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Preface

This industrial Ph.D. thesis was developed wittie framework of the research project
proposed and financially supported by Prysmian/S.p.

The project was focused on the study of the PEAhotefor space charge measurement in
dielectric materials employed for HVDC cables.

The research activity was mainly developed at tltieRR.E. laboratory of the Department of
Energy, Information Engineering and Mathematicaldels, DEIM, of the University of
Palermo, in which a great experience has been mehin the use of the PEA cell for flat
specimens and its related acquisition, calibragiot deconvolution software.

During PhD research activity, for almost six montie research has been carried out at the
University of Southampton (UK), under the prestigiosupervision of Prof. George Chen,
which is one of the most world experts in the fiefdpace charge measurements.

After the acquired experience on space charge maasgats in flat samples, the PEA cell for
cable specimens has been also studied and measuiseswer mini cables and full-size cables
have been performed within the Prysmian HV labayato Milan.

Finally, a further experience of two weeks has besmied out in the HV laboratory of the
University of Technology, in Toyohashi, Japan.Hattoccasion, a further study over the PEA
cell for cable specimens, combined with experimetasts, has been carried out, under the

supervision of Prof. Naohiro Hozumi.
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Introduction

In the last decades, the High Voltage Direct Cur(elvDC) transmission has been more and
more widely used, thanks to the advantages proviethe Direct Current (DC) over the
Alternating Current (AC). In particular, by usindNC systems, the costs of transmission are
less, there is no reactive power flow and skinatfferhile audible noise is reduced, etc....

As regard the cables used in HVDC systems, inptiatlass-impregnated (MI) and oil-filled
(OF) cables were employed. However, with theseesalblere were several disadvantages, e.g.
the limited operating temperature for the MI caatel the limited length for the OF cable.
Because in the High Voltage Alternating Current &8) systems, the cross-linked
polyethylene (XLPE) cables have had a great suctiessks to the advantages of insulating
material (e.g. high dielectric strength, electricadistivity and good mechanical and thermal
properties), the cables industry worldwide has beiguuse XLPE also for HVDC cables. In
this way, the problems related to the use of MI @fkdcables were overcome. Unfortunately
the use of XLPE, as insulating material in HVDC teyss, promotes the space charge
accumulation phenomenon, which means a trappdécafens or ions in the dielectric material
bulk. The main effect of this phenomenon is theadion of the original Laplacian electric
field distribution, which could cause extremelylnigcal electric fields. This in turn may cause
the insulating material to degrade and this faat t@ad to electrical breakdowns and
electrostatic discharges.

Based on the above, during the years, the spacgechhenomenon started to be widely studied
from researchers all over the world and thus dffieispace charge measurements techniques
have been developed. In particular, the Pulsedtflécoustic (PEA) method has had great
success, thanks to the ease of implementationanainess of the measuring cell.

This technique, based on propagation of acoustiwesjais subjected to reflections
phenomenon. In particular, if some components®PEA cell are not properly sized, the PEA
cell output signal may be affected by false sigrthile to wave reflections. In this case, the
output charge profile is not clear and therefore thal accumulated charge may be mis-
interpreted. For these reasons, in this thesis,ocdemable to simulate the generation,
propagation and reflection of acoustic waves withenPEA cell has been developed in Matlab-
Simulink environment.

Considering that an acoustic wave is describedidypressure and velocity, because of the
analogies voltage-force (or pressure) and curreltdeity, it has been possible to employ

electrical quantities in order to simulate the habraof acoustic waves. Furthermore, each PEA
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cell component can be described by electrical patars and therefore the behavior of acoustic
waves within the PEA cell has been simulated adbémavior of voltage and current waves in
electrical lossy transmission lines.
In this work, simulations have been carried outdifferent cases. In particular, the case in
which the PEA cell is properly sized and other sasewhich the thickness of the ground
electrode and absorber are incorrectly sized haee bonsidered.
In the first case, the PEA cell output signal iaretcterized by the peaks due to the accumulated
surface charges. For the other two cases, the alimilresults show that the reflected wave
within ground electrode and absorber anticipate abeustic wave due to the main signal.
Therefore, the output charge profile is affectedddiections.
Moreover, a further layer of dielectric materiakhm®een inserted into the model with the aim to
simulate the behavior of acoustic waves withinRIEA cell in case of a two layers specimen.
In this case it was found that the thicknessesotii lground electrode and absorber must be
greater as compared to that calculated for a siagkr specimen.
The developed model, for both one and two layeesispens, has been validated by making a
comparison between simulation and experimentaltsesds regard experimental tests, a PEA
cell available at the TDHVL (Tony Davis High Voltag.aboratory) at the University of
Southampton has been used, as well as the PEAfabalk LEPRE laboratory (Laboratorio di
Elettrotecnica e di Prove Elettriche) at the DEIRepartment of Energy, Information
engineering and Mathematical models) of the Unityersf Palermo.
In the proposed thesis, the work has been orgamigédallows.
In Chapter 1, the state of the art of the spacegehameasurement systems, which have been
developed or used in the last two decades, is teghor
In Chapter 2, the working principle of the PEA ¢elvidely described, as well as the theoretical
analysis of the generation, transmission and refle®f acoustic waves within the PEA cell.
In the final part of this chapter, the basis of tAEA cell output signal process, such as
deconvolution and calibration techniques, is giasmwell.
In Chapter 3, the developed model and all theedlatjuations are reported and described, as
well as, the Leach’s impedance-type transducer maael to simulate the piezoelectric sensor.
In addition, an example of dynamic simulation, usé&h better understand the waves behavior
within the PEA cell, is also given.
In Chapter 4, simulations are made for a singlerdapecimen and the model validation is
carried out by comparing simulated and experimaeallts.
In Chapter 5, instead, the multi-layers specimenlefing issue is treated. In particular, the
Maxwell-Wagner theory, useful to calculate the ifsteial charge in dielectric/dielectric
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interface, is described. Also in this case, theywtf waves behavior within the PEA cell, and
thus the relationships useful to properly sizedbmmponents, are provided.
Finally, in Chapters 6, the recommendations areergiwvhile in Chapter 7, the overall

conclusions of the thesis are drawn.



Chapter 1
Review of space charge measurement systems

This chapter deals the state of the art of spaaegehmeasurement techniques and it is based
on the works of the author et al. entitleBeview of Acoustic Methods for Space Charge
Measuremerit[1], “Review of Space Charge Measurement Systems: Agolisérmal and
Optical Method’[2], and “Review of Thermal Methods for Space Charge Measmef3].

The first measurement of space charge distributiodgelectric materials goes back more than
fifteen years ago and was highly destructive &g necessary to cut the material mechanically
and then visualize the trapped internal charge.

In the following years the research has focuseberdevelopment of non-destructive methods.
In particular, the techniques were divided intcethmain groups in relation to the physical
principle on which they are based, such as acqusgrmal and optical methods. Of these
groups, methods based on acoustic and the thelmreabmpena have been largely used also in
industrial applications, while, the methods basedptical phenomena haven not had much
success due to the complexity of the measuring €ell these reasons, a more detailed
description will be given for acoustic and thermmadthods, in particular for the Pulsed Electro
Acoustic (PEA) technique and for the Thermal Stegidd (TSM) belonging to the groups of
acoustic and thermal methods, respectively. Thesadchniques have had the greater success
for measures of space charge on a flat specimeraddauon a full-size cables. During the years,
their measuring cell has been modified in ordemtake measurements on samples with
different shapes and sizes.

In the following sections will be described the mapace charge measurement methods
belonging to the three groups above mentioned, whawve been developed or used in the last
two decades. For each of them, the principles efatpn, the different configurations, the
main applications, the thicknesses analyzed andghtal resolution will be also reported and

discussed.

1.1. Thermal group

The main methods belonging to this group are therfial Pulse Method (TPM), the Thermal
Step Method (TSM) and the Laser Intensity Modulatitethod (LIMM). The main difference
between these categories consists in the moddlapmlication of the thermal gradient to the

sample. More in detail, this gradient can eitheralthermal pulse from a flash of light or a
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thermal step by using a thermal diffuser or a ssided modulated heating by means of a laser
beam. In the TPM case, the output signal is a gelteesponse related to the charge and
polarization distribution and to the temperaturarae.

In the TSM and LIMM methods, instead, the outpghnai is a current response. In the first
method, the current is connected to the electeld fand to the thermal step. In the second
method, this current is related to the temperatthiaracteristics of material, and accumulated
space charge [4].

These methods have in common a satisfactory vdlgpatial resolution, which can be further
improved through greater accuracy in measurememtstbe surface and internal temperature

of the sample [5,6].

1.1.1.The Thermal Pulse Method

The TPM has been introduced in 1976 by Collin8]and its principle of operation is reported
in Figure 1.1. Thisnethod is based on a thermal pulse generated Iagla 6f light(8 us of
duration), which acts on one of the double-metdisgagfaces of the sample. A thermal transient
is then generatedver the sample, and an electrical signal carryifigrmationon the space
charge distribution inside the sample itselfalken as output.

The system responsg/(t) depends on the distribution of space chaxg¢ and polarization
P(x). In addition, ashown in equation 1.4V(t) depends also on the characteripicameters

of the insulating material, such as the coefficiehtthermal expansiom,, the dielectric
constant,., its temperatureoefficienta, and, finally, the coefficient of permangularization

ap.

AV(E) = — fo d{[A p(x) — degcx)] fo xAT(x’)dx’} dx (1.1)

&€

Whered = a, — a,, B = a, — a, — a, andd is the sample thickness.

However, the TPM has not been widely used becaube difficult interpretation of the signal
for the determination of the real distribution pase charge. In order to solve this issue, several
signal processing techniques have been develomkedrasented in literature, from Collif§§
through Mopsik [9land Zheng [10Q]

The TPM was mainly adopted in the past years, f¥amngple, to measure the space charge
distribution in a silicon dioxide of ftm thickness by using a short laser pulse (70 gH) [t

recent years, instead, the method was used in ¢odissted a metal oxide-semiconductor
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(MOS) structure with thickness of several hundm@dsanometers [12], but also to perform 2D

and 3D measurements [13,14].

FLASH OF LIGHT

Figure 1.1. Working principle of the TPM technique.

1.1.2. The Thermal Step Method

The thermal step method has been conceived in b98Boureille [15]and its principle of
operation is based on the application of a thesteg to the ends of the related sample in order
to measure the current response due to the thempalnsion of the sample itself. More in
detail, a thermal diffuser provides a heat stepchvicreates a thermal wave. This wave will
diffuse through the thickness of the dielectric,ickhdetermines either an expansion or a
contraction of the material, a variation of theullagion permittivity and causing a temporary
and reversible displacement of the space chargaddavithin the sample. This displacement
will be, then, reflected on the electrodes, detanng a variation of the induced charge and,
consequently, a current between the electrodesvatle of this curreni(t) read by a pico-
ammeter (pA) is related to the distribution of bttk electric field and the space charge [16].
This setup is called TSM in short-circuit conditi@md the scheme is shown in Figure 1.2.

The expression dft) is reported in the following equation:

a OAT (x,t
(x )dx

I(t) = —QCJ E(X)T (1.2)
0

where a = a, — a, (in which a, is the coefficientof thermal expansion and, is the
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temperatureoefficient of the insulating material).While, ttexm C is the capacitance of the
sample before the application of the thermal sdap.the sample thickneds(x) is the electric
field at the abscissa x and the temperature step. OnEéx) and the dielectric constant of the
materiale are known, from Poisson’s equation (see equafi@))the distribution of the space
charge can be determined

For this purpose, the adoption of the deconvoluteshnique is needed, e.g., the “Fourier
series” or the “process of successive derivatitieat allows the reduction of the deconvolution
calculation time or the “technique of the inversatmx” that reduces not only the calculation

time but also the related error [17].

OE (x)

- (1.3)

p=c¢

Initially, the TSM has been applied for 2-20 mmulagion thicknesses with 150m of
resolution.However, by means of a faster heating, thin ingaatin the range of 10-1Q0m
with a resolution in the order of tenths of a mmeder can be investigated [18]

The TSM can be also applied to the field of miand aano electronics. However, this method
can be destructive when the investigation conclyers of material with thicknesses below
micrometers [19]. In order to overcome this prohléme thermal step technique is joined to the
capacitance-voltage technique, which is accurgelgosed in [20]. More in particular, Dagher
et al. [21]brought the resolution to values between 22 nnpdigmeric materials) and 50 nm
(in silicon dioxide) by using an optical instrumatin with laser pulse of the order of
femtoseconds. The signal to noise ratio was lowhsanethod needed further investigations.
An important work has been also carried out by &teaet al.,[22]which analyses the space
charge behavior in a low density polyethylene (LDEEkKs of 0.5 mm thickness, with and
without water trees. Experimental results have shthatthe presence of water trees increases
the accumulation of thepace charges.

The proposed method has several significant adgastavith respect to other thermal
techniquesThis is due to the nondestructive nature of the T&NIch is achieved by choosing
the value of the maximum temperature imposed bytklsemal step equal to the room
temperature.

A drawback of the proposed technique is relatethéothermal contact between the radiator
and the sample, which could cause, if imperfeanpierature fluctuations and, therefore,
attenuation or delay of the current response [23].
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THERMAL ‘/ ELECTRODE
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Figure 1.2. Working principle of the TSM in short-circuit cotidn.

1.1.3.The Thermal Step Method Under Applied DC Field

In year 2000 Agnel et al. developed a work finalize perform space charge measurements
under the application of a DC electric field [2&lowever, the scheme of Figure IvAs not
completely suitable for the measurements undetraddield, because of the use of the current
amplifier. In detail, the current amplifier musttriae in contact with the high voltage, and also
if a setup with the current amplifier placed betw#ge sample (submitted to high voltage) and
ground is used, the conduction and the polarizatworents are likely to mask the thermal step
current.

To overcome this challenge, a compensation samlle the same dimensions of the sample
under test) in front of the specimen was placedaioimg the so called “double capacitor”
configuration, which is represented in Figure 23][

In order to measure space charge distributiongteng procedure requires two steps: first, the
high voltage is applied to the middle electrodeistthe two sample constitute two identical
capacitances placed in parallel with respect tohigh voltage source. In this way the same
amount of charge is accumulated on both samplebe wie pA is short circuited. Second,
during the measurement, the high voltage genetfatalisconnected in order to avoid the
carriage of charges through the electrodes, comignogthe correct measurement.

The thermal step current is then measured by egditiermally the specimen under test, while
the pA is connected to the compensation samplkkidrway the two samples are in series with
each other and with the pA, therefore the shodudircondition (as in the general case of the

TSM described in the previous paragraph) are fedfil



The space charge, in this case, can be assestiegl same manner described for the classic
TSM.

The expression of the thermal step curtéitis given by:

d
I(t) = —asz E(x)de

0 = (1.4)

where(, is the capacitance seen by the current amplifigrarticular, during the measurement,

in which the two samples are in series, the vatseimed by, is equal taC /2.

\ COMPENSATION
«~ SAMPLE

THERMAL
DIFFUSER

\

I MIDDLE ELECTRODE o |

— ELECTRODE -

Figure 1.3. Working principle of the TSM with double capacitor.

In 2014, Laurentie et al. proposed the “contactlessfiguration in order to measure both the
space charge inside the dielectric and the sudharge. In this configuration the upper face of
the specimen is isolated from the upper electrddeugh a thin layer of air, avoiding
disturbances. The diagram and explanation of thénodeare provided in [26]. The spatial
resolution, which decreases when the distance leetivee space charge inside the sample and
the electrode in contact with the thermal diffusereases, is comprised between 50 and 100
um for a polyethylene terephthalate (PET) samplickness of 10Qum.

In order to evaluate the influence of the eledietd gradient and temperature in the charges
distribution, space charge profiles were carrieddmQ.5 mm of a XLPE sample, under different
DC electrical stress (from 2 to 60 kV/mm) and terapgres (from 70 to 90°C). The obtained
results have shown that the space charge accuonut@tows with the increase of both electric
field and temperature [27]



1.1.4.The Thermal Step Method for cables

The thermal step method can also be applied to poaldes by using two possible techniques:
» The Outer Cooling Technique, OCT.

» The Inner Heating Technique, IHT.

The principle of operation of both techniques doesdiffer from the TSM described in the
preceding paragraphs. In this case the differeoorsist in the electrodes that are replaced by
the core of cable and outer semicon, while thentlaédiffuser is disposed around the cable
under test. The test setup is shown in Figuredhd,the expression of the output sigi(@lis
similar to that of the flat sample configuratiomggation (1.2)), in which the integral one is
extended to the inner and outer rays of the calslglation,, andr;, respectively, as reported
in the equation (1.5) [28, 29].

L)

. a

Thermal
Diffuser

Figure 1.4. Application of the TSM to cable sample.

AAT(r, t)

I(t) = —aC friE(r)

The work in reference [29] shows how to determime ¢lectric field and the space charge
profiles. In addition, the work [30] demonstrathat the resolution of the method is in the
order of millimeters and typically smaller than 20n. As well as for the flat specimens
discussed in Paragraph 1.1.2, a similar experimastdone in order to evaluate the effect of
water trees on space charge accumulation in 50nchv@ m long cable specimens [31]. The
smaller sample has been tested by using the OG@ie(mal step of —30°C), while the longer
one was studied using IHT. The presence of wagestras for flat specimens, results in a greater
10



accumulation of charge for both samples.

The described method has been also developed $te@pplications, by using power DC/DC
converters for the control of high currents cirting@ in the inductor wrapped on the cable [32].
The TSM has been applied by Mazzanti et al. tocti#des during both pre-qualification and
type tests [33]. The same article reports the malsivant problems related to this method. A
relevant challenge for this method can be idermtibg the significant space occupied by the
measurement setup, which is also composed by aticadd cable (namely “compensation
cable”), identical to the cable under test and eated to its terminals. This is made in order to
avoid the problems related to the current amplifisrdescribed in Paragraph 1.1.3.

Another problem consists in the test procedurealbise before the space charges measurement
the DC source must be disconnected, while thelmplad must begin to flow. This fact involves
longer times between two subsequent measurememes, @ompared to other techniques, such
as the Pulsed Electro Acoustic (PEA) method (theshmd will be described later).

1.1.5.Alternative Thermal Wave Method

The Alternative Thermal Wave Method (ATWM) was deyed by Reboul et al. in 2001 for
measurements on thin dielectrics located in powagacitors [34] The main difference
compared to the TSM is that employed to have a&betsolution using a thermal excitation
over a long period of time rather than a singlenstus As a matter of fact, the thermal
excitation brought by the radiating electrode doesgive sufficient resolving power for the
space charge measurement in thin dielectric fildue (to a high number of information lost
during the beginning of the transient current). Tésolving power can be improved by using
a long periodic thermal excitation [33)ith this method, a resolution of a feyn is obtained,
and a wide range of thicknesses fromua® up to 3 mm can be analyzed. The ATWM is used
in order to measure the space charge profiles,ewaidother technique, called Thermal
Stimulated Discharge Current (TSDC), can be usedtudy the injection, transport, and
trapping of charges. By considering this aspedi3tithese two techniques have been applied
simultaneously in order to carry out a completelgtof space charge behavior. In 2011, the
ATWM was improved in terms of accuracy by applyimg simultaneous thermal waves in

both surfaces of the specimen [36]
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1.1.6.Laser Intensity Modulation Method

The Laser Intensity Modulation Method (LIMM) wawvented by Lang and Das-Gupta during
the mid-1980s [37, 38]

Generally, in the LIMM method the metalized surfacd a specimen are heated by using a
laser with modulated sinusoidal intensity in tinas, shown in Figurel.5. Therefore, a non-
uniform distribution of the temperature is produedzhg the thickness of the sample. The laser
beam is absorbed by the electrode, and its sinalsmiddulation causes a sinusoidal fluctuation
of the temperature in the electrode. Consequeptmilemperature wave is diffused within the
sample and attenuated and delayed in phase. lw#tyisan unevenly distributed thermal force
is displayed over the sample. Therefore, the iotema between this force and the space charge

generates a sinusoidal pyroelectric current, wii@mplified and subsequently processed.
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Figure 1.5. Working principle of the LIMM technique.

The sinusoidal pyroelectric curréi) can be written by the following expression:

=" j 600 22000 (16)

whereT is the temperature arié(x) the distribution function, whil& andd are the area and the
thickness of the sample, respectively.
As well as for the methods previously describeslesd deconvolution techniques have been

developed during the years, finalized to deterntio#h the space charge and the polarization

distributions [39, 40]. In particular, in the LIMNechnique the mathematical processes to
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follow are more complex due to an ill-posed probleitin multiple solutions that resides in this
method.

This technique has been applied to many applicéietes, from measurements in the dielectric
used in spatial applications [41, 4@ measurements in XLPE specimens [40, 41], with a
resolution between 1 andun.

1.1.7.Focused Laser Intensity Modulation Method

In order to carry out 3D measurements starting ftoe\LIMM method, Marty-Dessus et al.
developed the Focused Laser Intensity Modulatiorthbi#, also named Focused LIMM
(FLIMM) [45]. The principle of operation has remathunchanged with respect to the LIMM
technique. However, as shown in Figure 1.6, whattematically represents the test setup of
this method, the three dimensional distributionthefspace charge are obtained by moving the

laser beam generated by the laser diode in thelingotions z-y.

.~ LASER BEAM

Figure 1.6. Working principle of the FLIMM technique.

The measure along the x-direction, which correspdndhe thickness direction, depends on
the laser beam modulation frequency. The outputatisignal of the systert{,f ), is given by
the following equation:

A L
I(f) = ZjZn *fj k()T (x, f)dx a.7)
0
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where A is the cross-sectional area of laser belanis the specimen thickness, is the
temperature, anklis the generalized pyroelectric coefficient.

In [46] the proposed method was compared with tR& Th order to determine the three-
dimensional polarization distributions in poly (ylidenefluoride-trifluoroethylene) (PVDF-
TrFE) film. The carried out tests have shown tihat TPT gives very good and fast results,
while the FLIMM was characterized with a betteetal resolution.

The FLIMM technique was used for thicknesses ypand resolutions in the lateral direction
and in the axial direction of fewm and ~1um, respectively [47, 48]. The range of these
parameters was depending on both the amplituddeflaser beam and the mathematical
method used.

Marty-Dessus and other researchers have recentlifietbthe FLIMM method by creating an
air gap between the upper measuring electrode hedrdlated sample [49]. Their first
experiment has involved the 2D and 3D cartograghyhe space charge carried out in polar
PVDF (Polyvinylidenefluoride) and electron irradidt PTFE (Polytetrafluoroethylene)
samples.

1.2. Acoustic group

The most important methods belonging to this gratgthe Pulsed ElectroAcoustic (PEA)
method and the Pressure Wave Propagation (PWPpthéfthe latter includes the Piezoelectric
Induced Pressure Wave Propagation method (PIPVWHrean-PWP) and the Laser Intensity
Pressure Pulse (LIPP) method. While, the PEA metvesithe most widely used and changed
over the years. The working principle of the di#ier configurations of the PEA method
remains the same, the mainly differences are imbasuring cells, which have been modified
in order to carry out tests for flat specimen (als@ and 3 dimensions), for cables, in situ
(Portable PEA) or for measure simultaneously bbéhgpace charges inside the dielectric and
the surface charges (Open Upper Electrode).

All acoustic methods use the same physical prieciidsed on the propagation through the
sample of acoustic waves. The pressure waves aexaed in different ways for different
methods. Considering a single wave, it starts ftbeninside of the sample in the case of the
PEA method, while it starts from the outside of saeple in the case of the PWP method. In
each case the pressure pulse propagates as shéuguia 1.7, in which a sample of perfect
insulating material, with thickness and relative permittivitye,, interposed between two

metallic electrodes (A and B) is considered.
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Figure 1.7. Propagation of the pressure wave.

The wavefrontZ, of the pressure wave, generated by the vibratidheotransducer or of the

charges, travels through the sample at the speadwfdvs. The mechanical perturbation,
caused by this wave of pressure, acts on the atsmicture of the material causing a
compression and then the displacement of the chargpped in its inner space and the
variation of the relative permittivityg;,.. Depending on the space charge distribution agsispire
wave characteristics, a variation in the induceargé to the electrodes placed at the ends of
the specimen is generated. Depending on the ciconiditions, open or closed, a variation of
voltage or current will be generated as output,shewn in equations (1.8) and (1.9),

respectively.

z

V(t) = X,G,, f fE(z, 0)p(z,t)dz (1.8)

0

z

dp(z,t)

I(t) = XSCOGETf fE(z, 0) dz (2.9)

0

WhereX; is the compressibility of the sampl&, is the capacitance of noncompressed sample
andg,, is the ratio between the relative permittivity bétnhon-compressed (orange fraction of
Figure 1.7,¢,) and the compressed (yellow fraction of Figure, ;7§ parts of the sample.
While, Z; is the abscissa of the wavefroff & v; t), E(z, 0) is the profile of the electric field
within the sample at the instant when the compoessiapplied (time t = 0) and, finally(z, t)

is the pressure profile.
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Analyzing the evolution over time of the voltage a@urrent, it is possible to finally get
information on the distribution of space chargehwitthe sample. In the PEA method, the
output signal is a voltage, while, in the PIPWP &P methods the output is a current signal

[4].

1.2.1.The Pulsed Electro Acoustic method

The PEA method was developed by Takada in 1987 [B®% working operation is based on
the one-dimension Coulomb force law and the prieatjtagram for a flat specimen is shown
in Figure 1.8. It consists essentially of a higttage direct current generatidy,., which is used

in order to create a constant electric field witthia sample and then allow the accumulation of
the space chargeshese charges subjected to the pulse volégge will move slightly, this
movement generates pressure waves that reachettmefectric sensor (generally based én a
pum thick polyvinylidene fluoride, PVDF) whichllows the conversion from an acoustic signal
to a voltagesignal proportional to the space charges. The Absaos used in order to avoid
reflections and the amplifier to increase the afigaliion of the signalFinally, the output
voltage signaV(t), viewed in the oscilloscope, is sent to the comptd be processed [4, 51].

The output signal of the system, in frequency domiaiexpressed as the following equation:

(1.10)

v = s [ 7 exp (-1

+R(f) +
AT () VAT Vs

whereS(f)is the system response function that dependseoprtiperties of the transducer and
amplifier, while the terms in square brackets repn¢ the pressure wave. In which, the first
component is the surface charge at the groundretex{(that corresponds to the electrode in
the right side of Figure 1.8, near the transdud&g,second component is the accumulated
charge in the sample and the third component isuhi@ace charge at the upper electrode. The
sampling time is denoted 47, while v, is the speed of sound of the sample with thickness
from O to d. More mathematical details will be given in théldwing chapters in which the
PEA method is widely described and discussed.
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Figure 1.8. Working principle of the PEA method

During the years many experiments have been dodiffénent materials with thickness ranges
between 27 mm and 3&n. As regards the spatial resolution of the metikadnaoka et al.
brought the value of this parameter in the rangavéen 1.6um and 3um for samples of
thickness 25 - 10Qm, by using a pulse voltage of 100 V with the pwisdth of 0.6 ns [52].

In order to test specimens at a normal operatingditions temperature, Kitajima et al.
introduced a band heater around the upper pahleoPEA cell, while on the lower electrode
has been inserted a thermocouple as temperatuserseh change was also made on the
transducer, by replacing the PVDF (which is finthd thermal gradient is low) with the lithium
niobate (LiNbO3) crystal, as the latter turns out to have a stahlgput signal to high
temperatures, making the measure more accurate [53]

When the PEA method is used, both for flat specsraerd for other type of tests discussed in
the next paragraph, an important aspect conceemaditerial homogeneity. Indeed, if a material
is not acoustically uniform, the acoustic wave gatezl from the charge can be distorted.
Interesting studies have been made by Wadamoalr{®4Jan which they proposed a numerical
model for estimating the effect of acoustic misrhatg in a sample on the output of PEA
signals. Whereas Holé et al. in [55-57] analyzedldase of complex geometries and the case
in which filler particles are present inside thenpée. In these works, it was found that if the
diameter of the filler particles is larger than #mealler resolution of the measurement system,

the output signal is distorted.

17



1.2.2.Three-Dimensional PEA

Three-Dimensional measures can be carried out wiveistigating small areas, such as voids
or tree defects. For this purpose Imaizumi etevetbped the 3D PEA system, with a principle
similar to the classic PEA and the difference aofihg a piezoelectric transducer and a detecting
electrode with small dimensions. To carry out measin 3D, in this first application, it was
necessary to move the specimens along the coocedinatand y, to have as output the
distribution of space charge along x, y, and zhla way the method could not be easily used
because it was necessary to move the sample,thmegea where the measure was carried out
was rather limited [58].

In 2001, Maeno improved the measurement systemtbyducing a numerical control on the
detector’s position in order to measure the 3Drithigtion in a more practical and fast way.
This new method is called "Acoustic lens methodd andiagram showing the principle is
presented in Figure 1.9. In this case the samptaireed still, while the detector constituted by
the transducer and the acoustic lens moved al@gtieral directions x and y. Only the pressure
wave generated in the small focused area by tlseréathes the sensor. To obtain the complete
3D space charge distribution it is necessary toarthis detector, acquire the new values, and

then put them in sequence [59, 60].
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Figure 1.9. Working principle of the Acoustic Lens method.

The attained resolution was fiéh in the thickness direction, and 0.5 mm in therktdirection.

Considering that both the transducer and the aicolgsis are in a shielded box placed under

the ground electrode, the acoustic waves reacledethsor going through a liquid within the
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shielded box. It was found that the use of mer@asyiquid, prevented the waves reflections
from taking place in the interfaces electrode/liband liquid/lens. Mercury, indeed, shows
acoustic impedance similar to that of aluminum étutsng the cell components [60, 61].

In a recent work undertaken by Maeno et al. on $esngf thickness between 250 and b0,

the resolution in the vertical direction is 6, while in the lateral direction the resolution
improves considerably to a value of 10 [62].

Unlike the classic PEA, in the 3D system, the outpaveform has the main peak preceded by
a broad signal, due to the use of acoustic lens.

The 3D PEA system is not suitable for observingcepeharge dynamics that change rapidly
because it takes a long time to scan a small podionaterial. Therefore it is widely used for
monitoring long time ageing phenomena such as iigmnation, for example in a printed circuit
boards [63-65].

1.2.3. Two-Dimensional PEA

To evaluate the transient behavior of the spacegeha system for real-time measurement is
needed. For this purpose, Fukuma et al. develod&d apace charge measurement system.
Such system was acting both in lateral directiod anthe thickness direction, using the
principle of the PEA method but with a greater nembf acoustic sensors. The diagram
showing the working principle is shown in Figurel@.and the method is called “multi-
dimensional space charge measurement systerfimulti-sensor PEA system” [66]. During
the experiments, the ten PVDF sensors were stuttiketbottom electrode, and spaced 3 mm
from each other so that individual signals from sleasors were detected at the same time in
which the coaxial switch was acting. The same datdd be processed later. The system, with
a resolution in the lateral direction of 3 mm waspéoyed to measure both in 2D and in 3D
depending on the sensors position: 2D, if theyl@ated in line; 3D, if they are located in the
nodes of a grid [59].

The number of sensors is limited by the analogdaad converter, which is more expensive in
relation to the number of available channels. T&eraless expensive system, either 2D or 3D,
the Scanning Sensor Type (SST) was developededt ais analog switch and a single channel
A/D converter [67]. A detailed explanation, a dgstion of the components used and the layout
of the test system are reported in the same artitlg56-68] materials of different thickness

between 100 and 3Q0n were tested, obtaining a resolution ofub®in the thickness direction
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and 1.5 mm in the lateral direction for sensorggibat 1.5 mm (because the lateral resolution

depends on the distance between the sensors).
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Figure 1.10. Working principle of the Multi-dimensional spaceaolle measurement system.

1.2.4. Open Upper Electrode

Dielectric materials used in spacecrafts are stbjecspecial environmental conditions.
However in these cases the surface charge shosddbal considered. Given that the upper
electrode is in contact with the specimen in tlessic configuration of the PEA method, it is
difficult to measure the surface charge. To meatheeurface charge it is necessary to create
a floating potential both on the surface as welbaghe electrode. The electric field is then
applied through the floating electrode, both to Itk and to the surface of the specimen. In
this way, the acoustic signals are generated bmthhe surface charges and for the space
charges.

For this purpose, in 2004 [69] a new configuratmithe PEA cell called Open Upper
Electrodé was developed, in which the top electrode remaiesched from the sample. A
detailed diagram showing the cell setup is showRigure 1.11 [70], and substantially there
are no significant differences as compared to thditional PEA. In ordinary PEA, also the
sample pressed by the upper electrode remainekbse contact with the electrodes. In this
experimental setup, on the contrary, it was diffita press the specimen because the upper
electrode was not in touch with it. High viscostlycone oil and other materials were thus used

to improve the contact between the upper electedethe sample. In this set-up, besides, is
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present a motor, which is used to move the upatrelde in the irradiation or measurement

position.
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Figure 1.11. Working principle of the Open PEA [70].

In order to adapt the voltage pulse to the sanaid {ind a good compromise between applied
voltage and sensitivity of the charge detectiohg work in [70] proposes a gap of 1 mm
between the electrode and the sample.

In [71-72] a new set-up calledOpen Ring Electrode{ORE) was proposedsuch setup,
differently from the Open PEA, allowed carrying dine measure without stopping the
electronic bombardment. In this way it was possibleerform measures during the irradiation.
The tested samples had a thickness ranging beti883mm and 50Qum with a resolution of a

few micrometers.

1.2.5.Portable PEA

In 2002, Maeno created a portable space chargeunegasnt system. Unlike the complete
measuring system that is too large to be transpottee developed system improved the
waveform of the voltage pulse so as to directlyeobs the profile of the space charge on the
oscilloscope without the need to process the sigialPC [73]. The goal of the author was to
match the waveform of pressure that arrived topileeoelectric transducer directly with the
space charge profile. The resolution of this meagwsystem was not very different from that
of the classic PEA and was approximately equaldtpuh for samples with thickness of 500
um. The mathematical processes and details of thieati¢hat lead to the point of avoiding the
deconvolution and so to the use of the PC are itbestin [73]. In the same work, there is also
the diagram of the wiring and the description & tlrew pulse generator used, which differs
21



from that of the traditional PEA primarily due toetfact that it provides a voltage pulse of a
much smaller width.
The test ground includes the oscilloscope, a haptack, the new pulse generator and a kind of

pincer, which is nothing more that the mini-PEAlca$ reported in Figure 1.12 [59].

Figure 1.12. Test ground of the Portable PEA [59].

There is a problem in the construction of the ugbectrode, because to avoid partial discharge
this electrode is filled with epoxy resin. This ileg that, if a fault occurs, the electrode will be
changed entirely. With the suitable variations shaw[59], it is possible to use the mini-PEA
cell also to carry out measures within the irradrmthamber. In this case the system was called
“Mountable PEA"and different experimental tests are reported®) 61, 74].

A limitation of the portable PEA system is duelte fact that only the surface charge near the
electrodes can be observed. This is because theielgeld gradient is very low (about 12

kV/mm) to allow the formation of space charges witthe sample.

1.2.6. PEA for cables

The application of the PEA method for coaxial getiree was performed blfukunama in
1990 [75].
The principle of generation, propagation and raoeptf the acoustic wave remained the same
to that of the PEA for flat specimens. The diffexes consist in the shape of the electrodes, in
the features of the pulse generator and in theabmocess.
To perform measurements in cables it is necessammiove a part of the outer tape in order
to have access to the external semiconductor Eyerapply the pulse voltagg(t) between
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ground and measuring point (at the centre of aroseg section of the external semicon)

through two circular aluminum electrodes, as showrigure 1.13 [76-77].
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Figure 1.13. Measuring set-up of the PEA method for cables.

To prevent the change of the electrode dimensionghie analysis of cables with different
sections, it is possible to use the floating groalattrodgan electrode of variable siz8)his
type of cell has allowed the measurements of itismahicknesses betweéh5 and 20 mm
[78-83] with a resolution for the latter value appmated to tenths of a millimeter. The low
value of the latter parameter was not a main propknce the thicknesses analyzed were of
considerable size.

The tests under temperature gradient, proposed &ygVih 1995, are carried out by using a
current transformer which is used to circulate ate current on the cable in order to bring it
to the desired temperature, by exploiting the Jetflect [84].

The measures under thermal gradient, as well ahiéopower cables, have also been used for
mini-cables. The measurement set up did not diffen the previous one and the scheme is
shown in [85]. In this work, and in others foundliberature [86-88], the type of insulation is
always XLPE, while the thickness was approximalefymm.

Among the PEA developments, carried out by Montagizal, it is possible to find the system
called ‘Ultra-Fast space charge measureméntssed in the case in which the small charge
quantities going through the cable insulationsafeery small period of time, could be measured
[89-91]. This arrangement is similar to the PEAtegs for cables, but it improved the
acquisition speed by using last generation instnimeéMoreover, the voltage pulse given by
the pulse generator would have amplitude of 150@\fation 50 ns and 4 kHz repetition
frequency [91].

As regards the disadvantages, there are sevelta@keprs related to the application of the PEA

method at cables geometries. Due to the greatepleaity of the signal processing and in order
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to get an accurate space charge profile, it issszeg to consider the divergence of the voltage
pulse and of acoustic wave across the insulatitre [atter is also highly attenuated and

distorted due to the high thicknesses of insulatiender test [81]. Further problems reside in
the measurement set-up, as it is very large arglribads a lot of space, in particular for cable
under test and terminations. In addition, the gddug system requires particular care in order
to avoid spurious signals in the output waveformrtirermore, in the PEA system there is a
low signal-to-noise ratio combined with the freqogmesponse of transducer and amplifier

[33]. Ultimately, the PEA method is destructive fatl-size cables since the outer tape and

screen along the measuring area must be removed.

1.3. Pressure Wave Propagation Method

The PWP method, with principle of operation basadle propagation of a pressure wave
within the sample, was conceived by LaurenceaWif6]92] and later developed by Alquié
[93-95]. There are several configurations of tedhnique in relation to how the pressure wave
is generated. The most employed ones used a peenoeltransducer or a laser. If the
transducer is used, the developed techniques aréPilezoelectric Induced Pressure Wave
Propagation method", PIPWP, also called “Piezo-PW#R& "Piezoelectrically Induced
Pressure Pulse", PIPP, and "Piezoelectrically ladiressure Step”, PIPS. This last technique
developed by W. Eisenmenger et al. [96-98] togetvidr the "Laser Induced Pressure Pulse
method", LIPP, introduced in 1981 by G. M. Sessteal. [99] in which the laser is used, laid

the foundations for the development of these method

1.3.1. The PIPWP configuration

The PIPWP configuration, shown in Figure 1.14, ubessame components of the PEA cell
(see Figure 1.8). Here, unlike the PEA method |@age pulse, (t) is applied to a piezoelectric
transducer in order to generates a pressure pllse.latter propagates on the dielectric,
perturbing the space charges with a consequengehainsurface charges on the electrodes.
From the measurement of the displacement curfgntiue to the charge variation over time,
it is possible to determine the distribution of gpaharge in the specimen with resolution that
varies from 2 to 5% for the range of thicknessds/ben 100 and 1000m [100-101].
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Figure 1.14. Working principle of the PIPWP method.

The output signal of the system, in frequency domigiexpressed as the following equation:

(1.11)

1F) = S(F) o(0) o(d) exp (_ i27rfd)]

+R(f) +
ugAt ) usAt Uy

where all terms are the same as those presentuatieq 1.10 for the PEA signal output.

The PWP technique is also used for measureme wwith a resolution in the directions x-

y equal to 2.5um, while that in the z direction is not as effidiefihe latter can be improved by
increasing the working frequency [102]. Besides,tfinkada et al. used a technique to calculate
the space charge in dielectrics used in spacdd@8t. In the same article they define the value
of the resolution to fim for a kapton sample with thickness of| 5.

A critical aspect of this method is the safety loé imeasurement system. Only a coupling
capacitor separates the signal detecting circainfthe high voltage circuit. This means that
the output signal is sensitive to external eleatnmmise and, therefore, if an electric breakdown

takes place, the signal detection circuit couldléstroyed [100].

1.3.2.The LIPP configuration

The LIPP method has been widely used by G.M. Sesshd. not only for the measurement of
space charge, but also for polarization and pienbetity profiles detection in different kinds
of insulating materials [104-106] in which the regmn is about Jum [107]. The LIPP method

in its latest configurations has a block diagramshaswvn in Figure 1.15 and employs a laser that
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shoots high intensity pulses on an absorbing lplesed on a side of the sample. The target
absorbs the laser energy and converts it into énamecal energy due to its expansion. In this
way it creates a pressure wave that travels thrthiglsample, resulting in the variation of the

surface charge in the electrodes and consequémtllye appearance of electric currgy in

the external circuit [4].
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Figure 1.15. Working principle of the LIPP method.
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By making a comparison with the methods previowgcribed, which make use of the
transducer, the LIPP shows a better spatial resalulue to a more rapid rising edge of the
pressure pulses and also does not require a ddatiovo

The LIPP method is also employed to make testsruledgperature gradient on the materials
used in power cables. In the test setup, comparteettraditional case reported in Figure 1.15,
some heating coils were added in proximity of thediated electrode as well as a thermocouple
to measure the temperature [108].

In the past years, as indicated in [4], the methasl been used for measurements on thin or
very thin samples with thicknesses 0.1-1 mm, idecapecimens, but not to full-size power
cables.

Recent developments of the method are proposetéipyh& Holé in [109], where it is reported
the possibility to bring the resolution to 50 nnsiticon dioxide and 100 nm in silicon nitride
200 nm thick, by using a laser pulse of the ordéemtoseconds and an Electro-optic sampling.
The LIPP technique is also applicable to completenias exhibiting either a divergent electric
field or a heterogeneous structure. In these cHsesnethod has a problem due to the fact that
the output signal is not only related to the preseof charges but it also depends on other
spurious contributions [109].

To improve the sensitivity and resolution of thetihoel the interface target/electrode was

investigated, while the material, interposed betwé®ese two elements, had the task of
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reducing the reflections. Different liquids haveebeanalyzed and it was pointed out that the
best conditions were obtained by using a thin l@ayéndian ink with laser pulse having energy
equal to 180 mJ [110].

The LIPP technique, mainly in the past years, & aigo used when the samples are previously
charged with an electron beam. For example, theesplarge distribution was determined in
Mylar and Kapton films charged with 10 to 40 ke\ealon beams [111], but also in
Polyethyleneterephthalate (PET) films charged witam energies within the range of 4-55
keV [112].

The electron beam is used not only for chargingstimaples, as described above, but also to
detect the space charge distribution within thelatsng materials by means of the so called
“electron-beam methbddin this technique, the sample interposed betweentwo electrodes
(rear and front electrodes), is initially chargadd then exposed to a series of electron beam
irradiations. In this way, a virtual electrode i®ated and is capable to sweep through the
sample in relation to the energy supplied by tlextebn beam irradiation. By sweeping the
virtual electrode through the sample, from fronthte rear electrode, an amount of charges will
be released in the rear electrode; thus, the evatuaf the currents from the rear electrode
yields the charge distribution [112, 113].

1.4. Optical method

The optical methods used to measure space chastgiualiion have not been widely used over
the years due to the complexity of the measuritigieer these reasons we will be given a brief
and general description of these methods, withourtgginto detail.

Optical methods are used to measure the distribofigpace charge in dielectrics starting from
the measurement of the electric field. When thediaf force of an electric field pass through
a dielectric material the electro-optical effecpagrs. The latter consists in the change of the
refractive index of the material itself. The phemwa that generate the refractive index
variation are the Kerr effect and the Pockels effé@ beam of light strikes a material with
different values of refractive index, the bireframge arises. For the Pockels effect, which is a
linear electro-optical effect often observed instajline materials, the difference in induced
birefringence is linearly proportional to the etecfield. While for the Kerr effect, which is a
squared electro-optical effect, often observedignidl materials, the difference in induced

birefringence is proportional to the square of éhectric field. The difference of induced
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birefringence can also arise due to a distributidninternal mechanical stress to solid
dielectrics, the two effects are linearly connecad there is also a photoelastic effect [100].
A detailed analysis of the Kerr effect is given[iri4-115] While, as regards the possible
applications, taking as a reference the most rquager [116], the Kerr effect is used to evaluate
the accumulation of the space charge in the oipfaver transformers. In order to give an idea
of the complexity of the measuring system, in Feglul 6 the test set-up used in the same article
is reported. The circular container, containingeheetrodes and the oil to be tested, it is hit by
a laser beam, the latter passes through it andsomnteof a reflective surface and back again.
The electric field is evaluated by the phase dtetiveen the components of the laser beam.
Any difference between the values of the elecietdfare justified by the presence of space
charge accumulated, estimated through the Poispoatien.

Polanzer +45° -s_,\_‘_\‘;-‘ﬂaw
He-Ne I Modulator =
(10mW) Analyzer -45° I :
Lock-i GP-IB
Lens cl-in Amp.
. Personal
Photo-diode computer

Figure 1.16. Measurement setup in liquid dielectric using trerkeffect

With regard to the Pockels effect, there are sé\@ticles describing the principle and the

different applications, such as [117-119], whiledescription of the electric field sensors

exploiting this effect is reported in [120-121]. éflRockels effect is most commonly used to
measure the surface charges, therefore it has fawwbd application for the characterization
of dielectrics used in spacecraft [117-118]. InqJlLihere is a 2D measuring system of the
birefringence caused by the accumulation of chairgése crystal Pockels. The measurement
sensitivity was improved by introducing the squamésed optical phase modulation technique

28



and an amplifier block to process the image reablulea video camera. With this system it

was possible to measure the phase delay to tragette@amount of the charged patrticles.

1.5. Discussion

The phenomenon of space charge accumulation, tueliesl in the past years, was strongly
considered in the past decade thanks to the irenlease of direct current due primarily to
transport of electricity both over long distancewl an the use of power electronics. The
methods of measurement of space charge born sgeana ago, have been developed further
in recent years. Thanks to the technological psgyrdeveloped within the measurement
equipment, new scopes, new types of laser, newert®rg, new pulse generators, new
materials, have been employed to adapt the methloelady used, to the new requirements,
with a meaningful improvement spatial resolution.

In conclusion, it is now possible to perform measuents on both liquid and solid dielectric.
For solid dielectrics the charge distribution islexated in one dimension with all the methods
belonging to the acoustic and thermal groups, ia thimensions with the PEA and TPM
methods, and in three dimensions, as well as \wihdtter two methods, even with the LIPP
and FLIMM methods. For measurements on flat speténg using the PEA method, the two
variants of the PWP (PIPWP and LIPP), the TSM, M and LIMM. While, for
measurements on cables the most commonly used dsetin® PEA and TSM. As for the liquid
dielectrics, the oils of transformers were the nigestigated in recent years, the measurement
of the space charge on them was carried out bgalptiethods utilizing the Kerr effect.

In Table 1.1 are summarized the thicknesses rahtiee samples analyzed and the best value
of spatial resolution found in literature for easpace charge measurement configuration
discussed in this chapter, in particular for thettnods belonging to the acoustic and thermal

groups.
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Table 1.1. Overview of the resolution and specimens thickneed in the different measuring techniques.

) ) Thickness | Resolution
Group | Method | Configurations Comments
(Hm) (Hm)
Measurements performed on very thin insulating ireca
For Flat specimeny 10 -20000 ~0.1—1%0 faster heating. The resolution can reach the amtlem
using a femtosecond pulse
TSM Cables < 20000 1-10 The resolution is of the orfier of microns .and degamn
the homogeneity of the material
ATWM 50 — 3000 1-10 The best resolution is obtained in t.he vicinitythod
electrode thermally excited
For Flat specimer| 25 — 200 o5 The resolution improves by taking the data fromhtsities
Thermal of the sample
TPM Three The resolution value in the table refers to thekhéss
. . 17 <05 direction. The resolution in the lateral directierequal to
Dimensional . ] .
38pum for a specimen width of a few millimeters
These resolution values they have in the vicinftthe
For Flat specimen ~ 100 1-2 irradiated surface. Using a very tight laser pulse,
resolution can be up to about 100 nm
LIMM This is the resolution value along the thicknessation
FLIMM <200 ~1 and depends on the magnitude of the laser beam. Th
resolution in the lateral direction is a few micreters
This is the better value of resolution reachedaioled by
For Flat specimen 25 - 27000 1.6 the smaller thickness, using a pulse voltage of\1@dd
width 0.6 ns
Three- 250 - 750 16 The resolution value in the table refers to theivar
Dimensional direction. In the lateral direction is 1Q@n
Two Value of resolution in the vertical direction olsted for
PEA . . 100 - 300 15 thicknesses from 100m. In the lateral direction that is 1.5
Dimensional .
mm and depends on the distance between the sensg
Open Unper The resolution is a few micrometers. The systeosée to
Acoustic P PP 189 - 500 1-10 measure surface charges and internal charge, eviengd
Electrode . S
irradiation
Portable PEA 500 10 The performance of this method are very similahtise of
the classic PEA
3500 - Although the resolution is of the order of millireet, it is
For cables 20000 100 - 1000 fine because the thickness of the insulation tested
significant
PWP The resolution value obtained for the smaller thess in
Piezo — PWP 50 - 1000 5 the application of dielectrics irradiated. In otleases the
resolution is equal to 2 - 5 %

rs
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Chapter 2
The Pulsed Electro Acoustic (PEA) method

The working principle of PEA method has been alyedeiscribed in the previous chapter. Here,
instead, its theoretical aspects and the relatadtems are discussed in detail.

In the first sections, the equations concerninggiieeration and induction of surface charges
at the electrodes of the PEA cell, due to the apgdhigh voltage stress and to the pulse voltage
but also to the accumulated space charges, aretedpand described. Besides this, the
equations related to the generation, transmissnohraflection of acoustic waves within the
PEA cell, due to the charges vibration, are alssyaed.

Then, considering that the most relevant PEA cethgonents in which acoustic waves
reflections can occur are the absorber and thengralectrode, the expressions useful to
properly sized these two component are obtained.

In the second part of this chapter, the equatidREA cell output signal is reported, as well as
the effect of transducer thickness and pulse saumaes magnitude and resolution values.

Finally, a detailed description of deconvolutionhteique and calibration process is given.

2.1 Generated and induced surface charges

By taking into account the working principle ane thiock diagram of the PEA cell previously
described in Section 1.2.1, when the voltage D€ssW;,. is applied, in the first time intervals
an amount of surface chargg,. begins to accumulate in correspondence of the leamp

interfaces. It depends on the applied electridfi&). and on the dielectric constant
Odc = SEdC (21)

where:

- &= ¢y (in which g, is the dielectric permittivity of the free spaceda, is the relative
permittivity of the dielectric material);
E;. = V4./d (whered is the thickness of the sample).

The accumulated surface charges in both samplddnés are opposite in sign and equal in

magnitude:

O-(;c = EEdc (2.2)
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Oac = — €Eqc (2-3)

The superscript “+” and “~" are referred to thefaoe charge accumulated in the vicinity of
the High Voltage (HV) electrode (which is a post®lectrode) and in proximity of the ground
electrode (which is a negative electrode), respelgti

When the pulse generatey(t) is applied (which is used to vibrate the charge$jrther

quantity of surface charge, nameg,., is induced in correspondence of the positive &qo

2.4) and negative (equation 1.5) electrode:
n _ &
Opulse = Eep (t) (2-4)

&
O-p_ulse == E €p ®) (2.5)

When a certain quantity of space chapge) is accumulated in the bulk of the sample, the
amount of surface chargg, induced by it, results equal in sign and oppositmagnitude.
The latter parameter depends on the distance bettheespace charge positiap and the

electrode (see Figure 2.1), as shown in equat@®83 &nd (2.7):

d
oy = —jo % p(x)dx (2.6)

. d - x,
oy = —f 7 p(x)dx (2.7)
0

whered is the thickness of the sample.

The total surface charge* and o~, accumulated in correspondence of the HV-
electrode/sample and sample/ground-electrode auesf respectively, are given by the
following equations (2.8) and (2.9):

d

ot = ot ot 4ot =By + e (t)—fx—pp(x)dx
dc pulse p dc T o "p d (2.8)
0
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d

€ X
0~ = 0gc + Opyise T 05 = —€Eqc — Eep(t) + j 7 2 p(x)dx (2.9)
0

Considering that the magnitude&f(t) is much smaller compared By, the second term of

equations (2.8) and (2.9) can be neglected [51].
A schematic representation of the accumulated ceirtharges described in the equations

above, without considering,,,;,., is shown in Figure 2.1.

Figure 2.1. Accumulated surface charges due to the constantral field B and space chargg(x).

2.2 Electrostatic forces

As previously explained, in PEA measurements tloeimclated charges are subjected to the
applied electric fieldz,.(x) and to the pulse electric fielg, (t). Therefore, the total electric
field E (x, t) that acts on the charges is equal to the sumtbfteans:

E(x,t) = Egc(x) + e,(t) (2.10)

According to Coulomb lawF = q E (whereq is the charge anl the force), the electrostatic

forces generate by the electric fidigl.(x) are:

i () = 50" Eac) = 5 Bac’ () 211)
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520 = 307 Eac) = 5 Bac’ () (212)

AfE, () = pLOAYEge(x) (2.13)

wheref*(x) and f~(x) are the forces acting on the surface charj@ndo ~, respectively.

While, Af?(x) is the force acting on a thin space charge laygrlacedin the generic position

X.

Likewise, the forces generated by the pulse etetigid e, (t) are:

fe, (1) = aTep(t) + %eepz(t) P %Eep(t)- ep(t) (2.14)
1 [ 1 T

fo, &) = 07e,(t) — Eeepz(t) =|o” — Eeep(t) ey(t) (2.15)

Aﬁ; (x,t) = p(x)Axe,(t) (2.16)

Because the working operation of the PEA methodlased on the propagation of pressure
waves generated from charges vibration, the elstzttic forces (x) due to Laplacian electric
field E;4.(x) (which represents a constant pressure) can bectedl Therefore, only equations
(2.14-2.16) are taken into account in the followisimce only them are responsible of charges
vibration [51].

2.3 Generation and propagation of acoustic waves

The charges vibration, due to the forq“gps(t), generates acoustic waves which propagate

within the PEA cell. When the acoustic waves trawelifferent components (made of different
materials) of the PEA cell, are partially transedttand partially reflected. These phenomena
are described by the generatigh, transmissiork” and reflectionk® coefficients, calculated
as:

= _ (2.17)
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T = J
=777 (2.18)
7. — 7
KRI J ! .
ST 7+ Z, (2.19)

whereZ is the acoustic impedance of the material, caledlas product of mass density and
acoustic velocity of the medium. The subscripidicates the material from which the wave is
generated or come from, while the subscriptdicates the material from which the wave is
traveling.

The propagation time,, useful for an acoustic wave to travel from onepto another point
of a componenk with thicknessd,, materiali and speed of soung, is calculated by the
following equation:

dy
7= (2.20)
L

In the configuration of Figure 2.2, consisting irs@mple of dielectric material “A” placed
between the HV and ground electrodes (both madalurhinum, AL), the generation and
transmission coefficients are reported and desgiiteflection phenomenon are not considered
here, it will be discussed later).

HV SAMPLE GROUND SENSOR
A

r'('(;)a KCa.a :

P,

i

TGR N|
"I

, A
Figure 2.2. Generation and propagation of acoustic pressurgesa
In the following, a description of the generatiamdaransmission coefficients illustrated in

Figure 2.3 is given, while the pressure wayét), p_(t) andp,(t) are explained later.
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When the acoustic wave is generated by the posstiviace charge accumulated in the HV-
electrode/sample interface, the generation coeffidtS, _, is calculated as equation (2.21).
The generated acoustic wave travels through théedliee material and reaches the
sample/ground-electrode interface. In this poietfiilaction of the acoustic wave that will be
transmitted towards the ground electrode dependshentransmission coefficient_,;,
calculated as equation (2.22). Before that the stabwave reaches the piezoelectric sensor
(made of PDVF), it must pass through the groundtedde/sensor interface. The transmission

coefficient of this last interfac&]; _r,pr, iS given by equation (2.23).

Zy
K¢, =—"— .
T (2.21)
2741
Ki g = .
Fn=g g (2.22)
2Zpypr
KT =" )
AL-PVDF = 7 (2.23)

Concerning the acoustic wave generated by negativeace charge accumulated in the
sample/ground-electrode interface, the generatefficientK{_,, is given by equation (2.24).
While the transmission coefficient of the groundettode/sensor interfack]; _p,pr. is the

same of equation (2.23).

ZAL

Ki g =o—F5—
A—AL ZA +ZAL

(2.24)

As regard the generation coefficient of acousticvevagenerated by the space charge
accumulated in the bulk of the sample, equatioh/(2Zcan be used. For a homogeneous material

“A” the generation coefficienk{_, is equal to:

Za

Kf , =————=
/A

0.5 (2.25)

The value 0.5 means that in a homogeneous matir@ab0% of generated acoustic wave at

one point propagates in one direction, and therd&f®o in the opposite direction. Also in this
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case, the transmission coefficients at the sammolevgl-electrode and ground-electrode/sensor
interfaces are the same of equation (2.22) an@)2r@spectively.

The transit time of an acoustic wave that travhl®ugh a material is calculated by using
equation (2.20). In case of Figure 2cg, is the transit time referred to the sample of maite

“A”, while 7. is the transit time referred to the ground eletgro

d

Toq = vi: (2.26)
d

Top = —= (2.27)
VaL

whereds, andd;i are the thickness of the sample and ground ebistrohilev, andv,; are
the speed of sound in the middle “A” and aluminuespectively.
Therefore, in the situation of Figure 2.3, the gatexl acoustic waves (or pressure wapés)
propagating in the piezoelectric direction are glaied as follows:
- acoustic wave originating from the positive surfabarges™*
p+(6) = Ki—a Ki_ar KiL—pvor fey (8 (2.28)
- acoustic wave originating from the negative surfettarges ™
p-(t) = Ki_4; K,IL—PVDFfe_p ) (2.29)
- acoustic wave originating from the space charQe

App(x,t) = Ki_ 4 Ki_ 4 KZL—PVDFAfel:, (x,t) (2.30)

By taking into account the transit time, andzr;; (equation (2.26) and (2.27)) in the

expressions of the generated forces (2.14 -2.fppteons (2.28-2.30) can be rewritten as:
P+ () = Ki 4 Ki_ a1 Kii—pvor [U+ + %Eep(t — Tsa — TGR)] ep(t — Tsa — Ter) (2.31)
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p-(t) = Ki_a, K1 —pypr [0_ - %Eep (t- TGR)] ep(t — TGr) (2.32)

dSa_Xp

Ap, (x,t) = KAG—A KAT—AL KZL—PVDFP(x)Axep (t - — TGr) (2.33)

va

Equation (2.33) is referred at a thin space chiager Ax placed in a generic positiog of the
sample, which is distanits, — x, from the HV electrode (see Figure 2.1 in whitk- dg,).
While, the acoustic pressure wave generated lof t#le space charg€r) is shown in equation
(2.34). In which the ternds, — x, of equation (2.33) has been replacedvlpy Wherev, is

constant and is the transit time of an acoustic wave which pigaies from a generic position.

t

Po(©) = 05 KLy Kl proevs [ T(Dep(t =7 = Tr)d (2.3)
0

Where the value 0.5 comes from equation (2.25).
The total acoustic wave,,(t) that reaches the piezoelectric sensor is the $um(o), p_(t)

andp,(t), as reported in the following equation [51].
Prot(6) = p4 () + p-(t) + p,(t) =
1
K& —a Ki_ar Kir—pvpr [U+ + Egep(t — Tsa — TGR)] ep(t —Tsa — Tgr) +

G _ 1
+ Ki_ a1 KiL—pvor [U —5€€p (t— TGR)] ep(t — Tgr) *+
t

+0.5 Ki_a1 Ki1—pyprva f r(De,(t — 7 —Tgr)dT (2.35)
0

2.4 Reflections of acoustic waves

The effect of wave reflections in PEA measuremeatdd cause incorrect interpretation of the
output signal. As previously reported in equatiari9), the reflection coeﬁicienfi’ij of an

acoustic wave that travels through an interfigcelepends on the acoustic impedarigeand
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Z;. If Z; = Z;, the acoustic wave that travels from materiéb materialj is not affected by
reflections. In this case, considering a sampléauit accumulated space charge, the output
charge profile is constituted of only two peaks tluthe positive and negative surface charges.
Whereas, ifZ; # Z;, the coefﬁcientKi’ij is different from zero and thus reflections ocduor.

this case, the output signal of the PEA cell israbi@rized by others peaks due to reflections,
apart from the original signal. Therefore, the eotrevaluation of the charge profile becomes
complicated.

In the following, a theoretical analysis of theleefions wave phenomenon is given, while in
the next chapter the effect of reflections in PN cutput signal are evaluated by simulations.
In order to avoid acoustic wave reflections in thugput original signal, the ground electrode

and the absorber of the PEA cell should be coyratting, as explained below.

2.4.1 Acoustic wave reflections within the ground electwde

The ground electrode acts as a delay line for dmstic wave, with the aim to avoid that
reflections anticipate the main signal. In the e\tbat the thickness of the ground electrode is
not properly sized, wave reflections occur andefagnals are present in the output charge
profile.

In the configuration depicted in Figure 2.3, wagteactions are analyzed in a free space charge
single layer specimen, and hereinafter a descripsigiven.

GROUND SENSOR

I Tsa N TGR N
| >

Figure 2.3. Reflection of acoustic waves in a free space ahamggle layer specimen. The effect of ground
electrode thickness.
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The generated acoustic wave in the HV-electrodgdamterfacep, (t), needs a timeg, +

Tgr to reach the piezoelectric sensor. Whpelt) passes through the sample/ground-electrode
interface, is partially transmitted and partialgflected. This latter portion, namexd~—4(t),
according to the reflection coefficie®? ,;, is reflected and go back to the HV-electrode
direction. Further reflections gff~4(t) are negligible because the time taken to reach the
transducer will be greater compared to that taketinb original signap, (t). The transmitted
portion ofp, (t) reaches the transducer after a time equsaj,te- tgr (as previously described

in equation 2.31). At the same time a portiop pft), namecbf‘;(t), is twice reflected within

the ground electrode in accordance to the refleataefficientsk? _,,,r andKX _,. Finally,

the reflected wavpfc(t), described by equation (2.36), reaches the tramsdafter a time

equal totg, + 31gR.
Rg + 1 2
p:¢(t) = Kror |0™ + Efep(t — Tsa — 3Tgr) | €p(t — Tsa — 3Tgr) (2.36)

WhereKror = Kfi_a Ki_ a1 K& —pvprKi-aKii—pvpr-

As regard the generated acoustic wave in the sagnpiend-electrode interface, (t), it needs
only the timergg to reach for the first time the transducer. Atteat, a fraction op_(t), named
pRae (), is reflected within the ground electrode in thens manner qﬁfG(t). Finally, pRe (o),
described by equation (2.37), reaches the transdioicthe second time aft8rcg. While, the
transmitted fraction in the HV-electrode directigrf=4(t), is negligible as in the case of
p¥A(0) [122].

_ 1
PEG t) = KAG—AL Ksz—PVDF K/{?L—A [U - Efep(t - 3TGR)] ep(t — 3T6R) (2.37)

Considering thap®s(t) reaches the transducer before tbéﬁ(t), more attention should be
paid to p®¢(t) because it may give rise to false signals in tigiral charge profile. In order
to avoid that the reflectiop®s (t) reaches the transducer before the original sigpél), the

ground electrode should be sizing in accordandkddollowing relationship:

1 Var
dGR > EdSaZ (238)

As can be noted, reflections in the original sigridg¢pend on the sample thickness and on the
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sound velocity of the two media, such as aluminuih dielectric material “A”.

2.4.2 Acoustic wave reflections within the absorber

The absorber, placed in contact to the transdusarseful to avoid wave reflections in the
original signal, as in the case of the ground etelet previously analyzed. In the other side of
the absorber is placed the bottom electrode (rsmriad in Figure 1.8) useful to protect the
transducer and the absorber which would otherwésia lsontact with the work bench.
Considering that the absorber and the transdueemade by the same material (PVDF), the
transmission and the reflection coefficiem$, pr_ppyr aNdKR, pr_pypr, are equal to 1 and 0
respectively. This means that the acoustic wavehiag the transducer/absorber interface is
totally transmitted. While, in correspondence oé thAbsorber/bottom-electrode interface,
KR, pr_a, is different from zero, and therefore the acoustive is partially transmitted and
partially reflected. The reflected waves in thadatinterface, travelling in the transducer
direction, may affect the original signal.

In the following, only the wave reflections withthe absorber are taken into account, as

reported in Figure 2.4. To reach the piezoeledesor, the generated acoustic wayét)
needs a time equal 1g, + tgg (as in the Figure 2.3). While the reflected wgaﬁ?é“ (t) needs

a timerf“‘Bs = Tg, + Tgr + Tsg + 2Taps (Tsg @andtaps are the transit time of the sensor and
absorber, respectively). For the same gm(t) and its reflectionp®48s(t) need a time

intervals equal tagg and pR48s = tgp + Tsg + 2Taps, respectively.

The reflected WavepfABS (t) andpR48s(t) are given by:

R — K6 T T R 1 R
P75 (0) = KaL—a Ki—ar Kar—pvor Kpvpr-aL [U+ + Egep(t - r+ABS)]-

eyt —T)

(2.39)

1
pRass(t) = Ki_ s, Kir-pvor Kivpr-ac [U+ + Esep(t - TEABS)] ep(t — T240s)  (2.40)

Considering that botlp, (t) andp_(t), described by equation (2.31) and (2.32), reaeh th

transducer always befopéfABs (t), the latter wave does not influence the origindpat signal.

While, the reflected wave®48s(t) could anticipatey, (t) if the absorber is not properly sized.

In this case the thickness of the absorgy; should be chosen according to the following
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relationship (2.41). In which the transit time vifitlthe sensor has been neglected.

VpyDF

1
dABS > Ed_ga (241)

7}

Wherevpypr is the sound velocity of the absorber material.

HV SAMPLE GROUND SENSOR ABSORBER BOTTOM

A
))\ -
¥))) >

| Tsa N Ter N Tse o TaBs g
. T T "1

Figure 2.4. Reflection of acoustic waves in a free space chaiggle layer specimen. The effect of the absorber
thickness

If both relationship (2.38) and (2.41) are fulfidlethe original signal is not affected by
reflections also in case in which space chargedsants in the insulation bulk. However, more
attention should be paid in the case of multi-lagmecimen. This aspect will be discuss later.
The theoretical treatment described above is aoefir by simulation results reported in the

next Chapter 3.

2.5 Output signal of the piezoelectric sensor

When the acoustic pressure wayg; (t), described in equation (2.35), propagates thrangh
piezoelectric sensor, an amount of chay@® is induced on its surface due to the piezoelectric
effect. The amount of this charge depends on tlesspre wave,.(t), but also on the

piezoelectric constaril. and are& of the transducer, as shown in equation (2.42).

Q(t) = P.SPtot(t) (2-42)
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The electrical potential between the transducefasas, which represents its output signal

Vpypr(t) is calculated as follows:

Vpypr(t) = ? (2.43)
P

whereC, is the static capacitance of the transducer equal/dge (With € = g5epypr anddgg

is the piezoelectric thickness). Therefore, equatib43) can be rewritten as:

Q(t) — Pc Sptot — PcdSE

Ptot (t)
C, e S g rte (2.44)

dS E

Vpypr(t) =

As can be seen in equation (2.44), the electriogdud signal is proportional to the incident

pressure wave and to the transducer thickness etel area of the transducer is irrelevant.

2.6 Effect of transducer thickness and pulse sourc@ the magnitude and
resolution of the PEA output signal

The thickness of the piezoelectric sensor playsimportant role even in the system
measurement resolution. Indeed, for a smaller valldg, the spatial resolution will be better.
And vice versa, for larger valuesayfz, it results poorer. Therefore the choice of thesducer
thickness needs attention since it is essentibat@ both a better resolution value and a high
magnitude of the output signal. However these tast parameters depend also on the
pulsewidth of the applied pulse voltage. A mathécaaexpression that proves the dependence
of the output signal magnitude on the pulsewidtbsdoot exist. As well as an equation in which
it is shown the correlation between the spatiabltgen and the transducer thickness.
Nevertheless several works are present in litezatuwhich these aspects are evaluated through
simulations. It was found that the output signagnmiaude is proportional to the pulsewidth (if
the pulsewidth increases, the signal magnitudesass as well). Furthermore, as previously
explained, simulation results show that the spatesolution results poorer for thicker
transducer.

By using the simulation model developed in thisitbewhich will be widely described in the
next chapters, two different pulse generators (ditferent pulsewidth) have been applied in a
specimen containing only surface charges in coomsgnce of the electrode/sample interfaces,

as shown in Figure 2.5. While, the effect of traret thickness is evaluated in the next chapter.
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Figure 2.5. Specimen containing surface charges, used to am#iher effect of pulsewidth on the output signal.

As for example, two Gaussian pulses (which reprtetbenideal pulse voltage) with wid#ir
equal to 0.7 ns and 10 ns have been chosen asgeriseator. The magnitude of both pulse
sources has been selected 100 V, wdiiles calculated in correspondence of 50% of the pulse

magnitude, as shown in Figure 2.6.
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Magnitude [V]
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Time [s] x107

Figure 2.6. Two pulse generators with different pulsewidth.

The effect of the pulsewidth on the PEA output algan shown in Figure 2.7, where the negative
and positive peaks are due to the negative andiyosurface charges, respectively. The red
profile is obtained by usingT = 0.7 nswhile for AT = 10 ns the charge distribution is depicted
by the blue line. In the first case, the negatealpmagnitude is around 0.9 mV and the positive
one is almost 0.3 mV. In the second case, in wtiielwider pulse is applied, the magnitude of
both peaks increase significantly.
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As regard the resolution, considering that therfatgéal charge occupy infinitesimal space, it

Is possible to notice that the better profile isaofied by the narrow pulse.

Voltage [V]

3.86 3.88 3.9 3.92 3.94 396  3.98 4 402 404 406
Time [us]

Figure 2.7. Simulation results. The blue profile is referredte PEA output signal obtained by applying the
wider pulse. While the red profile is obtained bg harrow pulse.

The expression explaining the correlation betwdwndutput signal magnitude add; has

been already reported in equation (2.44). Whilesphagial resolutiols depending on the pulse

width A4t is given as:

As = v, At (2.45)

wherev, is the sound velocity of the dielectric materiatlantest.
Considering the same valuesigfand pulse voltage magnitude (because this paraiiéeets
the output signal magnitude), based on the aboseritbed, the following summary table can

be obtained:

Table 2.1. Dependence of spatial resolution and output sigmagnitude on the transducer
thickness and pulse voltage width.

Improve Worsen Improve Worsen
Lower Higher Lower Higher

Because it is possible to increase the transdudpubsignal by amplifiers, the parametégg
and4t are selected with the purpose to obtain the bediatpesolution values. Therefodig
and 4t should be selected thin and narrow, respectivetyeguation useful for the choice of

the transducer thickness by taking into accourt Alss given as:
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dSE < At - VpvDF (246)

If equation (2.46) is satisfied the best spatiabhetion of the PEA system is obtained.

In the commercial PEA cell, typical valuesdifare in the range4y ns. This means that for a
transducer made of PVDF material, with speed ohdow, ,r = 2260 m/s, its thickness should
be chosen less than Bn. However the most common commercial available P\$@nsor
thicknesses in the market areu®, 28um, 52um and 11Qum. Therefore the first one is that
meets equation (2.46).

Another important aspect that should be considardle transducer thickness choice is that
the wave propagation timesg) from one side to the other side of its is abbet$ame with
the pulsewidthdt. For a 9um thick transducer thes; ~ 4 ns, which is close tdt = 5 ns.

Therefore the typical thickness adopted, in the REIAfor flat specimen, is @m.

2.7 Output signal of the amplifier

Considering that the magnitude of the piezoeleeansor output signal is very small, an
amplifier is used in order to increase the voltiayel.

The linked between piezoelectric transducer andliierpcan be represented as an RC high-
pass filter. WhereC is the capacitance of the transducer &nthe input resistance of the
amplifier, as shown in Figure 2.8. The transferction W of this system is reported in equation
(2.47).

W) = j2nfCR

SO A i 2.47
1+ j2nfCR (2.47)

Wheref is the frequency.
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Transducer Amplifier

I R Oscilloscope

Figure 2.8. Equivalent circuit of the PEA detection system.

By taking into account the typical valuesR&andC, the cutoff frequency of this filter, which
is calculated a$/2rnRC, results under 100 Hz. Furthermore, considerimgtiiicknesses and
the sound velocity of the typical dielectric ma#dsitested with the PEA cell, the lowest
frequency component of the acoustic wave is irotider of MHz. However, this latter value is
greater than the cutoff frequency and hence theisysomposed by transducer and amplifier
is able to transmit the acoustic waves.

The output signal of the amplifigr,,.(t), is given by:
= _ w Fedse 2.48
Vout () = WGVpypp(t) = WGT Proe(t) (2.48)

whereG is the gain of the amplifier [51].

It is to be noted that, the voltage signal cal@dah equation (2.48), which represents the output
signal of the PEA cell, is proportional to the m@® wavep;,:(t). The latter contains
information on the accumulated charge and theréfqp&t) results proportional to the surface
and space charges present in the interfaces akabthle specimen under test.

Finally, the signalV,,;(t) is visualized in the oscilloscope and sent to tbemuter to be

processed.

2.8 Deconvolution process

As explained in the previous paragraph, the linketiveen transducer and amplifier leads the

charge output signal to pass through a high-péss. fi his involves signal distortion that can

be corrected by deconvolution technique.

Considering the same specimen of Figure 2.5, tha imutput charge profile should be like that

of Figure 2.8. Instead, due to the presence ohthplifier after the transducer, and thus the
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presence of an RC filter, the real output sigealtts distorted, as shown in Figure 2.9. As can
be seen in this last figure, the distortion causigyaal which seems an accumulation of charge
with opposite polarity compared to that accumularetthe negative electrode/sample interface
(red circle on the left side of Figure 2.9). Alspthe space comprised between the two main
peaks the signal is different from zero, as indage of space charge accumulation in the bulk
of the sample. While, the red circle on the rigithe same figure highlights the signal distortion
after the main signal, therefore its correction baravoided. In reality, after signal processing
by means of deconvolution technique, the final spatarge profile becomes very similar to
that of Figure 2.8, in which between the main peaks also on the right of the positive one,

the signal is equal to zero.
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Figure 2.8. Ideal charge profile detected by the piezoeledtdaasducer.
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Figure 2.9. Real output signal after amplification.

The deconvolution technique proposed by Jeroen28],[ivhich is the most used in PEA

systems, allows to obtain the original sigV[é’Lig (t) starting from the distorted signal detected

at the oscilloscop®,.;(t), by means of the following equations:

Vet (1) = F_l[Vorig(f) * H(f)] (2.49)
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Vorie (p) = F‘l[

dec

Vdet(f)] (2.50)
H(f)

whereF~1is the inverse Fourier transformation. Whiléf) is the system response, such as
the relation between the input and output of thA B¥stem, which means the relation between
the real distribution of space chargét) in the sample and the detected signal at the
oscilloscopd/,,.;(t). If H is known, it is possible to compute the originghal by using the
inverse system responge®.

In details, the system resporfées calculated as explained below.

The signald/a..(t), p(t), the pressure signalt), the pulse voltage,(t) and the detection

system response in time domaift) are linked as:
Vaee () = K h() ® e,(t) @ p(t) (2.51)

whereK is a calibration factor. While the symbgl represents the convolution operation. The
convolution between(t) ande,(t) is equal to the total system respoiig). Therefore, in

frequency domain, equation (2.51) can be rewriiEn

Vaet (f) = K h(ep(fp(f) = kH(f)p(f) (2.52)

As regard the original space charge distribupi¢t), it may be evaluated in frequency domain

as well as in time domain by simple algebraic dalbons, as shown below:

_ 1 Vaee ()
p(f)—K 5P (2.53)
1 Vae(f)
p(t) = = F [ e ] (2.54)

Once an electric signd;.; as a result of a known space charge distribygicmeasured, the
response functioH can be calculate. The only space charge distabstihat can be predicted
exactly are the interfacial chargesando~ according to equations (2.2) and (2.3). The serfac
charges ~ is taken instead af* because the acoustic signal of this charge hasxp&rienced

any attenuation and dispersion by the sample na&teri
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For these reasons only the detected signgal(t), due to the accumulated charge in
correspondence of the ground electrode interfaceimm bulk material pan,,-(t), will be

taken into account.

Based on the above, from equation (2.52) the systgponse is given as:

_Vaee) _ Vo)
Ko(f) ~ Kpge(P)

H(f) (2.55)

The surface charge is generally believed to be trery thereforep,,.(f) = Flo~8(t)] = o~

with §(t) the impulse function. Assumingo~ = K;, equation (2.55) becomes:

Vor () _ 1

H() = = =5 Vor ) (2.56)

K; represents the ideal signal from the surface @wmargwhich means without distortion due
to RC filter. In this case the ideal signal is e@nted by a pulse which has approximately the
same width as the earth electrodd/ip,(t) and has a height of one (which is usually much
larger than the height of the electrode signdin (t)).

In this wayH has been obtained.

Considering that equation (2.50) neétis!(f) instead off (f), the ideal signal is divided by

the output signaly,, as follow:

K

-1 _
D=5

(2.57)

Because the signal~1(f) contains high frequency components, which causterdion in the
final deconvoluted signdl,..(t), a low pass Gaussian filtér(f) is inserted with the aim to
remove or attenuate these components.

Finally, according to equation (2.50), the sigHal'(f) is multiplied by the detected signal
Vaier (f), and therF~1 is made in order to obtain the original chargdifgd,,,(t). Actually,
the original signal is still not obtained becauserd ~* of [V,..(f)/H~1(f)] the deconvoluted
signalV,,.(t) is an approximation of the real charge profileisTit due to the fact that the ideal

signalK; was chosen with magnitude equal to one instedldeo&ctual voltage. Therefore, to
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obtain the correct final value a correction fadtgy,.,., calculated as shown in equation (2.58)

is needed.

" =max(|Vdec(t)|)
O max([Vger (1) (2.58)

To acquire the correct original sigrigl’? (t), Vgec(t) is then divided by,

Vorig (t) — Vdec (t)

dec Keorr (2.59)

The schematic representation of the above descdbednvolution technique is reported in
Figure 2.10.
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Figure 2.10. Block diagram of deconvolution technique.

2.9 Calibration process

The voltage signal after deconvolution processliset a charge signal. This becal]zg"écig ®
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is in [mV], while the charge density(x) should be measured in [CIinTherefore a double
calibration is needed, one to convert the magnifadd into [C/m3] (y-axis calibration), and
other one to convert the timiento the positiorx of the corresponding positive and negative

peaks (x-axis calibration), as shown in Figure 2.11

A ~

= A E A
= 5

o _—) -

=0 o

= ]

s k=

= &

Time [us] Position [m]

Figure 1.11. Output PEA signal, before (on the left) and aftar the right) calibration procedure

In order to make x-axis calibration, the speedoisl of the sample materigl must be known.
Because it is also known the time axis of the decluted signal (or original signal), the

position of the two peaks can be found as:
position = v; - time (2.60)

If the calibration procedure is correct, the disg@between the two peaks should be equal to
the sample thicknesk,, .

Because the corresponding time of the negative gep&nds on the ground electrode thickness
dgr and its speed of sound,, it is always different from zero. Therefore theseissa value

t = 0 should be imposed in correspondence of the negpéa& maximum value, in order to
visualize the distribution of charges betwees 0 andx = dg,.

For example, if the ground electrode is made ahatum withv,;, = 6420 m/s and;; = 10

mm, while the sample is made of XLPE with;,r = 2200 m/s andlg, = 0.3 mm, the
calculated x-axis is that of Figure 2.12a. As carséen the position of the charges is not easy
to understand. While, as shown in Figure 2.12lwhich the time is shifted, the x-axis gives

directly the correct position of the charges lodatgthin the sample.
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Figure2.12. Calibrated PEA output signal. a) x-axis not stdftb) x-axis shifted in order to highlight the sdenp

thickness.

As regard the calibration along the y-axis, andstltie conversion from mV to C/m3, a
calibration factorK,,; (different from that of equation (2.52)) should tetermined. The
voltage PEA output signal after deconvolutlg‘fjcig (t) can be written as a function of position

x after the x-axis calibratior7””* (x). In the latter, the detected charggs) andK,,; are

dec

linked by the following relationship:

Vd?ercig(x) = Kear p(x) (2.61)
ThereforeK,,; is given as:
Viee’ ) (2.62)
cal — '
p(x)

The determination ok, needs the knowledge 8f/"9 (x) andp(x). The first one is already

known, while the second one must be evaluated.

The only known charge density is the surface chamgeorrespondence of the electrodes.
Because the detected signal due to positive sudlaaege is attenuated compared to the real
accumulated charge, the negative surface chardebwitaken into account for calibration

process. The latter is calculated as follow.
Considering that the applied constant stiéss known, as well as the sample thicknégs

the electric fieldE' within the sample can be calculated as:

%4

~dge

E (2.63)

Without internal space charge in the sample thetrgtefield distribution is the same between

53



the electrodes, therefore by using equation (273} ,¢,-E, in which the permittivitye, of
the sample is also known, the negative surfacegehiarobtained.

After that, equation (2.62) can be rewritten as:

f orlg (x)dx

dec
Kear = _

(2.64)

wherex, and x, are the start and end point of the negative peéz[{’ g (x).Therefore the
integral in equation (2.64) represents the areth@fground electrode i, orig (x), which is
related to the negative surface charge density.

After K.q; is known, the y-axis of % (x) can be calibrated and the space charge profile

obtained by using the following equation:

orlg( )
“dec \"/
p(x) = K, (265)

In order to verify the correct y-axis calibrati@tarting from the obtained charge density with

equation (2.65), the electric fielt{x) and voltagé’ (x) distributions, calculated with equations
(2.66) and (2.67), should be the same as thosédske equation 2.63).

E(x) =

d
f p(x)dx (2.66)
0

E0&r

d

V(x) = —f E(x)dx (2.67)
0

The final charge pattern, calibrated both alarandy axis is that on the right of Figure 2.11.

It is important to highlight that the calibratios @ell as the deconvolution procedures must be
made in a specimen without space charge. This nmtbahghe reference signals which should
be taken into account for the mentioned procedareghose acquired in the first instants of
measures.

This because after a certain time space chargemadation occurs in the sample, which could
influence the interfacial charges at the electrodiberefore became difficult the evaluation of

the negative surface charge.
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Chapter 3
Modeling of the PEA Cell

In this chapter, the PEA cell modeling approachdusehis thesis is presented. The approach
is based on the voltage-force and current-velauilogies, which allows that each component
of the PEA cell can be modeled as a lossy transonigisie.

In Paragraph 3.4, the Telegraphist's equationsaftransmission line have been obtained.
Furthermore, the Finite Difference Time Domain (A)Tmethod is used to simulate the
electric (or acoustic) waves behavior within theeseconnected electric transmission lines (or
PEA cell component).

In the subsequent paragraphs, all the detailseotifveloped model, such as node equations,
boundary conditions, setting of simulation time,. etre presented and discussed.

An example of dynamic simulation, which allows isualize the waves behavior in real time,
is also proposed. Finally, the employed transducerdel, implemented in Simulink
environment, is described.

The PEA cell model has been implemented in Matladrenment and the pseudocode is

reported in Appendix A.

3.1The PEA cell

The theoretical aspects of the PEA method have weately described in the previous chapter,
while the block diagram of its working principle shheen reported in Figure 1.8. Actually,
compared to the latter figure, when measuremergsnade by the PEA cell, a sheet of
semiconductor material with similar acoustic impszta of the sample under test, is placed
between the high voltage electrode and the samypth, the aim to improve the acoustic
matching.

The system consisting of the three electrodes @tdiind and bottom), semiconductor layer,
sample, sensor and absorber constitutes the acaustiit of the PEA cell. While the system,
composed of resistan& capacitanc€, high voltage generatdf,., pulse generata, (t) and
amplifier, constitutes the electrical circuit obtREA cell. The entire system, which represents
the PEA cell, is reported in Figure 3.1 [124].
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Figure 3.1. Block diagram of the PEA cell. The electrical armbastic circuits are highlighted by the blue and
red dashed boxes, respectively.

3.2 Motivation of the work

One of the most relevant issues in the PEA measntsms the correct interpretation of the
output signal. The latter, in case of a single laggecimen and in absence of space charges, is
constituted by only two peaks due to the accumdlateface charge in both electrodes/sample
interfaces. This corresponds to the ideal casayhith the positive and negative peaks are
separated and no signal is present between theanF{gare 2.8). In reality, as explained in
Chapter 2, due to reflections of acoustic wavdsefasignals may appear between the two main
peaks and thus the output signal interpretatiootes difficult. Considering that the acoustic
part of the PEA cell is the sole responsible of evesflections, in this work, only the acoustic
circuit is taken into account (the pulse generdietpnging to the electrical part, affects only
the magnitude of the output signal and the measemenasolution).

Based on the considerations above, the developekinsuseful to properly size each PEA
cell component in order to avoid reflected waveth@ main signal and obtain a clear output

charge profile.
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3.3 Modeling approach

Considering a sample of dielectric material withlyoaccumulated surface charges, the
generated acoustic pressure waves propagate bfaitwiard (toward the sensor) and opposite
direction (toward the HV electrode), as shown igufe 3.2. The pressure waves that travel in
opposite directions are reflected in the sampleAt#attrode interface and come back to the
sensor. These waves, as well as the other refleceds between the ground electrode and the
absorber are also sensed by the transducer. & tbéasons all the acoustic waves propagating
in both directions are taken into account intorttzelel, unlike [124], in which only the acoustic
waves that propagate in forward direction were wharsd.

Even if the semiconductor layer has been consideréte developed model, in order to better
visualize the wave reflections in correspondencehef HV-electrode/sample interface, the
same layer has not been inserted in Figure 3.2H8swin the other figures in which the waves
behavior is depicted.

HV SAMPLE GROUND SENSOR ABSORBER BOTTOM

)

4

vy

A

Y

Figure 3.2. Acoustic pressure wave propagation within the PEW @he red and blue waves propagate in
forward direction just after being generated. Whhe black waves reach the transducer after being
reflected.

The acoustic pressure waves depicted in figure @@agate in the medium according to
equations involving mechanical quantities suchoasef (or pressure) and velocity. Considering
the analogy between force-voltage and velocityantrmpressure waves can be easily described
by electrical quantities [125]. Moreover, each P&&N component characterized by a different
material can also be described by electrical qtiasfisuch as resistanée inductancelL,
capacitanc€ and conductancg, defined per unit length.

These electrical quantities are calculated by usamge material properties, such as: the density
p of the material (in kilograms per cubic meter,rkg), the acoustic velocity (in meter per

second, m/s), the attenuation coefficient due soaus lossea (in Neper per meter, Np/m)
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and the attenuation coefficient,. due to thermal conductance (in Np/m). As a reshk,

following equations can be written:

R = 2pvAa (3.1)

L=Ap (3.2)

C = ! 3.3
2

G = matc (34)

whereA is the area of cross section (in square metes, m

Therefore, each PEA cell component can be repreddayta lossy transmission line, as shown
in Figure 3.3. In which the length of each transmois line is equal to the thickness of the
corresponding PEA cell component.

HV ELECTRODE
Rdx Ld

SAMPLE o AAA AT .
>
L

GROUND ELECTRODE Gdx —Cdx

—
SENSOR ;

Length
BOTTOM ELECTRODE

Figure 2.3. Lossy transmission line used to describe each RlAemponent.

Based on the above mentioned model, the propagatianoustic waves within the PEA cell
can be simulated as the electric waves propagdtiollage and current) on electric lossy

transmission line, by using Telegraphist’'s equation
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B dv(x,t) di(x,t)

= Ri 3.5
™ Ri(x,t) + L a (3.5)
di(x,t ov(x,t
G =Gv(x,t) +G v0) (3.6)
0x Jt

where v(x,t) and i(x,t) are the voltage and current waves, respectiveliléyV the

transmission line parametd®sL, G andC are calculated as in equations (3.1-3.4).

3.4 Telegraphist's equations and FDTD method

In this paragraph the Telegraphist’'s equationsyipusly introduced, are described in details,
starting from a typical schematization of an eletagnsection. Beyond this, the FDTD, used
in this thesis to simulate the wave propagatiommithe PEA cell, is also described.

The elementary section of an electric line is shawigure 3.4.

Ix.1) %ﬁr }% [x+dx, )
V. 1) degg T Cdx V(x+dx.t)

W

Figure 3.4. Elementary section of an electric line.

WhereV (x,t) andI(x, t) are the input instantaneous voltage and currdoesaf the chosen
elementary section. Whil&,(x + dx,t) andI(x + dx,t) are the output voltage and current
values of the same elementary section, wheres the section length [126].

By applying the Kirchhoff's voltage law, the comébn between the input and output voltage
of the elementary section can be determined as:

0
V(x,t) = Rdx - I(x,t) + dea- I1(x,t) + V(x +dx,t) (3.7)

With the following approximation:
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Vix+dx,t) =V(x,t) +dV(x,t) (3.8)

Equation (3.7) becomes:
aV( t)dx = Rdx - I(x,t) + Ld a1 t (3.9)
Ep x,t)dx = Rdx - I(x, xat (x,¢t) .
Dividing all terms bydx, equation (3.9) can be rewritten as:
aV( t)=R-I( t)+LaI t (3.10)
ox . ot TR o t) '

Likewise, the application of the Kirchhoff's curtelaw provides the correlation between the

input and output current of the elementary section:
0
I(x,t) = Gdx - V(x + dx,t) + Cdx aV(x +dx,t) + I(x + dx, t) (3.11)
Similarly to that done for equation (3.7), equat{8riL1) can be rewritten as:
aI( t)y=6-V( t)+CaV t (3.12)
ox Y= X e/ 0 '

Equations (3.10) and (3.12) are called Telegrajphejuations. If these two equations are
solved by substitution method, a second order rdiffeal equation is obtained and thus two
initial conditions are needed. Instead, by usingietcal techniques, the resolution of a second
order differential equation is avoided and the §edphist’s equations could be simultaneously
solved.

In this work, to calculate and simulate the Telebiat's equations, and therefore to visualize
the propagation of voltage and current in transimmskne (or pressure and velocity within PEA
cell), the FDTD method has been used. It is adimlifferences technique in which the
derivatives with respect to spac@and timet are approximated by finite differences (equation
(3.13) and (3.14)) applied in a spatial and temidattce.
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i =~ A (3.13)
at At
i = A (3.14)
Jox Ax

WhereAt andAx are the time step and the space step, respectively

Initially, in the application of the FDTD algorithma lattice is defined [127].

The latter is a set of discrete points in spacetiame that samples the functions. This lattice is
shown in Figure 3.5, in which the distance betw®eam points in spacédx and in timeAt is

fixed.

En
= AX
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S R e ——

g Ix_\t

bl e o o o © O
L . S B e
S R S e S

Xm2 Em1 Xm Xm+1l Xms2 Xme3 Space
Figure 3.5.The lattice used in FDTD method

The points in the lattice are identified by meahw/lole indexm andn:
Xm = mAx (3.15)
t, = nAt (3.16)
Based on the above, current and voltage variabgpate and time can be written/gsand

v,

The spatial central finite difference formula foetvoltage is defined as:
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V(x+5.0) -V (x=Ft) (3.17)

aV t) =
0x (1) =

By using the notation with index andn, and taking into account thak /2 means half spatial

step @/2), equation (3.17) can be rewritten as:

d V#1+1/2 - V;ﬁ—uz
— V' (mAx, nAt) = 3.18
I (mAx, nAt) Ax ( )

Likewise, the temporal central finite differencerfuila for the current is given by:

I (xt +%) —1(xt ‘%) (3.19)
At

aI t) =
ot (1) =

As it was done for the voltage formula, by insegtthe indicesn andn, equation (3.19)

becomes:

n+1/2 In—l/z

0 . im m (3.20)
a](kAx, nAt) = AT

By means of finite difference technique describleova, and thus introducing equations (3.18)
and (3.20) in the Telegraphists’ equation descgibire voltage behavior (equation (3.10)), the
latter can be rewritten as:

1/2 -1/2
_Vrrrt+1/2 - Vrrrt—l/z _R.-I' 4 Llrrrlz+ /2 _ Irrrlz / (3.21)
Ax m At

As it can be seen in the equation above, the asmtilependence of the voltage from the space
x in equation (3.17) has been replaced by a disdegtendence from the index In equation

(3.21), it is also possible to observe that thepmrmal indexn appearing in the current

expression is both entiig and shifted by half quantity;""/>

. In this way, it will be difficult
to solve this equation and therefore the curreataye at the instantshould be introduced, as

shown in equation (3.22).

62



1/2 ~1/2 1/2 ~1/2
B mt1/2 ~ Vm-1/2 _ e +LITY:1+ 2 (3.22)

Ax ' 2 At

The FDTD technique is based on explicit formulasvirich the term more advanced in time

In+1/2

m |, iswritten as a function of others quantitiesefiefore equation (3.22) can be rewritten

as equation (3.23) and then dividing f§%+%m) and making same mathematical

manipulations, thus obtaining equation (3.24).

L. R L. R 1
n+1/2 m my\ _ ,n-1/2 m m
Im <At 3 ) = Im <At 2 )_E(V’ZH/Z = Vi) (3.23)
2L —R._At 2At
/2 _ =172 ( m m ) _ yn _yn 3.24
m m 2L, + R,,At) 2L, Ax + RmAtAx( mi1/z = Vo) - (3:24)

In the same manner, starting from the second Tabists’ equation describing the current

behavior, the voltage term more advanced in mﬁffél/ ? can be obtained as follows:

L2 1/ <2Cm - GmAt) 2At .

— I — I 3.25
m m 2C,, + G At ZCmAx+GmAtAx(m+1/2 m-1/2)  (3.29)

By observing equations (3.24) and (3.25), it issilds to notice that the FDTD technique
allows to obtain a new information at timet+ 1/2 as a function of other information detected
in a previous timer andn — 1/2. This information update method is called “LEAPFRRO
technique” [127-128].

As it can be seen in equations (3.24) and (3.28)vbltage terms are those at timand its
previous valuen — 1/2, respectively. Therefore from equation (3.24)sitifficult to solve
equation (3.25) and vice versa. This happens bedhesfirst one needs entimeindex, while
the second equation needs half quantity ofdex.

In the same way, for the current term which reauiralfn index in equation (3.24) and entire
n index in the other one. Therefore the two equatiare not easily simultaneously solvable.
Because it is possible to evaluate current andchgelin different spatial and temporal times,
this problem can be overcome by adopting two lkastione for the current and one for the
voltage, different to that proposed in Figure 3be double lattice is reported in Figure 3.6, in

which, as compared to the previous case, currehvaltage are evaluated in a given time and
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at spatial points shifted by half quantity. By adglia half quantity£1/2) at each term of

equation (3.25), the latter becomes:

yntl  _pn 2Cmi1/2 — Gmy1/28t\
m+1/2 m+1/2 2Cn41/2 + Gaq2AL
2At n+1/2

" 2Cm11/28% + Gy o AtAX S 1

(3.26)

. Irrrlz+1/2)

In this way, the current term in equations (3.26) be calculated by using equation (3.24), and
vice versa, each voltage term in equation (3.24) lma evaluated by equation (3.26). This
happens because, in both equations, all voltagestare described by entireindex and all
current terms are described by haihdex.

Equations (3.24) and (3.26) can be rewritten astops (3.27) and (3.28).

I = By 7 4 Qi = Vi) (3.27)
V12 = Yme1y2  Vimsrjz + Sm+1/2(117111+1/2 — 177,:11/2) (3.28)
Where:
p _ 2w~ Rudt

T 2Ly + Ryt (3.29)
~ 20t 3:30)

Q= 2L Ax + Ry, AtAx '

204172 — Gmy1/2A8

Y, = .

T2 Dl rasz  Grra/2BE (.31)
2At

Smt1/2 = (3.32)

2Cm 128X + Gy 12 AtAX

In figure 3.6. below it is shown a double lattibe this figure the spatial and temporal points
describing the voltage are highlighted in red coldnile the points referred to the current are

depicted in green color.
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Figure 3.6. The adopted double lattice.

The solution of equations (3.27) and (3.28) isrtkdias a solution of a problem in which are
defined the initial and boundary conditions. Theref the simulation is set according to the

following steps:

1. Formulation of the problem, set spatid)(and temporal ) dimensions in a finite
lattice. WhereM and N are the upper limit ofn andn employed in the equations
previously described.

2. Settemporal initial conditions (= 0) for current and voltage. Which means at tirse
0.

3. Update of the current at the timet 1/2 and of the voltage at the state- 1.

4. Evaluation of the phenomenon for a temporal incrgme

5. Comparison between the simulated timand the final timeV.

- If n <N go back to point 3. Here, the real time propagatibacoustic wave can be
visualized.
- If n = N the simulation ends, and the final chapgefile is obtained.

The flow chart of the developed model is reportedParagraph 3.10, and further details are

given in the following.
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3.5 Setting of M and N dimensions

In the developed model, the choiceMfandN dimensions has been made as follows.

Being M the number of discrete elements composisgsample and N the number of discrete
elements spanned during the wave propagation.

Initially the spatial stepx, nameddiz into the algorithm, has been set equal to 0:2id@rder

to have a good compromise between spatial resalatiol simulation time.

After that, the length of each PEA cell componeas lbeen divided byz and then the
calculation ofM, has been carried out as shown in equation (3r&8)raFigure 3.7, in which
each spatial element is definedms, wherei is the element number and the footeis the

generic PEA cell component.

_ length x

3.33
x dz ( )

Therefore, the finaM value (that describes the entire PEA cell) willgieen by the sum of

eachM,:

Ny
M = Z M, (3.34)
x=1

Wheren, is the number of PEA cell components.

Length x

Component
i 12 :>

X

Ay
11—11 V. —dzS f _ LX
X mey, M., -1

Figure 3.7. Calculation ofM,, for a generic PEA cell component.

As regard the number of temporal samVethat are useful to describe the waves propagation

within the PEA cell, the same number is calculasdhown in equation (3.35).
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Nx
Tx
N = — 3.35
Z At (3.39)
x=1

Wherer, is the time needed for a wave to come across paoemntx with materiali and it is
evaluated by using equation (2.20), whilg is the step time for a materiatalculated as later
explained. By mathematical manipulation, it is plolesto notice thatv = M, as shown in

equation (3.36):

length_x
_\N'™x _ Z v; _ Zlength_x v Zlength_x 3 Z _
N_ZAti_ Az LT v dz LT dz M,=M (3.36)
Vi

Based on the formula above, to describe the wakgsagation within the entire PEA ceN,
should be chosen equal or greater thanTypically, because it is interesting to visualthe
wave starting from the dielectric material intedaauntil the transducer surface or until the
absorber (in order to visualize the reflected waithin it), N could be lower. However, the
choice ofN affects the simulation time, therefore it can éedsfferently based on the required
simulation test.

Furthermore, for a fixed/, the simulation time depends dm; and the latter is calculated as
follows. Considering that the PEA cell is made ig@amponents with different materials, and
thus different sound propagation spegtj,has been differentiated as shown in Figure 3.8. In

the algorithmdt; is calleddt;, therefore, for each different material, the addgime steps are:

da . .
- dty = U—Z = for the electrodes made of aluminum material;
AL

- dty = :—Z = for the sample made of “A” material;
A

LN for the sensor and the absorber made of PVDF mhter

dtpypr =
VpVDF

The footerA in dt, is referred to the general case. Into the algoriths replaced by XLPE or
LDPE, depending on the sample under test.
The equations above are written according to thrulsition stability condition, which will be

explained in the next paragraph.
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SAMPLE GROUND SENSOR ABSORBER BOTTOM

Figure 3.8. Different steps time adopted into the model.

As regards the semiconductor layer (not insertetierfigure above) placed between the HV-

electrode and the sample, because it is made iniitas material as the sample under test, the

same step timét, has also been used for this component.

To better explain how the choice &f should be made, with the aim to obtain the correct

simulation time, in Figure 3.9 six different exaepbf waves propagating within the PEA cell

(with the same component dimensions of those ustiteisimulation tests described in the next

chapter) are reported.

As an example, for a ground electrode made of alumiwith speed of soung,; = 6420 m/s

and thicknesd;, = 23-16° m (typical thickness value adopted in PEA ceHs), is 3.11-10

105 andM = Mg; is set to 11500, wherd/,;5 is the number of spatial elements calculated for

the ground electrode.

For an acoustic wave starting from the sample/gierlactrode interface, nametlVave 1,

the time to reach the sensor surface=s3.58ys.

Into the algorithm, in order to simulate only thiave propagating within the ground electrode,

N should be set equal # and thugv = 11500. In this way, the simulation time is givgnt

= Ndt,; = 3.58ps as that requested for this type of test.

In another case, namedVave 2 in Figure 3.9, the acoustic wave starts from the-

electrode/sample interface, propagates up to teoseln this case the quantiéyis set taVs,,

+ My spatial steps (in whicl, is the number of spatial elements of the sample).

If, as an example, the sample is 2 h@thick and the speed of sound in the medium datisy

the sample iz, = 1950 m/s (typical LDPE speed of souM}), = 100 and thus the number of

samples should be set¥s= Mg, + M,z = 11600. In this case, the simulated time is etpal

= Mg,dt, + Mgrdt,;, = 3.68ps, which correspond to the time needed for\Weere 2to cross

the sample and the ground electrode.

The caseWave 3’, instead, is referred to a wave that starts frieensample/ground-electrode

interface and reaches the sensor after being refléa the absorber/bottom-electrode interface.
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In this case, the wave propagation is described byM;p + Mg, + 2M, 55 Spatial steps andl

= M= 11755 temporal samples. The latter quantity isutated by using the components
dimensions reported in Figure 3.9. The simulatiore resultst = Mggdt,; + Mggdtpypr +
2Mypsdtpypr = 3.84s, which is the time needed to the acoustic waveasge “Wave3” to
reach the sensor after its reflection within theaaber.

The caseWave 4”describes the same pathWgave 3apart from the fact that the starting point
is in the HV-electrode/sample interface. This metlwag Mg, must be added in the equation
previously reported fowave 3 Finally, Wave SandWave &(with different starting points) are
referred to the case in which, in the simulatidrg teflections within the ground electrode
should be analyzed.

For all of the simulation cases described abowey#lues of and the corresponding values
of N, that must be set in order to obtain the correnukation time, for different simulation

tests, are summarized in Table 3.1.

HV SAMPLE GROUND SENSOR ABSORBER BOTTOM

Wave 6

Figure 3.9. Examples of wave propagation paths within the PEIA ¢
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Table 3.1. Values of M, N and corresponding simulation timedifferent simulation test.

Wave \Y N = Z M, Simulated timeNdt;)
1 Mgr 11500 McrdtaL = 3.58us
2 Msa+ Mcr 11600 (Msadta)+( Mgrdtar) = 3.68us
Mcr+ Mse (MR dtaL)+( Mse dtevpr) +2(Mass dtevor)
£ +2Mags 11755 =3.84us
4 Msa+ Mcr + 11855 (Msadta)+(MgrdtaL)+(Msedtevor)+2(Mass
Mse +2 Mags dtevor) = 3.94us
5 3 Mgr 34500 3(Mgrdtar) = 10.us
6 Msa+3Mgr 34600 (Msadta)+3(Mgr diar) = 10.8us

In other cases, in which the components thicknetiseosample material (with different speed
of sound) are different from those reported in F&g8.9,M will also be different from the
values of Table 3.1. Therefore, the settingvomust be made again, in order to obtain the

correct simulation time.

3.6 Stability of the simulation

In the previous section, the Telegraphist's equatibave been solved analytically (see
equations (3.27) and (3.28)). In case of losslessmission line, (witlR = 0 andG= 0), the

classic analytical solution of these equationgyisa¢to:

v(x,t) = V5 cos(wt — Bx + ¢p*) + Vi cos(wt + Bx + ¢ ™) (3.37)

+ -

i(x,t) = I;icos(a)t —Bx+¢pT)— I;icos(a)t +Bx+¢7) (3.38)
0 0

where, for both equations, the first term represére propagation wave, while the second term

describes the reflection wave [129]. The propagationstant is represented Bywhile Z, is

the characteristic impedance of the line calculalsa\dL/_C.
By neglecting the reflected waves and assumingth@mpropagation wave, the phage = 0

and the amplitud&," = 1V, equations (3.37) and (3.38) become:

v(x,t) = cos(wt — Bx) (3.39)
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i(x,t) = Ziocos(a)t — Bx) (3.40)

After that, the two equations above are reportethenfinite FDTD lattice of Figure 3.6 and
thereforethey can be rewritten as:

V% = cos(w n At — f m Ax) (3.412)

1
I = Z—cos(w n At — f m Ax) (3.42)
0

Considering the following assumptions:

a=wnlt— L mAlx (3.43a)
b =w At (3.43b)
c=pA4x (3.43¢)

the updated voltage and current equations canviréten as:

1
Vins1/2 = €OS [a)nAt - (m + 5) Ax]

(3.44)
= COS (wnAt — fmAx — EAx) = cos (a - E)
2 2
n+1 1
% = cos [a)(n + 1At - (m + —) Ax]
m+§ 2
(3.45)
= cos [a)nAt + wAt — fmAx — ﬁAx] = cos (a +b— S)
2 2
n+% 1 1
I, == 7 €0s [w (n + E) At — ,[i’mAx]
0 (3.46)
1 ( At+wAt A)—1 ( +b>
_ZOCOS wn 5 pmAx _ZOCOS a 5
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Lol oo v

m+1 ZO

(3.47)

2 < At+wAt A A)—l <+b )
_ZOCOS wn > pmAx — [Ax —Zocosa 5 c

Therefore, by taking into account equations (3.443.47) and considering a lossless
transmission line, which means that the conduct&iseset to0 and thus the parametér= 1
andS = At/CAx (see equations (3.31) and (3.32)), equation (h28pmes:

cos(a+b—%)=1-cos(a—%)+S%[cos(a+g)—cos(a+g

- c)] (3.48)

In order to obtain the stability or convergencehs simulation, the second term of equation
(3.48) must not exceed the maximum value assumeiebfjrst member.

Considering that the parametersh andc are real numbers, the left term of equation (3i48)
always delimited in the interval [-1, 1], thus it®aximum value is equal to 1. In the same
equation, due to the fact that the constant temepends on theapacitance to ground which
can be highly variable, its value is arbitrary. fidfere the second term on the right can take
different values as compared to the value takethéyirst term.

In this case the error accumulates quickly in theutation and the system becomes instable or
divergent. In the light of this, to avoid simulatiostability problem the time steéya must be
chosen appropriately, on the basis of a fiked/alue.

As an example, if the first membens(a + b — ¢/2), assumes its maximum value and the
first term at second membens(a — c/2), is equal to -1, on the basis of the stabilityditan,

equation (3.48) can be rewritten as:

1 b b
> —_ - — —-—
1>-1+ SZ0 [cos (a + 2) cos (a + > c)] (3.49)

By inserting the expression gf, andS previously reported in this paragraph, and if téren
in square brackets takes the maximum allowed vEuéhe simulation stability, such as 2,

equation (3.49) becomes:

1>+ L,
> YN (3.50)
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Through the following mathematical steps:

At 1 At _Atc |1
= Ta 2o lzem T 2 Z_ L= e
x [L/C x x x (3.51)

1>—
- Ava

the final relationship, which must be taken into@mt to obtain the stability condition for the

simulation, is given by:

Ax
At < — (3.52)
Ur

wherev, calculated ag/1/LC is the waveform’s propagation speed in the trassion line.
If equation (3.52) is satisfied, the simulationules stable. The obtained stability condition is
easily understandable, in fact it is impossiblentwease the time steft over the time needed

for the wave to cross a spatial stepof the lattice.

3.7 Boundary conditions

In Telegraphist’'s equations solution, the boundamyditions can be determined by knowing
the current or voltage values assumed at the enudirtg of a transmission line. This boundary
condition is callectonstraint of Dirichletand is the most simple to apply. For examplehef t

transmission line ends with a short-circuit thermbary condition is fixed by setting to zero the

voltage value:
Vrrrt+1/2 =0 (3.53)

In other cases, instead, when the transmissiondimds with a open-circuit, the Neumann
boundary condition can be applied. In this casdlithi is imposed in the temporal derivate

and thus the boundary condition can be written as:

Vins1/2 = Vin-12 (3.54)
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In our case, a resistance with high value (€)Mas been inserted in both ends of the PEA cell

and thus the equation describing the open ciramtition has been applied.

3.8 Node equations

In correspondence of the nodes between two PEAcoetiponents connected in series, the

continuity of current and voltage waves is impoasghown in equations (3.55) and (3.56).

IL,(My) = ILx+1(m91c+1) (3.55)

VL (My) = VLx+1(m91c+1) (3.56)

Where the first term of the above equations isretkto the current and voltage values assumed
in the last spatial element of the generic compbnerbefore the node. While the second
member is referred to the values assumed in thiesipatial element of the next component

1 (which is contact with the componexit after the node. The componertandx + 1, and

their spatial elements are depicted in Figure 3.10.

node ]
Component “x”’ Component “x+77”
——
\n \— e \[/ h[x W L g . I\"{xﬂ
1 - 1 W et W
My m? M1 M 2 M., -1

Figure 3.10. Connection between two generic PEA cell comporedselated spatial elements

By means of equation (3.27), which describes thieeatiwave behavior fromm, = 1 tom, =

M, — 1, the second member of equation (3.55) is etatbiand thus the continuity condition
can be easily determined. As regard the other oryi condition of equation (3.56), none of
the members are provided by equation (3.28). Taeabse this last one describes the voltage
wave behavior fromm, = 2 tom, =M, — 1, while the request voltage values in equg3obo)

are referred to the spatial elememt = 1 andm, = M,.. However, another equation can be

written to solve equation (3.56) and is given by:
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VLx(Mx) = Yx,x+1 ' VLx(Mx) + Sx,x+1 ' (ILx(Mx—l) - ILx+1(m91c+1)) (3-57)

WhereY, .., and S, .41, refer to the node between the componentsnd x + 1 and are

calculated as:

[2 Cy(my) + Cx+1(m;1c+1)] . [Gx(malc) + Gx+1(m>1c+1)Atx]
2 2

- (3.58)
x,x+1 [2 Cy(ml) + Cx+1(m,1c+1)] + [Gx(m}c) + Gx+1(m91c+1)Atx]
2 2
S _ 2At,
a1 , [Cx(m}c) + (27x+1(m}c+1)] Ax 4+ [Gx(m}c) + (Z;xﬂ(m}m)] ey (359)

3.9 Pulse sources

As previously explained, acoustic waves are geadray charges vibration due to the applied
pulse electric field. According to the pressuretagé analogy, the generation of an acoustic
pressure wave can be modeled by using a voltage paurc,,,;... The latter is characterized
by a waveform equal to that of the external puleeegatore, (t), which in the ideal case is
approximated by the Gaussian pulse with width @rtinge of nanoseconds, as shown in Figure

3.11. The implemented equation, used to generateetiuested pulse source is given by:

~(n-a)?

Vpwse =Ae B (3.60)

WhereA is the magnitude, while andf are used to set the time delay and the pulse width
respectively.

As regard the magnitude ef,(t), typical values are in the range between 450 &\
depending on the thickness of the sample underltéstthe model, instead, the magnitude of
the voltage pulse source is chosen as proportiondle accumulated charge. For example, if
the magnitude o, (t) is fixed to 600 V, and if the amount of negativeface charges is half
the positive ones, the magnitude of the voltagegaburce is chosen as 600 V for the positive

charge and half (300 V) for the negative ones.
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Figure 3.11. Ideal pulse voltage waveform used into the model.

In case in which only positive and negative surfalt@ges are present in the sample interfaces,
two pulse sources are inserted in series to thesrmession line representing the sample, as

shown in Figure 3.12, in which the pulse sourceptyl depends on the sign of the accumulated
surface charge.

SAMPLE

$ 0 R L -
e G @

Figure 3.12. Pulse sources inserted at the extremity of the aimgnsmission line. The red generator is
referred to positive surface charge, while the klgenerator is referred to negative surface
charge.

3.10Flow chart of the developed model

The model has been implemented in Matlab-Simulinkirenment. In Matlab the FDTD
method has been used in order to simulate the gatipam of acoustic waves in lossy

transmission lines. While, in Simulink, the Leacimgedance-type transducer model has been
implemented in order to simulate the piezoeledeigsor.

The flow chart of the developed model is reportedrigure 3.13. As input data, the model

requires the parameters of each PEA cell composanh as length (or thickness), dengity
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speed of sound and the attenuation coefficientsanda,.. Then, the corresponding values of
resistanceR, inductancel, capacitanceC and conductancé; are calculated for each
transmission line by using equations (3.1-3.4).eAfthat, the Telegraphist’'s equations are
solved by using the FDTD algorithm and Leapfrodgtegue. The simulation time is fixed by
choosing an appropriate iterations numfeof the FDTD for loop. When the indexof the

for loopis lower thanV, the software allows to visualize the propagatbacoustic waves as
they are calculated by the software in real timehls way the propagation, transmission and
reflection phenomena within the PEA cell componemtd in their interfaces become easily
understandable, as reported in the example ofelkeparagraph. Whem is equal tav, the
simulation ends and the final distribution of adaaves, described by voltage (or force) and
current (or velocity), is plotted. Finally, the upand output current waves recorded in
correspondence of the transducer transmissioralieesent to Simulink in which are used as
input data for the Leach’s transducer model (whuidhbe explained in paragraph 3.12). The
output of the transducer represents the outputeoPEA cell and thus the charge distribution.

Data input: length, p. e u

Initialization ofthe vectors: V LR, L, C, .
Set N point: simulation time

Forn=1:N

Solve Telegraphist's equations by using Finite Difference Time Domain method
and Leapfrog technique

Final distribution of acoustic wave Real time propagation of acoustic wave
Recording of voltage and current

Comunication with Simulink Results: output ofthe PEA cell

Data input: input and output

Solve Leach's Transducer Model
current

Figure 3.13. Flow chart of the developed model.
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3.11Dynamic simulation

As previously explained, when < N the model allows to visualize the real time pragiem

of acoustic waves within each PEA cell componentenhis elaborated by the software.

An example of dynamic simulation is reported in tbowing, in which the behavior of
acoustic waves within a PEA cell has been simuldtedrder to better visualize the waves
behavior, the pulse sources magnitude have beeseohespectively equalto+ 1V and -1V,
while the relevant materials properties of the REEA components are reported in Table 3.2.

Table 3.2. Materials properties of a PEA cell

Component Material  p [kg/m?3] v[m/s]  Z[kg-m2-s?]

HV Electrode | Aluminum 2690 6420 17.3-16
Semiconductor | ~ LDPE 930 1950 1.8-16
Sample LDPE 930 1950 1.8-16
Ground Electrode| Aluminum 2690 6420 17.3-16
Transducer PVDF 1780 2260 4-16¢
Absorber PVDF 1780 2260 4.16¢
Bottom Electrode| Aluminum 2690 6420 17.3-16

In the table above, the acoustic impedanhoé each component, calculatedZas p - v, is also
reported. In this way, the generatiéff, transmissionk” and reflectionK® coefficients
previously described in equations (2.17 — 2.19), lsa calculated for each interface between
the PEA cell components, as shown in Table 3.3.

In the proposed example, the magnitude of the mdseces inserted in correspondence of the
semiconductor/sample and sample/ground-electrotefaices have been chosen equal to
Vouise 1 =1V andVy,, 5. » = -1V, respectively. Despite the same magnitualae; due to the
different generation coefficients, the generataxlatic waves result different. In fact, as shown
in Table 3.3KS,,_s, = 0.5 andK&,_., = 0.9 for the waves propagating in the transducer
direction, while, for the waves propagating in tipposite directiok &, .., = 0.5 and S, _g,

= 0.1. The waves generated in both directions, witdgnitude given by the prodqu_]--
Vouiser Calculated at the start of the dynamic simulatame shown in Figure 3.14. In this case,
the waves propagate in the transducer and oppdisétetions and are generated By, ;.
These are highlighted in red and orange colorpedtely. For the waves generated by

Vouise 2, the blue (for the transducer direction) and \tigler the opposite direction) colors are

used (see also Table 3.3).
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Table 3.3. Generation, transmission and reflection coefficsefiar the PEA cell simulated in the example.

Component
-0.8
HV Electrode (HV) 1.8 \J 1
4 |
v | 0 q
, 0.19
Semiconductor (SEM)| 0.5 1 J 0.8
¢ L
! ] esl ]
1 .
Sample (Sa) 0.5 0.1 0.19 J 0
|
¥ | q
1.8 0.62
Ground Electrode (GR 0.9 1.62 J 0.8
4 |
I 0 | j'
0.37
Sensor (SE) 1 J 0.62
|
' | 0.62 q
1 :
Absorber (ABS) 0.37 J 0
| y |
! | q
Bottom Electrode (BO 1.62 ry
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Figure 3.14. Dynamic simulation. Waves generated at the inftrak.

Subsequently, the waves begin to travel in botbations, as depicted in Figure 3.15.

When the waves travel through the PEA cell comptm¢hey are attenuated in dependence of
the material attenuation coefficient. Thereforégiad few microseconds, the situation is that of
Figure 3.16. As it can be seen in the figure, beedhe attenuation coefficient of the dielectric
material is much higher than that of aluminum,dttenuation of the waves propagating within
the sample and semiconductor layer is greatermpaced to that within the ground electrode.
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Figure 3.15. Dynamic simulation. Propagation waves after théiahtime.
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Figure 3.16. Dynamic simulation. Waves attenuation during progtam.

When the red wave, that travels in the transduicectibn, reaches the sample/ground-electrode
interface, a fraction of it is transmitted and d@wtfraction is reflected in the opposite direction

in dependence oKiT_j andKiG_j that in this interface are equalkd,_.r = 1.8 andk & _.r =

0.8, as reported in Table 3.3. The same thing hapfoe the orange wave that travels through
the semiconductor/HV-electrode interface, becalséransmission and reflection coefficients
are the same as the previous ones. This meansrthiaigse interfaces, the transmitted and
reflected waves are 1.8 and 0.8 times the incidenes, respectively.

These results may appear strange, as the conser\aitienergy principle appears violated.
[130]

However, both wave magnitude and wave velocityrdatee the time rate of flow of energy (..
e., power) at the interface and, in terms of powesre should be a net balance. As regard the
violet wave, instead, it is totally transmitted aesek, .., = 1, whileKE _¢... = 0. In Figure
3.17 the dynamic simulation has been stopped irespondence of the time in which the red,
violet and orange waves reach the different intesa

81



HV Electrode Semiconductor Sample Ground Electrode Sensor Absorber
: : 1 : :

1 1 : 1 1 1
08 4 osf 4 osf 4 osf 4 osf { osf -
06 4 osf 4 osf 4 osf 4 osf 4 osf -
04 4 oaf 4 oaf 4 o4} 4 o4} 4 o4t -

o 02 4 02t 4 02t 02+ 4 02} { o2t -

=

E j

2 If—] 0} ———— ™ 10 ( 0 0

£l

5]

= 2| 402 402t 402} 4-02f 102t .
04t {04t {04t {04} {04} {04t -
06} {06t {06t {06} {06} { 06t -
08 {08t {08t {08} {08} { 08t -

4 4 4 4 4 4

Figure 3.17. Dynamic simulation. Instant of time in which thd rgiolet and orange waves reach the different
interfaces.

For subsequent time intervals, in which the red@adge waves are divided in transmitted and
reflected fractions, while the violet wave is tbtdtansmitted, the situation is reported in Figure
3.18.

HV Electrode Semiconductor Sample Ground Electrode Sensor Absorber
1 : 1 : 1 . 1 : 1 1 :
08} 1 o8t 1 osf 1 osf 1 osft 1 osf .
06 4 06t 4 06t 1 06t 1 06f 1 06f .
04} 4 04t 4 04t 1 0af 1 0at 1 0at .
o 02f 4 02t 4 02t 1 02t 4 02t 4 02t .
=
o
£ __/\
= 0 A O0f ——"™= 0 1 of f 0 0
&h
z 1
Z 92| 402t 402t 102t 102t 102t .
04t 404t 404t 104t 104t 104t .
06t 106t H{-06f 106t 1 -06f 1 -06f .
08F 08¢ 4 -08f 108t 1 -08f 108t .
. . . . N N

Figure 3.18. Dynamic simulation. The red and orange waves, aéiaching the interfaces, are partially
transmitted and partially reflected in the oppositeection. While, the violet wave is totally tranisted.
The blue wave is still propagating within the grdwlectrode.
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In the ground-electrode/sensor interfale oz = 0.37 andk},_gz = -0.62, here the negative

sign indicates that the reflected wave is at 18i@l the incident wave. In Figure 3.19, the time

in which the blue wave reaches the transducer tarts 40 cross it is reported (see also the

transducer oscillation in the figure). After thartsducer vibration, the blue wave is reflected
and goes back (withKZ,_¢z = -0.62), while the transmitted fraction (Wik{,_gz = 0.37)

crosses the transducer and propagates along thdbahsas shown in Figure 3.20. At the same

time, the orange wave is totally reflected in thd ef the PEA cell, due to the fact that, at this

point, the open circuit boundary condition has bemmsidered and thu&%, sz = -1.
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Figure 3.19. Dynamic simulation. Instant of time in which thaélvave reaches the transducer surface, while
the orange wave reaches the end part of the PHA cel
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Figure 3.20. Dynamic simulation. The blue wave, after reachlmgtransducer, is partially reflected in the

opposite direction and partially transmitted irethbsorber. The orange wave, instead, is totaligcéed in the

After that, also the red wave reaches the transdiwace and it is transmitted and reflected

as the blue wave previously described. The timghath the transducer oscillates, due to the

end part of the PEA cell.

incident red wave, is shown in Figure 3.21.
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Figure 3.12. Dynamic simulation. Instant of time in which thd reave reaches and passes through the

transducer.
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After a certain time, both red and blue waves @senting the positive and negative

accumulated surface charges in the sample intexf@cepagate within the absorber, as shown

in Figure 3.22.
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Figure 3.22. Dynamic simulation. Both blue and red waves aftn detected by the transducer are
propagating within the absorber.

The signal that passes through the transmissierrdéipresenting the sensor is sent to Simulink
software in which the transducer model (descrilpetthé next paragraph) is implemented.

The example above is referred to the case in wdilatf the PEA cell components are properly

sized, and thus no reflections are present in fingibut signal. As explained in the previous

Chapter 2, if the ground electrode or the absonaer been incorrectly sized, the blue wave
would have reached the transducer surfaces seueesd before the red wave, and thus there
would be reflections in the output signal. Simuwattests for different cases are reported in the

next chapters.

3.12The transducer model

The piezoelectric transducer, which is used to edran incident pressure wave in an electrical

signal, is modeled in Simulink environment accogdio the Leach’s model [131-132], as

shown in Figure 3.23. The transducer is constitiigdwo parts: the mechanical and the

electrical part. The first one is used to measueadeformation of the transducer due to incident
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acoustic waves, while the second is used to conkiertdeformation into an electrical signal.
The link between mechanical and electrical paréstablished using current controlled current
generatorg’; andF,.

Concerning the mechanical section, the deformasogiven by the difference between the
propagation velocities of each surface normal éopgitopagation path. Because of the velocity-
current analogy, it is possible to evaluate thi®aeation as the difference between input and
output currents of the transmission line represgntine transducer simulated in Matlab. The
resulting current,,,: — Iourpye (read by the ammetet; ), multiplied by the product of the
piezoelectric transmitting constaltand the static capacitance of the transddgercontrols
the current generatd¥ . Finally, across the capacitanGg connected in parallel to the source
F;, a potential difference proportional to the tramset deformation is obtained.

As regards the electrical part, the current reathbyammeted, and multiplied by the constant
h is used to control the other current generd@torin order to obtain the total charge, that
proportionally modifies the shape of the transdutiee output ofF, is connected to the
capacitorC; (with value equal to 1 F) to be integrated. Thetcaled voltage generat@} with
unitary gain is a one-way insulation for the ineggr. The resistancéswith value 10 M2 are
inserted just to avoid a floating voltage of nod#&%ile, C, andh for the um PVDF transducer,

are equal to 226 pF and 0.03 4 @espectively.
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Figure 3.23. Implemented Leach’s impedance-type transducer model
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Chapter 4
Simulation of the PEA cell

In this chapter, the validation of the developed\REll model is reported.

Initially, simulations demonstrating what alread§pkained in the previous Chapter 2, with

respect to the correct sizing of the PEA cell congras, are carried out. Therefore, the
influence of the ground electrode and absorbekti@sses, which may cause reflections within
the main PEA cell output signal, is evaluated.his tase, a first validation of the model has
been obtained, because the simulations resultsdaerdlie same patterns as those found in
literature.

In the second part of this chapter, a further ma@didation has been made by comparing
simulation and experimental results. The latterehagen obtained by using both the PEA cell
of the TDHVL laboratory and the PEA cell of the LIEIP laboratory. Also in this case, the good
performance of the developed model are confirmed td very similar PEA cell output signals

(by both experimental and simulation tests) obtiine

4.1 Features of the simulated PEA cell

In order to evaluate the correct functioning of tleveloped model, the first simulations have
been made similar to those proposed in the work][1i& which a LDPE layer with thickness
200um has been used as a sample.

The simulated acoustic circuit of the PEA cell tiessame structure as that reported in Figure
3.1. Besides, its electrical equivalent circuit,iebhis realized by connecting in series the
transmission lines of each PEA cell component,hisws in Figure 4.1. Considering the
presence of only surface charges, in the electaqalvalent circuit, two pulses sources are
inserted in the extremities of the transmissiore lithat models the sample under test.
Furthermore, two resistanc®g with high value (~1 MR) are inserted at the beginning and at

the end of the entire equivalent circuit as terrngaresistance for the transmission line.
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Figure 4.1. Equivalent electric circuit of the PEA cell.

The physical properties of the materials employeBEA cell components of Figure 4.1, such

as aluminum, PVDF and LDPE are reported in Talle 4.

Table 4.1. Physical properties of the materials employed & BEA cell

Material p [kg/m3] v [m/s] o [Np/m]
Aluminum 2690 6420 10
PVDF 1780 2260 15.42
LDPE 930 1950 4873

Knowing the physical properties listed in Table ,4the electrical quantities of each
transmission line can be calculated by using eqnat{3.1 - 3.4). In these equations, the area
A of cross section is also required. Considering, ilamost cases, the diameter of the HV
electrode is 10 mm, the parameteresults 78.5 mmz2. The calculated electrical qtiasti
neglecting the conductand®, are shown in Table 4.2, in which the thicknesseath

component is also reported.

Table 4.2. Transmission lines parameters
Component Material R [kQ/m] L[mH/m] C [uF] Thickness [m]

HV Electrode | Aluminum 27.11 211.16 0.15 5.10°
Semiconductor LDPE! 1387.43 73 3.6 2-104
Sample LDPE 1387.43 73 3.6 210
Ground Electrode| Aluminum 27.11 211.16 0.15 23-10°
Sensor PVDF 9.73 139 1.4 10-10°
Absorber PVDF 9.73 139 1.4 250-10°
Bottom Electrode| Aluminum 27.11 211.16 0.15 5.10°

L1n the referred article [124] LDPE was used asisenuuctor layer.
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4.2 Simulations results

The first simulation is performed considering a stant DC stress equal to 10 kV, which
corresponds to an electric field equal to 50 kV/iaeross the 20QAm thick sample. Because
the dielectric permittivity of LDPE is, = 2.3, the accumulated surface charge in both Eamp
interfaces, calculated by using equations (2.2)(2r8), results almost 1 mC/m2 and -1 mC/m?2.
Furthermore, because of the same absolute valie giurface charges, the magnitudes of the
positive and negative pulse sources of Figurewthich are proportional to the accumulated
charge, are chosen +600 V and -600 V.

In addition, in the y-axis of the following pattetnthe voltage quantity in [mV] is present
instead of charge quantity in [C/m3]. This becatise signal obtained in the simulations
represents the output signal of the transducenouitbeing processed on the computer. In order
to convert the voltage signal in the correspondimgrge, a calibration procedure is needed, as
previously described in Chapter 2. However, becabgsetime scale (which is the more
significant quantity in the simulations for thise#is) remains unchanged before and after the
calibration, which means that the position of thainmoutput signal and the position of the
reflections are not affected, this technique wilt he applied in the simulated output signal.
Based on the above assumptions, and by using thpartent dimensions listed in Table 4.2,

simulation result is shown in Figure 4.2.
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- Reflections

p@
_1 | | | | | | | | |
g,S 3.55 3.6 3.65 3.7 3.75 3.8 3.85 39 3.95 4

Time [us]
Figure 4.2. Output of the transducer in the properly dimensibR&A cell

As it can be noted in the figure above, due toemrdimensions of the PEA cell components,
the original signal constituted k. (t) andp_(t), due to positive and negative surface charge,
respectively, is not affected by reflections. Thadr occur within the absorber, and after a

certain time (the first one around 38) are detected by the transducer.
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4.2.1Importance of ground electrode thickness

As explained in paragraph 2.4, if the thicknesshef ground electrode is not properly sized,
reflections may occur in the main output signathef PEA cell. In particular, it has been found
that equation (2.38) must be satisfied in ordexvtnid that the reflected wave within the ground
electrodep®s (t) anticipates the main peak (t) referred to the positive surface charge.

For example, for a LDPE sample with thickndgs and speed of sound 5, equation (2.38)

can be rewritten as follows:

1 Var 4.1
dep >—=d
GR = p7sa VLpPE

Considering the values of Table 4.1, akhd = 200um, d;; should be greater than 3pf.
By reference to Figure 2.3,df; is chosen 32%m, p_(t) reaches the transducer after Q.85
andp, (t) afterzs, + 755 = 0.153us, whilep®s(t) after3z;; = 0.150us. Therefore, reflections

are present and thus more than two peaks will appehe original signal, as shown in Figure

4.3.

5 T T T T T T T T
_ p(t)—
= 0 -
B
= p () Reflection
< -10t i

=15 L 1 ] i L L | §
0 0.025 0.05 0.075 0.1 0.125 0.15 0.17% 0.2 0.225
Time [us]

Figure 4.3. Output of the PEA cell. A reflection is presenttia original signal due to the incorrect thickness
the ground electrode.

Whereas, itd;y is equal to 33%um, 75, + 75z becomes 0.15¢s, while37., results 0.156us.
In this case, the relationship (4.1) is satisfied ao reflections occur in the original signal, as

in the case of Figure 4.2, in which the groundtetete is properly sized.

4.2.2Importance of absorber thickness

Considering the result of the previous example af@00um thick LDPE sample the correct

thickness of the ground electrode has been cadmieater than 330n. By using the ground
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electrode thickness equal to 23 mm (which is tpecgl value adopted in real PEA cel), (t)
andp_(t) reach the transducer after 368 and 3.581s, respectively. With respect to Figure
2.4, and according to equation (2.41) in whighis replaced bw,;,pz, to avoid that the
reflectionp®48s (t) reaches the transducer before tha(t), the thickness of the absorkbyg
must be greater than 11én. In fact, if equation (2.41) is not fulfilled bmesed 55 IS chosen

equal to 10Qum, pR4ss(t) reaches the transducer after 3&7and thus false signals occur in

the main output signal, as shown in Figure 4.4.
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Figure 4.4. Output of the PEA cell. A reflection is presenthia original signal due to the incorrect thickness
the absorber.

In order to better evaluate the effect of the absothickness in the output of the PEA cell,
another simulation is carried out. For a |5 thick absorber, the reflected wap848s(t)
reaches the transducer after 3j2 SubsequentlpR4ss(t) is reflected again within the
absorber and aftet;; + 41,455 = 3.67Us the signal reaches the transducer for the seaoed

and before the main peak (t). Therefore, two reflections are present in themsignal, as

shown in Figure 4.5.
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Figure 4.5. Output of the PEA cell. Two reflections are presernhe original signal due to the smaller
thickness of the absorber.
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4.2.3Importance of transducer thickness

The piezoelectric sensor employed in the PEA cetl the mathematical formulas which
describe its principle of operation have been dlyeaported and are discussed in Chapter 2.
As it can be noted in equation (2.44), the magmitatithe transducer voltage output signal is
proportional to its static capacitance, to thedeai pressuren its surface and to its thickness.
The effect of the transducer thicknekg on the PEA output signal has been evaluated by
performing a simulation in which all dimensionstibé PEA cell components are the same as
those reported in Table 4.2, unlike the valud Gf

By choosinglsz = 5um, the simulation result is shown in Figure 4.6e Ebmparison between
this result and that of Figure 4.2, in whigk, = 10um was used, shows that for a doudblg
value, the PEA output signal magnitude is also temliland vice versa. In fact, fdg; = 10

um the maximum magnitude values of the negativepasiive peaks were almost -10 mV and
4 mV, respectively. While, fads; = 5pm the maximum magnitude values of the negative and

positive peaks are around -5 mV and 2 mV, respelgtiv
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Figure 4.6. Output of the PEA cell for/sn transducer thickness.

4.3 Experimental validation of the developed model byhe PEA cell of the
TDHVL laboratory

In order to validate the model, a comparison beitwegerimental tests and simulation results
have been carried out in different dielectric spems with physical properties listed in Table
4.3. As it can be noted, the speed of sound ofBRE is different from the previous value
reported in Table 4.1. This because of a diffesamtple realization process.

Experimental tests have been made by using the ¢&iAf the TDHVL, with components
dimensions and transmission line parameters reponedable 4.4. In the same table, the
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thicknesses and the calculated transmission linenpeters for the three tested samples, are
also reported.

As regard the DC stress, 2 kV has been chosehdédtDPE samples with thicknesses 100

and 180um. While, 4 kV has been used for the 388 thick XLPE sample. These low DC
voltage supply values have been chosen in orded apace charge formation in the insulation
bulk, with the aim to observe only the peaks dusuidace charges.

The accumulated surface charges in the three sarapteequal in magnitude and opposite in
sign (equations (2.2) and (2.3)). Therefore, athécase of the previous simulation tests, the
inserted pulse sources (see Figure 4.1) are chosgiortional to the accumulated surface
charges and equal to +600 V and — 600 V.

Table 4.3. Physical properties of the LDPE and XLPE materials

Material | p[kg/m3] v [m/s] ~ a[Np/m]
LDPE 930 2200 4873
XLPE 900 2200 2140

Table 4.4. Transmission line parameters calculated for theegxpental PEA cell components and samples
under test.

Material R [kQ/m]

Component L[mH/m]

C [uF]

Thickness [m]

HV Electrode Aluminum 27.11 211.16 0.15 5.10°
Semiconductor | Semiconducto] 1936.6 86 2.18 150-1¢°
Sample 1 LDPE 1556.1 73 2.8 100-10°
Sample 2 LDPE 1556.1 73 2.8 180-1¢°
Sample 3 XLPE 665.6 70 2.9 280-10°
Ground Electrodel Aluminum 27.13 211.3 0.11 2-10°
Sensor PVDF 9.74 139 1.4 9.10°
Absorber PVDF 9.74 139 1.4 0.45-1¢°
Bottom Electrode| Aluminum 27.11 211.16 0.15 5.10°

In the following, the patterns obtained by expentaétests, show the output of the PEA cell
after application of the calibration technique;rdiere a charge signal is obtained. On the other
hand, the patterns obtained by simulation testsyshvoltage signal. As previously explained,
both signals differ for a calibration factor anéit&fore the comparison is possible because the
time axis remains unchanged.

The time delay present in the output signal ofekeerimental PEA cell, which is equal to 22

ns, has been taken into account into the model.
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4.3.1 Experimental and simulation results on Sample 1

For a 100um LDPE sample, the first peak due to negative saerfzharge occurs after 0.311
us. While the second peak due to positive surfaaegehoccurs after 0.3%6. Considering the
time delay of themeasurement system, the peaks are shifted of 2ZT'mevefore, the
corresponding times of the first and the second pea 0.333us and 0.37&is, respectively.
Figure 4.7 shows the charge distribution obtainedxperimental test, while simulation result

is reported in Figure 4.8.
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Figure4.7. Charge pattern obtained by experimental test, IOPE sample with thickness 1pn.
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Figure 4.8. Output of the PEA cell obtained by simulation tést LDPE sample with thickness 106n.

4.3.2 Experimental and simulation results on Sample 2

For a LDPE sample with thickness 180, the negative peak occurs at the same time of the
previous case. This because the correspondingdint@s peak depends only on the ground
electrode thickness and its speed of sound, wtagk remained unchanged. The positive peak,
which depends on the sample features, occurs@fi8d s from the negative one. By taking

into account the PEA cell time delay, the secorakpeccurs at 0.414ds. The calculated time
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values are confirmed by both experimental and satrar results, as shown in Figures 4.9 and

4.10.
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Figure 4.9. Charge pattern obtained by experimental test, DPE sample with thickness 1.
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Figure 4.10. Output of the PEA cell obtained by simulation tést| DPE sample with thickness 18m.

4.3.3 Experimental and simulation results on Sample 3

The last comparison is performed in a XLPE samjille thickness 28Qim. The speed of sound
of thismaterial is the same of the previous samples, whéehickness is higher. This implies
that the second peak, due to positive surface ehacrurs at 0.46Qs (including the time

delay). Experimental and simulation results arexshm Figures 4.11 and 4.12, respectively.
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Figure4.11. Charge pattern obtained by experimental test, foPX sample with thickness 2.
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Figure 4.12. Output of the PEA cell obtained by simulation tést XLPE sample with thickness 286.

As it can be noticed in all the figures above, ttmemparison between experimental and
simulation results confirm the good performancethefdeveloped model.

4.4 Experimental validation of the developed model byhe PEA cell of the
LEPRE laboratory

In this paragraph, a further experimental validaid the developed model is made by means
of the PEA cell of the LEPRE laboratory.

The experimental measurement setup, which is ginaléhat used at the TDHVL, is reported
in Figure 4.13. Where, cable 1 connects the HVDi@gaor to the upper electrode of the PEA
cell. Cable 2 provides the constant DC voltagdatchopper placed within the PEA cell. The
chopper, which is externally powered by the conned, is used to create the pulse stress. The
latter, with amplitude equal to that of the pulssnerator voltage supply, is sent to upper
electrode of the PEA cell by means of connectioifde amplifier, used to increase the sensor
output voltage level, is externally powered by eab] and its output signal is connected to the
CH2 channel of the oscilloscope to be visualizethilgy the CH3 channel is used as trigger.
Finally, the oscilloscope is connected by GPIB (&ah Purpose Interface Bus) at the

computer, in which the measured space charge sgpabcessed.
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Figure 4.13. PEA measurement setup of the LEPRE laboratory.

In the operating manual of the PEA cell above dbedris reported that the instrument allows
to test specimens with thickness under 0.5 mm. iBHhigsle only in the case in which materials
with speed of sound equal to 2200 m/s are testef@dct, considering that the absorber of this
PEA cell is 250um thick (andvpypr= 2260 m/s, as in the previous cases), after simple
mathematical manipulations of equation (2.41),fdtlewing valueds, < 0.5 mm is obtained.
This means that, with respect to Figure 2.4, ppeceamen withvg, = 2200 m/s andg, greater
than 0.5 mm is usech?48s(t) reaches the sensor surface before thaft) and therefore
reflections occur in the main output signal.

In order to verify what explained above, a speciméh v, = 2200 m/s ands, > 0.5 mm
should be used. Unfortunately, a specimen withetlieatures was not found, and thus another

sample with features reported in Table 4.5 has egrloyed.

Table 4.5. Features of the material tested for the verifioatof reflections within the absorber.

Material code Thickness [m] p [kg/m3] \ v [m/s] o [Np/m]
RS 2134 0.69-1C° 900 1189 2170

By using the speed of sound of this material, tlaimum value of the sample thicknesg
that can be tested without resorting to reflectiorthe main output signal, can be derived from
equation (2.41), which is rewritten as:

97



dsq < 2dyps

VZS;S = ds, < 0.26 mm (4.2)
Considering that the thicknesses of the groundrelde and of the sensor of the LEPRE lab
PEA cell are 1 cm and@m, respectively, with reference to Figure 2.4(t) reaches the sensor
aftertgg = 1.55us andp, (t) aftertg, + tgr = 2.13us. While the reflected wave within the
absorbemp?48s(t) needs a timagg + Tsg + 2Tags = 1.77 s to be detected by the sensor.
However, a reflection occurs in the main signaldasonstrated in the following.

An experimental measure has been made by usingEecell of the LEPRE laboratory and
the material described in Table 4.5 as specimeeruest. The magnitudes of the HVDC and
pulse generators are chosen the same as those shévwgure 4.13, namely 8 kV and 500 V,
respectively.

The output signal depicted in the oscilloscopeemorted in Figure 4.14. As it can be seen, the
signal is not deconvoluted and calibrated, theeefovoltage signal is present in the y-axis.

In the figure, the negative and positive peaks, ttu¢ghe surface charges deposited in the
ground-electrode/sample and sample/HV-electrodeerfates, are positioned at the
corresponding time previously calculated, namebbland 2.13us, respectively. In the same

way, the negative peak due to the reflection withmabsorber occurs at the time 1187

k2
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b
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Figure 4.14. PEA output signal displayed by the oscilloscopeeffection occurs within the main output signal,
due to absorber thickness and specimen features.
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In the light of the above, the calculations pregigunade, regarding the position of the peaks
and the presence of a reflection, have been coafifny experimental test.

In order to verify if the developed model providdse same result of those found
experimentally, the PEA cell of the LEPRE laborgitand the sample described in Table 4.5
have been modeled. The transmission line parametegell as the materials and thicknesses,

of both PEA cell components and sample under aestreported in Table 4.6.

Table 4.6. Transmission line parameters calculated for theegixpental LEPRE PEA cell components and
samples under test.

Component | Material | R[kQ/m] L[mH/m] C [uF]

HV Electrode Aluminum 27.11 211.16 0.15 5.10°

Semiconductor | Semiconductoj 359.71 70 10 2-10°
Sample RS 2134 359.71 70 10 0.69.-1¢°
Ground Electrode| Aluminum 27.11 211.3 0.11 10-10°

Sensor PVDF 9.74 139 1.4 9.10°
Absorber PVDF 9.74 139 1.4 250-10°
Bottom Electrode| Aluminum 27.11 211.16 0.15 10-10°

As regard the magnitude of voltage from the pukseegators (see Figure 4.1), 500 V is used,

which is the same value of that applied in the eérpental test.
Simulation result is shown in Figure 4.15. As ihde seen, a reflection occurs within the main

output signal and, furthermore, all of the peales arthe same position of those obtained by

experimental test of Figure 4.14.
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Figure 4.15. Output of the PEA cell carried out by simulatiostté/alidation of the model by implementing the
PEA cell of the LEPRE laboratory.
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Chapter 5
Multilayer specimens

This chapter deals with the case in which surfaw iaterfacial charges accumulate in two
different dielectric materials placed in contacthweach other. This configuration will be
described by the Maxwell capacitor, while the aculated charges will be calculated by means
of the Maxwell-Wagner theory.

After the evaluation of the surface and interfadharges, the middle part of this chapter
focuses on the study of the waves behavior withenREA cell, when a two layers specimen is
placed between HV and ground electrodes. There&sqreviously made for a single layer
specimen, the relationships useful for the corsemhg of the ground electrode and absorber,
that should be satisfied in order to avoid reflaesi within the main PEA cell output signal, are
reported.

Finally, the developed model, for the two layers@men, has been validated by comparing
simulation and experimental results. The latterehlbgen obtained by means of the same real
PEA cell of the TDHVL, used in the previous chapter

5.1 Maxwell capacitor and Maxwell-Wagner theory

The configuration composed of two different dietiectnaterials “A” and “B” (with different
permittivity ¢ and conductivity) placed in contact to eachother, can be descrilyethe

Maxwell capacitor [133], as shown in Figure 5.1.

Electrode
@ e e o ¢ ¢ ¢ o
o +
Sample A d
k €r TYa sa +
e o © ¢ 0 0 o0 o — V
Sample B
) ds;,
C & 7B
00 0 @0 0 0 0 @
Electrode

Figure5.1. Maxwell capacitor
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In the situation depicted in the figure above, etetric field distribution in samples A and B

are given by:

E Vs 14 (1 ‘£> + 5 Ver
= —eT)+————VeT 5.1
47 dgpya + dsa¥s dspeq + dseép (6.1)

E Ya 14 (1 ‘E) + 2l Vet
= —eTT)+——2 Ve 5.2
P dspya + dsavs dspeq + dsqép (5.2)

whereV is the applied voltagels, anddg, are the thicknesses of sample A and B, whiie

the time constant given by:

_ dspes + dsq€p
dspYa + dsqVs

(5.3)

For the timet tending to zero, the first terms of equations)&rid (5.2) can be neglected and
the electric fieldE is capacitive distributéd Therefore, equations (5.1 - 5.2) become:
c €p -
=V
A7 dgpes + dsqesp ¢’ (5.4)
c €A -

= Ve = 5.5
B dgpeq + dsqaep (5.5)

The accumulated surface charges ando/. , due toEg, in both electrode/sample-A and

sample-B/electrode interfaces, can be calculated as

£4€p _t
+ — EC — V
O—C EA A dsb SA + dSaSB e (5.6)

o, =gk =———F—Ve'z (5.7)

where, ing, andeg the vacuum permittivity, is taken into account.

Whereas, ift tends to infinity, the second termseaxuations (5.1) and (5.2) tend to zero and

2 The apex is referred to the capacitive distribution of efecfield.
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the electric fieldt? is resistive distributed

Ej = Ve % (1 — e_g) (5.8)
47 dspya + dsaVp ’

t

Ya _t
E; = %4 (1 —e r) 5.9
B dgpya + dsavs (5.9)

In this case the accumulated surface chasgesindo,~ are given by:

&
ot =gl = — Ay (1 - e‘%) (5.10)

o = e El =—BYA (1 - e_%) 5.11
’ BB T doyya + dsa¥s (5.11)

According to Gauss’ law, the accumulated interfaciaarge o;,; at sample-A/sample-B

interface, can be written as follows:
Orc— Opc = Oint (5.12)

wherego, . is a term that includes both ando,.

During the capacitive distribution of electric fiethe difference between the surface charges
o. IS zero. Therefore, in equation (5.12) only thefexre chargew,, due to the resistive
distribution of electric field, should be takendrdccount. However, in the sample-A/sample-
B interface of the Maxwell capacitor, due to Maxi#lagner effect, the accumulated charge

k(t) =g, is given by:

Ep¥a— € L
k(t) = (M)V(l —e T™Mw

5.13
dpYa + days ) ( )

where the Maxwell-Wagner time constaryy,, is the same of described in equation (5.3)
[133-134].

3 The apex r is referred to the resistive distribnidf electric field.
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5.2 Reflections of acoustic waves in a two layers spe@n

In case of a free space charge two layers specithermain output signal is constituted by
three peaks due to the accumulated surface charmgdbe three interfaces, such as
electrode/sample-A, sample-A/sample-B and sampideBirode interfaces. As in the case of a
single layer specimen, reflections in a two lays¥smen may overlap the main output signal
of the PEA cell if the ground electrode and theoabsr are not properly sized [134].

5.2.1Acoustic wave reflections within the ground elecbde in a two layers
specimen

In the situation depicted in Figure 5.2, for twgdes specimen, the generated acoustic wave
p+(t), in the HV-electrode/sample-A interface, needgretts, + g, + 1gr tO reach the
transducer. As previously explained in Paragraghihenp, (t) passes through the different
interfaces, it is partially transmitted and palyialeflected. The reflected portion @f, (t),
namedp®~4(t) in Figure 2.3, is not considered in the followibgcause it needs a time greater
thanp, (t) itself to reach the transducer, and thus it da¢sause overlap in the main signal.

However,p, (t) is described by:

1
p+(t) = Kror |0" + Egep(t — Tsa = Tsp + Ter) | €p(t — Tsa— Tsp — Ter)  (5.14)

whereKror = KS_ 4 KX p KX_ 41 KX _pypr, in WhichKT_, is the transmission coefficient of
the sample-A/sample-B interface.
The equation describing the propagated acousti@wgy(t), due to the sample-A/sample-B

interfacial charge, is given by the following edoat

1
me(t) = K5 g KE_ 41 KJ, T+ see,(t- t—
Pint(t) = Ki_p Kg_ar Kar—pvpr |07 + zeep( Tsb + Tar) | €p(t — Tsp (5.15)

— TGr)

whereKf j is the generation coefficient in the sample-A/skntpinterface.
While, p_(t) and its reflectiop?®s () within the ground electrode, have been alreadgrgin
equations (2.32) and (2.37).
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Figure5.2. Reflection of acoustic waves in a free space chawgdayers specimen. The effect of ground
electrode thickness.

Tsh *I TGr )l

However, ifpRé(t) reaches the transducer before tpalt) a reflection occurs in the main
signal. In order to avoid this problem, the growhectrode should be sized according to the

following relationship:

1 v v
der > > (dSa % + dsp AL) (5.16)

A VUp

wherev, andvy are the speed of sound of materials A and B, msedy.

5.2.2 Acoustic wave reflections within the absorber in &wo layers specimen

As in the case of one layer, for a two layers gpeais, also the absorber plays an important
role in the reflections phenomenon. With respedtigure 5.3, the expressions of the waves
that propagate up to the sensor, sucp,4%), p_(t) andp;,:(t), have been already reported
in equations (5.14) (2.32) and (5.15), as welhasréflected acoustic wave within the absorber
pR4Bs(t), described in equation (2.40). The reflectionsnuimeenon within the absorber has
been widely analyzed for one layer specimen inRagraph 2.4 and it was found that only
pR4Bs(t) could anticipatey, (t). The latter wave, in case of two layers specinkes more
time to reach the sensor and therefore the abstrio&ness should be greater than that found

for one layer specimen. However, the following tielaship must be satisfied:
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1 VpypF VpvpF
daps >§(d5a Vs + dgp Vs ) (5.17)

SAMPLE A SAMPLE B GROUND SENSOR ABSORBER BOTTOM

) ‘g
| Tsa N Tsh N TGr | TsE N TaBS N|
r T T 1 1 2l
Figure 5.3. Reflection of acoustic waves in a free space chawgdayers specimen. The effect of absorber
thickness.

5.3 Equivalent circuit of the PEA cell for a two layersspecimen

The simulated electrical equivalent circuit of A cell, in case of a two layers specimen, is
shown in Figure 5.4. Compared to the circuit foe dayer, reported in Figure 4.1, a further
pulse source is inserted between the transmissies teferred to the two samples. This source
is used to simulate the acoustic wave generatethdyinterfacial charge deposited in the
sample-A/sample-B interface. The polarity of theerfacial charge depends on the features of
the materials in contact. In particular, if the doativity of sample B (which is in contact with
the negative ground electrode) is greater than wcthdty of sample A, the interfacial charge
sign is negative. However, both polarity and amafrihis charge can be easily calculated by
using the Maxwell-Wagner theory (equation (5.13)).
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Figure 5.4. Equivalent electric circuit of the PEA cell for tiayers specimen.

5.4 Evaluation of accumulated surface and interfacial barges in a two
layers specimen

Considering the sample A made of XLPE with thiclkn280um and the sample B made of
LDPE with thickness 18(im, their physical properties and transmission paeameters are
the same as those reported in the previous Tal8esndl 4.4. The electrical properties useful
to calculate the interfacial charge due to the MalkWegner effect are reported in table 5.1.

For a DC stress equal to 2 kV, the electric fietdhdvior in the XLPE and LDPE samples,
calculated by using equations (5.1) and (5.2) swshin Figure 5.5. According to equations
(5.6 - 5.7) and (5.10 - 5.11), the surface chalgd®mvior, during the capacitive and resistive
distribution of electric field, is shown in Figuke6. In the same figure, the interfacial charge
profile (k) calculated by using equation (5.13) is also regabrAs it can be noted, in the steady
state, the accumulated surface charges in corrdspor of the HV-electrode/XLPE and
LDPE/ground-electrode interfaces resuft= 0.27-1¢° C/m2 ando ™= - 1.67-1¢ C/mz2.
Whereas, the interfacial charge in the XLPE/LDPEriiace is calculated &s= 1.40- 1.

The magnitudes of the pulse sources, inserteceieduivalent electric circuit shown in Figure
5.4, are chosen proportionally to the amount ofasar and interfacial charges. In particular,
the magnitude of the blue generator, which simsléte acoustic wave generateddy, is
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chosen as 600 V. While, becaust is around 6 times smaller tharT, the magnitude of the
red generator is selected to 100 V. As regardrtegfacial chargé, which is 1.2 times smaller
thano~, the magnitude of its corresponding generator yibket one) is calculated equal to
500 V.
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Figure5.5. Electric field profiles in XLPE and LDPE samples.
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Figure 5.6. Surface and interfacial charges profiles in the Xda-PDPE specimen.

5.5 Simulations results for a two layers specimen

Simulations are carried out by implementing thes&&A cell described in Paragraph 4.3. In
Table 4.4 of the previous chapter, the transmistimes parameters useful to simulate the

equivalent circuit of Figure 5.4, are also reported
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As regards the pulse sources, for a 2 kV DC sthesmagnitudes of these generators have been

already calculated: blue generator 600 V, violetegator 500 V, red generator 100 V.

5.5.1.Importance of ground electrode thickness in a twodyer specimen

In the first simulation, the reflections phenomerttue to the incorrect sizing of the ground
electrode is analyzed. As explained in Paragraphibthe thickness of the ground electrode
does not fulfill equation (5.16), the reflectionediop_(t) anticipates the main pegak (t).
Considering the samples A made of XLPE and the EaBipmade of LDPE, with thicknesses
280um and 18@m, respectively, and same sound veloeitypr = v, ppr = 2200 m/s, equation

(5.16) can be rewritten as follows:

Var Var ) (5.18)

1
dgr > 5 (dSa

In this situation, the thickness of the ground etete,d;z, must be greater than 0.64 mm. In
fact, if d;g is chosen 0.5 mny, (t) reaches the transducer after 0.285while the reflected
wavepZs (t) after 0.231us (see also Figure 5.2). Therefore, a reflectiamumcbefore the peak
due to the positive surface charge, as shown iar€ig.7.

On the contrary, ifl; is equal to 0.80 mnp, () andp®s(t) reach the transducer after 0.332

us and 0.373s, respectively. Therefore, no reflection occurthmmain signal.

5 T T T

T

— P
= 0 \/ 3 o .
gp -3
& P, (1 - e
=] “ eilection &
= 1o P

-15 | | | | I | | 1 |

0.05 0075 0.1 0.125 0.5 0.175 0.2 0225 025 0275 0.3

Time [us]
Figure5.7. Output of the PEA cell. A reflection is presenttia original signal due to the incorrect thickness
the ground electrode
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5.5.2.Importance of absorber thickness in a two layer spgmen

As regard the correct sizing of the absorber, egungb.17) must be satisfied in order to avoid
that reflections are present in the main signatase of the same two layers specimen used in
the previous simulation test, the absorber thickmeast be greater than 0.23 mm. In fact, as
described for the Figure 5.3, if the ground eletgrthickness is properly sized; = 2 mm,
which is the thickness of the real PEA cell emptbyer the experimental tests) the acoustic
wavep, (t) reaches the sensor after 0.5E9 whilep_(t) andp;,:(t) after 0.311us and 0.392

us, respectively. In this case no reflection ocditise absorber is properly sized as well. While,
if the thickness of the absorber is smaller th&3 ®m and chosen, for example, 0.18 mm, the

reflected wavep®48s(t) reaches the sensor after 0.489 Therefore a reflection occurs in the

main signal, as shown in Figure 5.8.
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Figure5.8. Output of the PEA cell. A reflection is presenttia original signal due to the incorrect thickness
the absorber

5.6 Experimental validation of the two layers specimemodel

In order to validate the two layers specimen mothed, real PEA cell of the TDHVL, with
component dimensions and transmission line parametported in Table 4.4, is used for both
simulation and experimental tests. The specimeanstituted by the same materials previously
described and employed in the simulations, su@8asim tick XLPE and 18@m tick LDPE.

By stressing the specimen with 2 kV DC voltage $ypihe amount of surface charges and
interfacial charge in the steady state have beea@y calculated in Paragraph 5.4.
Considering that the space charge accumulationgrhenon depends also on the voltage
application time, the latter should be small inesrtb avoid the presence of space charges in
the insulation bulk. For this reason, the test timehosen 5 minutes (300 s). For this time

interval, the electric field behavior in the XLPRAALDPE samples is shown in Figure 5.9.
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Figure5.9. Electric field profiles in XLPE and LDPE samplegidg 5 minutes of applied voltage.

While, the accumulated surface and the interfadhalges are reported in Figure 5.10.
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Figure 5.10. Surface and interfacial charges profiles in the XA-PDPE specimen during 5 minutes of applied
voltage.

As it can be seen, after 5 minutes, the accumulatedace chargest in the HV-
electrode/XLPE interface is equal to 0.851% 00m?2, whereas the negative surface charge
in the LDPE/ground-electrode interface is equal -€0856-1¢* C/m2. Instead, in the
XLPE/LDPE interface, the accumulated chafgeesults 0.005- 16 C/m2. According to the
found charge values, and observing the equivalldiree circuit of Figure 5.4, the blue
generator (which is referred o) is assigned a magnitude of 600 V. While, consndethat
ot is 1.006 times smaller tharT, the magnitude of the red generator is calculag&lV (that
is 1.006 times smaller than 600 V). Finally, theerfacial chargé is 171 times smaller than

110



o~, therefore the magnitude of the violet generatsults 3.5 V.

Considering that the PEA cell described in Tabeid.properly sizedd;z = 2 mm andi,gs

= 0.45 mm), no reflections occur, and thereforg timlee peaks due i (t), p_(t) andp;,; (t)

are present in the main PEA cell output signal.té&ing into account a time delay equal to
0.022us, present in the output signal of the experimeREgA cell,p_(t) reaches the sensor
after 0.333us, p;,: (t) after 0.414us andp, (t) after 0.541us.

Introducing the time delay in the model, simulatresult is shown in Figure 5.11. The charge
distribution obtained by experimental test is shownFigure 5.12. Also in this case the
calibration technique has been applied in the expartal pattern and therefore the y-axis
represents a charge signal. Unlike the patternirlaby simulation in which the y-axis
represents a voltage signal. As previously exptjittee times in which the peaks occur remain
unchanged and therefore the comparison can be made.
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Figure 5.11. Output of the PEA cell obtained by simulation festXLPE-LDPE specimen.
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Figure5.12. Charge pattern obtained by experimental test foPKLLDPE specimen.
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Chapter 6
Recommendations

Research results show that each different PEAisadble to provide a main output signal

without reflections only if the thickness and speédound of the sample under test fall within

a certain range of values.

On the basis of the results achieved in this thesik, important recommendations useful to

avoid reflections within the main PEA cell outpigreal are presented in the following for both

an already built PEA cell and for a new PEA.

This Chapter, as well as the main part of thisihéscuses only on the ground electrode and
absorber components sizing, because only these qratresponsible of the reflections within

the main output signal, which is the most relevssiie in the PEA technique deployment.

6.1 Existing PEA cell

When we have an already built PEA cell, it is nasgible to change any component of the PEA
cell and therefore the types of dielectric samias are to be tested are limited. Before each
space charge measurement, we recommend to usaltveirig procedure:

1) Measure the thickness of ground electrdglg, if it is not reported in the operating manual
of the used PEA cell. This measurement can beyaasitle by using some mechanical tool,
e.g. caliber or meter. After that, calculate theximaim sample thickness that can be tested
in order to avoid reflections in the main outpgrsil, due to the ground electrode thickness.
This value can be calculated by the relationshjp< 2 d;grv4/v4;., Which is derived from
equation (2.38). Where, the speed of sound ofltimiaumuvy;, is typically 6420 m/s, while
the speed of sound of the sampjes different for each type of dielectric material.

Based on the above, in order to quickly evalulae maximum sample thicknesg,, with
sound velocity ranging from 1200 to 3600 m/s (tgbialues of sound velocity in dielectric
materials), that can be tested in a PEA cell witieain ground electrode thickness value
d¢r, the graph of Figure 6.1 can be used.

For example, for the PEA cell of the LEPRE, \atih d;z= 10 mm (pink line of Figure 6.1),

if a sample of XLPE material (with sound velocity= 2200 m/s) is to be tested, its
maximum thicknesdg, must be lower than 6.9 mm. Whileyif is lower and equal to 1800

m/s, the maximunalg, that can be tested in the same PEA cell, withefléctions in the
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main output signal, must be lower than 5.6 mm.
In case of the PEA cell of the TDHVL lab, with;z= 2 mm, the maximum XLPE sample

thickness that can be tested must be no greaterltdanm.
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Figure 6.1. Evaluation of the maximum sample thickness thateatested, based on the ground electrode
thickness of a PEA cell already built.

2) Measure the thickness of the absorber, if it isrepbrted in the operating manual of the
used PEA cell. In this case, instead, becauseuguslly placed within an aluminum block
and thus it is not easily accessible, the manualsorement of its thickness results difficult.
However, its thickness can be evaluated by obsgrihe output signal of the PEA cell
displayed into the oscilloscope, by following thegedure below:

- Choose a sample that has both a high speed of smahithe smallest thickness (in the range
of um), among those available in the laboratory. Is thay, the possibility of reflections in
the main output signal should be avoided.

- Provide both high voltage and pulse voltage toRE& cell, in which the previous chosen
sample has been inserted, as a normal space ahaggaire.

- Observe the PEA output signal in the oscilloscdpéhe chosen sample is correct, no
reflections occur in the main signal and thus thet &nd the second peak displayed in the
oscilloscope will be the signals due to the negasind positive charges, respectively.
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In the oscilloscope, move along the positive dicgcbf time axis, until the first reflection
of the negative main peak. This reflection couldtm within the ground electrode or that
within the absorber. It will be that within the grad electrode if the temporal distance
between it and the main negative peak is equatge (where3zg;y is the needed time for
an acoustic wave to reach the sensor after beithgcted within the ground electrode,
calculated a3tz = 3dsr/va., S€€ Figure 2.3.). While, if this temporal distns
different from3z;g, it means that the first reflected wave after ie@n signal is the one
within the absorber. Therefore, the absorber theskid,z 5, neglecting the sensor effect, can

be calculated as:

tp Raps — lp

dpps = T_UPVDF (6.1)

Wheret,, andt, rps are the corresponding times of the main negateak@nd its first
reflection, respectively. While, the sound veloafythe absorber made of PVDF material is
alwaysvpypr = 2260 m/s.

To better understand what above explained, in Eigu2 an example is reported. The signal
in the figure is the same of that previously olediby simulation in Chapter 4, which results

very similar to that displayed in the oscilloscopes.it can be seerm, is equal to 3.58s,
while t, r,ps is around 3.8is. Therefore, by means of equation (6.1), the dlgsahickness

Is calculatedi,gs =~ 250um.
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Figure 6.2. Evaluation of the absorber thickness by means & B&l output signal.

After having obtained the absorber thickness, ¢aleitthe maximum sample thickness that
can be tested in order to avoid reflections inren output signal, due to the absorber
thickness. This value can be calculated by thdioglshipds, < 2 dsgsvs/vpyprWhich is

derived from equation (2.41).
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Also in this case, a graph can be used in ordgutokly evaluate the maximum sample

thicknessdg, that can be tested in a PEA cell with a certasodter thickness valug, ;.

For example, for the PEA cell of the LEPRE lab hwdj ;= 250um, the maximum sample

thicknessi,, that can be tested must be lower than 0.49 mits,sbund velocity, is equal
to 2200 m/s. While, it,= 3000 m/s, for the samk 55 value,ds, must be lower than 0.67

mm.
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Figure 6.2. Evaluation of the maximum sample thickness thateatested, based on the absorber thickness of a

6.2 PEA cell design

PEA cell already built.

A PEA cell is designed on the basis of the specisteatures (thickness and sound velocity).

Based on the results obtained in this thesis,deroto avoid reflection in main PEA cell output

signal, we recommend to use the equations already qn Chapter 2, and again reported below

in equation (6.2) for the ground electrode sizengy in equation (6.3) for the absorber sizing.

1 VaL
dep > =do, —
GR ~ 5 %sa -

(6.2)
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1 VpypF
d >—d
ABs = 5 Asa U

(6.3)

Based on the above equations, two graphs haverbakred in order to facilitate the design.
The graph referred to the ground electrode thicknssshown in Figure 6.3. Where, each line
with different color is referred to a maximum samphickness value that should be tested.
While, in the y-axis the typical range of dielectmaterials sound velocity values is reported.
Therefore, after having chosen the maximum sanipi&ness value and knowing its sound
velocity, the minimum ground electrode thicknegsr@vided by the x-axis. For example, if the
PEA cell must be used to test specimens with maxirthicknesslg, = 800um (black line of
Figure 6.3) and sound velocity = 2400 m/s, the thickness of the ground electrhgemust

be greater than 1.1 mm. Whiledi§, = 2 mm ands, = 2000 m/sd;z must be at least 3.2 mm.
In case of two layers specimens, the minimum graladtrode thickness is given by the sum
of eachd;i calculated separately for each sample composiegsfiecimen. Therefore,
considering the examples above, in whigh has been calculated 1.1 and 3.2 mm for the two
different samples, if both samples are placed mtaxd to each other in order to be tested, the

minimumd, value must be greater than the sum of 1.1 anch&2and thugl;z > 4.3 mm.

3600 Nik'N T T T T T T T T T T T T T T T
3400 | ]
— 3200} .
£ 3000 | .
< [
= 2800
g SO ]
‘§~ : ds.-:_ 200 um | ]
E 2600 ¢ ——dg, =500 um
5 [ —d_ =800 um|]
= 2400 ¢ Sa ]
= : ds.-:_ 1 mm ]
2z 2200 ——d_ =15 mm|-
5 [
2 I —d_, =2mm
= 2000 Sa ]
= [ d%— 3 mm
o E
g 18007 —d =5mm |7
=)
vl

1600

1400 |

et el b b el b b b b s b b n a1 ol
5556657758859 095101051111.51212.51313.514
Minimum ground electrode thickness, d(.],R [mm]

Figure 6.3. Sizing of the ground electrode thickness, basetth®@ispecimen features that should be tested.

In Figure 6.4, instead, the graph referred to thieg of the absorber thickness is shown. As in
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the previous graph of Figure 6.3, after having ehafie maximum sample thickness, based on
its sound velocity, the minimum absorber thickneslsie is given in the x-axis. In this case, if
for exampledg, = 2 mm and,, = 2000 m/s, the minimum absorber thickness thatt ine used

is equal tad,gs = 1.1 mm. For another sample, with, = 500um andv, = 1800 m/sd s
minimum results 0.31 mm. If this latter samplelesced in contact to the previous one, for this
two layers specimen, the minimum absorber thicknasst be greater than 1.1 + 0.31 mm, and

thusdygs > 1.41 mm.
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Figure 6.4. Sizing of the absorber thickness, based on tharepadeatures that should be tested.
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Chapter 7
Conclusion and future works

The purpose of this work was to develop a simutatimdel of the PEA method in order to
establish the correct sizing of the PEA cell comgras, with the aim to avoid reflections of
acoustic waves within the main output signal.

The employed modeling approach follows the suggestof a work found in literature in which
PSpice software was used to simulate the acoustesvbehavior within the PEA cell. Here,
instead, Matlab environment was chosen in ordéiat@ a more versatile software in which it
was also possible to manage the mathematical eqsasind study coupled phenomena and
parametric variations more easily than in PSpicgrenment.

The initial simulations have been carried out cdesng only one dielectric layer in the sample
and the presence of only surface charges in theelddtrode/sample and sample/ground-
electrode interfaces. In these simulations, in otdehave a better output charge profiles
(without overlapping reflections on the main sigriaé correct thicknesses of ground electrode
and absorber were found.

Initially, the validation of the software was mamecomparing the results with those proposed
in the referred article. Subsequently, by usingRE&A cell of the TDHVL lab, the comparison
between simulated and experimental results conflrthe good performance of the developed
model.

In addition, the model has also been validated bgma of the PEA cell of the LEPRE lab. In
this case, a dielectric layer with material projsrthat fall outside the range allowed by the
PEA cell, has been used as a sample. In this weefleection coming from the absorber layer
and located within the main output signal has bebserved in both experimental and
simulation test.

As an evolution of the model, specimens made of tif€erent dielectric layers were
implemented into the model. Furthermore, the MakWégner theory was been used in order
to evaluate the amount of interfacial charge inisgal between the dielectric/dielectric
interfaces. Also in this case simulation resultgehlaeen confirmed by experimental tests.

In the final part of this thesis, some recommerhetihave been given. In particular, the
provided graphs could be very useful to estabirshn easy and fast way, the sample types that
may be tested with a PEA cell already built. Mormn case of a PEA design, further graphs

were realized in order to evaluate the correcktiess of ground electrode and absorber, on the

118



basis of the specimens that are to be tested. Hawies limitations of the developed PEA cell

model, that will be addressed in future works,regorted in the following:

- The PEA cell output signal obtained by simulati¢he one detected by the sensor,
without considering the amplifier effect. Therefaitee amplitude of the signal provided
by the model is different from that displayed i thscilloscope during experimental
measures. In future works, an amplifier with thenedeatures of those used in the PEA
cells will be inserted in the output of the Leachigpedance-type transducer model
implemented in Simulink environment.

- The validation of the model was made by comparimgukation and experimental
results, and the latter were obtained after theliGan of the calibration and
deconvolution techniques. Therefore, signals in3dimthe experimental test) and in
mV (in the simulation test) were compared. Desipitine developed model, the axis of
interest is that of the time (which remains unclea)g the implementation of the
calibration technique in order to obtain a chalgaa as a final results can be useful.

- Anideal Gaussian pulse was used as a pulse gendrefuture works, an equation able
to generate a real pulse generator shape will péemented into the model.

- The model simulates the presence of only surfaaegels deposited in correspondence
of the sample interfaces. However, if an amounspce charge accumulates in the
sample bulk, the related acoustic waves generayethdir vibration, after being
reflected within the ground electrode or in theasber, could cause reflections within
the main output signal. Therefore, simulations iimg) of a specimen containing
accumulated space charges will be carried outtadduations providing the minimum
thickness of ground electrode and absorber mustbged accordingly.

- The model simulates the PEA cell for flat speciménduture works, a PEA cell for
cables will be studied and implemented into the ehaahd thus cylindrical geometries
simulating a cable will be considered as a sample.

Thanks to the advantages provided by Matlab soéwarther research work can be carried

out, in particular:

- simulations of a three different dielectric laysesmples, as it is more relevant to the
cable/cable joints.
- simulations of acoustic waves behavior within tieARcell, for both flat and cable
specimens, under different temperature gradient.
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A. Pseudocode of the developed PEA cell model

In this appendix, the pseudoce for a single lagecsnen, theoretically described in Chapter 3

of this thesis, is reported.

Input the thickness of all PEA cell components (d_c omponent): HV
electrode, semiconducting layer, sample, ground ele ctrode,
sensor absorber and bottom electrode.

Set spatial step: dz.

Calculate M dimensions for each PEA cell component:
M_component = round (d_component/dz)

Create and Initialize voltage and current vectors f or each PEA
cell component (V_component, |_component).
Create and Initialize the transmission line paramet er vectors
for each PEA cell component. (R_component, L_compon ent,
C_component, G_component).
Input the material properties of each PEA cellcomp onent: density
( p), acoustic velocity ( v), attenuation coefficients ( a) and
(o).
Calculate the transmission line parameters of each PEA cell
component: resistance (R), capacitance (C), inducta nce (L) and
conductance (G):

R_material = 2* £_material*v_material*area* o_material,

L_material = area* £_material;

C_material = 1/area* £_material*v_material "2);

G_material = 2/ £_material*v_material*area)*( 0, _material);

Set the time step for each PEA cell component:
dt_material = dz/v_material;

Calculate the parameters P, Q, Y, S (see pag.64) fo r each PEA
cell component:
P_component = (2*L_component--dt_material*
*R_component)./(2*L_component + dt_material* *R_com ponent);
Q_component = (2*dt_material)./(dt_material*dz*R_co mponent +
+ 2*dz*L_component);
Y_component = (2*C_component -G_component*

*dt_material)./(2*C_component + G_component *dt_mat erial);
S_component = (2*dt_material)./(dt_material*dz*G_co mponent +
2*dz*C_component);

Calculate the parameters Y, S of the nodes between two PEA cell

components named i (before the node) and i +1 (after the node):
Y_component ' - component *' = (2*(C_ component ')+
+C_component ** (1))/2 (G component ' (1)+ G component *o(1)/2*
dt_material)./(2*(C component ' (1)+C component " (1))/2+(G

component ' (1)+G component "' (1))/2*dt_material);
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S_component '- component "' = (2*dt_material)./(dt_material*

*dz*(G component ' (1)+G component "' (1))/2 + 2*dz*
*(C_component ' (1)+C_component ** (1))/2);

Set the simulation time: N dimension
/[*Create a loop to solve the Telegraphist’'s equati
of the FDTD method:

Forn=1:N
Input: Pulse generators:
Vpulse_positive(n)= 600*(exp(-((n-8)"2)/20));
Vpulse_negative(n)= - 600*(exp(-((n-8)"2)/20));

Insert the pulse source in correspondence of the sa
interfaces:
V_Sample(1) = V_Sample(1) + Vpulse_positive(n)
V_Sample(M_Sample) = V_Sample(M_Sample) +
Vpulse_negative(n);

For m =2 :M_component-1, update of the v

ons by means

mple

oltage

V_compoent (m)=Y_compoent (m).*V_compoent(m)+
+S_compoent (m).*(I_compoent (m-1)-IHV(m));
end for | oop;

if m == M_component, solve the node equation
V_component ' (M_component ') =Y_component -
component ** *VV_component ' (M_component ')+
S_component ' - component "' *(I_component

end

Set the continuity of voltage between the nodes:

V_component "1 (1) = V_component '(M_component ')

Form=1:M_component-1, update of

|_component '(m)=P_component '(m).*
*|_component '(m)+ Q_component '(m).*

(M_component ' -1) -I_component " (1));
| f

the current:

*(V_component ' (m)-V_component ' (m+1));

end for 1 oop

Set the continuity of current between the nodes

|_component '(M_component ')=1_component ™ (M_compdnent "1);

Record the voltage and the current values;

Show the dynamic simulation of wave behavior within
PEA cell;

end for |oop

Save Inputand Output current of the transmission |
the Sensor;

Comunication with Simulink in which the Leach’s Tra
Is implemented,;

Display the final wave pattern.

the

ine simulating

sducer model
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Pietro Romano and Antonino I mburgia during the
CEIDP conference at Toronto.
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Prof. Giovanni Mazzanti, Antonino Imburgia, Prof. Peter Morshuis,
Prof. Tatsuo Takada (the inventor of the PEA techrque) and Prof.
Pietro Romano.
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Prof. Naohiro Hozumi, Antonino Imburgia and
a PEA system for mini-cables.
University of Technology, Toyohashi, Japan.
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The PEA system for full-size cable. Prysmian Groupiilan.
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