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INTRODUCTION 

Motivation and scope 

Structures are integral part of civil engineering, aviation, energy and transportation. These 
fields of economy demand structures to be reliable, safe, functional and at the same time cost-
efficient. Cost efficiency of production and maintenance drive structures to be less reliable, 
which in turn creates the necessity to observe structural health during its lifetime, i.e. to perform 
structural health monitoring.  

Planned structural checks can be insufficient to prevent failures. From 2009 to 2012, in 
China there were 3 major wind turbine component failures, either blades or tower [1]. A recent 
accident happened in Estonia in 2022 [2], when a 60-meter-tall wind turbine tower collapsed 
under heavy wind conditions. Another example of a serious accident was the crack and opening 
in the fuselage of a Boeing 737 during flight. This has caused a rapid depressurization, but 
fortunately, the plane was landed safely in Yuma, Arizona [3].  

 

  

Fig. 1. Major structural failures. Left: Saaremaa, Estonia 2022; right: Yuma, Arizona 2011. 

Larger wind turbine blades are exposed to larger mechanical stresses, more pronounced 
aerodynamic effects, structural instability, and more complicated failure mechanisms [4] as 
compliance increases with blade length. This, in turn, renders the blades more prone to damage. 
For example, wind turbine blade failures account for 30 % of total failures related to wind 
turbines [5], while the cost of blade manufacturing accounts for 15–20 % of the cost of a whole 
wind turbine [6].  

The necessity to reduce unnecessary structural checks while improving the overall 
reliability of structures suggests that constant or at least frequent structural health monitoring 
(SHM) is needed. The goal of structural health monitoring is to timely detect damage, which 
allows to plan repairs in an optimal fashion and enables the safety of the structure.  

The topic of structural health monitoring is very popular among scholars and practitioners 
and has been developing rapidly for several last decades. Apart from ongoing academic research 
in the field, quite a few commercial SHM systems exist on the market, e.g. several systems 
introduced by HBM [7] and SGS [8]. In these systems, structural health is evaluated by means 
of non-destructive testing (NDT). Existing NDT techniques are based on measuring different 
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physical phenomena, like strain, electrical resistance of materials, acoustic emission of 
structure’s inhomogeneity, and vibration. Vibration-based structural evaluation methods [9] 
rely mostly on modal analysis [10] and particularly on operational modal analysis (OMA) [11]. 
As shown in the Thesis, OMA methods are very promising due to their applicability potential. 
Some works show OMA-based SHM being used on large static civil structures, like buildings 
[12] and bridges [13], [14].  

Few studies show OMA-based SHM applied on smaller-sized structures (blades, wings), 
which are part of a moving entity (aircraft). These studies are mostly done in a laboratory 
environment using high-cost instrumentation [15], [16], which provides high-quality scientific 
results but can be difficult (not affordable) to implement in real-life structures. In a health 
monitoring system survey [17], it was concluded that SHM systems for the foundation, tower 
and blades of a wind turbine are mostly limited to experimental and research installations. 

As mentioned, continuous SHM for static civil structures exists, but for moving structures 
like wind turbine blades or aircraft, there are some significant challenges. The costs of 
downtime for a wind turbine, or especially an aircraft, are quite high; thus, taking a structure 
out of operation for SHM testing is not desirable. Continuous SHM during operation can only 
be realised by having a damage sensing-system installed on the structure. This system should 
be affordable, and the health assessment process must not be sophisticated. 

The affordability of such a system is supposed to be achieved by choosing alternative 
sensors for OMA. Instead of traditional accelerometers, which can be the most significant part 
of an SHM system in terms of cost if tens or even hundreds of sensors are implemented, more 
affordable piezo film sensors are proposed. Piezo film sensors, having negligible weight, small 
size and very small thickness, are advantageous for application for aerodynamic parts. 

Aims of the Thesis 

The Thesis aims to develop a vibration-based structural health diagnostics system 
technology, which would create prerequisites for full structural monitoring system development 
during regular operation of the surveyed object in its operational conditions. The technology 
includes important stages of SHM system development – sensors network, data acquisition, 
data storage and processing, analysis and damage detection. In the presented Thesis, SHM 
system prototypes are demonstrated, which are affordable, reliable and user-friendly.  

Tasks of the Thesis 

To achieve the aims of the Thesis, the following tasks were formulated: 
1. Perform a scientific literature review in the field of SHM, OMA, vibration sensors, 

and damage detection algorithms. Implement existing solutions that do not require 
modification. 

2. Formulate SHM system development and usage process. 
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3. Develop an intermediary damage detection algorithm on the basis of the evaluation 
of vibration responses without modal parameter estimation. Test the reliability of 
such an algorithm on actual structure. 

4. Formulate an approach for taking into account natural conditions that could 
influence the precision of damage detection. 

5. Validate the application of piezo film sensors as an alternative to accelerometers for 
OMA and test SHM systems’ prototype data processing methods for condition 
monitoring. 

Scientific novelty 

The scientific novelty of the Thesis: 
1. Experimental application of piezo film sensors for OMA purposes. Previous studies 

did not show examples of using piezo film sensors for operational modal analysis. 
Piezo film sensors application has its differences compared to the application of 
accelerometers – different installation techniques and different vibrational data 
interpretation. Compared to accelerometer response, piezo films provide a 
deformation (strain) velocity signal. Even though it does not change the modal 
characteristics of the structure, it does change the visual representation of mode 
shapes, which needs to be considered. 

2. Development of two new algorithms for damage detection. These algorithms 
evaluate changes of modal characteristics differently than existing algorithms. The 
first algorithm can compare structural states without performing modal analysis, 
which saves time on data analysis. Another algorithm is a tool for comprehensive 
modal parameters (frequency and mode shape) change analysis. It gives estimates 
of how modal parameters change compared to a previously set reference. 

3. Introduction of a modal passport concept. Modal passport is a database of modal 
parameters expressed as functions of different influence factors like temperature and 
loads.  

Practical significance 

The Thesis can be used as guidance for developing SHM systems for various structures. 
Alternatively, the proposed SHM system prototype can be applied directly on structures. 
However, one must perform all necessary certifications of the SHM system, especially in the 
aviation field. The system would require an engineer to operate it, register data, read influence 
factors values, and check if the damage detection parameter shows any sign of damage. In case 
it does show a sign of damage, more in-depth analysis is performed primarily using the mode 
shapes for the potentially damaged structure.  
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Methodology of the research 

The presented work relies on existing SHM technologies, mainly modal analysis and 
operational modal analysis testing techniques, commercial hardware and software. Operational 
modal analysis techniques used in the Thesis include enhanced frequency domain 
decomposition and stochastic subspace identification. 

A novel approach of signal sensing is applied, i.e. using piezo film sensors instead of 
conventional accelerometers or strain gauges.  

Applicability limitations 

A widely acknowledged set of features that a fully developed SHM system possesses 
include the ability to operate without interruptions, mostly automatically and autonomously, as 
well as the system’s robustness against various mechanical and environmental impacts and 
longevity. The proposed SHM system prototype, however, is not fully automatic and has not 
yet been tested for robustness. Still, for the purpose of brevity, the proposed SHM system 
prototype shall be called the SHM system within the scope of this Thesis. 

This SHM system prototype is limited to small and medium-scale structures (0.5–20 m) in 
dimensions, as other structures have not been tested with this prototype. Smaller structures 
(<0.5 m) will not be enough to accommodate the necessary amount of sensors. For larger 
structures, it is yet unknown whether deformation sensors could correctly register large-scale 
deformations for the mode shapes of lower order to be successfully identified. Also, it is 
unknown how electrical signals in wires would translate between sensors and the data 
acquisition system’s inputs at large distances (>20 m). This might be an issue due to 
electromagnetic interference and the absence of preamplification in sensors. However, this 
limitation might be lifted in future studies. 

Another limitation is rather technical – to install the system, the structure must be equipped 
with a sensing system. The installation process can take hours or even days for complex 
structures. If this process is performed during post-production in a factory, then this is not a 
serious issue. However, for existing and operating structures, especially wind turbine blades 
and helicopter blades, it would be necessary to detach those from the machine, apply sensors 
indoors (to guard against wind and rain), and then attach the blades back.  

The proposed SHM system is not a commercial product and lacks an intuitive, all-in-one 
user interface in application form.  

Arguments for the defence of the Thesis 

The Thesis shows how, even with limited financial resources, it is possible to develop an 
SHM system and monitor the condition of a large number of typical structures. One would need 
a set of cheap piezo film sensors, wiring, a data acquisition module, a PC and software. For in-
depth structural condition analysis, one would also need modal parameter estimation software, 
like ARTeMIS.  
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Newly developed damage detection algorithms have different purposes and different 
implementations. The modal field comparison method, for example, does not require the use of 
commercial software and can be realised using code in Matlab, Octave or Python. Modal 
parameters variation intensity parameter does require modal parameter estimation, but, as an 
advantage, provides damage localization.  

All of the above give operators of structures helpful information about structural conditions, 
so that repairs can be planned in an optimal manner. This also increases the safety and reliability 
of structures, which helps to bring costs down. SHM system is an investment that pays off after 
some time. 

Structure 

The Thesis consists of several parts.  
First, a scientific and commercial literature review is presented, covering topics such as 

operational modal analysis, including modal parameters identification, vibration sensors, 
embedded sensors, harmonics extraction and structural damage identification.  

Next, the Thesis goes through the steps of SHM system development emphasising 
technological novelty like the application of piezo film sensors. A formulation for a harmonics 
extraction algorithm is introduced. 

A concept of a modal passport is introduced – a framework for modal parameters 
assessment between multiple measurements with different operating conditions. 

Then, newly developed modal parameters evaluation methods are shown, describing the 
mathematical background and application. Two methods were developed for this Thesis: 

 Modal parameter variation intensity – a method to evaluate the mode shape and 
modal frequency changes due to the damage with the possibility of comparing the 
results with healthy states. This method allows to evaluate the intensity of the 
damage and to perform damage localization. 

 Modal field comparison method, also called a singular value change assessment – a 

method to approach structural state damage detection without prior modal 
parameters estimation, saving time and computing power. 

Lastly, SHM technology application cases are discussed, concluding both challenges and 
limitations, which surfaced during real-life experiments, and successful examples of damage 
detection in a beam and helicopter blades. The overall structure of the Thesis is shown in Fig. 
2. 
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Fig. 2. Thesis structure. 
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1. VIBRATION-BASED STRUCTURAL HEALTH 
MONITORING  

1.1. Operational Modal Analysis 

The main concept behind vibration-based SHM methods is that damage-induced structural 
changes are reflected in modifications of mass, stiffness and damping of the structure [10]. Any 
structure is a dynamic multi-degree of freedom system, which can be described with an equation 
of motion: 

 𝑀𝑥 𝑡 𝐶𝑥 𝑡 𝐾𝑥 𝑡 𝑓 𝑡 , (1.1) 

where 

 𝑀 – mass matrix, kg; 

𝐶 – damping matrix; 

𝐾 – stiffness matrix; 

𝑥 𝑡  – response vector, 𝑥 𝑡  and 𝑥 𝑡  are the first and the second time derivatives of the 

response; 

𝑓 𝑡  – applied force vector, N. 

 
The response vector is typically displacement of a structural point, thus the first time 

derivative is velocity, and the second time derivative is acceleration. In frequency 𝜔 domain, 

the equation of motion can be shown as 

 𝑀𝜔 𝑗𝜔𝐶 𝐾 𝑥 𝜔 𝑓 𝜔 . (1.2) 

The matrix of frequency response functions (FRF) of a system is defined as  

 𝐻 𝜔
𝑥 𝜔
𝑓 𝜔

1
𝑀𝜔 𝑗𝜔𝐶 𝐾

. (1.3) 

Equation (1.3) shows how FRF of a structure depends on mass, damping and stiffness, and 

how one can obtain FRF by measuring applied force 𝑓 and registering the vibrational response 

𝑥. Using FRF from multiple points on the structure it is possible to estimate modal parameters 

of a structure by applying the following equation: 

 𝐻 𝜔
𝐴

𝑗𝜔 𝜆
𝐴∗

𝑗𝜔 𝜆∗
, (1.4) 

where 

 𝑝 – index for input location where force is applied; 

𝑞 – index for output location where response is measured; 

𝑚 – index for mode number; 

𝑀 – total number of natural modes; 

𝜆  – system’s pole for mode 𝑚; 
𝐴  – residue. 
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In a unique case, when 𝑀 1, this is a single degree of freedom system.  

The system’s poles contain natural frequencies 𝑓 and damping ratios 𝜁: 

 𝑓
Im 𝜆

2𝜋
,      𝜁

Re 𝜆
|𝜆 |

 (1.5) 

The system’s residue contains information about the mode shape 𝜓 of the structure’s 

vibration, as well as scaling factor 𝑄 – the amount of particular mode shape’s participation in 

the total response, related to the excitation force, and is shown as  

 𝐴 𝑄 𝜓 𝜓 . (1.6) 

The Thesis considers an output-only method, called operational modal analysis (OMA). As 
forces are not measured in OMA and thus are unknown, it is assumed that forces are evenly 
distributed in space across the structure and in frequency domain [18]. Natural excitation forces 
should be random in time and have sufficient energy to excite necessary modes. Examples of 
such excitation are wind, rain, earthquakes, a significant number of moving vehicles, etc.  

Violation of the OMA assumption can lead to erroneous estimation of modal parameters, 
for example, the presence of periodic components in the measured vibrational signal due to 
rotating parts close to the measured structure. The Thesis offers utilization of time synchronous 
averaging (TSA) [19] with an advanced feature for suppression/extraction of the periodic 
component.  

OMA advantages: 

 The tested structure can remain in operation without disrupting the object’s normal 
exploitation. 

 No excitation mechanisms are needed, which saves costs and time. 
OMA disadvantages: 

 OMA results depend on the excitation and environmental conditions.  

 The scaling of mode shapes is necessary for a meaningful comparison between 
measurements. 

 
Modal parameters estimation  
OMA modal parameter estimation techniques are divided into two categories – time domain 

and frequency domain techniques [20]. The techniques differ in their mathematical complexity, 
computational efficiency, and identification accuracy. The frequency domain techniques are 
peak picking (PP), frequency domain decomposition (FDD), enhanced frequency domain 
decomposition (EFDD), and others. Examples of time-domain techniques are two stochastic 
subspace identification (SSI) sub-techniques – data-driven SSI and covariance driven SSI.  

The frequency domain techniques rely heavily on singular value decomposition (SVD), a 
matrix factorization into singular vectors and singular values, proportional to the system’s 
eigenvectors and eigenvalues. SVD of a power spectra matrix is given as 

 𝐺 𝜔 𝑈 𝜔 𝑆 𝜔 𝑈 𝜔 , (1.7) 



15 
 

where 

 𝑈 – a singular vector matrix;  

𝑆 – singular value’s diagonal matrix; 

𝑈  – conjugate transpose (Hermitian transpose). 

  
a) b) 

Fig. 1.1. a) SVD plot of an SDOF system; b) inverse FFT of the SVD plot. 

Enhanced FDD considers each mode to represent a SDOF system (Fig. 1.1(a)). The singular 

value 𝑠 𝜔  corresponding to the singular vector 𝑢 𝜔  is the auto power spectral density (PSD) 

function of the corresponding single degree of freedom system. This PSD function is identified 

around the peak by comparing the mode shape estimate 𝜓  with singular vectors for the 

frequency lines around the peak. Singular values form the auto PSD function, as long as 
corresponding singular vectors have high modal assurance criterion (MAC, see Section 1.3) 

value with 𝜓 . When auto PSD is formed, it is processed using inverse FFT, and a time impulse 

decay function is obtained (Fig. 1.1(b)), from which frequency 𝑓  is estimated from crossing 

times, and damping 𝜁  is estimated from the decay.  

 
Multi-patch OMA 
It is possible to significantly reduce the cost of an SHM system if one uses a multi-patch 

OMA. In this OMA approach, the vibration is measured consequently by dividing sensors into 
small groups, called patches, at a time. This allows to reduce the number of required input 
channels. Each group includes two types of channels: reference channels, which are not moved, 
and moving or roving channels. After all patches are separately measured, signal processing 
algorithms combine those patches for further modal parameter estimation.  
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Fig. 1.2. Schematic of a multi-patch OMA measurement with 2 patches, Sensors 2, 3, 6 and 7 
are reference sensors [21]. 

1.2. Vibration sensors 

A common type of vibration sensors utilized in OMA applications is piezoelectric, 
including conventional accelerometers. The Thesis introduces another type of piezoelectric 
vibration transducer as a sensor for OMA application. This piezoelectric film deformation 
sensor (Fig. 1.3) is made of a polarized semi-crystalline fluoride polymer called polyvinylidene 
fluoride (PVDF). The films are very thin (0.23 mm) and can be glued to the testing surface with 
conventional adhesives or double-sided tapes. 

 

 

Fig. 1.3. Piezoelectric PVDF film transducer for vibration measurements [22].  

PVDF material is superior to materials of other sensor types in numerous ways: 

 Wide frequency bandwidth (10–3 to 109 Hz). 

 Large dynamic range (6.9×10–4 to 6.9×1010 Pa). 

 High elasticity (2–4 GPa compared to 43 GPa for PZT). 

 Low density (1780 kg/m3 compared to 7500 kg/m3 for PZT). 

 High dielectric toughness – can withstand strong electric fields (75 V/μm) where 
most of the piezoelectric ceramic materials become depolarized. 

 High mechanical toughness and impact resistance (109 Pa to 1010 Pa). 
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 High chemical stability – resistance against humidity (<0.02 % moisture 
absorption), most of the chemical substances, oxidizers and intensive UV radiation. 

Sensing based on piezo-film sensors is a cost-effective SHM solution. They are much 
cheaper (about 10–15 euros/piece) than accelerometers, which, for industrial applications, can 
cost hundreds of euros [23]. Accelerometers typically also induce mass loading to the structure 
and have a non-negligible size, thus affecting the structure’s modal and aerodynamic properties.  

Piezo film sensors do not require balancing circuits, like Wheatstone bridge, for strain 
gauges. Compared to acceleration measurements, dynamic strain measurements are proven 
sensitive to minor local damage [24], [25], [26].  

PVDF film sensors, however, have some disadvantages, one of them being sensitivity to 
electromagnetic interference. These sensors have a considerable sensitivity spread of around 
20 % [27], which does not allow for directly comparing modal shapes between different 
structures. It does allow the comparison of mode shapes for an individual structure, however, 
assuming that the sensitivity of the sensors does not significantly change with time. 

1.3. Structural damage identification 

The most common set of damage-sensitive features in vibration-based SHM are modal 
parameters – frequency, damping ratio, and mode shape. A good quality mode shape 
identification requires a dense sensor network, which is possible to realize with PVDF sensors.  

A useful tool for comparing the mode shapes to reveal any changes in the structural state is 
the modal assurance criterion (MAC). It is calculated as  

 MAC 𝜙 , 𝜙
∗

∗ ∗ , (1.8) 

 

where 𝜙  and 𝜙  are different mode shape vectors [27]. Usually, MAC is plotted as a matrix 

where the mode shapes from one set are compared to the same mode shapes from another set. 
The correlation values close to unity indicate that the mode shapes are similar.  

It is one of the tasks of the Thesis to introduce an alternative DSF, which is modal-based 
and allows fast structural state analysis (without modal parameter estimation) and in-depth 
analysis of estimated modal parameters. These approaches are presented further in the Thesis. 

 
 

2. STRUCTURAL HEALTH MONITORING SYSTEM  

2.1. SHM related problems 

External factors 
The damage detection of an OMA-based SHM system is based on the change of modal 

properties of a structure. But modal properties are influenced not only by the change in stiffness, 
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mass or damping (internal factors) but also by loads, temperature and other external factors. 
This can create false positive alarms, thus degrading SHM effectiveness. For example, the 
change in rotation velocity of a wind turbine also changes the modal parameter of a blade due 
to the resulting difference in centrifugal force.  

 
Skilled personnel requirement 
After measurements and data processing, any trial OMA-based system gives a set of modal 

parameters for some amount of modes. When dealing with structures which are more 
complicated than simple structures (beam or plate), the amount of detected modes can be quite 
large. For analysis and interpretation of such modes, highly skilled and experienced personnel 
is required. Mass application of OMA-based system is complicated due to the need for 
subjective interpretation of results. 

Methodologies for quantitative evaluation of integral modal parameters of the entire 
structure and healthy state boundaries definition do exist, but few practical applications were 
demonstrated. 

 
Sensors’ costs and sizes 
Common type of sensors used in OMA are accelerometers, which are robust and precise. 

However, they are quite expensive (100–1000 $); in some applications they require thread 
fixation, their size and weight (including shielded coaxial cables) can influence modal 
characteristics of a structure and operations of a facility by disrupting aerodynamics of a blade, 
for example. Another type of sensors, deformation sensors, do not have most of the mentioned 
limitations – they are cheap, can be applied on the surface of a structure, are plain and light, 
together with connecting wires they can be covered with a protective layer, creating an integral 
element with the measured structure. Two types of deformation sensors can be used – strain 
gauges and piezo film sensors. Strain gauges are very useful for testing structures in laboratory 
conditions, but they are hard to apply for OMA. These sensors require bridge connection and 
balancing, so each sensor needs a single dedicated channel in a specific data acquisition system. 
A large number of data acquisition channels increases SHM system costs. Utilization of 
accelerometers and strain gauges limits SHM system development and application diversity. 

All mentioned problems have a cumulative effect, which results in high costs of production 
and application of SHM systems, not to mention the size and weight of sensors. The high cost 
of an SHM system reduces interest from the commercial sector and consequently does not allow 
mass usage of SHM systems. The sensor’s size and weight are also crucial for aerodynamic 
applications. 

2.2. SHM problem solutions 

The Thesis proposes an overall approach to the SHM system development process. This 
process can be divided into the following tasks: 

1. Choosing the structure to be monitored and acquiring its dimensions and functional 
properties. 
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2. Selection and application of a sensor’s network. 
3. Acquisition of healthy state vibrational data with influence factors, formation of a 

healthy state data base embedded in modal passport (discussed further). 
4. Periodic acquisition of unknown state vibrational data during the structure’s life 

cycle (monitoring), comparison of newly acquired data to the healthy state data.  
Above, the term modal passport is introduced. It is a complex of methodological, 

algorithmic and software solutions, which includes a modal description method of typical 
monitoring objects’ structure, primarily internal and external factors’ influence functions on the 
structure’s modal properties. Another feature of a modal passport is a universal method for 
monitoring an individual object using typical modal properties and influence functions, which 
allows: 

 integrated estimation of structural condition as a result of a measurement; 

 definition of healthy (reference) state boundaries of the structural condition;  

 fault detection. 
As a solution to the skilled personnel requirement and to reducing the complexity of the 

SHM system data processing steps, a modal field comparison method is introduced in Section 
3.3. This method processes the vibrational responses based on the singular value decomposition 
without modal parameter estimation.  

The solution to the high cost of sensors is the application of piezo film deformation sensors, 
which are described in detail in Section 1.2. These sensors lack the disadvantages that are 
identified for accelerometers and strain gauges and are widely used for industrial purposes, 
mainly for alarms, signalization and other security solutions. Just like strain gauges, piezo film 
sensors are cheap, light, and can be integrated into a structure. Piezo films do not require bridge 
connection and balancing. The size of a piezo film sensor used in current studies is 16 x 45 mm 
and 28 μm thick, although other sizes are available. The weight of a single sensor is smaller 
than 0.1 g. The application of piezo films also allows using the same data acquisition systems 
(DAQ) as for accelerometers. The wiring between piezo film sensors and DAQ can be done 
using the multiplexing approach, which reduces the number of input channels and brings costs 
further down. Multiplexing is achieved by using switches or patch bays to connect the signals 
from sensors to DAQ input in patches, making measurements for different zones of the 
structures sequentially. 

The implementation of said solutions will allow to bring the SHM system’s costs down and 
simplify its application. 

2.3. SHM system’s development steps 

The proposed SHM system’s technology would ensure the development, serial production 
and application of a monitoring system for the technical state of various structures for typical 
equipment (objects) operating under different operational conditions. 

SHM system is designed to detect damage in an individual structure from a set of 
measurements of this structure. Damage detection in a structure from a set of monitored 
structures is not pursued here, as early studies showed that the large scatter of damage-sensitive 
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parameters due to changes in mass, geometry and other material properties significantly reduces 
the reliability of the SHM system.  

In order to successfully monitor the structural condition, each structure must have a built-
in SHM system, which reads the vibration data and sends it to the workstation (computer). Next, 
the operator performs the operational modal analysis (OMA), evaluating the modal parameters 
of each structure’s sample. The resulting modal parameters, together with the recorded external 
influence factors such as static loads or rotational velocity (blades), shall be entered by the 
operator into the database. This database provides an application of the modal passport 
technique (see Section 3.1), storing the results of previous measurements of these structures. 
Such a database also stores the reference modal parameters of an intact structure and the 
influence functions that are typical for such structures. A special damaged sample recognition 
algorithm later analyses the database and recognizes the measurements (data samples) that show 
sufficiently different modal parameters at given external factors compared to the reference. This 
stage is called damage identification. Next, the operator will be able to perform an in-depth 
analysis of the modal parameters of a particular damaged sample in order to decide on the 
significance of the damage and possibly localize the damage from the analysis of mode shapes. 
This allows to plan further actions with the given structure – repair, replace, or perform no 
action if the defect is not significant.  

Based on the above description, two components can be defined for the SHM system: 

 A measuring system, which in turn consists of: 

o sensors and cables on the structure, 
o data transmission system to the computer. 

 Data processing and analysis part: 
o OMA software, 
o modal passport with reference state data and influence functions. 

The modal passport formation for typical structures consists of the following steps:  
1. Build an FE model of a structure. 

2. Calculate modal parameters for the FE model taking into account the real-world 
boundary conditions, loads, temperature regimes, and other factors. The FE 
calculation results are required to optimize the sensor network and select the test 
settings and for modal identification.  

3. Create a sensor network based on the results of the FE modelling. Optionally, use 
an optimization algorithm for sensor placement [28]. 

4. The real structure is to be equipped with the developed sensor network. 

5. Prepare a measuring system, including cables, connectors, a data acquisition device 
with a computer, and sensors for load, temperature, and other factors. 

6. Perform operational modal analysis of the structure and record the obtained modal 
parameters and external factor indicators in one database (modal passport). Where 
possible, these measurements shall be carried out in a controlled environment, 
gradually changing the external influence factors.  
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7. Obtain damaged state data with a modelling approach. Damage modelling allows 
to foresee modifications in modal parameters due to possible future damages: 

a. A random test situation shall be repeated on the FE model, and it shall be 
verified that the FE model and test results are similar. In case the results do 
not match, necessary adjustments shall be made to the FE model.  

b. Introduce structure-specific damage into the FE model, perform calculations 
and save the obtained parameter sets, including modal parameters and 
external factors. 

For further process, the operator takes the estimated modal parameters from the new 
measurements of the same structure or other structures of the same type and, using the 
modal passport, performs an evaluation of the structural condition. The measurement 
results are compared to the modal passport data using the damage detection algorithm 
(modal parameter variation) or alternatively using the raw data by the algorithm from 
Section 3.3. The result of the evaluation is usually a prediction of whether the structure is 
healthy or damaged. 

2.4. Application of deformation sensors for OMA 

Available OMA applications, which determine the modal parameters of the operating 
object, deal with acceleration signals but not deformation or strain. It is well known that 
acceleration is the second derivative of displacement. To use the deformation sensor data, it is 
necessary to justify the relationship between the displacement and deformation parameters. The 
piezo film sensors are attached to the surface of the structure, so the measured signal is the 
deformation of the structure’s surface. The displacement of any surface point of the bending 
beam is determined by the curvature of the so-called elastic or neutral line of this beam. This 
curvature depends on the longitudinal deformation of the surface layers. The relationship 
between the deformation of the surface layer of the beam and its displacement 

 𝜀 𝑦 ′′ ∙ , (2.1) 

where ℎ is the thickness of the beam and ℎ/2  is the distance from the neutral axis of the beam 

to the surface layer.  
This relationship is applicable to the static bending deformation for a beam. However, with 

certain assumptions, this equation also is valid for dynamic deformations.  
For bending mode identification, the strain of tension or compression measured on the 

surface of the oscillating beam is determined by the second derivative of the distribution 
function of the transverse displacements of the neutral line of the beam and the distance from 
it to the surface layer. If the thickness of the structure is negligible compared to other 
dimensions, then deformations are directly proportional to the second derivative of 
displacements.  

Modal parameter estimation results in mode shapes which do not show acceleration 
(although acceleration is the measured signal) but displacement. So, the obtained mode shapes 
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using deformation signals from piezo film sensors would be simply 180° out-of-phase 
compared to the displacement shapes.  

2.5. Measuring system 

The measuring system is a part of the SHM system, which is individually and permanently 
installed on the structure to be tested throughout its life. The measuring system consists of 
deformation transducers, wires, connectors, and a data reading device with a computer and 
software. 

The type of sensor used for the proposed SHM system is a polyvinylidene fluoride (PVDF) 
sensor, described in detail in Section 1.2. These films are elastic, light and have piezoelectric 
properties. Thanks to these properties, the deformation of the film leads to a change in voltage. 
Piezo film is located between two printed silver electrodes, forming a capacitor-like structure. 
Due to this design, the sensor cannot measure static deformations, but this is not an issue for 
SHM. The particular sensor, shown in Fig. 2.1, is 40 mm long, 16 mm wide and only 28 μm 
thick.  

 

Fig. 2.1. PVDF film deformation sensor from TE connectivity [23]. 

 
The sensors are glued with the help of a double flexible adhesive tape (Fig. 2.2 a)). Other 

types of adhesives are suitable as long as the adhesive is elastic after curing. The size of the 
piece of adhesive tape must coincide with the size of the transducer surface to ensure full 
adhesion to the surface of the structure. 

Wires used for the SHM system are small diameter (0.25 mm or similar) enamelled copper 
wires (Fig. 2.2 b)). Wires are glued to the transducers using special two-component epoxy glue. 
The wires are applied to the surface of the structure using a narrow double-sided elastic 
adhesive tape and are soldered to a wire hub at the boundary of the structure (Fig. 2.4). 

Piezo film sensor has a positive and a negative voltage output. The positive output is 
considered to be a signal output; the negative one is connected to the ground. All negative 
outputs are thus joined. The cable hub can also be realised as a cable connector, for example, 
the D-SUB type. 
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a) b) 

Fig. 2.2. a) Adhesive double-sided tape; b) enamelled copper wire. 

  
a) b) 

Fig. 2.3. a) Piezo film sensor with attached wires; b) two-component epoxy glue. 

 

 

Fig. 2.4. Wiring hub at the boundary of a structure. 

The primary role of a DAQ device is to perform analog-digital (AD) conversion of 
deformation signals. Most commonly, before the AD conversion, there is also a conditioning 
step – signal amplification and frequency filtering. Brüel & Kjær's LAN-XI Type 3053 or a 
similar type of LAN-XI module can be used as a DAQ device. The number of modules depends 
on the number of sensors. For example, with four Type 3053 modules, it is possible to measure 
48 channels simultaneously. Other manufacturers, like National Instruments, Siemens, etc., also 
offer DAQ systems.  

2.6. Periodic component suppression 

A measured data post-processing tool to suppress or extract harmonics before performing 
the analysis of vibrational data has been developed.  
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In the frequency domain, the measured signal 𝑋 𝜔  is determined by the system’s 

frequency response 𝐻 𝜔  and the forces 𝐹 𝜔  acting on the system. Ideally, for OMA, forces 

are even and random, so their spectrum can be regarded as unity. With periodic excitation there 

is a periodic deterministic component 𝐷 𝜔  to the impact forces. The measured signal is 

presented as  

 𝑋 𝜔 𝐻 𝜔 𝐹 𝜔 𝐷 𝜔 . (2.2) 

Assuming there are some experimentally obtained 𝐷 𝜔 𝐷 𝜔 . Extracting  𝐷 𝜔  

from (3) will result in  

 𝑋 𝜔 𝐻 𝜔 𝐹 𝜔  (2.3) 

and 

 𝑥 𝑡
1

2𝜋
𝑋 𝜔 e d𝜔, (2.4) 

where index p means “processed”. Note that 𝑋 𝜔 𝑋 𝜔 , since the structure is responding 

to the forced periodical excitation, and this response remains in the signal. Hence, when one is 
referencing to the extraction of a periodic component, this means suppression of the said 
component with sufficient efficiency.  

2.7. Data processing and analysis 

As it was previously mentioned, the life cycle of the SHM system for a series of structures 
is divided into two parts: 

 formation of modal passport, 

 monitoring. 
Formation of a modal passport means creating a modal passport for a typical structure – a set 
of stable modal parameters for different operational conditions. Monitoring assumes 
performing regular OMA on individual structures and comparing the resulting modal 
parameters to the modal passport values for damage assessment. The recorded vibrational 
responses are processed using OMA-designated software, for example, ARTeMIS from 
Structural Vibration Solutions. The processing includes the selection of modal parameter 
estimation methods, such as EFDD or SSI methods.  
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Fig. 2.5. ARTeMIS Modal software screenshot. 

As a result, the engineer acquires the modal frequencies and shapes of recognized modes. These 
modal parameters are exported as a matrix in a text file. Frequencies are recorded as separate 
values, shapes are recorded as vectors with curvature/deformation values at each position of the 
transducer. 

3. DAMAGE DETECTION AND EVALUATION 
ALGORITHMS 

This chapter introduces the theoretical and mathematical basis for damage detection and 
evaluation algorithms of the SHM system prototype. The description starts with the modal 
passport architecture and implementation steps. Next, the modal parameter change assessment 
is shown. This is an assessment method that allows to compare combination of different modal 
parameters (frequencies and shapes together and separately) vividly and conveniently between 
different measurements, aiding the engineers in analysing the structural condition. Finally, the 
so-called modal field comparison method is shown, which evaluates the structural states 
without modal parameter estimation techniques.  

3.1. Modal passport 

Modal passport is a combination of measurement technique, modal data storage and 
processing methods in order to perform structural health monitoring. MP considers an 
application for a series of structures of the same type, e.g. wind turbine blades or towers.  

Modes which are typical for a series of structures of the same type are selected to form a 
typical modal passport. The description of a typical modal passport includes the matrices of 
modal parameters: frequency, damping and shape over different operating factors. The referred 
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values of modal parameters are the expected means (i.e. average values) of modal parameters 
for structures of the same type. In addition to averaged values, a typical modal passport also 
contains confidence intervals, which show the variance of modal parameters around the mean 
value.  

 

Fig. 3.1. Different modal frequencies as a function of rotational speed (revolutions per 
minute, rpm) for a composite helicopter blade. Numbers at curves denote the mode type:  

1–3 – bending in the rotation plane; 1'–6' – bending in the thrust plane; 1'' and 2''– torsional 
[29]. 

Operational factors like loading, rotation speed for rotating structures like blades, or 
temperature influence the modal parameters. The dependency of MP on operational factors is 
called “influence functions”. An example of such functions is shown in Fig. 3.1 as a function 
of modal frequency for selected modes over rotational speed in RPM for a helicopter blade.  

A typical modal passport serves as a template for an individual modal passport of a certain 
structure.  

Modal passport is realised either manually in MS Excel or semi-automatically in Matlab 
software, however, it can be realised in any data processing software. 

 
Typical modal passport formation 
The use of the modal passport is based on the assessment of changes in the modal 

parameters of the operating structure as a sign of a change in the state of this sample. In practice, 
change of mass can be attributed to an attached (or detached) element on the body of the 
structure, change of damping – due to changes in boundary conditions, and the stiffness changes 
mostly because of defects like cracks. These changes influence the FRF of a measured 
vibrational signal from the structure, which leads to modified modal parameters. 

Modes should be stable and typical for the given structure to recognize changes in the state. 
Stable modes (in the context of a modal passport) are considered to be repeating the modes of 
similar shape between different measurements and/or samples. Stable modes are also more 
robust to slight variations in operational conditions. There are 3 criteria (verified in practical 
tests) for stable modes: 
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1. Repeating the similar mode shape and frequency at least 3 times out of 5 estimators 

of 𝑇 tests. The number of tests should be at least 3, but 5 or more tests are 

recommended. 
2. Limited frequency deviation. An acceptable frequency deviation is usually in the 

region of a few percent. 
3. MAC value (Section 1.3, Eq. (1.8)) between stable mode shapes at least 0.9, but 

smaller than 1. 
The sequence of steps to create a typical modal passport: 
 
Step 1 

OMA of a structure in the 𝑠 state. The initial state of a typical passport requires the structure 

to be undamaged (healthy).  
 
Step 2 
Processing of the acquired data using five modal parameter estimation methods (EFDD, 

CVA, UPC, PC, UPCX, further in the text – estimators). Selection of relatively stable modes 
estimated with at least 3 estimators. Mode shapes given by different estimators have different 

scales. To bring them to a common (–1.0... 1.0) range, each 𝑛 element of eigenvector 𝜓  of the 

𝑚 mode is normalized to the square root of the sum of squares of all 𝑁 elements. This step is 

called normalization.   
 
Step 3 
Selection of a stable mode from relatively stable modes using the above-mentioned criteria 

of limited frequency deviation and 0.9 ≤ MAC < 1. Each such mode is represented by 2𝑁 4 

data vector: 

 shape and its standard deviation (2𝑁 elements); 

 frequency and its standard deviation (2 elements); 

 damping coefficient and its standard deviation (2 elements). 

𝑁 is essentially equal to the number of sensors on the structure, as the shape is represented 

by as many DOFs as there are sensors. 

This way, a 𝑀 2𝑁 4  matrix is formed from a set of tests, where 𝑀 is the amount of 

stable modes. Steps 1–3 are repeated for each of 𝑇 tests. Naturally, for each test, the number of 

resulting modes may differ. But using the three criteria mentioned above, a selection of modes 

is performed, and a full set of stable modes 𝐾 is acquired for 𝑇 performed tests. This way a 

𝑇 𝑀 2𝑁 4  matrix is obtained. 

 
Step 4 
Different estimators may reflect the same mode shape in opposite phases, so the phase 

alignment is performed. The selection of modes to be phase-aligned is done using the 
correlation function.  
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Step 5 
Modal enhancement – calculation of the mean and variance of the modal parameters: 

 frequency 𝑓̅  and 𝛿𝑓 ; 
 damping 𝜁̅  and 𝛿𝜁̅ ; 

 mode shape 𝜓  and 𝛿𝜓 . 

Mode shape averaging is done for each element of the mode shape vector, but the variance 
is proposed as an integral parameter – single for one eigenvector.  

After Steps 3–5 have been performed for the reference state of the tested sample (structure, 
specimen), the trials are repeated for the structure’s other states. A state is represented by 
external influence factors. For rotating blades, the applied forces are centrifugal forces during 

rotation, so the state is defined by the rotation velocity (Fig. 3.1). Influence function of the 𝑚  

mode frequency 𝑓  against rotation velocity 𝑣 is described using the 2nd order polynomial: 

𝑓 𝑣 𝛽 𝛽 𝑣 𝛽 𝑣 . (3.1) 

The functions’ coefficients 𝛽 are then found using the regression method.  

 
Individual modal passport 
Typical modal parameters, which are carefully selected (as shown above), serve as guiding 

references for selecting modal parameters when processing data from individual structures. For 
the individual passport to function properly, it needs healthy state data, which are obtained by 
testing the particular structure (sample) in its healthy state under arbitrary conditions. Testing 
under arbitrary conditions allows to avoid inconvenient and expensive testing in laboratory 
conditions. Using the influence functions of a typical modal passport, these modal parameters 
are recalculated from arbitrary conditions to reference conditions. The health monitoring is then 
done in reference conditions. The variance of individual modal parameter values is compared 
to the reference confidence intervals of individual passport. An indication of damage is when 
the measured variance exceeds the reference confidence intervals. Further measurements of the 
particular structure are also being subjected to recalculation to the reference conditions, so that 
the monitoring of damagesensitive features is being done for these conditions. 

As an example, temperature influence functions for frequency 𝑓 𝑡  and damping 𝜁 𝑡  are 

shown in Fig. 3.2. Some dependencies are linear (mostly for frequency), some are not. These 
functions allow to approximate modal parameters for other temperatures. 
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Fig. 3.2. Temperature influence functions for a glass fibre composite cylinder for the first 5 
modes. 

Individual MP considers the possibility of detecting damage. Detection of the damaged state 
(if one occurs) is performed using the damage detection algorithm. Estimation of damage 
severity can be done using the modal parameter variation (MPV). 

3.2. Modal Parameter Variation 

For damage detection and its severity, a comprehensive evaluation of the object’s modal 
parameters modification is required. There are examples and some experience in the evaluation 
of modal parameter variation in [30]. The Thesis offers a mathematical formulation of modal 
parameters variation evaluation.  

To estimate modification of 𝑚   mode from a structure’s test, which has not been used for 

the formation of the typical modal passport, the modal parameters variation (MPV) is used as 
an integrated parameter, which considers modal frequency, damping and shape modification 
from its reference state (baseline). MPV is an integral part of a modal passport. 

A modal test 𝑖 of a typical structure is considered. It is assumed that the structural condition 

of this structure is unknown. Modal parameters are estimated using the standard approach, as 
in the typical passport formation’s Steps 1 and 2. Normalization and phase alignment are also 

performed to match new modal shapes 𝜓  to the typical ones. Typical modal parameters serve 

as a reference to which the newly obtained parameters are compared to using simple modal 

difference. For frequency and damping, the normalized modal difference for mode 𝑚 is: 

 Δ𝑓̅ 𝑓̅ 𝑓̅ , (3.2) 

 Δ𝜁̅ 𝜁 𝜁 ̅ , (3.3) 

The shape deviation Δ𝜓  compared to the typical shape is calculated as a geometrical sum 

of all the shape element’s deviations 𝛿𝜓 , : 
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Δ𝜓 𝜓 , 𝜓 , . (3.4) 

It is advantageous to estimate an integral deviation of the tested structure where deviations 
from all modes are considered. For this purpose, parameters of integral deviation of frequency 

∆𝑓,̅ damping ∆𝑑, and shape Δ𝜓 are calculated: 

Δ𝑓̅ Δ𝑓̅ ; Δ𝜁̅ Δ𝜁 ; Δ𝜓 Δ𝜓 . (3.5) 

The integral modal deviation is referred to as modal parameters variation. When it is 
necessary to perform an overall modal assessment of the structure using a single value, then 
modal parameters variation intensity can be used: 
 

𝑀𝑃𝑉𝐼 Δ𝑓̅ Δ𝜁̅ Δ𝜓 . (3.6) 

3.3. Modal field comparison method 

The modal field comparison method is a vibration signal processing method, which allows 
to obtain the numerical assessment of the structure’s condition. Modal field here is a term to 

describe the matrix of singular vectors Φ 𝜔  and values 𝑠 𝜔 . The assessment is relative, 

meaning that it requires a reference condition to be defined, which serves as a baseline. This 
baseline can be a modal field of a single measurement of a healthy state or a modal field 
averaged between several measurements. In order to objectively compare a modal field, the 
presented modal field comparison method (MFCM) was developed.  

Fig. 3.3 shows the flowchart for the calculation algorithm for the modal field comparison 
method parameter. A detailed description of the method is given in the full text of the Thesis. 

The MFCM is an optional technique and can be used as a separate tool for structural health 
monitoring. The main advantage of MFCM is that it does not require modal parameter 
estimation. This saves a lot of processing time. On the other hand, this method is not as robust 
as the modal passport approach.  
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Fig. 3.3. MFCM parameter calculation algorithm. 

4. CASE STUDIES 

This chapter covers the proposed SHM system’s application cases. The experimental 
verification of the described approaches is based on both existing methods, mainly OMA and 
the established modal parameter estimation techniques, and several novel solutions: 

 use of PVDF piezo film sensors for OMA; 

 application of wireless data transmission solutions for OMA of rotating blades; 

 evaluation methods of estimated modal parameters for damage detection and 
identification. 

The concepts and theories presented in the Thesis were tested using the following objects: 
an 85 cm long aluminium beam, a 1.5 m high model of a wind turbine, a 20 m high airport radar 
tower, and a 2 m small helicopter composite blade. 

4.1. Application of deformation sensors 

The findings obtained in Section 2.4 need experimental validation – a comparative analysis 
of vibration and deformation shapes of a testing object, which is one of the goals of the Thesis. 
Additionally, this study aims for validation of piezo film sensors’ application without 
preamplifiers.  

The trial sample of the composite blade was chosen as an object for an experimental 
research study. Two modal techniques provide the experimental estimation of the blade’s modal 
parameters: experimental modal analysis (EMA) and OMA. Within the EMA, the blade was 
excited by a dynamic hammer with a force transducer, while the response measurements were 
carried out by two accelerometers. OMA technique uses 10 piezo film sensors that measure 

𝐶  𝐶  

𝐶
𝐶

𝐶
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blade deformations. In OMA, the blade is excited with ordinary hammer hits to the metallic 
details, fixing the blade’s root to a test stand. The frequency and strength of the impacts varied, 
providing arbitrary excitation that was consistent with the limitations of OMA. The 
measurement setup for both methods is shown in Fig. 4.1. The blade is connected to the rotor 
through the adapter and the torsion.  

There are 10 piezo film sensors on the surface of the blade in five sections along its axis 
and in two lines: one near the front and the second near the rear blade edge. At the blade tip and 
at its root, two 3-component accelerometers are fixed for reference vibrations measurement. 

 
Piezo film deformation sensors embedded in the structure 
For advanced composite structures, piezo film sensors provide an important advantage due 

to their ability to be embedded in the structure. As an example, in Fig. 4.2, an experimental 
sample of a composite blade with film sensors embedded in its surface layers is presented. The 
sensors are glued onto the surface of the blade (as described in Section 2.5) and covered with a 
glass mat, which is then soaked with epoxy resin. This creates an extra protective layer on the 
blade, which copies the aerodynamic shape of the blade and keeps the sensors intact and in 
place. 

 

Fig. 4.1. Measurement setup for the blade vibrations and deformations: acceleration (blue), 
deformation (green) and the direction of impact (red). 

       

Fig. 4.2. Piezo film sensors embedded in the composite blade surface. 

Processing of mode shapes  
Accelerometer responses from EMA tests are measured and processed using Pulse Labshop 

software to obtain the modal parameters with classical mode shapes (deflections/displacement). 
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Responses from the piezo film sensors during the OMA tests were recorded and processed in 
Artemis software. The obtained modal parameters contain the deformation mode shapes. Two 
types of mode shapes are compared.   

The modal shapes obtained using OMA provide the eigenvector of each mode 𝜀̅ 𝑥  in the 

relative scale normalized to the maximum value of the blade deformation in this mode 𝜀 : 
 𝜀̅ 𝑥 𝜀 𝑥 𝜀⁄ . (4.1) 

As deformations are the function of surface height (from the neutral layer), the coefficient 

𝐶 (height consideration) is applied: 

 𝑘 𝑥  𝜀̅ 𝑥 𝐶.⁄  (4.2) 

As the curvature of the surface layer at an arbitrary point is proportional to the tensile-

compression deformation in this layer 𝑘 𝐶𝜀 , so the normalized curvature 𝑘 𝑥  corresponds 

to the normalized deformation of the blade with a coefficient of proportionality 𝐶, reflecting 

the height of the blade profile at measured DOF. 
 
Comparative analysis of curvature and deformations 
To compare the blade mode shapes of displacement and deformation, diagrams are used 

illustrating the distribution of curvature or deformations along the longitudinal axis of the blade, 
i.e. the eigenvector. Blue dots in the diagrams show the eigenvector calculated using the 
measurements in DOFs along the leading edge of the blade, and red – along the rear edge. The 
diagrams in Fig. 4.3 allow to compare the shapes of the 2nd bending mode reflected by: the 
mode shape computed using EMA (displacement) (Fig. 4.3 a)); the curvature derivative from 
the said mode shape (Fig. 4.3 b)); deformations measured by piezo film sensors (Fig. 4.3 c)); 
and normalized deformations (Fig. 4.3 d)). 
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a) b) 

    
c) d) 

Fig. 4.3. Diagrams of eigenvectors: а) – displacement; b) – curvature; c) – deformations 
measured; d) – normalized deformations. 

Resuming the consideration above and applying the half-wave approach to the bending 
mode identification, we can consider the curve in Fig. 4.3 a) as the 2nd bending mode, which 
lacks the left side, located on invisible torsion. The curvature diagram (Fig. 4.3 b)) has a 180° 
shifted phase compared to the displacement curve. Since the deformations must be similar to 

the 2nd derivative, the phase shift must also be 180° relative to the shape of displacement. This 

shift is observed between the curves of the diagrams in Fig. 4.3 a) and d). Thus, the similarity 
of experimentally obtained estimates of the displacement and deformation shapes of the 2nd 
bending mode confirms the validity of the above assumptions. 

Fig. 4.4 illustrates the diagrams of displacement and deformation shapes characterizing the 
4th bending mode of the same blade. There is a noticeable similarity between the displacement 
shape (Fig. 4.4 a)) and the deformation shape (Fig. 4.4 b)), with a shift between them of 
approximately 180°. 

 

  
a) b) 

Fig. 4.4. Normalized eigenvectors: а) – acceleration, b) – deformation.  
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The experimental verification confirms the validity of the assumptions made in Section 2.4 
on the relation between the 2nd derivative of displacement and the deformation shape of the 
surface layer. This linear dependency allows the use of the measurement of deformations of 
beam-like structural elements to determine the modal parameters. 

4.2. Periodic component suppression 

The task of this study is to validate the periodic component suppression method formulated 
in Section 2.6. The testing object is a helicopter blade on a rotating rotor shaft. The blade is of 
the same type as in the previous case study. There are 5 sections with 2 sensors in each, parallel 
to the axis of the blade, and 10 sensors in total. Additionally, a tacho probe is installed on the 
shaft, which records the speed of rotation giving impulses as output. The sensors are fixed to 
the blade’s surface via a double-sided adhesive tape and are covered with a layer of low-density 
glass fibre mat and epoxy resin. The signals from sensors are fed into the DAQ system, which 
transmits the data wirelessly to the PC using WiFi.  

Time synchronous averaging was applied to measured vibrational signals for harmonic 
component enhancement. Fig. 4.5 shows 3 graphs for the measured signal, where the upper one 
has both periodic and random components (“mixed signal”), the middle one has a periodic 
signal, accumulated using tacho impulses, and the lower one – the resulting signal (“corrected 
signal”), which is received by the subtracting periodic component from mixed signal. The time 
domain is shown on the left, and the frequency domain is shown on the right using the fast 
Fourier transform. The phase alignment of mixed and periodic is very important and is achieved 
by careful usage of the tacho signal. 

 

 

Fig. 4.5. Example of TSA extraction for vibrational signal. 
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The fundamental frequency of the periodic component is 17.1 Hz. The magnitude of the 
2nd harmonic at 34.2 Hz for mixed signal is 57.5 mV. The signal correction reduces this 
harmonic sixteen times – down to 3.5 mV. 

 
Modal parameter estimation 
The procedure of modal parameter estimation was performed using the enhanced frequency 

domain decomposition (EFDD) analysis. The resulting modal frequency, mode shapes, and 
damping coefficients for 10 estimated modes are shown in Table 4.1 It has been observed that 
the highest change of frequency and damping after harmonics extraction appears at harmonic 
frequencies, which is expected, because these frequencies were affected by the extraction 
algorithm. 

As the result of extraction, it was possible to estimate two additional modes, one of which 
lies on the 2nd harmonic frequency (34.29 Hz) and another mode (137.27 Hz) is a high order 
mode. 

In order to quantifiably evaluate the difference between the same mode shapes before 
(original) and after (extracted) processing, again MAC is used (Fig. 4.6). Modes can be regarded 
as similar when MAC is >0.8. It is a good indication that same mode pairs (before and after 
processing) show MAC values close to 1. That means that processing did not alter modal 
information in the signals in significant way. 

When comparing same pairs of modes between original and extracted sets, MAC value is 
0.618 and 0.583, respectively, showing no significant anticipated reduction of MAC values.  

Another approach to evaluate the difference between before and after processing is to use 
modal complexity and its measure – mode complexity factor (MCF). 

Table 4.1  

Modal Frequency and Damping of a Composite Blade. Estimation Without and with Periodic 
Extraction 

No. f, Hz Damping Complexity Mode shape description 

 Original Extracted Original Extracted Original Extracted  

1 9.06 9.06 1.756 1.755 15.4 14.9 1st bending Y axis 

2 
17.14 17.27 0.337 0.864 14.3 37.4 

forced bending (1st rotor 
harmonic) 

3 31.44 31.44 0.234 0.235 21.2 21.3 1st bending Z axis 

4 
- 34.29 - 1.058  4.0 

forced bending Z axis 
(2nd rotor harmonic) 

5 51.46 51.32 0.368 1.394 99.2 94.2 (3rd rotor harmonic) 

6 
68.59 68.58 0.921 1.321 10.3 13.7 

 3rd bending Z axis (4th 
rotor harmonic) 

7 84.80 84.83 0.118 0.166 70.7 66.9 2nd bending Y axis  

8 118.75 118.71 1.284 1.293 0.8 0.7 4th bending Z axis 

9 - 137.27 - 0.072  48.2  

10 153.59 153.54 0.546 0.557 42.6 35.0 3rd bending Y axis 
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Table 4.2  

Mode Shapes of a Composite Blade. Estimation Without and with Periodic Extraction.   

original extracted original extracted 

9 Hz 17 Hz 

    
51 Hz 84 Hz 

    

 

   
a) b) c) 

Fig. 4.6. MAC values for mode shapes between original and extracted mode sets: a) 
autoMAC for original; b) autoMAC for extracted; c) MAC between original vs. extracted. 

As can be observed in Table 4.1, the harmonic extraction decreases the influence of periodic 
parts. This results in a decreased complexity for Modes 5, 7, and 10 – 5.5 % improvement in 
average. On the other hand, Modes 2 and 6 obtained higher complexity after processing. This 
might be explained by the fact that the mentioned modes are basically a superposition of several 
modes (most probably of two modes), one of which is a forced harmonic mode, and another is 
a natural one. The modes that are not in the vicinity of harmonics (Modes 1, 3, 8) did not show 
serious modification of MCF parameter. 

 
Case study conclusions 
The influence of harmonic components extraction algorithm on modal parameters is rather 

low, which means also low influence on the response and therefore – low error. The processing 
gives the possibility to estimate some extra modes, which might be hidden by harmonics. The 
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extracted harmonics dataset shows improvement in the quality of modal parameter estimation. 
The ability to compare original and extracted versions provides more insight on the structural 
response and the impact of harmonics in the response, which leads to better understanding of 
oscillations of the specific object and allows better judgement on the latter. 

4.3. Modal passport application 

The presented study aims to validate OMA techniques and modal passport application to a 
rotating blade. The Thesis considers comparative analysis between the vibration and 
deformation sensors and of the data transmission system, as well as validation of the formation 
of modal passport for composite helicopter blades. 

There are two stages of a composite blade’s modal testing. At the first stage, the blade is 
tested in a static position using EMA and OMA, and at the second stage –only OMA techniques 
are applied to rotating blades. 

 
Static testing 
Two experimental blade models were fabricated. The first model is equipped with 21 

accelerometers (Fig. 4.7 a)). This blade is used for experimental modal analysis in static using 
a roving hammer technique.  

The second blade is equipped with piezo film deformation sensors (Fig. 4.7 b)). OMA 
technique is being used for this blade using random manual excitation with a hammer on the 
blade’s fixing parts.  

 

 
a) 

 
b) 

Fig. 4.7. Vibration accelerometers (a) and vibration deformation sensors (b) on similar blades. 

Fig. 4.8 a) shows a diagram of mode shape for the third bending (flapping) mode, where the 
blue line illustrates the mode shape vector distribution along the front edge of the blade and the 
green line – along the tailing edge. 

Identification and classification of vibration modes is carried out based on the modal 
parameters obtained from both static tests. When identifying vibration and deformation modes, 
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standard methods (such as MAC, COMAC, etc.) are not appropriate, since, even if they reflect 
the same mode, their curves are different. Therefore, an analytical approach shall be used for 
the modes’ matching and identification, concerning the nature of vibrations and deformations 
distribution along the length and chord of the blade for each vibration mode, considering 
findings of the study in Section 4.1. When classifying the modes of composite blades, typically 
bending (flapping and chord wise) as well as torsional modes are defined. 

 

   
a) b) 

Fig. 4.8. Diagrams of vibration velocity (a) and deformation velocity (b) shapes of third 
flapping mode. 

Testing of rotating blades 
The testing is performed on a different type of blade. The technology for rotating blade 

testing includes a methodical and a measurement part. The advanced multichannel system 
measures and transmits the signals of vibration deformation sensors. Fig. 4.9 shows the 
measurement setup of rotating blades with deformation sensors as in Fig. 4.7 b), and Fig. 4.10 
shows a multichannel data acquisition unit (DAU) with a wireless data transmission device on 
top of the propeller.  

 

 

Fig. 4.9. Integrated array of deformation sensors and wiring.  
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 Fig. 4.10. Multichannel wireless DAU with connecting cables from blades rotates together 
with the propeller. 

The system providing measurement data and transmission complies with the harsh 
environment at rotation speeds of up to 1200 rpm. The wireless router rotating with DAU 
transmits the data to the workstation that ensures receiving, storing and further processing of 
data. Constant centrifugal loads acting on the blade influence modal parameters.  

Tests on the rotating blade are conducted in operational range from static to the maximal 
rotation speed that exceeds the nominal speed by 20–30 %. The modal parameters are computed 
separately for each rotor speed. 

 
Modal passport formation 
The resulting modal parameters are stored in tables for each operational condition tested. 

For example, modal frequency dependency from the rotation velocity is shown in Fig. 4.11, 
together with the respective 2nd order polynomial approximation – influence function.  

 

Fig. 4.11. Rotation velocity influence function on modal frequency. 
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a) b) 

Fig. 4.12. (a) Modal shape deformation with rotation speed increase; (b) magnitude of the 3rd 
flapping mode as a function of operation mode. 

The influence function for 6 bending modes of the blade (Fig. 4.11) can be used further for 
monitoring purposes. It is possible to perform OMA on the blade during rotation at any rotation 
velocity, then to recalculate estimated modal parameters to the reference state, which is 0 % or 
no rotation, static position. The recalculated modal parameters are then compared to previously 
obtained individual healthy modal parameters. 

As one can see from Fig. 4.11, parameter values of the same mode vary for different rotation 
velocities. For instance, the 3rd bending mode significantly changes its properties under the 
impact of centrifugal load. The modal frequency increases from 41 Hz in a static position to 
64 Hz at the nominal rotation speed, and the damping coefficient drops from 4.1 % to 0.6 %. 
At the same time, the modal deformation shape is modified, as it is illustrated in Fig. 4.12. Due 
to applied centrifugal forces the blade becomes stiffer, which increases the modal frequencies. 

4.4. Laboratory model of a wind turbine 

The current study sets forth the following tasks: 
1. Validation of OMA methods applicability for the detection of modal parameter 

modifications. 
2. Testing of multi-patch OMA approach for the reduction of necessary measurement 

channels.  
During this study, the approach to taking into account natural conditions that could 

influence the precision of damage detection is tested. For this purpose, a wind turbine’s 
laboratory model was designed and manufactured as a model of a typical structure with 
operating mechanisms.  

 
The model is equipped with 28 deformation transducers allocated in 7 vertical levels, 4 

sensors on each level. The piezo film sensors are paired with pre-amplifiers, which were proven 
unnecessary during later phases of the Thesis development. Each sensor is attached to the 
surface of the frame beams using adhesive tape. Transducer leads are soldered to the flat ribbon 
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cable, stretching along the tower, curving around obstacles. Cables are terminated in the 
commutation box allowing signal grouping by patches.  

The data processing system includes DAQ that is Brüel & Kjær PULSE 48 channel frame 
and a processing unit that is PC with ARTeMIS software platform. 

While testing possible vibration excitation approaches, it was established that excitation of 
tower’s modes is not suitable for OMA using purely the rotation of the rotor due to towers 
rigidity, limited frequency band of excitation, and periodic excitation.  

For the current study, random impacts on the base of the model were used to provide 
excitation. 

 
Modal parameter variation for a single condition 
Variation of modal parameters in all tests was estimated using MPVI. Fig. 4.13 illustrates 

separate (frequency and shape) MPV values as well as combined ones (MPVI). Base 1 and Base 
2 are two sessions of 5 repeated tests using simultaneous OMA. MP is a similar test but 
performed using multi-patch OMA. Multi-patch cases have scatter 1.5–2 times less than for 
simultaneous cases. Established MPVI values are used as a reference. 

 

Fig. 4.13. Modal parameter variation integrated (MPVI) in three test series. 

Damage detection  
Experimental validation of the abovementioned techniques includes consequent 

implementation of two defects into the structure (defects are not mixed). The first defect –
unscrewed nuts on the base are fixed on one side of the tower (Fig. 4.14 a)), marked here as 
Defect 1. This can be classified as a global defect because it alternates the boundary conditions 
of the system. The second defect is of a local nature – four unscrewed screws in one joint in the 
middle of the tower (Fig. 4.14 b)). These screws serve as connection between the frame and the 
panel, which means that local stiffness becomes alternated. This defect is marked as Defect 2. 
The tests aimed at damage identification were done using simultaneous OMA measurements 
only. 
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a) b) 

Fig. 4.14. Artificial defects: (a) – Defect 1; (b) – Defect 2. 

Table 4.3 shows comparison of MPVI parameters between baseline measurements (also 
shown in Table 1 as Base 1) and faulted states of the structure. Defects caused different changes 
in modal parameters. Fig. 4.15 displays combined MPVI values for all three states. 

Table 4.3  

Modal Parameter Scatter Obtained with MPVI for Baseline and Defected Conditions 

Mode f, Hz Base 1 Defect 1 Defect 2 
  freq. shape comb. freq. shape comb. freq. shape comb. 

1 67.0 0.8 % 1.37 % 1.06 % 4.4 % 2.49 % 3.44 % 0.6 % 1.66 % 1.11 % 

2 205.7 0.4 % 1.26 % 0.85 % 2.3 % 2.03 % 2.18 % 0.1 % 1.73 % 0.93 % 

3 324.1 0.3 % 2.95 % 1.61 % 0.4 % 5.16 % 2.76 % 0.2 % 6.50 % 3.32 % 

4 532.1 0.7 % 0.72 % 0.68 % 1.3 % 2.78 % 2.04 % 0.5 % 1.51 % 1.01 % 

Average 0.52 % 1.58 % 1.05 % 2.10 % 3.11 % 2.61 % 0.33 % 2.85 % 1.59 % 

 

 

Fig. 4.15. MPVI parameters estimated for baseline and defected measurements. 

Defect 1 resulted in modification of all 4 stable modes. This is a good indication that global 
changes in structural condition have occurred. Global modification of modal parameters is 
usually connected with the change of boundary condition. In practice it means that the 
structure’s modification could be identified close to the base, and an inspection is needed for 
that part of the structure.  
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For the case of Defect 2, the shape’s MPV value of the 3rd mode (6.5 %) clearly indicates 
that there is a problem with the structure. As MPVI value exceeds threshold only for the 3rd 
mode, it means that most probable damage location is the tower’s central section where 
maximal deformations were found. 

 
Case study conclusions 
Modal parameter variation integrated together with mode shape visualisation are very handy 

for diagnostic purposes. An engineer with adequate understanding and experience can identify 
and localize defects by analysing MPVI and the mode shapes. 

MPVI can be a convenient tool for SHM. When structures are measured with OMA 
technique, modal parameter estimation performed and MPVI parameter obtained, then this 
allows to analyse frequencies and mode shapes to potentially localize the damage. However, 
the severity of the damage can be evaluated only by careful inspection of a skilled and 
experienced engineer. 

4.5. Aluminium beam 

The goal of the experiment is to validate the modal field comparison method. This is done 
on a simple aluminium beam with one end fixed and another end free. The beam has a 3 x 40 
mm rectangular cross-section. The length of the mounted beam is 850 mm, the weight is 275 g. 
12 piezo film deformation sensors are used as vibration transducers (Fig. 4.16), which limits 
the identification of modes to first 6 bending modes. The beam is excited using a shaker and 
white noise signal. 

 

  
(a) (b) 

Fig. 4.16. a) Experimental setup; b) Piezo film deformation sensor.  

To simulate the modification of the beam’s structural condition, metal washers were used 
with different weights. The washers were glued to the middle of the beam. First, a heavy washer 
was fixed to the beam to test the detection of the condition change. Then, the washer was 
removed to validate if the MFCM parameter reflected the return to healthy reference values. 
Next, a sensitivity check was done using smaller washers with ascending weights.  
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   Fig. 4.17. Added masses, in order of application: a) 24 g; b) 0.3 g; c) 0.8 g; d) 2.9 g; e) 9.8 g. 

The healthy reference baseline was formed as an average between first twenty 
measurements without added mass. Measurement results are related to the baseline and plotted 
in a bar plot, shown in Fig. 4.18. The mean value is 1, as the plotted parameter is normalized as 
in Eq. (23). The red line is three standard deviations value above the mean, which serves as 
damage detection threshold.  

 

Fig. 4.18. MFCM parameter values for 42 experimental measurements. 

It is obvious at a glance, that heavy washer (Fig. 4.17 a)) makes a considerable impact on 
the structure. This is shown as two bars with value above 25 for measurements 24 and 25. The 
fixed washer not only increases the mass by approximately 9 %, but also local stiffness. 
Sensitivity tests resulted in increased parameter only for the 9.8 g washer (Fig. 4.17 e)). All 
healthy condition MFCM values lie below the threshold, including the values estimated for 
measurements 21–23 and 26–31, which were not used for baseline calculation.  
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A notable parameter change has been achieved for mass change of approximately 3.6 % of 
the total beam mass and some undefined stiffness change.  

4.6. Radar tower 

The goal of this study is to validate the possibility to apply SHM for a full-scale industrial 
structure using the operational modal analysis based SHM system.  

The structure under test is a radar tower in Riga airport (Fig. 4.19). It is 24 m high, with a 
rotating antenna on the top. 

There are 20 measurement points on the tower placed in the corners of 5 horizontal sections 
(Fig. 4.19 b) and c) show the middle of the section corner, where sensors are installed. The 
placement is chosen on each side of the corner to register deformation in both directions. There 
are two sensors on each side, one is the main sensor, another is a reserve, in case the first one 
fails.  

 

 
a) b) c) 

   Fig. 4.19. a) Radar tower; b) point locations (blue dots); c) single measurement point. 

The sensors are paired with pre-amplifiers, which are inserted into the shielded ribbon cable 
(Fig. 4.19 c)). The cables are connected to the pathing panel (Fig. 4.20 a)). The patching panel 
allows connecting of the selected sensors to the input of DAQ unit (Fig. 4.20 b)).  

 

   
a) b) 

Fig. 4.20. a) Patching panel; b) data acquisition unit. 
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Experimental results 
Fig. 4.21 shows modal shapes for the 1st bending mode. In Fig. 4.21 a), one can see the 

analytical 1st bending displacement shape in Y direction, Fig. 4.21 b) shows the tower geometry 
in steady state for comparison, and Fig. 4.21 c) shows the experimental 1st bending strain mode 
shape. The latter is a combined shape for bending shapes in X and Y direction. The shape is 
estimated as combined because the frequency resolution in OMA estimation is not fine enough 
to be able to separate two closely spaced modes. Also, due to periodic antenna excitation, the 
tower oscillation shape has torsional movement around its axis. This is observed for most 
shapes, not only the 1st bending one. Note, that experimental shapes show local deformation 
(strain) caused by stress, which is inversely proportional to displacement in the analytical results 
(see Section 4.1). This once again proves the possibility to use deformation signals for OMA 
as an alternative to acceleration.  

    
a) b) c) 

Fig. 4.21. a) Analytical 1st bending; b) experimental steady state; c) experimental 1st 
bending. 

Table 4.4 shows the comparison of modal frequencies between the experimental and 
analytical results. Differences can also be explained by the fact that the frame sections in the 
technical project were 4 m high. The measurement of the real section showed 3.6 m. Full 
measurement of the real tower dimensions was not feasible, so the difference between the model 
and the object remained. 

Table 4.4 

Comparison of Modal Frequencies 

Analytical Experimental 
Mode  f, Hz Shape Mode f, Hz 
1 1.92 1st bending 

1 2.21 
2 2.14 pair 
5 12.11 2nd bending 

4 12.84 
6 12.76 pair 
8 16.47 1st torsional 6 16.93 
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Discussion on experimental SHM system in industrial environment 
The developed experimental measurement system has turned out to be cost-efficient, as the 

used materials are widely accessible and inexpensive. Multi-patch OMA approach has proven 
to be applicable using the measurement system. 

One month after the experiment the system was checked, and OMA measurements were 
repeated. Unfortunately, some of the system channel signals were corrupted. There was either 
low and noisy signal transmission, or no vibrational signal at all. Measurement network 
troubleshooting was done, which did not reveal connectivity problems. It is believed that 
environmental conditions had a strong impact on transducer’s preamplifiers. Two particular 
causes are: 

• humidity can create short circuit in the preamplifier; 
• strong electromagnetic field could damage field-effect transistors (FET) in the 

preamplifier. 
Condensed water was observed around the preamplifier after opening that area, which 

means that the cable was not sealed well enough. In laboratory conditions it was also observed 
that preamplifiers sometimes failed after touching them with bare hands, which could lead to 
static voltage discharge and FET damage. 

It is obvious, that the weakest part of the prototype is the preamplifier. Other studies done 
within the scope of the Thesis showed that preamplifiers are not needed for applications in 3–
4 m, or even more. It remains uncertain, however, whether piezo film sensors can provide a 
strong signal in tens of meters without preamplification. 

5. CONCLUSIONS  

The aim of the presented Thesis was to develop a SHM system technology for structures 
during their operation. The technology is based on the system identification using operational 
modal analysis taking into account the conditions of the structure’s operation. Within the scope 
of the Thesis these conditions were different forces in the form of loads acting on the structure, 
e.g. different rotation speed for a helicopter blade model. As the result, a novel SHM system 
was developed and tested on 4 structures of different complexity and size. 

 
The process of SHM system development and usage for a selected structure is shown in 

Chapter 2 in a form of a road map. These steps include: 

 Mechanical procedures: sensors’ installation, wiring, setting up data acquisition 
system and computer with OMA software. 

 Measurement procedures: performing measurement of vibrational responses and 
registering operational conditions – loads, rotation velocity. 

 Methodological procedures: harmonics extraction, modal parameter estimation, 

application of modal passport, and damage detection. 
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The main technological solution presented in the Thesis is the application of piezo film 
deformation sensors, which successfully substitute accelerometers as sensors for measurement 
of vibration signals.  

Piezo film deformation sensors measure directly the stretching/compression longitudinal 
deformations of the surface layer. These sensors are very thin (only 28 μm), they have 
negligible mass and low costs that allows using large number of sensors to obtain modal data 
while making much smaller distortions in mechanical and aerodynamic properties of the object. 
Sensors and wiring allow to be wrapped by a thin protective layer, making a homogenous entity 
with the structure. Piezo films do not require balancing as conventional resistive strain gauges.  

The comparison of mode shapes obtained using accelerometers and piezo film sensors 
proved the validity of theoretical foundation that surface deformations, which arise during 
vibration of the structure are related to the vibration displacement, and thus also to acceleration, 
which is conventionally used in OMA. Tests on a beam like structure (helicopter blade) showed 

that for bending modes, the deformation shape of the blade is shifted by 180° in relation to the 

shape of displacement, which shows that the 2nd spatial derivative of displacement shape 
correlates with deformation shape.  

 
A harmonics extraction algorithm from vibrational responses of a structure with periodical 

excitation component was proposed and experimentally validated on composite helicopter 
blades. Extraction of these components cleared out the structural responses and decreased the 
influence of periodic parts of the signal, allowing to expose hidden modes, which increased 
overall quality of the modal analysis. There was an improvement in terms of decreased modal 
complexity by 5.5% for 3 modes out of 10, which were especially affected by periodic 
components.  

Additionally, comparison of structural responses and estimated modal parameters before 
and after harmonics extraction is useful for in-depth analysis of the structure’s condition.  

 
In Section 3.3, modal field comparison method was introduced. This method is very useful 

for pre-analysis of measured structural responses without the need to estimate modal 
parameters. As the result, the method can identify a measurement which shows modification of 
structural properties, whether it is a mass increase or stiffness change induced by damage.  

Tests on the aluminium beam with washers as additional masses showed the following. The 
reference state value of the MFCM parameter is 1, whereas the healthy state threshold is at 1.9 
units. A notable parameter change (MFCM value around 3.36 units) has been achieved for a 
mass change of approximately 3.6 % of the total beam mass and some undefined stiffness 
change. It was observed that the washer’s weight on the beam increases by2.5 times (from 9.8 g 
to 24 g) resulting in the parameter value increase approximately by 8 times (from 3.36 to 25–
27 units). 

The disadvantage of MFCM is that it does not take into account variability in external 
conditions, so extra load or temperature change will potentially sound a false alarm. However, 
this disadvantage is dealt with by introduction of modal passport.  
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Modal passport is a framework for modal parameter assessment between multiple 
measurements of a structure with different operating conditions. It is both a database for storing 
existing measurement data (modal parameters and external influence factors) and a set of tools 
realized in Excel or Matlab. The main damage assessment tool is the modal parameter variation 
and its integrated version MPVI. It uses straightforward arithmetical calculations to assess 
modal frequencies and mode shapes between different measurements.  

MPV was successfully implemented for damage detection of a global defect on the 
mentioned WT model foundation and a local defect on the structure’s side. The global defect 
resulted in MPV values of 3.4, 2.2, 2.8 and 2 % for Modes 1–4, accordingly, which was above 
the 1.8 % healthy state reference level. At the same time, local defect resulted in MPV values 
of 1.1, 0.9, 3.3 and 1 % for Modes 1–4, accordingly, which shows that only the Mode 3 MPV 
signalizes changes in modal parameters. By observing this mode’s shape, it was possible to 
draw conclusions on the location of the defect.  

 
It was shown, that SHM can be done also using a multi-patch OMA, which is an effective 

way to save costs. Another advantage of the multi-patch OMA is the fact that the system 
receives more excitation energy due to longer measurement time, which stabilizes the MPV 
parameter for the reference state. This allows for higher damage detection precision in later 
stages. Tests on a wind turbine laboratory model showed that multi-patch OMA results in 1.5–
2 times lower initial MPV parameter values compared to simultaneous OMA measurements.   

 
The framework of modal passport simplifies different research and industrial procedures 

related to modal analysis, as illustrated in the results of composite blade testing in Section 4.3. 
It allows identification of vibration/deformation modes of an individual structure using the data 
independent from test or operation conditions. For instance, data measured in winter or summer, 
of fixed or rotating structure, maximally loaded or in idle mode could be used.  

In order to predict the change of an individual structure’s properties as a function of some 
operational factor, one does not need to study the behaviour of a particular blade. It is enough 
to have only its modal parameters in some state and then use the influence functions of typical 
modal passport on the above operational factor.  

 
The presented set of technological and methodological solutions is combined into a 

structural health monitoring system prototype for usage during varying operational conditions. 
The underlying technology would benefit from further research, particularly in application of 
modal passport for different structures and testing of temperature influence on modal 
parameters, which was not within the scope of this Thesis. There is a research project going on, 
which tests the proposed SHM system on a set of glass fibre composite cylinders, together with 
temperature tests, apart from everything else.   
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