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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



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:

e development of methodologies for the design of a new smart composite,

e development of new manufacturing techniques for fabrication of a smart
composite,

e prototyping of the smart composites,

e evaluation and validation of the smart composites (monitoring capabilities;
mechanical, thermal, etc. properties),

e 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
AE
CF
DC
DDS
DFT
DMA
DSP
DSC
DUT
EMI
FFT
FPGA
IC
MAC
MCU
NDE

alternating current

acoustic emission

crest factor

direct current

direct digital synthesis
discrete Fourier transform
direct memory access

digital signal processor
digital signal controller
device under test
electromechanical impedance
fast Fourier transform
field-programmable gate array
integrated circuit

multiply accumulate

micro controller unit
non-destructive evaluation

PWAS piezoelectric wafer active sensors

PZT
RAM
RMS
SHM
SNR
SUT
TOF

lead zirconate titanate
random access memory
root mean square

structural health monitoring
signal to noise ratio

sample under test
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]:
e damage existence
e damage location
e damage severity
e 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:

62¢ 62(]5 wZ
—+ ==+ —5=0 1.1
ax? " dy? * c? ' (1)

0%y 9%y
0x? = 0y?

w2
—=0, (1.2)
Cr

where ¢ and 1 are two potential functions and c¢; and c; longitudinal and
transversal wave speeds. General solutions of eq. (1.1), (1.2) can be written as
follows:

¢ = [A; sin(py) + A, cos(py)]e!*—w0) | (1.3)
Y = [By sin(py) + B, cos(qy)]e'*k*¥~«b), (1.4)

(1)2

L

(1)2
1= |z~ k%, (1.6)

T

2T

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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tan ( ) 4k?pq

- (1.8)
tan (pT) (q* — k2)?

—tan (%) = - —(qz — k%)’ (1.9)
tan (%) 4kpg .

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].

14
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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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Sij = SlEjlekl + dyiEx (1.10)
Dj = djiTia + €kEx, (1.11)

where §;; is the mechanical strain, Ty; the mechanical stress, SiEjkl the mechanical
compliance at zero electric field, Ej the electrical field, D; the electrical
displacement and dj); is the piezoelectric coupling effect, eﬁc 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 Z(w) and of the host structure Z,(w) [23], [24]:

Z(w)

Y(w) = iwa (§3g - m

a4 0E), (1.12)

where a is the geometry constant, d2, the piezoelectric coupling constant, ¥,.Z 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

16



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]:

Z=R+jX=ReZ+jlmZ . (1.13)

The magnitude and phase of the impedance can be calculated using following
equations:

|Z| = VReZ? + ImZ2, (1.14)

ImZ
¢ = arctan ReZ ) (1.15)

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

'
Im

B i
2]

R=ReZ

b oo o am am mm s s s o

Re

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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w

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.

PZT patch bonded to structure

L Oscilloscope
I

Function
generator
Vi g

—
=]

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.
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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 Q). 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 ef 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
XCS0E 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.

23 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
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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 DBI 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].

Z

10 10° 10° 10° Hz 10° 10°
——

f
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”.
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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

150 100

173

500

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
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
One transducer was connected to
transducers and DAQ external

voltage (Figure 13). For the signal generation and

excitation signals using PC-based Matlab software.
DAQ input and other to the output. Between
amplifiers were used.

PC USB-6259
n. NI

MC:::a b) 1,25Ms/s
’ 16-bit ‘
i

Ku=3 | Ku=10

Driver PreAmp
! i

PZT1 ‘ PZT2

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.
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M i i M i
5 10 15 0 = 30 35

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

p— M Sl

ati L 5 i 1 130

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.

5000
4500 i | |
4000 Magnitude Sx (Q)
3500 \ Magnitude S1 (Q)
3000 -
2500 -
2000 -
1500
1000 \
500 % |
0 | " | “?9‘

0 100000 200000 300000 400000 500000 600000

Impedance Magnitude (Q)

Frequency (Hz)

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.

Vi

Zx

V2

R1

Figure 19. The PZT measurement schematic with shunt resistor R1

28

600000




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:

_ +o00 ,t=0
5(t)_{ 0 tro0 (1.16)

while integral of Dirac delta function is equal to 1

fooa(t)dt =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:

i=k
Sexc(t) = E ' 1Al- *sin(2nf; + @;) , (1.18)
l=

where: S, is the multi sine wave signal, A4; is the amplitude of a sine component, f;
is the i-th frequency, ®; 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 A4:

) ,Btn+1
V() = Asin [2n (fot + 1)] , (1.19)

where 8 = Beyc/Ten 1s the frequency change rate, T., the signal duration and
Boxc = fin — fo 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 A - sgn(V,, (t)) and can only have values +A (Figure 20).

l | |
} L]

|| F | 1 1IN

Figure 20. Example of binary chirp signal [43]
| & |-' . | B
| n RE'R [

Figure 21. Example of ternary chirp signal [43]

CLEOE

Another version of chirp signal has three different signal values +A4, 0, —A (Figure
21).

4.2  Signal Processing

Electrical impedance can be described using the following mathematical formula:
Z(jw) = Re(Z(jw)) + jIm(Z(jw)) = |Z(w)|eU®z@) (1.20)

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

1Z()] =V Re(Z(jw))* + (Im(Z(jw))?, (1.22)

Im(Z(jw)

®(w) = arctan [

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:

Z(jw) = F(VZ—(t)) . (1.24)
F (Iexec (t))

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:

A A
Asin(wt + ¢@,,) * sin(wt) = Ecos((pu) — Ecos(Zwt +¢,). (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:

|F(;(©)

200 =15 o] (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 25. Calculated current response
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Figure 26. Smoothed current magn
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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.

| ———
Sliding

) Response signzl {length nl
correlation

window
[length m)

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.
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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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S. 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 MQ to 10 MQ range. For impedance calculation
DFT has been used on DSP core.

FUNCTIONAL BLOCK DIAGRAM
MCLK AVDD DVDD
Y
DDS /\A]
CORE DAC =
areims) —
+ Rour VouT |
f
;
cL 12 TEMPERATURE /
A INTERFACE SENSOR Ziw)|
A s
;
AD5933
REAL |[IMAGINARY RFB
REGISTER || REGISTER
1024-POINT DFT
VIN

-1
ADC b\_ GAIN b
(12 BITS) e +
VDIV

AGND DGND

EIM-001

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 pus 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 12C data connection.

AMP PZT

>

- DDS

MSP430
F2013 U

__:::: Analog
front end

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 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 3™ 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 x 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.

41



L
o1 Dac  LRF A1 [OPASSZ)
fo=800KHz +.30V max

i S
fuC Rl
e FZT1
Do [ am .
2833 |  ADC2 | cahiftsle |
=

External SRAM
1K= 16-bit

Data communication
R5-232 = USB

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
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commercial impedance analyzer. Figure 38-41 display experimental measurement
results on the bonded and on the free piezo.
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Figure 38. Magnitude of the impedance of a bonded PZT (S1)
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Figure 39. Phase of the impedance of a bonded PZT
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Figure 40. Magnitude of the impedance of a free PZT
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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.

44



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.

) ) S

7 )
27

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.

Transducer on top of gel coat

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.
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Delamination ~ 100 mm

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.
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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)
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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.
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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.
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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.
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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.

54



DAC

p1 i up i 1C1
TPF |
psp ePUN > |: F -

THE320 Uz

f28335 |Adc) fe I '(ﬁ)Pzn
ADCE | ._’”

ADC3 | E | ' !!ma
1c2

Data communication
R5=-232 / USB

PZTE

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:

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

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

e 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.

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

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

e The proposed sliding window correlation method is a feasible alternative to
FFT calculation.

58



e 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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KOKKUVOTE

Kéesolev  viitekiri  kirjeldab meetodeid ja lahendusi piesotdituri/tajuri
elektromehaanilise impedantsi mootmiseks. Piesotditurid ja -tajurid on laialt levinud
struktuuride  konditsiooni monitooringu rakendustes. Piesoefekt ~muundab
elektrilised vOnked mehaanilisteks ja vastupidi. Neid laineid saab kindlatel
sagedustel kasutada erinevate struktuuride seisundi monitoorimiseks. Vaatluse all
olevaks struktuuriks voib olla niiteks lennuki tiib, silla kandevkonstruktsioon voi
tuuleturbiini laba. Lihtsaima niitena v3ib pieso-elektromehaanilist impedantsi
kasutada tajurite/tditurite diagnostikaks. Lisaks sellele saab impedantsi kasutada ka
struktuuride endi diagnostikaks. Selles t60s kirjeldatakse kahte ndidisjuhtumit
impedantsi kasutusvoimalustest. Esimesel juhul kirjeldatakse komposiitstruktuuri
delaminatsiooni tuvastamist, teisel juhul tdituri diagnostikat.

Laboritingimustes modddetakse elektromehaanilist impedantsi tdostuslike
impedantsanaliisaatorite abil. Need seadmed on &irmiselt kallid ja mdeldud
statsionaarseteks modtmisteks. Reaalsetes tingimustes mdotmiseks peab kasutatav
modtesiisteem olema piisavalt véike, odav ja vidikese energiatarbega. Selles t60s
pakutakse vilja lahendusi, mis vastavad nendele tingimustele.

Uks peamisi parameetreid konditsiooni monitooringu juures on mddteaeg.
Traditsiooniliselt mdoddetakse impedantsi kindlas sagedusvahemikus sageduspunkti
haaval. Selline mdoteviis on vdga ajakulukas, kuid lihtsalt teostatav. Paraku on
reaalsetes oludes vajalik mdoteaeg alla sekundi. Muutuvad keskkonna parameetrid
nagu koormus, temperatuur jne vdivad muuta moodtetulemust. Selle véltimiseks peab
modteaeg olema voimalikult lihike. Laiaribaliste ergutussignaalide kasutamine
voimaldab teostada impedantsi modtmisi oluliselt lilhema ajaga. Antud t66s
uuritakse ning testitakse lithikesi ja laiaribalisi ergutussignaale. Sellistel
ergutussignaalidel baseeruvad ka kaks esitatud modtemeetodit.

Esimeses peatiikis kirjeldatakse t66 eesméirke. Kirjeldatud on liihiiilevaade
olemasolevatest mddtemeetoditest, nagu nditeks passiivne ja aktiivne akustiline
meetod.

Teises peatiikis kirjeldatakse eelnevaid tdid samas valdkonnas. Ulevaade
kirjeldab teiste autorite toid ja vordleb neid antud t66s pakutud lahendustega.

Kolmandas peatiikis kirjeldatakse eksperimentaalset riistvara, mida kasutati
piesoimpedantsi modtmiseks. Antud riistvara koosneb modteosast ja moddetavast
piesotaiturist koos tugistruktuuriga. Selles seadmes on teostatud eksperimentaalsed
modtmised simuleerimaks reaalseid rakendustingimusi.

Neljandas peatiikis kirjeldatakse piesoimpedantsi moOdtmiseks ja
arvutamiseks voimalikke meetodeid. Lisaks kirjeldatakse erinevaid ergutussignaale.
Pakutakse vilja kaks uut moGdtemeetodit. Detailselt kirjeldatakse nende sisu ja lisaks
demonstreeritakse eksperimentaalseid mdodtetulemusi.

Viiendas peatiikis kirjeldatakse impedantsi modtmiseks vajalikku
riistvaralisi lahendusi. Esitletakse kahte riistvaralist modtelahendust. Lahendusi on
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detailselt kirjeldatud ning lisaks on teostatud eksperimentaalsed modtmised.
Maddtetulemusi on vorreldud todstusliku impedantsanaliisaatoriga.

Kuuendas peatiikis kirjeldatakse kahte konkreetset rakendust. Esimesel juhul
kasutatakse  piesoimpedantsi  komposiitmaterjalis  delaminatsiooni  defekti
tuvastamiseks. Teisel juhul kirjeldatakse piesotiituri diagnostikat impedantsi abil.

Seitsmes peatiikk annab iilevaate publikatsioonidest. Igast publikatsioonist
antakse sisuline iilevaade. Kokku on loetletud 3 ajakirja, 3 konverentsi artiklit ja
iihte patendikirjeldust kahes riigis.

Viimases peatiikis voetakse kokku pakutud lahendused ja saavutused. Lisaks
loetletakse voimalike tulevaste tegevuste nimekiri.
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O. Mirtens, T. Saar and M. Reidla, “Study of Various Excitation and Reference

Signals for Pulsed Correlation-based Ultrasound Signal Processing,” Electronics and
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Introduction

Ultrasound lamb-waves (generated and received for
example, by piezo-transducers -PZTs) can be efficiently
used for health monitoring of composite structures (SHM)
[1], including (among other applications) monitoring of the
wind turbine blades, which is based on changes in wave
attenuations, time-frequency analysis, wave reflections and
“time of flight” (TOF) information. Pulse-echo and pitch-
echo methods are main alternatives of implementation of
the pulsed Lamb-waves based diagnostics [2]. Also beam-
forming (ultrasonic radar) can be a useful approach [2-5].

Typically excitation signal is 3-5 periods (“burst”) of
windowed sinewave of ultrasound frequency and received
signal is found by cross-correlation processing [1-5] (by
convolution or dot-product calculation in digital case, as a
function of the time delay) of the received signal, by using
of the reference (expected) waveform (generated signal
itself, in a most typical case). Further more, reconstruction
of the envelope of the received burst from the correlation
signal, for example by using of the Hilbert transfer
[3,4,5,7] for imaginary part of the correlation function and
taking module of the received (real) and calculated
imaginary part can give better understanding about the
received pulse, being a smooth function with a single
peak- while correlation function itself has many local
maximums.

In the patent information additionaly to ideas of using
of the Hilbert transform for signal envelope generation [7],
also a pair of quadrature reference signal has been
suggested [6,7] or delaying the input waveform by a peak-
to-zero delay (PZD) interval [8], that means by 90 degrees.

For improving of the time resolution or signal-to-
noise ratio so called ”pulse compression” can be used, by
modulating the excitation burst signal in the frequency or
phase domain. Probably using of the linear chirp is a
simple alternative. Simplification of the used waveforms,
eg using of the rectangular (binary) signals instead of
sinewaves can allow to relax the requirements to the
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hardware and software of the embedded structural health
monitoring solutions [9].

Measurement setup

Generation of the excitation waveform (“bursts” of
sine-wave or binary pulses), as well as data acquisition and
processing has been carried out by PC-based setup. PZTs
(of Noliac - www.noliac.dk) — 3 pieces (of which two
pieces were used in the described experiments)- are fixed
to a glass fiber composite material 500x500x4 mm) by
special glue (Fig. 1).

Fig. 1. Placement of PZTs (a photo) .

For described experiments a following setup has been
used. Measurement system is PC-based (with Matlab tools
and interfaces) with using of National Instruments' USB-
6259, a USB high-speed M-series multifunction data
acquisition (DAQ) module optimized for good accuracy at
fast sampling. This unit contains multiplexed analog-to-
digital converter (ADC) and digital-to-analog converter
(DAC), both with maximum 1.25Ms/s speed (actually
IMs/S was used in described experiments) and 16-bit
resolution. A signal conditioning analog front end is
containing a power driver with Ku=3 voltage amplification
and a voltage divider (1:3) to measure excitation voltage
Uexc (to £30V) is on the PZTI1 circuit and a response
voltage from another PZT2 (Fig. 2).



PC ‘ USB-6259
NI
n.
M(X:'I-ab) N 1,25Ms/s
16-bit

Ku=3 | Ku=10

Driver PreAmp

Fig. 2. Measurement setup (block diagram)
Algorithms and measurement results
In current study a burst of the sine-wave of 5 periods

of 200 kHz has been generated. The following cases has
been studied:

1) In one case the excitation signal has been
windowed by Gaussian windows;

2) In another case no windowing (that means
“rectangular window*) has been used;

3) In third case a binary sequence instead of sine-

wave has been for excitation and instead of
fixed frequency a linear chirp (from 180 kHz to
220 kHz) has been used.

In all cases the absolute value of the cross-correlation
with excitation signal (as expected response) has been
found as a function of a time delay (or lag, in other words,
in ms units). Furthermore, a correlation with “quadrature”
version of the excitation (cosine wave, identical to used
sine-wave) has been calculated and combined, in one case
as sum of absolute values, in another case as sum of
squared values of these two (“inphase and quadrature”)
correlations. Using of “quadrature correlation” component,
calculated from the cosine reference wave is calculation-
efficient, compared with using of Hilbert transform in
general form (over received input signal, for example).

So, the following experiments has been carried out
(with measured and calculated results showed on Fig. 3 till
Fig. 17.

Windowed burst of 5 sine-periods (200kHz).
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Burst of 5 binary periods of 200kHz.
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Introduction

Electromechanical impedance measurement by
electro-impedance spectroscopy (EIS) of piezoelectric
transducers (based on lead zirconate titanate, PZT) is
widely used in health monitoring of composite structures,
primarily for near-sensor monitoring of the structure and
for checking quality of sensors and bonding of sensors to
the surface of the material. Reasonable frequency range for
testing of structures and sensors is often determined by
experimental results. In the impedance-based method,
multiple frequency ranges with multiple peaks could be
used. A frequency range higher than 200 kHz is found to
be favorable for local sensing, while frequencies lower
than 70 kHz cover larger sensing areas. Typically the
frequency range of 30 kHz to up to 400 kHz is used. For
higher frequencies, the wavelength of the excitation is
small, and sensitive enough to detect small changes in the
structures. For higher frequencies the sensing region of the
PZT is limited to an area near to the PZT sensor/actuator.
Typically the real part of electric impedance is more
reactive to damage or changes in the structure’s integrity
than the imaginary part. Temperature changes, among all
other ambient conditions, significantly affect the electric
impedance signatures measured by a PZT [1].

Paper [2] summarizes the description of the modified
electromechanical impedance model, for parametric
studies for impedance-based sensor diagnostics. Paper [3]
describes, how a PZT patch is surface bonded to the
structure to be monitored and its corresponding electro-
mechanical admittance signature is used for damage
detection. Among other features and defects cracks and
even multiple cracks in the material under test can be
found by impedance measurements [4].

By measuring electrical impedance over certain
frequency range one can make conclusions about quality of
the bond. If bond between piezoelectric device and
material is week then sharp resonance peaks can be seen
on impedance-frequency plot. But if bond is strong then
impedance curve is much smoother, peaks of resonance
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frequencies are lower and sometimes resonance
frequencies are even shifted along frequency axis. [1, 5]
Electrical admittance Y(w) (inverse function of the
electrical impedance) of the piezoelectric transducer (PZT)
is a combined function of the mechanical impedance of the
PZT actuator Z,(®) and that of the host structure Z(w) [6]:

. - T Z(w) 25 E
Y(w)=i-w-a &, —m Y .

M

For carrying out measurements in the research phase

commercial impedance analyzer instruments (like
HP4194A) could be used. Alternative is to use special
impedance measurement chip-based solutions (like

AD5933-1 MSPS, 12 Bit impedance converter network
analyzer) [7]. Unfortunately such chips are limited by
accuracy (resolution) or frequency range and can measure
one frequency at a time, making the impedance
measurements slow and so fast changes could not be
monitored.

Also a good solution is to make special (preferably
wireless) embedded measurement nodes, like [8] with
dedicated analog front-end and digital signal processor
(DSP).

Measurement setup

For described experiments a following setup has been
used. Measurement system is PC-based (with Matlab tools
and interfaces), using of National Instruments' USB-6259,
a USB high-speed M Series multifunction data acquisition
(DAQ) module optimized for accuracy at fast sampling.
This unit contains multiplexed analog-to-digital converter
(ADC) and digital-to-analog converter (DAC), with
1,25Ms/S speed and 16-bit resolution. A signal
conditioning analog front end is containing a power driver
with Ku=3 voltage amplification and a voltage divider
(1:3) to measure excitation voltage Uexc (to £30V) is on
the PZT circuit and shunt resistor R=70Q for current
sensing in a PZT (Iz signal) (Fig. 1). Generation of various
waveforms (sine-waves and their combinations) and also
data acquisition and processing, is carried out by the PC



software, according to the selected algorithms. PZTs (of
Noliac - www.noliac.dk) — 3 pieces- are fixed to a glass
fiber composite material 500x500x4 mm) by special glue
(Fig. 2), plus fourth PZT sensor has been measured in the
air.

USB-6259
PC NI
{(Win. 1,25Ms/s
Matlab) 16-bit  —
+ 10V max |
erxcl Iz ‘

Fig. 2. Measurement setup

General approach to tried algorithms

General idea of the algorithms is generation of
sinewave(s), one frequency at a time (discrete scanning or
linear chirp) or simultanous multi-frequency voltage for
excitation and measurement of the voltage drop of the
current on the shunt resistor and then calculation of the
complex impedance by Discrete Fourier Transform (DFT),
taking into account the transfer coefficients of the
measurement setup and subtracting the shunt resistor real
value of the total complex impedance of the measured
circuit, for PZT complex impedance. In some case DFT is
reasonable to implement as Fast Fourier Transform (FFT).
In current setup for reference (excitation) value one analog
measurement channel is used, to get synchronous samples
for excitation(Uexc) and current channels (1z).

Voltage range of £10V of ADC and DAC has been used,
to £30 V excitation (peak-to-peak). Actually amplitudes of
about 30% of the full scale has been used. Sample rate has
been 1.25 Ms/s for DAC and 500 kS/s for each ADC
channel in current experiments. As used USB-6259 has
multiplexed input with one ADC, the (phase shift between
two “synchronous” ADC channels, corresponding to half
of the ADC sampling period time delay has been corrected
for current frequencies. Frequency range has been about
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from 10-300 kHz (or more) with frequency step (and
resolution) of 5 kHz. The results of the PZT (labeled as
“S3”) measurements are presented and described below.
For reference, the impedance of PZT sensors has been
measured by commercial Precision Impedance Analyzer
6500B of Wayne Kerr- look to Fig 3, a) -PZT “S3” and for
comparison PZT in the air (PZT Sx) —b). Here and on next
figures- highest line shows the module of the impedance,
next line- real part and lowest part -the imaginary part of
the measured complex impedance.
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A | | | i,

b)
Fig. 3. Bonded (S3): a — vs. free(Sx); b — PZT impedance

Algorithms and measurement results

The following excitation signals and processing
algorithms were tried:
1) Frequency scanning (one frequency at a time, 0,5s
measurement per frequency, complex DFT realized as
convolution or dot-product by reference (excitation
frequency) sine- and cosine-waves (Fig. 4).
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L
b
a
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-1000
-1500
0s 1 15 2 25 3
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Fig. 4. PZT (S3) impedance for frequency scanning method



2)  Multi-frequency:  simultaneous  multi-frequency
excitation and DFT calculation (Fig. 5 a). Frequency
values were shifted by 2 kHz from the 5 kHz grid, to have
more realistic results (Fig. 5 b).
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0.4 06
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Fig. 5. PZT (S3) impedance of simultaneous multi-frequency
method (a) measured by using of 5 kHz frequency grid, in (b) the
used frequencies has been shifted by 2 kHz.from the 5 kHz grid

3) Multi-frequency excitation with FFT analysis. Initially
here the idea was to use a regular (linear) FFT frequency
grid for excitation and analysis frequencies. The results
had clear artifacts, probably simultaneous ultrasound
waves of integer frequency ratios cause interactions and
disturbances to each other. The method was modified-
resolution of FFT has been 4 times increased (so to 1.25
kHz) and used excitation (and analysis) frequencies have
been shifted by this 1.25 kHz discrete value ( % of initial
grid resolution value), giving quite reasonable results (Fig.
6). In spite of using 4 times “oversampling” of FFT this
method is still computationally very efficient, compared
with all other methods. Furthermore, the averaging of FFT
results over sequence (as FFT is a linear transform) of time
windows (frames) can be turned into accumulating of the
received sequential time-buffer segments into one
accumulated buffer of (“4x”) FFT-size and then
performing FFT only once.

4) Chirp signal: for chirp signal the frequency changes
linearly over time period T. It can be expressed as

(h=h))

V() =sin@r(fit+=2—

@
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Fig. 6. PZT (S3) impedance obtained by the [Jido f simultaneous
multi-frequency method, by using 4x FFT and % shift of
frequency values

In general terms, ignoring specific applications and
practical aspects the chirp signal clearly offers optimal
features for use in dynamic process [9]. Excitation signal
with frequency range 20kHz-600kHz has been generated.
Pulse width from 0,8 -80 ms was tested. Longer pulse
width resulted more accurate impedance plot. Figure 7
shows 80 ms chirp pulse result. In current example the
impedance is calculated by using of FFTs of excitation
voltage and current signals.
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Fig. 7. PZT (S3) impedance obtained by the aid of a chirp (80ms)
signal

Also works [10—-12] offer interesting approaches for
using of chirp signals for spectral impedance
measurements, and can be further investigated. Trying of
“signum chirp” signals to simplify the solution did not give
good results in these experiments.

Conclusions

Using of multi-frequency and chirp signals shows a
great potential in using of EIS in piezo-sensor based
embedded SHM solutions by making the solutions cheaper
and more easily operating in real-time.
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ABSTRACT: Impedance spectroscopy is widely used in
various test&measurement fields and applications. In
current paper a novel approach of excitation with chirp
signal with simple time-domain analysis of response signal
for such task is introduced and described with examples of
measurement of the electro-mechanical impedance of piezo-
sensors, in the frequency range of several hundred kiloherz.
In one approach smoothed separately (by Savitzky-Golay
filter) of excitation voltage and (current) response signals in
a sliding window are found and their ratio is used for
impedance module estimation, at corresponding time and
frequency values. Alternative method for vector
measurement of impedance spectra in time domain has also
tested.

1 Introduction

Impedance spectroscopy is an efficient method for health
monitoring of human beings [1]. In work [2] a “signum
chirp” excitation signal has been used to measure
complex spectrum of impedance of biological objects in a
wide range of frequencies. In this work complex FFT -and
correlation-function based analysis for getting impedance
has been proposed, needing significant computational
effort.

Multi-frequency  eddy  current  (induction-type)
conductivity measurement of objects under test by using
of complex impedance values of measurement coil(s) are
also relevant for medical applications [3], as well as for
testing and measuring and validation of metallic materials
and constructions [4].

Impedance spectroscopy is also an efficient method for
monitoring health of electrochemical objects, like
batteries [5, 6]. In paper [6], a (sine-wave) chirp signal
has been proposed for excitation signal, as an efficient
multi-frequency  signal, with  following  (quite
sophisticated) short-time Fourier' (STFT) analysis in a
sliding window.

Electromechanical impedance measurements of piezo-
sensors can give relevant information for structural health
monitoring of mechanical structures, for example of
composite materials [7, 8].

978-1-4244-7359-5/10/$26.00 ©2010 IEEE

In current paper impedance spectroscopy of piezo-
sensors for structural health monitoring applications has
been studied, with using of chirp excitation signal in
combination with proposed novel simple time-domain
analysis (without using of complex spectral analysis like
FFT) is described and evaluated.

2 Previous work

Impedance of piezoelectric transducers (based on lead
zirconate titanate, PZT) can be measured using different
methods. Traditionally impedance is calculated by
dividing voltage on PZT with current passing it on wide
range of frequencies. Unfortunately this method has high
measurement time and resource requirements. By using
wide-band excitation signals, impedance can be measured
by only one sweep. Fast Fourier Transform (FFT) is
usually being used to transform recorded signal from time
domain to frequency domain.

Work [9] describes usage of the pulsed excitation for a
wideband signal and Fourier analysis (FFT) for analysis
of the signal, for piezo-impedance measurements, as way
to cost-efficient solution.

Work [10] describes using of piezo impedance for
concrete strength prediction and damage assessment.
Frequency range used was between 0-1000 KHz. A new
impedance based NDE (non-destructive evaluation) for
concrete has been proposed.

Work [11] has claimed, that impedance method is very
sensitive to incipient damage in structure and is
unaffected by changes in boundary conditions, loading
and operational vibrations. It also claims piezo-impedance
method is suitable for autonomous continuous systems.

Previous work [12] has also shown great potential for
wide band excitation signals for impedance measurements
in a wider frequency range, including for measurement of
PZT sensors.

3 Experimental setup

Experimental test-site consisted of a PC-based (with
MATLAB tools) work-place, with NI-6259 USB data
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acqusition box (16-bit max 1,25 Ms/s), with own-made
analog front-end to piezo-sensors [12], 3 PZT
piezosnsors (all produced by Noliac) fixed to a 80x80x4
mm glass-fibre composite plate and one sensor in the air.

4 Method for impedance module estimation

To save measurement time and hardware resources chirp
signal was used for PZT excitation. Chirp signal changes
it’s frequency linearly over time period T. It can be
expressed as

e L=
V(@) =sinCa(fr+ L200)

Chirp signal used, had frequency range 20kHz-600kHz
and was 80 ms long. Voltage was measured on point Vm.
Current passing PZT was calculated by measuring voltage
on resistor Zp and dividing it with resistance Zp (68Q)
value.

Figure 1. Measurement scheme

Both voltages Vp and Vm are noisy. For current and
voltage magnitude smoothing Savitzky-Golay filter has
been used. Smoothing filter was 2-nd polynomial order
and frame size was 250. Savitzky-Golay filter is for wide
band signal filtering, because of ability to retain signal
maximum values. Regular FIR filter would smooth out all
sharp resonant frequency values from signal.
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a)lmpedance magnitude measurement

Impedance magnitude was calculated by dividing voltage
magnitude with current magnitude. To asses (estimate)
results accuracy, it was compared against measurements
made by commercial impedance analyzer type 6500B of
Wayne Kerr. Figure 6 shows both results on same plot.
Chirp impedance result has much lower resonance
frequencies magnitudes. Also resonance frequencies have
been shifted to lower. Overall impedance magnitude
shape is very similar to one made with impedance
analyzer. Although impedance magnitudes are not
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identical it clearly shows that chirp impedance
measurement could be used for evalution of the objects
under test. Differences could be explained by different
excitation signal amplitude or different measurement
technique as impedance analyzer measures impedance on
discrete frequencies one by one.

Because voltage magnitude changes very little while
measuring different PZT’s, it could be used as constant
vector. Based on this impedance magnitude can be
calculated by only measuring current passing PZT. This
lowers hardware requirements and cost of measurement
system.
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5 Method for impedance vector estimation

Alternative novel method for impedance spectroscopy, to
get both real and imaginary part estimations of the
impedance under interest, has been proposed. Possible
realization of this idea has been shown on fig 8. Solution
includes a generator of the (sine-based) chirp signal (1)
for excitation and also as a first reference signal, second
(“quadrature”) reference signal (2) is generated as a
cosine-based chirp signal with same (synchronous)
parameters. Excitation signal is feed through DAC (3) to
device under test (4), and response (current sense) signal
is acquired through ADC (5) as a response signal
waveform (6) buffer, which is further correlated in a
sliding (eg Gaussian) window (7) (actually found
convolution by “multiply and accumulate” operations
(“MAC”-units 8 and 9) in the digital domain) to said first
and second reference signals to get real and imaginary
components of the measured (acquired) signal, in time
domain (which is also, due to known chirp parameters)
also result in the frequency domain.
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Figure 6. Calculated vs. measured impedance magnitude

b)Bond quality indicators

Impedance magnitude can indicate PZT and host structure
bond quality. If bond between piezoelectric device and
material is week then sharp resonance peaks can be seen
on impedance-frequency plot. But if bond is strong then
impedance curve much smoother, peaks of resonance
frequencies are lower and sometimes resonance
frequencies are even shifted along frequency axis.

[1o][11].
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Figure 7. Resistor voltage magnitude of 3 bonded and 1
unbonded PZT
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Figure 8. Proposed alternative method for vector
measurement

In practical realization, by some practical reasons, two
(quadrature) reference signals has been replaced by only
one (sine-based) signal, which is measured also back
(synchronously with response signal channel of ADC) by
another channel of the ADC of data acquisition, and to get
“cosine”  (quadrature”) result component second
“imaginary” response signal waveform is generated from
original (“real”) signal waveform by Hilbert Transform
(in Matlab). A linear chirp 5-300 kHz has been used with
duration of 1 second and sampling frequency of DAC was
1,25 Ms/s and of ADC 2x 625 kHz. The length of
Gaussian window for convolution was N=200 sample
points and step of the correlation analysis was N2=100.
The analysis results for one PZT sensor (in non-
normalized units) are given on fig 9 (curves of module,
real and imaginary part form up to down, in the frequency
domain), showing quite reasonable impedance spectra,
comparable to which was got with other methods [12].
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6 Results and Conclusions

As can be seen from measured results linear chirp
excitation signal can be effectively used to measure PZT
impedance magnitude. Both impedance magnitude and
resistor voltage magnitude can indicate bond quality.

Latter one needs less computational power and time.
Impedance magnitude has been more widely used to
measure different parameters on host structure.

Also proposed alternative of time domain processing of
chirp signal with synchronous processing (convolution) of
reference (excitation) against received signal is very
promising approach, due to simplicity to realization, as no
Fourier' or other sophisticated transforms are needed.
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Introduction

In SHM (structural health monitoring) applications
PZT (lead zirconate titanate) impedance measurement is
widely used for condition monitoring. PZT E/M (electro-
mechanical) impedance can indicate defects on PZT host
structure in early stage. Condition of the host structure can
be derived from changes on PZT EMI spectrum. E/M
impedance provides non-invasive measurement method,
while response of the host structure is not modified by the
sensor [1].

Electrical admittance Y(w) of the piezoelectric
transducer (PZT) is a combined function of the mechanical
impedance of the PZT actuator Z,(®) and that of the host
structure Z(o) [2]

. = T _ Z(w) 2y E
Y(a))—ta)a(s33 Z@)+ 2@ j, (1)

When comparing high-frequency local impedance
against low-frequency global impedance, then high-
frequency local impedance is more sensitive to damage in
its initial stage. Because of this, E/M impedance method is
more effective in SHM application than other more
conventional methods [3].

Purpose of this research was to find the cheapest and
most minimal setup needed for impedance magnitude
measurement to find alternative to bulky and expensive
industrial impedance analyzers or USB data acquisition
boxes. Goal was to use simple off-the-shelf components
and to keep design as simple as possible. Also avoiding
computationally hard tasks like Fourier transform, would
help save processing power and lower overall cost.
Measurement time is critical factor. For example load
changes on host structure (bridges, walls, windmills blades
etc) can cause false measurement results. To minimize this
measurement time should be as short as possible.

Previous works

[3] proposed low-cost impedance analyzer based on
DAQ card. 10 MHz sample rate and 8 bit dynamic range
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was used for signal sampling. Digitally synthesized signals
were used for active SHM. Results of linear chirp and
frequency swept signal were compared by simulations and
experiments. E/M impedance results were compared to
HP4194A commercial impedance analyzer. Firstly free
piezo was measured. After that an aluminum test panel
with artificial damage (disbond, cracks and corrosion) was
used. New impedance analyzer was proposed for
aluminum disbond detection.

Work [4] described procedures for determination of
frequency ranges where the PZT transducers are more
sensitive for damage detection. Usually most sensitive
frequency ranges are determined empirically. In this case
tests were carried out on specimens with different sizes and
good correlation between experimental and theoretical
results was found.

In paper [5] results of using PZT transducers on
surface of concrete were compared against embedded
transducers. Comparison was made under different
conditions, in different locations and extents. Results
showed that embedded PZT transducers were more
effective for identifying cracks in large-sized concrete
structures.

[6] used E/M admittance signatures to model
structural impedance. It described multiple —degrees-of-
freedom system consisting of a number of one-degree-of-
freedom elements with mass, spring and damper
components. To solve unknown dynamic system, genetic
algorithms were used. Genetic algorithms minimized an
objective function. Effects of earthquake were simulated
on two-storey concrete frame. Base vibrations hat simulate
earthquake were applied to concrete frame. E/M
admittance signatures were measured. Using genetic
algorithm, the changes of the structural parameters were
derived and analyzed. The results demonstrated that the
appearance of damage leads to increase in damping and
decrease in stiffness and mass at the driven point. Also
results demonstrated that, created model was more
sensitive to severe damage.

Paper [7] proposed “efficient and inexpensive
methodology for electrical impedance measurement”.
System consisted of National Instruments USB-6211 data



acquisition box and a PC. Software was created using
LabVIEW development tools. Results were compared
against HP 4192 A impedance analyzer.

In paper [8] a novel approach of excitation with chirp
signal with simple time-domain analysis of response signal
for such task was introduced and described with examples
of measurement of the electro-mechanical impedance of
piezosensors, in the frequency range of several hundred
kilohertz. In one approach smoothed separately (by
Savitzky-Golay filter) of excitation voltage and (current)
response signals in a sliding window were found and their
ratio was used for impedance module estimation, at
corresponding time and frequency values. Alternative
method for vector measurement of impedance spectra in
time domain was also tested.

In papers [9, 10] interface for impedance
spectroscopy measurements of piezo-sensors was
developed, for a digital signal processor of Delfino series
of Texas Instruments. DAC of the interface was based on a
16-bit PWM with extra 8-bit part of “high resolution” (of
picoseconds), with external simple (3-rd order) analog
filter. Internal 12-bit ADC is converting at rates of up to 10
MS/s with 2 simultaneous sample-and-holds. With few
extra components, high-performance analog interface was”
improvised” (developed and investigated) with a frequency
range 10 kHz -400 kHz about 0,1% of the full scale
resolution and repeatability of measurements.

Method
Proposed setup uses 4 main components
microcontroller unit (MCU), waveform generator,

amplifier and analog front end. Aim was to use as low cost
and few parts as possible. Figure 1 describes method
principle layout.

AMP PZT
DDS |
MSP430
F2013 ﬂ
Analog
<‘,: front end

Fig. 1. Principle layout

Texas Instruments MSP430F2013 was chosen for
MCU. MSP430F2013 is optimized for extended battery
life in mobile measurement applications. It has five
different power saving modes. Switch between low-power
mode and operational-power mode takes less than lps.
Architecture is based on 16 bit RISC CPU. Efficient code
use is achieved by use of 16 bit registers and constant
generators. MCU has built-in 16 bit timer and 10 I/O pins.
It also has integrated 16 bit sigma/delta A/D converter and
built-in communication capability using synchronous
protocols (SPI and 12C). Proposed method SPI was used
for waveform generator pre-programming and internal 16
bit A/D converter for signal sampling.

Analog Devices AD5932 waveform generator was
used for excitation signal generation. The AD5932 is a
pre-programmable waveform generator. Start frequency,
frequency step, number of steps and time delay between
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frequencies are all pre-programmed. Generator uses
internal logic to increment (or decrement) frequencies
automatically step-by-step. Alternatively frequencies can
be incremented on-by-one by toggling control pin.
Programming is done over SPI interface using 16 bit
words. Signal generation is started by only toggling control
bin on generator. This saves MCU or DSP processing
resources for other purposes and enables to use cheaper
processing units. Signal changes frequencies phase-
continuously, which enables easily to determine phase
shifts. After finishing frequency sweep generator continues
to generate last frequency until reset is done. AD5932 uses
only 6.7 mA which enables to use it on mobile or low-
power applications. In current solution use of AD5932
combined with MSP430F3013 enables to lower overall
power consumption.

For excitation signal amplification simple OP-amp
based wide-band amplifier was used. Excitation signal
voltage was between +15 and -15 V.

Analog front end consists of full period rectifier and
first order low pass filter. Rectifier design was based on
LM318 operational amplifiers and diodes. Rectifier was
designed and simulated using Texas Instruments TINA
software package. Schematics was simulated on
frequencies between 20-600 kHz. Fig. 2 and Fig. 3
describe analog front end schematics and simulation
results.

Fig. 2. Full period rectifier with low pass filter

AN

2.00—

1.00—

Voltage (V)

200 e T ' I T
0.00 2.50u 5.00u 7.50u 10.00u
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Fig. 3. Ti TINA simulation results at 600 kHz

Based on previous work [8] linear chirp signal was
used for excitation



(2= Sy

V(t) =sinQxz(fit+ 7

@

Excitation signal had frequency range 20kHz-600kHz
and was 100 ms long. Impedance magnitude was
calculated by dividing voltage magnitude with current
magnitude. Because voltage (Vm Fig. 4) magnitude
changes very little while measuring different PZT’s, it
could be used as constant vector. Based on this impedance
magnitude can be calculated by only measuring current
passing PZT. This lowers hardware requirements and cost
of measurement system. It enables to use single analog
input on MCU. Current was calculated by measuring
voltage (Vp) on resistor (Zp on Fig. 4).

Vm

I

—

Zp
Vp

Fig. 4. Measurement scheme

Zm

Proposed method was tested using Ni USB-6529
DAQ, signal generator and assembled analog front end. 10
kHz sampling rate was used for signal sampling. Recorded
signal was decimated to preserve memory. Results were
recorded using Matlab based software.

Results

Measured  results  were  compared  against
measurements made by made by commercial impedance
analyzer type 6500B of Wayne Kerr. Piezos in two cases
were measured. Firstly piezo was free in the air, secondly
piezo was glued on 500x500 mm fiberglass plate.
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(proposed method)(Q)

Impedance Magnitude(€)

N

100000 200000

e, |
600000

300000
Frequency(Hz)

5. Free piezo impedance magnitude

400000 500000

Fig.

a

§2500 — Impedance magnitude
2 (proposed method)(Q)
§,2000 ~ Impedance magnitude
E (impedance analyzer) (Q)
1500 1

c

&

$ 1000

a

E

a
=]
S

0

T T
300000 400000 500000

Frequency(Hz)
Fig. 6. Bonded piezo impedance magnitude
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Measured results (Fig. 5 and 6) were very similar to
measurements made using commercial impedance
analyzer. Only by measuring free piezo, resonance
frequency impedance values were much higher compared
against commercial impedance analyzer. This effect can be
caused by higher excitation signal voltage.

Overall cost of simulated hardware was around 50
Euros, without power supplies. Total power consumption
of proposed system was below 3,5W. Most of the power
was consumed by excitation amplifier. Low power
consumption enables system to be used in wireless
configuration. Because maximum power is only needed
during 100ms bursts, system could spend extended periods
of time in standby mode on battery power.

Conclusions

Proposed method has been studied and simulated.
Also experimental results were measured. Method has high
measurement speed, low price and low energy
consumption compared against conventional methods. This
makes it suitable for real-time on-site SHM application.
Use of analog front end enables to use very low cost DSP
or MCU. This makes it especially useful for application
where great number of impedance spectrum measurement
nodes are needed.

Future work

Future work should focus on impedance spectroscopy
on even more extended frequency range. In some
applications frequencies up to 2MHz are required. Also
analog front end for impedance phase measurement should
be developed. Depending on specific application
impedance magnitude, phase or both are needed.
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ABSTRACT: An interface for impedance spectroscopy
measurements of piezo-sensors has been developed, for a
digital signal processor of Delfino series of Texas
Instruments. DAC of the interface is based on a 16-bit PWM
with extra 8-bit part of “high resolution” (of picoseconds),
with external simple (3-rd order) analog filter. Internal 12-
bit ADC is converting at rates of up to 10 MS/s with 2
simultaneous sample-and-holds. So, with few extra
components, high-performance analog interface has been
“improvised” (developed and investigated) with a frequency
range 10 kHz -400 kHz about 0,1% of the full scale
resolution and repeatability of measurements.

1. Introduction

Impedance spectroscopy is used in many applications-
bio-impedance measurements, electro-chemistry- battery
health estimations etc. Impedance spectra of piezo-
sensors allow to estimate the quality of structures around
the sensors [1] and see the early changes. Typically the
frequency range of up to some hundred (eg 400) kHz is
under interest [2].

In low-cost low-power solutions programmable DSP
could be an efficient platform for such measurement
devices. One practical challenge in realizing such
impedance measurement solution in required frequency
range and accuracies, is developing of the measurement
interface to the analog sensors.

Furthermore, even specialised impedance measurement

chips have limited specifications. For example,
impedance analyzer chip ADS5933 has a limited
bandwidth of 100 kHz [3].

Modern control-oriented and general-purpose low-cost
digital signal processor (DSP) [4] chips include multiple
channels of 16-bit pulse-width modulators (PWM) with
high resolution 8-bit part with possibility to adjust the
PWM in fractions of the digital clock (“micro-steps”).
Such PWM work at clock frequencies of 100 MHz or
more and can be used as precise digital-to-analog
converters (DAC). Such DSP chips also include
multichannel (multiplexed) analog-to-digital converter
(ADC), of up to 12-bits resolution, working at conversion
rate of up to 10 MHz or more and having sometimes 2
simultaneous sample-and-holds. So, combining these
resources together, with few extra components, high-
performance digital-to-analog and analog-to-digital
conversion is possible.

978-1-4244-7359-5/10/$26.00 ©2010 IEEE

DSP (Delfino series of Texas Instruments with floating
point hardware support) has, additionally to PWM outputs
and ADC inputs also direct memory access (DMA)
controller, making the generation of waveforms and
acquiring of the analog data more smooth and flexible, in
real-time.

2. Solution in brief

Developed solution is described by a block-diagram (Fig.
1). Hardware part of the solution consists of the DAC,
based on th internal (of DSP) High-resolution enhanced
PWM (HR-EPWM) with external 3-rd order active analog
low-pass filter to smooth the signal, output driver-
amplifier (capable of driving of the capacitive loads of
piezo-sensors), device under test PZT1 (e.g. a PZT -Lead
zirconate titanate) sensor, shunt resitor RB for current
measurement and analog input conditioning unit U2 (for
shifting of the analog voltage to unipolar for internal
ADC and optional amplification). Additionally another
(secondary) sensor PZT2 could be connected to the
interface via IC2 amplifier for “pitch-catch” or “pitch-
echo” type measurements, eg by using of Lamb waves for
structural health monitoring (SHM) of materials and
structures [5].

Both ADC and PWM had sampling frequency of 2
MHz, in tested configurations (so providing an
oversampling feature of multiple times) and were
connected to internal DMA of DSP channels so reducing
significantly the software load from data-acquisition
tasks.

D3

P «FUn

TMS3E0
f2833s ARCH

ABC2
ADC3

Data communication
RS-232 / USB

Figure 1. Block diagram of the proposed hardware
interface
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3. Analog filter of PWM signal

Analog filter for converting of HR-EPWM signal into
analog (eg sinusoidal) signal has been realised as a 3-rd
order active filter, according to Fig 2, being optimal for
current solution and requirements. Simulated frequency
response is given on Fig. 3. Actual results are similar to
predicted ones.

R3 20k
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L
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Figure 2.Circuit diagram of an PWM filter
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Figure 3.Frequency response of an PWM filter

4. Results

So, with few extra components, high-performance analog
interface have been developed and investigated with a
frequency range 10 kHz -400 kHz about 0,1% of the full
scale resolution and repeatability of measurements. Plot
of an real-life acquired DSP signals are given on Fig. 4
(higher plot is measured response signal on resistor RB
(current sense) and lower graph is measured back
excitation signal). Used signal is an chirp signal,
sinewave with frequency sweep of 50 to 300 kHz, with
N=1000 points with display of first 300 points. Code
Composer Studio tools (of Texas Instruments) has been
used for developing and debugging of the DSP system in
real-time.

Figure 4. Plot of the actually acquired data

5. Conclusions and discussion

Using of modern DSPs allow, additionally to direct signal
processing tasks implement efficiently analog data
acquisition tasks, alternatively to “classical” separate
ADC and DAC solutions, having complex interfaces and
circuitries. Progress in development of DSP peripherals
improve further the situation.
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ABSTRACT

TMS320F28335 (real-time digital signal processor of
Delfino-family) is an ideal platform for developing of
ultrasound (in the frequency range of up to 1 MHz)
“almost-single-chip”  piezosensor  based  measuring
devices. Preliminary prototype of measurement sensor
node, capable of measuring impedance spectra of the
piezosensor, but also of sending and catching of the
ultrasound measurement signal bursts for monitoring of the
structure under test, has been developed and tested. Using
of internal flash-memory of the DSP, enhanced high-
resolution PWM and internal multichannel ADC allows to
make very efficient (in form size, cost and power
consumption) solution, as demonstrated.

1. INTRODUCTION
1.1. Applications of the impedance spectroscopy

Impedance spectroscopy is widely used in bio-impedance
measurements for medical purposes, but also for various
industrial condition monitoring applications[1]. Both-
contact, as well as eddy-current (with help of measurement
coils) based measurement setups could be used for such
applications. Also battery health estimation [2] is an
important usage field of impedance spectra measurements.
Impedance spectra of piezosensors allow to estimate the
quality of mechanical structures around the sensors [3] and
see the early changes there. Typically the frequency range
of up to some hundred (eg 400) kHz is under interest [4].

1.2. Introduction to the solution

In current development a preliminary digital-signal-
processor(DSP)-based  solution  (demonstrator  and
development platform) has been developed for a monitor-
node with piezosensor(s). Needed frequency range for
ultrasound monitoring is up to 400 kHz (better if with
reserve up to 1 MHz).

One measurement setup, required to be implemented, is an
impedance measurement configuration of the piezosensor
(that means, the voltage and current of the same
piezosensor are needed to be measured, directly or
indirectly, in the measurement circuit network). Alternative
(second) setup needed- is a configuration, where one
piezosensor is transmitting bursts of the excitation signal

(eg 5 windowed sinewave periods of ultrasound- eg with
frequency of 200 kHz) signal and the second sensor of a
measurement node is receiving a signal (what can be a
direct signal form the transmitting sensor, but also
reflections from the edges of the structure under test). Also
in this case the excitation frequency have to be software
defined (and also chirp or other wider-spectrum signals
could be used).

TMS320F28335 [5] (real-time digital signal processor with
controller features of Delfino-family) has been chosen as a
core of the solution. Additional important features of this
DSP are on-board DMA-controller, high-resolution
enhanced PWM (HR-EPWM), 12-bit multichannel (incl
dual sample/hold circuit) 12-bit ADC, internal flash
memory of the program, etc. Useful could be also built-in
floating point arithmetic of the processor.

TMS320F28335 control card and corresponding
experimenter's kit [6] has been used for the first
prototyping.

1.3. Benefits and motivation of DSP-based solutions

For  low-cost low-power  measurement  devices
programmable DSP  could be an efficient -digital and
programmable and real-time platform. But one practical
challenge in realizing such measurement solution in
required frequency range and accuracies, is developing of
the measurement interface to analog sensors.

Furthermore, even specialized impedance measurement
chips have very limited specifications. For example,
impedance analyzer chip AD5933 has a limited bandwidth
of 100 kHz [7] only, making such solution not applicable
for a wide range of solutions, including ultra-sound
condition monitoring.

Modern control-oriented and general-purpose low-cost
DSPs, like TMS320F28335 chips include multiple channels
of 16-bit pulse-width modulators (HR-EPWM) with high
resolution 8-bit part with possibility to adjust the PWM in
fractions of the digital clock (“micro-steps”). Such PWM
works at clock frequencies of 100 MHz or more and can be
used as precise digital-to-analog converters (DAC). Such
DSP chips also include multichannel (multiplexed) analog-



to-digital converter (ADC), of up to 12-bits resolution,
working at conversion rate of up to 10 MHz or more and
having 2 simultaneous sample-and-holds. So, combining
these resources together, with few extra components, high-
performance  digital-to-analog and  analog-to-digital
conversion is possible.

DSP Delfino series of Texas Instruments with floating point
hardware arithmetic has, additionally to PWM outputs and
ADC inputs also direct memory access (DMA) controller,
making the generation of waveforms and acquiring of the
analog data more smooth, efficient and flexible, in real-
time.

2. HARDWARE

2.1 Overview

Developed solution (DSP-and core part) is described by a
block-diagram (Fig. 1). Hardware part of the solution
consists of a DAC, based on the internal high-resolution
HR-EPWM with external 3-rd order active analog low-pass
filter to smooth the signal, output driver-amplifier (capable
of driving of capacitive loads of piezosensors) Ul
(OPA552, max +-30V power supply, GBW=12MHz),
device under test PZT1 (eg lead zirconate titanate) sensor,
shunt resitor RB for current measurement and analog input
conditioning unit U2 (for shifting of the analog voltage to
unipolar for internal ADC and optional amplification).
Additionally another (secondary) sensor PZT2 could be
connected to the interface via IC2 amplifier (OPA604) for
“pitch-catch” or “pitch-echo” type measurements, eg by
using of Lamb waves for structural health monitoring
(SHM) of materials and structures [9].
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Figure 1. Block diagram of the proposed hardware
interface

Both ADC and PWM had sampling frequency of 2 MHz,
in tested configurations (so providing an oversampling
feature of multiple times) and were connected to internal
DMA of DSP channels, so reducing significantly the
software load from data-acquisition tasks. Also generation

of sinewaves with PWM sampling rate of 6 MHz and with
PWM-filter with fc=1 MHz has been verified

Photo of the developed first preliminary prototype in testing
environment is given on fig.2

Figure 2. Photo of the prototype and testsite

2.2 Analog filter of the PWM signal

Analog filter for converting of HR-EPWM signal into
analog (eg sinusoidal) signal has been realized as a 3-rd
order active filter [10], in two versions, with fc= 400 kHz
and fc=1 MHz, according to Fig 2 (component values for
IMHz case), being optimal for current solution and
requirements. Simulated frequency response for fc=1 MHz
case is given on Fig. 3. Actual results are similar to
predicted ones. Current simulations have been done with
help of SPICE-Based Analog Simulation Program TINA-TI
[11].
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Figure 3. Circuit diagram of an PWM-output filter
(fc=1MHz)
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Figure 4.Frequency response of an fc=1MHz PWM-output
filter

2.3 Output driver of piezosensors

Circuit diagram of the output driver is given on the fig 5 (a
PZT sensor is described here as a capacitor) and a
frequency diagram of the circuit is given on the fig 6.
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Figure 5. Circuit dzagram of the output driver
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Figure 6. Frequency characteristics of the output driver

3. SOFTWARE

Code Composer Studio (CCS) tools (of Texas Instruments)
has been used for developing and debugging of the DSP

system in real-time. Source code has been developed in
C/C++. Software is generating (via look-up-tables, initially
calculated by software and HR-EPWM) required sinewaves
(with fixed frequency or chirp-like signals, with varying
frequency), with modulating amplitude window to make the
signal bursts smoother. Also processing of the received
signal, by founding real and imaginary parts of the complex
impedance or transfer functions, realized by corresponding
convolutions with base sine- and cosine waves, are
implemented in the DSP-software.

4. EVALUATION AND TESTING

Evaluation and testing of the prototype shows, that the
results correspond to theoretical considerations and
simulations.

Generation of sinewaves have been successfully tested in
two configurations, with sampling (refresh) frequency of
PWM of 2 MHz (PWM filter fc= 400 kHz, frequencies
10kHz to 400 kHz) and at sampling (refresh) frequency of
PWM of 6 MHz (PWM filter fc=1 MHz, frequencies
10kHz to 1 MHz). .

Tests and evaluation of the (complex) impedance
measurements, and also “pitch and catch” measurements
have been performed at sampling frequency fs= 2 MHz
case.

Example plot (fragment) of CCS of an real-life acquired
DSP signals is given on Fig. 7 (higher plot is measured
response signal on resistor RB (current sense) and lower
graph is measured back excitation signal). Used signal is
an chirp signal, sinewave with frequency sweep of 50 to
300 kHz, with N=1000 points with display of first 300
points.
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Figure 7. CCS plot of the actually acquired data

Examples of the acquired modules of the complex
impedance spectra of the piezosensor is given on the fig. 8
(sensor in the air) and 9 (sensor fixed to a composite plate
under condition monitoring). Results show reasonable
correspondence of the curves with the alternatively
measured results by a commercial Precision Impedance
Analyzer 6500B of Wayne Kerr (fig 10, for the sensor in
the air).



ff"

FEEERTROSY &

75

’Figure 8. DSP-acquired impedance spectrum (-300kHz)
sensor in the air

‘ Figure 9. DSP-acquired impedance spectrum (-300kHz)-
sensor fixed to a composite board
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Figure 10. Comparison of the sensor-in-the-air impedance
module spectra measurements

5. RESULTS

So, with DSP and few extra components, a relatively high-
performance piezosensor-monitoring have been developed
and investigated for a frequency range 10 kHz- 400 kHz
(with possibility to extend the frequency range up to 1
MHz) and with about 0,1% of the full scale resolution and
repeatability of measurements.

6. CONCLUSIONS AND DISCUSSION

Using of modern DSPs allow, additionally to direct signal
processing tasks implement efficiently analog data
acquisition tasks, alternatively to classical separate ADC
and DAC solutions, having complex interfaces and circuits.
So efficient, low-cost low-power sensor measurement
nodes could be implemented.
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7) ABSTRACT

A method is provided for measuring a frequency response of
an object, the method involving: generating an excitation
signal having relatively fast changing frequency, defined by a
time-domain function; generating at least one reference sig-
nal, having a waveform corresponding to the excitation sig-
nal; introducing the excitation signal into the object, receiv-
ing a response signal from the object; analyzing said response
signal in a signal analyzer by correlating the response signal
with at least one reference signal during a relatively short
sliding time-domain window.
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METHOD AND DEVICE FOR FREQUENCY
RESPONSE MEASUREMENT

BACKGROUND OF THE INVENTION

[0001] 1. Technical field

[0002] The invention relates to measurement techniques,
particularly to the field of measurement of the frequency
response. For example, included in this field are electrical
network and vector-impedance analyzers which measure the
transfer coefficient as a function of the frequency. The inven-
tion can be used in bio-impedance measurement devices for
medical diagnosis, in testers of electrical and electronics cir-
cuits, in analyzers of electrochemical elements for their con-
dition monitoring, for investigating of materials by their elec-
trical properties (e.g., conductivity) and also for many other
applications.

[0003] 2. Background art

[0004] Solutions are known, where the transfer coefficient
of the circuit is measured by applying an excitation signal
(e.g., of sinusoidal waveform) to the measured circuit and by
multiplying and accumulating of the response signal wave-
form to this excitation signal, or in other words, by correlating
(which is a practical equivalent to mathematical convolution)
ofthese signals, and carried out, in digital implementation, by
multiply-and-accumulate (MAC) unit. Also second, quadra-
ture (90 degrees shifted, from excitation signal) reference
signal for second correlation (quadrature result component)
could be used (U.S. Pat. No. 7,428,683). Correlation calcu-
lation can often include also normalization of the result, tak-
ing into account average levels and amplitudes (intensities) of
the signals.

[0005]  Such solutionis also described in the paper, “FPGA-
Based Analog Functional Measurements for Adaptive Con-
trol in Mixed-Signal Systems”, JIE QIN et al, August 2007,
for BIST, the device consisting of numerically controlled
oscillators, digital-to-analog converter and analog-to-digital
converter and adjusted for applying excitation signal to an
object (e.g., circuit under test and reading back the response
signal from the object, and numerical multiplier and accumu-
lator to analyze the properties of the object under test. The
disadvantage of such solutions is that the result is calculated
by correlation of the reference and response signals as one
integral value over the full measurement cycle and therefore
such measurement is not showing the transfer coefficient
separately for individual frequencies (that means, frequency
response) and secondly, such integral measurement is not
reflecting correctly and in real-time dynamical, changing in
time circuit or object.

[0006] For measurement of the frequency response, includ-
ing dynamic (fast changing in time) circuits and objects, the
technical solutions are known, where wideband, e.g., chirp
excitation signal are used, and the response signal is analyzed
in relatively short sliding time-domain-window by frequency
analysis, e.g., by short-time Fourier’ transform (STFT) or by
wavelet analysis, as described in U.S. Pat. No. 6,885,960 and
U.S. Pat. No. 5,797,840.

[0007] The closest solution known in the art is described in
the paper “Influence of the analyzing window on electrode
impedance measurement by the continuous frequency scan-
ning method”, K. Darowicki, P. Slepski, Journal of Elec-
troanalytical Chemistry, Vol 533, Issues 1-2, 20 Sep. 2002, pp
25-31. In this solution a linear chirp signal is generated for an
excitation signal. For dynamical time and frequency domain
analysis, a combined time-frequency analysis in the form of
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short-time Fourier transform (STFT) is used, in which Fast
Fourier Transform (FFT) is used in a relatively short-time
sliding window, while this window could be weighted by the
Gauss window function.

[0008] The disadvantage of this solution is the complexity
of combined time-frequency analysis of the response signal,
as a very sophisticated full spectral Fourier analysis is carried
out in every short-time window, demanding a huge process-
ing power and much computing time for calculations. This
limits significantly the usage of such solutions for real-time
monitoring of the objects and circuits, because and for limited
by computational power of processors, which in its turn is
limited by cost and available power.

[0009] Thus, there is a need for new improved method and
device for frequency response measurements

Disclosure of the Invention

[0010] Objective of the invention is to simplify the mea-
surement of the frequency response, whatin turn allows to use
cheaper, simpler electronic devices with lower power con-
sumption. Another objective is improved accuracy of fre-
quency response measurements in time or frequency domain.
[0011] The objective of the invention is achieved by the
invented method, comprising generating an excitation signal
having relatively fast changing frequency, defined by a time-
domain function, generating at least one reference signal
having waveform corresponding to said excitation signal,
introducing said excitation signal into the object, receiving a
response signal from said object, analyzing said response
signal in a signal analyzer by correlating said response signal
with said at least one reference signal during a relatively short
sliding time-domain window.

[0012] The relatively short time window can be further
divided into several independent sliding sub-windows. The
analysis could be performed digitally in one implemented
correlation of the excitation signal and a reference signal,
which could be the excitation signal itself It is reasonable to
use a second, quadrature channel to determine the second
(quadrature, imaginary) component of the response signal,
e.g., the first and second reference signals, generated as sine
and cosine wave chirp signals, respectively.

[0013] Alternative is to use Hilbert Transform to get the
quadrature (imaginary) reference waveform from the first
reference waveform.

[0014] As excitation signals, the linear, logarithmic or
exponential chirp signals can be used for linear, logarithmic
or exponential representation of the frequency response cor-
respondingly. Also arbitrarily changing frequency could be
used in some applications, e.g., for measurement of very
specific frequency response shapes, where specific frequen-
cies under interest are known (e.g., for eddy current measure-
ment and validation of electrical properties of metals and
metal products such as coins, when often discrete frequencies
(e.g., 120, 240 and 480 kHz) are used for measurement).
Furthermore, by adaptive changing the frequency depen-
dency function of the excitation signal, or parameters of the
analysis window, it is possible to classify the object under test
with minimum computational and signal processing needs
and achieve so the maximal processing speed, making so the
proposed solution also preferable to monitor the objects with
fast changing parameters.

[0015] Also, as typically measurements are carried out
periodically, it is possible, according to the current measure-
ment results (e.g., depending on the measured values and
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dispersion of the results in specific frequency regions), to
improve the measurement accuracy and decrease the fluctua-
tions (e.g., caused by noise) of the measurements, by adap-
tively changing the amplitude of the excitation signal and the
length of analysis window for specific frequency regions or
values.

[0016] By shape of the waveform both sine waves and non
sine waves (e.g., square waves) can be used. Preferably, the
beginning and ending of the short time-window are selected
at zero-crossing time-instants of the excitation signal. Pref-
erably the time-window duration is adjusted according to the
running frequency of the signal, thus e.g., using for lower
frequencies a longer time-window.

[0017] Alternative to usage of the two quadrature against
each other reference waveforms, is to use only one, the first
reference waveform, corresponding to the excitation signal
waveform, by transforming the received response signal by
Hilbert transform, to the complex response signal containing
both direct (real) and imaginary parts and then performing the
complex correlation with the first reference signals, getting a
complex transfer functions for time instants and related fre-
quency values, according to the sliding of the time domain
window.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The essence of the invention is described in FIG. 1,
as a block-diagram for an example of the implementation of
the invention.

[0019] Example of carrying out the invention

[0020] One embodiment of the invention shown on FIG. 1
comprises a unit of signal generation and data acquisition 1
for generating of the excitation signal, comprising a sine chirp
waveform buffer (or generator) 2 and a cosine chirp wave-
form buffer (or generator) 3 (or other signals with relatively
fast changing frequency). Waveform generation buffers are to
be initialized with arrays of values, corresponding to the
waveform, at the initialization of the whole system. In the
generated waveform, the instance values of the frequency
have to change relatively fast. The output of the sine chirp
waveform buffer is connected, through digital-analog con-
verter 5 (and an additional driver, if needed) into an device to
be tested (DUT) 6 with unknown time variant transfer func-
tion K (t, f). It can be appreciated that instead of device, any
other object with can be tested such as electrical or electronics
circuits, biological objects (e.g., in bio-impedance measure-
ments for medical diagnosis), electrochemical elements, and
materials). The response signal is acquired from the object
through analog-digital converter (ADC) 7 (if needed, after
amplification and conditioning, not shown) into a response
signal waveform buffer 4 and is further processed in a corre-
lation unit 9 for inphase component K_real(t, f), using sine
chirp as reference signal, and in a correlation unit 10 for
quadrature component K_imag(t, f), using cosine chirp as
reference signal. Multiply-and-accumulate (MAC) units can
be used as correlation units 9 and 10 in processing signals in
digital form.

[0021] Further, a relatively short time-domain sliding win-
dow, e.g., weighted by Gauss function window, which could
be initialized into array of values h(t) into a sliding window
h(t) buffer 8, is applied for analysis of the response signal. In
the scope and with weights of the window the response signal
is convolved by the reference sine and cosine wave chirps to
calculate the real and imaginary parts of the response signal.
As the excitation signal value is known, the transfer function
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of the circuit (object) under test can be calculated from this
result, for the time instance (and thus, for a specific fre-
quency). Further, a parameter of the object under investiga-
tion, e.g., unknown impedance part of the circuit can be
calculated. The mentioned short-time window is sliding syn-
chronously in all the mentioned waveform buffers: sine and
cosine wave reference buffers and response signal buffer. So
the value of transfer coefficient is defined just for correspond-
ing to the sliding window position (time and frequency val-
ues) position.
[0022] Preferably chirp-signals are used, where the fre-
quency of the signal is changing linearly or logarithmically in
time, giving so linear or logarithmic frequency response func-
tion. Of course, other time dependences of the frequencies
can be used, depending on the application and on which
frequency-domain resolution is currently needed.
[0023] Instead the sine and cosine waveform signals in
some applications non-sinusoidal waveforms, e.g., square
wave signals, can be used. Such signals are easier to generate
and simpler to use for correlation calculation.
[0024] Measurement could be performed in steps, by using
adaptively at every step the results of the previous step for
defining the parameters of the excitation signal or the analysis
window.
[0025] Corresponding adaptive parameters of the excita-
tion signal or of the analysis window can be defined for
minimizing the effect of noise and measurement errors.
[0026] Corresponding adaptive parameters of the excita-
tion signal or of the analysis window can be defined to iden-
tify anobject, e.g., as 1 euro coin, 2 euro coin, or to distinguish
real coin from forged coin, or to classify the measured object,
e.g., by “pass” or “not pass”, e.g., in a production process.
[0027] Of course, the mentioned waveforms of cosine and
sine wave signals could be generated, and the response signal
waveform processed, without buffers by using known analog-
to-digital signal processing techniques.
[0028] Analog-to-digital and digital-to-analog converters
are needed for the digital implementation of the solution (e.g.,
when using a digital signal processor). In analog solution,
these converters are not needed and in correlation calculation
the accumulation of multiplication results is changed by inte-
gration of the multiplication results.
[0029] The length of the time-domain sliding window can
be implemented as dynamically and adaptively variable,
being for lower frequencies longer. Preferably the beginning
and ending of the sliding time-domain window are synchro-
nized by zero-crossings of the excitation signal, so decreasing
the spectral leakage of analysis, as integer number of periods
of the signal is included in the analysis window.
[0030] Thesliding time-domain window can consist of sev-
eral sub-windows. For example, when the frequency depen-
dence of time has the same instant value of frequency at
various time instances, e.g., if the same excitation signal
(burst) includes positive and negative chirp signal sequences.
As the same frequency is at both positive and negative parts of
the chirp, the analysis window can consist of one sub-window
from the positive and the other from the negative part of the
chirp.

1. A method for measuring a frequency response of an
object, the method comprising:

generating an excitation signal having relatively fast

changing frequency, defined by a time-domain function;
generating at least one reference signal, having a waveform
corresponding to said excitation signal;
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introducing said excitation signal into the object,

receiving a response signal from said object;

analyzing said response signal in a signal analyzer by cor-

relating said response signal with said at least one ref-
erence signal during a relatively short sliding time-do-
main window.

2. The method as in claim 1, wherein said relatively short
sliding time-domain window is divided into several time-
domain sub-windows.

3. The method as in claim 1, wherein the length of said
relatively short sliding time-domain window is variable and
determined by running frequency value.

4. The method as in claim 1, wherein the beginning and the
end of said relatively short sliding time-domain window are
chosen at zero-crossings of said excitation signal.

5. The method as in claim 1, wherein said excitation signal
is generated as a sinusoidal wave.

6. The method as in claim 1, wherein the excitation signal
is generated as non-sinusoidal wave.

7. The method as in claim 6, wherein said excitation signal
is a square wave signal.

8. The method as in claim 1, wherein the excitation signal
is generated as a chirp signal.

9. The method as in claim 8, wherein said chirp signal is a
linear chirp signal.

10. The method as in claim 8, wherein said chirp signal is
anonlinear chirp signal.

11. The method as in claim 10, wherein said nonlinear
chirp signal is selected from the group consisting logarithmic,
exponential and arbitrarily formulated chirp signal.

12. The method as in claim 1, comprising analyzing said
response signal in at least two consecutive steps, while using
adaptively results of an earlier step for determining the
parameters of said excitation signal or at least one analysis
window for a subsequent step.

13. The method as in claim 12, wherein in said previous
step the parameters of the excitation signal or of at least of one
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analysis window for the subsequent step are defined to mini-
mize the effect of noise or measurement inaccuracy.

14. The method as in claim 12, wherein in said previous
step the parameters of said excitation signal or of at least one
analysis window for the subsequent step are defined to clas-
sify said object.

15. The method as in claim 1, wherein said reference sig-
nals are convolved in complex arithmetic in said short time-
domain window by said response signal for calculation of the
real and imaginary parts of the response signal, to be used for
calculation of the real and imaginary parts of the object’s
transfer coefficient as a function of the frequency.

16. The method as in claim 1, wherein a first reference
waveform corresponding to said excitation signal, is used to
determine real and imaginary parts of a transfer coeflicient by
correlating it in the short-time window by complex represen-
tation of said response signal, given by Hilbert Transform of
the acquired response signal.

17. A device for measuring of the frequency response of an
object, comprising:

a unit of signal generation and data acquisition for gener-
ating an excitation signal with a fast changing frequency
to be introduced into said object and

a response-signal analyzer adapted to receive a response
signal from said object,

said response-signal analyzer working in a short time win-
dow, wherein the analyzer comprises a first unit adapted
to generate a first reference waveform that is in phase
with the excitation signal, and a second unit adapted to
generate a second reference waveform that is in quadra-
ture with the excitation signal,

wherein the waveforms of the first and second excitation
signals are defined by said excitation signal waveform,
and means for correlating said response waveform with
the first reference waveform and with the second refer-
ence waveform in a short time-domain window.
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vastavalt vastuvdetud signaali reaal- ja imaginaarosad er1 ajahetkedel (ja vastavatel = B Kit 0=
sagedustel) moddetava objekti kompleksne ulekandefunktsioon arvutamiseks. Seade ! { Esmene L pekq.n
sageduskarakteristtku madtmiseks sisaldab ajast sdltuva sagedusega ergutussignaal s gae l Teine oK
generaatont ning suhtehselt lilhikeses ajavalla-aknas ajavallas toimivat vastussignaali

analusaatorit

(57) Method and device for frequency response measurement, including generation of a excitation signal (Iike snewave) with time-depending
frequency (eg chirp signal) and time-domain (in a short-time sliding window) analyzing of the response signal. Said analyzing can include
first and second reference waveforms, being "orthogonal” to each other and corresponding to the excitation signal (eg sine- and cosine- based
chirps respectivley), and multiplication of said reference waveforms to the received signal and accumulation in said short window to get real
and imagnary parts of the response signal, for calculating the complex transfer function for various time instants (and so for corresponding
frequencies)

EE 05616 B1
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MEETOD JA SEADE SAGEDUSKARAKTERISTIKU MOOTMISEKS
Tehnikavaldkond

Leiutis kuulub mddtetehnika, tdpsemalt sageduskarakteristikute mdotmise valdkonda.
Antud valdkonda kuuluvad ka elektriahelate analiisaatorid ning vektorimpedantsi
mddtjad, mis médravad samuti elektriliste iilekandekarakteristikute sdltuvuse sagedusest.
Leiutist saab kasutada meditsiinidiagnostikas elektrilistes bioimpedantsi mddtjates,
elektri- ja elektroonikaskeemide testrites, elektrokeemiliste elementide analiisaatorites
nditeks patareide seisukorra hindamiseks elementide sisetakistuse spektri abil ning

materjalide omaduste uurimiseks ja kontrollimiseks nende elektriliste omaduste kandu.
Tehnika tase

Tuntud on lahendused, kus skeemi v&i ahela {ilekannet m&8detakse, nditeks siinuselise
vahelduvsignaaliga ergutamise tulemusena tekkinud vastussignaali korrutamise ja
akumuleerimise teel mainitud ergutussignaaliga, st ergutus- ja vastussignaalide
konvolutsiooniga. ~ Analoogiliselt ~ vdidakse kasutada samuti  kvadratuurset,
ergutussignaali suhtes 90° faasis nihutatud teist tugisignaali teise konvolutsiooni
(kvadratuurkomponendi) leidmiseks (US7428683B2).

Artiklis ,,FPGA-Based Analog Functional Measurements for Adaptive Control in
Mixed-Signal Systems*, Jie Qin et al, IEEE Transactions on Industrial Electronics, Vol
54 (4), August 2007, kirjeldatakse analoogilist BIST lahendust, mis sisaldab numbriliselt
Juhitava sagedusega ostsillaatoreid, digitaal-analoog- ja analoog-digitaal muundureid
uuritavale objektile ergutussignaali andmiseks ja vastussignaali tagasilugemiseks ning
numbriliste signaalide korrutit ja akumulaatorit uuritava objekti (ahela) omaduste

analiitisiks.

Taoliste lahenduste puuduseks on see, et tulemus saadakse tugisignaali ja mdddetava
vastussignaali konvolutsiooni tulemusel integraalsena iile terve mddtetsiikli, mis esiteks
ei ndita mdddetava ahela voi objekti tilekannet eri sagedustel eraldi ehk sageduskdiku ja
teiseks ei kajasta taoline integraalne mddtmine Sigesti ja reaalajaliselt diinaamilist ehk

ajas muutuvat ahelat vdi objekti.



10

15

20

25

EE 05616 B1

2

Sageduskarakteristikute m&dtmiseks ning ajas diinaamiliste ahelate ja objektide
mddtmiseks on tuntud tehnilised lahendused, kus kasutatakse laiaribalist ergutussignaali
ehk nn chirp-signaale ja vastussignaalide osas liihiajalisi, suhteliselt lithikeses ajas
libisevas aknas sageduslikke teisendusi, niiteks liihiajalist Fourier' teisendust v&i
lainekestega analiiiisi (US6885960B2 ja US5797840A).

Leiutisele kdige lahedasemat ja tehnilise tulemuse poolest kdige sarnasemat lahendust
kirjeldatakse artiklis ,Influence of the analyzing window on electrode impedance
measurement by the continuous frequency scanning method”, K. Darowicki, P. Slepski,

Journal of Electroanalytical Chemistry, Vol 533, Issues 1-2, 20 Sept 2002, pp 25-31.

Selles lahenduses genereeritakse ergutussignaalina chirp-signaal, mille puhul ergutava
siinussignaali sagedus muutub ajas lineaarselt. Vastuvdetud signaali diinaamiliseks
analiiisiks ajas ja sageduse jdrgi kasutatakse kombineeritud aeg-sagedus analiiiisi
liihiajalise Fourier' teisendusega, mis kujutab endast tiitipiliselt kiiret Fourier' teisendust
suhteliselt lithikeses ajas libisevas aknas, mis omakorda on kaalutud nditeks Gaussi
aknafunktsiooniga.

Antud lahenduse puuduseks on vastuvdetud signaali analiiiisi osa kombineeritud aeg-
sagedus teisenduste keerukus, kuna igas lithikeses ajavalla aknas teostatakse t6omahuka
Fourier' teisendusega spektraalanaliiis, mis nduab suurt arvutusressurssi ja palju
arvutusaega. See piirab oluliselt antud lahenduse kasutamist reaalajas kiiresti muutuvate
objektide jélgimisel ja piiratud arvutusvéimsusega protsessorite puhul, mida omakorda

piiravad lahenduse hind ja saadaolev toiteenergia.
Leiutise olemus

Leiutise eesmérgiks on lihtsustada sageduskarakteristikute md&tmist, mis omakorda
vdimaldab kasutada odavamat, lihtsamat ja vdiksema voolutarbega ning miniatuursemat
elektroonikalahendust ja tdsta sageduskarakteristikute modtmise ajalist v&i sageduslikku

eraldusv8imet ning tdpsust.

Leiutise eesmérk saavutatakse vorreldes tuntud lahendusega, kus genereeritakse ajas
etteantud funktsiooni alusel muutuva sagedusega ergutussignaal ning teostatakse

vastussignaali analiiis suhteliselt lihikeses libisevas ajavalla aknas, kasutades
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perioodilisi tugisignaale, sellega et vastussignaali analiiiis teostatakse ajavallas ning
mainitud perioodiline tugilainekuju v3i perioodilised lainekujud on vastavuses

ergutussignaali kujuga ajavallas.

Kogupikkuselt suhteliselt lithike ajavalla aken v&ib omakorda koosneda mitmest
s6ltumatult libisevast alamaknast. Analiiiis v5ib iihel juhul toimuda esimese tugisignaali,
milleks voib olla ergutussignaal ja vastussignaali ajavallas toimuva konvolutsioonina
digitaalse t66tluse puhul. Sealjuures on mdistlik kasutada tulemuse kvadratuurse teise
komponendi mézramiseks teist paralleelset kanalit, kus teise tugisignaalina kasutatakse
kvadratuurset varianti ergutussignaalist, niiteks siinuselise ja koosinuselise
chirp-signaali kasutamine vastavalt esimese ja teise tugisignaalina. Alternatiiviks on ka
Hilbert'i funktsiooni kasutamine kvadratuurse tugisignaali saamiseks esimesest
tugisignaalist. Ergutussignaalidena on otstarbekas kasutada lineaarset v&i logaritmilist
chirp-signaali. Ergutus- ja tugisignaali kujuna on mdistlik kasutada siinuselisi v&i
mittesiinuselisi naiteks meandersignaale. Sealjuures on eelistatud teatud juhtudel
libiseva ajavalla akna alguse ja 10pu valimine ergutussignaali nullist libimineku
hetkedel. Maistlik voib-olla ka mainitud akna pikkuse adaptiivne muutmine séltuvalt
ergutussignaali hetkesagedusest, niiteks madalate sageduse jooksvate viirtuste juures

kasutada suhteliselt pikemat ajaakent.

Alternatiiviks kahe kvadratuurse tugisignaali kasutamisele on ainult iihe tugisignaali
kasutamine, mis on vastavuses ergutussignaaliga, muutes seejuures vastuvdetud
vastussignaali Hilberti teisenduse abil komplekseks otse- ja kvadratuurkomponenti
sisaldavaks signaaliks ja siis teostades konvolutsiooni esimese tugisignaaliga, saades
kompleksse iilekandefunktsiooni antud ajahetkedel ja vastavatel sagedustel vastavalt

lithikese ajavalla akna libisemisele.

Jooniste loetelu

Fig 1 kujutab leiutise teostamise niite plokkskeemi.
Leiutise teostamise niiide

Pakutud lahendus sisaldab signaalide genereerimise ja hdive sdlme, mis omakorda

sisaldab siinuselise ja koosinuselise chirp-lainekuju v&i muu suhteliselt kiiresti muutuva
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sagedusega generaatoreid ehk lainekujude puhvreid. Vastavad lainekujud on digitaalses
variandis mdistlik initsialiseerimisel genereerida puhvritesse ettearvutatud muutujate
massiividena. Samuti sisaldab signaalide genereerimise ja hdive s6lm vastussignaali
lainekuju puhvri. Sealjuures peab lainekujude generaatorite abil tekitatav sageduse
hetkvédrtus olema ajas suhteliselt kiiresti muutuv funktsioon. Maistlik on kasutada
chirp-signaali kujusid, kus sagedus muutub ajas lineaarselt v6i logaritmiliselt, et saada
vastavalt lineaarne v&i logaritmiline sageduskdik ajas. Loomulikult on konkreetsete
rakenduste juures moistlik kasutada muid sagedussdltuvusi ajas, soltuvalt sellest,
millises sageduspiirkonnas on millist eraldusvdimet vaja. Siinuselise chirp-lainekuju
generaatori signaal ergutab digitaalanaloogmuunduri ja vajadusel lisadraiveri kaudu
uuritavat ahelat, mille sageduskarakteristikut K(t, f) mé&detakse. Uuritavast ahelast tulev
vastussignaal (vajadusel pérast analoogvdimendamist ja muud konditsioneerimist, mida
pole kujutatud) kogutakse 14bi analoogdigitaalmuunduri vastussignaali lainekuju
puhvrisse. Edasi kasutatakse ajas suhteliselt liihikest ajas libisevat akent, niiteks Gaussi
kaalufunktsiooniga, mis vdib olla initsialiseeritud vértuste massiivina libiseva ajaakna
funktsiooni h(t) puhvrisse. Selle akna ulatuses ja vastava kaaluga konvolueeritakse
esimeses ja teises konvolutsioonisSlmes vastussignaali siinuselise ja koosinuselise
chirp-lainekuju generaatori (puhvri) signaalidega vastussignaali reaal- ja imaginaarosa
méframiseks. Teades uuritava ahela ergutussignaali suurust, saab sellest arvutada
mdddetava objekti iilekandefunktsiooni antud punktis. Omakorda saab sellest arvutada
uuritava objekti védrtuse, nt elektriahela tundmatu impedantsi. Mainitud libisev aken
libiseb stinkroonselt siinuselise ja koosinuselise chirp-lainekuju ning vastussignaali
lainekuju puhvrites. Seega médratakse iilekandefunktsioon antud ajahetkele vastavale
libiseva akna asukohale vastaval siinuselise chirp-lainekuju generaatori signaali

sagedusel.

Siinus- ja koosinussignaalide asemel on mdnes rakenduses otstarbekas kasutada ka
mittesiinuselisi lainekujusid, nditeks meandersignaale, mida on lihtsam genereerida ja

lihtsam kasutada konvolutsioonide arvutamisel.

MBaistlik v6ib olla ka teostada mddtmist etapiviisiliselt, kasutades igal etapil adaptiivselt
eclmise etapi tulemusi nii ergutussignaali parameetrite kui analiiiisi akna parameetrite

arvutamisel.
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Sealjuures voib olla mdistlik, et vastavad ergutussignaali vdi analiliisi aja-akna ja
aja-akende  adaptiivsed  parameetrid  arvutatakse miira vdi = mddtevigade

minimiseerimiseks.

Sealjuures véib olla mdistlik, et ergutussignaali voi analiiiisi aja-akna ja aja-akende
parameetrid arvutatakse mdddetava objekti klassifitseerimiseks, niiteks ,,vastav” v6i

,.Jmittevastav” etteantud normile.

Loomulikult v3ib antud lainekujusid, niiteks siinus- ja koosinussignaale ménel juhul
genereerida ja vastussignaali t6ddelda ka ilma vahepuhvriteta tuntud analoog- voi

digitaaltehnikaid kasutades, ilma et lahenduse t66pShiméte sellest muutuks.

Analoogdigitaalmuundur ja digitaalanaloogmuundur on vajalikud antud lahenduses, kui
antud leiutis teostatakse digitaalsel kujul, niiteks digitaalse signaaliprotsessori baasil.
Analooglahendust kasutades ei ole mainitud muundurid ja muundamised vajalikud ning

konvolutsioonis asendub korrutiste akumuleerimine nende integreerimisega.

Libiseva ajavalla akna pikkus on otstarbekas teha diinaamiliselt muutuvana ja
adaptiivsena, kusjuures madalamate hetksageduste véirtuste juures omades suuremat

pikkust.

Samuti on otstarbekas siinkroniseerida mainitud libiseva ajavalla akna algus ja 15pp
ergutussignaali nullist ldbiminekuhetkedega, tagades sellega viiksemad spektrilekked,

kuna analiilisitavasse aknasse mahub siis alati signaali tiisarv perioode.

Ajavallas libisev aken v3ib igal antud ajahetkel koosneda ka mitmest alamaknast. See on
otstarbekas, kui sageduse funktsioon ajast omab sama sageduse viirtust mitmel erineval
ajahetkel, nt iihes ergutussignaali paketis on jérjest positiivne ja negatiivne chirp-signaal.
Kuna sellisel juhul esineb iga hetksagedus kaks korda, siis omab motet kasutada

vastavate anallilisiacgade osas liitakent, mis koosneb vastavatest alamakendest.
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PATENDINOUDLUS

1. Meetod sageduskarakteristiku mddtmiseks, mille kdigus genereeritakse ajas
etteantud funktsiooni alusel suhteliselt kiirelt muutuva sagedusega ergutussignaal ning
teostatakse vastussignaali analiilis suhteliselt liihikeses libisevas ajavalla aknas,
kasutades perioodilisi tugisignaale, mis erineb selle poolest, et vastussignaali analiiiis
teostatakse vastussignaali analiisaatoris, konvolutsiooni arvutamise seadmes, kasutades
konvolutsiooni  tugisignaalidena  vastavaid  kiirelt ~muutuva  sagedusega

ergutussignaalidest tuletatud signaale.

2. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et ajavallas

libisev aken jaotatakse mitmeks ajas libisevaks alamaknaks.

3. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et ajavallas
libisev aken teostatakse muutuva pikkusega, sdltuvalt ergutussignaali jooksvast

sagedusest.

4. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et ajavalla akna

algus ja 16pp seotakse ergutussignaali nullist labimineku hetkedega.

5. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et ergutussignaal

genereeritakse siinuselisena.

6. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et ergutussignaal

genereeritakse meandersignaalina vi mittesiinuselise signaalina.

7. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et ergutussignaal

genereeritakse lineaarse vdi logaritmilise chirp-signaalina.

8. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et analiiiis
teostatakse etapiviisiliselt, kasutades igal etapil adaptiivselt eelmise etapi tulemusi

ergutussignaali parameetrite v3i analiiiisi akna parameetrite arvutamisel.

9. Meetod vastavalt ndudluse punktile 8, mis erineb selle poolest, et vastavad
ergutusignaali v0i analiiiisi aja-akna ja aja-akende adaptiivsed parameetrid arvutatakse

miira vdi mddtevigade minimiseerimiseks.
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10. Meetod vastavalt nudluse punktile 1, mis erineb selle poolest, et vastavad
ergutusignaali v3i analiiiisi aja-akna ja aja-akende parameetrid arvutatakse mdddetava

objekti klassifitseerimiseks.

11. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et tugisignaalid
konvolueeritakse komplekselt lithikeses ajavalla aknas vastussignaaliga vastuvdetud
signaali reaal- ja imaginaarosa m#iramiseks ning sellest omakorda arvutatakse vastava
moddetava objekti iilekandeteguri reaal- ja imaginaarosade védrtused funktsioonina

sagedusest.

12. Meetod vastavalt ndudluse punktile 1, mis erineb selle poolest, et analiiiisiks
kasutatakse tugisignaali esimest lainekuju, mis on vastavuses ergutussignaaliga ning
mida moddetava objekti tilekandeteguri reaal- ja imaginaarosa viirtuste arvutamiseks
funktsioonina sagedusest konvolueeritakse lithikeses ajaaknas Hilbert'i teisenduse abil

arvutatud vastussignaali komplekse esitusega.

13. Seade sageduskarakteristiku modtmiseks, mis sisaldab ajast séltuva suhteliselt
kiirelt muutuva sagedusega ergutussignaali lainekuju genereerimise sdlme ning
suhteliselt lihikeses ajavalla aknas toimivat vastussignaali analiisaatorit, mis erineb
selle poolest, et vastussignaali analiisaator sisaldab kahte kvadratuurset tugisignaali
lainekujude genereerimise s6lme, mille signaalid on médratud ergutussignaali kujuga
ajas ning vahendeid vastussignaali lainekuju konvolutsiooniks liihikeses libisevas

ajavalla aknas tugisignaali nii esimese kui ka teise lainekujuga.
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