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TIVISTELMA

Gudrun myrsky iski eteldiseen Ruotsiin tammikuu2885. Myrsky tuhosi ja vaurioitti yli
20 000 kilometria jakeluverkkoa. Seurauksena mystkja uusien lakien seurauksena jake-
luverkkoyhtididen tuli vastata sahkon jakelun uusiaatimuksiin. Taten useat verkkoyhtiot
Ruotsissa paattivat muuttaa avojohtoverkkoja mgadaeerkoiksi parantaakseen verkkojen
kaytettavyyttd. Taman seurauksena keskijannitewedidenne muuttuu selvasti kaapeli-
verkkopainotteiseksi, joissa yksittaisten johtotidan pituudet saattavat nousta jopa kym-
meniin kilometreihin. Maakaapelin kaytt6 nostaa kitgivasti verkon kapasitiivista maa-
sulkuvirtaa. Lisdksi se aiheuttaa laajoissa sateiterkoissa myos selkeén resistiivisen vir-
ran kasvun. Yleisesti ottaen kasvanut resistiivingta aiheuttaa haasteita maasulkusuoja-
ukselle, koska sita ei pysty kapasitiivisen teregraein kompensoimaan pois.

Taman tyon tarkoituksena on tutkia perinteisten enoeissa suojareleissa olevien maasul-
kusuojamenetelmien toimivuutta. Tutkimukset tehd&@rkV:n kompensoidussa verkossa,
jossa esiintyy suuri resistiivinen vikavirta. Namgttausmenetelmét ovat peruskulma-
asettelu, Icog() ja Wattmetric menetelmat. Lisdksi mukana on heaigempi admittanssiin
perustuva suojausmenetelma. Kaikkia menetelmiataatk erikseen ja niiden sopivuus tut-
kimusongelmaan tutkitaan. TAma arviointi perustlaistd suorituskykya mittaaviin asioi-
hin kuten selektiivisyyteen, herkkyyteen, asetusieveltuvuuteen ja mahdollisuuksiin mu-
kautua erilaisiin muuttuviin verkkomalleihin.

Tyon aikana tehdyt simuloinnit osoittivat, etté kaiperinteiset maasulkusuojausmenetel-
mat suoriutuvat tehtavastaan kohtuullisen hyvimeRenuusjarjestyksessa menetelmat ovat
admittanssimenetelma, Wattmetric, lggs(ja peruskulma-asettelu. Admittanssimenetel-
man paremmuus selittyy sen kyvylla systemaattidestiaita maasulku ja joustavuudella

soveltua eripituisiin johtolahtdihin.

AVAINSANAT: Kompensoitu verkko, symmetriset komponentit, ketigtkompen-
sointi, maasulku, maasulkusuojaus, laaja kaapékeeja resistiivinen vikavirtakompo-
nentti.
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ABSTRACT

In January 2005, the storm Gudrun hit the soutBveéden. More than 20 000 kilometers of
distribution lines were damaged during the storm .aAesult of the Gudrun experience and
forced by the new compensation regulations, thilligion network owners had to answer
to new demands of electrical distribution. Sevefgdhem in Sweden plan to, during a near
future, replace numerous of rural overhead linesifiyerground cables. As a consequence
of this development, HV to MV-substations will castsof more and more of large cable
networks, where individual cable feeders can be térkilometers long. The extensive use
of underground cable involves significant increas¢he capacitive earth fault current. In
networks with long radial cable feeders, this d¢sals to increased active losses, as the ac-
tive earth fault current contribution drasticalhcieases. Generally, the increased resistive
component makes the management of earth faults difiireult because this component
cannot be directly compensated like the capactbraponent.

The primary aim of the thesis is to investigate pleeformance of the traditional protection
functions, which are available in modern feedeitgmtion relays and terminals. Investiga-
tions will be run in 10 kV compensated networkshwldrge resistive earth fault current
component. These protection functions include plasge criterion-, Icos()- and Wattme-
tric-functions. As a novel earth-fault protectiaamé€tion, neutral admittance- based earth
fault protection is also included in the study. E@cotection method is studied separately,
and its suitability to this application is evaluhtd his evaluation is based on performance
considerations such as overall selectivity, sensitisuitability of settings and their ranges,
and the effect of network changes on the direaiypensated networks.

During the simulations, all protection functionsosled rather good performance. In the
ranking, the best method was neutral admittan@® Wattmetric, Icog()- and base angle
criterion. Superiority of the admittance metho@xplained by its systematical way to iden-
tify earth fault and flexibility for different feedt lengths.

KEYWORDS: Compensated network, symmetrical components, dexgtlacompen-
sation, earth fault, earth fault protection, lordple feeder and resistive component of
earth fault current.
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1. INTRODUCTION

In this thesis a compensated medium voltage cadtl@ank is studied. The network is
compensated using inductances and earthing resestain parallel connection. The

study is focused to the earth faults occurring feeger with a length up to the 56 km.

The need for this thesis has come up during the 3@@5. At that time storm Gudrun
hit through southern Sweden. The force of the steam unexpected, although, before
entering Sweden it had already damaged badly Darasire severely, and electrical
distribution network. In the storm, the rural aresagfered more than the urban areas:
During the one night storm, 17 human lives were &® money costs accounted to
somewhere between 360 to 450 millions of Euros. 83tenation is based to the Swed-
ish crown exchange rate at January of 2005. Thege losses forced Swedish govern-
ment to enact new law how medium voltage netwodughbe built in the future. This
law included for example maximum rating of the &rig earth fault current and guide-
lines how network should be prepared against adwasaditions. In the most cases this
marked end to the common way to build medium veltagtworks by overhead lines.
(French ministry of environment 2005; Carpenter2®egeringskansliet 2005)

In the new long cable networks it has been showhgbme new challenges occur when
traditional protection procedures are used. Chg#erarise when higher feeder lengths
are tried to be protected against earth faults. pioblem is caused by the resistive
component of fault current. Up to this day, it eeen assumed that resistive current
will increase in a linear fashion with the feedendth. In their publications first Lars

Andersson (2005: 13) and then Jussi-Pekka Poudi7(2 have noticed the increase of
resistive fault current is not linear. Today, a tommonly used protection functions,

the non-linear increase of resistive current istakén into account.

The main purpose of this thesis is to investighéegerformance of the traditional earth
fault protection schemes, which are available irdemo feeder protection relays and
terminals. Investigations are carried out in congaéed medium voltage network with
long cable feeders. The performance of each piotechethod is evaluated utilizing

computer simulations.
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These simulations are carried out with the PSCAExtacal network simulation pro-
gram and the Matlab® calculator program. Firstdleztrical network is modeled with
PSCAD, and then that output data is processed Mitiab® to get the desired output

data. Short presentations of both programs arendreéow.

Originally the PSCAD program was an answer for egent need to simulate Nelson
rivers HVDC system at Manitoba, Canada in 1970'srifly the simulations, the pro-
gram showed its potential and the development coat over the next two decades.
First commercial version of PSCAD was publishedl93 for the UNIX platform.
Current version of the program is published in 2@@@ version number is 4.2.1. This
version is also used during the simulations of thesis. The program is originally de-
signed to simulate electromagnetic transients oivoiks, but also steady-state values
can be easily acquired. The user interface of PS@ADIdes efficient circuit schemat-
ics construction solutions, the integrated graghiesult displays and information out-
put channel to txt file. (PSCAD 2010a, 2010b)

Matlab® is a product family of MathWorks. CommetlyidMatlab® came available in
the 1980’s, but the first code lines of the programre written in the 1970’s. Cleve
Moler has written the original code. First Matla@@s a solution for students to access
other programs without learning FORTRAN, but in 338e potential of the program
was discovered. It was rewritten by C languagednk Little and it came commercially
available. Commonly, the term Matlab® describesomputer program which allows
users to powerfully solve different types of matlagical problems. The user interface
of Matlab® gives the user tools from typical commgmompt commands to highly de-
veloped graphic modelling and powerful problem sw\solutions. (MATLAB 2010)

This thesis is divided to four sections. The fgsttion describes the three-phase net-
work in general. Then the basic fault situations presented. The second part of the
thesis focuses to earth fault protection. Examplesarth fault calculations are given
and a mathematical calculation method called symoattcomponents is presented.
The third part of the thesis presents the studetd/ork with its parameters. The fourth

and the last part of the thesis present simulatesults made in the studied network.
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Results from different protection methods will beown in detail and finally their per-

formance will be analyzed.
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2. BASIC THEORY OF THE THREE-PHASE NETWORK

2.1. Distribution network

Normally, distribution networks are graded by usettage. Voltage levels high, me-
dium and low are normally used. Abbreviations HW leind LV are typically used. HV
level is voltage above 35 kV, MV is between 5 k\V3®kV and LV is above this level.
Voltage levels are used in the order where leviehugest at the customer end. By doing
so, power losses are minimal and voltage at theomes level is less dangerous. A ba-
sic function of distribution network is to delivefectrical power to customers without
interruptions. The most vulnerable parts of disttibn network are located in the rural
areas. To avoid fatal situations, voltage levelthase areas are medium or low. (Lak-
ervi 2006: 2)

2.1.1. Network configurations

Typical distribution network is built in one of thellowing configurations. These con-
figurations are radial network, open ring netwdikk arrangement system, closed ring
network, satellite network and primary network syst Every configuration has its

benefits and drawbacks.

Radial network is the cheapest and usually alsartbst unreliable distribution system
available. Configuration is based on single trunkd going to different directions from
the substation. If a fault occurs at the line, wile line has to be turned off. The reli-
ability can be improved by adding remote controlfedder disconnectors along the

line. By doing so, faulty end of line can be remsb¥#@m the distribution system.

Open ring network is a little more reliable configtion than the radial network. In the
open ring network, there is a possibility to cortrmte or more radial networks together
during a fault situation with remote controlledatanectors. By doing so, back-up feed
to the healthy part of the network can be providdadding more than one disconnec-
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tor to the same ring, the network achieves everemarability. It is then much more

likely that only the majority of the faults will f&fct a small part of the network.

Link arrangement system network is a modified opeg network. If there is a fault at
open ring network substation’s busbar, the wholenafing network is going to fail. By
connecting the open ring network between multipllessations, the failure in one sub-
station won’t cause the whole network to fail. Bgird) so, outage times can be re-
duced. Although the building costs are higher thrma normal open ring network, the
link arrangement system is a good choice, whembigiand relatively cheap power

feed is needed.

A still more developed configuration is the closedy network. Disconnectors are re-
placed by circuit breakers. One sectionalizingwtrbreaker is also added to separate
faults. Use of closed ring network improves reli@piby 50 % compared to the open
ring network. Much better results have been gaibhedause relays are today micro-
processor-based and remote use possibilities @y toonsiderably better than they

used to be.

A satellite network is a configuration, where onenk line feeds multiple branch lines.
At the branch lines there is a satellite transfarméiich lowers the voltage to the cus-
tomer end level. Line coupling is handled via bexakvhich is equipped with a high
voltage fuse. If some branch suffers a fault, it ¢& directly removed by using the
fused breaker. Especially in Scandinavian satel@®vorks, power delivery costs are 8
— 15 percent lower than in traditional network dgafations. The variation in cost is

due to different housing methods.

Primary network system is a result of the three titard configurations. Closed ring,
link arrangement system and radial network’s gaadures are joined together. At this
network, radial networks are connected from diffiérends to different substations. In

the end, stations and radial networks form a rfhggland 2004: 31 - 41)
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2.1.2. Normal use of different network configurations

All of the above mentioned network configuratioressé their own properties. Due to
these properties they suit to different conditiansl are able to meet specified require-

ments. A short presentation of each configuratmpliad to its typical use, is given.

Normally, radial systems are used in the rural gredere only few people live and the
power consumption is pretty low. The configuratierpretty simple. This is a benefit,
because this type of network is the cheapest cordimpn to set up. Drawback is that
back-up feed cannot be naturally provided. The dasinciple of radial network is

shown in the figure 1.

TR

O -orc relay —sectlonallser = recloser =fuse

Figure 1. Example of a radial networkTarchini J & G Sandez 2003)

Open ring configuration is the most common way wddband connect cable networks.
The construction investments of an open ring netveose higher than those of a radial
network, but they don’t radically increase. The te@mof outages is roughly compara-
ble to the radial network, but the outage duratiaresmuch shorter than in radial net-
work. Open ring configuration is used on both rmadl more crowded areas. The basic

principle of open ring network is shown in the fig2.



16

Qo=ey jr=m
QD=+3 te=a
=+ E =
- ale
N/O

Figure 2. Example of an open ring network. At normal use ieeelizing circuit
breaker is open. (Lagland 2004: 33)

In the link arrangement system, when radial feedszsconnected to the more than one,
substation, a more reliable power distribution barprovided. Typically, link arrange-
ments systems are introduced in areas, where amg sudstations in a relatively small
area. When new radial network is set up, it is bBuaonnect it from different ends to
different substations. Normally, link arrangemewstem is applied to more crowded

areas. The basic principle of link arrangementesystetwork is shown in the figure 3.

x x x
b= =1 =D
2= =40 =D
b=m b= =@

1
: 1 b
P=an 'I : p-=an 1
1
L |
b= | __ ! b=an 1
1 I
T NC N !

Figure 3. Example of a link arrangement system network. (TX8)
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Closed ring network is the most expensive configonaavailable. Its reliability lies on
the number of sectionalizers placed to the netwdhe more sectionalizers there are,
the stronger the network is against distributioteriruptions. Closed ring network is
normally used in the urban areas, because of ttefault current. The shorter the ca-
bles are, the lower the fault current is. The allosag network is the configuration of

the future. The basic principle of closed ring natais shown in the figure 4.

@ —L
IDMT Blocking Order
O/C & E/F
Blocking Blockin Blocking
@ Order ()rderg Order
IDMT Dir Dir Dir -
O/C & EfF | o/C & E/F O/C & E/F o QIC & E/F

T IITITITIT

; one ; Zone 2
i PINT— P2Nz — N R

Figure 4. Exampleof a closed ring network. (Tobias 1998)

Satellite network is a typical configuration to &pplied to urban area. The reason for
this is that satellite transformers can be easitgd to the existing infrastructure, be-
cause of their relatively small physical size. Sisgenetwork’s reliability is in the aver-

age level. The basic principle of satellite netwisrkhown in the figure 5.

N Sushstation HV i MV
A Distrbution transformer MV (LY

& Switching station +
distribution travsforrmer HV [ W

A Switching station HY

@& Satellite travsformer MV /LY

Figure 5. Example of a satellite networiNaver J & R Stilling-Petersen)
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A primary network system is the most reliable netwsystem available. It relies on

multiple back-up feeds provided by the configunati®he shorter the loops at the net-
work are, the smaller the area of distribution rintption can be limited. Normally this

network configuration is used in the urban aredm Masic principle of a primary net-
work system is shown in the figure 6. (Lagland 2084- 41)

.

-

_|Hu

D= W=
»

1B

[v3

M T

Figure 6. Example of primary network system. (Tsao 2003)

2.2. Conductor types

Typically there are two major ways to set up th&tribution network: overhead lines

and underground cables. The better conductor tgpertds a lot on the housing condi-
tions of the area. In the countryside, overheagsliare commonly used, but in the urban
area underground cable is normally a much betterredtive. Normal percentage level
of use of overhead lines in an individual couns\3D - 40 %. There are some excep-
tions: In the Far East and South America, it idlyegsammon to use overhead lines even
in an urban area. For example overhead lines 19dl@6 of Pakistan’s MV network.

However, in areas where forces of nature are harstherground cables are commonly

used to secure reliable power distribution. Bothdrator types have their own benefits
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and drawbacks and they are briefly introduced enfdtlowing two chapters. The essen-

tial amount of earth fault current produced by agtdr can be calculated by equation
I, =3aCU (1)

wherel; is magnitude fault currendy is angular frequencyG is earth capacitance per
one kilometre andll, is magnitude of line-to-line voltage. (ABB 200048 Beaty
1998; Lagland 2004: 79 - 80)

Figure 7. Overhead lines in use at urban area in India.

2.2.1. Overhead lines

Overhead line is the most typical way to delivexcélical power to customers, but the
rate of installing new overhead lines is decreasingoverhead lines the conductor
hangs from a tower by the help of an insulation b&ere are several types of towers
and conductors. Typical span at the HV overheaalin-400 meters and major limiting
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condition is the sag of the line. Naturally, in tM/ network the span is shorter.
(Weedy 1987: 110 - 111)

Figure 8. Typical tower type used in MV grid in Finland. (Tatekniikan keskus
2007: 8)

Prevailing conductor types are stranded and holtowductors. The use of stranded
conductor is usually explained by better flexilgilwvhen compared to solid ones. When
hollow conductors are used, material costs arerolné a more important reason is the
skin effect. Skin effect is a phenomenon whereenirflow packs to the skin of conduc-

tor. This problem is normally taken into accountemhthe conductor is manufactured
from strands, but also a hollow structure is u3éxkre can also be two different materi-
als together, like aluminium and steel. Use of cosie materials has mostly the same
benefits as the stranded and hollow conductors,Haviethey are achieved in another

way. For example, in a flexible ACSR conductor éhex more steel than aluminium,
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but if conductivity needs to be increased, morenahium is used. An earth fault cur-

rent for typical overhead line conductor in a 20 k&twork is estimated to be near 67
mA per km. When earth capacitance is known, itlwamlso calculated by utilizing the

equation 1 on the page 19. In this work FEAL99 beed line is used. (ABB 1997: 32 -
33; Lakervi & Partanen 2008: 186)

A typical stranded conductor, (bare copper).

A typical ACSR conductor,
o .h._?__;;/,’f

y

A typical Anaconda Hollow Copper Conductor,

Figure 9. Different types of overhead line conductors. (ABET: 32)

Benefits of overhead line include easy installagol maintenance. At the beginning of
the lifespan of overhead line, it is a beneficiption if you compare it to the cable op-
tion. All of these reasons make it the normal chait the developing countries even
thought the choice should be the opposite. The lolalvof an overhead line is its resis-
tance against harsh nature. For example, falliagstreasily cause earth faults and in

more severe conditions even break the wire. (Baransson & Olofsson 2008)
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2.2.2. Underground cables

The underground cable is a modern way to delivectetal power to customers. Con-
ductors are buried in the ground, by having conmluct the ground, the power delivery
Is considerable more reliable, because harmful eeatonditions such as harsh wind
cannot affect them. A landscape looks more naagahere are no towers on the ground
and conductors hanging in the air. In a typicalctre of three-phase underground ca-
ble, all three phase conductors are located intidesame sheath. The insulation mate-
rial may vary, but technology is always roughly game. For example, ABB is using
XLPE (polyethylene) as an insulator, which can cowe all voltages up to 220 kV.
(ABB 2008)

Figure 10. Different types of underground cables. (ABB 2008: 3

Underground cable installation costs are highen these of overhead lines, but this
cost will be gained back via lower fault rate andder life span. Nature’'s phenomena
which occur in the atmosphere cannot break thewtind but when ground is dug near
the cable, it can easily be broken. Earth faultrentr for typical cable conductor in
20 kV network is estimated to be near 2,7 to 4 Akme. When earth fault capacitance
toward earth is known, it can be also calculateditiizing the equation 1 on the page
19. In this work AXCEL 3X95/16 cable is used. (Lakestc. 2008: 186)
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2.3. Methods to ground the network

The grounding of network means connection of th&naé points of the power system
to the ground. Normally in European MV distributioetworks, there are four basic
principles to ground the network: First alternatigeto isolate the network from the
ground. Second alternative is to connect the neeptiiats of the network to the ground
through a resistor. Third alternative is to conribet neutral points of the network di-
rectly to the ground. The fourth alternative i<tmnect neutral points of network to the
ground via reactance. A combination of reactancd r@sistance is often used. The
choice between different methods depends on mamyieal and economical parame-
ters. (ABB 1999: 137 — 140; Lagland 2004: 42)

2.3.1. Isolated network

At the isolated, or on the other words unearthetark; there is no connection to the
ground from the system’s neutral points. The eéatht within the isolated network

causes only fault current through the network’sreaapacitance. The conductor type,
length of galvanically connected to the distribatizetwork and line-to-line voltage; all

effect on the amount of fault current. The mairwdrack of the isolated network is its
ability to limit overvoltages. This grounding methis particularly used in areas, where
grounding conditions are bad. For example, Finiaradcountry where isolated network
is widely used. For a long cable network, isolati®mot a good solution. As earth ca-
pacitance in a cable network is much bigger thaagual length overhead line network,
earth fault current increases to too high levelse Grawback of isolated network is

higher insulation costs than in other groundinghmds. (Lagland 2004: 42 - 44)
2.3.2. Resistance earthed network

When talking about resistance earthing, terms lag laigh are normally introduced.
When using term low, a small resistance is indatte the network’s neutral point’s
connections to the ground. This procedure is intced at large MV distribution sys-
tems where capacitive fault current is so high thaas to be directly cleared. This rel-

atively high earth fault current doesn’'t give gaeribugh selectivity for the protection
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relay. Resistance is usually introduced to incrdask current to help protection to be
more selective. Normally the resistance is set leval where current flowing through
the resistor is 50 — 800 A. The most critical riesitrg factor in calculating the resis-
tance is the distribution transformer’s thermalatility. When the power feeder is a
generator, not a transformer, higher resistanadtén needed to avoid damage to the

iron core of the generator in a fault situationakdla & Lehtonen 1996: 22)

High resistance earthing is normally introduced/i¥ and LV industrial systems. High

resistance earthing also provides pretty relialdergy distribution, because during a
single fault, power doesn’'t normally have to betsthown. Normally high resistance
earthing can also be used in the public MV netwavkere capacitive earth fault cur-

rent is not higher than a few tens of amperes. @ia&tc. 1996: 21)
2.3.3. Directly earthed network

In directly earthed networks, the neutral pointheff network is connected directly to the
ground. When grounding is carried out in this wayervoltages at the healthy phases
are well limited during the faults. Drawback isttliae earth fault current is as high as
the short circuit current between two phases. Dieacthing is in use in networks where
short circuit current is small. In North Americagerhead line networks this is the most
common way to make grounding. (Lagland 2004: 50)

2.3.4. Compensated network

At the networks where the capacitive fault currenig, the resulting fault current can
be radically reduced by introducing inductance twithe neutral point of the distribu-
tion system. Networks operating with this principlee called either compensated sys-
tems, Petersen coil earthed systems by the nathe afiventor of this earthing method
or resonant earthed systems. Appropriate sizeeotdlil is calculated when size of the
network’s earth capacitance is known. The goab isyt to compensate most of capaci-
tive current away. Normal level of compensatioméar 100 %, but never exact. Ex-
actly 100 % is not used, because a small amourgaaftive current makes protection

procedure easier.
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Compensation degree of network can be calculatedilizing equation

k=1L, (2)

wherek is compensation degrek, is magnitude of current through compensation coill
andl ¢t is magnitude of total uncompensated earth faulteot of the network at zero
resistance faultNetwork can be driven as under- or over-compensdtedn under-
compensated network, the fault current is capaciind in an over-compensated induc-
tive. The chosen compensation degree depends woflotetwork parameters like type
of conductor, length of the conductor and type m@fugding method. The precise reso-
nant earthing cannot be gained in reality, becafighe natural asymmetry of the dif-
ferent phases. Usually, the resistor is placetiénpiarallel with the coil. This is carried

out to make protection procedure more selectivak(ta etc 1996: 16)

Earthing can be carried out via one big compensatevice placed to the main feeder
station, or by utilizing smaller devices placedldoal feeder stations. Using one big
compensation device is a very rigid and expensieequure, but technically, relatively
simple. Centralized compensation is often usednwdaething conditions are poor and
network’s earth fault current is higher than 35Gompensators can have tuneable or
fixed inductance value. It can be controlled logal remotely. The example of cen-
trally compensated is shown in figure 11. (Pout®@7a: 29 — 31; Achleitner, Fickert,
Obkirche & Sakulin 2007)
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Figure 11. Centralized compensation at MV network. (Pouttu720@0)

Decentralized compensation is used in rapidly gngwietworks. It's a cheap solution
when compared to centralized compensation. It'snadly used when earth fault current
is from 20 to 30 A. In an earth fault situationegy small compensator connects paral-
lel. When zero sequence voltade is same in every part of the network, it creates i
ductive current to the compensator, and this wagpsnsates capacitive current away
from the network. Decentralized compensation camiged even in a network which is
already centrally compensated. When it seems thag aompensation device has been
adjusted to the limit, it's still possible expartetgrid. In this situation it needs to be
taken care of that compensation degree of the ratvgd network is set to be equal
with old part of the network. The example of decalht compensated is shown in fig-
ure 12. (Pouttu 2007a: 29 - 31)
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Figure 12. Decentralized compensation at MV network. (Pou@Q72: 31)
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3. FUNDAMENTALS OF NETW ORKS FAULT SITUATIONS

3.1. Faults concept

There are two types of faults in the network. Fivge have symmetrical faults. These
faults are easy to calculate because network camahslated to a simple single-phase
equivalent circuit. Symmetrical fault is a threeapl short circuit. Secondly, we have
asymmetrical faults. These faults are more comrhan symmetrical faults. The most
common fault causing asymmetry is an earth faulbheW/faults are asymmetrical, net-
work can no longer be transformed to a single-pleagevalent circuit and the whole
network has to be treated as a three-phase circit original form. (Kothari & Na-
grath 1994: 420)

3.1.1. Symmetrical faults

Symmetrical fault is a very rare situation. As nmeméed before, a three-phase short cir-
cuit is a symmetrical fault. Although this type falult is very rare, it has to be taken
care of, because it's the most severe accidenpdier delivery system will face. One
of the common three-phase short circuits is geaefault. The fatality is caused by
very big fault current. Big current is producedcéese limiting inductances are very
small. The fault starts from the sub transient enirr which leads to the steady-state
fault current values. Fault detection and cleahag to be very fast in order to limit dis-

turbances to the power system.
3.1.2. Asymmetrical faults

More often occurring fault is asymmetrical faulthénh fault is asymmetrical, fault cur-
rents and voltages are not equal at different ghaséere are two main types of asym-
metrical faults: shunt type and series type fauisunt type fault is a connection be-
tween two network elements. Series type means hrokenection at the conductor.
The most common asymmetrical fault is an earthtfaAgymmetrical fault indicates

itself easily and from the phase values it is dasgicquire what type of asymmetrical



29

fault it is. The studies of the network’s asymnuatrfaults are important because of the
network protection. Studies are usually carried lmpthe method of the symmetrical
components. (Kothari etc. 1994: 449)

3.2. Basic theory and data of earth fault

Earth fault is a situation where non-earthed, peet of the network is connected to the
earth trough relatively low impedance. It can bgeamanent fault, which requires the
personnel to rectify the fault situation, or it dae a transient fault, which can be man-
aged via automatically controlled protection systéritical issue at earth fault is the
magnitude of fault resistance. If magnitude istreddy high, electricity supply can be

continued even if the fault is permanent.

Four basic types can classify earth fault typessehtypes are shown in the figure 13.
The simplest type is single-phase to earth faukhasvn in point 1. This is most com-
monly caused by wire drop. Second alternativedsphase earth short circuit as shown
in point 2. In this fault type, two different phasare short circuited together with the
earth. Third alternative is a double earth fauleve two different phases are simulta-
neously connected to the earth at the differenditlons. This alternative is shown in
point 3. Fourth fault type is cut wire, where lagde is connected to the earth as shown

in point 4.
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Figure 13. lllustration of different types of earth faults.

Most common reasons to earth faults are, for ex@marcs during lighting; trees,
which have fallen to conductors; and animals, wtaok moving near live wires. It is

usual that during the earth fault there are alsoesother faults.

Harmful effects of the earth fault can be measimgdtivo alternative ways. First of all,
you have to measure whether the fault is fatalumdn beings. Second, you have to

measure how harmful the fault is to the property.

It is estimated that 80 — 90 % of the faults in i€ network are earth faults. In some
cases, earth faults may lead up to more complertsins like 2-phase earth faults. Al-
though the number of earth faults is large, they @wsually temporary. Today’s relay
technology has also improved the situation. Whedeano protection relays have artifi-
cial intelligence, they normally are able to reelasetwork after the arc is cleared.
(Pouttu 2007a: 24 - 26)

3.3. Basic measurements at fault situation

Basic measurements during the faults are carriédvith voltage or current transform-
ers. Also combination is possible. Transformers wwed, because the values are too

high to be measured directly. Both magnitude argleamalues are needed. Measured
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values are normally compared to known healthy stataes. If any changes occur,

needed operations are carried out.

An earth fault situation at the compensated netwsrklways challenging for feeder
protection. When determining values for protectioany variables have to be known.
Length of cable and type of cable are some issuds® tmentioned. In the earth fault
calculations the network is simplified to a partiatwork, which contains only crucial

components. This makes calculations and logicalickgsh much easier.

3.4. Earth fault in the compensated network

When earth fault occurs, fault resistance conncteries with parallel connection of
compensation equipment and earth capacitance. beefit of compensation is that
most of the earth faults clear by themselves. Otlemefit is that in an arcing situation
restriking is unlikely, because of slow increasehaf arcing voltage. Some benefits can
also be gained, when the use of the network cactohg&nued despite permanent earth
fault existing in rural conditions. Figure 14 shotie equivalent circuit of earth fault in

a compensated network. (Hakola etc. 1996: 18)

R
Y Y Y L
S
LYY
T
LYY Y
fmmemmmad  emmmmmmmmmsse N L.
' o mmmmmemma N Fo "3 )
H Et’— \‘|E lC I I
i ! [ —A—] |2 1|1 —1|ir
-V y ! ' = 3R] == | R — |3
-0 Rp ®L :E lL :ElRL ¥ ¥ wCo H wCy U wCa ‘
) i _
! H
[ :l
: P i 1
M |: 1y def
i i
|I I
///////////V’://///'I/{//’/ P e ayd 7777 77 7
:‘I\ ___________ "E
Ay s

-------------

Figure 14. Basic illustration of earth fault of compensatetwogk. (Hakola etc. 1996:
17)
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In the diagram there are four different currehdsis earth fault currentg, is leak cur-
rent through line or cable insulatiomg,s current through Petersen coil dads current
through earth capacitance of network. Two resigarare introduced is leakage re-
sistance anéR, is Petersen coils parallel resistanok.is Petersen coil andCy is earth
capacitance of single-phase. In a fault situattals possible to reduce the whole net-

work to one Thevenin connection shown in the figlise

lef Rf .+

|
E | ,..,D Vo Ry Fp ml —— 3wCo
|

Figure 15. Single-phase equivalent circuit of compensated oidsvearth fault. (Hako-

la etc. 1996: 17)

At the previous circuit diagrarg is line-to-line voltage. In the diagram there &ve
different currentsles is earth fault currentg,is leak current through line or cable insula-
tions, Irp is current through Petersen coils parallel rescstd, is current through Peter-
sen coil and¢ is current through earth capacitance of netwotke& resistances are
introduced R is fault resistance, is leakage resistance aRglis Petersen coils parallel
resistancewl is Petersen coil and«& is earth capacitance of networkault current

and neutral point voltage can be calculated withpse equations. (ABB 2000) Fault

current is

E\/1+ R (3aC, —i)2
I, = ok - (3)
\/(Rf + Rp)2 + RfZRE BaC, -

o
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and neutral point voltage is

|
U, = ul : (4)
1,2 R
\/(Rp) + (3aC, wl_)

When compensation is near 100 %, both fault curaent neutral point voltage can be

calculated with much more simpler equations. Fewdtent is then

E
TR R, 5
p f
and neutral point voltage is then
ER,
Ug = : (6)
R, +R;

3.5. Equation to determine size of compensation coil

All the calculations rely on circuit diagram pretahon the page 32 in the figure 15.
Conductor’s leak resistance is not taken into actdtirst admittanc® of parallel con-
nection of Petersen coils inductance, earth cagramat and grounding resistances is cal-

culate by utilizing equation

1,1
R, jX,

+ X (7)

whereX_ is reactance of Petersen coil aads networks earth capacitance. Then fault
resistance is added to equation
Z=R +

1
v’ (8)
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If total compensation level is wanted to be reaclmadginary part oZ is set to be zero.
The capacitance of the network is constant so itathee is the value to be determined
as shown in the equation

X, = (9)

1
Xe

Different compensation levels can be acquired byngedesired compensation degikee
to the relation equation

1

X, =—.
bkX,

(10)

If for example 80 % compensation degree is triebeoeacheds is set to 0,8.

3.6. Introduction to the symmetrical components

Its a common fact that calculations concerninge#hphase network are hard, even
when carried out by computer. Normally, in thisiation a calculation method called
symmetrical components is introduced. When symuoatcomponents are used, net-
work’s current and voltage values are resolvechtee vector components called posi-

tive, negative and zero sequence components. (Katta 1994: 421)

The transformation is carried out from phase vasddr, Us and Ur. At the transfor-
mation phase shifting operataiis needed. Its numerical form i§11120°. First system

to introduce is zero sequence voltages. Every gequence voltages have same phase
angle and magnitudgro = Uso = Uto = Ug. Second and third systems are known as
positive and negative sequence systems. Positii@geosequences altk+ = U, Us, =
a’U, andUr. = aU.. Negative voltage sequences 8ke = U., Us. =aU. andU+. = a’u.
Each voltage has 120 or -120 degrees differenot¢hier voltages at the same sequence.
The original voltages are sum of each sequencag®ivectors. For examplék = Uro

+ Ugr- + Ur+ (Nagrath etc. 1994: 421 - 422)
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Positive sequence woltages Megative sequence voltages Zero sequence voltages
Us.=all Uro=Lso=LUm= Lo
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Figure 16. Basic example of relation between phase valueswamdnetrical values.
Symmetrical components transformation matrixes

Transformations from phase values to symmetricllegare carried out via three equa-

tions formed to a matrix. The main equation fos timatrix is
V, =AY, (11)

whereV, is phase voltage vectod is symmetrical component transformation matrix

andVs is symmetrical voltage vectorhetransformation matriXA is

1 1 1
[Al=|]1 a®> a (12)
1 a a°

When the equation 11 is used, the matrix equation
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Ueg| (1 1 1)U,
Ugs|=|1 a® a|U, (13)
U 1 a a|u

has got. At matrix voltagddg, Us andU+ are phase voltages abld, U, andU.are zero
sequence, positive sequence and negative sequelteges. For currents the same

transformation is applied to matrix

Lef |11 141,
Is|=|1 a® a|l,|, (14)
I.] |1 a a*|1

where current$g, Is andl+ are phase currents ahgl 1. andl. are zero sequence, posi-

tive sequence and negative sequence current.

Reverse operation is also needed. The transformat@trix for this operation can be
derived from matriXA, which is presented on the page 35 in the equaRofT lie trans-

formation matrix for reverse operation is

. 1 1 1
A—l—mzl*l a a?

Cdet(d) 3 (13)
e
1 a’
and the equation for converting symmetrical volsagephase voltages is
U, 1 1 Ug
U, =§* a a’|Ug (16)
u. a® a]u,
and the equation for converting symmetrical cusdatphase currents is
Ll [t 1 17k
L|=31 a &l (17)
i 1 a a]l;
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At the earth fault protection, normally only zerongponents of symmetrical compo-

nents are used. (Kauhaniemi 2007)
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4. EARTH FAULT PROTECTION

4.1. Microprocessor-based relay

The protection of distribution network is a compiegue. Key solution for this chal-
lenging procedure today is a microprocessor-baskg.rit can protect sensible parts of
the network with good accuracy. This is possiblerddgys ability to monitor massive
amounts of network values. Before, it was commat time relay measured only one
value. Revolution happened when mechanical reldyerevreplaced by microprocessor-
based units. The basic principle is to convert @palata from the network to digital

form. lllustration of operation principle of a nurieal relay is shown in the figure 17
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Figure 17. Basic diagram of a numerical relay. (Weedy 1987:)51

The values, which can be processed through modagay,rcan include for example:

current, voltage, frequency and power. From thedees it is possible to measure the
differential between measured values, asymmetrydeat different phase angles, and
even determine the fault location. Normal settiagues include, for example, tripping

delays. The basic diagram of normal protectioayralgorithm is shown in the figure

18.
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Figure 18. Basic diagram of a typical protection relay progréwieedy 1987: 512)

Although the accuracy is the best characteristia oficroprocessor-based relay, nearly
as beneficial feature is data recorder. It makesipte to view fault situations after the

fault, and monitor what really happened.

4.2. Operational characteristics

Protection methods, which are in use in this thdsse each their unique operational
characteristic. Examples of typical operation chtmastics are shown in figures,120
and 21. They are applied to directional earthtfptdtection in compensated networks,

which is the main topic of this thesis. Operatidramacteristics define the borders be-
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tween operational and non-operational areas. Ustladl marked area is the operational

area, but in case of admittance characteristaefines the non-operational area.

In case of residual current based earth fault ptiote functions, the operation charac-
teristic is drawn such that the vertical axis iketa as reference and it represents the
phase angle of the polarizing quantity. Typicalistquantity is the residual voltatik.

Normally the characteristic is drawn so that tbe vector is taken as reference.

The left hand side of the operation characteristiicates capacitive current and the
right hand side inductive current. When the measuvalue moves from non-
operational area to operational area, desired tpesawould be carried out. Example

of this operational characteristic is shown infigare 19.

Figure 19. Operational characteristics with vectdgsand Ug. Operational area is co-
lored with white and non-operational with red. (ARBO5: 11)

Another common way to show operational characiesisis to usee versusly or
locosfp) characteristic. In the horizontal axis there limge angle and in the vertical

axis there is amplitude of zero sequence curgnt l,cos(p). When measured value
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moves inside the operational area, desired opesatimuld be carried out. Example of

this operational characteristic is shown in theifeg20.

A 1% xy

Ap =+88° 120
I‘J Ap =+88 ~

T110

Ap =£B0°

T 100
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T40
-80°, 3%

1 73°, 1%
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-70°, 3%
4 qg Start current
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-90° -60° -30° 0° 30° T 80° 90°

Figure 20. 1o versus¢ operational characteristics. Operational areaoil®red with

white and non-operational area is colored with (@B 2005: 11)

Admittance based operational characteristics @@ @ded. Limits can be set for either
total magnitude of admittance or real or imaginaayt of the admittance. For these
parts terms susceptance and conductance are sfteln @ombinations of previously
mentioned limits can be also used. Typical admitawmperational characteristics are
shown in the figure 21. It should be noted thatrapen is achieved, when operation

point moves outside the characteristics.
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Figure 21. Examples of admittance operational characteris{iionen & Wahlroos
2009)
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4.3. Elements of the protection system

The network is built from different elements whiah have different tasks. Those ele-
ments can be divided to power carrying, measurmuypotecting elements. Power car-
rying elements are transmission lines, transformgeserators and loads. Measuring
elements are instruments transformers and seriBoese sensors provide information
to the protection elements. Protection relays anidcBes are protection elements.

These elements form the main network, which is mreakand studied in this thesis.

At case of this thesis, measurements for the pioteelements are carried out at the
beginning of the studied feeder. The needed vahaeg depending on the protection
methods, but the overall currents and voltages feaith phase are needed. For earth
fault protection zero sequence curréntind Uy zero sequence voltage measurements
are enough. However, also phase angle betwesmmdU, is relevant information. When
angle information is used, protection method i¢echtlirectional protection. This thesis
concentrates on four different protection methodsctv all are directional. (Pouttu
2007a: 54)

4.3.1. Instrument transformers and sensors

Instrument transformers are special voltage ancentitransformers, which are built to
measure values from the electrical network. Whangusstrument transformers, it is
possible to protect sensitive protection relaydarigers of primary system. These dan-
gers include, for example, network overvoltagedv&acal separation of measurement
circuit from the primary system is also benefit. #astrument transformer also allows
setting up measuring equipment far away from thasueng point itself. Standardiza-
tion of monitored values is also an important issdben measurements are carried out,
current transformers secondary windings load rasc& should be held near zero and
voltage transformer’s secondary windings load tasre should be held near infinite.
All instrument transformers are graded by theingfarmation accuracy. Normally there
are two different protection classes, which arev@afich allows + 1 % current error, and
10P, which allows £ 3 % current error. Current ercan be calculated with a simple

equation
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K I -
F =|—p100%, (18)

I
p
whereF; is current errorK, is transformation ratids is rms value of secondary wind-
ings current and, is rms value of primary windings curreBasically this means that

the current transformer should be selected to wookerly with the highest magnitude

of fault current.

The voltage transformer provides voltage signalh® meters and protection relays.
Usually these transformers have only one iron dopen delta connection is introduced
to serve earth fault protection procedures. Onatpdivoltage transformer’s secondary
winding always has to be always grounded to aveidhiful over and touch voltages.
The structure of voltage transformer is today alwaygoup of three single-phase vol-

tage transformers.

Current transformers are more complicated devibes tvoltage transformers. The
changes in the measured current are always mugérltdran changes in measured vol-
tage, which makes the construction more complexeMiroltage transformer typically

has only one core, current transformer always haie nOften there are separate wind-
ings for protection and measurement purposes atg¢bendary side of the transformer.
Current transformers are manufactured to work pigpehen electricity has frequency

of 50 Hz and measured values are sinusoidal. Coynuged transformation ratios are
150:5 A and 100:1 A. In the past, widely used ratas 200:1 A. Transformers are al-
ways fitted to suit for the requirements of thetpotion relays needs. Current transfor-
mer’s secondary winding has to always be closethdfcircuit is opened, voltage be-
tween terminals will increase to harmful levels.B@& 1999: 190, 239; Hakola etc.

1996: 73 — 74; Morsky 1993: 85 - 87, 101 - 105)

The most common way to deal with current measuresrisrio use current transformer.
Saturation and too big current range are normaesof problems, when working with
current transformers. Saturation can be avoidechiopsing as correct as possible trans-
formation ratio, but large current range is a biggeblem. For example, at the com-

pensated network, current transformers handle wisrevhich are much lower than
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nominal current. When working far away from the maah current, especially on lower
side, error at transformation increases to unwaldeels. This is usually avoided by
using single-phase transformers, which are produtdide same manufacturing lot. By
doing so differences in manufacturing is tried éominimized. To minimize calculation
errors, summarization of currents has to be caroatl near current transformers.
(Mdrsky 1993: 130 - 133)

When choosing current transformer, the amount of d@@ponent produced by the
network, should be also taken into account. DC esugaturation. The only way to get
rid of DC current problem is to introduce differeiypes of sensors or simply try to

make the network produce less DC current.

In some cases, and probably more in the futur@ethee some alternatives for current
transformer. For example, Rogowski coil can beouhiced to replace the traditional
current transformer. During the past, Rogowskisage has been limited; because the
coils output is proportional to the time derivatelat has to be integrated. The revolu-
tion of microprocessors in past decades has masl@itiwback into a minor problem,
and today, this solution has become really intargsThe best benefit of Rogowski coil
is that, it has air core, and thus it has no noedr effects like saturation. Current sen-
sors, which use principle of Rogowski coil, arecalsually cheaper than those, which
have been made in traditional way. It is also gopton for temporary measurement
purposes, because it can be installed to live nétwNikander 2002: 30 - 31)

4.3.2. Earth fault current compensation equipment

Fault current in unearthed network is always reacbecause of overhead line’s and
cable’s earth capacitance. According to the laweaiérmining capacitance of capacitor,
earth capacitance is always bigger when cable nktisontroduced. (Kervinen & Smo-
lander 2000: 118)

Current compensation equipment is a device, whiadonnected to the neutral point of
HV to MV transformer stations MV side. It can albe called Petersen coil, by the

name of its inventor. The basic principle is to autlictance in parallel with network’s
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earth capacitance. Inductance can be fixed, céatrddy certain steps, or continuously
controllable by local or remote control. Normall§ 8 120 % compensation levels are
used, but due the specifications of protection @doce exact 100 % compensation level

cannot be applied.

A resistor can be also added into parallel conoratiith the compensation coil, to in-
crease resistive fault current. This is carriedtoutnsure proper functioning of the di-

rectional protection. If resistive current is altselirectional protection won't work.

There are three possible ways to add a resistat, Kilcan be continuously connected.
Second, it can be connected after a small delayidagdt occurs. Third way to connect
the resistor is to disconnect it when fault occamg connect it back, if the fault is not
cleared after a certain period of time. During teeent research made in Finland’s 20
kV MV network, it is suggested that the paralledistance of the Petersen coil should
be permanently switched on to achieve best operataditions for admittance protec-
tion. The most critical issue this is, when the atho utilizes pre-fault values. On the
other hand, certain fault location algorithms reguhe connection of parallel resistance

during the fault in order to enable fault distacaéulation. (Altonen etc. 2009)

When the compensation equipment is part of the orétwit also needs protection.

Normally it is carried out with, for example, a wing temperature detector or a Bu-
sholtz relay. These protection and compensatiorpetgint also need power. This pow-
er is normally taken from the compensation coilling it as a transformer by adding a
“secondary winding” along the coil. In the designcompensation equipment, this has
to be taken into account. (Hakola etc. 1996: 6@)- 7

4.4. Protection methods

Protection methods are always based on one or watues derived from the network.
The final value can be reached via simple calculatitiowever, all methods used in
this thesis hav&)y as a trigger. Fault is detected only aftigrhas risen above its setting

value.
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When traditional protection methods are designee, td limited calculation power of
protection relays, they are designed to be simigte. simpler the calculation algorithm
is, the faster it is. The less clock cycles is ndedee more reliable the protection
method usually is. During today’s era of powerfutrmprocessors this is a minor prob-
lem. In this thesis, main attention is paid to patibn methods, which are proven to be
good for normal earth fault protection proceduidsvel protection method called ad-
mittance protection method is also used. All usemtgetion methods are described in

detail in following sections.
4.4.1. Base Angle criterion

Base angle criterion measures zero sequence vdliagged zero sequence currdgt
VectorsUg andly have their maximum magnitude setting values.dtthvalues are ex-
ceeded desired operation will be carried out. Thggeap between zero sequence current
and voltage is also derived. Normally the operasentor is = 80 degrees or 160 de-
grees. So, if the middle point of the operation@eis -90 degrees, the area where angle
¢ can travel is from -170 degrees to -10 degreethdnsolated neutral system, the mid-
dle point of the operation sector is usually set%® degrees and in compensated net-
work to O degrees. Setting values for zero sequenaent and voltage depend on e.g.
parameters of network and instrument transfornleis. essential to remember that in
this protection procedure, both magnitude and anglaees are used. The magnitude or
the angle cannot alone cause protection relayitripfNormal operation characteristics
are shown on the page 39 in the figure 19 (Pow@ra: 57)

4.4.2. locos(p) protection method

locos(p) express network’s resistive current. This mettsodidely used in compensated
networks. In the compensated network, which iseadriwith 100 % compensation de-
gree, the fault current consists mainly of resesttvirrent. The amount of reactive cur-
rent depends on compensation degree. When the armabugsistive current increases,
the phase angle moves to the direction of resistiveent. The direction where the an-

gle goes depends on whether the network is drivelerd or over-compensated. When
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the current has been increased enough, the anglesnto operational area and desired

operations are carried out. (Pouttu 2007a: 57 - 60)
4.4.3. Wattmetric protection method

A basic principle of Wattmetric is to measure zseguence value’s active power. It's
locosfp) value multiplied with magnitude of zero sequewckageU,. The sign (plus or
minus) tells if the fault is at a protected feedemot. Although Wattmetric is an old
protection method, it is still a powerful way totelet low resistance earth faults. The
negative aspect of this protection method is thaannot detect high resistance earth
faults, if the parallel resistor of the Peterseit isonot used. The limit goes somewhere
near 3 K — it depends a lot on the protection adjustmdfds.example, a tree fallen
over the lines usually cannot be detected by thériédric method without use of the

Petersen coils parallel resistance (Pouttu 202)a: 6

As mentioned before, Wattmetric protection is meffective, if an additional parallel
grounding resistance is introduced. It has a dieffeict on the ability to detect high re-
sistance earth faults. By doing so, the limit toede earth faults can be stretched to 5
kQ. General rule is that, when using Wattmetric, mekashould be driven little over-
compensated. (Pouttu 2007a: 62)

When Wattmetric method is used, measurement accisaeally important. When the
measured values are small, even a small error sduigalifference in the final values.
To make values more readable, usually applicablstaese is connected in parallel
with the compensation coil. Proper fitting is nesa@y, because if the resistance is too
small, the neutral point voltages magnitudgshrinks too much, and if it's too big, it
renders useless. Parallel resistance is usuallpneiically controlled by pre-
programmed logic. At the overall, when Wattmetscsupported by other protection
methods, e.g. residual overvoltage protectiors & decent method to take care of earth
fault protection. Even then the setup of Wattmelras to be configured carefully.
(Pouttu 2007a: 62 - 64)
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4.4.4. Neutral Admittance protection method

Neutral admittance method is based on zero sequetegeU, and zero sequence cur-
rentlo. By the law of ohm, admittance is reached by dingccurrent vector by voltage
vectorU. Result of this division is also a vector and naltgnthis vector is placed in
admittance plane where horizontal axis shows caatdge and vertical axis shows sus-
ceptance. In recent tests, it has been showntitsatnethod is a good earth fault protec-
tion method in, for example, unearthed and compgedsaetworks. Strengths of neutral
admittance protection method are, for example, imtgwagainst different sizes of fault
resistance, and easy setting principle. When usiilsgorotection method, it is suggested
that parallel resistance of Petersen coil is peenty connected. Even though this pro-

tection method is rather new, it is already widalyse in Poland. (Altonen etc. 2009)
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5. DISTRIBUTION NETWORK TO BE STUDIED

In this thesis, two different models of distributioetwork are studied. The only differ-
ence between these models is the number of thereeflthe background network. The
network is modelled at the PSCAD power system satouland the data from the simu-
lations is filtered with Matlab® scripts. A basipe of studied network is shown in the

figure 22. At this figure the background networlnsist of 5 feeders.

4 l : ® L =
\ \ \ \1 \ Vi
oL

Figure 22. Basic illustration of studied network with five Bbaground network feeders.

5.1. Network parameters

In the MV network model, there are lots of paramsete be chosen. During this thesis,
only some key parameters are varied, while other&ept constant during all the simu-
lation. Parameters that are held constant in Hasi$ are: the voltage of network, num-
ber of studied feeders and the state of switchrobiny the Petersen coil’s parallel re-
sistance. Varied parameters are: length of theledduig@eder, location of the fault, and
compensation degree. Some special simulationsareed out by changing value of

fault resistance, value of Petersen coil’'s parallsistance and size of background net-
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work. During the simulation, where size of backgrdwetwork is valued, it is carried
out by either changing value of reactive fault eantror number of background network

feeders.
Parameters used at this thesis

Because of the large number of variable parametesyumber of simulations will eas-
ily increase to a too high level. Selection of whgarameters are varied, and the range
and steps of the variations, should be made cdyeR&rameters involved are presented

in the following, starting from the ones that aspkconstant.

The voltage level has very well known effects tonleévork, and it was chosen to keep
it at a constant value of 10 kV. The number of stddieeders was also easy to set to
only one feeder, because the same fault values atewery equal feeder. The hardest-
to-choose constant parameter was the switching eydeetersen coil’s parallel resis-
tance. There are three possibilities, which arertdt@m Active Current Forcing, ACF,
scheme. First the resistor can be switched orhalkitne. Secondly it can be switched
on after some delay, when the fault occurs. Thiedig finally the resistor is switched
on and when the fault occurs, it is temporarilytshed off. The final choice for that
parameter was to set it on all the time. In theusations, there are no problems with
this issue, but in real life, current through tresistance cannot be very large. This has
to be taken into account, because a resistance/slpraduces heat and this heat pro-
duction is increased to square when the currem¢ases. In the main part of the simula-
tions the Petersen coil’s parallel resistance ciirvalue is held at 10 A, fault resistance
R is zero and value of the background network’stfaulrent is 150 A (Altonen etc.
2009)

The varying parameters included length of the feed@npensation degree, and the lo-
cation of the fault. The magnitudes were chosendupling 7 km feeder length, until a

big enough factor was reached. This feeder length®8akm and it gave four sensible
variations: 7, 14, 28 and 56 km.



51

Level of compensation includes all compensationesyp80 % represents under-
compensation, 100 % total compensation and 120 &6ovmpensation. When 4 length
variables and 3 compensation variables are mudtplit totals to 12 simulations to
make, so the number of possible fault locatiorisriged to three to limit the number of
simulation runs to sensible level. Fault locatiarsere fault occurs at the beginning of
the studied feeder, at the middle of the feederadride end of the feeder are used. Cor-
responding numerical forms of these locations ar@.® and 1. Parameters of all basic
simulation cases are shown in table 1. At the tdblélength” is length of studied

feeder, “comp” is compensation degree and “locétisfault location.

Table 1. Parameters used in the basic simulation cases.

lenght comp | location | lenght comp | location | lenght comp | location
7km 80 % 0 7km 80 % 0.5 7km 80 % 1

14 km 80 % 0 14 km 80 % 0.5 14 km 80 % 1
28 km 80 % 0 28 km 80 % 0.5 28 km 80 % 1
56 km 80 % 0 56 km 80 % 0.5 36 km 80 % 1

7 km 100 % 0 7 km 100 % 0.5 7 km 100 % 1

14 km 100 % 0 14 km 100 % 0.5 14 km 100 % 1
28 km 100 % 0 28 km 100 % 0.5 28 km 100 % 1
56 km 100 % 0 56 km 100 % 0.5 56 km 100 % 1
7km 120 % 0 7km 120 % 0.5 7km 120 % 1

14 km 120 % 0 14 km 120 % 0.5 14 km 120 % 1
28 km 120 % 0 28 km 120 % 0.5 28 km 120 % 1
56 km 120 % 0 56 km 120 % 0.5 36 km 120 % 1

To get more value for the simulations, some speamaaks are also studied. All these
simulations are made in 100 % compensated netveod,the fault is located at the
middle of the feeder unless otherwise stated. kdedgths of 14 and 28 km are used.
In the first special case, fault resistance iseased from @ to 3 kQ. In the second

special case, value of the fault current providgdhe background network is doubled
from 150 A to 300 A. Third special simulation haslddrkground network feeders in-
stead of 5. Fourth and the last special simulasann with larger Petersen coil parallel
resistance value of 30 A instead of normal 10 AtA$ simulation, 80 % and 100 %
compensation levels are used. An earth fault inbdmekground network is also studied,

but it is simulated only with feeder lengths of 4dd 28 km and compensation levels
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80 % and 100 %. Parameters of all special simulatases are shown in the following
table. At the table & is the fault resistance, “nbgnwf” is the numberbaickground
network feederslygnw is the magnitude fault current produced by backgdonetwork

andlrp is the current of the Petersen coils parallektasice.

Table 2. Simulation parameters used in special simulatiGesa
lenght comp | location R nbgnwf - I'np
14 km 100 % bgnw 0 5 pi 150 A 10 A
28 km 100 % bgnw 0 5 pi 150 A 10 A
14 km 80 % bgnw 0 5 pi 150 A 10 A
28 km 80 % bgnw 0 5 pi 150 A 10 A
14 km 100 % 0.5 3 kO 5 pi 150 A 10A
28 km 100 % 0.5 3 kO 5 pi 150 A 10 A
14 km 100 % 0.5 0 10 pi 150 A 10 A
28 km 100 % 0.5 0 10 pi 150 A 10A
14 km 100 % 0.5 0 5 pi 300 A 10 A
28 km 100 % 0.5 0 5 pi 300 A 10A
14 km 100 % 0.5 0 5 pi 150 A 30A
28 km 100 % 0.5 0 5 pi 150 A 30A
14 km 80 % 0.5 0 5 pi 150 A 30A
28 km 80 % 0.5 0 5 pi 150 A 30A

Conductor types used in this thesis are AXCEL 3X85ind FEAL99. The model for
conductors, pi-component, is available at PSCADaster library. Only conductor-
specific parameters have to be defined. AXCEL 3X85k an underground cable,
which was used in Lars Anderssons (Andersson 280fivestigations, and it has elec-
trical parameters shown on the page 53 in thedi@3. It should be noticed that there is
possible error in the parameters given in Anderssaiork. Zero sequence inductive
reactance has to have bigger value than positigeesee inductive reactance, but they
don’t have. At this work zero sequence value idua® positive sequence value and

vice versa.
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[pi_coupled] Coupled pi-section ﬂ |

IPARAMETERS o

+ =eq. resistance (Ohmskm) I 03z
0 =eq. resistance (Ohmskm) I 397

+ zeq. inductance I 1.0 [Hikm]

+ 2eq. ind. reactance (Chmdkm) | 0 oes

0 =eq. inductance I 1.1 [Hkm]

0 zeq. ind. reactance (Chmkm) | g pgo

+ zeq. capacitance IW
+ Zed. cap. susceptance IW
+ zeq. cap. reactance (Chm*km) |1 o

0 =eq. capacitance IW
0 zeq. cap. susceptance IW
0 =eq. cap. reactance (Ohm*km) |11—

Il I Cancel | Hela... |

Figure 23. Electrical parameters of AXCEL 3X95/16 undergroundle.

FEAL99 is a typical overhead line conductor, whishmade of iron and aluminium. It

has electrical parameters shown on the page J®ifigure 24.
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[pi_coupled] Coupled pi-section

+ ZE0.

0 zeq.

+ ZEq.
+ e,
0 =eq.
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+ ze.
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0 zeq.
0 zeq.

0 zeq.

il I Cancel | Help...

resistance [Ohmikm] I 033
resistance [Ohmikm] I 0.4s8

inductance I 1.0 [HAm]

ind. reactance (Chmkm) | §ag

inductance I 11 [H&m]

ind. reactance (Chmikm) |4 04

capacitance Im
cap. susceptance IW
cap. reactance (Ohm*km) {4 o

capacitance IW
cap. susceptance IW
cap. reactance (Ohm*kim) |11—

Figure 24. Electrical parameters of FEAL99 overhead line.

The duration of each simulation run is 0,35 secoRdsilt initiates at the time of 0,15
seconds. Measurements for the healthy state aeglsled to be made at the time of 0,1
seconds and measurements for the faulty statecheslsled to be made at the time of
0,3 seconds. A 5@s simulation time step is going to be used fos@fulation runs.

5.2. Network modeled by PSCAD

Studied network consists of a three-phase voltagecs, the studied feeder and the
background network. The adjustable Petersen coilpanallel-connected resistance are
connected to the neutral point of the voltage smuRarameters of the Petersen coil

model are shown on the page 55 in the figure 25.
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[compensation_coil] Compensation coil H |

IParameters j

Phaze-to-phaze voltane of the network I 10 [kV]
Morminal freguency I 50 [Hz]

Earth fault current of the network (Rf=0 ohm)| g5

Under- ar Over-compensation Iunder vI
Compensation degree I 100 [%]

Cancel | Help... |

Figure 25. Settings of Petersen coil model.

In the simulations, the compensation degree artth &ault current as a function of net-
work size are varied. Correct value for the coduotance is calculated from these val-
ues. Petersen coils parallel resistance is detedry desired current value and voltage
over the resistance. Parameters for resistancgharen in the figure 26.

[resistor_I] Resistor defined by current E |

IF'arameters j

Phaze-to-phaze voltage of the network I 10 kY]
Resistar current I 10 [&]

Cancel | Help... |

Figure 26. Settings of Petersen coils parallel resistance.

In the figures 27 and 28, the two types of netwpvksich are used at simulations, are

shown. The first figure shows the network, whiclised for most of the simulations.
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Figure 27. PSCAD model used in most of the simulations.

The second figure shows the network, which is usezkaamine the effect of same cable
length divided to the larger number of feedershef background network. This may af-

fect the fault currents.
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Figure 28. PSCAD circuit, which is used to test effect of krgmount of cable feeders

in the background network.

5.3. Simulation data and Matlab® script

When PSCAD simulations are carried out, the oufpes containing the results are
created in the same folder with the actual PSCAehadl he output files are plain text

files, which contain all the data provided by tretadchannels, which have been in use
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at the simulation model. The data is read by a &b@&l script, which reads phase cur-
rents and voltages from output files and then datea zero sequence values. These
zero sequence values are then processed with Foamesform filter. It gives phasor
values of 50 Hz component of zero sequence valeigssequence currehyy: and zero
sequence voltagdog. The Matlab® code, which calculates the quantitiesitored by
the protection functions, is presented in ApperidiRough block diagram of the script

is shown in the figure 29.

PSCAD VALUES
\%

PHASE VALUES

\%
SUMMARIZATION
\

ZERO SEQUENCE
VALUES

\
FAST FOURIER TRANSFORIM

V

DFT VALUES

\% \%
ANGLE FILTER MAGNITUDE FILTER
\% \%
MAGNITUDES ANGLES
BASE ANGLE 1ICOS{p) WATTMETRIC ADMITTANCE

Figure 29. Block diagram showing roughly how Matlab® scriptn®.
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6. SIMULATIONS

Due to the large amount of simulation data, ongy éssential results are shown. Charts
and figures show the most important results. Legsortant and obvious results are
only mentioned at the text. All the simulation ksare available in Appendix 2. In the
results, three different numbers indicate the fendation. O indicates that the fault is in
the beginning of the studied feeder, 0.5 indicédett at the middle of the feeder, and 1
indicates fault at the end of the feeder. At thgitring it is needed to verify that Jussi-

Pekka Pouttu’s and Lars Andersson’s conclusionpassible to repeat.

6.1. Verification of the non-linear increase of resistifault current as a function of
cable length

To verify the observation given in reference (Anders2005: 13) — the non-linear be-
haviour of the fault current as a function of calelegth - an additional simulation was
made. The simulation was conducted with a networklehowhere the background
network is 400 km long FEAL99 overhead line netwartinsisting of 4 different 100
km pi-sections in parallel. Studied feeder wastboyl FEAL99 overhead line or AX-
CEL 3X95/16 cable. Length of the studied feeder wased from 1 km to 35 km by 5
km steps. The Petersen coil was tuned to 80 % cosagien level and parallel resis-
tance of the coil was switched on all the time. Tésstor is set to produce negligible
resistive current, because only the resistive otippeoduced by the cables is wanted to
be seen. Voltage level of the network was 10 kVpiiave that, at the long cable feeder,
the resistive fault current increases in an exptakdashion as function of cable length,
it is necessary to measure currents in the case Wieeearth fault occurs in reverse di-

rection i.e. outside the protected feeder.

Figure 30 shows how resistive current’s magnitades when fault occurs outside the
protected feeder i.e., in the background network.
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Figure 30. Resistive component of the residual current wheasmements are carried
after the fault i.e. fault is in the backgroundwerk.

Lars Andersson similar result (Andersson 2005:i43hown in the figure 31.
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Figure 31. Resistive component of a fault current as a famctof cable length
(Andersson 2005:13).
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Since both figures 30 and 31 are equal, it is pitotleat result of Andersson’s and

Pouttu’s thesis can be repeated and result givehdognodel applied are valid.

6.2. Base angle criterion

At the base angle criterion, zero sequence voltagend zero sequence currégptvere
measured. In all situations when the network ikealthy state, zero sequence voltage
Uy was near zero. This is due to the fact that netwsa& modeled as symmetrical i.e.
natural asymmetry that causes non-zero healthg g&to sequence values was neg-
lected. When a solid, zero resistance, earth facdurred, zero sequence voltage in-
creased to value of phase voltage, reaching maxivaltage of 6332 V. Higher fault
resistance gave lower zero sequence voltage. Higkes sequence voltage values were

measured, when network is operated near full resmna

Zero sequence currents measured at beginning gbrttected feeder during an earth
fault inside the protected feeder increased whewar& size increased. The highest
value of zero sequence current was measured whepertsation level was 120 %. This
current peaked to 51.85 A.

The first clear issue of angle information was, thatrent’s angle moved clockwise in
the complex plane when the studied feeder lengtieases. The second clear issue was
that every simulated fault case in the studied degghve fault current vector within £
90 degrees range from the reference voltage veltore information can be viewed
from the following nine figures. It seems that tatampensation couldn’t be reached in
the model even if Petersen coil was exactly tuaed,that perfect tuning cannot be ever
reached in reality either. Network model had talbeen a bit over-compensated to get
100 % compensation. This can be seen from Appendirh2re all the values got from
the simulation are shown. All the zero sequencesativectors are shown at the follow-
ing nine figures. Voltage vector shows only a dit of zero sequence voltaggo;
magnitude of this vector is set to a arbitrary ealDirection of the zero sequence vol-
tage Yo was chosen so that the figures correspond toetlag characteristic shown in
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figure 19 on the page 40. When the real part ottiveent vector is positive, the fault is

at the studied feeder.
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Figure 32. Zero sequence current values with 80 % compensatidrfault location O.
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Figure 33. Zero sequence current values with 100 % compemsatid fault location O.
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Figure 34. Zero sequence current values with 120 % compemsatid fault location O.
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Figure 35. Zero sequence current values with 80 % compensaimahfault location
0.5.
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Figure 36. Zero sequence current values with 100 % compemsatiol fault location
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Figure 37. Zero sequence current values with 120 % compemsatiol fault location

0.5.
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Figure 38. Zero sequence current values with 80 % compensatidrfault location 1.
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Figure 39. Zero sequence current values with 100 % compemsatid fault location 1.
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Figure 40. Zero sequence current values with 120 % compemsatid fault location 1.

The special case simulation results are presentettheopage 67 in the figure 41. At
these simulations fault location was middle of shedied feeder and compensation lev-
el was 100 %. When fault occurred at the backgroetdiork, the angle moves in total-
ly other direction, and clearly showed that theltfatas not at the studied feeder. This

result can be verified from the Appendix 1.
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Figure 41. Zero sequence current values at special cases.

In the figure 41 acronym “10 pi sec” stands for thenber of pi-section models in the

background network’s feeders and “bg” stands fakbeound.

6.3. locos(p) protection method

In locosfp) protection method, zero sequence current’s magaiand angle information

were used. It indicates the resistive current flavthe measuring point. Values which
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locosfp) gave were as expected. When the fault occurrédaeabeginning of the studied
feeder, dcosfp) reached nearly same current value which didnjiede on the length of
the studied feeder. When the fault occurred antltglle point of the studied feeder, the
value of the Jcosfp) decreased the longer the studied feeder was. dlue decreased
also, when the fault occurred at the end of studestler. Systematically measured

locos(p) values are shown in the two following figures.
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Icosphi (A)
W

P 100 %
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/ 14 28 56
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Figure 42. Icos(p) values in fault location 0.5.
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Figure 43. Icos(p) values in fault location 1.
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Special case measurements showed intresting refuli&s suprising that when the
background networks current value was doubledfab# current nearly tripled. Only
little surprising was change at the values wherkfand network was changed from
5 pi-sections to 10 pi-sections, even thought #mgt of the background network

remained equal.

When high resistance earth faults are tried to owmfph, it was very good idea to
introduce smaller Petersen coil's parallel resis¢ato allow higher resistive current
flow at the network. Simulations proved that, whbe current value of the parellel
resistance was tripled from 10 A to 30 A, the faultrent increased, but increase is
smaller when the protected feeder is longer. Smalrallel resistance was not
introduced in the situation of 3kfault, but it is obvious that ability to detectcbu

faults will certainly improve. Special case measeats are shown in the following

two figures.
12 -
10 -
= ¢
:E- 6 - m14km
3
2 4 4 m28km
2 -
0 T '

80%/10A 80%/30A

Network parameters

Figure 44. Comparison between different sized parallel ressstd 80 % compensation

level and in the fault location 0.5.
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Figure 45. Comparison between normal case and special caies B0 % compensa-

tion level and in the fault location 0.5.

In the figure 45, the acronym “10 pisec” standstf@ number of pi-section models in

the background network feeders and “bgnw” standddckground network.

6.4. Wattmetric protection method

In Wattmetric protection procedure, the active powas measured. All the information
that was needed in the base angle criterion iswded here. All the Wattmetric values
were somewhat same with theds() values. When the fault was at the beginning of
the feeder, the length of the studied feeder diafféct on Wattmetric value. The higher
the level of compensation was, the smaller the ghan Wattmetric value was, when
the length of the studied feeder increased. Allsueaments are shown in the following

two figures.



71

35
. X
= 25
2 o
‘E 20
-
[ e 80 Y5
£ 15 ’
£ ——100%
= 10
120%
5
0 T T T 1
7 14 28 56
Feeder Lenght (km)

Figure 46. Wattmetric values in fault location 0.5.
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Figure 47. Wattmetric values in fault location 1.

In the special cases, the same trend could beasegnvere seen indos() values. De-
creasing the value of parallel resistance of Petecsil makes detection of faults, espe-
cially high resistance faults, much easier. Othedues also indicated same sort of be-

haviour which was seen ipcbs(p) values. Special case measurements are showa in th
following two figures.
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Figure 48. Comparison between different sized parallel ressstd 80 % compensation
level and in the fault location 0.5.
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Figure 49. Comparison between normal case and special caies 800 % compensa-
tion level and in the fault location 0.5.

In the figure 49 the acronym “10 pisec” standstfee number of pi-section models in
the background network feeders and “bgnw” standbdgkground network.
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6.5. Neutral Admittance protection method

Neutral Admittance method relied on the divisionween zero sequence current and
zero sequence voltage vectors. This division isertagtwo complex values, and this
complex value is then presented in the complexepl&il the simulations results had
similar pattern. Systematically, admittance valietisinto the fourth quadrant when the
fault occurred in the studied feeder. It seemsnieatral admittance protection has a lot

to give for earth fault protection in large cabletwmorks. The results are shown in the

following nine figures.

0,9

1,5
1 ®
0,5 L
0
= _ 0,8 0,82 0,84 0,86 0,88
wn -05
£
o0 -1
1,5
-2
2,5 ®
-3
G {mS)

®7km
®14km
28 km

®56km

Figure 50. Admittance values with 80 % compensation and fiagtition 0.
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Figure 51. Admittance values with 100 % compensation and fachtion 0.
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Figure 52. Admittance values with 120 % compensation and facHtion O.
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Figure 53. Admittance values with 80 % compensation and flagktion 0.5.
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Figure 54. Admittance values with 100 % compensation and fachtion 0.5.
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Figure 55. Admittance values with 120 % compensation and fachtion 0.5.
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Figure 56. Admittance values with 80 % compensation and flagktion 1.
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Figure 57. Admittance values with 100 % compensation and fachHtion 1.
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Figure 58. Admittance values with 120 % compensation and fachtion 1.

Good results were also gained at the special ¢asdation presented in the following
5 figures. When the fault occurred at the backgdonetwork shown in figure 59,
admittance value was on an other quadrant tharasescwhere the fault was in the
protected feeder. In the results, there was ncemdiffce between 80 % and 100 %
compensation degree. The only difference was inlehghts of the protected feeder.
When the fault came on, both compensation degraes gimilar results with the same

feeder lenghts. This makes it possible to detdbiiffault is in the studied feeder or not.
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Figure 59. Admittance values when fault exists at the backgdowetwork.



77

1
0,5 = L
0 : ‘ : : | Wcomp 80 % & 14 km feeder, 10 A
0,5 1 1,5 i 2,5 Mcomp80% & 28 km feeder, 10 A
. 0.5 . Ceomp 100% & 14 km teeder, 10 A
E -1 Hecomp 100 % & 28 km feeder, 10 A
“ O o ®comp 80 % & 14 km feeder. 30 A
e ®comp B0 % & 28 km feeder, 30 A
-2 COcomp 100 % & 14 km feeder, 30 A
2,5 Dcomp 100 % & 28 km feeder, 30 A
|
-3
G {mS)

Figure 60. Admittance values when current value of Petersdgs parallel resistance is

tripled.
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Figure 61. Admittance values at Xkearthfault.
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Figure 62. Admittance values when background network is mad&dopi sections.
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Figure 63. Admittance values when background network prod36€sA fault current.

6.6. Odd behaviour of zero sequence current when faugt the end of the feeder

During the simulations, it was shown that the z@¥quence current had odd behavior if
the fault is at the end of the studied feeder, #rel length of the studied feeder

increased. This issue came up during the testingnofilation model. The magnitude
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values of zero sequence currénformed a sinusoidal wave as function of length of
protected feeder. Three compensation degrees aed background network sizes
were simulated and results were always similar. Wtinee background network was
larger, sinusoidal wave’s amplitude occurred atsherter feeder length, and when the
lowest compensation level was used, the highestt mdifault current was reached at
longer feeder lengths than with higher compensdguals. At this thesis, this outcome
was an extra result and no further investigatiomsewnade, but this result has to be
taken account if a single feeder length increasekigher lenghts than normal. The

results are shown in the following three figures.
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Figure 64. Zero sequence current when fault is at the enchefstudied feeder and

compensation level is 80 %.
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Figure 65. Zero sequence current when fault is at the enchefstudied feeder and
compensation level is 100 %.
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Figure 66. Zero sequence current when fault is at the enchefstudied feeder and
compensation level is 120 %.
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7. CONCLUSION

From the protection’s point of view, all simulat®ogave promising results. On the one
hand, long studied feeder length doesn’t cause hahen the simulated protection
methods are used, but on the other hand theredecent solution to lower the resistive
current at the actual fault location. No attentwwas paid to find a solution for that
problem, because main focus of this thesis wa®gb ttaditional protection methods
and their performance. During the simulations,tladise functions showed rather good
performance. In the ranking, the best method wasraleadmittance, then Wattmetric,
Icos(p)- and base angle criterion. Superiority of the éitdmce method is explained by
its systematical way to identify earth fault anekibility for different feeder lengths. As
an extra result of this thesis was the finding of+inear behavior of the fault current
when the studied feeder length increases to newernkefore tested levels. Final

analysis of the investigated protection methodsarged out in the following chapters.

7.1. Base angle criterion

Base angle measurements showed obvious resultbeAtoltage measurements, there
was significant change in the magnitude when thé faccurs. Some fault location re-
lated information could be also acquired. The furthiethe feeder the fault was, the
lower the voltage value was. As mentioned in ttseilts, when the fault occurred at the
beginning of the studied feeder, the magnitude evb sequence voltadd, was two
thirds of network’s primary voltage. If the fauksistance was higher than zero, zero
sequence voltage was lower. To make earth faulctietemore sensitive against high
resistance earth faults, Petersen coil’'s para#eistance should be added. This in-
creased fault current and by doing so, it alsoeased magnitude of zero sequence cur-

rentlo.

Zero sequence current also showed a clear patédran length of the protected feeder
increased enough, the magnitude the zero sequementstarted to increase too. In

every simulated case, highest magnitude of fauitect always reached at the longest
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length of protected feeder. A clear pattern atstes part of zero sequence current was
also found. When fault occurs further in the stddieeder, resistive fault current de-

creased in non-linear fashion.

7.2. lpcos(p) protection method

This protection method utilized the magnitude infation of the fault current’s resis-
tive part and phase angle difference between rakiclurent and voltage. When the
fault was low resistance earth faulizdsfp) protection detects faults easily. In the non-
fault situation the value was near zero, but whéawu# occurred, the value jumped to a
magnitude high enough to give secure fault detactdhen the fault was a high resis-
tance fault, the measured value decreased asuhedsistance increased. This problem
can be avoided by adding a parallel resistor toPtbersen coil. Some decrease at the
value was found when background network consistetiOdfeeders instead of 5. The
compensation level also had an effect on ghesp) value. The higher the compensa-
tion level was, the bigger the non-linear decredgbe resistive fault current was, when
the length of the studied feeder increased. Thipéagd only when the fault occurred

anywhere else than in the beginning of the stutéieder.

7.3. Wattmetric protection method

Wattmetric method also indicated earth faults weel in the simulations. Wattmetric
has one drawback when it is compared,tod(p) protection. When zero sequence volt-
age is also taken into account, the further atfélegler the fault was, the smaller the
measured value was. When both, current and vol@dgmeased, then effect to calcu-
lated value was nearly exponential. However this wenor problem, since calculated
values are rather high. The same applied to thei@psase simulation as well, but dif-

ferences between different studied feeder lengtre Wwigger.
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7.4. Neutral Admittance protection method

Neutral admittance protection showed greatest piatewhen protection was sought

against earth faults. Together withy trigger, admittance protection gave perfect rasult
In all normal simulation cases at the fault situatadmittance value could be found
from the same quadrant of admittance plane. Speuiallations also showed similar

results. Even when resistance of fault wa$23ikwas detected clearly. When fault was
in background network, admittance value was in laroguadrant than in cases where
fault was at the studied feeder. Good protectian lma achieved by setting a value for
real part of admittance. In cases where the stueeder length only increases, this set-
ting can be held constant almost every time. Thikesdhis protection method also re-
ally flexible.
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APPENDICES

Appendix 1. Matlab® script to import PSCAD resutisMatlab®

I Nangl edeg = angl e(10dft).*180/ pi ;
UNangl edeg = angl e(-U0dft).*180/ pi ;
Angl edi ff = UNangl edeg - | Nangl edeg;

%Base angl e- net hod

abs 10dft
abs_UOdft
koko 1;
step size(l0dft);
step step(1);

whi | e koko <= step,
baseangl e( koko, 1)
baseangl e( koko, 1)
koko = koko + 1;
end

abs(10dft);
abs(UO0dft);

angl e(10dft (koko, 1));
baseangl e( koko, 1) *180/ pi ;

% COS( phi ) - met hod

angl e_rad = Angl edi ff/180*pi ;
cosin = cos(angle_rad);

koko = 1;
step = size(10dft);
step = step(1l);

whi | e koko <= step,

I cosphi (koko, 1) = abs_I0dft (koko, 1) * cosi n(koko, 1);
koko = koko + 1;

end

%Mt t Metri c- net hod

abs 10dft
abs_UO0dft
koko 1;
step size(lO0odft);

step step(1);

whi | e koko <= step,

watt met ri c(koko, 1) = abs_|0dft (koko,1) * abs_U0dft (koko, 1) * co-
si n(koko, 1) * 1000;

koko = koko + 1;

end

abs(10dft);
abs(U0dft);

%Adm tt ance- net hod

koko = 1;
step = size(U0dft);
step = step(1l);

whi | e koko <= step,
i f Uodft(koko) ~=0
abs_10(koko, 1) = abs(10dft (koko, 1));
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abs_UW0(koko, 1) = abs(U0dft (koko, 1));

angl erad_I 0(koko, 1) = angl e(10dft (koko, 1));

angl erad_U0( koko, 1) = angl e(-U0dft (koko, 1));

angl e 1 0(koko, 1) = angl erad_I O(koko, 1) *180/ pi

angl e_U0( koko, 1) = angl erad_U0( koko, 1) *180/ pi

adm ttance_abs(koko, 1) = abs_I| 0(koko, 1) / (abs_U0(koko, 1)*1000);
adm tt ance_angl e( koko, 1) = angl e_I 0(koko, 1) - angl e_U0(koko, 1);
el se

adm ttance_abs(koko, 1) = 0;

end

koko = koko + 1;

end

%aseangl e

baseangl e_U before = abs_U0dft (before, 1) *1000;
baseangl e_U after = abs_Uodft(after, 1)*1000;
baseangl e_U before

baseangl e U after

baseangle | _after = abs_|0dft(after, 1);
baseangl e | _after

baseangl e _phi _after = baseangl e(after, 1);
baseangl e_phi _after

% cosphi
| cosphi _before = I cosphi (before, 1);
I cosphi _after = Icosphi(after,1);

I cosphi _before
I cosphi _after

owattnetric

wattmetric_before = wattnetric(before, 1);
wattmetric_after = wattnetric(after, 1);
wattnetric_before

wattnetric_after

%adni ttance

adm ttance_abs_before = adnmittance_abs(before, 1) *1000;
adm ttance_abs_after = adnittance_abs(after, 1)*1000;
adm ttance_abs_before

adm ttance_abs_after

adm ttance_angl e _before = adnittance_angl e(before, 1);
adm ttance_angl e _after = admi ttance_angl e(after, 1);
adm ttance_angl e_before

adm ttance_angl e_after
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Appendix 2. Data table of PSCAD simulations

All results are shown in four different tables.dtithree shows results from basic mea-
surements. Each table concentrates on different liazdtion. When fault is at the be-
ginning of studied feeder number 0 is used. Wheit fa at the middle point of studied
feeder number 0.5 is used. Finally, when fault ithva end of studied feeder number 1 is

used. Fourth table concentrates to special cassureaents.

Lots of acronyms are used. At the end of acronpinihdentifies measurement before
fault and ‘@a” measurement after the fault. Physical variabletiiers are chosen to
identify current and voltage. Acronym “phi” idenéi§ angle and “anglediff’ is faults

and current angle difference. “Abs” identifies miugde of value.
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Simulation results when fault is at the beginnifithe studied feeder.
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Simulation results when fault is at the middle paihthe studied feeder.

Table 4.
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Simulation results when fault is at the end ofshelied feeder.

Table 5.
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Special simulations.
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