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Preface

This thesis is submitted to the Faculty of Engineering, Science and Medicinallzarg University in
partial fulfilment of the requirements for the PhD degree in Electrical Erging. The research has
been conducted at the Department of Energy Technology for Enedinef which | was hired as an
employee for the entire project period.

The project has been followed by two supervisors: Associate Pmf€aus Leth Bak (Department of
Energy Technology) and Dr. Wojciech Wiechowski (Energinet.dk).

Energinet.dk has fully funded the research leading to this thesis "Modellilapg High Voltage AC
cables in Transmission Systems”. This funding has been vital for thisrobspeoject. Renting of
expensive laboratory equipment, performance of field measurementsaaipation in international
working groups was made possible thanks to generous support fracorigany.

All of November 2008 was spent at SINTEF, Trondheim, Norway, whefisited Dr. Bjgrn Gustavsen,
working on analysing the first set of measurements and planning the otlsureeents performed.
This work resulted in a co-authored paper, by myself, Dr. Gustavsénmmgnsupervisors, for IEEE
Transactions on Power Delivery.

In the summer of 2009 | spent three months at The Manitoba HVDC Res€anmtne in Winnipeg,
Canada, where | worked in co-operation with Dr. Jeewantha Da Silvaaysing the deviation between
field measurements and simulation results when explicitly exciting the modes. Fouotieeduring this
stay | worked on the cable model improvements, which are one of the majwibcions in my research
work. The work resulted in two papers. One for the IEEE PES GM 20d-@uthored by myself, Dr. Da
Silva and my supervisors. The other for IEEE Transactions on Powercbg authored by myself and
my Supervisors.

This thesis is constructed in 5 parts and appendices. An overall literatieremce list is presented at
the end of the main report. A list of the authored publications, written in relatitimsaesearch project

is presented at the end of the thesis. Literature references are shdilywdoere i is the number of the

literature in the reference list. References to figures and tables are stsofigure C.F or table C.F and
references to equations are shown as equation C.F, where C is therchapteer and F indicates the
figure, table or equation.
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Abstract

The research documented in this thesis addresses Modelling of long Higly&/&\C cables in Trans-
mission Systems. Modelling techniques of HV AC cables has been a subjese@archers as early as
in the 1920’ies and research in the field continues steadily as cables bammameomplicated in design
and more popular at higher voltage levels and for longer transmission fength

In recent years, the interest towards using underground cablesvir pransmission has increased con-
siderably. In Denmark, the entire 150 kV and 132 kV transmission netwwak be undergrounded
during the next 20 years. Even 400 kV transmission lines will be undengied gradually as more ex-
perience is gathered. Precise modelling of long and many (meshed) towatgable lines is therefore
essential and it is important that differences between simulations and reeesus are identified, stud-
ied and eliminated. A study of the cable model accuracy for transmission linellingds the topic of
the research documented in this thesis. The main part of the work is split irFivetly planning, per-
forming and analysing high frequency field measurements for model valid&exondly improvements
to the existing cable models.

Before the two main parts are discussed, transmission cables are disthiie physical layout and
mathematical representation. Relevant literature study on modelling transndabies by introducing
existing models and explaining how to model in the software used in this thesiEDEXNPSCAD is

provided.

A typical HV AC underground power cable is formed by 4 main layers, nan@yductor-Insulation-
Screen-Insulation. In addition to these main layers, the cable also has sdottee screens, swelling
tapes and metal foil. For high frequency modelling in EMT-based softweaieh of these layers must be
correctly represented. Description of how to perform such simulationgtisftire given in the thesis.

The first main part of the work is the field measurements. The usual prémticalidating a cable model
has been to compare the simulation results to frequency domain calculaticsfertnaed to the time do-
main by use of Inverse Fast Fourier Transform (IFFT). This howelges not ensure the accuracy of the
entry parameters of the modelling procedure, the parameter conversidgheamodelling assumptions.
Therefore, in order to analyse how cables behave field tests arempedo The purpose of the field
measurements is to analyse the cable model, investigate the accuracy of tHeiderdify origin of
disagreement between measurement and simulation results and validate thedrgdnoulations when
identified origin of disagreement has been eliminated by more accurate modelling.

Before starting any field tests, the measurement preparation is of greatamgm All field measure-
ments are therefore planned with simulations based on manufacturer cédleSigch preparation is
performed both in order to plan where and what to measure and more imhgortarhave a base for
comparison at the measuring site.



Measurements are performed on a 400 kV 7.6 km long cable, which is afpartybrid OHL/cable
transmission line. The cables are laid in flat formation and have been intiopefar several years.
For performing the measurements, the cables are disconnected from thea@dHa single cable is
energised with a fast front impulse generator. The field measurememismapared to simulations using
the Frequency dependent Phase Model in EMTDC/PSCAD (this is basthe dniversal Line Model).
From the comparison it is observed how a deviation between field measussmersimulations appears
after some time and by modal analysis it is possible to identify the source otidevi®ased on this
analysis it is suggested that the existing simulation model, is precise and tacfmrrahort cables or
cables with no crossbonding points. In order to verify this, field measursnoa a 150 kV 1.78 km
long cable are performed. This cable is laid in a tight trefoil configurati@hfeedd measurements are
performed under construction of the cable line. The suggestion of thingxisodel being accurate for
non-crossbonded cables is verified, by excitation of exclusively tagi@bmode, which will dominate
when no crossbondings are present. The identified source of devigmttso validated and suggestions
for improvements of the cable model are given.

In order to validate the suggested improvements, after implementation, field nex&sus on longer
parts of the 150 kV cable line are performed. Field measurements on a sirjglesetion, containing 2
crossbonding points, are performed as well as on a 55 km long pak oatile, having 33 crossbonding
points. Comparison of field measurement and simulation results show devippearang after some
time. From analysing the modal currents, the source of deviation is identified.

The same phenomena and source for deviation between field measurentestmalation results is
identified for a 400 kV flat formation crossbonded 7.6 km cable line, a 35fight trefoil crossbonded
2.5 km cable line and 150 kV tight trefoil crossbhonded 55 km cable line.sblece of the deviation is
validated by explicitly exciting the intersheath mode of a 150 kV tight trefoil faromenon-crossbonded
1.78 km cable line.

The main conclusions in the first part of the thesis are:

» The existing cable model is precise and accurate for short cableblesaaith no crossbonding
points

» There is deviation between simulation and field measurement results on loleg.céhe existing
cable model is not of acceptable accuracy for crossbhonded cable lines

* Inaccurate modelling of the cable screen is the reason for deviation éresimulation and field
measurement results. This is because of intersheath mode reflecting éronossbonding points.

The second main part of the work deals with improving the cable model bas#tedindings from
analysis of the field measurements. The existing EMT-based models havenfigucation for cables:
conductor-insulation (with or without SC layers)-conductor-insulatmr{ductor-insulation), whereas
a transmission line single core XLPE cable will normally have the configurationductor-SC layer-
insulation-SC layer-conductor-SC layer-conductor-insulation. Furthee the existing cable models use
analytical equations to calculate the series impedances and shunt admitthticesable line. These
analytical equations include skin effect, whereas they do not includenpity effect.

The cable model is firstly improved in such a way, that the correct phylsigalit of the screen (wired
conductor-SC layer-solid hollow conductor) is implemented in the model. Tigz®vements result
in a more correct series impedance and hence a more correct dampirgsohtilations. Even though



the series impedance is more correct, it does still not include the proximityt efifel high frequency
oscillations are not correctly damped in the simulations. At higher frequetioeeproximity effect will
force the current to be more constrained to smaller regions, resulting engelin the impedance of the
conductor. Therefore the cable model is secondly improved in such athaiythe impedance matrix
is no longer calculated from the analytical equations but from a finite elemetitod including the
proximity effect.

A MATLAB program is constructed in order to calculate the impedance matsedan the finite el-
ement method. Furthermore, this MATLAB program also includes the dopiggsical layout of the
cable screen. The modelling procedure is then changed so that the eristited will no longer use
analytical equations, but call the series impedance matrix from the outpué MIATLAB program.
The shunt admittance matrix is still calculated inside the existing model with analgtjcations and
calculations of the cable’s terminal conditions is performed as beforerewthe difference lies in the
new series impedance matrix. By including the proximity effect, the impedancéxmaitrchange at
higher frequencies, resulting in more correct damping. By combining betledhrect physical layout
of the screen and the proximity effect, the damping of the simulation resultsnescoorrect and the
simulated signals become identical to field measurement results.

The main conclusions in the second part of the thesis are:

» By improving the cable model with respect to correct physical layout efstreen, a correct
damping will appear in the simulation results.

» The correct physical layout of the cable screen does not eliminatdreighency oscillations that
appear.

* By including the proximity effect in the model, the impedance will change at higduencies
resulting in accurate damping of the high frequency oscillations.

» By combining the proximity effect and the correct physical layout of treen, the simulation
results agree with field measurement results within the tolerance of the fieldireesnts. This
is the case for a non-crossbonded cable where the intersheath moddid&lexgxcited, for a
2.5 km cable with two crossbonding points and for a 55 km long cable line witlr@3bonding
points.
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Dansk Resumeé

Denne afhandling er dokumentation for et forskningsprojekt omhaddlerodellering af lange HV AC
kabler i transmissionssystemer. Modellerings teknikker for HV AC kaldewnkeret et emne til forskere
siden i 1920’erne og forskning p& omradet fortseetter i takt med atikalbler mere kompliceret i design
0og mere populaere ved hgjere spaendings niveauer og for lange tranemiasngder.

| de seneste ar er interessen for anvendelse af hgjspaendingskabisniissionsnettet steget betydeligt.
| Danmark skal hele 150 kV og 132 kV transmissionsnettet kabelleeggestiable nseste 20 ar. Selv
400 kV luftledninger vil blive kabellagt efterhanden som mere erfaringaenlet. Praecis modellering
af lange og mange (maeskede) kabellinjer er derfor afggrende, og\dgtigt, at forskel mellem simu-
leringer og malinger er identificeret, undersggt og fiernet. Emnet fskfdingen dokumenteret i denne
afhandling er en undersggelse af ngjagtigheden for transmissiomkatellering. Den vaesentligste del
af arbejdet er delt i to. For det farste planleegning, gennemfarelsaalgsa af hgj frekvens malinger
for modelvalidering. For det andet forbedringer af det eksisterkaldel model.

Far selve forskningen er diskuteret, er transmissionskabler beskieves fysiske indretning og matem-
atiske repreesentation. Relevant litteratur omkring modellering af transmisahdas er givet og de
eksisterende modeller er forklaret. Derudover er modellering i softwdee anvendes i denne afhan-
dling, EMTDC / PSCAD, forklaret.

En typisk HV AC strgmkabel er dannet af 4 lag, nemlig; Leder-Isolerikgpi®n-Isolering. Ud over disse
primeere lag, har kablet ogsa halvledende skeerme, kveelbadnd og metalfoliegjFrekvens modeller-
ing i EMT-baseret software, skal hver af disse lag veere korrghgeenteret. Beskrivelse af, hvordan
sadanne simuleringer udfgres er derfor givet i rapporten.

Den farste del af arbejdet fokuserer pa malinger. Saedvanlige pfaksialidering af et kabel model
har veeret at sammenligne simuleringsresultaterne med frekvens domaegeittger transformeret til

tidsdomaenet ved hjeelp af Inverse Fast Fourier Transform (IFFT)e Bikrer dog ikke ngjagtigheden
af de elektriske parametre anvendt i modellering proceduren, parakoetartering og modelleringens
antagelser. Derfor, for at analysere, hvordan kablerne opSigeer malinger udfgrt. Formalet med
malingerne er at analysere kabel modellen, undersage ngjagtighedtem mbdel, identificere arsag til
forskel mellem male og simulerings resultater og validere de forbedrede singagienar den identifi-

cerede arsag til forskellen er blevet elimineret med mere preecise modelieringe

Male forberedelse far ethvert forsag, er af stor betydning. Alle maliegederfor planlagt med simu-
leringer baseret pa producentens kabel data. De pagaeldende sigerlerindfgrt bade for at planleegge,
hvor og hvad der skal males og endnu vigtigere, at have en baserioresdigning pa malepladsen.

Malinger er udfert pa et 400 kV 7,6 km lang kabel, som er en del af &mnidhyDHL/kabel transmis-
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sion linje. Kablerne ligger i flad formation og har veeret i drift i flere aar Bt udfgre malingerne, er
kablerne koblet fra luftledningen, og en hurtig front impuls er pafeenéelt kabel. Male resultaterne er
sammenlignet med simuleringer med "Frequency Dependent Phase ModéTDE / PSCAD (dette
er baseret pa "the Universal Line Model"). Det er observeretdam afvigelse mellem malinger og
simuleringer forekommer efter et stykke tid. Med hjeelp af modal analysetendlégt at identificere
kilden til afvigelsen. Baseret pa denne analyse foreslas det, at destezknde simuleringsmodel, er
preecist og ngjagtig for korte kabler eller kabler uden nogen krydslgdalir-or at kontrollere dette, er
malinger ogsa udfart pa et 150 kV 1,78 km langt kabel uden krydskgdnliDette kabel er lagt i en tight
trefoil konfiguration og malinger er udfgrt under opfarelse af kabletsleget om at den nuveerende
model er ngjagtig for ikke-krydskoblede kabler er blevet bekreeftetudelukkende at spaendingsseette
en koaksial mode, som vil dominere, nar krydskoblinger ikke er til stén identificerede kilde til
afvigelsen er ogsa valideret og forslag til forbedringer af kabel teer givet.

For at validere de foreslaede forbedringer, efter implementation, eslféer malinger pa leengere dele
af 150 kV kabel linjen. Malinger pa en single major afsnit, der indeholdery@skoblinger, udfares
samt malinger pa en 55 km lang del af kablet, med 33 krydskoblinger. Sammiegligf malinger og
simulerings resultater viser en afvigelse efter et stykke tid. Fra analyseddl stramme, er kilden til
afvigelsen identificeret.

Det samme faeenomen og kilde til afvigelsen mellem malinger og simulerings resultadentficeret
for en 400 kV flad formation krydskoblet 7,6 km kabel linje, en 150 kV tightoil krydskoblet 2,5 km
kabel linje og en 150 kV tight trefoil krydskoblet 55 km kabel linje. KilderetiVigelsen er valideret ved
at speendingsseette en 150 kV tight trefoil, ikke-krydskoblet, 1,78 kml Kafeei en intersheath mode.

De vigtigste konklusioner i den farste del af afhandlingen er:

» Det eksisterende kabel model er preecist og ngjagtigt for korte kabéarkabler uden kryd-
skablinger.

« Der opstar afvigelse mellem simuleringer og maleresultater pa lange kabterk&sterende kabel
model har en ikke acceptabel ngjagtighed for krydskoblede kabellinjer

 Upreecise modellering af kabel skaermen er arsagen til afvigelsen melledesimgar og malere-
sultaterne. Dette skyldes intersheath mode der reflekterer ved kryigjarb

Det andet del af arbejdet omhandler forbedring af kabel modellemydger pa resultaterne fra analyse
af malingerne. De eksisterende EMT-baserede modeller har den kaifigufor kabler: leder-isolering
(med eller uden SC lag)-leder-isolering (-leder-isolering), hvorimodamsmissions enleder XLPE ka-
bel vil normalt have konfigurationen: leder-SC lag-isolering-SC lag#&L lag-leder-isolering. Deru-
dover anvender de eksisterende kabel modeller analytiske beregtiiragdinde serie impedansen og
shunt admittancen af kabel linjen. Disse analytiske ligninger omfatter skiktefivorimod de ikke
omfatter naereffekten.

Kabel modellen forbedres fgrst sdledes, at den korrekte fysiskatay skeermen (wired leder-SC lag-
solid hollow leder) er implementeret i modellen. Disse forbedringer resultere mere korrekt serie
impedans og dermed en mere korrekt deempning af simuleringer. Selvoningeeidans er mere Kkor-
rekt, omfatter den stadigveek ikke naereffekten og hgije frekvens oscitatirrikke korrekt deempet i
simuleringerne. Ved hgjere frekvenser vil naereffekten tvinge strammanw#re mere begraenset til
mindre omrader, hvilket resulterer i en eéendring af impedansen. Denfoefedes kablet ogsa saledes,
at impedans matricen beregnes ikke leengere ud fra de analytiske ligmmgerfra en finite element
metode, der inkluderer naereffekten.



Et MATLAB program er implementeret med henblik pa at beregne impedangeratraseret pa finite

element metoden. Desuden omfatter denne MATLAB program ogsa dererfgsigke layout af kabel

skaermen. Modelleringen eendres derefter, sdledes at den nuvasredelevil ikke leengere bruge an-
alytiske ligninger, men kalder serie impedans matricen fra outputtet af MATpABrammet. Shunt

matricen er fortsat beregnet i den eksisterende model med analytiskegbgioig beregninger af kablets
terminal betingelser udfgres som far, hvor forskellen ligger i den myie $mpedans matrice. Ved at
inkludere neereffekten vil impedans matricen sendres ved hgjere frakyehvilket resulterer i mere
korrekt deempning. Ved at kombinere bade det korrekte fysiske legfoskeermen og neereffekten,
vil deempning af simuleringsresultaterne blive korrekte, og de simuleredalsigbliver identiske med

maleresultaterne.

De vigtigste konklusioner i den anden del af athandlingen er:

» Ved at forbedre kabel modellen med hensyn til at rette fysiske layakaafmen, vises en korrekt
deempning i simuleringsresultaterne.

» Den korrekte fysiske layout af kablet skeermen ikke fierne hgjfnetevescillationer, der eksisterer.

» Ved at inkludere naereffekten i modellen, vil eendringen i impedansgh@ge frekvenser medfare
preecis deempning af hgjfrekvente oscillationer.

* Ved at kombinere neereffekten og den korrekte fysiske layout afrskee bliver simuleringsresul-
taterne identiske med maleresultaterne inden for tolerance af malinger. Détteskelet for en
ikke-krydskoblet kabel, hvor udelukkende intersheath mode er magredtisor en 2,5 km kabel
med to krydskoblinger og for en 55 km lange kabel linje med 33 krydskobting
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CHAPTER 1

Introduction

The aim of the research presented in this thesis is to give an understafdaige modelling as well as
to design and describe a comprehensive model for high voltage (HV)ai@s. A model to be used as
an instrument in planning and problem solving for long distance HV AC grdand power transmis-
sion. HV transmission cables are normally modelled using EMT-based congiomgation software.
These models are meant to correctly simulate low-frequency switching ioeh#&up to 10 kHz) in un-
derground cable system, caused by for instance disconnection dbtraess, shunt reactors, lines and
cables as well as high-frequency transients from for instance fautieoable or lightning surges on a
hybrid overhead line-cable system. In this thesis, the high frequenoyddl® kHz) transient behaviour
of the underground cable system is not only simulated correctly but afdaiesd thoroughly. A model,
proven to be accurate at power frequency and for low frequenogigmts is improved in order to also
simulate accurately high frequency transients.

In this project there are two major contributions. First of all designedppaed and analysed field tests
on HV AC cables for high frequency cable model validation. Second afrgdlementation of methods
for cable impedance calculations giving accurate high frequency catlgegions.

1.1 Background

The state of power transmission becomes increasingly more complicated asysage escalates and
people’'s knowledge of the environment grows. The problems congedigtribution of power, from
where it is produced to where it is to be used, increases as rules irggn@hsmission become more
complicated due to the expansion of cities and further additions of land/esseil the while as demand
for power increases. This is one of the main reasons why interest tewatterground HV cables, in
preference to the customary OHL, has increased considerably.

In Denmark, as a leading country, the entire 150 kV and 132 kV transmissiwvork shall be under-
grounded during the next 20 years. Even 400 kV transmission lines wilhtdergrounded gradually as
more experience is gathered.

In order to research the possibility of using HV AC cables for entire trarsamsystems, it is necessary
to have precise simulation models. Small errors for short cables can bectanger problem when
length of the cables and number of crossbonding points are increasethdrefore important that dif-
ferences between simulations and measurements are identified, studi¢dnamated. Because of this,
modelling cables for various transient studies has become a popular topécpaghfew years.

A review of work from recognised pioneers in cable impedance calcutatiod in cable modelling, as
well as others, is outlined and commented in chapter 2 of this thesis. All pubfisatiadhe field, used



by the author, are listed on page 169-173. From this list it can be seeev@wthough as early as the
1920’ies the first major contributions were published, research in thelfseldontinued steadily to our
days.

The usual practice for validating a cable model has been to compare the tgimuésults with fre-
quency domain calculations transformed to the time domain by use of Invess&diarier Transform
(IFFT). This however, does not ensure the accuracy of the entayrpers of the modelling procedure
(e.g. geometry), the parameter conversion and the modelling assumptioms aBthors have used mea-
surement results from [1] for transient voltage comparison [2, 3]. IGththors obtain the cable model
validation by simulations only [4,/5] or by comparison with field tests for cabligls anly few or no
crossbondings and grounding of the screen only at the cable erds [6,

This project has therefore been formulated due to the lack of knowlddmguml accuracy and reliability
of available cable models, when compared to high frequency transienbfeddurements for long HV
cables with several crossbondings and screen groundings.

1.2 Problem formulation

When forming a hybrid transmission system by combining OHL's and undengk cables, whose elec-
trical properties differ considerably, the result is a significantly difiesteady-state and transient be-
haviour from currently almost pure OHL transmission system. Thereifoder to extend the current
transmission grid to include some long distance and many underground,diiglesis a demanding
need for analysis of hybrid systems as well as fully cabled systems. Tdligsashould help in plan-
ning, designing and operating a fully undergrounded transmission syisyegiving an overview of the
systems behaviour and reliability.

In order to understand the models used for such system studies, thigttoesies an into depth analysis
of the physical layout of relevant cable structures as well as a désorgf mathematical representation
of the cables and software modelling.

As shown in|[8], the cable modelling at power frequency and low frequewitching is quite good for

long cables. It is therefore the scope of this thesis to investigate the mduighdrequency. Because
of modal representation and cable parameter calculations, it is also rteievatidate cable impedances
at high frequencies, where the number of modes for decoupled @tpagnalysis are limited with an
almost frequency independent velocity. It will be shown in chadpter 7 BtRi® thesis, how the modes
have frequency independent velocity at frequencies of 10 kHz &jiteh Therefore, onward in this
thesis, the meaning of high frequency is 10 kHz and higher.

In order to fulfil the requirements of describing cable modelling, validatird\aamifying their accuracy
and improving if necessary, the following goals for the project have betn

 To theoretically analyse and investigate accuracy of existing cable models

To perform field test measurements for model validation
» To investigate and identify the cause of inaccurate simulation results

» To improve the cable model and obtain acceptable simulation results

To validate and verify the model accuracy against long cable measuremen



The aim is to deliver a reliable model, which can be used as an instrument imimgasnd problem
solving for long distance cables and a transmission system that is mostly oufidérground.

1.3 Thesis outline

The research documented in this thesis is organised into V main parts.

| - Preliminaries

Starting with an introduction to the thesis and giving a description of releveratles by going through
their physical and mathematical representation, this part forms the tecliteicglre study on transmis-
sion cables, relevant for the thesis.

Il - Modelling Transmission Cables

With an understanding of the physical and mathematical theory on transmisditas, this part provides
relevant literature study on modelling tranmission cables. It starts by infirmglexisting models and
finishes by explaining how to model in the software used in this thesis, EMTBCAD.

Il - Field measurements

One of the major contributions from the research presented in this thesifislthmeasurements used
for model validation.

The chapter describes measurements, on installed cable systems, useati&rvalidations. From
these measurements parameters sensitivity is observed. Furthermore pmglildé@as for simulation
inaccuracy can be found. As a result, measurements on a cable lineinstdation are performed.
A non-crossbonded cable, a minor section, is tested as well as a calvlerdagith few crossbonding
points, a major section, and a whole cable line with several crossbondidgeigeen groundings, several
major sections. The purpose of these measurements is single model validatipanaitieter and source
of inaccuracy identification, crossbonding model validation and long cabtiel validation respectively.

IV - Cable Model Improvements

Based on the single minor section measurements and results from investigdtibasnodel accuracy,
model improvements are suggested and implemented. The cable model imprts/aneetne second
major contributions described in this thesis.

Furthermore, the improved model is verified for long cables with crossbgrmbints, by use of field
measurements on several major sections.

V - Conclusions

The thesis is finalised by a conclusion of the main summaries drawn in indiétiagters. The contri-
butions and final conclusions are highlighted and future work is identified.






CHAPTER 2

Transmission cables

Cables have been used in power transmission since the |&tedStury, and for transmission of high
and extra high voltage (HV/EHV) since the beginning of th&2&ntury [9].

There are three main types of land and sea cables; fluid filled cablesg&s-jilled cables (GF) and
extruded cables. Figure 2.1 subcategorises these cables depenthiegrmulation type.

Extruded
cables

| I , I |

Self Contained FF High Pressure FF High Pressure GF Cross-linked
cables cables cables polyethylene (EPR)
(SCFF) (HPFF) (HPGF) (XLPE)

—— [

Polypropylene/ Polypropylene/
Paper insulation paper insulation Paper insulation| | paper insulation
(PPL) (PPL)

FF cables GF cables

Figure 2.1:Types of land and sea cables categorised depending on insulation type.

The use of extruded cables at transmission level began in the 196G tBan, XLPE cables on higher

voltage levels has become more popular than FF cables and GF cables.dl@dadess environmental

hazards, as gas or oil leak is no longer an issue, and less costsdetaasexternal accessories such
as pumping and pressurizing systems. In the new undergrounded Aginission system, Denmark

exclusively plans to install extruded cables.

A typical HV AC underground power cable is formed by 4 main layers, nan@yductor-Insulation-
Screen-Insulation. In addition to these main layers, the cable also has sdmitive screens, swelling
tapes and metal foil. A cross section of a 400 kV 120@.> XLPE single core cable is shown in figure
2.2.

Core conductor

The purpose of the conductor is to transmit the required current with lase$osThe transmission ca-
pacity of cable systems with natural cooling is significantly lower than the trasemisapacity of OHL
of the same nominal voltage, because of thermal resistance in the sungeadh. It is therefore often
necessary to use several parallel cable systems, even though sucitresse the risk for resonance
circuits, such as near resonance. Different types of conduct@rdean be seen in figure 2.3. Hollow



Conductor
Semiconductive layer
Insulation
Semiconductive layer
Wired screen
Metallic tape

Outer sheath

Figure 2.2:Cross section of a 400 kV cable in northern Denmark.

conductors are usually used for oil or water to cool down the conduStoanded and segmental con-
ductors provide more flexibility and have reduced current displaceneeailise of skin effect.

Round conductor Oval conductor  Hollow conductor
single strand

Stranded round  Profile wire Profile wire hollow
conductor conductor conductor

Segmental (Milliken ~ Segmental hollow
conductor conductor) conductor

Figure 2.3:Conductor design for HV cables, [9].

The conductor in HV and EHV cables is either made of copper (Cu) or alumifil) where Cu has
a lower specific resistance which leads to smaller conductor cross séetieadn order to obtain the
same current capacity as for Al conductor. The advantage of Al Gueiis that Al has lower density
which leads to much less weight for the same cable capacity. The cable iel #duhas a stranded Al
conductor.



Insulation and Semiconductive layers

There are two main types of dielectrics for extruded HV and EHV cablessdinked polyethylene

(XLPE) and Ethylene-propylene rubber (EPR). The difference inieis that EPR is less sensitive
to insulation impurities than XLPE, while XLPE has less dielectric losses than ER&®purpose of

the insulation is to ensure no electrical connection between the two cuaeying components of the
cable, the conductor and the metallic screen.

The insulation between the two conducting layers resembles a very longragdinchpacitor. AC loads
will therefore draw a capacitive charging currdptwhich is superimposed on the desired current trans-
mitted by the conductor. as shown in equation 2.1, [9].

Io = UpwC' L o Ugwe, L (2.1)

where Uj is the phase voltage
w is the angular frequency = 27 f
(' is the capacitance of the insulation
€, 1S the relative permittivity of the cable
L is the length of the cable.

The semiconductive (SC) layers are placed between the insulation anahithector and again between
insulation and the metallic screen. The purpose of the SC screens is t@ tbduelectrical stress in
the inner insulation and prevent formation of voids between either coductor or metallic screen and
insulation, due to bending of the cable or other mechanical stress.

Cable models do normally not include SC layers. The models have availakl@lkesnductive layers,
such as conductor and screen, and insulation materials in-betweery B@ rayers. Instead the SC
layers are considered a part of the insulation, where the thicknessapemmittivity of the insulation
are changed accordingly.

Wired screen and Metallic tape

The purpose of the cable’s metallic screen is to have a metallic covering siaaceéectrostatic screening
as well as a return path for the cable’s charging current and a ctodymath for earth fault current in
the case of a fault on the cable.

To avoid screen over-voltages at cable terminals, the metallic screen isdge({iL0]. Under normal

operation, the metallic screen will carry the charging current, which waddlt in large steady state
losses, due to that the metallic screen grounded in both ends. Groundintgtallic screen only at

one terminal will not eliminate possible overvoltages at the ungroundedissigtad, long cables have
crossbonded screen as shown in figure 2.4.

By using such cross bonding method, the induced screen currentg camtelled and by grounding in
between, the screen overvoltages can be reduced. The crosgbpoiits demarcate part of the cable,
called a minor section, and the grounding points demarcate a so called majon.sectio

The cable’s metallic screen is formed by wired screen and metallic tape (lamipatg Eeparated with
a thin SC swelling tape. The wired screen and metallic tape are directly codnegtther both at each

9



Major section

Minor section

\) \) \) \)
il il

“
- Cross bonding of Grounded cross | =
= metallic screen -

Figure 2.4.Cross bonding of a metallic screen. A minor section is marked off by wgslonding points.
Every third crossbonding point is grounded and those groundingsd=te a major section.

junction and cable ends and are therefore normally considered as acginglgcting layer in cable mod-
elling.

The laminate layer is included for water resistance. The swelling tape betiveavired screen layer
and the laminate layer is SC in order to ensure no potential difference lretiaeevo conducting screen
layers in the occurrence of a failure on the cable. The two conductingslaye not touching each other
in order to protect the laminate from mechanical stress because of bemdirigr thermal protection as
the laminate can not tolerate more than AB@vhile the wired screen layer can be up to 250It is a
common practise when modelling the screen in EMT-based software, to madel gingle solid hollow
conductor with the resistivity equal to the wired screen resistivity douldl&H [

In the literature, these layers are either named screen or sheath. In #iss the wired part will hence-
forward be named wired screen, or simply screen, while the laminate pabewithmed sheath or simply
laminate foil. A combination of the two will be named screen.

Outer sheath

The purpose of the cable’s outer coverings is mechanical protectiomsagfze surroundings. The outer
insulation is normally made of high density polyethylene with a relative permittivi.of

When considering the electrical properties and simulating HV cables, it &ssary to consider each of
these layers and include them in the modelling process.

2.1 Electrical properties of High Voltage cables

For a long HV/EHV transmission cable, the electrical properties of the calenot be correctly ex-
plained by using simple lumped parameters. The cable should instead be edpsima series con-
nection of many line elements of a differential length as is shown in figure 2.5, or by using wave
characteristics.

By applying Kirchhoff's voltage law on the equivalent circuit in figure|2#® voltagev(x,t) can be
found and by using Kirchhoff’s current law the curreéfit, t) can be found, as shown in equation 2.2.

10



Rdx Ldx
i(x,t) i(x+dx,t)

+ +

v(x,) Gdx Cx V(x+dx,t)

Figure 2.5:Equivalent circuit of a differential lengthz cable elements for one cable, without mutual
coupling to other cables.

di(z,t)

v(xz,t) — Rdz-i(xz,t) — Ldx —v(z+dx,t) =0
v(z +dx,t) —v(z,t) . di(z,t)
T = Ri(z,t)+ L g
and (2.2)
i(x,t) — Gdz-v(x+dz,t)— Cdxw —i(z+dx,t) =0
i(r+dx,t) —i(x,t) dv(x + dx,t)
T = Gu(z +dz,t) + Cidt
If the differential lengthdz is considered infinitely small- 2ez0-v@) _ dv(xl) oqation 2.2 can
be simplified to the time-harmonic transmission-line equation 2.3.
0
VE;;’CU) =(R+jwl) - I(z) =[Z(w)] - I(x) (2.3a)
I
J (;w’“) = (G +jwC) - V() = [Y ()] V(2) (2.30)

This gives the cable parameters, which is then used to explain the electl@libur of the cable by
using wave characteristics.

The wave characteristic method is based on equations 2.3 where senestimmof many line elements
of lengthdz represent the transmission cable. This method is used to solW&fow) and(z,w) by
combining the current and voltage derivatives in equations 2.3 and imirggdthe propagation constant

.

QV(x,w) =vV(z,w) (2.4a)
62
gl(ac,w) =2I(z,w) (2.4b)

11



where the complex propagation constant is defined as:

v = \/(R + jwLl)(G + jwC) = a+jp (2.5)

where « is the attenuation constant
andg is the phase constant.

The solution for the voltage and current by using the wave characteristiotésned by solving the
differential equations and is given by equations 2.6.

V(z,w) =Vote 7 4+ Vy e” (2.6a)
I(z,w)=1Ife "™ +15e"™ (2.6b)

WhereV, /I andV, /I; are constants of the solution to the differential equation. By solving for
equation 2.6, as shown in appendix A, the electrical properties of the cablde described by the
cable’s terminal conditions, equation 2.7.

Isend: Yc ' Vsend— H - (Yc ’ Vrec— Irec) (2-7a)
Irec = Yc : Vrec - H- (Yc : Vsend— Isend) (2-7b)

where all parameters are a function.of
Isend Vsengis the sending end current/voltage
Ied Viec is the receiving end current/voltage
Y.(w) = — Y __ isthe cable’s characteristic admittance

VY(w)-Z(w)

H(w) = e = ¢ VY2 s the cable’s propagation matrix

By means of wave characteristics, it is now possible to calculate the termmditioms of the cable from
the cable parametel%: and H. Calculation of the cable parameters is shown in appendix B.

From appendix B.2 and B.3, the full impedance and admittance matrices fatatalos of equation 2.7
have been derived. These matrices are shown in equations 2.8-2.9.

[zl 2y Zgmiz  Zgmiz  Zgmis  Zgmis |
_2%2 222 Zgmiz Rgmia  Fgmiz  “gmisz
Z(w) _ Rgmiz  “gmia Zl% *212 Zgmaosz  “gmos (2.8)
Zgmiz  Fgmiz T2 222 Zgma3  “gmas
Zgmiz  “gmiz  Fgmaz  “Fgmaa 211 _2%2

3 3
L Zgmiz  “gmiz  “gmos  Rgmaz T R12 299

where 2%, is the impedance in the loop core-ground
21, is the mutual impedance between the loops core-ground and screemigrou
=i, is the impedance in the current loop screen-ground
Zgm,, 1S the ground mutual impedance between cables i and j.
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r 1

Y1 —yi 0 0 0 0
—yi oyl +yi 0 0o 0 0
0 0 Y1 —Y1 0 0
0 0 0 0y -y
| 0 0 0 0 -y yi+ws |

where y¢ andy} for each cablé is given in equation B.25.

2.2 Wave propagation

Wave propagation characteristic analysis refers to studying voltageuarghtwaves in a cable system,
by looking at the wave’s velocity and attenuation. By such an analysis,dssilple to evaluate the form
of the cable’s terminal conditions, both amplitude and time delalQf;, Viend, Irec aNAViec.

The wave propagation characteristic analysis for transient studiesb systems is based on the line
equations 2.3.

These equations can be rewritten in order to decouple | and V:

2 T,w

UL G @IV (2.102)
2 xr,w

D) iz @ (2.10b)

Both [Z(w)][Y (w)] and[Y (w)][Z(w)] are square matrices. The propagation constahtfor the phase
equations is given by = /[Z][Y] = « + j3. This propagation constant can not be solved directly in
order to find the propagation velocity and attenuation. Instead a diagdi@iiused, which results in
the modal propagation constdnt(w)]. As [A(w)]? is a diagonal matrix, it is possible to solve the modal
propagation constant directly. The calculation of modal propagatioractaaistics is therefore done via
eigendecomposition where for each eigenvalue, the propagation attenugtio and velocityv; (w) is
defined by equation 2.11.

Ly (w)]* = [T(w)][Aw)]*[T(w)] !
My (@) = (W) + j—— = a;(w) + jBi(w) (2.11)

vi(w)

This makes the modal domain much more feasible than phase domain, becasse tioemutual cou-
pling in the modal domain and analysis of wave propagation is much simplef.2113]

2.3 Modal domain representation

For single core cables, it is practical to introduce coaxial current l@omsder to calculatdZ(w)]
without coupling between all conductors [14]. In this case, the cablenpeters are derived in the
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form of equations for coaxial loops [15]. The individual impedandab®e series impedance matrix are
calculated as shown in appendik B.

At lower frequenciesf < f, where f; is the characteristic frequency of the cable line, the screen does
not give shielding and there is a mutual coupling between cores anchsafreédferent phases. When

fs < f < f., where f. is the critical frequency at which the waves fully reflect, there is induced
voltage on the screen and there is a mutual coupling between screerecénlifphases. Only for higher
frequenciesf > f., there is no mutual coupling between conductors (core or screen) aralitha
speaking of six mutually decoupled modes of propagation [16].

These six modes of three single core cables are formed by decouptedtdaops:

3 coaxial modes there are three different core-screen loops where for each dlfitbe coaxial modes,
the current in core conductor fully returns in the screen of the same aaflleo net current flows in the
ground. These three different coaxial modes are shown in figure 2.6.

I
—0 0 ) 0 0 —
I
=0 Y0 »— G 0
I

Vol

Yl

Figure 2.6:Representation of the three coaxial modes.

2 intersheath modes there are two different screen-screen loops where for each ofvthantersheath
modes, the current in screen conductor fully returns in one or both oftllee screens and no net current
flows in any of the core conductors. These two different intersheatlese@ shown in figure 2.7. In this
thesis, even though the name screen is used rather than sheath, it is tthkesep the name intersheath
mode, because of historical reasons and connection to other litterature.

I Yl
AR A AN A

I Yl

Figure 2.7:Representation of the two intersheath modes.
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1 ground mode screen-ground loop, current in the three screens fully returnaghrthe ground and
no net current flows in any of the cores, se figure 2.8.

—0 0 —

7l

g )

Al

—§ 6

il

Figure 2.8:Representation of the ground mode.

Transformation between modes and phases can be achieved by an#igsaigpve description of the
modes.

If the modal voltages are namég (ground mode)}; andV, (intersheath modes) arig;, V. andV;
(coaxial modes) then the transformation based on the above descriptjprernisy equation 2.12.

Va 000 1/3 1/3 1/3 Vel
Vi 000 1/2 0 —1/2 Vio
V. _ 000 —1/3 2/3 —1/3 Vs
Vy n 001 0 (| ’ Vi (2.12)
V. 100 -1 0 0 Vs2
LV o010 0 -1 0 | | Vi3 |

where V.1, V.o andV, 3 are the three core voltages
Vs1, Vso andVig are the three screen voltages.

The transformation matrix for the phase/mode currents can be found similaelground modéd,, is

the loop of current in all three screens returning in the grodpavill therefore relate toglsl, %Isg and

%Isg. Similarly, one intersheath mode will relate g and— I3 while the other intersheath mode will
relate tol,, —%ISQ and—%[sg. Same can be used on the three coaxial modes and the transformation
matrix will be as shown in equation 2.13.

I 0 0 0 1 0 1 I,
I 0 0 0o -1/2 1 1 I,
Is | 0 0 0o -1/2 -1 1 I.
Igo | — | 1/3 0 1 -1 0 -1 Iy (2.13)
I /3 1 —-1/2 1/2 -1 -1 I,
wEN | 1/3 -1 —-1/2 1/2 1 -1 | pre

where 1.1, I.o and.3 are the three core currents
1,1, I andigs are the three screen currents.

As shown in appendix B|2 the full phase domain impedance matrix from eqia8aan be simplified
because of the no mutual coupling between phases in modal domain. Thédooddn impedance
matrix is given in equation 2.14.
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2 *Zi%m 0 0 0 0
_ZSm 22 02 ng212 0 Zgmas

0 0 z —Z 0 0
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where 2{ = Z¢,  +Z¢ g, +Z,  giveninappendixB.11-B.1.3

Z%, is the sheath mutual

T 7 7 i i H -
22 = ZShguer T ZSh—Cinsutapion T Zground 9VEN N append!g B.l...7.
Zgm,; IS the ground mutual impedance between cables i and j.
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CHAPTER 3

Summary for Preliminaries

This first part of the thesis starts by introducing the problem faced amaudating it as well as giving
an outline for the format of the report.

For gaining an understanding of the nature of transmission cables stéotmg to simulate them, a
physical and mathematical description of the cables, their parameters amdaieconditions is given.
For propagation analysis the modal domain and transformation is discd$ssds done because modal
analysis will be used later in the thesis for analysing comparison of field mesaeuts and simulation
results. With the theory of cables and cable calculations defined, it is pssiimove on to modelling
the nature of transmission cables.
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Modelling transmission cables has been an ongoing task for several yAarthe electrical proper-
ties of underground cables differ considerably from those of OHLribdelling and studies of cables
are considered very challenging. Not too much is known about long oy mmadherground cables in a
transmission system, as until today transmission systems have mainly beenaedstf OHL's. Nev-
ertheless, the modelling of cables has been an issue for several sledduile part provides the reader
with relevant state of the art for modelling underground cables and intesdumw transmission cables
are normally modelled in the software used in the thesis, the emt-based sdwWaRC/PSCAD.
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CHAPTER 4

Existing models

Cable models can be mainly divided into two categories: Models based on lypapmdeters and mod-
els that use distributed parameters and are normally called travelling wavésmode

In the literature, there are various cable model descriptions to be fouhith @nder to develop a precise
cable model, to be used in large high voltage transmission cable system stusliescessary to perform
state of the art study on existing cable models.

4.1 mw-section model

0|~
|~

Figure 4.1:Representation of a section cable model.

4.1.1 Nominalr

Cable models, using multiple nominalsections, are often used for short distances, or where the travel
time does not exceed the solution time step for the simulation [17]. The model & basemped R, C

and L parameters for the transmission line/cable where coupling to grounds&ered. The lumped
parameters are simply multiplied by the cable length, thus not taking distributioe gifameters into
account. If one three phase cable is used instead of three single bteg, ¢he mutual coupling between
phases is also considered in the model.

As this cable model contains lumped parameters for both the inductance zadtaace of the cable,
there is a possibility for resonance at high frequencies that only exiseimtdel and do not represent
real life resonances. The main goal of this PhD project is to give a caldelrtmat gives a correct and
accurate solution for cables of large distances, therefore this typélef wedelling will not be useful,
and the simpler-section cable modelling will not be considered further.



4.1.2 Exactr

The exactr-section model is often used for frequency scan mathematical validationesf@thle mod-
els. The exact model is the most accurate model known, as long as it is in the frequencyrdarsed
for only a single exactly known frequency and when numerical calcukatibthe impedances are used.

Normally one aims for time domain solutions, and therefore this model is onlyrpedféor frequency
scan validation of the other models and not for system analysis studies.

In order to include the distributed nature of the paramet&rand Y for the entire cable length are
calculated by equatian 4.1 [18], whekés the cable length and’ andY”’ are calculated as shown in
appendix B.

[ sinh(Z'Y2
Z = Zl((Z/Y')Wz

(4.1)

Y Yl (tanh(Z’Y’)1/2l>
2 2

(Z/Y/)l/Ql
2

For long cables, one must be careful that the nature of crossbondiimtg pnd screen groundings is not
included in the model.

4.2 Bergeron’s model

Bergerons’s model is a Norton equivalent model based on travelling thaory|[17]. This model is of-
ten used when modelling longer power transmission networks and refgéisertables inductance and
capacitance by its Norton equivalent with lumped resistance represergingtites distributed series re-
sistance, where the Norton equivalent is lossless and the resistaneser@p losses in the transmission
line.

The model is usually set up so that the lumped resistance is representeiinygdhe line length into
only two sections, where each end tiapart of the resistance and the center contékpmrt, [19]. This
is shown in figure 4.2.

in(t) M M ipi(t) o

+

Zc V(1)

Ii(t-t/2 L(t-1/2)

vi(t) Zc

Li(t-1/2) I(t-1/2)

Figure 4.2:Bergeron model for a transmission cable, [17].

For the model in figure 4.2, it is possible to set up equations to calculate ttentim the cable. When
looking at only half a section of the line model, where the middle resistancedeasdivided into two
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i-parts, the cable flowing currents can be calculated using voltage diwsiitiis shown in equation 4.2

and 4.3, [17].

V1 (t)

Zlg(t) = m + Il (t — 7’/2) (42)
o —’Ug(t—T/Q) Zc—R/4
L(t—71/2) = 7o+ R4 <Zc R/ Iy(t —7/2) (4.3)
where 7/2 is the half the travel time of the line. The half is used, as only half a section difhéhenodel

is used.

When examining such a cable model, only the terminals of the models are of intresefore the two
half-time sections are cascaded and the midpoint variables are eliminatedgividsghe cable model
currents shown in equations 4.4 and 4.5, [20].

o va(t —7) Zo— R/4
L(t—71) = ZC+R/4+<ZC+R/4>I2(t_T) (4.4)
Lt — 1) Z”;(Z_RT/Z (gg J_r g;i) Li(t—7) (4.5)

where definition of current direction defines the signs in the equation.

This type of cable modelling is recommended for use, when only one speeifigency is under consid-
eration [21]. This is because the model represents the fundamentatfrggonly, and not other higher
harmonics, due to the surge impedance and the travel time of the wave isgiaesieady state value. It
is therefore not suited for fast front transient studies.

4.3 Frequency dependent models

The frequency dependent model is a model with all parameters distritRtgg) (based on travelling
wave theory and without any lumped parameters. These models arerfoggiependent in all parame-
ters, [22].

From all available cable models, there has been much more publication in ¢hefdrequency depen-
dent cable modelling than any other available cable modelling techniques. This ts the importance
of accuracy in underground cable system simulations and the fact élgaiefincy dependent models give
much more realistic overview over current and voltage behaviour thanlsesiag lumped parameters.

In his article, L. Marti divides cable models into time domain models and fregqudoraain models, [3],
where previously describedsection and Bergeron models are classified as time domain models.

The advantage of using frequency domain lies in accuracy, as parardefgnd on the frequency as
was shown with the line equations in chapter 2.1.
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In order to review the solution in the time domain, the frequency dependent oatidifi of the model
must be transformed from the frequency domain to the time domain, usingdmaragifons such as
Fourier or z-transformations, [6, 23].

When using the time domain, it is easier to see the true behaviour of the moahg) thansient simula-
tions, [10]. This is because it becomes easier to follow the progressreitand voltage as time passes.
This is also used in the principle of EMTDC/PSCAD, where you can grafpiftalow the behaviour
of the signal. Therefore all frequency dependent models, using EBAPBCAD must give results in the
time domain, even though the models use frequency domain for calculations.

In order to get an idea of the function of frequency dependent modslsi#eful to follow their major
development through the years. Some of the development history hasbeenced in [4] and [10].
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» Already in 1970 Budner presented one of the first frequency dbgegrtable models for transient

simulations in time domain, [24]. This model has also been called the exaxidel and uses
weighting functions in the admittance line model. This is an analytically possible methioth
can give good results, but when the line becomes very long, the ordlee ofmodel can become
very high which makes this model very time consuming. This model is therefara good
candidate for large underground cable systems.

In 1972 Snelson tried to improve Budner's exaanodel by using Bergeron’s method of travelling
wave theory for ideal lines, [25]. Snelson used the travelling functiortsikculate the currents
and voltages of the cable. Then he transposed this to the frequency damdatompared to the
line equations in frequency domain.

Snelson’s frequency dependent model method was further improvédelper and Dommel in
1974. Meyer and Dommel used Snelsons model and simplified the reptesefaathe backward
travelling function, which caused some calculation difficulties in the frequeloeyain. They
obtained the backward travelling function from the weighted past histocymwénts and voltages
at both ends of the line, instead of only one end as Snelson did, [26]. fGimsilation is a
convolution integral which is evaluated at each time step of the solution. S$otkwegh this
method gives considerably accurate results, the long time consumed imnpiedcthe integral
is a big disadvantage. Another disadvantage is low accuracy for lowdneigs caused by the
weighted function of the past history of currents and voltages, [27&rd8fbre Snelsons and the
improved Meyer and Dommel models are not considered as good candatdégge underground
cable systems.

It is possible to say that a new chapter was written in cable model histony WwHe. Marti intro-
duced his frequency dependent line model in 1982. This model is bastd dravelling wave
approach with frequency dependent modes and a constant transéormatrix, [27]. The trans-
formation matrix is a constant modal transformation matrix relating phase voltagesurrents
to modal voltages and currents, where multiphase lines are decoupled sa¢hamode can be
studied separately as a single-phase circuit.

In 1988 L. Marti, then a PhD student at The University of British Columbiere both Dommel
and J. R. Marti worked in close cooperation, represented some improteme J. R. Marti's
frequency dependent modal line model. This new model uses the samiplpsras J. R. Marti
represented in 1982, but includes frequency dependence in the maasfiormation matrix as
well as in cable parameters, [3].



» Because of difficulties in J. R. and L. Marti’s frequency dependertemmodel caused by modal
transformation matrix, it became of interest to develop a method in time-domainidhadtiuse
the modal domain. Such a model was represented in 1996 by Noda, Negadldmetani. They
represented a cable model in the phase domain, and not in the time domainres, Brelson,
Meyer and Dommel, J.R Marti and L. Marti had done before them, which didieygend on
convolution due to modal transformation matrix. Instead there was used BAAROdel, where
ARMA stands for Auto-Regressive Moving Average, which minimizes thmmatation time, [6].
The problem with this model is, that it uses the z-domain, so whenever theremegd for a
change in the time step of particular simulations, the propagation function ofskens needs to
be refitted.

« After the representation of frequency dependent model in the plossaid there was some devel-
opment in such cable modelling, and in 1999 an important discovery in this faddepresented
by Gustavsen and his colleagues. They presented a new frequgreaydeéat model in the phase
domain using s-domain instead of z-domain, [4]. This model, universal lirem@ still used
today in EMTDC/PSCAD for both cable and overhead line modelling, and Maaiktv/DC re-
search centre goes as far as saythgs type of cable model should always be the model of choice,
unless another model is chosen for a specific reason. This model isofteadvanced and ac-
curate time domain line model in the world22]. In the software EMTDC/PSCAD, the model
named Frequency Dependent Phase Model is based on the universabdel theory.

 Since 1999 development of frequency dependent models has bedy pariformed as modifi-
cations of the frequency dependent mode and phase models. For ingia2@00 Dufour and
Le-Huy presented modifications of the already used J. R. Marti modekwhey tried to improve
the line responses, [28]. The quality of this model did though not excesahibs already achieved
in the frequency dependent phase model. Also in 2001 a new zcable masl@éepresented by
T.C. Yu and J.R. Marti. This model splits the representation of the travelling weadel into two
parts. Namely the ideal line section with constant parameters (as is done ierigper& model)
and the loss section with frequency dependent parameters (here tferddemodel uses lumped
resistance), [5]. An EMTP implementation procedure was presentedg$on#thod in 2003 [29],
though the model has not been adopted in commercial EMTDC/PSCAD algorithms

From the above history reference of frequency dependent modelstrdngest candidate models for this
project, are the frequency dependent mode and phase models népdase J. R. Marti and Gustavsen
and colleagues respectively. Furthermore the zcable model is of ineereshew candidate in cable
modelling technique. When comparing the two frequency dependent moalel$tfe above description,
previous researchers have stated the phase model to be more féedaraable models and the mode
model for overhead lines. Because of this, the frequency depeptiasé model is chosen for further
work in this PhD project, and not the frequency dependent mode model.

In order to investigate the accuracy and shortcomings of the most fdlewable models, the theory for
the frequency dependent phase model will be further described imlibeviing. Also the more recent
idea of the semi frequency dependent zcable model will be presented.

4.3.1 Universal Line Model (Frequency dependent phase model)

The description of this model is based on the literature from Morched, @estaand Tartibi which is
presented in [4].

25



When a transmission line, either an overhead line or an underground isatelpresented it can be char-
acterized by the propagation matiik and the admittance matri¥, = Z—lc as shown in equation 2.7.
As these matrices are frequency dependent, because of frequemegdnt parameters of the cable
line, only the frequency domain is used to calculate the discrete functions ofidkrices and in order
to obtain the time-domain values, a convolution of the matrices time-domain equé/albiained with
inverse Fourier or other similar transformation, is used. In order to eedomputing time and simplify
the calculations, it is much more efficient to use frequency domaand Y- where no convolution is
necessary (convolution in time-domain is equalized with multiplication in the s-domain)

The main principle of the universal line model is to fit all of the cable parammelieectly in the phase
domain and calculate the terminal conditions presented by equation 4.6,dresgdations 2.7.

Vsend(W) = Upec(w) cosh(Y(w)l) = ipec(w) Zo(w) sinh(y(w)l)
isena(w) = “ZC((:’)) sinh(y(w)l) — iree(w) cosh(y(w)l) (4.6)

where the sign of the current is dependent on the defined directior.déén sending end and receiving
end currents flow from the terminal and into the circuit.

Fitting of cable parameters

When all cable parameters are fitted directly in the phase domain, this meattgethattrix elements of
the propagation matri#/ (w) and the admittance matri%-(w) are fitted in the phase domain.

In order to fitH (w) andYx(w) in the phase domain, a least squares fitting routine, Vector Fitting (VF),
is used [4].

The VF technique estimates all coefficients of a functfdr) so that a least squares approximation of
f(s) is obtained over a given frequency interval, [30]. The function agpration used is given in
equation 4.7 where,, represents the poles anglthe residues for the function.

fis) =3 - 4.7)

where N is the number of poles.

When fitting propagation matriX/ (w) in the phase domain, each modeust be related back in time,
relative to its time delay;. This is because different permittivity of inner and outer insulators in nde
ground cables lead to different propagation velocities for each modélényl = ¢~ (*+79! whereq is

the modal attenuation constant afids the phase constant containing the modal velocity. This results
in different travelling times and time delays for each mode. Therefore eade nigfitted as shown in
equation 4.8.
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CTHL(s) = Y — (4.8)

S — Qm

m=1

By using equatioh 4.8, each element of the propagation matrix is calculatef.by 4

Ny N o
h(s) =2 [Z ; _";m] e (4.9)

i=1 Lm=1

where N, is the number of modes
N is the number of poles for each mode
7; IS the precalculated time constant for made

When H (w) has been estimated using VF, only the admittance makrix) needs to be fitted so that
the terminal conditions can be obtained from equation 4.6.

The admittance matrix has no time delays like the different modal components irofreeggtion matrix
have. Therefore the proper poles can be found by fitting the sum of alesaoThis can though be
simplified even further, because the sum of all modes of a square matrix sante as the sum of all
eigenvalues for that matrix, [31]. Therefore the polesffefw) can be found by using VF to fit the sum
of all the diagonal elements &f-(w).

With both H(w) and Yo (w) Known, vgepnq(w) andige,q(w) can be calculated. Then the purpose of the
frequency dependent phase model has been accomplished, whéeeentireal conditions of the cable
have been calculated using cable parameters in the phase domain. Aftes islidbne, the solution is
transformed to time domain for user purposes.

4.3.2 zCable model

As described before, the zcable model splits up the cable model into twg fheertileal line section
with constant parameters and the loss section with frequency deperdantgiers. Both the frequency
dependent phase model and the zcable model try to calculate the cable keqiteige and current,
without transforming frequency dependent parameters between mdgdase-domain. The frequency
dependent phase model fits all parameters of the cable directly in thegiras@, using VF-technique,
while the zcable model fits the frequency independent ideal line section imakal domain and the
loss section directly in the phase domain. The zcable method can be cobkidaster, as not all of the
cable parameters need to be fitted in the frequency domain.

The principle of the zcable model was proposed for overhead lines)883. This principle was then
improved for adoption as a cable model, [5, 29]. In this chapter, the iddearof the zcable model is
based on [5] and [29].

The wave propagation equations in the frequency domain have beaibddduy equations 2.4 and 2.5.
Instead of using the propagation constanthe equations can be expressed as:
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B d*V ()

dx2 = [ZY] ’ V(:C)
d*I(x)
—— = YZ] 1(z) (4.10)

where [ZY] and[Y Z] are full matrices that couple the wave propagation of voltage and cunrexéry
phase, [5].

In order to split the model of the cable into an ideal section and a loss settt®mductance in the
impedance matrix is split up into an internal inductanEg’, and an external inductancgé®*’, as is
shown in equation 4.11.

Zij(w) = Rij(w) + jw(Li* (W) + L5 (4.11)

where Z;; are the elements of tHeZ]-matrix
R;j(w) is the resistance of the conductor and the ground return
L%‘t(w) is the internal inductance of the flux inside the conductor and groundretur
Lfft is the external inductance of the flux outside the conductor, which isequéncy dependent.

By splitting the inductance up like this, it is possible to split the whole impedance nfiattixe cable in
two parts:

[Z(w)] = ([RW)]+ jw[L™(w)]) + jw[L™)
= [Zipss(w)] + jw[LE*"] (4.12)

The shunt admittance is expressed as befdfeé,= [G] + jw[C], where[C] is the shunt capacitance
matrix and[G] is the shunt conductance matrix, which represents the dielectric lossée presented
zcable model method of [5, 29] the dielectric losses, represented by the @nductance matrix, are
assumed to be constant as well as the shunt capacitance matrix, whioehdalepend on the permit-
tivity of the insulation and the diameter of the conductor and insulation.

In order to distribute the nature of the losses in longer cables, the total lefititb cable is subdivided

into many shorter segments which are then split up into an ideal section arsisetd®n, as described
above. The losses of the cables are given as the losses of the corahatmther metallic layers asso-
ciated with skin effect, as well as the dielectric losses. Therefore thedotisrs of the cable model is

split even further into these two loss subsections. A graphical refgeggenof the cable parameters in
the zcable model is shown in figure 4.3.

Ideal line section

As shown in figure 4.3, the ideal line section consists of the external inttectnd the shunt capacitance.
The elements ofC] are dependent on the permittivity of the insulator, but as the permittivity of isime
outer insulation layers of a cable are different, because different imatare used, the travelling times
and time delays for each mode of the ideal line section are different fromather. The modal domain
is therefore chosen to solve for the ideal line section.
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M external flux 1 rg—i;;;;g‘r‘re‘iz?a;-e&-T@;;;@
I loss intérnal tlux loss

[ m—1 i
|

| . ||<;§ * H |
1'—0 : :: e | '
| LICT 1 e 2 |y //I%

Figure 4.3:A graphical representation of the cable parameters in the zcable mbdelisg the separa-
tion of the cable sections, [5].

The modal domain end voltages of each ideal line section are dependbatabfaracteristic admittance
given in equation 27, the currents into the terminals and the history voltagedieg on the travelling
wave, as is shown in figure 4.4 wherrés the sending end aritlis the receiving end, as before.

d d
i mode chm) e Zcm() e . mode(l)
! 0

® 2
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Vlmodc(t) elhmOde(t) Cghm()dc(t) Vszde(t)
O

Figure 4.4:1deal line section model in modal domain.

The history voltages are updated at each time step as shown in equation 4.13.

e?ﬁlodE(t) — Zgbodeig’wdE(t _ 7_) + Ugnode(t _ 7_)
epole(t) = ZEedeiete(t — 1) 4 oot — ) (4.13)

where 7 is the travelling time of the wave. The time step has to be much smaller than the travelling time

This is then used to calculate the terminal conditions of the ideal section,tatiescstep.

Loss section

The loss section consists of the dielectric loss subsection and the resiatehogernal flux loss sub-
section. As stated before, the dielectric loss subsection in consideredstant, whereas the resistance
and internal flux loss subsection is frequency dependent.

The impedance matrix of the frequency dependent loss section of thernsablid, is therefore fitted in
the frequency domain. The elements&f,(w)] are approximated using the same set of stable poles for
all elements, in order to ensure the stability of {hg,s(w)]-matrix in the zcable model, [5]. Therefore
each element;j, of the matrix must be fitted in coordination with each other, where each elément
expressed as a sum of the same number of paralldblocks.
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Z5Pw) = ch-FZSer o

" sK,
785 (w) = (4.14)
1 ; s +pm

where f stands for fitted.
11 are the diagonal elements aiydare the off-diagonal elements.
The function% is the basic fitting block that corresponds to a paratétblock.
m is the number of paralleR L-blocks.
R;ipc is the DC resistance of the cable.

By using this, each constaif and polep is calculated for each element of the mat#¥®**(w) to ex-
actly match the line data at a particular frequency and the impedance furatitye foss section is fitted,
where possible optimization procedures can also be necessary in oesesut@ correct fitting.

In order to better represent the distributed nature of the losses, thetissigs divided into two halves,
one at each end of the ideal line section.

When the loss section has been fitted correctly and the ideal line terminaticnatiave been calculated,
the whole model is put together in the frequency domain. This means that idindgparameters need
to be transformed from the modal domain to the frequency domain, which & pratblem as the ideal
line parameters are frequency independent. Now the cable has beelechading the zcable model,
where cable terminal conditions are calculated using equation 4.10 with thke znadel of[ ZY] and
Y Z].

4.3.3 Choise of cable model

From existing modelling methods, two are evaluated to be most adequate fdrdtgiency transient
studies for validating cable parameters and modelling procedures ageldsinftasurements. Those
methods are the universal line model (frequency dependent phasd)rand the zcable model. The aim
in this PhD projectis to validate and deliver a accurate cable model to béysedtility when designing
and problem solving for mostly or fully undergrounded transmission systé&sishe zcable model, as
of today, is not available in commercial simulations software, it is decided tasfoa the universal
line model which is available in EMTDC/PSCAD (Frequency Dependentd’Nexlel). Furthermore,
it has been shown by recent studies how this model in EMTDC/PSCAD isneslyeaccurate at power
frequency and for low frequency transients [8].
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CHAPTER

Simulations using EMTDC/PSCAD

The aim of this project is to validate and improve if necessary a known freguependent model. As
explained in chapter 4 the frequency dependent phase model [4] iDENMASCAD is used, tested and

improved.

This chapter describes how to use the model and what to be aware ofinplEmenting the cables

electrical parameters.

5.1 Simulation setup

A layout of what the cable model looks like in EMTDC/PSCAD is shown in figfude

T -
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(a) The cable model.

Frequency Dependent (Phase) Model Options

Travel Time Interpolation: On
Curve Fitling Starting Frequency: 0.5 [Hz]
Curve Fitting End Frequency: 1.0E6 [Hz]
Total Number of Frequency Increments: 100
Maximum Order of Fitting for YSurge: 20
Maximum Order of Fitting for Prop. Func.: 20
Maximum Fitting Error for YSurge: 0.2 [%]
Maximum Fitting Error for Prop. Func.: 0.2 [%]
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(b) The model segment cross section.

Figure 5.1:The simulation setup in EMTDC/PSCAD for cable modelling.

When modelling a cable, there is more to be modelled than only the cable pararketeirsstance the
resistivity of the ground return path must be modelled. As the resistivity ofjtbend depends on the
type of soil and the temperature, this resistivity must be roughly evaluatddeSistivity of a very moist
soil is 30Q2m, for clay soil itis 10002m and for a sandy clay soil it is 130m, [34]. In Denmark the soil
has a large contain of sand and clay. Therefore for the simulations tphessint the soil it is normal to



use either a resistivity of 100 or 150mn.

When using the frequency dependent phase model (FDPM), some imidonotandaries and parameters
for the calculations must be selected, see figure 5.2.

Frequency Dependent (Phase) Model Options

Travel Time Interpalation; On
Curve Fitting Starting Frequency: 0.5 [Hz)]
Curve Fitting End Frequency. 1.0EG [Hz]
Total Mumber of Frequency Increments: 100
Maxirmum Order of Fitting for YSurge: 20
Maxirmum Qrder of Fitting for Prop, Func., 20
taxirmurm Fitting Error for YSurge: 0.2 [%]
Maxirmum Fitting Error for Frop, Func., 0.2 [%]

Figure 5.2:0ptions when using the frequency dependent phase model in EMTDEIRPSC

Travel time Interpolation

The model uses travelling wave theory to calculate the terminal conditions oftile. Therefore, the
travelling time must be larger than the time step. When using this travelling wave ingbe FDPM the
calculated travelling time will not be an exact integer multiple of the time step. Tdrerdfis possible
to interpolate the travel time for short cables or cable segments. This meatisatteawill be a more
correct calculation of the travelling time from the length of the cable, as tHe eald can be reached in
between time steps.

Curve fitting starting and end frequency

The model uses curve fitting with an Nth order approximation to approximate thedenmpge and ad-
mittance of the cable. These calculations are performed over a frequemyy. The selection of this

frequency range will affect the calculated characteristic impedance afthle,Z = gijf:é

The selection of the curve fitting starting frequency will affect the shoemdactance (G) of the line
because this limits the DC surge impedance. This is because the solution at the miin@quency is
used for all frequencies from DC to the minimum. At low frequencies or D€ stirge impedance is

Z = \/g This means that at frequencies below the starting frequency, the abithictance has an
effective value. If the lower limit of the frequency range is too high, thiddoesult in a very large shunt
conductance and shunt losses. Care must be taken not to choosenaatbstarting frequency as that
can affect the accuracy of the curve fitting. This is because the spkcifigimum error is a percentage
of the maximum, and the maximum surge impedance is larger for lower minimum fregueSCAD
recommends a good starting frequency at approximately 0.5 Hz.

The curve fitting end frequency does not have as much effect onlihdat#ons as the starting frequency.
PSCAD states that this end frequency can usually be left at 1 MHz. Theceuse the time step used
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in the simulation uses the Nyquist criteria and places an upper limit on the freigge The cable model
will therefore truncate any elements of the curve fitted approximations, veneimore then 1 decade
above the Nyquist Criteria.

Total number of frequency increments

Itis possible to select between 100, 200, 500 or 1000. This is the totalanghbalculation steps used in
the frequency range for the curve fitting. An increased number of stgesult in a longer simulation
time.

Maximum order of fitting for Y4, and the propagation function

The frequency dependent phase model calculates the terminal condifitims cable by use of the
propagation function and the surge admittance, see equation 5.1.

v
Ysurge = A
g R+ jwL
H = exp(—vy-1) (5.1)

where v = /(R + jwL)(G + jwC)
Ysurge IS the characteristic admittance
H is the propagation function

In order to find the surge admittance and the propagation function, the RiI3EMcurve fitting.

Usually the cable constants program will iterate and continuously increasedér of curve fitted wave-
forms until the error is below a specified error for the fitting. On the othedhfor some real-time
applications there is not enough time to continuously increase the curve fatedorms until an accept-
able accuracy is reached. Therefore it is possible to set the maximumaodifiténg for both the surge
admittance and the propagation function.

Maximum fitting error for Y., and the propagation function

Choosing a large number here will result in a poorly fitted surge admittarccerapagation function.
This will then lead to an inaccurate calculation of the terminal conditions forabéanodel. On the
other hand choosing a very small fitting error can lead to unstable simulatioisscecommended by
PSCAD to use 0.2% for these values. This can be approximated by usingi#fiest value that does
not lead to unstable simulation.

The curve fitting algorithm is based on a weighted least squares fitting. ds@&lpe to specify different
weighting factors for

* the frequency range from DC to the curve fitting starting frequency
* the given frequency at the curve fitting starting frequency

« from the lower limit to the curve fitting end frequency
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Specifying a higher weighting factor results in the curve fitting at that feaqu being more important.
This will lead to placing poles and zeros so that the error at the givendrary is reduced.

When the model boundaries and parameters have been implemented, thacableters need to be set
for impedance calculations.

5.2 Parameters for cable constant calculations

The outcome of the simulations can only be as accurate as the input param#étergrogram, therefore
care must be taken when implementing a model for the cable. In this chaptevearew over how
model parameters should be chosen is given, as well as an overviethevaodel layout.

Conductor

In most modelling software, it is only possible to model the conductor eithersadichconductor or
as a hollow conductor. For stranded or segmental conductors thesaatien is not solid and this is
compensated by increasing the resistivity of the conductor. If the mehB@eaesistance per km and
the actual radius of the cable is known, then it is possible to correct tistivitg of the core by equation
5.2. p' is the corrected resistivityz p¢ is the given DC resistance per km of the conduotpis the core
conductor radius andis the length.

r2m

P/ = RDCT (5.2)

When the DC resistance is not exactly known, it is possible to correct tieeresistivity from the cross
sectional area and the given radius of the conductor. As shown itieqg&a2, the resistivity is given by
the resistance of a uniform specimen of the material, the nominal cross sg¢etiea and the length of
the material.

A

The new increased resistivity can be expressed ‘as- RDCTQT”, where the resistance of a uniform
specimen of the conductor is unchanged as well as the conductor lergthtidfi 5.4 can therefore be
used to calculate the increased resistivity for modelling the stranded donadfithe cable.
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Insulation and semiconductive layers-permittivity

It is normally not possible to model directly the semiconductive layers. Theriand outer semicon-
ductive layers have permittivity around 1000, [35], compared to insulggsmittivity of app. 2.3, and

a conductivity much lower than for both the core and screen conductexefore, from the point of

conduction, the semiconductive layers can be neglected while from thegfdnstulation, they can not.

The effects of the semiconductive layers are included by expandingittkadiss of the insulation and
increasing the relative permittivity, by assuming constant capacitance dxetiive conductor and the
metallic screen [36]. The capacitance between the conductor and tlem see be calculated using
equation 5.5.

(5.5)

When the corrected permittivity, , is calculated, the capacitance and the length of the cable are kept
constant.

27l / 27l
¢ =« In(b/a) - In(re/r1)
;o 2nl In(ra/r)
7 T ) 2w 6
r o dn(ra/r)
T T nb/a)

where ¢ is the known relative permittivity for the insulation.
b is the outer radius of the insulation aads the inner radius of the insulation.
r9 1S the inner radius of the screen ands the outer radius of the conductor.

Insulation and semiconductive layers-permeability

The permeability is related to the inductance, caused by the magnetic field étbrthie conductor and
the metallic screen. Normally it is only possible to model coaxial conductot floo the conductor
and the screen). In reality, the conductor is often stranded and the meta#lenss made of a thin foil
and wires that are helically wounded around the outer SC layer. Theiatsbaxial magnetic field
will cause a solenoid effect and increase the total inductance, [11JusByof Ampéres circuital law,
fc B - dl = ppl, the inductance of the conductors can be calculated from the storedivedenergy
and the stored energy of the magnetic fi@ﬂ,[2 = fV %dv. The magnetic field for the coaxial cable
is calculated using equation 5.7.

I
0<r<r: B(r)= He Z
2mry
1

rm<r<ry: B(r)= —gd (5.7)
o
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where rq is the radius of the conductor.
ro is the radius of the outer semiconductive layer.
1 is the permeability of the conductor.
pq = 4m - 1077 is the given permeability of the insulation.

This magnetic field is used to calculate the inductance. The inductance is shegumation 5.8.

0<r<r: L= £
8

ri<r<ry: L= 'udln<m> (5.8)
2T ™

The flux densityB,,; caused by the solenoid effect is given by the expression in equationdethes
with the associated inductanée

Bsoi(r) = pugNI
L = pgN’n(r3—r}) (5.9)

where N is the number of turns per meter of the cable.

In order to include the solenoid effect in the coaxial modes of propagatierrelative permeability of
the main insulation is set larger than unity by the expression in equation 5.10.

Pe | Hdg,, T2 He | Hd T2 2 (.2 2
— 4+ ——%In|{—) = —+—=In|— N -
87r+ 2w n(n) 87r+27rn<r1>+'ud m(ry = 1)
d
= g = a2 N () (5.10)
(%)

where p4_, is the corrected insulation permeability.

It should be noted thatin EMTDC/PSCAD the relative permeability is used escaitrectedl,;, , should
be divided byuy = 47 - 1077.

Metallic screen

As explained in chapter 2 the screen is constructed of two layers, a wirednrsand metallic tape
(laminate layer), separated with a thin SC swelling tape. The wired screenetatlic tape are directly
connected together both at each junction and cable ends and arertaemfoally considered as a single
conducting layer in cable modelling. It is a common practise when modelling teersar EMT-based
software, to set the resistivity equal to the wired screen resistivity ddiiblg. This approximation has
been implemented, because most of the current will be flowing in the wiregrsciAs it can be seen
in figure/2.2 the wired screen does not fill the whole area around the semgiconductive layer, i.e.
there are some spaces in between some of the wires of the screenofidérefresistivity of the screen
is increased. This is an assumption and must be considered when congiariigtions and field test
results.
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Outer insulation

There is no SC layer that needs to be taken into account when modellingtrermulation, neither
any solenoid effect. Therefore, when modelling the outer sheath, tiatpeity is chosen as stated
by the manufacturer and the permeability is chosen as unity. Normally the osteation is made of
polyethylene with a permittivity of 2.3.

With an understanding of the frequency dependent phase model in ENMPECAD and how to set
modal boundaries and parameters, the model can be used for simulatims stod validation against
field measurements.
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CHAPTER

Summary for Modelling Cables

Before starting to simulate long cables, validate the accuracy and perforroviempents, the existing
modelling techniques are analysed and described. The major literature irlkthis #valuated.

The Nominal and exact-section models, the Bergeron’'s model and various frequency depenubd-
els are discussed. As the research documented in this thesis aims for valdile models at high
frequncies, the frequency dependent models are of more interest-tinaaels and the Bergeron model.
Therefore a short analysis of the history of frequency dependedelwds given. From existing fre-
guency dependent modelling methods, two are evaluated to be most adeqbagk frequency transient
studies for validating cable parameters and modelling procedures agaamina@ents. Those methods
are the universal line model (frequency dependent phase modetharzdable model. The aim in this
PhD project is to validate and deliver a accurate cable model to be usedttijyavhen designing and
problem solving for mostly or fully undergrounded transmission systemsthégcable model, as of
today, is not available in commercial simulations software, it is decided to foecuke universal line
model which is available in EMTDC/PSCAD. Furthermore, it has been shgwadent studies how this
model is extremely accurate at power frequency and for low frequamsignts [8]. Hence, this model
will be used for simulations and model validations in the following chaptershapi@r 5, the modelling
procedure in EMTDC/PSCAD is described and documented. Simulation Setths remaining parts
of the report are based on this description.
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The electrical properties of a cable’s surrounding soil can affedtémsmission properties of the cables,
as well as cross bonding used in longer cables. Such an affect Gasdece of possible errors when
simulating a physical cable system. Therefore, in order to analyse hdesdaehave in their normal
surroundings, field tests become important.

The aim for the measurements is to
* investigate accuracy of up to date models
 analyse what exactly causes inaccuracy of cable models

« verify model accuracy after improvements are implemented

In the project, measurements were performed on two different cablevsskirst of all measurements
were performed on a crossbonded 400 kV 7.6 km long cable systeneaaddsof all on a three phase
150 kV 55 km long underground cable line. Measurements on the 150 K¥rground cable system
were performed during cable installation allowing for measurements bothrtsgiahe cable and the



whole cable line.

Before starting any field tests, the measurement preparation is of greatamgm Field measurements
on long underground transmission cables can not be repeated afteasdbey usually are restricted in
time by the utility company. All field measurements are therefore planned with sirnddisssed on the
technique descriped in chapter 5, using manufacturer cable data.

Such preparation was performed both in order to plan where and whaetsunegeand more importantly,
to have a base for comparison at the measuring site. The comparison bgkinsorder to make sure
that all connections and instruments are working properly.
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CHAPTER 7

Field measurement s¢tl, 400 kV
crossbonded cab

The crossbonded 400 kV cable system is a part of a transmission lindy israccombination of OHL
and cables. The cable line is placed between Gistrup and Skudshale iealtitland of Denmark, see
figure/ 7.1.

- \ 100k “cablestation
-~ 4BOKV cabléstarion ./ Gistr

wp .\

# -

/,"Iwn_c\huj ‘S‘hrrt.nfmh'—.—p.' g s
\

"o f N\ SO0k -cable in
Tndkildedalen

Figure 7.1:Geographical placement of the Gistrup-Skudshale 400 kV cable system

The purpose of the field measurements on the 400 kV cable system wadytweaha cable model, in-
vestigate the accuracy of the model and use wave propagation to idergifyardisagreement between
measurements and simulations.

The cable line consists of 2 identical parallel three phase cable systemsO@itki4single core 1200
mm? XLPE cables. The cross section of the single core cable is shown in filgPiren page 8. The
cables are laid in flat formation with 0.3 m lateral distance between the ptasefetween the two
systems and 1.3 m below the surface, see figure 7.2.



0.3m . 03m

03m 03m

OOE 066

Figure 7.2: Cross sectional layout for the cable line used in this chapter. The line dersfigwo 2
parallel three phase systems placed in flat formation 1.3 m below the surface

6m

The cables are formed by 2 major sections made of 9 cable segments. THertgthlof each cable
is 7625 m. Each cable segment is approximately 11 % of the total cable lengtfigses 7.3. Cross-
bondings are used between segments 2 and 3, 4 and 5, 7 and 8, aneb@tared 9. There is a single
grounding point of screen between segments 6 and 7. There are jointaitzétioss bonding between
segments 1 and 2, 3 and 4, and between 5 and 6.

Segment Segment Segment Segment  Segment Segment Segment Segment  Segment
1 2 3 4 5 6 7 8 9
860m  849m 849m  849m 80m 862 m 849 m 852 m 805 m
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/ \J J \J J \/J
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Figure 7.3:Cross bonding schematic for each of the two 3 phase cable systems addbarad 400 kV
cable line in Northern Jutland.

All cable data are given in appendix C.1
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7.1 Planning field measurement set:1

A simulation setup for the cables of the 400 kV system is shown in figure 7.4.

ivity: $(gr)
1

ive Groun bilty: 1.0
Earth Retun Formula: Analytical

| Cable#1 Cable #2 | Cable#3 Cable # 4 Cable #5 Cable #6

Adjacent grounded non-measured cable system

Cable system under measurement

Figure 7.4:The model segment cross section for the simulation setup of the 400t&M sys

The purpose of the measurements is to obtain a base for validation of simulatiefsmblde measure-
ments should validate the models for fast transient behaviour. AccordifeQ®0071-2 an impulse
of 1.2x50us can be used to simulate lightning overvoltages. The field measurements tbersféoan
impulse test to validate the cable performance and model calculations forktleeteaminal conditions
given in equation 2.7.

The impulse used, will be of the form shown in figure|7.5, [37].

TEEV

50% =1

tlf ront tll/Q

Figure 7.5: A plot of the impulse similar to the one used in an impulse response test. Fehden
examplet ¢yo,¢, Will be smaller, or close to @s.

This impulse is applied to the sending end of the cable and the impulse itself,ntetmrading end
currents and voltages as well as relevant receiving end voltages willdibas a validation template for
the cable model.

As a lightning surge generator is not available in EMTDC/PSCAD, the impulfigufe 7.5 is formed
by use of two exponential functions [38]. This is implemented in EMTDC/PS@A&RBhown in figure
7.6, where the front time is 1,2s, the half time is 5Q.s and the output is the voltage impulse surge in kV.
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Figure 7.6:Implementation of the double exponential surge wave in EMTDC/PSCAD. [3

The 400 kV cable between Gistrup and Skudshale consists of 9 segmelntsfezm. 800 m. Each of
these segments uses its own cable model. The travelling time, assuming the fdggedfor 800 m is
approximately 2,67:s. The front time of the impulse used to energise phase 1 of the cable systém is 1
us. Therefore the time step should be no larger than 1.2/10 =k 1PIsing this time step, the travelling
time will be app. 22 times larger than the time step which suggests that the use @ivisértg wave
theory is correct for each modelled cable segment.

It is chosen to energise one of the outer phases of the measured cstbl® gy the layout from figure

7.4.
The principal test layout based on [2] is shown in figure 7.7.

In cable modelling, the terminal conditions, for both voltage and currenthareonditions of interest.
The simulation results for those conditions are calculated from fitting of calvleeters. As the mea-
suring strategies in this report are to be used for cable model validatitnginwents and voltages at both
ends of the cable are of interest. In order to ensure measurabletsiuatehe terminals, the conductors
of all phases are connected to ground through a$®@8sistance instead of keeping the end open. The
screen is directly grounded. A small resistance 6fi% used to represent the grounding resistance at the
substation. The amplitude of the simulated impulse voltage is 5 kV.

7.1.1 Crossbhondings and screen grounding

The measured cable system consists of 2 major sections. The simulation lakeuatincluding every
cable segment is shown in figure 7.8 on page 48.

When modelling the cable line, each cable segment and crossbonding is m@dgleately. The cross-
bonding is placed underground, approximately 1 m from the centre of tiotigm. 300mm? Cu wires
are used to perform both the crossbonding and the grounding ohsthesinductance in such a wire is
estimated to be L H per meter.
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Impulse field test on the Indkilde cable
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Figure 7.7:Simulation layout for the impulse response test on the 400 kV cable system.

The grounding point for the screen is placed in a box, standing on topeafribund. The distance
between the box and the HV cables is approximately 10 m. The simulation layting ofossbonding is

shown in figure 7.9(a) on page 49 and the simulation layout of the groundstpign in figure 7.9(b).

7.1.2 Simulation results

The sending end core voltages and currents and the receiving englegoltad currents are of interest to
be used as a validation template for the cable model. The simulation results fentliegsend voltage
and currents are shown in figure 7.10 on page 49.

The results in figure 7.10(a) show the applied impulse at one of the outsephad the transients of the
other two cables. The other two cables are open circuited by connectimgttigether and grounding
them through a large 500 resistance.

The results in figure 7.10(b) show the currents at the sending end oféeedhbles. The energised phase
has somewhat larger amplitude as expected and the other two phasesehsamnéhcurrent result, with
180° phase difference.

The simulation results for the receiving end voltage and current is shofiguire 7.11 on page 50.

Figure 7.11(a) show how the transients in the energised phase are ngettihen for the other phases.
What is interesting is, that because of the cross bonding used there willlbbeed voltage in the two
non-energised phases

From figure 7.11 there is one issue to be addressed in particular. Soengmgend currents shown in
figure 7.11(b) are of very low amplitude. The current in the energisadgis approximately 10 A, while
the current in the other two phases is only around 1 A and 0.3 A. The pnokiéh such low currents lies
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Figure 7.8:Simulation layout showing modelling of every cable segment.

in the practical issues of measuring. When trying to measure such a lowwhkre the measurement
instruments are surrounded by energised systems, such as the ala@addésystem, there is a risk of
measuring mainly noise and not the correct measurement value.

One solution would be to boost the input signal, in order to get a higher batprent. Because of the
surge generators low amplitude, this could lead to the risk of the generdtbeimg able to drive the
signal boosting transformer connected to the roughly 7 km long high voltzigje.
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Figure 7.9:Modelling of crossbonding and grounding points. 30@:? Cu wires are used to perform
the crossbonding and grounding of the screen. The inductance irneswalke is estimated as L H
per meter.
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Figure 7.10:Simulation results from EMTDC/PSCAD for the impulse response test giveniie figy .

Another solution could be lowering the resistance in those two phases. Blasiong, the resistance in
the receiving end would have to be lowered down td il order to reach 1M in the phase which is
nearer to the energised phase, while the third phase has only roughl\When the resistance has been
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Figure 7.11:Simulation results from EMTDC/PSCAD for the impulse response test givemiie figy .

lowered to only 102, it has reached the same value as for the direct connection resistaneesoreébn
of all phases.

The third solution could lie in the setup strategy. If the two non-energisesieghia the measurement
setup in figure 7.7 is studied further, it is possible to see how the curreng itwth phases is divided
into two different current circuits. This is because of two differenerdag end 500 resistance. By
connecting the two phases together and grounding through a singfe &&dstance, the output currents
will increase because of the combination of two current circuits into one withane 5002 resistance.

The results in figures 7.10 and 7111 show that for the simulation setup, witiviresurge generator, the
energy in the impulse should be enough to give measurable results. Onéantpapect for the practical
measurements is the noise during measurements. In order to ensure tlegutterepresent the actual
behaviour of the cable, it is important that possible surrounding noisbeséifiered out. Therefore it is

important that noise measurements are performed in advance. This caldddé¢o analyse what kind

of noise is present.

From the above description, the field measurements on the 400 kV cabltaaneg and the results
compared.
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7.2 Performing field measurement se#1

The field measurements are planned and prepared with simulations. Thedieddtte is based on the
simulation layout in figure 7.7.

7.2.1 Field test setup

The field test setup is shown in figure 7.12.

Tektronix TDS 3014B oscilloscopes Tektronix TDS 3014B oscilloscopes
F T L
S 1 B I {4 4 4
P5210 P5210 P5210 P5205 P5200 P5210
Diff. probe Diff. probe Diff. probe Diff. probe Diff. probe Diff. probe
v
— = =) = =) o
= o o (3] o o
- 8 2 2 - 2
s = = = = =
m m o
5 = = — — —— ] = s
v . . v
| | L —-
[ |
L £l
G [ — ——] G
8 T 8
v L / L v
—= Coaxial cable Cross bonded Screen with
——— Twisted pair ground connection

2 major sections

Figure 7.12:Measurement setup for the field tests. A fast front impulse generatorddasmergise a
coaxial wave in one of the outer phases.

Measurements are performed on both sending and receiving end oélttesc The performance of
synchronised measurements at both cable ends requires minimum of twopérs performing the
measurements, where one person controls the instruments at the serti{ig@istrup) and the other
person controls instruments at the receiving end (in Skudshale). FdLBehows the test setups at both
ends of the cable.

One of the outer phases in the flat formation is energised, while the othemasep are connected to
ground via a 500 resistor. A 5002 load is also connected to the receiving end of all phases. This is
done in order to ensure a measurable current flowing for the otherpese ended receiving end. All
screen connections, in both cable ends, are directly grounded as shigure 7.14.

The type of the resistors used is shown in figure 7.15. This type of reséstaas an internal 51 H
inductance as well, which must be taken into account during accurate simslégiomodel validation.

The measurements are only performed on one of the two three phaseystbtasshown in figure 7.2.
The cable system which is subjected to measurements is physically discahfientehe OHL, while
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(a) The test setup in Gistrup. (b) The test setup in Skudshale.

Figure 7.13:The test setups for field tests on the 400 kV cable between Gistrup and &kudsh

The 400 kV
cable

Figure 7.14:Grounding of screen in the cable ends.

the other system is physically connected to the OHL. The OHL is groundesttaends forming a closed
grounded loop for the conductors of the non-measured cable systésrcarnbe seen in figure 7.16.

As can be seen in figure 7.16(a), the cable ends are place 8 m abovetine gvith 4 m between the
phases in air. The connection to cable ends were performed by usimgding cables (for connection of
generator), measuring cables and earthing clamps for connection teecalsieas shown in figure 7/17.
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Figure 7.15:500¢2 resistances.

Physical connection
removed

| Physical connection to
P transmission line

W aWAY
&\ . %
a9, A\VANZAVZESTAVS -

b

%b) Ground connection of the transmis-

(a) The measured 400 kV cable and the adjacent cabl .
sion line.

Figure 7.16:The measured 400 kV cables are physically disconnected from the tss@miine, which
was grounded. Adjacent cable system is grounded through the trasiemise.

7.2.2 Instruments

The power source used for the impulse test is a HAEFELY PC6-288.#% sester, shown in figure 7.18.
It is used to generate a 4.28 kV 1.2/66 impulse propagating into the core conductor on one of the
phases.

Due to the front time of 1.2:s there should at least be 10 samples during the front time, in order to
have an acceptable resolution. The sample time should therefore be naled2€hns. This demands
measuring equipment of at least 8 MHz. In order to obtain graphical gigflthe signals 6 identical
Tektronix TDS 3014B oscilloscopes are used.

The oscilloscopes have 100 MHz bandwidth and can sample 10000 saraptesqrd, [39]. Each scope
has 4 input channels with maximum input voltage of 1505 (212V};) and sensitivity of 1 mV/div to
10 V/div. In order to measure only the first 1 ms, it is possible to use anmattigigger signal and freeze
the first 1 ms on the oscilloscope. This acquired data can then be savedrtpater.
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(a) The measuring cable. (b) Connection of measuring cable to the end of the cable.

Figure 7.17:The impulse generator is connected to one of the outer phases througasarimg cable.

Figure 7.18:The impulse generator.

Simulation results from the planning procedure, performed before ggaaf field measurements re-
vealed that some of the expected measuring voltages should be aboVg,2Therefore a differential
probe was used. There are three types of differential probes Tikede are Tektronix P5200 shown in
figure 7.19(a), P5205 and P5210 shown in figure 7.19(b). Themdasthis is that the P5200 and P5205
have an input voltage limit of 1.3 kV, while the P5210 has a limit of 5.6 kV [40].

In order to obtain the current measurements for the setup shown inlfiditectirrent probes are used.
According to planning simulations, the current measurements vary from 7 rhAlt@. Therefore two
types of current probes were chosen. For measuring sendingituoreenergised core conductor, a
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(a) Tektronix P5200. (b) Tektronix P5210.

Figure 7.19:The differential probes to be used for the cable measurements.

probe of the type PEM RGF15, shown in figure 7.20(a), is used. Theuriegsange for this probe is
from 20 A to 60 kA, [41]. For other current measurements a probe ofyipe LEM PR30, shown in
figure| 7.20(b), are used. The measuring range for the LEM probe is 5on3Q A, [42]. The output
signal from the used current probe is a voltage signal which can Hatfethe oscilloscope.

(a) PEM RGF15. (b) LEM PR30.

Figure 7.20:The current probes to be used for the cable measurements.

Setup of the voltage and current probes can be seen in figure 7.21 oextheage.

Six identical oscilloscopes are used to obtain the measurements, threk ahdauf the cable, see figure
7.22. The first scope on both ends of the cable uses channel 1 to measeirvoltage on energised core
conductor, channel 2 to measure core current on energised cadeator. On these two scopes, the
trigger signal is fed to an external trigger on the back of the scope amtheh4 is used to synchronize
the time of the cable ends.

In order to be able to compare measurement results for both ends of tedaatvavelling time anal-
ysis, a signal at each end of the cable is generated. These two ideigiwbsare generated using the
OMICRON CMC-256 and synchronized by GPS signals, see figure T.R8.signals are measured at
both ends of the cable.

The remaining two oscilloscopes at each end of the cable, are used torenearsei voltage and core
current on the non-energised phases. Channel 4 is used to triggeoies and the trigger signal is the
measured core current on the energised phase.
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(a) Current measurement. (b) Voltage probes for voltage measurements.

Figure 7.21:.Current and voltage measurements.

(RLELH

rory d BRI

-

(a) Three connected oscilloscopes placed in Gistrup. (b) Three connected oscilloscopes placed in Skudshale.

Figure 7.22:Six identical oscilloscopes are used. Three placed in Gistrup and threegbla Skudshale.

The oscilloscopes are set to measure over 1 ms and the record length i@ The time for each
sample is therefore 100 ns and the sampling frequendy; is= ﬁns = 10 MHz, which meets the
minimum requirement of 8 MHz.

7.2.3 Measuring accuracy

The purpose of the measurements is to obtain a basis that can be usdifaimgpa simulation model
for underground cables. The accuracy of the measurements is tieehédbly important. When the
measurement results are used to validate simulation results, the simulation resultsfg with mea-

surement results within the accuracy of the measurements.
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(2) The OMICRON CMC-256. (b) A GPS unit for the CMC-256.

Figure 7.23:A signal is generated using the OMICRON CMC-256. Two such signalsyaehronized
by GPS.

Surrounding noise

In order to estimate the noise because of surrounding transmission systeasjrements of induced
voltage/current are performed with no voltage on the measured 400 k¥scalore voltage and current
for all phases is measured. This is done both for the sending end atpsastduthe receiving end at
Skudshale. To record these measurements an OMICRON CMC-256 withizztevas used.

The results for induced voltage and current at sending end are shdignre 7.24
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(a) Core voltages. (b) Core currents.
Figure 7.24.Core voltages/currents for all three phases in sending end at Gistrup.ig& measurement

of induced noise, performed with no voltage on the measured 400 k\écélhlase 1 is the energised
phase, phase 2 is the middle cable in the flat formation and phase 3 is thebotkephase.
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The measurement results for voltages on two out of three phases are abmeaseasurable, as shown
in figure| 7.24(a). The largest and most clear signal is for phase 3n-@mergised outer phase. This
induced signal has a peak of approximately 1.8 V. A 150 kV transmission hmsrtritting power to a
near by city, Aalborg @st, is placed few hundred meters away from tHesabhis explains the induced
voltage.

All measured voltages are in the level of 1.5-4.3 kV, which is approximated@-2500 times the mea-
sured noise signal. Furthermore the noise signal only appears at fregaency, 50 Hz, while the
impulse response test is measuring for many and much higher frequencies.

The induced noise current is measured largest as approximately 0. pAdse 1 and 0.1 A for the other
phases. As for the induced voltage, the induced current only apaeaosver frequency. The measured
currents during the impulse test are approximately 100 A for energisext @vad 2 A on the adjacent
phases. The induced noise current is therefore 20-100 times smallghthareasured currents during
the field test. Furthermore, the field test currents propagate at many atdhigher frequencies than

50 Hz.

The results for induced voltage and current at receiving end aversindfigure 7.25

Voltage [V]

I I I I I
o 001 002 0.03 004 005
Time [5]

(a) Induced core voltage (b) Induced core current

Figure 7.25:Core voltages/currents for all three phases in receiving end at Skielsfiais is a mea-
surement of induced noise, performed with no voltage on the meadd@ekMicables. Phase 1 is
the energised phase, phase 2 is the middle cable in the flat formation asd Bliwthe other outer
phase.

The results for induced noise voltages and currents at the receidrayan smaller than at the sending
end because of less surrounding high voltage transmission lines. Dugiimgllse field test, measured
voltages are similar in size as for the sending end. The receiving erehttior the energised phase is
smaller, but the ratio between induced noise and field test measuremertif§ simitar to the sending
end.

It can therefore be concluded that the induced noise voltage andtuaieboth sending and receiving
end do not affect the measured values during the field test. Filtering & isdiiserefore not necessary.
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Equipment accuracy

There are two types of accuracy to be considered, time accuracy anduaie@mccuracy. The time
accuracy is dependent on the horizontal accuracy of the used osgfiles The sampling rate accuracy
for the TDS3014B oscilloscope 620 ppm, or 0.002%, for any interval> 1 ms, [43, p. A-6]. The
time interval for the described measurements is 1 ms in total for all measurenibrgsesults in time
inaccuracy of:

At = £1ms - 0.002% = £20ns

This means that the resulting signals can be shifted in time for maximum of 20 n&oRbtime and
half time of the applied impulse, this inaccuracy of 20 ns must be considetedfrdnt time is 1.2us
and the half time is 5Qus. The inaccuracy is therefore only 0%4or the half time and 1.% for the
front time.

The amplitude accuracy is calculated from warranted characteristics wéedl instruments. First the
accuracy of the used probe is calculated. The signal out of the usbkd pas a value od + A A, which

is the signal with maximum inaccuracy values. This value is an input for thélossope, which also
has some boundaries for accuracy.

Calculating the maximum accuracy

A high voltage differential probe Tektronix P5210 the Tektronix TDS30b$Billoscope are used to
measure the core voltage for the energised phase at the sending enthip.Gishe accuracy for the
differential probe is given as3%, [44, p. 8]. The accuracy given for the oscilloscope is somewhat more
complicated and depends on the setting for the channel of the oscillo§48pe, A4-A5].The accuracy

for the oscilloscope is:

+ [0.02 - |reading— (offset position) + (offset accuracy)- 0.15div - V/div setting+ 0.6m V]

Where the offset position for all measurements is equal to 0 and the affsetacy is dependent on the
setting for each channel as following:

Scale range for each setting of chanipe!\ccuracy

1 mV/div to 100 mV/div +[0.002 - |net offset + 1.5mV + 0.1div - V/div setting
101 mV/div to 1 V/div +[0.0025 - |net offsef + 15mV + 0.1div - V/div setting
1.01 V/div to 10 V/div +[0.0025 - |net offset 4+ 150mV + 0.1div - V/div setting

To demonstrate how the maximum accuracy for a measurement is obtainedctinacgaof the core
voltage of the energised phase in Gistrup can be calculated.

First of all, the "reading" for the oscilloscope accuracy is the outcorhthe probe. Therefore the
"reading" is actually "‘readingt3% of reading"’.

The scope setting is 1 kV/div, where the probe has the setting of x10@Jefbine, the V/div setting is
1kV/1000=1 V/div and the offset accuracy is
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+[0.0025 - 0] + 15mV + 0.1div - 1V/div] = £[15mV + 0.1V] = +0.115V

The maximum accuracy of the core voltage of phase 1 in Gistrup is showniatien 7.1.

AV = =£[0.02 - [reading+3% of reading + 0.115V + 0.15div - 1V/div + 0.6m V]
+[0.02 - |reading£3% of reading + 0.2656V/] (7.1)

The accuracy for all the measurements can be found in a similar way anédhksrfor all of the
warranted characteristics are given in table 7.1 on the facing pagee wbkage/current 1 refer to
the energised phase, voltage/current 2 refer to the middle phase argkl@ltigient 3 refer to the non-
energised outer phase.

7.2.4 Measurement results

With the certainty that the induced voltages and currents at both ends o&lbhesavill barely have
any disturbance on the measurement results, the field test results for tHeamggponse test can be
analysed.

There were performed 4 identical impulse response tests. This was ailooenfiparison, in order to
assure reliability of obtained data. All 4 tests give fairly the same results.

Core voltage at Gistrup

The field test results for core voltages at the sending end of the cablesting are shown in figure 7.26
on page 62.

Figure 7.26(a) shows the impulse voltage applied to phase 1 (the energasa) pThe actual magnitude
of the applied impulse is 4280 V. The front time is calculated as the time betwe&rned@d 90% of the
total amplitude, [37]. 3% is 1284 V and 90% is 3852 V. The time in between is 2.66. This means
that the actual front time of the measured impulse is nofu$.But 2.7us. The impulse has lowered to
half its amplitude after 54.4s. This means that the actual half time of the measured impulse is pst 50
but 54.1us. Actual amplitude, front time and half time of the impulse must be taken into coasate
when performing simulations for this impulse test.

Figure 7.26(b) shows the measured core voltage on phase 2 (the midalénciie flat formation). This
voltage appears when a large impulse is applied to phase 1, which is anradjscgical cable in 0.3

m distance. Phase 2 is grounded through a®086sistance in both ends, which creates a closed current
circuit. As it can be seen in figure 7.26(b), the first pulse of the coreg®itm phase 2 is negative. This

is because of Faradays law of induced voltage, see equation 7.2, [45].

dd

- (7.2)

V;jnduced =

Faradays law states that the voltage induced in a closed circuit is equalneghtive rate of increase

of the magnetic flux linking the circuit. The increase of the magnetic flux linking traii¢ ‘il—‘f, is
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Measurement Probe Probe Oscilloscope setting Oscilloscope accuracy
setting accuracy

Sending voltage 1 1000x +3% 1 kVv/div +[0.02 - [reading+3% of reading + 0.2656 V|

Sending voltage 2 1000x +3% 500 V/div +[0.02 - |reading+3% of reading + 0.1406 V]

Sending voltage 3 1000x +3% 500 V/div +[0.02 - [reading+3% of reading + 0.1406 V]

Sending current 1 2mV/A +1% 50 mV/div +[0.02 - [reading+1% of reading + 0.0146 V]

Sending current2 | 100mV/A | £1% of reading+2 mA 100 mV/div +[0.02 - |reading+1% of reading+ 0.2mV| + 0.0271 V]

Sending current 3 | 100mV/A | £1% of reading+2 mA 100 mV/div +[0.02 - |reading+1% of reading+ 0.2mV| + 0.0271 V]
Receiving end voltage 1  1000x +3% 1 kVv/div +[0.02 - |reading+£3% of reading + 0.2656 V]
Receiving end voltage 2  1/500 +3% 1 V/div +[0.02 - [reading+3% of reading + 0.2656 V|
Receiving end voltage 3  500x +3% 500 V/div +[0.02 - [reading+3% of reading + 0.2656 V|
Receiving end current 1 100mV/A | £1% of reading+2 mA 200 mV/div +[0.02 - [reading+1% of reading + 0.0656 V|
Receiving end current 2 100mV/A | £1% of reading+2 mA 100 mV/div +[0.02 - [reading+1% of reading + 0.0271 V|
Receiving end current 3 100mV/A | £1% of reading+2 mA 100 mV/div +[0.02 - [reading+1% of reading + 0.0271 V|

T9

Table 7.1:Table showing warranted characteristics for all measuring instrumentthifield measurements of set#f.
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(c) Sending end voltage on phase 3
Figure 7.26:Test results for impulse test. Core voltages at the sending end of theicaBistrup. Phase

1 is the energised phase, phase 2 is the middle cable in the flat formatiorhand B is the other
outer phase.
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caused by the energised closed circuit nearby. This is illustrated in flg2¥e whered = [ Bds for
the magnetic flux crossing surface S.

Energised phase
nearby

Grounded phase
forming a closed
Magnetic field, B circuit

A return path in
the ground

Figure 7.27: The voltage induced in a closed circuit is equal to the negative rate of isere&the
magnetic flux linking the circuit.

Furthermore, the first peak of the induced voltage happens some time &ftenphlse is applied to
phase 1. This can be explained by the theory for impulse response. diedhvoltage in phase 2 is
phase shifted from the original voltage of phase 1. This is because ohgeglance in the cable and
the ground. The induced voltage can be calculated by means of convolwti@ne convolution is a
mathematical operator which takes two functions, f and g, and producésl futhction that in a sense
represents the amount of overlap between f and a reversed andtedngesion of g.

Figure 7.26(c) shows the measured core voltage on phase 3 (the fitettiion other outer phase). This
voltage appears when a large impulse is applied to phase 1, which is amadjecical cable in 0.6 m
distance. As for phase 2, phase 3 is grounded through &5@8istance in both ends, which creates a
closed current circuit. As for phase 2, the first pulse is negative aour® some time after the impulse
is applied to phase 1.

Core current at Gistrup

The field test results for core currents at the sending end of the cal@éstimp, are shown in figure 7.28
on the next page.

Figure 7.28(a) shows the current applied to phase 1. As it can be seeartient peak is approximately
130 A. This is approximately the same as expected, and shown in chapterf@itfis phase, as the
simulated peak was 141 A with a 5 kV peak impulse. For the measurements, kniepeése is 4.28 kV.

Figure 7.28(b) shows the measured core current on phase 2. As litecaeen, the first peak of the
current is in the same direction as for phase 1. This is because of thévaesign for Faraday’s law,
called Lenz’s law. Lenz’s law states that a variation in the magnetic field drauriosed energised
circuit induces a current in a nearby closed circuit with a direction tryingpjeose the change in the
original magnetic field. This can be seen in figure 7.29.

For this case, the magnetic field around phase one is increased, andirgto Lenz’s law the current
in phase two should produce a magnetic field opposing the change in theabnigignetic field caused
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(c) Sending end current on phase 3

Figure 7.28:Test results for impulse test. Core currents at the sending end of the callestrup.

by the change in current of phase 1. Figure 7.29(a) shows an opgpuosignetic field caused by enlarg-
ing the original current and figure 7.29(b) shows an upholding magnelitdaused by diminishing the
original current. The case for applying an impulse voltage to phase @hiesating an induced current in
phase two, is in accordance to figure 7.29(a).
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nearby Grounded phase
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circuit

Magnetic field,
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Magnetic field
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(a) Enlarging original current.

Energised phase

Magnetic field, nearby

diminishing

Grounded phase
forming a closed
circuit

-Magnetic field
upholding original

(b) Diminishing original current.

Figure 7.29:The currentinduced in a closed circuit will produce a magnetic field thabses the change

in the original magnetic field.

Figure 7.28(c) shows the measured core current on phase 3. Thesanigle applies for the direction
of the current in phase 3, as for the current in phase 2. Thereferdirgction of the current in all three

phases is the same.

For the induced current in phases 2 and 3, there should be a delag befaurrent starts flowing. As it
can be seen, the current measurements always show results differarstero. This is because during
the delay, the measurements are picking up noise from the impulse genéhetooise in figure 7.28(b)

and 7.28(c) have a duration of 28. This is also in accordance with the delay of core voltages for phases
2 and 3. From figure 7.26(b) and 7.26(c) the delay is equal t@s20n order to have a correct overview
over the actual current in the conductor of phase 2 and phase 3, thebdisces are therefore filtered
out. The filtered results can be seen in figure 7.30 on the following page.
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(c) Sending end current on phase 3

Figure 7.30:Test results for impulse test. Core currents at the sending end of the salistrup.

Core voltage at Skudshale

The field test results for core voltages at the receiving end of the ciabikudshale, are shown in
figure 7.31 on the next page.

Figure 7.31(a) shows the measured core voltage on phase 1. Theé#iksdfthis measured core voltage

66



5000
Measurement 1
4000 - M . : Measurement 2 ||
I Measurement 3
| Measurement 4
3000+ |- kg 4
2000F - v \.o : 4
= \ 4
S 1000 | \ /
S | o\ / \ //“
S | Voo ‘\/\
o W ] . | ™ N Vﬂ/ 4
/ \
Liad \ /
-1000 - WV o .
"\./; A iy ,z“‘
—2000 - Nt -
-3000 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time [ms]
(a) Receiving end voltage on phase 1
2000
Measurement 1
1500 - Measurement 2 | |
Measurement 3
Measurement 4
1000 | H
4 f A
| Y T U A Vit .
= [ “\ ] / S oy
©° | | | / \
> \ /
=500 - 1 Vo W .
] \ ./
-1000 - |/ v .
-1500f - -
-2000 1 1 1 1 1 1 L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time [ms]
(b) Receiving end voltage on phase 2
2000
Measurement 1
Measurement 2
1500 Il : : Measurement 3]
Measurement 4
1000 4

Voltage [V]
ul
o 8
T
i
1 1

-500( .
A V
-1000 Vi ]
-1500 1 1 1 1 1 1 1 1
0 01 0.2 03 0.4 05 06 07 08 0.9

Time [ms]

(c) Receiving end voltage on phase 3

Figure 7.31:Test results for impulse test. Core voltages at the receiving end of the caBleudshale.

on phase 1 happens after 39 of delay and is 4260 V. As it can be seen in figure 7.31(a) the form of the
core voltage has changed from the sending end, see figure 7.26(a).

Because of distributed parameters of the cable and the wave characetisiwoltage and current at
the receiving end of the cable can be calculated using equation 7.3.
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V;"eceiving (x) = kvle_’yx + kaeﬂm
Ireceivmg (.’IJ) = ]'Cile_,yac + k‘i2€,yaC (73)

where k,; andk,o are constants to the solution of the terminal condition differential equation.

v is the complex propagation constant, definechas: /(R + jwL)(G + jwC) = a + j3
whereq is the attenuation constant amds the phase constant.

From equation 7.3 it can be seen how the voltage at the receiving end cdlifeedepends both on the
wave travelling from the sending enkl,;e™*, and on the wave reflected at the receiving end and then
travelling to the sending end;2¢”*. Because of this characteristic, the voltage at the receiving end
of the cable has a different form than the voltage at the sending endanFofinite lossless line, the
voltages at the two ends of the cable should be identical.

Figures 7.31(b) and 7.31(c) show the measured core voltage on plaasephase 3 respectively. The
first peak in both cases is of approximately 1.5 kV and the signals containlsgirer frequencies.

Core current at Skudshale

The field test results for core currents at the receiving end of the ,ceblekudshale, are shown in
figure 7.32 on the facing page.

The delay of 39s appears for the current measurements, as it does for the voltageremeasts.

By comparing the measuring results of figure 7.32 and figure 7.31 it card®eehow the voltage and
current forms are similar for each phase. This is also according to theytlasahe current measured is
the current right before the connected 300oad resistance and the voltage is measured over the load
resistance. This is according to the theory, as the load resistance iepisteve.
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Figure 7.32:Test results for impulse test. Core currents at the receiving end of the, calskudshale.

7.3 Analysing field measurement set:1

The purpose of the field measurements on the 400 kV cable system wadyteeatha cable model, in-
vestigate the accuracy of the model and use wave propagation to idergifyardisagreement between
measurements and simulations.
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For the validation, a simulation model in ETDC/PSCAD, as described in chafté dsed. In order to
simulate the behaviour of the cable as close to results from field tests asl@o$slexcitation voltage
of the energised phase used as an input to the simulation model must be identitaasurements and
simulations. It is impossible to model an impulse, by the theory from chapter atlistidentical to
generated pulse during the field tests. Therefore, measurements ohtratge impulse from the field
test are used to create a voltage source, instead of using a doubleestipbsurge. This is done by
constructing a component that retrieves data from the measured impuldeeaisdthat into a source.
This source is then used to energise in the simulation model. When using theregeaspulse for
energising the cable, one must be careful regarding reflections. Pheimpulse contains reflections
from crossbonding points and receiving end of the cable and if thdlireygme is not identical for field
measurements and simulations, it can cause deviations between simulatioredantbfisurements of
sending end currents and receiving end voltages. In this project, thizdas taken into account and the
travelling time validated to be identical.

As explained on page 51, the resistances used include a 5 mH inductaicteinvthe simulations is
added in series to the 5@Dresistance. The simulation setup for the impulse is shown in figure 7.33(a)
and the comparison of measured and simulated impulse voltage can be seareiid f83(b).
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(a) Model representation of the impulse generatori(/t;)lt%iasured and simulated impulse generator

Figure 7.33:Model of the measured impulse and measured results.

By using identical sending end voltage, the simulated and measured resgdhs cable can be com-
pared. The simulation model calculates the terminal conditions for each cabiselof the surge ad-
mittance and the propagation function. The model uses wave theory witbtigike at cable ends and
crossbonding points. In order to verify the accuracy of the cable mttdeimodel must first be tuned by
use of the sending end current on the energised phase.

7.3.1 Comparison of sending end current for energised phase
As the screens in the setup given in figure 7.12 are grounded at thmgemdl, the application of the

impulse voltage to a cable core conductor will cause a coaxial wave to gatgpito the energised
phase. The sending end current veéts only dependent on the sending end voltage vectand the
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cables characteristic admittanke as shown in equation 7.4, whefeandY are the per-unit-length
series impedance and shunt admittance of the cable system.

i = Yov
Yo = Z7YzY)Y? (7.4)

Response of first cable section

Until the reflection from the first crossbonding point reaches the sgratid, the height of the current
wave is only dependent on the high-frequency characteristic admittaudctha input voltage. As the

input voltage is the same for simulations and field tests, a difference betwaeeunrtkes can be explained
by inaccuracies in the characteristic admittance. The sending end cilneesfore only depends on the
cable parameters. This is why the response of the first minor cable seatisedg$or comparison when
analysing the accuracy of the series impedances and shunt admittatioesliffierent cable layers.

The total length of the cable is 7625 m. The measured travelling time for the taaxiaof the energised
phase from the sending to the receiving end i$:39The wave velocity is therefore 196 a¥. The first
crossbonding point is at 1709 m. The coaxial wave travelling from thdisgrend will therefore reach
the first crossbonding point after 8.&. The reflected coaxial wave from this first crossbonding point
arrives at the measuring point at the sending end after/i¥.4

The cable model is very sensitive to cable parameters. The parametéamespn chapter 5.2 use
thickness of various layers of the cable. The physical thickness ofdfiie cmust therefore be correctly
implemented in the model. This thickness can be acquired by various mearis.groject, three differ-
ent approaches have been used in order to show how sensitive theisrtoddifferent layer thickness.

« Information from the datasheet given by the cable manufacturer leasused

» The cable supplier, Sagem, has given a test report with measured diafitetelayers for various
test samples. Thicknesses of the cable have been obtained by usingrhgeanf each layer for
the several test samples.

« A 5 cm thick sample of the cable has been used for simulation purposess thieethickness of
each layer is measured directly. As this sample is very small, it does notsaeitesepresent the
whole cable line.

The sending end current of the energised phase for the figst i8shown in figure 7.34, which demon-
strates the sensitivity of the cable model to the thickness of different lajidres different thicknesses
used are shown in table 7.2.
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| Layers | Datasheet| Measured diameter | Test report |
Conductor diameter 429 mm | 43 mm 43.2 mm
Inner semiconductor thickness1.6 mm 1.5mm 1.3 mm
Isolation thickness 28 mm 31 mm 27 mm
Outer semiconductor thicknessl.5 mm 3 mm 1.12 mm
Wired screen diameter 1.89mm | 2mm 1.89 mm
Aluminium foils thickness 0.5 mm 0.1 mm 0.5 mm
Outer sheath thickness 5mm 4 mm 4.3 mm

Table 7.2:Thickness of cable layers for three different situation. 1-Parametens the cable datasheet,
2-Parameters measured from a small cable piece and 3-Parametess giva test report by the
manufacturer of the cable.
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Figure 7.34:Comparison of the sending end current at the energised phase forgh&dj.s.

From figure 7.34 it can be seen how simulation using parameters frompest best fit the measurement
results from the field test. This was to be expected, as the parameters &destheport are taken for
several examples of the cable, while the datasheet contains nominalfealtiescable and the measured
values are only for one 5 cm example, which does not necessarilysesyirthe whole cable line. This
cable line will therefore henceforward be modelled using the physicahpeters given in test report by
the cable manufacturer.

The second crossbonding point is placed 3407 m from the sendingféhd cable. The reflection of
the coaxial wave from the second cross bonding point thereforearai the sending end after approxi-
mately 35us. Grounding point is 5119 m from the sending end and the reflected ¢oesra from the
grounding point therefore arrives at the sending end after appreedyra? ;.s. The response of the first
major section, formed by two crossbonding points, up to the screen gngymslshown in figure 7.35.

From simulations it has been observed that the screen current of aidfaddes starts flowing after
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Figure 7.35:Comparison for the measured and simulated core current at the seaddhgf the energised
phase. Comparison of the first %2, or time including reflections for the first major section.

48 us. Before that time it is certain that only the coaxial wave is in the system, as this seasists of
current in conductor returning the screen of the same cable. Thetsféore this time, there is no mutual
impedance between the conductors and the screen of different phatgsen two different screens or
from screen to ground and there is only current flowing in the loop soreen of the energised cable and
therefore only the first column of the modal impedance matrix is of importanoe.miodal impedance
matrix, Z in equation 7.4 based on equation B.22 is therefore as shown in equation 7.5

[ Zc ] [ 2 =Zzi, 0 0 0 0
Zs1 _Zé‘m Z% 0 Zgmi12 0 Zgm13
Zeo | 0 0 2 =Zi 0 0
Zs2 0 Zgmiz —Z%, 7 0 Zgm23
Zcs 0 0 0 0 z3 — >f’9m

| Zs3 | . 0 Zgm13 0 Zgmas  —Zen, 25

(7.5)

_ 1 -
21
_ 7l

Sm

_ 0
- 0
0

- 0 -

where 21 = Ze, o + Z08s, cnorion + ZSimne. @S €xplained in appendix B.

Zém is the mutual impedance between current loops core-screen and-gcoeeal.

Each element of the total series impedance is calculated from cable pasanigierrelation between
the cable parameters and the layer impedances is shown in appendix B.1.
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When not only the coaxial wave is present the impedance matrix in equatibedoes more and more
complicated, including mutual impedances.

The good agreement observed in figure 7.35 implies that the cable modédesagourate for coaxial
waves and for short cables with no or few crossbondings. It is thereflso accepted that the cable
parameters used for the simulations are correct and that the calculaedisgredance’ andzfqm for
only the coaxial mode is correct.

Response of the complete cable length

After the grounding point, there are two more crossbonding points andhbearable end. The reflected
coaxial wave from the cable end reaches the sending end afier. A8comparison for the first 90s is
shown in figure 7.36.
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Figure 7.36:Comparison for the measured and simulated core current at the seadthgf the energised
phase. Comparison of the first 93, or time including coaxial reflections for the whole cable line.

It is observed from figure 7.36 that no significant deviation appedmdabout 48.s. As this is the
time when simulated current in the screen of the adjacent cables start flanggssumed that screen
current influences the cable model accuracy. For analysing this stimgea modal analysis on the wave
propagation is performed.

7.3.2 Wave propagation for disagreement analysis

The sending end current was measured for @00The comparison of simulations and field test results
for the entire measured time of 908 is shown in figure 7.37.

It can be seen from figure 7.37 that the simulated current follows the mezhsurrent very closely
until about 48..s. After this time, the current waves become more and more out of phase astaet
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Figure 7.37:Comparison of the sending end current on the energised phase fontileemeasured 900
us.

becomes affected by more crossbondings, grounding points andedflgaves. It can also be observed
how, despite deviation, some similarities between simulations and measuremesres tensimulated
wave appears to be less damped and delayed. this can be caused breiciasan the real and imaginary
parts of the characteristic admittance.

Modal propagation characteristics

In order to evaluate the difference between simulated and measuredgendicurrent, it is practical
to have a look at the modal currents and estimate which modes cause thendiéfgr As explained in
chapter 2.3, then at high frequencies, the six modes of propagationecdesbribed as three coaxial
modes, two intersheath modes and one ground mode. The modal curnerite calculated from the
phase currents by use of equation 7.6, wheiethe ground modé, andc are the intersheath modes and
d- f are the coaxial modes. The modal current transformation matrix [T] is\diyg11].

[Imode] - [T] -1 [Iphase]

I, 1 1 1 1 1 1 I
I, 0o 1/2 -1/2 0 1/2 -1/2 Ico (7.6)
L. | |2/3 -1/3 -1/3 2/3 —1/3 —1/3 Ics '
Iy |~ | 2/3 -1/3 -1/3 0 0 0 | Igm
I, 0 1/2 -1/2 0 0 0 Isha

| Iy | 1/3 1/3 1/3 0 0 0 | | Isps |

where C'1 — C3 represents the core currents of the three cables and
Sh1l — Sh3 represents the screen current of the three cables.
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In order to calculate the modal currents, the screen currents must e kiidve screen currents have
not been measured. It is therefore not possible to calculate the modattsuirom measurement results.
Instead the modal currents are calculated from the simulated phase domaimtxuThe calculation of
modal propagation characteristics is done via the eigendecomposition expilaichapter 2.2, where for
each eigenvalue the propagation attenuatigv) and phase constaft(w) = % for the propagation
velocity v;(w), give the propagation characteristics of the wave.

Figure 7.38(a) shows the modal velocities when the modal currents atdatattfrom simulated phase
currents. The increase in the modal velocities is relatively small. Aboveogippately 10 kHz, all
modal velocities become frequency independent. The modal attenuatioowia ghfigure 7.38(b). At
high frequencies the damping is largest for the ground mode, which meatrth¢hosses are largest in
the ground mode.
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Figure 7.38:Simulated modal velocity and damping for one cable segment (cable pteior each
segments are identical).

76



Modal analysis

The modal velocity is used for the modal analysis in order to estimate which ntadege deviation
between simulated current and field measurements. A comparison of thegsend current including
coaxial reflections for the whole cable line, or the firsy80is used, see figure 7.36. For evaluating the
affects of the modes, simulated phase and modal currents, calculatethghase currents by use of
equation 7.6, are plotted in the same time view. The simulated phase currenégtiocanductor and
screen at the cable sending end together with the measured core 1t eserehown in figure 7.39(a).
The calculated modal currents are shown in figure 7.39(b).

It was pointed out from figure 7.36 that no significant deviation betwienlated and measured sending
end current on energised phase appears before abaust 4®is is when simulated current in the screen
of the adjacent cables start flowing. This is supported in figure 7.39enihean be observed that
the sending end current only contains coaxial components until atttimael8 us. At that point, an
intersheath wave arrives at the sending end.

As shown before, the coaxial wave reaches the first crossbondinggit = 8.7 us. The crossbonding
of screens results in a discontinuity in the characteristic admittance matrix amdotieeboth coaxial
waves and intersheath waves are reflected back towards the sendilag @rell as being transmitted
towards the receiving end. According to the measured coaxial velocity96f- 10% m/s, then the
reflected coaxial wave reaches the sending end afterdsiwhere it gives the reduction in the sending
end current shown starting at point (i) in figure 7.39.

The transmitted part of the coaxial wave, from the first crossbonding,p@aches the second cross-
bonding att = 17.38 us, where it becomes again decomposed into reflected and transmitted coalxial a
intersheath waves. The reflected coaxial wave meets the first craspqoint, becomes decomposed
into transmitted and reflected coaxial and intersheath waves. This coatalis/at the measurement
point of the sending end at= 34.8 us reducing the sending end current even further, as shown at point
(ii) in figure[7.39.

As mentioned before, when the original coaxial wave reaches therfisglmonding point at= 8.7 us, it
becomes decomposed into transmitted and reflected coaxial and intersheath &rom the intersheath
wave velocity in figure 7.38(a), it can be calculated that the reflected rgetis wave reaches the sending
end att = 48.4 us, see equation 7.7. This time fits exactly with point (iii) in figure 7.39, where the
intersheath mode is first observed and the screen currents of therddjabkes.

1709 m

t = teoax + tintersheath = 8'7M5 + m

= 48.4us (7.7)

where the time is calculated from the time it takes the coaxial wave to reach tr@dissbonding point,
and become decomposed, plus the time it takes the intersheath wave to travéidrfirst cross-
bonding point to the cable’s sending end.

From this time and onwards, deviations develop between the measured atateihecurrent at the send-
ing end. Before this time, the comparison is close to perfect, which indicat@sdarhentally correct
model of the cable and crossbonding points, as the reflected coaxialdeas not cause deviation be-
tween measurements and simulations. The reason for increased devidtioe passes, is because of
increasing number of complicated reflected and transmitted intersheatheeasses] by each crossbond-
ing point, the screen grounding and cable ends.

Because deviation first appears when current first is observed iadjaeent screens, it is concluded
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Figure 7.39:Simulated phase and modal currents plotted in the same time View— I-3 are core
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current.

that the model does not represent the propagation characteristicsiatettsieath modes correctly. The
propagation characteristics of the intersheath modes are strongly @éspendroximity effects [7]. The
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proximity effect is ignored in the simulation software, which could be the ctudbe deviation between
simulations and field measurements.

The ground mode can also be difficult to simulate accurately and can easflg daviation between
simulations and field measurements. According to modal velocities in figure ¥,.8&around mode
current will not reach the sending end until after 475 us, see equation 7.8. This time is outside the
scope of comparison.

5119 m

t = tcoax + tgmund - 262#8 + m

= 475us (7.8)

where the time is calculated from the time it takes the coaxial wave to reach theding point, and
become decomposed, plus the time it takes the ground wave to travel fromotiveong point to
the cable’s sending end.

As the cable line is crossbonded, it is not possible to further analyse theunedawaves, because of
disturbances of decomposed reflections from crossbonding poiresefdhe, in order to further validate
the intersheath mode as the origin of deviation and in order to improve the calld,eaergisation

of coaxial and intersheath modes is performed. Because of the findimmgsaihalysis of the sending
end current and because further measurements are performeddaattiédentification of disagreement
origin, there is no need for comparison of other measured waveforme t#sted 400 kV cable system.
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CHAPTER

Field measurement s¢t2, 150 kV single
minor sectio

The 150 kV cable system is a combination of a 58 km long underground aabla 42 km long subma-
rine cable, connected with one junction and with a compensating shuntirbatieen them, creating
a 100 km long HV AC cable line that is operated as a single element. This caldsrsis for the new
offshore wind farm Horns Rev 2 (HR2) commissioned in 2009, which isgaldn Western Denmark,
see figure 8.1.

Cable connection

Figure 8.1:Geographical placement of the HR2 150 kV cable system.

Analysis of field measurement s¢tl, chapter 7.3, suggested that the cable model and crossbonding
points are accurately modelled, as long as only the coaxial mode propag#tescable. Inadequate
modelling of the intersheath mode is suggested to be the source of deviaticgehetitnulations and
field test results.

The purpose of the single minor section measurements on the 150 kV cat@msisto verify if the



intersheath mode is a origin of disagreement between measurements and simala¢ido find how the
cable model should be improved in order to eliminate deviation. Because tle simpr section has no
crossbonding points, it is possible to directly energise the differentagatiipn modes and gain a better
insight in exact origin of disagreement and methods of improving the cablelmod

The cable line consists of three cables, one for each phase, with 15Di¢¢ sore 1200 mMmXLPE
cables. The cables are laid in a tight trefoil with the bottom cables at 1.3 m,dsgtiigure 8.2.

47.94 mm 47.94 mm

Figure 8.2:Cross sectional layout for the 150 kV cable system.

The cable section is 1.78 km long with a cross section shown in figure 8.3sifilarities of this 150

kV cable and the 400 kV cable shown in figure|2.2 on page 8 should be dofite number of layers
is the same, whereas the wired screen for the 150 kV cable is made of CadiétAl. The metallic

screen is still made of two conducting materials, the wired screen and an Al lamiibcable data are
given in appendix CJ2.

Figure 8.3:Cross section of the 150 kV underground cable of the HR2 cable sysWestern Denmark.
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8.1 Planning field measurement set:2

A simulation setup for the non-crossbonded 150 kV minor cable section gnsimofigure 8.4. This
simulation cross sectional layout is the same for all measurements on the 1&dble/ single minor
section, single major section and multiple major sections.

Ground Resistivity:| 100.0 [ohm*m]
Relative Ground Permeabity:1 1.0
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Figure 8.4:The model segment cross section for the simulation setup of the 150t&Msys

The single section of the underground 150 kV cable for the offshor2WRd farm is 1780 m long. The
travelling time, assuming the speed of light, for 1780 m is approximately /94 he front time of the
impulse is still the dominating shortest time, and therefore the time step should brgeathean 0.12:s
as for the simulated 400 kV cable system.

In order to evaluate the velocity and attenuation of the waves propagating aalie, it is practical to
have a look at the modal currents. At high frequencies, there are sigsmdgropagation which can be
described as three coaxial modes (conductor-screen loop), twohieégihsmodes (screen-screen loop)
and one ground mode (screen-ground loop).

As shown in chapter 7.3.2, at high frequency the velocity of the ground rieodee 400 kV measure-
ments is more than 3 times less than the intersheath mode and more than 17 times lé¢ssdbaxial
mode. To make sure that there is similar difference in velocities for the 150ak\é system, figure
8.5 shows the modal velocities of the 150 kV system calculated from the simslateiihg end phase
currents.

From figure 8.5 it can be seen how at high frequency the ground made Velocity more than 4 times
less than the intersheath mode and more than 11 times less than the coaxial pualeseBof how slow
the ground mode travels, only the coaxial and intersheath modes are tetitedfield, as the ground
mode return will not reach the sending end before after several édsaaf s which is outside the

scope of the high frequency comparison in this thesis.

The aim for the single minor section measurements on the 150 kV cable systerdjrisctty energise
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Figure 8.5:Simulated modal velocity for the single minor section of the measured 1580k system.

the different propagation modes and gain a better insight in exact origiisagreement and methods of
improving the cable model. The principal test layout for the coaxial moderdarsheath mode setups
are shown in figure 8/6.

As explained in chapter 2.3, for the coaxial mode, the current flows irteeoonductor and fully returns
in the screen of the same phase and for one of the intersheath modesréme ftows in one screen and
fully returns in the screen of an adjacent cable. This is verified, forithelation setups shown in figure
8.6. Figure 8.7(a) shows the simulation results for the coaxial mode excit&igne. the current in the
core conductor and the reciprocal of the current in the screen a¢titgng end of the excited cable are
compared. As the two currents are identical, when all other sending erehtsiare zero, all the current
flowing in the core conductor is returning in the screen of the same phdsha@measurements setup
can be used to purely excite a coaxial mode. Furthermore, it is interestirigpéove, because there is
no current in adjacent cables, no flux exists outside of the excited datmehis case, proximity effect

because of the tight trefoil layout can therefore be neglected whenasongsimulated and measured
values.

As the only current path is through the conductor with return in the scretresame cable, for high
frequencies, as for an impulse, there is no current flowing in otherumoid or the ground. The modal

impedance matrix, from equation 2.14, can be simplified as shown in equatiomt&d only one cable
is excited.

Vesi A ] [ Icst
Vsai —Z% 0
Ves2 0 0
Vsaa N 0 0 (8.1)
Ves2 0 0
L Vsaa | 0 i L 0 ]
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Figure 8.6:Simulation layout for excitation of the coaxial and intersheath modes whasurieg on a
single minor section of the 150 kV cable system.
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where Z! denotes an impedance of cable 1.
Veosi andVsq; are cable i conductor-screen and screen-ground loop voltageectaely.
Ics1 is the conductor-screen loop current of cable 1.

Therefore by exciting a coaxial mode with an impulse, the only cable impedahdeterest are the
screen mutual impedanc&g,,,, given in appendix B.1.6 and; which has been defined in the literature
[14, 46, 47] and is shown here in equation 8.2.

Zl = Zcouter + chin.sul + Zsinner (82)

where z.,,.. is given in appendix B.1/1.
Zesi o 1S GiVEN in appendix B.1/2.
Zsinmer 1S Qiven in appendix B.1/3.

Figure| 8.7(b) shows the simulation results for the intersheath mode excitatiere the currents in
screen 2 and the reciprocal of the current in screen 3 at the senutingf ¢he excited cables are iden-
tical. Therefore all the current flowing in screen 2 is returning in scBeith all other sending end
currents equal to zero, and the setup of figure 8.6(b) can be usedely pucite an intersheath mode.
This is the case at high frequencies, as for fast front impulse excit#tdower frequencies, the current
might penetrate into the ground around the three cables and this wouldbtieemet be a pure excitation
of only the intersheath mode.

When the current path is exclusively through screen of one cable, &tithnrin the screen of an adjacent
cable, the modal voltage-current relationship can be simplified as showuatien 8.3.

Vest 0 0 0
Vsat i Zgmtz o D 0
Vese e e —ZE L 0 0

- . 8.3
Vsao 222 o Lgm23 Isco (8.3)
Vese 0 o —Z3 0
| Vsa2 | L Zgm23 zZy ] Isgs

where Z,,,,;; denotes the mutual earth impedance between cables i and j.
Isg2 andlIggs are the screen-ground loop currents of cables 2 and 3 respectively.

By exciting an intersheath mode, with an impulse, the only cable impedancesrakiraee the screen
mutual impedanc€s,,, the mutual earth impedancg,,,;;, given in equation B.21 from appendix B.2
andZ;, which has been defined in the literature [14, 46, 47] and is shown hecgiatien 8.4.

Ly = Zsouter T Zsginsus T Zground (84)

where zg,,,... iS given in appendix B.1.4.
Zsgimew 1S QiVEN in appendix B.1.5.
Zground 1S Qiven in appendix B.1.7.
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Furthermore, as the current of screen 2 is fully returned in screee®[#s = —Isg2, and if Zy,10 =
Zgm13 = Zgm23, then equation 8.3 reduces to equation 8.5.

Vost 0
Vsa1 0
Ves2 _ —7Z% Isco (8.5)
Vsao Z21sc2 — Zgmaslsco '
Ves2 Z3 Isgo

L Vsao | | Zymaslsca — Z31sca |

For the intersheath mode, the earth return impedance therefore has anempaetresults. This is as
expected, as the current path is from screen of one cable with retucresnsof another cable, when the
two screens have no direct electrical connection.

The three cables are identical, afidis therefore identical for all three cables. Same appliegfcand
Zsm. Equation 8.6 therefore applies for the intersheath mode.

Vese = —Veoss = —Zsmlsae
Vs = —Vsas = Zolsa2 — ZsmIsae (8.6)

By exciting only the coaxial and intersheath modes of propagation, it isipess evaluate the accuracy
for separate impedance parts of the full cable impedance matrix in equationA2.8he cables are
identical and in a thight trefoil, the different cable impedances for eaahglare assumed identical.

8.1.1 Simulation results, excitation of coaxial mode

The sending end core voltage and core current for the excited @waell as receiving end voltages on
all core and screen conductors are of interest to be used as a valigatiplate for the cable model. The
simulation results for the sending end voltage and current is shown in Bg8i@n the following page.

The results in figure 8.8(a) show the applied impulse. The front and half fithésdmpulse is identical
to simulations for the 400 kV measurements, as the same impulse generatorffelctiheeasurements
will be used. Here the amplitude is 1.6 kV. The reflections from the receesiitgcan be clearly seen in
the form of the sending end impulse voltage.

The results in figure 8.8(b) show the sending end current of the exaited @he reflections from the
receiving end can also be clearly seen in the simulated current, as foolthge: Comparing the time
of the reflections, it can be observed that, as expected, reflectiorsragpexact same time for both
sending end voltage and current.

The simulation results for the receiving end voltages are shown in figu@&lee next page.

Figure 8.9 shows the simulated core voltage transients for the energiseel pfiae amplitude of this
voltage is double the sending end voltage. This agrees with the theory peareaded cable, where the
reflected wave will have the double amplitude, the incident wave plus thetexflene [48].

The first peak is measured approximately/iQafter the simulated impulse is applied. For the cable
length of 1780 m, this simulates the travelling time of the voltage wave as close toabe splight, or

87



= C1-Gr sending end volage
1.80

180
1.40 4
120 4
1.00
0.80
060
0.40 4
0.20
0.00
-0.20 -

Woltage [kKv]

Timelsl  ppg 0fm  02m  03m 04m  0O&m  O6m  0Fm  0&m  08m

4 »

(a) Core voltage at the sending end of the excited cable.

= Clin 4
0080 ——

0.080
o040
o020
0.000

-0020

Current [kA]

-0.040

-0.080

-0080

Tmelsl  pg  odm  02m  03m  O4m  Osm  O6m  O7m  08m  08m

[ [

(b) Core current at the sending end of the excited cable.

Figure 8.8:Simulation results from EMTDC/PSCAD when exciting a coaxial mode of th&\1&@inor
section cable. The simulation setup is shown in figure 8.6(a).
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(b) Other voltages at the receiving end of the cable line.

Figure 8.9:Receiving end simulation results from EMTDC/PSCAD when exciting a coagdd.m

1.78 - 108 m/s. Furthermore, the reflections from the sending end, can be obsertedreceiving end
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voltage.

Figure 8.9(b) shows the simulated transients in the core voltages of theneagised phases and alll
screen voltages. These voltages are induced transients, becauserptitse in the energised phase.
The amplitude of the induced screen voltage of the energised phase is lsanfenger than voltages of
other phases. This is also to be expected, as the current returnshthihismigcreen, which is separated
from the energised core with much less insulation than all other condudibesinduced voltages on
all other conductors are identical. This is to be expected, as the cablesdanme a tight trefoil. The
amplitude of all induced voltages are small compared to the energised pithéer dhe cable model
validation procedure in this thesis, the adjacent, non-energised phliasest &urther considered.

As for the simulation results of the 400 kV cable, the given impulse for excith@srenough energy in
order to give measurable results. This is as to be expected, as the 4@Gble/sgstem is much longer
and more complicated than the single minor section setup.

8.1.2 Simulation results, excitation of intersheath mode

The sending end screen voltage and current for the excited sceear|las receiving end core voltages
on all cores and the screen voltages on the excited screens are oftintele used as a validation
template for the cable model. The simulation results for the sending end voltdgeuerent on the
excited screen (screen 2) are shown in figure8.10.

As for the excitation of the coaxial wave, the reflections from the sendudgcan clearly be seen in
the applied impulse. The applied impulse is 2 kV, between screen 2 and S;rienscreen 2-ground
impulse is therefore 1 kV as shown in figure 8.10(a).

The simulation results for the receiving end voltages are shown in figute 8.1

As the screens at the receiving end are open ended, the simulatedngegid voltage are identical
for both core and screen (which are separated by the cables capagitand double the sending end
voltage. The screen of the adjacent cable (phase 1) is grounded iermgrand the simulated voltage
of the conductor of phase 1 is close to zero or only approximately 10 mV.

The simulated impulse voltage has enough energy in order to give measwugsitils for a field test in
the same manner as these simulations.

From the above description, the field measurements on the single minor sefctien 150 kV cable
system are planned and the results compared.
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(b) Screen current at the sending end of the excited cable.

Figure 8.10:Simulation results from EMTDC/PSCAD when exciting an intersheath mode d5€¢hieV
minor section cable. The simulation setup is shown in figure 8.6(b).

8.2 Performing field measurement se#2

The field measurements are planned and prepared with simulations. As edphaicigapter 8.1, the
coaxial and intersheath modes of propagation are excited, based mngigu

8.2.1 Field test setup

During the installation of the land and sea cables of the HR2 cable systemw&®reunique opportu-
nity of performing various tests on different segments of the land cabtedtfey were connected with
a junction. This made it possible to test the cable parameters for a shortseginient with no cross-
bonding points and directly excite the coaxial and intersheath modes. Measuts on such a single
minor section were performed on an open cable end out in the field.

As the cable had not been installed in a substation and the end finished, egtdsidnde terminals, it was
neccesary to prepare the open ends by stripping them and ensursilgilggsor proper electrical access
to core and screen conductors. Such preparation of open cabléestidsvn in figuré 8.12 on page 92.

The core conductor is stripped and at least 5 cm are kept bare, dpaeeaess. An electrical connection
to the core conductor is achieved via a hose around the conductor.

For ensuring a proper electrical connection to the aluminium foil, small cetsnade in order to turn
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(c) Core voltage at the receiving end of the non-excited cable.

Figure 8.11:Simulation results from EMTDC/PSCAD when exciting an intersheath mode d5€hieV
minor section cable. The simulation setup is shown in figure 8.6(b).

it upside down. Before this is done, a thin semiconductive substanceajsestof the outer insulation,
to ensure no connection between screen and ground. A hose is patddhe aluminium foil and wired
screen. The two parts of the screen are then connected together aadrteabkuring point.

Coaxial mode test

The field test setup for excitation of the coaxial mode is shown in figure &11Beonext page.
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Figure 8.12:0pen cable end during installation, before connection of junction.
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Figure 8.13:Measurement setup for the field tests of the coaxial mode. A fast fronisiengenerator is
used for excitation.

All receiving end core and screen conductor voltages were measweell as the sending end voltage
and excited core conductor current.

The impulse generator was connected to the HV cable by use of a 5m long330Cu wire. The
inductance in such a wire is estemated agHlL per meter. The wire is therefore represented by.dhb
inductance connected in series to the surge generator.

Measurements at sending and receiving ends are synchronised ianteensy as was done for field
measurement set1, described in chapters 7.2.1 and 7.2.2.
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Intersheath mode test

The field test setup for excitation of the intersheath mode is shown in figuge 8.1
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Figure 8.14:Measurement setup for the field tests of the intersheath mode. A fast fputséngenerator
is used for excitation.

Core conductor voltages at both sending and receiving end, scottaiges of cables 2 and 3 at both
sending and receiving end and screen currents of cables 2 andrgdatg end were measured.

Measurements at sending and receiving ends are synchronised ianteewsy as was done for field
measurement setl, described in chapters 7.2.1 and 7.2.2.

8.2.2 Instruments

The generator used is the same HAEFELY PC6-288.1 surge tester aibelésa chapter 7.2.2 for field
measurement setl. For excitation of the coaxial mode, a 1.4 kV impulse is used and for excitation
the intersheath mode a 2 kV impulse is used. These impulses correspondriplmgdrequency range
of app. 8 MHz.

As the excitation of both coaxial and intersheath modes use the same inputénaguler field test
measurement segtl, all the same instruments are used; identical Tektronix TDS 3014B osoiflesc
with sampling frequency of 10 MHz and Tektronix P5210 voltage probesavitmput limit of 5.6 kV.
The two field measurement sefs]l and+#2, use different current probes. Here PEM CWT30 R, shown
in figure 8.15, is used.

The measuring range of the CWT is 30 mA to 6 kA with a 16 MHz bandwidth. Theubsignal from
the current probe is a voltage signal which is fed into the oscilloscobes.

93



Figure 8.15:CWT current probe, to be used for the cable measurements.

8.2.3 Measuring accuracy

The field measurements were performed on a new cable line out in the ojgenTiere were no sur-
rounding OHL nearby the transmission cables or other electrical disttebasf any kind. Therefore,
there was no surrounding noise and filtering of results unneccesary.

The accuracy for the current probe4d4 % [49]. The overall equipment accuracy is calculated as ex-
plained on page 59-60 in chapter 7:2.3. The results for all of the wad@ht@racteristics are given in
table 8.1 on the facing page.

8.2.4 Measurement results
Coaxial mode results

Field test results for excitation of the coaxial mode are shown in figure & J&age 96.

As for the simulation results in chapter 8./1.1, the sending end impulse voltage¢dgeatisbecause of
reflections from the receiving end. These reflections also dominate inahefovm of the sending end

current in figure 8.16(b).

The receiving end voltage of the excited core, is twice as large as thimgeml voltage. This is caused
by the open ended terminal at the receiving end, where the wave willelatthe point of reflection.

When comparing voltages at sending and receiving end, the travelling tithe abaxial wave is ob-
served as being 10s for the 1780 m long cable section. This results in measured coaxial waedinig
velocity of 1.78 - 108 m/s, which is identical to the simulated travelling time given on page 8.1.1.
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G6

Excitation of coaxial mode

Measurement Probe Probe | Oscilloscope setting Oscilloscope accuracy

setting | accuracy
Sending voltage 1000x +3% 200 V/div +[0.02 - [reading+3% of reading + 0.0656 V|
Sending current 2mV/A +1% 40 mV/div +[0.02 - [reading+1% of reading + 0.0245 V|
Receiving end voltag& 1000x +3% 1 kv/div +[0.02 - [readingt3% of reading + 0.2656 V]

Receiving end voltag&:o - - 2 Vldiv +[0.02 - [reading| 4 0.7 V]

Receiving end voltag&cs — - 1 V/div +(0.02 - [reading + 0.2656 V|
Receiving end voltag&sy; — - 1 V/div +[0.02 - [reading| + 0.2656 V]
Receiving end voltag&sy. — - 1 V/div +[0.02 - [reading| + 0.2656 V]
Receiving end voltag®&sy,s - - 1 V/div +[0.02 - |reading| + 0.2656 V]

Excitation of intersheath mode

Measurement Probe Probe | Oscilloscope setting Oscilloscope accuracy

setting | accuracy
Sending end voltage:; - - 10 mV/div +[0.02 - |reading + 0.0046 V]
Sending end voltag€-s, Vsna, Voz andVsys | 1000x +3% 200 V/div +[0.02 - [readingt3% of reading + 0.0656 V]
Sending currenig;,» andIgy3 2mV/A +1% 40 mV/div +[0.02 - [reading+1% of reading + 0.0245 V]|
Receiving end voltagé; - - 20 mV/div +[0.02 - |[reading + 0.0071 V]
Receiving end voltagé/cs, Vspe, Veog and| 1000x +3% 200 V/div +[0.02 - [readingt:3% of reading + 0.0656 V|
Vsns

Table 8.1:Table showing warranted characteristics for all measuring instrumentth®field measurements of set4g.
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Figure 8.16:Field test results for excitation of the coaxial mode, field measurement $&tu

Intersheath mode results

Field test results for the sending end, when exciting the intersheath medshawn in figures 8.17 and
8.18. The measured voltages of the receiving end are shown in[fig@e 8.1

The applied impulse is 2 kV, between screen 2 and screen 3, the scgeearl impulse is therefore 1
kV and the screen 3-ground impulse is -1 kV, as shown in figures 8/aith.17(b) respectively. It is
also clear from figures 8.17 and 8.19 how for energised cables terminaadpen end, with core open
in both ends, the core conductor voltage becomes identical to the scregunctar voltage. This is due
to the fact that there is no closed current path and only a capacitoraseperach core conductor from
the energised screen conductor.

As expected for an open terminated cable, the receiving end voltage ampsttwlice as large as the
sending end voltage amplitude. Furthermore as shown by simulations in cl8apty the induced
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Figure 8.17:Field test results for measured voltages on the sending end, when excéingdelsheath
mode, field measurement setég.

voltage on cable 1 is close to zero. This induced voltage has such a small tredtiit is not used for
model validation, as validation of the cable model focuses on the energibbxsc
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Figure 8.19:Field test measured voltages on the receiving end, when exciting the ied¢hsinode.

98



When comparing voltages at sending and receiving end, the travelling tinte aftersheath wave is
observed as being 23;& for the 1780 m long cable section. This results in intersheath wave traveling
velocity of 7.48-107 m/s, which is 2 times less than the measured coaxial mode velocity. Further analysis
of this is given in chapter 8.3.

8.3 Analysing field measurement se2

The purpose of field measurements#e&t is to verify if the intersheath mode is a origin of disagreement
between measurements and simulations, as suggested from analysingitiseofeéfgeld measurements
set#1. Furthermore the purpose is to find how the cable model should be improgedento eliminate
deviation.

For the validation the simulation model described in chapter 8.1 is used. Intordamulate the be-
haviour of the cable as close to results from field tests as possible, theliexcialtage of the energised
phase used as an input to the simulation model must be identical for meastgemeérsimulations.

As for field measurement sétl this is obtained by creating a voltage source from field measurements.
The impulse used is measured in the test and the results used for the simulatieln iftdd is done

by constructing a component that retrieves data from the measured impdi$eeals that into a source.
This source is then used to energise in the simulation model. As for fieald regamirsett1, then it

is validated that the traveling time of measured and simulated signals is the same.

8.3.1 Excitation of coaxial mode

The excitation causes a coaxial wave to propagate into the energisedAsitihere are no crossbonding
points, there are only coaxial modes being reflected back and forthéretihve cable ends while decaying
to zero. This is validated in figure 8.20, where the simulated modal currertisef@able are plotted as
a function of time.

40

T T
Ground mode, 1
] Intersheath mode, |
30 Iy t b |4
Intersheath mode, Ic
— = = Coaxial mode, |
20}f Coaxial mode, I

Coaxial mode, I,

10 Py

Current [A]

. . . . . . .
100 200 300 400 500 600 700 800
Time [us]

Figure 8.20:Simulated modal currents for the coaxial mode field test setup.

The propagation velocity and attenuation for the two non-zero coaxial niodigsire 8.20 are given in
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figure[8.21, where at 1 MHz the dampingli®5 - 10~* dB/km and the velocity ig.78 - 108 m/s
velocity is the same as calculated for field measurement results, given ef®4¢ag
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Figure 8.21:Propagation damping and velocity for the two non-zero coaxial modeguo&fB.20.

As shown for simulations and measurement, relevant waves for modelti@ideaie the receiving end
core voltage and the sending end core conductor current of the eptitest. The measured sending
end excited core conductor voltage is used as an input to the simulation modiés, taerefore already
identical for measurements and simulations.

The sending end current and receiving end voltage, as a functioeaddncy, is calculated by use of
equation 8.7 (also given in chapter 2.1).

Isending =Y. Vsending_ H - (Yc ' Vreceiving_ Ireceiving)

Vreceiving = Yic : Ireceiving+ H- <Vsending+ y% ’ [sending> (8-7)

_ (Y@)'?
where Y, (w) = (m)
H = e~ Y@Zw)'/2

I eceiving = 0 for this measurement setup.

For identical comparison, the only cable impedances of interest are #enstiutual impedancegs.,,,
given in appendix B.1/6 and; explained in equation 8.2.

Comparison of field measurements and simulations of coaxial mode valueg fend¢hngised phase are
given in figures 8.22(a) and 8.22(b). All relevant cable data for thelatious are given in appendix
C.2.

From figure 8.22 it can be seen how the amplitude and phase of both the siomulatent and voltage
agree with the field test measurements for the entire measured time interval. ugibests that the
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Figure 8.22:Comparison of the sending end current and receiving end voltage engisad core con-
ductor for the coaxial mode.

calculation of sending end current and the receiving end voltage in théasiomusoftware is correct
when only the inner loop of the cable is excited.

As shown in equation 8.2 the only series impedances influencing the resutfefooaxial mode are
ZCuters ZCSimenrr “Sinmer. @NA Zgy,. From the very good agreement in figure 8.22, it can be concluded
that the model calculations of these 4 impedances are accurate and.cbhigds not very surprising, as
the model is frequency dependent, there is no flux outside of the excitdal ¢zor this case, proximity
effect because of the tight trefoil layout can therefore be negle&adhermore, the model has already
been validated for coaxial waves in chapter 7.3, for a different typ&WAC cable.

8.3.2 Excitation of intersheath mode

The excitation causes a pure intersheath wave to propagate into scnegt@ck in screen 3. As there
are no crossbonding points, there are only coaxial modes being rdflemté and forth between the
cable ends while decaying to zero. This is validated in figure| 8.20, whegrthgated modal currents
for the cable are plotted as a function of time. In the figure, all modes amd mmero except for the
excited intersheath mode.

The propagation velocity and attenuation for the non-zero intersheathisgidten in figure 8.24, where
at 1 MHz the damping i$.18 - 10~* dB/km and the velocity i§.43 - 10" m/s.

As shown for simulations and measurement, relevant waves for modelti@tidae the core conductor
voltages for cable 2 and 3 at both sending and receiving end, scoltages of cables 2 and 3 at both
sending and receiving end and screen currents of cables 2 aneBdatg end. Both simulations and
field measurement results give identical voltages for core and screetheFmore the sending end cur-
rents are identical in opposite directions. Therefore, only currentvaltages of cable 2 are used for
model validation. As for the coaxial mode, the measured sending end escieeh conductor voltage
is used as an input to the simulation model, and is therefore already identica&surements and sim-
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Figure 8.23:Simulated modal currents for the intersheath mode field test setup.
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Figure 8.24:Propagation damping and velocity for the non-zero intersheath modeunéfgy23.

ulations.

For identical comparison of the intersheath mode results, the only cable imgesdaf interest are the
screen mutual impedancgg,,,, given in appendix B.1!6 ang, explained in equation 8.4Zs,, has

already been validated as correctly calculated by the coaxial mode setup.

Comparison of field measurements and simulations of intersheath mode vatugiver in figures

8.25(a) and 8.25(b). All relevant cable data for the simulations are giveppendix C.2.

As shown in figure 8.25 there is a considerable difference between sinmglaial field test results when
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Figure 8.25: Comparison of the sending end current and receiving end voltage ergisad screen
conductor for the intersheath mode.

the intersheath mode of the HV cable is excited. The velocity of the measureshedth wave is given
as7.48-107 m/s on page 99. From figure 8.24(b), the simulated velocitydi3- 107 m/s. The simmulated
velocity therefore differs from the measured velocity by only @6 This is also validated in figure 8.25,
as the simulations agree quite well with measurements regarding the time delay.

The period for the measured reflections in figure 8.25 ig85The frequency of the reflections is there-
fore approximately 10.5 kHz. The damping for this frequency of the medswaves is app. times
0.59 while the simulated damping of figure 8.24(a)is- 10~° dB/km or3.9 - 10~ dB for twice the
cable length (to include the reflected wave measured at the sending ehid)eduals a damping of
times 0.99996 instead of times 0.59. Furthermore when comparing measurentksitvalation results
in figure 8.25, it is obvious that the propagation damping is incorrectly simuldtedddition, higher
frequency damping is incorrect in the simulations, as can be seen by thgangred high frequency
oscillations. As the velocity of the simulated currents agree with the field tesunesasnts for the en-
tire measured time interval, while the amplitude does not agree, the real plagtmiopagation constant
is correct while the imaginary part is not. This suggests that the shunt adreittatculations in the
simulation software are correct, while the resistivity is incorrect. For theshézath setup the resistivity
is purely from the screen layers.

The propagation characteristics of an intersheath mode is strongly dffegtthe physical layout of
the cable screen and the actual current distribution thereof. Wrompggation characterstics affect the
correctness of the calculations Qfuier, Zsginsut @NAZground-

Incorrect current distribution is strongly affected by proximity affégt [There are two reasons for this.
First of all, for the intersheath mode, the current flows in two adjaceressras shown in figure 8.26.
For higher frequencies, 10 kHz and above, the proximty effect satlecurrent distribution in the

screens to be more concentrated where the two cables are close to eachatitier than where they are
further apart. This again increases the series impedance of the cable.

Second of all, the actual screen is a stranded conductor, which resylteximity affect within the
wires of each cable screen, which also changes the series impeddneeable, especially at very high
frequencies.
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Figure 8.26:Intersheath mode current distribution in two adjacent screens, becaiugroximity affect
at higher frequencies. Darker colour of the screen indicates moreararated current distribution.

The physical layout of the cable also can affect the simulation resultsofopti the cable, is shown in
figure 8.27.

Semiconductive
swelling tape

Al swelling tape

Cu wires

Figure 8.27:The 150 kV single core 1200 Mm{LPE cable. The screen is constructed from Cu wires
and Al foil with a semiconductive swelling tape in between.

From figure 8.27 it can be seen how the cable’s screen is not only fdsgnstlanded Cu conductors but
also an Al foil with a thin semiconductive swelling tape in between. This layoapgrty is common in
more recent underground XLPE cables, where the two conductingrslargers are either of same mate-
rial or different as for the cable in this chapter. It should be noted htbeduse of the lower resistivity of
Cu than Al, most of the current will flow in the wired layer and not in the Al foil.

The aim for field measurement sgt2 is to gain a better insight in exact origin of disagreement and
methods of improving the cable model. The origin of disagreement has beeenpto be incorrect
simulation of propagation of intersheath waves. As showed in chapter 17 fahdonger cables, the
presence of crossbonding points causes excitation of intersheatk.wEwe large deviations shown in
figure 8.25 will therefore affect the high frequency accuracy andithelation model is insufficient for
crossbonded cable systems.
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CHAPTER

Field measurement sé43, 150 kV single
major sectio

The purpose of the single major section measurements on the 150 kV catelm sissfor validation.
These measurements are performed on the same cable line as field meassetgi@rin chapter 8,
where no crossbondings are included. Here there are two crossgguuints but no grounding of the
screen. From the analysis in chapter 8.3, two improvements are suggesteldting the correct physi-
cal layout of the cable’s screen more accurately and including proxinidgten the calculations. These
improvements will be discussed in chapters 12-13. In this part of field mmasuts, the setup and
results of measurements for validating the implemented model improvements enibetsThese mea-
surements will be used in chapter 14.

The cable setup and layout is the same as in chapter 8. For this field measusetdes, there are 2
crossbonding points and the length of the cable is divided as shown ie/figlir

Segment Segment Segment Segment
1 2 3 4

952 m 39m 729 m 742 m

—L  caer  ——{ —_—

Cable 2

_6 ) A /ﬁ
Cable 3 ) Wi Wi

Figure 9.1:Cross bonding schematic for the cable part of the 150 kV cable line in Wekidand, used
for field test setugt3.

L

Ng—’

9.1 Planning field measurement set3

The cable parameters are the same as used in chapter 8 and the simulatior $kéupon-crossbonded
150 kV minor cable section is shown in figure 8.4. The principal test layo@MTDC/PSCAD is
shown in figure 9.2. The fast front impulse is used to excite one phase oétile, where all screens are
grounded at both ends. This should minimize the current flowing in the drouaking it possible to
focus on the cable model without external disturbances. The sendihgnguilse voltage is simulated
as showed in figure 7.6.
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Figure 9.2:A simulation model for planning the field test measurement setup for one segjment of
the cable.

9.1.1 Simulation results

The sending end core voltage and core current for the excited @wae]l as receiving end voltages on
all core conductors are of interest to be used as a validation template forgheved cable model. The
simulation results for the sending end voltage and current is shown in figBire

= Sending end voltage
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(a) Core voltage at the sending end of the excited cable.
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(b) Core current at the sending end of the excited cable.
Figure 9.3: Simulation results from EMTDC/PSCAD for the simulation setup is shown in fig@re 9

Sending end excited phase.

The results in figure 9.3(a) show the applied impulse. The front and half fithessimulated impulse is
based on the impulse generator to be used for the field measurements.d-argthude is 4.25 kV. The
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results in figure 9.3(b) show the sending end current of the excited Theeform of the current wave is
similar to field measurement s¢t 1 in chapter 7, i.e. distorted by many reflections from crossbonding
points and cable end.

The simulation results for the receiving end voltages are shown in figure 9.4
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Figure 9.4: Simulation results from EMTDC/PSCAD for the simulation setup is shown in fig@re 9
Receiving end voltages.

The amplitude of the receiving end voltage of phase 1 is only 1.5 times largerthkasending end
voltage and not 2 times larger as would be expected by an open ended Galdeis caused by the
crossbonding points. At every crossbonding, the wave is divided éfiected and transmitted, resulting
in a small deduction of the transmitted wave amplitude.

9.2 Performing field measurement se#3

Based on the simulations, the field measurements on the single major sectionsd #\ dable system
are planned and the results used for improved model validation.

9.2.1 Field test setup

As for field test setug#2, the measurements on the single major section were performed during cable
installation. The sending end was open, as described in chapter 8.2.1,thiteceiving end was
terminated in a GIS breaker unit, connecting the cable to the centre placeidrehator of the whole
cable line. The GIS breaker is shown in figure 9.5.

The earthing switch and the principal in the connection is shown in figure 9.6.

For electrical connection to the cable cores, an earthing switch of thkdrreas disasembled. Each of
the cable’s core conductors are, inside the GIS unit, connected to adazhah rod is connected with a
switch to a grounding bar. By removing the connection of the rods to thendnog bar, it was possible
to have a direct (non-earthed) connection to the cable’s core comgucto

The field test setup for single major section measurements is shown in/ figufeh&%etup is based on
the simulation layout in figure 9.2.

All receiving end core conductor voltages were measured, as wekaetiding end voltage and excited
core conductor current.
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Figure 9.5:A GIS breaker connecting the cable line to its centre placed shunt reactor.

Earthing switch

GIS unit

(a) Placement of earthing switch on GIS unit.

Connection rod Connection rod Connection cable 3, Connection cable 2,

cable 3 cable 2 disconnected from ground disconnected from ground

Grounding

connection Grounding

connection

Grounding bar ;

Connection cable 1,

Connection rod
cable 1 disconnected from ground

(b) Open earthing swtich. (c) Disasembled earthing switch.

Figure 9.6:The earthing switch and the principal in the disasembling and core conmectio
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Figure 9.7:The field test setup for single major section measurements.

The impulse generator was connected to the HV cable by use of a 5m longni3@0Cu wire. The
inductance in such a wire is estemated agHl per meter. The wire is therefore represented by.dh
inductance connected in series with the surge generator.

Measurements at sending and receiving ends are synchronised ianteewsay as was done for field
measurement setl and#2, described in chapters 7.2.1 and 7.2.2.

9.2.2 Instruments

The generator used is the same HAEFELY PC6-288.1 surge tester agedsn chapter 7.2.2 for

field measurement sétl and also used for field measurement£et A 4.3 kV impulse is used for
excitation. The impulses correspond to a sampling frequency range a8 afigz. As this field test setup
utilizes the same input impulse as for field test measuremengsktall the same instruments are used,;
identical Tektronix TDS 3014B oscilloscopes with sampling frequency oMH¥, Tektronix P5210
voltage probes with an input limit of 5.6 kV and PEM CWT30 R current prolie measuring range of

30 mA-6 kA with a 16 MHz bandwidth. The equipment accuracy is given in taldleFurthermore, the
noise level is identical to field test set#®, described in chapter 8.2.3. This is because the measurements
are performed on the same cable line, at a close location, where there @tdL's or other cables in
near vicinity.

9.2.3 Measurement results
The field test results are shown in figure|9.8 on page 111.
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Measurement Probe Probe | Oscilloscope setting Oscilloscope accuracy
setting | accuracy
Sending voltage 1000x +3% 500 V/div +[0.02 - [reading+3% of reading + 0.1406 V|
Sending current 2mV/A +1% 0.1 Vv/div +[0.02 - [reading+1% of reading + 0.0271 V]
Receiving end voltagé; | 1000x +3% 1 kV/div +[0.02 - [readingt:3% of reading + 0.2656 V]
Receiving end voltag&s | 1000x +3% 1 kV/div +[0.02 - [readingt:3% of reading + 0.2656 V]
Receiving end voltag€s; | 1000x +3% 1 kV/div +[0.02 - [readingt3% of reading + 0.2656 V]

Table 9.1:Table showing warranted characteristics for all measuring instrumentt®field measurements of setif.

110



Voltage [kV]

0 0.1 0.2 0.3 0.4 0.5 0.6
Time [ms]

(a) Excitation voltage, sending end cable 1.
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(b) Sending end current, energised phase. (c) Receiving end voltages.

Figure 9.8:Field test results for measurements on a single major section, given in/figlire

9.3 Analysing field measurement set:3

The purpose of the single major section measurements is for validating thentadhés after improve-
ments have been implemented. The measurement results from c¢hapter 9.2.8refbréa not be thor-
oughly compared to the simulation results in chapter 9.1.1, but only in chapteshié improvements
have been implemented.

The total length of the cable is 2510 m and the simulated traveling time of the voltage an the
energised phase is 13:8. The wave velocity is therefore 178.4m!/ The first crossbonding point is
952 m from the sending end. Therefore, during the first 13.6nly a coaxial wave is measured at the
sending end of phase 1. According to analysis of both field test s¢luand+#2 in chapters 7.3 and
8.3 respectively, the comparison of field measurements and simulations duteast the first 10.6s
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should give close agreement. Figure 9.9 shows a comparison of simulatdielhtest results for the
sending end current.
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Figure 9.9:Comparison for the measured and simulated core current at the seadihgf the energised
phase.

As seen from figure 919, deviation between simulation and field test resulisef@sending end current
does not happen until at time 28. In order to analyse why the deviation starts at this point, figure 9.10
shows simulated phase and modal currents for the first minor section adltbes c

In figure/9.10(a) it can be seen how current starts flowing in the serefthe non-energised phases
already when reflected current from first crossbonding pointesrat the sending end, point (i) in the
figure. For the case in field test setgd, this only happened at the time when intersheath mode started
flowing. Here this is not the case. The reason for the current startwinticso early in the screens of
the two non-energinsed phases is because for the setup in/figure Qohlyall screens are connected
together at the sending end, but also the cores of the two non-eneppiasels. Because of this connec-
tion, current starts flowing in cores and screens of the non-energiseses as soon as the reflection in
the energised phase reaches the sending end (the sending end$theesnergised phase is connected
to all conductors of the other cables).

As it can be seen in figure 9.10(b), intersheath modes do not start flowtigt 2Q:s, point (i) in figure
9.10(a), which is the same time as when the deviation starts appearing. Thes supports the theory
from chapter 8.3, that the intersheath mode causes differences maialyseesf incorrect simulation of
the cables screen. Improvements of the cable model, based on this, wikdréed in chapters 12-13.
The field measurements shown in this chapter will then be used in chapter adate the improved
model.
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Figure 9.10:Simulated phase and modal currents plotted in the same time View— I-3 are core
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current.
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CHAPTER 1

Field measurement s¢#d, 150 kV multiple
major section

The purpose of the multiple major section measurements on the 150 kV cabla sy;shs for the single
major section, for validation. These measurements are performed on theshiadine as field mea-
surement se#2 in chapter 8, where no crossbondings are included. Here therd anajbr sections
with total of 22 crossbonding points and 10 grounding of the screens, fapm at cable ends. From the
analysis in chapter 8.3, two improvements are suggested, simulating thet girysical layout of the
cable’s sheath more accurately and including proximity effect in the calcntatibhese improvements
will be discussed in chapters 12:13. In this part of field measurementsetine and results of measure-
ments for validating the implemented model improvements are described. Theseremeants will be
used in chapter 14.

The cable setup and layout is the same as in chapter 8. The lengths of eactsecition, for this field
measurement set4, are given in table 10.1. Minor section 1-2 is the first section counting tte
sending end towards the receiving end and is placed between juncti@h2l an

| Minor section # | Length [km] || Minor section # | Length [km] |

Section 1-2 0.587 Section 2-3 0.930
Section 3-4 0.928 Section 4-5 1.743
Section 5-6 1.514 Section 6-7 1.78
Section 7-8 1.516 Section 8-9 1.512
Section 9-10 1.760 Section 10-11 1.827
Section 11-12 1.828 Section 12-13 1.830
Section 13-14 1.764 Section 14-15 1.744
Section 15-16 1.738 Section 16-17 1.769
Section 17-18 1.770 Section 18-19 1.770
Section 19-20 1.835 Section 20-21 1.761
Section 21-22 1.846 Section 22-23 1.824
Section 23-24 1.847 Section 24-25 1.832
Section 25-26 1.771 Section 26-27 1.770
Section 27-28 1.775 Section 28-29 1.861
Section 29-30 1.820 Section 30-31 1.816
Section 31-32 1.786 Section 32-33 1.783
Section 33-34 1.750

Table 10.1:The lengths of each minor section for this field measuremert4et



10.1 Planning field measurement sei-4

The cable parameters are the same as used in chapters 8 and 9. Thalpestiyout in EMTDC/P-
SCAD is also the same as for field measurementgt8etshown in figure 9/2. The fast front impulse is
used to excite one phase of the cable, where all screens are graatoleith ends. This should mini-
mize the current flowing in the ground, making it possible to focus on the catdizl without external
disturbances. The sending end impulse voltage is simulated as showed énAigur

10.1.1 Simulation results

The sending end core voltage and core current for the excited @mae]l as receiving end voltages on
all core conductors are of interest to be used as a validation template forgheved cable model. The
simulation results for the sending end voltage and current is shown in fifute

= Core 1 sending voltage
70- Core 1 sending vol
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5.0
4.0
3.0
20
1.0
0.0

Voltage [kV]

104
Tielsl 00000 00001 00002 00003 00004 00005 00006 00007 00008 00009 0.0010

(a) Core voltage at the sending end of the excited cable.

- i
50 Lore 1 sending current
0250 - Core 1 sending current

0.200
0.150 1
0.100
0.050

Current [A]

0.000
-0.050

-0.100-
Timelsl 00000 00001 00002 00003 00004 00005 00006 0.0007 00008 0.0009 0.0010

(b) Core current at the sending end of the excited cable.

Figure 10.1:Simulation results from EMTDC/PSCAD for the simulation setup is shown in fig2ife9
the whole line of 55 km. Sending end excited phase.

The results in figure 10.1(a) show the applied impulse. The front and halbfithés simulated impulse
is based on the impulse generator to be used for the field measurementthatamplitude is 6 kV. The
results in figure 10.1(b) show the sending end current of the excited Tbie form of the current wave
is even more distortet than for field measurement4sétin chapter 7, i.e. distorted by many reflections
from crossbonding points and cable end.

The simulation results for the receiving end voltages are shown in 10
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= Core 1 receiving voltage = Core 2 receiving voltage = Core 3 receiving voltage
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Tmelsl 00000 00005 00010 00015 00020 00025 00030 00035  0.0040

Figure 10.2:Simulation results from EMTDC/PSCAD for the simulation setup is shown in fig2ife9
the whole line of 55 km. Receiving end voltages.

10.2 Performing field measurement se#4

Based on the simulations, the field measurements on the multiple major sections 6Dtk¥ table
system are planned and the results used for improoved model validation.

10.2.1 Field test setup

The measurements on the multiple major section were performed just after cstialéation, before
it was put into service. The sending end was in an outside substation, simileldttest setug#1 in
chapter 7.2.11, while the receiving end was terminated in a GIS breakersidésaribed in chapter 9.2.1.

The field test setup is shown in figure 10.3. This setup is based on the simidation in figure 9.2.

Tektronix TDS 3014B oscilloscope TthfOﬂi?( TDS 3014B
oscilloscope

1N L

OMICRON CMC-256

OMICRON CMC-256

multiple major

PEM CWT30

sections

A
v e ——0)
5uH a) \/ a) \/ a)
\/ Cable 2 B/ \/ .“:.o.oooo B/ \/
Impulse
A A ceccss A
O Cable 3 o O

Tektronix TDS 3014B
oscilloscope

Figure 10.3:The field test setup for single major section measurements.

All receiving end core conductor voltages were measured, as wek agtiding end voltage and excited
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core conductor current.

The impulse generator was connected to the HV cable by use of a 5m longu8d@Cu wire. The
inductance in such a wire is estemated asHl per meter. The wire is therefore represented bydhb
inductance connected in series with the surge generator.

Measurements at sending and receiving ends are synchronised iantieewsay as was done for field
measurement setl and+#2, described in chapters 7.2.1 and 7.2.2.

10.2.2 Instruments

The generator used is the same HAEFELY PC6-288.1 surge tester aidbedsn chapter 7.2.2 for
field measurement setl and also used for field measurement #& and#3. A 6 kV impulse is
used for excitation. The impulses correspond to a sampling frequengg rapp. 8 MHz. As this
field test setup utilizes the same input impulse as for field test measuremegsatsl# 3, all the same
instruments are used; identical Tektronix TDS 3014B oscilloscopes withisafgequency of 10 MHz,
Tektronix P5210 voltage probes with an input limit of 5.6 kV and PEM CWT3QRent probe with
measuring range of 30 mA-6 kA with a 16 MHz bandwidth. The equipmentracgus given in table
10.2. Furthermore, the noise level is identical to field test s¢tBpdescribed in chapter 8.2.3. This is
because the measurements are performed on the same cable line, ateavéogation, where there are
no OHL's or other cables in near vicinity.
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6TT

Measurement Probe Probe | Oscilloscope setting Oscilloscope accuracy
setting | accuracy
Sending voltage 1000x +3% 500 V/div +[0.02 - [reading+3% of reading + 0.1406 V]
Sending current 2mV/IA | £1% 0.1 V/div +[0.02 - [reading+1% of reading + 0.0271 V]
Receiving end voltagé; | 1000x +3% 500 V/div +[0.02 - |readingt3% of reading + 0.1406 V|
Receiving end voltag&-2 | 1000x +3% 500 V/div +[0.02 - |readingt3% of reading + 0.2656 V|
Receiving end voltagé-s | 1000x +3% 500 V/div +[0.02 - |readingt3% of reading + 0.2656 V]

Table 10.2:Table showing warranted characteristics for all measuring instrumentthiofield measurements of set#4g.




10.2.3 Measurement results

The field test results are shown in figure 10.4.
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(b) Sending end current, energised phase. (c) Receiving end voltages.

Figure 10.4:Field test results for measurements on multiple major section, given in fig.ge 1

10.3 Analysing field measurement set:4

The purpose of the multiple major section measurements is for validating the cadbd¢ after improve-
ments have been implemented. The measurement results from ¢hapter 10.th8reftire not be thor-
oughly compared to the simulation results in chapter 10.1.1, but only in chapteh&n improvements
have been implemented.

The total length of the cable is 55.441 km and the simulated traveling time of the ealiage on the
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energised phase is 314s. The wave velocity is therefore 178 /us. The first crossbonding point is
587 m from the sending end. Therefore, during the first/g.®nly a coaxial wave is measured at the
sending end of phase 1. According to analysis of both field test sgtugnd#2 in chapters 7.3 and 8.3
respectively, the comparison of field measurements and simulations durifigstf&6 u.s should give
close agreement.

200 T T T T T 200
= = = Measuerements

Measurement tolerance . 6.6us . .
Simulations First crossbonding point

Current [A]

Current [A]
-
8

[
S I, |
Wt A q /W o — = — Measuerements il
\W/Nw b Measurement tolerance
Simulations
i i i i i
0.1 0.2 0.3 0.4 0.5

. 0.6 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time [ms] Time [ms]

Figure 10.5:Comparison for the measured and simulated core current at the seadthgf the energised
phase.

As seen from figure 10.5, deviation between simulation and field test resuttsef sending end current
does not happen until at approximately 4. In order to analyse why the deviation starts at this point,
figure 10.6 on the next page shows simulated phase and modal currents.

In figure| 10.6(a) it can be seen how current starts flowing in the ssrekthe non-energised phases
already when reflected current from first crossbonding pointesrat the sending end. This is the same
as for field test setug:3 in chapter 9.3.

As it can be seen in figure 10.6(b), intersheath modes do not start flawitiicat 11 s, which is the
same time as when the deviation starts appearing. This further supports dhe fileen chapter 8.3,
that the intersheath mode causes differences mainly because of ibsomelation of the cables screen.
Furthermore, as shown in figure 10.6(b), the ground mode is equalt@aaédwill therefore not affect the
simulation results. It is therefore assumed that improving only the simulationteoflfeath mode will
result in accurate simulation results. Improvements of the cable model, bat@d,avill be described in
chapters 12-13. The field measurements shown in this chapter will theeténushapter 14 to validate
the improved model.
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CHAPTER 11
Summary for Field Measurement

One of the major contributions from the research presented in this thesld im&asurements for model
validation. By planning, performing and analysing field measurements, a baitdr understanding of
the physical nature of cables can be gained.

The field measurements are started in chapter 7, "Field measuremgtit, X0 kV crossbonded cable".
The purpose of the field measurements on the 400 kV cable system wadytseaha cable model, in-
vestigate the accuracy of the model and use wave propagation to ideidifyafrdisagreement between
measurements and simulations. From this analysis, it has been obsendigagetement between cable
simulations and field test results start appearing because of crosspp@uodtits. In order to validate this
and identify the source of the deviation, measurements on a non-croesboable are performed.

In chapter 8, "Field measurement g2, 150 kV single minor section”, excitation of exclusively the
coaxial mode and exclusively the intersheath mode were performed amerossbonded cable. From
analysis of these field measurements, it is shown how the existing cable madetise and accurate
for non-crossbonded cables. This is because in non-crossboabés, the coaxial modal waves will
dominate and when exclusively exciting the coaxial mode, the simulation resulising existing cable
model, fall within the tolerance of the field measurements. It is also showedpteh8 how deviation
between simulation and field measurement results appear with intersheath Timglehenomena has
actually been shown also to appear for a 400 kV flat formation 7.6 km caleledih50 kV tight trefoil
formation 2.5 km cable line and 150 kV tight trefoil 55 km cable line. The resfltshapter 8 is
therefore that modelling of the screen, because of the intersheath ness 1o be improved. These
improvements will be discussed in chapters 12-13.

From chapter 7 it has been suggested that the intersheath mode is the faradeviation between
simulation and field measurement results on crossbonded cables. Inréhiapies been verified that the
intersheath mode does indeed cause deviation between simulation and fieldmesdsesults, when
explicitly exciting the intersheath mode, on a non-crossbonded cable. fhRismimprovements are
suggested. The presence of crossbonding points in long cables edtation of intersheath waves
when the screens are shifted between cables. After the intersheath nigach the measurement point,
large deviations develop and the simulation model is therefore suggestedrisulffecient for (long)
crossbonded cable systems. In order to validate this suggestion, the @dpnodel should be validated
not only against non-crossbonded field measurements with explicit exocitatitne intersheath mode,
but also against long crossbonded cables. More field measurements @BtV cable system are
therefore performed, where larger sections, with crossbonding paietsised.

In chapter 9, "Field measurement g€3, 150 kV single major section”, field measurements on a single
major section show deviation between simulation and field measurement resaltséof intersheath
mode. This is also the case for the field measurements described in chapfeeltDmeasurement set
#4, 150 kV multiple major sections". The purpose of the field measurementstobabsin chapters|9-10

is to allow for validation of the simulation results, for long crossbonded catiesn the modelling of
the intersheath mode has been improved. The validation results will be dbiribhapter 14.
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Part IV

Cable Model Improvements
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It has been shown in chapter 8.3 how insufficient representation ofatblesc metallic screen in the
modelling software, plays a role in inaccurate simulation results for high émzyumodel validation.
This is particularly a problem for long cables where crossbonding poititsause an intersheath wave
to flow in the cable system. An analysis of a deviation between field measuresnérgsnulation results
revealed how the screen conductor should be more accurately nejgebgethe simulation software. The
analysis revealed how the characteristics of the screens physicd iayloe HV cable and the proximity
effect should be included in the series impedance calculations.

This part of the report addresses how the cable model is improved intonaedel in detail the physical
layout of the HV underground XLPE cable and how to include the proximfgcefn order to have more
precise simulation results. Furthermore the improved modelling procedweesdfied against field
measurements, where the intersheath mode is explicitly excited. Finally the idpnogelling method
is validated against field measurements on long underground HV XLPEscalalscribed in chapters 9
and 10.
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CHAPTER 12
Screen physical layout

The layout properties of an XLPE HV cable are described in chapteh2.|dyout of the 150 kV HV
cable used for field measurements in chapters 8 - 10 is shown infigure 12.1.

Semiconductive
swelling tape

Al swelling tape

Cu wires

Figure 12.1:The layout of the 150 kV HV cable used for field measurements in ch&ta&

As shown in figure 12/1 and explained in chapter 8.3.2, the screen coofss&tgeral layers. There are
two conducting screen layers, the wired Cu screen and the Al foil. Thnaséayers are seperated by a
SC swelling tape and connected to each other at cable ends and eadgnmetibe.

12.1 Modelling the cable screen

It is a common practise when modelling the screen in EMT-based software del ihas a single solid
hollow conductor with the resistivity increased [11], even though it plafisiconsists of two conducting
layers with a SC tape in between.

As shown in appendix B,the impedance equivalent circuit for three singéeaables is as in figure 12.2.

In this equivalent, the screen is represented as a single conductdaopreeries impedance matrix from
chapter 2.3 is given in equation 12.1, where the superior indices 1, 2 dadde the respective cable
number (phases).

[zt -zl 0 0 0 0
_Zé'm Z21 0 ng12 0 ng13
0 0 z: -Zi, 0 0
12.1
0 ng12 —ngm 222 0 nggg ( )
0 0 0 0 z3 z3
| 0 ng13 0 ng23 —ngm ZS

In order to correct for this screen representation, the screen mutuatlanpe should be divided into
three;
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Figure 12.2:impedance equivalent circuit for the loop formation of three single cobdesa

a) impedance because of the wired screen layer
b) impedance because of the SC layer

c) impedance because of the laminate layer

The two conducting layers are connected at each cable junction andecablan impedance equivalent
including this layered screen will therefore be a delta connection of impedars shown in figure 12.3.

Cable 1 Cable 2 Cable 3
c Z1=Zsmi C ZI%ZSml C zlﬂml
— A L I
>E3 Zﬁsml ;3 ZSml >8 Zsml
i J i
Sk 7z ZSmsc St 7z Zsmsc S z Zsmsc
— 1 — 1 — 1
Zy — Zsmy Zp — ZSm3 Zy) — Zsm3
i . T
=ZGr-mutual =ZGr-mutual =ZGr-mutual
ZGr-mutual —‘7 —‘7 —‘7
1

J:G L T

Figure 12.3:impedance equivalent circuit for the loop formation, where the layeresksads included.

Every i-th series impedance of the impedance equivalent circuit is defgwed z,,,; 1 — z;; [50] as can
be seen in figure 12.2 where fore= 1 the series impedance & — z,,, as there is no shunt impedance
Zmo and zy,; = zgm. Similarly fori = 2 the series impedance 1 — 25 — Zaround—mutual Where
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Zmi—1 = Zsm @Nd2mi = Zaround—mutual- The series impedance of the split mutual screen in figure 12.3
is therefore:

ZSmsc = Z3 - ZSml - ZSm3 (122)

Where Zg,,,1 and Zg,,3 are the mutual impedances of wired screen layen]) and laminate screen
layer (Sm3) respectively andZ; is given by equation 12.3. Calculations of the mutual impedances
Zsm1 andZg,,3 are given by [47] and shown in appendix B.1.6.

ZB = ZSl—outer + ZSC’—msul + ZS3—mner (123)

WhereZs1 _outers Zsc—insul @NAZg3_inner are theSmi-layer outer series impedance, the SC layer se-
ries impedance and thfen3-layer inner series impedance respectively. These impedances araizac
based on the theory in appendix B.1.4, B.1.2 ‘and B.1.3 respectively, wreoerresponding radius of
each layer must be taken into account. Note that_;,.s.; can often be neglected, as the thickness of

the SC layer normally is less than 1 mm and theretnré%) ~ 0.

For representation of the cables impedance equivalent, the delta conneicfigure/ 12.3 should be
transformed to a star connection, as shown in figure 12.4.

Cable 1 Cable 2

Ves

Q)

Zy — Zsm3
] @] 8
= =4 >
=ZGr-mutual =ZGr-mutual ~ZGr-mutual

ZGr-mutual
1
G I

Figure 12.4:Impedance equivalent circuit for the loop formation, where the layerezksds included
as a star connection.

The star connection impedances are calculated by the delta-star trangfarb@sed on [51] and given
in equation 12.4.
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ZSm1 * ZSm3 o ZSm1 * ZSm3

Zam1 = 12.4a

M Zsmse + Zsm1 + Zsms Zs (12.42)

Zsh2 _ ZSml : ZS'msc _ ZSml(ZB - ZSml - ZSm3) (124b)
ZSmsc + ZSml + ZSm3 Zd

ZshS _ ZSm3 . ZSmsc _ ZSmB(ZB - ZSml - ZSmS) (124C)
ZSmsc + ZSml + ZSmS Z3

By using such a new modelling procedure for the screen, a new seriedangeematrix is calculated.
This is shown in equatidn 12.5 and based on equation 12.1.

[z, -zh, 0 0 0 0
~Zay  Zy 0 Zgmiz 0 Zgymis
0 0 zy -z, 0 0
12.5a
0 Zyma —Zh Zs 0 Zgm2s (12.52)
0 0 0 0 zy  =Z3,
L 0 Zgmz 0 Zgmas —ZY, 7
Zn=21— Zsmi + Zsn2 + Zsn1 (12.5b)
Zog = Zsp1 + Zsnz + Z2 — Zsm3 (12.5¢)

This new series impedance matrix is used to calculate the cables terminal canditaiven in chapter
2.1.

12.2 Comparison of field measurements and simulations

The new modelling procedure is verified against the intersheath field nesasar results for setug?2
in chapter 8.2.4. The simulation results when including the new layered sgrieeiple from chapter
112.1 are compared to both the field measurement results and normal EMTOARZPSmulations from
figure 8.25. The comparison of field measurements and simulation resubstfomodelling the screen
as a single conductor and for the new improved method of including the thgereen are given in figure
12.5.

As explained in chapter 8.3.2, only the propagation damping and not velodgitgasectly simulated.
This is also validated in figure 12.5, as the simulations agree quite well with neeasnts regarding the
time delay. The simulating error lies in the amplitude and damping of the signalseRigus shows how
the new layered screen modelling method results in a smaller deviation, in ampliideen simula-
tions and field measurements. The reason for the better lower frequampirdy of simulations when
modelling the screen layer more precisely, is a more accurate impedance owatipared to the normal
method of simplifying the screen to only a single coaxial conducting layer. Bwding the layered
screen, the difference in the impedance matrix will lead to a correct dant@oguse of a larger series
impedance. As the shunt admittance is not changed, the time delay is undhange
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Figure 12.5: Comparison of the sending end current and receiving end voltage ergisad screen
conductor for the intersheath mode.

Even though the simulations of the new modelling procedure and field tedtisragoee quite well re-
garding the damping in the waveforms of the lower frequency (below 10 &btnponent, all simulation
results still have inadequate damping of higher frequency oscillationguBe®f this, it is not sufficient
to increase the damping at lower frequencies by introducing the layereenscAs the intersheath cur-
rent propagates between the screens of adjacent cables, thegatiopaharacteristics are also affected
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by proximity effects which are not taken into account by the simulation softwHne next chapter will
therefore introduce how to include the proximity effect in impedance calcaktio
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CHAPTER 1

Proximity effect

When adjacent conductors carry current, the closeness of theatorslwill cause the current distribu-
tion to be constrained to smaller regions. This phenomena is called proximity. effe

It was stated by Michael Faraday in 1831, that when a magnetic flux froamrant carrying conductor
starts changing, it will induce an electromotive force (emf) in an adjacemtiwctor. This emf will
produce local currents in the adjacent conductor, that are perpdsadio the magnetic flux. These
currents are called eddy currents. Because of the eddy currentsjetad! distribution of current in the
conductor will become non-homogen, or constrained to smaller regions.

When AC currents flow in a conductor, the resulting magnetic flux will be timgingr When the
frequency increases, the magnetic fl%ikwill vary more, resulting in larger eddy currents of adjacent
conductors. Therefore, the higher the frequency, the strongerrthénpty effect. An example of
proximity effect is shown in figure 13.1.

Current direction: Current distribution:

GO Q0
GO OO

Figure 13.1:Current distribution because of proximity effect for two adjacent cotatacarrying cur-
rent in teh same direction and in opposite direction. The red marked arednése the current
distribution is constrained to a smaller region.

As explained in chapter 8.3.2, for higher frequencies (10 kHz andegltbg proximity effect causes the
current distribution in the screens to be more non-homogen. This agaigehthe series impedance of
the cable at the higher frequencies. Furthermore, the actual screstnras@ed conductor, which results
in proximity effect within the wires of each cable screen, which also clatigeseries impedance of the
cable, especially at very high frequencies.

The proximity effect is not included in the analytical series impedance céilmgadescribed in appendix
Bland used in EMT-based simulation software. Therefore another metbbtdased on the analytical
equations, for series impedance calculations is chosen.

This new method is based on subdivision of conductors from [52] with sdrarges by including tech-
nigues from [53, 54] and with new improvements.



In the method, every conducting layer in the cable is divided into a numbesbmiosductors, to be
specified by the user. This is a finite element approach that assumestantansrent distribution

over each subconductor. By forming a conductor of a suitably large ahodgubconductors, the non-
uniformity in the current distribution because of skin and proximity effectsakiged.

As well as uniform current distribution within each subconductor, alsadkestivity of each subcon-

ductor is constant. It can though vary between subconductors as isskefar core conductors vs.
screen layers and often for one screen layers vs. the other. It imsdsoned, that the current flows
longitudinally in each subconductor.

In [52, 53, 54] it is assumed that each intervening space (insulatioe)thevsame and constant perme-
ability. In this thesis, it is shown how to include different permeability for défe intervening spaces,
such as insulation and semiconductive layers for the case of layeeshsdfurthermore in this thesis,
some other improvements to the subdivision method are made:

» Not only an ideal fictitious return path is chosen, but the impedance tf edturn is also included
in the impedance calculations, by first eliminating the effect of the fictitiousmgtath and then
including separate earth return calculations.

* Itis explained how it is possible to include the earth as a subdivided cbordoy utilizing analyt-
ical equations for core conductor.

» The method used in this reportintroduces how to handle two screen aifledifferent impedances,
because of different material, in order not to have a too large impedarici foa the terminal
condition calculations.

» When discussing single core cable [52, 53, 54] explain the theoryd$orgde cable. In this thesis
a real three phase cable system is used.

A flow diagram for the modelling procedure, when including proximity effecshown in figure 13.2
and the flow chart parts, between model input and simulation output ali@reegbin chapters 13/1-13.4.
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Model input

&

Cable data

<

Subdividing the conductors
Physical division of core and screen conductors and
calculations of impedances for each element of the

subdivided conductors

- x-y coordinate placing of elements

- GMD calculations for elements
- Self GMD
- Mutual GMD close together
- Mutual GMD far apart

- Resistance and Inductance calculation of elements

<

Impedance matrix
Reduces the impedance matrix for each subconductor into
only each main conductor

- Reduction of matrix to submerge screens
- Reduction of elemental matrix into conductor matrix

- Calculate impedance of non-conducting layers and ground

- Construct full phase impedance matrix for 3 cables

<

Terminal conditions
Simulating for a cable to obtain sending/receiving
end voltage/current — Universal Line Model

Simulation output

Figure 13.2:Flow diagram for the modelling procedure, when including proximity effeloe flow chart
parts, between model input and simulation output, are explained in cleap8et-13.4.

13.1 Cable data

Inputs for the model are basically the same as for the previously usadfieg dependent phase model
in EMTDC/PSCAD. The cable physical data and electrical parameters raggidn:

Conductors: Inner/outer radius, resistivity and permeability

Insulations:  Inner/outer radius, permittivity and permeability

Earth: The earth resistivity and permeability

Placement:  Physical placement of the cables, i.e(ithg) coordinates
of each cables center, depth of each cable and distance be-
tween them

Frequency: Minimum and maximum frequency for the frequency
range to be used. This can be chosen by the user.
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Furthermore, the number of subconductors for each conductor mus$iosen as well as the radius of
the fictitious return path.

The number of subconductors can be difficult to choose. This is a ofitetween simulation time and
accuracy. The larger the number, the better the accuracy at the dasg@fsimulation time. This is
because for every subconductor the current distribution is assunifednuwhich is more correct the
smaller the size of each subconductor. But larger number of subcmglaéso means larger number of
calculations.

The proximity effect changes the effective impedance because of theetafeld of two conductors
in close proximity to each other, which causes uneven current distributibie iconductors. The higher
the frequency the faster the alternation of the magnetic flux from the ctordared hence the larger the
change of the conductors impedance because of circulating curréretefdre the higher the frequency
study, the more accurate should the proximity simulations be. It is advisedubsaf thumb, for accu-
rate high frequency studies (above 10 kHz), that when choosing theerof subconductors it should
be done such that adding more subconductors will not lead to more tHérchdnge in the impedance,
compared to not adding more subconductors. This rule of thumb is validatealge 150.

For choosing the radius of the return path, it must be sufficiently largediosm all conductors. The
current in this fictitious no-loss return path will be zero at all times.

With all cable data and model input set, it is possible to proceed with subdiva$iconductors.

13.2 Subdividing the conductors

The finite element method for subdivision of conductors has in the past $tedied for numerical
impedance calculations of arbitrary shaped conductors. This methodkeaapboposed for modelling
of sector shaped cables [54], rectangular shaped conductorssfifjded conductor (circular subcon-
ductors) [52], pipe-type cables [52] and other arbitrarily shapedwectors [53]. For all these methods,
the impedance calculations have only been compared to analytical calculd@imnmethod used in this
thesis is however aimed for accurate modelling of fast frequency callieestand validated with field
measurements.

13.2.1 x-y coordinate placing of elements

The most common methods for subdividing the conductors is by using circglaared or elemental
shaped filaments for the subconductors. Both square and circular fimarenfairly easy to construct
whereas they do not correctly represent the form or shape of ctordwith correct current distribution,
unless the filaments are constructed very small which results in a large aofarorhputations. The
elemental subconductors proposed in [53], give better calculationsdbtal impedances because of
the non-uniformity of the current distribution. This is because of how theélats are formed. They
closely fill the entire volume of the real conductor and by distributing theromraptially, there is even a
larger amount of elements where the current distribution is denser. Siistribution indicates that the
closer to the conductor surface, the larger amount and thinner therslumtors are, calculating more
correctly for the non-uniformity of the current distribution. This distribut@filaments is shown in
figure 13.3(a). The elemental subdivision of conductors is used in thigsthe
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(a) Exponential distribution of elemen-

Element types u for th nductors.
tal subconductors. (b) Ele yp sed for the subconductors

Figure 13.3:Distribution of elements and element types for subdivision of conductors.

There are two types of elements used for such subdivision; the circtaferconductor centre and the
circular arc shaped filament. These elements are shown in figure 13E3th. element must be sized
such that constant current density can be assumed. The non-uriforent distribution is obtained

because of mutual coupling between elements and the fact that curresitiyde one element can vary
from the next.

The elements are placed by use of x-y coordinates, where the (0,@)ircates is in the centre of one
of the three cables. An example of how a single element is placed in a treliddl egyout is given in
appendix D.1. The same method is used for placing all elements and eachvaliiguwill be given for
each and every subconductor layer of all three cables.

13.2.2 GMD calculations for elements

For calculating the self and mutual inductances of the elements, the geometnidisiace (GMD) for
each and every element must be known. For the subconductor divisdmsn figure 13.3 there are 3
different types of GMD's.

1 -Self GMD of the circular shaped element
-Self GMD of the arc shaped element

2 -Mutual GMD of a circular and arc shaped elements when far apart
-Mutual GMD of two arc shaped elements when far apart

3 -Mutual GMD of two arc shaped elements when close together

A logarithmic mean distance between two current paths is defined as the logariththe GMD and is
given by equation 13.1 [56].

1
In(GMDyj) = <o /A | /A In(x)dS;dS; (13.1)
] j i
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where S; and.S; are surfaces of current path i and j respectively.
AiandAj are areas of current paths i and j respectively.

1- Self GMD

For circular areas, the self GMD, often called the geometric mean radiuRjGis given as-e#r/4
where r is the radius of the circle apd is the relative permeability of the material in the circle [52, 53,
57].

The GMD of an area is defined as the geometric mean distance of all points thighanea with respect to
each other. The GMD of the example in appendix/D.1, with 6 positioned pointkiassingle element,
there will be 15 distances and the GMD is calculated g2 - di3 - ... - da3 - ... ds, Whered;; is
the distance between points i and j. In the literature, an approximation forNHe & a rectangular
surface of length and widthw has been introduced as being closed1®2235(1 + w) [53, 58]. By
changing the constant to 0.2215 instead, the self GMD for a thin arc-Gleement is approximated
as0.2215(1 + w) [53]. This has in the past been validated as giving very accurate resudtst lowers
the amount of calculations bynl — 1) 4+ n2 + n3] - 14, where nl is the number of subconductors in
core (1 is subtracted because of circular self GMD), n2 and n3 areersrobsubconductors for the two
screen layers and multiplication of 14 is the number of distances to calculadadbrsubconductor. It
is therefore chosen in this thesis to use the approximatién2a@fi5(! + w), and take that into account
when simulation results are validated

2- Mutual GMD, far apart elements

For calculating the GMD between elements with suitable accuracy, each elismdantied into sectors
and the GMD between points in each sector of two elements is calculated. Skédtom of an element

in figure 13.4.

Element

sectors and 6
points

Element with 4
sectors

Figure 13.4:Division of an element into sectors and with points for mutual GMD calculations.

Such sector division is explained in appendix D.1 and shown in figure D &(ben calculating the GMD
between every point in two sectors, the mean distance of each pair of pooakulated. The GMD
between elements i and j, each containing 6 points, will thereforéfk, ;, - d;,j, - ... - diyj, - - - - digj-

If one of the elements is a circular element (i.e. core conductor centré)paihts of that element will
fall into one single point in the centre of the circle, resulting in only 6 distabedseen one element
and the circle.
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An example of how to obtain the GMD for two elements placed far apart is givappendix D.2. The
GMD’s for three cables, each having three conductors (core anddweerss), are calculated between
every element (subconductor) in every conductor of every cable.

3- Mutual GMD, close elements

When two thin elements are close to each other, as shown in figure 13.5, thal @MD cannot be
calculated as explained above. For two close elements the mutual coupling isstrargder and must
therefore be calculate with more accuracy than by use of only 6 pointseath®f using a very large
number of points and calculate the distances, which would explode the nafheeded calculations,
analytical calculations are used.

15°

o 15° © o
15 XE31750 ,\_50? ‘ES 15 7.50

Figure 13.5:Two different types of two thin elements that are placed close to each other.

The analytical solution of the logarithmic mean distance from equation 13.1és givequation 13/2.
This solution is based on the litterature of [53].

I(GM Degose,;) = j2nl In(z3 + d?) + 5 2 _ o In(x? + d*)+

13.2
2dxjt 1 (ﬁ) ([ 2dz; ran-1 (ﬂ) N d? l d? + x? L (13.2)
g nl ) g ni )" &+ 2

where i andj are two elements.
z; = 5% andz; = 52,
I andn are the arc lengths along the centres of elements i and j respectively.

d = /(z; — ;)% + (y; — y;)? is the distance between two elements.

When all GMD’s of the subconductors have been calculated it is possibédolate the mutual and self
inductances for each subconductor and form the impedance matrix.

13.2.3 Elemental impedances

For the current in each element, there is formed a loop through a fictitiouedes®turn path. Then
it is possible to calculate the impedance of each element, where there is natogalt dlowing in the
fictitious return. A lumped equivalent scheme of the constant impedanceadh element is shown in
figure[13.6. This figure demonstrates three conductors, core and traensc for a single cable. Each
conductor is subdivided into, ny andng subconductors respectively and there are three cables.

For the conductors of figure 13.6 the voltage/current relationship fimgéescable is described by equa-
tion[13.3.
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Figure 13.6:Equivalent impedance scheme of the lumped constant parametergtbvision of con-
ductors of one cable. The dotdlustrate a continuing (as previous) further many connections.

Ve Ic Ic
Vsni = [R]- | Ism + Jw(L] | Ism (13.3)
Vsho Ispo Ispo
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where [R] and[L] are matrices of the size NXN WitN' = n1 + n2 + n3.

For an element with uniform current distribution, the resistance is simply leééclifrom equation 13.4
for each elementof a conductonm.

R; =" o/m (13.4)
A;
The inductance on the other hand is a bit more complicated to calculate. Thotainde is divided into
loop self inductance and mutual inductance between two loops. The mutuatande is caused by
current flowing in one loop due to flux linkage with a loop containing curréftiis is described by
equation 13.5 [45] for linear medium such as each subconductor withromifesistivity and current
distribution.

Ly = -2 13.5
I (13.52)
Lij = I? (13.5b)

where L;; is the flux linkage in the loop itself per unit current and
L;; is the flux linkage from loop j to i per unit current in loop i.

In order to calculate the flux linkage, the magnetic field because of an eléselhtand between two
elements, with the fictitious return path, must be calculated. Flux linkage betveelement and its
return path is given by equation 13.6 where the relative permeability of theealeand return path are
Wi = g = [

Dia popiI; 1 Dia I 1
v - / populi L, - / Hopgli L
D

D, 2r 2r T
] 4192
I; D;,D;
= B ’“m( el > (13.6)
2 DijDyyq5

where the first part of the right side in the equation isdf@ment i to j and returand the second part is
for return to itself and back to element |
D is the GMD between two current paths.
i andj are two elements.
q is the return path.

When using a circular current path, enclosing all subconductors;larabing its radius, asr, >> D;q
for any element, then it can be assumed thaf, = D;, = D,,,, = 4. The self and mutual inductances
for the elements can then be calculated from equation 13.7, iuheE® is a logarithmic mean distance.

Wy
L = I = —/;?ln <£q> (13.7a)
ij _ HoM r
L =—2= ln( q > (13.7b)
J Iz 2 Dij
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13.3 Impedance matrix

The impedance matrix for three cables including three conductors (cdrenanscreens) divided into
subconductors, has the form of equation 13.8 for every frequeonicy. pAs the return path is lossless
and fictitious, [R] is a diagonal matrix. If each core is divided intosubconductors, each inner screen
into ny subconductors and each outer screenintsubconductors, the size of the matrices in equation
’m is NxN withN = 3 - (n1 + n9 + ng).

[Rcl] [Lcl] [LCICQ] [Lclc?)]
[RCQ] + jw [LclcQ] [LCQ] [LCQCB] (138)
[Res) [Letes]  [Lezes]  [Les]

where c1, ¢2 andc3 denote cables 1, 2 and 3 respectively.
[R.;] is given by equation 13.9.
[L;] is given by equation 13.10.
[Lcic;] is given by equation 13.11.

Rci 1

RCinl

RCinl +1
[Rei] = . (13.9)
RCinQ

RCing«kl

L Cing a
where n; is the number of subconductors in core conductor.
ng is the number of subconductors in the inner screen conductor.
ns is the number of subconductors in the outer screen conductor.
i Lcil Lci1ci2 ce. Lcilcinl cee Lcilcin2 .. Lci1cin3 i
Lcigcil Lcig cee Lcigcinl cee Lcigcin2 CIEaE Lcigcin3
Lci ciy Lci clg vt Lci cee Lci ci e Lci ct
[LCZ:I — 7‘?1 TLl ’IL1 ' 'le 712 TL.1 TL3 (13.10)
Lcin2 ciy Lcin2 cig vt Lcin2 cinl Lcin2 “e Lcinz Cin3
L Lcin3ci1 ch’n3ci2 cee Lcin3cin1 cee Lcin3 cinz Lcin3 _
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Lcilcjl Lcilcjg <o Lcilcjn1 <o Lcilcan <o LcilcjnS
Lci20j1 Lcigcjg Lcizcjn1 Lcizcan Lcizcjn3
I | Leingein Leingejo -+ Leingejny, oo+ Leingejny, o+ Leingcing 1311
[ cicj} - . . . ( . )
LCi7l2 ¢ LCinQ cj2 v LCinQ Cjnl T LCing Cjn2 T LCing Cjng
L Lcin3 cj1 Lcin30j2 cee Lcingcjn1 cee Lcin2cjn2 cee Lcin3cjn3 |

The desired impedance matrix for three single core cables is a 6x6 matreydor frequency point, as
shown in equation 12.5 on page 130. In order to obtain such a 6x6 matsixthii two screen layers
must be joined into one as is explained for the new improvements of layeehsarchapter 12. Then
the remaining matrix must be reduced to form only single element for all 6 cboidu(3 cores and 3
screen conductors). These reductions are explained in chapterst13.3.2.

13.3.1 Matrix reduction, single screen
From figure 13.6 it is obvious that the voltage drops over each subctorchf the two screen layers are

identical because of the parallel connection, see equation 13.12. For siatjwifi equation 13.12 is
shown only for 1 out of 3 cables. Same procedure is used for all tlatdes

[ Vo, ] Zoy+1 oo Ll (ne) - L(ni+1)(ns) Iny+1

Vsn : & : :

Vsn = Z(nz)(nﬁ—l) ... Z(ng) c. Z(TLQ)(TLJ) . Tngy (1312)
L Vn | L Zma)m+)) o o) oo L) ] L s

Because of these parallel connections and identical voltage dropsp#s#fe to bundle the subconduc-
tors and forming a single screen with voltage/current relationship for atanductors of both screen
layers. This procedure is based on [59] for OHL and is explained ieragip/ D.3. It is possible to
bundle the two screen layers in such a way, even though they are madeelfyalifferent materials and
separated by a SC layer. This is because of the fact that at every gingt®n, the two screen layers
are directly connected and hence they have identical voltage drop lmetweeninor section ends. The
result after bundling the two screens into a single screen with a subsabodreductors is shown in
equation 13.13. This solution is for a single cable only, similar proceduretfos all three cables.

Vsn Zy 41 o Dl 1) (o) Iny+1
: = ; : N (13.13)
Vsh Zlng)(ma-+1) Zlnz) inz

where Z. = Zit, — (Ziny — Zina+1)) Zns — Ziny+1yn) ™ Zins

After reducing the two layered screen into a single conductor dividedhinBubconductors, the size of
the impedance matrix in equation 13.8 is N'xN’ witff = 3 - (nq + na).
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13.3.2 Matrix reduction, conductor matrix

In order to reduce the matrices even further and obtain the desired $x6,imilar reduction method
is used again in order to remove all subconductor rows/columns exadheféirst row/column of every
main conductor (i.e. 3 cores and 3 screens). As explained in appendifit3he first line of every

conductor is placed in top of the matrix and all other subcondcutors aredpbedow.

The full elemental matrix for three cables after submerging screens andeeng is as shown in equa-
tion/13.14, where:i represents cable

Very
Vea,
Vs,
| Z5
Vea,, o

L23n1+1
Vei,

Ve

1ng
‘/Clnl +2

Ve

177.2

Vea,

Ve

2,
‘/Cin +2

Ve

2nq

v232

Vesn,
‘/6371,1 +2

Ve

3y

Z.cll
i021
Z.631
ic1n1+1
Z.c2n1+1
Z'c?)nﬁ_l
iclz

ZClnl

ZClnl +2

,L.Cl'n.Q
Z.022

ic2n1

Zcznl +2

ic2n2
Z.032

ZcBnl

ch"l +2

Zc3n2

(13.14)

where Z; is of the size [6x6] when all three cables are included and contains thedfivs/columns of

each conductor.

Z, is of the size [6xf1-1+n2-1)] when all three cables are included and contains the first rows and

columns2,...,ny,n1 + 2,...,no of each conductor.

Z3is of the size [f1 +n2-2)x6] when all three cables are included and contains Bpws , n1,ni+

2,...,n9 and the first columns of each conductor.

Z4 is of the size [f1+n2-2)c(ni+n2-2)] when all three cables are included and contains rows/-

columns2,...,ny,ny + 2,...,n9 of each conductor.

When the order has been changed in such a way, the matrix is reducathbynsethod as in chapter
and the result is shown in equation 13.15.
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[Zreduced] =

Zelee
0
0
Zeles
0
0

0
ZC2CC
0
0
22
0

0
0

0
0

where [Z,cauced) = [Z1] — [22][Z4)71[Z3).
Z.i.. 1s the impedance of the core conductor for cable i.
Z.i., is the impedance of the mutual between core and screen of cable i.
Z.i,. is the impedance of the layered screen conductor for cable i.
Zeiysejss 1S the impedance between screens of two cables.
There is no mutual impedance between cores of two cables becausediseyemned.
There is no mutual impedance between core-scr&gn, } loops of two cables.

ZC3CC

ZC3cs

ZClcs
0
0
ZClss

ZClssczss
ZClssC3ss

0
ZCch
0

chsgcst
ZC255

ZC2336355

0
0
23,
chsgcgsg

ZCQSSCSSS
chss

(13.15)

A more into deep explanation of the matrix reduction from elemental matrix to cboidnatrix is given

in appendix D.4.

As explained before, in order to calculate the subconductor inductaadessless fictitious return path
was introduced. Then it is possible to calculate the impedance of each elevheng, there is no total
current flowing in the fictitious return. When there is no total current flgwinthe fictitious return,

then for each cabl@gs;,] = —[Ic]. If the screen voltage is subtracted from the core voltage, the loop
impedance between core and screen can be calculated from equatién 13.1

{ Ve — Vsn ]
Vsh

Ve — Vsh
Vsh
Ve

|:ch_

ZCS

ch ch _Zss :| |:
Zss

ch - 2ch + Zss)IC

(
(ch -
(

Zss)IC
ch - 2ch + ZSS)IC + (ch -

Ic
_IC

ZSS)IC = (ch -

(13.16)

ZCS)IC

Therefore the reduced impedance matrix with the effect of the fictitiousretath removed is as shown

in equation 13.17.

[Zreduced] =

/ —
where Z,, = Z.

lee

Zelee
0
0
Zetes

0
0

— 27, + Ze

0
22,
0
0
Za,,
0

lss*®

0
0
ZcS
0
0

cc

!
ZCSCS

Zetes
0
0
chss
Zelgsc2ss
ZClssC3ss

0
Zé2cs
0

ZCl,gSCQSS
ZC2SS

ZCZSSCSSS

0

0
Z/

c3es
ZClsscgss

ZCQSSCSSS
Zc3ss

(13.17)

As only the impedances of the 6 conducting layers have been calculatemhsthation and ground
must be evaluated in order to construct the full phase impedance matrifarsemminal condition

calculations.
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13.3.3 Impedances of non-conducting layers and ground

The proximity effect only appears in conducting material, as it is related temudistribution because
of magnetic field of two close conductors. Therefore only conductessabdivided. For obtaining
the full impedance matrix for cable simulations, the impedances of insulatiorslaper ground must
be included. Impedance of the non-conducting layers can be calcukataskebof the same analytical
equations as previously used and explained in appendix B. Those ingesdane:

Zinner—ins (w) = ]w:uinnier—ins In <r2>

2T 1
) i T

Zouter—ins (UJ) = J MO;LT s In <4>
T T3

where inner—ins @NAuouter—ins are the inner and outer insulations permeability.
ro andry are respectively the outer and inner radius of the insulation.
r4 andrs are respectively the outer and inner radius of the insulation.

The earth is yet another conducting layer in the cable system. It has éolesn shown in chapters 8.3.1
and 8.3.2 how the earth impedance does not largely influence the cos®oflinthe simulation results.
It is therefore sufficient for the purpose of this thesis to use previceigiyained ground impedances
calculated by use of analytical equations in appendix B.1.7.

It has previously been explained how at higher frequencies the dmatirn has smaller and smaller in-
fluence on the simulation results. Furthermore, the proximity effect only flasmte at higher frequen-

cies. Therefore, for studies requiring the subdivision of conductoost often analytical calculations

for the ground impedance will be sufficient. For cases, when groundhraeeds to be more accurately
simulated, it is possible to add the ground as another conductor to be isi¢oldby the same principles

as explained in chapter 13.2. The size of the ground subconductarsl sleomade smaller close to the
cables, than farther away. This can be obtained by an exponential dlistnilof subconductors.

By introducing the ground as a subconductor, the number of calculatitimsarease and hence will also
simulation time. It has already been shown for both flat formation and tiglailtfefmation, in chapters
7.3.2 and 8.3.1 respectively, how the analytical calculations of core ctmdmpedances are accurate
and correct. It is therefore not necessary to subdivide the comuctor but possible to make use of
analytical calculations. This will decrease again the increment in simulation timengniafeasible to
subdivide the ground conductor.

In the case used in this thesis though, the ground impedance is analyticalljatadcand the core
conductor is subdivided.

13.3.4 Full phase impedance matrix
The full phase impedance matrix is explained in chapter 2.1. This matrix ivee-@i equation 13.18.
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r 1
212
z
_ gmi2
[thase] =

Zgmiz

ngl:s

Zgmi3

T 1 7 7
where 2}, = (Zcoum +Zesn,,. T Zsn

inner

_Z%z
23
Zgmiz
Zgmia
Zgmig

Zgmi3

Zgmiz
Zgmia
211
—21y
Zgma3

Zgmas

) + (Zghouter + Zgthns + Z;

Zgmis
Zgma3
Zgmas
Zgma3
211
—Zf2

Tound)

(13.18)

—2Z7% is the impedance

of the current path through core conductor with return in ground.
Zho = Zop, o+ Zona,, +Zivouna 1S the impedance of the current path through screen conductor

with return in ground.

T 1 1 T 1
%2 = (Zshyuer T Z50Gins + Zground) = Zsm:
Zg,, Is the mutual impedance of the loops core-screen and screen-ground.

Zgm.. 1S the mutual ground impedance between cables i and |.
g (%]

When using subdivision of conductors, the impedances of equation taribe related to equation

13.18 as follows:

is the impedance of conducting material (except for

earth) in the current path through core conductor

is the impedance of conducting material (except for

earth) in the current path through screen conductor

ZCC
with return in ground.

ZSS
with return in ground.

ZCS

ZCisscjss

earth) between screens of adjacent cables.

is the impedance of conducting material in the mu-
tual of the loops core-screen and screen-ground.
is the mutual conducting impedance (except for

Therefore, when subdividing core and screen conductors angl asalytical calculations for insulations
and ground impedances, the parameters of the matrix in equation 13.18 wildfe@wan in equation

13.19.
i = ZCiCC + Zc
Zé = ZCiSS + Zc
ZfSM = Zéics + 7.
Z;mlj = ZCi-SSCj.S's + ZC

linner—ins
Louter—ins

Louter—ins

ijg'round

+ Ze
+ Ze
+ Ze

Louter—ins
Lground

Lground

+ Ze

Lground

(13.19)

The expression in equation 1319 gives the full impedance matrix, which sutipeit of the program.
This output will be used as an input to the cable terminal simulation. An outduiiiz for the three
phase system of HR2, explained in chapter 8 is shown in equation 13.20.
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1184+ 752 —1.17+849i 1.17+5.01i 1.17+501i 1.17+5.02  1.17+5.02

117 +849i 1.18+571i 1.17+50li 1.17+501i 1.17+5.02  1.17+5.02

1174501 1.17+5.01i 1184752 —1.17+8.49 1.17+5.02  1.17+5.02

1174501 11745018 —1.17+849 1174571 1.17+5.02  1.17+5.02

1174502  1.17+5.02  1.17+5.02 1174502  1.17+7.54i —1.17+7.58i

1174502  1.17+5.02 1174502 1174502 —1.17+7.58 1.17+5.73i
(13.20)

For gaining an insight into the results of the calculated impedances, figdu/g4.3.9 compares real and
imaginary parts of the impedances for analytical calculations and by uspiafien 13.19.

[thase] =
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Figure 13.7:Changes in the impedance matrix when including the proximity effect, cechpaanalyt-
ical calculations. The calculations show differences/infrom equation 13.18.

From figures 13.7-13.9 it can be seen how the imaginary part of the sdbctor calculations becomes
considerably larger above 100 kHz for subdivision method comparedetariblytical method. This
difference is due to the proximity effect at higher frequencies.

Furthermore it can be seen that at 1 MHz (frequency at which dampirtgdantersheath mode has been
shown to be inaccurate, chapter 8.3.2) the difference is as larg&Zaathe mutual impedance.

13.4 Terminal conditions
As explained in chapter 2.1 the terminal conditions of a cable are as shownatian 13.21.

Isend=Y: - Vsena— H - (Yc - Viec — Irec) (13-213)
Irec = Yc . Vrec —H- (Yc : Vsend— Isend) (13-21b)

where all parameters are a function.of
Isend Vsengis the sending end current/voltage
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Iied Viec is the receiving end current/voltage

Ye(w) = % is the cable’s characteristic admittance

H(w) = e = ¢ VY2l s the cable’s propagation matrix

The cable model used in this thesis is the frequency dependent phask(bmdersal Line Model) in
EMTDC/PSCAD. This model uses analytical calculations’@fv) and Z(w) for fitting Y- and H in
time domain.
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The new program with results explained in chapter 13.3.4 delivers the fulldance matrix of (w) as

an output value. Therefore, in order to calculate the terminal conditiong trés program/Z(w) should

be an input and only (w) should be analytically calculated. Based on this, the Universal Line Model
should fitYy and H.

At present, it is not possible to use externally calculatéd) andY (w) as input for the frequency de-
pendent phase model in EMTDC/PSCAD. Nevertheless, this option is ant&traossibility for the
program and will be available in the near future. For now, in order to testdéble model, a MATLAB
setup of the Universal Line Model, made by The Manitoba HVDC Resdaecttre (owner and distrib-
utor of EMTDC/PSCAD) is used. This MATLAB setup has been manipulatech ¢hat it does not use
analytical calculations, but imporf(w) from results obtained as explained in chapter 13.3.4.

13.4.1 Comparison of field measurements and simulations

The new modelling procedure, by including proximity effect, is verified agjatine intersheath field
measurement results for set#®, in chapter 8.2.4. The simulation results when using subdivision of
conductors to calculaté&(w) are compared to both field measurement results and simulation results for
the layered screen explained in chapter 12.1. The layered screen simuéssidts have in figure 12.5

of chapter 12.2 been compared to field measurement results and norm&EMICAD simulations,
showing significant improvements in frequencies below 10 kHz.

The method of subdividing the conductors, in chapters|13.1-13.3.4 intledayered screen and prox-
imity effect. Figure 13.10 therefore shows comparison of including impronénfdayered screen only
and of taking also the proximity effect into account and therefore incluldatly improvements.

As explained in chapter 12.2, only the lower frequency (below 10 kHx)xlag was correctly simulated
after adding layered screen as an improvement. The high frequenitgtasts were not damped cor-
rectly. As shown in figure 13.10, the simulation results are very accurate Wbth layered screen and
proximity effect are included. There is almost a perfect agreement batimgproved simulations and
field measurement results.

Another conclusion drawn from results in figure 13.10, is regardingithalation time. As explained
before, the calculations of (w) by use of subdivision method requires larger amount of calculations
and simulation time than for analytical calculations. The subdivision calculatiotise other hand only
need to be performed once for each cable, as they will not changetedmaimal connections of the cable
are changed. For simulations having wrong high frequency oscillatiomsdar to ensure convergence
of the simulations, the simulation time step for every simulation needs to be very srhilrefuires
long simulation time for each and every simulation performed. When the impedasaenithe other
hand been correctly calculated once, including the proximity effect andehmore damping at higher
frequencies, the simulation time step for every simulation study of the cablersysa@ be increased.
This is because the high frequency oscillations have been removed. illwisturn lower the simulation
time for every cable system study performed, as the risk of non-coeweegs much smaller.

When choosing cable data and during GMD calculations, some approximatensed:

* Number of subconductors is chosen such that increasing the numbabodnductors by 1 per
conductor, will not cause a change in the impedance, larger than 5

+ Self GMD of elements is assumé®215(/ + w) instead of using exact calculations.

» Mutual GMD of elements is calculated with only 4 sectors, or 6 points, foutating distances.
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Figure 13.10:Comparison of the sending end current and receiving end voltage ergisad screen
conductor for the intersheath mode.

As the comparison of simulation and field measurement results gives suddageement, all of the
above approximations can be accepted.

As the new modelling method has been verified for the intersheath mode setippijilicable to be
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tested and validated for simulations of long HV AC cables, cables havinglmading points.

152



CHAPTER 1

Improved model validation

As shown i part Ill, simulations and field test results agree quite well urifitet intersheath reflection
is measured. This indicates that the cable model as such is very goodfes gathout crossbondings
as only coaxial modes are excited. The presence of crossbonding pdiong cables causes intersheath
current waves to propagate between the screens of adjacent cabtepropagation characteristics of
these intersheath currents are strongly affected by proximity effecishvaine not taken into account
by the existing simulation software when calculating the series impedanceefditesrafter the inter-
sheath waves reach the measurement point, large deviations develog @xisting simulation model
is therefore insufficient for long crossbonded cable systems.

In chapters 12-13, two relevant improvements of the cable model hawnedieseribed. Firtsly the physi-
cal layout of the screens are modelled more correctly and secondly leatbrifect physical screen layout
is modelled and the proximity effect is taken into account. Furthermore, theseviempents have been
validated against measurements when explicitly exciting an intersheath modew/Asmulation results
are in very good agreement with field measurements of purely the interghed#hon a single minor
section, they are assumed validated for crossbonded cables. Inoragify this, these improvements
will now also be validated against field measurements of longer crossthoabtées. For this validation,
field measurement sét3 in chapter 9 and set4 in chapter 10 are used. As the cable model from chap-
ter[13, based on subdivision of conductors, comprises both desdamipeodvements, this cable model is
used for verification against field measurements on crossbonded.cables

14.1 Validation against a single major section, measurement s&3

The single major section is a 2510 m long 150 kV cable system having 3 mintorsec There are
two crossbonding points but no grounding of the screen. The field merasuats and results are given
in chapter 9. When analysing the comparison of field measurement and simulksidts, for a non-
improved cable model, it was observed that the deviation between meastsemesimulations appear
when the intersheath mode starts flowing, see figure 9.10 in chapter 9.3cofhgarison is therefore
performed again, after improvements of simulating the intersheath mode havénbtuded.

Figure 14.1 shows a comparison of simulation and field test results for tdageand current. In figure
14.1(a), simulation results from figure 9.9 are compared to simulations re$uhs anproved cable
model and in figure 14.1(b) only the simulated results from the improved moel€ocmpared to field
test results.

As shown in figure 14.1(b), the simulation results are very accurate witbrdyered screen and prox-
imity effect are included. There is almost a perfect agreement betweenvetpsimulations and field
measurement results.

The first intersheath reflection is measured at approximatelys2@ee chapter 9.3 on page 111. Both
simulation results are therefore fully accurate until this point in time is reaelseahly the coaxial wave
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is measured which has already been proven to be correctly simulated IgtiGah&alculations. After
this time however, the measured and non-improved simulated current wes@sé® more and more out
of phase as the current becomes affected by more crossbondingeflanted waves. In this setup, there
are no grounding points of the screen along the cable line, only at catlée and therefore only the
crossbonding points are considered a source of deviation. It cabealsloserved how, despite deviation,
some similarities between PSCAD simulations and measurements are shownthetsneulated wave
appears to be less damped and delayed. this can be caused by inasciaréite real and imaginary

parts of the characteristic admittantg = % whereZ(w) is calculated by different means in

the improved modelling method of including proximity effect.

Because of correct screen impedances, the damping for the imprdslechoadel is correct. The differ-
ence in impedances of the line constant calculations and the improved isidsdaf conductors method
is shown in figure 13.7-13.9 and calculated to be up té«2t 1 MHz. Correcting the impedance matrix
as shown in these figures, results in a correct intersheath mode ptiopadgmping, which is the cause
for the much better simulation results. The damping at the higher frequeabiese( 10 kHz), because
of the proximity effect, is clearly seen by the fact that the high frequescillations of the PSCAD sim-
ulations in figure 14.1(a) are fully damped in the MATLAB simulations in figurel{#). This does not
only help with more accurate simulation results, but furthermore it allows forgeddaime step giving
faster simulations and less probability for an unstable model, which often is$lefar long cables with
many separately modelled minor sections and crossbonding points.

14.2 Validation against multiple major sections, measurement set4

The multiple major section is a 55 km long 150 kV cable system having 11 majorseutith total of 22
crossbonding points and 10 grounding of the screens, apart froabkt ends. The field measurements
and results are given in chapter 10. As for the single major section, then arralysing the comparison
of field measurement and simulation results of the multiple major sections, for-anpoaved cable
model, it was observed that the deviation between measurements and simwapfieas when the inter-
sheath mode starts flowing, see figure 10.6 on page 122. Furthermafewvas in figure 10.6(b), the
ground mode is equal to zero and will therefore not affect the simulatganitee It is therefore assumed
that improving only the simulations of intersheath mode will result in accurate diomli@sults. this
will be validated in this chapter.

Figure 14.2 shows a comparison of simulation and field test results for tbangesnd current. In figure
14.2(a), simulation results from figure 10.5 are compared to simulations reétiits improved cable
model and in figure 14.2(b) only the simulated results from the improved moeleompared to field
test results.

As shown in figure 14.2(b), the simulation results are very accurate witbrdyered screen and prox-
imity effect are included. There is almost a perfect agreement betweenveatpsimulations and field
measurement results.

The first intersheath reflection is measured at approximatelysl$ee chapter 10.3 on page 120. Both
simulation results are therefore fully accurate until this point in time is reackiet. this time however,
the measured and non-improved simulated current waves become inalcdeamped as the current
becomes affected by many crossbondings and reflected waves. #wefemngle major section, then
despite deviation, some similarities between PSCAD simulations and measurengestiown, where
the simulated wave appears to be less damped. A correctly calcuétednatrix, when including the
actual physical layout of the screen and the proximity effect, results ioaivect damping of the current
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156



waves.

Correcting the impedance matrix, results in a correct intersheath modegptagpadamping, which is
the cause for the much better simulation results. The damping at the highesriees (above 10 kHz),
because of the proximity effect, is seen by the fact that the high freguesuillations of the PSCAD
simulations in figure 14.2(a) are fully damped in the MATLAB simulations in figut2(b). Only the

modelling of the propagation characteristics of the intersheath mode havéinpg®ved and as the im-
proved simulation results agree quite well with field measurements, the assumigtienground mode
not influencing the simulation results is correct. This was also to be expextdtde ground mode is
shown to be equal to zero in figure 10.6(b) on page 122.

The improved cable model described in chapter 13 is therefore accadhsefficient to fulfill the project
aim of validating and verifying the improved model accuracy against lobhtpcaeasurements.
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CHAPTER 1

Summary for Cable Model Improvement

One of the major contributions from the research presented in this thesisiésraadel improvements.
The existing cable model has been shown to be inaccurate when it comesedimgoithe intersheath
mode, see chapters 7.3 and 8.3. The model is therefore improved witlctrespiee screen layers. In
chapter 12 of this part of the thesis, the actual physical layout of tleesds modelled more accurately
by use of layered screen and resulting in a more accurate damping of teeftequencies (below 10
kHz). The more accurate damping is obtained because when the cdmysotgl layout of the screen
is implemented in the model, the series impedance mat(ix) becomes more correct. The terminal

conditions of the cable depend a@(w) = \/% and H(w) = e~ VY2 Therefore when
Z(w) is more correct, the cable’s simulated terminal conditions will become morectorre

Even though the simulations of when modelling the layered screen and fietdsakt agree quite well
regarding the damping in the waveforms of the lower frequency comporiksimalation results still
have inadequate damping of higher frequency oscillations. Becauss,df th not sufficient to increase
the damping at lower frequencies by introducing the layered screeneAsténsheath current propagates
between the screens of adjacent cables, their propagation chatexstenie also affected by proximity
effects which are not taken into account by the simulation software. Thie caodel improvements
are therefore expanded and the proximity effect is included as shownajoter 13. This results in
more accurate simulation results at higher frequencies (above 10 kHiz)isTvalidated to give precise
simulation results when explicitly exciting the intersheath mode, the origin of daviagitween original
simulations and field measurements.

In order to validate the improved cable model for transmission cables, firshktyrfieasurements on a
single major section with 2 crossbonding points and secondly field measuseorea cable with 11
major sections are performed. Comparison of these field measuremdts aeslisimulations including
both layered screen and proximity effect does not give deviation outditlee tolerance of the field
measurements. The improved cable model described in chapter 13 is thexeforate and sufficient
and the final goal and aim of the project is fulfilled by delivering a reliablelehdor simulating long
distance cables and a transmission system that is mostly or fully underground
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CHAPTER 1

Conclusions

In today’s societies, interest towards using underground HV cablesefarence to the customary OHL,
for power transmission has increased considerably. This is mainly due ¢xphasion of cities, further
additions of land reserves and public resistance against erection @H&w in the vicinity of people’s
residence.

In Denmark, all existing 150 kV and 132 kV transmission network shall lmergrounded during the
next 20 years and all existing 400 kV transmission lines will be undergiedigradually as more ex-
perience is gathered. Furthermore shall all new transmission lines attalj@devels be put in ground,
except for a single 400 kV line connecting the country to Germany.

For various system studies it is necessary to have precise simulation mwhelerrors for short cables

can become a larger problem when length of the cables and numbersiienaking points are increased.
It is therefore important that differences between simulations and measnte are identified, studied
and eliminated. This PhD project has been formulated due to the lack of katgsvie actual accuracy

and reliability of available cable models. The performed high frequencgitratifield measurements on
long HV cables with several crossbondings and screen groundingsedlto reveal differences between
the results of measurements and the results of simulations performed usingtimgeable models.

16.1 Summary of the thesis

The aim of the project was to fulfil the requirements of describing cable moggellalidating and veri-
fying model accuracy and improving if necessary, with the following goals:

« To theoretically analyse and investigate accuracy of existing cable modkledsn chapter 2-6)
« To perform field test measurements for model validation (solved in chagit&}

» To investigate and identify the cause of inaccurate simulation results if ther@ng (solved in
chapter 7-8)

» Toimprove the cable model and obtain acceptable simulation results if necéssged in chapter
12:13)

 To validate and verify the model accuracy against long cable measuteiheacessary (solved in
chapter 14-15)

The aim was to deliver a reliable model, which can be used as an instrumdahiming and problem
solving for long distance cables and a transmission system that is mostly ourfidérground.
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Figure 16.1:Flow diagram for the solution process of the thesis.

Figure 16.1 introduces the solution process of the thesis, in order to surartteigoals and aims and
associate them with the thesis chapters.
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The flow diagram in figure 16.1 gives an overview over the performatieguand to which chapter of the
thesis the study is described. The flow diagram shows all possible rdutes roject, where the paths
not followed are light grey and the path followed in the project, becaufadihgs during the research,
is highlighted in a darker colour.

The project is begun with a general description of AC transmission cables.is done for gaining an
understanding of the nature of transmission cables before starting to sithelaieA physical and math-
ematical description of the cables, their parameters and terminal conditionens gfter describing AC
transmission cables, the existing models, choice of model and how to peiifacdasons is described.
Before starting to simulate long cables, validate the accuracy and perforroviempents, the existing
modelling techniques are analysed and described. The major literaturéstingemodelling methods
is evaluated. Two cable models are considered to be most adequate férelgigncy transient studies
for validating cable parameters and modelling procedures with measureméatse methods are the
universal line model and the zcable model. Amongst those, the uniVieesahodel, which is available
in EMTDC/PSCAD (named the Frequency Dependent Phase Model), $&gho be used for simula-
tions and model validations in the following chapters. Before using the modehalelling procedure
in EMTDC/PSCAD is described and documented.

Based on the chosen simulation model, the validation procedure beginsfidtitsheasurements on a
crossbonded transmission cable are performed. These first fieldhestsleviation between simulation
and field test results and indicate crossbonding points as being the oridisagieement. In order to
explicitly point out the origin of deviation, measurements on a non-croskduboable were performed.
A coaxial mode and intersheath modes were excited and a deviation betwegation and field mea-
surement results because of the intersheath mode was observed. drios@ma was observed for

* a 400 kV, 7.6 km cable laid in flat formation
* a 150 kV, 2.5 km cable laid in tight trefoil formation
* a 150 kV, 55 km cable laid in tight trefoil.

As the cable model has been proven to be inaccurate when it comes to moddlintetsheath mode,
the model is improved in respect to the screen layers. The actual phigsioat of the screen is mod-
elled more accurately by use of layered screen and resulting in a monextecdamping of the lower
frequencies (below 10 kHz). The proximity effect is also included,lteguin more accurate simulation
results at higher frequencies (above 10 kHz). This is validated to gagge simulation results when
explicitly exciting the intersheath mode, the origin of deviation between origimallations and field
measurements.

In order to validate the improved cable model for transmission cables, firetty fieasurements on
a single major section with 2 crossbonding points and secondly field measuseorea cable with
multiple major sections are performed. Comparison of these field measuressatis and improved
simulations does not give deviation outside of the tolerance of the field nezasnts. Hence the final
goal and aim of the project is fulfilled by a delivery of a reliable model forudating long distance
cables and a transmission system that is mostly or fully underground.

16.2 New contributions

In this thesis the accuracy of an existing cable model, the Universal LirdeMmplemented in EMT-
DC/PSCAD (Frequency Dependent Phase Model), is tested againdtdigiency field measurements.
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The usual practice for validating a cable model has been to compare the tgimuksults with fre-
quency domain calculations transformed to the time domain by use of Invess&diarier Transform
(IFFT). This, however, does not ensure the accuracy of the eatgnpeters of the modelling procedure
(e.g. geometry), the parameter conversions, and the modelling assumfpiitims.thesis, the focus has
therefore been to use high frequency field test results for model validatio

* A major contribution from the research presented in this thesis is field maasuats for model
validation.

« A major contribution from the research presented in this thesis is a split impedaatrix from
modal excitation, resulting in exact identification of wrong impedance calcokatio

From comparison of field measurements and simulation results, more accugadimgoof the cable
screen conductors is suggested. A deviation between simulations and fietdinerments appear be-
cause of intersheath mode resulting from crossbonding points. It iSéher®ncluded that the existing
simulation model, the Universal Line Model, is precise and accurate fat shbles or cables with no
crossbonding points. This is because the presence of crossbondhigip long cables causes excitation
of intersheath waves when the screens are shifted between cableghAfietersheath waves reach the
measurement point, large deviations develop and the simulation model is teensiafficient for (long)
crossbonded cable systems.

Two different model improvements are implemented and tested both when thehadér mode is ex-
plicitly energised and on long crossbonded cable lines. These model ienpenits are validated against
excitation of the intersheath mode in order to verify the correctness of theweghrsimulations and
against long crossbonded cable lines in order to verify the correctmiess the intersheath mode is
excited because of the crossbonding points and not because of theremeast setup.

Layered sheath

For improving the low frequency (below 10 kHz) impedance calculationset#dble model, a more
accurate simulation of the physical layout of the screen is implemented. Itrismoa to model the
screen as a single solid hollow conductor with an increased resistivity. idriftésis, for the layered
screen method, the screen is modelled as two hollow conductors with no plotéfidieence and a
semiconductive (SC) layer in-between.

« A major contribution from the research presented in this thesis is a newingi#@eance equivalent
circuit where two conducting layers connected in both ends and seghamalie by a SC layer
are included. This method is different from the usual cable impedandeadent of conductor-
insulator-conductor-insulator (-conductor-insulatoBpresentation.

Proximity effect

For improving the high frequency (above 10 kHz) impedance calculatibagroximity effect between
cables and between each strand of the screen of each cable is inclddedrindelling procedure. The
cable impedance matrix is calculated by use of a finite element approach cedtédsion of conductors.
The subdivision of conductors’ method is a known solution to includingipritx effect. The use of it
in this thesis however does not only depend on [52, 53, 54], but alsales some new improvements.
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A major contribution from the research presented in this thesis is the uagkiuolating the full
phase impedance matrix where conductors are subdivided and insulatietcnges are included
by analytical calculations, where permeability in one insulation layer canfr@mythe next.

« A major contribution from the research presented in this thesis is the implemantdtactual
ground return path by use of analytical calculations. The fictious rettimfpr inductance calcu-
lations is eliminated.

» A major contribution from the research presented in this thesis is a desorgftiow practically
the ground could be subdivided to increase the correctness of girmpedance calculations. This
can be achieved by using analytical calculations for core conductopasthe split impedance
matrix method, its impedance is validated as correct by analytical calculations.

» A major contribution from the research presented in this thesis is an implemarativo screen
layers in the subdivision method. These layers are with same voltage posarttiséparated by a
SC layer. This ensures that the screen no longer is modelled as two soli@ kolhaluctors, but
with one stranded and one solid conductor.

» A major contribution from the research presented in this thesis is a desorgpttbimplementation
of the subdivision method for a full three phase cable system, having®uctors, where each
cable has two conducting screen layers.

« A major contribution from the research presented in this thesis is a validdtithe subdivision
method against field test measurements results.

16.3 Future work

It is shown in chapter 16/1-16.2 how the problem formulated for the prbgsbeen solved. Neverthe-
less, several topics worthwhile a more in-depth study have not beemgolirsthis thesis.

 Sensitivity analysis of the cables electrical parameters. The cable maslddgen shown to be
sensitive to cable parameters, which often are not accurately givenrmyfactéurers. A sensitivity
analysis of each parameter and comparison of simulated and measuretssrdi current and
receiving end voltage could give a better insight into which parametemnare important and
what could be the worst case scenario for simulations.

« Implementation of the suggested ground return as a subdivided condliki® method has been
theoretically described but not implemented.

* Implementation of the external impedance matrix into EMTDC/PSCAD. At ptegénnot possi-
ble to use externally calculatéfiw) andY (w) as input for the frequency dependent phase model
in EMTDC/PSCAD. Nevertheless, this option is an attractive possibility for tbgnam and will
be available in the near future.

* An in depth study of the reduction in simulation time, when increasing the simulationstiepe
because of less higher oscillations after including proximity effect in impezlaalculations.

» Comparison of improved simulation results to other modelling software, susiRsnd Power
Factory.
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APPENDIX A

Cable’s terminal conditions

When simulating a transmission system, the knowledge of system componerssriias A transmis-
sion system is highly frequency dependent and includes many paramietersier to ensure a correct
simulation, these parameters must be correctly represented in the simulatisareofor representing
the cable transmission line parameters, a CC (Cable Constants) calculatioe ieused [14].

Before looking into the CC routine, lets see how the cable parameters thigecticulation of the cable
terminal conditions.

In order to model a transmission cable, the well know line equations, A.1d baselved.

5 (A.1a)

ox
52 0l (x,w)
= %V(as,w) Z(w) 5
52 oV (z,w) (A-16)
= gf(:c,w) Y(w) 5:6’
52
= a‘/(:c,w) =Z(w)Y(w)V(z,w) =7 (w)V(z,w)
52 (A.lC)
= 2 1(n,w) = Y (@) 2@ (,9) = /() (,)
V(W) = Voe ™+ Ve (A.1d)

I(z,w)=1Ife " + Iye"™
For modelling purposes, the voltages/currents at the terminals are of tnt&gsations A.2 give the

terminal conditions at the sending efid = 0) and equations A.3 give the terminal conditions at the
receiving endz = [).

Vsendw) = )+ VO (A.2a)

Tsendw) = / Z (A.2b)



Vieclw) = e "V (w) + 'V (w (A.3a)

Irec(w H eV, + 5 WZVO (A.3b)

In order to model the relationship between the sending and receivingfethe cable, the unknown
incident and reflected traveling waves in A.2 and|A.3 must be eliminated. Thimvgnsin equations

A4
[from A.2a:]

V0+(w) = Vsendw) — V; (w) (A.4a)

[Substitute this into|A.2Db]:

Tsondw) = M%(vseno(w) Yy w) - %va ()
(

ey, o, Y@
=\ 2 Veerde) =2y 5 5 @) (A40)

Y(w)

—. w) — Treclw) = Y (w)e
Y(w) - v Y(w)
=2 mVO (w)=c¢e L. ( m - Viecdlw) — Irec(w)> (A.4c)
[substitute 2 / V0 ) in|A.4b by A.4c]:
Isen((w) = };E:jgvsenc(w) - 6_71 : ( };E:jg : Vrec(w) - Irec(w)> (A-4d)

Similar method is used for the receiving end current in order to optain equato

Irec(w) = }Z/E:j;wec(w) — e*w . < }Z/E:? : Vsenc(w) - [senc(u))> (A-5)
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Now for simplification, the characteristic admittance makfixw) and the propagation matri{ (w) are
used; A.6.

VY (W) Z(w) (A.6)
H(w) _ 6—7[ — e~ Y (w)Z(w)l

The relationship between the sending and receiving end of the cablesareethritten as in A.7, where
all parameters are a function ©f Note that herd,.,; andr,.. are defined in the same directiah;,.q
into the cable and,... out of the cable at opposite end.

Isend: Yc ' Vsend— H - (Yc ’ Vrec - Irec) (A-7a)
Irec = Yc : Vrec - H- (Yc : Vsend* Isend) (A-7b)

From the above, it is obviously neccessary to calculate the series impedatce, 2, and the shunt
admittance matrixY’, in order to find the true relationship between the sending and receivohgnen
frequency domain.
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APPENDIX B

Cable’s parameter calculation

The cable parametet$; and H are given by equation B.1.

(B.1a)
Hw) =e M = e VY@2ZW)I (B.1b)

For calculating the cable parameters, the series impedance fgirpxand the shunt admittance matrix
Y (w) must be calculated. This appendix demonstrates how these matrices cécubsed

B.1 Series impedance matrix Z of one single conductor cable

For simplifications, the description starts by using one single core cable Wjttvamconducting layers,
a conductor and a screen.

For simplifying the setup of the impedance matrix, a new domain is introducefl, Tsls domain is
called mesh domain and is based on simple current loops between eacktoomdithe cable system.
For instance current flowing in core returns in nearest screen, teersc Current flowing in screen
returns in the armour and current flowing in armour returns in groune:. shinple case of a two layer
cable is shown in figure B.1.

inner insulation

screen

core conductor \

X‘. )N T Ves

outer insulation

Vsa
Isa

Figure B.1:A principal cross section of a typical single core XLPE cable with two cotidel layers and
the current loops for this cable.

For the cable in figure B.1, there are two current loops. Conducteeadoop and screen-ground loop.
This is expressed in equation B.2.



Zseries

Vees _ Z1 22 Ies
st—g 23 24 Isg
where 2, = Z._ ... + Zc + Zs,, ... Is the impedance of the loop conductor-screen

24 = Zspurer + Lsginsu T Zground 1S the impedance of the loop screen-ground
29 = 23 = —Zgm IS the mutual impedance of the loops conductor-screen and screemdgrou

(B.2)

Sinsul

Notice that the ground impedance only influeneg# the mesh domain equations. For explaining the
calculations of the series impedance, each of the z-parts in B.2 aretefypaadculated. Allimpedances
are given for unit length of the cable.

B.1.1 Calculation of the conductor series impedance.

outer

The series impedance of the conductor depends on the resistivity ofrilaator, the layout of the con-
ductor and the penetration depth. In simulation programs the resistivity is @ttfod a solid conductor.
Normally the conductor is stranded, so that the resistivity must be corracteddingly, [36]. For the
purposes of describing.,.;.s calculations, a solid conductor is considered.

At low frequencies the conductor series impedance approaches thedidance of the conductor. At
high frequencies the conductor series impedance is equal to the skimh ieffeedance [60]. This is
approximated using B.3 [47]

pm
appror — o __ B.
Zapp 2 coth(mry) (B.3)
where m = WT“ is the reciprocal of complex penetration depth (skin depth)

1 is the permeability of the conductor
p is the resistivity of the conductor
r1 is the radius of the conductor.

At high frequenciescoth(w) approaches and therefore B.3 also approachgs- = 72— - 1, wheres

is the skin depth. This is the skin effect impedance.

At low frequenciesin - coth(mry) approaches and therefore B!3 also approacrﬁ%. This is close
to, but not equal to the DC resistance of the conductor. In order to iraghm/approximation, a degree
of freedom is introduced, [47].

pm P 1
. = th(k L (1-—= B.4
Z outer (w) 27T7'1 co ( m?ﬂl) + TI'T% ( 2k) ( )

where ks an arbitrary constant to optimize the formula at DC.

1 H H 1
B.4 now approacheg™- + Tﬁ% (1 — 5;) at high frequencies angl?— + Tﬁ% (1 - 5;) at low frequen-

T1

cies. This approximation does not give the exact values for high andrémuéncies and can introduce
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error in the impedance calculations. Especially for DC calculations andréenrsients containing high
frequencies. This error has been addressed by a PhD projecthmblisthe end of 2008: "Accuracy
and stability improvements in electromagnetic simulations of power transmissiontideslkles™ [50].
In the research presented here, the fitting of the propagation and admitteticxes use the exact DC
resistance and skin impedance formulas at low and high frequencies€l@v b mHz and above 10
kHz respectively).

B.1.2 Calculation of the inner insulation series impedance

CSinsul

The impedance of the inner insulation, due to the time varying magnetic field, iedé¢tathe magnetic
permeability of the inner insulation.

Jw CSinsu 2
Zesinsu (W) = Mzﬂ_ “n <’I”1> (B.5)

where s, .., 1S the insulation permeability
ro andry are respectively the outer and inner radius of the insulation.

Equation B.5 does not take account for any solenoid effect due to helieaund wired screen. There-
fore when the parameters are set for a cable model, the permeability mustreeted to include the
solenoid effect, [61], see equation B.6.

Hd 2772(,.2 2
= —— 27N (r; — B.6
Mdyy = Hd + (i) (ry —75) (B.6)
where 14 = 47 - 1077 is the permeability of the insulation.
N is the number of turns per unit length of the cabieis the inner radius of the screen angdis
the outer radius of the conductor.

By including the correct permeability, the insulation series impedance is faidyrate and does not
include any simplifications that might cause problems when calculating the to&s sepedance matrix.

B.1.3 Calculation of the screen inner series impedance

inner

As the screen is a cylindrical shell conductor, the internal impedanceecfdieen is a function of the

first and second kind modified Bessel functions, [62]. Where modifiesk8 functions are the unique
2

solutions fory(z) of the differential equatioa2%(§) - a:dfl—f) — (2% — n?)y(z) = 0, for problems of

cylindrical coordinates, [45].

The description on how to obtain the two kinds of modified Bessel functiondeaound in various
school books on electromagnetism. For summing up the solution is given here:
Modified Bessel function of first kind:

In(x) = j7"In(jx) (B.7)

Modified Bessel function of second kind:
El,n(:n) — I, ()

2 sin(nm)

Ko(z) = (8.8)
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where J,,(z) is a Bessel function of first kind, a solution to the differential equa&ibgf;%) + a:dZ—(;’") +
(2% = n?)y(z) =0
n is the order of the Bessel function
x is the argument of the Bessel function.

The screen internal inner impedance is related to the longditudal voltageetiiffe on the inner surface

of the screen because of unit current return through the inner ctmdiseparated from the screen by
the insulation). The screen inner series impedance is therefore, [47]:

pm  Io(mre) Ki(mrs) + Ko(mrg) I (mrs)

Ze. = . B.9
smner = 9mre I (mr3) Ki(mrg) — Iy (mrg) Ky (mrs) (89)
where I,,(mr;) is the modified Bessel function of first kind of ordeand argumentr;
K, (mr;) is the modified Bessel function of second kind of ordeand argumentnr;
m =, /WT“ is the reciprocal of complex penetration depth (skin depth)
1 is the permeability of the screen
p is the resistivity of the screen
9 1S the inner radius of the screen
r3 is the outer radius of the screen.
At the extremes of 0 Hz and very high frequency (for instance 10 MHhigher), B.9 is equal to

the DC resistance and the skin impedance respectively. Therefore, sintla inner conductor, an
approximation for B.9 is:

pm p
. - th(m(ry —r9)) — — L B.10
Zsimmen (W) coth(m(rs —r2)) Smra(rs £ 73) ( )

where 3 is to optimize the formula at low frequencies.

.
2nro(ro+73
B.10 now approachefTQ m at high frequencies angl’ - — W at low frequencies.
This approximation does not give the exact values for high and low émgjas and can introduce error
in the impedance calculations. Especially for DC calculations and fast tramsientaining high fre-
quencies. This error has been addressed by a PhD project pulilisthedend of 2008: "‘Accuracy and
stability improvements in electromagnetic simulations of power transmission linesatest [50]. In

this project, the fitting of the propagation and admittance matrixes use the e@aes&tancem,

and skin effect impedanc%, at low and high frequencies (i.e. below 1 mHz and above 10 kHz
respectively).

B.1.4 Calculation of the screen outer series impedance

outer

The screen internal outer impedance is related to the longditudal voltageedife on the outer surface of
the screen because of unit current return through the ground-ésegdérom the screen by the insulation).
The approximate of the Bessel functions for the screen outer seriesampes therefore, [47]:

pm
27rs

P
2mrs(ry + 13)

coth(m(rs —ry)) + (B.11)

Zsoute.'r' (w) =
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As for the screen internal inner impedance, B.11 now approaﬁ?}gs% m at high frequencies
ands£-

27”,2 + W at low frequencies. This approximation does not give the exact vatnésggh and
low frequencies and can introduce error in the impedance calculatiopgcigBly for DC calculations
and fast transients containing high frequencies. This error has ddegsaed by a PhD project published
in the end of 2008: ™Accuracy and stability improvements in electromagneticlaiions of power
transmission lines and cables™ [50]. In this project, the fitting of the prapag and admittance matrixes
use the exact DC resstanc«—it—%), and skin effect mpedanch at low and high frequencies (i.e.
below 1 mHz and above 10 kHz respectively).

B.1.5 Calculation of the outer insulation series impedance,

Jinsul

As for the inner insulation, the impedance of the outer insulation, due to the tiyiaganagnetic field,
is related to the magnetic permeability of the insulation.

ZSQinsul (W) = jwusginsul ln <T4> (Blz)
where r4 andrs are respectively the outer and inner radius of the insulation.

The outer insulation series impedance is fairly accurate and does notérahydsimplifications that
might cause problems when calculating the total series impedance matrix.

B.1.6 Calculation of the mutual series impedance of the two tps z,,,uiua
This impedance is also called the screen mutual impedance. The screen muaddricgis related to

« the voltage difference longditudally on the outer surface of the screeaise of unit current return
through the inner conductor

« the longditudal voltage difference on the inner conductor becausaio€urrent return through
the outer surface of the screen (equal to each other)

The modified Bessel functions for the screen mutual impedance areigizeh3.

P 1
2rrars Iy (mrs) K1 (mre) — Iy (mry) Kq1(mrs)

Zmutual =

(B.13)

At low frequencies the screen mutual impedance is represented by dendo€ resistance. At very
high frequencies, the penetration depth is so small, that the mutual impedaocedse0. Therefore an
approximation of the modified Bessel function for the screen mutual imped&Hdé]:

pm

mesch(m(m —12)) (B.14)

Zmutual (w) =

Now for large x,csch(x) approaches 0, and therefore B.14 approaches 0 at high fregsierdiéow
frequenciesm - csch(max) approaches, and therefore B.14 approache(s—) This approximation

T(T2+Tr
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does not give the exact values for low frequencies and can intrafumein the impedance calculations.
This error has been addressed by a PhD project published in the @3@&f "'Accuracy and stability
improvements in electromagnetic simulations of power transmission lines and"t§b0ds In this
project, the fitting of the propagation and admittance matrixes use the exa@ssfance;- P at

. . (7':%_7’2)
low frequencies (i.e. below 1 mHz).

B.1.7 Calculation of the ground self series impedance, ,unq

This impedance has been the subject of many different papers, fanéeqv, 60, 62, 63, 64, 65]. This
is the most difficult impedance to calculate and the one with largest errors.

The analytical calculations of the earth return impedance was first dexklypPollaczek in 1926 [66].

If considering the cable homogeneous in the longitude direction, the esutin immpedance iz, y)
coordinates can be expressed as a function of the modified Besstbfuoicsecond kind, [64, 66].

pm2 5 oo —2dVai+m? )
ar.
Zground (W) = o Ko(mry) — Ko(my/r] + 4d?) + /_OO ol \/mej tdo (B.15)

where d is the buried depth of the cable
r4 IS the outer radius of the cable’s outer insulation
Permeabilityiicqrth, = ftair IS @SSUMed.

The calculation of B.15 requires computation of the modified Bessel funatising available standard

methods and the more difficult computation of the integral using numerical mej@@jdd-or simplifi-
cation, many have introduced approximate formulas for B.15, as will bersiothe following.

Zground(w) calculated by Wedepohl and Wilcox

Wedepohl and Wilcox introduced the approximate formula [47]:

Jw mr 1 4md
Zground(w) = Tﬂl_u |:_ln (7 9 1 + 5 - 3>:| (Blﬁ)

where v = lim, .00 > p_; [1 — In(n)] = 0.577215665 is Euler's constant

It was shown in 1986 by Srivallipuranandan, [67], that this approximatovalid as long agnry| <
0.25, [14]. Furthermore T.T. Nguyen showed that the approximation givgs krors at high frequency,
or 35% error in the earth return resistance for 1 MHz,| [62]. Theegfthis widely used, simplified
formula is not acceptable for transient studies.

Zground(w) calculated by Saad, Gaba and Giroux

In 1996 Saad, Gaba and Giroux introduced a closed form approximdti®allaczek’s equation [60].
They used similar procedures as Deri, Tevan, Semlyen and Castansedrdon simplifying Carson’s
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integral for OHL in 1981 [63]. They start by finding an approximationtfo integral in B.15 by use of
Cauchy integral theory for two closed paths in the complex ground retarep

m2 2 .
Zground(w) = p27 Ko(mry) — Ko(my/r2 + 4d?) + Ko(my/r? + 4d?) + me 2dm1(B.17)

4

By assuming”} < 1, which is usually the case

\/m o 1_’_6726 _oa . . . . .
ST — 3 Wwhered = - is a dimensionless complex integration variable.

The latter assumption above has been shown to give only up to 3% ertad®pared with the exact
value.
The Saad, Gaba and Giroux approximation then becomes as in equation B.18.

2
om 2 _
Zground(W) = —— | Ko(mry) + T mr? 2dm
1

= (B.18)

Zground(w) calculated by Ametani from Carson’s theory

By recognising that for low frequencigsy| << |a/, thene—2dvei+m? _, o—2do  Ametani showed how

the integral part of equation B.15 becomes identical to Carson’s earth igtpedance [14]. This can be
justified by that at low frequencies, the penetration depth of the eartmreturent is so deep, that one
can approximate it by using equations for OHL's. This makes the eartmrigtyredance quite simple
and is very accurate for frequencies of up to 10 kHz [14].

_ pm®

00 672d|a| .
= P Ko(mrs) — Ko(my/r? + 4¢2 iomide|  (B.19
Frownd(®) = 0 [ o) = ol + 4+ [ e gein) (@19

Summary for earth return impedance

As shown in above, there are several different approximations fb&d2ek’s earth return impedance
theorem. When using such approximations, one must be careful as theptavalid for the whole
frequency range. With today’s computational capacity, it is more and nagsete use numerical methods
for directly calculating the integral term of equation B.15.

For analytical calculation of the earth return impedance EMTDC/PSCADaisesdified version of the
Wedepohl and Wilcox approximation. This modified method takes accouhigber frequencies and is
highly accurate < 1.5%) for very low frequencies and up to several hundreds of MHz.

B.2 Series impedance matrix of multiple single conductor cables

For a three cable system consisting of 3 single core cables, the total mestindeeries impedance
matrix can be expressed by:
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Z11 Zi2 Z13
= Zon Zy Zas (B.20)
431 Z3o Z33

Zse’r‘iesmesh

where Z;; = [ il 22 ] is explained in section Bl.1.
3 24
Z;; is atwo by two matrix for single core conductors having only two conductingriycore conductor
and screen.

Zml  Zm2
Zz’j =
Zm3  Zm4

where z,,,; = 0 is the mutual for conductor-screen loops of cable i and cable j
zmo = 0 is the mutual for conductor-screen loop of cable i and screen-groopdf cable |
zm3 = 0 is the mutual for screen-ground loop of cable i and conductor-séoegrof cable j
Zma = Zground—mutual 1S the mutual for screen-ground loops of cable i and j.

The mutual earth return impedancg, ound—mutuat, 1S Calculated in a similar manner as the self earth
impedance, wherey is replaced by, the horizontal distance between cables i and j,attds replaced
by (d; — d;)?, the difference in buried depths of cables i and j. The mutual earth rishpedance is:

m2
Zground—mutual = pQT |:K0<m$) - Kg(m\/(l‘2 + (dz - dj)Q))

00 6—(di+d‘j)\/m
/oo la] + Va2 + m?

This is not the final form of the impedance matrix used in phase domain mddelatans. First the

mesh domain results must be used and implemented in phase domain.
Figure/ B.2 is used for gaining an understanding of the relationship betmesh and phase domain

equations.

Figure B.2 shows the equivalent circuit for unit length impedances. Irhrdemain the voltages and
currents for each loop is considered, equation B.22.

1% doy (B.21)

RZNE [ 2 2 0 0 0 0 [ Ihe T
V,S%—G Z% Zi 0 ng12 O ng13 Ié'G
V2 0 0 22 22 0 0 12
¢-s _ ! 2 ) ¢s (B.22)
VS—G 0 Zgml12 <3 Zy 0 Zgm23 ISG
Vé_g 0o 0 0 0 =z =z I3
L V6 ] L 0 Zgmiz 0 zgmaz 25 24 | Ieo |

where z}, 2? andz} are impedances of cable 1, 2 and 3 respectively.

1?1
V1, V2 andV;? are mesh voltages of cable 1, 2 and 3 respectively.
I!, I? andI? are mesh currents of cable 1, 2 and 3 respectively.

2%, 2, 24 andz} are given in equatian B.2.
Zgmij 1S the mutual ground impedance between cabbasd ;.
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Cable 1 Cable 2 Cable 3

Z] Al Z
Zcouter T Zcsinsul T Zsinner — Zsm Zcouter T Zcsinsul + Zsinner — Zsm Zcouter T Zcsinsul T Zsinner — Zsm
1 1 1
. _.C .C
f ! O
&) &)
> T Zsm > T Zsm >T Zsm
1 1
A : A S A S
Zy V4 V%)
ZSouter + Z3Ginsul + ZGround — Zsm Zsouter T ZSGinsul T ZGround — Zsm ZSouter T ZSGinsul T ZGround — Zsm
;i Q )
> > >
~ZGround-mutual ~ZGround-mutual ~ZGround-mutual
ZGround-mutual

LG | S

Figure B.2:Mesh domain equivalent circuit for unit length impedances.

For reaching the phase domain solutions, figure B.2 is used with phasetsuaind voltages as variables
instead of mesh currents and voltages. Therefore Row I, 2., i, I, Lo VE_a Vi_q,
VE_ o Ve o, V3 o andVE ., are the variables.

By using these variables, the phase domain impedance matrix can be cmusfram figure B.2, see
equation B.23.

ol ST 1 . -1 -
Ve_a 211 —Zi2 Rgml2 Rgml2 Zgml3 Zgml3 It
1 1 1 1
VS—G —Z12 299 Zgml12 Zgml2 Zgml3 Zgml3 ISG
2 2 2 2
VC—G o ng12 ng12 le —Z12 ng23 ng23 . ICG (B 23)
V2 - 2 2 1—2 .
S—G Zgml12 Zgml2 219 299 Zgm23  Zgm23 SG
3 3 3 3
VC_G Zgml13  Zgml3 Zgm23 <gm23 211 212 ICG’
3 3 3 3
L stG J L 2gm13 <gml3 Zgm23 2gm23 219 Zo9 L ISG ]

where 24, = 2% + 28 — 228
= .
T J— T
R92 = %4

B.3 Mathematical expression of the cable shunt admittance matrix”

The shunt admittance matrk%....; is somewhat simpler to construct than the series impedance matrix.
The mesh domain equations from figure B.1 for the admittance matrix is

Y@hunt

“] ) [yl _yl} (B.24)
s Y1 Y2
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For the case of one single conductor cable the admittances are calcutenetthiérinsulation parameters.

yi = G; + jwC; (B.25)

where G; is the shunt conductance per unit length for insulation layer i
C; = 157(“?) is the capacitance per unit length of insulation layer i with permittigjtyuter radius

b and inner radiug.

Equation B.25 does not take account for the semiconductive layersefohe when the parameters are

set for a cable model, the permittivity must be corrected to include the semidvadiayers, [36], see
equation B.26.

In(r;/ro)
=€g B.26
T Tn/a) (8.26)
where ¢;, is 2.3 for pure XLPE.
r; is the inner radius of the screen ands the outer radius of the conductor.

For multiple single conductor cables, there is no mutual coupling in the admittahedfacent cables.

Therefore the full mesh domain shunt admittance matrix for a three cablersystie three single core
cables is:

Yii O 0
szhuntmesh = 0 Yoo 0 (827)
0 0 Yi3

where Y;; is the shunt admittance matrixes explained in equation B.24.

Now similarly as for the impedance matrix in chapter|B.2 the phase domain admittairde caa be
constructed as shown in equation B.28.

[yt -y 0 0 0 0
-yl oyl +us 0 0o 0 0
0 0 Yl —vi 0 0
Y;huntmesh 0 O _y]1- y% + y% 0 0 (828)
0 0 0 N
L 0 0 0 0 —y1 yi+us

where y¢ andy} for each cablé is given in equation B.25.

There are no assumptions in the calculations for the shunt admittances egfdrén¢his admittance is
fairly correct in all cases. One must though be aware of that equatidhd®d@s not take account for

semiconductive layers. Therefore when the parameters are setdbtearnodel, the permittivity must
be corrected to include the semiconductive layers.
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APPENDIX C
Physical data of cable used in simulated

examples

Field measurements are performed on two different cable systems. Foingdhe field measurements,
and later for model validation, the two cable systems are modelled using theeRggDependent Phase
Model in EMTDC/PSCAD. For such modelling purposes, this appendixsgilleneeded cable data. The
data in appendix C.1 are used in chapter 7, while the data in appendix C.Qearenchapters 8-10.

C.1 The measured 400 kV cable system

1.3m

OROROEENORORO

[ 03m 0.3m 03m 03m
\ \ \ 6m | \ |

Figure C.1:Cross sectional layout for the measured 400 kV cable system. The liséstoof two 2
parallel three phase systems placed in flat formation 1.3 m below the surface

Cable interface
Input parameters Installed values
Number of cables 3
Cable Electrical Connections Cond & Sheath

Table C.1:Parameters for cable interface of the measured 400 kV cable system



Cable configuration - FDPM options

Input parameters Installed values

Steady-State Frequency 50 Hz
Interpolate Travel Times
No detailed output files
Not a reflectionless line

Lower frequency limit 0.5Hz

Upper frequency limit 1 MHz

Total number of frequency increments 100

Max # of poles for surge admittance 20

Max # of poles for propagation function 20

Maximum fitting error for surge admittance 0.2%

Maximum fitting error for propagation function 0.2%

Oto FO 1

FO: 1

FO to max 1

Table C.2:Parameters for cable configuration - Frequency dependent phasgelmptions of the mea-
sured 400 kV cable system

Cable configuration - Ground plane
Input parameters Installed values
Ground resistivity 1500m
Relative ground permeability 1
Earth return formula Analytical approximation

Table C.3:Parameters for cable configuration - ground plane options of the medsd4@0 kV cable
system
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Cable configuration - Cable constants Coax cable data

Input parameters

Installed values

Depth of cable 1.3m
X position of cable there are 0.3 m between the phases
Cable configuration C1l-I11-C2-12
Last metallic layer is not grounded
Clinner radius Om
C1 outer radius 21.6 mm
C1 resistivity 3.4567 - 10~ Qm
C1 relative permeability 1
11 outer radius 51.02 mm
11 relative permittivity 2.7588
11 relative permeability 1.0385
C2 outer radius 53.41 mm
C2 resistivity 5.66 - 1078 Qm
C2 relative permeability 1
12 outer radius 57.71 mm
12 relative permittivity 25
12 relative permeability 1

C.2 The measured 150 kV cable system

4794 mm 47.94 mm

Table C.4:Parameters for cable configuration - cable data of the measured 40@kMé system

Figure C.2:Cross sectional layout for the 150 kV cable system.
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Cable interface
Input parameters Installed values
Number of cables 3
Cable Electrical Connections Cond & Sheath

Table C.5:Parameters for cable interface of the measured 150 kV cable system

Cable configuration - FDPM options

Input parameters Installed values

Steady-State Frequency 50 Hz
Interpolate Travel Times
No detailed output files
Not a reflectionless ling

Lower frequency limit 0.5Hz

Upper frequency limit 100 MHz

Total number of frequency increments 100

Max # of poles for surge admittance 20

Max # of poles for propagation function 20

Maximum fitting error for surge admittance 0.2%

Maximum fitting error for propagation function 0.2%

Oto FO 1

FO: 1

FO to max 1

Table C.6:Parameters for cable configuration - Frequency dependent phaselmptions of the mea-
sured 150 kV cable system

Cable configuration - Ground plane
Input parameters Installed values
Ground resistivity 100Qm
Relative ground permeability 1
Earth return formula Analytical approximation

Table C.7: Parameters for cable configuration - ground plane options of the meds50 kV cable
system
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Cable configuration - Cable constants Coax cable data

Input parameters

Installed values

Layered screen

Depth of cable 1.3m

X position of cable see figure C.2

Cable configuration C1l-11-C2-12

Last metallic layer is not grounded

C1linner radius Om

C1 outer radius 20.75 mm

C1 resistivity 3.19-1078 QOm

C1 relative permeability 1

11 outer radius 40.85 mm

11 relative permittivity 2.68

I1 relative permeability 1.08

C2 outer radius 42.76 mm 41.96 mm (wired screen)
42.76 mm (laminate screen)

C2 resistivity 1.19-1077 Qm 0.91 - 10~7 Qm (wired screen)

2.83 - 108 Qm (laminate screen

C2 relative permeability 1

12 outer radius 47.94 mm

12 relative permittivity 2.5

12 relative permeability 1

Table C.8:Parameters for cable configuration - cable data of the measured 15@kM system
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APPENDIX D

Examples for improvements of cable model

D.1 Placement of elements

The elements are placed by use of x-y coordinates, where the (0,@)iaims is in the centre of one
of the three cables. Figure D.1 shows the placement of three cables in &dighitwith their centres
defined and one random element highlighted in red. How this element is plattexiprogram is shown
in the following.

d,=~/3-R4

R4 R4

Figure D.1:Cross sectional layout for a three phase single core cable system witlivigibn of con-
ductors. A single element for giving example of elemental placement igghigtd in red.

When placing the element, a base coordinate is given at the centre of tha bbttee element,subX, subY")
in figure D.2(b). This point is calculated from the angl®f the element and the radius of the central arc
in the element, purple line in figure D.2(b). For finding the size of the elemenienigeh of the central
arc inside the element and the width of the element are given. This is showguia f.2(a) .

As the impedance calculations use the geometric mean distance (GMD) betweslartvents, it is help-
ful to divide each element into a number of points (6 points in this case) dodai@ the GMD between
two points of elements. These points are placed such that there is alwasantieeangle and distance
between a set of two points, see points in figure D.2(b). Furthermore thgyaced on the central arc



inside the elements. For two elements, each containing 6 points, 36 distandes géltulated.

subW

(a) Central arc and size of element. (b) Central points for GMD calculations and base coordinate.

Figure D.2:Coordinates, placement and size of the sample element from/figure D.1.

The output from placing the element will be following:

(subX, subY’) = 20 + (R1 + subR)cos(A)
subL = 2m(R1 + subR)/N's
subW = 2 * subR

[ 20 + (R1 + subR)cos(A — 15° — 3) y0 + (R1+ subR)sin(A —15° — 3) |
20 + (R1 + subR)cos(A — 15° + ) y0 + (R1 + subR)sin(A — 15° + 3)
B z0 + (R1 4 subR)cos(A — 3) y0 + (R1 + subR)sin(A — 3)
[subXw subYy] = 20 + (R1 + subR)cos(A + 3) y0 + (R1 + subR)sin(A + 3)
20 + (R1 4 subR)cos(A +15° — ) 30+ (R1 + subR)sin(A + 15° — 3)
| 20 + (R1 + subR)cos(A+ 15°+ 3) 30+ (R1+ subR)sin(A + 15° + ) |

Where R1 is the inner radius of the conductor containing the subcondeletoent, subR is the half of
the thickness of the element, Ns is the number of subconductors (elemerashisteand, A is the angle

of the elementg = 0.564 - 7.5° is the placement of the point within the divided element, x0 and y0 are
the x-y coordinates of the center of the subdivided conductor; (0,0)src#se.

For placement of all elements, these outputs will be given for each amg sveconductor of the three
cables.

D.2 GMD between elements

For calculating the GMD between elements with suitable accuracy, each elisnd@nded into sectors
and the GMD between points in each sector of two elements is calculated. fplkexaf such distances
between two elements is shown in figure D.3. This example is based on the sameataleplacement
as explained in appendix D.1. The figure only shows distances from timtspo one element.

Before the GMD's are calculated, the elements are placed with central psirtsplained in appendix
D.1. Each x and y coordinates of each point in every element of everguotor of all three cables is
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Figure D.3:An example of distance between two points in one element and all pointstireaetement
for GMD calculations.

placed in a matrix. By calling the correct points in the matrix, it is possible to calctiat&MD of
every element. For the example in figure D.3 this is done as shown in equation D.1

dik—jm = \/(xzk — 2jm)? + (Yir — Yjm)?
GMD;; = */di1-91d11-22d11-23d11-24d11-25d11—26 - d12—21 - .- d12-26 - - - - - d16—26 (D.1)

where iand j are two elements.
k and m are points within elements i and j respectively.
d;k—jm is the distance between point k in element i and point m in element j.

GM D;; is the GMD between elements i and .

D.3 Bundling of parallel conductors

When several impedances are connected in parallel, it is possible to eliniretespt one voltage/cur-
rent relationships and hence reduce the impedance matrix. As an exarsiplgleacable with 3 conduc-
tors, core and two screens, is considered. For reduction, the thiddictmm shall be removed.

Ve Z11 Zi2 Zi3 ic
Vsni = Zvo Zoy Zo3z | - | ish (D.2)
Vsh2 213 Zoz  Z33 1Sh2
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where Vgp1 = Vgpa.

For equation D.2, the second row is subtracted from the third and thedseolumn is subtracted from
the third resulting in equation D.3. This can be done bec&lyse = Vs

Ve Z11 Z12 213 — Z12 ic
Vsni = Z12 Z2 Zo3 — Zao | isn1 +ish2 (D.3)
0 213 — Z1o Loz — Zoo 233 — 2223 + Lo 15K

From equation D.3, th&sy,» current can be calculated as shown in equation D.4.

0 = (Zi3— Zw2)ic + (Zaz — Za2)(isn1 + isn2) + (Z33 — 2293 + Z22)isn2
= igne = —(Z33 — Z23) (Z13 — Zr2)ic + (Zag — Z22)isni] (D.4)

By substituting equation D4 into D.3 the impedance matrix can be reduced to a %2 assshown in
equation D.5.

e ]
Vishi

where Z{, = Z11 — (Z13 — Z12)(Z33 — Za3) ' Z13
Z{Z =79 — (223 - 222)(233 - Z23)—IZ23
Zél = Zb
Zéz = ZQQ — (Zgg — ZQQ)(ZS3 - Z23)71223

Zil Ziz ] [ ic }
. D.5
[ VAPRAY LSh1 (B-3)

or Zl, = Zi, — (Zrs — Zka)(Z33 — Zaz) 1 Z;

This reduction method can be used on every voltage/current relationshigasawhen the voltage is
identical for all current loops.

D.4 Reduction of elemental matrix to conductor matrix

Voltage/current relationship for a three phase cable system, whereablehhas two subdivided con-
ductors is as shown in equation D.6.
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Ve,

Lélnl
V81n1+1

‘/Cln2
Vea,

LZin
V62nl+1

‘/0271,2
Vesy

‘/C3n1
Vc3n1+1

‘/:73712

[ch]
= [236182]
[230103]

where subscripted: represents cable i.

Vei, = Vei, =
VCin1+1 = VCinl+2
Veir # Veiniia
Ve, # Vea, # Ves,

:‘/Cinl
— ... = ‘/cing

Vcln1+1 7& Vc2n1+1 7é Vc3n1+1
subscripted:i;-ciy,, relate to subconductors of core conductor of cable i

subscripted:i,, +1-cin, relate to subconductors of screen conductor of cable i

[230102]
[262]
[230203]

[230103]
[230203]
[Zciﬂ

Tely

lelpy

(25 P

lelpo
121

ZCin

Le2p141

12,0

1¢3;

ZC3n1

Le3niq1

13,2

(D.6)

Each of the impedance matrices in equation D.6 are shown in equations D.7wh2& the form of
the matrices is given. The placement of individual impedances can bedrédattee subscripting in the

voltage vector of equation D.6.

Zcil cee Zci1cin1

!
Cl1Cin2

Ze

inl

/
Cinl+1

/
Cl1Cin2

/
Cin2

(D.7)
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B /
Zeivein - Zeiyejm o Zlsein

: Zci j :
- : 1¢jn1 :
Diej = _ e _ (D.8)
Cinl1+1Cin1+1

/ /
L Ci1Cina CinaCing |

Where fornl + 1 to n2 the impedances are markeéd because they are the result after merging the
layered screen into 1, as shown in chapter 13.3.1.

Before performing reduction, the matrices need to be re-ordered saicthéhfirst subconductor of each
conductor for the three cables is moved to the top. This re-ordering isnsimogguation D.9.

Very lely
Ve, ic2,
‘/::31 ic31
‘/Clnl+1 Z.Cln1+1
v02n1+1 2e2p141
VC3nl+1 2e3n141
‘/012 Z‘clg
‘/Clnl iClnl
V61n1+2 Lelpiqa
V. i
‘;17L2 [Zl] [ZQ] ?17L2 (D 9)
— . 7 .
<2 [Z5] [ 24] <2
‘/02711 /[:C2n1
‘/;27L1+2 ZC2n1+2
‘/C2n2 i02n2
‘/::32 7:632
‘/C3n1 /I:C3n1
V63nl+2 Ye3n142
‘/;3772 i L i03n2

For understanding hoW7,], [Z2], [Z5] and[Z4] are calculated, equations D|10-D.13 show the form of
the matrices, where each subscript in red (appointed to subconduttores and screens of the cables)
relate to the correct voltages and currents in equation D.9. Because siz¢hand complexity of the
matrices, only the form and relation to given subconductors is shown.

202



Zy =

011 —

021 —
clpiy —
2p141 —
c3p141 —

012

611 — [
021 —
c31 —
clpipr —
C2p141 —
C3n1+& — L
612
clyt
clpito
clpg
622
Z3 = 02,7,1
2142
CQng
c39
c3n1
€3n1+2
03n2

611 021

Zcilcjl ZCiICjnl
ZCinlcjnl
/. .
Cln141CInl+1
/. .
Cl1Cn2
clpy  clpiyo clpg 29

611 02]

l

l

l

l

l

l

l

l

l

l

31 clpiyr 2piga

€31 clpit C2p1+1 €3n1+1

éZCi1Cjn2

!
Cin2CIn2

62n2 632

c3n1+1

(D.10)

C3n2

(D.11)

(D.12)
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C]Q e cl nl Cln]+2 e C]nz 622 ce 62712 (?32 “o 63712

(312 —

cly,1 —

clpiyo —

clyo —

(122 —

= 2p1 — (D].S)
C2n142 —

C2p2 —

c3o —

c3p1 —

c3n1 42 —

c3p2 —

After re-ordering, the matrix can be reduced as explained in appendjxRede the first rows/columns
of each conductor are subtracted from the rest. When subtractingnustebe careful to relate the sub-
conductors of same conductor. For instance not to perform the stibtrat;,, ., — Z.1, ,as the first
is a member of cable 1 screen and the second is a member of cable 1 caesct Gabtraction for any
member of cable 1 screen would Bg,,, ., — Zc1,,,., wherex > 1 andnl + x is a subconductor of the
cable 1 screen. Only subconductors having identical voltage droplbi@sted from each other.

As explained in appendix D.3, after performing the subtraction, the matrivearduced by merging
the subconductors having identical voltage drop. The reduced matrixédhe calculated fromZ 1] —
[Z2][Z4]~1[Z3]. The result for the reduced matrix is given in equation D.14.

‘/011 iCll
‘/C21 i021
‘/031 _ |: [ch] [ch] :| . ic31 (D 14)
Vcln1+1 [ch] [Zss} Z:Cln1+l
Vc2nl+1 1:02711+1
L V03nl+1 i L e3p141

where [Z..| is a 3x3 matrix containing core impedances for all three cables.
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[Zss] is a 3x3 matrix containing layered screen impedances for all three cables.
[Z.s] Is a 3x3 matrix containing impedance of the core-screen loop.
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APPENDIX E

Papers
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Paper title

Place of publica-
tion

Status of publication

Measurements for validation of hig
voltage underground cable modelling

hIPSTO09

Published

Field Test and Simulation of a 400 k
Crossbonded Cable System

VIEEE Transactions
on Power Delivery

Awaiting publication af-
ter second review (mini
mal comments)
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tion

rkEEE Transactions
aen Power Delivery
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first review
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2010
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PhD seminar, Dent

mark
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High Frequency Field Measuremen
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Major Sections
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May 2010

Impulse voltage measurements for
rameter validation of a 42 km long 15
kV three phase submarine cable
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Brazil 2011

Abstract submitted in

May 2010
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