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Despite of the careful building and maintenancehef electricity network, faults like
short-circuit and earth-faults take place from tinge time. Majority of the faults
customers experience in low voltage networks atses by the faults in the medium
voltage networks. Therefore minimizing faults indnen voltage networks contributes
to the quality of delivery.

A way of improving the quality of delivery is to &®nalize the protection areas
into smaller units with network reclosers. Reclgsaclude short-circuit and earth-fault
protection and auto-reclosing functionalities. Test results are gained by placing the
recloser so that the majority of the faults stakibe the device and the customers on
the other side, so that they are not affected byotitage caused by the fault occurring
behind the recloser. The quality of delivery indeaee improved by using reclosers.

After the great storms in the Nordic countries tieéwork owners started to replace
over-head line networks with underground cable. Takle characteristics, however,
are very different from the characteristics of arerehead line. Cabling increases the
capacitive earth-fault current for it may be coesatl as a cylindrical capacitor. Due to
this, also the reactive power generation is in@éas cabled networks.

Cable can be represented with a pi-section in wthielseries impedance consists of
reactive and resistive parts. Because an underdroable has a zero sequence series
impedance which is non-negligible on contrary t@mlead line, cabling long feeders
produces a resistive earth-fault current compongms cannot be compensated with the
usage of a Petersen coil, which is used to compensaely capacitive earth-fault
current. Increase in earth-fault current may cdwesmards for human safety because the
earth-fault current can energize network equipnaent thereby cause dangerous over-
voltages. Therefore the contact voltages have forbed also in terms of regulations.

The studies regarding earth-fault current behawiere carried out with a program
namely Power System simulator for Engineering. Stuelies show that as the cabling
increases, the zero sequence resistance becomesdmminating. When using only
centralized compensation the zero sequence resgstaroduces resistive earth-fault
current, which may cause dangerous over-voltagdscanses voltage drops in zero
sequence network. This may lead to difficultiesdetecting high impedance earth-
faults. The fault detection can be contributed withe usage of distributed
compensation. The best results are gained by cosapeg first 10-15 kilometers
centrally and the rest locally. The distributed dP&¢n coil should be dimensioned
according to the produced earth-fault current oreoto avoid over-compensation which
may lead to false relay functions. The cable zexuence impedance, however, is not
an unambiguous matter. Therefore some field tésiald be performed in the future in
order to achieve even better knowledge regardiegetlissues.
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Viimeisten vuosikymmenten aikana asiakkaiden vaaitset ovat kohdistuneet yha
enemman sahkon laatuun. Enaa ei riité pelkastaaettdetalous saadaan sahkoistettya,
vaan nykyaan sahkon on oltava hairiotonta ja hélgasnopeasti saatavilla. TAméan
myo6ta kasvaa toimitusvarmuuden merkitys. Huolimaiitz, ettéd verkon rakentamiseen
ja kunnossapitoon kiinnitetddn yha kasvavissa médwmomiota, sahkoverkko kokee
aika ajoin vikoja. Suurin osa asiakkaiden kokemistéoista on peraisin
keskijanniteverkon vioista. Vahentamalla vikojenkutusta keskijanniteverkossa on
siis mahdollista vaikuttaa pienjanniteasiakkaidekdmaan sahkon laatuun.

Keskijanniteverkon paavikatyypit ovat oikosulku naaasulku. Verkossa sanotaan
siité, kuinka monen vaiheen valilla eristysvika pohutaan kaksi- tai kolmevaiheisesta
oikosulusta. Oikosulkuviat aiheutuvat usein esinksik salamaniskuista tai verkon
eristimien vioista.

Oikosulun aikaiset vikavirrat ovat usein hyvin daurja oikosulkusuojauksen
tarkoituksena onkin vikatilanteen aikana asiakkaidarvallisuuden takaaminen ja
verkon termisen ja dynaamisen kestoisuuden varmisen. Erityisesti epasymmetriaa
sisaltdvat oikosulut voivat vahingoittaa verkon ttkta, silla nama sisaltavat
vaimenevan tasavirtakomponentin. Tasavirtakompamewnaikutuksesta esimerkiksi
rautasydamiset virtamuuntajat kyllastyvat helpoginka seurauksena toisiopuolelle
muunnettu virta saattaa sisaltaa sardoa. Sahkoverkdreet mitoitetaan usein
suurimman alkuoikosulkuvirran mukaan.

Vattenfall Verkko Oy:lla oikosulkusuojaus toteuttauseimmiten kaksiportaisena.
Naistd hitaammalla portaalla laukaisuajat ovat rusBieman pitemmaéat ja virran
havahtumisarvo muutamien satojen ampeerien luoki@aan porras mitoitetaan siten,
ettd se havaitsee [ahdon kaikki oikosulut — togginoen virta-arvo asetellaan siten, etta
rele havaitsee lahd6én loppupédéan kaksivaiheisensalko. Toinen porras on usein
nopeampi ja sen havahtumisvirrat ovat kiloampeleimkkaa. Tama porras takaa lahdon
alkupadan verkkolaitteiden ja johtojen termisen @&sstuden. Jannitekuoppien
vaikutuksen vahentamiseksi toinen porras on hyeéeia ulottumaan mahdollisimman
pitkalle verkkoon reunaehtojen puitteissa.

Kun johtolahddn yksi vaihe on kosketuksissa maajuko suoraan tai jonkin
johtavan osan kautta, verkossa sanotaan olevanutkaasViaasulku voi olla joko
yksivaiheinen, jolloin vain yksi vaihe on kosketigsa maahan, tai kaksivaiheinen,
jolloin johtolahd6n kaksi vaihetta ovat kosketuksismaahan ilman suoraa johtavaa
yhteytta toisiinsa. Tata kutsutaan myos kaksoismlaksi. Maasulku voi olla my6s
katkeileva, jolloin se syttyy ja sammuu toistuvastatkeilevat maasulut aiheutuvat
usein kaapelin vikaantumisen tai vanhenemisen gkseaa.
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Yksivaiheisen maasulun seurauksena viallisen vaihj@aenite laskee ja kahden
terveen vaiheen jannite nousee. Tama jannite-epasyma nakyy nollajinnitteen
kasvuna. Nollajannite on vaihejannitteiden sumnaderj terveessa ja symmetrisessa
tilanteessa nollajannitteen arvo on lahella nollEykassa maasulussa verkon viallisen
vaiheen jannite laskee lahes nollaan ja terveideineiden jannite kasvaa vikaa
edeltdneen pdaajannitteen suuruuteen. Samalla duillié¢ kasvaa vikaa edeltdneen
vaihejannitteen suuruuteen. Tama sama jannite nékyds verkon laitteiden ja niiden
maadoitettujen osien valilla. Jos ihminen on kagksissa téllaiseen verkon laitteeseen
tai sen maadoitettuun osaan maasulun aikana, kofeeosan tastd nollajannitteesta.
Taté kutsutaan kosketusjannitteeksi. Koska inmiskalon oma ominaisimpedanssinsa,
synnyttaa kehon yli oleva jannite virran. Jopa tagkan virrat ihmiskehon lapi voivat
johtaa kuolemaan, silld ne voivat aiheuttaa lihasippeja, joiden seurauksena henkil6
ei pysty irrottamaan itsedan jannitteiseksi tui@e®rkkolaitteen osasta.

Maasulkusuojauksen tarkoituksena on taata ihmistenvallisuus verkon
maasulkutilanteessa. Suunnattu maasulkusuojaustparmaasulkuvirran suuruuteen,
nollajannitteen kasvuun ja naiden kahden valiseehesgiirtoon, joka maasta erotetussa
verkossa on 90°. Virran ja jannitteen valinen vaiin® johtuu siita, ettd maasulkuvirta
on kapasitiivista, toisin sanoen virta kulkee 9@nritteen edelld. Kun verkko on
sammutettu, on virran ja jannitteen vaihesiirtokal@s.

Verkon sammutuksella tarkoitetaan kapasitiivisenasoékuvirran kompensointia
joko keskitetysti tai hajautetusti. Keskitetyllarkpensoinnilla tarkoitetaan tilannetta,
jossa sahkbaseman tahtipisteeseen kytketaan kafistsitmaasulkuvirtaa kompensoiva
kuristin. Hajautetussa kompensoinnissa tallaisiaiskmia kytketaan eri puolille
verkkoa kompensoimaan tuotettua maasulkuvirtasapie&sti.

Sahkon toimitusvarmuutta voidaan parantaa muun saugakamalla lahtdja
useampiin  suojausvyoOhykkeisiin.  Téhan  tarkoitukseewoidaan kayttaa
verkkokatkaisijoita, jotka ovat verkkoon  asennetav katkaisulaitteita.
Verkkokatkaisijat sisaltavat samat suojausominalstiukuin itse lahtéjen kennot.
Verkkokatkaisijan toimiva yksikkd on rele, jolle idaan perustoiminnallisuuksien, el
ylivirta- ja maasulkusuojauksen lisaksi ohjelmoida jalleenkytkennat.
Pikajalleenkytkennalla tarkoitetaan sahkonjakelyhyttd keskeytysta vikatilanteen
poistamiseksi. Useimmiten jannitteetén aika on &@in 0,5s. Aikajalleenkytkennan
jannitteeton aika on usein 1-3 minuuttia.

Verkkokatkaisijoita asentamalla voidaan parantaamitasvarmuusindekseja,
SAIDIa, SAIFla ja MAIFla. SAIDI tarkoittaa asiakkden vuodessa keskimaarin
kokemaa keskeytysaikaa, SAIFI asiakkaiden keskimaddvuodessa kokemia
keskeytyksia ja MAIFI asiakkaiden keskimaarin vusske kokemia lyhyita
keskeytyksia, eli kaytdnnossad pika- ja aikajallggkéntoja. Parhaat tulokset
saavutetaan asentamalla verkkokatkaisija verkkoomn, nettd viat jaavat
verkkokatkaisijan taakse ja suurin osa asiakkarstkkokatkaisijan ja sahkbaseman
vdlille, jolloin asiakkaat eivat koe verkkokatkgasi takana tapahtuvien vikojen
aiheuttamia keskeytyksid. Maaseutuverkoissa asskkavat usein kuitenkin
jakaantuneet melko tasaisesti pitkin 1ahtoa, jallgerkkokatkaisijalle voidaan loytaa
paras paikka laskemalla sen vaikutuksia toimitusnvarsindekseihin eri kohdissa
verkkoa.

Tassa tyossa verkkokatkaisijan vaikutuksia tutkittiSpillersbodan verkossa
Ruotsissa. Verkosta haettiin kolme mahdollista kaak verkkokatkaisijalle, jonka
jalkeen yhden verkkokatkaisijan vaikutuksia arvioit asiakastuntien ja
keskeytysmadrien puitteissa. Tutkittavat toimitusuwausindeksit olivat SAIFI, SAIDI
ja MAIFI. MAIFIlin laskettin mukaan vain aikajalle&ytkenta, silla Vattenfall
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Eldistributionin verkossa ei kaytetd pikajalleerkentoja. Johtopaatoksena voitiin
todeta, etta verkkokatkaisijan asentaminen Spittan verkkoon véhentaisi
asiakkaiden kokemia vikoja merkittavasti.

S&hkon toimitusvarmuutta voidaan parantaa my0s overkkaapeloinnilla.
Pohjoismaissa riehuneiden myrskyjen, Gudrunin, ®yrja Janikan jalkeen
verkonhaltijat alkoivat korvata vanhaa ilmajohtddeya maakaapelilla. Myrskyt
osoittivat, ettd ilmajohtoverkkoon kytketyt asiakkakokivat paljon enemman vikoja
kuin maakaapeliverkkoon liitetyt asiakkaat. @ Kaapebminaisuudet poikkeavat
kuitenkin  hyvin paljon ilmajohdon ominaisuuksist&Kaapeli voidaan ajatella
sylinterikondensaattorina, jonka vuoksi se kaswaatigerkon kapasitiivista virtaa.
Piiriteoriassa kaapeli voidaan esittda pii-kytkdli@ngjonka sarjaimpedanssi koostuu
reaktiivisesta ja resistiivisestd osasta. Kaapeliollaverkon sarjaimpedanssi, eli
nollaimpedanssi, on paljon suurempi kuin ilmajolaolSen vaikutus korostuu
erityisesti pitkilla kaapeleilla, jotka tuottavadpasitiivisen maasulkuvirran lisaksi myos
resistiivisen virtakomponentin. Tata resistiivist&irtakomponenttia ei voida
kompensoida sammutuskuristimilla, jonka vuoksi s& vikatilanteessa aiheuttaa
vaaratilanteita ihmisille.

Kun maasulkuvirta kulkee kaapelin nollaimpedandapi, aiheutuu nollaverkossa
jannitehavidita, jotka nékyvat nollajannitteen eeoieri verkon osien valilla. TAmé on
vastoin perinteisen maasulkuanalyysin oletuksissgamaasulkuvirta oletetaan puhtaasti
kapasitiiviseksi ja verkon nollajannite yhta suwiekjoka puolella verkossa.
Nollaverkossa tapahtuva jannitehdvio voi pitkilléaakeleilla johtaa matalampaan
nollapistejannitteeseen kiskossa, joka puolestaskuitaa keskitetyn kompensoinnin
tuottamaan induktiiviseen virtaan. Suuriohmistekojen tapauksessa kiskon alhainen
nollajannite voi vaikeuttaa vikojen havaitsemista.

Maasulkuvirran kayttaytymista tutkittin Power Sgist Simulator for Engineering
ohjelmalla. Laskennan perustana oli malli, jokaerakettiin vastaamaan keskivertoa
suomalaista maaseutuverkkoa. Alussa puhtaastialm@g siséltdvaa verkkoa alettiin
kaapeloida ja maasulkuvirran kayttaytymista tamdtist eri kaapelointiasteilla.
Tarkastelut toistettiin myds siten, etta verkortifiisteeseen lisattiin sammutuskuristin,
joka viritettiin resonanssiin. Maasulkuvirran kagttymista tutkittin myds hajautetun
kompensoinnin tapauksessa. Tarkasteluissa voitimomata, etta resistiivinen
virtakomponentti ei kasva lineaarisesti kaapelinuytieen n&hden, vaan pitkilla
johdinpituuksilla kaapelin kapasitanssin vaikutisngni ja resistanssin vaikutus kasvoi.
N&ain ollen myods resistiivinen virta kasvoi suhteessnemman kaapelin pituuden
kasvaessa. Koska resistiivinen virta johtui pad#lesesti maasulkuvirran
kulkeutumisesta pitkia matkoja nollaverkon sarjaga@nssien |api, voitiin
maasulkuvirran kulkeutumista vahentaa kompensoamigdipasitivinen maasulkuvirta
hajautetusti. Nain voitiin myos rajoittaa resigsia virtakomponenttia.

Hajautettujen kompensointilaitteiden nollaimpedéretsja oli vaikea saada, jonka
vuoksi mallissa kaytettiin hajautettuun maasulk@anr kompensointiin ainoastaan
15A:n kelaa, jonka nollaimpedanssitiedot olivattaa#la. Taman kelatyypin todettiin
tuottavan enemman induktiivista virtaa kuin malétin kaapelityyppi tuotti
kapasitiivista, kun keloja liitettiin verkkoon yksiina 5km kaapeliosuutta kohti. Tasta
johtuen kaapeloitu johtolahtté ja koko mallinnettuerkko ylikompensoituivat.
Johtopaatbksena todettiin, ettd maasta erotetusHassa téllainen tilanne johtaisi
virheelliseen releiden toimintaan, jolloin terveht@& todennakoisesti irrotettaisiin
verkosta, kun taas vikaantunut lahto pysyisi kytiket. Tallaista tilannetta tulisi valttaa,
jotta suojauksella pystyttaisiin takaamaan asialddi turvallisuus. Mikali tallaisia
keloja halutaan kayttaa, olisi verkko syytd kompmees vain osittain hajautetuilla
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kompensointilaitteilla. Yksi mahdollinen ratkaisuli disata verkkoon yksi 15A
kompensointikela aina noin 7:& kaapelikilometriftko

Kun ensimmaisen hajautettu kompensointikela kyiikethalliverkkoon, todettiin
resistiivisen maasulkuvirran kaksinkertaistuvan. m&a johtui kompensointikelan
nollaimpedanssista, joka on seurausta kelan maddeista keskijannitepuolella. Kelan
nollaimpedanssi aiheutti resistiivisen virtakompatiig joka summautui kaapelin
tuottamaan resistiiviseen virtaan. Koko verkongtisinen virta kasvoi aina siihen asti,
kunnes 15 kilometrid verkkoa oli muutettu kaapelifs naista jokaista Skm kohti oli
asennettu yksi kompensointikela. Johtopaattksenetttim, etta kelan tyypista riippuen
noin 10-15 kilometria asemalta tulisi hoitaa kestiyild kompensoinnilla.
Tutkimuksissa huomattiin myds, ettd hajautetun kemgpinnin kayttaminen edisti
suuriohmisten vikojen havaitsemista, joka kompemstiomassa ja keskitetysti
kompensoidussa verkossa olisi ollut lahes mahdatont

On kuitenkin muistettava, etta kaapelin nollaimpesda ei ole yksiselitteinen asia.
Maasulkuvirran kayttaytymiseen kaapeliverkossa wisdla kaapelityypin lisaksi verkon
topologia, maadoituspisteet, vikapaikka seka j&emitalenema myotaverkossa.
Maasulkuvirtaa tulisi mitata kenttéakokeilla, jottaidaan varmistua siita, etta tapa, jolla
esimerkiksi Power System Simulator for Engineetagikee maasulkuvirtaa, on oikea.

Verkon laajamittainen kaapelointi kasvattaa myodsktievisen tehon tuottoa
verkossa. Tutkimuksessa huomattiin, ettd koko ekikneerkon kaapelointi tuotti
reaktiivista tehoa noin 4,5MVAr. Reaktiivinen telodisi pyrittdva kompensoimaan
paikallisesti jotta tehotasapaino valtakunnan veskovoidaan sailyttdd. Taman vuoksi
kaapeloitaessa laajoja verkkoja, tulisi reaktimiséehon tuotto ottaa huomioon.
Reaktiivisen tehon tuottoa voidaan kontrolloida memikiksi induktiivisella
rinnakkaiskompensoinnilla. Rajoittamalla reaktiems tehon tuottoa jakeluverkossa,
voidaan myos kevyesti kuormitettujen lahtdjen lgpgaden jannitetta kontrolloida,
jotka pyrkivat nousemaan kaapelin tuottaman reakén tehon vaikutuksesta.
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1. INTRODUCTION

Vattenfall is Europe’s fifth largest producer oketricity and the largest producer of
heat. Vattenfall operates in the United Kingdom,nark, Germany, Poland,
Netherlands, Sweden and Finland. The parent compétienfall AB is owned by the
Swedish state. This thesis work concentrates orteNatl’s distribution network
business in Finland and in Sweden. These will berred to as the Nordic countries
later in this study.

In Sweden the Vattenfall Eldistribution AB takesecaf the electricity distribution
within Vattenfall AB. Later in this study this wilbe referred to as Vattenfall Sweden.
Vattenfall Eldistribution AB owns about 115 000dateters of electricity network and
it has over 850 000 customers. In Finland the spoeding company is Vattenfall
Verkko Oy which will be referred to as Vattenfalhfand later in this work. Vattenfall
Verkko Oy has 386 000 customers and it owns ov@06kilometers of electricity
network.

In spite of the careful building and maintenancethe electricity network, faults
take place from time to time. Most of the faultpesienced in the low voltage (LV)
network are caused by faults in the medium voltélyp/) network. Therefore
minimizing the sources of the faults in MV networkentributes to the quality of
delivery also within LV network customers.

The network experiences a short-circuit fault when example a fallen branch
creates a connection between two or three phass. IAn earth-fault occurs when just
one phase line is in a conductive connection tthear connected to a part which has a
conductive connection to earth. Fault types willifteoduced in more detail in Chapter
2. The great storms Janika and Pyry in Finland @udrun showed that customers
connected to an over-head line (OHL) network exgrexed more outages during these
storms than customers connected to a cabled netwasrla result the network owners
started to replace the OHL network with undergrocalle.

However, cable can be considered as a cylindriaphcitor which means a great
increase in capacitive earth-fault current. Cabfeany other transmission line can be
represented with a pi-section. In conventional ketatilt analysis the zero sequence
series impedance of the pi-section is considereagligiele. In rural areas the feeder
lengths may be tens of kilometers, which meansthieatero sequence series impedance
has to be taken also into consideration also. &sz#tro sequence series impedance
consists of reactive as well as resistive partsyeaites a resistive current component
into the earth-fault current. Therefore, in additim the increase in capacitive earth-
fault current, the earth-fault current also cordam resistive part. This cannot be



compensated with the usage of Petersen coils, varelised to decrease the capacitive
earth-fault current. A rise in earth-fault currezgn be seen as risen touch voltages
during an earth-fault. This may cause danger t@leeor animals if they get in touch
with energized network equipment during an earthtfaA distribution network
company has a great responsibility to take camusfomer safety by means of network
protection. This is also regulated by law.

Extensive cabling also increases the productioreaé€tive power. This may cause
problems in cabled networks for example in a situetvhere the loads are fairly small
in a long cabled feeder or when a large load isatisected from the network. This will
cause the voltage to rise at the end of the feedeich may lead to breakdowns in
weakened isolators or cause some network equiptoebé damaged. In addition to
this, the risen voltages may cause hazards for husatety. The reactive power flow
from the distribution network to the high voltagé\) network is endeavored to keep at
zero. Therefore the reactive power should be cosgied near the production.
Extensive cabling may lead to a need to comperisatesactive power generation with
shunt reactors. The cable characteristics andntiigence of the extensive cabling will
be discussed in Chapter 3.

Nowadays the customers will not be satisfied wittteicity alone but they want
high-quality and outage-free electricity. Cablisga good solution but it is not always
the most cost effective way of improving the quatif delivery. In principle, improving
the quality of delivery indexes (SAIFI, SAIDI andAWI) means sectionalizing the
feeder into smaller protection areas. This can beedwith remote controllable
reclosers, which are small protection units insthfurther in the network.

By using reclosers in OHL and mixed network the bhem of customers
experiencing the outage, caused by the fault, mayediuced by sectionalizing the
feeder. This will reduce the SAIFI, SAIDI and MAlIFigures and will, of course,
contribute the customer satisfaction. The reclobas basically all the same
functionalities as a simple feeder protection redand with modern communications
systems the recloser is easy to control from theraipmg center. The reclosers are
introduced in Chapter 4 together with general mtode principles. Chapter 4 also gives
an insight to Finnish and Swedish distribution reekg. Also the regulators and the
regulations in both countries are introduced. Wtrenstudy introduces some methods
used inFinland or in Swedenthis refers to common practices used witfiaitenfallin
Finland and in Sweden.

The resistive earth-fault current is examined wathsimulation program Power
System Simulator for Engineering (PSS/E). The medleletwork and the calculations
are represented in Chapter 5. In Chapter 5 als@xhenple network used in recloser
calculation is introduced as well as the calculatieethods. The results are introduced
in Chapter 6. Based on the results the conclusaacmpresented in Chapter 7. Chapter 7
gives also recommendations for further study basethe knowledge achieved in this
study.



2. FAULTS IN MEDIUM VOLTAGE NETWORKS

In recent decades, the importance of continuity pofver supply has increased
significantly. Customers will not be satisfied ampre only when they get electricity
but nowadays people in the energy industry talkuadagh-quality uninterrupted
electricity. Earlier the quality of delivery wa®tnhconsidered as fault dependent but
these days the interruption frequency and durai@important aspects of electricity
distribution. Especially the distribution networlasha significant role in electricity
supply. It is estimated that over 90 per cent @f ititerruptions customers experience
are because of different kinds of faults in the M&tworks. [1] This chapter introduces
first the theory needed for fault calculation aadlf analysis. Second, the short-circuit
faults and earth-faults are introduced. Protectelated issues and protection practices
within Vattenfall Distribution Nordic are discusskder in Chapter 4.

2.1. Fault theory

In spite of the careful building, faults take placehe distribution network from time to
time. These are usually caused by weather condition faults in the network
components. [2] The fault situations are seldom regtnical which is why their
handling and analysis require a specific theorye matwork behaves differently during
each fault, which is why also some mathematicahods are needed in order to receive
accurate results. In the following sections thesgmtion and the symmetrical
components are introduced.

2.1.1. Pi-section

Normally, the loads per phase are assumed to ked.elherefore transmission lines are
analyzed on a per phase basis. A short transmissiencan be represented with its
series impedance alone. The shunt admittance iBgitdg, which means that the
equivalent circuit is according to the one in Feg@rl. This model is however accurate
only for short transmission lines, which usuallg defined as lines less than 100 km. In
Figure 2.1 4 and_Llk are voltages in the sending (S) and in the recgi(iR) end,d and

Ir are currents in the sending and in the receivimd) & is the line impedance, which
consists of resistance R and reactance jX. [3]
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Figure 2.1The single-phase equivalent of a short transmiskien[3]

When the transmission line lengths are more thah Kl the model introduced
above is not adequate. More accurate results anedjavith the usage of pi-section.
This model gives also more accurate calculationlt®dor shorter transmission lines
and cables, which is why it is used throughout tsk. It must, however, be noticed
that most of the calculation methods developed nalygae transmission lines are
simplifications. Pi-section is illustrated in FiguR.2. [3] In the pi-section thé is the
shunt admittance, which practically means the ¢imgacitance to earth. [4]

P— | p— —

v2

Figure 2.2The transmission line represented with a pi-sect8jn

When modeling long overhead lines (OHL) with pitsmts the correction factors
must be used in order to model the line corredihe behavior of the shunt capacitance
and the series impedances are non-linear and tlageusf correction factors
compensates this non-linearity. The correctiondiacare frequency dependent and easy
to calculate for a line examined on a fundamen&didency. If one does not wish to
calculate and use correction factors, the modebsanell be completed with several pi-
connections representing the long line. The caoecfactors can be calculated
according to equations (1) and (2). [4]

z,=2 Sir(':G @)
G
v = Y* tani{/z) (2)

P70 G
2 G,
Where

G is the line conductance
Y is the line admittance
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Y is the corrected shunt admittance
Zis the line impedance
Z is the corrected series impedance

2.1.2. The symmetrical components

In normal operating conditions, the electricity wetk is almost symmetrical. This
means that the load impedances and the transmibs@impedances are the same in
every phase and the phase voltages are equal &@h ghase shift to each other.
Because of the symmetry, the network can be destmbth a single-phase equivalent,
which simplifies the network analysis and calcwatilf, for example, the current in one
phase is calculated, it can be concluded that imaboperating conditions the currents
in the two other phases are in the same magnituite220° phase-shift to each other.
The symmetrical voltage phasors are illustratedFigure 2.3. In the figure the
termdJ ,, U ,andU . represent the phase voltage phasors in phasesAd E. [5]

) / .

Some of the network faults, however, are not symoatand these kinds of faults
cannot be described with single-phase equivaleAsymmetric situations can be
described with symmetrical components and sequemteorks. Representing the
network with symmetrical components is a mathemahtimethod for network
calculation where the phasor coordinates are toam&fd into sequence coordinates.
This is shown in Figure 2.4. [4; 5]

) Ray

—
—

Figure 2.4 Symmetrical components. Positive sequence netpriegative sequence
network a and the zero sequence netwogk([4]



The idea is that by connecting these sequenceophabe phasor diagram of the
fault can be represented. The asymmetrical phattages are thereby formed as a
combination of three symmetrical networks. [3] Fgw®.5 shows how the sequence
networks are connected when representing an asymorfeailt. In Figure 2.5 W3, U'p;
and U.; represent the positive sequence network,, W'y, and U, represent the
negative sequence network angdJU no and_U represent the zero sequence network.
The sequence network phasors are drawn in diffe@ots for clarification. Terms \J
U’y and_U. represent the real phase voltage phasors durenfatfit. [3]

Figure 2.5The positive sequence network components (redatilegsequence network
components (blue), zero sequence network compofggeen) and total phase voltage
phasors (black) during an asymmetric fault. [3]

So the three-phased network will be transformed sequence networks. The
sequence networks, on the other hand, can be espees with two-terminal
equivalents. All the voltages, representedlas, are generated in the positive sequence
network, and the two other networks contain only éguivalent impedance&seq and
Zoeq This is shown in Figure 2.6. In the figul® is the phase-to-earth voltage in
positive sequence network), is the phase-to-earth voltage in negative sequence
network andUp is the phase-to-earth voltage in zero sequenceonlet Zieq is the
equivalent impedance in positive sequence netwatk.
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‘Zleq ZQeq Z{]eq
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Uieqg & U, U, U,

- 9 9
Figure 2.6 Sequence networks represented as two-terminal @guis. [4]

By connecting these sequence network equivalehes,asymmetric fault can be
represented as an equivalent coupling of the theggience networks. This helps the
analysis and calculation of the network’s asymroesituations and enables more
accurate calculation results. This is illustrated-igure 2.7 representing a single-phase
earth-fault. [4]

Figure 2.7 Equivalent coupling of the sequence network edgits in an earth-
fault. [4]

For three-phase short-circuit fault the single-gheguivalent mentioned earlier, can
be used to simplify the calculation but for exampwiéh a single-phase earth-faults and
two-phase short-circuit faults need to be analyw@ti symmetrical components for
those are asymmetric faults. Other asymmetricalvomt situations are cross-country
faults, line breaks and asymmetrical loadings4]3;

2.2.  Short-circuit faults

A short-circuit fault occurs when two transmissiores have a conductive connection
to each other for example through an arc. Shoctitifault can be either two-phased or
three-phased and it can also contain an earth ctiane This section introduces the



three-phase short-circuit faults. Two-phase shiocuit faults and their characteristics
are introduced shortly in Section 2.2.3. The faypes are illustrated in Figure 2.8. [3]

il il [/
Figure 2.8 A three-phase short-circuit fault (left) and a twbased short-circuit fault
(right). [3]

These types of faults are usually caused by weathweditions and isolator faults.
The fault current calculation is a significant paftthe network planning, because the
largest fault currents affect the dimensioninghs# hetwork equipment. Manufacturers
usually give the highest short-circuit current walwhich the devices will endure.
Examples of these kinds of equipment are circiekers and switching devices of
other kind, which have to be able to break thetfewdrent. [1; 3]

2.2.1. Short-circuit fault current

In order to choose the right components for thevadt and plan its protection, it is
crucial to know the short-circuit current values tbe network also with different
topologies. The lowest short-circuit current vahaes to be known so that the protection
can be planned to function properly. The relaysherfuses will not detect the fault, if
the fault current is under the value needed to ttng relay or the fuse. This is, for
example, why it is important in LV network plannitggmake sure that the short-circuit
fault current at the customers’ connection poirlarge enough, so that the main fuse at
the connection point will function in case of alfaifhe network components must also
endure the largest short-circuit current values taedefore the short-circuit calculation
is needed in the equipment dimensioning. [1; 3]

As stated in Section 2.1.2 the three-phase shati fault is symmetrical.
However, this is the case only when the fault cesuinen the voltage reaches its peak
value. Otherwise the three-phase short-circuittfeuhsymmetrical. In this section the
main focus is on the symmetrical faults, but laterwhen introducing the stages of the
short-circuit fault current, the asymmetrical sitoa is also introduced. [5]

The three-phase short-circuit current can be caledl with the single-phase
equivalent according to Thevenin’s theorem. Itdsbe noticed that in this case the
magnitude of the fault current is interesting ahe phase-angle of the fault current is
insignificant, whereas in for example earth-faudicalation the phase-angle is also
important. This is why the following equation (3pa$ not necessarily need to be
represented as phasors. [1]
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U
= —v 3
« Zth + Zf ( )
Where
Iz is the three-phase short-circuit current
U, is the phase-to-earth voltage
Zs is the fault impedance

Zy is the Thevenin’s impedance

In the equation, Thevenin’'s impedangg represents the total network impedance
seen from the fault point. This impedance also aiost the impedance of the HV
network. In addition to the impedance, there ase ather factors that affect the short-
circuit current. These are according to the equafR) the network voltage, the fault
type and the loading during the fault although tissially has a minor influence on the
fault current. The short-circuit current also degermon the distance from the power
station. The further the fault occurs, the smallex fault current. The typical short-
circuit fault current values in the Nordic distrttan networks are 5-12kA in the 20kV
bus bar. [1; 3]

2.2.2. The stages of the short-circuit fault

As stated earlier, the three-phase short-circuit fa symmetrical, when it occurs at the
time voltage reaches its peak value. When the faedurs at any other point of the
voltage curve, the fault becomes asymmetrical. @ht#g cases are illustrated in
Figures 2.9 and 2.10. The asymmetrical short-diffewilt includes current components
that the symmetrical fault does not have, whiclwhy it is important to introduce. [5]

Figure 2.9 The symmetrical short-circuit current [6]

Figure 2.9 illustrates a symmetrical short-cirdaitlt. At the point, where the fault
starts, the impedance of the network is at its mimn and the short-circuit current
value is at its maximum. This current value in Heginning, the effective value of the
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sub-transient fault curret”’, is influenced by the phase voltage value beforefdah#
and the reactance of the synchronous machineshvainecsmall in the beginning of the
fault. During the fault, the AC-component of theremt damps down to the steady state
(effective) valuely. This phenomenon is noticeable especially negrelaynchronous
machines. The damping is due to the growing reaetasf the machines, called
transient reactance. The fault current induces theowindings of the machine. This
slows down the changing of the magnetic flux in thachine, which again makes the
reactance grow. The sub-transient value of the tsiwauit current is therefore
important to know especially nearby large synchtusnmachines. [1; 5; 7]

In other parts of the network, where the machimedurther away, the interesting
value is the effective value of the transient cotrig. Transmission lines, for example,
are dimensioned to endure this fault current aedctrcuit-breakers must be capable of
breaking this amount of fault current. Also theastg state fault current value is
calculated, when calculating short-circuit currealiues in the distribution network. It is
used for example to determine the thermal shocutidurability of the transmission
lines. [1; 6; 8]

Figure 2.10An asymmetrical short-circuit fault [6]

Unlike a symmetrical fault, an asymmetrical faulbntains a damping DC-
component in addition to the damping AC-compon@&ihie DC-component can easily
damage network equipment. The iron core of thestcamer, for example, reaches its
saturation point easily. In, for example, a curieahsformer this means that the current
is not repeated accurately to the secondary sidetlan waveform contains distortion
like for instance crossover distortion. This isigirated in Figure 2.11. The saturation of
the current transformers may cause problems to¢hgork protection as the relays use
the information coming from the current transform&r detect the faults in the network.
This is shown as prolonged tripping times. [5, 9]
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Figure 2.11The currents on the primary and the secondary artte the magnetic flux.

[9]

The short-circuit current has thermal effects oa tlretwork equipment but also
dynamical effects. In Figure 2.10 the telgstands for the maximum asymmetric short-
circuit current value. It can be writter» 25* 1, . 'This value determines the

mechanical stress the network device experiencessatnerefore used for example to
determine the dynamical durability of the cablé€s .g]

2.2.3. Supply voltage dips

Although a three-phased short-circuit faults calasge fault currents, there are also
some other disadvantages caused by these typesul$é.fThey also cause supply
voltage dips. The standard EN-50160 defines a gelthp as a “sudden reduction of the
supply voltage to a value between 90 % and 1 %efieclared voltage. followed by
a voltage recovery after a short period of timei'.this definitionU, is the declared
supply voltage, which usually is the same as thminal voltage in the network. [1, 10]

Figure 2.12The voltage at the power station during a threeggthshort-circuit fault
at varying distances from the station. [6]
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Figure 2.12 illustrates the voltage behavior durenghort-circuit fault at varying
distances from the station. The voltage drops atftult point and in the network
behind the fault point. This drop can also be deethe bus bar. As the figure shows,
the voltage dip in the bus bar is the largest wihenfault occurs near the station. This
reduction in voltage can be seen also in otherdeedvhich will of course affect the
quality of delivery experienced by the customerbe Thetwork company has some
possible methods to reduce the harm to customersedaby this fault, but they are not
in the scope of this study. [1]

2.2.4. Two-phase short-circuit fault

Whereas the three-phase short-circuit fault nearbils bar causes the largest short-
circuit current, the lowest short-circuit currestdaused by a two-phase short-circuit
fault at the end of the feeder. In a two-phase tsticcuit fault two phase lines are
connected to each other through some conductingriakat

As the two-phase short-circuit fault is an asymmédtult it can be modeled with
using symmetrical components introduced in SecBdn2. A more simple way is to
calculate the three-phase short-circuit fault qureeccording to equation (3). Because
the phase-to-phase voltage is applied over doubpedance, the fault current in the

two-phase short-circuit fault is/§/2 times the fault current in the three-phase short-
circuit fault. [1, 11]

2.3. Earth-faults

Earth-fault is a fault in the distribution network which a phase line is directly

connected to earth or connected to a part, whisrah@nductive connection to earth. In
Nordic distribution networks, which are normallyhar isolated from the earth or high
impedance earthed, there is no low-impedance riatethe fault current could pass
through. So the fault circuit closes through theag@ito-earth capacitances of the
surrounding network. This is represented in Figufe. [11]

Figure 2.13.Current flow in an isolated network during a siegihase earth-fault. [11]

Usually, an earth-fault is single-phased but it eéso be two-phased in which two
phase lines are connected to earth but withouba-sircuit connection to each other.
These are called double-faults. Also a two-phasartsiircuit fault with a ground
contact is possible. In this study the main fousn the single-phase earth-fault. The
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double-faults are also introduced shortly. In Nordiountries the earth-faults are
usually, along with the climatic factors, causeddoymals, insulator faults and broken
or fallen phase lines. [11]

2.3.1. Single-phase earth-fault

In normal operating conditions, the sum of the pBasharging currents through the
earth capacitances is almost zero because of theomke symmetry, which was
discussed in Section 2.1.2. In a symmetric sitmatlte voltages and currents cancel
each other out. So there is no zero sequence egltelgich is a sum of phase-to-earth
voltages. The same applies for the zero sequententuEarth-fault, however, is an
asymmetric fault because of the voltage drops e ftulty phase. This is shown in
Figure 2.14 where the solid earth-fault is in th@l@se and the voltagéd . is zero.

This, however, is purely a theoretic figure, beeausually the fault contains some kind
of fault resistance. In the figutd' 4 is the voltage phasor of the voltage in the phase A
during a fault andJ’g is the voltage phasor of the voltage in the phaskifihg a fault.

Uy is the neutral point displacement voltage pha&gr. [

As seen in Figure 2.13 the charging currents ofndalthy phases sum up to the
damaged phase passing round the transformer cdrdhe fault point. From the fault
point the sum current flows to the ground. This stumrent flowing to the ground is
called the earth-fault curreht [1; 12]

Figure 2.14Phase voltages phasors in an asymmetric situafiosolid earth-fault. ]

The magnitude of the earth-fault current dependshentotal length of galvanic
connected feeders. In the traditional urban neta/tike distance of the fault point from
the power station is insignificant because the maqguence series impedance can be
neglected. The shunt capacitance is much larger tth@ series impedance, which is
why in the conventional earth-fault analysis theeseimpedance has no effect on the
earth-fault behavior. The situation changes addhgth of the cabled feeders increase,
but at this point it is convenient to assume that faoint to be insignificant. [1]

As the length of the networks increases, the darh-current increases also. For
OHLs the capacitance is approximately 6nF/km peasphand produced earth-fault
current 0.067A/km per phase in 20kV network. Faugd cables, the magnitude of the
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earth-fault current depends also on the cable type. capacitance is approximately
230-360nF/km per phase and the produced earth-dauiént 2.70 - 4 A/lkm per phase
in 20kV network. This means that as the cablingeases in rural area networks where
the distances can grow up to tens of kilometes,irbrease in fault currents has to be
noticed. The network earthing method also affebts @arth-fault current. These are
discussed in Sections 2.3.2 and 2.3.3. [1]

The earth-fault current always encounters some &fnrésistance. This resistance is
called the resistance to earth.FRAs the current passes through this resistancauses
a potential difference called voltage to earth Whis represents the voltage at the fault
point compared with the actual earth potential, olwhis considered to be lying
exceedingly far away. [11] The voltage value carcakeulated from the equation (4).

[1]

U =1 "R, (4)
Where
Un is the voltage to earth
ls is the earth-fault current
Rn is the resistance to earth.

In Nordic countries, the specific conductivity dfetsoil is poor which means that
the resistance that the earth-fault current enewans large. According to the equation
(4) voltage to earth can be limited by reducingistasice to earttR,. This means
increasing the network earthing by adding copperpy decreasing the earth fault
currentl;. Due to poor earthing conditions in Scandinaviegrdasing the resistance
would become very expensive. This means that thb-&ult current has to be limited
in order to limit the voltage to earth. This can dmne by galvanic separation of the
network into smaller parts, or earthing the netwdik] In practice the galvanic
separation means building new main transformerspfwer stations or whole new
power stations, which is not always the most céfsiegve solution and therefore
network earthing is widely used. How the networle@thed affects the zero sequence
impedance, which again influences the earth-faultent. This way the earthing also
affects the neutral point displacement voltage. [4]

In Nordic distribution networks there are two kirafsearthing methods mainly used
— isolated, which means no earthing at all, andnast earthed i.e. compensated, which
means that the network is earthed through an induceactance. These both methods
are represented in the following sections in cdsesingle-phase earth-fault. [1]

2.3.2. Earth-fault in isolated network

How the network behaves during an earth-fault ddpemn, in addition to the network
impedances and capacitances, the earthing systertheofnetwork, which is a
combination of all the equipment used to contrel darth-fault. How the neutral point
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of the main transformer is earthed, determineswhele network earthing. In this
section an isolated network is introduced, whichansethat the transformers neutral
point is separated from the earth. [4]

In an isolated network, there is, theoretically, canductive connection to earth.
This is shown in Figure 2.15. As noted in Sectidgh2the earth-fault curreitdepends
on the total length of the feeders, it is a surthefhealthy phases’ charging currents and
it flows from the healthy phases to the fault popdssing around the transformer core.
[1] Large fault resistanci, which is the total resistance between the lirekthe earth,
decreases the earth-fault current, which makesanh-fault more difficult to detect. A
large fault resistance occurs for example in a gdsere a tree is leaning on the phase
line. Earth-fault current in the isolated netwodnde calculated with the equation (5).
[12]

R L Y )

Y1+ BUC,R,)?
Where

It is the earth-fault current

Co is the total capacitance to earth
U is the phase-to-phase voltage
Rs is the resistance to earth

When analyzing theoretically a normal operating dibon, the phase line
capacitances and the voltages are symmetric anduimeof the charging currents is
zero, because the charging currents cancel eadr oilt. Thus there is no zero
sequence currenp, which means the current passing through a fegdmil, and the
neutral point displacement voltage, i.e. the zemusnce voltag¥), are zero. In a real
network there is always some small asymmetry, witihises small leakage currents
and therefore the zero sequence current and neuiral displacement voltage are only
almost zero. During the earth-fault the voltagetlod faulty phase reduces, and the
voltage of the healthy phases rises in respectatth.eThis causes the neutral point
displacement voltage to rise. It is to be notideat heutral point displacement voltage
means only the voltage between the networks neptalt and earth, whereas zero
sequence voltage refers to the voltage in the qihes of the network. According to
conventional earth-fault analysis the amount of ibatral point displacement voltage
and zero sequence voltage is the same everywhetbeimetwork. This will be
discussed in Chapter 3. For now, only the term naéytoint displacement voltage is
used to indicaté&lo.

The charging currents of the healthy phases hawesdme kind of behavior as the
phase voltages during an earth-fault — currenbhénfaulty phase decreases and currents
in the healthy phases rise. [12] In a situation nehtee fault resistandg: =0, called a
solid earth-fault, the voltage of the faulty phasezero, and voltage to earth in the
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healthy phases rise up to the magnitude of phapbdee voltage. The voltage at the
neutral point rises to the magnitude of phase-ttheaoltage. [1] The neutral point
displacement voltage can be calculated with thetou (6). [12]

U - u/v3 ©)
J1+ (B1C,R,)?

Where
Up is the neutral point displacement voltage

Figure 2.15Isolated network.¢lis the earth-fault current, {Rs the resistance to earth,
Up is the neutral point displacement voltage. &bd G represent the capacitances to
earth. [11]

When there is fault resistance, the total equivtaiempedance is larger which
decreases the magnitude of the earth-fault cuardtthe neutral point displacement
voltage. The current has a resistive part accortbreggjuation (7). [4] In Figure 2.16 the
phasor diagram of earth-fault with fault resistarsceepresented. [5]

R, (3nC,)*U
R 1 LS I e I ™
1+(R,3uC, " 1+(R,3uC,)

Where
I; is the resistive earth-fault current component
lic is the capacitive earth-fault current component

This means that the entire phase-to-earth voltageois applied across the
capacitance during an earth-fault. However, thetraéyoint displacement voltage,
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despite the fault resistance, differs from zero #rel voltages on the healthy phases’
may still exceed the pre-fault value. [4]

Figure 2.16The phasor diagram of an earth-fault with faultistance R. [5]

As noted earlier, the voltage in the faulty phaserdases during an earth-fault,
whereas the voltages in the healthy phases incréasesum of the charging currents is
no longer zero, and thug is no longer zero. In the healthy lines the cusgediow
towards the power station. The current in the fapligse flows from the power station
towards the fault pointly in the beginning of the feeder can be calculatéth the
equation (8). [12] Because of the direction - tharging current in the faulty phase is
opposite to the sum currentle does not include this part of the earth-fault entr
Earth-fault current is capacitive, which means theent precedes the voltage and thus
the protection in isolated networks is based os piiase-shift angle, which is 90 with
pure capacitive current. [12]

C0' COf %
Co

0

I, (8)

Where
lo is the zero sequence current in the faulty phase
Cor is the capacitance per phase of the faulty feeder
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Figure 2.17The series connection of the sequence networksdled The single-phase
equivalent for earth-fault in an isolated networlglt) where | is the phase-to-earth
voltage. [4]

The single-phase equivalent of an earth-fault iniodated network is shown in
Figure 2.17 (right). The series impedance is smallcomparison with the shunt
capacitance of the network, and therefore it da#snfluence the earth-fault behavior
and can be neglected. The series connection ofesegunetworks is also shown in
Figure 2.17 (left). In the figure the phase lines sepresented as pi-sections. The
current and the neutral point displacement voltageations represented above can be
derived from the equivalent circuit or the sequemewvork equivalent. [4]

2.3.3. Earth-fault in a compensated network

The problem with an isolated network is that it carly be used when the network
capacitance to earth is limited i.e. when the lengft the network is limited. This is
because of the increase in the capacitive earth-famrent respectively to the total
length of the feeders. This capacitive earth-faultrent can be compensated with
inductive impedance brought to the network’s néysmant. This reactor is also called
the Petersen coll. [4]

The Petersen coil generates the compensating culifeistinductive zero sequence
current has an opposite phase-angle to the capactirrent generated by the network
shunt capacitances and so they are directed oppoaitd therefore cancel each other
out. The earth-fault current stays small and thd¢agels stay at an acceptable level.
Usually a resistance is connected in parallel withPetersen coil to help the earth-fault
detection. Compensation can either be centralifggufe 2.18), which means that a
reactor is connected between the main transformergtral point and earth, or
distributed (Figure 2.20), in which case smalletePsen coils are connected to different
parts of the network. [1; 4]
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Figure 2.18 Centrally compensated network. L represents th#udtance of the
compensation coil and R the resistance connectedrallel with the coil. [11]

The series connection of the sequence networkpresented in Figure 2.19. The
total earth-fault current can be calculated witd dguation (9), which is derived from
the equivalent. The derivations of the following atjons are represented in Appendix

1. [4; 12]

Figure 2.19Series equivalent of centrally compensated netwdtk.

2

1
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I =U, ©)

2 2 2 1
J(Ro+Rf) +RR,” 3uCy - -




20

Where
L is the coil inductance
Ry is the total network zero sequence resistance rageudint resistance)
U, is the phase-to-earth voltage

The neutral point displacement voltage can also dxéved from the equivalent
(Appendix 1) and can be calculated with the equati®). [4; 12]

I (10)

= : 2
J 1w b
R, wh

Because in a compensated system the earth-faudtntus not capacitive, the relays
are set to measure the active current componentadtiae current in the network is
generated by the lines’ impedances and the tramsi®’ impedances but also the small
leakage currents. Usually, this active current congmt is not large enough to facilitate
the earth-fault detection and therefore the aativeent is magnified with a resistance
connected in parallel with the Petersen coil. Thisbe discussed more later on. [4]

The Petersen coil tuning is made to correspondédac#pacitive current generated
by the network. When the inductive current generdte the Petersen coil is somewhat
smaller than the capacitive current, the systesaid to be under-compensated and the
fault current has a small capacitive component.

On the other hand, when the Petersen coil is tunedenerate more inductive
current than the network produces the capacitiveent the system is said to be over-
compensated and the fault current has a small tivducomponent. Usually, the
Petersen coll is not tuned to correspond to exdb#dyamount of capacitive current the
network produces. This is because the system meglchrits resonance frequency. This
means that the capacitive reactance and inductactance are equal at some
frequency. At this point the current generated ey inductance charges the capacitive
network component, and as that component dischartgpsoduces an electric current
which generates the magnetic field into the inductaand the phenomenon repeats
itself as long as the resonance frequency is oddaifhe resonance in the network
causes harmonics, which can cause voltage distoatid the temperature’s rising in the
network equipment. Resonance can also cause oltages, which can, for example,
lead to breakdowns in the insulating devices. [b3$weden the networks are slightly
over-compensated and in Finland the networks agd skghtly under-compensated. [4;
9] Usually the Petersen coil is adjusted to be Ztperes under or over-compensated.
[14]

The Petersen coil can be fixed or it can be equipgdda tapping switch, in which
cases it must be disconnected from the live netviorkreadjustment. It can also be
quickly adjustable, which means that the tuningnade step-by-step by connecting
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capacitors to the auxiliary winding. In continugust-adjustable reactors the tuning is
made by changing the air gap in the reactor. IsdHatter two cases, the adjustments
can be made without disconnecting the reactor fiteennetwork. At least a part of the

compensation must be adjustable to corresponcdetatthnging network topologies, but

not necessarily all reactors. [9] Within Vattenféie centralized compensation is

automatically re-adjustable both in Sweden andimaRd, excluding some networks in

Sweden.

Figure 2.20 shows the principle of the usage ofribisted compensation. In the
figure centralized compensation is bordered with btkue color and it is connected to
the main transformer. The distributed compensatioits are bordered with red and
those are connected to the distribution transformibe distributed Petersen coils are
presented only with their inductance. In practite tcoils also include a small
resistance.

Figure 2.20Central and distributed compensation. [15]

In the distributed compensation, several smallete®Ben coils are connected
between the distribution transformers neutral p@nd earth. This is illustrated in
Figure 2.21. The figure presents a ZnznO-coupledstommer with a Petersen coil
connected to the MV-side’s neutral point. In thgufe U, is the phase-to-phase
voltage in the MV side and} is the phase-to-phase voltage in the LV side.
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Figure 2.21 Znzn0-coupled transformer used in distributed campgon. The figure
illustrates the connection of the Petersen coihimeutral point of the MV-side [16]

With the usage of distributed compensation a pérthe capacitive earth-fault
current is compensated locally in the network, Whiecreases the earth-fault current
flow through the impedance of the network. The athges of this will be discussed in
Chapter 4.

2.3.4. Arcing earth-faults

In this section two very much similar phenomenaiate@duced. An arcing earth-fault
includes an arc discharging over for example aksgap. The recovery voltage is
discussed which determines, in addition to othetofs, whether the arc will re-ignite
or not. The other subject, namely intermittent eéatlit is a kind of a repetitious arcing
earth-fault at the same fault point, which is mgialproblem in cabled networks. The
intermittent earth-fault is discussed after theotljeof the single arcing earth-fault is
introduced.

A majority of earth-faults in OHL medium voltage twerks include an arc
discharge. These can cause a problem in isolategbries, but usually in compensated
networks the arcs extinguish by themselves. Inctlgrethe common assumption
usually is that this is because of the smallerhefatlt current, when in fact the
extinction depends mainly on the steepness ofdhevery voltage, the smaller earth-
fault current and the peak value of the recovetiage. [12]

When a low impedance earth-fault occurs in araisol network, the voltage drops
in the faulty phase as a result of an arc fromfaéiuét point to the earthed network part.
This usually causes the circuit-breaker to functimmif the fault current is very small
the arc may extinguish by itself at the first zpoint of the sinusoidal current transient.
After the fault the voltage at the zero sequendeonk is re-established and the faulty
phase is re-energized. This causes a voltage transigich is called the recovery
voltage. [17] Depending on the rise velocity othecovery voltage, the arc may ignite
again. Due to the first arc the air in the spark gaionized and because in isolated
networks this rise velocity of the recovery voltagesteep, the arc re-ignites easily. In
an ideal case the time delays of the relays wowdldng enough for the arc to



2. Faults in medium voltage networks 23

extinguish again by itself, in which case it wouldt cause the relay to function.
Usually, however, the voltages to earth are thatilwgn factor, and so the arc must be
extinguished faster and thus it requires an auticmratlosing to extinct. Customers
experience this as a short power cut and theréf@iects the experienced quality of
delivery. [12; 18]

The rise velocity of the recovering voltage is detieed by the network’s neutral
point impedance. In a compensated network the $wtecoil inductance and the
parallel resistance slower the rise velocity. Thenethe voltage does not rise as steeply
as in an isolated network. [17] So as the arc gxishes in a compensated network, the
recovery voltage does not cause a new arc. Alsoldhger relay time-delays in
compensated networks contribute the self-extinatibarcs and therefore there are not
as many reconnections in the compensated netwaks dhe isolated networks.
However, the compensation degree must be over #é6ebit affects positively to the
amount of reconnections. [12; 19] In addition tenaaller earth-fault current and hence
a lower voltage to earth, one of the main reasastsifalition companies add centralized
compensation into the network, is that the numbgkrrexonnections is reduced
considerably, which also affects the interruptiosts.

The reasons, which cause failures in the networiferdin cabled and in OHL
network. In the OHL network the majority of the fsuare caused by trees fallen on the
phase lines usually due to bad weather conditidhe weather itself is the second
largest cause of failures in the OHL network. [2D] general in the cabled networks
there are much less failures than in the OHL nétwout instead usually the duration of
the interruption is longer, because locating thetfa much more difficult. [21] In cable
networks the majority of the failures are causedriaerial failures i.e. ageing failures.
Also a great deal of the faults in the cable nekwercaused by excavation work. Also
the component ageing has great significance to le#ated failures, which are for
example insulator failures due to overloads. In thble network, the phenomenon
described above, the arcing earth-fault, may evait@ an intermittent earth-fault, in
which the breakdowns start to occur more frequemtlthe damaged cable, until the
ignition frequency may be just a few milliseconf®Q, 22]

Intermittent earth-faults are a problem mainlyhe tompensated networks in cases
where the isolation of the cable is weakened, kan#ple as a result of damages done
during the cable installation. [22] In these kifddamaged or weakened cable parts the
dielectric characteristics are not enough to rekeselectric field intensity and this leads
to partial discharges. The voltage level where d@he ignites is called the starting
voltage. The arc extinguishes as the current patssesro point, but ignites again when
the level of the starting voltage is reached agdns is because the arc generates a
discharge channel into the isolation and the faettomes permanent. It is to be noticed
that these repetitious breakdowns occur in spith@fkelf-extinction of the arc. The arc
extinguishes every time the fault occurs, but a&sféult is permanent, the breakdowns
are experienced repetitiously. [21]
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Intermittent earth-faults are a problem becausg #ne very hard to detect. The arc
ignites with a certain voltage level and then extishes. As the ignition frequency can
be just a few milliseconds, the relay has no timéunction and it cannot detect a new
fault for a certain time period. [21] Intermitteandd arcing earth-faults also have another
disadvantage partly due to these difficulties itedéng these faults. In the compensated
network the neutral point displacement voltage eduBy the fault, decreases more
slowly than in the isolated network which is duehe neutral point impedance, which
also caused the slower rise of the recovery voltadee neutral point displacement
voltage does not have time to damp because oféhsedignition frequency. When the
arc extinguishes, the neutral point displacemeritage starts to drop, but as these
breakdowns at the fault point occur more frequeatlg the neutral point displacement
voltage decreases slowly, it has no time to reaeto.zTherefore these kinds of
repetitious faults can keep the neutral point dispment voltage up. At some point this
voltage may reach the level at which the zero galteelay at the bus bar awakes, and
trips all the feeders. This causes outages forrakv®istomers, which affects the
experienced quality of delivery. In addition toshthe protection does not function
selectively. [12; 18; 21] The repetitious breakdovaas cause over-voltages to the
healthy phases, which may damage the network dewceause danger to customers.
These over-voltages can also lead to another fasibie other network part. This kind
of fault is called a double earth-fault and it isadissed more in Section 2.3.5. [17]

As noted earlier, the transmission lines can beicdened as capacitors. With OHLSs,
the electrodes are the phase line and earth. Veltles the capacitance is much larger
than in the OHL and it lies between the cable phiaseand the cable sheath. This is
why in the cabled network the generation of theacéjve earth-fault current is much
larger than in the OHL network. [14] Insulation ahé cable sheath influence the most
on the capacitance to earth. [21]

The charge of the phase-to-earth capacitances sbautsload as the phase gets in
contact with earth and the voltage in the faultyag#h start to fall towards the earth
potential. This causes an oscillating current teamsicalled the discharge current
transient. The frequency range of this transie8d8Hz — 2500Hz but it can reach
values around 100 kHz. The discharge current trahsgamps in just a few
milliseconds due to the damping effect of the nekwm@sistances and a possible arc
discharge. [22]

As the voltage in the faulty phase drops, the galtain the healthy phases increase.
This causes a charge current transient, which yswalches the frequency range
100Hz-800Hz. [17] The arcing earth-fault and theermtittent earth-fault cause the
network’s capacitances to charge and dischargditiepsly. The transient caused by
this charging and discharging can be detected enztro sequence current as a high
frequency oscillation although the dominating pairtthe composite transient is the
charge current transient. This oscillation can ppliad to earth-fault detection in the
newest relays. Although it has to be noticed tleaerl other factors in addition to the
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network extensiveness affect the current transsnth as the fault point, load and the
damping caused by the network impedances. [17]

2.3.5. Double earth-faults

Double earth-fault i.e. cross-country fault is alfan which two different phase lines in
the network have a conductive connection to eapi, without a short circuit
connection to each other, which means they occuliffarent parts of the network. A
single-phase earth-fault can spread into a doudntih-¢ault because of the risen phase
voltages, which can lead to a breakdown or causelaady faulted overvoltage
protector to malfunction. Fault currents are usud#irge, and due to the poor
conductivity of the Nordic soil, they go through liveonductive routes, such as
communications cables, and can therefore causm#helamages to the cable. [1; 12]

When two phase lines get in touch with the eatik, ¢arth-fault currents can be
calculated with equations (11) and (12). [12] Thisre@lso a short-circuit component
which goes between the fault places. Because sfstmort-circuit component (13) the
earth-fault currents may be remarkably larger timaa single-phase earth-fault in cases
where the fault resistance is small. [12]

| = Upn-Ug+j3nCRgU (11)
" R+ Ry + J3MC,R,Ry

| - QfB - QfA + jBV"CoRfAL_JfB (12)
"% Ry *+Rg + J3MC,R,Ry

- qu - LlfB
RfA + RfB + j3WCo RfA RfB

(13)

Ly

Where
lia is the earth-fault current at fault point A
Iss is the earth-fault current at fault point B
Ik is the short-circuit current component
Usa is the phase-to-earth voltage at point A
Uss is the phase-to-earth voltage at point B
Co is the added capacitance of the whole network
Rea is the fault resistance at point A
R is the fault resistance at point B

Figure 2.22 illustrates a situation where two edathits occur in two different phase
lines. The faults are in the phases S and R. Inddse the earth-fault currents can be
calculated with equations (11), (12) and (13).
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Figure 2.22 The double earth-fault in which the earth-faultcocs in two different
feeders. [11]

When the fault resistances are unequal and the fesistance at the other fault
point is nearly zero, the earth-fault current ipragimately the same as in single-phase
earth-fault. The neutral point displacement voltagethe smallest when the fault
resistances are equal. The neutral point displacewodiage can be calculated with the
equation (14). [12]

U. = - RfBQfA' RfAQfB
" Ru*Rg*j31CR,R,

(14)

It should be noticed that these equations are \aiig for faults with large fault
resistance. Also other fault impedances in thetfawtuit have to be included in the
fault calculation if the fault resistance is sm8leécause the earth-fault current is larger,
the fault is easier to detect, but it is also mi@egerous. The fault can be detected by
the over-current relays because of the short-¢imuinponent although the earth-fault
relays may be more sensitive to the fault. [12]

2.3.6. High impedance earth-faults

High-impedance earth-faults occur for example whebroken COHL falls or a tree
leans against the phase line. In the former caseedall itself is a fault in the OHL
network because in this case the line stays eretgand therefore may be dangerous
for people or for animals. The fallen line also asua single-phase earth-fault. When
the feeder side of the line falls to earth, theltfaesembles a normal single-phased
earth-fault. When the load side of the line fallbereas the feeder side of the line stays
above the ground, the fault circuit must close ulgiothe load. Because the impedance
the load represents is large, the earth-fault atira@d the neutral point displacement
voltage become very small. This does not mean, herydhat these kinds of faults
should not be switched off. Like any other fauit,spite of the small fault current and
small voltages, a high-impedance fault can alsseawnzards for human safety and
therefore must be detected and switched off. []1; 12



2. Faults in medium voltage networks 27

2.3.7. Earth-fault location

Unlike for the detection of the short-circuit fajlthere is no mathematical method for
locating an earth-fault. In many cases customeortgfhelp in locating the fault when,

for example, a tree is leaning against the phasss.liin addition to this the only used
methods for locating the earth-fault nowadays mpdy to make experimental re-

connections. Usually, this is time-consuming esgbcif the disconnectors are to be
used manually. Usage of remote controllable diseoturs shortens the fault location
time. Another disadvantage of experimental conpestiis that it causes several
connections against the fault. This may lead to terofault because of the large
connection transients and the risen phase-to-@aithges in the healthy phases. Also
customers experience several outages, which daffecjuality of delivery.

Especially high impedance faults are very diffidoltetect because the fault current
is very small and it is difficult to distinguishoim normal leakage currents caused by the
natural asymmetries of the network. Faults thalughe a short-circuit fault in addition
to earth contact can be located with numerical oethused in short-circuit fault cases,
but just for earth-faults this kind of a numerioathod does not exist. [2; 17]

A relatively sensitive fault indicator is the zesequence relay which observes the
changes in neutral point displacement voltagea#t to be noticed, however, that also
changes in connection states influence the nepwait displacement voltage. This
detection method can only be used as an alarmioiggiron because the zero voltage
relay is able to disconnect the whole station friira network if it trips. Also this
protection is not capable of distinguishing thehtjgaulted feeder because it observes
the whole stations neutral point displacement gatanot just one precise feeder. [17]

Nowadays the usage of fault indicators is possiblee fault indicator gives an
alarm when the fault current passes through it. &amdicators are even capable of
detecting the direction of the fault, which helps tocating. Some indicators are based
on the measurement of the magnetic fields causehlebgero sequence current. [17]

In Section 2.3.4 the earth-fault transients weteduced. Transient measurement is
one of the promising new methods in earth-fauledibdn. In Sweden the experiences
from transient measurement based fault indicat@gaod. In Finland within Vattenfall
the intermittent earth-fault detection functionalis used as an alarming protection in
the newest relays to help the detection of inteemitearth-faults. This measurement is
based on comparing the zero sequence current pdaésvto the fundamental frequency
values, and if these values exceed the fundameaka¢s, the signals are processed to
indicate the direction of the fault. [23]

2.4. Reliability of delivery

Reliability means that the system is able to penftine tasks, which it is designed for
under stated conditions for a certain period ofetifRor electricity network the term
reliability of delivery means the system’s ability meet its supply function from the
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customer point of view. [1; 24] According to IEEE B3&tandard reliability of delivery
can be described with key figures introduced be[2hy.

System Average Interruption Duration Index (SAIDI):

SAIDI = L 15
N (15)
System Average Interruption Frequency Index (SAIFI)
oy
SAIFI =1 — 16
N, (16)
Customer Average Interruption Duration Index (CAIDI
“  sapi
CAIDI =1 = 17)
n. SAIFI

J

Where
n is the number of the customers who experiencentiegruptions
Ns is the total amount of customers
tj is the time without electricity that customgrhave to spend because of the
interruptiond

In these equations the momentary interruptions,dutages lasting 3 minutes or
less, are not taken into consideration. This is WigyMAIFI figure is used to measure
the short-term interruptions per customer. AlonthvBAIDI, the SAIFI figure and the
short-term interruption figure are also nowadaymtdrest.

Momentary Average Interruption Frequency Index (KK

MAIE| = TotalNumbeOfMomentayInterruptions (18)

TotalNumbeOfCustomes

These figures are used for example when placing neewote control disconnectors to
see the effect of the equipment. They will also Isedulater in this study when
introducing the network reclosers and the effdugy thave on the network.



3. CHALLENGES IN EXTENSIVE RURAL AREA
NETWORK CABLING

In the beginning of the 2Ycentury, some furious storms raged in the Nordientries
causing a lot of damage. In November 2001 the stafamika and Pyry hit Finland and
as a result over 800 000 customers were left witletectricity. Every fourth of these
power failures lasted longer than five days. Inuday 2005 the storm Gudrun hit the
Nordic and the most severe damages were causedvadeB, where over 730 000
customers were left without electricity. The longpetver cuts lasted over six weeks.
Over 20 000km of distribution network was damagedrdy the Gudrun storm. [15; 26]

It is clear that in a modern society the lack @ctlicity hampers the every-day-life
greatly. After the experiences caused by the stodarska and Pyry the Finnish
Government made an amendment in 2002 to changgléatricity Market Act so, that
in a case of an interruption of system service éorigan twelve (12) hours, the Finnish
network service user is entitled to a standard eorsgtion. The law to change the
Electricity Market Act came in to force in 2003. Tlagv with the same kind of content
was passed by the Swedish parliament in Decemlis. Zibligated by law, in terms of
the standard compensations for the customers, andube of the network service
providers’ experiences of these storms in the Nolelrel, they started to replace great
amounts of OHL with underground cable. The stornt $teown that the underground
cables were not nearly as much damaged duringttinens as the OHLs. The pace in
which the cabling of the rural network has takescplhas increased considerably in the
past few years. As the characteristics of an undargl cable are very different from
the characteristics of an OHL, the attention hasé¢opaid to different matters in
planning the distribution network. [15; 27] The aabhn be considered as a cylindrical
capacitor, and thus in the rural networks, wheee lthe distances are relatively long
compared to traditional urban network, the usaganofinderground cable increases the
capacitive earth-fault current considerably. [1#oligh as such the earth-fault current
may not cause any harm, it can energize some ptheer system parts. This can lead
to hazardous situations if a person or an animé getouch with a live network part
during an earth-fault. And because the ultimate atemof the distribution network is
safety, using long cabled lines in rural networkeds a new kind of evaluation of the
network. These features of an underground cabled&eussed in the following
sections. [4]
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3.1. Long cables in rural areas

The storms in northern Europe showed that consumersral areas connected to an
OHL network experienced a lot more power outages tbonsumers connected a to
distribution network consisting of underground esblThe network owners started to
replace the old OHLs with underground cable atnaneiasing pace. This will eventually
lead to a whole new network topology in which tlmwentional earth-fault analysis
cannot be applied. Whereas the traditional urbawar& consists of relatively short and
cabled feeders and the traditional rural networklasfg OHLs, the new network
contains long feeders built with cable. [4]

In Section 2.1.1 the model of a transmission lires wntroduced. In conventional
earth-fault analysis, the dominating factor is gheint admittance. This means that the
series impedance may be neglected for its effeatsthe earth-fault current are
insignificant. However, when the cables are lohg, series impedance has to be taken
into account. Neglecting the series impedance $e od long cabled feeders can lead to
incorrect estimations of earth-fault currents amel meutral point displacement voltage
rises caused by the earth-faults. [4]

In urban networkghe feeders are relatively short and consist bfeca herefore the
network can be considered as a parallel couplingthef feeders, which all are
represented as pi-sections. This is shown in Fi§ute which represents the positive,
negative and the zero sequence networks of a casaph urban network with four
feeders.Zm1, Zt2 and Zyo represent the impedances of the neutral point eggrip in
positive, negative and zero sequence networks. [4]

Figure 3.1Positive, negative and zero sequence networks aihudistribution network
in which the feeders are connected in parallgt;, Zr» and %o represent the
impedances of the neutral point equipment. [4]

Now if the cable lengths are the same as in thevahmcture and they are
represented as pi-sections, but are connectediagssthe network would look like the
one in Figure 3.2. This represents theal networkwith one long feeder with the same
total amount of cable as in Figure 3.1. Figure sh@ws the positive, negative and the
zero sequence networks of thueal network [4]
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Figure 3.2 Positive, negative and zero sequence networks aifira distribution
network with the same feeder lengths as in theigusvpicture, now connected in
series. 41, Zrp and 4 represent the impedances of the neutral pointggant. [4]

It is to be noticed that in tharban networkthe series impedances are coupled in
parallel while in theural networkthese same series impedances are connectedds. seri
Therefore the series impedance is much larger thahdurban networkand it has
greater impact on the behavior of an earth-fadjt. [

3.1.1. The conventional earth-fault analysis

The conventional earth-fault analysis contains sassumptions. First, the earth-fault
behavior is determined by the total cable lendtis therefore insignificant whether the
network contains several short or just a few lorfgeders. Second, the amount of earth-
fault current is proportional to the total cabladéh. The earth-fault current is purely
capacitive, which is based on the assumption tmatdominating factor in the earth-
fault is the shunt admittance i.e. the capacitaoncearth. As introduced earlier, this is
because the series impedance is insignificantlyllsimacomparison with the shunt
admittance and can therefore be neglected. Thisndeassumption also includes the
fact that the earth-fault current is possible tmpensate with the usage of Petersen coil.
The Petersen coil creates an inductive current meetathe capacitive current out and
the coil can be dimensioned according to the catadeufacturers’ data of how much is
the cables capacitance per kilometer. The coilstiesilosses are only proportional to
the inductive current generated by the coil. [4]

In Section 2.3.1 it was introduced that a line-toud fault in one phase causes the
neutral point displacement voltage to rise. Froimg, ta third assumption is made that in
a system where the capacitive earth-fault curreebmpensated totally with a Petersen
coil, the neutral point displacement voltage isedained solely by the fault resistance
and the resistance of the Petersen coil. The lastgstion is that neither the amount of
the earth-fault current nor the neutral point dispiment voltage is affected by the fault
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point i.e. the zero sequence voltage in the netwa& the same magnitude as the
neutral point displacement voltage. [4].

3.1.2. The zero sequence impedance of a cable

The cable zero sequence impedance has been examatied little because the
conventional earth-fault analysis assumes theseripedance to be negligible. Though
some manufacturers have published methods to e#dcihe cable zero sequence
impedance, the whole concept is still associatatl sonsiderable uncertainties. In this
section one of the calculation methods is introducehis method was developed by
Gunnar Henning from ABB Power Technologies. [4]

The cable zero sequence impedance is affected by metwork parameters. In
addition to cable properties also the earthingstasce in the ends of the cable length,
the resistivity of ground, the possible usage of eamthing wire and the distance
between an earthing wire and the cable, affect ztti® sequence impedance. The
impedance also varies as a function of cable leraghthe influence of the earthing
resistance decreases per cable length. [28]

Figure 3.3 The model of the current returning paths in cabtetivork. Return path via
earthing wire (dashed) and return path in earth ama@able sheath (solid lines) [28]

The coupling can be considered to form accordingigore 3.3. The current has a
return path in the cable sheath and in earth. Bathing wire is used, the current has a
return path also in the wire as well. In the figal®ve the earthing wire is illustrated
with a dashed line. The cable sheath is connectedrth via earthing resistanBe The
voltage source in the sending end is connecteddsetthe phase lines and the return
path. This end is also connected to earth via egytla@sistanc&. Each of these current
circuits creates self and mutual impedances whidluence the total zero sequence
impedance of the cable. [28]

As mentioned earlier the cable characteristics atflmence the zero sequence
impedance of the cable. In Figure 3.4 the cableedsions are introduced. In the figure
rs is the radius of the cableg is the radius of the conductor addis the distance
between the conductors. [29]
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Figure 3.4 The cable dimensions [Anders]

In this study the cable zero sequence impedancalcsilated with ABB formula
(19) for high voltage cables developed by Gunnanrigy. In the formula it is assumed
that the current return path is in sheath and iithef80]

According to studies initiated by Anders Vikman\fiattenfall Eldistribution AB,
the affect of an earthing wire can be modeled sympl roughly halving the zero
sequence resistance given by the ABB equation, edsethe zero sequence reactance
should be multiplied by two. The cable zero sequemgeedance is affected by many
things and in order to calculate it with the knadge achieved up to this point, some
simplifications have to be made. Therefore it isvament to assume the zero sequence
resistance is to be half of the calculated valuemwhsing the earthing wire, according
to Vikman’s calculations. The studies were commissibto the consult organization
STRI AB and the calculations were made with the @ogMULTS.

3R, R, +R, + R, + 147 e

—_ JW”S rs Zp rS
Z,=1 R +3 In + (19)
2 ('3 2 i
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Where

Deis the equivalent penetration depth [m]

| is the cable length

re is the geometric mean radius of a conductor

Re1is the earthing resistance of the grid at terd of the cable
Re2 is the earthing resistance of the grid at terid of the cable
Ry is the ground resistancé/qm]

Rsis the sheath resistance

r¢ is the geometric mean radius of sheath

m is the permeability of a free space

wis the angular velocity
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The equivalent penetration depth can be calculatddCarson’s formula (20).

D, = 659* \E (20)

The ground resistand®, is calculated with the equation (21).

Rg = % (2 1)

Where
fis the frequency [Hz]
r is the ground resistivityyim]

It is necessary to understand that the zero sequemmedance of a cable is not an
unambiguous matter. The values might be differespedding on which kind of
presumptions are made. Though there are some mtmelgaluate and calculate the
zero sequence impedance it has never been measuredl field tests. That is why it
has not yet been confirmed whether the models suttiplifications of a certain kind are
truly valid in the zero sequence calculation. Ialreetworks, for example, the cable
might have earth connections also along the life2 llhe may not be earthed only at
the distribution transformers but also for exampleable joints. This has an impact on
the zero sequence impedance. The fact that thesegpeence impedance also reaches
different values in terms of the cable length hade taken into consideration. Some
research has been done regarding this matter.eBuéts show that for cables of certain
lengths the zero sequence impedance varies vdtg iithich is why it can be
approximated as constant depending only on theedehbth. Yet this is not measured
in a real network. In the lack of real measuredhdtte calculation has to be based on
some simplifications and assumptions. With the Kedge achieved so far, calculations
with these simplifications give fairly good resufts understanding the behavior of an
earth-fault in a cabled network. [4, 31]

3.1.3. Cable zero sequence impedance as a function  of cable length

As shown in Section 3.1 theural network has a different structure than the one
applicable in conventional earth-fault analysis. aMas inurban network the feeders
with a certain length are connected in parallelyural networks one feeder with the
same total length consists of pi-sections conneatederies. Anna Guldbrand from
Lund University has examined the influence of teeder length on the zero sequence
impedance. For a 10kV network the results wereepsesented below in Figures 3.5
and 3.6. The figures show the influence of the éedength on the absolute impedance
value and the argument depending on how the limaadeled. It is to be noticed that
the absolute value of the zero sequence impedanoetiaffected noticeably by the
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feeder length. However, the growth of the feedergile changes the impedance
argument, which means that the angle of the impmalahanges. This shows that earth-
fault current also contains a resistive componergddition to the reactive component.
This also proves that the conventional earth-fanklysis, which assumes the earth-
fault current to be solely capacitive, is insu#ict for analyzing networks containing

long, cabled feeders. Although, in these studies leen made for the 10kV network,

it is reasonable to assume that the same apptied@l the 20kV networks. [4]

Figure 3.5 Absolute value of the zero sequence impedancevaitfing cable lengths
when cable modeled by pure capacitance (solid)@rskctions (dashed). [4]

Figure 3.6 Argument value of the zero sequence impedancevaitfing cable lengths
when cable modeled by pure capacitance (solid)@sskctions (dashed). [4]

As explained in Section 2.1.1 the reactive impedantehave non-linearly
depending on the feeder length and the electribakacteristics of the phase line
material. Correction factors are used to compengaeion-linear behavior. Since the
cable characteristics differ from the OHL charastars, the non-linear behavior of the
shunt capacitance and the series inductance dlsenoe the earth-fault behavior. In
Figures 3.7 and 3.8 this influence is illustratechdunction of feeder length. [4]
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Figure 3.7 Absolute value of the zero sequence impedancevaithing cable lengths
when cable modeled by pi-sections with (solid) wittlout (dashed) correction factors.

[4]

Figure 3.8 Argument value of the zero sequence impedancevaitting cable lengths
when cable modeled by pi-sections with (solid) aittlout (dashed) correction factors.

[4]

As can be seen from Figure 3.7, the correctiorofaofluence on the absolute value
of the zero sequence impedance is insignificant.ti@n other hand, the correction
factors influence the impedance argument as seefigare 3.8. According to the
figures it can be stated that the usage of comedactors is not necessary with cable
lengths under 40 kilometers. Another method to cemspte this non-linearity is to
model the transmission line with several pi-sedidd]

3.1.4. Sequence network coupling — a bus bar fault

When examining an earth-fault in a bus bar of dranrsystem, it can be noticed that
the total impedance of the network is smaller ttienimpedance of an individual cable.
This is shown in the equations below. The impedaoic& short individual cable
consists of two considerably large shunt capac#tarand one relatively small series
impedance as shown in the equation (22). Whehort cables are connected in series as
in urban systems, the equivalent impedance is nthepart of the total impedance,
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which is shown in the equation (23). Therefore bsg¢hies impedance and the shunt
capacitances are oméh part of the impedances and admittances of awichéhl cable.
This is represented also in Figure 3.9. [4]

Lo eqiy = Yl +Z, I Yl = l/lf: +Ry, +juky; [/ I/Ii: (22)
0p 0,0 J 0,i J 0,i
Zoey .1 2 . 1 2
7 =0 = £ LR +inb. /= 23
0,eq(n) n n jV’/C:oyi RO,| J 0,i n j’/lf(:o’i ( )

Where
Co, is the capacitance of a single feeder
Lo, is the inductance of a single feeder
Ry,iis the resistance of a single feeder
Yo, is the corrected shunt admittance in zero sequegiveork
Zyeq()iS the equivalent zero sequence impedance of tedeeder
Zyeqn)iS the equivalent zero sequence impedancefeéders
Zy is the corrected zero sequence series impedance

If the length of an individual feeder is limitedhigh is the case when talking about
urban network, the zero sequence series impedance is negligildemparison with
the shunt capacitance. This is because the rel@tween the zero sequence series
impedance and shunt admittance is equal to thdiaelaf an individual feeder.
Moreover when the zero sequence series impedanueglgyible, it causes no voltage
drops in the zero sequence network. Therefore ¢éhe gequence voltage is the same
throughout the network i.e. the neutral point dispiment voltage in the networks
neutral point and the zero sequence voltage inother parts of the network are the
same. The positive and the negative sequence netwan be neglected. [4]
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Figure 3.9The coupling of the urban network during a bus earth-fault. } is the
earth-fault current, Ris the fault resistance,dds the neutral point displacement
voltage and (is the phase-to-earth-voltage. [4]

However, this is not the case when the feeder lergghot limited. A single long
radial can be considered as a series connectigpi-eéctions as introduced in the
beginning of Section 3.1. As the pi-sections aneneated in series, the zero sequence
series impedances are connected in series accaalithge equation (24), unlike in an
urban network The total zero sequence series impedance isfoheretimes the zero
sequence series impedance of a single pi-sectioa.sfiunt admittance is oméh part
of the shunt admittance of a single pi-section.sTikishown in the equation (25). The
series impedance and the shunt admittance can lbeledoby using the correction
factors or by using several pi-sections. The pesidind the negative sequence networks
can be neglected. [4]

2 , 2
Zoeqivng = Zoeq) //J'TOJ +Ry; + juky, /- - (24)
Zow > Nog)
1 1 (25)
»
YO(n) nYO(i)

Where
Yo Is the admittance of a single feeder in zero secpiertwork
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Yom) is the admittance of feeders in zero sequence network
Zy is the zero sequence impedance of a single feeder
Zymyis the zero sequence impedance téeders

According to the equation (25), the shunt capac#astecreases as the length of the
cable increases, whereas the zero sequence sepeslance increases. Therefore the
zero sequence series impedance is not necessegligible. The non-negligible series
impedance causes a resistive component to the-faafthcurrent which cannot be
compensated with the usage of Petersen coil. The sequence current also causes
voltage drops over the non-negligible zero sequeseces impedances. Therefore the
zero sequence voltage is not the same througheutdtwork. During a solid earth fault
at the bus bar the neutral point displacement gelia in the magnitude of the pre-fault
phase-to-earth voltage. Because of the zero sequasitage drops in the network, the
zero sequence voltage at the end of a single réekaler may vary depending on the
network structure. The zero sequence voltage aettteof the feeder, and the phase
angle as a function of feeder length are repredemerigures 3.10 and 3.1The
figures are also for the 10kV network examined bynA Guldbrand, but it is to be
assumed that the same kind of behavior can bedised in the 20kV networks. [4]

Figure 3.10The zero sequence voltage at the end of the feledierg a bus bar fault, in
respect to feeder length. [4]

Figure 3.11 The phase-angle of the zero sequence voltage peceso cable length.

[4]
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It is to be noticed that because the voltage dampdireal as well as imaginary part
(the cable zero sequence series impedance coosistsistive and reactive parts), the
voltage at the end of the feeder may not necegdagilsmaller at the end of the feeder
but may also be slightly larger than in the bus pYr

3.1.5. Sequence network coupling —an end of the li  ne fault

When the fault is at the end of the feeder in danrsystem, the equivalent coupling of
the sequence networks is like in Figure 3.12. Tdrees impedance is negligible and the
positive and the negative sequence networks camepkected. The fault location does
not influence the earth-fault behavior, because dhaivalent impedance is purely
capacitive and there are no voltage drops alondetbaer. The situation is similar to the
bus bar fault case in amban network[4]

Figure 3.12 The coupling of the sequence network when the i@t the end of the
feeder in urban network. [4]

If the fault is at the end of the line imaral network the equivalent coupling of the
sequence networks is like the one presented inr&igul3. As can be seen from the
figure also the positive and the negative sequemte@orks are connected to the zero
sequence network unlike in the case in which thdt faas at the bus bar. From this
follows that the voltage drops in the positive andhe negative sequence networks
influence the zero sequence voltage at the fautit pdhis means that the zero sequence
voltage at the fault point differs from the predtgophase-to-earth voltage value. As the
zero sequence series impedance is non-negliglieyaltage drops also over the zero
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sequence series impedances. Therefore the newfrdl gisplacement voltage differs

from the zero sequence voltage at the fault poiie voltage drop over the zero

sequence series impedances depends on the magpittiezero sequence current and
the phase-angle of the current in addition to thegmitude of the equivalent zero

sequence series impedances. Therefore also thenketmpology and the fault location

affect the earth-fault behavior. [4]

Figure 3.13The coupling of the sequence networks when theisaal the end of the
feeder in a rural area network. [4]

The compensative current is produced at the bubybtre centralized Petersen coil.
The magnitude of the inductive current generatedii®y coil is determined by the
neutral point displacement voltage, which accordiaogthe conventional earth-fault
analysis is determined by the fault resistancetardheutral point resistance only in a
tuned system. This leads to an assumption thaP#tersen coil can be dimensioned
according to the known earth-fault current produlbgdhe cable and the only resistive
losses are due to the neutral point resistancetf@néetersen coil losses, which again
are proportional to the generated inductive currigit

From the previous examples it can be noticed thatdarth-fault current is not
solely capacitive and the zero sequence voltages/ar rural area networks depending
on the feeder length and the network structureré&fbee the Petersen coil cannot be
dimensioned without taking the fault location intmnsideration. If the coil is
dimensioned using the conventional assumptions, cygacitive and the inductive
current may not correspond as planned. Additiondllthe coil is dimensioned to
correspond to a fault in the bus bar, the earth-faurent is compensated differently if
the fault is somewhere else in the network. [4]
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During an earth-fault at the end of a long, ratkalder the positive and the negative
sequence networks affect the earth-fault behavVibe. fault current is smaller when the
fault is at the end of the feeder, and the voltdg®s over the series impedances in
positive and in negative sequence networks redhee/dltage at the fault point. From
this follows that as the cable length increases,vititage at the fault point decreases.
Now as the zero sequence voltage also drops oeenah-negligible zero sequence
series impedances, the neutral point displacematage may be considerably smaller
than the zero sequence voltage in the fault p@péeally with cables that have a large
resistance. This may lead to difficulties in detegthigh impedance earth-faults
because the real neutral point displacement volséglee bus bar, from where the relay
gets the information, is smaller than the expeetdthge. When the system consists of a
branched feeder the effects on the earth-fault \behare somewhat similar to the
effects in the case of a radial feeder, but leserse [4] It must, however, be kept in
mind that all these features represented in thistise depend on the cable
characteristics.

During a bus bar fault, the load has no influennettee earth-fault behavior. This
means that the positive and the negative sequegteerks are negligible. During the
end of the line fault, however, the positive ané ttegative sequence networks are
connected to the zero sequence. The level on whiehoad influences the earth-fault
depends on the load size and the phase of thengaetiance, the fault impedance and
the system structure as well as the neutral pajotpenent impedance. The larger the
current is in the positive sequence network thgedarthe voltage drop across the
positive sequence network series impedances. Hnaidlows that the zero sequence
voltage at the fault point is smaller and the faultrent is also affected. If the fault
impedance is large, the earth-fault current will be largely affected by the load. The
earth-fault current may also vary depending onctidde characteristics and the network
structure. [4]

It is to be noticed, that the assumption used inveational earth-fault analysis
cannot be applied when the network consists of longerground cables. The earth-
fault behavior irrural networls differs from that of a system with several slieeders,
and that is why the new analysis is needed. Intmadio these factors which change
tremendously the conventional earth-fault analysig critical observation has to be
made — the resistive earth-fault current cannotcbmpensated with the usage of
Petersen coils. This may cause danger to humansoaadimals. Why the earth-fault
current is dangerous to people, is discussed itidde8.2.

3.1.6. Resonance in rural area networks

It is also convenient to discuss resonance. In emsgted networks the coils are rarely
perfectly tuned to match the capacitive currentpo@d by the shunt capacitance of the
network. This is because in perfectly tuned systémese is a danger of reaching the
resonance frequency. This would lead to an incceaseutral point displacement
voltage during normal operating conditions. [32]
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In traditional OHL networks the feeder lengthswihich the fundamental frequency
resonance is reached, are extremely long. Thathig the fundamental frequency
resonance in OHL networks is rarely of practicakeiast. The resonance length is
determined by the line characteristics, and asé#iide characteristics are very different
from the characteristics of an OHL, the resonarcgths are therefore different from
those of the OHLS'. [4]

Although the fundamental frequency resonance ihechbetwork is achieved with
considerably shorter feeder lengths, it is notraicpcal interest because the lengths are
still fairly long. The resonance in harmonic fregaes, however, is an issue worth
considering. Because of the charging and dischgrgiraracteristics of the cable and
the Petersen coil, the cabled and compensated retvexperience harmonics more
frequently than the OHL network. Studies made byn&rGuldbrand from Lund
University showed that in 10kV networks the 300lsanance is achieved only with
cable lengths of 20-30km while in traditional OHhds the resonance length is 200km.
In these cases, the lines are considered lossghvdiso affects the resonance length.
According to an estimation considering the lindassless when defining the resonance
length may lead to errors of 60% in case of a chbiwork. [4]

3.2. Growth of the earth-fault current

From the network operator point of view switchirf§tbe earth fault is not critical. This
is because in the network, earth-fault can be s&ea voltage reduction in the faulty
phase and as a voltage rise in the healthy phasteaugh there is asymmetry in the
network, the phase-to-phase voltages, as wellea®td currents, in the secondary side
of the low voltage transformers stay normal duthtodelta-star —connection. Therefore
the fault is not necessarily noticed by regulartaoners. The fault current may also be
small enough not to damage the equipment. [1] Amytibe rise in voltage to earth can
cause dangerous situations if a person or an argetalin contact with the energized
network parts. These are the network parts, whicharmal operating conditions are
earthed, but which become energized as the risenseguence voltage is applied over
the network components and the normally earthets.par

The voltage a person experiences is a part of dftage to earth and is called the
contact voltage &b. [5] A rise in voltage to earth in medium voltagetworks is
reflected as a rise of contact voltage even indhevoltage network and can therefore
cause danger to regular customers. [1] AccordinglB@-standards 95% of the
population has a body impedance of 105kssuming the contact areas are large and the
voltage applied over person’s body over 1000V. bbdy impedance, however, is non-
linear. As the applied voltage is 100V, 95% of gupulation has a body impedance of
3125 . [4]

The voltage to earth, the contact voltage and stéages are represented in Figure
3.14. The line V represents the potential riseechusthe energized network part. The
figure shows how the voltage is applied through libenan body when touching or
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standing near the energized network part. Wherexample, standing near an earthing
electrode, the potential difference between persieet may cause an electric shock.
This is called the step voltagéd, and it is caused by the varying earth potentérn
the electrode. [5]

Figure 3.14The potential rise near the energized network pdgtis the step voltage,
Urpis the contact voltage and.lihe total voltage to earth. [5]

When there is an earth-fault in the network, thikage is applied from the network
neutral point to the ground. This voltage dependshe fault resistance and also on the
fault point and the network structure as was preeskeim previous sections. It is crucial
to disconnect the faulted network part as soonoasiple, because the voltage applied
from the energized network point to ground may eadanger to people or animals.
When a person gets in touch with a live networkt,parvoltage is applied over the
person’s body. Because of the specific impedandeeohuman body, this voltage will
create a current, which can cause severe consespiémdche person. Even a 5mA to
10mA current through human body can cause muscuenps, which can lead to the
person’s incapability to loosen oneself from thergized equipment. Depending on the
duration of the current the consequences can be deamgerous. With a current rate
from 20mA to 40mA a person will experience respirgtproblems, and depending on
the duration of the exposure, even a 50mA currantlead to a ventricular fibrillation
and to asystole. [4] Therefore it is important eodble to detect the earth-faults and to
disconnect them quickly.

3.3. Growth of the reactive power

As introduced earlier, the cable can be representttda pi-section in which the shunt
admittance represents the capacitance to earthefbine the cable can be considered as
a capacitor, which generates capacitive power. Bec#he capacitance in the cable is
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much larger than in OHL, the generation of the tigacpower is much larger in the
cabled network. [14; 33]

As the cabling increases in the rural distributi@iwork, it has to be noticed that
the generation of the reactive power increases. dlbis is due to the capacitive
characteristics of the cable. As the cable candmsidered as a capacitor, the current it
produces is capacitive and the power is therefa&ctive. This reactive power
influences the voltages in the distribution netwbrkt also in the overlying network
though usually the network manager aims to keepdhetive power transfer over the
main transformer at zero. Therefore it is commotintit the reactive power locally in
the distribution network. According to Elforsk reptNatkonsekvenser vid kablifiering
av luftledningnat” a 260km long cabled 24kV netweoduld generate 8Mvar of reactive
power when operating with no-load. The losses wdaddabout 0,26MW. When the
load is connected, the reactive power flow throtlghtransformer drops. Even though
in the Nordic network the feeder lengths may nathethese values, this shows that the
reactive power needs to be controlled when themgloicreases extensively. With long
cabled networks one solution could be shunt reactorlimit the exchange of the
reactive power between the distribution network enedregional network. [33]

The transfer of the reactive power causes lossaghware in proportion to the
feeder length. Naturally it is therefore not praffike to transfer reactive power over long
distances. This can be limited with the right phacof the shunt reactors, which will
also reduce the reactive power surplus in the pwvey] regional network. The total
losses can be calculated when the total loadsrarenk but for example in a situation
where the load is strongly inductive, the losses rmuch smaller because the cable
produces the reactive power which the load consum&sen this kind of inductive
load disconnects from the network, the reactive grosurplus increases and therefore
the losses increase and the voltage level mayfheented in the distribution network.
In addition to shunt reactors, the losses anddhetive power surplus can be limited by
using 24kV network cable in a 12kV network, becaitseas a lower capacitance to
earth values than 12kV cable. [33] However thipassible only in Sweden, because in
Finland the distribution network operates in 20RViis is discussed more in Chapter 4.

As noted earlier the usage of cable influences/diage level. This is illustrated in
Figure 3.15. [33] In the figure the beginning oétfeeder is OHL and the rest of the
feeder is cabled. When the feeder operates in a-tw the load is very small, the
voltage in the end of the feeder rises.
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Figure 3.15Voltage rise due to the small loading in the pacdpled feeder. [33]

According to the Elforsk report, the largest vodaise at the end of the feeder is
reached when one third of the feeder near theostadi OHL and two thirds are cabled
out in the network. This is because of the genematif the capacitive power in the
cables and the reactance of the OHL. This voltésgein the distribution network may
also influence the voltage levels on low voltagdesiwhich may cause danger to
customers. The voltage level is normally controledthe station with on-load tap-
changer and automatic voltage regulators. Howetres, equipment has their own
adjustment ranges and the voltages have to beelingtso in the network so that the
voltage regulators are able to adjust to their oange. This way the operating voltage
across the network could be maintained at the waeteel. The voltage rise due to the
extensive cabling is examined in Section 6.3. [33]

In Sweden the reactive power generation may alagssecgproblems in 10kV
networks where relatively small transformers aredusiVhen the network is almost
purely cabled, it produces more reactive power thiam transformer can handle.
Therefore limiting the reactive power generationingortant in the future, as the
cabling increases. [31]



4. MEDIUM VOLTAGE NETWORKS IN FINLAND
AND IN SWEDEN

Both the Swedish and Finnish power systems are gfathe Nordic power system
together with eastern Denmark and Norway. The Nopdwer system is connected to
the European power system and power systems imiBstnd Russia with direct
current connections. In July 2009 eight Europeami/oountries around the Baltic Sea
signed a Memorandum of Understanding, which promdtee integration of the
electricity markets around the Baltic Sea. Thegrdgon aims at improving the energy
supply security in Baltic countries and integratithg Baltic energy markets in stages
into the Nordic electricity markets, which requirds®e development of the Baltic
transmission systems to correspond to Nordic tréssan systems. The electricity
market integration will clarify the roles of the ssgm operators in the Baltic area,
promote the cross-border electricity trade andréate a balanced system covering the
whole Baltic area. [5; 34]

The structure of the Nordic power system is the esamwverywhere in the Nordic
countries: the system consists of power plants, rtten grid, regional networks,
distribution networks and consumers. The main geads owned and maintained by
national companies, in Finland Fingrid Oyj and imeflen Svenska Kraftnét. These are
called the system operators. Fingrid Oyj was fodnie1996 and it owns the 400kV
and 220kV transmission systems and some of the \lI@k&work. The rest of the
110kV network is owned by the local energy compsnie Sweden the corresponding
company, Svenska Kraftnat was founded in 1994 amivihs the 400kV and 220kV
systems. Even some of the 220kV systems are ownedchl energy companies like
for example in the Stockholm area Fortum Abp. Thsktof a system operator in
addition to maintenance, operation and developroétite transmission network is to
take care of cross-border connections, assurestimical functioning of the main grid
and maintain the network power balance. [3; 35]

In Finland the used voltage levels are 400kV, 220nd 110kV in the main grid
and in the regional network. In Sweden in additio@00kV and 220kV systems there
are 130kV, 70kV, 45kV and even 30kV regional netsgoiThe distribution networks in
Finland consist solely of 20kV network whereas imeflen the used voltage levels in
distribution networks are 20kV and 10kV. Even 6l8/uised in some part of Sweden.
The low voltage level in both countries is 0,4kV.
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4.1. Regulators in the Nordic

At this point it might be useful to take a quiclokoat the regulators both in Finland and
in Sweden. The regulations concerning network ptae are presented in Section 4.2.
The European Union gives indicative regulationsgeatives, which have to be included
in the national legislation in every EU-country. time electricity industry the most
important directives are the Low Voltage Directi@ed the EMC-Directive, which is
concerned with the electromagnetic compatibilityra electric equipment. [36]

The worldwide standards in electricity and eledomdustry come from the
International Electrotechnical Commission (IECWwhich both Finland and Sweden are
full members. These standards are the basis ohdkienal regulations. International
standards are not mandatory standards but moresofgestive type of standards. On
the European level the standardization is made Hey European Committee for
Electrotechnical Standardization (CENELEC). It worddosely with IEC and the EN-
and HD- standards are mostly made based on thest&@rards. In CENELEC the
member countries are represented by the natiomabatdization organizations. The
representative of Finland is the Finnish Electrbiécal Standardization Committee
(SESKO Ry) and the representative of Sweden is Si#hsk Elstandard. SESKO Ry
is a member of Finnish Standards Association (SWBigh brings the international and
European-wide standards into the Finnish legigtatibhe validation of the Swedish
standards is made by SEK Svenska Elstandard (8K)38]

The security with electricity-related work is suygised only at the national level. In

Finland the supervision is made by the Safety Teldgy Authority (TUKES RYy)
which is an agency working on the administrativet@eof the Ministry of Employment
and the Economy. It supervises and promotes teshrsafety culture and the
surveillance reaches from product safety supemigito the surveillance of the safety
of electricity installations. The corresponding mgein Sweden is the Swedish national
electrical safety board (Elsdkerhetsverket), whiebrks under the Ministry of
Enterprise, Energy and Communications. [36, 39]
The electricity markets are also supervised. Irdrith this is done by the Electricity
Market Authority (EMV), which works under the Minrg of Employment and the
Economy. The corresponding authority in Swedenhis Swedish Energy Market
Inspectorate (Energimarknadsinspektionen), whichrkevounder the Ministry of
Enterprise, Energy and Communications. [40; 41]

4.2. Legislation

Network owners have a great responsibility to ptheir customers from dangerous
over-voltages both in normal operating conditionsl & fault situations. One of the
fundamental aspects of network building is themfor limit the access of unauthorized
personnel into the area or space that contains Viffage facilities and to limit the

consequences of network faults. Network companiesso obligated by law to ensure
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the customers’ safety. Swedish Elsdkerhetsverffetsr¢o this as good electrical safety
practice. [42]

In Sweden the obligating regulation for high vottaipstallations is ELSAK-FS
2008:1. The corresponding regulation in Finlan&kS-6001. Both regulations define
the high voltage as over 1kV in alternating curréh€C) and over 1,5kV in direct
current (DC). Requirements concerning high voltBgefacilities are stated in different
documents and are not in the scope of this thesik.\f42; 43]

For short-circuit faults the regulations do notegany specific demand. SFS-6001
states that the installations must be planned,tnmied and assembled in a way that
they endure all mechanical and thermal stress dabgea short-circuit fault. The
installations must also be protected with automatjcipment, which switch off the
short-circuit faults between phases. SFS-6001 dgfihe short-circuit standard duration
time as 1s. Other recommendable values are 0,50aBdseconds in which the
equipment should switch off the fault. ELSAK-FS 80D does not define any values
for short-circuit duration but otherwise speaks wbgood electrical safety practice,
which among other aspects includes the demandsimg @and constructing high voltage
systems in a way that they do not cause hazardbsuiman or animal safety during a
fault or normal operation. It also states thattiuh the circuit should not damage the
network equipment. ELSAK-FS 2008:1 also refershiese aspects when defining the
fundamental principles of electrical safety. [43] 4

For earth-faults regulations give more detailedunesments. This is because an
earth-fault in high voltage networks can creategeanus voltages even to the LV
network, which thereby may lead to damages in L\Wigment and danger for
customers. This is also where the Swedish and $hnrestrictions differ from each
other. The SFS-6001 gives the limiting contactagdt values respective to the duration
of the fault current, whereas the Swedish ELSAKZB88:1 gives exact values for the
whole voltage to earth. Figure 4.1 illustratesfivaish requirements. [42; 43]
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Figure 4.1 The touch voltage respective to the current doratime [43]

The practical planning is therefore based on caontaltage values, which have to
be limited according to the curve above. The steh@&S-6001 recommends that the
earth-fault should be switched off automaticallheTHV system and LV system can
have a common earthing if the contact voltagesMmetworks are limited according to
Figure 4.1 and if the potential rise (stressingrexadtage) at the neutral point of the LV
system does not exceed allowed values. [43]

The HV and the LV systems may also be separatethezh In this case, the HV
network earthing must be connected to a univemdhimg system. If not connected, the
LV system is recommended to have a common groundimg the prerequisites for TN-
systems listed below must be fulfilled. In TN-sys& one point in the network, usually
the distribution transformer’s neutral point istead and all the live network parts are
connected to this point via a protective condudus, 44]

If the LV system is earthed only at the feedingnpofor example a
transformer, the value of the voltage to earth @ahay not exceed the

touch voltage values given in Figure 44, £U ;.

If the protective conductor or the PEN-conductoe#sthed at several
points in the network, the voltage to earth valugyrbe two times the
maximum touch voltage value given in Figure 4J1, £ 2U,.
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If every branch in the LV network is earthed, tratage to earth value
may be four times the maximum touch voltage vaivergin Figure 4.1.
U,£4U..

These demands are based on the Harmonization Dotcw68@ (HD-637) made by
CENELEC but they are applied for Finnish conditiolmbe recommendable period of
time to check the voltage to earth values is sarye[43]

For LV networks the Swedish legislation regarditgctical safety states that all
systems shall be built as TN-systems. The ELSAK2B88:1 has requirements about
the phase-to-earth voltage, whereas the Finnishlilaits the voltage a person may
experience. The requirements are illustrated imféigt.2. [42] The ELSAK-FS 2008:1
also states that in non-solid earthed HV-systeramgle- or double earth-fault should
be switched off automatically, excluding HV-systeamgler 25kV, which do not include
any OHL. In these cases the earth-fault proteatiay be only automatically alarming.
[ELSAK]

Figure 4.2 The Swedish requirements for the phase-to-earttag® during an earth-
fault. [42]

ELSAK-FS 2008:1 states, that in non-solidly earthegtworks, which include
strengthened OHL, coated OHL or over-head cableowit sheath or contact protection,
the earth-fault protection should be as sensit&vpassible. Faults with fault resistance
values up to 5000 shall be detected. If the network includes sonmermtype of OHL
than listed in the previous sentence, the earth-faaotection should detect faults with
resistance values up to 3QUWO0In an area that does not have a detailed plantype of
network may contain a few spans of coated OHL withmaving the requirement of
fault detection up to 5000. [42] SFS-6001 does not include any requirementgdrth-
fault protection sensitivity. There are, howev&cammendations made by the Finnish
Electricity Association (SENER Ry), which state ttithe earth-fault protection must
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function up to 50WV in fault resistance value when the earth-faultuogdn a network
part with no protective grounding. It is also recoendable, that the earth-fault
protection would operate during higher fault remise values than 5@ For coated
OHLs the publication states that the earth-faulith iault protection should function
with the highest sensibility that is possible tdiage regarding the limitations set by
the protection equipment. [45]

4.3. Network compensation

The distribution networks in Sweden are almostrelyticompensated. In Finland the

compensation has also increased for two reasorsd.dfiall the compensation helps an
arcing earth-fault to extinguish by itself as wassented in Section 2.3.4. Therefore the
breakers may not need to function and the netwoes ot experience a power cut.
This improves the quality of delivery from the ausers’ point of view. Second, the

increasing cabling will increase the capacitivettedault current, which has to be

compensated. Large earth-fault currents may leadddngerous overvoltages in

energized network parts. This section represergsctmpensation in Finland and in

Sweden.

4.3.1. Centralized compensation

The major difference influencing the compensatiod ¢he network protection is the
earthing type of the network. Although the basicudure and the construction
principles are quite similar in Finland and in Seedthe voltage level and the network
earthing type separates these networks from edwdr.ofhe network earthing not only
influence the neutral point equipment but it alss fa major effect on how the earth-
fault current passes through the zero sequence.

In Finnish networks the upper side of the main gfarmer, the 110kV side, is
earthed only in some particular points defined lnygkd Oyj, so basically the upper
network can be considered as isolated. This mdaatstiie earth-fault current has no
route to drift from the upper side to the distribatside in case of an earth-fault in the
110kV network, and vice versa. The transformersyateoupled, which means that the
distribution side is delta-coupled with no neutgint and isolated from earth.
Therefore in order to be able to connect a neyoait device to the transformer the
neutral point has to be created. This is done witieparate transformer, which usually
is Znyn-coupled. The compensation unit is connetiettis neutral point transformer’s
primary side via a disconnector. This makes it fimsgo disconnect the coil from the
network if the coil for example is damaged for someason. The secondary side is for
the LV distribution at the station. Because thetraupoint is made with a separate
transformer, the earth-fault current cannot ac¢besmain transformer, which would
raise other problems as will be introduced beloigufe 4.3 represents the neural point
device used in Finland. On the right is the Peters®l and on the left the neutral point
transformer. Between the neutral point devicebésdisconnector.
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Figure 4.3 An earthing transformer (left) and the Petersenl ¢oght). Between the
neutral point devices a disconnector.

In Sweden the main transformers are usually Ynympted. There is, however, a
small difference between the 130kV network and #8kV and 40kV network. 70kV
and 40kV network are separated in zero sequence whereas in 130kV network the
zero sequence current can flow from the distribusime to the upper voltage side. This
causes the earth-fault current to behave littledehtly. [31]

When an earth-fault occurs in 70kV network (uppeltage network separated zero
sequence wise) the zero sequence current stdftsvtoThe zero sequence current has a
route to the transformer because the distributide sf the main transformer is earthed.
As the zero sequence current enters the transfpiimereates a zero sequence flux.
Because the upper voltage side has no connectitimetaero sequence, the magnetic
balance is not gained. In order to gain the baldmggin, the transformer would have to
increase the flux on the upper voltage side, whicluld create a current also to the
upper voltage side. This current could cause thpeuide earth-fault protection
devices to function causing a false disconnec{®h].

As there is no magnetic balance, the zero sequituncexits the transformer core
and closes trough the transformer tank. This wahmstank up creating active losses.
These losses add up to the resistive current ctebyethe zero sequence series
impedance of the cable, and the total resistiveeatiflow in the network increases. As
introduced earlier, the resistive earth-fault catreannot be compensated which is why
it may endanger customer safety. [31]

When the zero sequence flux created by the zeroeseg current warms the tank
causing active losses, the zero sequence impeddnite transformer seen from the
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distribution network, is large. In extensively aadblnetworks, where the zero sequence
currents are large, the voltage drop over the toamers zero sequence impedance may
be as high as 10%. Now when a large Petersensaibnnected to the transformers
neutral point, the voltage drop is also over théeRen coil. As the coil creates an
inductive current in respect with the neutral pointtage, and as there is a significant
voltage drop over the neutral point, the Petersehi< not able to produce the amount
of inductive current, for which it has been dimemgd. This leads to a situation where
the capacitive current is not compensated as pthnméich may also endanger
customers, as the actual earth-fault current flgwin the network is larger than
expected. [31]

The phenomena described above can be controlledndiglling a stabilizing
winding into the transformer. This is usually atdelvinding, which creates the
magnetic balance in case of a zero sequence camesring the transformer. By using a
stabilizing winding in networks, in which the uppeltage network is separated from
the distribution network side in zero sequence wile false relay functions in upper
voltage side may be avoided. Also the resistiveerurflow in the network is restricted
and the compensating devices function as plani3adl. [

The situation is different, if the networks are geated in zero sequence wise, as the
130kV network in Sweden. In this case, as an datilt-occurs in the network and the
zero sequence current enters the transformer, #gnetic balance is maintained and
the zero sequence flux does not exit the transfoloee. As the flux is not closing
trough the tank, the tank is not warmed up andtiize losses are not created. Also the
zero sequence impedance of the transformer, seentfre distribution network is small
and there is no significant voltage drop over tkatral point. However, an earth-fault
in 130kV network may cause dangerous voltage nmsecampensated distribution
network. This is because in case of an earth-faulB0kV network, the zero sequence
network in 130kV side and in 20kV side are conngct€he capacitance of the
distribution network, the transformer inductance #me Petersen coil inductance create
a series resonance circuit, which may cause thtages in distribution network to rise
dangerously high. This is, however, usually pregdnby the fast functioning of the
primary side protection. [31]

All these things have to be taken into considenatithen planning the network and
dimensioning the neutral point equipment. The sié is restricted by the rated current
of the transformer if the transformer does notudel a stabilizing winding. Also the
resistive current due to the transformer tank wagntias to be taken into consideration
as well as the voltage drop over the neutral pdihese are mainly the reasons why in
Sweden the whole earth-fault phenomenon is studiee thoroughly than in Finland.

In both countries, the Petersen coils are automifti@djustable. In Sweden the
network is operated approximately 2-10A over-conga¢ed. [14] Behind this practice
is the idea that it is more likely for some netwgdt to disconnect from the network,
which may lead to the network to reach its resoagmunt. In Finland the network is
operated slightly under compensated.
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4.3.2. Distributed compensation

In order to avoid the increase of the resistivaentrcomponent during an earth-fault,
distributed compensation is needed. The Petersdnisousually located in the
distribution transformer’s primary side. This wélsistrated in Section 2.3.3 in Figure
2.21. The amount of inductive current created m ¢bil is fixed. It is recommended
that the distribution transformers would be Zn(dppupled (in which delta is a
stabilizing winding) or ZnznO-coupled. These congf give the magnetic balance to
the transformer in case of an earth-fault at L\Vesibhich means that the earth-fault
current does not pass to the primary side causiagobssibility for the protection to
function erroneously in the upper voltage side.sEhypes of transformers have also a
low zero sequence impedance, which is desirabléhiiV transformers because the
zero sequence impedance also contributes to tistiveszero sequence current. It has
also been examined whether the Petersen coil idigtgbution transformers could be
used as a shunt reactor. In this case, the devicgdwproduce inductive power to the
network during normal operating conditions and thosipensate the capacitive power
produced by the cables, but it would also funcasna Petersen coil, compensating the
earth-fault current. This possibility has been exeu in recent years, but as yet there
are no commercial products. [46]

4.4. Network protection

It is necessary to protect customers from dangeowes-voltages and to prevent the
damages in the network equipment. Network compaaresobligated by the standards
to meet the certain reliability and quality demamushetwork protection, which also

assures that the network stays stable during ated &ults. Among other things,

protection should be selective, which means that tihre smallest possible part of the
network is disconnected. The whole system shoulgrbeected, which in some cases
requires overlapping protection areas. Sectionl4shortly introduces the short-circuit
protection and Section 4.4.2 the earth-fault prtatac[2]

4.4.1. Short-circuit protection

The main purpose of the short-circuit protectioioiensure safety. In addition to this
one of the aims is to prevent network equipmennfleing damaged in case of a short-
circuit fault where the fault currents are largel amontain transients that can stress the
equipment. It is important to assure the thermal aynamical durability of the
equipment in order to prevent malfunction. Shortt protection also disconnects the
faulty network part from the network and ensures shfety of the network users and
the customers. [1]

The short-circuit protection is usually executedhwover-current relays which
usually have two or three tripping steps. One ikedathe momentary tripping that
functions with a large short-circuit current andté& than the other steps. This ensures
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that the equipment near the station will not exgrese too large short-circuit currents.
The momentary tripping is also used with the statizain breaker to protect the bus
bar. The other protection steps are usually sl@amerthey function with a lower current
value. The lowest value the relay needs to degettte two-phase short-circuit value in
the furthest end of the network the station fegs.

The automatic reclosings (auto-reclosing) are usesblve the faults in the OHL
network. A reconnection means that the breakentisnaatically closed after the breaker
has disconnected the faulty network part. Accordmghe Finnish fault statistics from
2008 in the rural network, 58% of the faults weteaced with a high-speed auto-
reclosings and 21% with delayed auto-reclosings.

In the high-speed auto-reclosing the network gartan-energized for less than 0,5s
after which the breaker is steered to close inrordeestore the electricity. If the fault
does not disappear, the relay trips again andssteerbreaker to open. The system stays
non-energized from one to three minutes dependinthe relay settings after which the
electricity is again restored. If the fault stdéimains, the relay trips a third time but this
time the fault is permanent and needs locating amghiring. [1; 2; 47] The
reconnections are rarely used in networks congistiainly of cable, because in these
networks a cable fault is usually a permanent fdaolthese cases the reclosings may
stress the network and therefore may cause moreresedamages to the cable.
Sometimes the usage of high-speed auto-reclosimpéis the customers’ devices and
therefore in some feeders only the delayed autosin is used. Some industrial
facilities, for example, can endure the longer gatavhereas the shorter outages may
damage the equipment.

The network may contain more than one protectiagest This is for example the
case if there is one 20kV feeding and there is dchkimg station in the network.
Another example is a network with one 20kV feedamgl a 20kV/10kV station in the
network or a network may contains for example dossr, which forms one extra
protection stage in the network. This will be dssed more in Section 4.5. Of course
also the upper voltage network must be taken imtasicleration when planning the
short circuit protection. But, when examining ot distribution network, in order to
gain a selective functioning, the current threshatles in the 20kV feeder protection
must be set higher than in, for example, the switglsubstation. Also the tripping
times must be set higher. This is because if atsi@uit fault occurs further in the
network behind the switching station or the 20k\KAtGstation, it is desirable for the
protection device in that station to operate fifghis is called selectivity, when the
protection disconnects a smallest possible amotititeonetwork, as the fault occurs.
When the networks contain several protection stages tripping times can grow
unacceptably long, which may be dangerous. With enodnumerical relays, the time
delay between two protection stages is around 150fmene wants the network
protection to function selectively. [2]
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4.4.2. Earth-fault protection

As noted in Section 2.1.2 the earth-fault curransolated networks is capacitive which
means that the current is approximately 8B8ead the voltage. Therefore the directional
feeder protection is based on the measurement rof sequence current and neutral
point displacement voltage at the neutral point Hre phase-angle between them.
Zero sequence current can be measured with a saoneciion of current transformers
or by using a cable type current transformer. Téetnal point displacement voltage at
is usually measured from the delta-connection ef\bltage transformers’ secondary
windings. [1]

Figure 4.4The current flow in the earth-fault. [48]

The protection has to be selective, which means ttie relay has to be able to
function only when a fault occurs and only in it8rotarget area. As shown in Figure
4.4 the fault current flows from the power stattorthe fault point. On the contrary in
the healthy phases, the fault current flows towdnéspower station, which means that
the phase-angle between the zero sequence cunérih@ neutral point displacement
voltage in the healthy phase is opposite to thes@tagle in the faulted phase. This will
be demonstrated in Chapter 6. So the relay, intiaddio observing the zero sequence
current and voltage, observes the angle between, tivich according to Figure 4.5
is90°- Df </ <90°+D/ . [1] In the figure Uy represents the neutral point

displacement voltagey is the zero sequence current, is the angle between thepy

is the basic angle and the tolerance. The tripping happens when the aisgie the
represented tripping area marked with red. [12]
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Figure 4.5The phasor of the earth-fault current in an isothteetwork

The threshold value should be set so that thessaence current, which is close to
zero in normal operating situation, would not catise relay to function. The relay
should awake after the threshold values have beached, and after a specific time-
delay, presuming that the relay is still awakenedives a signal to the circuit-breaker
to function. As a result the customers experienh@h-speed automatic re-closing or a
delayed auto re-closing which means a short inpéion in electricity. [12]

As in isolated networks, the directional earth-faarotection is implemented with
phase comparator relays also in compensated netwémkcase of a compensated
network the zero sequence current is not aheadhef vbltage because of the
compensation, and therefore the protection hastbdsed on a different phase-shift
than in isolated networks. [1]

In compensated networks the protection is accolglihgsed on the active current
component with the phase-shift+ D/ . This current is normally caused by resistances

of the phase lines and resistive leakage currenthef network. Usually an extra
resistance is used in parallel with the Peterseh The idea of this resistance is to
magnify the active current component of the fauitrent so that the relay is able to
detect the fault and function. [1] The resistane@ de continuously connected, or
connectable in earth-fault situations. [12]

When the earth-fault current flows through the Bsete coil as an inductive current
it compensates the capacitive current the lineslyre. Thus the phase-angle of the
earth-fault current and the zero sequence voltag®.iAs a result, the relay awakes
when certain threshold values of the zero sequengeent and the neutral point
displacement voltage have been exceeded, and wherangle between them is
0°- D <j <0°+Dy .[1] The phasor diagram is presented in Figuée i.is good to
keep in mind that in practice the neutral pointpisement voltage phase-angle is
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adjusted to zero with, for example, different kofdneasurement transformer earthings.
Rarely the neutral point displacement voltage pfeasge corresponds to zero naturally.

Figure 4.6 Phasor of the earth-fault current in compensatetivioek.

In addition to observing earth-faults occurringte bus bar, the zero voltage relay
is used to backup the feeder protection. This relagerves only the neutral point
displacement voltage. The relay has a larger tlotdsialue than the feeder relays. In
Finland in compensated networks the value is ug@atiund 60% of the normal phase-
to-earth voltage. In isolated network the valuemach smaller, around 30%. This
device also protects the bus bar from an earth:faile relay either disconnects the
20kV feeders from the network or the whole 110k¥dimg. This is of course a problem
because either all of the feeders or the wholeostas disconnected from the network
all at once. This might become an issue in networkeere the probability of
intermittent earth-faults has increased i.e. cabtedl compensated networks as
explained in Section 2.3.4. The number of outagesed by this relay can be decreased
by setting the feeder protection also to obsereenttutral point displacement voltage,
in addition to normal directional earth-fault prctien. Usually the threshold values are
the same, but the tripping times are slightly défé. This means that as the feeder
protection relays have awakened because of the msmitral point displacement
voltage, and waited for a certain time delay, tiségrt to disconnect feeders in the
priority order instead of disconnecting all at antfethe fault does not disappear, the
zero voltage relay trips the MV feeding. Usuallpwever, the stepping makes this
move unnecessary. As the feeder relays disconmeetoo two feeders, the network
becomes unbalanced i.e. over-compensated or evea ower-compensated in the
Swedish networks which are already used as ovepeasated. This is one point
contributing to the network usage as slightly ovempensated, like in Sweden. When
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moving further away from the resonance point thetna point displacement voltage
drops and the zero voltage relay returns to itsnabistate. This gives the feeder relays
an opportunity to detect the fault and functiorestely. Also the operators have time
to notice the intermittent earth-fault and startsork to find the faulty feeder. One of
the actions used in Finland is to disconnect thierBen coil from the network and to
change the relay settings to correspond to thatsdlnetwork. As the network is now
used as isolated the neutral point displacementagel is not kept up by the
compensation and the fault current becomes langertizerefore it may be detected by
the normal feeder relays. [32]

Also some relay types contain a functionality ofledangle protection. This means
that the relay observes the zero sequence currehthe neutral point displacement
voltage as introduced earlier, but the trippingaare from90- Df </ </ ,+D/ .

Therefore this type of protection can be used bothisolated networks and in

compensated networks. Also some of the older redaysot have a function to change
the protection angle when, for example, the Peteced has to be disconnected from
the network and the protection angle needs to laegdd to correspond to that of an
isolated network. In these cases it is sometimeessary to use the wide-angle
protection. The newest relays also usually consmime kind of transient detecting
algorithm, but there is still very little experienevhether the algorithms really work.
This, however, is a very promising field and alsdremely needed in the future,

because along with the increasing cabling the nmtéznt earth-faults will increase.

In Finland the protection is based on these twigiht protection angles and all the
newer relays include both of these settings - #téngs and protection angles for the
isolated network and the settings for the compealsaetwork. This is beneficial for
example in situations in which the Petersen codissonnected from the network. The
newest relays are automatically adjusted to coomdpto the new situation. As
explained in Section 4.3.1 the Petersen coil isneoted via a disconnector. This
disconnector gives the relays a signal, if it fumes and separates the coil from the
network. The relays automatically change the sgitiand protection angles to be able
to detect the earth-fault in an isolated netwémksome older systems the opening of the
disconnector automatically changes the protectiogies but the settings have to be
changed from the control center. Although in casé®re the coil disconnector is
steered to open from the control center, the systetomatically sends a signal to the
relays to change also the tripping settings.

In Sweden the network is entirely compensated aéxXoe@ few older networks. The
protection is based on the resistive current corapbrin cases where the Petersen coil
for some reason is disconnected from the netwdw,zero voltage relay is the only
usable back up protection device. This may leadordad electricity interruptions as the
zero voltage relays may trip the whole station fithke network in case of an earth-fault.
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45. Reclosers

One way of improving the distribution network prctien and the quality of delivery is
to sectionalize the protection areas into smalla@tsu In practice this means adding
some coupling devices into the network so thatadhea experiencing a fault in the
network is minimized. As a result also the numidesustomers experiencing the outage
is minimized. Sectionalizing the network with resdos has a major affect on SAIFI and
MAIFI figures. It also improves the SAIDI figure boot that remarkably. [49]

When talking about network reclosers the usual @sgion is that it is some kind of
a new technique. The truth is, however, that theskBniques were used already in the
70s. Back then reclosers were discovered to belvisdageous and they were removed
from the network. The largest reason for this wae lack of telecommunications
networks. Also the equipment was hard to use andaimtain, and because of the old
relay techniques in the feeding substation thecteity was very difficult to achieve.
Nowadays the network companies have multiple waysommunicate with network
devices. Also the recloser techniques have deveélspee the 70s, which has lead to a
resurgence of the reclosers. [50]

45.1. Recloser structure

A recloser is a network device, which contains ¢allr the same functions as the
feeder cells in the substation. The intelligent whia recloser is a relay, which includes
the basic functions like over-current protectionl #me earth-fault protection. It can also
be programmed to perform high-speed and delayemtragtosings. In case of a fault,
the recloser, if adjusted to be selective, operbédere the feeder breaker and thereby
limits the fault effects. This reduces the numderustomers experiencing the fault.

Nowadays the reclosers are vacuum reclosers wherglas 70s the substance used
for the arc extinguishing was mineral oil. A vacuumas a very good isolating
characteristic and the maintenance of a vacuunoseclis much easier than that of an
oil recloser. Also the environmental influence issah smaller. [50] The new recloser
mechanisms are operated with magnetic actuatorsaitiof mechanical. This prolongs
the operating life of the reclosers and increases @mount of possible full load
operations greatly, because the actuator does mdtide mechanical and thus
deteriorating parts. [51] Figure 4.7 illustrateg dype of recloser.
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Figure 4.7 Recloser structure [51]

Bushing conductor

Silicone Rubbing Bushing Boot
Polymer Bushing

Rogowski Coil Current Sensor
Capacitively Coupled Voltage Sensor
Stainless Steel Tank

Magnetic Actuator

Opening Spring

Auxiliary Switches

Insulated Drive Rod
Polycarbonate Housing
Vacuum Interrupter

Ceramic Breather

Mechanical Trip Ring

©oo NG~ WNE

ol
PwbdbpEFo

The recloser can be installed in three differenysvas illustrated in Figure 4.8. In
order to have a visible disconnection point thelos&r must be installed near a
disconnector. In the first case (a) the recloseinstalled to the same pole with the
disconnector. This can be done if the pole is yamtw and in good condition. If the
pole, where the sectionalizing point is plannedlds the solution is to set up a shorter
pole next to the sectionalizing point to which tkeloser is installed. It can be installed
in the feeding side as in option (b) or after thecdnnector like in option (c). The
former installation type (b) is usually used whhare is a whole disconnecting station
after the recloser. The remote terminal unit i<@thin the lower part of the pole for it
to be reachable. [52]

It is, however, good to notice, that it is not ceffective to install a recloser next to
a remote controllable disconnector. This is becaogether these will not produce any
more added value to the network company than treyodwo by themselves.
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Figure 4.8 Three different types of installing the reclose?][5

Figure 4.9 illustrates some parts of the wholeasolg system. In the pole is the
main operating device whereas the terminal umptased near the ground. The terminal
unit includes the relay and the remote control cewf the recloser. The protection of
the recloser is directional, which means that édseboth voltage and current censors as
represented in Figure 4.9. They lie on the tophaf tecloser where also the surge
arresters are placed. In some cases where theodasv voltage distribution nearby, the
LV transformer is placed in the pole together vtk recloser itself. If there is a low
voltage transformer near the sectionalizing padim, electricity is taken from there to
the operating unit. Between the jumpers there imllys a bypass switch or an insulator
over which bypass jumpers are connected. This Wwayedcloser can be bypassed if the
device is for example damaged and needs to beregpdihe voltage and the current
sensors as well as the surge arresters includeabpnatection.
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Figure 4.9 Disconnector parts [52]

In Vattenfall Finland the network contains altogatblose to a hundred reclosers by
the end of the year 2009. The experiences are geogl and Vattenfall is going to
install more network reclosers in the year 2010e Tirst reclosers were installed in
2006 when Vattenfall Finland started systematicafiyesting in the reliability of
delivery. Now that the company has a few years »qgedence from the usage of
reclosers the demands for the suppliers are alsoy vspecific, taking
telecommunications into consideration as well.

4.5.2. Recloser placement

Important in the recloser placing is to know thelfglaces and the customers affected
by the faults. One recloser divides the feeder into separate protection zones, which
means that the customers, who are situated bdiereetloser, will not be affected by
the fault occurring at the end of the feeder. Tfogeeone good policy is to protect for
example industrial customers whose processes mag\weely interrupted by the faults
or auto-reclosings generated by a fault. Vatterialistribution in Sweden has given up
the usage of high-speed reclosings after studiéghashowed that so short outages
were more harmful for the delicate processes thadeglayed reconnection. [53]

If the faults and the customers are equally spaadn the feeder, the theoretical
improvement in SAIDI and SAIFI is 25% when placithg recloser in the centre of the
feeder. This method can be used when there aranyotlearly noticeable fault places



4. Medium voltage networks in Finland and in Sweden 65

or electricity consumption concentrations. Theaadly, the best results are achieved
when the faults occur at the end of the feederthadcustomers are mainly located at
the beginning of the feeder. This is however ratieéycase in rural area networks.

Vattenfall Verkko Oy uses reliability based netwaddculation as a tool in recloser
placement planning. It is based on the averageréaiate, mean time to repair and the
outage costs for the customer. The reliability gigtion gives as a result the reliability
of delivery characteristics introduced in Sectiod @&xd also the average interruption
costs for the network company. [53]

The development of the reliability calculation starin the 80s. Back then the main
focus was on the evaluation of the benefits gaimigl the usage of remote controllable
disconnectors. The new generation’s reliability caldtion was developed in the
national LuoVa-project in the years 2002-2005. LaoWas a project in which 11
Finnish network companies, 3 software companies @mal research institutions
participated. The type of calculation that was tgdan the LuoVa-project includes
failure rates based on the usage and the conditifommation. Vattenfall Verkko
continued testing this pilot together with the wsa@ite company Tekla Oyj. This co-
operation produced a commercial product called XgrarNA/AM. [54]

Xpower is a network information system developed bgkla Oyj. RNA/AM
(Reliability based Network Analysis/ Asset Manageithes a tool that allows the
network planner to analyze the reliability of anséing or planned network. RNA takes
into consideration the mechanical and the eledtstzde of the network, environmental
factors like vegetation around the OHLs, operatod maintenance costs and outage
costs for the customer and the network companyreThee over 200 parameters that
Vattenfall Verkko keeps up-to-date by sharpenind amodifying the parameters when
found necessary. Vattenfall Verkko Oy has very geageriences with the usage of
RNA/AM and for example all the planning concernimgmote controllable
disconnectors and network reclosers are made wploweér RNA/AM. [54; 55]






5. RESEARCH METHODS AND THE EXAMPLE
NETWORKS

The applied part of this work is basically dividetb two parts. The first part covers the
rural area network cabling and the earth-fault baita The usage of distributed
compensation in Finnish rural area networks is erathby means of a network model
built with a simulation program presented in thettngection. The model is built to
correspond to an average Finnish rural area netwlorkthe beginning the model
consists of purely OHL network. The simulations eaeried out by replacing the OHL
with underground cable step by step and addingthksdistributed compensation in to
the network. The earth-fault behavior is examiresithe amount of cable increases in
the network. Also the production of reactive powed the voltage rise in the end of the
feeder are studied.

In the second part the reclosers are of interestthese studies the recloser
placement is considered and one example network fite Swedish archipelago is
introduced. In this part it is examined how thelasers’ placement affects the SAIDI,
SAIFI and MAIFI figures in respect with the totamaunt of faults per year. The
recloser placement is studied in three differemmysan the network and these situations
are compared with the situation when the networkaios no reclosers.

5.1. Rural area network cabling

As stated earlier, the zero sequence impedancetisam unambiguous matter and
therefore some simplifications have to be madks, however, important to keep this in

mind when interpreting the modeling results. Thaatasions have to be drawn within

the validity range of these simplifications. Inglstudy the calculations are carried out
to treat the fundamental frequency only. Theretbeeresults are also valid only for the
fundamental frequency. Though cabled networks sse@ated with transients because
of the cable characteristics and the Petersen tt@§e simulations are left outside of
this work.

The analysis is performed with a simulation programamely Power System
Simulator for Engineering (PSS/E). PSS/E is a mogmainly used for simulation,
analysis and performance of the transmission né&twbican, however be applied also
to distribution network calculation. PSS/E is agreom capable of performing both
steady-state analysis and dynamic simulations. plesnof these are power flow
analysis, power flow optimization, fault analysis balanced and unbalanced faults and
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transient and stability analysis. In this studyyopbwer flow and fault analysis are
applied. PSS/E is capable of introducing the zemusence impedance in unbalanced
fault calculation which is why it is an excellentogram for protection coordination
work.

5.1.1. Line parameters

The OHL zero sequence impedances are calculatédon# of PSS/Es utilities, Line
Properties Calculator (LineProp) which calculatearameters for OHL in the
distribution and in the transmission network. LingfPrequires as input parameters the
pole height, spacing and sag of the OHL networlesehvalues from an average Finnish
rural area network are introduced in Table 5.1. pb& height is the distance from
ground to the pole top and the spacing means ttargie between conductors — the
outermost conductors are 1,1 meters away from trawctor in the middle. The
conductors are placed in the same horizontal level.

Specifications of the phase conductors are alsainexd) in LineProp calculation.
These are introduced in Table 5.2. From these sahe LineProp calculates the line’s
electrical parameters which can be used in fault power flow calculation. In the
network model the OHL typ&aven63is used for the trunk lines arfslwan25for
branches. In Table 5R,c means the typical line resistance with alternatngent,X
means the line inductance and the tétgrefers to the line capacitancdmpsmeans
the maximum loading current the line will endure.

Table 5.1.
Pole height (m) 9
Spacing (m) +-1,1
Sag (m) 0,8
Table 5.2.
Rac( /km) | X;( /km) | X ( /km) Amps
Swan25 1,35150 0,44930 0,21760 130,0p
Raven63| 0,53560 0,38590 0,19540 230,0p

As the OHL is started replacing with undergroun8leatwo kinds of cables are
used -AXAL-TT95(AXAL95) as a trunk line cable andAXAL-TT50(AXAL50) in
branches. Cables types are chosen to correspaandl average rural area network. The
cable has three conductors placed as the condunté&igure 3.3 in Section 3.1.2. The
conductors are made of aluminum, the insulationcisss-linked polyethylene
(abbreviated PEX or XLPE) and the cable sheathadarof black polyethylene. The
cable parameters are introduced in Table 5.3. Tieeaiations used in the Table 5.3
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refer to Figure 3.4 introduced in Section 3.1.2e Positive and the zero sequence data

of the conductors are introduced in Table 5.4.
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Table 5.3.

2rc(mm) | d (mm) | 2rs(mm) | R.( /km) | Rg( /km) | Co( F/km) | L(mH/km)
3x50/25 7,8 19,5 48 0,641 1,2 0,16 0,37
3x95/25 11,2 22,7 55 0,32 1,2 0,19 0,34
Table 5.4.

Ry( /km) | Xy( /km) | By( S/km) | Ro( /km) | Xo( /km) | Bo( S/km)

Swan25 1,351000 | 0,469556 2,895714 1,498453 2,000771  158B7p
Raven63 0,534900 | 0,416754 3,139157  0,682353  1,947971  17833p
3x50/25 0,641000| 0,116239 50,265482 3,9582F9 0,168642 50856
3x95/25 0,320000| 0,106814 59,690260 3,637264 0,152318 626D

In Table 5.4 the termBy, X; andB; refer to the positive sequence parameters and
Ro, Xo and By represent the zero sequence parameters. The <atded sequence
impedance is calculated with equation (19) intretlan Section 3.1.2. The terB
stands for line susceptance, which means the lcagscitance to earth. Susceptance is
reciprocal of the line capacitive reactangas the line inductance. The values given in
Table 5.4 are calculated with equations (26) ad f&roduced below.

X, = jul = j20fL

B, = juC, = j20fC,

(26)

(27)

Other values used when calculating the zero seguiemgedance of the cables are
listed below.

Permeability (=4 *10”

=2 f

Frequency=50Hz
Ground resistivity =2500 m
Earthing resistance.;=R=7

As can be noticed from Table 5.4 the cables cagrawit to earth is much larger than in
OHL. This is why underground cable produces mopactive earth-fault current than
the OHL. It can also be seen that the inductancehef OHL is larger than the
inductance of a cable whereas the zero sequenistares of the cable is much larger.
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Throughout this study the cables are assumed teabded only in the distribution
transformers. Earthing wire is not used.

5.1.2. Modeled network

The Finnish rural area network consists of faibyd medium voltage feeders and
several small consumption points. Because the msaire in this study is not to model
the rural area network’s electricity consumptiont tuexamine the earth-fault current
and the reactive power produced by the undergraabte, the aim is not to model the
network exactly as it is in real life. The modekdshroughout this study is a roughly
simplified model of the Finnish rural area networkie model is illustrated in Figure
5.1.

Figure 5.1 Modeled network

The network parameters are listed below. The nétwsofed from one point which
is connected to high voltage network (110kV). le tetwork model the background
network is represented with a generator. The mraimstormer is considered to be Yd-
coupled, which means that the network is connetueal star in the HV side and to a
delta in the MV side. There are no ground connastid he distribution transformers
are Dyn-coupled, which means that the low voltade &as also a ground connection.
This will not, however, affect the earth-fault betoa in the MV side. The transformer
sizes are chosen to correspond to those used iagev€innish rural area networks.

Main transformer 16 MVA
Five feeders, total network length 200km.
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Distribution transformers 100kVA/15A
Loads 50kW,10kVAr
Short-circuit effect of the 110kV network is 600MVA

In this study, the distributed compensation is et with 100kVA transformers
which produce 15A of compensative current. Thietgp transformer is used, because
it was the only transformer with zero sequence tapee data available.

The base values are calculated as shown below

Base power §100MVA, base voltage §320,6kV

2 2
Base impedanc&, = US'f; = 1532(6)?)(3/0)0A = 4,2436N

The fault resistances are entered as per unit salwbich can be calculated by
dividing the fault resistance with the basic impszka PSS/E accepts no decimals when
entering the fault resistance, which is why thaugalare rounded up:

solid earth fault = 1pu
Ry _ 5000V

5k gy = = 1178pu
w7 " aoazen” P
10K : Fygy = Riow _ 10000V 2537pu
Z, 42436V

Usually, in Finnish rural area networks one or tigeders feed urban areas and
from one to four feeders feed the rural areas.f&€ader lengths may grow up to tens of
kilometers because the country side may be verysslyainhabited here and there. In
this network model the feeder lengths are chosemm@spond to an average rural area
network. The feeder lengths are listed in Table 5.5

Table 5.5.
[Feeder [ |
length (km)

L1 20

L2 20

L3 60

L4 60

L5 40

As stated in Section 3.1.5 the earth-fault behavidsranched feeders is somewhat
similar to that of a single radial feeder but lsesere. Therefore the model used in this
work is built as branched. Real rural area netwailes usually much more branched
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than illustrated in this model and therefore ugmgely radial feeders would lead to
incorrect conclusions. The loadings are rough edtons.

Table 5.6.
Transformer data

Main transformer | Distribution transformer
Losses (W) 85300 2000
Short-circuit impedance (%) 10,2 4
Apparent power (MVA) 16 0,1
Una(KV)/U no(KV) 110/20,6 20,6/0,4
Raround( ) 2140 13,1
eround( ) - 845
Roero( ) 4,054 19,4
Xzero( ) 9,7439 16,3

Table 5.6 presents the transformer data. It isetondticed that the resistance and
reactance values represented in this table areealsved to PSS/E as per unit values.
The short-circuit impedance values are taken frown ietwork information system
Xpower and are represented as percent values. dimenal voltage used throughout
these calculations is 20,6kV. TRgouna IN the case of the main transformer means the
resistance which is in parallel with the compemsatcoil. The voltage over the
resistance is 3500V and when corrected to correspond to the geltavel of 20,6kV.
This is also illustrated in Figure 5.2:

2 2
Ryouna = Uz—/ﬁ *R= 20600/ /43 * 3 780N » 2140N
U 500/

Figure 5.2 Neutral point resistance corrected to correspondthe voltage level of
20,6kV

In case of the main transformer tgoung means the centralized Petersen coil’'s
inductive reactance which is tuned to corresponthéoproduced capacitive current. In
the case of the distribution transformBgound and Xground refer to the distributed
Petersen coil's resistance and reactar®g, and X;ero refer to the zero sequence
impedance of the Petersen coil. In the case ofrtai@ transformer this data is the zero
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sequence data of the earthing transformer. Thia dstused because the main
transformer has no conductive connection to eaetabse it is Yd-coupled as told
earlier. In case of the distribution transformeistls the zero sequence data of the
Zn(d)ynll-coupled transformer. Vattenfall uses ndays ZnznO-coupled transformers
but because of the difficulties in finding the zesequence data for this type of
transformer the data for Zn(d)yn-coupled transfarmmeaised. The magnitude of ZnznO-
coupled transformer is very much similar to thaaan(d)yn-coupled transformer.

5.1.3. Performed calculations

First the network consists purely of OHL. By rephgcsome parts with underground
cable and comparing the effects of centralized @disttibuted compensation to a non-
compensated situation and to the original stais possible to see the influences of
cabling to the earth-fault current. Also the proelliceactive power is examined. The
cabling takes place in the feeder L3. This wag ipossible to examine also the effects
of a long feeder on the earth-fault current. Thaltéaare placed to the bus bar K20
(K20), and to the end of the feeders L3 to bus &&l.to the end of the feeder L5 to bus
S97, as presented in Figure 5.1. The higher impmxlaarth-faults are examined only in
case of an end of the line faults because it im@fest to examine the fault detection
capability in these cases. The examined faultsalid earth-fault, 5k earth-fault and
10k earth-fault. These are chosen because within Maltehe protection is adjusted
to detect faults up to 5k and, if possible in terms of the network propertand the
fault detection, the sensitivity is aimed to red6k .

First the cabled place is examined. An OHL feedwrally contains some parts of
newer OHL which has a longer life expectancy thandlder OHL built in the 1960s.
Therefore a common solution is to cable in smatlarts, not necessarily from the
beginning of the feeder but the cabling may taleelalso in the central part or at the
end of the feeder. Therefore it is of interestamine whether this type of cabling in
smaller pieces affects the earth-fault behaviore Btudies are made regarding the
cabling of the feeder L3 and the cabling is madgvia kilometer parts. The affects are
examined up to 15 kilometers at this point and rémults are introduced in Section
6.1.1.

Second, the earth-fault current behavior is exathwben the whole trunk line is
cabled. This is compared with a situation where ¢apacitive earth-fault current is
compensated with the usage of a centralized Petereg and with the usage of
distributed Petersen coils. The aim is to show hbes earth-fault current behavior
changes, as compensation is introduced. Theseagesel introduced in Section 6.1.2.
From the network protection point of view, this @t also illustrates, why the
distributed compensation should not be done hasvdbne in this Section, for it causes
the protection to function falsely. This is dueth® over-compensating, distributed
Petersen coil, but in the absence of the zero seguéata for other transformer types,
this coil had to be used.
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The results of the high impedance fault calculatiwa presented in Section 6.1.3.
Because Section 6.1.2 introduced a way the diggtbcompensation should not be
executed, the aim in Section 6.1.4 is to give amanmgde, how the distributed
compensation could be executed so that it using dd@i& will not cause the protection
to function falsely. Section 6.1.4 represents tlacudation results for partially
compensated network.

Third, a combination of compensation methods igthiced. The aim is to find an
ideal solution to compensate the modeled networknimans of centralized and
distributed compensation. These results are predeimt Section 6.1.5 in case of a
totally cabled network. The final research dealthwine reactive power production of
the cable and the voltage rise at the end of tleelde due to the reactive power
production. The aim is just to compare the situatirowhich the network is purely OHL
network and when the OHLs are replaced with unadengl cable. The idea is to show
that the need for some kind of power compensatievicds for the reactive power
compensation increases tremendously as the caldikgs place. The results are
presented in Section 6.2 (the reactive power géneajaand 6.3 (the voltage rise).

5.2. Recloser placement

After the storm Gudrun in 2005 the Swedish netwap&rators started to replace the old
OHL with underground cable. During the past few rgethe pace with which the

cabling has taken place has slowed down and testeth has been paid to other
methods of improving the quality of delivery. Inral area networks, for example,

cabling the network may not always be the most-etisttive solution because the
customer amounts are fairly small and the distantag grow up to tens of kilometers.
Vattenfall Sweden started to invest in remote adlatple disconnectors and now the
reclosers are also of interest.

The recloser placement is studied with an examptevark from eastern Sweden.
The network lies in Norrtélje and from this partexunetwork one problematic feeder is
examined. The example network is a 10kV networkhwaiter thousand customers. In
the studies the aim is to show how adding a rechosthe network affects the reliability
of delivery. The network environment, i.e. whetliee transmission lines go through
forests or fields, is not taken into consideration.

Because of inadequate fault statistics, the feedsimply divided into parts which
all have been given a percentage value for the eumob faults that occur in that
particular section during one year. The percentadees are based on the experience
and to 8 faults occurring years 2005-2009 that atdnd located. The study should be
considered as a directional study, for in the absenf inclusive fault statistic any
absolute calculation results would be difficult totroduce. The calculations are
performed with Microsoft Office Excel.

The total number of customers and how the custormerspread on the feeder is
illustrated in Figure 5.3. The total amount of cusérs is 1029 and in the figure the
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amounts are given as the amount between two disctons. The disconnectors are also
shown in Figure 5.3. An open disconnector is indidawith two parallel lines and a
closed disconnector with one. The cabled feedds gaie presented as dashed lines and
the solid line refers to OHL. The Spillersboda 10k&twork is colored with red and the
backup feeding 10kV transmission lines are bladie §reen color indicates the 20kV
medium voltage line which feeds the 10kV networkl &me purple color indicates the
70kV network. The power stations are marked wittagk rectangle.

Figure 5.3 Spillersboda —network

When defining the possible recloser places it isdgm remember a few things. It is
rarely reasonable to place the recloser in frord ofbled network. This is because the
faults in cabled networks are rarely of the kindanflts which the recloser could clear.
As mentioned in Section 2.3.4, the common factassmg the faults in cabled
networks are material failures and the possiblenhdone during the excavation work.
In addition to this, if the auto-reclosing is useih the recloser, it strains the cable if
the cable is already damaged. This means, for ebeartiat the isolation is damaged
and when the cable experiences several reclosingsay lead to even more severe
damages.

Another thing to remember is that the more theossl can spare customers from
experiencing the fault, the more beneficial it renfi the customer point of view.
Therefore it is rarely reasonable to place theossal near the power station in which
case a great deal of the customers would lie bettwedrecloser. The situation is
different if in the beginning of the feeder thesefor example an industrial plant which
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must be protected from a fault occurring furthertle network. Also placing the

recloser very far in the network with a fairly sinatea to be sectionalized is not
reasonable, unless the part, which the recloseratgs from the rest of the network, is
very problematic.

As told earlier in this study the feeder is dividatb parts which all have their own
fault percentages. This is represented in Figude Bhe figure also introduces the
possible recloser places in the network and th&ugaéeeding points. There are three
places that are going to be examined, which aresarh@ccording to the following
criteria:

There must be a disconnector in order to have arahee between open
contacts.

The place must lie neither too far in the netwook too close to the power
station.

The part which the feeder sectionalizes shoulccansist mainly of cable

The average fault clearance time in this areadarat one hour, i.e. the time it takes
to limit the fault to a smallest possible area tmcestore electricity to some parts of the
network. The average fault repairing time is twaifso

Figure 5.4 Spillersboda network with recloser places and faeltcentages

In Section 6.4 the results are represented regaithis network calculation. The
results contain SAIFI, MAIFI and SAIDI figures artde total number of customer
hours. The calculations are performed with an Esbelet, which is presented in
Appendix 7. In the Excel-sheet the number of fagls be entered as well as the
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number of high-speed auto-reclosings, delayed eadimsings and the average fault
clearance and reparation time. Section 6.4 alsesgan example of the reclosers
protection settings and how the feeder relay ptmtecshould be set so that the
selectivity is ensured.






6. RESULTS

6.1. Rural area network cabling

Throughout the modeling the faults are considecedccur in the bus bar, at bus S61
and at bus S97. The earth-fault currents are cklin case of a solid earth-fault
(4,2436 ), 5k earth-fault and a 10k earth-fault. The higher impedance earth-faults
are considered to occur only in the buses S61 @l This is because the fault
detection capability in case of a high impedanadt féurther in the network is of
interest. In the following tables the total eardlut current is marked with as it has
been marked throughout this study and the eartlh-¢atrent the relay sees ks In the
appendixes the total earth-fault current is mankét 310 as the PSS/E gives it. In the
appendixes this notation is kept in order to repmeshe values as given by PSS/E. This
way one can repeat the calculations if needed haddsults would be gained in the
same form. In order to clarify the difference betwehe neutral point displacement
voltage and the zero sequence voltage, the neadnal displacement voltage is marked
with Ug and the zero sequence voltagdJas

It is to be noticed that the phase-angles giveR®$/E are presented in respect with
the phase-angle zero. The phase-shiftis calculated from the voltage and current
phase-angles. It is also good to keep in mind B&$/E gives the current values with
accuracy of one decimal and zero sequence voltadeey in accuracy of three
decimals. This may in some cases cause minor daviat calculation results. PSS/E
represents the conductors as pi-sections, so thection factors need not to be used.

Table 6.1

[Solidearth-faultatbussor ]
VOLTAGE Uo Uo

11,996 178,12

CURRENTS lo o lor
TO GEN 0 0 178,12 0,0000000
TO L1 1 91,88 270 0,0000000
TOL2 1 91,88 270 0,0000000
TOL3 2,8 91,92 270,04 0,0019548
TO L4 2,9 91,92 270,04 0,0020246
TO L5 7,6 88,09 90,03 -0,0039794

In Table 6.1 the PSS/E calculation results are shahven a solid earth-fault occurs
at the end of the feeder L5 in isolated networke Tgurpose of this table is to
demonstrate the flow of the earth-fault currentha network. In this case the network
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consists of pure OHL. The current values are remtes! as seen from the bus hiyis
the neutral point displacementyo is the phase-angle of the neutral point displacgme
voltage andy is the earth-fault current at the bus bag,is the phase-angle of the earth-
fault current in respect with angle zero. = yo- o and it represents the phase-shift
between the zero sequence current and the newirdl gisplacement voltagéy, is the
resistive current component at the bus bar, wheltalculated with the following
equation (28).

loe =1o*cosQy) (28)

As a solid earth-fault occurs at the end of feederthe phase-to-earth voltage at the
faulty feeder is reduced close to zero. The volkagjethe healthy phases rise almost to
the magnitude of phase-to-phase voltage. This gigesto the zero sequence voltage.
The earth-fault current flows from the healthy feesdtowards the bus bar, which can be
seen from Table 6.1 when the phase-shift of thé taurents from the healthy feeders
is 270°. It can be noticed that the short OHL fesedel and L2 produce only a small
amount of earth-fault current, and the producedtige current is zero. Feeders L3 and
L4 are the longest (60km each) and produce moth-&ult current. The zero sequence
impedance was also calculated for OHLs as explamé&ection 5.1.1 which shows as a
minor resistive component. As can be noticed, ésestive current produced by a fairly
long OHL is very small and can therefore be neglécthis is in accordance with the
conventional earth-fault analysis.

The earth-fault current flows from the bus bar toigathe fault point at the end of
the feeder L5. This shows as a phase-shift of 90,03 phase shift is illustrated below
in Figure 6.1. The figure shows how the total, thpacitive and the resistive currents
are directed in comparison with the phase-angleghef neutral point displacement
voltage. The current magnitudes in the figure amaginative. In real networks the
resistive component can be adjusted to be in plvékethe neutral point displacement
voltage by connecting the measurement transfornpetes contrariwise, and the
resulting vector is as represented earlier in FEgu6.

The resistive current component is the sum of éséstive currents produced by the
feeders L3 and L4. However, these current valugsesented in Table 6.1 do not
include the earth-fault current produced along thelty feeder itself. The current
coming from the transformer (TO GEN) is zero, foe transformer has no conductive
connection to ground.
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Figure 6.1.An illustration of the current components in casa golid earth-fault at the
end of the feeder L5.

Table 6.2 introduces the total earth-fault curremd  as a solid earth-fault, 5k
and 10k earth-faults occur in buses K20, S61 and S97.nEteork is pure OHL. The
fault currents are introduced as seen from the fawiht. It can be seen that the total
earth-fault current is rather small in pure OHLwatk. From Table 6.2 it can be
calculated that the average earth-fault currentdygeced by OHL is 0,047A/km
according to the model. Appendix 2 introduces tB&HE calculation results for purely
OH network.

Table 6.2
[Totall;and atthefautpoint 1]
K20 S61 S97
1 (A) @) It (A) @) It (A) @)
solid 9,4 90,03 9,4 90,32 9,5 90,24
5k - - 2,3 90,32 2,3 90,24
10k 1,2 90,32 1,2 90,24

It can be noticed, that the phase-shiftis a little larger when the fault is at the end
of some feeder. This is because the values areumsh$rom the fault point, and
therefore the current includes also the earth-fauttent which is produced along the
faulty feeder, on contrary to the values represkmeTable 6.1. The small resistive
current causes the phase-angle to turn, which ig thk phase-shift is different in
different fault locations. The change in the phsisiét is very small and the resistive
current is negligible. It can be noticed that tletlefault currents are almost the same
regardless of the fault point. Therefore it canskaed, that in OHL network the fault
point is insignificant.
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Table 6.3
[Totalloand atthebusbar 1
K20 S61 S97
lo(A) ©) lo(A) ©) lo(A) ©)
solid 9,4 90,03 6,6 90,03 7,6 90,03
5k - - 1,6 90,03 1,8 90,04
10k - - 0,8 90,03 0,9 90,03

Table 6.3 introduces the earth-fault currents @& $eom the bus bar. The current
values are the values that the protection relay.SHas value does not include that part
of earth-fault current which is produced along fiwalty feeder. This is why the current
values are smaller in cases, where the fault ocaitise end of some feeder. When the
fault occurs at bus S97 the earth-fault currerthatbus bar is larger than in the case
where the fault is at bus S61. This is becausedabder L3 is 20km longer than the
feeder L5. Thus as the fault occurs at bus S61néteork producing the earth-fault
current is 20km shorter in total length. The reflsthe earth-fault current is produced
along the faulty feeder itself. It can be notichdttthe phase-shift between the neutral
point displacement voltage and the earth-faultentris the same regardless of the fault
point and fault resistance.

Table 6.4 introduces the voltages when the faudtuin buses K20, S61 and S97.

The voltages are given as seen from the busUrahd as seen at the fault poibf).
It can be noticed that the neutral point displacemeltage and the zero sequence
voltage at the fault point vary a little bit. Thesbecause of the voltage drop in positive
sequence network. As stated in the theory, the seguence voltage rises to the
magnitude of the pre-fault phase-to-earth voltageie. As the voltage drops over the
networks resistances and over the loads, the ghasarth voltage at the end of the line
is smaller than in the bus bar. Therefore alsazére sequence voltage is a bit smaller.
The zero sequence network has no significant inflaeon the earth-fault behavior.

Table 6.4
K20 S61 sS97
UO UOZ UO UOZ
solid 11,891 11,99 11,783 11,996 11,849
5k - 2,868 2,818 2,893 2,859
10k - 1,468 1,443 1,48 1,463

As explained in Section 4.4.2 the directional e#atlit relay trips, as the zero
sequence current, the zero sequence voltage arohdie between these two exceed the
threshold values. The modern relays are able &ctleven lower zero sequence current
than 1A, but due to the natural asymmetry of thivagk and the minor error caused by
the measurement transformers, it is rarely prdct@aise such low threshold values.
Usually the relays are set to detect faults inntlagnitude of 1-2A and voltages of 3-5%
of the phase-to-earth voltage in isolated netwohkscompensated networks the zero
sequence voltage threshold value is set highemusecthe zero sequence voltage in
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compensated networks is higher than in isolatediorés. This will be explained more
thoroughly later on.

In isolated networks the relays are able to deteeto sequence voltages of
approximately (3-5%):

u, = % = % =1189342V » 11900/
U gey = 003¥11900/ = 35W

or

U, = 005* 11900/ =595/

relay

From Table 6.3 and 6.4 it can be seen that thd fautents in case of higher
impedance faults are very small and in case oflle fault the relays would not
probably be able to detect the fault. The neut@htpdisplacement voltage value
exceeds the threshold value, but also the earth-fawrent threshold value must be
exceeded in order to the relay to perform the inigp

6.1.1. Starting the cabling

Cabling the whole feeder at once is rarely a pabfé solution. Furthermore, in old

OHL networks there usually are some parts whichaatde end of their life cycle and

which have to be replaced. And because VattenfallaRd has made a strategic
decision not to build any more new OHLSs, the repitaent of the old OHL is done with

underground cable. Vattenfall Sweden also has mgtds their first option, but also

coated OHL is still used. Nevertheless, if the aepment of the old OHL part is done
with underground cable, it may lead to situationbere cable parts of only

approximately 5-15 km are situated in differenttpaf the network. This is why it is of

interest to study whether the cable placement tffée earth-fault current behavior.
The PSS/E calculation results regarding the infteeof the cabled place can be found
in Appendix 3.

In this section the earth-fault current is studisdhe cabling is started in an isolated
network at the beginning of the feeder, from thetieof the feeder and at the end of
the line. Only the trunk line is cabled and thedusable type is AXAL95. The higher
impedance earth-faults are not treated in thisi@edbr it is of interest to examine,
whether the cabled place has some kinds of eftecthe earth-fault current behavior.

Table 6.5 introduces the earth-fault current tHdedhnetwork part produces i.e. the
current that the feeder L3 produces and the totaduet of earth-fault current in the
network and the phase-shift . Iy refers to the total earth-fault current at the bas
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produced by feeder L3y, to the resistive part of the earth-fault currezgers at the bus
bar.

Table 6.5
[Solid earth-faultatthe busbar ]
produced by L3 Total Iy
Cabled b (A) O] lor(A) lo(A) ©) lor (A)
0 km 2,8 90,05 -0,0024435 9/ 90,03 -0,0049p18
5km beginning of the feeder 13,83 90,15 -0,0348(1939,81 90,11 | -0,038013p
in the middle 13,4| 90,31 -0,0725006 20}0 90,22 0767943
end of the feeder 13,5 90,50 -0,1178082 20,1 90,30,1192751
10km beginning of the feedgr 23,8 90,49 -0,20353780,4 90,39 | -0,206924p
in the middle 24,2| 90,82 -0,3463313 30,8 90,65 3494074
end of the feeder 246 91,11 -0,4765498 31,2 90,88,4791788
15km beginning of the feedgr 34,8 91,03 -0,6165[420,9 90,87 | -0,621016p
in the middle 35,3| 91,53 -0,9425229 41]9 91,29 9482882
end of the feeder 359 91,84 -1,1526965 425 91,58,1495954

By comparing the results it can be noticed thatosinall of the earth-fault current is
produced by the cabled feeder L3. The rest of #rthdault current is from the OHL
feeders but as seen from Table 6.5 these have @ mituence on the total amount of
the earth-fault current. It can also be noticed Wizether the cabling is started from the
end or from the beginning of the feeder, the inflee2on the resistive earth-fault current
component is fairly small. The largest resistivarents are in cases in which the
cabling is started from the end of the feeder. Tifibecause the greatest part of the
earth-fault current is produced at the end of #edér. And the larger the earth-fault
current is, the larger the influence of the zerquemce impedance. Now that a great
amount of the total earth-fault current must fldwough the phase lines zero sequence
series impedances, it produces the resistive durféns is why the resistive current is
larger, as the cabling is done further in the neétwdhis can be also seen from the
changes in

From Table 6.5 it can be calculated that the irsan earth-fault current due to the
cabling of 5km of feeder length is approximately-10A/5km depending on the cabled
amount and place. According to the manufacturedta,dAXAL95 produces 2,50A
earth-fault current at the rated voltage, which2#&kV. From Table 6.4 it can be
calculated that with the voltage used in this sty@9,6kV) the cable produces
~2.1A/km. It must be noticed that the producedhetatlt current is not a fixed value
because of the resistive earth-fault current predun the cables’ series impedances. It
is also good to keep in mind, that in this casey amle feeder is partly cabled. If the
network contains several long feeders with 5-16rkitters of cable in each of these, the
influence would be larger than in this particulase. This means that, if 15km of one
feeder is cabled, the resistive current is aroyd®A. If another 15km is cabled at the
end of another long feeder, which also adds ilsiémice on the earth-fault behavior, the
result would be different. The total earth-faultrremt would be larger and it is
reasonable to assume that the resistive currenpaoemt would also be larger. The
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effects of the resistive current component are detmated in the following, very
simplified example:

Section 3.2 introduced the human body’s impedanitesas also introduced in
Section 5.1.1 that the used earthing resistancg insthis study is 7. If it is assumed
that a network contains 5 fairly long feeders amceach of these feeders the last 15
kilometers are cabled, and the network would be pmomeated so that the produced
capacitive and inductive current would cancel eatifer out completely. One 15km
cable part would produce approximately 1,15A ofistege earth-fault current and
therefore the total resistive earth-fault curreould be approximately 5,75A. It can be
calculated with equation (4) introduced in Sectib8.1 that when using the earthing
resistance of 7, the voltage to earth would be

U_ =1 *R_=575A* 7W= 4025/ .

As represented in Section 3.2 a part of the voltagearth, namely contact voltage,
is experienced by a person touching the energigaghment. As the voltage is <100V,
the impedance of the human body can be assumee Zg,dy=3125 . The maximum
current passing through a person’s body would be

Imax = Um = 40’25\/ = 0,012880\ » 13mA
Zpoy, 312N

Though this is just the worst case scenario intevar which would contain several
long feeders and realistically a person would epee only a part of the voltage to
earth, it was stated in Section 3.2 that a 5-10raAent passing through the human
body may cause incapability to control ones musered to let go of energized
equipment. This kind of situation lasting long egbumay cause severe injuries.
Therefore the increase in resistive current shawtdbe ignored when cabling fairly
short pieces but in several parts of the network.

Table 6.6 introduces the earth-fault currents aslia earth-fault occurs at bus S61
in an isolated network. The results are represeaseseen from the bus b &ndlo,)
and as seen from the fault poitt gnd ;). It can be noticed that when observing the
earth-fault currents at the bus bar, the thtdbes not change that much. This is because
the cabled feeder L3 also has the fault at theogénlde line. Therefore the relays at the
bus bar see only the earth-fault current that cofres the healthy feeders, and this
current amount does not include the part of thét fawrent, which is produced along
the faulty feeder.

In Table 6.6 it can be noticed that as 5km has loadrled in the middle of the
feeder, the resistive current is 0,0023736A. Thislie to the slightly smaller phase-
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shift of 90,02°, whereas in other cases the phla$eis 90,03°. This is probably due to
the up rounding of the PSS/E, which may cause smatwilation error. The same can
be seen from the case in which 10km has been cablbe beginning of the feeder.

When looking at Table 6.5 which introduced the fedault currents as the fault
occurred at the bus bar, it can be noticed thathia case the earth-fault current
increased, as the cabling was done further in gteark. This was due to the increase
in the resistive current component. Now, when lagkat Table 6.6, it can be seen that
the earth-fault current decreases, as the cabsindpone further in the network. This
phenomenon was discussed in Section 3.1.5 whichdated the sequence network
coupling in case of an earth-fault at the end chhbled line. It was explained, that in
case of an end of the line fault, the positive Hrelnegative sequence network are also
connected to the zero sequence network, whichtaffee earth-fault current behavior.
When the fault is at the end of the partly cableelder L3, the voltage drops over the
positive and the negative sequence networks. Toreredlso the voltage at the fault
point is a bit lower, and as the earth-fault curierdirectly proportional to the voltage
according to equations represented earlier indtidy, the produced earth-fault current
is also smaller. Also the resistive current de@eass the cabling is done further in the
network. This can also be seen as changes in twepdhift between the voltage phase-
angle and the current phase-angle.

Table 6.6
[Soidearthfauttatbusser |
At the bus bar At the fault point
Cabled b (A) )| la(A) I (A) ©) I (A)
0 km 6,6 90,03 -0,0034558 9,4 90,32 -0,0524p92
5km beginning of the feedef 6,8 90,03 -0,0035605 ,520 90,92 | -0,329155
in the middle 6,8 90,02 -0,0023736 20|3 90,72 5B0®06
end of the feeder 6,7 90,03 -0,0035081 20,0 90}440,1535875
10km beginning of the feedefr 7,0 90,02 -0,00244352,13 91,64 | -0,918685f
in the middle 6,9 90,03 -0,0036128 31|5 91,25 8D1%89
end of the feeder 6,8 90,03 -0,0035605 30,8 90/8D,4676605
15km beginning of the feeder 7,1 90,03 -0,00371763,84] 92,47 | -1,8876171
in the middle 6,9 90,03 -0,0036128 426 91,90 124106
end of the feeder 6,8 90,03 -0,0035605 41,7 91/52,1061297|

Table 6.7 introduces the earth-fault currents &sf#ult occurs at the end of the
feeder L5 at bus S97 in an isolated network. It bannoticed that on contrary to
previous case, here the earth-fault current ineeas the cabling is done further in the
network. This case represented in Table 6.7 is stiramnilar to the one in which the
fault was at the bus bar. As the cabling is donfe@der L3 and the fault occurs at the
end of feeder L5, all the earth-fault current flotesthe feeder L5, and therefore the
earth-fault current there is much larger.

Whereas in the previous case the phase-shift demtleand therefore also the
resistive current decreased as the cabling mowtkeiuto the network, now the phase-
shift between the neutral point displacement vataggle and the earth-fault current
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angle at the bus bar increases. Thereby also $isive current increases. As explained
in the case of a bus bar fault, the resistive cunielarger as the cabling is done at the
end of the feeder, because the fault current nraselt a longer distance through the
network’s zero sequence series impedances. In s@wes this influences also the
neutral point displacement voltage, and it may m@lker at the bus bar than the zero
sequence voltage at the fault point. This is bezaafsthe voltage drop in the zero
sequence network over the zero sequence serieslampes.

Table 6.7
[Soidearthfauttatbussor |
At the bus bar At the fault point
Cabled lo(A) O la(A) 1 (A) ) I (A)
0 km 7,6 90,03 -0,0039794 9, 90,24 -0,0397p34
5km beginning of the feeder 18,5 90,11 -0,0355[1740,42 90,61 | -0,217184f
in the middle 18,7| 90,24 -0,0783301 20|5 90,3 2601815
end of the feeder 18,8 90,38 -0,1246854 20,7 90,80,3143043
10km beginning of the feeder 30,0 90,41 -0,2146{7331,9 91,21 | -0,673629p
in the middle 30,5| 90,69 -0,36729%7 32}4 91,49 84p4802
end of the feeder 30,9 90,94 -0,5069256 32,8 91,78,0016632
15km beginning of the feeder 41,0 90,91 -0,66544843,9 92,04 | -1,562716B
in the middle 43,01 91,35 -1,0130699 45|0 92,52 9785653
end of the feeder 43,7 91,63 -1,2430478 45,7 92,82,2483676

Now if the same kind of simplified analysis was mas in the case of a solid earth-
fault at the bus bar, and each 15km cable paheaend of a feeder produced 2,25A of
resistive earth-fault current according to Tablg, he total resistive earth-fault current
would be:

I, = 225A* 5=1125A
The maximum voltage to earth with a arthing resistance would be:
U, =1, *R, =1125A* 7W=T787%
The current flowing through a human body with badpedance of 3125 would be:

Imax = Um = 18,75/ = 0,0252A » 252mA
Zooy  3125N

This amount of current may cause respiratory problein addition to the
incapability of letting go of the energized equipre
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Table 6.8 introduces the zero sequence voltagasabd earth-fault occurs in buses
S61 and S97 in an isolated netwdt.is the neutral point displacement voltage at the
bus bar andJy; is the zero sequence voltage at the faulty bus.

Table 6.8
[Voltages during a solid earth-fault atbuses Sé1ahSo7 ]
at bus S61 at bus S97
Uo Ugz Uo Ugz
pure OHL 11,99 11,783 11,996 11,85p
5km cabled beginning of the feeder 12,369 11,931 27® 11,964
in the middle 12,268 11,941 12,28 11,944
end of the feeder 12,137 11,955 12,283 11,965
10km cabled beginning of the feeder 12,657 12,051 2,565 12,067
in the middle 12,45 12,071 12,573 12,048
end of the feeder 12,25 12,091 12,582 12,47
15km cabled beginning of the feeder 12,8438 12,142 2,854 12,166
in the middle 12,528 12,172 12,873 12,149
end of the feeder 12,327 12,192 12,885 12,171

When examining the earth-fault current values i@ ¢thse of an earth-fault at bus
S61, it was explained that the current travelingotlgh the zero sequence series
impedances may cause the neutral point displacenodtape to be lower than the zero
sequence voltage at the faulty bus. However, wikameing the results represented in
Table 6.8, it can be noticed that the neutral pdisplacement voltage is actually higher
at the bus bar than at the fault point, thoughféhdt occurs at the end of the cabled
feeder. This is probably because the largest gatieofeeder is OHL, which does not
have large zero sequence series impedance. Thetbioltage does not drop in the
zero sequence network. The voltage at the faultitpsilower because of the voltage
drop in the positive and the negative sequenceari&syas explained in case of a bus
bar fault. The situation is different in the casexdault at bus S97 in isolated network,
because as explained earlier, all of the earth-fautent coming from the network and
especially from the cabled feeder L3 flows towdmler L5.

6.1.2. Trunk line cabling

In Finland it is very common that in rural areamatks the trunk line is cabled first. At
some point the aim is to have a completely cabkd/ork but usually the primary task
is the trunk line cabling and the branches areechldter. By this is possible to increase
the reliability of delivery much more than by caigjithe branches. In this section the
results are represented regarding the L3 trunkdadgding. The behavior of the earth-
fault current is examined in the case of a non-camspted network, centrally
compensated network and regarding a network thabmspensated with distributed
Petersen coils. The cabling is started from theddrtte line. The aim of this section is
to demonstrate, why using distributed compensagoa good solution regarding the
network protection. It will be discovered, that quensating the feeder with 15A
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Petersen coils turns the earth-fault current imductive. To avoid this situation, the
solution of partially compensating the networkrngaeduced in Section 6.1.4.

Although in real networks the centralized Peterseits are not perfectly tuned to
correspond to the capacitive earth-fault curranthis study the network is examined in
resonance. Within Vattenfall Finland the networkused as 5% under-compensated.
However, this kind of compensation degree wouldehéeen difficult to perform
exactly with PSS/E which is why in this work thetwerk is managed as perfectly
tuned. As explained in Section 3.1.2, the unamhiguness of the zero sequence
impedance of the cable leads to the need of somglifications in order to analyze the
earth-fault current behavior in cabled network, elthis why treating the network as
perfectly tuned is considered adequate in terntisfstudy.

The network is tuned to correspond to 10fault at the bus bar. This is because
within Vattenfall Finland the aim is to be able detect faults up to 10k fault
resistance. Table 6.9 represents the coils reastariien the network is tuned to
correspond to 10k and to 20k faults. It can be noticed that whether the tuning
made according to 10kearth-fault at the bus bar or according to 2@arth-fault at
the bus bar, the reactance in both cases is alin@estame. Throughout this study the
network will be used as tuned according to 10k

Table 6.9

5km 10km 15km 20km 25km | 30km| 35km| 40km
10k 590 381 281 222 185 16d 142 12p
20k 600 380 281 222 185 16d 142 12p

The tuning is made simply by changing the reactavakie of the coil and
calculating the neutral point displacement voltaggh PSS/E. The neutral point
resistance value is given in Table 5.6 in SectidnZs The curve that the neutral point
displacement voltage draws as a function of théreaictance is represented in Figure
6.2. This curve represents a situation where theark contains 5km of cable. The
tuning is made to correspond to a 10kault at the bus bar. The resonance point is
found at the peak value of the neutral point disgaent voltage, which is in this figure
represented with an arrow. This figure demonstrdtews the coil is tuned. The
calculations are repeated as the situation changess the amount of cable in the
network changes.



90

Figure 6.2 The neutral point displacement voltage as a famctof Petersen coils
reactance during a 10k fault at the bus bar.

In these calculations the cabling is started aetiek of the feeder. This is because as
Section 6.1.1 introduced, the largest resistivereturis in the situation where the
cabling is started at the end of the feeder. Tldirmatakes place in 5km pieces and as
an outcome the whole trunk line is cabled, i.e.m0¥f the feeder L3 is cabled. The
PSS/E calculation results can be found from Appeadi

Figure 6.3 represents the totaproduced by the cabled feeder L3 in respect to the
cabled amount. The values are as in a case wheoédaearth-fault occurs at the bus
bar. The produced earth-fault current is studied inase where the network has no
compensating devices and when the network is cossped centrally and with
distributed Petersen coils. Okm means the situatioere the network is purely OHL. In
this case the network is studied only without congagion.

It is to be noticed that even though Figure 6.3xshthat thdo, produced by the L3
in a centrally compensated situation, grows aloiitf Whe non-compensated situation,
this is not the totdl, in the whole network. The compensative curreprasiuced at the
neutral point, when the fault circuit closes troulga neutral point equipment. Therefore
the compensation is not seen in this figure whiklstrates only the earth-fault current
production in L3. In the next figure also the effeof the centralized compensation are
seen.
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Figure 6.3The total § produced by L3 during a solid earth-fault at thestbar

From Figure 6.3 it can be noticed that the produncof earth-fault current is linear.
The same pattern can be noticed from Figure 6.4hwimtroduces the total earth-fault
current in the whole network as a solid earth-fagturs at the bus bar. Also in this
case the network is studied with no compensatiati, @entralized and with distributed
compensation.

Figure 6.4 Total k during a solid earth-fault at the bus bar
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In Figure 6.4 also the effects of centralized conga¢ion are seen. When this is
compared to the previous figure it can be notichdt tdue to the centralized
compensation the total earth-fault current deciekasmarkably. It can be seen that in
this case the amount of earth-fault current dog¢snooease linearly.

It can also be noticed from Figure 6.4 that thehetult current behaves quite
strangely when the distributed compensation ioduced. This is because as stated in
Section 6.1.1 the underground cable used in thik wooduces ~2,1A/km. From that
follows that a 5km part of cable produces aroun®A@arth-fault current. In this study
the distributed compensation devices produce 158oaipensative current and as one
compensating unit is added per five kilometers aible, this leads to over
compensation. Therefore at first the tolglat the bus bar is capacitive and as the
distributed compensation is introduced, the eaathtfcurrent starts to decrease until the
whole earth-fault current becomes inductive, ilee amount of earth-fault current
amount starts to increase again. Inductive curhast a phase-angle opposite to the
capacitive current. The earth-fault current becormnesictive. This will be discussed
more later on.

Figure 6.5 introduces the resistive current compomdich the feeder L3 produces
during a solid earth-fault at the bus bar. The diats are given as they are in a non-
compensated situation, in a centrally compensatedt®n and in the case in which the
compensation is executed with distributed Petecsds.

Figure 6.5 The resistive current component produced by L3ndud solid earth-fault
at the bus bar
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It can be noticed that the amount of resistive entrdoes not increase linearly. As
explained earlier, also this figure introduces otig current produced by L3 and
therefore the line diagrams regarding resistiveresur in non-compensated and in
centrally compensated networks are almost the same.

It can also be seen that the resistive current oowampt with distributed
compensation is a bit larger than in the case ai-cwmpensated and centrally
compensated networks, when 5-15 kilometers is dafdlbis is because a distributed
Petersen coil is in Zn(d)yn coupled. This means e transformer has a connection to
earth in the MV as well as in the LV side. When rakang only the MV side, the
connection to earth in means that the transforrasrahzero sequence impedance, which
consists of reactive and resistive parts. Thisstasce produces a small resistive current
which is added to the resistive earth-fault curremiponent produced by the cable’s
zero sequence series impedance. From Figure éabi ibe seen that the resistive current
is doubled as the first distributed Petersen &ihtroduced. As the cabling increases,
the less the Petersen coil's zero sequence impedaifiects the resistive earth-fault
current. This is because the resistive current yiwed by the cable increases non-
linearly and the influence of the minor Peterseth zero sequence impedance becomes
negligible. Figure 6.6 shows this even more clealmythis figure the total resistive
currents in the network are introduced in case oham-compensated, centrally
compensated and distributed compensated network.

It can be noticed that the resistive current inecalsa centralized compensation is
much larger than in case of a non-compensated mietsval distributed compensation.
This is due to the neutral point resistance whids vintroduced in Section 5.1.2.
Therefore the resistive current in this case igdathan in other cases.
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Figure 6.6 Total resistive current during a solid earth-faattthe bus bar

The figure is slightly misleading because the tasise is not usually connected all
the time. In the networks in which the neutral palisplacement voltage is naturally
high in normal operating conditions, the resistaisceontinuously connected to lower
the neutral point displacement voltage. When thdt fis detected i.e. when a rise in
neutral point displacement voltage or in zero sageeurrent is detected, the resistance
is disconnected so that the earth-fault would hiwe to extinguish by itself and
thereby it would not cause a short interruption difto-reclosings are used) or a
permanent outage. After a certain time delay, ef iiblay is still awakened i.e. the fault
is not cleared, the resistance is reconnected pifgnthe earth-fault current in order to
help the fault detection. In the network where ttleaitral point displacement voltage is
small, the resistance is not connected. When tlag detects a rise in the neutral point
displacement voltage or in the zero sequence dubntripping does not happen, the
resistance is connected in order to help the thitkction.

Also from Figure 6.6 it is possible to see thatlesfirst 5-15 kilometers are cabled
and the distributed compensation is introduced ptiogluced resistive current is larger
than in non-compensated situation. It was alreaqijagned in the preceding that this is
due to the distributed Petersen coil's zero sequéanmgpedance. This is illustrated
further in Figure 6.7. This figure demonstrates therease in earth-fault current in
respect to every added 5km in non-compensated netvemd when using distributed
compensation. Figure 6.7 is to be interpreted abttie number of cabled parts means
how many times the 5km part has been added. Théb&ud means that the whole
trunk line is cabled i.e. 8*5km=40km.
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In the figure the bar chart illustrates, how muekistive current increases as the
cabling increases in a non-compensated situatidmenAthe first 5km are cabled, the
increase in resistive current is 0,11435A as coeppdo pure OHL network. As the
second 5km are cabled, the increase in resistirrerdus 0,35990A in comparison with
the situation where only 5km were cabled. It cannoticed, that as the cabling
increases in the network, the more it has an effecthe earth-fault current. This
confirms the non-linear behavior of the resistivartie-fault current. If the cable
produced a fixed amount of resistive earth-faultrent per kilometer, the bar charts
would stay at the same level all the time. But las riesistive earth-fault current has
more of an exponentially growing nature (as shawRigures 6.5 and 6.6), every added
cable length produces more earth-fault current tharprevious one.

Figure 6.7 The increase in resistive current component in eeswvith every added 5km
during a solid earth fault at the bus bar

Figure 6.7 also illustrates how the distributed pensation adds a small part to the
total resistive current (solid line). As the fifskm is cabled and the first distributed
Petersen coil is introduced, the produced resistiveent is over three times larger than
in the case where the network was non-compenshtedn be calculated that a single
distributed Petersen colil increases the resistiveent

= 0,35522A- 011435A = 0,24087A (36)

I coil
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As the cabling increases, the effect of the ressturrent produced by the
distributed Petersen coil decreases in comparisibim tive growing resistive current
produced by the cable. The resistive current predusy the Petersen coil stays the
same, but the influence is negligible compared&dables resistive current. However,
the fact that the distributed Petersen coil in@sathe total amount of the resistive
current should not be ignored. If a network corgdirseveral long feeders in which
cabling takes place and the distributed compensasiantroduced, the effects on the
total resistive earth-fault current would be muatger than in this case, where only one
feeder is partially cabled.

Table 6.10
[Voltages during a soid earth-faultatthebusbar 1]
No compensation Centrallzeq Distributed compensatior]
compensation
cabled (km) Y Uoz Up Uoz U Upz

5 11,923 12,205 11,853 12,134 11,89 11,84
10 11,955 12,419 11,861 12,321 11,889 11,771
15 11,986 12,563 11,867 12,438 11,888 11,72%
20 12,016 12,627 11,871 12,476 11,888 11,698
25 12,042 12,609 11,874 12,434 11,888 11,693
30 12,066 12,507 11,876 12,311 11,887 11,707
35 12,086 12,325 11,876 12,11 11,886 11,74
40 12,103 12,066 11,875 11,839 11,884 11,784

According to Anna Guldbrand’s studies introducedsection 3.1.4, during a solid
earth-fault at the bur bar, the zero sequence g®lé the end of the feeder increases in
respect with cabled length. Table 6.10 introdudes heutral point displacement
voltages and the zero sequence voltages as theonketsy not compensated and the
cabling is introduced, and also the same voltagenwhe compensation is added to the
network. Up represents the neutral point displacement volttgide bus bar andy;
represents the zero sequence voltage at bus S®lisTtso illustrated in Figure 6.8
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Figure 6.8Voltages during a solid earth-fault at the bus bar

It can be noticed, that the voltage starts to imsee but after a certain cabled length
it starts to decrease again. This is due to thenswe. As the capacitance of the
network equals the inductance, the network is isomance. This causes the zero
sequence voltages to rise until they reach theak pafter which the voltage starts to
decrease again. The behavior differs from the behawv Anna Guldbrand’s research
represented in Section. This is due to the faet, tiis modeled network includes some
reactance due to the OHLs, which is why the netwaeilk pass its resonance point
eventually. In Anna Guldbrand’s research only aylgifeeder was examined. Also the
earth-fault current behavior is influenced by theious features of the network, for
example the cable type, the network topology etc.

Despite of the networks resonance point, it carséen, that the zero sequence
voltage at the end of the cabled feeder is highan the neutral point displacement as
also Anna Guldbrand stated in her study. Using distributed compensation, the
voltage at the end of the cabled feeder can beddni

Figure 6.9 represents the total earth-fault cusrastthe fault occurs at bus S61. The
values are as seen from the bus bar (dark greg)lizved as seen from the fault point
(orange lines).
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Figure 6.9 The total | as a solid earth-fault occurs at bus S6lexamimech fthe bus
bar (dark grey) and at the fault point (orange)

It can be noticed that when looking at the valuesnfthe bus bar in the case of a
centralized compensation, the earth-fault curraenteases almost linearly whereas in
the case of a non-compensated network and netwamipensated with distributed
Petersen coils the currents seem to stay the s@ihms.is because the values are
examined from the bus bar i.e. the earth-faultenirseen there does not include the
current part which is produced along the feedee OkL network produces almost the
same amount of earth-fault current which is seae.hEhe reason why the earth-fault
current increases linearly in the case of a cané@lcompensation is that the inductive
current increases which shows at the bus bar.

When looking at the values from the fault pointc#@n be noticed, that the fault
current curve makes a dip. This indicates thattmgh-fault current turns into inductive.
Therefore the amount of earth-fault current incesaas the cabling increases, because a
new Petersen coll is introduced when adding 5kmencable, which over-compensates
the network even further. The changes in the pkhageare illustrated in Figure 6.10.



6. Results 99

Figure 6.10 Phase shift during a solid earth-fault at bus S6ie values are as seen
from the fault point

It can be seen clearly that the earth-fault curtemts into inductive and therefore
the phase shift between the zero sequence voltady¢ha earth-fault current is almost
270°. In this type of case, where the fault ishat énd of the cabled line L3, the over-
compensation does not cause any problems unlesedhler is so over-compensated
that it cancels out the capacitive current comnognfthe healthy feeders in which case
the earth-fault current would start to flow in tbpposite direction and it would cause
false relay functions.

Figure 6.11 introduces the total earth-fault currealues as a solid earth-fault
occurs at the end of the feeder L5, at bus S97vahess are given as seen from the bus
bar (dark grey) and as seen at the fault poinn@ea
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Figure 6.11Total k as a solid earth-fault occurs at bus S97

From Figure 6.11 it can be seen that as the fawlirg at bus S97, the fault current
value is almost the same whether one looks at tilseblar or at the fault point. This is
because the largest part of the earth-fault cuiseptoduced along the feeder L3, and
from there it flows towards the bus bar.

The totall; is almost the same at the bus bar in the casentfadized compensation
and distributed compensation, the difference ig tha earth-fault current turn into
inductive after 10km of cabling. This is illustrdtiurther in Figure 6.12.

Figure 6.12Phasor diagram of the capacitive and inductive euats
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Figure 6.12 shows the current phasors as the &artheurrent is first capacitive
and then it turns into inductive. In Section 4.4t2vas explained, that in isolated
network the protection is based on the capacitiveent component i.e. the phase-shift
between the neutral point displacement voltage thedzero sequence current is 90°.
Now when the current component turns 180° into atide, as illustrated in Figure
6.10, the phasor is not in the relay tripping aséch is indicated with a red line. This
would lead to a situation where the faulty feedays connected. And if the inductive
current is large enough it could cause some heédthger to be disconnected in which
case the protection would not function selectively.

It is good, however, to understand that if one ymesection which is based on the
resistive current measurement, it does not causehanm if a feeder gets over-
compensated. This is because the resistive cugentphase withJ, and even though
the current angle turned into inductive, accordimghe phasor diagram, the earth-fault
current phasor would just shift from the capaciside to the inductive side along the x-
axis, and therefore the phasor would still be mrlay tripping area. This is illustrated
in Figure 6.13.

Figure 6.13The current vectors in compensated network

Figure 6.14 introduces the neutral point curresttha faults occur at buses S61 and
S97. The resistive currents, which are producedheyneutral point resistance, are
marked as bar charts. The inductive current geeeray the centralized Petersen coil is
illustrated with line diagrams.

It can be seen that the resistive current stayt gqoinstant regardless of the cabled
amount, whereas the inductive current changessipet with the cabled amount. This
is because the coil is tuned to correspond to dipaditive earth-fault current generated
in the network i.e. the capacitive current whiclgemerated by the underground cable. It
can be seen that in the case of a solid earth-éaldus S97 the compensative current is
a bit larger than in the case of a solid earthtfatlbus S61. This is because the earth-
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fault current is at its largest when the whole krline of feeder L3 is cabled and as the
fault occurs in the end of the feeder L5.

Figure 6.14Neutral point currents during a solid earth-faultlauses S61 and S97

The resistive current coming from the neutral patdays the same. This is the
amount the neutral point resistance creates. Thistiree current changes a little bit
because as shown in Figure 5.2 the resistance rigected in parallel with the
centralized Petersen coil, and the voltage whiclapgplied over the Petersen coil
influences the voltage applied over the neutrahpogesistance. The change can be
noticed from the PSS/E calculation results in Amgerst, but since the change is so
small, it cannot be seen in this figure.

6.1.3. Higher impedance earth-faults

The higher impedance earth-faults are examined anbuses S61 and S97. The values
are studied as seen from the bus bar becauseulealétection capability is of interest
as the cabling increases. Figure 6.15 introducese#nth-fault currents and the neutral
point displacement voltages as a Slault occurs at bus S61. In the figure the bartsha
represent the neutral point displacement voltagesthe line diagrams represent the
earth fault currents seen from the bus bar.

It can be seen that when the network is not congiedsthe earth-fault current and
the neutral point displacement voltage decreasbeasabling increases. This leads to a
situation where the relays are not capable of daetpthe faults occurring further in the
network. As the centralized compensation is intodl) the neutral point displacement
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voltage stays higher thereby contributing to thehetault detection. It can be seen that
the neutral point displacement voltage first groasd then decreases again. This is
because the network passes the resonance popradtice this situation is avoided by
adjusting the centralized Petersen coil a littlevabor below the resonance point. The
studies are made with perfectly tuned system faroitild have been difficult to create
certain percentage under-compensation with PSSHE a@snexplained earlier, some
simplifications have to be made because of the rntenioéies included with the new
earth-fault analysis. The conclusions are drawmiwithese simplifications, and those
are assumed to give guidelines accurate enoughdiagahe new type of analysis.

The reason why the neutral point displacement geltés larger in centrally
compensated networks during a higher impedancé-&autt is that as the network is
perfectly tuned, the neutral point inductance ckentiee lines’ capacitances out. So
basically the voltage is divided only between thelif resistance and the neutral point
resistance. In non-compensated networks thereseaisb voltage drop over the lines
capacitances. This voltage drop becomes very simaever, as the fault resistance
becomes dominating. This shows as small zero seguernitages in case of a higher
impedance earth-fault in non-compensated network.

Figure 6.15Earth-fault currents and the neutral point displatent voltages during a
5k earth-fault at bus S61

In case of the distributed compensation it can beced that again the current
becomes inductive after a certain cabled lengtlis $hows as an increase and then as a
decrease in the earth-fault current after whichethgth-fault current decreases steadily.
In Section 6.1.3 it is examined how it affects dagth-fault current, if the feeder is only
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partially compensated with distributed Petersetscdii can be noticed that also in the
case of distributed compensation the neutral phsglacement voltage stays higher.

Figure 6.16 introduces the earth-fault currents eredneutral point displacement
voltages as a 5k fault occurs at bus S97. In the figure the bamrtsheepresent the
neutral point displacement voltages and the lirmg@ims represent the earth fault
currents as seen in the bus bar.

Figure 6.16 Earth-fault currents and the neutral point displatent voltages during a
5k earth-fault at bus S97

Also in this case the neutral point displacemeritiage is higher when compensated
centrally. In this case the earth-fault current ebefs differently when distributed
Petersen coils are used. This is because theciauéint flows in the other direction than
in the previous case, when the fault was at théeddeeder. Also in this figure it can be
seen that the earth-fault current turns inductilee earth-fault current has a steep dip,
which indicates that the current turns from capeeiinto inductive. It can also be
noticed, that the neutral point displacement vataghaves differently when distributed
compensation is used. The voltage first grows #eth tstarts to decrease again. This
indicates that the inductive current by which teeder is over-compensated exceeds the
capacitive current which the rest of the networkates, i.e. the resonance point is
reached. This shows as a high neutral point disptant voltage. High voltages may
endanger people and cause isolators to break viwhy this kind of situation should
be avoided.
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Figure 6.17 represents the situation where a 1€@ult occurs at the end of the
cabled feeder L3. It can be seen that if the nékwsrnot compensated, the fault
currents are extremely small and the faults comgidOk fault resistance would not
be detected. Also the neutral point displacemehiges are small.

Figure 6.17 Earth-fault currents and the neutral point displazent voltages during a
10k earth-fault at bus S61

When the compensation is introduced, the earth-faurent increases along with
the neutral point displacement voltage. The reastwy the earth-fault current in
centrally compensated networks is much larger idlypaue to the neutral point
resistance. The earth-fault current starts to @ser@fter 30km has been cabled.
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Figure 6.18Earth-fault currents and the neutral point displatent voltages during a
10k earth-fault at bus S97

Figure 6.18 introduces the earth-fault currentsrwhaelOk fault occurs at the end
of the feeder L5. The network behaves basicallysdrae way as in the Skearth-fault,
which is why it is not necessary to explain theadabr again.

6.1.4. Partial compensation

As was discovered in Section 6.1.2, compensatiagé#bled trunk line with distributed
Petersen coils every 5km makes the feeder over-ensgped. This causes the
protection to function falsely which may lead tpping of the healthy feeders as the
faulty feeder stays connected. This is not desralflich is why it may be of interest to
examine the earth-fault behavior also when the oltws only partially compensated
with distributed Petersen coils.

Tables 6.11 and 6.12 introduce a situation wheselid earth-fault occurs at the bus
bar in a network which is compensated with disteoluPetersen coils. Table 6.11
introduces the values which are produced by théeddieeder L3. The values are given
in a case of a totally compensated network (coiergv5km) and in partially
compensated network, in which the coils are plamesty 5,7km (40km/7 coils). Also
one example is introduced in which the distribuRetersen coils are placed every
6,7km (40km / 6 coils).
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Table 6.11

[Solid earth-fault at the bus bar, values fromfeedel3 |

compensation partial compensation

cabled| (A) ©) lor (A) cabled b(A) ©) lor (A)
5km 0,8 244,29| -0,3470531 5km, no caoil 135 90/5 ,1108082
10km 4,3 259,93 -0,7518602 10km + 1coll 9,8 92,44 0,4172170
15km 7,8 261,21 -1,1919442 15km + 2cojls 6,2 97,21 -0,7781396
20km 11,3 262,23  -1,5277238 20km + 3cojls 2|9 1949 -1,2251342
25km 14,9 262,72 -1,8881036 25km + 4colls 1/8 212,1 -1,5236497
30km 18,4 262,96 -2,2551452  30km + 5cojls 419 286,9 -1,9161569
35km 22 263,06 -2,658257% 35km + 6coils 8,4 253|183 -2,3393014
40km 25,7 262,29 -3,4478900 40km + 7cofls 11,9 £5§, -2,7941536
40km 40km + 6c¢oils 3,4 134,34 -2,3763104

It can be noticed that the feeder stays under-cosgied for the first 20km. After
that the feeder becomes over-compensated agairhwiielld lead to a false relay
functions. The last row represents the earth-fauitent value as the whole trunk line is
cabled but the compensation has been startedthéidirst 10km of cabling. It can be
noticed that this way the earth-fault current vadteys as wanted and the relays should
function correctly. It must be kept in mind, thaese results are only valid for isolated
networks. In compensated networks the protectigteas/ , + D/ . This means that the

protection works on both sides of the 0-angle dretefore it is not hazardous if the
earth-fault current angle is pivoted to the minide s

Table 6.12

compensation partial compensation

cabled| #(A) ©) lor (A) cabled b(A) ©) lor (A)

5km 5,8 93,56 -0,3601438  5km, no coil 201 90,84 ,11092751
10km 2,4 108,13 -0,7468178 10km + 1coil 164 91,47 -0,4207178
15km 1,7 224,06 -1,2216403 15km + 2colls 12,8 93,51 -0,7836511
20km 4,9 251,76 -1,5336904 20km + 3colls 9,8 97|5 1,2138936
25km 8,4 256,99 -1,8910173 25km + 4coils 58 105,39 -1,5392495
30km 11,9 259,07 -2,2563539 30km + 5co|ls 2,8 182,6 -1,8966912
35km 15,5 260,11 -2,6622360 35km + 6co|ls 27 2417 -2,2952068
40km 19,2 259,64 -3,4527828 40km + 7co|ls 5,7 240,6 -2,7920823

40km + 6coils 9,3 104,6 -2,3442450

Table 6.12 introduces the total earth-fault currgatues as the feeder L3 is
compensated totally and partially. It can be sé&am the total earth-fault current phase
angle stays normal though feeder L3 is over-congteds It still does not change the
fact that when the cabling increases and moreilolisad Petersen coils are placed to the
network, the angle of the total earth-fault curralsio changes into the wrong direction
and the total earth-fault current becomes inducfives can be avoided if the first 10km
is left without compensation.

The result would be the same if one cabled feedeidvbe studied. The trunk line
cabling was chosen because it is very common tb tta trunk line cabling first. In
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case of a totally cabled feeder L3 it is reasonablassume that the network would
become even more over-compensated if the distdbietersen coils were placed every
5km, because the smaller cable AXAL50 used in bdrasqroduces even less earth-
fault current than AXAL95.

6.1.5. Totally cabled network

It is also of interest to study the earth-fault éabr as the network is totally cabled.
This is because at some point in the future theigitn have only cabled networks even
in rural areas. Table 6.13 represents the totdéih-dault current as the network is totally
cabled. The earth-fault current behavior is alsangred as the earth-fault current is
compensated with the usage of distributed and alered Petersen coils.

Table 6.13
[Solid earth-faultatthebusbar ]
lo(A) ©) lor (A)

no compensation 430,6 97,41 -55,53391110
distributed compensation 152,4 -98,11 -21,49968(09
first 5km not compensated 85,4 -102,28 -18,1636619
first 20km not compensated 20,8 222,02 -15,4525582
first 15km not compensated 59 102,7 -12,9709261
centralized + distributed 18,5 180,4 -18,499549p

It can be noticed that when the network is totatpled the produced earth-fault
current is considerable. This alone is a forcirgidato use compensation of some kind.
Also the amount of resistive current is significalirst the network is compensated
with distributed Petersen coils placed every 5kra.was seen before and can be seen
from this table, placing the coils every 5km overmpensates the network. The amount
of resistive current is reduced but instead théhefault current has become inductive.
When the first 5km of every feeder are left witheompensation the inductive earth-
fault current is reduced but the network is stlercompensated. This is also the case
when the first 10km are left without any kind ofhgeensation. The current angle turns
into the right direction when the first 15km aré Meithout compensation. In this case,
however, the total amount of earth-fault currentjiste large. The last row in Table
6.13 represents the situation where the netwogaitly compensated with distributed
Petersen coils and partly with centralized Peters®eh In this case the first 15km are
left without distributed Petersen coils for it leetonly situation in which the earth-fault
current is not inductive. The rest of the capaeitearth-fault current is compensated
with centralized Petersen coil. The colil is tuneadaorrespond to 10k earth-fault at the
bus bar.

It can be noticed that the total earth-fault currésm at minimum when the
compensation is executed as a combination of demttleand distributed compensation.
In this situation, however, the resistive currentarger than in the case where the first
15km would just have been left without compensatibms is, however, partly due to



6. Results 109

the neutral point resistance which is connecteplairallel with the centralized Petersen
coil. Table 6.14 introduces the current generatetieaneutral point.

Table 6.14

I I
centralized + distributed 5,6313108 57,022¢13

The resistive current is 5,63A and the inductiverent generated by the centralized
Petersen coil is 57,02A. The study was not perfdrnme the cabled network with
compensating only with a centralized Petersenlmeshuse Vattenfall Finland does not
use such large coils that the whole produced capaccurrent could have been
compensated. Also in cases in which the networlamecover-compensated with the
distributed Petersen coils, the centralized comg@ms was not introduced.

Table 6.15 introduces the zero sequence curreatpliase shift and the resistive
current values seen from the fault point, as adselrth-fault occurs at bus S61 in
totally cabled network. The different compensatommbinations are compared. Table
6.16 on the other hand introduces the zero sequeutent, the phase shift and the
resistive earth-fault current seen from the faoihp as a solid earth-fault occurs at bus
S97 in totally cabled network.

Table 6.15
i (A) ) G
no compensation 213,7 138,22 -159,35793}7
distributed compensation 119,4 -118,54 -57,0459916
first 5km not compensated 76,4 -110,23 -26,4183213
first L0km not compensated 19,9 228,47 -13,1939410
first 15km not compensated 54,6 122,99 -29,7292987
centralized + distributed 17,4 188,33 -17,2164312
Table 6.16
If (O) Ir
no compensation 266 132,13 -178,4367966
distributed compensation 1315 -112,52 -50,365276¢4
first 5km not compensated 79,2 -108,46 -25,07808719
first 20km not compensated 20,1 224,71 -14,28460]6
first 15km not compensated 56,9 113,63 -22,80715}8
centralized + distributed 17,7 183,42 -17,6684715

It can be noticed that in both cases the totalhdault current as well as the
resistive current flow in the network can be bestited with the combination of
centralized and distributed compensation.
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6.2. Reactive power generation

In the future also the production of the reactiwsvpr has to be considered. When the
network is large and almost entirely cabled, thieleeanay produce too much reactive
power for the transformer to handle. This may leac transformer overloading and
even before that point the transformer will not diion efficiently because of the
reactive power transfer to the upper voltage sldhes is mainly a problem in Swedish
10kV networks in which relatively small transforraesre used, for example 4MVA.
Overall, when the cabling increases the reactivergpodrifting to the transmission
network increases also which may lead to reactoxegp unbalances even in the main
grid. This can be avoided with the capacitive poeg@npensation by shunt reactors.

When considering cabled network, many things haveet taken into consideration
as can be seen from the previous section. One reabtze that the cable produces
resistive earth-fault current along with the capeeicurrent that the resistive current
production leads to fault detection incapabilitydaalso that the compensation might
function differently than expected. Among all oé#e issues, a cable produces reactive
power, because a cable can be considered as atogpas explained in the theory.

Usually the reactive power flow in the network t®wards the consumption.
Industrial facilities usually take reactive poweorf the network, thus they are said to
be inductive loads. However, these types of conssimsually take care of their own
compensation, which is why the power flowing to thege, industrial customer, is
almost purely active power when seen from the ngtwo

Figure 6.19Active and reactive power flow in the network
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This is demonstrated in Figure 6.19 which repres#m reactive power changes as
the trunk line of the feeder L3 is cabled. In tigufe only reactive power values are
represented, two other bars represent the actiwempfiow in the network. As can be
noticed, the active power flow does not actuallgraye significantly.

In the beginning when the network is pure OHL, tibtal reactive power is flowing
from the upper network to the medium voltage nekwehich shows as a minus signed
value. When the OHL is started to be replaced watle, the reactive power production
in the network increases. As the whole networkaisled, the produced reactive power
is according to Appendix 7:

Q = 44973kVAr » 45MVAr (37)

It is possible, that if the network was small, émample a 10kV network in Sweden,
which could have a 4MVA main transformer, all th@nsformer could do, would be to
take care of the reactive power transfer to theeuppltage side, and there would be no
room to take care of the active power transfer. fféwesformer could also be overloaded
by all of the reactive power production.

6.3. Voltage rise in extensively cabled networks

As explained in Section 3.3 the generation of th&ctive power also influences the
voltages in the network. A figure was introducedaasituation where the loads in the
network are small i.e. the loads are not consuragxgqiuch inductive power as the cable
produces capacitive. This reactive power surpladddo a voltage rise in the end of the
feeders.

The voltage behavior is studied in a situation whée trunk line is cabled starting
from the end of the feeder, analogically to presistudies. The voltage is measures at
the bus bar and at the end of the line. This igsithted in Figure 6.20 and the
calculation results are represented in Table 6Thé. voltages are studied as the loads
are those defined in Section 5.1.2 i.e. 50kW and/20, and when the loads are half of
the defined loads, i.e. 25kW and 5kVAr.

Table 6.17
[Voltages during normal loading and decreasedloadp |
50kW + 10kVAr 25kW + S5kVAr
cabled Voltage at K20 Voltage at S6[L Voltage 20K| Voltage at S61

5 20,574 20,304 20,586 20,515
10 20,589 20,391 20,602 20,599
15 20,605 20,464 20,618 20,665
20 20,621 20,518 20,634 20,71
25 20,637 20,558 20,65 20,736
30 20,653 20,582 20,666 20,743
35 20,669 20,589 20,682 20,731
40 20,685 20,58 20,698 20,7
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Figure 6.20The voltage rise at the end of the feeder duriglgtlload.

From the figure it can be seen, that when the lead$0kW + 10kVAr, the voltage
drops towards the end of the line, which is noryndie case. This happens because of
the transmission lines’ series resistance. A cuifftewing through the resistance causes
a voltage drop, which shows as a decreased vaitiaile end of the line.

However, as the network is cabled, it produces @éipa reactive power, which is

usually consumed by the loads. As the loads deerea5kW + S5kVAr, the capacitive

power surplus lifts the voltage at the end of theder. According to the figure, the
voltage is at its largest when little less thanr80k cabled. This is in accordance with
the Elforks report introduced in Section 3.3, whitated, that the voltage is at its
highest when one third of the feeder near theatat OHL and two thirds are cabled.
This risen voltage may damage the network compesniérthey are not designed to
endure such voltage.

6.4. Recloser placement

In this section the results of recloser placemeatiatroduced. As mentioned above in
Section 5.2 the studied figures are SAIFI, SAIDIAMI and the total customer hours.
Based on these studies, the most suitable place fecloser is chosen. The calculation
blanket created with Microsoft Office Excel is imtiuced in Appendix 8.

The SAIFI figure is represented in Figure 6.18cdin be noticed that based on
SAIFI calculation, the best place for the reclosewuld be location 3. The calculation
results are shown also in the figure.
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Figure 6.18Spillersboda —network, SAIFI

SAIFI is used to describe the average interruptmerscustomer. In Figure 6.18 the
possible recloser locations are numbered as inr€i§1B in Section 5.2. The calculation
is performed with equation (16) introduced in SacttR.4. It can be noticed that the
Location 3 is the best place for the recloser bgkilmg at the SAIFI-figure. That
particular area behind the Location 3 causes 50%llothe faults that occur in the
feeder. It can be calculated that when introdudivegrecloser in Location 3 the SAIFI is
reduced approximately 40%.
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Figure 6.19Spillersboda —network, Customer hours

In Figure 6.19 the customer hours are introducedugtomer hour is a figure used
to describe the total duration of outages per pag@erienced by the customers in that
particular feeder. It can be calculated by muliipdythe amount of customers who
experience the outage by the outage duration firhe.value is usually given per one
year. From Figure 6.19 it can be noticed that tme@wnt of customer hours is reduced
almost 30% as the recloser is placed in Location 3.

SAIDI is used to describe the average interruptaration time per customer. The
calculation results are represented in Figure Gtafan be seen that again the Location
3 would be the best place to install the recloecan be calculated that the SAIDI
figure is reduced almost 30% as the recloser isgolan Location 3. This would be very
beneficial from the customer’s point of view as & from the network owner’s point
of view because Vattenfall Sweden aims to redueeSAIDI figure remarkably in the
next few years.
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Figure 6.20Spillersboda —network, SAIDI

Figure 6.21Spillersboda -network, MAIFI

As introduced earlier, MAIFI is the momentary imtgstion index. In Sweden the
used delayed auto-reclosing time is 30 secondshentigh-speed auto-reclosing is not
used. Figure 6.21 represents the calculation efuitthe MAIFI-figure. It can be seen
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that again Location 3 is the best solution for tbeloser. MAIFI is reduced by almost
40%.

When looking at the results, it can be noticed that best results are gained by
placing the recloser so that it reduces the nurobeustomers experiencing the faults,
i.e. it is wise to place the recloser so that nmdghe faults stay behind the recloser and
most of the customers on the other side. It is atstothe most beneficial to install the
recloser very close to the feeding substationait @lso be seen, that the reduction in all
of the reliability of delivery indexes is remarkabf a recloser is placed in the network.
It can also be noticed, that the recloser hasgefanfluence on the SAIFI and MAIFI
figures than the duration indexes. This is becausecloser may not shorten the fault
clearance time, rather it limits the fault's infhee in the network. It also does not
shorten the time it takes to repair the fault, dimpared to a remote controllable
disconnector installed to the same place.

One important issue when considering the placerkatrecloser into the network
is the selectivity of the protection. The reclosemot useful if it does not function
selectively with the feeder protection, becausedine of using a recloser is to reduce
the amount of customers experiencing the fault, iitite recloser is not selective with
the feeder relay, every time a fault occurs thapirig is made from the station and no
benefits are gained.

In an ideal case the recloser is selective bothentiwise and tripping time wise.
The protection must still fulfill the basic requinents, for example that the smallest
short circuit current value has to be detectedthedirst protection stage must not trip
because of the loading current. In the protectiamming it is also good to take into
consideration the transient phenomena in the n&twior example when a feeder
containing a transformer is connected to the ndiwibcauses a current transient which
might be considerably higher than the normal logdainrrent.

Table 6.14 introduces an example of the protectipis the time before the auto-
reclosingst; is the time between the high-speed auto-recloaimg) the time-delayed
auto-reclosing (if high-speed auto-reclosing isdysendt; is the time before the final
tripping. I> is the threshold value of the first protection stamndl>> the threshold
value of the momentary protection stage.

The I> should not trip from loading current and it shoaldo have an adequate
safety margin so that every two-phase fault atehé of the line is detected i.e. the
smallest two-phased short-circuit current shouldldrge enough compared to the
threshold value of>. The times should not be too short so that the rdtss not trip
from transients, nor should they be too long beedhs lines will not endure thermally
short-circuit currents lasting a long timke> protects the feeder from larger over
currents and it reduces the influence of supplyagd drops in other feeders, if a three-
phased short-circuit fault occurs in a feeder mtects. It should not reach over the
recloser, for thed>> in the recloser is impossible to plan to be setecwith the
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protection in the feeder. It would require prolargyiof thel>> tripping times at the
feeder relay which would endanger the lines’ duitgbi The recloser protections
threshold value is set lower than the feeder ptite's but the criteria explained earlier
is also taken into consideration. The faults inchhihe short-circuit currents are large
are taken care of by the feeder protection. Thgpitng times are also set selectively
with the feeder protection. A time delay of 0,15stveen the protection stages is
usually enough with modern relays.

Table 6.14

Short-circuit protection
I>(A) t1 | t2 t3 | I>>(A) t1 t2 t3
Feeder relay 250 03/03]03]| 1700 | 0,15 | 0,15 0,15
Recloser 150 0,15/ 0,15| 0,15 - - - -

Directional earth-fault

protection
loDir>>(A) | t1 | t2 t3 | Uo(%)
Feeder relay 2 0,7/ 0,7 | 0,7 10
Recloser 1 05| 05| 05 10

As stated in the theory, in compensated networksetfrth-fault current tripping
times may be longer because it gives the earth-Gamtent time to extinguish by itself.
The zero sequence voltage is also higher becausezeého sequence voltage in
compensated network is higher as shown in prevsegsions. The recloser is set to be
selective with the feeder protection relay alsdhwearth-fault protection. In some cases,
if it is impossible for the recloser protection detect fault currents of 1A, it is also
acceptable to set the earth-fault current threskalde to match the feeder protection
relay value. As stated earlier, the amount of efatilt current amount changes if the
network topology is changed, so usually it is erfot@be time selective with the feeder
protection.

It should be kept in mind that the example showovahs just a demonstration of
how selectivity is gained with the recloser. Thesay settings are not from any actual
network but are used to give a fairly good undeditag, of how the settings should be
set.






7. CONCLUSIONS

7.1. Conclusions

This thesis introduced first the theory relatedn&work faults after which the most
common fault types were introduced. It was expldjinghy in an increasingly cabled
network the conventional earth-fault analysis cariye applied to increasingly cabled
networks and the cables’ zero sequence impedance inteoduced, followed by
examples from Anna Guldbrand's licentiate thessAhe distribution networks both in
Finland and in Sweden were introduced and the casgimn and protection methods
in both countries were discussed. This was followsgda short introduction to the
research executed in this study.

Though the basic structure of the electricity netwia Finland and in Sweden is the
same, there are still some differences. First lpfirmlSweden there are multiple voltage
levels, which has to be taken into considerationemwtior example planning the
protection of the network. Also the network starinpchandling is different, which
affects for example the earth-fault analysis.

In order to examine the rural area network cablng the influence of the long
cabled feeder, a network model was created to sjgored to an average Finnish rural
area network. Based on the calculations introd@cetexplained in Chapter 6 it can be
stated that according to Anna Guldbrand’s studresb the theory regarding the earth-
fault analysis represented in Chapter 3, taking zBeo sequence impedance into
consideration really affects the earth-fault curteghavior. It must be kept in mind that
the zero sequence impedance is not an unambiguattermand because this subject
has been studied fairly little, it is very diffi¢ub predict how well the model used for
simulating the earth-fault behavior in rural areaworks really corresponds to a real
network. After all, the zero sequence impedancaffiscted by many of the network
features, for example the cable type, network gl loading current and the nature of
the load itself and of course the ground’s resistiand how frequently the cable is
earthed along the cable route.

The influence of the zero sequence network waglglemticeable in the studies
performed in Section 6.1.1 which examined the erice of the cabled place in the
network. As represented in the theory, the eanlt-faurrent included a small resistive
current component when the cable was introducee. iffluence was examined as
15km of OHL network was replaced with undergroumdble in the beginning of the
feeder, in the middle of the feeder and at thearttie feeder. It can be stated, that the
placement of the cabling has no significant infeceen the earth-fault current behavior.
It must, however, be kept in mind, that if the natkvcontains several long feeders
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which all contain cable, the effect of the zerousawe series impedance is larger than
in a network, which contains only a few kilometefscable. As 15km of cable may
produce over 2A of resistive earth-fault currerstying several 15km parts of cable in
different points in the network may cause dangenmltages, as the resistive current
cannot be compensated.

As introduced in Chapter 3, a large earth-faultrenir can endanger customers
because it creates a potential difference betwkerenergized equipment and earth.
When this voltage is applied trough human’s bodyicv has a specific impedance that
resists the current flow, it creates a current.rEaeurrent in the magnitude of 5-10mA
can be lethal, for it can cause muscular crampschwiead to incapability to loosen
oneself from the energized equipment.

Although cable parts around 5-15km do not by thdwesecause pure resistive
current so much that it could be dangerous to medplt if the network consists of
several short cable parts, the resulting earth-fautrent should be considered as
hazardous. It must be remembered, that in thisysthe network earthing was
considered to be fixed at all distribution transfers. In real network the earthing
values usually change very much depending on tiloomation of the soil. In real
networks the earthing values are also usually Etger than the ones used in this work.
Anyhow it can be recommended, that if the netwodntains long cabled parts
especially in the ends of long OHLs the resistivaent production would be examined
more thoroughly.

It is good also to consider the special cases whdaults, for example double fault
i.e. a cross-country fault. Although these are mmideled in this study, it is still
reasonable to assume, that if a double earth-éa&elirs, the earth-fault currents may be
higher than in case of a single-phase earth-fanl, therefore also the resistive current
may be larger during a double earth-fault.

Studies also concerned the trunk line cabling, Imctv the earth-fault phenomenon
was examined by means of non-compensated and kgrwapensated network. The
trunk line cabling was also modeled with distriltlteetersen coils. The trunk line was
cabled, for sometimes the reliability of delivesyincreased more by cabling the trunk
line first. The aim is, of course, to have a totaldbled network at some point, but as
the reliability of delivery indexes can be improvednarkably by cabling the trunk line,
this usually is the priority.

The aim of this study was to show the benefitshef distributed compensation.
Despite of the fact that the network was used afeity tuned and the Petersen coils
produced a larger inductive current than the mablelgble type, Sections 6.1.2 and
6.1.3 showed that using distributed compensatieraffects of the zero sequence series
impedance of the cable can be decreased. The faatth-were studied at buses K20,
S61 and S97 and in addition to solid earth-fau#to digh impedance earth-fault were
studied.
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It can be stated, based on the analysis performetthi$ study the cable’s zero
sequence series impedance has a non linear inuencthe earth-fault current
behavior. Therefore, as the cabling increasesrdsistive current component becomes
more dominating depending of course on the cabiigtfeand the network structure.
The resistive current becomes a problem if it grawe high for it cannot be
compensated. By using distributed compensationrésestive current increase in the
network can be limited. This is because the resisturrent component is due to the
earth-fault current flow through the cables’ nomligible zero sequence series
impedances. If the earth-fault current is compeatshically, the resistive current can be
limited as smaller earth-fault current flows thrbughe zero sequence series
impedances. One thing that could also endangeomastsafety and cause failures in
the network components is the voltage rise at titead the cabled feeder during a bus
bar fault. This was also examined by Anna Guldbranter licentiate thesis, and the
results gained from this particular study are imoadance with Anna Guldbrand’s
studies. Though it is good to keep in mind, tha tletwork topology in this study
differed from that of Anna Guldbrand’s, which is ybxactly the same kind of results
are not gained. The studies showed that by usiaegligtributed compensation also the
zero sequence voltage at the end of the cablea@ifexah be limited which ensures the
customer safety.

By using the distributed compensation also themépbint displacement voltage is
kept higher in case of a high impedance earth-failis helps the earth-fault detection
in extensively cabled network which contributes tiework safety. Though the fault
currents during a high impedance earth-fault airgyfamall, they still create a potential
difference between an energized network componedtearth, which may endanger
human safety, if the voltage is applied througleespn’s body.

It was also noticed, that if the distributed Petarsoils are dimensioned too large
and not to correspond to the capacitive currentlywed by the cable, the network
becomes over-compensated. This is not an ideatsity because as the earth-fault
current angle turns 180° into inductive, the feeddays are not capable of distinguish
the faulty feeder from the healthy ones. Alsoh# inductive current is larger than the
capacitive current produced by the whole netwode @xample in a case where the
network if small and the coils oversized) the edatllt protection may function falsely
and a healthy feeder could be disconnected instetie real faulty feeder.

Because over-compensating a feeder is not an ideak, the distributed
compensation was also studied as partial. This trtbahif in previous case a coil was
installed with every 5km of cable, now the coilsesh installed every 5,7km and every
6,7 km. It was noticed, that if one would want mmpensate the whole feeder with
distributed Petersen coils, the coils should b&allesl every 6,7km at least. This does
not cause the feeder to become over-compensated.

It was also noticed, that when adding the firstrdiated Petersen coils into the
network, the resistive current became larger. TWas due to the zero sequence
impedance of the Petersen coil. From this it cdagdconcluded, that maybe leaving



122

some part of the network non-compensated or conapiegspartly with centralized
Petersen coil, could be a one good solution. Thas examined in case of a totally
cabled network

As a conclusion it can be stated, that using tegiduted compensation the resistive
current in the network can be limited and the efatht detection can be contributed.
Based on this, it can be recommended, that theldistd compensation would be used.
It is, however, important to dimension the disttdali Petersen coils according to the
network to avoid the over-compensation. For thisppse for example adjustable
Petersen coils could be one solution. This wayctiiecould be dimensioned according
to the needed compensation.

It has not yet been defined, what would be an idehlition for the compensation.
Previously it was introduced that the Petersenitad a zero sequence impedance of its
own. Therefore compensating the network only wisng distributed Petersen coils,
perhaps would not be ideal. This was examined witbtally cabled network. It could
be noticed, that both the total earth-fault currantl the resistive earth-fault current
could be limited the most by using both centralized distributed compensation.
Based on these studies, it can be recommended]@hbb kilometers from the power
station would be compensated centrally, which waailsb give the opportunity to
readjust the compensation as the network topoldgnges. The rest of the network
would be compensated with distributed Petersers,coy which the resistive current
component can be limited.

What comes to the network protection, it is cldet tcabling changes the way the
network must be protected. The increase in registivrent component has to be taken
into consideration, and in extensive cabled netwovkhere there is resistive current
despite of the distributed compensation, one ptessiblution would be to shorten the
earth-fault tripping times. This would, howeverfeat the quality of delivery, for in
compensated networks the earth-faults would not henough time to extinguish by
themselves, and would thereby cause the relayax #te auto-reclosing functions.
Customers would experience these as short powes, eutich would affect the
experienced quality of delivery.

It can also be stated, that in order to detechigker impedance earth-fault the need
of distributed compensation is obvious in extengivabled networks, in which the
voltage drop over the zero sequence series impedanauses the neutral point
displacement voltage to be remarkably lower than dwample the zero sequence
voltage at the fault point. Not only ignoring thi®ltage drop would mislead the
network company to assume that the voltage alsthier parts of the network would be
as low as in the bus bar, but the relays wouldb®otble to detect the fault. When
combining these two issues, the relays would redrdhe fault and at the same time the
zero sequence voltage at the network may be caasigenigh compared to the neutral
point displacement voltage. This would, of cous®janger the customer safety.
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As introduced earlier, cable also produces reagtoxger which also contributes the
voltage rise in the end of the feeder during ligltding. This was also examined in
Chapter 6. In the resulting situation, where th@Mhrunk line was cabled, the reactive
power produced in the medium voltage network aredetty also transferred into the
upper voltage side was 770kVAr. As the whole nekwaas cabled, the produced
reactive power was ~4,5MVAr. It is clear, that tAimount cannot be transferred into
the upper voltage side. If the medium voltage netwan Sweden or in Finland
contained lots of cable, the reactive power transfeto the upper voltage side could
disturb the power balance in the main grid. This ba avoided by compensating the
reactive power production in the medium voltageesithis can be done with a shunt
reactor, and one of the newest applications is mbared compensation device, in
which the Petersen coil compensates the capa@tvih-fault current but also would
functions as a shunt reactor producing balancingepoto the network. It can be
recommended, that as the networks become more ane cabled, also the reactive
power production has to be taken into consideration

It was also noticed, that the voltage in the endhef feeder rose higher than the
voltage at the bus bar during a lighter loadingisTlas due to the reactive power
surplus. The voltages were at highest when ond tiear the station was OHL and two
third cabled further in the network. The voltageershould be avoided, for it can cause
failures in the network components. This can aledimmited with the usage of shunt
reactors. It is recommendable, that as the calolicrgases in the rural area network, the
network companies would take these phenomena ontsideration.

As introduced earlier, the aim of the distributioetwork companies is to deliver
high quality electricity, which basically means oaotages and no interruptions. One
device used to improve the reliability of delivasya network recloser. This device was
shortly introduced in Chapter 4. As an example nétwvas used a 10kV network from
Sweden. The network contains lots of customers/a@tsdf faults, which is why it is an
excellent example to demonstrate the effects afglesinstalled recloser.

The recloser was tested in three different locati@nd the SAIFI, SAIDI, MAIFI
and customer hour results were compared to a wityah which the network had no
recloser. It was noticed, that with a right placamef the recloser in terms of the
introduced criteria, the quality of delivery indexeould be improved by 30-40%. It
therefore is recommended, that the possibility mdtalling a recloser should be
considered. It is to be kept in mind, that a reetds an extra protection stage in the
network, which is why planning the short-circuitdaearth-fault protection for the
recloser has to be done carefully. The trippingeBntannot grow too high, and the
selectivity must be considered in order to obtdie best results from the usage of
reclosers.



124

7.2.  Further study

Because the cable zero sequence impedance hasemostudied very thoroughly, there
are no guarantees, that the way the resistive rigrrare calculated with PSS/E, is
correct. Therefore the zero sequence impedanceldsibheustudied more in order to
achieve the knowledge needed to verify that thikéscorrect way to model earth-fault
behavior. Some field tests are definitely neededrier to achieve better knowledge,
which factors influence the real, measured regstivrent and how much.

Based on these studies executed in this thesis,vibbik clear that the cabling
influences the earth-fault analysis. Introducing thero sequence network is not
possible in the network information systems usethiwi Vattenfall. It should be
studied, if the information systems used at the emncould also perform analysis in
the zero sequence. It could also be consideretheif PSS/E could be used as an
analyzing tool in extensive cabling projects. Ag ttabling increases, there must be
tools with what the affects of the extensive capltan be analyzed. The network
companies must be able to control the producticin@fresistive earth-fault current, for
it may endanger customer safety.

It must also be remembered, that cabled networksacts lots of fault related
transients. Although some manufacturers have somdskof transient detection
functionalities, they are not widely used or in sooases do not function as planned.
Therefore it could be of interest to study more tiedwork transients, and to start
implementing the existing transient functionalitresre. Also the analysis performed in
this study, should also be repeated with otheneegies than 50Hz.

As the cabling increases in rural areas and ag¢heration of the resistive earth-
fault current increases, the need for wider eagthshould be considered. As mentioned
earlier, the usage of an extra earthing wire hatlieszero sequence impedance of the
cable, thereby lowering also the production of iésistive current. In the future, when
the cabled networks grow larger, this option shdadcconsidered in order to ensure the
customers’ safety.

As for the reactive power production, it is clebattreactive power should not be
transferred into upper voltage network, becausmdy cause power unbalance. The
reactive power should be compensated locally inntleelium voltage network. If the
networks are small and thereby also the main toamsdrs are fairly small, using some
kinds of compensative devices in the network cbaotgs the proper functioning of the
main transformers. The transformer may become oaddd if the reactive power
production is large. The options of taking caretlig reactive power compensation
should be studied further.
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APPENDIX 1 — EQUATION DERIVATIONS FROM
THE NETWORK EQUIVALENTS

Earth-fault current in compensated network:

I —_ QV — QV — L_JV
1y = - -
RIj 3uC,- = +R, R, 3uC,- Ry iR,
L me . 1
1 +Rf 1+JRO BMCO'E
R, +] 3uC, - L

Derivation of the absolute value:

. 1
U, 1+ jR, 3uC, - "
If = = 1 Qv
TR | (RoR )RR 3C, L
1+jR, 3uC,- —
uL
l 2
\/1+ R,? 3uC, - "
= Uv
1 2
\/(R0+RT)Z+R02Rf2 nC, - L
Zero sequence voltage in compensated network:
- | 1
uo: = 1 =- RO 1 I_f:' 1 1 I_f
RO||j3VI,CO-— 1+jRo 3V"Co' 7+j3VI/C0-
/8 /8 R, '8

Derivation of the absolute value:
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APPENDIX 2 — PURE OHL NETWORK

SOLID EARTH-FAULT

VOLTAGE N0/ AN(VO) 310*COS( )
11,891 179,06
EARTH-{CURRENTS /310/ AN(3I0)
FAULT |[FROM GEN 0 0 179,1 0
AT THE |FROM L1 0,9 89,05 90,01 -0,00015708
BUS |FROM L2 0,9 89,05 90,01 -0,00015708
BAR |FROM L3 2.8 89,01 90,05 -0,0024434p1
FROM L4 2.8 89,01 90,05 -0,0024434p1
FROM L5 1,9 89,04 90,02 -0,0006632P5
SUM 9.4 89,03 90,03 -0,0049218p8
SOLID EARTH-FAULT 5K EARTH-FAULT 10K EARTH-FAULT
VOLTAGE N0/ AN(VO) 310*COS( )| MO/ AN(VO) 310*COS( )| ~MO/ AN(VO) 310*COS( )
11,783 177,75 2,818 102,77 1,443 9597
CURRENTS /310/  AN(3I0) 310/ AN(3I0) 1310/ AN(3I0)
SUM 9,4 87,43 90,32 -0,052499281 2,3 1245 90,32 -0,01282p5 1,2 565 90,32 -0,006702029
EARTH-[VALUES AT THE BUS BAR ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE  NO/  AN(VO) 310COS( )| N0/ AN(VO) 310COS( )| MO/ AN(VO) 310*COS( )
AT BUS 11,99 1774 2,868 102,42 1,468 95,62
S61 [CURRENTS /310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3IO)
TO GEN 0 0 177,4 0 0 0 1024 0 0 0 95,62 0
TO L1 1 -92,61 270 0,000174533 0,2 -167,6 270 3,49066H-05 0 095,62 0
TO L2 1 -92,61 27C 0,00017453 | 0,2 -167,6 27C 3,49066E-0 0 0 95,62 0
TO L3 6,6 87,37 90,03 -0,003455752 16 12,39 90,03 -0,00083| 0,8 559 90,03 -0,0004188[79
TO L4 29  -9265 2701 0,002530747 0,7 -167,6 270,1 0,00863| 03  -174,43 270,1 0,000261799
TO L5 19 -9262 270 0,000663245 0,4 -167,6 270 0,0001396260,2 -1744 270  6,98132E-0p
SOLID EARTH-FAULT 5K EARTH-FAULT 10K EARTH-FAULT
VOLTAGE N0/ AN(VO) 310*COS( )| MO/ AN(VO) 310*COS( )| NMO/ AN(VO) 310*COS( )
11,859 178,36 2,859 103,16 1,463 96,3
CURRENTS /310/  AN(3I0) 310/ AN(3I0) 1310/ AN(3I0)
SUM 9,5 88,12 90,24 -0,039793391 2,3 12,92 90,24 -0,0098B¥1 1,2 6,06 90,24 -0,005026534
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE  /NVO/  AN(VO) 310*COS( )| NO/ AN(VO) 310COS( )| MO/ AN(VO) 310*COS( )
AT BUS 11,996 178,12 2,893 102,93 1,48 96,06
S97 [CURRENTS /310/  AN(3I0) 1310/ AN(3I0) 310/ AN(3I0)
TO GEN 0 0 178,1 0 0 0 1029 0 0 0 96,06 0
TO L1 1 -91,88 270 -1,83772E-16 0,2 -167,1 270 3,49066E-05 0 0 96,06 0
TO L2 1 -91,88 270 -1,83772E-16 0,2 -167,1 270 3,49066E-05 0 0 96,06 0
TO L3 28  -9192 270 0,00195479 0,7 -167,1 270,1 0,0006808 0,3  -173,98 270 0,000209439
TO L4 29 -9192 270 0,00202452 0,7 -167,1 270,1 o,oocm%s 04  -173,98 270 0,000279253
TO L5 7.6 88,09 90,03 -0,0039793p1 18 12,89 90,04 -0,083B 0,9 6,03 90,03 -0,0004712B9
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APPENDIX 3 — INFLUENCE OF THE CABLED
PLACE

Cabling from the beginning of L3

137

SOLID EARTH-FAULT
5RM TORM T5KM
VOLTAGE | MO/ AN(VO) 310*COS( ) NOI AN(VO) 310:COS( )| MO/ AN(VO) 310*COS( )
11,92 178,84 11,955 178,61 11,986 178,38
EARTH- o rRENT{ 1310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0)
FAULT |EpomGEN 0 0 17884 0,0000000 0 0 17861  0,0000040 0 0 17838  0,0000000
ATTHE -oomLL | o9 8883 90,01 -0,0001571 09 8861 90 0,0000000 1 838 90 0,0000000
BUS |rpomi2 | 09 8883 9001 -0,0001571 09 861 90 00000000 1 838 90  0,0000000
BAR IFromML3 | 133 8869 90,15 -0,0348193 238 8812 9049 -®308 | 343 87,35 9103  -0,6165742
FROML4 | 28 8879 9005 -0,0024435 28 8857 9004 -008895 28 8834 9004  -0,001954B
FROML5 | 19 8882 9002 -0,0006632 19 8859 9002 -0,08P6p 1,9 8836 9002  -0,000663p
SUM 198 8873 9011 -0,0380132 304 8822 90,39  -02060p46109 8751 90,87  -0,621016
SOLID EARTH-FAULT
5KM 10KM 15KM
VOLTAGE | MO/ AN(VO) 310*COS( ) NOI AN(VO) 30:COS( )| MO/ AN(VO) 310*COS( )
11,93 176,91 12,051 176,05 12,142 17521
CURRENT{ /310/ AN(3I0) 310/ AN(3I0) 1310/ AN(3I0)
SUM 205 8599 90,92 -0,3201550 321 8441 9164 -09186B57A38 8274 9247  -1,887617]
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE | MO/ AN(VO) 310*COS( ) NO/ AN(VO) 310:COS( )| MO/ AN(VO) 310*COS( )
AT BUS 12,37 17582 12,657 174 12,843 172,01
S61 |CURRENT{ /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0)
TO GEN 0 0 17582 0,0000000 0 0 174 00000000 0 0 17201  oquag
TO L1 1 -e419 27001 0,0001745 1 .96 270 00000000 1 .98 0470, 0,0001745
TO L2 1 -9419 27001 0,0001745 1 -96 270 00000000 1 .98 0470, 0,0001745
TO L3 68 8579 90,03 -0,0035605 7 8398 90,02  -0,0024435 1 7, 81,98 90,03  -0,003717
TO L4 29 9423 270,05 0,0025307 3 -96,04 270,04 0002094431  -9804 270,05  0,0027053
TO L5 19 942 270,02 0,0006632 2 9602 270,02 00006981  2-9801 270,02  0,0006981
SOLID EARTH-FAULT
5KM 10KM 15KM
VOLTAGE | MO/ AN(VO) 310*COS( ) NOI AN(VO) 310°COS( )| MO AN(VO) 310*COS( )
11,96 177,64 12067 176,88 12,166 176,07
CURRENT{ /310/ AN(3I0) 310/ AN(3I0) 1310/ AN(3I0)
SUM 204 87,03 90,61 -0,2171847 31,9 8567 91,21  -0,6736p9@i39 84,03 9204  -1,5627168
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE | MO/ AN(VO) 310*COS( ) NO/ AN(VO) 310:COS( )| MO/ AN(VO) 310*COS( )
AT BUS 12,28 177,11 12,565 176,03 12,854 174,87
S97 |CURRENT{ /310/ AN(3I0) 310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 o 17711 0,0000000 0 0 17603 00000000 0 0 174,87 000(DO
TO L1 1 929 27001 0,0001745 1 9397 270 00000000 1 @51 270  0,0000000
TO L2 1 929 27001 0,0001745 1 9397 270 00000000 1 @51 270  0,0000000
TO L3 136 -9303 270,14 0,0332310 25 9446 27049 02028) 368 -9616 271,03 0661514
TO L4 29 -92,94 270,05 0,0025307 3 -9402 270,05 0002618031  -9517 270,04  0,002164
TO L5 185 87 9011 -0,0355174 30 8562 9041  -02146137 941,8396 9091  -0,6654484
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5K EARTH-FAULT
5KM 10KM 15KM
VOLTAGE | MO/ AN(VO) 310*COS( )| MO AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
1,34 96,11 0,875 94,58 0,648 94,32
CURRENT$/310/  AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
SUM 23 519 90,92 -0036929¢ 2,3 2,94 9164 -00658948 23,851 9247 -0,0991214)
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE | MO/ AN(VO) 310*COS( )| MOr AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
ATBUS 1,39 9501 0919 9253 0,685 91,12
S61 |CURRENT$/310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 9501 0,00000000 0 0 9253 0,0000000 0 0 91,12  OQmIOO)
TO L1 0 0 9501 0,0000000 O 0 9253 0,000000 0 0 91,12 0,@mop
TO L2 0 0 9501 0,0000000 O 0 9253 0,000000 O 0 91,12 0,@mop
TO L3 08 499 90,02 -0,000279%3 05 25 90,03 -0,0002618 04,09 90,03 -0,0002094
TO L4 0,3 -17503 270 00002094 02 -177,51 270 0,0001396 2 0,178,93 270,1 0,0001745
TO L5 02 -17501 270  0,0000694 0 9253 0000000 0 0 91,120000000
5K EARTH-FAULT
5KM 10KM 15KM
VOLTAGE | MO/ AN(VO) 310*COS( )| MO AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
1,37 96,14 0,888 94,39 0,652 94,07
CURRENT$/310/  AN(3I0) 1310/ AN(3I0) 1310/  AN(3I0)
SUM 23 553 90,61 -0,024486% 2,3 3,18 9121 -0,0485489 23,02 2 92,05 -0,0822747
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE | MO/ AN(VO) 310*COS( )| MO AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
ATBUS 1,41 9561 0,924 9354 0,688 92,87
S97 |CURRENT$/310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 9561 0,00000000 0 0 9354 0,0000000 0 0 9287 OQmIO
TOLL 0 0 9561 0,0000000 O 0 9354 0000000 O 0 9287 0,@mop
TO L2 0 0 9561 0,0000000 0O 0 9354 0000000 O 0 9287 0,@mop
TO L3 1,6 -17453 2701 0,003909 18 -17695 2705 003639 2 -17817 271  0,0363009
TO L4 0,3 -17443 270 00002094 02 -17651 270,1 0,000194B2 -177,18 270,1  0,0001745
TO L5 21 55 90,11 -0,0040317 22 313 9041 -00157427 22,96 90,91 -0,034940Q
10K EARTH-FAULT
5KM BKM LOKM 5KM
VOLTAGE | MO/ AN(VO) 310*COS( )| MO AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
0,68 92,89 0,439 9251 0,325 92,81
CURRENT$/310/  AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
SUM 1,2 197 90,92 -0,019267¢ 12 087 91,64 -00343434 1,2,340 92,47 -0,0517159
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE | MO/ AN(VO) 310*COS( )| MOr AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
ATBUS 07 91,8 0,461 90,46 0,344 89,6
S61 |CURRENT$/310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 91,8  0,0000000 0 0 90,46 00000000 O 0 89,6  0,0@00p0
TOLL 0 0 91,8  0,0000000] 0 0 9046 0,0000000 0 0 89,6  0,0000000
TO L2 0 0 91,8  0,0000000] © 0 90,46 0,0000000 0 0 89,6  0,0000000
TO L3 04 1,77 90,03 -0,0002094 0,3 044 90,02 -0,00010472 0,-0,42 90,02 -0,0000698
TO L4 0,2 -178,25 2701 0,000174§ O 0 90,46 0,00000p0 0 0 89,6,0000000
TO L5 0 0 91,8  0,0000000] 0 0 9046 0,0000000 0 0 89,6  0,0000000
10K EARTH-FAULT
5KM BKM LOKM 5KM
VOLTAGE | MO/ AN(VO) 310*COS( )| MO AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
0,69 92,87 0,445 92,29 0,327 92,54
CURRENT$/310/  AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
SUM 12 227 90,6 -00125661 12 108 9121 -0,0253403 12 5 0,92,04 -0,0427166
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE | MO/ AN(VO) 310*COS( )| MO AN(VO) 310COS( )| MO/ AN(VO) 310COS( )
AT BUS 0,71 92,34 0,464 91,44 0,345 91,34
S97 |CURRENTS/310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 9234 0,00000000 0 0 91,44 0,0000000 0 0 91,34 OO
TOLL 0 0 9234 0,0000000 0 0 91,44 0000000 0 0 91,34 0,@mop
TO L2 0 0 9234 0,0000000 O 0 91,44 0000000 O 0 91,34 0,@mop
TO L3 08 -177,8 2701 0,0019548 09 -179,05 2705 0,008696 1 -179.69 271  0,0179759
TO L4 02 -177,7 270 0000139 O 0 91,44 00000000 O 0 91,340000000
TO L5 1,1 223 90,11 -0,0021118 11 1,03 9041 -0,00787141 1,043 90,91 -0,017470Q




Cabling from the middle of the feeder L3
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SOLID EARTH-FAULT

5RM TOKM T5KM
VOLTAGE | MO/ AN(VO) si0rcos( )| MoI AN(VO) si0)cos( )| MoI AN(VO) 310°cos( )
11,92 17883 11,96 1786 11,09 178,36
BARTHH - yrrENTS | /310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
FAULT |cpomGen | o 0 1788 00000000 0 0 1786 0000000 O 0 1784 00D
ATTHE |-ooMLr | 09 888 90 000000000 09 8859 90,01 -0,0001571 1 835 90,01 -0,0001745
BUS |rpomMi2 | 09 8883 90 000000000 0,9 8859 90,01 -0,0001571 1 8358 90,01 -0,0001745
BAR |rromi3 | 134 8852 9031 -0,0725008 24,2 87,78 90,82 -®348 | 353 86,83 09153 -0,942522
FROML4 | 28 8879 9004 -0001954 2,8 8855 90,05 -008344 28 8831 90,05 -0,0024433
FROML5 | 1,0 8881 9002 -0,0006631 19 8858 9002 -008266 19 8834 9002 -0,000663
SUM 20 8861 9022 -00767943 308 87,95 90,65 -0,3494074 9 4187,07 9129  -0,9432882
SOLID EARTH-FAULT
5KM 10KM 15KM
VOLTAGE | MO/ AN(VO) si0)cos( )| MoI AN(VO) si0rcos( )| MoI AN(VO) 310°cos( )
11,94 176,75 1207 175,75 1217 174,78
CURRENTS | 310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
SUM 20,3 8603 90,72 -02550004 315 845 91,25 -0,68714892,6 4 82,88 91,9  -1,4124106
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE | N0/ AN(VO) 310'Cos( )| MO/ AN(VO) 310'Cos( )| MO/ AN(VO) 310°Cos( )
AT BUS 12,27 175,82 1245 174,04 1253 1721
S61 |CURRENTS | /310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 1758 00000000 O 0 174 00000000 O 0 1721  0,0a004
TO L1 1 -9418 270 00000000 1 -9596 270 0000000 1  -97,9170 2 0,0001745
TO L2 1 -9418 270 00000000 1 -9596 270 0000000 1  -97,9170 2 0,0001745
TO L3 68 858 9002 -0,002373 69 8401 90,03 -0,0036128 9 68207 90,03 -0,0036128
TO L4 29 9422 270 00020246 3  -96 270 00020944 3  -97.950,127 0,0026180
TO L5 19 -942 270 00006632 19 -9598 270 00006632 2 927, 270  0,0006981
SOLID EARTH-FAULT
5KM 10KM 15KM
VOLTAGE | MO/ AN(VO) si0rcos( )| MoI AN(VO) si0rcos( )| MoI AN(VO) 3107cos( )
11,96 177,63 12,07 176,84 12,17 175,98
CURRENTS | 310/  AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
SUM 205 869 9073 -0261181 324 8535 9149 -08424d025 48346 9252 -1,9785653
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE | N0/ AN(VO) 310'Cos( )| MO/ AN(VO) 310'Cos( )| MO/ AN(VO) 310°Cos( )
AT BUS 12,28 177,09 12,57 175,97 12,87 174,73
S97 |CURRENTS | /310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 1771 00000000 O 0 176 00000000 O 0 1747  0,0a004
TO L1 1 -9291 270 00000000 1 -9404 270 00001745 1  -952870 2 0,0001745
TO L2 1 9291 270 00000000 1  -9404 270 00001745 1  -952870 2 0,0001745
TO L3 138 -9323 2703 00770733 255 -9485 2708 06893 37,9 -968 2715 1,0119438
TO L4 29 9296 2701 00025307 3  -9408 2701 00026180 1 39532 2701  0,0027053
TO L5 187 8685 9024 -0,078330]1 305 8528 90,69 -0,36729 43 8338 91,35 -1,0130699
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5K__EARTH-FAULT
5KM 10KM [15KM
VOLTAGE | MO/ AN(VO) 310COS( ) | MO/ AN(VO) 310+cos( ) | vor - aN(vo) 310COS( )
1,361 958 0,895 93,93 0,67 93,31
CURRENT$ /310/  AN(3I0) /310/  AN(310) 1310/ AN(3I0)
SUM 23 509 90,71 -0,0285005f 23 267 9126 -0,0505756 23421 91,89 -0,0758557
EARTH- [VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE | MO/ AN(VO) 310*COS( ) | N0/  AN(VO) 310*cos( ) | vor - aN(vo) 310COS( )
AT BUS 1,398 94,88 0,923 92,22 0,69 90,63
S61 |CURRENT$/310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 9488 00000000 0 0 9222 00000000 O 0 90,63  OMDIOO
TO L1 0 0 94,88 0,0000000| O 0 9222 00000000 O 0 90,63 0,GWDO
TO L2 0 0 94,88 0,0000000| O 0 9222 00000000 O 0 90,63 0,GHDO
TOL3 0,8 485 90,03 -0,0004189 05 2,19 90,03 -0,00026{i8 4 0, 0,6 90,03 -0,0002094
TO L4 0,3 -17517 270,1 0,0002618] 0,2 -177,83 2701 008817 02 -179,42 270,1  0,0001745|
TO LS 0,2 -17514 270  0,0000698] 0 0 9222 00000000 0O 0 90,63,0000000
5K__EARTH-FAULT
5KM 10KM [15KM
VOLTAGE | MO/ AN(VO) 310COS( ) | MO/ AN(VO) 310+cos( ) | vor  aN(vo) 310COS( )
1,359 96,22 0,874 94,61 0,636 94,46
CURRENT$ /310/  AN(3I0) 1310/ AN(310) 1310/ AN(3I0)
SUM 23 549 90,73 -0,0293033 23 311 915 -0,06020f0 2,3 951, 9251  -0,1007256
EARTH- [VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE | MO/ AN(VO) 310COS( ) | MO/ AN(VO) 310cos( ) | vor - aN(vo) 310COS( )
AT BUS 1,395 95,68 091 9373 0,672 93,21
S97 |CURRENT$/310/ AN(3I0) /310/  AN(310) 1310/ AN(3I0)
TO GEN 0 0 9568 0,0000000( 0 0 9373 00000000 O 0 9321  O@WIOO
TO L1 0 0 9568 0,0000000| O 0 9373 00000000 O 0 9321 0,amD0(
TO L2 0 0 9568 00000000 O 0 9373 00000000 O 0 9321 0,amD0(
TO L3 1,6 -174,64 270,3 00089360 1,8 -177,09 2708 002876 2 -178,32 2715  0,0534007
TO L4 0,3 -174,37 2701 0,0002618 02 -17632 2701 008817 02 -17684 270,1  0,0001745
TO L5 21 544 9024 -0,0087964 22 304 90,69 -0,02649852 2,186 9135 -0,0518315
10K__EARTH-FAULT
5KM 10KM [15KM
VOLTAGE | MO/ AN(VO) 310*COS( ) | N0/ AN(VO) 30*cos( ) | mvor  aN(vo) 310COS( )
0,685 92,55 0,449 91,81 0,33 91,75
CURRENT$ /310/  AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
SUM 12 1,83 90,72 -0,0150792] 1,2 056 9125 -0,0261779  1,20,15- 91,9  -0,0397862
EARTH- [VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE | MO/ AN(VO) 310COS( ) | N0/ AN(VO) 310*cos( ) | vor  aN(vo) 310COS( )
AT BUS 0,704 91,62 0,463 90,11 0,346 89,06
S61 |CURRENT$/310/ AN(3I0) /310/  AN(3I0) /310/  AN(3I0)
TO GEN 0 0 91,62 00000000 O 0 90,11 0,0000000 O 0 89,06  OMDIDO
TO L1 0 0 91,62 00000000 O 0 90,11 0,000000p O 0 89,06 0,GHDO
TO L2 0 0 91,62 00000000 O 0 90,11 0,000000p O 0 89,06 0,GHDO
TOL3 04 1,6 90,02 -0,0001396 03 0,08 90,03 -0,00015f1  0,20,96 90,02 -0,0000698
TOL4 0,2 -17842 270  0,0001396| 0 0 90,11 0,0000000 O 0  89,06,0000000
TO LS 0 0 91,62 00000000 O 0 90,11 0,0000000 0O 0 89,06 0,GWDO
10K EARTH-FAULT
5KM 10KM 15KM
VOLTAGE | MO/ AN(VO) 310*COS( ) | MO/ AN(VO) 310*cos( ) | vor aN(vo) 310COS( )
0,684 92,97 0,438 92,54 0,319 92,98
CURRENT$ /310/  AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
SUM 1,2 224 90,73 -0,0152887] 1,2 1,04 915 -0,03141P3 1,2 460, 9252 -0,0527617
EARTH- [VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE | MO/ AN(VO) 310COS( ) | N0/ AN(VO) 310*cos( ) | vor aN(vo) 310-COS( )
AT BUS 0,702 92,44 0,457 91,67 0,337 91,72
S97 |CURRENT$/310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)
TO GEN 0 0 9244 00000000 O 0 9167 00000000 O 0 91,72  OMDNOO
TO L1 0 0 9244 00000000 O 0 9167 00000000 O 0 91,72  0,amod
TO L2 0 0 9244 00000000 O 0 9167 00000000 O 0 91,72  0,@mod
TOL3 0,8 -177,88 270,3 0,0044680| 09 -179,15 270,8 000288 1 -179,81 2715  0,0267004
TO L4 02 -177,61 270,1 0,0001745 0 0 91,67 00000000 O 0  291,70,0000000
TO LS 11 219 90,25 -0,0047998 1,1 098 90,69 -0,0132467 1 1,037 91,35 -0,0259157




Cabling from the end of the feeder L3
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5KM TORM T5KM
VOLTAGE NO/ AN(VO) 3i0'cos( ) | Mor AN(VO) 30*cos( )| nvoI o AN(VO) 310*cos( )
EARTHA
FAULT | CURRENTS
AT |FROM GEN 17838 1786 1783
THE |FROML1L 90,01 90,01 90
BUS |FROML2
BAR |[FROM L3
FROM L4
FROM L5
SUM
5KM T0KM 15KM
VOLTAGE NO/ AN(VO) 3i0'cos( ) | MOl AN(VO) 30*cos( )| NOI AN(VO) 310*cos( )
CURRENTS
SUM 90,44 90,87 91,52
EARTHA
FA:TLT VOLTAGE MO/ AN(VO) 310°COS( ) | MOl AN(VO) 310°COS( )| MO/ AN(VO) 310°COS( )
BUS - URRENTS
S6L |15 GeEN 1758 1741 1721
TOL1 270 270 270
TOL2
TOL3
TO L4
TOLS
5KM T0KM 15KM
VOLTAGE NO/ AN(VO) 310'Cos( ) | MO/ AN(VO) 30*cos( )| NOI AN(VO) 310*cos( )
CURRENTS
SUM 90,87 91,75 92,82
EARTHA
FA:TLT VOLTAGE MO/ AN(VO) 310°COS( ) | MO/ AN(VO) 310°COS( )| MO/ AN(VO) 310°COS( )
BUS | cURRENTS
S97 110 GeEN 1771 1759 1746
TOL1 270 270 270
TOL2
TOL3
TO L4

TOLS




142

5KM
VOLTAGE

CURRENT|
SUM

NO/ AN(VO)

90,44

310*COS(

)

10KM
No/

AN(VO)

90,87

310*COS(

)

15KM

NO/ AN(VO) 310*COS(

91,52

EARTH-
FAULT
AT
BUS
S61

VOLTAGE

CURRENT]|
TO GEN
TOL1
TOL2
TOL3
TO L4

TO L5

NO/ AN(VO)

94,68
94,68

310*COS(

)

No/

AN(VO)

91,89
91,89

310*COS(

)

NO/ AN(VO) 310*COS(

90,29
90,29

5KM
VOLTAGE

CURRENT]|
SUM

NO/  AN(VO)

90,87

310*COS(

)

10KM
o/

AN(VO)

91,75

310*COS(

)

15KM

NO/  AN(VO) 310+COS(

92,82

EARTH-
FAULT
AT
BUS
S97

VOLTAGE

CURRENT]|
TO GEN
TOL1
TO L2
TOL3
TOL4
TO L5

NO/  AN(VO)

95,75
95,75

310*COS(

)

No/

AN(VO)

93,9
93,9

310*COS(

)

NO/  AN(VO) 310+*COS(

93,43
93,43

EARTH

5KM
VOLTAGE

CURRENT|
SUM

NO/ AN(VO)

90,44

310*COS(

)

10KM
o/

AN(VO)

90,87

310*COS(

)

15KM

NO/ AN(VO) 310*COS(

91,52

FAULT
AT
BUS
S61

VOLTAGE

CURRENT|
TO GEN
TOL1
TOL2
TOL3
TO L4
TO L5

NO/ AN(VO)

91,37
91,37

310*COS(

)

No/

AN(VO)

89,73
89,73

310*COS(

)

NO/ AN(VO) 310*COS(

88,69
88,69

5KM
VOLTAGE

CURRENT]|
SUM

NO/  AN(VO)

90,86

310*COS(

)

10KM
o/

AN(VO)

91,75

310*COS(

)

15KM

NO/  AN(VO) 310*COS(

92,82

EARTH
FAULT
AT
BUS
S97

VOLTAGE

CURRENT|
TO GEN
TOL1

TO L2
TOL3

TO L4
TOL5

NO/  AN(VO)

92,53
92,53

310*COS(

)

No/

AN(VO)

91,87
91,87

310*COS(

)

NO/  AN(VO) 310+COS(

91,96
91,96




APPENDIX 4 — TRUNK LINE CABLING

PSS/E results, no compensation
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b

SOLID EARTH-FAULT
5km 10km 15km
VOLTAGE | O/ AN(VO) 310*COS( )| MO/ AN(VO) 310COS( )| MO/ AN(VO) 310*COS( )
EART 11,923 178,83 11,955 178,59 11,086 178,34
H- | CURRENTS /310/ AN(3I0) /310/ AN(3I0) /310/ AN(310)
FAUL lcpomGEN 0 0 178,83 0,00000000 O 0 17859  0,0000000 0 0  178,340000000
TAT IFROMLL | 09 8882 90,01 -0,0001571 0,9 8858 90,01 -0,0pD15 1 88,34 90,00 0,0000000
THE lrpom2 | 09 8882 90,01 -0,0001571 09 8858 90,01 -000015 1 88,34 90,00 0,0000000
BUS |rrom13 | 135 8833 90,50 -0,1178082 24,6 87,48 91,11 -G49® | 359 865 91,84 -1,1526965
BAR |FRoML4 | 2,8 8878 90,05 -00024435 2,8 8854 90,05 -0,(BR44 2,9 883 90,04 -0,002024
FROML5 | 1,9 888l 90,02 -0,0006632 19 8857 90,02 -0BP66 1,9 88,32 90,02 -0,000663]
SUM 201 8849 90,34 01192751 31,2 87,71 90,88 -0,47917882,5 86,79 9155  -1,1495954
SOLID EARTH-FAULT
20km 25km 30km
EarT [VOLTAGE | MO/ AN(VO) 310*COS( )| MO/ AN(VO) 310*COS( )| MO/ AN(VO) 310COS( )
M 12,016 178,09 12,042 177,85 12,066 177,61
EAUL | CURRENTS /3107 AN(3I0) /310/ AN(3I0) /310/ AN(310)
T AT |FROMGEN 0 0 178,09 0,00000000 0 0 177,85 0,0000000 O 0  177,610000000
ThE |FROMLL | 1 8809 90,00 00000000 1 87,84 9001 -0,000145 1 6879001 -0,0001745
Bus [FROML2 | 1 8809 9000 00000000 1 8784 9001 -00001745 1 6879001 -0,0001745
Bam [FROML3 | 472 8542 9267 21987377 581 8424 9361 -248B | 686 83 9461 55135804
FROML4 | 2,9 8805 90,04 -0,0020246 29 87,8 90,05 -0,0025302,9 87,56 90,05 -0,0025301
FROML5 | 1,9 8807 90,02 -0,0006632 19 87,83 90,02 -0,(BP66 1,9 87,59 90,02 -0,000663]
SUM 538 8574 9235 -2,2060011 648 8461 9324 -3,662401052 83,41 9420 -55075124
SOLID EARTH-FAULT
35km 40km
EarT [VOLTAGE | MO/ AN(VO) 310*COS( )| MO/ AN(VO) 310*COS( )
M 12,086 177,38 12,103 177,17
EAUL | CURRENTS /3107 AN(3I0) /310/ AN(3I0)
- AT |FROMGEN 0 0 177,38 0,00000000 0 0 177,17  0,0000000
ThE |FROMLL | 1 8737 90,01 -00001745 1 87,17 9000  0,0000000
Bus [FROML2 | 1 8737 9001 -0,0001749 1 87,17 90,00  0,0000000
BAR |FROML3 | 783 8174 9564 -7,6951420 87,2 80,47 9670 -BBATS
FROML4 | 2,9 87,33 90,05 -0,0025307 29 87,12 90,05 -0,0025
FROML5 | 1,9 87,36 90,02 -0,0006632 19 87,15 90,02 -0,08P6
SUM 85 8218 9520 -7,7037693 939 80,95 96,22 -10,1737p45
SOLD EARTHEAULT
5km 10km 15km
VOLTAGE | O/ AN(VO) 310*COS( )| NO/ AN(VO) 310COS( )| MO/ AN(VO) 310*COS( )
11,955 176,54 12,001 175,45 12,192 174,49
CURRENTS /310/ AN(3I0) 1310/ AN(3I0) /310/ AN(3I0)
EART |SUM 20 861 90,44 01535879 30,8 8458 90,87 -0,4676605 7 4182,97 9152  -1,1061297
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | VoI AN(VO) 310*COS( )| NO/ AN(VO) 310COS( )| /VO/ AN(VO) 310*COS( )
TAT 12,137 175,82 12,25 174,05 12,327 172,12
BUS |CURRENTS /310/ AN(3I0) /310/ AN(3I0) /310/ AN(3I0)
s61 |TO GEN 0 0 17582 0,0000000 0 0 17405 0,0000000 0 0 172,12 000000
TOo L1 1 -9419 270,01 0,0001745 1 -9596 270,01 0,0001745 197,88 270,00  0,0000000
TO L2 1 9419 270,01 0,0001745 1 -9596 270,01 0,00017§5 197,88 270,00  0,0000000
TO L3 67 8579 90,03 -0,0035081 68 84,02 90,03 -0,003560%,8 82,09 90,03 -0,0035605
TO L4 29 9423 270,05 0,0025307 2,9 96 270,05 0,0025307 ,9 2-97,92 270,04 0,0020246
TO L5 1,9 942 270,02 0,0006632 19 -9597 270,02 0,000663 1,9 -97,0 270,02 _ 0,0006632
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SOLID EARTH-FAULT
20km 25km 30km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
12,253 173,67 12,275 173,01 12,26 172,53
CURRENTSY /310/ AN(310) 310/ AN(310) 1310/ AN(310)
EART [SUM 52,7 81,3 92,37 -2,179277% 635 79,59 93,42 -3,78808124 777,87 94,66 -6,0119601|
H-  |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 3I0*COS( )| /VO/ AN(VO) 310*COS( )
T AT |VOLTAGE |[12,363 170,04 12,357 167,84 12,305 165,52
BUS /310/ AN(310) /310/  AN(310) 1310/ AN(310)
S61 [CURRENTY O 0 170,04 0,0000009 0 0 167,84  0,00000p0 0 0  165,5200@00
SUM 1 -99,96 270,00 0,0000000] 1 -102,17 270,01 0,0001745 104,48 270,00 0,0000000
TO L2 1 -99,96 270,00 0,0000000| 1 -102,17 270,01 0,0001745 -104,48 270,00  0,0000000
TO L3 6,8 80,02 90,02 -0,0023734 6,8 77,81 90,03 -0,003560%,8 75,49 90,03 -0,0035604
TO L4 2,9 -100 270,04  0,0020246 2,9 -102,21 270,05 0,002530 2,9 -104,53 270,05 0,0025307
TO L5 1,9 -99,98 270,02 0,0006637 1,9 -102,18 270,02 OfE®6| 1,9 -104,5 270,02 0,0006637
SOLID EARTH-FAULT
35km 40km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
12,205 172,24 12,115 172,15
CURRENTS /310/ AN(3I10) /310/  AN(310)
EART [SUM 84,2 76,14 96,10  -8,9474344 93,8 74,43 97,72 -12,6(0350
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL /VO/  AN(VO) 310*COS( )| /VO/ AN(VO) 3l10*COS( )
T AT |VOLTAGE |[12,203 163,09 12,05 160,58
BUS /310/ AN(310) /310/ AN(310)
S61 [CURRENTY 0 0 163,09 0,0000009 0 0 160,58  0,00000p0
SUM 1 -106,91 270,00 0,0000000 1 -109,42 270,00 0,0000000
TO L2 1 -106,91 270,00 0,000000Q 1 -109,42 270,00 0,0000000
TO L3 6,7 73,07 90,02 -0,0023387 6,7 70,56 90,02 -0,0023387
TO L4 2,9 -106,95 270,04  0,0020244 2,9 -109,46 270,04 0ODER
TO L5 1,9 -106,93 270,02  0,0006634 1,9 -109,44 270,02 GFRD
SOLID EARTH-FAULT
5km 10km 15km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
11,965 177,62 12,07 176,8 12,171 175,92
CURRENTS /310/ AN(310) /310/ AN(310) /310/ AN(310)
EART [SUM 20,7 86,75 90,87  -0,314304] 32,8 8505 91,75 -1,00166325,7 83,1 92,82 -2,248367
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |[VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 3l10*COS( )| /VO/ AN(VO) 310*COS( )
T AT 12,283 177,07 12,582 175,91 12,885 174,63
BUS [CURRENTS /310/ AN(310) /310/ AN(310) /310/ AN(310)
s97 [TO GEN 0 0 177,00 0,000000 0 0 175,90 0,000000 0 0 174,6. 0,000000
TO L1 1 -92,94 270,01 0,0001745 1 -94,1 270,01  0,00017¢45 1 5,379 270,00  0,0000000
TO L2 1 -92,94 270,01 0,0001745 1 -94,1 270,01 0,00017¢45 1 5,379 270,00  0,0000000
TO L3 13,9 -93,43 270,50 0,1212984 259 952 271,11 OZ®RA7| 38,6 -97,21 271,84 1,239389(
TO L4 2,9 -92,98 270,05 0,0025307 3 -94,14 270,05 0,00261803,1 -95,41 270,04 0,0021642
TO L5 18,8 86,69 90,38 -0,1246854 30,9 84,97 90,94 -0,5%®92 43,7 83 91,63  -1,2430474
SOLID EARTH-FAULT
20km 25km 30km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
12,263 174,99 12,342 174,02 12,404 173,04
CURRENTS /310/ AN(310) /310/  AN(310) 1310/ AN(310)
EART [SUM 58,9 80,94 94,05 -4,159929 72,3 78,62 9540 -6,80408185,4 76,19 96,85 -10,1856968
H-  |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |[VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 3l0*COS( )| /VO/ AN(VO) 310*COS( )
T AT 13,183 173,27 13,465 171,83 13,721 170,36
BUS [CURRENTS /310/ AN(310) /310/ AN(310) /310/ AN(310)
S97 (TO GEN 0 0 173,27  0,0000000| 0 0 171,83  0,0000000 0 0 170,36 00@000
TO L1 1 -96,74 270,01 0,0001745 1,1 -98,17 270,00 0,0000Q001,1 -99,65 270,01  0,0001920
TO L2 1 -96,74 270,01 0,0001745| 1,1 -98,17 270,00 0,00000001,1 -99,65 270,01 0,0001920
TO L3 51,7 -99,41 272,68 2,4173767 65 -101,77 273,60 ARER3| 78 -104,24 274,60 6,255516]
TO L4 3,1 -96,78 270,05 0,0027053 3,2 -98,22 270,05 0,@®79 3,3 -99,69 270,05 0,0028799
TO L5 57 80,83 92,44  -2,4266703 70,3 78,5 93,33  -4,08349853,4 8 76,06 94,30  -6,2532254
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SOLID EARTH-FAULT
35km 40km
VOLTAGE | /VO/ AN(V0) 310*COS( )| /VO/ AN(VO) 310*COS( )
12,448 172,08 12,473 171,18
CURRENTS /310/ AN(310) 1310/ AN(310)
EART |[SUM 97,9 73,72 98,36 -14,233911L 109,4 71,28 99,90 -18481(
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO0) 3I10*COS( )| /VO/ AN(VO) 310*COS( )
TAT 13,944 168,89 14,128 167,48
BUS |CURRENTS /310/ AN(310) 1310/ AN(310)
S97 |TO GEN 0 0 168,89  0,0000000 0 0 167,48 0,0000000
TO L1 1,1 -101,11 270,00  0,0000004 1,1 -102,53 270,01 Q92O
TO L2 1,1 -101,11 270,00  0,000000( 1,1 -102,53 270,01 Q92O
TO L3 90,4 -106,75 275,64  8,8843019 101,8 -109,22 276,70,8770810
TO L4 3,3 -101,15 270,04 0,0023034 3,4 -102,57 270,05 O@MR
TO L5 959 7358 95,31 -8,8750053 107,4 71,12 96,36 -12489
5K EARTH-FAULT
5km 10km 15km
VOLTAGE | /VO/ AN(V0) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
1,386 95,41 0,918 93,29 0,686 92,66
CURRENTS /310/ AN(310) 1310/ AN(310) /310/ AN(310)
EART |SUM 2,3 4,97 90,44  -0,017662§ 2,3 2,42 90,87  -0,0349227 2,4,14 1 91,52  -0,0636621
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 1,407 94,68 0,93 91,89 0,694 90,29
BUS |CURRENTS /310/ AN(3I0) 1310/ AN(310) /310/ AN(310)
S61 |TO GEN 0 0 94,68  0,0000000 0 0 91,89  0,00000Q00 0 0 90,29  (DOOOO
TO L1 0 0 94,68  0,0000000 0 0 91,89  0,0000000 0 0 90,29 0,000
TO L2 0 0 94,68  0,0000000 0 0 91,89  0,0000000 0 0 90,29 0,000
TO L3 0,8 4,65 90,03 -0,0004189 0,5 1,87 90,02 -0,0001745 4 0,0,26 90,03 -0,0002094
TO L4 0,3 -175,36 270,04 0,0002094 0,2 -178,15 270,04 Q3O 0,2 -179,76 270,05 0,000174!
TO L5 0,2 -175,34 270,02  0,0000699 0 0 91,89  0,00000p0 0 0 2990, 0,0000000
5K EARTH-FAULT
20km 25km 30km
VOLTAGE | /VO/ AN(VO) 3I10*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,548 92,76 0,457 93,36 0,392 94,38
CURRENTY /310/ AN(310) 1310/ AN(310) /310/ AN(310)
EART |[SUM 2,4 0,39 92,37  -0,099246( 24 -0,06 93,42 -0,1431716 2,40,29 94,67 -0,1954000
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO0) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 0,553 89,13 0,46 88,19 0,393 87,36
BUS |CURRENTS /310/ AN(310) 1310/ AN(310) /310/ AN(310)
S61 |TO GEN 0 0 89,13  0,0000000 0 0 88,19  0,00000Q0 0 0 87,36 (000000
TO L1 0 0 89,13  0,0000000 0 0 88,19  0,0000000 0 0 87,36 0,0000!
TO L2 0 0 89,13  0,0000000 0 0 88,19  0,0000000 0 0 87,36 0,0000!
TO L3 0,3 -0,89 90,02 -0,0001047 0,3 -1,84 90,03 -0,00014710,2 -2,66 90,02 -0,0000694
TO L4 0 0 89,13  0,0000000 0 0 88,19  0,0000000 0 0 87,36 0,0000!
TO L5 0 0 89,13  0,0000000 0 0 88,19  0,0000000 0 0 87,36 0,0000!
5K EARTH-FAULT
35km 40km
VOLTAGE | /VO/ AN(VO) 3I10*COS( )| /VO/ AN(VO) 310*COS( )
0,343 95,73 0,305 97,41
CURRENTSY /310/ AN(310) 1310/ AN(310)
EART [SUM 2,4 -0,37 96,10 -0,2550339 24 -0,32 97,73 -0,3228121
H-  |VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO0) 3l10*COS( )| /VO/ AN(VO) 310*COS( )
TAT 0,343 86,59 0,304 85,84
BUS |CURRENTS /310/ AN(310) 1310/ AN(310)
S61 |[TO GEN 0 0 86,59  0,0000000 0 0 85,84  0,0000000
TO L1 0 0 86,59  0,0000000 0 0 85,84  0,0000000
TO L2 0 0 86,59  0,0000000 0 0 85,84  0,0000000
TO L3 0,2 -3,44 90,03 -0,0001047 0,2 -4,19 90,03 -0,0001047
TO L4 0 0 86,59  0,0000000 0 0 85,84  0,0000000
TO L5 0 0 86,59  0,0000000 0 0 85,84  0,0000000
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5K EARTH-FAULT
5km 10km 15km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
1,349 96,3 0,861 94,8 0,626 94,71
CURRENTS /310/ AN(310) /310/ AN(310) /310/ AN(310)
EART [SUM 2,2 5,42 90,87  -0,034922 2,3 3,06 91,7 -0,070238 2,2 1,8¢ 92,8. -0,113156
H- [VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 1,384 95,75 0,898 93,9 0,662 93,43
BUS |CURRENTS /310/ AN(310) 310/ AN(310) 1310/ AN(310)
s97 |TO GEN 0 0 95,75  0,0000000 0 0 93,90  0,00000Q0 0 0 93,43  0DDOOO|
TO L1 0 0 95,75  0,0000000 0 0 93,90  0,0000000 0 0 93,43  0,00000
TO L2 0 0 95,75  0,0000000 0 0 93,90  0,0000000 0 0 93,43  0,0000
TO L3 1,6 -174,75 270,50 0,0139624 19 -177,21 271,11 OWs6 2 -178,41 271,84 0,064217]
TO L4 0,3 -174,3 270,05 0,0002619 0,2 -176,14 270,04 OXW®1| 0,2 -176,62 270,05 0,0001745
TO L5 2,1 5,37 90,38  -0,0139274 2,2 2,97 90,93 -0,0357Q79 2 2,18 91,63 -0,0625791
5K EARTH-FAULT
20km 25km 30km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,489 95,27 0,401 96,19 0,342 97,35
CURRENTS /310/ AN(310) /310/  AN(310) /310/ AN(310)
EART |[SUM 2,3 1,22 94,05 -0,162442] 2,4 0,79 9540 -0,2258600 24,5 096,85 -0,2862491
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL (VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
T AT 0,526 93,55 0,438 94 0,378 94,67
BUS [CURRENTY /310/ AN(310) 310/ AN(310) 1310/ AN(310)
S97 [TO GEN 0 0 93,55  0,0000000 0 0 94,00  0,0000000 0 0 94,67  0DDOOO|
TO L1 0 0 93,55  0,0000000 0 0 94,00  0,0000000 0 0 94,67  0,0000
TO L2 0 0 93,55  0,0000000 0 0 94,00  0,0000000 0 0 94,67  0,0000
TO L3 2,1 -179,13 272,68 0,0981919 2,1 -179,6 273,60 0AGN8| 2,1 -179,93 274,60 0,1684177
TO L4 0 0 93,55  0,0000000 0 0 94,00  0,0000000 0 0 94,67  0,00000
TO L5 2,3 1,11 92,44  -0,0979183 2,3 0,67 93,33 -0,1335995 3 2,0,36 94,31  -0,1728514
5K EARTH-FAULT
35km 40km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,299 98,65 0,269 100,03
CURRENTS /310/ AN(310) /310/  AN(310)
EART [SUM 2,4 0,29 98,36 -0,3489414 2,4 0,13 99,90 -0,4126298
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL (VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 0,335 95,46 0,304 96,33
BUS [CURRENTY /310/ AN(310) /310/  AN(310)
S97 |TO GEN 0 0 95,46  0,0000000 0 0 96,33  0,0000000
TO L1 0 0 95,46  0,0000000 0 0 96,33  0,0000000
TO L2 0 0 95,46  0,0000000 0 0 96,33  0,0000000
TO L3 2,2 179,82 -84,36  0,2162109 2,2 179,63 -83,30 0,Z5667
TO L4 0 0 95,46  0,0000000 0 0 96,33  0,0000000
TO L5 2,3 0,14 9532 -0,213251§ 23 -0,02 96,35 -0,2543§38
10K EARTH-FAULT
5km 10km 15km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,698 92,1 0,461 91,13 0,344 91,05
CURRENTSY /310/ AN(310) /310/  AN(310) 1310/ AN(310)
EART [SUM 1,2 1,66 90,44 -0,0092152 1,2 0,26 90,87  -0,0182205 1,D,47- 91,52  -0,0318311
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL [VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 0,708 91,37 0,467 89,73 0,348 88,69
BUS [CURRENTS /310/ AN(3I0) 310/ AN(310) 1310/ AN(310)
S61 |TO GEN 0 0 91,37  0,0000000 0 0 89,73  0,0000000 0 0 88,69  (DOOOO|
TO L1 0 0 91,37  0,0000000 0 0 89,73  0,0000000 0 0 88,69  0,0000
TO L2 0 0 91,37  0,0000000 0 0 89,73  0,0000000 0 0 88,69  0,0000
TO L3 0,4 1,34 90,03 -0,0002094 0,3 -0,3 90,03 -0,0001571 2 0,-1,34 90,03 -0,0001047
TO L4 0,2 -178,68 270,05 0,0001745 0 0 89,73  0,00000p0 0 0 6988, 0,0000000
TO L5 0 0 91,37 0,0000000 0 0 89,73 0,0000000 0 0 88,69  0,0000
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10K EARTH-FAULT
20km 25km 30km
VOLTAGE | /VO/ AN(VO) 3l10*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,275 91,48 0,229 92,31 0,196 93,48
CURRENTSY /310/ AN(310) 1310/ AN(3I10) /310/ AN(310)
EART |SUM 1,2 -0,89 92,37 -0,049623Q 1,2 -1,11 93,42 -0,0715858 2 1,-1,19 94,67 -0,0977000
H-  |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 0,277 87,86 0,23 87,14 0,197 86,46
BUS |CURRENTS /310/ AN(3I0) 1310/ AN(310) /310/ AN(310)
S61 |TO GEN 0 0 87,86  0,0000000 0 0 87,14  0,00000Q00 0 0 86,46 000000
TO L1 0 0 87,86  0,0000000 0 0 87,14  0,0000000 0 0 86,46  0,00000
TO L2 0 0 87,86  0,0000000 0 0 87,14  0,0000000 0 0 86,46  0,00000
TO L3 0,2 -2,17 90,03 -0,0001047 0 0 87,14  0,0000000 0 0 86,46,0000000
TO L4 0 0 87,86  0,0000000 0 0 87,14  0,0000000 0 0 86,46  0,00000
TO L5 0 0 87,86 0,0000000 0 0 87,14  0,0000000 0 0 86,46 0,00m000
10K EARTH-FAULT
35km 40km
VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,172 94,95 0,153 96,71
CURRENTS /310/ AN(310) 1310/ AN(310)
EART |[SUM 1,2 -1,15 96,10 -0,1275169 1,2 -1,01 97,72 -0,1611985
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL [VOLTAGE | /VO/ AN(VO) 310*COS( )| /VO/ AN(VO0) 310*COS( )
TAT 0,172 85,8 0,152 85,14
BUS |CURRENTS /310/ AN(310) 1310/ AN(310)
S61 |TO GEN 0 0 85,80  0,0000000 0 0 85,14  0,00000Q00
TO L1 0 0 85,80  0,0000000 0 0 85,14  0,0000000
TO L2 0 0 85,80  0,0000000 0 0 85,14  0,0000000
TO L3 0 0 85,80  0,0000000 0 0 85,14  0,0000000
TO L4 0 0 85,80  0,0000000 0 0 85,14  0,0000000
TO L5 0 0 85,80  0,0000000 0 0 85,14  0,0000000
10K EARTH-FAULT
5km 10km 15km
VOLTAGE | /VO/ AN(V0) 310*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,678 93,08 0,432 92,76 0,314 93,25
CURRENTS /310/ AN(310) 1310/ AN(310) /310/ AN(310)
EART |SUM 1,2 2,22 90,86  -0,0180111 1,2 1,01 91,75 -0,0366462 1,2,43 0 92,82  -0,0590381
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO) 3l10*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 0,696 92,53 0,45 91,87 0,332 91,96
BUS |CURRENTS /310/ AN(3I0) 1310/ AN(310) /310/ AN(310)
S97 |TO GEN 0 0 92,53  0,0000000 0 0 91,87  0,00000Q00 0 0 91,96  (QOOOO
TO L1 0 0 92,53  0,0000000 0 0 91,87  0,0000000 0 0 91,96  0,0@000
TO L2 0 0 92,53  0,0000000 0 0 91,87  0,0000000 0 0 91,96 0,000
TO L3 0,8 -177,97 270,50 0,0069817 0,9 -179,24 271,11 @37 1 -179,88 271,84 0,0321084
TO L4 0,2 -177,51 270,04 0,0001394 0 0 91,87  0,00000D0 0 0 9691, 0,0000000
TO L5 1,1 2,16 90,37  -0,0071034 1,1 0,93 90,94 -0,0180459 1 1,0,33 91,63 -0,0312895
10K EARTH-FAULT
20km 25km 30km
VOLTAGE | /VO/ AN(VO) 3l0*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
0,245 94,14 0,201 95,27 0,171 96,58
CURRENTSY /310/ AN(310) 1310/ AN(3I10) /310/ AN(310)
EART [SUM 1,2 0,1 94,04 -0,0845435 1,2  -0,12 9539 -0,1127215 1,0,27- 96,85 -0,1431245
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL |VOLTAGE | /VO/ AN(VO0) 3l10*COS( )| /VO/ AN(VO) 310*COS( )| /VO/ AN(VO) 310*COS( )
TAT 0,263 92,42 0,219 93,09 0,189 93,9
BUS |CURRENTS /310/ AN(310) 1310/ AN(310) /310/ AN(310)
S97 |TO GEN 0 0 92,42  0,0000000 0 0 93,09  0,0000000 0 0 93,90 (000000
TO L1 0 0 92,42  0,0000000 0 0 93,09  0,0000000 0 0 93,90  0,0a000
TO L2 0 0 92,42  0,0000000 0 0 93,09  0,0000000 0 0 93,90  0,0a000
TO L3 1 179,74 -87,32 0,0467578 1,1 179,48 -86,39 0,06926121,1 179,3 -85,40 0,0882188
TO L4 0 0 92,42  0,0000000 0 0 93,09  0,0000000 0 0 93,90  0,0m000
TO L5 1,1  -0,02 92,44 -0,0468304 1,1  -0,24 93,33 -0,06389541,2 -0,4 94,30  -0,0899745|
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10K EARTH-FAULT
35km 40km
VOLTAGE | /VO/ AN(VO) 3I0*COS( )| /VO/ AN(VO) 3l10*COS( )
0,15 97,99 0,135 99,44
CURRENTS /310/ AN(3I10) 1310/ AN(310)
EART |SUM 1,2 -0,38 98,37 -0,174678(Q 1,2 -0,45 99,89 -0,2061086
H- |VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAUL [VOLTAGE | /VO/ AN(VO0) 3I0*COS( )| /VO/ AN(VO) 310*COS( )
T AT 0,168 94,8 0,152 95,74
BUS |CURRENTS /310/ AN(310) /310/ AN(3I0)
S97 [TO GEN 0 0 94,80 0,0000000 0 0 95,74 0,000000Q0
TO L1 0 0 94,80 0,0000000 0 0 95,74  0,0000000
TO L2 0 0 94,80 0,0000000 0 0 95,74  0,0000000
TO L3 1,1 179,16 -84,36  0,1081054 1,1 179,04 -83,30 0,12834
TO L4 0 0 94,80 0,0000000 0 0 95,74  0,0000000
TO L5 1,2 -0,52 9532 -0,1112618 1,2 -0,61 96,35 -0,1327320




SOLID EARTH-FAULT U
5km 10km 15km 20km (0)]
VOLTAGE | NO/  AN(VO) 310COS( ) I N0/ AN(VO) 310*COS( ) I NO/ AN(VO) 310*COS( ) I NO/  AN(VO) 310*COS( ) I (Q
EARTH. 11,853 179,2 11,861 179,19 11,867 179,18 11,871 179,17 m
FAULT |CURRENTS| /310/  AN(3I0) 1310/ AN(3I0) 310/ AN(3I0) 1310/ AN(3I0) -
ArTHE [FROMCEN| 208 -7541 25461 -55200672 200541481 315 730 25092 -55132264 310137765 425 -8335 26253 -BE#5 42,130305) 535 -8492 26400 -55086887  53,215641D
BUs |FROM L1 09 8919 90,01  -0,0001571 09 8918 9001  -0,00015 09 8917 90,01  -0,0001571 09 89,16 90,01  -0,0001571 (£
AR |FROML2 09 8919 90,01  -0,0001571 09 8918 9001  -0,00015 09 89,17 90,01  -0,0001571 09 89,16 90,01  -0,0001571 =
FROML3 | 135 887 90,50 -0,1178082 244 8808 91,11  -0,4326 356 87,34 91,84  -1,1430640 466 8649 92,68  -2,1789121 7]
FROM L4 2,8 89,15 90,05 -0,0024435 28 8914 90,05 -0,08344 2,8 89,13 90,05 -0,0024435 28 89,12 90,05 -0,0024435 J
FROM L5 1,9 89,18 90,02  -0,0006632 1,9 89,17 90,02  -0,08266 1,9 89,16 90,02  -0,0006632 19 8915 90,02  -0,0006632 3
SUM 56  -1,33 180,53  -55997604 6 -1,39 180,58  -5,9996926 7 6, -0,76 179,94  -6,6999963 77 198 181,15  -7,6984491 S
=
SOLID EARTH-FAULT o))
25km 30km 35km 40km ﬁ
VOLTAGE | NO/  AN(VO) 310COS( ) I N0/ AN(VO) 310COS( ) I NO/  AN(VO) 310%COS( ) I NO/ AN(VO) 310COS( ) I o)
EARTH- 11,874 179,15 11,876 179,12 11,876 1791 11,875 179,07 o
FAULT |CURRENTS| /310/  AN(310) 1310/ AN(3I0) 310/ AN(310) 1310/ AN(3I0) o
ATTHE [FROMGEN| 641  -8592 26507 -55086640 63,8628579 74  486,@6573 -55097878 73794599 833 -87,11 266,21 -53061083117824¢ 916 -8748 26655 -55122571  91,43349RD
BUS |FROMLL 09 8914 90,01  -0,0001571 09 8912 90,00  0,000000 09 89,09 90,01 -0,0001571 09 89,06 90,01 -0,0001571 3
AR |FROML2 09 89,14 90,01  -0,0001571 09 8912 90,00  0,000000 09 89,09 90,01  -0,0001571 09 89,06 90,01  -0,0001571 S
FROML3 | 573 8555 9360 -3,5978968 67,5 8452 9460 -2I8 77 8346 9564  -7,5673810 856 8237 96,70  -9,9870151 D
FROM L4 28 891 90,05 -0,0024435 28 89,08 90,04 -0,008954 2,8 89,05 90,05 -0,0024435 28 89,02 90,05 -0,0024435 S
FROM L5 1,9 8913 90,02  -0,0006632 1,9 891 90,02  -0,002663 1,9 89,08 90,02  -0,0006632 1,9 8905 90,02  -0,0006632 0
SUM 91  -156 180,71 -9,0993013 109  -0,66 179,78 -10,89691 131 06 179,70 -13,0998204 155  -0,37 17944  -1549B25 9:{
(@)
SOLID EARTH-FAULT -}
5km 10km 15km 20km
VOLTAGE | NO/  AN(VO) 310COS( ) NO/ AN(VO) 310*COS( ) NO/ AN(VO) 310+COS( ) NO/  AN(VO) 310*COS( )
11,628 178 11,68 177,78 11,72 1776 11,744 177,49
CURRENTS| /310/ AN(3I0) /310/  AN(3I0) 310/ AN(310) /310/  AN(3I0)
SUM 52  -187 179,87  -5,1999866 54  -055 178,33 -5,3977064 5,9 1,92 17568  -5,8832375 6,8 3 174,49  -6,7685803
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR ALUES AT THE BUS BAR ALUES AT THE BUS BAR
FAULT |VOLTAGE | MO/ AN(VO) 310COS( ) I NO/ AN(VO) 310*COS( ) I NO/ AN(VO) 310*COS( ) I NO/ AN(VO) 310COS( ) I
AT BUS 11,286 178,03 11,143 178,62 11,048 179,45 10,988 -179,45
S61 [CURRENTS| /310/ AN(3I0) 1310/ AN(3I0) 310/ AN(310) 1310/ AN(3I0)
TO GEN 198 10342 7461 52546794  19,0900064 29,6 98,7 9279, 51806825  29,1431043 39,5 96,92 82,53 571352787 3%B@A7 49,6 96,46 -27591 51071207  49,3363691
ToLl 09 -91,98 27001 0,0001571 09 -91,38 270,00  0,00000 09 -9055 270,00  0,0000000 09 -8946 -89,99  0,0001571
To L2 09 -91,98 27001  0,0001571 09 -91,38 270,00  0,00000 09 -9055 270,00  0,0000000 09 -8946 -8999  0,0001571
TOL3 13,9 -69,72 247,75 -5,2632158 23,6 -7867 257,29 OZ3885 335 -8172 26117 -51423589 435 -8271 -96,74 1088372
TO L4 2,7  -9202 270,05  0,0023562 2,6 -91,42 270,04 0,09181 2,6 -90,59 270,04  0,0018151 26  -895 -89,95  0,0022689
TO L5 1,8  -9199 270,02  0,0006283 1,7 914 270,02 0,000593 1,7  -90,57 270,02 0,0005934 17  -8947 -89,98  0,0005934

67T



SOLID EARTH-FAULT

25km 30km 35km 40km
VOLTAGE N0/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( )
11,757 177,44 11,76 177,44 11,749 177,51 11,728 177,65
CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(310) 310/ AN(310)
SUM 8 6,12 171,32 -7,9083730 9,8 10,07 167,37  -9,5628636 9 11,13,51 164,00 -11,4390142 14,5 17,38 160,27 -13,6487617
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I
AT BUS 10,97 -178,16 10,988 -176,69 11,027 -175,04 11,088 -173,25
S61 [CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0)
TO GEN 59,2 96,77 -274,93  5,0875649 58,9809458 68,5 97,5774,26  5,0883541  68,3107506 77,3 98,76 -273,80 5,1229725/,130053§ 85,5 100,2 -273,45 5,1451745 85,3450478
TO L1 0,9 -88,17  -89,99 0,0001571 0,9 -86,7 -89,99 0,000157 0,9 -85,04 -90,00 0,0000000 0,9 -83,26  -89,99 0,0001571
TO L2 0,9 -88,17  -89,99 0,0001571 0,9 -86,7 -89,99 0,000157 0,9 -85,04 -90,00 0,0000000 0,9 -83,26  -89,99 0,0001571
TO L3 532 -82,67 -9549 -50897516 62,4 -82,01 -94,68 985542 71,3 -80,92 -94,12  -5,1225922 794  -79,54 -93,71 1378942
TO L4 2,6 -88,21 -89,95 0,0022689 2,6 -86,74 -89,95 0,089226 2,6 -85,08 -89,96 0,0018151 2,6 -83,3 -89,95 0,0022689
TO L5 1,7 -88,18 -89,98 0,0005934 1,7 -86,71  -89,98 0,08859 1,7 -85,06 -89,98 0,0005934 1,7 -83,27  -89,98 0,0005934
SOLID EARTH-FAULT
5km 10km 15km 20km
VOLTAGE O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( ) O/ AN(V0) 310*COS( )
11,709 178,73 11,713 178,71 11,714 178,68 11,709 178,64
CURRENTS| /310/ AN(3I0) 1310/ AN(310) 1310/ AN(3I10) 1310/ AN(3I10)
SUM 5,5 -2,18 180,91  -5,4993063 5,9 -2,28 180,99  -5,8991193 6,5 -1,72 180,40  -6,4998416 7,5 -305 181,69 -7,4967377
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE N0/ AN(VO) 310*COS( ) I O/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I
AT BUS 11,66 178,32 11,663 178,27 11,661 178,19 11,647 178,08
S97 |CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I10) /310/  AN(3I10)
TO GEN 20,5 103,71 74,61 5,4404509 19,7649056 31 98,35 279,95,4257148  30,5214944 417 95,65 82,54 5,4140779  41,8570452,5 93,99 84,09 5,4057225 52,2209552
TO L1 0,9 -91,69 270,01 0,0001571 0,9 -91,73 270,00 0,00000 0,9 -91,82 270,01 0,0001571 0,9 -91,93 270,01 0,0001571
TO L2 0,9 -91,69 270,01 0,0001571 0,9 -91,73 270,00 0,00000 0,9 -91,82 270,01 0,0001571 0,9 -91,93 270,01 0,0001571
TO L3 13,2 -92,18 270,50 0,1151903 24 -92,84 271,11 0,46892 34,9 -93,66 271,85 1,1266760 45,7 -946 272,68 2,1368301
TO L4 2,8 -91,73 270,05 0,0024435 2,8 -91,77 270,04  0,08895 2,8 -91,86 270,05 0,0024435 2,8 -91,97 270,05 0,0024435
TO L5 5,9 -20,34 198,66  -5,5898599 6,2 -19,45 197,72  -5208 6,8 -17,32 19551  -6,5523698 7,8 -16,58 194,66  -768%0
SOLID EARTH-FAULT
25km 30km 35km 40km
VOLTAGE N0/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) Ol AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
11,7 178,58 11,686 178,49 11,668 178,4 11,646 178,3
CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I10) 310/ AN(310)
SUM 8,9 -2,78 181,36 -8,8974929 10,7 -2,08 180,57 -10,69947 12,7 -2,26 180,66  -12,6991574 15 -2,29 180,59  -14,999204
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE N0/ AN(VO) 310*COS( ) I O/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I
AT BUS 11,63 1779 11,609 177,67 11,579 177,41 11,545 177,12
S97 |CURRENTS| /310/ AN(3I0) 1310/ AN(310) 310/ AN(3I0) 310/ AN(3I0)
TO GEN 62,8 92,83 85,07 5,3969439 62,5676673 72,4 91,94 7385, 5,3906572 72,1990341 81,2 91,21 86,20 5,3814407 8179214 89 90,57 86,55 5,3557957 88,8387047
TO L1 0,9 -92,11 270,01 0,0001571 0,9 -92,34 270,01 0,00015 0,9 -92,59 270,00 0,0000000 0,9 -92,88 270,00 0,0000000
TO L2 0,9 -92,11 270,01 0,0001571 0,9 -92,34 270,01 0,00015 0,9 -92,59 270,00 0,0000000 0,9 -92,88 270,00 0,0000000
TO L3 56,1 -95,7 273,60 3,56225481 66 -96,93 274,60 5,293129 75,1  -98,23 275,64 7,3806534 83,2 -99,58 276,70 9,7070053
TO L4 2,8 -92,15 270,05 0,0024435 2,8 -92,38 270,05 0,08244 2,8 -92,63 270,04 0,0019548 2,7 -92,92 270,04 0,0018850
TO L5 9,1 -14,29 192,19  -8,8948201 10,8 -11,76 189,43 540643 12,9 -10,38 187,79  -12,7809525 15,2 -9,16 186,28 ,1083878

0GT



5K EARTH-FAULT

5km 10km 15km 20km
VOLTAGE N0/ AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( ) N0l AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( )
3,592 178,13 3,539 176,82 3,349 174,74 3,047 173,67
CURRENTS| /310/ AN(3I0) 1310/ AN(310) 310/ AN(3I0) 310/ AN(310)
SUM 1,6 -1,74 179,87  -1,5999959 1,6 -1,51 178,33 -1,5993204 1,7 -0,94 175,68  -1,6951701 1,8 -0,82 174,49  -1,7916830
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR 'ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I Ol AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I
AT BUS 3,487 178,15 3,376 177,67 3,157 176,6 2,851 176,72
S61 |CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I10) 310/ AN(310)
TO GEN 6,1 103,55 74,60 1,6198923 5,88098pP0 9 97,74 79,93 5736610 8,8613534 11,3 94,06 82,54 1,4671242  11,204B539,9 1292,64 84,08 1,3305027 12,83120p7
TO L1 0,3 -91,85 270,00 0,0000000 0,3 -92,34 270,01  0,0BO05 0,3 -93,41 270,01 0,0000524 0,2 -93,28 270,00  0,0000000
TO L2 0,3 -91,85 270,00 0,0000000 0,3 -92,34 270,01 0,005 0,3 -93,41 270,01 0,0000524 0,2 -93,28 270,00  0,0000000
TO L3 4,3 -69,6 247,75 -1,6281891 7,1 -79,63 257,30 -1,6809 9,6 -84,57 261,17 -1,4736312 11,3 -86,54 263,26 -1BEB2
TO L4 0,8 -91,89 270,04  0,0005585 0,8 -92,38 270,05  0,08D69 0,8 -93,45 270,05  0,0006981 0,7 -93,32 270,04  0,0004887
TO L5 0,5 -91,87 270,02 0,0001745 0,5 -92,35 270,02 0,08917 0,5 -93,42 270,02 0,0001745 0,4 -93,3 270,02 0,0001396
5K EARTH-FAULT
25km 30km 35km 40km
VOLTAGE N0/ AN(VO) 310*COS( ) IVO/ - AN(VO) 310*COS( ) N0l AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( )
2,686 171,04 2,314 167,65 1,967 164,61 1,663 161,21
CURRENTS| /310/ AN(3I0) 310/ AN(310) 310/ AN(3I0) 310/ AN(310)
SUM 1,8 -0,28 171,32 -1,7793839 19 0,28 167,37  -1,8540246 2 061 164,00 -1,9225234 2,1 094 160,27 -1,9767172
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR ALUES AT THE BUS BAR
FAULT |VOLTAGE N0/ AN(VO) 3I10*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 3I10*COS( ) I
AT BUS 2,506 175,44 2,162 173,52 1,846 172,07 1572 170,31
S61 |CURRENTS| /310/ AN(3I0) 1310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0)
TO GEN 135 90,37 85,07 1,1601711 13,4500459 13,5 87,79 7385, 1,0051640  13,4625215 12,9 85,86 86,21 0,8526868 1288017 12,1 83,76 86,55 0,7281475 12,0780711
TO L1 0,2 -94,57 270,01 0,0000349 0,2 -96,49 270,01  0,08903 0 0 172,07 0,0000000 0 0 170,31  0,0000000
TO L2 0,2 -94,57 270,01 0,0000349 0,2 -96,49 270,01  0,08903 0 0 172,07 0,0000000 0 0 170,31  0,0000000
TO L3 12,2 -89,06 264,50 -1,1693182 12,3 -91,79 265,31 087041 119 -9381 26588 -0,8549628 11,3  -9597 266,28 7330513
TO L4 0,6 -94,61 270,05 0,0005236 05 -96,53 270,05  0,06843 0,4 -97,98 270,05  0,0003491 0,4 -99,74 270,05  0,0003491
TO L5 0,4 -94,58 270,02 0,0001396 0,3 -96,5 270,02 0,000104 0,3 -97,95 270,02 0,0001047 0,2 -99,71 270,02 0,0000698
5K EARTH-FAULT
5km 10km 15km 20km
VOLTAGE N0/ AN(VO) 3I10*COS( ) N0/ AN(VO) 310*COS( ) NOI - AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( )
3,495 179,53 3,352 179,6 3,11 179,18 2,796 -179,83
CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0) 310/ AN(310)
SUM 1,7 -1,37 180,90  -1,6997903 1,7 -1,39 180,99  -1,6997462 1,7 -1,22 180,40  -1,6999586 1,8 -1,52  -178,31  -1,7992170
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR ALUES AT THE BUS BAR
FAULT |VOLTAGE N0/ AN(VO) 310*COS( ) I IVO/ - AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 3I10*COS( ) I
AT BUS 3,481 179,12 3,338 179,16 3,096 178,69 2,781 179,61
S97 |CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0) 310/ AN(310)
TO GEN 6,1 104,52 74,60 1,6198923 5,88098pP0 8,9 99,24  79,924,5577052 8,762622 11,1 96,16 82,53 1,4430783  11,0057952,5 95,52 84,09 1,2870768 12,4335608
TO L1 0,3 -90,88 270,00 0,0000000 0,3 -90,84 270,00  0,00000 0,2 -91,32 270,01 0,0000349 0,2 -90,4 270,01 0,0000349
TO L2 0,3 -90,88 270,00 0,0000000 0,3 -90,84 270,00  0,00000 0,2 -91,32 270,01 0,0000349 0,2 -90,4 270,01 0,0000349
TO L3 4 -91,38 270,50 0,0349061 6,9 -91,95 271,11 0,1336664 9,3 -93,15 271,84  0,2986094 109 -93,07 272,68 0,5096597
TO L4 0,8 -90,92 270,04  0,0005585 0,8 -90,88 270,04  0,08855 0,7 -91,36 270,05  0,0006109 0,7 -90,44 270,05 0,0006109
TO L5 1,7 -1954 198,66 -1,6106376 18 -18,56 197,72  -K398 1,8 -16,82 19551  -1,7344508 19 -15,05 194,66 -18831

TGT



5K EARTH-FAULT

25km 30km 35km 40km
VOLTAGE | NO/  AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( ) NO/ AN(VO) 310*COS( ) NO/ - AN(VO) 310*COS( )
2,454 179,96 2,123 179,35 1,831 179,43 1,587 179,38
CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0)
SUM 1,9 -1,41 181,37 -1,8994569 1,9 -1,23 180,58 -1,8999027 2 -1,23 180,66 -1,9998673 2 -1,21 180,59 -1,9998940
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR /ALUES AT THE BUS BAR
FAULT [VOLTAGE N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I
AT BUS 2,439 179,28 2,109 178,52 1,817 178,44 1,573 178,2
S97 |CURRENTS| /310/ AN(3I0) 310/ AN(3I0) /310/  AN(3I0) /310/  AN(3I0)
TO GEN 13,2 94,21 85,07 1,1343895 13,1511¢57 13,1 92,79 7385, 0,9753814  13,06363717 12,7 92,23 86,21 0,8394668 126422 12,1 91,64 86,56 0,7260395 12,0781980
TO L1 0,2 -90,73 270,01 0,0000349 0,2 -91,48 270,00 0,00000 0 0 178,44 0,0000000 0 0 178,20 0,0000000
TO L2 0,2 -90,73 270,01 0,0000349 0,2 -91,48 270,00 0,00000 0 0 178,44 0,0000000 0 0 178,20 0,0000000
TO L3 11,8 -9433 27361  0,7429835 12 -96,08 274,60  0,95238 11,8 -97,2 275,64  1,1596766 11,3 -98,5 276,70 1,3183793
TO L4 0,6 -90,77 270,05  0,0005236 0,5 -91,52 270,04  0,09034 0,4 -91,61 270,05 0,0003491 0,4 -91,85 270,05  0,0003491
TO L5 1,9 -12,92 192,20  -1,8570902 2 -10,91 189,43  -1,93097 2 -9,35 187,79  -1,9815430 2,1 -8,08 186,28  -2,0873983
10K EARTH-FAULT
5km 10km 15km 20km
VOLTAGE O/ AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
2,123 178,15 2,084 176,65 1,951 174,27 1,749 173,1
CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(3I0) /310/  AN(3I0)
SUM 1 -1,72 179,87 -0,9999974 1 -1,68 178,33 -0,9995753 1 41-1, 175,68 -0,9971589 1 -1,39 174,49 -0,9953795
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR /ALUES AT THE BUS BAR
FAULT |VOLTAGE | NO/  AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I NO/ AN(VO) 310*COS( ) I NO/ - AN(VO) 310*COS( ) I
AT BUS 2,06 178,18 1,988 177,5 1,84 176,12 1,636 176,15
S61 [CURRENTS| /310/ AN(3I0) 310/ AN(310) 310/ AN(3I0) /310/  AN(310)
TO GEN 3,6 103,57 74,61 0,9553962 3,47091p3 53 97,57  79,98,9267115 5,218352 6,6 93,59 82,53 0,8580466 6,54398634 7,92,06 84,09 0,7619495 7,3606680
TO L1 0,2 -91,83 270,01 0,0000349 0,2 -92,51 270,01 0,00903 0 0 176,12 0,0000000 0 0 176,15 0,0000000
TO L2 0,2 -91,83 270,01 0,0000349 0,2 -92,51 270,01 0,00903 0 0 176,12 0,0000000 0 0 176,15 0,0000000
TO L3 2,5 -69,57 247,75 -0,9466215 4,2 -79,8 257,30 -0,9233 5,6 -85,05 261,17 -0,8596182 6,5 -87,11 263,26 -0, 75286
TO L4 0,5 -91,87 270,05  0,0004363 0,5 -92,55 270,05  0,08843 0,4 -93,93 270,05 0,0003491 0,4 -93,89 270,04  0,0002793
TO L5 0,3 -91,84 270,02 0,0001047 0,3 -92,52 270,02 0,00010 0,3 -93,9 270,02 0,0001047 0,3 -93,87 270,02 0,0001047
10K EARTH-FAULT
25km 30km 35km 40km
VOLTAGE | N0/ AN(VO) 310*COS( ) N0/ AN(VO) 310COS( ) NO/ AN(VO) 310*COS( ) NO/ - AN(VO) 310*COS( )
1,514 170,21 1,28 166,59 1,07 163,45 0,891 159,97
CURRENTS| /310/  AN(3I0) 1310/ AN(310) 1310/ AN(310) /310/  AN(310)
SUM 1 -1,1 171,31 -0,9885203 1,1 -0,78 167,37 -1,0733826 1,1-0,55 164,00 -1,0573879 1,1 -0,29 160,26 -1,0353585
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR /ALUES AT THE BUS BAR
FAULT [VOLTAGE N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I
AT BUS 1,412 174,62 1,196 172,46 1,004 170,9 0,843 169,08
S61 |CURRENTS| /310/ AN(3I0) 310/ AN(310) 310/ AN(3I0) 310/ AN(3I0)
TO GEN 7,6 89,55 85,07 0,6531333 7,5718883 75 86,73  85,73,5588244 7,4791814 7 84,69 86,21 0,4626983 6,9846911 6,5 ,5282 86,56 0,3900212 6,488288p
TO L1 0 0 174,62  0,0000000 0 0 172,46 0,0000000 0 0 170,90 0OOQWD 0 0 169,08 0,0000000
TO L2 0 0 174,62  0,0000000 0 0 172,46 0,0000000 0 0 170,90 0OOQmD 0 0 169,08 0,0000000
TO L3 6,8 -89,89 264,51 -0,6505697 6,8 -92,86 265,32 -(3362 6,5 -94,98 265,88 -0,4669965 6 -97,21 266,29 -0,388238
TO L4 0,3 -95,43 270,05 0,0002618 0,3 -97,59 270,05 0,00826 0,2 -99,14 270,04 0,0001396 0,2 -100,97 270,05 0,0001745
TO L5 0,2 -954 270,02 0,0000698 0,2 -97,56 270,02 0,008069 0,2 -99,12 270,02 0,0000698 0 0 169,08 0,0000000

¢at



10K EARTH-FAULT

5km 10km 15km 20km
VOLTAGE N0/ AN(VO) 310*COS( ) N0/ AN(VO0) 310*COS( ) N0/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
2,063 179,68 1,955 179,75 1,792 179,26 1,586 -179,62
CURRENTS| /310/ AN(3I0) 310/ AN(3I0) 310/ AN(310) 310/ AN(3I0)
SUM 1 -1,23 180,91  -0,9998739 1 -1,24 180,99  -0,9998507 1 14-1, 180,40  -0,9999756 1 -1,31  -178,31  -0,9995650
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR 'ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE N0/ AN(VO) 310*COS( ) I VO/ - AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I N0/ AN(VO) 310*COS( ) I
AT BUS 2,044 179,26 1,946 179,31 1,783 178,77 1,578 179,81
S97 |CURRENTS| /310/ AN(3I0) 310/ AN(310) 310/ AN(310) 1310/ AN(3I0)
TO GEN 3,6 104,66 74,60 0,9560020 3,47074B5 52 99,39  79,99,9101199 5,1197344 6,4 96,23 82,54 0,8309376 6,34542881 7,9572 84,09 0,7310596 7,062262
TO L1 0,2 -90,74 270,00  0,0000000 0,2 -90,69 270,00  0,00000 0 0 178,77  0,0000000 0 0 179,81 0,0000000
TO L2 0,2 -90,74 270,00  0,0000000 0,2 -90,69 270,00  0,00000 0 0 178,77  0,0000000 0 0 179,81 0,0000000
TO L3 2,3 -91,24 270,50  0,0200710 4 -91,8 271,11  0,0774878 ,3 5-9307 271,84 0,1701753 6,2 -92,86 272,67  0,2888172
TO L4 0,5 -90,78 270,04  0,0003491 0,5 -90,73 270,04  0,00034 0,4 -91,28 270,05  0,0003491 0,4 -90,23 270,04  0,0002793
TO L5 1 -19,39 198,65  -0,9474897 1 -18,41 197,72 -0,9525553 1 -16,74 19551  -0,9635838 11 -14,84 194,65  -1,0642377
10K EARTH-FAULT
25km 30km 35km 40km
VOLTAGE O/ AN(VO) 310*COS( ) VO/ - AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( ) N0/ AN(VO) 310*COS( )
1,369 -179,88 1,167 179,43 0,993 179,52 0,851 179,46
CURRENTS| /310/ AN(3I0) 310/ AN(310) 1310/ AN(3I0) 1310/ AN(310)
SUM 1 -1,24  -178,64  -0,9997183 1,1 -1,15 180,58  -1,0999436 ,1 1 -1,15 180,67  -1,0999248 1,1 -1,13 180,59  -1,0999417
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE N0/ AN(VO) 310*COS( ) I IO/ AN(V0) 310*COS( ) I N0/ AN(VO) 310*COS( ) I O/ AN(VO) 310*COS( ) I
AT BUS 1,361 179,44 1,159 178,61 0,985 178,53 0,843 178,28
S97 |CURRENTS| /310/ AN(3I0) 310/ AN(310) 1310/ AN(3I0) 1310/ AN(310)
TO GEN 7,4 94,37 85,07 0,6359456 7,37262B2 7,2 92,88  85,73,5360875 7,1800144 6,9 92,32 86,21 0,4560883 6,8849098 6,91,72 86,56 0,3900212 6,488289
TO L1 0 0 179,44  0,0000000 0 0 178,61  0,0000000 0 0 178,53  00MmD 0 0 178,28  0,0000000
TO L2 0 0 179,44  0,0000000 0 0 178,61  0,0000000 0 0 178,53 00D 0 0 178,28  0,0000000
TO L3 6,6 -94,17 273,61  0,4155671 6,6 -96 274,61  0,5304611 4 6 -9711 27564  0,6289771 6,1 -98,42 276,70  0,7116915
TO L4 0,3 -90,61 270,05  0,0002618 0,3 -91,44 270,05  0,00826 0,2 -9152 270,05  0,0001745 0,2 -91,77 270,05  0,0001745
TO L5 1,1 -12,75 192,19  -1,0751980 11 -10,82 189,43  -11883 1,1 -9,26 187,79  -1,0898487 11 -8 186,28  -1,0933991
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SOLID EARTH-FAULT
5km 10km 15km 20km
VOLTAGE NO/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( )

EARTH- 11,89 179,13 11,889 179,2 11,888 179,26 11,888 179,33

FAULT CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(3I0)

AT THE FROM GEN 0 0 179,13 0,0000000 0 0 179,20 0,0000000 0 0 179,26 ,0000000 0 0 179,33 0,0000000
BUS FROM L1 0,9 89,12 90,01 -0,0001571 0,9 89,19 90,01 -0,00015 0,9 89,26 90,00 0,0000000 0,9 89,32 90,01 -0,0001571
BAR FROM L2 0,9 89,12 90,01 -0,0001571 0,9 89,19 90,01 -0,00015 0,9 89,26 90,00 0,0000000 09 89,32 90,01 -0,0001571

FROM L3 0,8 -65,16 244,29 -0,3470531 4,3 -80,73 259,93 518602 7,8 -81,95 261,21 -1,1919442 11,3 -82,9 262,23 71528
FROM L4 2,8 89,08 90,05 -0,0024435 2,8 89,15 90,05 -0,08344 2,8 89,22 90,04 -0,0019548 2,8 89,28 90,05 -0,002443%
FROM L5 19 89,11 90,02 -0,0006632 19 89,18 90,02 -0,08266 19 89,24 90,02 -0,0006632 19 89,31 90,02 -0,0006632
SUM 58 85,57 93,56 -0,3601438 2,4 71,07 108,13 -0,746817: 7 1 -448 224,06 -1,2216403 4,9 -72,43 251,76 -1,5336904
SOLID EARTH-FAULT

25km 30km 35km 40km
VOLTAGE NO/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) O/ AN(VO) 310*COS( )

EARTH- 11,888 179,4 11,887 179,47 11,886 179,54 11,884 179,6

FAULT CURRENTS 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(3I0)

AT THE FROM GEN 0 0 179,40 0,0000000 0 0 179,47 0,0000000 0 0 179,54  ,0000000 0 0 179,60 0,0000000
BUS FROM L1 0,9 89,39 90,01 -0,0001571 0,9 89,46 90,01 -0,00015 0,9 89,53 90,01 -0,0001571 0,9 89,59 90,01 -0,0001571
BAR FROM L2 0,9 89,39 90,01 -0,0001571 0,9 89,46 90,01 -0,00015 0,9 89,53 90,01 -0,0001571 0,9 89,59 90,01 -0,0001571

FROM L3 14,9 -83,32 262,72 -1,8881036 18,4 -83,49 262,96 2581452 22 -83,52 263,06 -2,6582575 25,7 -82,69 262,29 4478900
FROM L4 2,8 89,35 90,05 -0,0024435 2,8 89,42 90,05 -0,08244 2,8 89,49 90,05 -0,0024435 2,8 89,55 90,05 -0,002443%
FROM L5 1,9 89,38 90,02 -0,0006632 1,9 89,45 90,02 -0,08266 1,9 89,52 90,02 -0,0006632 1,9 89,58 90,02 -0,0006632
SUM 8,4 -77,59 256,99 -1,8910173 11,9 -79,6 259,07 -2,28835 15,5 -80,57 260,11 -2,6622360 19,2 -80,04 259,64 -33327
SOLID EARTH-FAULT
5km 10km 15km 20km
VOLTAGE NO/ AN(VO) 310*COS( ) ol AN(VO) 310*COS( ) NOI AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
11,784 177,77 11,784 177,84 11,783 177,97 11,781 178,15
CURRENTS 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(3I0)
SUM 5,9 83,19 94,58 -0,4711208 2,5 68,02 109,82 -0,847665! 7 1 -4841 226,38 -1,1727829 5 -75,7 253,85 -1,3907649
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR 'ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE NoO/ AN(VO) 310*COS( ) ol AN(V0) 310*COS( ) No/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )

AT BUS 11,964 177,04 11,933 176,85 11,901 176,83 11,863 177,38
S61 |CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I0)

TO GEN 0 0 177,04 0,0000000 0 0 176,85 0,0000000 0 0 176,83 000(mO 0 0 177,38 0,0000000

TO L1 0,9 -92,96 270,00 0,0000000 0,9 -93,16 270,01 0,00015 0,9 -93,18 270,01 0,0001571 0,9 -92,62 270,00 0,000000
TO L2 0,9 -92,96 270,00 0,0000000 0,9 -93,16 270,01 0,00015 0,9 -93,18 270,01 0,0001571 0,9 -92,62 270,00 0,000000
TO L3 6,6 87,01 90,03 -0,0034558 6,6 86,82 90,03 -0,0034558 6,6 86,8 90,03 -0,0034558 6,6 87,36 90,02 -0,0023039
TO L4 2,8 -93 270,04 0,0019548 2,8 -93,2 270,05 0,0024434 8 2, -93,22 270,05 0,0024435 2,8 -92,66 270,04 0,0019544
TO L5 1,9 -92,98 270,02 0,0006632 1,9 -93,17 270,02 0,08D66 19 -93,19 270,02 0,0006632 1,9 -92,64 270,02 0,0006633
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SOLID EARTH-FAULT

25km 30km 35km 40km
VOLTAGE NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
11,777 178,3¢ 11,77: 178,67 11,76 17¢ 11,74¢ 179,3¢
CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
SUM 8,5 -80,41 258,7¢ -1,652447 12 -81,81 260,54 -1,972308 15,5 -82,2 261,2( -2,371280 1¢ -81,7¢ 261,1¢ -2,923115
EARTH-VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 11,82: 178,11 11,77¢ 17¢ 11,72:  -179,9¢ 11,66¢  -179,1¢
S61 |CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 178,11 0,000000 0 0 179,0( 0,000000 0 0 -179,9¢ 0,000000 0 0 -179,1¢ 0,000000!
TO L1 0,8 -91,¢ 270,01 0,000157 0,6 -91,01 270,01 0,000157 0,6 -89,9¢ -90,0¢ 0,000000 0,6 -89,17 -89,9¢ 0,000157
TO L2 0, -91,¢ 270,01 0,000157 0,¢ -91,01 270,01 0,000157 0,¢ -89,9¢ -90,0( 0,000000 0,¢ -89,17 -89,9¢ 0,000157
TO L3 6,5 88,0¢ 90,02 -0,003403 6,5 88,97 90,02 -0,003403 6,5 90,0z -269,9¢ -0,002268 6,4 90,81 -269,97 -0,003351
TO L4 2,8 -91,9¢ 270,08 0,002443 2,8 -91,0¢ 270,08 0,002443 2,8 -90 -89,9¢ 0,001954 2,8 -89,21 -89,9¢ 0,002443
TO L5 1,8 -91,91 270,02 0,000628 1,8 -91,0Z 270,02 0,000628 1,8 -89,9¢ -89,9¢ 0,000628 1,8 -89,1¢ -89,9¢ 0,000628
SOLID EARTH-FAULT
5km 10km 15km 20km
VOLTAGE NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
11,83: 178,5¢ 11,80: 178,7¢ 11,77¢ 178,9¢ 11,74¢ 179,1¢
CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
SUM 5,8 84,8¢ 93,7( -0,374287. 2,4 70,5¢ 108,1¢ -0,749205 1€ -45,0¢ 224,07 -1,149584 4,8 -72,51 251,7( -1,507163
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( )
AT BUS 11,90¢ 178,41 11,82 178,6¢ 11,73¢ 178,9¢ 11,65: 179,2:
S97 |CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 178,41 0,000000 0 0 178,6¢ 0,000000 0 0 178,9¢ 0,000000 0 0 179,2: 0,000000!
TO L1 0,6 -91,5¢ 270,00 0,000000 0,6 -91,3% 270,01 0,000157 0,6 -91,0¢ 270,00 0,000000 0,6 -90,7¢ 270,00 0,000000!
TO L2 0,8 -91,5¢ 270,0C 0,000000 0,¢ -91,32 270,01 0,000157 0,¢ -91,0¢ 270,00 0,000000 0,¢ -90,7¢ 270,00 0,000000!
TO L3 0,8 114,18 64,2¢ 0,347178 4.3 98,71 79,92 0,752599 7,7 97,7¢ 81,21 1,176662 11,1 96,9¢ 82,2: 1,500684
TO L4 2,8 -91,6: 270,04 0,001954 2,8 -91,3¢ 270,0¢ 0,002443 2,8 -91,1 270,0% 0,002443 2,8 -90,8: 270,04 0,001954:
TO L5 4 83,2 95,21 -0,363225 0,6 29,8¢ 148,8( -0,769827 3.2 -69,41 248,3¢ -1,180075 6,6 -77,5¢ 256,7¢ -1,512722
SOLID EARTH-FAULT
25km 30km 35km 40km
VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( )
11,72: 179,3¢ 11,69¢ 179,5¢ 11,66¢ 179,7¢ 11,63¢ 179,9¢
CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
SUM 8,1 -77,47 256,8¢ -1,841382 11,5 -79,2¢ 258,8¢ -2,217941 14,¢ -80,01 259,8¢ -2,625764 18,2 -79,3¢ 259,3¢ -3,363524
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE NoO/ AN(VO0) 310*COS( ) NoO/ AN(VO0) 310*COS( ) NoO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 11,56¢ 179,4¢ 11,48t 179,7¢ 11,407  -179,9¢ 11,31 -179,7%
S97 |CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 179,4¢ 0,000000 0 0 179,7¢ 0,000000 0 0 -179,9¢ 0,000000 0 0 -179,71 0,000000!
TO L1 0,8 -90,51 270,0( 0,000000 0,¢ -90,2¢ 270,0( 0,000000 0,¢ -89,9¢ -90,0¢ 0,000000 0,¢ -89,7¢ -89,9¢ 0,000157
TO L2 0,8 -90,51 270,0C 0,000000 0,6 -90,2¢ 270,00 0,000000 0,6 -89,9¢ -90,0( 0,000000 0,6 -89,7¢ -89,9¢ 0,000157
TO L3 145 96,71 82,72 1,837416 17,€ 96,¢ 82,9t 2,184691 21,1 96,9¢ -276,9¢ 2,553166 24,4 97,9¢ -277,71 3,273483
TO L4 2,8 -90,5¢€ 270,0¢ 0,002443 2,7 -90,2¢ 270,04 0,001885 2,7 -90,0¢ -89,9¢ 0,001885 2,7 -89,8: -89,9¢ 0,002356
TO L5 9,8 -79,8¢€ 259,3¢ -1,829609 13,2 -80,7¢ 260,54 -2,185974 16,€ -81,1¢ -98,8¢ -2,551016 2C -80,3¢ -99,4¢ -3,280293
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5K EARTH-FAULT

5km 10km 15km 20km
VOLTAGE o/ AN(V0) 310*COS( ) o/ AN(VO0) 3I10*COS( ) O/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
4,22¢ 113,8: 7,01¢ 141,¢ 7,451 -162,9: 4,592 -130,2°
CURRENT¢ 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(3I10)
SUM 2,1 19,2¢ 94,57 -0,167321 1t 32,0¢ 109,8: -0,508599 1,1 -29,2 -133,6: -0,758859 16 -24,11 -106,1¢ -0,528809
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE NoO/ AN(V0) 310*COS( ) o/ AN(VO0) 3I10*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 4,29: 113,12 7,108 140,9: 7,52¢ -164,0¢ 4,62¢ -131,0¢
S61 |CURRENTS 1310/ AN(3I0) /310/ AN(3I10) /310/ AN(310) 1310/ AN(310)
TO GEN 0 0 113,1 0,000000 0 0 140,9 0,000000 0 0 -164,0¢ 0,0000000 0 0 -131,0¢ 0,000000
TO L1 0,2 -156,¢ 270,0 0,000052 0,6 -129,0¢ 270,0( 0,000000 0,6 -74,07 -89,9¢ 0,000104 04 -41,0¢ -90,0¢ 0,000000
TO L2 0,2 -156,¢ 270,0 0,000052 0,6 -129,0¢ 270,0( 0,000000 0,6 -74,07 -89,9¢ 0,000104 04 -41,0¢ -90,0¢ 0,000000
TO L3 24 23,0¢ 90,0% -0,001256 3,¢ 50,8¢ 90,02 -0,002042 4,2 105,9: -269,91 -0,002199 2,€ 138,9: -269,9¢ -0,000907
TO L4 1 -156,9¢ 270,0¢ 0,000872 1,7 -129,1¢ 270,0¢ 0,001483 1, -74,11 -89,9% 0,001570: 11 -41,0¢ -89,9¢ 0,000767
TO L5 0,7 -156,9 270,0: 0,000244 1,1 -129,1! 270,0: 0,000384 1,2 -74,0¢ -89,9¢ 0,000418 0,7 -41,0€ -89,9¢ 0,000244
5K EARTH-FAULT
25km 30km 35km 40km
VOLTAGE o/ AN(VO0) 310*COS( ) No/ AN(VO0) 3I0*COS( ) o/ AN(V0) 310*COS( ) NoO/ AN(VO0) 310*COS( )
3,02¢ -117,9: 2,215 -112,2: 1,74z -109,1: 1,431 -107,4¢
CURRENTS /310/ AN(310) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
SUM 2,2 -16,7¢ -101,2( -0,427315 2,2 -12,77 -99,4¢ -0,378025 2,2 -10,3¢ -98,7¢ -0,351470 2,2 -8,61 -98,8t -0,353850
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) O/ AN(V0) 3I0*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 3,03¢ -118,2 2,21¢ -111¢ 1,73¢ -108,0¢ 1,42 -10€
S61 |CURRENTS 310/ AN(3I0) /310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 -118,2( 0,000000 0 0 -111,9( 0,000000 0 0 -108,0¢ 0,0000000 0 0 -106,0( 0,000000!
TO L1 0,2 -28,21 -89,9¢ 0,000034 0,2 -21,91 -89,9¢ 0,000034 0 0 -108,0¢ 0,0000000 0 0 -106,0( 0,000000
TO L2 0,2 -28,21 -89,9¢ 0,000034 0,2 -21,91 -89,9¢ 0,000034 0 0 -108,0¢ 0,0000000 0 0 -106,0( 0,000000!
TO L3 1,7 151,71 -269,97 -0,000890 1,2 158,07 -269,97 -0,000628 1 161,8¢ -269,91 -0,000523 0,8 163,9° -269,91 -0,000418
TO L4 0,7 -28,2¢ -89,9t 0,000610 0, -21,9¢ -89,9t 0,000436 0,4 -18,1: -89,9¢ 0,000279 0,2 -16,0¢ -89,9t 0,000261
TO L5 0,2 -28,2¢ -89,97 0,000261 0,2 -21,9: -89,9¢ 0,000104 0,2 -18,11 -89,9¢ 0,000104 0,2 -16,02 -89,9¢ 0,000069
5K EARTH-FAULT
5km 10km 15km 20km
VOLTAGE NO/ AN(V0) 310*COS( ) O/ AN(VO0) 310*COS( ) O/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
4,327 114,0¢ 7,18¢ 142,4¢ 7,472 -163,1¢ 4,64 -131,3¢
CURRENTS 310/ AN(3I10) /310/ AN(310) 1310/ AN(310) 1310/ AN(3I0)
SUM 2,1 20,3¢€ 93,7( -0,135517 1t 34,2¢ 108, 1¢ -0,468253 1 -27,21 -135,9: -0,718490 18 -23,0¢ -108,3( -0,596585
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE NO/ AN(V0) 310*COS( ) O/ AN(VO0) 310*COS( ) O/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( )
AT BUS 4,35¢ 113,¢ 7,19¢ 142,3¢ 7,44t -163,1¢ 4,60 -131,3:
S97 |CURRENTS 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(3I0)
TO GEN 0 0 113,9( 0,000000 0 0 142,3¢ 0,000000 0 0 -163,1¢ 0,0000000 0 0 -131,31 0,000000
TO L1 0,2 -156,1! 270,0: 0,000052 0,6 -127,6¢ 270,0: 0,000104 0,€ -73,1¢ -90,0C 0,0000000 04 -41,3: -89,9¢ 0,000069
TO L2 0,2 -156,1! 270,0: 0,000052 0,6 -127,6¢ 270,0: 0,000104 0,6 -73,1¢ -90,0C 0,0000000 0,4 -41,3: -89,9¢ 0,000069
TO L3 0,2 49,61 64,2¢ 0,130144 2,6 62,4z 79,9: 0,454613 4.c 115,6: -278,7¢ 0,748785 4,4 146,4¢ -277,77 0,594865
TO L4 1 -156,1¢ 270,0¢ 0,000872 1,7 -127,1 270,0¢ 0,001483 1€ 73,22 -89,9¢ 0,001256' 11 -41,3¢€ -89,9t 0,000959
TO L5 1t 18,6¢ 95,22 -0,136470 0,f -6,45 148,8( -0,427682 2 -51,5¢ -111,6¢ -0,737547 2,6 -28,0€ -103,2¢ -0,595921
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5K EARTH-FAULT

25km 30km 35km 40km
VOLTAGE NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NoO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
3,08: -118,9¢ 2,27 -113,1: 1,78t -109,8: 1,46¢ -108,7:
CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) 310/ AN(310)
SUM 2,1 -15,88 -103,1¢ -0,477395 2,2 -11,9¢ -101,1: -0,424678 2,3 -9,6€ -100,1¢ -0,405319 2,3 -8,12 -100,6¢ -0,425060
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE NO/ AN(VO) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 3,042 -118,8¢ 2,22¢ -112,9¢ 1,744 -109,¢ 1,42 -108,5
S97 |CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(3I0) 310/ AN(310)
TO GEN 0 0 -118,8¢ 0,000000! 0 0 -112,9¢ 0,000000! 0 0 -109,6( 0,000000 0 0 -108,5: 0,000000!
TO L1 0,2 -28,8¢ -90,0¢ 0,000000! 0,2 -22,9¢ -89,9¢ 0,000034! 0 0 -109,6( 0,000000 0 0 -108,5: 0,000000!
TO L2 0,2 -28,8¢ -90,0( 0,000000! 0,2 -22,9¢ -89,9¢ 0,000034! 0 0 -109,6( 0,000000 0 0 -108,5: 0,000000!
TO L3 3,8 -277,2¢ 0,481529: 3.t 164,0¢ -277,0¢ 0,428967: 3,2 167,3¢ -276,9¢ 0,387210 3,1 169,2: -277,7: 0,416429
TO L4 0,7 -89,9¢ 0,000488 0,5 -23 -89,9¢ 0,000436: 0,4 -19,6¢ -89,9¢ 0,000349 0,2 -18,5¢ -89,9¢ 0,000209
TO L5 2,6 -100,6¢ -0,480949 2,6 -13,4¢ -99,4¢ -0,427333 2,5 -10,7¢ -98,8¢ -0,384189 2,5 -9,0€ -99,4¢ -0,410467
10K EARTH-FAULT
5km 10km 15km 20km
VOLTAGE NoO/ AN(VO0) 310*COS( ) NoO/ AN(VO0) 310*COS( ) NoO/ AN(VO0) 3I0*COS( ) NoO/ AN(VO0) 3I0*COS( )
2,25¢ 103,¢ 4,501 128,9: 5,252 -154,5: 2,572 -120,4:
CURRENTS 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(310) /310/ AN(310)
SUM 1,1 9,32 94,5¢ -0,087836 0,8 19,11 109,8: -0,305159 0,8 -20,8¢ -133,6: -0,551897 1,1 -14,2¢ -106,1¢ -0,306152
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE NO/ AN(VO) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 2,29¢ 103,17 4,55¢ 127,9: 5,30¢ -155,6¢ 2,5¢ -121,17
S61 |CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) /310/ AN(310)
TO GEN 0 0 103,11 0,000000! 0 0 127,9: 0,000000! 0 0 -155,6¢ 0,000000 0 0 -121,17 0,000000!
TO L1 0,2 -166,8: 270,0( 0,000000! 0,4 -142,07 270,0C 0,000000! 0,4 -65,6¢ -89,9¢ 0,000069 0,2 -31,17 -90,0( 0,000000!
TO L2 0,2 -166,8: 270,00 0,000000! 04 -142,07 270,00 0,000000! 04 -65,6¢ -89,9¢ 0,000069 0,2 -31,17 -90,0( 0,000000!
TO L3 1,2 13,1« 90,02 -0,000680 2,F 37,91 90,0z -0,000872 2,8 114,3: -269,91 -0,001518 14 148,¢ -269,97 -0,000733
TO L4 0.t -166,8¢ 270,0¢ 0,000436 11 -142,1: 270,04 0,000767' 1,3 -65,7 -89,9t 0,001134 0,6 -31,2: -89,9¢ 0,000523
TO L5 0,4 -166,8¢ 270,02 0,000139 0,7 -142,0¢ 270,02 0,000244. 0,8 -65,61 -89,9¢ 0,000279 0,4 -31,1¢ -89,9¢ 0,000139
10K EARTH-FAULT
25km 30km 35km 40km
VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(VO0) 310*COS( ) O/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
1,5¢ -110,97 1,141 -107,0: 0,88¢ -105,0: 0,72¢€ -104,0¢
CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) 310/ AN(310)
SUM 1,1 -9,7€ -101,2! -0,213846 1,2 -7,57 -99,4¢ -0,197230 1,2 -6,21 -98,8( -0,183583 1,2 -5,21 -98,8¢ -0,184617:
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE NO/ AN(VO) 310*COS( ) NO/ AN(VO0) 310*COS( ) O/ AN(V0) 3I10*COS( ) O/ AN(VO0) 3I10*COS( )
AT BUS 1,59¢ -111,2¢ 1,142 -106,7 0,88t -103,9¢ 0,721 -102,6:
S61 |CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) 310/ AN(310)
TO GEN 0 0 -111,2¢ 0,000000! 0 0 -106,7( 0,000000¢ 0 0 -103,9¢ 0,000000 0 0 -102,6: 0,000000!
TO L1 0 0 -111,2¢ 0,000000! 0 0 -106,7( 0,0000001 0 0 -103,9¢ 0,000000 0 0 -102,6: 0,000000!
TO L2 0 0 -111,2¢ 0,000000! 0 0 -106,7( 0,0000001 0 0 -103,9¢ 0,000000 0 0 -102,6: 0,000000!
TO L3 0,6 158,7: -269,91 -0,000471 0,6 163,2¢ -269,9¢ -0,000209 0, 166,0: -269,91 -0,000261 0,4 167,31 -269,9¢ -0,000139
TO L4 04 -21,2¢ -89,9t 0,000349 0,3 -16,7¢ -89,9¢ 0,000209 0,2 -14,01 -89,9t 0,000174 0,2 -12,6¢ -89,9¢ 0,000139
TO L5 0,2 -21,2¢ -89,9¢ 0,000069! 0,2 -16,7: -89,9¢ 0,000069: 0 0 -103,9¢ 0,000000 0 0 -102,6: 0,000000!
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10K EARTH-FAULT
5km 10km 15km 20km
VOLTAGE O/ AN(VO0) 310*COS( ) O/ AN(VO0) 3I10*COS( ) O/ AN(V0) 310*COS( ) NoO/ AN(VO0) 310*COS( )
2,309 103,89 4,625 128,99 5,298 -155,19 2,622 -121,56
CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
SUM 1,1 10,2 93,69 -0,0707940 0,9 20,8 108,19 -0,280952 0,7 -19,26 -135,93 -0,5029434 1,1 -13,26 -108,30 -0,3453911
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE o/ AN(V0) 310*COS( ) o/ AN(VO0) 3I10*COS( ) O/ AN(VO0) 3I0*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 2,324 103,73 4,632 128,9 5,279 -155,23 2,6 -121,53
S97 |CURRENTS 1310/ AN(3I0) 1310/ AN(310) /310/ AN(310) 1310/ AN(3I10)
TO GEN 0 0 103,73 0,0000000 0 0 128,90 0,0000000 0 0 -155,23 0000000 0 0 -121,53 0,0000000
TO L1 0,2 -166,28 270,01 0,0000349 0,4 -141,11 270,01 0698 0,4 -65,23 -90,00 0,0000000 0,2 -31,53 -90,00 0,000000
TO L2 0,2 -166,28 270,01 0,0000349 0,4 -141,11 270,01 0698 0,4 -65,23 -90,00 0,0000000 0,2 -31,53 -90,00 0,000000
TO L3 0,2 39,44 64,29 0,0867633 1,7 48,97 79,93 0,2972471 5 3, 123,56 -278,79 0,5348467 2,5 156,24 -277,77 0,337992(
TO L4 0,6 -166,32 270,05 0,0005236 1,1 -141,15 270,05 ©599 1,3 -65,28 -89,95 0,0011345 0,6 -31,57 -89,96 0,008418
TO L5 0,8 8,51 95,22 -0,0727842 0,3 -19,9 148,80 -0,2566093 1,4 -43,59 -111,64 -0,5162830 15 -18,28 -103,25 -0,348800
10K EARTH-FAULT
25km 30km 35km 40km
VOLTAGE NO/ AN(V0) 310*COS( ) O/ AN(VO0) 310*COS( ) O/ AN(VO0) 310*COS( ) NO/ AN(VO0) 310*COS( )
1,631 -111,95 1,173 -107,8 0,913 -105,6 0,745 -105,29
CURRENTS 310/ AN(3I0) 1310/ AN(310) /310/ AN(310) 1310/ AN(3I10)
SUM 1,1 -8,81 -103,14 -0,2500643 1,2 -6,68 -101,12 -0,23443 1,2 -5,45 -100,15 -0,2114710 1,2 -4,64 -100,65 -0,229770
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE o/ AN(V0) 310*COS( ) o/ AN(VO0) 3I10*COS( ) O/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 1,609 -111,85 1,152 -107,63 0,892 -105,37 0,724 -105,02
S97 |CURRENTS /310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 -111,85 0,0000000 0 0 -107,63 0,0000000 0 0 -105,37 0,0000000 0 0 -105,02 0,0000000
TO L1 0 0 -111,85 0,0000000 0 0 -107,63 0,0000000 0 0 -105,37 ,0000000 0 0 -105,02 0,0000000
TO L2 0 0 -111,85 0,0000000 0 0 -107,63 0,0000000 0 0 -105,37 ,0000000 0 0 -105,02 0,0000000
TO L3 2 165,44 -277,29 0,2537830 18 169,41 -277,04 0,22061 1,7 171,58 -276,95 0,2057053 1,6 172,69 -277,71 0,28B1654
TO L4 0,4 -21,89 -89,96 0,0002793 0,3 -17,68 -89,95 0,006826 0,2 -15,41 -89,96 0,0001396 0,2 -15,07 -89,95 0,0001744
TO L5 1,4 -11,19 -100,66 -0,2589728 1,3 -8,17 -99,46 -06P63 1,3 -6,53 -98,84 -0,1997784 1,3 -5,58 -99,44 -0,218219
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NO COMPENSATION

5km 10km 15km 20km 25km 30km 35km 40km
VOLTAGE | N0/ AN(VO)| NO/ AN(VO)| /VO/ AN(VO) [ NO/ AN(VO) | /YOI AN(VO) | /VO/  AN(VO)| /VO/ AN(VO)| /NVO/ AN(VO)

12,205 178,2| 12,419 177,18 12,5563 175/94 12,627 174,49 092,6872,86( 12,507 171,00 12,325 169,13 12,066 16
CENTRALIZED COMPENSATION

5km 10km 15km 20km 25km 30km 35km 40km
VOLTAGE | NO/ AN(VO)[ N~NO/ AN(VO)| /NVO/ AN(VO) [ O/ AN(VO) | MO/ AN(VO) | /VO/  AN(VO)| /NVO/ AN(VO) [ NO/ AN(VO)

12,134 178,57 12,321 177,48 12,438 176|77 12,476 17p,574342,174,16] 12,311 172,58 12,11 170,85 11,839 1
DISTRIBUTED COMPENSATION

5km 10km 15km 20km 25km 30km 35km 40km
VOLTAGE | NO/  AN(VO)[ NO/ AN(VO)| /VO/ AN(VO) [ MO/ AN(VO) | MO/ AN(VO) | /VO/  AN(VO)| /NVO/ AN(VO) [ NO/ AN(VO)

11,84 179,420 11,771 179,9 11,722 -179,56 11,698 -179,356931,-179,07 11,707 -178,43 11,74 -178(32 11,784 -17
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SOLID EARTH-FAULT
10km + 1 coil 15km + 2 coils 20km +3 coils 25km + 4 coils
VOLTAGE No/ AN(VO) 310*COS( ) No/ AN(VO) 310*COS( ) NoO/ AN(VO) 310*COS( ) No/ AN(VO) 310*COS( )
11,922 178,9 11,922 178,97 11,921 179,04 11,921 179,11
"E:’:EI?' CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310) 1310/ AN(3I0)
AT THE FROM GEN 0 0 178,90 0,0000000 0 0 178,97 0,000000p 0 0 179,04 ,0000000 0 0 179,11 0,0000000
S FROM L1 0,9 88,9 90,00 0,0000000 0,9 88,97 90,00 0,0000000 9 0 89,04 90,00 0,0000000 0,9 89,11 90,00 0,00000q0
:}AJR FROM L2 0,9 88,9 90,00 0,0000000 0,9 88,97 90,00 0,0000000 9 0 89,04 90,00 0,0000000 0,9 89,11 90,00 0,0000000
FROM L3 9,8 86,46 92,44 -0,4172170 6,2 81,76 97,21 -0,79613 2,9 64,05 114,99 -1,2251342] 18 -33,06 212,17 -1,5236497
FROM L4 2,8 88,86 90,04 -0,0019548 2,8 88,93 90,04 -0,08895 2,8 89 90,04 -0,0019548 2,8 89,07 90,04 -0,0019548
FROM L5 1,9 88,88 90,02 -0,0006632 1,9 88,95 90,02 -0,08R66 19 89,02 90,02 -0,0006632 1,9 89,09 90,02 -0,0006682
SUM 16,4 87,43 91,47 -0,4207178, 12,8 85,46 93,51 -0,78365[11 9,3 81,54 97,50 -1,2138936 58 73,72 105,39 -1,5392495
SOLID EARTH-FAULT
30km + 5 coils 35km + 6 coils 40km + 7 coils 40km + 6 coils
VOLTAGE NoO/ AN(VO) 310+COS( ) NO/ AN(VO) 310*COS( ) NO/ AN(VO) 310*COS( ) NoO/ AN(VO) 310*COS( )

EARTH- 11,92 179,18 11,92 179,25 11,919 179,32 11,953 179,03

FAULT CURRENTS 310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(3I0)

AT THE FROM GEN 0 0 179,18 0,0000000 0 0 179,25 0,000000p 0 0 179,32 ,0000000 0 0 179,03 0,0000000
BUS FROM L1 0,9 89,17 90,01 -0,0001571 0,9 89,24 90,01 -0,00015 0,9 89,31 90,01 -0,0001571 0,9 89,02 90,01 -0,00015f1
BAR FROM L2 0,9 89,17 90,01 -0,0001571 0,9 89,24 90,01 -0,00015 0,9 89,31 90,01 -0,0001571 0,9 89,02 90,01 -0,00015f1

FROM L3 4,9 -67,8 246,98 -1,9161569 8,4 -74,58 253,83 23834 11,9 -77,1 256,42 -2,794153q 34 44,69 134,34 -2BYB3

FROM L4 2,8 89,13 90,05 -0,0024435 2,8 89,2 90,05 -0,002448 2,8 89,27 90,05 -0,0024435 2,8 88,98 90,05 -0,0024485
FROM L5 1,9 89,16 90,02 -0,0006632 1,9 89,23 90,02 -0,08066 19 89,3 90,02 -0,0006632 1,9 89,01 90,02 -0,0006682
SUM 2,8 46,54 132,64 -1,8966912] 2,7 -32,53 211,78 -2,29820p 57 -61,35 240,67 -2,7920823 9,3 74,43 104,60 -2,34424p0
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SOLID EARTH-FAULT
10km + 1 coil 15km + 2 coils 20km +3 coils 25km + 4 coils
VOLTAGE No/ AN(VO) 3l0*COs( ) o/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) O/ AN(VO) 310*COS( )
11,936 176,65 11,918 176,82 11,899 177,05 11,884 177,35
CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(310)
SUM 16,4 83,91 92,74 -0,7839823 12,8 80,93 95,89 -1,31352p3 9,3 76,11 100,94 -1,7649627 5,9 68,33 109,02 -1,92279p3
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR ALUES AT THE BUS BAR ALUES AT THE BUS BAR
FAULT [VOLTAGE No/ AN(VO0) 3I0*COS( ) O/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) O/ AN(VO) 310*COS( )
AT BUS 12,092 175,25 12,046 174,87 11,996 174,66 11,948 175,04
S61 [CURRENTS 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(310)
TO GEN 0 0 175,25 0,0000000 0 0 174,87 0,0000000 0 0 174,66 0000DO 0 0 175,04 0,0000000
TO L1 1 -94,75 270,00 0,0000000 1 -95,14 270,01 0,0001745 1 95,35 270,01 0,0001745 0,9 -94,97 270,01 0,0001571
TO L2 1 -94,75 270,00 0,0000000 1 -95,14 270,01 0,0001745 1 95,35 270,01 0,0001745 0,9 -94,97 270,01 0,0001571
TO L3 6,7 85,22 90,03 -0,0035081 6,7 84,84 90,03 -0,0035081 6,6 84,63 90,03 -0,0034558 6,6 85,01 90,03 -0,00345%8
TO L4 2,9 -94,8 270,05 0,0025307 2,9 -95,18 270,05 0,00253 2,9 -95,39 270,05 0,0025307 2,8 -95,01 270,05 0,0024435
TO L5 19 -94,77 270,02 0,0006632 19 -95,15 270,02 0,08R66 1,9 -95,36 270,02 0,0006632 1,9 -94,98 270,02 0,0006682
SOLID EARTH-FAULT
30km + 5 coils 35km + 6 coils 40km + 7 coils 40km + 6 coils
VOLTAGE No/ AN(VO0) 3l0*COS( ) O/ AN(VO) 310*COS( ) o/ AN(VO0) 310*COS( ) O/ AN(VO) 310*COS( )
11,867 177,7 11,847 178,1 11,825 178,55 11,882 177,66
CURRENTS 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(310)
SUM 2,8 41,29 136,41  -2,0280182 2,7 -37,56 215,66 -2,193724 57 -66,06 244,61 -2,4440316 9,3 66,67 110,99 -3,33130p5
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR 'ALUES AT THE BUS BAR
FAULT |VOLTAGE NO/ AN(VO) 310*COS( ) NoO/ AN(VO) 310*COS( ) No/ AN(VO) 310*COS( ) No/ AN(VO) 310*COS( )
AT BUS 11,898 175,59 11,842 176,29 11,782 177,16 11,851 173,42
S61 [CURRENTS 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(310)
TO GEN 0 0 175,59 0,0000000 0 0 176,29 0,000000p 0 0 177,16 000(DO 0 0 173,42 0,0000000
TO L1 0,9 -94,42 270,01 0,0001571 0,9 -93,71 270,00 0,00000 0,9 -92,85 270,01 0,0001571 0,9 -96,59 270,01 0,0001571
TO L2 0,9 -94,42 270,01 0,0001571 0,9 -93,71 270,00 0,00000 09 -92,85 270,01 0,0001571 0,9 -96,59 270,01 0,0001571
TO L3 6,6 85,56 90,03 -0,0034558 6,5 86,26 90,03 -0,0034084 65 87,13 90,03 -0,0034034 6,6 83,39 90,03 -0,00345%8
TO L4 2,8 -94,46 270,05 0,0024435 2,8 -93,76 270,05 0,08244 2,8 -92,89 270,05 0,0024435 2,8 -96,63 270,05 0,0024485
TO L5 1,9 -94,43 270,02 0,0006632 19 -93,73 270,02 0,08R66 1,8 -92,86 270,02 0,0006283 1,9 -96,6 270,02 0,0006632
SOLID EARTH-FAULT
10km + 1 coil 15km + 2 coils 20km +3 coils 25km + 4 coils
VOLTAGE No/ AN(VO0) 3l0*COS( ) O/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) O/ AN(VO) 310*COS( )
11,93¢ 177,8¢ 11,90¢ 178,0¢ 11,877 178,3: 11,8¢ 178,5%
CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310)
SUM 16,7 85,95 91,91 -0,5566046 12,9 84,21 93,88 -0,8729047 9,3 80,51 97,80 -1,2621548 5,8 72,92 105,61 -1,5607099
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR 'ALUES AT THE BUS BAR 'ALUES AT THE BUS BAR
FAULT |VOLTAGE No/ AN(VO0) 3l0*COs( ) O/ AN(VO) 310*COS( ) o/ AN(VO0) 310*COS( ) O/ AN(VO) 310*COS( )
AT BUS 12,188 177,4 12,095 177,7 12,004 177,99 11,916 178,28
S97 [CURRENTS 1310/ AN(3I10) 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(310)
TO GEN 0 0 177,40 0,0000000 0 0 177,70 0,000000p 0 0 177,99 000(DO 0 0 178,28 0,0000000
TO L1 1 -92,61 270,01 0,0001745 1 -92,3 270,00 0,0000040 1 2,00 270,01 0,0001745 0,9 -91,72 270,00 0,0000000
TO L2 1 -92,61 270,01 0,0001745 1 -92,3 270,00 0,0000040 1 2,00 270,01 0,0001745 0,9 -91,72 270,00 0,0000000
TO L3 10 -95,04 272,44 0,4257316 6,3 -99,51 277,21 0,79D69 29 -117 294,99 1,2251342 1,8 146,11 32,17 1,5236497
TO L4 2,9 -92,65 270,05 0,0025307 2,9 -92,34 270,04 0,00202 29 -92,06 270,05 0,0025307 2,8 -91,76 270,04 0,0019548
TO L5 14,9 85,74 91,66 -0,4316293 11,1 83,59 94,11 -0,78855) 75 78,61 99,38 -1,2223618 4,1 65,9 112,38 -1,5610653
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SOLID EARTH-FAULT

30km + 5 coils 35km + 6 coils 40km + 7 coils 40km + 6 coils
VOLTAGE O/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
11,823 178,74 11,795 178,95 11,768 179,15 11,898 178,27
CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I0)
SUM 2,8 45,95 132,79 -1,9020771 2,7 -32,92 211,87 -2,29297p 5,6 -61,55 240,70 -2,7405417 9,3 73,29 104,98  -2,40388[L3
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR ALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
AT BUS 11,829 178,56 11,743 178,83 11,657 179,09 12,014 177,87
S97 |CURRENTS 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(3I0)
TO GEN 0 0 178,56 0,0000000 0 0 178,83 0,000000p 0 0 179,09 000(DO 0 0 177,87 0,0000000
TO L1 0,9 -91,44 270,00 0,0000000 0,9 -91,17 270,00 0,00000 0,9 -90,91 270,00 0,0000000 1 -92,14 270,01 0,0001745
TO L2 0,9 -91,44 270,00 0,0000000 0,9 -91,17 270,00 0,00000 0,9 -90,91 270,00 0,0000000 1 -92,14 270,01 0,0001745
TO L3 4,9 111,59 66,97 1,9169439 82 105 73,83 2,2836037 6 11, 102,68 76,41 2,7256807 3,4 -136,47 314,34 2,3763102
TO L4 2,8 -91,48 270,04 0,0019548 2,8 -91,21 270,04 0,08895 2,8 -90,95 270,04 0,0019548 2,9 -92,18 270,05 0,0025307
TO L5 1,9 5,08 173,48  -1,8877113 4 -55,99 234,82 -2,3045882 7,2 -68,67 247,76 -2,7251069 7,5 69,68 108,19 -2,3412683
5K EARTH-FAULT
10km + 1 coil 15km + 2 coils 20km +3 coils 25km + 4 coils
VOLTAGE O/ AN(VO) 310*COS( ) No/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
1,68 98,89 2,114 103,96 2,801 112,11 4,017 125,43
CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I0)
SUM 2,3 6,15 92,74 -0,1099487 2,3 8,06 95,90 -0,2364228 2,2 1,161 100,95 -0,4178950 2 16,41 109,02 -0,6517964
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) NoO/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
AT BUS 1,702 97,49 2,137 102 2,824 109,71 4,038 123,12
S61 |CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I0)
TO GEN 0 0 97,49 0,0000000 0 0 102,00 0,000000 0 0 109,71  00(DD 0 0 123,12 0,0000000
TO L1 0 0 97,49 0,0000000 0,2 -168 270,00 0,000000p 0,2 3160, 270,01 0,0000349 0,3 -146,88 270,00 0,0000000
TO L2 0 0 97,49 0,0000000 0,2 -168 270,00 0,000000p 0,2 3160, 270,01 0,0000349 0,3 -146,88 270,00 0,0000000
TO L3 0,9 7,46 90,03 -0,0004712 1,2 11,98 90,02 -0,0004189 6 1 19,68 90,03 -0,0008378 2,2 33,09 90,03 -0,0011519
TO L4 0,4 -172,56 270,05 0,0003491 0,5 -168,04 270,04 3090 0,7 -160,34 270,05 0,0006109 1 -146,92 270,04 0,000698
TO L5 0,3 -172,53 270,02 0,0001047 0,3 -168,02 270,02 1,000 04 -160,31 270,02 0,0001396 0,6 -146,9 270,02 0,83D20)
5K EARTH-FAULT
30km + 5 coils 35km + 6 coils 40km + 7 coils 40km + 6 coils
VOLTAGE O/ AN(VO) 310*COS( ) O/ AN(VO) 3l0*COS( ) O/ AN(VO) 3l0*COS( ) O/ AN(VO) 310*COS( )
5,809 153,97 5,771 -162,77 3,986 -134,8 2,716 121,54
CURRENTS 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(3I0)
SUM 1,4 17,55 136,42 -1,0141776 1,3 -18,42 -144,35 -1,06837| 1,9 -19,41 -115,39 -0,8146772 2,1 10,55 110,99 -0,752230
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR ALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( )
AT BUS 5,824 151,85 5,769 -164,58 3,971 -136,18 2,709 117,3
S61 |CURRENTS 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 151,85 0,0000000 0 0 -164,58 0,000000p 0 0 -136,18,0000000 0 0 117,30 0,0000000
TO L1 05 -118,15 270,00 0,0000000 0,5 -74,58 -90,00 0,0000 03 -46,19 -89,99 0,0000524 0,2 -152,71 270,01 0,0aD034
TO L2 05 -118,15 270,00 0,0000000 0,5 -74,58 -90,00 0,0000 0,3 -46,19 -89,99 0,0000524 0,2 -152,71 270,01 0,0aD031
TO L3 32 61,83 90,02 -0,0011170 3,2 105,4 -269,98  -0,00011 22 133,79  -269,97  -0,0011519 15 27,27 90,03 -0,00078p4
TO L4 1,4 -118,19 270,04 0,0009774 14 -74,62 -89,96 0,0009 0,9 -46,23 -89,95 0,0007854 0,6 -152,75 270,05 0,000528
TO L5 0,9 -118,17 270,02 0,0003142 0,9 -74,6 -89,98 0,00231 0,6 -46,2 -89,98 0,0002094 0,4 -152,72 270,02 0,0001396




5K EARTH-FAULT
10km + 1 coil 15km + 2 coils 20km +3 coils 25km + 4 coils
VOLTAGE No/ AN(VO) 3l0*COS( ) o/ AN(VO) 310*COS( ) ol AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
1,654 98,83 2,107 103 2,827 110,38 4,088 123,94
CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) 1310/ AN(3I0)
SUM 2,3 6,92 91,91 -0,0766581 2,3 9,12 93,88 -0,1556342 2,2 2,581 97,80 -0,2985743 2 18,32 105,62 -0,5385120
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR ALUES AT THE BUS BAR 'ALUES AT THE BUS BAR
FAULT [VOLTAGE No/ AN(V0) 310*COS( ) o/ AN(VO) 310*COS( ) oY AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
AT BUS 1,689 98,37 2,14 102,61 2,857 110,06 4,111 123,69
S97 |CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 98,37 0,0000000 0 0 102,61 0,000000 0 0 110,06  0OQED 0 0 123,69 0,0000000
TO L1 0 0 98,37 0,0000000 0,2 -167,39 270,00 0,0000000 0,2 59,96 270,01 0,0000349 0,3 -146,32 270,01 0,0000534
TO L2 0 0 98,37 0,0000000 0,2 -167,39 270,00 0,0000000 0,2 59,96 270,01 0,0000349 0,3 -146,32 270,01 0,0000534
TO L3 1,4 -174,07 272,44 0,0596024 1,1 -174,61 277,22 24328 0,7 175,07 -65,01 0,2957221 0,6 91,52 32,17 0,50788B2
TO L4 0,4 -171,68 270,05 0,0003491 0,5 -167,44 270,05 @368 0,7 -159,99 270,05 0,0006109 1 -146,36 270,05 0,00087p
TO L5 2,1 6,71 91,66 -0,0608337 2 8,5 94,11 -0,1433431 1.8 ,6710 99,39 -0,2936768 14 11,3 112,39 -0,56332726
5K EARTH-FAULT
30km + 5 coils 35km + 6 coils 40km + 7 coils 40km + 6 coils
VOLTAGE No/ AN(VO) 3l0*COs( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
5,896 153,14 5,734 -164,05 3,954 -137,36 2,757 116,82
CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) 1310/ AN(3I0)
SUM 1,4 20,35 132,79 -0,9510385 13 -15,92  -148,13  -1,1P302 1,9 -18,05  -119,31  -0,9301158] 2,2 11,85 104,97 -0,568280
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR ALUES AT THE BUS BAR ‘ALUES AT THE BUS BAR
FAULT [VOLTAGE o/ AN(V0) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
AT BUS 59 152,96 5,708 -164,17 3,917 -137,41 2,784 116,42
S97 |CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 152,96 0,0000000 0 0 -164,17 0,000000p 0 0 -137,41,0000000 0 0 116,42 0,0000000
TO L1 0,5 -117,05 270,01 0,0000873 0,5 -74,17 -90,00 0,0000 0,3 -47,42 -89,99 0,0000524 0,2 -153,59 270,01 0,000034
TO L2 0,5 -117,05 270,01 0,0000873 0,5 -74,17 -90,00 0,0000 03 -47,42 -89,99 0,0000524 0,2 -153,59 270,01 0,00D034
TO L3 2,4 85,98 66,98 0,9385258 4 122 -286,17 1,1139530 3,9 46,18  -283,59 0,9163926 0,8 162,08  -45,66 0,5591318
TO L4 1,4 -117,09 270,05 0,0012217 1,4 -74,21 -89,96 0,0009 0,9 -47,46 -89,95 0,0007854 0,7 -153,63 270,05 0,00D61
TO L5 1 -20,53 173,49 -0,9935521 1,9 -38,99  -12518  -1,0946 24 -25,17  -112,24  -0,9083690) 1,7 8,23 108,19 -0,53068)7
10K EARTH-FAULT
10km + 1 coil 15km + 2 coils 20km +3 coils 25km + 4 coils
VOLTAGE NO/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
0,85 94,89 1,08 98,98 1,463 105,7 2,216 116,98
CURRENTS 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
SUM 1,2 2,15 92,74 -0,0573646 1,2 3,08 95,90 -0,1233510 1,1 ,75 4 100,95 -0,2089475 1,1 7,96 109,02 -0,3584880
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR ALUES AT THE BUS BAR ‘ALUES AT THE BUS BAR
FAULT (VOLTAGE NO/ AN(V0) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
AT BUS 0,861 93,49 1,092 97,03 1,475 103,3 2,228 114,67
S61 |CURRENTS 1310/ AN(310) 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I0)
TO GEN 0 0 93,49 0,0000000 0 0 97,03 0,000000 0 0 103,30 00DmD 0 0 114,67 0,0000000
TO L1 0 0 93,49 0,0000000 0 0 97,03 0,000000 0 0 103,30 O@mwo 0,2 -155,34 270,01 0,0000349
TO L2 0 0 93,49 0,0000000 0 0 97,03 0,0000000 0 0 103,30 Omno 0,2 -155,34 270,01 0,0000349
TO L3 0,5 3,46 90,03 -0,0002618 0,6 7 90,03 -0,0003142 0,8 ,2713 90,03 -0,0004189 1,2 24,64 90,03 -0,0006283
TO L4 0,2 -176,56 270,05 0,0001745 0,3 -173,02 270,05 @608 04 -166,75 270,05 0,0003491 0,5 -155,38 270,05 03BX4
TO L5 0 0 93,49 0,0000000 0,2 -172,99 270,02 0,0000698 0,2 66,72 270,02 0,0000698 0,3 -155,35 270,02 0,0001047
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10K EARTH-FAULT
30km + 5 coils 35km + 6 coils 40km + 7 coils 40km + 6 coils
VOLTAGE O/ AN(VO) 310*COS( ) No/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
3,711 146,72 3,726 -156,84 2,23 -126,9 1,442 115,75
CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(3I10) 1310/ AN(3I0)
SUM 0,9 10,31 136,41 -0,6518630 0,9 -12,5 -144,34  -0,73824]L 1,1 -11,51  -11539  -0,4716552 11 4,76 110,99 -0,3940255
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE o/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) NoO/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
AT BUS 3,721 144,61 3,724 -158,65 2,222 -128,29 1,438 1115
S61 |CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(3I0)
TO GEN 0 0 144,61 0,0000000 0 0 -158,65 0,000000p 0 0 -128,29,0000000 0 0 111,50 0,0000000
TO L1 0,3 -1254 270,01 0,0000524 0,3 -68,66 -89,99 0,02805 0,2 -38,29 -90,00 0,0000000 0 0 111,50 0,0000000
TO L2 0,3 -1254 270,01 0,0000524 0,3 -68,66 -89,99 0,020805 02 -38,29 -90,00 0,0000000 0 0 111,50 0,0000000
TO L3 2,1 54,58 90,03 -0,0010996 2,1 111,32 -269,97  -0,9040 1,2 141,69 -269,98  -0,0004189 0,8 21,48 90,02 -0,000279
TO L4 0,9 -125,44 270,05 0,0007854 0,9 -68,7 -89,95 0,08078 05 -38,33 -89,96 0,0003491 0,3 -158,54 270,04 0,0002094
TO L5 0,6 -125,41 270,02 0,0002094 0,6 -68,67 -89,98 0,0992 03 -38,31 -89,98 0,0001047 0,2 -158,52 270,02 0,000069
10K EARTH-FAULT
10km + 1 coil 15km + 2 coils 20km +3 coils 25km + 4 coils
VOLTAGE O/ AN(VO) 310*COS( ) O/ AN(VO) 3l0*COS( ) O/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( )
0,835 94,88 1,073 98 1,469 103,79 2,242 115,05
CURRENTS 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(310)
SUM 1,2 2,97 91,91 -0,0399955 1,2 4,12 93,88 -0,0812004 1,2 995 97,80 -0,1628587 11 9,44 105,61  -0,2959967
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR ALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(VO) 310*COS( ) NO/ AN(V0) 310*COS( ) O/ AN(VO) 310*COs( ) O/ AN(V0) 310*COS( )
AT BUS 0,853 94,42 1,09 97,61 1,484 103,47 2,255 114,8
S97 [CURRENTS 1310/ AN(310) 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(3I0)
TO GEN 0 0 94,42 0,0000000 0 0 97,61 0,000000 0 0 103,47 [en) 0 0 114,80 0,0000000
TO L1 0 0 94,42 0,0000000 0 0 97,61 0,000000( 0 0 103,47 oMo 0,2 -155,2 270,00 0,0000000
TO L2 0 0 94,42 0,0000000 0 0 97,61 0,000000( 0 0 103,47 oMo 0,2 -155,2 270,00 0,0000000
TO L3 0,7 -178,02 272,44 0,0298012 0,6 -179,61 277,22 @075 04 168,47 -65,00 0,1690473 0,3 82,63 32,17 0,253941.6
TO L4 0,2 -175,63 270,05 0,0001745 0,3 -172,44 270,05 @608 04 -166,58 270,05 0,0003491 0,5 -155,24 270,04 043103
TO L5 1 2,76 91,66 -0,0289684 1 3,49 94,12 -0,0718456 0,9 84,0 99,39 -0,1468384 0,8 2,42 112,38 -0,3045981L
10K EARTH-FAULT
30km + 5 coils 35km + 6 coils 40km + 7 coils 40km + 6 coils
VOLTAGE o/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) NoO/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
3,765 145,21 3,717 -158,76 2,231 -129,85 1,449 110,67
CURRENTS 1310/ AN(3I10) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(3I0)
SUM 0,9 12,42 132,79 -0,6113819 0,9 -10,62  -148,14  -0,76440) 1,1 -10,54  -119,31  -0,5384881 1,1 5,69 104,98  -0,28433p0
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR /ALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE o/ AN(VO) 310*COS( ) No/ AN(V0) 310*COS( ) NoO/ AN(VO) 310*COS( ) o/ AN(VO) 310*COS( )
AT BUS 3,767 145,04 3,7 -158,87 2,21 -129,9 1,464 110,27
S97 |CURRENTS 1310/ AN(310) 1310/ AN(3I10) 1310/ AN(310) 1310/ AN(3I0)
TO GEN 0 0 145,04 0,0000000 0 0 -158,87 0,000000p 0 0 -129,90,0000000 0 0 110,27 0,0000000
TO L1 0,3 -124,97 270,01 0,0000524 0,3 -68,88 -89,99 0,620 0,2 -39,91 -89,99 0,0000349 0 0 110,27 0,0000000
TO L2 0,3 -124,97 270,01 0,0000524 0,3 -68,88 -89,99 0,5200 0,2 -39,91 -89,99 0,0000349 0 0 110,27 0,0000000
TO L3 15 78,06 66,98 0,5865786 2,6 127,3 -286,17 0,7240695 2,2 153,69  -283,59 0,5169394 0,4 155,93  -45,66 0,27956%9
TO L4 0,9 -125,01 270,05 0,0007854 0,9 -68,92 -89,95 0,8697 05 -39,95 -89,95 0,0004363 03 -159,78 270,05 0,0026]
TO L5 0,6 -28,45 17349  -0,5961312 1,3 -33,7 -125,17  -(3088 14 -17,66  -112,24  -0,5298819 0,9 2,07 108,20  -0,2B41Q
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SOLID EARTH-FAULT

No compensation

Distributed compensation (1 coil per 5km of cable)

Iém from the station uncompensated

VOLTAGE No/ AN(VO) 310*COS( ) NO/ AN(VO) 310*COS( ) NO/ AN(VO) 310*COS( )

EARTH- 12,81 169,74 11,752 -177,96 11,936 -179,31

FAULT |CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 310/ AN(3I0)

AT THE FROM GEN 0 0 169,74 0,0000000 0 0 -177,96 0,0000000 0 0 -179,3 0,0000000
BUS FROM L1 44,1 78,36 91,38 -1,0620698 14,8 -81,36 -96,60 010898 1,6 -38 -141,31 -1,2488632
BAR FROM L2 44,1 78,36 91,38 -1,0620698 14,8 -81,36 -96,60 010898 1,6 -38 -141,31 -1,2488632

FROM L3 128,6 69,29 100,45 -23,3251342 45,7 -79,13 -98,83  7,0150985 32,6 -78,38  -100,93 -6,1812720
FROM L4 128,6 69,29 100,45 -23,3251342 45,7 -79,13 -98,83  7,0150985 32,6 -78,38  -100,93 -6,1812720
FROM L5 86,3 75,22 94,52 -6,8010511 31,2 -80,52 -97,44 400219 17,8 -78,43  -100,88 -3,3597974
SUM 430,6 72,33 97,41 -55,5339110 152,4 -79,85 -98,11 9AK809 85,4 -77,03 -102,28 -18,1636679
SOLID EARTH-FAULT
10km from the station uncompensated 15km from the station uncompensated 15km with centralized compensation
VOLTAGE No/ AN(VO) 310*COS( ) No/ AN(V0) 310COS( ) NO/ AN(VO) 310*COS( ) I

EARTH- 12,115 179,29 12,291 177,85 12,134 178,98

FAULT |CURRENTS 1310/ AN(3I0) 1310/ AN(3I0) 310/ AN(3I0)

AT THE FROM GEN 0 0 179,29 0,0000000 0 0 177,85 0,0000000 57,3 885,3264,36 -5,6313108 57,022612
BUS FROM L1 13,2 85,92 93,37 -0,7759447 27,8 86,43 91,42 -@686 27,5 87,55 91,43 -0,6862795

FROM L2 13,2 85,92 93,37 -0,7759447 27,8 86,43 91,42 -@6868 27,5 87,55 91,43 -0,6862795
BAR |rrom L3 19,2 74 25329  -55205316 6.4 -45,61 223,46 4508 63  -4449 22347  -4,5721286
FROM L4 19,2 -74 253,29 -5,5205316 6,4 -45,61 223,46 -44308 6,3 -44,49 223,47 -4,5721286
FROM L5 4,6 -52,12 231,41 -2,8692187 11 75,63 102,22 -3338 10,8 76,75 102,23 -2,2878346
SUM 20,8 -42,73 222,02 -15,4525532 59 75,15 102,70 -12 2509 18,5 -1,42 180,40 -18,4995492

AHJOMLEAN d379dVO ATIVLOL — 9 XIANdddV
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SOLID EARTH-FAULT

No compensation Distributed compensation (1 coil per 5km of cable) I6m from the station uncompensated
VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(VO) 310*COS( )
10,53 165,21 10,865 -177,08 11,454 -178,4
CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(310)
SUM 213,7 26,99 138,22 -159,3579317 1194 -58,54 -118,54  7,0459976 76,4 -68,17 -110,23 -26,4183213
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR
FAULT |VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 6,281 109,81 9,063 -150,98 10,506  -165,19
S61 |CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(310)
TO GEN 0 0 109,81 0,0000000 0 0 -150,98 0,0000000 0 0 -165,19 ,0000000
TO L1 21,6 -161,57 271,38 0,5201974 11,4 125,62 -276,60 10P835 14 156,12 -321,31 1,0927553
TO L2 21,6 -161,57 271,38 0,5201974 11,4 125,62 -276,60 10P835 1,4 156,12 -321,31 1,0927553
TO L3 148,2 13,69 96,12 -15,7997731 82,2 -53,18 -97,80 1858201 46,5 -62,08 -103,11 -10,5471902
TO L4 63 -170,64 280,45 11,4267765 35,3 127,84 -278,82 25,087 28,7 115,74  -280,93 5,4417946
TO L5 42,3 -164,72 274,53 3,3408992 24,1 126,45 -277,43 163371 15,7 115,69 -280,88 2,9634168
SOLID EARTH-FAULT
10km from the station uncompensated 15km from the ation uncompensated 15km with centralized compens ain
VOLTAGE NO/ AN(VO) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(VO) 310*COS( )
11,939 178,43 12,006 174,31 11,95 177,58
CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(310)
SUM 19,9 -50,04 228,47 -13,1939410 54,6 51,32 122,99 -22987 17,4 -10,75 188,33 -17,2164312
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(VO0) 310*COS( ) I
AT BUS 11,416 176,84 11,219 158,06 11,267 173,7
S61 |CURRENTS 1310/ AN(310) 1310/ AN(310) /310/ AN(310)
TO GEN 0 0 176,84 0,0000000 0 0 158,06 0,0000000 53,2 89,34 ,3684  5,2283723 52,942460
TO L1 12,5 -96,54 273,38 0,7369740 25,4 -113,36 271,42 Q4629 25,5 -97,73 271,43 0,6363682
TO L2 12,5 -96,54 273,38 0,7369740 25,4 -113,36 271,42 Q4629 25,5 -97,73 271,43 0,6363682
TO L3 10,3 20,99 155,85 -9,3985182 57,1 60,4 97,66 -7,63410 13,5 10,58 163,12 -12,9183525
TO L4 18,1 103,55 73,29 5,2042511 5,8 114,6 43,46 4,2099576 5,9 130,23 43,47 4,2818347
TO L5 4,3 125,42 51,42 2,6815091 10 -124,16 282,22 2,116659 10 -108,53 282,23 2,1183654
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SOLID EARTH-FAULT
No compensation Distributed compensation (1 coil per 5km of cable) lEm from the station uncompensated
VOLTAGE O/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
10,969 166,03 11,173 -176,79 11,632  -178,43
CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(3I10)
SUM 266 33,9 132,13 -178,4367966 131,5 -64,27 -112,52 652,364 79,2 -69,97  -108,46 -25,0780879
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE NoO/ AN(V0) 310*COS( ) O/ AN(VO0) 310*COS( ) O/ AN(V0) 310*COS( )
AT BUS 7,916 125,07 10,066 -159,26 10,988  -169,53
S97 |CURRENTS 1310/ AN(310) 1310/ AN(3I10) 310/ AN(310)
TO GEN 0 0 125,07 0,0000000 0 0 -159,26 0,0000000 0 0 -169,53 ,0000000
TO L1 27,2 -146,32 271,39 0,6598094 12,7 117,34 -276,60 597a18 1.4 151,77 -321,30 1,0926026
TO L2 27,2 -146,32 271,39 0,6598094 12,7 117,34 -276,60 597@18 1,4 151,77 -321,30 1,0926026
TO L3 79,4 -155,38 280,45 14,4013659 39,2 119,57 -278,83 0178274 30 111,4  -280,93 5,6882871
TO L4 79,4 -155,38 280,45 14,4013659 39,2 119,57 -278,83 0178274 30 111,4  -280,93 5,6882871
TO L5 212,9 26,93 98,14 -30,1450144 103,8 -60,98 -98,28 ,9488192 62,3 -66,89 -102,64 -13,6327668
SOLID EARTH-FAULT
10km from the station uncompensated 15km from the ation uncompensated 15km with centralized compe ns ain
VOLTAGE O/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( )
12,003 178,98 12,175 175,77 12,023 178,31
CURRENTS 1310/ AN(3I0) 1310/ AN(310) 1310/ AN(3I10)
SUM 20,1 -45,73 224,71 -14,2846016 56,9 62,14 113,63 -72808 17,7 -5,11 183,42 -17,6684775
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT [VOLTAGE NoO/ AN(VO) 310*COS( ) NO/ AN(VO0) 310*COS( ) O/ AN(V0) 310*COS( ) I
AT BUS 11,618 178,61 11,781 166,33 11,55 176,78
S97 [CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(3I0)
TO GEN 0 0 178,61 0,0000000 0 0 166,33 0,0000000 54,5 92,42 ,3684  5,3561333 54,236167
TO L1 12,7 -94,77 273,38 0,7487656 26,7 -105,1 271,43 (3656 26,2 -94,65 271,43 0,6538372
TO L2 12,7 -94,77 273,38 0,7487656 26,7 -105,1 271,43 (3656 26,2 -94,65 271,43 0,6538372
TO L3 18,4 105,31 73,30 5,2874336 6,1 122,86 43,47 4,4%981 6 133,31 43,47 4,3544082
TO L4 18,4 105,31 73,30 5,2874336 6,1 122,86 43,47 4,4Z5981 6 133,31 43,47 4,3544082
TO L5 15,6 -40,79 219,40 -12,0546437 46,1 63,52 102,81 2212316 18,4 -36,75 213,53 -15,3381795
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5K EARTH-FAULT

No compensation Distributed compensation (1 coil per 5km of cable) m from the station uncompensated
VOLTAGE NO/ AN(VO) 310*COS( ) NO/ AN(V0) 310*COS( ) O/ AN(VO) 310*COS( )
0,119 136,37 0,22 -121,67 0,361 -114,05
CURRENTS 1310/ AN(310) /310/ AN(310) 310/ AN(3I10)
SUM 2,4 -1,86 138,23 -1,7899797 2,4 -3,14 -118,53 -1,148285 2,4 -3,82  -110,23 -0,8298949
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 0,071 80,97 0,183 -95,58 0,331 -100,84
S61 |CURRENTS 1310/ AN(310) /310/ AN(310) 310/ AN(3I0)
TO GEN 0 0 80,97 0,0000000 0 0 -95,58 0,0000000 0 0 -100,84 0000
TO L1 0,2 169,58 -88,61 0,0048515 0,2 -178,98 83,40 0,02298 0 0 -100,84 0,0000000
TO L2 0,2 169,58 -88,61 0,0048515 0,2 -178,98 83,40 0,02298 0 0 -100,84 0,0000000
TO L3 1,7 -15,16 96,13 -0,1815340 1,7 2,22 -97,80 -0,236716 1,5 2,27 -103,11 -0,3402319
TO L4 0,7 160,52 -79,55 0,1269642 0,7 -176,75 81,17 0,1P345 0,9 -179,91 79,07 0,1706486
TO L5 0,5 166,44 -85,47 0,0394905 0,5 -178,14 82,56 0,08474 0,5 -179,96 79,12 0,0943763
5K EARTH-FAULT
10km from the station uncompensated 15km from the ation uncompensated 15km with centralized compensain
VOLTAGE NO/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
1,349 -138,51 0,522 122,82 1,474 -174,9
CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(3I0)
SUM 2,2 -6,98 -131,53 -1,4586266 2,4 -0,17 122,99 -1,306782 2,1 -3,23  -171,67 -2,0778451
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR \VALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) I
AT BUS 1,289 -140,1 0,488 106,58 1,39 -178,78
S61 |CURRENTS 1310/ AN(3I0) /310/ AN(310) 310/ AN(3I0)
TO GEN 0 0 -140,10 0,0000000 0 0 106,58 0,0000000 6,6 96,86 75,62 0,6486327 6,568049
TO L1 1.4 -53,47 -86,63 0,0822972 1,1 -164,85 271,43 0,6274 3.1 -90,21  -88,57 0,0773624
TO L2 1.4 -53,47 -86,63 0,0822972 11 -164,85 271,43 0,8274 31 -90,21  -88,57 0,0773624
TO L3 1,2 64,06 -204,16 -1,0948873 2,5 8,91 97,67 -0,333668 1,7 18,1 -196,88 -1,6267555
TO L4 2 146,61 -286,71 0,5750554 0,3 63,11 43,47 0,2177204 ;7 0 137,75 -316,53 0,5080143
TO L5 0,5 168,49 -308,59 0,3118716 0,4 -175,65 282,23 7888 1,2 -101,01  -77,77 0,2542038

0.7



5K EARTH-FAULT

No compensation

Distributed compensation (1 coil per 5km of cable)

lEm from the station uncompensated

VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
0,1 131,0¢ 0,20¢ -114,8¢ 0,35¢  -111,4¢
CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(3I0)
SUM 2,4 -1,1 132,1: -1,609956 2,4 -2,34 -112,5! -0,918827 2,4 -3,0z  -108,4% -0,760339.
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT (VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 0,072 90,07 0,18t -97,3¢ 0,33t -102,5¢
S97 [CURRENTS 1310/ AN(3I0) 1310/ AN(310) 310/ AN(3I0)
TO GEN 0 0 90,071 0,000000 0 0 -97,3¢ 0,000000r 0 0 -102,5¢ 0,000000
TO L1 0,2 178,6¢ -88,6: 0,004816 0,2 179,27 -276,6( 0,022987. 0 0 -102,5¢ 0,000000
TO L2 0,2 178,6¢ -88,6: 0,004816 0,2 179,27 -276,6( 0,022987. 0 0 -102,5¢ 0,000000
TO L3 , 169,6: -79,5¢ 0,126964. 0,7 -178t 81,13 0,107452 0,¢ 178,3¢ -280,9: 0,170648
TO L4 0,7 169,6: -79,5¢ 0,126964: 0,7 -178,% 81,17 0,107452 0,¢ 178,3¢  -280,9: 0,170648
TO L5 1.6 -8,07 98,14 -0,269025 1,¢ 0,9t -98,2¢ -0,273620 1,¢ 0,0¢ -102,6¢ -0,416090
5K EARTH-FAULT
10km from the station uncompensated 15km from the ation uncompensated 15km with centralized compe ns ain
VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(VO) 310*COS( )
1,34 -141,1% 0,51 114, 1,462 -178,4:
CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(3I0)
SUM 2,2 -5,87 -135,3( -1,563758: 2,4 0,7€ 113,6¢ -0,962372. 2,1 -1,8¢ -176,5% -2,096238
EARTH-[VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( ) NOI AN(V0) 310*COS( ) I
AT BUS 1,297 -141,5¢ 0,49¢ 104,9¢ 1,40¢  -179,9¢
S97 |CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(3I10)
TO GEN 0 0 -141,5: 0,000000 0 0 104,9: 0,000000 6,6 95,6¢  -275,6¢ 0,649779 6,567936:
TO L1 14 -54,92 -86,6: 0,082541 11 -166,47 271,4. 0,027259 3,2 -91,3¢  -88,57 0,079858
TO L2 14 -54,92 -86,6: 0,082541 11 -166,47 271,4. 0,027259: 3.2 -91,3¢  -88,57 0,079858
TO L3 2,1 14517  -286,7: 0,603808 0,2 61,4¢ 43,4¢ 0,217756 0,7 136,57 -316,5: 0,508014
TO L4 2,1 145,17  -286,7: 0,603808 0,2 61,4¢ 43,4¢ 0,217756. 0,7 136,57 -316,5: 0,508014
TO L5 1,7 -0,94 -140,6( -1,313647 1,¢ 2,1¢ 102,8( -0,420942 2,2 -33,4¢  -146,4% -1,833912.
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10K EARTH-FAULT

No compensation Distributed compensation (1 coil per 5km of cable) m from the station uncompensated
VOLTAGE NO/ AN(VO) 310*COS( ) NO/ AN(V0) 310*COS( ) O/ AN(VO) 310*COS( )
0,06 136,21 0,11 -121,19 0,182 -113,23
CURRENTS 1310/ AN(310) /310/ AN(310) 310/ AN(3I10)
SUM 1,2 -2,01 138,22 -0,8948503 1,2 -2,66 -118,53 -0,578142 1,2 -3 -110,23 -0,4149475
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 0,036 80,81 0,092 -95,1 0,167 -100,02
S61 |CURRENTS 1310/ AN(310) /310/ AN(310) 310/ AN(3I0)
TO GEN 0 0 80,81 0,0000000 0 0 -95,10 0,0000000 0 0 -100,02  000@OO
TO L1 0 0 80,81 0,0000000 0 0 -95,10 0,0000000 0 0 -100,02 00000
TO L2 0 0 80,81 0,0000000 0 0 -95,10 0,0000000 0 0 -100,02 00000
TO L3 0,8 -15,32 96,13 -0,0854278 0,8 2,7 -97,80 -0,108572%5 0,7 3,09 -103,11 -0,1587749
TO L4 0.4 160,36 -79,55 0,0725510 0,4 -176,27 81,17 0,08340 0,5 -179,09 79,07 0,0948048
TO L5 0,2 166,28 -85,47 0,0157962 0,2 -177,66 82,56 0,02689 0,2 -179,14 79,12 0,0377505
10K EARTH-FAULT
10km from the station uncompensated 15km from the ation uncompensated 15km with centralized compensain
VOLTAGE NO/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( )
0,702 -136,2 0,264 121,84 0,784  -174,41
CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(3I0)
SUM 1,2 -4,67 -131,53 -0,7956145 1,2 -1,16 123,00 -0,658566 1,1 -2,73  -171,68 -1,0884229
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR IVALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(VO) 310*COS( ) O/ AN(VO) 310*COS( ) o/ AN(V0) 310*COS( ) I
AT BUS 0,671 -137,79 0,247 105,59 0,74 -178,29
S61 |CURRENTS 1310/ AN(3I0) /310/ AN(310) 310/ AN(3I0)
TO GEN 0 0 -137,79 0,0000000 0 0 105,59 0,0000000 3,5 97,36 75,68 0,3445798 3,482996
TO L1 0,7 -51,17 -86,62 0,0412705 0,6 -165,84 271,43 0,0249 1,7 -89,71  -88,58 0,0421279
TO L2 0,7 -51,17 -86,62 0,0412705 0,6 -165,84 271,43 0,0249 1,7 -89,71  -88,58 0,0421279
TO L3 0,6 66,36 -204,15 -0,5474865 1,3 7,92 97,67 -0,178507 0,9 18,59  -196,88 -0,8612235
TO L4 1,1 148,92 -286,71 0,3162805 0 0 105,59 0,0000000 0,4 3825 -316,54 0,2903419
TO L5 0,3 170,79 -308,58 0,1870820 0,2 -176,64 282,23 3642 0,7 -100,51  -77,78 0,1481662
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10K EARTH-FAULT

No compensation

Distributed compensation (1 coil per 5km of cable)

lEm from the station uncompensated

VOLTAGE NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
0,05 130,88 0,103 -114,39 0,178  -110,68
CURRENTS 1310/ AN(3I0) 1310/ AN(310) 310/ AN(3I10)
SUM 1,2 -1,25 132,13 -0,8049780 1,2 -1,87 -112,52 -0,452607 1,2 -2,22  -108,46 -0,3799710
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE O/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( ) NO/ AN(V0) 310*COS( )
AT BUS 0,036 89,92 0,093 -96,86 0,168  -101,78
S97 |CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(3I0)
TO GEN 0 0 89,92 0,0000000 0 0 -96,86 0,0000000 0 0 -101,78 0000
TO L1 0 0 89,92 0,0000000 0 0 -96,86 0,0000000 0 0 -101,78 00000
TO L2 0 0 89,92 0,0000000 0 0 -96,86 0,0000000 0 0 -101,78 00000
TO L3 0,4 169,47 -79,55 0,0725510 0,4 -178,03 81,17 0,08340 0,5 179,15 -280,93 0,0948048
TO L4 0,4 169,47 -79,55 0,0725510 0,4 -178,03 81,17 0,08340 0,5 179,15 -280,93 0,0948048
TO L5 1 -8,22 98,14 -0,1415924 1 1,42 -98,28 -0,1440109 1 70,8-102,65 -0,2189948
10K EARTH-FAULT
10km from the station uncompensated 15km from the ation uncompensated 15km with centralized compe nsain
VOLTAGE NO/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( ) O/ AN(V0) 310*COS( )
0,699 -139,03 0,259 113,33 0,777 -178,21
CURRENTS 1310/ AN(310) 1310/ AN(310) 310/ AN(310)
SUM 1,2 -3,73 -135,30 -0,8529594 1,2 -0,31 113,64 -0,484186 1,1 -164  -176,57 -1,0980295
EARTH-|VALUES AT THE BUS BAR VALUES AT THE BUS BAR VALUES AT THE BUS BAR
FAULT |VOLTAGE NO/ AN(VO) 310*COS( ) NO/ AN(VO0) 310*COS( ) NO/ AN(V0) 310*COS( ) I
AT BUS 0,676 -139,4 0,25 103,88 0,747 -179,75
S97 [CURRENTS 1310/ AN(310) 1310/ AN(310) 1310/ AN(3I0)
TO GEN 0 0 -139,40 0,0000000 0 0 103,88 0,0000000 3,5 95,9 5,687 0,3445798 3,482996
TO L1 0,7 -52,77 -86,63 0,0411486 0,6 -167,54 271,42 0,6848 1,7 -91,17  -88,58 0,0421279
TO L2 0,7 -52,77 -86,63 0,0411486 0,6 -167,54 271,42 0,6848 1,7 -91,17  -88,58 0,0421279
TO L3 1,1 147,31 -286,71 0,3162805 0 0 103,88 0,000000( 0,4 36,79 -316,54 0,2903419
TO L4 1,1 147,31 -286,71 0,3162805 0 0 103,88 0,000000( 0,4 36,79 -316,54 0,2903419
TO L5 0,9 1,21 -140,61 -0,6955599 1 1,08 102,80 -0,221548p 2 1 -3328 -146,47 -1,0003161
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APPENDIX 7 — POWER FLOW IN TOTALLY CABLED
NETWORK
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APPENDIX 8 — THE RECLOSER STUDY






