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AWe are like dwarfs on the shoulders of giants
that we can see more than they, and things
greater distance, not by virtue of any sharpnes
sight on our part, or any physical distinction, t
because we are carried high and raised up

their giant size. o

BernardDe Chartres






Abstract

Negl i ul ti mi anni | 6i mpi ego sempre pi % diffus
pi Y% robusta ed interconnessa ha reso fondamen
linee i componenti piu soggetti a guasti sono giwntierminali, i quali presentano una zona

particolarmente critica: | a zona interfacci al

tangenziale, il quale cambia la sua distribuzione a seconda di vari fattori.

Questo lavoro ha dunque come ofiet quello di indagare a fondo su tale zona, per scoprirne i
meccanismi di guasto e per trovare dei marker diagnostici per poter perfezionare il design dei giunti

e monitorare il loro stato.

L'analisi e stata svolta utilizzando elettrodi con profilo Regki sputterati su dei fogli di XLPE ed
inseriti in apposite presse meccaniche. Sono state svolte due tipologie di prove: una in cui si &€ misurata

la conducibilita dei provini a vari campi elettrici € una in cui si € monitorato la carica di spazio

accumula a al l 6interno dei provini; | o6attivit™ di
le prove.

Tra i possibili marker diagnosticidipter eak down non =~ stata rilevat
scariche parziali, che sembrano poter esserdes s e d a i meccani s mi di gu
un i mportante <contributo della ridistribuzio

notevolmente il campo elettrico al suo interno, ed e responsabile di un forte aumento di conducibilita
gualdhe ora prima del breakdown; venendo quindi proposto come possibile parametro di

monitoraggio.






Abstract

In the last years, the widespread use of renewable energy and the need for a more robust and
interconnected network has made HVDGEk more and more popular. Within these lines, joints and
terminals are the components most prone to failure; in these components the interfacial zone is the
most critical one. The interfacial zone is subject to a high tangential electric field, arsdritsiton

depends on many factors.

The aim of this work is therefore to investigate this zone, to discover its breakdown mechanisms and
to find diagnostic markers; this will be fundamental to improve the joints design and to monitor their

status.

This andysis has been carried out using XLPE sheets with Rogowski profile electrodes sputtered on
it and then inserted in a particular mechanical press. Two types of tests were carried out: in the first
the specimends conduct i v beerymeasturedwahile in thelsecordithe c t r
accumulated space charge inside the specimens has been monitored; PD activity has been monitorec

during each of these tests.

Among the possible prereakdown diagnostic markers, the monitoring of padidharges has been

found to be useless, thus, they can be excluded from the possible factors of this breakdown
mechanism. On the other hand, there has been a significant contribution of the accumulated space
charge inside the tested specimens, which lis tbsignificantly deform the internal electric field.
Space charge has also been found to be resp
conductivity a few hours before the breakdown; thus, it has been proposed as a possible monitoring

parameter.






Chapter 1

Introduction

In the last decadedh¢ worldwide energy consumption has drastically increasgdhe need for a

more interconnected electrical network has grown with it; nowadagsincrease of renewable
energy sourcesasalsoled to an increase of the demand for long distance connections. Due to these
and for many other reasons, HVDC power transmission has become more and more attractive and
competitiveon the global markeln particularHVDC cables systems are widely used to interconnect

grids across the sea and to connect offshore windfarthe power grid

As emphasized ifiL], from 2019to 2030EntsoeandEuropacableestimates that 4477 km of cables
(of which42 666 km in HVDC) will be needed to fulfil the need for power and reliability; so it is
clear that HVDC technology will lead tHieture development of theowergrid.

The EntsoeandE u r o p a @apdr,lalsodrepathatthe most criticabssetsn HVDC systemsare
converting stationshowever, cable failures may result in several months of downtimes and related
very highcosts. In cable systems (both AC and Di@@& mostritical parts are the joints. Indeed, as

shownin Figurel-1, about the 50% of cables systems failedue to the joints

10.40%4'05%

/ 34.68%
' B Termination

M Others

Figure 1-1 Statistical distributions of failures in 11220kV cable systenfig] ,[3].



Chapter 1- Introduction

1.1 HVDC joints
As reported irf4] ¢ a b lomté can be classified in many different categories:

1 Classification with respect to the installation site:
o Factory joint:the joint is manufactured armgsembled in a controlled environment
0 Repair joint:a joint between two cables that are completed with all construction
elements
o Field joint: a joint between two cables that are completed with all construction
elementsand that is installed on the field of the cable system
1 Classification with respect to the joint realization:
o0 Taped jointsthe insulation of the joint is realized by taping ilagion strips
o Pre mouldedoints: the insulation is elastomeric and moulded before its application
on the field

1 Classification with respect to the cables system connected by the joint:
o Straight joint:if the joint connects two cables of the same type
0 Asymmetric joint:if the joint connects two cables with the same insulation system,

but different designs

o Transition joint:if the joint connects two cables with different insulation systems.

A generic HVDC, a polymeric joint is made as showkigure1-2:

Moisture Conductor Filling Mechanical
barrier clamp material protection

Polymer Insulation body with deflectors
cable and middle electrode

Figure 1-2 Design of a polymeric joiri8] ,[5]

The most critical zom in the joint isat the interface betweethe cable andhe joint insulationright
in between the inner and outer deflect@®e alsd-igure2-1). This zone is particularly critical due
to the tangential electric field and due to the different behaviour of the two insahaiibirespect
to the temperature and the electric ficlthe interface zone is also critical becaudaring the joint
installation the surfacemay not getcleaned enough dhe pressureppliedto the joint may be

inadequate; and this may lead to a not perfect adhesion between the surfaces.

2



Chapter 1- Introduction

The outer deflector (o st r ess coneo) i's designed to guide
adequate electric field distribution, as showirigure 1-3.

50 %\ /> %
25 %

Cable i,
_'——J/ Insulation
Conductor
25 % 50 % 75 %
cable )
Insulation

Geometricél field gradi}rg1
Figure 1-3 Geometrical field gradingn HV terminalg3]

On the other handhé inner HV deflector is desigdto provide a smootkurface to the metallic

connector in between the two conductors.

1.2 Interface contact model

Due to the material s surface roughness, the
contact arealhe interface contact modetgposed in6] is the GreenwoodVilliamson model[7],
that shows agaussigni st ri but i on f 0Asthespuesstirainceésss, tkesealeontadt i e

area also increases, and with that also the breakdown strength (as skagumei-4).

60 . x \

Ug3.29%(kV)

—
(e}
|

L

0.1 0.2 0.3 0.4 0.5
Interface pressure(MPa)

Figure 1-4 Pressure andreakdowrstrength (froni6])

In [6] the explanation given to this phenomena is that when the mechanical pressuresnttrease
contact area between the surfaces arises and the free space decreases, so that electrons will not hay
a lot of space to reach high kinetic energy values; moreover, the inofg¢asecontact area, creates

more surfaces on which electrical chargas adhere and weaken the electric field.
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1.3 Tangential Electric

field at interface

In the joint area, the electric field hds@a tangential component due to the shape of the joint itself;

the deflectorsirecarefully designed to minimize the electricabsscaused by the tangential electric

field at the interface

In Figure 1-5 different electric field distributiosifor a geometrical gradation joint and critical zones

for different loading situation&o for different temperature gradiengseshown

\i Ground side

T

I=0 ~ L
HV Slde ........ v —;———: e —— Cable
insulation
[:(;;;7 \ Ground side
: 0 \ N
A SON
HV side oo —— "“—"'7 " Cable
insulation
\\
-.':-..'.,_‘,'A;~A ‘
=l \ \ Ground side
0 A\
7 sevedngooy
HV side e “...'..;.;T,_' Cable
insulation

Geometric graded cable end

Figure 1-5 DC equipotential lines of the cable end for three different cuiaed cases. The dashed box shows the

region of a50% voltage drop along thaterface[3],[8]

As emphasized ifrigure 1-5,

the maxi mum el

ectri

c

f

dndrnaal

posi

gradient for lower loads it is nearer to the HV side, and for highadsoit is nearer to the ground

side(as will beexplainedn more detaiin sectionsl.3.1and1.3.2it depends also on other factors)

1.3.1 Material dependence

The electric field distribution is very different from AC to DC condison

In AC there is no trapped charge in the dielectric, so the electric field distribution idedatynined

the cabl

by

eds

geometry;
, ®
O i

RS

consi

der i

In DC, the electric field distribution is determined by these equations:
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o , O )
m 13 0O [ok:
n ) L ®
o P
Thus, this equation can be derived:
e a)
” T b ” p

That, at stationarycan be simplified by neglecting the 2o term.So,equation (1.4shows that E

d e p e n dandequation (1.6) shows h at | d €jp ethud, & thevenare discontinuities in
the”j  ratio (usuallydue to different materials) or & has a non zero gradienisuallydue to the
temperature gradient), there will be accumulated chasjge the dielectric volume thaill modify

the electric field distribution

When a voltage Vis applied across two dielectrics, the charge at interface can be caleouthtéoe
Maxwell-WagnerSillars modeks follows:

e - - s Q- Q-
(0] — <~ W p Q I’]UCDI 9] W p&

Where:

- h are the permittivities of the two dielectrjcs
¢ , h, are the conductivities of the two dielectrics

 'QHQ are the thicknesses of the two dielectrics

In dielectricmaterials, conductivity depends on the temperature and on the electric field; so usually

an empirical model is used to emphasize this degeryd!:

~

” "YD ” 'Q paJ

Where U and b are coeffi ci enbesitstependencdrespestivalys o 1
on the temperature and the el ecsoinsamnedasesndird; ho

afirst approximationrh can be negl ected.

! There are mangther empirical models, such as , Q ~ or, = % , howeverequation(1.8) is

thesimplest one that shows more clearly the dependency from the electric field and from the temperature.
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1.3.1.1 Conductivity dependence

As seen in the section above, the conductivity playfundamental role in the electric field
distribution. This is true not only because of its variation with a certain temperature gradient, but also
the conductivity value itself (so the value with no temperature gradient) has a key role in electric field
distribution. In fact, as reported j8], by using a material with a different conductivity, the maximum
electric field value can be found on the ground or on tiga kioltage electrode when there is the
same temperature gradient but different conductivity values.

o T
(0] []
= =
1% Q
= =
4 -~
(S} 19
v Q@
(0] v
© T
5 )
c (=}
o )]
o] (o))
= (s
© ©
= -
0 . i . i ! i | \
(4] 20 40 80 80 100 120 Q 20 40 S0 80 100 120
z (mm) z (mm)

Figure 1-6 Normalized electrical field value at interfac Figure 1-7 Normalized electrical field value at interfac

(from[9]) with a 10 times higher electrical conductiv{fyom[9])

As it can be nated from Figure 1-6 and Figure 1-7, considering only one of the two possible

conductor temperatures (so considering the seamgerature gradient, but different conductivity

values), the electric field distribution varies a lot when the conductivity value varies.

1.3.1.2 Temperature dependence

The electric field distribution depends on the conductivity, which in turn is affected by teiue.
This section is titled Atemperature dependenc
the same material under different temperature gradiéxgsshown in[10], the electric field

distribution in an HVDC joint varies a lot when the temperature gradient arises.
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Tangential electric field

4] 20 140 80 80 100 120
z (mm)

Figure 1-8 Normalized electrical field value at interface with different temperatures (@rmonddeflector,
120mm=HYV deflector) frorD].
In Figure1-8 and also irFigure1-5 @ it is shown that the maximum electric field value can be found
in different positions depending on the working temperature. Indeed, it can be found near the HV
deflector in a cold joint, onearthe grounddeflector in a hot joint. This is due to the fdlat a

temperature gradient across the insulation will lead to a gradient of the permittivity/conductivity ratio,
that will lead to a different field distribution.

1.3.2 Geometry depenance

Theshape bthe bodyandof the deflectors is fundamental to define #lectrical field distributions
attheinterface. As emphasized fbl], with differentdesignsone can obtain a maximum electrical
field value on the HV or on thgrounddeflectoras shown in the following figures

i
! 6
J C:
3 | 4
5
o
6
) -
T 3 | 4
5

Figure 1-9 Two different geometries consideredid]

2 The figures are taken frodifferent papers, so they are not referred to the same case, however they both shows the
variation of the electrical field distribution with respect to the temperature.
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5{—AT=0°C P
asl| AT=15°C a) Jo 1
. AT =30°C AT / ‘
\
4 \
i !
3.5¢ /
//’ A\
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/// /
2.5 P ,// |
/’ \\\ 7/
st \\_/” !
L\ T g
1 /// AT

2!
/

1.5
ost 4
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200 250
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Figure 1-10 Tangential electrical field at interface wit Figure 1-11 Tangential electrical field at interface wit
geometry (aj11] geometry (bJ11]

1.4 Aims of this thesis

As explained in the previous sections, the interfacial zone of the joint is particularly critical and its
failure may lead to the damaging of the whole joint with lotfudher implications. The main aim

of this thesis is to investigate this phenomenon and evaluate the diagnostic markers that may indicate
a joint failure.

Another goal is to evaluate the behaviour of the interfacial zone in function of the mechanicakpress

applied, in order to verify if there are some particular dependencies.

Moreover, it is also important to discover which is the phenomenon that leads to the breakdown. First
of all, the role of PDs. Their absence would suggest the validity of an hgmtm®posing the
Coulomb force to be the main cause behind breakdown mechanisms in dielectrics.

Hence, this investigation will be carried out by means of PD detection, conduction current

measurements and the evaluation of superficial charge distribnttangentially stressed dielectric
interfaces.



Chapter 2

Specimendesign

As seen irsectionl.3, the behaviouat the interface depends on many factfmnsthe purpose dahis
study,we decided to start with a super simplified desitpe aim is to look at the behaviour of the
interfaceunder the effect of a tangential electric field, without considering the effects of temperature
gradientor the effect ofdifferent materials.

To recreate the most critical interfacial zone of the jtamarked in red irfFigure2-1), we used two

sheets of 0.6 mm thick XLPE arranged in multilayer configuration, as shokigumne2-2. One of

those XLPE sheets features two sputtered Rogowski shaped electrodes, which are used to recreate ¢
tangential electrical field

Moisture Conductor Filling Mechanical
barrier clamp material protection

Polymer Insulation body with deflectors
cable and middle electrode

Figure 2-1 Interfacial zongmarked in red)

Figure 2-2 Fusion360 model of the sputtersigort backingspecimen
Two types of samples have bagsed

1 SputteredThe electrodé profile has been sputter@dgold over the XLPE surface using a
EDWARDSScancoat Six Sputter Coater

1 Printed:The electrode profile is a 0.5 mitmck semiconductivesilicon.
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The XLPE usedhas these roughness values=R 0 . 3 0,8 1.359nm Ry = 0.261mm to simulate
i mperfections in the | oishofttb aicnktienrgfoa chea.s Abse efno ru s
t hat does not fully cover Fidue2-2 pnel @ soluttomlitt a t er r

flongbacki ngo that entirely covers the terminal s

2.1 Rogowski Profile

Since a uniform electric field distributias only achievable with two parallel electrodes of infinite
length, eéctrodes should be carefully designed in order to obtain the most uniform electric field

distribution possible; moreover the electrodes shape should also avoid too high fields in outer regions.

The Rogowski profile lowers thedgeimperfections in the electric field to obtain a more uniform
distribution As reported if12], the equations thatefines the Rogowski profile are:
0 o~

W Q o if

5 P

w -7 Qi Q¢

In [12] it is shown that by choosin ¥ equal to 2d* the most uniform distribution of the electric
field can be achievedy considering a situation like the image chamgethod the same electric
field distributioncan be obtained by puttitgio equal electrodes at the double of the distdrma

one to aother

LetGs define for simplicityD = 2d; by choosingT = 2dandf the Rogowski profile equation

%

in function ofD can be writteras

3 0O

) ¢ Vg

o . <&

i — — Qi Qe

¥ ¢ WG G
Then, to fillet t he pcircaniference tangenttd theeprofdel irXcwithr o d e 6
radius equal to:L LM_ Is used. With teseequationst is possible to define a Rogowski profile

for every electrodes distance During this study, twalifferent electrodes have been desigrat

with D =5 mm and another with D =1 cm.

3 Profile thickness

4 distance between the electrode and an infinite plane

10
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Plane section

1O - F_inlte p_lone ¥ B°

:

Infinite ground plane i} 'o X
Rogowski_section
i Rogowski electrode profile

Figure 2-3 Rogowski profile (fronfi12])

2.1.1 0.5 cm sputtered sample

To create these sampjés ordernot to waste a lot of materiathe XLPE sheet has beeunt with a
particular patterof curvesto maximizethe number of samples p&hneef(the cutting mask is shown
in Figure 2-4); then theXLPE pieces have been cleaned with a towel and from now on they have

alwaysbeen handled with latex fegloves

&
B
Figure 2-4 Specima's cutting mask Figure 2-5 3D printed 5 mm sputterer's mask

This type ofspecimerhas been designed with B 5 mm. The profile mask has bednawn using
Fusion360and then it has been printed with a 3D prirfteigure 2-5) (the mask is & mm thick).
Then the maskas beernsertedinside the sputterer to impress in gold the electreti@pe on the
XLPE sheef(Figure2-6).

Figure 2-6 Sputtered pecimerwith D =5 mm

11



Chapter 2- Specimen design

2.1.2 1cmspecimen

To have a better resolution when measuring the space charge accumulated in the(ses@hapter
1), bigger electrdes have been designed (withk2 cm) Also in this case e profile mask has been
drawn using-usion360and then it has been printed with a 3D prietied putted inside the sputterer

Figure 2-7 3D printed 1 cm sputterer's mask Figure 2-8 Sputtered specimewith D =1 cm

By using a finite element calculation prograREMM) the electric fielddistribution for this pofile
has been obtaine&igure2-9).

: >9.379e+005
: 8.910e+005
: 8.441e+005
: 7.972e+005
: 7.503e+005
: 7.034e+005
: 6.565¢+005
: 6.096e+005
: 5.627e+005
: 5.158¢+005
: 4.6892+005
: 4.220e+005
: 3.752e+005
: 3.283e+005
: 2.814e+005
: 2.345e+005
: 1.876e+005
: 1.407e+005
| : 9.379¢+004
0.000e+000 : 4.689¢+004

Density Plot: |E|, V/m

m .|

Figure 2-9 Electric field distribution in & cmspecimen

As shown inFigure2-9, the electric field in the middle of the specimen is almost perpendicular and

with a uniform magnitude.

12



Chapter 2- Specimen design

2.2 Mechanical structure for conductivity tests

One of the aims of this study e evaluate the behavioat interface with different mechanical
pressures appliedn it, so a PTFE and aluminium structures feeen designed to apply a certain

mechanical pressure on the specimen and to keep it away from conductive parts.

Figure 2-10 Conductivitymeasurementsechanicalpress

The structure hafour bolts that are usedo apply different mechanical pressuras the sample

through the central cylindric pyldsy means of a torque wrench

The torque needed to tighten a bolt with a certain vertical forcéhecaalculated as followd 3]:

Y "O:)’Q | 0 WE .2 &
¢ GER R ¢
Where:
T ¢ is the friction coefficient of the threa

1 enis the friction coefficient of bearing portion

Figure 2-11 Bolt parameters

By multiplying the desired gessure for the area of contact, the vertical force needed can be obtained,

and from that, the torque needed can be calculated.

13



Chapter 2- Specimen design

Pressure on the specimg Torque
0 bar 0 N/m

2.3 bar 0.57 N/m

3.8 bar 0.95 N/m

6 bar 1.52 N/m

Table2-1 Pressures and torques for conductivity measurements

2.3 Mechanical structure for space charge tests

This press is wider than the previous one due to the bigger specimen used; theydemral pylon
is in PVC, and the other insulating material usseMMA.

Figure 2-12 Space charge measurements mechanical press

In this case, onlyhie central bolt isisedto applythe mechanical pressuoa the samplethe lateral

bolts are used for structural reasons

In this case the torque values are higher due to the highest aréathadingle bolt configuration:

Pressure on the specime Torque
0 bar 0 N/m
1 bar 1.44 N/m
3 bar 4.31 N/m
5 bar 7.19 N/m

Table2-2 Pressures and torques for space charge measurements
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Chapter 3
COMSOL simulations

COMSOlLis a simulation prograrthatallows the user to implement many different physical models
on the same 3D structuie orderto study the simultaneous effect of different phenomgviaen
running a simulation, there are two main aspects to deal with: the physical models to implement in

the simulationand the study type (this will define in which conditidthe modelis evaluatejl

The two physical models sed i n the si mul at i eettsc carend theye | e c t
respectivelycan be used to simulatke initial and the stionaryelectric field distributionof the
model.As for the study model, mainly tlistationarp modelhas been usetiowever also twétime

domaird simulationshave been ruto observe the evolution of the electric fielthen the voltage

step is applied

3.1.1 Electrostatics

fThe El ectrostatics interface is used to comp
potential distributions in dielectrics under condit®mwhere the electric charge distribution is
explicitly prescribed. The formulation is stationary but for use together with other physics, also
eigenfrequency, frequencpmain, smalkignal analysis and timdomainmodellingare supported

in all space dimesions.

The physics interface solves Gauss' Law for the electric field using the scalar electric potential as the

dependentBvariable. o
The equations implemented in the model are:
O nw oP

nJo " (017

5 All the sentences of these sections between the quotation marks, are reparigemin theCOMSOLdescription
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Chapter 3 COMSOL simulations

This physi@al modeldoes not consider the space charge distributie to the electric currents
flowing in the modelso it can be used to calculate the electrical field distribution in AC conditions

(which is the same as the DC in the very first instants after the H¥dnjn

3.1.2 Electric currents

AThe Electric Currents interface is used to c
in conducting media under conditions where inductive effects are negligible; that is, when the skin
depth is much larger thamé studied devic¢g. é | .

The physics interface solves a current conservation equation based on Ohm's law using the scalar

el ectric potenti al as the dependent wvariabl e.

The equations implemented in the model are:

’Q ”
n Q — oD
D5
o , 00 o8
0 1w oP

This physi@l modelconsiders the currents inside of the materials anavéyethedistributed space
chargeinfluences the electric field distributipso it represents the situation at timed, when all

the charges got distributed insithe model
3.1.3 Stationary study

AnThe Stationary study is used when field vari

Examples: In electromagnetics, it is used to compute static electric or magnetic fields, as well as
direct currents. In heat transfer, it is used tanquute the temperature field at thermal equilibrium.
[ é Jitis also possible to compute several solutions, such as a number of load cases, or to track the

nonlinear response to a slowly varying | oad. o

This study type is used to calculate the maitektion at stationaryfor t = @) so when the variables

values remainalmostconstant with time.

In conclusion, for the model under a DC voltage, the situation@is simulated with an electrostatic
study at stationary, and the situation at & is simulated with an electric currents study also at

stationary.
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Chapter 3- COMSOL simulations

3.1.4 Time dependent study
AnThe Ti me Dependent study i s used when field

Examples: In electromagnetics, it is used to compute transient electromagneticifielldgding
electromagnetic wave propagation in the time domain. In heat transfer, it is used to compute

temperature changes over tinfeg ¢ .

This study type is used to obtain videos of the time evolution of the model situation; however it
requires a lot ofprocessing powerso it has been used onbnce to evaluate the electric field

distribution in conductivity tests for a sputtered specimen

32 Conductivity testods simulations

This type of simulation has been designeldaee an idea if the measu@Bsduring the conductivity
measurementswere inside the specimen or in other parts of the measuring sybtethese
simulations different types of specimens have been considered to evaluate the electric field

distributioninsideand outsidehe specimen.

3.2.1 3D model and COMSOL settings

The3D model(Figure3-1) considers: PTFE structu¢enly the central cylindric pylonjhespecimen

with ashort backing antheelectrical clamps.

Figure 3-1 Sputtered electrodeshortbacking 3D model Figure 3-2 Sputtered electrodes long backidD model

In the simulation one electrode has been set to 20 kV and theooiésat ground potential; then
the modé has beerinsertedinside a square box of air with the boundaries at ground potential (to

simulate the oven environment).

17



Chapter 3- COMSOL simulations

The s p eimplementedd3>models are:

1 Sputteredong backingvery thin electrodes and rair gap Figure3-3 (a));

1 Sputtered shortbacking:er y t hin el ectrodes and an air
and the PTFE structur€&igure3-3 (b)).

" PTEE

a) XLPE
B clectrodes
[] air

b)

Figure 3-3 Profile view of the different electrodes modelsSputtered long backindp) Sputteredshort backing

3.2.1.1 COMSOL settings

In COMSOLthere is a material library with different properties of many materials, however the

conductivity values have been manually defined:

1 PTFE conductivity: 5.7 [S/m]
1 XLPE conductivity: 1el5 [S/m]
1 Air conductivity: 1e14 [S/m]
1 Gold conductivity: 5e7%$/m]

The physial modelamplemented in the simulations are:

1 Electrostaticto investigate the initial capacitive distribution of the electric field

1 Electric currents: to investigate the steady state condition

The study type is stationary.

18



Chapter 3- COMSOL simulations

3.3 Spacecharget e ssimdlations

Due to the fact that this kind of measurement is obtained using a different specimen for each pad
monitoring (seeChapter %, the aim of ths simulation is to evaluate if the obtained results are
plausible or nat A time dependent electric currents study would have been interesting, but

unfortunately it wastoo heavy model to compute.

3.3.1 3D model and COMSOL settings

The 3D modeligure3-4) has been designed to simulate the mechanical structGteajoter 1The
modelpresents a specimerittvl cm gap between the electrodes, over a pcb with four metallic paths
c al | e d Eathppaddillsassume a potential depending on the electric field distribution inside the
specimentheirenumeration begins with pddnear the ground side and enddwgad4 near the HV
side.

Figure 3-4 Space charge tests 3D model

The HV electrode has been set tk\6and the other one is at ground potential; also in this case the
model has been inserted intsg@uare box of air to simulate the oven environment.
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Chapter 3 COMSOL simulations

3.3.1.1 COMSOL settings
Also in this case the conductivity values have b@enually define:

PMMA conductivity: 5e16 [S/m]
PVC conductivity: 5€16 [S/m]
FR4 conductivity: 1.6€.6 [S/m]
XLPE conductivity: 1el5[S/m]
Air conductivity: 1e14 [S/m]

=4 =/ 4 4 -4 -2

Gold conductivity: 5e7 [S/m]
The physics implemented in the simulations are:

i Electrostaticto evaluatehe initial model situation

1 Electric currents: tevaluatehe endingnodelsituation

The study type istationary.

3.3.2 Space charge electrostatic simulation

An electrostatic stationary simulation has been run in order to have a clear view on what may happen

inside the specimen and at the whole structure during the application of the DC voltage.

Multis|

—

Figure 3-5 Space charge electrostatic stationary simulafjpatential distribution)

As shown inFigure 3-5, the potential distribution inside the speciniecreaseshe pads potentisl
so that they have increasing valuesm pad 4 to pad 1.
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Chapter 3 COMSOL simulations

The electric potential reached by each pad is:

Padn. Simulated potential Measured potentia
pad 4 2685V 3385V
pad 3 1926V 2568 V
pad 2 1290V 1602 V
pad 1 760V 1275V

Table3-1 Comparison between measured and calculated potential

As expected,tere is a lot of difference between the simulated potential and the measured potential
at t=0(due to the fact that this is only a simulation with approximated valesgver the incr@sing

trend is confirmedby measurements (see sectio8.?.

By looking at the electric field distributiorFigure 3-6) it can benoticedthat the presence of the

metallic paths influences lot the electric fieldlistribution so thiswhole study has to be considered

more from aqualitativepoint of viewthanfrom a quantitative one

Figure 3-6 Space charge electrostatic stationary simulation (electric field distribution
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Chapter 4
Conductivity and PD tests

These measurements have been desigmethte t t er under stand the behav
conductivityat interfacen function of the mechanical pressure applied on the saamieto monitor

the PDs situation
To set up the measurement:

1 The XLPE5 mm sputteredpecimen has been putted inside the mechanical présgure
2-10and apressure of (02.3|3.8 |6 bar) has been applied by usintpeque wrench.
The oven has been set to 35°C
A DC voltage in 8 hours duration steps of 1 kV amplitude from 1 to a maximum of BéskV

beenapplied on the samplso the electric field ranges from 0.2 kV/mm to 4 kV/mm)

During these tests thmltage has been applied with Beinzinger pne2000Q thecurrent has been
constantly monitored with Eeysight B2980A Series Femto/Picoammedad the partial discharges
have been measured withTaktronix 5 series mixed signal oscilloscammnected o the ground

wire with a clampedechimpHFCT.

The electrical circuit configuration used for the measurements is shown in Figuire4-1.

Protection (close view)

Specimen

+_1__ HV generator
30 kHz - —
30 MHz _TL‘
— ECT ¢
Oscilloscope H —~—
e é 500 kO

protection m

plcoammeter

-

Figure 4-1 Measurement circuit
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Chapter 4- Conductivity and PD tests

Figure 4-2 PD and Conductivity measurement system

During every measurement, the voltage sthfars be

different pressures different specimens are used; due to this the conductivity between different
pressures is not comparable.

4.1 Conductivity/Pressure behaviour with short backing

As said in the previous section, the current has leestantly monitored for the whole measuring
period, then pdividingthec ur r ent measured for the apFplure ed v
4-3 can be obtained.d€h plot presents many spikes and steps, they are due to the change of the
applied voltage (as said @hapter 4. In Figure4-3 it can be seen thatp e c i cordactviy has

a lot of fluctuationgsee alsosectodand it candét be defined a tre

gp gl ~ conductivity over time

T T

surface conductivity [S/m2]

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
time [s] x10°

Figure 4-3 Sputteredshort backingconductivitydata
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Chapter 4- Conductivity and PD tests

By calculatingthe mean value dhe currentin the last hour oéach voltage stefigure4-4 can be
obtained Figure 4-4 shows the trend of the electricalirface onductvity as afunction of the
mechanical pressure appliat differentelectric fields

%1012

1.8

——0.2 kV/mm
——0.4 kV/mm
0.6 kV/mm
—e—0.8 kV/mm
—<—1 kV/mm
—1.2kV/mm
——1.4 kV/mm
—o—1.6 kV/mm
—=—1.8 kV/mm

Surface Conductivity [S/m2]

0 2.3 3.8 6
Pressure [bar]

Figure 4-4 Conductivity over pressure plot at different values of electric,fsgldttered electrodeshort backing

In Figure4-5there is a 3D representation of the ploFigure4-4, in orderjust to have a clearer
view on the conductivity trends

10712

X

1.5

0.5 4

Surface conductivity [S/m2]
i

3.8
Pressure [bar]

Electric field [kV/mm]

Figure 4-5 3D conductivity platsputtered electrodeshort backing
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Chapter 4- Conductivity and PD tests

The main result that can be derived from these plots is that the conduogindypresents a minimum
between 3B and 6 bar of coupling pressure, increasing for higher pressures. This could be due to the
reciprocal distance between the two surfaces: for very low pressures, there is a lot of air trapped in
between, and surface contioa could play a major role; when the pressure is increased, part of the
air is expelled and surface conduction might not be uniform in the specimen; by increasing pressure
even more, the two surfaces will have a greater contac{asexplained if6]) and with that also a
greater number of free traps available during conduction, macroscopically reducing the mobility of

free carriers.

In Figure4-6 conductivity values at stationahave beemepresenteaith respect to the voltage and

the applied pressure

x10712 conductivity over voltage at stationary

Surface Conductivity [S/m2]
g =
T T

°
o
T

o
~
T

©
N
T

|
1 2 3 4 5 6 i 8 9 10 11 12 13 14 15 16 17 18 19 20
Voltage [V]

o

Figure 4-6 Conductivity values at stationafghort backing)

Figure 4-6 shows increasingconductivty values with respect to the applied voltagee Th3 bar
measurement presents an initial conductivity decrease, however this initial trend is most probably due

to some residual accumulated charge injected in the specimen from the metallization process.
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Chapter 4- Conductivity and PD tests

4.1.1 COMSOL simulation on sputtered short backing speimen

This model has been designed to simulate the sputtered spestiorébackingsituation, due to the
fact that it is not possible to use 2D electrodes (they would have been better to simulate the sputtered
electrodes), the electrodésickness has been set to 0.01 mm; this model has only two air gaps

(between the specimen and the PTFE structure).

" PTFE
XLPE

B clectrodes
D .

air

Figure 4-7 Sputteredshort backingspecimenprofile view

Figure 4-8 Electrostatic simulation of thehort backing Figure 4-9 Electric currents simulation of thehort

sputtered specimen backingsputtered specimen

As it can be seen froffigure4-8, the electric field in the air gap is very high (about 4 kvV/mm), so it

is very plausible that corona PDs may haappened in that region; so a longer backing is needed in
order to cover the entire zone between the specimen and the PTFE. Another critical zone emphasized
by Figure4-9is the one inside the XLPE near the HV clamp, however the high electric field is located
inside the XLPE, so the breakdown strength is high enough to face it.

As for the internal situation of the specimen it can be seen that initially the electriasfield
concentrated near the electrodegyqre 4-8) and then, when all the charges got distributed in the

volume, the electric field distribution is more uniform in thieole interfacial regionKigure4-9).
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Chapter 4- Conductivity and PD tests

4.2 Conductivity/Pressure behaviour with long backing

Conductivity measurements have been done also using the long backing etigiiguSome
measurements present a weird trend, especially the 3.8 bar measurement that shows a constan
increase in conductivity with two spikes at 10 and 13 kV. During the first few voltage steps some

negative conductivity values can be noticed; this rbaydue to some space charge that was

accumulated during the specimends metallizati
test.
25 x107" conductivity over time
52 ‘
« —0 bar
| F 2.3 bar
: ——3.8 bar
25 6 bar
¥ o
£ i
- & =
z a
B I
3 .
U .
[ =
Q
o -
8
©
<
e |
(/2]
05| ik i i 3 i
. i“: » LA T "4. '.2 f.‘rr‘. ; ‘
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1

2 3 4 5 6
time [s] x10°

Figure 4-10 Sputteredong backing conductivitgata

The 38 bar measurement also presemt significatively higherconductivity than the other
measurements; the reason for that trend is uncertain, however these measurements are taken on :
single specimen (and not as a mean value for multiple specimens), scaisadre asingle case

situation. The conductivity values for these specimens are a bit lower than for the short backing ones.

In the 23 bar measurement it can be noticedagtl As@ fist ep of dseeasection b e h

4.6), with the conductivity that presents a step increase in the middle of a voltage step.
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Chapter 4- Conductivity and PD tests

-13
12 210

Surface Conductivity [S/m2]

—&—0.2kV/mm
—©—0.4 kV/mm
—0.6 kV/mm
——0.8 kV/mm
—5—1kV/mm
—1.2kV/mm
——1.4 kV/mm
\ ——1.6 kV/mm
N 1.8 kV/imm
o 2kVimm
e —2.2kV/mm
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Figure 4-11 Conductivity over pressure plot at diffeteralues of electric fieldsputtered electrodetong backing
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Figure 4-12 3D conductivity plotsputtered electrodefyng backing

In complete contrast with the short backing values, in this case.8bar3neasurement presents the

highest conductivity values

therefore from these

surface conductivity and applied pressure.

measur ement
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- 1013 conductivity over voltage at stationary
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Figure 4-13 Conductivity values at stationary (long backing)

The increasing trend is confirmed; during the firsts voltage steps some negative conductivity values
can be noticed, however peeviouslymentionedhis is due to the residual charges injected by the

specmendés metallization and not entirely discha

4.2.1 COMSOL simulation on sputtered long backing specimen

Also in this case 0Dmm electrodes have been ugsethe modelhowever now the air gaps between

the electrodeand the PTFE have been covered with a longer backing.
I
XLPE
[] air

Figure 4-14 Sputteredong backingspecimenprofile view

Figure 4-15 Electrostatic simulation of thieng backing Figure 4-16 Electric currents simulation of thdong

sputtered specimen backingsputtered specimen

Figure 4-16 emphasizes a critical zone near the HV electrodeerethe electric field inside the

specimerreaches values afbout 12 kV/mm.
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Chapter 4- Conductivity and PD tests

4.3 Conductivity/Pressure behaviour on printed specimensvith short backing

Printed specimens preser @m thick electrodes; this introduces a wide air gap between the backing
and the specimen.

T m

XLPE

D .

air

Figure 4-17 Printed short backingspecimenprofile view

The wideness of this air gap is proportional to the mechanical pressure applied on the specimen; the

lower is the pressure, the wider is the air gap.
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Figure 4-18 Printed short backing conductivitgtata
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Figure 4-19 Conductivity over pressure plot at different values of electric,figidted electrodesshort backing
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Chapter 4- Conductivity and PD tests

In Figure4-18and inFigure4-191 t can be noticed that at 0 bar
than ten times higher than at higher pressures. This is probably due to the air gap introduced by the
el ectrodedts thctkaes® bar the backing and the
the conduction effectively happens on the XLPE surfaces; by increasing the pressure the two surfaces
will get in contact therefore the conduction will be affected by thisisThhenomenon does not
happes with the sputtered specimens, because in that case even at 0 bar the two surfaces are in
contact

From these measurements it carats®noticed that conductivity is higher at 3.8 bar than at 2.3 bar

(the same thing also hagped on the sputtered long backing specimen); however this may be due to
the fact that only few specimens have been tested, so there may be discrepancies between the physica
alignments of the electrodes; in fact in order to define a trend it is impdotduatve a statistically

significant consistent sample.
4.4 Partial Discharges
Some PD activity was detected during shert backing testfioweveralsosome burns on the XLPE

have been foungFigure 7-4); it may suggest that the detected PD activity was not inside of the

specimen but between the specimen and the PTFE. So a simulalioMi8OLhave been run:

Figure 4-20 Sputtered specimen electrostatimsiation

FromFigure4-20it can be noticed that the electric field in the air gap is very high (about 4 kV/mm),
thus it is confirmed that the PD activity was not inside the specinegte measurements had to be

repeded.

The second set of acquisitiofs® the long backing oneshows no sign of PD activitythis suggests
that the measured PDs are just corona PDs, so partial dischengewt the maircause forthe

breakdown of the specimen interface.
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Chapter 4- Conductivity and PD tests

4.5 Breakdown voltages

During the conductivitytests, allof the sample typologies were monitored until their breakdown.

Breakdown voltages at different pressures are reportédale4-1.

BD short backing [kV] | BD long backing [kV] | BD printedshort backingkV]
0 bar 11 13 7
2.3 bar 10 No BD 11
3.8 bar No BD 16 9
6 bar 20 15 20

Table4-1 Breakdown voltages
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Figure 4-21 Breakdown voltageg 2 1

o sputtered short backing
sputtered long backing | |
—=—printed short backing

1
23
Pressure [bar]

3.8

kV indicates 0

no B

Do)

It can be nated that as the pressure increases, alsbrérskdowrstrength increases, but many more

measurements should be done in order to define a trend between the voltage and the pressure applied

however this topic goes beyond the aims of this thesis. A moreletargtudy on this topic has been

done in[6].
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Chapter 4- Conductivity and PD tests

4.5.1 Broken specimens

After each breakdown, the specimens have been examined with an optical microscope; substantial
differences can be noticed between the breakdown channel in sputtered or in printed specimens. The
sputtered specimens dwt present any visible breakdown chanrighis is probably due to the
vaporization of the electrode occurring as soon as the discharge happens (as it can deigaen in

4-22), extinguishing the arc.

Figure 4-22 Broken sputtered specimgthis picture represents a border of a sputtered electrode that has been

vaporizedd ur i ng the specimends breakdown

On the other hand ripted specimenpresenta vsible breakdown channghatclearly connects the
two electrodes. From the pictures it seems that the channel does not touch the electrodes, however

this is due to the deformation of the printed electrode under the mechanical pressure applied.
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Chapter 4- Conductivity and PD tests

Figure 4-23 Printed specimen  Figure 4-24 Zoomon GND electrode ~ Figure 4-25ZoomonHV electrode

breakdownchannel

Figure 4-26 Broken printed specimen

Another printed specimen has then been examined with a Scanning Electron Microscope

Figure 4-27 Completebreakdown Figure 4-28 Breakdown channel Figure 4-29 Breakdown channel
channel close view close view

35



Chapter 4- Conductivty and PD tests

46 iThe step of deat ho

During manyconductivity measurements, an anomalous increment in conductivity could be noticed

somehours prior to the specimends breakdown.

In the following graphs, each colour represents a different voltage step; as mentioned, it can be noticed

that sometimes, evenf t he voltage was constant, t her e

current (usually it is a step increment, but sometimes alsooge gradualincrement). Such

phenomenon was named Athe step of deatho.
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: : Figure 4-33 Souttered long backing2.3 bar
Figure 4-32 Sputteredshort kacking 3.8 bar 9 P 9 ne

This step increment may be due to the creation of a first breakdown channel, that however will not
be conductive enough to induce a complateakdown of the insulation; but will abruptly increase

the overall conductivity of the gap.
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Chapter 4- Conductivity and PD tests

The fistep of dethatahsodden chargé of chargegnglelity inside the specimen
needs to occur before the complete breakdown process can be eomplet
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Figure 4-34 Sputteredshort kacking 0 bar Figure 4-35 Sputteredshort kacking 2.3 bar
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Figure 4-36 Spoutteredshort kacking 6 bar Figure 4-37 Sputtered long backing3.8 bar

Such phenomenon is not always clearly noticeable. As shofrigume4-34, Figure4-36 andFigure
4-37, the detected currents feature very strange increasing and decreasing trends (argerthe ¢
shows a linear increment instead of a decrement, Eigime4-35).
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Chapter 5

Space charge measurements

The aim of this measurement is to have a clear vision on the space charge moaedéistsibution
during polarization and depolarization process with different pressures applied on the specimen. The
press used to apply the mechanical pressurefgire2-12.

In Figure5-1 the measuring system is shoywnthout the used press afRiD monitoring setup) and
in Figure5-2 is shownin its final configuration.

Figure 5-1 Spacecharge measuringystenbasic Figure 5-2 Space charge measuring system with PL

configuration monitoring and mechanical press

The circuit board presents four metallic paths wiffoatingpotential, so that they will reaehcertain

potential that will depend on the accumulated sphegge in the specimeand on the electric field
applied by the HV source

Figure 5-3 Spacecharge pcb's electrical scheme
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Chapter 5 Space charge measurements

The potential of each metallic path has been monitored withreék model 341B electrostatic
voltmeterthat has been interfaced with@ngputerusinganArduino due the time sampling has been

set to 10 Sa/s for the first 10 seconds and then lowered assfd® the rest of the monitoringhe
monitoring hasthen been repeated four times (one for every metallic path) for each mechanical
pressureTo maintain comparability between different tests the distance between the probe and the

pcb has been regulatedth a spacekeeping an air gap ofram.

In Figure 5-4 it is represented the specimen situation and the samed in the following

considerations.
pad1 pad2 pad3 pad4

GND

gapl | gap2 | gap3 | zap4 | gap 5

Figure 5-4 Schematic representation of the spemirfupper view)

5.1 Measuring process

To have a better resolution on thecumulatedspace chargahe 1 cm specimefFigure 2-8) has

been usedrirst of all the specimen has been sputtgiesh wrapped in aluminium foil and connected

to ground to remove all the space charges accumulated during the sputtering griveesasday it

has been putted inside the press and manually aligned with the metallic paths in tiéhieb.
monitoring the el ectric ki DbD&wltagehds beerfapped pncthed s
specimen for at lea®0 hours. After the glarization process, the HV generator has been turned off,

to also measurthe depolarization procesifter the depolarization measunent the specimen has

been unmounted and wrapped in aluminium foil to discharge the residual space charge, mounting
anoher specimen to proceed with the following pad. Hence, different specimens have been used for

different measuresherefore discrepancies in those measurements could be expected.

Due to the fact that the electric potential measured is strongly depemdiet distance between the

probe and the pcb, measurements were calibrated (as explained in $&tion
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5.2 Charge and electric field calculation

Neglecting edgeffects on the measured potential aedresentinghe gaps between the pads as a
parallel plane capacitarthe electric fieldn the middle of two padsan be calculated as
(&) )

© QQi 0 HE OQ

L
wherew andw are the potential of the pads respectively at right and left of the selected gap
For padl and padt it is assumed that the electrodes are on the same plane as the pads.

Then,assuming that the charge is located onlglinear distribution over theuface of the specimen
the situation can be schematized in this way:

linel line?2 line3 line4

GNDO O 0O — O Onv

o 0 o0 o [0 o [ o
E1 padl E2 pad2 E3 pad3 E4 padd ES5

Figure 5-5 Profile view of the schematized situation

linel line2 line3 lined

A
HV

o
|

El E2 E3 E4 5
° ° ° ° °

A\

Figure 5-6 Upper view of the schematized situation

In Figure5-5 the redcirclesrepresent the profile of the linear distribution of charges, the purple dots
represent the point in which the electric field has been evaluated and the light blue ared.BEhe X

specimen.
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The magnitude of the electric fietth a perpendicular plane located in the middle of a limited linear

distribution of charges;an be evaluated as:
O = 5 ¢ vg
¢ - W Q

Then, by mul ti pl vy {toconsidertonly tfhorizontal eompooengnahby adding «

the electric field generated from the HV source, it is possible to write a syst@ra efjuations in

four variablegso one is redundarénd obtain the linear density of chalgeover each pad.
By calling:

P4
QU ©

0 € i VS

Thensystemb.4 can be written, where treecoefficients depends only on the geometry and nature of
the material, and the E values are calculatexhag/nin equation 32

L8

Mhmp M

W (& _
é é 088

O"@O’

By solving this linear system, all the linear charge densities can be foundyytheultiplying them

for theline length (so for thepecimed width), the overall accumulated charge can be found.

5.3 Results

This section containmanydifferent plot types and for every plot type a comparison between results
at different pressures has been done.

Assuming a linear potential distribution & © (hencea constant electric field); these measurements
can be calibrated by using a factorcofrectionK:
O06L € a0 wQQ noakoa ® Qi

g 0 4 OOTNO R TOE QO VG @ EAFNAR

All the plots in this section are obtainegultiplying theK factor for the measured potential values.

During all these masurements, PD activity was also monitored. Results ghatwo partial

dischargesire present during those acquisitions.
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5.3.1 Polarization under different voltages

First of all the magnitude of the electric field to be applied to the specimen was chosen, since
saturation of the instrumesignal has to be avoided. Several tests have been run, monitoring the
potential on pad 4, since it is the one expected to readhighest values (because it is the nearest to

the high voltage).

pad4 potential during polarization

time [s] <10*

current over time

current [A]

E QJ\L"\\‘L\NM_LL ; L " i ”Hﬁli ML {_?%HML e ‘4((‘-“—*‘“3‘
1012k \\_ = =8 : ~ - . —

time [s] <10%

Figure 5-7 Polarization process under different voltages0 baron pad 4

Figure 5-7 shows that both for .3 and 65 kV there is an initial saturation in the potential
measurement, so 6 kV has been chosen for the subsequent measures.

It can also be noticed that every phats a different time constanijs may be due to charge injection
being promoted with different regimes, inducing positive oscillations on the detected current, which
only apparently reaches a steady state condition much more quickly than the otheh&r Anot
possibility is due to the fact that the time constant of those transients is theoretically the ratio of
permittivity and conductivity of the medium. Being conductivity an increasing function of
temperature and field, an increase on the latter woutdysalso increase the dynamics necessary to

reach a steady state condition.

Another interesting phenomenon is the sudden increase both in potential and curret At 0
(almost 8 hours) during theskV test. Additionally, many other measuremenespnt trend changes

(usually in steepness) after almost the same amount af time
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5.3.2 Summary

In the following figuresed plot represents the situation atds, so it represents the voltage potential
of the pads immediately after the volt on (gwhout any accumulated charg&ue to the fact the
measurementsere calibratedavith the K factor, the trend is lineadn the other handhé blueplot

represents the situation after the polarization process (so exactly one instant befolteotifle
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Figure 5-8 Summary situation at 0 bar Figure 5-9 Summary situation at 1 bar
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Figure 5-10 Summary situation at Bar Figure 5-11 Summary situation at every pressure

In all the casespads 1 and 2 preseritse major difference between the volt on ahd volt off

situation this suggests a higher field distortion near the ground electrode.

In Figure5-8 on pads 1 and 2, and fiigure5-10 on pads 2 and & can be noticed field inversion,
however it isuseful to remember that all these measurements involved a different specimen for each

pad so it is not sure that the field inversion effectively happened
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5.3.3 Polarization and depolarization

Theseplots show trends of the polarization and depolarization @®oa the same timeline; the @lot
also present dashed lines, which indis@ite asymptotical value of the potential.
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At 0 bar Figure5-12) a high amount of heterocharffecan be noticed in patiand padt, which is

slowly dissipated aftef A*s @nd0.5 A“s Gespectively. Alsat 1 bar(Figure5-14) an accumulation

of heterochargéhat got dissipatedfat e r*scambk 8een on pdd however with the progress of

the depolarization process, some negative charge flows from the adjacent pad to the ground, leading
the potential to negative valuest 5 bar Figure5-16) a high amount of heterocharge can be found

on padl, on the other hand, pdddoes not present a lot of accumulated charge.

In each subplot the polarization and depolarization trendalarest symmetric however different

subplots (so different pads) presents different trends.

The potential assumed during the polarization process has different shapes on different pads, this
suggest that, as it happens for space charge trapped in the bullketdcdric, the dynamics of the
charge injected on a surface is aamform on the specimen, reaching a regime situation with
different time constants for different pads; however a contribution to this result may also come from

the different specimens wke

Charge distribution on pads 3 and 4 reaches a steady state condition in less time than on pads 1 and
2; this may suggest a lower mobility of charges near the electradi@shigheronein the bulk of

the gap.

5.3.4 Polarization and current

Theseplots show both the potential value and the current injected in the specimen for each pad during
the polarization process. The potential plot has then been digitally filtered with a moving average
filter with a window size of 250 samplebenthe derivative othe interpolation has been calculated

and plotted in greeto emphasize trend variatians

6 Heterocharge is charge accumulated near to an electrode with a potential okaggosiin the other hand, homocharge

is an accumulation of charge with the same sign. Globladiierocharge is usually more dangerous than homocharge,

since it leads to a local increase of the electric field. Heterocharge accumulation inside the spacifpemoticed

whenever a potential increase can be found at pad 1 (near the ground electrode), or a decrease on pad 4 (near to the
positive HV electrode).
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Figure 5-19 Polarization and current plots at 1 bar
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Figure 5-20 Polarization and current plots at 5 bar

It is useful to point out also that the data plotteBigure5-12, Figure5-14, Figure5-16and inFigure
5-18, Figure5-19, Figure 5-20 are the same, however tine last three figuredifferent axis limits
have been used to have a better view on the potential trends.

From these plotéespecially inFigure5-18) it can be clearly seen that currentisdons corresponds
to potential variations on each pad, so it is clear that there is accumulated charge inside the specimen

and that it affects the electric field distribution.

In many plots it can be noticed a variation of the potential after aboutr8$ou( b e t vaede n 2 2

4 A%s€conds); this may suggest a new charge injection from the electrodes.

In padl in Figure 5-19 the current plot presents some spikes; this happened probably due to an
incorrect positioning of the HV termindahatwas too near to the metallic structure and that had some
corona dischargsoutside from the specimelm the same figure, there aslot of noise in the current
measurement on pads 2 and 3s i8 due to an incorrect wire positioning (the HV terminal was in
contact with thénsulation of theground wire). The noiskas a verhigh intensity (A 1*0A) and

continues for the whole measurembiting the real values

None of these measurements presents any fistep

(0.6 kV/mm), so it is very far from the breakdown electratd.
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5.3.5 Electric field of all gaps

Theseplots compare the trends of the electric fiédalculated as explained in sectii?) of all gaps
in polarization and depatization. Without any charge accumulation all the plots should have a

constant 6 kV/mm values, however the plotted values differ a lot from that.
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Figure 5-21 Electric field of all gaps at 0 bar

4 polarization depolarization
0.6 gap1
0.9 gap2
i 0.5 gap3
{
gap4
0.8 0.4 gap5
ey i 08
E £
Zo0s z \
52l B 01}
[} < !
= = |}
L 05 L o
°© °
£ <
04 - o -0.1
-0.2
037 N e
| | 037
n*"ﬁu
0.2
-04r
0.1 5
2 4 6 8
time [s] «10% time [s] x10*

Figure 5-22 Electric field of all gaps at 1 bar
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Figure 5-23 Electric field of all gaps at 5 bar

By comparingthese figuresit can be noticed that the absolute value of the electric field in the gaps
is higher at @&nd 5bar than at 1 bar.

Another interesting thing that matches with previous observations is that atRRichae b-22) the

maximum electric field is reached after almost 8 hours; this may justify a higher charge injection

RN

1.4

=

E
E
0.8 2
3 =
© 3 T
o =
0.6 8
3
o
w
0.2

10 20 30 40 50 60 70 80

time [103 s]

Figure 5-24 Electric field of all gaps at 0 bar
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Figure 5-26 Electric field of all gaps at 5 bar

From these plots it can be noticed that @amesents always a higher electric field than other,pads

suggesting (like in sectidn 3.2 a higher field distortion near the ground electrode.
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5.3.6 Accumulated charge over each pad

Theseplots compare the trends of the accumulated charge in polarization and depolarization over
each pad (these trends are calculated as explained in se@ion
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Figure 5-28 Electric charge distribution at 1 bar
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Figure 5-29 Electric charge distribution at 5 bar

As previously noted in sectidn3.2 alsoFigure5-28 confirms that there is less accumulated charge
at 1and 5bar than at O bailhis may be the reason why at O bar the breakdown voltages are lower

than at higher pressureBigure 4-21); however more measurements should be done in order to
confirm this hypothesis.

As previously noted in sectidh3.4between 20* sand 20 s the potential presents a change of

steepnesdg-igure5-27 shows that at 0 bar every charged line presents the same change in that same
time interval.
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There are some discrepancies between the last value of the polarization and the first of the
depolaization; this may be due to the not uniform distribution of the electric fi€ldarge
calculations here are done removing the contribution of the theoretical charge distribution due to a
uniform field (since this electric field is generated by the paoerrce). However, edge effects (see
Figure5-30, Figure5-31 andFigure5-32) influences the pad potential differently from the theoretical
charge dstribution considered, and this is the cause of such discrepancy. It must be noted that such
discrepancy does not influence the validity of the trends shown and discussed here.

Figure 5-30 Electric field distribution (lateral view) Figure 5-31 Electric field distribution (front view)

Figure 5-32 Electric field distribution

54






























