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INTRODUCTION 

The thesis describes methods and solutions for PZT (lead zirconate titanate) 
transducer electromechanical impedance measurements, which could be used in 
SHM (structural health monitoring) applications for piezo sensor diagnostics or 
other related applications.  
 The lifespan of a SHM asset (airplanes, bridges, buildings and wind turbines) is 
usually very long and due to this integrity of the monitoring system has to be 
ensured. Structures can have tens or hundreds of  PZTs embedded or bonded to the 
host structure. The bond between a PZT transducer and the host structure may 
degrade over time because of environmental conditions and this may cause faulty 
measurement results. In order to evaluate SHM measurement results, sensor/actuator 
bond has to be monitored regularly. EMI (electromechanical impedance) is one 
possible solution for sensor monitoring. In real SHM applications there is also 
always a possibility of the PZT transducer structural damage. Cracks in PZT 
ceramics may cause false measurement results. These topics have been previously 
covered by [1] and [2]. 
 EMI can be also used for local structural damage detection. Host structure 
parameters like stiffness and damping influence directly energy conversion from 
mechanical to electrical and vice versa [3]. Defect types like composite 
delamination, steel bolt joint loosening and cracking can be detected using 
electromechanical impedance spectroscopy [4], [5], [6].  
 A large number of sensing nodes requires impedance measurement hardware to 
be low cost and  low maintenance. Use of the PZT sensor monitoring hardware 
enables to lower overall SHM maintenance costs and reduce failure rate. More 
generally decreasing the price of SHM technology increases overall price efficiency. 
For example, the use of SHM encourages development of larger and more energy 
efficient offshore wind turbines. In very harsh offshore environmental conditions 
turbines still require regular maintenance. Use of  SHM solutions minimizes the 
need for on-site inspections. Minimizing maintenance costs also increases the price 
efficiency of energy production.  
 This thesis was motivated by the lack of suitable solutions for on-site PZT 
transducer impedance measurement. Existing solutions are either based on bulky 
commercial impedance analyzers or Analog Devices AD5933(4) [7] IC (integrated 
circuit) with limited frequency (up to 100 kHz). New impedance measurement 
solutions with extended frequency range and short measurement time could improve 
existing PZT sensor impedance measurement techniques.  The solutions and 
methods proposed in this thesis  try to fill the gap between solutions existing today.  

The goal of this research is to propose and test novel solutions for EMI 
spectroscopy measurements, more specifically solutions for PZT sensor impedance 
measurements in the field of  structural health monitoring. New solutions should be 
suitable for on-site measurements and must take into account  specific requirements 
like overall dimensions, power consumption and measurement time. Moreover,  
measurement results should be comparable with results using commercial 
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impedance analyzers. This enables to compare laboratory and  on-site measurements 
and tests of the materials and structures.   

Industries creating large, complex and long lifespan structures are always 
trying to create more efficient and cheaper products. Ability to create monitoring 
systems which outlasts structure itself enables clients to save on maintenance costs. 
By developing structures with lower maintenance costs companies will have more 
competitive products on the global market. Author of this thesis has participated in 
two research projects as a contracted researcher for the competence center ELIKO. 
Both projects involved research bodies and private companies from specific fields.  

Eurostars SESS (The Smart Embedded Sensor System) [8] was a wind 
industry oriented project in the time period 2009-2011. The main focus of this 
project was to develop a structural health monitoring solution for wind turbine 
blades. While wind turbine sizes grow almost yearly, their blades need regular 
checkups. The most traditional way of doing blade inspection is manual inspection. 
The maintenance personnel has to crawl inside and outside of the blade to find any 
defects. The project consortia tried to develop a low cost real-time monitoring 
system, specialized for turbine blades. Ultrasonic technique was selected as the most 
optimal solution. The PZT elements were used for ultrasonic wave generation and 
measurement. An array of piezo sensors was used to monitor a number of critical 
joints inside a turbine blade. Software and hardware solutions together with 
innovative signal processing techniques were developed. PZT element EMI 
measurement method was tested and evaluated for sensor diagnostics.  As a result of 
this research different hardware and software solutions were created for EMI 
measurement. Parts of this research are also covered in this thesis. 
 Smart Composites – Designs and Manufacturing (2012–2014) is a research 
project with the goal to develop smart composite materials/structures with structural 
health and performance monitoring capabilities.   

The sub-measure goals of the project are: 
 development of  methodologies for the design of a new smart composite,  
 development of new manufacturing techniques for fabrication of a  smart 

composite, 
 prototyping of  the smart composites,  
 evaluation and validation of the smart composites (monitoring capabilities; 

mechanical, thermal, etc. properties), 
 practical introduction of a smart composite in industry.   

 
In the frame of this project ultrasonic SHM methods were studied. The 

feasibility of embedding PZT elements together with electronics into composite 
material was considered. Among other methods,  EMI based method was also tested 
and evaluated not only for sensor/transducer diagnostics, but also for structural fault 
detection. Parts of this research are covered in this thesis.  

The results described in this thesis were presented in eight publications: 
three journal papers, three conference papers, one patent and one patent application. 
Conferences where works were presented were as follows: Electronics Conference 
2010 (Kaunas, Lithuania), Baltic Electronics Conference 2010 (Tallinn, Estonia), 
Electronics Conference 2011 (Kaunas, Lithuania), Education and Research 
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Conference (EDERC) 2010 (Nice, France). Three papers were published in the 
journal Electronics and Electrical Engineering published by the Kaunas University 
of Technology, Lithuania. There is also  one patent, issued by the Estonian Patent 
Office and one patent application to the US Patent Office. 
 Additionally, all works presented in this thesis were demonstrated on (or as) 
a prototype hardware during research phase of the two above-mentioned projects.  
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ABBREVIATIONS 

 
AC alternating current 
AE acoustic emission 
CF  crest factor 
DC  direct current 
DDS direct digital synthesis 
DFT  discrete Fourier transform 
DMA direct memory access 
DSP  digital signal processor 
DSC digital signal controller 
DUT device under test 
EMI electromechanical impedance 
FFT  fast Fourier transform 
FPGA field-programmable gate array 
IC integrated circuit 
MAC multiply accumulate 
MCU micro controller unit 
NDE non-destructive evaluation 
PWAS  piezoelectric wafer active sensors 
PZT  lead zirconate titanate 
RAM random access memory 
RMS  root mean square 
SHM structural health monitoring 
SNR  signal to noise ratio 
SUT  sample under test 
TOF time-of-flight 
XINTF external interface 
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1. ELECTROMECHANICAL IMPEDANCE IN 
STRUCTURAL HEALTH MONITORING 

1.1  SHM in General 

Structural health monitoring is usually defined as damage detection strategy for 
aerospace, civil and mechanical infrastructure. Damage is defined as changes in a 
system discrete state that affects its current or future performance [1], [9]. It is 
assumed that two different states exist: damaged and undamaged. Damage may lead 
to failure. Failure is a state where a system does not operate in an acceptable way. 
Not all damages will grow into failure or even influence the system functionality. 
The goal of the SHM is to detect and monitor damage growth and predict system 
failure [10].  This technology is widely used on bridges [11], offshore platforms, 
trusses and aerospace structures [9], [12].  

SHM requires regular measurements of system parameters. It enables to monitor 
system performance over time. From this measured data, damage sensitive features 
are extracted and based on statistical analysis it is determined whether damage is 
present or not. The sensors could be based on active ultrasonic, eddy current, 
radiography or acoustic emission technology. The measurements could also be 
initiated by request after extreme stress loadings. For example, after earthquakes the 
structural health of buildings is  monitored to assure their safety. Furthermore,  real-
time monitoring could be used. 

SHM is combined closely with four other disciplines: non-destructive evaluation 
(NDE), condition monitoring, damage control and statistical process control. NDE 
uses off-line damage severity check. There has to be knowledge about damage 
location beforehand. Usually it is conducted by maintenance staff on site by hand. 
Condition monitoring is similar to SHM but deals with reciprocating and rotating 
systems. It is usually implemented in power generation and manufacturing fields. 
Damage prognosis is used to predict systems’ operational lifespan after damage. 
Statistical process control describes statistical methods for monitoring systems. [1] 

 
Overall SHM should address the following questions [13]: 

 damage existence 
 damage location 
 damage severity 
 remaining lifespan  

1.2  Acoustic Methods in SHM 

Properties of elastic waves in structures make it good candidates for SHM 
measuring methods. Acoustic methods were used already in the 19th century. For 
example, train engineers used to tap train wheels with hammer to detect defects. 
Certain audible sounds would indicate the presence of damage in the wheels. Elastic 
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waves traveling through host structure can be early indicators of damage. Parameters 
like attenuation, dispersion and time of flight can be used for feature extraction in 
SHM applications.  
 Elastic waves are disturbances, created by extracting/contracting forces in 
elastic medium. In general form,  elastic waves are described by wave equations: 
 
 
 

 0 , (1.1) 

 
 
 

 0 ,  (1.2) 

 
where  and  are two potential functions and and   longitudinal and 
transversal wave speeds. General solutions of eq. (1.1), (1.2) can be written as 
follows:  
 
 sin cos  , (1.3) 
 
 sin cos , (1.4) 
 
 

, (1.5) 

 
 
 

, (1.6) 

 
 2

, (1.7) 

 
where k is the Lamb wave number and L is the wavelength; x is the co-ordinate in 
wave propagation direction and y is co-ordinate in the plate thickness direction [14].  

In plate-like structures ultrasonic guided waves exist as Lamb and shear 
horizontal waves. Guided Lamb waves can travel large distances in thin structures. 
Lamb waves can travel also through curved plate like structures. These properties 
make it suitable for SHM where  structures have often spherical shapes (airplane 
wings, wind turbine blades, pipes) [15].  

The Lamb dispersion equations can be expressed as:  
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where d is the plate thickness. These equations describe symmetrical and anti-
symmetrical Lamb waves [14]. 

Two main methods in acoustic testing are the passive (acoustic emission – 
AE) and active methods (Figure 1). In the active method, the structure under test is 
studied using acoustic excitation signals either in pulse-echo or pitch-catch mode. 
The passive mode uses no artificial excitation, instead acoustic signals generated 
inside  the structure  are measured.   

The acoustic emission method utilizes ultrasonic acoustic sensors to measure 
elastic waves traveling through a host structure. When materials inside a host 
structure go from one state to another they generate elastic waves. These waves have 
usually specific wavelength and amplitude. By measuring these waves, events of 
damage can be detected. Waves are measured using transducers which are bonded to 
the host structure.  To locate damage at least three transducers have to be used. 
Common materials used in acoustic emission measurements are steel, wood, 
concrete, carbon fiber and glass fiber. AE measurements have to be conducted 
continuously as waves are generated only when previous stress levels inside material 
are exceeded. This method does not enable to evaluate damage extent [13].  The 
most common acoustic emission parameters are the event rate (cumulative events), 
count rate (cumulative counts), duration (cumulative duration), rise time (cumulative 
rise time), energy (cumulative energy) and AE signal amplitude [16].  
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Figure 1. Differences between active and passive methods [17] 

The active method is based on the Lamb wave transmission from transmitter to 
receiver through a host structure. A change in the wave indicates a defect. In the 
thickness mode and with pulse-echo cases, the transmitter and receiver are 
integrated into one unit. In the pitch-catch mode, the receiver and transmitter are 
separated by some specific distance. Compared to the AE method, active methods 
enable to measure damage extent. Also if active methods are used, there is no need 
to measure continuously (in real-time). Active measurements are conducted 
periodically or after excessive stress loadings. It is also easier to detect damage 
locations using active methods. Based on this data it is possible to predict the 
remaining lifespan of the system, whereas if the AE system is used it is not possible.  

Different materials have different wave transmission properties like attenuation, 
dispersion and wave velocity. Isotropic and anisotropic materials have totally 
different wave propagation properties. Usually anisotropic materials such as carbon 
and glass fiber have very high wave attenuation properties. This reduces the size of 
the region which could be covered with a single transmitter/receiver, compared to 
the isotropic materials (such as metals). The measurement area for a single 
actuator/sensor is 0.4 m for composite materials and up to 2 m for simple metal 
beams [18]. 
 

1.3  PZT Sensors/Actuators 

Lead zirconate titanate is a ceramic material which is used for acoustic sensors and 
actuators. Because of the piezoelectric effect, PZT transducer enables to convert 
electrical energy to mechanical and vice versa. Following equations describe relation 
between electric field and mechanical strain: 
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 , (1.10) 
 
 , (1.11) 
 
where  is the mechanical strain,  the mechanical stress,  the mechanical 
compliance at zero electric field,  the electrical field,   the electrical 
displacement and    is the piezoelectric coupling effect,  is the dielectric 
permittivity measured at zero mechanical stress [15]. 
 Piezoelectric effect was discovered by P. Curie and J. Curie in 1880 [19]. 
One of the first descriptions of a PZT vibration sensor was given by Harry O. Wood 
in 1921 [20]. There are other materials known to have piezoelectric effect but, PZT 
is the most cost-effective and widely used. PZT consists of lead and titanium powder 
which is combined with binder material to form a specific shape. In 2012 [21], 
virus-based piezoelectric material was described. The production of virus-based 
material enables to replace toxic compounds used for the PZT transducer 
manufacturing. It was demonstrated that new phage-based piezoelectric generator 
can produce 400 mV of potential and up to 6 nA of current. If mass produced, virus-
based piezoelectric materials offer environmentally friendly solutions for energy 
generation and structural health monitoring. 

PZT transducers are widely used in SHM for acoustic wave generation and 
measurement [22]. Two main types are bulk and multilayer sensors/actuators. 
Multilayer structure is combined by layering several bulk  PZT layers on top of each 
other. This enables to use lower excitation voltages in actuators. Usually  PZT 
sensors are either embedded in or mounted on the surface of host structure.  
Depending on the material of the host structure, excitation frequencies usually go up 
to 500 kHz.  Frequencies above that have very small measurement area and tend to 
indicate the bond quality (condition of the bonding between PZT transducer and host 
structure) or condition of the PZT element itself [18]. 
 

1.4  Electromechanical Impedance – EMI 

Piezo EMI is based on the coupling effect between a bonded PZT sensor and the 
host structure. Electrical admittance is a combined function of the mechanical 
impedance of the PZT actuator  and of the host structure   [23], [24]: 
 
 

, (1.12) 

 
where a is the geometry constant,     the piezoelectric coupling constant,    the 

Young modulus and   the complex dielectric constant of the PZT at zero stress 
[18]. If mechanical conditions of the PZT transducer stay constant over time, 
electrical admittance (and impedance) can indicate condition of the host structure. 
Changes caused by excessive loading, corrosion [25], etc. are measureable through 
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electrical admittance. Besides, EMI is influenced by the bond quality between 
transducer and the host structure and by overall condition of the piezo sensor.  

1.5  Electrical Impedance 

EMI is characterized through the electrical impedance. Electrical impedance 
indicates the ratio between voltage and current (generally both AC and DC). It is 
described in the complex form [26]: 
 
 . (1.13) 
 
The magnitude and phase of the impedance can be calculated using following 
equations: 
 
 , (1.14) 

 
 

arctan . (1.15) 

 
Fig. 2 describes visually the impedance real part (R) on the horizontal and imaginary 
part (X) on vertical axis.  

 

 
Figure 2. The complex impedance vector [27] 

In the most basic form, electrical impedance is measured by applying sinusoidal 
excitation signal to a DUT and by measuring the current response. To characterize a 
circuit with unknown capacitive and inductive components sine waves with different 
frequencies has to be applied. A greater number of frequencies will give a more 
accurate impedance plot.  
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Figure 3. Simplified equivalent circuit of a PZT transducer [28] 

A piezo sensor simplified electrical schematic is given on Figure 3. Below resonant 
frequencies, a PZT transducer acts as a capacitor. 
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2. RELATED WORK 

2.1  Laboratory Solutions 

Previously there have been many publications covering aspects of the mechanical 
parameters of a host structure influencing the EMI spectra. In contrast to this thesis 
laboratory grade measurement equipment are usually used and proposed. Paper “A 
low-cost variant of electro-mechanical impedance (EMI) technique for structural 
health monitoring” [29] described method for PZT transducer EMI measurement. 
The method is meant to replace expensive (20,000 – 40,000 $) impedance analyzers 
by combining  the off-the-shelf Agilent 33220A signal generator and Agilent 
54622D mixed signal oscilloscope (Figure 4). The overall cost of hardware was 
5000 $. Like with impedance analyzers the excitation signal frequency was  changed 
incrementally.   
 

 
Figure 4. Proposed measurement scheme [29] 

In the same vein, the paper “A low-cost and field portable electromechanical (e/m) 
impedance analyzer for active structural health monitoring” [30] proposed a DAQ 
card based EMI measurement solution.  
 



20 

 
Figure 5. Conceptual diagram representation of the proposed solution [30] 

 
The authors describe experiments with two different excitation signals: frequency 
sweep and linear chirp. Proposed frequency sweep signal was constructed in 
frequency domain and had very flat amplitude spectrum, compared to a chirp signal, 
which had some ripples in high frequency end. HP33120A function generator was 
used for signal generation and a two-channel 8-bit 10 MHz DAQ card was used for 
sampling (Figure 5). Measurements and calculations were done on a PC computer 
with the Labview software.   
 Similarly to the solutions described above laboratory grade hardware was 
used in this study to test and develop impedance measurement methods (and 
solutions). Many different measurement methods were evaluated and tested using 
PC and external data acquisition (DAQ) hardware, described below the heading: 
Experimental setup. 

2.2  Embedded Solutions 

Both methods, proposed by [29] and [30] are very efficient for laboratory 
conditions, but for on-site measurement more compact solutions are needed. For on-
site EMI measurement the paper “A low-cost electromechanical impedance-based 
SHM architecture for multiplexed piezoceramic actuators” [31]  proposed a digital 
signal processor (DSP) based solution for the multiplexed sensor/actuator EMI 
measurement in 0 – 400 kHz range. Solution is based on a TMDSEZS2808 eZdsp 
Starter Kit (Texas Instruments) and an external DDS AD9834 (Analog Devices). 
Three external multiplexers (ADG526) were used for signal switching. Current was 
measured on sixteen precision shunt resistors (100 Ω). An impedance analyzer by 
HP (HP4194A) was used as a reference tool to evaluate the measurement results 
(Figure 6). Root-mean-square deviation (RMSD) was calculated between 
measurements obtained using the DSP-based solution and the HP impedance 
analyzer.  
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Figure 6. Experimental results by Neto et al. Comparison of measurement results from proposed 
solution vs HP impedance analyzer [31] 

Article [5] describes impedance measurement hardware based on an Cortex M3 32 
bit CPU in combination with an AD5932 DDS IC. The excitation signal is linear 
chirp signal from 1 kHz to 400 kHz. The signal length is 2.05 s. In real SHM 
applications shorter measurement times would be preferred. This is the main reason, 
why short excitation signals (up to 100 ms) are proposed in this thesis. Simple MCU 
PIC16F877A based solution was described in [32]. Although this solution is very 
low cost, it is limited only up to 50 kHz frequencies. Similarly [33] use AD5933 IC 
for impedance measurement in a frequency range up to 70 kHz. For structural health 
monitoring frequencies up to 600 kHz have to be measured [5]. This is one of the 
main requirements also considered in this thesis.  

The paper [34] demonstrates a more complex Ti 6416T DSP and Xilinx 
XC50E Virtex FPGA based impedance measurement node. It is running on 1 GHz 
clock rate and is capable to measure impedance up to 1 MHz.  Although having very 
high performance, it is expensive to implement in sufficient numbers needed in 
SHM applications. By the approach provided in this thesis measurement hardware 
should be low power and low cost. Solutions provided in this thesis try to provide 
low-power and low-cost results but by sustaining a wide measurement frequency 
and short measurement time.   

2.3  Structures under Test 

EMI measurement technique has been tested on many different structures for 
detection of the different defect types. The authors of the publication [29] tested 
EMI method on steel structure. As a host structure 1.2 m long galvanized steel pipe 
was used. Piezo sensor (10 x 5 x 0.3 mm) was glued to a pipe using  an epoxy 
adhesive.  In series with actuator was a 20 Ohm resistor which enabled to calculate 
current passing PZT sensor over signal sweep. Experimental measurements were 
conducted over 80 kHz–100 kHz range. By drilling holes into the pipe structural 
defects were simulated. Drilling additional holes into the pipe enabled to simulate 
progression the severity of the damage. Progressing damage was detected on the 



22 

admittance curve. Shifting resonance peaks and appearance of new peaks indicates 
progressing of the damage. Xu and Giurgiutiu [30] used for a test specimen a free 
PZT and an aluminum panel with bonded  PZTs. Test results were compared against 
results from HP 4194A impedance analyzer in 150 kHz–600 kHz range.  It is 
claimed that “Both the novel impedance analyzer and HP4194 impedance analyzer 
can detect the presence of DB1 disbond on the test panel”. Disbond is indicated by 
new sharp resonant peaks in impedance spectrum plot. In paper [31] two different 
specimens were used as host structure. For the first case aluminum beam 500 x 25 x 
4 mm with inserted rivet was used. Measurements were carried out with rivet 
attached and without. Measurements for both cases were conducted and compared. 
Measured frequency range was 100–110 kHz. The second experiment was 
conducted on aircraft panel. Damage was simulated by extracting rivet from panel. 
Two impedance plots were compared in the 100–110 kHz frequency range. In both 
experimental cases damage could be indicated in changes of the impedance plot. 
Article ”SHM of CFRP-structures with impedance spectroscopy and Lamb waves” 
[3] investigates CFRP (Carbon Fibre Reinforced Polymer) material with embedded 
PZT transducers. Authors compare impedance spectroscopy and lamb wave 
applications on impact damage detection. In this case magnitude of the impedance 
has overall lower values over frequency range, probably caused by an impact 
damage to the PZT contacts [3]. 

 

 
Figure 7. Admittance plot  before (a) and after (b) impact damage [3] 

Self-diagnostics for the PZT have been proposed in [35], [3] and [36].  In 
article [35] author proposes method for PWAS self-test procedure. It is based on 
EMI technique by comparing impedance imaginary impedance spectrum. On the 
Figure 8 two cases of the PWAS can be seen. Resonant peak at ~267 kHz indicates 
disbond between PZT and the host structure. Small resonance peaks on bonded 
PWAS plot indicate structural resonances of the host structure.  Disbonded PWAS 
has relatively smooth plot except a single resonant peak at ~ 267 kHz. It is claimed 
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that “For a partially disbonded PWAS, a mixture of PWAS and structure vibration 
was recorded”. 

 
Figure 8. Bonded vs disbonded sensor [35] 

Paper [3] also describes the effects of degrading electrical connection between PZT 
and measurement system. Changes in electrical connectivity could be misinterpreted 
as structural damage of the host structure or PZT itself (Figure 9). 
 
 

 
Figure 9. Aging effect of electric contacts  (a) reference measurement (b) measurement after 3 
months [3] 

The authors in [36] proposed an admittance measurement based PZT self-
diagnostics model. Effects like sensor degradations and coupling quality are 
described in admittance range up to 50 kHz.   
 Similarly to publications described above, real structures were used for 
testing in this thesis. In contrast to most previous works, embedded hardware was 
used for impedance measurement in an extended (up to 600 kHz) frequency range. 
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3. EXPERIMENTAL SETUP 

To simulate  PZT sensors in real conditions a measurement setup has been prepared. 
Fiber glass plate with 500 x 500 x 4 mm dimensions has three PZT transducers 
bonded to it by use of the special adhesive (Figure 10 and Figure 11). This set of 
sensors simulate sensor configuration on a real SHM monitoring set. Fiber glass 
plate was chosen to mimic structure of a wind turbine blade or a ship hull. As the 
wave properties in a composite differ substantially, compared to metal structures, 
composite plate was chosen for the experiments. Composite material is the most 
common material used for the wind turbine blades, for small ships and airplanes.  
 

 
Figure 10. Fiber glass plate with  PZTs 

 
Figure 11. Drawing of the fiber glass plate (500 x 500 x 4 mm) with the PZT elements 

PZT sensors had a 10 mm diameter and 0.5 mm thickness (Figure 12). Sensor 
elements were bulk type piezos. Copper tape was used to connect electrical wires to  
PZTs. Three bonded PZTs were marked as S1, S2 and S3. Additional free PZT was 
marked as Sx.  
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Figure 12. Example of the PZT fixture on the plate structure with copper electrodes 

Transducers were connected to the amplifier which supplies ±30V excitation signal 
voltage (Figure 13). For the signal generation and sampling a National Instruments 
USB6259 USB high-speed multifunction data acquisition (DAQ) module has been 
used. Ni USB6259 has 16 bit 1.25 MS/s single-channel or 1 MS/s aggregated 
analog-digital converter (ADC) [37]. For the excitation signal generation DAQ has 4 
analog output channels with 16 bit and 2.8 MS/s.  DAQ enables to generate different 
excitation signals using PC-based Matlab software. One transducer was connected to 
DAQ input and other to the output. Between transducers and DAQ external 
amplifiers were used.  
 

 
Figure 13. Principal layout of measurement system [38] 
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The described test setup enables to test the pitch-catch and pulse-echo methods on 
this test structure. A Matlab-based software was written to test the pitch-catch 
acoustic wave transmission between the transducers. An excitation signal (Figure 
14) at 200 kHz was generated and a response signal (Figure 15) from another 
transducer was measured. All transducers were measured to make sure correct 
physical connection between PZT and host plate has been established.  
 

 
Figure 14. Example of the pitch-catch excitation signal: 5 period 200 kHz signal in Hanning 
window (voltage [V] vs. time [ms]) 

 
Figure 15. Measured voltage response of the pitch-catch excitation (voltage [V] vs. time [ms]) [38] 

Energy of the measured response signal can indicate defects in the region between 
two transducers [39], but also the quality of the connection between PZT and host 
structure can affect energy transmitted from one transducer to another. To acquire 
more accurate TOF (time of flight) measurement the response signal was correlated 
with the original one and the quadrature excitation signal (Figure 16). This results 
with smoother response signal with distinctive peaks. Integral of this signal enables 
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to evaluate overall energy transmitted to the host structure. In cases where PZT bond 
quality is low – also less energy is transmitted to the host structure.  
 

 
Figure 16. Windowed burst of excitation- sum of cross-correlations (absolute values) with 
response signal and its quadrature component (correlation coefficient vs time [ms]) [38] 

In current research work the commercial impedance analyzer Wayne Kerr 
6500K has been used as a reference electrical impedance measurement device. EMI 
spectra of two  PZTs in two different conditions have been measured using this 
device. First measurement was done on a free (Sx) and second on a bonded PZT 
(S1) (Figure 17 and Figure 18). Wayne Kerr 6500B is a commercial impedance 
analyzer used by research institutes and companies. It can characterize components 
from 20 Hz to 120 MHz and it has a basic measurement accuracy of 0.05% [40]. 
Excitation signal level can be selected up to 1 V voltage. 20 KHz to 600 kHz 
frequency range was chosen as a reference measurement range.  
 

 
Figure 17. EMI magnitude spectra of a bonded and a free PZT 
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Figure 18. EMI phase spectra of a bonded and a free PZT 

As can be clearly seen from EMI plots, the bonded vs. free PZT have very 
different magnitude and phase graph shapes. It is clear from those graphs that two 
states of transducers can easily be distinguished. Both EMI magnitude and phase 
peaks can be used as indicators of the PZT state. 
 For EMI measurements a schematics with a shunt resistor (R1) has been 
constructed (Figure 19). Voltage measurement point V1 was used for the voltage 
response measurement, while voltage from V2 was used for the current response 
calculation. Synchronous sampling of voltages V1 and V2 enables to calculate the 
electrical impedance Zx in a complex form.  
 

 

 
 

Figure 19. The PZT measurement schematic with shunt resistor R1 
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4. METHODS 

The easiest way to measure impedance is to excite DUT on predefined number of 
frequencies with static frequency sine wave signal and measure the current and 
voltage responses. Then, using these response signals, EMI plot can be calculated. 
Disadvantage of this method is time and energy consumption. Often in real SHM 
applications environmental conditions (loading, temperature, etc.) of the host 
structure are time variant and shorter measurement time enables to measure more 
accurate result. Use of a wide band sweep excitation signal enables to reduce 
measurement time, but also requires more complex computation. The following 
chapter gives an overview of the proposed impedance calculation methods.  

4.1  Excitation Signals 

Theoretically any linear, time invariant system can be described by their response to 
the Dirac delta function excitation: 
  

∞   , 0
  0   , 0 , (1.16) 

 
while integral of Dirac delta function is equal to 1 

1 . (1.17) 

 
While Dirac delta function has ideal properties in theory, which in real electronics it 
is very hard to achieve. 
 Excitation signals can be divided generally into two groups: spectrally dense 
and sparse signals.  Spectrally sparse excitation signals have energy distributed 
between small numbers of frequency components. It is useful in cases where 
frequency response is smooth and spectrum description, using small number of 
frequency bins is sufficient. Most well-known sparse excitation signal is the multi 
sine wave signal. It is a sum of sine wave signal with predefined frequency. It can be 
expressed with following equation: 
 

sin 2 , (1.18) 

 
where:  is the multi sine wave signal,  is the amplitude of a sine component,  
is the i-th frequency, Φ  is the phase shift of i-th component. 
 Spectrally dense wideband excitation signals have energy distributed over 
large number of frequency points. It describes frequency response of a DUT in more 
detail compared to sparse excitation signals [27]. Most commonly known dense 
excitation signal is a chirp signal.  
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 The most common wide band excitation signals in EMI measurement are 
usually periodic random noise, multi-sine or chirp. Based on our experimental 
measurements chirp excitation signal is one of the best suited signals for the PZT 
EMI measurement [41]. Successful measurement results are also claimed by others 
[34] [42] [5]. Moreover, chirp excitation signal is widely used in the measurement of 
the living tissue(s) and cell impedance because of its time and frequency scalability 
[43]. 
 The following equation describes sine-wave chirp with amplitude A: 
 

sin 2
1

, (1.19) 

  
where  /  is the frequency change rate,  the signal duration and 

  the frequency range.  
 In some cases binary chirp is used as an excitation signal. Binary version of 
the chirp signal enables to use simplified hardware for the signal generation. In this 
case signal is described as sgn  and can only have values  (Figure 20).  
 

 
Figure 20. Example of binary chirp signal [43] 

 
Figure 21. Example of ternary chirp signal [43] 

Another version of chirp signal has three different signal values , 0,  (Figure 
21).  
 

4.2  Signal Processing 

Electrical impedance can be described using the following mathematical formula:  
 

| | Φ , (1.20) 
 

2   (1.21) 
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and magnitude and phase of the impedance can be expressed as: 
 

| | , (1.22) 
 

ω arctan . (1.23) 

 
One of the most common ways to calculate impedance is to apply Fourier transform 
to voltage and current passing PZT. EMI can be expressed as a relation between 
Fourier transforms of voltage and current responses: 
 

. (1.24) 

 
Although commonly used in signal processing, Fourier transform is computationally 
very intensive. This makes it relatively hard to implement in cases, where only low 
computational capability is available (low cost, low power processors and DSPs).  

Alternatively, EMI can be calculated by correlating response signal with the 
direct original signal and with the quadrature version of the original signal. Results 
have to be passed through low pass filter for smoothing:  
 

sin sin
2

cos
2

cos 2 . (1.25) 

 

4.3  Simplified Impedance Measurement Method 

Implementation of the Fourier transform can be computationally expensive. Use of 
the linear chirp excitation signal enables to avoid Fourier transform calculation in 
certain cases. As in linear chirp signal frequency components are spread equally 
across signal length, so it is easy to convert response signal from the time domain 
into a frequency domain. This approach can be also used with the nonlinear chirp 
excitation signal. 

Eq. 1.24 can be expressed as magnitude of  impedance in the following 
equation: 
 

| |
| |

| |
. (1.26) 

 
So the magnitude of the impedance is the ratio of the voltage and current responses 
for the specified frequency. Use of the linear chirp excitation signal enables to avoid 
Fourier transform calculation for voltage and current response signals. These signals 
can be converted to frequency domain directly [44].  
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Figure 22. Principal layout scheme of the magnitude of the impedance calculation method 

Figure 22 describes the method for magnitude of the impedance calculation. Firstly 
linear chirp signal will be used for DUT excitation. Thee voltage and current 
responses from DUT will be saved (Figure 23, Figure 25). Further absolute values 
for both signals will be calculated. After that Savitzky-Golay smoothing filter will 
be applied (Figure 24, Figure 26) [45]. Savitzky-Golay filter is a polynomial filter. It 
is effective for wide band signal filtering because of ability to retain signal 
maximum values.   

 By dividing two smoothed (voltage and current) magnitude signals 
similarly to equation (1.26) magnitude of the impedance plot will be resulted (Figure 
27). Resolution of this calculated magnitude plot will be defined by length of the 
Savitzky-Golay filter window. For example, in the case where wide band linear 
chirp signal is spread over 1 MHz frequency and the measured signal length is 200 
kSamples long, use of filter window 1000 samples long will result frequency 
resolution 5 kHz. 

 Measurement experiments have been carried out with the proposed method.  
PZT element bonded to the plate structure was used as test specimen. Linear chirp 
signal with ±20 V  peak values was used for excitation. Response voltage and 
current signals were saved in a PC for further processing. Matlab based software 
was used for magnitude of the impedance calculation. Different excitation signal 
lengths were tested. Best relation between measurement time and signal to noise 
ratio was achieved using excitation signals with 100 ms duration.  

Experimental results show good correlation between the proposed method 
and results obtained by the commercial impedance analyzer.   
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Figure 23. Measured voltage response 

 
Figure 24. Smoothed voltage magnitude (with corrected magnitude) 
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Figure 25. Calculated current response 

 

 
Figure 26. Smoothed current magnitude 

0 1 2 3 4 5 6

x 10
5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Frequency(Hz)

C
u

rr
e

n
t(

A
)

0 1 2 3 4 5 6

x 10
5

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Frequency(Hz)

C
u

rr
e

n
t(

A
)



35 

 

 
Figure 27. Calculated PZT magnitude of the impedance 

Two types of the excitation signals were used: chirp and binary chirp. Use of the 
binary chirp signal caused ripples in the magnitude of the impedance plot. These 
deviations could be caused by higher energy level in higher harmonics compared to 
an ordinary chirp signal.   The proposed simple EMI magnitude measurement and 
calculation method can be used for applications where only EMI magnitude is 
needed.   

4.4  Short Sliding Window Based Correlation Method 

A novel frequency response measurement method has been proposed by our patent 
application [46]. Method is based on the correlation between response signals from 
DUT and with excitation (and quadrature) signal (Figure 28). For excitation, a signal 
with fast changing frequency in the time domain is proposed. Signal frequency is 
defined by time domain function. In most common cases linear, logarithmic and 
exponential chirp signal could be considered. In some specific cases arbitrary 
excitation signal could be considered, for example with varying signal resolution 
over frequency range. The excitation signal is introduced to the test object. Response 
signals consist of two parts, current and voltage response. Response signals from the 
object are saved and correlated with two reference signals in short time domain 
windows. One of the reference signals could be the original excitation signal in its 
original form. The second reference signal could be quadrature signal of the original 
excitation signal. Quadrature signal can be obtained by applying Hilbert transform 
on original excitation signal. Correlation will be calculated in a relatively short-time 
domain window. Depending on the application requirements window size and 
overlap could be uniform or frequency dependent. Parts of the frequency range, 
which contain more valuable information, may be scanned with a higher resolution 
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compared to parts which have lower value. In addition sliding window can be 
divided into even smaller parts to improve calculation performance. 
 

 
 

Figure 28. Principal layout of response and reference signal correlation 

 
Calculation procedure using proposed technique enables to use very low 
computational power. All calculations can be implemented using MAC operations 
which are very effective for example on DSP platforms. A small number of 
calculations and use of efficient MAC calculations enable to utilize  lower- cost and 
lower power platforms for impedance calculations.   
 Experimental measurements were conducted on bonded PZT element. 
Excitation signal was 0.1 s long linear chirp in 20 kHz – 600 kHz range. For the 
excitation signal generation Agilent 33220A function/arbitrary waveform Generator 
was used. Response signals were sampled with 2 Ms/s sampling rate using Agilent 
U2500A Series USB Modular Simultaneous Sampling Multifunction DAQ. For the 
impedance calculation window size of 350 samples was used. Proposed method is 
very sensitive to window size. To produce the most accurate result, the exact 
window size had to be found experimentally. Some window sizes produced very 
noisy results. The exact cause for this is still unclear.  
 

 
Figure 29. Magnitude of the impedance of a bonded PZT 
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Figure 30. Phase of the impedance of bonded PZT 

Figure 29 and Figure 30 demonstrate the experimental results of the proposed 
method. For the phase of the impedance measurements additional smoothing 
function was applied. Different window sizes were tested to find the most optimal 
one.  
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5. HARDWARE 

The most common hardware for EMI measurements in lab condition is industrial 
impedance analyzer, for example HP 4192 impedance analyzer or similar. While 
these devices are very handy in lab conditions, on-site measurement conditions 
require totally different approach. Parameters like size, cost, weight and power 
consumption make use of industrial impedance analyzers in real SHM applications 
impossible.  

5.1  Integrated Solution by Analog Devices 

Analog Devices has developed integrated solution for impedance measurement 
(Figure 31). With small dimensions and low energy consumption it is widely used 
for this specific application. AD5933 by Analog Devices is a 12 MSPS, 12 bit 
network analyzer IC.   It has integrated signal generator, DSP and ADC.  Signal 
generator has programmable interface and maximum frequency of 100 KHz. 
Impedance can be measured in 1 MΩ to 10 MΩ range. For impedance calculation 
DFT has been used on DSP core.  
 

 
Figure 31. Functional block diagram of AD5933 [7] 

While commonly used, AD5933 has only frequency range up to 100 kHz which in 
many applications is not sufficient enough. Limited frequency and dynamic range 
can limit usefulness of the AD5933. 
 Some publications claim unsuccessful results by phase of the impedance 
measurement using a AD5933 IC. ”The real and imaginary parts of impedance can 
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be calculated, however, the AD5933 does not record the phase data with enough 
precision near the limits of its measurement range to make the transformation 
meaningful” [47]. “From the results, the AD5933 was able to accurately measure the 
magnitude of the impedance, but not the phase. Therefore, calculating the real part 
of the impedance that is typically used for the impedance method would not be 
useful” [48].  
 Based on the limitations mentioned above current thesis tries to find 
alternatives to AD5933. Wider frequency range and more accurate EMI results 
could improve current existing solutions.  
  

5.2  Ti MSP430-based Solution 

Texas Instruments MSP430 is ultra-low power 16-bit RISC mixed-signal MCU. It is 
widely used in battery powered applications because of low power consumption. In 
shutdown mode current consumption can go as low as 100 nA@2.2V and it takes 
only 1 µs to wake up from the low power mode. These properties make MSP430 
very suitable processing platform for a SHM monitoring node. Low power 
requirements on monitoring node enable to use energy harvesting. Use of the energy 
harvesting can lower installation and maintenance costs of a SHM system.  
 The proposed MSP430 based system consists of MCU, DDS, external 
amplifier and analog front end (Figure 32).  MCU’s internal 16 bit sigma/delta A/D 
converter was used for analog signal sampling. Analog Devices AD5932 DDS IC 
was used for excitation signal generation. MCU and DDS were connected using 
synchronous I2C data connection.  
 

 
Figure 32. Principal layout of proposed system [49] 

Analog front end was used for signal smoothing. It consisted of a full period rectifier 
and a low pass filter (Figure 33, Figure 34). Rectifier design was based on the 
National Semiconductor LM318 operational amplifiers. Use of an analog front end 
enables to use lower sampling rate compared to the conventional Nyquist criteria.  
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Figure 33. Schematic of analog front end [49] 

 
Figure 34. Ti TINA software simulation of the full period rectifier at 600 kHz [49] 

 
The linear chirp signal from 20 kHz to 600 kHz was used for PZT excitation. Both 
EMI magnitude of bonded and free PZT were measured and compared against 
results obtained using commercial impedance analyzer (Figure 35).    
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Figure 35. EMI magnitude of a free PZT measured using MPSB430-based solution [49] 

 
Proposed solution has very low price and low energy consumption. Overall total 
power consumption was below 3.5 W of which MCU consumes at maximum power 
1.3 mW.  Because of low power consumption MSP430 based solution could be 
implemented in applications where energy harvesting is possible [50]. 
 

5.3  TI TMS320F28335-based Solution 

TMS320F28335 is Texas Instruments 32 bit high performance DSC. It has 150 MHz 
clock rate and single precision floating point unit. An integrated 12 bit AD converter 
and a high-resolution enhanced 16 bit high-resolution PWM make it suitable 
platform for ultrasonic signal generation and sampling. Maximum power 
consumption is less than 900 mW at 150 MHz and supply voltage 3.3 V.   

Proposed solution uses external 3rd order analog active low-pass filter for 
smoothing of the PWM excitation signal (Figure 36, Figure 37) [51]. ADC and DAC 
both were used with 2MHz sampling rate. This enables sufficient oversampling rate 
for signal up to 600 kHz and more. For sampling of the response signals an 
integrated 12 bit ADC was used. Although controller has 256K × 16 of embedded 
flash memory and 34K x 16 SARAM, it is not sufficient enough for long excitation 
and response signals. DSC was combined with external static RAM (Cypress 
Semiconductor Corporation CY7C1061AV33). The CY7C1061AV33 is a CMOS 
Static RAM consisting 1Mx16 bits. Combination of external RAM with DSC 
enables to use longer excitation and response signals. Controller and RAM are 
connected through XINTF interface. XINTF is an asynchronous bus which consists 
of 20 address, 32 data lines and three chip select lines.   
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Figure 36. Principal layout of proposed F28335 solution  

For PZT excitation signal generation operational amplifier together with voltage step 
up converter was used. Excitation signal had unipolar 60 V peak-to-peak voltage. 
Supply voltage was 12 V. Maximum combined (DSC, SRAM and amplifier) current 
consumption during excitation phase was below 400 mA.   

 

 
Figure 37. Assembled monitor node 

For piezo excitation linear chirp signal was used. Because of the XINTF 16 bit 
limitation, excitation signal was limited to 65536 samples. With 2 MS/s AD 
conversion rate this enabled to use excitation signals up to 32 ms long.    
 For EMI signal processing method described in patent [46] was used. 
F28335 enables to calculate dual 16 bit MAC operations simultaneously which 
makes this platform very efficient for these applications. At 150 MHz clock rate 
DSC performs impedance calculations well beyond data rate of the XINTF interface. 
 Similarly to other methods, test measurements on the PZT elements were 
conducted and the results were compared against a results obtained using 

SRAM

DSC 
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commercial impedance analyzer. Figure 38-41 display experimental measurement 
results on the bonded and on the free piezo.  
 

 
Figure 38. Magnitude of the impedance of a bonded PZT (S1) 

 

 
Figure 39. Phase of the impedance of a bonded PZT 
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Figure 40. Magnitude of the impedance of a free PZT 

 

 
Figure 41. Phase of the impedance of a free PZT 

The described solution may also be used for pitch-catch measurements. Twelve 
ADC channels on F28335 enable to connect up to 6  PZTs for combined EMI and 
pitch-catch measurements.   
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6. EXAMPLE APPLICATIONS 

In addition to sensor bond diagnostics EMI can be used also in many other 
applications. In this section two separate possible applications are studied and 
experiments are conducted. For impedance the spectra measurement F28335 based 
solution (described in chapter 5) was used.  

6.1  EMI Spectroscopy for Composite Delamination Detection  

Delamination is one of the most common failure modes in composite materials. In 
this mode different layers of the material separate from each other. It may be caused 
by excessive impact load, static or fatigue loading. This failure mode may critically 
compromise structural integrity of the host structure. Previously [5] [53] [4] have 
described methods for composite delamination measurement using EMI. 

 
Figure 42. Basic delamination modes [54] 

 
For this case study, a composite specimen with delamination mode 1 failure was 
used (Figure 42). It is the most common delamination mode in composite materials 
[54]. PZT transducers with 7 mm diameter were used for the measurement.  Three 
transducers were bonded to test structure (Figure 43, Figure 44). Two of the sensors 
(SL1 and SL2) were on laminate sections without delamination. Third transducer 
(Sdl) was in the middle of delaminated section. The distance between sensors was 
250 mm.  
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Figure 43. Drawing of a test specimen (in millimeters) 

The composite specimen was a sandwich material with enhanced weather protection 
design. Main load carrying layers were biaxial fabrics with layer weight 600 g/m2. 
These layers are protected from moisture attack on both sides with chopped stranded 
mats layers. The specimen outer side is protected with gel coat and three extra layers 
of chopped stranded mat. Transducers were mounted on to the surface of gel coat. 
The sandwich core was Airex C70.55 with layer thickness of 15 mm. Sandwich total 
thickness was 22.5mm. 
 

 
Figure 44. Photo of a test specimen with PZT transducers 

The delamination type in the test specimen was mode 1 (Figure 42). Length of the 
delamination was about 100 mm (Figure 45). To further test PZT bond quality pitch-
catch measurements were conducted between sensors to ensure correct bonding of 
PZT and host structure.  

 

Transducer on top of gel coat 
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Figure 45. Delaminated section of the test structure 

Electromechanical impedance of the three transducers was measured to compare 
results between the delaminated and structurally intact sections.   
 

 
Figure 46. Magnitude of the impedance plots of the  PZTs 
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Figure 47. Phase of the impedance plots of the PZTs 

As can be clearly seen from the figures (Figure 46 and Figure 47) the transducer 
(Sdl) on delaminated area had significantly different EMI plot. Differences are 
concentrated in regions between 200 kHz and 400 kHz.  

 

6.2  PZT Transducer Structural Diagnostics 

In this case study, the structural integrity of a PZT was experimentally studied. 
Previous studies [55], [55] have shown good correlations between the PZT condition 
and EMI spectra. A 10 mm diameter PZT was broken in half to simulate mechanical 
damage to the transducer (Figure 48). The defected transducer (S4) was bonded to a 
500x500 mm plate structure.  
 

 
Figure 48. Damaged PZT transducer 

Electromechanical impedance of an undamaged and damaged PZT was measured 
and compared in the 20 kHz–600 kHz frequency range. 
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Figure 49. Magnitude of the impedance of a undamaged and damaged PZT (S4) 

 

 
Figure 50. Phase of the impedance of a undamaged and damaged PZT (S4) 

EMI spectra measurements indicate that structurally damaged PZT has a totally 
different impedance plot compared to a structurally intact one (Figure 49, Figure 
50). Magnitude and phase of the impedance peaks have shifted over 100 kHz. This 
frequency shift could be used as an indicator for transducer structural damage. These 
results comply with claims in [55]. 
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7. SUMMARY OF PUBLICATIONS 

The following section gives an overview of the publications related to this thesis.  

7.1  Study of Various Excitation and Reference Signals for Pulsed 
Correlation-based Ultrasound Signal Processing (Paper Summary) 

In this paper methods for pitch-catch measurements were studied. In the test setup 
described in Chapter 3 different waveform signals were studied and tested. Effects 
of window functions signals were tested and the results compared. In addition to 
this, binary excitation signals were tested and compared. Use of binary signals 
would enable to simplify signal generation electronics. For improving time 
resolution accuracy of TOF data chirp-based excitation signals were proposed in 180 
kHz–220 kHz range.  

 
Figure 51. Measured voltage response of pitch-catch method (voltage [V] vs time [ms]) 

 
For the improvement of the measured signal correlation method, a new improved 
method was proposed. The new method is based on the response signal correlation 
with the original excitation and with quadrature of the original excitation signal. 
Computed results will be added as a sum of absolute values. Similarly to the Hilbert 
transform, it will simplify signal detection from  noisy measurement results. 
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Figure 52. Result of cross-correlation with excitation and qudrature signal (time [ms] vs 
correlation) 

This paper was published in the journal Electronics and Electrical Engineering 
2010, No. 9 (105). The main contributions by the author to this study were the 
design of the test setup, experimental measurements and analysis of the results. 

7.2  Fast Impedance Spectroscopy of Piezo Sensors for Structural 
Health Monitoring (Paper Summary) 

In this paper, different piezo EMI measurement methods were compared. The goal 
of this paper was to compare different EMI measurement methods. Traditionally 
EMI is measured with different frequencies one by one. The use of wide band 
excitation signal enables to reduce the measurement time significantly. In this 
experiment, different wide and narrow band excitation signals were tested. 
Measurement setup was based on National Instruments USB-6259 data acquisition 
box (DAQ) and a PC. Matlab (PC) based software was used for excitation signal 
generation, sampling and FFT or DCT calculation. DAQ had 16 bit 1.25 MS/s 
analog AD input. ± 30 V was used for excitation signal voltage. 
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Figure 53. Impedance measurement schematics 

The device under test (DUT) was a piezo sensor with a host structure. A bulk piezo 
sensor with an 8 mm diameter was bonded to a 500 x 500 mm fiberglass plate. 
Three measurement methods were chosen: frequency scanning, multi-frequency and 
chirp. First method used measurement of frequencies one-by-one. One measurement 
point took 0.5 s. Complex DFT was calculated of reference sine- and cosine-waves.  

The second method used was based on multi-frequency excitation signal and 
DFT or FFT analysis. A 5 kHz and 1.25 kHz frequency step was used in a 5 kHz to 
300 kHz frequency range.  

The third method used linear chirp excitation signal combined with FFT.  
Different pulse lengths from 0.8 ms to 80 ms were tested.  

It is concluded that all tested methods have a great potential in SHM 
applications by making measurement solutions cheaper. 

This paper was published in the journal Electronics and Electrical 
Engineering 2010. No.7(103). The main contributions by the author to this study 
were the design of the test setup, experimental measurements using chirp excitation 
signal and analysis of the results. 

7.3  Chirp-based Impedance Spectroscopy of Piezo Sensors (Paper 
Summary) 

This paper describes methods for impedance spectroscopy of piezo sensors. Methods 
were proposed with novel time domain analysis without complex spectral analysis 
calculations. The overall goal of proposed and evaluated methods was to find simple 
signal processing solutions without FFT or DFT calculations.  As the FFT and DFT 
transforms are computationally very expensive, simpler alternatives were studied in 
this paper. Simpler methods enable to use low power and low-cost processing units.  
 The described measurement setup consisted of NI-6259 USB DAQ box and 
custom analog front end. Calculations were done on PC-based Matlab software. 
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 Two alternative methods were proposed. The first method used linear chirp 
excitation signal from 20 kHz to 600 kHz. The signal length was 80 ms. Voltage and 
current response of the DUT were sampled at a 1.25 MS/s sample rate. For voltage 
and current signal smoothing Savitzky-Golay’s second order polynomial filter was 
used. Compared to a regular FIR filter it has the ability to obtain signal maximum 
values. The filter window was 250 samples. Experimental measurements were made 
on the piezo sensor without a host structure. The calculated magnitude of the 
impedance was compared against measurements made using the Wayne-Kerr 
commercial impedance analyzer. 
 

 
Figure 54. Results of the magnitude of the impedance using the chirp method (compared with 
commercial impedance analyzer) 

The results of this study were presented in 2010, at the 12th Biennial Baltic 
Electronics Conference (BEC2010 Tallinn, Estonia, October 4–6, 2010). The main 
contribution to this research by the author was the study of the chirp-based 
impedance magnitude measurement method. Experimental measurements on  PZTs 
were conducted and the results evaluated. 
 

7.4  Robust Piezo Impedance Magnitude Measurement Method 
(Paper Summary) 

 
In this article, very minimalistic piezo transducer impedance magnitude 
measurement solutions are proposed. The overall goal of this publication is to offer a 
low-cost and low-power piezo impedance magnitude measurement method in the 20 
kHz–600 kHz range. A linear chirp signal was used for excitation. The Texas 
Instruments MSP430F2013 MCU was chosen for signal processing and sampling. 
Small dimensions and low power consumption make it ideal for SHM applications. 
As the  chosen MCU has a low sampling rate, a front end analog interface was used. 
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A full period rectifier combined with a low pass filter was used for signal 
smoothing. 
 

 

Figure 55. Impedance magnitude results (MSP430-based solution  vs commercial impedance 
analyzer) 

Results were compared against the measurements made by the commercial 
impedance analyzer by Wayne-Kerr. Experimental measurements were carried out 
on a free and bonded piezo. Both results indicated a great similarity between the 
commercial impedance analyzer and the proposed solution. 
 It is concluded that a simple MCU combined with a simple analog front end 
is a very effective impedance magnitude measurement method. Both low cost and 
low power use make it useful for SHM applications.  
 This paper was published in the journal Electronics and Electrical 
Engineering 2011, No.7(1113). The author of this thesis is the sole author of the 
paper. 
 

7.5  Simple DSP Interface for Impedance Spectroscopy of Piezo 
Sensors (Summary) 

The paper describes a simple DSP hard- and software solution for piezo sensor 
impedance spectroscopy. The solution is based on the Texas Instruments Delfino 
series DSP. The overall goal of this study was to find a DSP-based impedance 
spectroscopy solution while using a minimal number of external components. The 
paper describes the use of DSP integrated ADC and DAC components effectively. 
For excitation, a signal generation external active low pass filter is needed to convert 
the PWM signal to the analog domain. Both ADC and PWM had a sampling 
frequency of 2 MHz. The use of 3 ADC channels enables to utilize the proposed 
solution for the pitch-catch measurement, making it a more universal SHM 
measurement node solution. 
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Figure 56. Hardware layout of the F28335-based hardware solution 

It is concluded that an integrated single chip solution for piezo impedance 
spectroscopy is possible. The development of DSP peripherals enables to reduce 
overall external components needed for impedance measurement systems.  

Results of this study were presented in 2010, at the 12th Biennial Baltic 
Electronics Conference (BEC2010 Tallinn, Estonia, October 4–6, 2010). The main 
contribution to this research by the author was the testing and evaluation of the 
measurement results. 
 

7.6  TMS320F28335-based Piezo Sensor Monitor-Node (Summary) 

In this publication, the use of TMS320F28355 DSP is analyzed for piezo impedance 
spectroscopy. The goal of this paper was to investigate DSP solutions with minimal 
external interfaces which would maximize the use of internal ADC and DAC 
components. 
 The paper describes experimental measurements on free and bonded piezo 
sensors. The results were compared against commercial impedance analyzer results 
by Wayne-Kerr 6500B. 
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Figure 57. Magnitude of the impedance results (F28335-based solution vs commercial impedance 
analyzer) 

It is concluded that the developed solution is effective for impedance measurements 
up to 400 kHz and could be extended up to 1 MHz with relative ease.  
 The results of this study were presented in 2010, at the 4th European DSP 
Education and Research Conference (EDERC). The main contribution to this 
research by the author was the development of  software, experimental 
measurements and analysis of the results. 

7.7  Method and Device for Frequency Response Measurement 
(Summary) 

The patent proposes a method for frequency response measurement. FFT and DFT 
are computationally very expensive transforms. Avoiding those transforms enables 
to use simpler (cheaper) processing units. The solution describes the use of a wide-
band linear chirp signal for DUT excitation. The response signal is correlated with 
two reference signals. The first reference signal could be exact excitation signal and 
the second one the quadrature of the first reference signal. Correlation is done in a 
sliding window. The window could have a fixed size or be dynamic in the time 
domain. This enables to get a different accuracy in different parts of the time domain 
signal. By calculating the correlation between those signals, a real and imaginary 
part of response signal could be extracted.   
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Figure 58. Principal layout of the solution 

As only MAC calculations are used in this method it is very effective on DSP 
platforms which are optimized for MAC calculations.  
 The results of this research were published as a US patent application and as 
an Estonian patent. The main contribution to this research by the author was 
experimental measurements, result analysis, Matlab scripts for measurements and 
analysis.  
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8. RESULTS 

8.1  Conclusions 

New methods for EMI measurement have been investigated and proposed in this 
thesis. State of the art methods for EMI signal processing have been tested and 
simulated using actual PZT transducers in different conditions. Experimental 
hardware solutions have been developed and tested. Tests include comparison of 
experimental results with industry standard commercial impedance analyzers.  

As a result of this thesis, two principally different impedance measurement 
methods were proposed. The two methods were both implemented on PC-based and 
embedded hardware. 

PC-based based implementations were written in Matlab code and using 
USB DAQ box for excitation signal generation and response signal measurement. 
Measurements were conducted on a PZT element and compared against 
measurements made by the commercial impedance analyzer.  

Embedded hardware based implementations were developed keeping in 
mind real-life SHM applications. Low power consumption and low price were 
considered to be the priorities dictated by real life scenarios. Two solutions based on 
TI MSP430 MCU and MS320F28335 DSP were proposed.  The first solution was 
very simple and robust for very low-power applications. The second one was for 
more advanced and higher performance applications. Both hardware solutions were 
tested and evaluated. Measurement results of a PZT element were compared against 
the commercial impedance analyzer. 
 All goals set for this theses were met. New solutions were proposed and 
tested. 
 
The results of this thesis could be summarized as follows: 

 The magnitude and phase of the EMI peaks can be used as indicators of the 
PZT transducer state.  

 The magnitude and phase of the EMI can be the indicator of a host structure 
condition. 

 The proposed 30 ms is a sufficient length and 20 kHz - 600 kHz is a 
sufficient frequency range for PZT transducer EMI linear chirp excitation 
signal to distinguish different states. 

 The TI MSP430-based solution is a sufficient EMI magnitude measurement 
in the 20 kHz–600 kHz range. 

 The TI F28335-based measurement node is sufficient for PZT transducer 
pitch-catch and EMI measurements in the 20 kHz–600 kHz range. 

 The proposed sliding window correlation method is a feasible alternative to 
FFT calculation.  
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 Additionally it was confirmed experimentally that PZT transducer EMI 
spectra can be used for composite delamination and PZT transducer 
structural damage detection. 
 

8.2  Future Work 

Future work could involve improving EMI measurement results using binary 
signals. In [27] effective impedance measurement results have been demonstrated, 
using wide-band binary signals in the biological tissue. Binary signals enable to use 
more simplified electronics for signal generation but require more complex 
excitation signals or later signal processing.  

Further more experimental measurement results are needed using actual 
composite structures to see different defect modes influencing electromechanical 
impedance spectra. In this thesis, only simple structures and defect modes were 
covered. In future studies, more complex structures and progression of the defects 
should be covered. 

Additionally damage metric could be developed, similarly to [56]. This enables 
to classify the damage severity and type into different classes. Damage metric could 
either be simple linear or more complex neural network based. Also damage 
prognosis, similarly to descriptions in [57] could be in the focus for future studies.   
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ABSTRACT 

 
This thesis describes methods and hardware for piezo electromechanical impedance 
measurement. PZT transducers are widely used in structural health monitoring 
applications. Piezo effect turns alternating current into mechanical waves. These 
waves in specific frequency range can be used for host structure health monitoring. 
The host structure could be a bridge, an airplane wing or a blade of a wind turbine.  
Methods like pitch-catch or pitch echo are commonly known and widely used in 
monitoring applications. In one simple example, electromechanical impedance 
(EMI) can be used to evaluate bond quality between PZT and host structure. 
Additionally to this, EMI can be used to detect the host structure and PZT transducer 
structural defects. In this thesis, the host structure delamination and PZT structural 
defects are experimentally studied 
 In lab conditions, EMI is usually measured using commercial impedance 
analyzers. These are very expensive and bulky pieces of hardware. The use of this 
kind of devices on the site would be very complicated. In order to measure EMI in 
real SHM applications, the measurement system should be small, light and have low 
energy consumption. In this thesis, two embedded low-power, low-cost hardware 
solutions are proposed. 
 One of the most important parameters in SHM is the measurement time. 
Impedance spectrum is measured in specific frequency range, by measuring 
determined frequency points one-by-one. This is a very time-consuming but simple 
method, but often in real SHM applications measurement conditions change less 
than in seconds. These changes could be caused by alternating loading, temperature 
or other parameters. To avoid inaccurate measurement caused by fast changing 
conditions, measurement time should be as short as possible. Use of wide band 
excitation signal may shorten EMI measurement time. In this study, short wide-band 
excitation signals are studied and tested. Two impedance calculations methods are 
proposed and the results demonstrated. 
 In the first chapter, the motivation and goals of this thesis are described. 
Shortly, an overview of SHM and sensorics is given. Different structural health 
monitoring methods like passive and active acoustic methods are described.      
 In the second chapter, previous publications most relevant to this thesis are 
described.  Previous methods are explained and compared to the approach used in 
this thesis. 
 In the third section, experimental hardware setup for PZT EMI measurement 
is described. This setup is prepared to simulate the actual working conditions of a 
PZT transducer together with a host structure. In this setup, experimental 
measurements are conducted. 
 In the fourth section, different methods for impedance measurement are 
described. Different excitation signals and impedance calculations methods are 
analyzed. Two impedance calculation methods are proposed. These methods are 
described in  detail and the experimental measurement results are demonstrated.  
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 In the fifth chapter, different hardware solutions for impedance 
measurement and calculation are described. Two new hardware solutions are 
proposed. These solutions are described in detail and the measurement results are 
demonstrated. Impedance plots are compared against the commercial impedance 
analyzer from Wayne Kerr. 
 In the sixth chapter, two specific applications in SHM are studied.  In the 
first case, a structure with delamination defect is studied using EMI methods. The 
goal of this study is to find an indicator of delamination using PZT EMI 
spectroscopy. In the second case, the structural integrity of a PZT transducer is 
monitored. Based on the PZT EMI spectrum plot, indicators of structural defects are 
extracted.  
 In the seventh chapter, an overview of publications related to this thesis is 
given. Overall three journal articles, three conference publications and one invention 
specification are listed. Each publication is described in detail and the parts provided 
by author of this thesis are described. 
 In the final chapter, the results of this thesis are described. The proposed 
methods and solutions are summarized. In addition to this, a potential list of future 
research activities is described. 
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KOKKUVÕTE 

 
Käesolev väitekiri kirjeldab meetodeid ja lahendusi piesotäituri/tajuri 
elektromehaanilise impedantsi mõõtmiseks. Piesotäiturid ja -tajurid on laialt levinud 
struktuuride konditsiooni monitooringu rakendustes. Piesoefekt muundab 
elektrilised võnked mehaanilisteks ja vastupidi. Neid laineid saab kindlatel 
sagedustel kasutada erinevate struktuuride seisundi monitoorimiseks. Vaatluse all 
olevaks struktuuriks võib olla näiteks lennuki tiib, silla kandevkonstruktsioon või 
tuuleturbiini laba. Lihtsaima näitena võib pieso-elektromehaanilist impedantsi 
kasutada tajurite/täiturite diagnostikaks. Lisaks sellele saab impedantsi kasutada ka 
struktuuride endi diagnostikaks. Selles töös kirjeldatakse kahte näidisjuhtumit 
impedantsi kasutusvõimalustest. Esimesel juhul kirjeldatakse komposiitstruktuuri 
delaminatsiooni tuvastamist, teisel juhul täituri diagnostikat.  
 Laboritingimustes mõõdetakse elektromehaanilist impedantsi tööstuslike 
impedantsanalüsaatorite abil. Need seadmed on äärmiselt kallid ja mõeldud 
statsionaarseteks mõõtmisteks. Reaalsetes tingimustes mõõtmiseks peab kasutatav 
mõõtesüsteem olema piisavalt väike, odav ja väikese energiatarbega. Selles töös 
pakutakse välja lahendusi, mis vastavad nendele tingimustele. 
 Üks peamisi parameetreid konditsiooni monitooringu juures on mõõteaeg. 
Traditsiooniliselt mõõdetakse impedantsi kindlas sagedusvahemikus sageduspunkti 
haaval. Selline mõõteviis on väga ajakulukas, kuid lihtsalt teostatav. Paraku on 
reaalsetes oludes vajalik mõõteaeg alla sekundi. Muutuvad keskkonna parameetrid 
nagu koormus, temperatuur jne võivad muuta mõõtetulemust. Selle vältimiseks peab 
mõõteaeg olema võimalikult lühike. Laiaribaliste ergutussignaalide kasutamine 
võimaldab teostada impedantsi mõõtmisi oluliselt lühema ajaga. Antud töös 
uuritakse ning testitakse lühikesi ja laiaribalisi ergutussignaale. Sellistel 
ergutussignaalidel baseeruvad ka kaks esitatud mõõtemeetodit.  
 Esimeses peatükis kirjeldatakse töö eesmärke. Kirjeldatud on lühiülevaade 
olemasolevatest mõõtemeetoditest, nagu näiteks passiivne ja aktiivne akustiline 
meetod.  
 Teises peatükis kirjeldatakse eelnevaid töid samas valdkonnas. Ülevaade 
kirjeldab teiste autorite töid ja võrdleb neid antud töös pakutud lahendustega.  
 Kolmandas peatükis kirjeldatakse eksperimentaalset riistvara, mida kasutati 
piesoimpedantsi mõõtmiseks. Antud riistvara koosneb mõõteosast ja mõõdetavast 
piesotäiturist koos tugistruktuuriga. Selles seadmes on teostatud eksperimentaalsed 
mõõtmised simuleerimaks reaalseid rakendustingimusi. 
 Neljandas peatükis kirjeldatakse piesoimpedantsi mõõtmiseks ja 
arvutamiseks võimalikke meetodeid. Lisaks kirjeldatakse erinevaid ergutussignaale. 
Pakutakse välja kaks uut mõõtemeetodit. Detailselt kirjeldatakse nende sisu ja lisaks 
demonstreeritakse eksperimentaalseid mõõtetulemusi. 
 Viiendas peatükis kirjeldatakse impedantsi mõõtmiseks vajalikku 
riistvaralisi lahendusi. Esitletakse kahte riistvaralist mõõtelahendust. Lahendusi on 
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detailselt kirjeldatud ning lisaks on teostatud eksperimentaalsed mõõtmised. 
Mõõtetulemusi on võrreldud tööstusliku impedantsanalüsaatoriga. 
 Kuuendas peatükis kirjeldatakse kahte konkreetset rakendust. Esimesel juhul 
kasutatakse piesoimpedantsi komposiitmaterjalis delaminatsiooni defekti 
tuvastamiseks. Teisel juhul kirjeldatakse piesotäituri diagnostikat impedantsi abil. 
 Seitsmes peatükk annab ülevaate publikatsioonidest. Igast publikatsioonist 
antakse sisuline ülevaade. Kokku on loetletud 3 ajakirja, 3 konverentsi artiklit ja 
ühte patendikirjeldust kahes riigis. 
 Viimases peatükis võetakse kokku pakutud lahendused ja saavutused. Lisaks 
loetletakse võimalike tulevaste tegevuste nimekiri. 
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APPENDICES 

Appendix I 

O. Märtens, T. Saar and M. Reidla, “Study of Various Excitation and Reference 
Signals for Pulsed Correlation-based Ultrasound Signal Processing,” Electronics and 
Electrical Engineering, Vol. 105, No. 9, pp. 89–92, 2010. 
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Appendix II 

O. Märtens and T. Saar, “Fast Impedance Spectroscopy of Piezosensors for 
Structural Health Monitoring,” Electronics and Electrical Engineering, Vol. 103, No. 
7, pp. 31–34, 2010. 
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	�	���������� � � � � � �� !"#$%��&'()"*$*! +#���,-./�01234-563�7236/89.692:�9;�<=3>9.35.98.�;98�7/8?6/?8-@�A3-@/B�C95=/98=5D��EF�CG8/35.H�IF�7--8H�CF�C=5H�JF�K-54H�CF�J3=4@-�LMNNOPP�QPORSTUOVW�XY�LSZ[PXNX\W]�̂S_MTV̀SPV�XY�aNSZVTXPOZU]�bX̀_SVSPZS�bSPVST�acdef]�a[OVMgMVS�VSS�h]�ijklm]�LMNNOPP]�SǹMONo�XNSRpSNOPqVVrqSS�� �05/894?6/=95��stuvwxyzuv{|}~v|t�~z�u�|}vu�zu|��xuzu}w����utuvwxy�~z�u�|}vu���uvwxy�vy����s����y���~u�yutuvwx~v�wx|}���vux����|�u��y}�tu|���~xvy}|wu�w~w|}|wu�������~���~�ut����u��~}�{u|tw{�zy}~wyx~}��y��vyz�y�~wu��wx�vw�xu����x~z|x~t���yx�}u|x��u}�yx�zy}~wyx~}��y��w{u��wx�vw�xu�|}���yx�v{uv�~}����|t~w��y���u}�yx��|}���y}�~}��y���u}�yx��wy�w{u���x�|vu�y��w{u�z|wux~|t���u|�y}|�tu��xu��u}v��x|}�u��yx�wu�w~}��y���wx�vw�xu��|}���u}�yx��~��y�wu}��uwuxz~}u�����u��ux~zu}w|t�xu��tw����}�w{u�~z�u�|}vu��|�u��zuw{y���z�tw~�tu��xu��u}v��x|}�u���~w{�z�tw~�tu��u|���vy�t���u���u������xu��u}v��x|}�u�{~�{ux�w{|}���������~���y�}��wy��u��|�yx|�tu��yx�tyv|t��u}�~}����{~tu��xu��u}v~u��ty�ux�w{|}��������vy�ux�t|x�ux��u}�~}��|xu|������~v|tt��w{u��xu��u}v��x|}�u�y���������wy����wy���������~����u����yx�{~�{ux��xu��u}v~u���w{u��|�utu}�w{�y��w{u�u�v~w|w~y}�~���z|tt��|}���u}�~w~�u�u}y��{�wy��uwuvw��z|tt�v{|}�u��~}�w{u��wx�vw�xu����yx�{~�{ux��xu��u}v~u��w{u��u}�~}��xu�~y}�y��w{u�����~��t~z~wu��wy�|}�|xu|�}u|x�wy�w{u������u}�yx�|vw�|wyx�����~v|tt��w{u�xu|t��|xw�y��utuvwx~v�~z�u�|}vu�~��zyxu�xu|vw~�u�wy��|z|�u�yx�v{|}�u��~}�w{u��wx�vw�xu ��~}wu�x~w��w{|}�w{u�~z|�~}|x���|xw���uz�ux|w�xu�v{|}�u���|zy}��|tt�yw{ux�|z�~u}w�vy}�~w~y}����~�}~�~v|}wt��|��uvw�w{u�utuvwx~v�~z�u�|}vu��~�}|w�xu��zu|��xu�����|�����¡�¢���|�ux�¡�¢���zz|x~�u��w{u��u�vx~�w~y}�y��w{u�zy�~�~u��utuvwxyzuv{|}~v|t�~z�u�|}vu�zy�ut���yx��|x|zuwx~v��w��~u���yx�~z�u�|}vu��|�u���u}�yx��~|�}y�w~v����|�ux�¡�¢��u�vx~�u���{y��|������|wv{�~����x�|vu��y}�u��wy�w{u��wx�vw�xu�wy��u�zy}~wyxu��|}��~w��vyxxu��y}�~}��utuvwxy�zuv{|}~v|t�|�z~ww|}vu��~�}|w�xu�~����u���yx��|z|�u��uwuvw~y}���zy}��yw{ux��u|w�xu��|}���u�uvw��vx|v���|}��u�u}�z�tw~�tu�vx|v���~}�w{u�z|wux~|t��}�ux�wu�w�v|}��u��y�}�����~z�u�|}vu�zu|��xuzu}w��¡�¢��£��zu|��x~}��utuvwx~v|t�~z�u�|}vu�y�ux�vuxw|~}��xu��u}v��x|}�u�y}u�v|}�z|�u�vy}vt��~y}��|�y�w���|t~w��y��w{u��y}�������y}���uw�uu}��~u�yutuvwx~v��u�~vu�|}��z|wux~|t�~���uu��w{u}��{|x��xu�y}|}vu��u|���v|}��u��uu}�y}�~z�u�|}vu��xu��u}v���tyw��£�w�~���y}��~���wxy}��w{u}�~z�u�|}vu�v�x�u�~��z�v{��zyyw{ux���u|���y��xu�y}|}vu�

�xu��u}v~u��|xu�ty�ux�|}���yzuw~zu��xu�y}|}vu��xu��u}v~u��|xu�u�u}��{~�wu��|ty}���xu��u}v��|�~����¡���¤¢�¥¦§̈©ª«̈¬¦�¬®«©©¬̄ §̈�°±²³��~}�ux�u���}vw~y}�y��w{u�utuvwx~v|t�~z�u�|}vu��y��w{u��~u�yutuvwx~v�wx|}���vux�������~��|�vyz�~}u����}vw~y}�y��w{u�zuv{|}~v|t�~z�u�|}vu�y��w{u�����|vw�|wyx��|±²³�¬̄�©́¬©�µ¶�©́§�́µ·©�·©ª̧̈ ©̧ª§�¹±²³�¡º¢»��¼¼½¾¿¿ÀÁ ÂÃÄÄÅ aÆÆÆML ÇÈÉÉ ÉMOÇ Ê���� ���� ���� ËË ËÌËË ����������yx�v|xx�~}��y�w�zu|��xuzu}w��~}�w{u�xu�u|xv{��{|�u�vyzzuxv~|t�~z�u�|}vu�|}|t��ux�~}�wx�zu}w���t~�u�����Í����vy�t���u���u����twux}|w~�u�~��wy���u���uv~|t�~z�u�|}vu�zu|��xuzu}w�v{~���|�u���yt�w~y}���t~�u��Î¤Í�����Ï��������£~w�~z�u�|}vu�vy}�uxwux�}uw�yx��|}|t��ux��¡�¢��Ð}�yxw�}|wut����v{�v{~���|xu�t~z~wu�����|vv�x|v���xu�yt�w~y}��yx��xu��u}v��x|}�u�|}��v|}�zu|��xu�y}u��xu��u}v��|w�|�w~zu��z|�~}��w{u�~z�u�|}vu�zu|��xuzu}w���ty��|}���y��|�w�v{|}�u��vy�t��}yw��u�zy}~wyxu����t�y�|��yy���yt�w~y}�~��wy�z|�u���uv~|t���xu�ux|�t���~xutu����uz�u��u��zu|��xuzu}w�}y�u���t~�u�¡Ñ¢��~w{��u�~v|wu��|}|ty���xy}w�u}��|}���~�~w|t��~�}|t��xyvu��yx��Î������C3-.?83135/�.3/?2�� �yx��u�vx~�u��u��ux~zu}w��|��ytty�~}���uw���{|���uu}���u���Ïu|��xuzu}w����wuz�~���Ò��|�u����~w{�Ï|wt|��wyyt��|}��~}wux�|vu������~}��y��Ó|w~y}|t��}�wx�zu}w�Ô�Ð�£�º�¤Í��|�Ð�£�{~�{���uu��Ï��ux~u��z�tw~��}vw~y}��|w|�|v��~�~w~y}��Î�Õ��zy��tu�y�w~z~�u���yx�|vv�x|v��|w��|�w��|z�t~}����{~���}~w�vy}w|~}��z�tw~�tu�u��|}|ty��wy��~�~w|t�vy}�uxwux���ÎÒ��|}���~�~w|t�wy�|}|ty��vy}�uxwux��Î�Ò����~w{����¤Ï������uu��|}���º��~w�xu�yt�w~y}�����~�}|t�vy}�~w~y}~}��|}|ty���xy}w�u}��~��vy}w|~}~}��|��y�ux��x~�ux��~w{�Ö�×���ytw|�u�|z�t~�~v|w~y}�|}��|��ytw|�u��~�~�ux���»���wy�zu|��xu�u�v~w|w~y}��ytw|�u�Ðu�v��wy�Ø��Ù��~��y}�w{u�����v~xv�~w�|}���{�}w�xu�~�wyx��×��Ú��yx�v�xxu}w��u}�~}��~}�|����������~�}|t����~�������Ûu}ux|w~y}�y���|x~y����|�u�yxz����~}u��|�u��|}��w{u~x�vyz�~}|w~y}���|}��|t�y��|w|�|v��~�~w~y}�|}���xyvu��~}���~��v|xx~u��y�w����w{u��Ò�



����

�����	
���	�
��������������������	���
��������������������	�����������	����������������	
���� ������	���	�����!�
�����������	��
�	��"## "## $�����!%�����	����&���'����������&����&
������������
��	��!������	�&
����������	�
��
�()*+�,+�-�	�&
���������&���!������	�
	����
�()*+�.+�-�	�&
���������&����/010234�35526378�96�92)0:�34*62)98;<������=���
	�����	��������	���
�������������
	�������������	>�����������
�?&��%�	��	����������
�����	�������
�����	
���
����
����&��	��&���&�����
�?&��%�>���	�����
�� ��	�����	�����	�&
�������������>���	����
����������&

�������������&���
������
�	��������	�&�	����������������� ������	���!%�@��
����'�&
��
��
	����
���@'�����	����������	�&��������
	����
���������������������	�&
���������&��	����&!�
	�����������&���
������
�
�	��>	�&������������	������� ������	������������	�&
����
&������
���������� ������	����A�������	���@'�����
�	���	!����������������	��'	���'�&
��
��
	����
���''����A��&

�������&����
�
���
������ ��	������>	�&������	�	������	�&
�������	��������&�������������%��
���&���	��������
�� ��	�����B� ��	���&

�����	�������AC������D���	���
	�������EF#D����G@H�	���@GH��	��!����&��������E�#�D�� ��	��������	�������	����G�&	��%�	�����&�������	!�&���#I���������&����	����	��!����&�����J	�����
	����	��!����F��"�-�K����
�@GH�	���"##��JK����
��	��G@H��	��������&

����� ��
��������G��&����BJL�M�"N��	���&������ ������&�����������G@H���������	���������!�����������O�%��
���&�P�G@H��	��������

��������������	����������G@H��	���������
������������	%��	��!�����

�������
�&

�����
�?&�������'
�?&��%�
	�����	��!����	!�&��

�
���F#��##��QC���
���
���������
�?&��%�������	���
����&���������"��QC������
��&�����������������	!�����	��OJ�P����	�&
�������	
���
��������	������
�!���!������'�
�
���
��������������	���������������
���	��!������	�&
���!%�����
�	���
�������A����	���G�	�%C�
�M"##L����R	%���S�

����������'������	�������OJ�P�	�����
����	
����������������	�
������J ���!���Q�
��	�������� �����&
������������������������������&���������������	������ ��������
�	���	
��	�����������	
���������	���	
%��	
�����������	�&
�������� ������	�����
�	����
�!��()*+�T+�L�������J��U�	���>����
���J �V�!������������	�����W4*62)98;<�31:�;03<X20;019�20<X49<��� ��������������� ��	���������	���	����
��������	���
��������
���
���U�YZ�[\]̂_]̀ab�cad̀ è̀f�������
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Appendix III 

 
T. Saar, O. Martens, M. Reidla and A. Ronk, “Chirp-based impedance spectroscopy 
of piezo-sensors,” in Proceedings of the 12th Biennial Baltic Electronics Conference 
(BEC), 2010, 12th Biennial Baltic, 2010, pp. 339–342. 
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Appendix IV 

T. Saar, “Robust Piezo Impedance Magnitude Measurement Method,” Electronics 
and Electrical Engineering, Vol. 113, No. 7, pp. 107–110, July 2011. 
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Appendix V 

O. Märtens, M. Reidla and T. Saar, “Simple DSP interface for impedance 
spectroscopy of piezo-sensors, in Proceedings of the 12th Biennal Electronics 
Conference (BEC), 2010, 12th Biennial Baltic, Tallinn, 2010, pp. 343–348. 
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Appendix VI 

O. Märtens, T. Saar and M. Reidla, “TMS320F28335-Based Piezosensor Monitor-
Node,” in EDERC2010 European DSP in Education and Research Conference 
Proceedings, Nice, 2010, pp. 62–65. 
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Appendix VII 

O. Märtens, M. Min, R. Land, P. Annus, T. Saar and M. Reidla, “Method and device 
for frequency response measurement,” US Patent Application, US2012/0007583, 
2012. 
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Appendix VIII 

O. Märtens, M. Min, R. Land, P. Annus, T. Saar and M. Reidla, „Meetod ja seade 
sageduskarakteristiku mõõtmiseks,” Estonian patent EE 05616 B1, 2012. 
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