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ABSTRACT

The use of XLPE insulation for high-voltage powable is increasing worldwide.
Consequently, the number of new installed highag#t XLPE power cable is also
increase in the power network. The new cable systara installed in the field and
inaccurate assembling of cable accessories cosidtie the presence of defects. The
after-laying test is performed in the new cabletaysto check the quality of cable

system installation.

One of the most important applications in the afigmg test is partial discharge
measurement due to the characteristic of the XliBhlation which is very sensitive
to the PD activity. Therefore the after-laying tssimportant to certify a good start of
the lifetime of the cable system.

The main problem in off-ine PD detection as paft after-laying test is the
complexity between PD detection methods, testintages and PD occurrence. For
that reason, the investigation of the typical ittstion defects, their related effect and
characteristic based on different PD detection owghand different voltage

energizing are very important.

In this thesis, three artificial defects that reyame different type of PD situation,
surface discharge and electrode-bounded cavitycraaged in the joint of full scale
test set-up of 150 kV transmission power cableesgst Investigation is done by
making simulation of electric field distribution gfile in order to see the field
enhancement due to the presence of defects andhipdying a PD measurement by
using different energizing and PD detection mettmihvestigate the PD properties
and detectability of each defect. In addition, savemeasurement issues that
influence the HF/VHF/UHF un-conventional PD measeat are also investigated in
this thesis to provide a better understanding artbpnance of un-conventional PD

detection in after-laying test of HV cable system.
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CHAPTER 1
| ntr oduction

1.1 High Voltage Power Cable Network

The primary purpose of the power system is to gl®wnergy or electrical power
from source (power plant) to the consumers in a sa reliable way at the lowest
possible cost. From Figure 1.1 it can be seenhilugt voltage (HV) transmission is
one of the most important part of the system bex#udelivers almost all powers that
generated by power plants. Electric power candoestnitted by overhead power lines

or underground power cables.

| i A \
J \
| o \
If e L
If \\
e‘
\_\l‘\\
L —
oo0o
Step Down

Power Station Step Up
Transformer High Voltage Power Cable Transformer

Figure 1.1: HV power cable in an electricity nerk

Power cable system basically consists of cablemgbbes and their accessories.
Cable accessories consist of joint and terminatidoint is special connection
component which used to join two cable ends togetttele termination is special
component to provide the end of a cable. In figli2, a simple representation of

cable system is provided.

In recent days, the use of HV power cable is irgirgpdue to its importance based on

the following reasons [1]:

* Increasing of population of urban areas in indabged countries is strongly
related to the increasing of energy consumptione Dinly possibility to

transfer the electric power in these areas is gysower cables.
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* Power cables solve the environmental problems #rat associated with
overhead transmission lines.

» Parts of the existing power cable networks havehead the end of their
lifetime and need to be replaced with the new ones.

* Many developing countries have changed their p@aystem network to meet

the increasing of demand by using power cables.

Termination 1 Termination 2
.
HV Cable —_ HV Cable
Cable Joint

Figure 1.2: Simple representation of cable system

Starting from 1960s, cross-linked polyethylene (E)Ppolymer was used as
insulation in high voltage power cables [1]. Nowgglathis type of HV power cables
is increasingly applied in the field due to its adtages, e.g. low dielectric losses,
suitable for high operating temperature, relativesdgy and low cost in manufacturing,
simple maintenance, elimination of impregnation aadier to install due its single
layer of dielectric. Therefore, 150 kV XLPE powetbte is used for the investigation

in this thesis.
1.2 After-Laying Test for High Voltage Power Cables

As a consequence of its important function andeasing number of new installed
HV power cables, minimizing the failure of HV poweables has become very
important. To assure the reliable installation apération of HV power cables,
several quality assurance tests have to be apgtatl from manufacturing process
and completed by after-laying test after instadlatof HV power cables. After-laying
test is applied to check the presence of defectcalie accessories (joints and
terminations) during on-site assembling processlenttie cable part itself can be

considered as defect free after it passed theagdeoutine tests in the factory.
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Accessories of HV cable systems are important paErtsable systems in relation to
the failure due to the fact that the majority ofilfa that occur in cable systems are
occurring locally in the joints and terminations. The fundauta¢ aspect of after-
laying test is to provide non-destructive test pplging a certain electrical stress to
the installed cable system to detect defects in abeessories by using partial
discharges (PD) measurements. In principle, ther-&dlying test is applied to verify
the quality and reliability of cable system aftestallation process [2]. There are
several factors that can produce defects duringntallation of HV power cable:

» Damages that can be generated during transportatiorage and installation
of HV cables after the complete factory tests Haaen applied.

» Imperfect assembling process of cable accessorigifield.

The impact of transportation and assembling procassonly be investigated after
installation process is complete. If defects aesent in the cable accessories, it will
generate situation which produce electric fieldaerdement in the area of the defects
and PD activities can occur. PD also can produselation degradation that may lead
to complete breakdown of the cable insulation. &fwee, PD detection together with
after-laying test of HV cable system can be usedragdication of presence of the

defects and evaluation the hazardous level of dfects.

1.3 Energizing and Partial Discharge Measurement Methods for After-Laying
Test

Nowadays off-line PD measurement is commonly aggice after-laying test of HV

cable system. It means that the cable system tedbed is disconnected from power
network. Consequently, external voltage sourceeedad to energize the cable system
and to ignite PD activities. Several types of ex&oltage sources which can be

used for off-line PD measurement are [2]:
» Alternating current voltage (AC);
» Damped alternating current voltage (DAC);
* Very low frequency voltage (VLF); only for distriban cables.

» Direct current voltage (DC); only for paper-oil ted
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Application of DC and VLF voltage has several pevbhs and limitations [2]. DC
voltage does not represent AC electrical stress ratdsensitive to AC insulation
problems e.g. partial discharges. Furthermore,uge of DC voltage on polymeric
insulation can produce space charge formation wiktdistort the normal field
distribution. In comparison to AC voltage, applioatof VLF voltage on polymeric
insulation shows different PD behaviors (PD inaaptvoltage and PD magnitude).
For several reasons mentioned above, AC voltagedangped AC voltage will be
used for energizing method of HV cable circuithrstthesis.

Partial discharge detection method can be cladsifit® two techniques: conventional
and non-conventional. Conventional PD detectioa standardized method for PD
measurement as described in IEC 60270. This mebaseéd on measurement of
apparent charge displacemeanin the leads of the sample. This charge is usually
expressed in picocoulomb®@). Non-conventional PD measurement is based on
detection of high frequency PD pulses generateBDyactivities. In this thesis, both
PD detection methods will be used.

1.4 TheProblem Definition

Imperfect installation of HV cable system in theldi can generate different typical
defects in cable accessories. The systematic @ésoriof these defects and its
detectability based on different PD detection mdshand different voltage energizing
are very important. Basically in PD detection weéhto deal with two basic aspects.
First aspect is measurement process which detedntipd®D detection methods and
testing voltages. The second one is PD physic wisichlated to PD occurrence. The
main problem in off-line PD detection as part aleedaying test is the complexity
between PD detection methods, testing voltagesPdhaccurrence. The systematic
relation between these three factors will be ingastd in this thesis. Figure 1.3

shows the scheme of PD detection and the extarflakénce factors.
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Travelling
Waves
* PD Occurrences:
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* 50Hz Defect * PD level (pC)
continuous » (PD
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Set-up and
Connection
Aspects

Figure 1.3: Scheme of PD detection and the extdnilkilence factors

1.5 Objective of Study

The main objective of this study is to investigatgstematical relation between
important factors of on-site PD detection for aftgring test of HV cable system.

There are several steps have to be taken to filidIspecified goal:

1. Inventory of about most typical defects that camuncduring installation
process of HV cable accessories and its electld #nhancement which can

result in PD activities.

2. Preparation of full-size artificial models coveritige electric field distribution
profile and applicability for experimental invesiigon up to 150 kV will be
applied to selected representative defect:

a) Missing semi-conductive screen in the cable joint;

b) Extra semi-conductive screen in the cable joint;

c) Electrode-bounded cavity.
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3. Definition of continuous and damped AC voltage sesrand conventional

and un-conventional PD detection methods.

4. Experimental investigation on (2). Using (3) obsé¢ion of important

parameters:

a) Those are influence the PD measurement for bothhaodst

(conventional and un-conventional);
b) Those are related to specifics of the PD defects.

5. Evaluation of set-up and connection aspects forap@ication of on-site PD
detection for after-laying test of HV cable systés using un-conventional
PD detection method.

1.6 ThesisLayout

This thesis is described in several chapters; @ndptdescribes HV extruded cable
system and its current standard for after-layirg} tf new installed cable system.
Chapter 3 explains the PD occurrence and typicstaliation defects in extruded
power cable system. Chapter 4 describes the exestitast set-up and measurement
methods. Chapter 5 presents the results of fidtdtipg simulation and PD
measurements for artificial defect 1. Chapter 6vijples the results of field plotting
simulation and PD measurements for artificial def2c Chapter 7 describes the
results of field plotting simulation and PD measoeats for artificial defect 3.
Chapter 8 represents the investigation of severahsarement issues for un-
conventional PD measurement. Chapter 9 providesdhelusions of this study and

recommendation for future research.






CHAPTER 2
High Voltage Extruded Cable Systems

At the present time, extruded insulation mainly X_cross-linked polyethylene)
insulation has mostly replaced the use of impregghaper as HV cable insulation
due to several advantages of XLPE insulation asadir mentioned in section 1.1. In
principle, cable system consists of two main congnds), the cable part and the cable
accessories. Single cable accessories are reprdsdiyt two terminations and
depending on the length no joint or one and moirggacan be used. In this chapter

the XLPE cable system and its related standardfter-laying test will be described.
2.1 Extruded High Voltage Power Cables

The extruded synthetic insulation can be in thenfaf polyethylene (PE), cross-
linked polyethylene (XLPE) or ethylene propylenbdbar (EPR). PE is an excellent
insulator but it has limitation in operating temgueire and thermal reserves in the
case of short circuits [1]. EPR also perform ase#&nt insulator but EPR is limited
to the voltage range up to about 150 kV due taatsparatively high dielectric losses
[1]. The use XLPE is made by cross-linking the Riymer chain to form cross-
linked polyethylene and the temperature limit isr@ased. XLPE insulation is mostly
used in newly installed extruded insulation hightage cable in most countries due to

its several advantages [1].

High voltage power cable has a common design, enlégnt of its operating voltage
and frequency. Basically it consists of the condycthe insulation, the inner and
outer semi-conductive screens, earthed metalleescand protection sheath that form
long concentric cylinder. Figure 2.1 shows a comrderign of high voltage XLPE

cable.
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Protectionsheath  Quter semi-conductive screen , )
Inner semi-conductive

sCreen

Conductor

Earthed metallicscreen Insulation
Figure 2.1: Common design elements of high voltadse [1]
2.1.1 Conductor

The main task of conductor is to transfer the airmgith the lowest losses. This
essential function will strongly determine the nmnialeselection and design of the
conductor. The conductor also determines the meécdlaensile strength and bending
ability of the cable [1]. There are two materidiatt can fulfil the requirements for
conductor, copper (Cu) and aluminium (Al). The adege of copper is it has
approximately 60% lower specific resistance andseguoently result in smaller cross
section for a given current carrying capacity [Aluminium has advantage in lower
density, about three times lower than copper, teadduced weight about half for the
same cable capacity [1]. The type of conductor disethe investigation in this thesis

project is round-massive aluminium.
2.1.2 Insulation layer

Insulation layers are used over the conductor. ikelation is critical part in cable
structure due its task to withstand a long ternctalml stress during the service life
of the cable. When the voltage is applied to thblegathe insulation layer will

experience electrical stress according to equaibn3].
E(x)= U/[x.In(R/r)}] (2.1)

Where U is the operating voltagdk andr are the external and internal radius of
insulation andk is the radius of the insulation where the eleatrstress is determined

by the equation above.
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The use of extruded synthetic insulation in sirlgler construction is increasing due
to its advantages in relatively easy processing lamtlling of this insulationThis

insulation can be selected to have 10% lower dietelmsses than cellulosic paper,
higher intrinsic breakdown strength four times aghhas impregnated paper
insulation [4]. The disadvantage is that a singledt can produce large influence on

the whole insulation due to its homogeneity of tigge of insulation [4].
2.1.3 Semi-conductive screen

This component also known as field smoothing ddfianiting layers. In principle,

these layers have two functions [1]:

* Elimination of field concentration from non-homogewnis area that result in
electrical stress in cable insulation by providsimooth and homogeneous

boundary surface with the insulation.

* Prevention of gaps or voids occurrence that cath fedhe interface between
conductor-insulation and insulation-earth wires tuenechanical and thermal
stress, especially in polymer-insulated cables Wwhave no impregnating

medium.

The first function can be fulfilled by using semareductive materials that compatible
with the insulation and provide smooth and homogeseinterface with the
insulation. The second function of semi-conductsaeen is provided by using
materials that have thermal expansion as closeossile to the insulation material
that is used [1]. In the case of XLPE cable, thefgoe bond between this semi-
conductive layer and the insulation is very importdue to the absence of self-
healing effect as given for example in multi-lagenstruction of paper-impregnated

insulation in the case of partial discharge ocawee
2.1.4 Earthed metallic screen

This grounded metallic screen has a function aslectrical shielding for the cable in
order to produce free electric field in the surrdumg of cable. Moreover, this
component has some other following functions [1]:
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* Provide a return path for capacitive charging auirtender operating condition
» Conduction of the earth fault current until theteys is switched off
» Protection against accidental contact

* Mechanical protection of insulation while the caisi®ending.
2.1.5 Protection sheath

This component has a function to protect the céifgm possibility of mechanical
damage and corrosion caused by the water. Highitgtepslyethylene (HDPE) is
commonly used as a material for this protectionathéecause it provides good
mechanical protection and excellent resistance loastoon with low moisture

penetration [1].
2.2 High Voltage Cable Accessories

Accessories of HV cable system consist of termimetiand joints, also called splices.
The function of termination is as an interface lestiw the ends of cable system to
other electrical systems while joint is requireccimnect two or more cable sections
with limited length into longer sections of cablde limitation of individual length of
cable section is related to the problem of trartgpion. Cable drums cannot exceed a
specified maximum dimensions to be well transpoftech cable manufacturer to the
site which for XLPE HV class cable it is mostly ¢aip 1 km [1]. Joint can be
considered as two terminations connected back-t&-kmEnd termination can be
regarded as half of a joint [5]. For HV cable syste these cable accessories are

critical components for several reasons [1]:
* The electrical field distribution will completelyifterent than the normal
cylindrical electric field distribution in the cahl

» The presence of interface between the cable insnla&nd the accessories

insulation;

* The accessories need to be installed on site wharey external factors can

influence the installation process.

Without the presence of defects, disruption of nbemal radial field distribution in

the cable still occurs due to change in the cablargetry in cable accessories. The
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outer semi-conductive screen is removed to proaidefficient distance between the
conductor and screen to reduce the electricalssteshe cable edge [5]. However,
this method results in another electrical stresthatend of semi-conductive screen.
Consequently, cable accessories always equippdd figid control to manage the
electrical stress not being higher than permisdibié for the insulation at all points.

The condition of field enhancement in cable enchaut the presence of field control

is shown in figure 2.2.

Potential lines— -
Field line -
=

Figure 2.2: Field enhancements in the cable entauit field control [1]

Stress cone, which is composed from two componentpntrol deflector and an
elastic insulator, is used both for joint and teration to control the field at the cable
end. Additionally, in joint there is another fiatdntrol in the form of special shape of
high voltage electrode in the conductor connection.

The principle of stress cone in accessories ischasehe theory of electrode grading.
This electrode grading is achieved by lengthenirgduter semi-conductive layer and
result in gradually reduced of the field concembraf3]. Figure 2.3 shows that the

concentration of equipotential lines which resaltfield concentration is reduced by
using the electrode grading. E.g. in click-fit jpithe high voltage electrode is shaped
in such way that the field between the high voltagd earth electrodes is gradually
cross the interface between two insulations injt&. Figure 2.4 shows this field

grading effect.
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Field control Equipotential lines

Figure 2.3: Equipotential lines situation in thebda end using field control [1]

Equipotential lines

High voltage electrode

Figure 2.4: Field grading in cable joint [3]
2.3 Current Standardsfor After-Laying Test of XL PE Cable System

The termtestingas defined in the international standards mearnsual or measured
comparison of specified parameters or requiremeittsthe actual value of a product
[1]. After-laying test represents the final tesfdse operation of the new installed
cable system. The main purpose of this test iseteal the presence of defects that
can be generated during transportation, assembding installation of cable

accessories on site.

Regarding the after-laying test of XLPE power cabplihere are two international

standards for a guideline of the test which corufist

» |EC 60840; Power cables with extruded insulatiod #meir accessories for
rated voltages above 30 kV {U+ 36 kV) up to 150 kV (i} = 170 kV) Test
methods and requirements.

* |EC 62067; Power cables with extruded insulatiod #meir accessories for
rated voltages above 150 kV {& 170 kV) up to 500 kV (i = 550 kV) -

Test methods and requirements.
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Determining the level of test voltage and its diorain after-laying test is important
factor otherwise there will be overstress on théleasystem. Based on Cigré
Investigation about the test effectiveness perfarioge WG21-09 in 1987/1988, the
cable system start from 50 kV to 150 kV should éstdd on-site at least with the
voltage level 2.5y for 15 minutes [6]. The after-laying test will balled successful

if the new installed cable system survives duriigtvoltage application without any
breakdown in the cable part and cable accessdrtes.practical guidelines for this
testing will be adjusted depend on previous Cignéestigation, the experience and

regional conditions. Table 2.1 shows standardsftef astallation testing in several

countries.
Table 2.1
Current Practice for After-Laying Testing [6]
Country Voltage Times (minutes)
The Netherlands 2.5U 10
Germany 2.5y 30
Belgium 2.0y 15-30
South Africa 1.7y
Switzerland 1.7y- 2.5,
United Kingdom 1.7Lb-2.0t 60
2.5 10

Furthermore, in 1997, Cigré published its officreicommendation regarding the
after-laying test, which is for 60-110 kV circug 2 in 60 min and for 130-150 kV
circuits 1.7 in 60 min [7].

Although the cable system is assembled from PRdesbmponents, there is still
opportunity of creating defects due to impropereadsing process on-site. These
defects mostly result in field enhancement in caébeessories. The detection,
localization and recognition of these defects asey\vimportant in order to avoid

future failure in cable system. These function cdrbe fulfilled by using withstand

voltage testing only. Furthermore, there is a @mgtrbetween the importance of
getting sufficient confidence about the proper aliation of cable system and the
reduction of testing voltage level due to avoid rstressing in cable system. The
extension of after-laying test with PD measurenmmild be the solution for these

problems.



High Voltage Extruded Cable Systems 26

PD measurement has been accepted as an effectithodnéor identifying and

localization of defects in sensitive, accurate ammh-destructive technique for
extruded high voltage cables and their access8iesTherefore, it would be very

reasonable to combine withstand test with diagnasgasurement in the form of PD
testing after on-site installation of HV cable irder to detect any problems that can
be generated during transportation, laying andnalslkeg of accessories. At this
moment, PD measurements are not mentioned in teelaying test standards of HV
cable. There are two recommendations for PD deteath power cable systems

which consist of:

« |IEEE Std 400.83"-2006; Guide for Partial Discharge Testing of Siel

Power Cable Systems in a Field Environment;

« CIGRE Technical Brochure No0.182; Partial DischaBection in installed
HV extruded cable systems; CIGRE WG 21.16, Aprd20

Regarding the PD measurement which in principle lmanlivided into two methods,
conventional and un-conventional PD detection,stla@dardization is only related to
the conventional PD detection. Therefore, invesiigaabout typical defects in HV
cable installation and their characteristic andedgible with PD measurement for

both methods, conventional and un-conventional,b@tome very important.

2.4 Conclusion

1. Cable accessories represent critical parts in caygeem. On-site assembling of
cable accessories may generate defects and thésssdmostly result in field

enhancement and generate PD activities.

2. The detection and recognition of these defectsfter-faying test of HV cable
system, with non-destructive cable test systenery important to prevent future

failure during cable system operation.

3. Extension of current after-laying test standarchw®D measurement which has
been accepted as an effective method for idengfgimd localization of defects in
sensitive, accurate and non-destructive technigueXtruded high voltage cables

and their accessories can be a solution for tkuklpm.






CHAPTER 3
Partial Dischargesand Typical Installation Defects
for Extruded High Voltage Power Cable Systems

The termpartial dischargeas defined in the IEC 60270 standard means aizecal
electrical discharge that only partially bridgese thsulation between conductors and
which may or may not occur adjacent to a condudtoproper assembling of cable
accessories on-site can produce defects that res#D activities. Therefore, the
understanding and detection of these defects bynsnelPD measurement will be

very important to prevent a failure in cable systgreration.
3.1 Partial Dischargesin High Voltage Cable System
3.1.1 Partial Discharge Occurrence

Partial discharge occurs from electrical breakdaivdefect in the insulation medium
or in the surface of insulation medium when theliagpelectric field is higher than a
dielectric strength of insulation medium. PD occwmrgnsulation system of HV cable
due to in-homogeneity of electric field distributias a result of the presence of the
defects. The power cable with extruded insulat®uary sensitive to the presence of
PD due to the absence of liquid impregnating mediuah can extinguish any partial
discharges and the barrier effect from multi-laysulation system in paper-oil power
cable. Consequently, the newly-installed extrudeslliation power cable needs a

completely free from PD which is verified by mearisfter-laying test.

In principle, there are three types of PD-relat@tufe that can occur in power cable
system. These partial discharges can be classiipdnd on the origin or location that
result in field enhancement situation and produanigd discharge activities in cable
systems. These types of PD are:

» Discharge result from internal cavity in the ingida media.

» Surface discharge along interfaces.

» Discharge in the form of electrical treeing in itadion.
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Figure 3.1 shows the three types of condition iwgrocable system that can result in

discharge activities.
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Figure 3.1: Types of PD-related failure that carcocin power cable system [9].
a. Internal cavity

Internal cavity frequently occurs in the form ohspical or elliptical gas-filled cavity.
If the voltage is applied to the insulation systée, electric field in the cavity will be
higher than the surrounding insulation medium dauthé lower dielectric constant of
the gas inside the cavity than the dielectric camisof the insulation medium. The
shape and location of the cavity will also detemnihe electric field enhancement in
the cavity. If the cavity is perpendicular to theld directions, the field enhancement
in the cavity will bee times the normal electric field in the dielectneheree is the
permittivity of the insulation material. There aseveral typical possibilities for the
type of this cavity as depicted in Figure 3.2. Atftavity (the length of cavity is
higher than its height) consists of dielectric-bdeah cavity and electrode-bounded
cavity. Dielectric-bounded cavity represents a tyawihich has two dielectric walls as
shown in Figure 3.2 (a), while electrode-boundedtgaepresents a cavity that has
one dielectric and one electrode wall as shownigureé 3.2 (b). The electrode-
bounded cavity can present in the area betweelaiitsu and semi-conductive screen
often in the form of flat cavity (the length of ¢gvis higher than its height). This
cavity is situated in a tangential field directiand also produces substantial field

concentrations after breakdown occurs. When thetycawv spherical as shown in
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Figure 3.2 (c), the electric field will enhance3d(1+2¢) times the normal field and
will become 1.5 times if the is high. If the cavity is narrow and parallelelectric
field direction as shown in Figure 3.2 (d), theess in cavity tends to be equal with
electric field in dielectric; however this cavitgpresents a more critical case because
it bridges a larger part of the insulation [3] amdoduces substantial field

concentrations after breakdown occurs.
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a. Dielectric-bounded cavity b. Electrode-bounded cavity c. Spherical cavity
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d. Narrow cavity e. Cavity with treeing

Figure 3.2: Typical case of cavities in insulatioraterial [10].

The gas inside the cavity will breakdown when tieddfenhancement is higher than
the breakdown strength of the gas in the cavitg @discharge will occur in cavity.

The breakdown strength of the gas inside the caatybe derived from the Paschen
curve as shown in Figure 3.3. According to thisveurthe breakdown strength is
determined by the size of cavity, the type and qures of the gas inside the cavity.
The presence of cavity in insulation can resultomplete breakdown of the material
due to degradation of material which depends old fs#rength, type of insulation

material and PD magnitude [10]. This degradatiarcess starts with the erosion of
the wall of cavity then followed by pit formation he edge of cavity and results in
high electric field enhancement. If the field exdeethe breakdown strength of
material then the breakdown of the material inddge area of the cavity will occur

which lead to the start of the electrical treeisghown in Figure 3.2 (e).
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Figure 3.3: Breakdown strength of air inside theitaas a function of electrode distance

and air pressure [9].

b. Surfacedischarge

Surface discharge occurs in the interface of tvgoletion materials where substantial
high tangential field strength is present. Surfdiseharge can be initiated when there
is a high enough of stress component in paralléh wie insulation surface to cause
discharges [9]. Surface discharges are often oeduim cable accessories due to
missing outer semi-conductive screen or incomplet@moved of outer semi-
conductive screen in the area after the stress. ddreesurface discharges will occur
as a result in field enhancement in the edge ofs@mi-conductive screen. The
inception voltage of this type of discharge for duge of plane-plane configuration is
relatively low; depend on the thickness and pemiiyt of insulation material and
also the sharpness of the electrode edge [9].

c. Electrical treedischarge

Electrical treeing in extruded dielectric cableulagion represents a tree-like path of
electrical deterioration through the dielectric podhe radial growth of treeing is in
line with the electric field lines and when it gk the electrodes the complete

breakdown in the insulation will occurs. Even thbwxtruded insulation has intrinsic
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electrical strength many times higher than eleatrgtresses that probably occur in
actual operation, the electrical treeing can ocaunsiuch lower stress than intrinsic
strength of insulation material. The reason is phesence of the defects in the
insulation material that result in electric fieldr@ncement and produce PD in the
form of electrical trees. Treeing can be initiatemin sharp point in the electrodes or
by erosion of the edge of internal cavity in theulation [10]. Electrical trees can also
result from the conversion of water trees. The eaicessories which exposed to
high moisture condition are susceptible for momstpenetration that can result in
generation and development of water trees. Wateestrresult in local stress
enhancement that can be converted to initiatioel@gtrical trees. The electrical tree
discharges form a special case of internal disehdtge to its characteristic that very
unstable and the trees may grow rapidly [9] andallgiconsists of many branches.
Electrical tree normally produce higher PD magretddan in the case of PD from
cavity [11]. Furthermore, once this electrical thees been initiated, the fast complete

breakdown of cable insulation may occur.
3.1.2 Partial Discharge Recurrence Pulses

The understanding of PD process is important ferdatection and measurement of
the PD pulses created by PD activities. For desuyithe PD process, a well-known
a-b-c circuit is used. This electrical model canused to describe the PD recurrence
process of three types of PD which mentioned iige@3.1.1. The a-b-c circuit is
shown in Figure 3.4. The capacitancespresents the capacitance of the defect. The
capacitance of the dielectric in series with théedeis represented by capacitarice

and the sound part of the dielectric is represebyechpacitance.
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Figure 3.4: The a-b-c equivalent circuit for dedxing PD recurrence process [9]
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The recurrence process of PD pulses is shown iwr&ig.5. The high voltage applied
to the insulation system ig and the voltage across the defect.isA discharge will
occurs in the defect when the voltagereaches the breakdown voltagg, the
voltagev, then drops t&/" and the current impulsds produced. The voltage dray
takes place in extremely short time compared todimation of 50 Hz sine wave so

this can be regarded as a step function [9].
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Figure 3.5: The principle of PD pulses occurrenged-b-c circuit [9]

After the discharge has occurred, the voltagecreases again and when this voltage
reachedJ” a new discharge will occur. This process will hapseveral times until
the voltagev, decreases and the voltagereaches Uand a new discharge occurs. It
can be seen that recurrence discharges and cumpulses will occur when the AC

voltage is applied to the dielectric system whiohtain of defect.
The chargey;, which is transferred in defect ¢ when the PD ogcwill be equal to:
q; 2 (b+ c)AV (3.1)

The degradation of the dielectric due to PD agtiistcertainly related to this charge.
However, this charge quantity cannot be measurdddischarge detector in practical
situation. The value that can be measured is thegehdisplacement in the leads to

the sample; this charge quantity is expresseddocpulombs§C) and equal to:

g = bAV (3.2)
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This charge displacement is related to the diseéhangthe defect, however this
guantity is not directly represent the charge fiems the defect. There are several
reasons that make the charge displacement quaptéye reasonable for the PD

measurements [12]:

* The discharge magnitudg is proportional to the energy dissipation in the

partial discharge.
* The discharge magnitudgis proportional to the size of the defect.
* This transfer of chargg can be measured by electrical PD detector.

» The order of discharge magnitugeén powers of ten can be used to determine

the harmfulness of discharge.

The collapse time of voltage pulse caused by teehdirge process is determined by
the type of defects that produce PD pulses. Farnial cavity, the voltage pulses
collapse in a time of at most few nanoseconds, esprently the resulting voltage
pulses that travel in both directions from the Ridirse will have pulse width in
nanoseconds region. For surface discharge, thageftulse from the PD source will
have pulse width in some tens nanoseconds, therefsulting pulses from PD
process will have corresponding frequency up to Fewdreds of MHz or 1 GHz
[13]. Furthermore, this high frequency componenPbf pulses will attenuate due to
losses in semiconducting shields in XPLE power&ahk a result of this attenuation,
the magnitude of PD pulses will decrease and thiith will increase as a function

of propagation distance [13].
3.2 Typical Installation Defectsin HV Power Cable System

The presence of defects in cable system represesa& points in cable system
operation. In the case of newly installed HV cablestem, all cable parts are
considered as PD-free components as they havedotieseype and routine test in the
cable factory. However, there is still a risk oétpresence of defects in the newly
installed HV cable system. These defects can besaltr of improper on-site

assembling (poor workmanship) process of the catdessories or hidden defects in
the design of cable accessory [14]. The human enffes and on-site external

environmental factors in assembling of the cableessories also increase the risk of
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the presence of the defects. Once the defects draated, there will be a possibility

of the breakdown in the mid-long term operatiorthaf cable system due to the non-
homogenetities in electric field distribution. Thesulting risk for the short-long term

behaviour of the insulation system is depend ontype, form, size and location of

the defect. Therefore understanding of these typitstallation defects and their

related effects in newly installed HV cable sysismery important. There are several
typical defects of HV cable system that can ocawg t the on-site installation of HV

cable system which consist of:

» Sharp point or protrusion.

* Missing semi-conductive screen.

* Remaining semi-conductive screen in the cable joint
» Conductive particle on the insulation material.

* Improper positioning of cable accessory.
3.2.1 Sharp Pointsor Protrusions

The sharp point or protrusion in insulation systa@mays results in concentration of
field lines in the tip of the sharp point/protrusiand result in high local electric field
enhancement in that area. The presence of metphotrusion in polymeric
accessories may produce an intrinsic breakdownsohall part of the insulation [14].
The electric field enhancement caused by the pmnus strongly determined by the
shape of the protrusion, in the form of ratio ofghe (h) to width () as shown in
Figure 3.6.
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Figure 3.6: Idealized semi-elliptical protrusion][1

The greater the ratiao/b, there will be higher electric field enhancem@itte situation
is relatively uncritical wheih/b< 1 due to less magnification of electric field [The
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presence of protrusions on the semi-conductiveescas shown in Figure 3.7 is of the
most critical case due to unfavourable situatiorerghthey are pointed and in the
radial direction [1]. This situation can lead tcedhetically infinite electric field

enhancement. The cable dielectric in the area @& ¢neatest electric field

enhancement will be electrically overstressed aggratiation process of insulation
starts. As a result from this, the insulation matds locally separated and forms a
hollow channel [1]. Furthermore gas discharges oatuhis channel and result in
further erosion of insulation material due to tlevgh of the channel. Consequently
internal partial discharge caused by this type efedt usually lead to complete

breakdown in the insulation, with a process knowemsion breakdown [1].
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Figure 3.7: Semi-conductive screen protrusion tlegults in stress concentration at the tip of

the protrusion.
3.2.2 Missing Semi-conductive Screen

The presence of missing outer semi-conductive adreeable accessory will result in

an electric field enhancement that occurs in thgeeof removed semi-conductive
screen. This situation causes surface dischardetdkes place at the edge of outer
semi-conductive screen over the XLPE insulationfase. The missing semi-

conductive screen which occurs in the area clostidocable joint can be seen in
Figure 3.8.
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Missing semi-conductive screen

_E__

Cable joint

Figure 3.8: Missing semi-conductive screen in thkle joint

The surface discharge at the interface betweearmrXLPE insulation can cause a
degradation process in the XLPE insulation. Thigrddation process is related to the
chemical changes of the polymeric surface thatlr@suhe formation of crystals on
the surface of the polymer insulation [14]. Fiefdensification will occurs at the
cluster of crystals and result in increasing of &ddivities. After long time treeing

process will start and result in erosion of theéae of insulation material.
3.2.3 Remaining Semi-conductive Screen in the Cable Joint

As already described in the section 2.2 the catitessories always equipped with the
control deflector to avoid field concentration lretend of power cable. This control
deflector represents the extension of the outern-senductive screen at the cable
end. For this purpose, the outer semi-conductiveescon the cable end has to be
peeled for the connection between the end of osgemi-conductive screen of the
cable and the control deflector in the cable aaréss Improper peeling process can
result in the remaining semi-conductive screen Wwhi placed on the interface
between cable insulation and accessory insulalibis interface represents the weak
spot in accessories construction where the targjeiirgld on that interface must be

kept as low as possible [3]. This situation is shawFigure 3.9.
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Figure 3.9: The remaining semi-conductive screetherboundary between cable insulation

and joint insulation



Partial Discharges and Typical Installation Defeéts HV Power Cable Systems 38

This unnecessary extension of the semi-conductivees in the cable accessory will
produce electric field enhancement in the edgé@fsemi-conductive screen that can
result in PD activity at the boundaries betweenlecahbsulation and accessory
insulation. Furthermore, the deterioration procedsthe cable insulation and

accessory insulation will occur.
3.2.4 Conductive Particleson Thelnsulation Material

The on-site installation process of cable accessanry result in the presence of
contamination of impurities on the surface of ia$wn material in the cable
accessories. These contaminations are usuallyifotm of conductive particles [14].
These conductive particles can be metal, moistuiseemi-conductive impurities and
these unwanted particles are present on the intefi@tween cable insulation and
accessories insulation. The AC surface dischargstnsngly influenced by the
condition of the dielectric surface [15], therefdhe presence of conductive particles
that decreases the resistivity of the insulatiorfase is very detrimental which is
related to the surface discharge degradation psoalesg the interface of the cable

insulation.
3.2.5 Improper Positioning of Cable Accessory

As described in section 3.2.3, the outer semi-cotidel screen on the cable end must
be removed for a certain length for the installatad accessory on XLPE cables as
shown in Figure 3.10. For optimal field distribution the cable accessory the
positioning of the cable accessory and the cabteneust be accurate that result in
proper connection between the end of outer semihoctive screen and the control
deflector in the cable accessory. Improper positigrof the cable accessory will

result in field enhancement at the end of outeri®emductive screen of the cable

end.

Cable insulation

—E =

Outer semi-conductive screen Cable joint

Figure 3.10: Cable end preparation with removedeogemi-conductive screen
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There are two possibilities of this improper pasitng of cable accessory. The first
defect condition occurs if the outer semi-conduetscreen is removed too far that
results in a gap between the end of outer semitatiing screen and the control
deflector. The field concentration at the end ofeowsemi-conductive screen will
cause surface discharges on the surface of the gehllation. The second defect will
occur if the removal of outer semi-conductive sorienot long enough which result
in extra outer semi-conductive screen below tharobdeflector. Similar to the first
condition, the field enhancement and surface drggsacan occur in the edge of
semi-conductive screen which placed on the boundatyween cable insulation and
accessory insulation. Consequently, the insuladiegradation of cable and accessory

can occur due to surface discharge activities.
3.3 Artificial Defectsfor the Investigation

For the investigation purpose there are threei@sdifdefects which applied in the
cable joint. These defects are the missing of cagari-conductive screen, extra semi-
conductive screen in the joint and the electrodenbled cavity. These three artificial
defects represent the different case of PD occoe®nlhe first and second artificial
defect represents the surface discharge alongtbdace of insulation material. This
type of PD can result in failure of cable systenerevf the extruded insulation is
totally immune to PD-induced electrical tree irtiba [13]. The third artificial defect
represents the case of electrode-bounded cavityebet the outer semi-conductive
screen and the cable insulation. Investigationdsedby modelling the defect by
Ansoft field plotting program to get an electrielfi behaviour in the cable system due
to the presence of defect and then applying twiemiht AC voltages to energize the
test set-up which consist of these three defectsder to generate PD activities and

then two PD detection methods are used for the unement.
3.3.1 Missing Semi-Conductive Screen in the Cable Joint

This artificial defect is created by removing th&ey semi-conductive screen of the
cable in the small area before entering the jdigure 3.11 shows a cable cross-

section with an artificial defect which is placed the area close to the cable joint.
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Figure 3.11: Schematic drawing for missing outanseonductive screen

This artificial defect represents the case of sfdischarge. As described in section
3.2.2, this type of defect will produce electrielfi enhancement in the edge of semi-
conductive screen and result in surface dischasgethe surface of cable insulation.
The effect of different sizes of the defect as smanvFigure 3.12 is investigated by
using Ansoft field plotting simulation program attten different PD measurement

methods are applied to the test set-up to investithiee PD behaviour of this type of

defect.

Defect size: 15mm Defect size: 10mm Defect size: 5mm

Figure 3.12: Three sizes of missing semi-condustiveen on cable joint
3.3.2 Extra Semi-conductive Screen in the Cable Joint

The second artificial defect for the investigatisrextra semi-conductive screen in the
cable joint that represent the case of impropeitipaghg of cable joint. This defect

can result from the miscalculation in the lengthrevhoved semi-conductive screen in
the cable end preparation for cable joint as degiéh Figure 3.13. This defect is
made by lengthening the end of semi-conductiveescie the cable end by painting
with the semi-conductive varnish. Figure 3.14 sh@anvschematic drawing of cable

cross-section which consists of the artificial defe
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Proper distance of removed semi-conductive screen Cable end with extra semi-conductive screen

Figure 3.13: Extra semi-conductive screen in cqbiet
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Figure 3.14: Schematic drawing for extra semi-casitke screen in cable joint

This extra semi-conductive screen is situated anlbundary between the cable
insulation and the accessory insulation. Similath® first defect, the electric field
enhancement occurs at the end of the extra senductime screen and probably
results in the PD activity on the boundary of theulation. Field plotting simulation
is applied to see the effect of different size bé tdefect in the electric field
enhancement and two PD measurement methods orritival csize of defect are

applied to investigate the PD occurrence for thidicdal defect.

3.3.3 Electrode-bounded Cavity between Cable Insulation and Outer Semi-

conductive Screen

The last artificial defect for the investigationakectrode-bounded cavity between the
cable insulation and outer semi-conductive scréais defect may occur due to poor

contact between cable insulation and semi-condeiciveenThe process of creating
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this artificial defect is shown in Figure 3.13. Thecess starts by removing small
part of outer semi-conductive screen on the areasecto the cable joint and then
making a small scratch on that area and finallyecmg the area with copper tape.
Figure 3.14 shows a schematic drawing of cablesesestion which consists of the
artificial defect.

a) Initial condition b) Removing of semiconductive screen ¢} Covering the area with copper tape
and making a scratch

Figure 3.15: Process of making electrode-boundedtgaefect
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Figure 3.16: Schematic drawing of electrode-bouncidty defect

As already described in the section 3.1.1, thetmtefteld enhancement will occur in
the electrode-bounded cavity which filled by aiD Rill occur if this electric field
enhancement exceeds the breakdown strength ofisadtei the cavity. Field plotting
simulation and two PD measurement methods are eappdi the test set-up which
consists of this artificial defect to see the elecfield enhancement and PD
properties.
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3.4 Conclusion

1. The presence of defect in power cable system caultri@ non-homogeneities of
electric field distribution. If the electric fieldnhancement caused by the defect is
higher than the breakdown strength of insulatiowlioma then PD activities occur

in the power cable system.

2. The power cable system with extruded insulatiovely sensitive to the presence
of PD activities thus the newly-installed extrudesiulation power cable needs to
be completely free from PD activity which is veeidi by means of after-laying

test.

3. The improper on-site installation of the cable asogies can produce defects in
the cable system that can result in the cable sy&dure in short-long operation

time span.

4. Three artificial defects that represent differeypeis of installation defects are
applied to the test set-up and investigation isedoy modelling the defect with
Ansoft field plotting program to get the electrielfl behaviour and then applying
two different PD measurement methods to get theperties for each defect.






CHAPTER 4
Experimental Test Set-up and Measurement M ethods

Regarding this project investigation, a full scést set-up of transmission power
cable system was built in high voltage laboratoryTo Delft. Several methods for
setup energizing and detection of PD will be used ifivestigation of artificial
installation defects. In this chapter the experimesst set-up and measurement

methods for energizing and PD detection will becdbsd.

4.1 Description of Test Set-up

The test set-up consists of 100 meter of 150 kMecajpe EYLKrviwd 87/150 kV
1x1200 which divided into two sections by using ahek-fit joint and ended by two
outdoor type terminations. The distance betweenitetion 1 and joint is 90m while
between joint and termination 2 is 10m. The whalenponents in the cable system
are provided by Prysmian Cables and Systems B.Vhedands. The test set-up is
shown in Figure 4.1.

Termination 1 L
Termination 2

Cable Joint

HV Cable
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Figure 4.1: Test set-up configurations

A type of termination that is used for the testigetis OTC-170-X. This termination
is designed to terminate an extruded high voltag®ecin outdoor conditions under
the heaviest pollution conditions. It consists wbtmain parts, an insulator and a

cable end. The schematic drawing of this type whieation is shown in Figure 4.2.

Figure 4.2: Termination type OTC-170-X
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A pre-molded click-fit joint type CFJ-170A is uséat this project. This joint type is
designed to connect two extruded high voltage sabfethe same construction. It
consists of two main components, click-fit joinsutator and click-fit plug. Figure 4.3
shows the drawing of this type of joint.

Figure 4.3: Cable joint type CFJ-170

Regarding the un-conventional PD detection, indecsiensor will be used for the PD
detection purposes. There are three internal sensstalled in the accessories. The

external sensors are connected to the grounditeyminations and joint.
4.2 Energizing Methods

In order to generate PD activities in the cableesyswhich already installed with
artificial defect, a HV stress needs to be appiethe test set-up. There are two HV
energizing methods that are applied for this ptojg0Hz AC energizing method is
applied for two PD measurement methods, convertidh& 60270 and un-
conventional while damped 400 Hz Damped AC (DACgrgizing method is used
for conventional IEC 60270 PD detection.

4.2.1 50Hz AC energizing

In this method, the test set-up is energized by Z&C voltage from step-up
transformer. The high voltage side of the transfaris connected to the test set-up
through the termination 1 as depicted in Figure &udrthermore the test object is
connected in parallel to PD detection methods, entignal or un-conventional PD
detection. The principle of this energizing metli®dhown in Figure 4.4 and depicted
more detail for both PD detection methods in Figugand 4.10.
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AC 50Hz High = Test Object PD Detector
Low Voltage Voltage ———— (HV Cable) {conventional / un-conventional)

Figure 4.4: AC 50Hz energizing circuit

4.2.2 Damped AC (DAC) Energizing

The second energizing method that is used for tieteof PD activities in the test
set-up is damped AC (DAC) voltage. This energizingthod is recognized as cost-
effective voltage withstand test for polymeric iledad HV cables [16]. The DAC
voltage provides convenient solution for problerated with 50Hz AC energizing
method, which is not practically and economicakgd in on-site testing due to heavy
weight and high power requirement [17]. DAC voltagethod reduces the need of
power requirement on-site by loading the test dbpbich is HV cable, by using a
DC supply after which the cable is discharged tghoan inductor [14] by closing a
solid-state switch S and create a series resonsntitc The equivalent circuit for
DAC voltage in PD measurement application is showrfFigure 4.5. The detalil
descriptions of the application of DAC voltage irsddlating Wave Test System
(OWTS) is described in section 4.3.1.b.

HV supply air-core inductor L

v J | wvoltage and PD signal
_:\_jﬁba,n.,_. t o detection

PD

-m—‘u—“‘—‘—'i 4 1 I detection devices

W
|
[

capacitance C
arrpie pa

I|I—| l—

1 additicnal

Figure 4.5: Equivalent circuit for DAC voltage apgation [18]



Experimental Test Set-Up and Measurement Methods 49

4.3 Partial Discharge Detection M ethods

Partial discharge is small electric pulse thataeegated from electrical breakdown of
the defect in the insulation medium or in the stefaf insulation medium when the
applied electric field is higher than a certairtical value. In principle, there are two
methods available for detection of partial discleargonventional IEC 60270 and un-

conventional PD detection.
4.3.1 Conventional PD detection method (IEC 60270)

Conventional PD detection method is standardizethodebased on international
standard IEC 60270. Partial discharges that oceuthé test object will produce
current or voltage pulses. This method based onsumement of the charge
displacement, expressed in picocoulombp@), from the pulses which generated
from partial discharge. This charge displacementeiated to the discharge in the

defect due to two reasons mentioned in sectior2.3.1.

Measuring equipment for conventional detection iasof coupling device,
transmission system and measuring instrument [T& most commonly used

measuring equipment in practice is a straight Piea®n shown in Figure 4.6.

T~ HV test transformer Z, — Noise blocking filter
Cy— Virtual test object capacitance C.— Coupling capacitor

Zyy — Measuring impedance as part of the coupling device  M; — PD measuring instrument

Figure 4.6: PD measuring instrument according t&€1&0270 [20]

This straight PD detection system usually consétest objectC, which assumed to
be capacitive load, a coupling capacit®g, impedance or filterZ, to reduce
background noise from high voltage supply, meagunmpedanceZ, and PD
measuring instrument;. The coupling capacitor is directly connected he high

voltage terminal of test object and provides aeaiiogath for the PD current.
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Based on IEC 60270, there are two types of meagunstrument suitable for PD

detection in HV cable which consists of:

* Wide-band PD instrument. This instrument charargeriby the fixed value of
transfer impedance between lower and upper limifrequenciesf; andf..
The spectral density of PD pulse in this rangereddiency is nearly constant.
The PD pulses captured from the terminals of tlet tbject are quasi-
integrated and results in the output of the PDrimsént and the reading of the
peak level indicator will be proportional to thepapent charge [20]. Apparent
chargeq and the polarity of PD current can be determinechfthe response
of its instrument.

* Wide-band PD instrument with active integrator. sSThistrument consists of
wide-band amplifier and electronic integrator. Teeponse of the electronic
integrator to a PD pulds a voltage signal that increase with the instaedas
value of total charge. The final amplitude of thgnal is consequently
proportional to the total charge.

Currently the PD pulse detection and processingppied by using advanced digital
PD measurements. By using digital PD measuremémse are several quantities
related to PD can be recorded and evaluated,ime. instant of PD occurrencg)(
apparent charge &t(q), test voltage magnitude &{u;) and phase angle &{y) [20].

Calibration of PD measuring instrument is importiator in order to ensure that the
PD measuring system is able to measure the PD todgnproperly. Calibration is

done by injecting a short duration current puls&mdwn charge from the calibrator
to the terminal of test object while the measusygtem is de-energized. Equivalent

circuit for calibration is shown in Figure 4.7.
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——C
U...
cc
Y Zmi cD M

Components
U.  high-voltage supply Ck  coupling capacitar
G  step voltage generator CD coupling device
Cy calibration capacitor C. stray capacitance
Zmi  input impedance of measuring system M| measuring instrument
CC connecting cable Z filter

C. test object
Figure 4.7: Equivalent circuit for calibration [19]

Based on two different energizing methods, theeet@n conventional PD detection
systems will be used in this thesis, 50Hz AC cotieeal PD detection by using TE
571 digital PD detector and 400Hz DAC conventiofd) detection by using
oscillating wave test system (OWTS) HV150. Both moefs are in compliance with
IEC 60270 standard.

a. PD detection by using TE 571 PD Detector

In this PD measurement, 50Hz continuous AC voltegeised as an energizing
method. The equivalent circuit for this PD detetti® shown in Figure 4.8. This PD
detection consists of several important componemgst transformer, voltage
regulator, digital universal measuring instrumemIC551, coupling capacitor AKV

572 and PD detector TE 571. By using this PD dietescheme, several important

parameters of PD occurrence can be obtained such as
* PD inception voltage (PDIV)
* PD magnitude ipC at PDIV
* PD magnitude as a function of voltage applied
* PD pattern

PD measurement is applied in 2 minutes for eacél lef/test voltages. During this

period three quantities are recorded: the numb&bpulses, the maximum value of
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PD magnitudes and the average value of PD magmsitiidd. These three quantities

are plotted as a function of phase angle of sima@C voltage.

o —0 0 | TE 571

Test Ohject Coupli
Voltage e auping
AC 50Hz requlator (HV Cable) Capacitor

Test Transformer

Figure 4.8: Equivalent circuit for PD detection ngiTE 571

b. PD detection by using OWTSHV 150

As already mentioned in section 4.2.2, the useoai/entional test transformer as an
energizing equipment is not convenient method fossite testing due to logistical
and economical aspects. In the other hand, ther @thergizing methods like DC
voltage and VLF voltage is considered not suitdbletesting of HV XLPE cable.
Damped AC (DAC) voltage provides solution for thggeblems. Regarding DAC
voltage energizing method which compliance with 160270, the OWTS HV150
will be used for energizing and PD detection fa thst object.

The OWTS HV150 can provide PD diagnosis and digtedsses measurements in
HV power cable system. PD diagnostic consists ehiification, evaluation and
localization of PD activities in cable system. Radly the system consists of several

components:

» Computer installed with OWTS software for contmdji the measurement

process and analyzing the data of PD measurements;
» HV source and an electronic switch to generate @éah# voltage;
* Resonance inductor;

* HV divider and coupling capacitor together with Ri2asuring system and
analyzer.

The test set-up for PD detection by using OWTS HYiEsshown in Figure 4.9.
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S __ 41 Hv dlmder & ;
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Figure 4.9: Measurement set-up for PD detectiomgi®WTS HV150

53

The measurement starts by charging the test obfectlV cable system, to a certain

value of test voltag&est by using growing DC voltage. The time needed targh

the test object is determined by using [14]:

ez €
tch = —
load

(4.1)

WhereC is the capacitance of the test object bnd is maximum load current of DC

supply. Afterwards, the system is short circuitgdelectronic switch and the series

connection between test object and resonance ioidustcreated and results in

sinusoidal damped AC voltage. The frequency of ttienped AC voltage is

approximately equal to the resonant frequency ef tist circuit [21]. The resonant

frequencyfes, Which is depend on the capacitance of test oljetd the resonance

inductancd., can be determined by using [14]:

f;'es -

1

2 rm'ﬁ
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The use of DAC voltage with frequency up to 500 Midzlaboratory and field
measurement shows that there is no fundamentareliff in PD occurrence (PD
inception voltage and PD level) [22]. Since 2004 thethod has been applied for PD
diagnosis on HV power cable up to 250 kV [21].

4.3.2 Un-conventional PD detection method

Conventional PD detection based on IEC 60270 han hsed many years as a
standardized method for PD measurement. Howevey,niethod has a limitation
when used in the field measurement due to relgtibedh level of ambient noise.
Therefore, Un-conventional PD detection is usegruvide result with suppressed
noise or high signal-to-noise ratio. Basically thewo main methods available for un-
conventional PD detection method, the High Frequwafery High Frequency/Ultra
High Frequency (HF/VHF/UHF) and acoustic methodrttkermore, HF/VHF/UHF
method will be used for investigation of un-convenal PD detection in this thesis.
HF/VHF/UHF method is based on the detection of Higlguency signal generated
from PD activities. In relation to PD detectionancessories of high voltage power
cable, the important frequency range lies betwedHz < f < 500 MHz [23]. PD
measuring equipment for un-conventional PD detactian be divided into several
important sections: PD sensors, triggering pamp&cum analyzer and computer
equipped with PD software analysis. The PD detactigstem for un-conventional
method is depicted in Figure 4.10.

High Voltage

Termination

r—ﬁjﬂnnummNJ
|
|

Internal
SEnsor

Internal
sensor Cable Joint

External

HV Cable
sensor @ ;

External
SENSOr

Amplifier #  Spectrum Analyzer Computer

t L4

Figure 4.10: Un-conventional PD detection system
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PD sensors work based on detection of high frequenerent pulses that occur
during PD in the cable system. The PD pulses occuery short time, the width and
rise time of the pulses are in the nanosecondeme@onsequently, PD pulses with
energy frequency up to hundred MHz are generatéd These PD pulses will travel
through the cable earth conductor and finally candzorded by the sensors. For un-
conventional PD detection, internal and externglac#@ive and inductive sensor can
be used. Internal inductive sensors can be placeitid cable accessories without
disturbing the cable insulation because they placethe top of earth screen of cable.
However, this type of sensors has to be alreadgllad in manufacture of the cable
accessories [24]. The external inductive sensoes @aced around the ground
connections of cable accessories. In real situahey can be placed at the earthing
flange of termination or link boxes. These types@fisor mostly used in practice due
to the advantage that these sensor do not dishgpnormal configuration of the
accessories and cable part. Figure 3.11 shows ittere of internal and external

sensor used for PD detection.

Figure 4.11: Internal (a) and external (b) sensobicable accessories

The PD signal from sensor then transferred thrawggtxial cable and amplifier to the
spectrum analyzer. There two operation modes oftspe analyzer that can be
utilized for PD detection, “full span” and “zeroasp mode [24]. In the first mode, the
full spectrum of amplitude of the signal and nase plotted in the frequency domain
from e.g. 0-500 MHz. Full spectrum of noise is at¢d by disconnecting the test set-
up from HV energizing and then the amplitude ofseois measured for certain
frequency step, e.g. 3 MHz, start from 0 MHz ups@® MHz. By using this full
spectrum of signal and noise, several centre fregjas which have high signal-to-
noise ratio can be selected. The example of sefestiitable frequency ranges which
have good noise suppression for un-conventionaim@Bsurement is shown in Figure
4.12.
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Figure 4.12: Selection of suitable frequency ranfyem full spectrum of PD and noise

In the second mode of operation, the signal is shioviime domain at selected centre
of frequencies with certain selected value of badtw It means that the spectrum
analyzer works as band-pass filter that work onlysenall range of frequency
determined by the bandwidth and blocks unwantegugacy components outside the
bandwidth. These centre frequencies, which havé kignal-to-ratio, are chosen
from the full spectrum in the first mode. In comddilon with triggering at the
frequency of energizing voltage, the phase-resoRB&dpattern, in terms of Volts

(V/mV), can be obtained similar to the conventional REection.

By using a computer which already installed with 8@ftware and connected to the
spectrum analyzer, two operation modes of spectnalyzer can be performed on
the computer. For “zero span” mode, several repeaeordings of the period of the
exciting voltage can be performed (called sweeps) saved. Furthermore, the
amplitude and number of PD pulses as a functiophafse (phase-resolved pattern)
can be performed and this pattern will be usefuktmgnize the type of defect in the

cable system.

However, calibration on this PD detection methochncd be applied as in
conventional PD detection which described in th€ ED270 standard due to several
reasons related with high-frequency behavior ofstiesors and the type and routing

of the measurement cables [25].
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4.4 Conclusion

1. The test set-up for the investigation consists @M transmission power cable
which divided into two sections by one click-fitind and ended by two

terminations.

2. There are two high-voltage energizing methods akel for the on-site PD
measurements on HV power cable which consist ofz@& continuous and
Damped AC (DAC) voltages.

3. Two different PD detection methods, conventional an-conventional, are used
for investigation. Conventional IEC 60270 PD ddtectis applied by using TE
571 PD detector and OWTS HV150 while un-conventioR® detection is
performed by using HF/VHF/UHF method.






CHAPTER 5
Field Plotting Simulation and Experiment Resultsfor
Missing Semi-Conductive Screen Defect

The first artificial defect which is used for thavestigation is missing semi-
conductive screen on the area close to the cabie gs shown in Figure 3.12. For
further discussion this artificial defect is regedidas defect 1. This chapter describes
the result of field plotting simulation for diffeme size of defect 1 and the PD

measurement results by using different PD detecti@henergizing methods.
5.1 Field Plotting Simulation Resultsfor Defect 1

For investigating the electrostatic problem dueh@® presence of artificial defect in
the cable system, the Ansoft version 9.0 of Max@&BlIStudent Version (SV) is used.
This program can be used for analyzing the elecgmatic fields in cross-section of
structure by using Finite Element Analysis (FEA) dolve two-dimensional (2D)

electromagnetic problems. The cross-section ofecphlt as shown in Figure 5.1 is
modelled in the RZ plane which means that the esestion of the structure is

rotating around an axis of symmetry in the crosdige.

Figure 5.1: The cross-section of cable part whiohsist of defect 1
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Furthermore, after being modelled, all objectsha tross-section model have to be

assigned for their material properties which cdnsiis

* The high-voltage conductor is assumed as perfeuwior with the infinite

conductivity.

 The inner and outer semi-conductive screen is asduas material with the

conductivity 10° siemens/meter.

* The cable insulation is assumed as material wighréhative permittivity £)
2.25

* The joint insulation is assumed as material withrislative permittivity £) 3.
» The background is modelled as air with the relapiganittivity ) 1.

Investigation the effect of the presence of theedef in electric field behaviour is
applied by making a field plotting simulation foronmal situation without the
presence of defect and the situation with the mieseof three sizes of defect as

shown in Figure 3.12.
5.1.1 Electric Field Behaviour without Defect 1

Theoretically, the electric field behaviour in thable system follows the equation
(2.1) and the highest electric stress will be ledah the area close to the high-voltage
conductor while the lower stress will be locatedairea close to the outer semi-
conductive screen. The field plotting result fomslation without the defect at
voltage applied 28 kyax is shown in Figure 5.2. The voltage 28 k¥ is the PD
inception voltage (PDIV) for defect 1 size 15mm bising TE 571 PD detector.
Therefore this voltage level is used for the stilesgl in the simulation for normal

situation and different size of defect 1.

From the result of normal situation it can be shdtatt the electric field in the area
close to the outer semi-conductive screen wheraldfiect 1 will be created is up to
1.16 kV/mm. Figure 5.3 and 5.4 show the electetdfibehaviour for voltage applied
1Ug (122.5 kMeay and 1.74 (208.2 k\heay. When the defect presents in the form of
missing outer semi-conductive screen, the eleégld distribution changes and the
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field enhancement occurs in the edge of removed-senductive screen and results
in the surface discharge occurrence.
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0. 0000e+000

Figure 5.2: Electric field plotting for conditionitliout defect at 28 k.
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Figure 5.3: Electric field plotting for conditionithout defect at b/(122.5 KVeay
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Figure 5.4: Electric field plotting for conditionithiout defect at 1.7§)(208.2 kVea)
5.1.2 Electric Field Behaviour for Defect 1 Size 15mm

First size for defect 1 is 15mm of missing outanseonductive screen. The presence
of this defect disturbs the normal electric fieldhhviour in the cable system and
result in field enhancement at the edge of outeri-®enductive screen as shown in
Figure 5.5.
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Figure 5.5: Electric field plotting for defect 1zei 15mm at 28 kM
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It can be seen from the simulation result that gnesence of removed semi-
conductive screen results in field enhancementouft.62 kV/mm for the voltage
stress 28 K¥eak Figure 5.6 and 5.7 show the electric field bebawvifor voltage
applied 14 (122.5 k\fpeay) and 1.74 (208.2 k\peay).
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Figure 5.6: Electric field plotting for defect 1zei 15mm at b)(122.5 KVeay
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Figure 5.7: Electric field plotting for defect 1z&i 15mm at 1.73208.2 kVca)
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5.1.3 Electric Field Behaviour for Defect 1 Size 10mm

The effect of different size of defect 1 is invgated by reducing the size of defect 1
from 15mm to 10mm. The simulation result for vottagiress 28 kpaxis shown in
Figure 5.8.
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Figure 5.8: Electric field plotting for defect 1zei 10mm at 28 kM

The simulation result shows that at smaller sizdeféct 1, the field concentration no
longer occurs at the edge of semi-conductive scidewever, the electric field at the
edge of semi-conductive screen (1.36 kV/mm) is éighan normal condition. Figure
5.9 and 5.10 show the electric field behaviourvoltage applied 15)(122.5 k\jeay
and 1.74 (208.2 k\heay.
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E[¥/n]

9. 9366e+006
5. 9431e+006
7.9494e4+006
§.9557e+006
5.9621e4+006
4. 9684e+006
3, 9747e+006
| 2.9810e+006
2 1.3874e+006
9. 9368e+005
0. 00D0e+000

Figure 5.9: Electric field plotting for defect 1zei 10mm at b)(122.5 KVeay
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Figure 5.10: Electric field plotting for defect Dhm at 1.7 (208.2 KVeay
5.1.4 Electric Field Behaviour for Defect 1 Size 5mm

The last size of defect 1 to be investigated is Siaigure 5.11 shows the simulation
result for this size of defect 1 with the same agét applied (28 kpay.
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Figure 5.11: Electric field plotting for defect fize 5Smm at 28 k.«

It can be seen from the simulation result thatedect 1 size 5mm the electric field
distribution is relatively similar to the previosg&e of defect where there is no field
concentration at the edge of semi-conductive scréba electric field stress at the
edge of semi-conductive screen (1.24 kV/mm) is lotlean the previous size but still
higher than the normal situation. Figure 5.12 anti35show the electric field

behaviour for voltage applied 3(122.5 k\heay and 1.7 (208.2 K\feay.
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Figure 5.12: Electric field plotting for defect ize 5mm at Y(122.5 kVea)
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Figure 5.13: Electric field plotting for defect ize 5mm at 1.7§X(208.2 kVea)
5.1.5 Comparison of Simulation Result for Three Sizes of Defect 1

From the simulation results of defect 1 with th#edent size, it can be seen that by
applying the same voltage stress, the electrid feglhancement at the edge of outer
semi-conductive screen will decrease with the efzihe defect. Table 5.1 shows the

result of simulation for different size of defecatlseveral values of voltage stress.

Table 5.1

Electric Field for Different Situation of Defectat Different Voltage Stress

Voltage Stress Electric Field (kv/mm) for Each Condition
(kVpeak)
No defect Defect 5mm Defect 10mn Defect 15m
28 1.16 1.24 1.36 1.62
60 2.49 2.66 291 3.47
122.5 (W) 5.06 5.41 5.96 7.09
208.2 (1.7\) 8.61 9.19 10.13 12.04
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In order to the see the increase of electric fielthe cable system as a function of
applied voltage, a plot of electric field (kV/mngrfeach condition of cable system as

a function of stress voltage applied up to L ®shown in Figure 5.14.
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Figure 5.14: Plot of electric field as a functionltage applied for defect 1

It can be seen from this plot that the defectzZe Si5Smm produces much higher
electric field enhancement than in the case of 1Ganch5mm due to the presence of
field concentration at the edge of semi-conducteecen as discussed in section
5.1.2. However, at lower voltage stress there anallsdifferences in the field
enhancement for different size of defect 1 theeefile PDIV for different size of
defect 1 will probably occur at relatively the sanmtage stress. The increase of

electric field as function of voltage applied isegper for the bigger size of defect 1.
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5.2 Measurement Results by Using 50Hz AC Energizing and Conventional |EC
60270 PD Detection

PD measurements on cable system which consistefettdl are performed with the
test set-up as shown in Figure 4.8. Calibratioapglied to the test set-up regarding
PD measurement ipC as described in IEC 60270 standard. Before applyire
voltage, the noise level is measured and it wasitab@C. Measurement is done by
slowly increasing the voltage start from O kV td tfee PD inception voltage (PDIV)
and then PD measurement is applied at severalslesfeloltage with 2 minutes
duration for each voltage up to 60 M. The voltage applied was limited to 60
KVpeak due to the current limitation in the transformeeding cables. Plot of PD
magnitude in pC as a function of voltage applied@p0 k\peaxis shown in Figure
5.15.
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Figure 5.15: PD magnitude — voltage applied fori&s of defect 1

The PDIV for three sizes of defect 1 size was 28ckMor 15mm, 30 KVeax for
10mm and 31 kyeak for 5Smm. Therefore, it can be concluded that chemthe size
of defect 1 does not give significant change inWRhd the Figure 5.15 shows that
the increase of PD amplitude as a function of gates steeper for the bigger size of
defect 1. These occurrences confirm the resultleftec field — voltage applied

plotting simulation by using Ansoft.
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PD phase-resolved patterns for different sizesebéat are obtained by measuring at
certain level of voltage for 2 minutes durationgutie 5.16 until 5.18 show PD phase-

resolved patterns which observed at PDIV and 6Q.4Yor three sizes of defect 1.

et b At e

% 168 270 68 e

i bR A B e

Figure 5.18: PD pattern at 31 kVpeak (PDIV) foretdfl size 5mm

PD phase-resolved patterns for three sizes of tldfeshow that at PDIV, the

asymmetric PD phase-resolved patterns occur atimedaalf period of the 50Hz AC



Field Plotting Simulation and Experiment ResultsDefect 1 71

voltage cycle. Figure 5.19 — 5.20 show PD phasehred patterns for three sizes of
defect 1 which observed at 60 e\

Figure 5.19: PD pattern at 60 kM for defect 1 size 15mm

Figure 5.21: PD pattern at 60 k¥ for defect 1 size 5mm

It can be seen from Figure 5.19 — 5.21 that atdrigloltage the PD phase-resolved
patterns for defect 1 become symmetrical, occuro#t positive and negative period
of the 50Hz AC voltage cycle.
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5.3 Measurement Results by Using 400Hz DAC Energizing and Conventional
|EC 60270 PD Detection

PD measurements by using OWTS HV150 are performedsding test set-up as

depicted in Figure 4.9. The capacitance of thedbjgct in the form of 100m cable is
0.02 uF. By using fixed inductance 7.1 H, the restrirequency of the test circuit
according to equation 3.2 will be around 422Hz. lABasurements only applied to
two sizes of defect 1, 15mm and 5mm. Calibrationdascribed in IEC 60270

standard is applied to the test circuit before P@asurement. Before applying the
voltage, the noise level is measured and reachgC1¥%igure 5.22 and 5.23 show the

PD measurement at PDIV for 15mm and 5mm of defect 1
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Figure 5.22: PD measurement on defect 1 size 155kVpeak (PDIV)
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Figure 5.23: PD measurement on defect 1 size 5nith &V/peak (PDIV)
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For both sizes of defect 1, PDIV occurs at the saotge level, 25 k\:akand PD

magnitude is higher at the bigger size of defedHis occurrence confirms the result
of Ansoft simulation where the size of defect 1slaet give significant influence on
PDIV and the field enhancement is higher at biggee of defect 1. The results of PD

measurement on 60 kMare shown in Figure 5.24 and 5.25.
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Figure 5.24: PD measurement on 15mm defect 1 &v@@ak
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Figure 5.25: PD measurement on 5mm defect 1 aMgQuk

Furthermore, plot of PD amplitude as a functiorvaitage applied up to 60 kVaas
shown in Figure 5.26 is made to see the effectifbérént size of defect 1 in PD

amplitude as a function of applied voltage.
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Figure 5.26: Plot of PD amplitude as a functiorvoftage applied

It can be seen from Figure 5.26 that the increddeDoamplitude as a function of

voltage applied is steeper for the bigger sizeedéct 1.

5.4 Measurement Results by Using 50Hz AC Energizing and Un-Conventional
PD Detection

Un-conventional PD measurement has different agijdic than conventional PD

measurement as described in section 4.3.2. Theumasnt set-up is shown in
Figure 4.10. PD detection and measurement areegpfai Six sensor positions in the
cable accessories. The selection of centre frexyu@@F) for noise suppression is
very important, therefore “full span” of backgroundise and PD pulses from the
artificial defect 1 that detected by sensors w#él tompared up to 500MHz. Un-
conventional PD measurement was only applied to ©ne of defect 1 which is

15mm. Figure 5.27 — 5.32 show full spectra of backgd noise and signal up to 500
MHz. These spectra are obtained by making a sisgieep of frequency spectrum
from 0 MHz — 3 GHz of noise and PD signal. PD sigaabtained by applying 50

Hz AC voltage 60 kYeaxto the termination 1.
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Figure 5.27: Full spectra for internal sensor St fgrmination 1)
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Figure 5.29: Full spectra for internal sensor S3 j@nt)
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Figure 5.30: Full spectra for external sensor SiL.téamination 1)
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Figure 5.31: Full spectra for external sensor S2t@amination 2)
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It can be seen from the full spectra of noise agdas that internal sensors show
higher sensitivity than external ones. Based orsehfull spectra three selected
frequencies are selected for each sensor and R&rmmtre obtained by measuring
with 500 sweeps at 60 kb Figure 5.33 shows PD patterns for sensor S1 which

placed at termination 1 (approximately 90m fromdieéect 1).
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Figure 5.33: PD patterns for sensor S1 (at termioratl) at 60 Kysax

It can be seen that the internal sensors S1 shghehisensitivity than the external
sensors. The PD patterns show less PD pulses asunee due to large attenuation
of the high frequency PD pulses in distance of 9Bmure 5.34 shows PD patterns
for sensor S2 at termination 2 (approximately 1@omfthe artificial defect 1).
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Figure 5.34: PD patterns for sensor S2 (at termima2) at 60 kVpeak

Similar to the sensor S1, the internal sensors B2haplaced at the termination 2
show higher sensitivity than the external sensbhe PD patterns from sensors S2
show more PD pulses are recorded due to the shadidtance from the artificial

defect 1 that results in less attenuation. Figug® Shows results of PD patterns for

sensor S3 which located close to the joint.
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Figure 5.35: PD patterns for sensor S3 (at jointpa kVpeak

Sensor S3 which is located at the joint shows welined PD patterns due to close
distance between the sensor and the PD sourceethat in less attenuation of PD
pulses. This occurrence related to the large adteoru of the high frequency PD
pulses with the distance; therefore in the aftgmig test where the main interest is
the cable accessory, the sensor should be placedloas as possible to the
accessories. Figure 5.36 — 5.38 show the measutaewmiit at lower voltage stress

(35 kVpeay for the three centre frequency selection for essstsor.
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Figure 5.36: PD patterns for sensor S1 (at termimatl) at 35 kVpeak
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Figure 5.38: PD patterns for sensor S3 (at joirttB& k\feax

By applying lower voltage stress, the sensitivity um-conventional method is
decreased due to less PD occurs and only inteemslos S2 and S3 which placed
relatively close to the defect source can measanedobtained PD patterns. It can be
seen from Figure 5.37 — 5.38 that PD pattern obthifrom un-conventional
measurement with lower voltage applied (35, especially for internal sensor S2
and S3 show similar patterns with PD patterns abtaby using TE 571 PD detector
at low voltage stress which is asymmetric and aecliat negative half of the 50Hz

AC voltage cycle.
5.5 Conclusion

1. The field plotting simulation shows that by applyithe same voltage stress, the
electric field enhancement will decrease with time ©f the defect 1 and the
increase of electric field as function of voltaggpked is steeper for the bigger

size of defect 1.

2. PD measurements by using 50Hz AC energizing anderdional IEC 60270
PD detection show that changing the size of defedbes not give significant
change in PDIV and the increase of PD amplituda dsnction of voltage is

steeper for the bigger size of defect 1.

3. PD measurements by using 50Hz AC energizing andecdional IEC 60270 PD
detection show that at low voltage, the asymm@dRiic phase-resolved patterns
occur at negative half of the 50Hz AC voltage cywlgle at higher voltage the
PD phase-resolved patterns for defect 1 become symwal, occur at both

positive and negative period of the 50Hz AC voltagele.
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4. PD measurements by using 400Hz DAC energizing angentional IEC 60270
PD detection show that the size of defect doegyivat significant influence on
PDIV and the increase of PD amplitude as a functbrvoltage applied is
steeper for the bigger size of defect 1. The fuisible PD pulses occur a
negative half of DAC voltage.

5. PD measurements by using 50Hz AC energizing andonnentional PD
detection show that the internal sensors have higbasitivity than external
ones. Well-defined PD patterns are obtained ifpgb&tions of sensors are close
to the PD source due to less attenuation of higguency PD pulses. In case of
the after-laying test where the main interest icaile accessories due to the
possible presence of installation defects, themestsould be placed as close as
possible to the cable accessories.

6. For un-conventional method, at lower voltage str@ssind PDIV, PD pattern
only obtained from internal sensors which placddtireely close to the defect
source. PD patterns obtained from un-conventiorethod shows similar result
with PD patterns obtained from conventional methxydusing TE 571 PD

detector for both lower and higher voltage applied.






CHAPTER 6
Field Plotting Simulation and Experiment Resultsfor
Extra Semi-conductive Screen Defect

The second artificial defect used for the invesiayais extra semi-conductive screen
in the cable joint as shown in Figure 3.13. Thiffiaral defect is considered as defect
2 for further discussion. This chapter describesdffiect of the defect 2 and its size in
the field enhancement inside the cable system &hddeurrence due to the presence
of this defect. PD measurement results by usirfgréift energizing and PD detection

methods for the critical size of defect 2 are pnése in this chapter.
6.1 Field Plotting Simulation Resultsfor Defect 2

As in the case of defect 1, the Ansoft version & WMaxwell 2D Student Version
(SV) is used to simulate the electrostatic fieltidgour due to the presence of defect
2 in the cable system. Figure 6.1 shows the cresSesm of cable part consists of
defect 2 which modelled in the RZ plane similatite simulation of defect 1.

Joint
" insulation

semiconductive . ¥ 0t T
sCreel . . . . . . . . . . . . . . . .

Cable insulatio

Conducto

Figure 6.1: The cross-section of cable part whiohgist of defect 2

Material properties which are used in simulation deffect 1 are also used for
modelling the defect 2. The defect 2 is assumedahagckness of 1.1mm and 40mm

length.
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Investigation the effect of electric field behaviom the cable system due to the
presence of the defect 2 and its size is appliednbiking a comparison of electric
field plotting for normal situation without the @et 2 and the situation with the

presence of defect 2 for several sizes.
6.1.1 Electric Field Behaviour without Defect 2

The radial electric field behaviour in the cablestsyn is not uniformly distributed

which is determined by the equation (2.1) wherehighest electric field presents at
the area close to the high-voltage conductor wihiéelower electric field occurs at
area close to the outer semi-conductive screehneotable.

In order to see the effect of defect 2 in the cadbilet, the comparison of of normal
situation without defect 2 and condition with thefett 2 for several voltage stresses
are made. Figure 6.2 — 6.4 show the result of mtefield plotting simulation for
normal condition for voltage stress 30 k¥ 122.5 kVfeak (1Up) and 208.2 kVeax
(1.7W).
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Figure 6.2: Electric field plotting for conditionitliout defect 2 at 30 kM«
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Figure 6.3: Electric field plotting for conditionithiout defect 2 at §J(122.5 kVea)
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Figure 6.4: Electric field plotting for conditionithiout defect 2 at 1.74(208.2 k¥ea)

It can be seen from the simulation for normal ditwathat the electric field in the
area where the defect 2 will be presented are duite The electric field for normal
situation at 30 KWeak 122.5 k\eakand 208.2 k¥eax are approximately 1.24 kv/mm,
5.06 kV/mm and 8.61 kV/mm respectively. The preseotdefect 2 in the form of
extra semi-conductive screen at the boundary betvesdle insulation and joint
insulation will change the electric field distribpt and results in the field
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enhancement at the end of the defect 2, similahéodefect 1. In order to see the
effect of the size of defect 2, several simulatiansdifferent size of defect 2 are
applied.

6.1.2 Electric Field Behaviour for Defect 2 Size 10mm

As described in chapter 3, the presence of exira-senductive screen in the cable
joint changes the normal electric field and resulthe field enhancement at the edge
of extra semi-conductive screen. First size of clefeto be simulated is 20mm and
the starting point of this defect is at the traositpoint between the end of semi-
conductive screen and the start of stress cone.r@hdt of electric field plotting
simulation for voltage stress 30 j4is shown in Figure 6.5.
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Figure 6.5: Electric field plotting for defect 2zei 10mm at 30 kM

The simulation results shows that the presencefaicti 2 changes the normal electric
field distribution in the cable joint and field cmentration occurs at the edge of extra
semi-conductive screen and reached 1.54 kV/mmr€&igs and 6.7 show the electric
field behaviour for voltage applied 3(122.5 k\feay and 1.744 (208.2 k\peay.



Field Plotting Simulation and Experiment ResultsDefect 2 89

E[V/u]

1.5085e4007
1.3828e+007
1.2571e4007
1.1314e4007
1.0057e+007
8., 7995e+006
7. 542424006
6. 2653e+006
5. 0283e+006
3.7712e4008
Z.514le+006
1.2571e+006
0. 0000e+000

u

il

m

Figure 6.6: Electric field plotting for defect 2zei 10mm at b)(122.5 KVeay
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Figure 6.7: Electric field plotting for defect 2zei 10mm at 1.74(208.2 KVea)
6.1.3 Electric Field Behaviour for Defect 2 Size 20mm

The effect of different size of defect 2 is invgatied by increasing the size of defect 2
from 10mm to 20mm. The simulation result for def2dize 20mm at voltage stress

30 KVpeakis shown in Figure 6.8.
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Figure 6.8: Electric field plotting for defect 2zei 20mm at 30 kM

The simulation result shows that the longer sizadefiect 2 produces higher field
enhancement at the edge of semi-conductive scréghweached 1.68 kV/mm for
voltage stress 30 k¥« Figure 6.9 and 6.10 show the electric field bévavfor
voltage stress 1§4122.5 k\feay) and 1.7 (208.2 k\peay).
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Figure 6.9: Electric field plotting for defect 2zei 20mm at §J(122.5 kVeay)
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Figure 6.10: Electric field plotting for defect e 20mm at 1.7§X208.2 KVca)
6.1.4 Electric Field Behaviour for Defect 2 Size 30mm

Furthermore, the size of defect 2 is increasedtarB to see the effect if the defect 2
becomes longer. Figure 6.11 shows the simulatisoltrdor defect 2 size 30mm at
applied voltage stress 30 kM
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Figure 6.11: Electric field plotting for defect 6 30mm at 30 kW«
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It can be seen that the extension of defect 2 tesul higher electric field
enhancement at the edge of extra semi-conductiveescwhere it reaches 1.84
kV/mm for voltage stress 30 kVae Figure 6.12 and 6.13 show the field plotting
simulation for voltage applied 1122.5 k\beay and 1.74 (208.2 K\peay.
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Figure 6.12: Electric field plotting for defect e 30mm at b)(122.5 kVeay
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Figure 6.13: Electric field plotting for defect e 30mm at 1.7§X208.2 KVca)
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6.1.5 Electric Field Behaviour for Defect 2 Size 40mm

The last size of defect 2 for investigation is 40niihe field enhancement due to this

size of defect 2 for voltage stress 3Gk¥is shown in Figure 6.14.
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Figure 6.14: Electric field plotting for defect 68 40mm at 30 kW«

The simulation result shows similar trend as presisimulation that the increase of
the size of defect 2 results in the higher fieltiamcement at the edge of extra semi-
conductive screen. Figure 6.15 and 6.16 show stmulaesults of defect 2 size
40mm for voltage applied 1J{122.5 k\feay) and 1.74 (208.2 K\peay.
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Figure 6.15: Electric field plotting for defect e 40mm at §J(122.5 KVeay
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Figure 6.16: Electric field plotting for defect e 40mm at 1.7§X208.2 KVca)
6.1.6 Comparison of Simulation Result for Four Sizes of Defect 2

Field plotting simulation for different size of @&t 2 shows that the size of the defect
determines the electric field enhancement at tlge efl extra semi-conductive screen.
The field enhancement will increase with the sizéhe defect 2. Table 6.1 shows the

result of simulation for different size of defeca@several values of voltage stress.
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Table 6.1

Electric Field for Different Situation of Defecta Different Voltage Stress

Voltage o o
Electric Field (kvV/mm) for Each Condition
Stress
(KV pea No defect Defect 10mm  Defect 20mm Defect 30mm  Dief®onm
30 1.24 1.54 1.68 1.84 2.02
122.5 () 5.06 6.28 6.86 7.52 8.23
208.2 (1.7) 8.61 10.68 11.65 12.78 13.98

The plot of electric field as a function of voltaggess up to 1.74for different size

95

of defect 2 is shown in Figure 6.17. The valueleteic field without the defect 2 is

taken from the electric field which occurred at theundary between the cable

insulation and the joint insulation where the deteavill be presented. It can be seen

that the presence of the defect 2 results in higttrec field on the boundary between

cable and joint insulation and the field enhancensehigher for bigger size of defect

2. Similar to the defect 1, the increase of eledtald as function of voltage applied is

steeper for the bigger size of defect 2.
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Figure 6.17: Plot of electric field as a functioaltage applied for defect 2
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It can be concluded from the result of field plogtiof defect 2 that the situation will
be more critical for longer size of defect 2 duehigher electric field enhancement.
Therefore the defect 2 size 40mm is constructethattest set-up as depicted in
Figure 3.13 for the investigation by using diffeareanergizing and PD detection

methods.

6.2 Measurement Results by Using 50Hz AC Energizing and Conventional |EC
60270 PD Detection

As in the case of defect 1, PD measurement on t2feize 40 mm by using TE 571
PD detector is performed by using test set-up asvshin Figure 4.8. Calibration
based on IEC 60270 standard is applied before PBAsummement is started. PD
measurement is performed by slowly increasing phied voltage stress to find the

PDIV where the PD starts to occur.

It was found that no PD occurs in the cable systgtim voltage stress up to 60 kM«
which is applied for approximately 1 hour and tieereased up to 80 k¥afor short
duration. The voltage stress is limited due to enirdimitation in feeding cable of
transformer and transformer itself. Plot of PD maglte in pC as a function of

voltage applied up to 80 k¥akis shown in Figure 6.18.
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Figure 6.18: PD magnitude — voltage applied foreae¢f2 by using TE 571

The measurement result for voltage stress 8QkWith 2 minutes duration is shown
in Figure 6.19.
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Figure 6.19: Measurement results at 8Q.kMoy using TE 571

6.3 Measurement Results by Using 400Hz DAC Energizing and Conventional
|EC 60270 PD Detection

PD measurement by using 400Hz DAC energizing amyexational IEC 60270 PD
detection is performed by using OWTS HV150 with tbst set-up as shown in Figure
4.9. The resonant frequency of the test circuit wesund 421Hz. Calibration as
mentioned in IEC 60270 standard is applied to ths&t tircuit before the PD
measurement is started. By using 0 kV DAC shot,rtbise level is measured and
reached 10 - 15 pC. The measurement is performeghjplying 2 DAC shots for each
5 kV step up to 80 kMax Figure 6.20 shows the plot of PD amplitude asretion of
voltage applied up to 80 kVak
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Figure 6.20: Plot of PD amplitude as a functiorvoftage applied up to 80 kM«

The measurement result shows similar result asemigus measurement with TE 571
PD detector where no PD occurs up to voltage s8@38/,ca Figure 6.21 shows PD

measurement results at 80\
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Figure 6.21: PD measurement on defect 2 at 8QkV
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6.4 Measurement Results by Using 50Hz AC Energizing and Un-Conventional
PD Detection

The un-conventional measurement is performed bggugest set-up as shown in
Figure 4.10. Based on the measurement results Ti6r871 PD detector and OWTS
HV150 that no PD obtained from the defect 2 theeefthe un-conventional PD
measurement is applied only at the internal se88awhich is considered as the most

sensitive sensor due to the shortest distance thherdefect 2.

Similar to the defect 1 measurement, the “full Spahbackground noise and PD
pulses from the artificial defect 2 are obtainedifdernal sensor S3 to determine the
centre frequency (CF) for PD measurement. Figud® &hows full spectra of
background noise and signal for internal sensou®8 500 MHz. Noise spectrums
is measured without voltage applied while PD spmetis obtained by applying 5S0Hz
AC voltage 60 k¥Yeaxto the termination 1.
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Figure 6.12: Full spectra of noise and signal fotarnal sensor S3 (at cable joint)

It can be seen that the full spectra of noise ddd&iBnal are relatively same due to no
PD occurrence in the cable joint consists of defestze 40mm. Figure 6.13 shows

PD pattern obtained at 30 MHz with 500 sweeps nreasent.
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Figure 6.13: PD pattern at 30 MHz for internal sen$3 at 60 K.«

As in conventional measurement, there is also nddidd by the un-conventional
PD detection for the defect 2.

Measurements on defect 2 by using different engrgiand PD detection methods
show that the presence of the defect 2 does nalupeoPD up to relatively high
voltage stress applied. This phenomenon is coniplelifferent than the defect 1
which produces relatively intensive PD for low agé stress applied. The difference
is related to the higher breakdown strength ofedieic combination in the case of
defect 2 than in the case of defect 1. In the oaskefect 1, there is solid-air dielectric
interface which has low breakdown strength thardssilid dielectric interface in the
case of defect 2. Furthermore, the presence ofnathe interface between cable
insulation and joint insulation in case of defeas 2estricted by the elastic properties
of synthetic rubber of joint insulation and the w$dezacuum pump when inserting the
cable end into the joint body. However, the simalatesults show that this defect
produce a field enhancement that probably prod&&sctivities for higher voltage
applied. Therefore, PD measurement at higher wl&gplied, e.g. 1.74Jas in the

case of voltage withstand test is necessary.
6.5 Conclusion

1. Field plotting simulation for different size of @&t 2 shows that the size of the
defect will determine the electric field enhancem&hich occurs at the edge of
extra semi-conductive screen. The field enhancemeéhincrease with the size
of the defect 2.
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2. PD measurements on defect 2 size 40mm by usingreiit energizing and PD
detection methods show that no PD occur up toivelgt high voltage stress
applied.

3. The defect 2, extra semi-conductive screen, iscatdd as less critical than the
defect 1 due to the higher breakdown strength elediric combination in the
case of defect 2. In the case of defect 2, theepuas of air in the interface
between cable insulation and joint insulation stnieted by the elastic properties
of synthetic rubber of joint insulation and the uskevacuum pump when
inserting the cable end into the joint body.

4. Even though there was no PD activity up to 80,k the simulation results
show that the defect 2 produces field enhancenteattdrobably results in PD
activities for higher voltage applied, therefore RReasurements at higher
voltage applied, e.g. 1.3ls in the case of voltage withstand test for dégng

test is necessary.






CHAPTER 7
Field Plotting Simulation and Experiment Resultsfor
Electrode-Bounded Cavity Defect

The last artificial defect for the investigation etectrode-bounded cavity between
cable insulation and outer semi-conductive screethe area close to the cable joint
as shown in Figure 3.15. This artificial defectcmnsidered as defect 3 for further
discussion. In this chapter the result of fieldtjphgy simulation for condition without
and with the presence of defect 3 in the cableegysind the PD measurement results

by using different energizing and PD detection rodthare presented.
7.1 Field Plotting Simulation Resultsfor Defect 3

Similar to the defect 1 and 2, the Ansoft versiod & Maxwell 2D Student Version
(SV) is used to investigate the electrostatic fielhaviour due to the presence of
defect 3 in the cable system. Figure 7.1 showstbgs-section of cable part consists
of defect 2 which modelled in the RZ plane simitathe case of defect 1 and 2.

e Joint
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screel . .o Stress cor . s
2 ® o oTw £
e
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Figure 7.1: The cross-section of cable part whiohsist of defect 3

The simulation model for the defect 3 has equalenmtproperties as used in model
for the defect 1 and 2. The defect 3, electrodentded cavity, is assumed filled by air

with the relative permittivityd) equal to 1 and has a dimension of 20mm length and
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1mm depth. In real test set-up, the defect 3 ishmmore complicated in dimension
since it made by scratching the cable insulatioth #wen covering it with the copper

tape.

Investigation the effect of electric field behavion the cable system due to the
presence of the defect 3 is applied by making apawsison of electric field plotting
for normal situation without the defect 3 and titaaion with the presence of defect
3.

7.1.1 Electric Fied Behaviour without Defect 3

As already discussed in section 5.1.1, the radiatrec field behaviour in the cable
system is not uniform and the highest electricsstreill be located in the area close to
the high-voltage conductor while the lower stredl$ lve located in area close to the
outer semi-conductive screen as depicted in Figw2e The PDIV for defect 3 was
found at 50 k¥eakfrom the PD measurement by using TE 571 PD deteTherefore
this voltage stress is used for the comparisonieddl fplotting simulation for both
situations, normal and with the presence of de8cthe field plotting result for
simulation without the defect 3 at voltage appltkVyeakis shown in Figure 7.2.
Simulation for normal situation shows radial fietlistribution as described by

equation (2.1).

Figure 7.3 and 7.4 show the electric field behawifmu voltage applied 1§J(122.5
KVpeay and 1.7 (208.2 k\heay. When the defect occurs in the form of electrode-
bounded cavity, the electric field distribution agas and the electric field inside the
cavity will much higher than the electric field fast part of cable insulation. If this
field enhancement is higher than the breakdowmgtheof gas inside the cavity then
the breakdown of gas will occur and produce PDegsaithat can be measured by PD

detector.
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Figure 7.3: Electric field plotting for conditionithout defect 3 at §)(122.5 kVea)

© 5.1693e+006

E[¥/n]

5. 6863e+008

4,6524e+006
4.1355e+006
3.6185e+006
3.1016e+006
2.5847e+006
2.0677e+006
1.5508e+006
1.0339e+008
5.1693e+005
0.0000e+000

E[¥/n]

1.3931e+007

- 1.2665e+007
- 1.1398e+007

1.0132e+007
&.8654e+008
7.58589e+006
6.3324e+006
5.0660e+006
3.7995e+006
2.5330e+006
1.2665e+008
0.0000e+000




Field Plotting Simulation and Experiment ResultsDefect 3 106

E[¥/n]

2.3678e+007
| Z2.1525e+007
1.9373e+007
1.7220e+007
1.5068e+007
1.2915e+007
1.0763e+007
§.6101e+006
6.4575e+006
4. 3050e+006
Z.1525e+006
0.0000e+000

| U

Figure 7.4: Electric field plotting for conditionithout defect 3 at 1.7§4208.2 k¥eay
7.1.2 Electric Field Behaviour with the Presence of Defect 3

The presence of air-filled cavity in the cable ilasion will change the normal electric
field distribution in the cable insulation. As ady described in chapter 3, the electric
field inside the cavity will be higher than the mumding cable insulation due to
lower dielectric constant of air inside the cauityan the dielectric constant of cable
insulation. The result of electric field plottingrailation for voltage stress 50 kdx

is shown in Figure 7.5.
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Figure 7.5: Electric field plotting for defect 3 80 k\jeax
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The simulation result at voltage stress 5¢&MPDIV) where the PD starts to occur,
shows that the presence of defect 3 changes tmeah@lectric field distribution in
the cable insulation and the highest electric feditlancement occurs inside the cavity
in the range of 3.94 - 4.59 kV/mm.

According to [3], the Paschen curve as shown inufeig8.3 is valid to describe the
breakdown strength of small cavities in solid iasiein with pressure times distance,
(p.d) up to 5 atm.mm. By using Paschen curve, teakaown strength of air-filled
cavity with Imm distance between electrodes andnasd has pressure 1 atm will be
around 3 kVndmm or 4.24 k\eadmm. This value verifies the result of electricldie

enhancement in the simulation at voltage stredevag. (PDIV).

The Townsend breakdown mechanism will play a roletie case of defect 3 with
the condition of pressure times distance less thatm.mm [3]. In this mechanism,
the cathode material will play an important role feleasing new electrons from
feedback mechanism by positive ions or photonsthEumore, the transition from
Townsend to Streamer mechanism in electrode boundeities will occur which
controlled by the overvoltage where the space @éngt determines the streamer

mechanism is prevailed [26].

A closed cavity has a special PD characteristia &snction of time where the PD
pulses tend to decrease or disappear with longidaraf voltage stress applied. This
phenomenon related to the reduction of overvolthgeto sufficient supply of initial
electrons [27] and the increase of conductivitytted cavity surface that shield the
cavity interior from the electric field [28]. Figar7.6 and 7.7 show the electric field
plotting simulation for voltage stress d{122.5 k\fea) and 1.74 (208.2 K\jeay).
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Figure 7.6: Electric field plotting for defect 3 bl (122.5 KVea)
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Figure 7.7: Electric field plotting for defect 3 &t7U, (208.2 k¥eay

The plot of electric field as a function of voltaggplied up to 1.7b for both
situations, with and without defect 3, is showrFigure 7.8. It can be seen from this
plot that the field enhancement in the cavity isadoe times higher than the normal
field in the dielectric.
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Figure 7.8: Plot of electric field as a functionltame applied for defect 3

7.2 Measurement Results by Using 50Hz AC Energizing and Conventional |EC
60270 PD Detection

Similar to the case of defect 1 and 2, PD measumtsvi®y using TE 571 PD detector
are performed with the test set-up as shown inrEigu8. Calibration as described in
IEC 60270 standard is applied to the test set-Upréeghe PD measurement. The
noise level is measured without voltage applied anm@ached the value of 5 pC.
Measurement is done by slowly increasing the veltsigirt from 0 kV to get the PD
inception voltage (PDIV) and then PD measuremeapjgied for 2 kV voltage step
with 2 minutes duration for each voltage up to &Qd Voltage stress is limited to
60 KkVpeak due to current limitation in feeding cable of s&rmer. Plot of PD
magnitude in pC as a function of voltage appliedap0 kVpeak is shown in Figure
7.9.
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Figure 7.9: PD magnitude — voltage applied for @&fé by using TE 571

The PDIV from TE 571 PD detector measurement wasdoat 50 K\eax PD
measurement is done by increasing the voltage &0 tVyeae In the early stage, the
PD amplitude is increasing by increasing the vatagess but at 60 k). the PD
amplitude was decreasing. This phenomenon is tetat¢he PD characteristic of the
closed cavity where the PD pulse tends to decraaseen disappear by long duration
of voltage applied.

Similar to the measurement of defect 1 and 2, Pasghiesolved patterns for defect 3
are obtained by measuring at PDIV up to 6Q,dVwith 2 kV step for 2 minutes
duration for each step. Figure 7.10 until 7.12 siiWwphase-resolved patterns which
observed at PDIV, 54 k¥acand 60 k\jeakfor defect 3.

Figure 7.10: PD pattern at 50 kM (PDIV) for defect 3
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Figure 7.11: PD pattern at 54 kM for defect 3

Figure 7.12: PD pattern at 60 k\,for defect 3

PD phase-resolved patterns for defect 3 show tHaD&/ and higher voltage applied,
the symmetric PD phase-resolved patterns occuotht fositive and negative period

of the 50Hz AC voltage cycle.

7.3 Measurement Results by Using 400Hz DAC Energizing and Conventional
|EC 60270 PD Detection

PD measurements by using OWTS HV150 are performedsdnng test set-up as
shown in Figure 4.9. The resonant frequency ofRBemeasurement will be around
412Hz. Calibration as mentioned in IEC 60270 steshdapplied to the test circuit
before the PD measurement is started. By using MR shot, the noise level is
measured and reached 15 pC. Figure 7.13 showsloheofpPD amplitude as a

function of voltage applied up to 150kM
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Figure 7.13: Plot of PD amplitude as a functiorvoftage applied up to 150 kM«

The measurement is done by applying 2 DAC shoteé&mh voltage with step of 2
kV. The PDIV from OWTS measurement was found ak¥geax This value is higher
than PDIV found by using TE 571 PD detector. THiemomenon is related to the
different type of voltage stress between continudGs50Hz and DAC voltages. For
DAC voltage, the object is stressed only tempoyatilring short times. This short
and decreasing field stress result in high inceptielay time for PD to occur due to
restricted of electron avalanche development initgayn higher voltage stress
applied this phenomenon will less significant fa Bccurrence. The high resonant
frequency of DAC also influences the increase inWBs the probability of PD
events is smaller at higher frequency [14]. Thetskiness of DAC voltage and small
number of DAC shots also result in varying of PDpéitude during measurement due
to the stochastic process of PD occurrence. Figudel and 7.15 show PD
measurement results at PDIV (64&M and 150 KVeak
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Figure 7.14: PD measurement on defect 3 at 64 k{PDIV)
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Figure 7.15: PD measurement on defect 3 at 15Q.kV

7.4 Measurement Results by Using 50Hz AC Energizing and Un-conventional
PD Detection

The measurement set-up used for un-conventionahodets shown in Figure 4.10.
Similar to the measurement for defect 1 and 2, R2daion and measurement are
applied to six sensor positions in the cable acoess The “full span” of background
noise and PD pulses from the artificial defect 8 areasured for all sensors to
determine the centre frequency (CF) for PD measenéntigure 7.16 — 7.21 show
full spectra of background noise and signal forsaghsors up to 500 MHz. These

spectra are obtained by making a single sweegeqtigncy spectrum from 0 MHz — 3
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GHz of noise and PD signal measured for each sehiose is measured without

voltage applied while PD signal is obtained by g 50 Hz AC voltage 60 k)ax

to the termination 1.
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Figure 7.16: Full spectra of noise and signal fotdérnal sensor S1 (at termination 1)
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Figure 7.17: Full spectra of noise and signal fotdérnal sensor S2 (at termination 2)
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Figure 7.18: Full spectra of noise and signal fotarnal sensor S3 (at joint)
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Figure 7.19: Full spectra of noise and signal faternal sensor S1 (at termination 1)
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Figure 7.20: Full spectra of noise and signal faternal sensor S2 (at termination 2)
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Figure 7.21: Full spectra of noise and signal faternal sensor S3 (at joint)

It can be seen from the full spectra of noise agdas that the difference between the
noise and signal are relatively small. It relateghe small PD amplitudes that are
produced from the defect 3 as measured by TE 57td¥€ctor. Based on these full
spectra three selected frequencies which have $igyial-to-noise ratio are selected
for each sensor and PD patterns are obtained bgumeg with 500 sweeps at 60
KV peake Figure 7.22 shows PD patterns for sensor S1 wpiabed at termination 1

(approximately 90m from the defect 3).
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Figure 7.22: PD patterns for sensor S1 (at termioratl) at 60 Kysax

The internal sensors S1 show higher sensitivity ttiee external sensors. The PD
patterns show less PD pulses are measured duage #tenuation of the high
frequency PD pulses in distance of 90 m. Figur& 6tibws PD patterns for sensor S2

at termination 2 (approximately 10m from the actdl defect 3).
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Figure 7.23: PD patterns for sensor S2 (at termioa2) at 60 Kyeax

Similar to the sensor S1, the internal sensors Bizhaplaced at the termination 2
show higher sensitivity than the external sens®te PD patterns obtained from
internal sensors S2 show more recorded PD puls@sSh due to the shorter distance
from the PD source to the sensors that resultssis dttenuation of high frequency PD
pulses. Internal sensors of S2 show that the PEmpabccurs at both positive and
negative half voltage cycle whereas more PD recbatenegative half cycle of AC

voltage. Figure 7.24 shows results of PD pattesnsénsor S3 which located close to

the cable joint.
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Figure 7.24: PD patterns for sensor S3 (at joirtp8 K\jeax

PD patterns from sensor S3 show that sensor SBiglsr sensitivity than sensor S1
and S2 where PD patterns from sensor S3 are oftéandoth internal and external
ones due to close distance between the sensorh@mD source that results in less
attenuation of high frequency PD pulses. Similathi defect 1, in the case of after-
laying test where the main interest is the cabtessory, the sensor should be placed
as close as possible to the accessories due ® ddétgnuation of the high frequency
PD pulses with the distance. Similar to the otresrssrs, PD pattern occurs at both

half period of voltage cycle and more PD recordeagegative half of voltage cycle.
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7.5 Conclusion

1. The field plotting simulation for defect 3 showsathhe presence of electrode-
bounded cavity results in field enhancement inidecavity which is equal to
times higher than normal field. In the case of gawith 20mm length and 1mm
depth, the breakdown voltage of gas inside thetgdoilows the Paschen curve

where PD starts to occur in voltage stress 5.4/

2. PD measurements by using 50Hz AC energizing andecdional IEC 60270 PD
detection results in low PD amplitude. The PD atadke was increasing by
increasing the voltage but it tends to decreaséofager voltage application due
to the PD characteristic of the closed cavity whbeePD pulse tends to decrease
by long duration of stress voltage applied. PD phasolved patterns for defect
3 show that at PDIV and higher voltage applied, syenmetric PD phase-
resolved patterns occur at both positive and negateriod of the 50Hz AC

voltage cycle.

3. PD measurements by using 400Hz DAC energizing angentional IEC 60270
PD detection found that the PDIV was higher tham\thlue obtained by using
50Hz AC energizing and conventional IEC 60270 PDiect®on. This
phenomenon is related to the shorter stress doraimd higher frequency
resonant of the DAC voltage. The short stress o€DAltage and small number
of DAC shots also result in varying of PD amplitutl@ing measurement due to

the stochastic process of PD occurrence.

4. It was quite difficult to determine the best cerfiequency for un-conventional
PD measurement duo to the relatively small diffeeehetween the full spectra
of background noise and PD signal. It relates ¢ostimall PD amplitudes that are

generated from the defect 3.

5. The internal sensors have higher sensitivity theeraal ones and the distance
of the sensor from the PD source determines thenwdtion of the high
frequency PD pulses. Therefore in the after-layesg where the main interest is
the cable accessories due to the probability ofitk&llation defect, the sensor

should be placed as close as possible to the aabéssories.






CHAPTER 8
M easur ement | ssues for Un-conventional
Partial Discharge Detection Method

The use of un-conventional PD detection becomesenoteresting due to its

advantage on on-site PD measurement with the preseh high external noise.

Unlike the conventional PD detection which alreathndardized in IEC 60270, there
is no standard available for the use of un-conweali PD detection. There are many
factors that can influence the un-conventional PEasarement due to the complex
situation which can determine the PD signal propagand detection. In this chapter
the effect of external sensor position and the gdmg configuration of cable earth

connection in un-conventional PD detection are gartsl.
8.1 Different Position of External Sensor

The first measurement issue is the effect of eslesansor position in the cable earth
wire. In practical situation it will be difficultat put the external sensor as close as
possible to the cable accessories due to construattasons. Regarding this
investigation, the earth wire of each accessorhatest set-up shown in Figure 4.1

was extended up to 6m as depicted in Figure 8.1.

Calibrator
{500 pC)
oo
== Termination 1 Termination 2 ==
External = External
Sensor S1 —» 4— Sensor 52
(0m) (0m)
External External Ext 1
External erma
S <3
Sensor 51 —» {semnfur Sn:::sar 53 +— Sensor 52
(6m) ) L (6m)

Figure 8.1: Test set-up with different positioregfernal sensor
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Measurement was done by applying charge injectifh@ from the calibrator to the
termination 2 and then full spectra are obtainesnfr2 positions (Om and 6m) for
each external sensor of cable accessory as shovigure 8.1. Noise for each
position of external sensor also measured and phenof full spectra of noise and
charge are made up for frequency 6 - 200 MHz aw/sho Figure 8.2 — 8.4. Figure

8.2 shows full spectra of noise and injected chatgained by external sensor S1.

70 . ; : . . ; . ‘ . . : . | MHz
21 3% 51 66 81 9 111 126 141 156 171 186 201

-80

-100

Figure 8.2: Full spectra of noise and injectionrsid for sensor S1 (at termination 1)

It can be seen that for external sensor S1 whiabeol about 100m from the injection
terminal, there are not many significant differermween the spectrum of signal
measured by sensor position Om and 6m. Figure [&®%s the full spectra of noise

and signal from calibrator for external sensor S2.
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Figure 8.3: Full spectra of noise and injectionrsid for sensor S2 (at termination 2)

The full spectra of injected charge from calibrasbows that for external sensor S2

which placed at termination 2 where the calibrasoconnected, at certain range of

frequency (30 MHz — 120 MHz) there are significatifferent for the signal

amplitude between Om and 6m of external sensortiposiFigure 8.4 shows full

spectra of noise and signal for sensor S3 whicteplat cable joint.
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Figure 8.4: Full spectra of noise and injectionrsadfor sensor S3 (at joint)
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The spectrum obtained from external sensor S3 htecppint shows different
behaviour than other spectrum obtained from tertiuina. However, the effect of

external sensor position can be seen at small raihfgequency (60 MHz — 80 MHz).

By comparing these three spectra from all senstocen be seen that the presence of
power cable has a large influence on the signahattion starting from frequency 80
MHz and the external sensor S3 has different metecgve coupling as external
sensor S1 and S2. Furthermore, the different postdf external sensor at earth wire
of cable accessory has an influence in the sigma@haation, the longer the distance
the higher the attenuation. This fact becomes itaporfor on-site measurement
where the access for the earth wire is at the iokes which can have quite long
distance from the accessory itself that resultess sensitivity of un-conventional PD

measurement.
8.2 Different Configuration of Earth Wire Connection in Cable Joint

The second measurement issue for the investigasothe effect of different

configuration of earth wire connection in the cgblat. Regarding this investigation,
the calibrator is connected to termination 2 arltidpectra of 1 nC charge injection
from the calibrator are obtained for four differamtnfigurations of the cable earth

wire connection in the cable joint.
8.2.1 Configuration A

First configuration is shown in Figure 8.5. Thisthe standard configuration for the
cable earth wire connection in the cable joint.uFéy8.6 shows the full spectra of

noise and charge injection up to frequency 500 MHz.
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Figure 8.6: Full spectra of noise and injectionrsad for configuration A
8.2.2 Configuration B

Figure 8.7 shows the configuration B. In this cgafation the connection of earth
wire from both sides of joint was disconnected #rm&h one of the cable earth wires
where the external sensor was placed is grounddd thile other is left floating.



Measurement Issues for Un-conventional PD Detection

127

Termination 1

Termination 2 ;

Joint

=

-S-

External
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Figure 8.7: Configuration B for earth wire connemtiin the cable joint

Figure 8.8 shows the full spectra of noise andgdamjection obtained from external

sensor in configuration B up to frequency 500 MHz.
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Figure 8.8: Full spectra of noise and injectionrsid for configuration B
8.2.3 Configuration C

The configuration C is similar to the configuratiBnwhere the difference is that the
grounding of cable earth wire and the external sengere applied at opposite
position of the cable joint as shown in the FigBi@
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i
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w1111

Joint

External Sensor
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Figure 8.9: Configuration C for earth wire conneattiin the cable joint

Figure 8.10 shows the full spectra of noise andrgghanjection obtained from
external sensor in the configuration C up to fregquye500 MHz.
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Figure 8.10: Full spectra of noise and injectiogrsal for configuration C
8.2.4 Configuration D

The last configuration of earth wire connection wasplied by connecting the
standard configuration A to the earth as showngure 8.11.
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Figure 8.11: Configuration D for earth wire connixt in the cable joint

Figure 8.12 shows the full spectra of noise andrgshanjection obtained from
external sensor in configuration D up to freque589 MHz.
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Figure 8.12: Full spectra of noise and injectiogrsal for configuration D

The full spectra of different configurations of #awire connection in the cable joint
shows a similar pattern in the full spectra ofithjected charge. The grounding of the
earth wire connection in the cable joint (configima B, C and D) results in higher
frequency spectra in the frequency range 60 — 72 MH

8.3 Capacitive Coupling between External Sensor and Earth Wire

In this issue the effect of the capacitive couplihgt presents between the external
sensor and the earth wire while the sensor is ttatfeed around the earth connection
of the power cable accessory is investigated. fliestigation is applied on the earth
connection of the termination 2 while the calibrais connected at the same
termination and then the comparison between thmaloconnection when the sensor
is attached around the earth wire and the situatiban the sensor is not attached
around is analysed. Figure 8.13 and 8.14 show tvgdipns of external sensor related

to the earth connection of the termination.
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l
i
i
.

Figure 8.14: The sensor which not attached arouredarth connection of the termination

Figure 8.15 and 8.16 show the full spectra whictaioled from two positions of the
external sensor by using 500 pC charge injectiomfthe calibrator that connected to
the termination 2.
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Figure 8.15: The full spectra of noise and signiaained from the sensor that attached

around the earth connection of the termination
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Figure 8.16: The full spectra of noise and signiafained from the sensor that not attached

around the earth connection of the termination

It can be seen from two full spectra obtained fidifferent position of external sensor
that the patterns of these two spectra are similae difference occurs at low
frequency below 75 MHz that the full spectrum frdme unattached around situation
has lower signal response than the attached arsitution. Therefore the coupling

capacitance between the external sensor and thie eamnection performs like a
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high-pass filter for the injected pulse due to highpedance of the capacitive

coupling.
8.4 Conclusion

1. The presence of power cable has a large influemce¢he signal attenuation

starting from frequency 80 MHz.

2. The different position of external sensor has afluémce in the signal
attenuation, the longer the distance the higheattenuation. This fact becomes
important for on-site measurement where the acfesthe earth wire is at the
link boxes which can have quite long distance fribte accessory itself that

results in less sensitivity of un-conventional PBasurement.

3. The full spectra of injected charge for differemnigurations of earth wire
connection in the cable joint shows a similar pattdhe grounding of the earth
wire connection in the cable joint (in case of égafation B, C and D) results in

higher frequency spectra in the frequency range 86 MHz.

4. The coupling capacitance between the external semgbthe earth connection
performs a high-pass filter for the injected pullke to high impedance of the

capacitive coupling.






CHAPTER 9
Conclusions and Recommendations

Due to the fact that the improper on-site installatof HV cable accessories may
produce defects that can result in the cable syd@itare in short-long term

operation, the understanding of typical installataefects and their effects for the
after-laying test of HV cable system becomes venpdrtant. In this chapter, the

conclusions and few additional ideas for furtherestigation will be presented.
9.1 Conclusions

Based on the field plotting simulation and PD measient on artificial defects and
the investigation of several issues on un-conveati®D detection, there are several

important aspects will be discussed.

1. The missing semi-conductive screen defect resulitise field enhancement at the
edge of semi-conductive screen. The field enhanoemél decrease with the
size of the defect and the increase of electrid fs function of voltage applied

is steeper for the bigger size of the defect.

2. PD measurements by using 50Hz AC and 400Hz DAC g&zieg and
conventional IEC 60270 show that the size of mgsemi-conductive screen
does not give significant influence on PDIV and iherease of PD amplitude as

a function of voltage applied is steeper for thgger size of the defect.

3. PD measurements by using 50Hz AC energizing wittventional IEC 60270
and un-conventional detection show that at low agdt the asymmetric PD
phase-resolved patterns for missing semi-condustiveen occurred at negative
half of the 50Hz AC voltage cycle while at higheditage became symmetrical,

occurred at both positive and negative period ef3@Hz AC voltage cycle.

4. The extra semi-conductive screen in the cable jpintuces field enhancement
at the end of semi-conductive screen and the galdancement will increase

with the size of the defect.
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5. The extra semi-conductive screen is consideree@sss dritical defect due to no
PD occurrence up to 80 kM stress voltage applied by using different
energizing and PD detection methods for criticak sf the defect (40mm). It
related to the higher breakdown strength of diglecombination in the case of
the extra semi-conductive defect. However, the Etan results show that this
defect produce a field enhancement that probabbglymes PD activities for
higher voltage applied. Therefore, PD measuremefhtigher voltage applied,
e.g. 1.7y as in the case of voltage withstand test for dftging test is

necessary.

6. The presence of electrode-bounded cavity defeatltseesn field enhancement
inside the cavity which is equal totimes higher than the normal field in the
dielectric. In the case of cavity with dimensiomi@ length and 1mm depth, the
breakdown voltage of gas inside the cavity folldtws value which described by

the Paschen curve where PD starts to occur ing@ké&ress 50 K)ax

6. PD measurements by using 50Hz AC energizing andedional IEC 60270
show that the electrode-bounded cavity result®wm PD amplitude and the PD
phase-resolved patterns are symmetric, occur atpmgitive and negative period

of the 50Hz AC voltage cycle at PDIV and highertage applied.

7. PD measurements on electrode-bounded cavity by u€idHz DAC energizing
and conventional IEC 60270 result in higher PDIrththe value obtained by
using 50Hz AC energizing and conventional IEC 602TQis occurrence is
related to the shorter stress duration and higlegjuency resonant of the DAC
voltage.

8. For un-conventional PD detection, the distancenefgensor from the PD source
determines the attenuation of the high frequencyRIBes. Therefore in the
after-laying test where the main interest is théleaaccessories due to the
probability of the installation defect, the senstrould be placed as close as
possible to the cable accessories.

9. The presence of power cable has a large influemcéhe signal attenuation
starting from frequency 80 MHz and the differensifion of external sensor has

an influence in the signal attenuation, the lonthex distance the higher the
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10.

11.

9.2

attenuation. The latter fact is important for otesheasurement where the access
for the earth wire is at the link boxes which cawénquite long distance from the
accessory itself that results in less sensitivity un-conventional PD

measurement.

The different configurations of earth wire connentin the cable joint shows a
similar pattern in full spectra of charge injectidme grounding of the earth wire
connection in the cable joint (in case of configiora B, C and D) results in
higher frequency spectra in the frequency range 85 MHz.

The coupling capacitance between the external sexsbthe earth connection
performs a high-pass filter for the injected chadge to high impedance of the

capacitive coupling.
Recommendations

In this thesis only three typical installation detfeare investigated. Further study
and investigation on different typical installatidefects is necessary to provide
information and knowledge about their charactersstOne most critical defect
which is important for the investigation is the fpusion on the semi-conductive
screen as described in section 3.2.1. This adlfidefect can be constructed by
making a small scratch on cable insulation and toering the scratch by using
semi-conductive paint. Another case is conducpadicles on the surface of
cable insulation inside the joint as describedaatisn 3.2.4 that can results in

surface discharge on the interface between calolg¢oamt insulation.

The un-conventional PD detection method can be tselétect the presence of
PD from the defect in the cable. However, this rodths very sensitive

to particular ground wire configurations and thaesse positions. The effects of
these aspects in triggering part of un-conventieyatem which is important for

picking up the applied voltage are important tarhestigated.
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List of Abbreviations

2D Two Dimensional

AC Alternating Current

CF Centre Frequency

CIGRE Conseil International des Grands Réseauxiitjaes
DAC Damped Alternating Current

DC Direct Current

EPR Ethylene Propylene Rubber

FEA Finite Element Analysis

HV High Voltage

IEC International Electro-technical Commission
IEEE Institute of Electrical and Electronics Ernggns
HDPE High-Density Polyethylene

HF High Frequency

OWTS Oscillating Wave Test System

PD Partial Discharge

PDIV Partial discharge inception voltage

PE Polyethylene

S1 Sensor at Termination 1

S2 Sensor at Termination 2

S3 Sensor at Termination Joint

UHF Ultra High Frequency

VHF Very High Frequency

VLF Very Low Frequency

WG Working Group

XLPE Cross-Linked Polyethylene

List of Symbols

C Capacitance

Ca Capacitance of test object

Ck Coupling capacitance

E(X)

Electric field strength at radius x



List of abbreviations 143

f1 Lower limit of frequency

f, Upper limit of frequency

fres Resonant frequency

ic Current wave of cable

l0ad Maximum load current of DC supply

L Inductance

M; Measuring instrument

q Discharge magnitude

R External radius of insulation

r Internal radius of insulation

teh Charging time

t; Time instant of PD occurrence

Ui Test voltage af

U Operating Voltage

Unm Themaximum allowed line-to-line voltage
Uo The rated voltage between line and earth
Va Voltage over the insulation system

Ve Voltage over the defect

Zn Noise blocking impedance

Zn Measuring impedance

AV Voltage drop as a result of a discharge
e Permittivity of insulation material

vi phase angle &t

List of Units

C Coulomb

F Farad

H Henry

Hz Hertz

m Meter

S Second

\/ Volt



