mats. So-called ‗wobbling‘ of the compactor was 

said to be present during field operation over sand and gravel. It might suggest, 

that the ground on which a compactor is operating influences the motion of a 

bottom plate. However, based on the figure 6.17, some elastic deformation of a 

bottom plate is recorded, which suggests, that a plate is not stiff enough to 

transfer all of the energy to the ground. Usage of a stiffer plate e.g. with 

additional ribs might reduce this phenomenon, but it might result in the 

unpredictable transfer of loss of energy to the supports which are mounted 

between a bottom plate and a chassis. Therefore, further studies are required in 

this field in a way of field testing, and/or with different bottom plate designs. 
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APPENDIX 1.A: Struct_value_extraction.m 

 
%---Start--- 
%---20181805-Adrian-Potarowicz-LNU 
%Command for extracting the data from struct format 
% matrix_name = reshape(main_path(:).path_1(:).path_2, 

number_of_columns, [])' 
%Where matrix_name is the output name that you want, reshape is a 

function, 
%main_path is a main struct name, path_1 and path_2 are structure 

names 
%inside main structure (note that there might be multiple paths), 

number of 
%columns is a number of columns that you want to have in the 

output value, 
%[] leave empty. 
%Command for saving combined matrix 
% save('filename.mat', 'variable_1', 'variable_2', 'variable_3'); 
%% 
%Example 
clear all 
load throughput_b2048_sl16384_200av.mat %Specify file name 

(directory if needed) 
spectral_lines = 16384; %This value is used for fruther 

comparison Matlab/LMS 
%For multiple sensors - multiply 'values' and add proper column 

no. 
values(:,1) = reshape(Signal_00(:).y_values(:).values, 1, [])'; 
values(:,2) = reshape(Signal_01(:).y_values(:).values, 1, [])'; 
values(:,3) = reshape(Signal_02(:).y_values(:).values, 1, [])'; 
values(:,4) = reshape(Signal_03(:).y_values(:).values, 1, [])'; 
values(:,5) = reshape(Signal_04(:).y_values(:).values, 1, [])'; 
values(:,6) = reshape(Signal_05(:).y_values(:).values, 1, [])'; 
values(:,7) = reshape(Signal_06(:).y_values(:).values, 1, [])'; 
values(:,8) = reshape(Signal_07(:).y_values(:).values, 1, [])'; 
values(:,9) = reshape(Signal_08(:).y_values(:).values, 1, [])'; 
values(:,10) = reshape(Signal_09(:).y_values(:).values, 1, [])'; 
values(:,11) = reshape(Signal_10(:).y_values(:).values, 1, [])'; 
values(:,12) = reshape(Signal_11(:).y_values(:).values, 1, [])'; 
%Channel numbers corresponding to the ith kolumn 
channel_no(:,1) = 

reshape(Signal_00(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,2) = 

reshape(Signal_01(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,3) = 

reshape(Signal_02(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,4) = 

reshape(Signal_03(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,5) = 

reshape(Signal_04(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,6) = 

reshape(Signal_05(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,7) = 
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reshape(Signal_06(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,8) = 

reshape(Signal_07(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,9) = 

reshape(Signal_08(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,10) = 

reshape(Signal_09(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,11) = 

reshape(Signal_10(:).function_record.primary_channel.id, 1, [])'; 
channel_no(:,12) = 

reshape(Signal_11(:).function_record.primary_channel.id, 1, [])'; 
%Rest is equal in all signal values 
start_value_x = reshape(Signal_00(:).x_values(:).start_value, 1, 

[])'; 
increment = reshape(Signal_00(:).x_values(:).increment, 1, [])'; 
number_of_values=reshape(Signal_00(:).x_values(:).number_of_value

s, 1, [])'; 
t_vector=start_value_x:increment:increment*(number_of_values-

1)+start_value_x; 
fs=1/increment; 
bandwith=fs/2; 
resolution = bandwith/spectral_lines; 
clear Signal_00 Signal_01 Signal_02 Signal_03; %Remove unneded 

matrices 
clear Signal_04 Signal_05 Signal_06 Signal_07; 
clear Signal_08 Signal_09 Signal_10 Signal_11; 
save signal_b2048_sl16384.mat %Saves everything from the 

workspace 
%End of example 
%---End--- 
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APPENDIX 1.B: Signal_nature.m 

%---Start--- 
%---20182605-Adrian-Potarowicz-LNU 
%This program analysis statistical properties of a signal. 
close all 
clear all 
load signal_b10240_sl65536.mat %File name, and/or directory 
%% 
Y=values(:,4); %Choose which data record will be analyzed 
ni_org=sum(Y,1)/size(Y,1); %Mean value 
sigma_org2=var(Y); %Variance 
sigma_org=abs(sqrt(sigma_org2)); %Normal distribution 
Ys=sort(Y,1); %Sort for probability density 
y2=pdf('Normal',Ys,ni_org,sigma_org); %Uses propability density 

function 
%% 
%Signal division 
Y_temp_cell=cell(5,1); %Cell array allows to store different-size 

matrices 
m=0; 
for q=10:50:210 %Number of instances '5' needs to be changed in 

line 16 
    m=m+1; 
    div=fix(size(Y,1)/q); 
    if q==10 
        q=q; 
    else 
        q=q-10; 
    end 
    for i=1:q-1 
        if i==1 
        Y_temp(:,i)=Y(i:div,1); 
        else 
        Y_temp(:,i)=Y(i*div+1:(i+1)*div,1); 
        end 
    end 
    Y_temp_cell{m}=Y_temp; 
    clear Y_temp 
end 
Yys_cell=cell(5,1); 
yy2_cell=cell(5,1); 
for k=1:5 
    temp1=Y_temp_cell{k}; 
    Yy=temp1(:,1); 
    ni(k)=sum(Yy,1)/size(Yy,1); 
    sigma2(k)=var(Yy); 
    sigma(k)=abs(sqrt(sigma2(k))); 
    Yys=sort(Yy,1); 
    yy2=pdf('Normal',Yys,ni(k),sigma(k)); 
    Yys_cell{k}=Yys; 
    yy2_cell{k}=yy2; 
    clear temp1 Yy Yys yy2; 
end 
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%% 
%Plot various distributions 
fig2=figure(2); 
hold on 
plot((Ys)',y2); 
for k=1:5 
    Yys=Yys_cell{k}; 
    yy2=yy2_cell{k}; 
    plot((Yys)',yy2); 
    clear Yys yy2 
end 
hold off 
grid minor 
title('Probability density function') 
xlabel('Values') 
ylabel('Probability distribution') 
legend('100% S','10% S','2% S','1% S','0.7% S', '0.5% S') 
%% 
%Plot time signal 
fig3=figure(3); 
subplot(3,1,1); 
plot(t_vector, values(:,4)); 
title('Time signal (whole signal sample) - 4th point'); 
xlabel('Time [s]'); 
xlim([start_value_x t_vector(1,end)]); 
ylabel('Acceleration [g]'); 
subplot(3,1,2); 
plot(t_vector(:,size(values,1)/2:size(values,1)/2+40960), 

values(size(values,1)/2:size(values,1)/2+40960,4)); 
title('Time signal (2s sample) - 4th point'); 
xlabel('Time [s]'); 
xlim([t_vector(:,size(values,1)/2) 

t_vector(:,size(values,1)/2+40960)]); 
ylabel('Acceleration [g]'); 
subplot(3,1,3); 
plot(t_vector(:,size(values,1)/2:size(values,1)/2+2048), 

values(size(values,1)/2:size(values,1)/2+2048,4)); 
title('Time signal (0.1s sample) - 4th point'); 
xlabel('Time [s]'); 
xlim([t_vector(:,size(values,1)/2) 

t_vector(:,size(values,1)/2+2048)]); 
ylabel('Acceleration [g]'); 
%---End--- 
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APPENDIX 1.C: power_spectral_density_analysis.m 

%---Start--- 
%---20182104-Adrian-Potarowicz-LNU 
%%---power_spectral_density_analysis.m gives same outcome as a 

psd.m 
%%function integrated into matlab, but to have a control over 

performed 
%%calculations this code follows step-by-step power spectral 

estimation in 
%%a controlable manner. Achieving 1/1 coherence proves psd.m 

reliability 
clear all 
close all 
load signal_b2048_sl16384.mat %Load file name/ directory 
whos %Check matrices 
%% 
for column=1:1:2 
fs=fs; %Variables assigned here might vary in different input 

matrices 
Ts=1/fs; 
y=values; 
% %Check the data if needed/ Uncomment below this line 
% test_time=length(y)/fs; 
% minimum_freq=1/test_time; 
% %Sampling data 
% T=1/fs; %Sampling time 
% L=length(y); %Length of signal 
% t=(0:L-1)*T; %Time vector 
%% 
N=spectral_lines*2; 
overlap=0.5; %Choose an overlap/ There is some instability if an 

overlap is 0 
if overlap == 0; 
    NN = 1; 
    nsam=fix(size(y,1)/N); 
else 
    NN=fix(N*overlap); 
    nsam=fix(size(y,1)/NN-1); 
end 
%Define the window type 
w=hanning(N); 
Li=zeros(N,fix(size(y,1)/NN-1)); 
for i=1:(size(y,1)/NN-1) 
    Li(1:N,i)=y(((((i-1)*overlap)*N+1):((((i-

1)*overlap)*N+N))),column); 
end 
%Now let's multiply all sets of data with the window 
for j=1:size(y,1)/NN-1 
    Lj(:,j)=w.*Li(:,j); 
end 
%Now let's do some Fourier transforms 
yf=zeros(N,fix(size(y,1)/NN-1)); 
for i=1:size(y,1)/NN-1 
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    yf(:,i)=fft(Lj(:,i)); %Change 'i' for 'j' in windowing 
end 
%Selecting first half 
    if rem(size(yf,1),2) == 0 
        select=(1:N/2+1)'; 
    else 
        select=(1:(N+1)/2)'; 
    end 
        yf=yf(select,:); 
%Frequency vectors 
freq=(select-1)/N; 
%% 
%Normalization factor - choose wheter PS or PSD is estimated 
normalisation=nsam*sum(w.^2)*fs/2; %For PSD 
%normalisation = nsam*sum(w)^2; %For PS 
for i=1:length(select) 
    Pxx(i,1,column)=sum(abs(yf(i,:)).^2)/normalisation; 
end 
xoxo=1; %This number will outcome integer length of the N sample 

if needed 
[Pxx_code(:,:,column), f]=psde(y(:,column), N*xoxo, fs, 

hanning(N*xoxo), NN*xoxo); 
% [Pxx_welch, f_w]=pwelch(y(:,1), hanning(N), NN, N, fs); %Used 

in Matlab 
% 2016a and later releases 
%% 
%Plot 
fig1=figure(1); 
hold on 
semilogy(f,10*log10(Pxx_code(:,:,column))); 
semilogy(freq*fs, 10*log10(Pxx), 'blue'); 
% semilogy(f_w, 10*log10(Pxx_welch), 'green'); 
hold off; 
% axis([40 100 -100 60]) 
%set(gca,'yscale','log') 
grid on 
legend('y = Pxx psde','y = Pxx') 
xlabel('Frequency [Hz]') 
ylabel('Magnitude [dB]') 
%% 
%Calculating errors 
mean_Pxx(:,column)=sum(Pxx(:,:,column))/size(yf,1); 
for i=1:length(Pxx) 
    var2_Pxx(i,:,column)=(mean_Pxx(:,column)-Pxx(i,:,column)).^2; 
end 
var_Pxx(column)=sum(squeeze(var2_Pxx(:,:,column)))/(length(yf)-

1); 
%Normalised random error 
nre_Pxx(:,column)=sqrt(var_Pxx(:,column)/(Pxx(:,column).'*Pxx(:,c

olumn))); 
% %Check_primo 
check1=1/sqrt(1.89*nsam); 
end 
%---End--- 
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In Matlab root directory ([dir]/Matlab/[version]/toolbox/signal/signal) change 

following codes: 

 

1) psd.m (starting from line #67) – PS estimator scaling 
index = 1:nwind; 
%KMU = k*norm(window)^2*Fs/2;   % Normalizing scale factor ==> 

asymptotically unbiased 
KMU = k*sum(window)^2/2;% alt. Nrmlzng scale factor ==> peaks are 

about right 

 

2) psde.m (originated from psd.m - starting from line #1) – PSD estimator 
function [Pxx, Pxxc, f] = psde(varargin) 
%PSD Power Spectral Density estimate. 

[…] (starting from line #67) – PSD estimator scaling 
index = 1:nwind; 
KMU = k*norm(window)^2*Fs/2;    % Normalizing scale factor ==> 

asymptotically unbiased 
% KMU = k*sum(window)^2;% alt. Nrmlzng scale factor ==> peaks are 

about right 
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APPENDIX 1.D: cross_power_spectrum_analysis.m 

%---Start--- 
%---20182708-Adrian-Potarowicz-LNU 
clear all 
close all 
load signal_b2048_sl16384.mat; %Choose file name/ directory 
values_check=values; %The smaller is a data sample the faster is 

the program 
clear values; 
values(:,1)=values_check(:,4); %Choose what to analyze 
whos 
Y=values; 
Fs=fs; %OK? 
%% 
%Define window length differences and cell matrices 
change=2; %Integer change increment 
change_end=128; %End of multiplication 
pxx_cell=cell(change_end/change+1,1); 
sxx_cell=cell(change_end/change+1,1); 
f_cell=cell(change_end/change+1,1); 
Pxy_cell=cell(change_end/change+1,1); 
Sxy_cell=cell(change_end/change+1,1); 
Bias_cell=cell(change_end/change+1,1); 
random_cell=cell(change_end/change+1,1); 
for q=1:change:change_end+1 
    if q==1 
        q=q; 
    else 
        q=q-1; 
    end 
    %Defining cell number 
    if q==1 
        q_num=1; 
    else 
        q_num=fix(q/change)+1; 
    end 
    nfft=1024*q; %Here choose block length base 
    resolution=Fs/nfft; 
    Ts=1/resolution; 
    segment=nfft; 
    window_ps=flattopwin(segment); %Window type used in psd.m 
    window_psd=hanning(segment); %Window type used in psde.m 
    noverlap=segment*0.5; 
    nsam=fix((size(Y,1))/segment); 
    %% 
    for i=1:1:size(Y,2) 
        [pxx(:,i,i),f]=psde(Y(:,i),nfft,Fs,window_psd,noverlap); 
        [sxx(:,i,i),f]=psd(Y(:,i),nfft,Fs,window_ps,noverlap); 
    end 
    pxx_cell{q_num}=pxx; 
    sxx_cell{q_num}=pxx; 
    f_cell{q_num}=f; 
    %% 
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    %Predefine rescaling vectors 
    w=2*pi*f; %Circular frequency vector 
    w2=w.^2; %Velocity scaling 
    w4=w.^4; %Displacement scaling 
    %% 
    %Calculating cross-power spectrum density 
    Pxy=zeros(nfft/2+1,size(Y,2),size(Y,2)); 
    Sxy=zeros(nfft/2+1,size(Y,2),size(Y,2)); 
    %cpsd.m produces reliable cpsd estimates therefore it allows 

to rescale 
    %psd estimates to ps estimates 
    

psd_rescale=(nsam*(norm(window_psd)^2)*Fs)/(nsam*sum(window_psd)^

2); 
    

ps_rescale=(nsam*(norm(window_ps)^2)*Fs)/(nsam*sum(window_ps)^2); 
    for i=1:size(Y,2) 
        for j=1:size(Y,2) 
            Pxy(:,j,i)= 

cpsd(Y(:,i),Y(:,j),window_psd,noverlap,f,Fs)*2./w4; 
            Sxy(:,j,i)= 

cpsd(Y(:,i),Y(:,j),window_ps,noverlap,f,Fs)*2./w4; 
        end 
    end 
    Pxy_cell{q_num}=Pxy; 
    Sxy_cell{q_num}=Sxy; 
    %findpeaks? 
    clear pxx sxx; 
    clear f; 
    clear Pxy Sxy; 
end 
%% 
%Drawing power spectrum density graph to find maxima 
% change=2; %Use if run section 
% change_end=128; %Use if run section 
fig1=figure(1) 
hold on 
for q=[5 9 17 33 65] %Define vector or array 
    f=f_cell{q}; 
    pxx=Pxy_cell{q}; 
    sxx=Sxy_cell{q}; 
    semilogy(f(1:size(f,1)), (10*log10(pxx(1:size(f,1),1,1)))); 
    %semilogy(f(1:size(f,1)), (10*log10(sxx(1:size(f,1),1,1)))); 
    %set(gca,'yscale','log'); 
end 
hold off 
%axis([0 100 1e-16 1e-8]) 
grid minor 
title('Power spectral density'); 
xlabel('frequency [Hz]'); 
xlim([0 2048]); 
ylabel('Power Spectrum Density (4) [m^2/Hz]'); 
legend('w_h(2048)', 'w_f(2048)', 'w_h(4096)', 'w_f(4096)', 

'w_h(8192)', 'w_f(8192)'); 
%% 
%Save if needed ---> Uncomment below 
%save('Sxy_Pxy_cell.mat','Pxy_cell','Sxy_cell','pxx_cell','sxx_ce
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ll', 'f_cell'); 
%% 
%Rescaling PSD for PS and calculating power 
number_of_values=3293440; %Adjust for data sample 
Fs=4096; %Adjust for data sample 
for i=1:65 %Adjust for data sample 
    f=f_cell{i}; 
    Pxy=Pxy_cell{i}; 
    Sxy=Sxy_cell{i}; 
    w=2*pi*f; 
    w2=w.^2; 
    w4=w.^4; 
    if i==1 
        q=1; 
    else 
        q=2*(i-1); 
    end 
    nfft=1024*q; 
    resolution=Fs/nfft; 
    Ts=1/Fs; 
    segment=nfft; 
    window_ps=flattopwin(segment); 
    window_psd=hanning(segment); 
    noverlap=segment*0.5; 
    nsam=fix(number_of_values/segment); 
    

ps_rescale=(nsam*(norm(window_ps)^2)*Fs)/(nsam*sum(window_ps)^2); 
    

psd_rescale=(nsam*(norm(window_psd)^2)*Fs)/(nsam*sum(window_psd)^

2); 
    Sxy_r=Sxy.*ps_rescale.*w4; 
    Pxy_r=Pxy.*psd_rescale.*w4; 
    Sxy_r_cell{i,1}=Sxy_r; 
    Pxy_r_cell{i,1}=Pxy_r; 
    %Rescaling for acceleration 
    Sxy=Sxy.*w4; 
    Pxy=Pxy.*w4; 
    Sxy_cell{i,1}=Sxy; 
    Pxy_cell{i,1}=Pxy; 
    %PSD 
    [pks,locs, wid, 

prom]=findpeaks(real(10*log10(Pxy(2:end,1))),'MinPeakdistance', 

150,  'MinPeakProminence', 40, 'WidthReference', 'halfprom'); 
    locs=locs+1; 
    wid_f=wid.*(Fs/segment); 
    f_peak=zeros(size(locs,1),1); 
    for l=1:size(locs,1) 
        f_peak(l)=f(locs(l)); 
        if f_peak(l)==70.5 
            wid_f(l)=13.325; 
        end 
    end 

     
    pks_cell{i,1}=pks; 
    locs_cell{i,1}=locs; 
    wid_f_cell{i,1}=wid_f; 
    prom_cell{i,1}=prom; 
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    f_peak_cell{i,1}=f_peak; 
    clear pks locs wid wid_f prom f_peak; 
        locs=locs_cell{i,1}; 
        wid_f=wid_f_cell{i,1}; 
for j=1:size(locs,1) 
    pos=locs(j); 
    ref=f(pos); 
    dist1=fix(ref-wid_f(j,1)); 
    dist2=fix(ref+wid_f(j,1)); 
    while ref>dist1 
        pos=pos-1; 
        ref=f(pos); 
    end 
    left=pos; 
    pos=locs(j); 
    ref=f(pos); 
    while ref<dist2 
        pos=pos+1; 
        ref=f(pos); 
    end 
    right=pos; 
    clear ref pos dist1 dist2; 
    pwr(j,1)=sum(Pxy(left:right,1),1)*(Fs/segment); 
    pos=locs(j); 
    pwr(j,2)=Pxy_r(pos,1); 
    mod=0; 
    while pwr(j,2)<0.95*pwr(j,1) 
        mod=mod+1; 
        Lsb=Pxy_r(pos-mod,1); 
        Rsb=Pxy_r(pos+mod,1); 
        pwr(j,2)=pwr(j,2)+Lsb+Rsb; 
    end 
    if pwr(j,2)>1.1*pwr(j,1) 
        opt1=pwr(j,2)-Rsb; 
        opt2=pwr(j,2)-Lsb; 
        if opt1<opt2 
            pwr(j,2)=opt1; 
        else 
            pwr(j,2)=opt2; 
        end 
    end 
    clear pos mod opt1 opt2; 
end 
    pwr_cell{i,1}=pwr; 
    clear pwr 
    clear locs wid_f; 
    %PS 
    [pks,locs, wid, 

prom]=findpeaks(real(10*log10(Sxy(2:end,1))),'MinPeakdistance', 

150,  'MinPeakProminence', 40, 'WidthReference', 'halfprom'); 
    locs=locs+1; 
    wid_f=wid.*(Fs/segment); 
    f_peak=zeros(size(locs,1),1); 
    for l=1:size(locs,1) 
        f_peak(l)=f(locs(l)); 
        if f_peak(l)==70.5 
            wid_f(l)=13.325; 
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        end 
    end 

     
    pks_cell_2{i,1}=pks; 
    locs_cell_2{i,1}=locs; 
    wid_f_cell_2{i,1}=wid_f; 
    prom_cell_2{i,1}=prom; 
    f_peak_cell_2{i,1}=f_peak; 
    clear pks locs wid wid_f prom f_peak; 

     
        locs=locs_cell{i,1}; 
        wid_f=wid_f_cell{i,1}; 
for j=1:size(locs,1) 
    pos=locs(j); 
    ref=f(pos); 
    dist1=fix(ref-wid_f(j,1)); 
    dist2=fix(ref+wid_f(j,1)); 
    while ref>dist1 
        pos=pos-1; 
        ref=f(pos); 
    end 
    left=pos; 
    pos=locs(j); 
    ref=f(pos); 
    while ref<dist2 
        pos=pos+1; 
        ref=f(pos); 
    end 
    right=pos; 
    clear ref pos dist1 dist2; 
    pwr(j,1)=sum(Sxy(left:right,1),1)*(Fs/segment); 
    pos=locs(j); 
    pwr(j,2)=Sxy_r(pos,1); 
     mod=0; 
    while pwr(j,2)<0.95*pwr(j,1) 
        mod=mod+1; 
        Lsb=Sxy_r(pos-mod,1); 
        Rsb=Sxy_r(pos+mod,1); 
        pwr(j,2)=pwr(j,2)+Lsb+Rsb; 
    end 
    if pwr(j,2)>1.1*pwr(j,1) 
        opt1=pwr(j,2)-Rsb; 
        opt2=pwr(j,2)-Lsb; 
        if opt1<opt2 
            pwr(j,2)=opt1; 
        else 
            pwr(j,2)=opt2; 
        end 
    end 
    clear pos mod opt1 opt2; 
end 
    pwr_cell_2{i,1}=pwr; 
    clear pwr 
    clear locs wid_f; 
    clear f Pxy Sxy Sxy_r Pxy_r w w2 w4 window_ps window_psd; 
end 
%---End--- 
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APPENDIX 1.E: cross_power_spectrum_analysis_alfa.m 

 
%---Start--- 
%---20182708-Adrian-Potarowicz-LNU-PG 
tic; %Interested about the total time? 
clear all 
close all 
load signal_b2048_sl16384.mat %File name/ directory 
whos 
%This function uses cpsd.m which consumes a lot of time for a big 

set of 
%data (depends on the hardware) if speed up is needed concern 

analysing 
%first few data records. Uncomment below 5 lines and adjust to 

your needs 
% values_reorder(:,1)=values(:,4); 
% values_reorder(:,2)=values(:,5); 
% clear values 
% values=values_reorder; 
% clear values_reorder 
%% 
Y=values; %Names might vary for different data records 
nfft=spectral_lines*2; 
Fs=fs; 
Ts=1/Fs; 
To=1/resolution; 
block=nfft; %Code works on both values/ This helps to keep one 

value original 
window_psd=hanning(block); 
window_ps=flattopwin(block); 
noverlap=block*0.5; 
nsam=fix((size(Y,1))/noverlap); %Ok? 
%% 
%Power spectral density estimator 
pxx=zeros(spectral_lines+1,size(Y,2)); 
for i=1:1:size(Y,2) 
    [pxx(:,i),f]=psde(Y(:,i),nfft,Fs,window_psd,noverlap); 
end 
%% 
%Power spectrum estimator 
sxx=zeros(spectral_lines+1,size(Y,2)); 
for i=1:1:size(Y,2) 
    [sxx(:,i),f]=psd(Y(:,i),nfft,Fs,window_ps,noverlap); 
end 
%% 
%Displacement normalizing factors 
w=2*pi*f; %Circular frequency vector 
w2=w.^2; %Acceleration-velocity normalization 
w4=w.^4; %Acceleration-displacement normalization 
%% 
%Calculating cross-power spectral density estimators 
Pxy=zeros(spectral_lines+1,size(Y,2),size(Y,2)); 
for i=1:size(Y,2) 
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    for j=1:size(Y,2) 
        Pxy(:,i,j)= 

cpsd(Y(:,i),Y(:,j),window_psd,noverlap,f,Fs)*2./w4; 
    end 
end 
%Calculation cross-power spectrum estimators 
Sxy=zeros(spectral_lines+1,size(Y,2),size(Y,2)); 
ps_rescale=(nsam*(norm(window_ps)^2)*Fs)/(nsam*sum(window_ps)^2); 
for i=1:size(Y,2) 
    for j=1:size(Y,2) 
        Sxy(:,i,j)= 

cpsd(Y(:,i),Y(:,j),window_ps,noverlap,f,Fs)*ps_rescale*2./w4; 
    end 
end 
%% 
%Rescale if needed for Energy spectrum. Define mass in kg below 
% m=10.2; 
% for i=1:12 
%     for j=1:12 
%         Exy(:,i,j)= Pxy(:,i,j).*w2*9.8^2;%*m; 
%     end 
% end 
%% Receptance and phase 
spectral_lines=block/2; 
H1=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
H2=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
H3=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
gain=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
phase=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
coherence=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
coherence_snr=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
for i=1:1:size(Pxy,2) 
    for j=1:1:size(Pxy,2) 
        H1(:,i,j)=Pxy(:,j,j)./Pxy(:,i,i); 
        H2(:,i,j)=Pxy(:,i,j)./Pxy(:,i,i); 
        H3(:,i,j)=Pxy(:,j,j)./Pxy(:,i,j); 
        gain(:,i,j)=abs(Pxy(:,i,j))./Pxy(:,i,i); 
        %here phase factor means e^(-1i2@()) 
        phase(:,i,j)=Pxy(:,j,i)./abs(Pxy(:,i,j)); 
        

coherence(:,i,j)=(abs(Pxy(:,i,j).^2))./(Pxy(:,i,i).*Pxy(:,j,j)); 
        coherence_snr(:,i,j)=(H2(:,i,j)./H3(:,i,j)); 
    end 
end 
%% 
%Calculationg errors 
pks_cell=cell(size(Pxy,2),1); 
locs_cell=cell(size(Pxy,2),1); 
wid_f_cell=cell(size(Pxy,2),1); 
prom_cell=cell(size(Pxy,2),1); 
f_peak_cell=cell(size(Pxy,2),1); 
for i=1:1:size(Pxy,2) 
    [pks,locs, wid, 

prom]=findpeaks(real(10*log10(Pxy(2:end,i,i))),'MinPeakdistance', 

150,  'MinPeakProminence', 6, 'WidthReference', 'halfprom'); 
    locs=locs+1; 
    wid_f=wid.*(Fs/block); 
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    f_peak=zeros(size(locs,1),1); 
    for l=1:size(locs,1) 
        f_peak(l)=f(locs(l)); 
        if f_peak(l)==70.5 
            wid_f(l)=13.325; 
        end 
    end 

     
    pks_cell{i}=pks; 
    locs_cell{i}=locs; 
    wid_f_cell{i}=wid_f; 
    prom_cell{i}=prom; 
    f_peak_cell{i}=f_peak; 
    clear pks locs wid prom f_peak; 
end 
%% 
Be=sum(window_psd.^2)/(Ts*sum(window_psd)^2); 
Eb_cell=cell(size(Pxy,2),1); 
Br_cell=cell(size(Pxy,2),1); 
%Random error 
Er=1/sqrt(nsam); 
for j=1:1:size(Pxy,2) 
    %Calculating 3db bandwidth 
    pks=pks_cell{j}; 
    locs=locs_cell{j}; 
    for ll=1:size(locs,1) 
        x1=locs(ll); 
        y1=real(10*log10(Pxy(x1,j,j))); 
        while  y1 > pks(ll)-3 
            x1=x1-1; 
            y1=real(10*log10(Pxy(x1,j,j))); 
        end 
        x2=locs(ll); 
        y2=real(10*log10(Pxy(x2,j,j))); 
         while  y2 > pks(ll)-3 
            x2=x2+1; 
            y2=real(10*log10(Pxy(x2,j,j))); 
         end 
        db3=[(x1) (x2)]; 
        Br(ll,:)=db3; 
    end 
        Br_cell{j}=Br; 
        %Bias error 
        for kk=1:size(Br,1) 
        Eb(kk)=(-1/3)*(Be/(Br(kk,2)-Br(kk,1)))^2; 
        end 
        Eb_cell{j}=Eb; 
        clear Eb Br db3 x1 x2 y1 y2 pks locs; 
end 
%% 
%Calculate power 
pwr_cell=cell(size(Pxy,2),1); 
    for j=1:1:size(Pxy,2) 
        locs=locs_cell{j}; 
        wid_f=wid_f_cell{j}; 
for i=1:size(locs,1) 
    pos=locs(i); 
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    ref=f(pos); 
    dist1=fix(ref-wid_f(i,1)); 
    dist2=fix(ref+wid_f(i,1)); 
    while ref>dist1 
        pos=pos-1; 
        ref=f(pos); 
    end 
    left=pos; 
    pos=locs(i); 
    ref=f(pos); 
    while ref<dist2 
        pos=pos+1; 
        ref=f(pos); 
    end 
    right=pos; 
    clear ref pos dist1 dist2; 
    pwr(i,1)=sum(Pxy(left:right,j,j),1)*(Fs/block); 
end 
    pwr_cell{j}=pwr; 
    clear pwr 
    clear locs wid_f; 
    end 
%% 
%Finding coherence values for the given peaks 
pnt=4; %Choose to which point the coherence will be gathered 
locs=locs_cell{pnt}; 
coh_check=zeros(size(Pxy,2),size(locs,1)); 
for i=1:1:size(locs,1) 
    for j=1:1:size(Pxy,2) 
    coh_check(j,i)=coherence(locs(i,:),pnt,j); 
    end 
end 
avg_coh=zeros(1,size(coh_check,2)); %Avereged coherence - not 

applicable 
for k=1:1:size(coh_check,2) 
    avg_coh(:,k)=sum(coh_check(:,k))/size(coh_check,1); 
end 
%% 
%Noise in signal / Signal to noise ratio 
for i=1:1:size(Pxy,2) 
    for j=1:1:size(Pxy,2) 
        R(:,i,j)=coherence(:,i,j)./(1.-coherence(:,i,j)); 
        Rc(:,i,j)=Pxy(:,i,j).*(1.-coherence(:,i,j)); 
        Rc_snr(:,i,j)=Pxy(:,i,j).*(1.-coherence_snr(:,i,j)); 
    end 
end 

  
for i=1:1:size(Pxy,2) 
    for j=1:1:size(Pxy,2) 
        for k=1:1:size(Pxy,2) 
            if (i==j || i==k || j==k) 
                Gnn(:,i,j,k)=zeros(size(Pxy,1),1); 
            else 
                

Gnn(:,i,j,k)=sqrt((Rc(:,i,j).*Rc(:,i,k))./Rc(:,j,k)); 
                

Gnn_snr(:,i,j,k)=sqrt((Rc_snr(:,i,j).*Rc_snr(:,i,k))./Rc_snr(:,j,
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k)); 
            end 
        end 
    end 
end  

  
for i=1:1:size(Pxy,2) 
    temp2=zeros(size(Pxy,1),1); 
    temp_snr2=zeros(size(Pxy,1),1); 
    for j=1:1:size(Pxy,2) 
    temp1=sum(real(squeeze(squeeze(Gnn(:,i,j,:)))),2,'omitnan'); 
    temp2=temp2+temp1; 
    temp1=zeros; 

     
    

temp_snr1=sum(real(squeeze(squeeze(Gnn_snr(:,i,j,:)))),2,'omitnan

'); 
    temp_snr2=temp_snr2+temp_snr1; 
    temp_snr1=zeros; 
    end 
    Gn(:,i)=temp2./109; %Brief approximation of a noise level 

based on H2 
    Gn_snr(:,i)=temp_snr2./109; %Brief approximation of a noise 

level based on H3 
    Gn_med=(Gn+Gn_snr)./2; %Mixed noise leveles - not approved 
    Gn2(:,i)=Gn(:,i).^2; 
    Gn_snr2(:,i)=Gn_snr(:,i).^2; 
    Gn_med2(:,i)=Gn_med(:,i).^2; 
    Gn_med_alt2(:,i)=(Gn_snr2(:,i)+Gn2(:,i))./2; %Not approved 
end 
%% 
%Getting rid of noise. 
%This section has not been aproved by the author. Usage might 

couse errors. 
%If noise is to be reduced - uncomment below this line. 
% Pxy_s=zeros(size(Pxy,1),size(Pxy,2),size(Pxy,2)); 
% for i=1:1:size(Pxy,2) 
%     for j=1:1:size(Pxy,2) 
%         Pxy_s(:,i,j)=Pxy(:,i,j)-(Gn_med(:,i).*Gn_med(:,j)); 
%     end 
% end 
% H2_s=zeros(size(Pxy,1),size(Pxy,2),size(Pxy,2)); 
% for i=1:1:size(Pxy,2) 
%     for j=1:1:size(Pxy,2) 
%         H2_s(:,i,j)=Pxy_s(:,i,j)./Pxy_s(:,i,i); 
%     end 
% end 
%% Drawings 
fig10=figure(10); 
hold on 
semilogy(f, 10*log10(Pxy(:,4,4)), 'Color' , [0.8500    0.3250    

0.0980]); 
%set(gca,'yscale','log'); 
hold off 
%axis([0 100 1e-16 1e-8]) 
grid minor 
title ('Power spectral density') 
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xlabel('frequency [Hz]'); 
ylabel('Energy Spectral Density (4) [dB]'); 
%% 
for q=4:1:12 
fig1000=figure(1000); 
hold on 
semilogy(f, 10*log10(H3(:,4,q))); 
end 
hold off 
%axis([0 100 1e-16 1e-8]) 
grid minor 
title ('Transmissibility functions') 
xlabel('Frequency [Hz]'); 
ylabel('Ratio'); 
legend('H4/5','H4/6','H4/7','H4/8','H4/9','H4/10','H4/11','H4/12'

); 
%% 
%Plot noise 
fig126=figure(1); 
hold on 
semilogy(f, 10*log10(Gn2(:,4))); 
semilogy(f, 10*log10(Gn_snr2(:,4))); 
semilogy(f, 10*log10(Gn_med2(:,4))); 
semilogy(f, 10*log10(Gn_med_alt2(:,4))); 
hold off 
%axis([0 100 1e-16 1e-8]) 
grid minor 
title('Noise') 
xlabel('frequency [Hz]'); 
ylabel('Noise [dB]'); 
legend('H2','H3','average linear', 'average squered'); 
%% 
%Plot psd with vertical and horizontal lines 
fig2=figure(2); 
hold on 
img=4; 
f_peak=f_peak_cell{img}; 
pks=pks_cell{img}; 
prom=prom_cell{img}; 
wid_f=wid_f_cell{img}; 
Br=Br_cell{img}; 
    plot(f, 10*log10(Sxy_2(:,img,img)),'Color' , [0.4940, 0.1840, 

0.5560]); 
for q=1:size(f_peak,1) 
    plot(f_peak(q), (pks(q)), 'o'); 
    for k=1:size(Br,1) 
    line([f_peak(k) f_peak(k)], [(pks(k)) (pks(k))-prom(k)]) 
    %line([f(Br(k,1),:) f(Br(k,2),:)], [pks(k)-3 pks(k)-3]) 
    line([f_peak(k)-wid_f(k) f_peak(k)+wid_f(k)], [(pks(k))-

prom(k) (pks(k))-prom(k)]) 
    end 
    %set(gca,'yscale','log') 
    %semilogy(f(1:size(f,1)), (pxx(1:size(f,1),1,1))); 
end 
hold off 
%axis([0 100 1e-16 1e-8]) 
grid minor 
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title('Resonance peaks present in the spectrum'); 
xlabel('frequency [Hz]'); 
xlim([0 2048]); 
ylabel('Power Spectrum Density (4) [m^2/Hz]'); 
%---End-section-1--- 
%% 
bla=toc; 
%% 
%Further sections concern frequency analysis of the data 
%Peak frequency occuranve check. Chooses frequencies that occur 

the most in 
%the data samples. Use if needed. 
lg=0; 
for i=1:12 %Adjust for data sample 
    f_peak=f_peak_cell{i}; 
    check=size(f_peak,2); 
    if check <= lg 
        lg=lg; 
    else 
        lg=check; 
    end 
    clear f_peak; 
end 
f_peak=zeros(size(Pxy,2),lg); 
for i=1:12 
    erg=f_peak_cell{i}; 
    if size(erg,2)<lg 
        erg=[erg, zeros(1,lg-size(erg,2))]; 
        f_peak(i,:)=erg; 
    else 
        f_peak(i,:)=f_peak_cell{i}; 
    end 
    clear erg 
end 
mx=max(max(f_peak)); 
f_peak(f_peak == 0)=inf; 
st=min(min(f_peak)); 
m=0; 
while st<=mx 
    m=m+1; 
        [row,col]=find(f_peak==st); 
        if size(row,1)>2 
            for k=1:size(row,1) 
                for l=1:size(col,1) 
                    f_peak_rp(row(k),m)=st; 
                    f_peak(row(k),col(l))=inf; 
                end 
            end 
        else 
            none(:,m)=[st; size(row,1)]; 
            for k=1:size(row,1) 
                for l=1:size(col,1) 
                    f_peak(row(k),col(l))=inf; 
                end 
            end 
        end 
    st=min(min(f_peak)); 
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end 
f_peak_rp( :, all(~f_peak_rp,1) ) = []; 
none( :, all(~none,1) ) = []; 
f_peak_red=max(f_peak_rp,[],1); %Matrix size reduced 
%Now you know which frequencies occur the most in all data 

samples. Note 
%that it might vary on the data sample. Use only if needed. Check 

with 
%graphs 
%---End-section-2--- 
%% 
%Use following section if a closer studies over window influence 

is needed. 
%Some values are needed from the data sample as: 
%block / nsam / window_ps / window_psd 
%Rescaling for PSD using flattop window! 
spectral_lines=block/2; 
Sxy_2=zeros(spectral_lines+1,size(Pxy,2),size(Pxy,2)); 
ps_rescale=(nsam*(norm(window_ps)^2)*Fs)/(nsam*sum(window_ps)^2); 
for i=1:size(Pxy,2) 
    for j=1:size(Pxy,2) 
        Sxy_2(:,i,j)=Sxy(:,i,j)/ps_rescale; 
        %Sxy(:,i,j)= 

cpsd(Y(:,i),Y(:,j),window_ps,noverlap,f,Fs)*ps_rescale*2./w4; 
    end 
end 
%Calculationg errors - adjust for rescale factors 
pks_cell=cell(size(Pxy,2),1); 
locs_cell=cell(size(Pxy,2),1); 
wid_f_cell=cell(size(Pxy,2),1); 
prom_cell=cell(size(Pxy,2),1); 
f_peak_cell=cell(size(Pxy,2),1); 
for i=1:1:size(Pxy,2) 
    [pks,locs, wid, 

prom]=findpeaks(real(10*log10(Sxy_2(2:end,i,i))),'MinPeakdistance

', 150,  'MinPeakProminence', 6, 'WidthReference', 'halfprom'); 
    locs=locs+1; 
    wid_f=wid.*(Fs/block); 
    f_peak=zeros(size(locs,1),1); 
    for l=1:size(locs,1) 
        f_peak(l)=f(locs(l)); 
        if (f_peak(l)>=69 && f_peak(l)<=71) 
            wid_f(l)=13.325; 
        end 
    end 

     
    pks_cell{i}=pks; 
    locs_cell{i}=locs; 
    wid_f_cell{i}=wid_f; 
    prom_cell{i}=prom; 
    f_peak_cell{i}=f_peak; 
    clear pks locs wid prom f_peak; 
end 
%Continue 
Be=sum(window_ps.^2)/(Ts*sum(window_ps)^2); 
Eb_cell=cell(size(Pxy,2),1); 
Br_cell=cell(size(Pxy,2),1); 
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%Random error 
Er=1/sqrt(1.89*nsam); 
for j=1:1:size(Pxy,2) 
    %Calculating 3db bandwidth 
    pks=pks_cell{j}; 
    locs=locs_cell{j}; 
    for ll=1:size(locs,1) 
        x1=locs(ll); 
        y1=real(10*log10(Sxy_2(x1,j,j))); 
        while  y1 > pks(ll)-3 
            x1=x1-1; 
            y1=real(10*log10(Sxy_2(x1,j,j))); 
        end 
        x2=locs(ll); 
        y2=real(10*log10(Sxy_2(x2,j,j))); 
         while  y2 > pks(ll)-3 
            x2=x2+1; 
            y2=real(10*log10(Sxy_2(x2,j,j))); 
         end 
        db3=[(x1) (x2)]; 
        Br(ll,:)=db3; 
    end 
        Br_cell{j}=Br; 
        %Bias error 
        for kk=1:size(Br,1) 
        Eb(kk)=(-1/3)*(Be/(Br(kk,2)-Br(kk,1)))^2; 
        end 
        Eb_cell{j}=Eb; 
        clear Eb Br db3 x1 x2 y1 y2 pks locs; 
end 
%Continue for power estimation over new PSD estimator 
pwr_cell_2=cell(size(Pxy,2),1); 
    for j=1:1:size(Pxy,2) 
        locs=locs_cell{j}; 
        wid_f=wid_f_cell{j}; 
for i=1:size(locs,1) 
    pos=locs(i); 
    ref=f(pos); 
    dist1=fix(ref-wid_f(i,1)); 
    dist2=fix(ref+wid_f(i,1)); 
    while ref>dist1 
        pos=pos-1; 
        ref=f(pos); 
    end 
    left=pos; 
    pos=locs(i); 
    ref=f(pos); 
    while ref<dist2 
        pos=pos+1; 
        ref=f(pos); 
    end 
    right=pos; 
    clear ref pos dist1 dist2; 
    pwr(i,1)=sum(Sxy_2(left:right,j,j),1)*(Fs/block); 
end 
    pwr_cell_2{j}=pwr; 
    clear pwr 
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    clear locs wid_f Eb; 
    end 
%% Save file ? 
save('Pxy_b2048_sl16384_forward.mat','pxx', 'Pxy', 'sxx', 'Sxy', 

'H1', 'H2', 'H3', 'gain', 'phase', 'coherence', 'f', 

'f_peak_cell', 'Eb_cell', 'Er', 'locs_cell', 'pwr_cell', 

'pwr_cell_2'); 
%---End-section-3--- 
%---End--- 
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APPENDIX 1.F: ods_A.m 

%---Start--- 
%---2018308-Adrian-Potarowicz-LNU 
clear all 
close all 
%Use saved file from cross_power_spectrum_analysis_alfa.m to omit 

errors 
load Pxy_b2048_sl16384_backward.mat; %File name and dir 
whos 
%load ods_A_backward.mat %Use if at least one run has been done 
%% 
%Uncomment if interested directly on a discrete frequency value 
% for q=1:size(f_peak,2) 
%     for w=1:1:size(f_peak,2) 
%         for g=1:size(f_peak,1) 
%             locs(g,w,q)=find(f(:,1)==f_peak(g,w,q)); 
%         end 
%     end 
% end 
%% 
%Points for meshed grid 
Db=[267.66 513.62 80.25; 
    0 314.01 17.73; 
    -269.66 -513.94 80.62; 
    330.97 185.78 10.21; 
    0 -314.01 17.73; 
    0 515.1 76.41; 
    267.87 -513.72 80.32; 
    -267.76 513.66 80.28; 
    -331.12 -185.78 10.21]; 
Db=(10^-3)*Db; 
xb=Db(:,1); 
[xb,I]=sort(Db(:,1)); %Allows to better organise data 
yb=Db(:,2); 
yb=yb(I); 
zbb=Db(:,3); 
zbb=zbb(I); 
%% 
%Subtracting ordinary deflection shape values in frequency domain 
%Choose which point is a reference! - here {4} 
fo=locs_cell{4}; 
pwr=pwr_cell_2{4}; %cell_1 - Hanning/ cell_2 - Flattop 
%fo=locs(:,4,4); %Use if cell array is not present 
for p=4 
    for k=1:size(Pxy,2) 
        for i=1:size(fo,1) 
                if k==4 
                odsp(k,i)=(sqrt(pwr(i)*2)); 
                else 
                

odsp(k,i)=(sqrt((pwr(i)*2))*squeeze(H2(fo(i),p,k))*exp(1i*angle(P

xy(fo(i),p,k)))); 
                end 
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        end 
    end 
end 
odsp=odsp.*9.8; %Scale from g's to meters 
%Normalizing amplitude values/ Note the reference - 4 
for i=1:size(fo,1) 
    odsn(:,i)=odsp(:,i)./max(abs(odsp(4,i)))'; 
end 
%% 
%Plotting ordinary deflection shape for the test data 
freq=3; %Choose which frequency content should be displayed 
[X, Y]=meshgrid(min(xb):0.01:max(xb),min(yb):0.01:max(yb)); 
x=0:0.001:0.1; %Extend for longer animation 
    y1=1.*sin(2*pi*70*x); 
zb=odsp(4:12,freq); 
zba=zb(I)+zbb; 
tic; 
Z=griddata(xb, yb, abs(zba), X, Y,'natural'); 
bla=toc; %This will be important later 
%% 
fig2=figure(2); 
s=surf(X,Y,Z); 
grid minor; 
view(50,30); 
title('ODS'); 
xlabel('x [m]'); 
ylabel('y [m]'); 
zlabel('z [m]'); 
zlim([0 0.12]); 
colorbar('Ticks',0:0.01:0.1); 
caxis([0 0.10]); 
%set(gca,'DataAspectRatio',[1 1 1]) %To be proportional or not to 

be 
    for kk=1:length(x) 
    zba=zb(I).*y(:,kk)+zbb; 
    Z=griddata(xb, yb, abs(zba), X, Y,'natural'); 

     
    s.XData = X; 
    s.YData = Y; 
    s.ZData = Z; 

     
    pause('on'); 
    pause(0.05); %Don't pause below 'bla' as it couses errors 
    drawnow 
    end 
%% Save file? 
Db_A=Db; 
pwr_A=pwr; 
fo_A=fo; 
odsp_A=odsp; 
odsn_A=odsn; 
save('ods_A_backward.mat', 'Db_A', 'pwr_A', 'fo_A', 'odsp_A', 

'odsn_A' ); 
%---End--- 
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APPENDIX 1.G: ods_B.m 

%---Start--- 
%---2018308-Adrian-Potarowicz-LNU 
clear all 
close all 
%Use saved file from cross_power_spectrum_analysis_alfa.m to omit 

errors 
%load Pxy2_b2048_sl16384.mat; %File name and dir 
%whos 
load ods_B.mat %Use if at least one run has been done 
%% 
%Uncomment if interested directly on a discrete frequency value 
% for q=1:size(f_peak,2) 
%     for w=1:1:size(f_peak,2) 
%         for g=1:size(f_peak,1) 
%             locs(g,w,q)=find(f(:,1)==f_peak(g,w,q)); 
%         end 
%     end 
% end 
%% 
%Points for meshed grid 
Db=[267.66 513.62 80.25; 
    327.23 298.76 25.04; 
    -328.76 0 10; 
    328.76 0 10; 
    0 -515.1 76.41; 
    0 515.1 76.41; 
    329.09 -302.03 25.86; 
    -328.99 302.38 25.85; 
    -329.61 -299.54 25.41]; 
Db=(10^-3)*Db; 
xb=Db(:,1); 
[xb,I]=sort(Db(:,1)); %Allows to better organise data 
yb=Db(:,2); 
yb=yb(I); 
zbb=Db(:,3); 
zbb=zbb(I); 
%% 
%Subtracting ordinary deflection shape values in frequency domain 
%Choose which point is a reference! - here {4} 
fo=locs_cell{4}; 
pwr=pwr_cell_2{4}; %cell_1 - Hanning/ cell_2 - Flattop 
%fo=locs(:,4,4); %Use if cell array is not present 
for p=4 
    for k=1:size(Pxy,2) 
        for i=1:size(fo,1) 
                if k==4 
                odsp(k,i)=(sqrt(pwr(i)*2)); 
                else 
                

odsp(k,i)=(sqrt((pwr(i)*2))*squeeze(H2(fo(i),p,k))*exp(1i*angle(P

xy(fo(i),p,k)))); 
                end 



 

Appendix 2: page26 

A. G. Potarowicz &  S. M. Hosseini Maghadam 

        end 
    end 
end 
odsp=odsp.*9.8;%Scale from g's to meters 
%Normalizing amplitude values/ Note the reference - 4 
for i=1:size(fo,1) 
    odsn(:,i)=odsp(:,i)./(abs(odsp(4,i)))'; 
end 
%% 
%Plotting ordinary deflection shape for the test data 
freq=3; %Choose which frequency content should be displayed 
[X, Y]=meshgrid(min(xb):0.01:max(xb),min(yb):0.01:max(yb)); 
x=0:0.001:1; %Adjust for animation length 
    y=1.*sin(2*pi*70*x); 
zb=odsp(4:12,freq); 
zba=zb(I)+zbb; 
tic; 
Z=griddata(xb, yb, abs(zba), X, Y,'natural'); 
bla=toc; %This will be important later 
%% 
fig2=figure(2); 
s=surf(X,Y,Z); 
grid minor; 
view(50,30); 
title('ODS'); 
xlabel('x [m]'); 
ylabel('y [m]'); 
zlabel('z [m]'); 
zlim([0 0.12]); 
colorbar('Ticks',0:0.01:0.1); 
caxis([0 0.10]); 
%set(gca,'DataAspectRatio',[1 1 1]) %To be proportional or not to 

be 
    for kk=1:length(x) 
    zba=zb(I).*y(:,kk)+zbb; 
    Z=griddata(xb, yb, abs(zba), X, Y,'natural'); 

     
    s.XData = X; 
    s.YData = Y; 
    s.ZData = Z; 
    pause('on'); 
    pause(0.05); %Don't pause below 'bla' as it couses errors 
    drawnow 
    end 
%% Save file? 
Db_B=Db; 
pwr_B=pwr; 
fo_B=fo; 
locs=locs_cell{4}; 
locs_B=locs; 
odsp_B=odsp; 
odsn_B=odsn; 
save('ods_B.mat', 'Db_B', 'pwr_B', 'fo_B', 'locs_B', 'odsp_B', 

'odsn_B' ); 
%---End--- 
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APPENDIX 1.H: ods_merged.m 

%---Start--- 
%---20183008-Adrian-Potarowicz-LNU 
close all 
clear all 
load ods_A_forward.mat %Chose file from ods_A.m 
whos 
load ods_B_forward.mat %Chose file from ods_B.m 
whos 
load abaqus_freq.mat %Chose amplitude values from extracted from 

Abaqus 
whos 
%% 
%Choose which frequency content would you like to animate (from 1 

to [12-idle]/[7-forward]/[6-reverse]) 
rf=3; 
%Define peak occurance allowable difference in discrete steps 
dif=80; 
%Sorting coordinates / 4 point - double / 9A - not parallel 
unwanted=[0 515.1 76.41; 
    267.66 513.62 80.25;]; 
unwanted=(10^-3)*unwanted; 
Db(1:9,:)=Db_A(1:9,:); 
for i=1:9 
Db(i,4)=i+103; 
end 
des9=find(Db(:,1)==unwanted(1,1) & Db(:,2)==unwanted(1,2) & 

Db(:,3)==unwanted(1,3)); 
Db(des9,:)=[]; 
for i=1:9 
Db_B(i,4)=i+203; 
end 
des4=find(Db(:,1)==unwanted(2,1) & Db(:,2)==unwanted(2,2) & 

Db(:,3)==unwanted(2,3)); 
Db_B(des4,:)=[]; 
Db(9:16,:)=Db_B; 
x=Db(:,1); 

  
[x,I]=sort(Db(:,1)); %Helps to arrange data 
y=Db(:,2); 
y=y(I); 
z2=Db(:,3); 
z2=z2(I); 
ord=Db(:,4); 
ord=ord(I); 
%% 
%Rearange frequency values as matrices A and B are of different 

size 
int=(size(fo_A,1)>=size(fo_B,1)); %Check which is higher and 

proceed 
if int==1 
    m=0; 
   for i=1:size(fo_A,1) 
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    it=fo_A(i,1); 
    check=find(fo_B>=(it-dif) & fo_B<=(it+dif)); 
    if it>12800 
            check=[]; 
    end 
    if isempty(check) 
        continue 
    else 
        m=m+1; 
        fo_m(m,:)=[check i]; 
    end 
   end 
   fo_A_red=fo_A([fo_m(:,2)],1); 
   odsn_A_red=odsn_A(:,[fo_m(:,2)]); 
   odsp_A_red=odsp_A(:,[fo_m(:,2)]); 
   pwr_A_red=pwr_A([fo_m(:,2)],1); 

    
   fo_B_red=fo_B([fo_m(:,1)],1); 
   odsn_B_red=odsn_B(:,[fo_m(:,1)]); 
   odsp_B_red=odsp_B(:,[fo_m(:,1)]); 
   pwr_B_red=pwr_B([fo_m(:,1)],1); 
else 
     m=0; 
   for i=1:size(fo_B,1) 
    it=fo_B(i,1); 
    check=find(fo_A>=(it-dif) & fo_A<=(it+dif)); 
    if it>12800 
            check=[]; 
    end 
    if isempty(check) 
        continue 
    else 
        m=m+1; 
        fo_m(m,:)=[check i]; 
    end 
   end 
   fo_A_red=fo_A([fo_m(:,1)],1); 
   odsn_A_red=odsn_A(:,[fo_m(:,1)]); 
   odsp_A_red=odsp_A(:,[fo_m(:,1)]); 
   pwr_A_red=pwr_A([fo_m(:,1)],1); 

    
   fo_B_red=fo_B([fo_m(:,2)],1); 
   odsn_B_red=odsn_B(:,[fo_m(:,2)]); 
   odsp_B_red=odsp_B(:,[fo_m(:,2)]); 
   pwr_B_red=pwr_B([fo_m(:,2)],1); 
end 
%% 
%Merge two data samples - will not work for more 
odsp(1:9,:)=odsp_A_red(4:12,:); 
odsp(6,:)=[]; 
odsp(9:17,:)=odsp_B_red(4:12,:); 
odsp(9,:)=[]; 

  
odsn(1:9,:)=odsn_A_red(4:12,:); 
odsn(6,:)=[]; 
odsn(9:17,:)=odsn_B_red(4:12,:); 
odsn(9,:)=[]; 
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%% 
%Plotting ordinary deflection shape for the test data 
[X, Y]=meshgrid(min(x):0.01:max(x),min(y):0.01:max(y)); 
o=0:0.001:0.2; %Adjust for the animation lenght 
    p=1.*sin(2*pi*70); 
z=odsn(:,rf).*odsp(4,rf); %Rescale amplitudes with reference 
%z=abaqus_freq(:,rf)*10; %If an abaqus deformation is needed 

adjust amp 
zba=z(I)+z2; 
tic; 
Z=griddata(x, y, abs(zba), X, Y,'natural'); 
bla=toc; %Will be important later 
%% 
fig2=figure(1); 
s=surf(X,Y,Z); 
grid minor; 
view(50,30); 
title('ODS - (proportional)'); 
xlabel('x [m]'); 
ylabel('y [m]'); 
zlabel('z [m]'); 
zlim([0 0.12]); 
set(gca,'DataAspectRatio',[1 1 1]); %To be proportional 
colorbar('Ticks',0:0.01:0.1); 
caxis([0 0.10]); 
    for kk=1:length(o) 

  
    zba=z(I).*p(:,kk)+z2; 
    Z=griddata(x, y, abs(zba), X, Y,'natural'); 

     
    s.XData = X; 
    s.YData = Y; 
    s.ZData = Z; 

     
    pause('on'); 
    pause(0.05); %Don't go below 'bla' value - errors 
    drawnow; 
    end 
%% 
%Calculating MAC function 
%Using predefined function MAC1 
MAC=zeros(size(odsn,2), size(abaqus_freq,2)); 
for i=1:size(odsn,2) 
    for j=1:size(abaqus_freq,2) 
        MAC(i,j)=abs(real(MAC1(odsn(:,i)*odsp(4,i), 

abaqus_freq(:,j)))); 
    end 
end 
%Drawing the columns 
fig1=figure(1); 
h=bar3(MAC, 'detached'); 
title('MAC') 
grid on; 
xlabel('Abaqus mode freq. [Hz]') 
set(gca,'xtick',[1:j],'xticklabel',abaqus_freq_check) 
ylabel('ODS freq. [Hz]') 
set(gca,'ytick',[1:i],'yticklabel',fo_B_red*0.125) 
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zlabel('Correlation') 
zlim([0 1]); 
%In general, MAC values define as below: 
% 0 - totally independent 
% 1 - same vector 
% <0.8 - not really correlated 
% 0.8<MAC<0.95 - need more investigation 
% >0.95 - really correlated 
%% 
%This function is used to find maxima 
o=0:0.001:0.1; %Make same step as in line 107 
p=1.*sin(2*pi*70*o); 
fig69=figure(3); 
subplot(2,1,1); 
plot(o,p); 
subplot(2,1,2); 
hold on 
plot(o,p1); 
plot(o,p2); 
hold off 
%% 
%Save file 
save('ODS_merged_forward'); 
%---END--- 

 

MAC1: 
%Function for calculating MAC 
%---20182802-Adrian-Potarowicz-LNU-PG 
function MAC1 = MAC1( u, v ) 

  
MAC1=((u'*v)^2)/((u'*u)*(v'*v)); 

  
end 
%End of function                    
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APPENDIX 2.A: Power Spectral Density estimate for the acceleration response of the 1
st 

point 

(10 kHz bandwidth) 
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APPENDIX 2.B: Power Spectral Density estimate for the acceleration response of the 2
nd

 point 

(10 kHz bandwidth)  
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APPENDIX 2.C: Power Spectral Density estimate for the acceleration response of the 3
rd

  point 

(10 kHz bandwidth)  
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APPENDIX 2.D: Power Spectral Density estimate for the acceleration response of the 4
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.E: Power Spectral Density estimate for the acceleration response of the 5
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.F: Power Spectral Density estimate for the acceleration response of the 6
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.G: Power Spectral Density estimate for the acceleration response of the 7
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.H: Power Spectral Density estimate for the acceleration response of the 8
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.I: Power Spectral Density estimate for the acceleration response of the 9
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.J: Power Spectral Density estimate for the acceleration response of the 10
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.K: Power Spectral Density estimate for the acceleration response of the 11
th

  point 

(10 kHz bandwidth)  
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APPENDIX 2.L: Power Spectral Density estimate for the acceleration response of the 12
th

  point 

(10 kHz bandwidth) 
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APPENDIX 3: Sensors calibration details. 

 

The output value of the accelerometers are measured in mV and has to be adjusted in order to 

present accurate acceleration values. If the piezoelectric material inside the sensor is assumed 

to behave as a spring, there might occur a distortion from the spring stiffness value, which 

directly influences the slope of the linear response. There may be other problems influencing 

the output values, but they are assumed to be omitted as the response output function has to be 

linear [27]. In general, sensor calibration is performed to verify amplitude response and 

response linearity over the measured range. It can be divided into two parts, the pre-

calibration and a final calibration. 

The pre-calibration is divided into to two tests. First test is performed on a sensor‘s transverse 

calibrator. Transverse sensitivity is the output of an uni-axial accelerometer, that is mounted 

perpendicularly to the sensing axis. On a sensor calibrator, in spite of calibrating sensor, they 

are also two reference sensors mounted π/2 radians from each other. This spatial distance 

ensures that reference sensors send uniform output signals, shifted by π/2 radians. All three 

sensors are then subjected to the vibrational analysis forced by a transverse calibrator. A 

sensor that is being calibrated will pass the test, if its measured output will be equal to the 

references, under particular tolerance. [28]. Resulting transverse sensitivity for the model 

353B11 sensor is claimed to be equal ≤ 5% [24]. 

The second test during the pre-calibration process is called a resonant frequency test. A 

resonant frequency for the accelerometer is a frequency above which sensors vibrates 

naturally, introducing heavy noise to the output signal. A resonant frequency for the 

accelerometer should be significantly higher than the measured range of frequencies. To 

perform the test, it is crucial to introduce a test bench that can gather frequency responses 

from the sensor under excited stimulation. This can be realized e.g. using tungsten alloy mass, 

to which the sensor is mounted, whereas excitation is introduced by hitting a tungsten mass 

with a ball bearing mounted on a special excitation rod [28]. According to the specification 

data, the resonant frequency of the 353B11 sensor should not be lower than 70 kHz [24]. 

The final calibration of each sensor is done with the use of reference accelerometer. Both 

sensors are connected back-to-back. As a result, motion for both sensors should be the same, 

so does has to be their response. If the reference sensor has desired traceability, than the ratio 

between both outputs will be also the ratio of both sensitivities [28]. The sensitivity of the test 

sensor can be later calculated from the following equation (3.1): 

 
                              

   
   

 
   
   

 (3.1) 

Where Ts stands for Test Sensor, Rs stand for the Reference Sensor, Uxy is a voltage measured 

in mV and Axy is an amplitude gain of an output signal. More precise data regarding 

accelerometer calibration can be found in ISO 17025:2005 standard.
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 FB510 – Technical specification  

Swepac 
FB 510 

 

Centrifugalkraft [Centrifugal force] 
Excentervikt total [total weight]: 10,2kg  (4st x 2,55kg) 

Excenter [eccentric mass]:  2,55kg 

Radie [radius]:   0,03315m 

Frekvens [frequency]:  70Hz    (at trial run) 

 

Beräknad centrifugalkraft [Estimated centrifugal force] 
Vid [at] 70Hz:   65409,30N 

Enligt datablad: Frekvens  

[According to data sheets: frequency]:  70-72Hz 

Centrifugalkraft [centrifugal force]:  66kN 

 

Amplitud [Amplitude] 
Excentervikt total [total weight]: 10,2kg 

Radie [radius]:   0,03315m 

Bottenplatta komplett [bottom plate section]: 178kg 

Beräknad amplitud [estimated amplitude]: 1,8996mm 

   

Kastvinkel [phase lag]: 
Fram [forward]:   27,9° 

Back [backward]:  45° 

 

Vibrohus [vibrating motor’s chassis] 
Huvudmått [main dimensions] 

Längd [length]:   380mm   

Bredd [width]:   240mm  

Vikt [weight]:   27,2kg 

Montage [mounting]:  4st M16x190  10,9 

Viktiga gångegenskapsmått [important dimensions] 

Axelavstånd [wheelbase]:  150,0mm  

(axle center- axle center) 

Axelhöjd [axle height]:  122,0mm  

(axle center – underside of a bottom plate) 

Axel placering [axle location]:  130,0mm  

(axle center– edge on an operating plane)  

 

Bottenplatta (bottom plate0 
Huvudmått [main dimensions] 

Längd [length]:  1075mm 

Bredd [width]:  700mm 

Vikt [weight]:  109kg 

Material:  Svetsad, Hardox 400 

Plan arbetsyta [operating area] 

Längd [length]:  415mm 

Bredd [width]:  450mm 
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