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ABSTRAKT

Habilitaéni prace je zaméfena na problematiku bezpecnosti a spolehlivosti provozu
distribucnich soustav. Pravé tyto dva klicové aspekty jsou v poslednich letech diky dynamickému
rozvoji distribu¢nich soustav pomérné vyrazné ovliviiovany, a to ne vzdy pozitivn€. Tato prace
V tivodu stru¢né mapuje vybrané problémy a vyzvy, které byly autorem feSeny v uplynulych péti
letech. S ohledem na velmi rozsahlou problematiku jsou vybrany tii zakladni oblasti, které jsou
detailnéji vysvétleny a komentovany s vyuzitim autorem publikovanych ¢lankda.

Prvni oblast je zaméfena na problematiku indikace a lokalizace poruch v distribu¢nich
soustavach, kde jsou popsany jak ptistupy zaloZzené na vypoctu reaktance do mista poruchy, tak
| pfistupy vyuzivajici pro lokalizaci poruchy napéti méfena na sekundarnich stranach
distribu¢nich transformacnich stanic. Detailnéji je zde diskutovana metoda Vdip, ktera vychazi
z fesSeni zpétnych slozek napéti a proudd, pfi¢emz jsou zde pro dolozeni jeji funkce prezentovany
1 vysledky z pilotniho testu v redlné kompenzované soustavé 22 kV.

Druha oblast je zaméfena na popis metody pro sniZzeni urovn€ proudu zemniho spojeni
prochéazejiciho mistem poruchy. V praci je detailné vysvétlen princip této metody, jsou zde
analyzovany jeji vyhody a nevyhody. V préci jsou dale prezentovany vysledky fungovani této
metody, které byly ziskany jak z matematického modelu, tak i z desitek provedenych praktickych
zkousSek, které hodnotily vykonnost metody v redlnych provoznich podminkach méstskych
a mimoméstskych kompenzovanych soustav.

Tteti a souCasné posledni ¢ast prace je zaméfena na pravdépodobnostni pfistup pro hodnoceni
bezpec€nosti zemnici soustavy. V této Casti prace je rozpracovan jeden z moznych piistupd pro
kvantifikaci rizika Urazu elektrickym proudem, ktery je vysvétlen a popsan s vyuzitim piipadové
studie zjednodusené distribucni soustavy. V zavéru této ¢asti je prezentovana i citlivostni analyza
individudlni pravdépodobnosti umrti, kterd dokladuje jednu z moznosti vyuziti popsaného
pravdépodobnostniho pfistupu.

KLICOVA SLOVA: bezpecnost distribu¢nich soustav; spolehlivost distribu¢nich soustav;
lokalizace poruch; zemni spojeni; pfizemnéni postizené faze; omezeni
poruchového proudu; kvantifikace rizika; ndvrh zemnici soustavy;
distribucni soustava
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ABSTRACT

Habilitation thesis is focused on problems related to safety and reliability of distribution
system operation. Those two aspects are significantly influenced by the dynamic development of
distribution systems in recent years, but not always positively. This thesis briefly describes
selected problems and challenges that have been addressed by the author over the past five years.
With regards to the very extensive issue, only three basic areas are selected and explained in
detail and commented with use of articles published by the author.

The first area is focused on the problems of an earth fault indication and localization in
distribution systems, where both the reactance-to-fault calculation approaches and approaches
utilizing the voltage monitoring on the secondary side of distribution transformer for earth fault
location are described. The Vdip method, which is based on analysis of negative sequence
component of voltages and currents recorded in the distribution network, is discussed in more
detail, while the results from pilot test in real compensated 22 kV system are presented here to
demonstrate its function.

The second area is focused on describing a method for reducing the level of an earth fault
current flowing through a fault location. The principle of the method is explained in detail, and
also its advantages and disadvantages are discussed. Further results obtained from mathematical
model and from dozens of field tests evaluating the performance of the method in real operating
conditions of urban and extra-urban resonant earthed systems are presented.

The third and as well the last part of the thesis is focused on the probabilistic approach to the
evaluation of the earthing system safety criteria, where one of the possible approaches to
quantifying the risk of fatal injury is discussed and explained with use of a case study of a
simplified distribution system. At the end of this part is presented also the sensitivity analysis of
the individual risk probability, which presents one of the possibilities of usage of the described
probabilistic approach.

KEY WORDS: distribution system safety; distribution system reliability; fault localization;
earth fault; faulty phase earthing; earth fault current limitation; risk
quantification; earthing system design; distribution network
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Velic¢ina
ARC

c

d, dreeder

E

[E]
Emax
Enmin
EPR
EPRL\/EPRuv
Fn

Fn

fe

fn

f

f
fap_bTs

an_DTS

fn_L_ine

1x
Ik_3p

2x

SEZNAM SYMBOLU A ZKRATEK

Jednotka
[-]
[-]
[m]
[Vl
V]
V]
[Vl
V]
[-]
[%]
[-]
[Hz]
[-]
[s]
[Hz]

]
1

]

[A]
[A]
[A]
[A]
[A]
[A]
[A]
[A]
[A]
[A]

[A]

Popis

pravdépodobnost trvani poruchy po aplikaci opétovného zapnuti
napétovy soucinitel

vzdalenost poruchy od napajeci rozvodny

napéti spoleéného ekvivalentniho zdroje

vektor celkovych chyb

maximalni hodnota prvka vektoru celkové chyby

minimalni hodnota prvki vektoru celkové chyby

navyseni potencidlu zemnici soustavy

pomeér pienosu EPR z VN ¢asti do NN ¢asti zemnici soustavy
procentualni pravdépodobnost poruchy v uzlu N

celkovy pocet poruch za rok

estimovana dominantni frekvence transientniho jevu

pocet zemnich poruch za rok

trvani poruchy

sitova frekvence

ro¢ni Cetnost zemnich poruch v DTS vypnuté vyvodovou ochranou
ro¢ni ¢etnost zemnich poruch v DTS vypnuté pojistkou

ro¢ni Cetnost poruch na 1 km vedeni, které ma pfipojeno stinéni
(zemni lano) na posuzovanou zemnici soustavu

fazor sousledné slozky proudu méteného lokatorem v misté X
pocatecni symetricky zkratovy proud dany soustavou VVN

fazor zpétné slozky proudu méteného lokatorem v misté X
tazor netocivé slozky proudu méteného lokatorem v misté X
fazor sousledné slozky proudu méteného lokatorem v misté y
fazor zpétné slozky proudu méteného lokatorem v misté y
fazor netocivé slozky proudu métenc¢ho lokatorem v misté y
fazor netoCivé slozky proudu linky s poruchou

fazor netoCivé slozky proudu paralelni linky

fazor zemniho proudu v misté X konce vedeni

tazor zemniho proudu v y konce vedeni
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IRes sH
IRes
IsH

14
IkEE

Al@
Inap, InapA, InapB

lc

Ir

Iaux

E
AI?) :|(N)

kE
Kn

I

L#(t)
0
ILine
PZmax
Prisk
Pcoinc
Prib
APy

Pn

[A]

[A]

[A]
[A]
[%]
[A]
[A]
[A]
[A]
[A]
[A]
[A]
[A]

[A]
[A]

[A]

[A]

[H]
[H]
[km]
[W]
[-]
[-]
[-]
[W]

[dotyk/rok]

fazor vstupni hodnoty fazoru proudt dvojbranu z mista lokatoru x
(index i=1, 2, 0 podle slozky)

fazor vstupni hodnoty fazoru proudt dvojbranu z mista lokatoru y
(index i =1, 2, 0 podle slozky)

fazor poruchového proudu

efektivni hodnota poruchového proudu

relativni hodnota poruchového proudu

fazor proudu méfeny lokatorem v miste X

fazor proudu mefeny lokatorem v misté y

poruchovy proud po pfizemnéni postizené faze
zbytkovy proud kovového zemniho spojeni

proud mistem pfizemnéni postizené faze

maximalni zkratovy proud dvojitého zemniho spojeni

zmeéna zpétné slozky proudu

celkovy napdjeci proud, slozka A a B celkového napéjeciho
proudu

celkovy kapacitni proud soustavy
jmenovity proud uzlového odporniku

jmenovity proud pomocného odporniku pfepocteny na primarni
stranu

zemni poruchovy proud

je vektor zmény zpétné slozky proudu sestaveny pro poruchu v
uzlu N (N =1, 2, ..., n); kurzivou jsou znaeny jednotlivé prvky

zemni pomér

celkovéa doba trvani poruch za rok
délka vedeni
proménliva indukénost

induk¢nost vedeni vztazena na km délky (index i = 1, 2, 0 znaci
souslednou, zpétnou a netoc¢ivou slozku)

délka vedeni jehoZ stinéni je pfipojeno k zemnici soustavé DTS
zatizeni distribu¢niho transformatoru

individudlni pravdépodobnost imrti

pravdépodobnost koincidence porucha/kontakt
pravdépodobnost fibrilace

celkové ztraty nakratko

pfitomnosti ¢lovéka v uvaZzovaném rizikovém scénaii situaci za

rok
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Pd
PV

Rsn
RSHZ

Rzem
R,

RTr
Rraz
Rzat
Rren
RzpEN

RzpTs
Rk

Rok/Rik

tp
tr
telear

Uk

LTif

PRRBRRRORD

[rok]

[5]
[s]
[s]
[%]

[V]
[V]

[V]

doba trvani ptitomnosti ¢lovéka v dané situaci

soucasna hodnota realizovanych opatieni (Uprav) zemnici
soustavy, vcetn¢ vicenakladii na provoz a udrzbu

odpor poruchy

odpor zemniho spojeni
pomocny odpornik

odpor zemnici soustavy napéjeci rozvodny a piislusenstvi
automatiky PPF

odpor poruchou postizené zemnici soustavy
omezujici odpor systému pro piizemnéni postizené faze

omezujici odpor pro pfizemnéni postizené faze spolu s odporem
zemnici soustavy transformovny

zemni odpor

odpor zemnici soustavy

celkovy odpor zemnici soustavy nizkého napéti
rezistance vinuti transformatoru

rezistance fazového vodice

rezistance respektujici zatizeni

rezistance stfedniho vodice

rezistance zemnice stfedniho vodice

rezistance zemnice distribu¢ni trafostanice
rezistance pfivodniho vedeni na km

pomér netoc¢ive s sousledné slozky rezistance ptivodniho
napajeciho vedeni

odpor zemnici soustavy VN strany distribu¢ni transformacéni
stanice

redukéni faktor

obdobi po které je planovan provoz pfedmétné zemnici soustavy
(Zivotnost zemnici soustavy v rocich)

vypinaci ¢as vyvodové ochrany
vypinaci ¢as VN pojistky
vypinaci ¢as poruchy

napéti nakratko transformatoru

fazor jednotlivych slozek napéti méteného v misté poruchy (index
=1, 2, 0 podle slozky)

fazor jednotlivych sloZek napéti méteného lokatorem v misté x
(index i =1, 2, 0 podle slozky)

tazor jednotlivych sloZzek napéti métene¢ho lokatorem v misté y
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Url
Ur2
Us

Ut/err

UvT
i (N
[AUS&J

_ (N)
[Auﬁ}
[AUR,

VoSL

XsH
Xk

Xot/Xat

Xok/ X1k

[V]
[V]
[V]

[V]
[V]
[V]
[V]
[V]
[V]
[V]
[V]
[V]

[%]

[V]

[V]

[V]

[V]

[K¢]

[Q]
[Q/km]

[-]

[S]

(index i =1, 2, 0 podle slozky)

vstupni hodnoty napéti dvojbranu z mista lokatoru x (index i =1,
2, 0 podle slozky)

vstupni hodnoty napéti dvojbranu z mista lokatoru y (index i =1,
2, 0 podle slozky)

vystupni hodnoty napéti dvojbranu z mista lokatoru x (index i =1,
2, 0 podle slozky)

vystupni hodnoty napéti dvojbranu z mista lokatoru y (index i = 1,
2, 0 podle slozky)

fazor napéti méteny lokatorem v misté X

fazor napéti méreny lokatorem v miste y

zmeéna zpétné slozky napéti

jmenovité napéti

netociva slozka napéti

jmenovité napéti primdrni strany transformétoru
jmenovité napéti sekundarni strany transformatoru

provozni napéti soustavy

procentudlni uroven zdrojového napéti pro dotyk vztazeného
k napéti EPR hodnocené zemnici soustavy

zdrojové napéti pro dotyk

vektor vypoctenych zmén zpétné slozky napéti v méticich uzlech
UM pfii uvazovani poruchy v uzlu N (N =1, 2, ..., n); kurzivou
jsou znaceny jednotlivé prvky

je vektor vypoétenych zmén zpétné slozky napéti v pomocnych
uzlech UP pfi uvazovani poruchy vuzlu N (N=1, 2, ..., n);
kurzivou jsou znaceny jednotlivé prvky

vektor zméfenych zmén zpétnych sloZek napéti v prislusnych
uzlech UM piepoctenych na primarni VN stranu piislusnych
distribucnich transformator; kurzivou jsou znaceny jednotlivé
prvky

je hodnota (cena) ztraceného lidského zivota (Value of a Statistical
Life)

omezujici reaktance systému pfizemnéni postiZzené faze
reaktance ptivodniho vedeni na km

pomeér netocivé a sousledné slozky podélné reaktance
transformatoru

pomeér netoc¢ivé a sousledné slozky reaktance piivodniho
napajeciho vedeni

fazor jednotlivych slozkovych admitanci linky (index i =1, 2, 0
podle slozky)



Seznam symbolii a zkratek 12

=@ = (0)
Zi als

Pouzité zkratky:

CWT
CIRED
CIGRE

CBA

DER

DS
DTS
EPR

[S]

[km]
[km]
[°]
[km]

[V]

admitanéni matice zpétnych slozek; kurzivou jsou znaceny
jednotlivé prvky

fazor netocivé slozky vzajemné impedance

fazor jednotlivych slozkovych impedanci linky (index i =1, 2,0
podle slozky)

vlnova impedance pro i-tou slozku

zkratova impedance na konci x

zkratova impedance na konci y

analyticky signdl proudu

analyticky signal napéti

omezujici impedance systému pro pfizemnéni postizené faze
sousledna zkratova impedance do mista instalace PPF

sousledna a netoc¢iva impedance vedeni mezi mistem instalace PPF
a mistem druhého zemniho spojeni

impedance vedeni do mista poruchy
zemni impedance vedeni
konstanta pienosu pro i-tou slozku

konstanta pienosu pro souslednou slozku

uhel vzajemného fazového natoCeni mezi veli€¢inami v misté X a 'y
délka maximalniho elementu vedeni

vektor odchylek vypoctenych a zméfenych zmén zpétnych slozek
napéti pro vSechny uzly méfici v piipadé poruchy uvazované v
uzlu N; kurzivou jsou zna¢eny jednotlivé prvky

rezistivita pidy

Waveletova transformace (Continuous Wavelet Transformation)

International Conference on Electricity Distribution

International Council on Large Electric System

Analyza nakladt a ptinost (Cost-Benefit Analysis)

Distribuované zdroje elektrické energie (vyrobni moduly)

Distribu¢ni soustava

Distribuéni transformacni stanice

Navyseni potencialu zemnici soustavy (Earth Potential Rise)
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FFT
MZSP
MZSN

N-DER

NN
0z
PPF
PDS
PNE
SAIFI

SAIDI

TACR
UP
UM
VN

VVN
ZS

Rychla Fouierova transformace (Fast Fourier Transform)
Monitor zpétné slozky proudu
Monitor zpétné slozky napéti

Nesynchronni distribuované zdroje elektrické energie (vyrobni
moduly)

Nizké napéti

Opétovného zapnuti

Ptizemnéni postizené faze
Provozovatel distribu¢ni soustavy
Podnikova norma

Primérny pocet preruseni u kazdého zékaznika (System Average
Interruption Frequency Index)

Primérna doba trvani preruseni dodavky (System Average Interruption
Duration Index)

Technologicka agentura Ceské republiky
Pomocny uzel

Mg¢fici uzel

Vysoké napéti

Velmi vysoké napéti

Zemni spojeni
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1 Uvobp

Provoz elektrizacni soustavy Ize s ohledem na jeji ucel rozdélit do tii oblasti, a to vyroba,
pienos a distribuce elektrické energie. Pravé oblast distribuce elektrické energie je ¢asti, ve které
dochazi v poslednich letech k velmi dynamickému vyvoji S vyznamnym a mnohdy 1 negativnim
dopadem na bezpecnost a spolehlivost provozu. Tento trend je patrny i pfes snahu vyvoje
distribu¢nich soustav smérem ke konceptim chytrych siti (SmartGrids). Jako jedny z hlavnich
pricin lze uvést naptiklad instalaci velkého mnozstvi distribuovanych nesynchronnich zdroja,
které diky finan¢ni motivaci byly instalovany v kratkém ¢asovém horizontu a ve velkém objemu,
pficemz jak technologie, tak i pravidla pro jejich provoz nedokdzala tento trend dostatecné
kvalitn¢ kopirovat. V oblasti zpétnych vlivli téchto zdroji na distribuéni soustavu (DS) je stale
aktualni problematika zaméfend na definici ¢i verifikaci chovani invertori nesynchronnich
vyroben, kterd ma podstatny dopad zejména na oblast spolehlivosti provozu. V soucasnosti jsou
sice definovany pozadavky na chovani téchto zdroji =z hlediska stabilizace napéti,
tj. charakteristiky Q(U) ¢i P(U), jejich nastaveni a pozadovana odezva vyroben na zménu napéti,
realné chovani téchto nesynchronnich vyroben vSak bohuZel miize byt, respektive mnohdy je
navzdory snaze vyrobcil naplnit tyto pozadavky, odlisné.

Podobné problémy lze spatfovat i v oblasti poruchovych ¢i nestandardnich provoznich stavi.
Zde je opétovné vyznamna snaha definovat pozadavky na tyto nesynchronni distribuované zdroje
energie (N-DER) tak, aby byly schopny i v téchto piipadech poskytnout podporu distribu¢ni
soustavé a v prtipadé, je-li to zadouci, se i samocinn¢ odpojily ¢i opétovné po odeznéni
nepfiznivych stavi ptipojily. S ohledem na soucasny systém chranéni je problémovy zejména
nizky zkratovy piispévek N-DER. Nizky zkratovy pfispévek téchto zdroji znemoziuje
samoc¢inné odpojeni poruchou postizené ¢asti od zdroje s vyuzitim konvenénich nadproudovych
ochran. Proto jsou posledni védecko-vyzkumné aktivity této oblasti zaméteny predevsim na
vyvoj algoritmill pro centralni ¢i adaptabilni ochrany. Z této problematiky déale vyplyva i nutnost
rozpoznani prechodu ¢asti soustavy do ostrovnich rezimt, kdy musi dojit k jednoznacné
identifikaci ostrovniho provozu, a to bez ohledu na to, zda se jedna o zadouci ¢i nezadouci jev.
Pokud by nedoslo ke v€asné identifikaci ostrovniho provozu vyrobny (skupiny vyroben), ktery
byl zapfi¢inén naptiklad poruchou, nemuselo by dojit v piipadé poruchy k samocinnému
odpojeni této vyrobny, coz by mohlo ve vysledku vést k dlouho trvajicimu vyskytu nebezpeénych
dotykovych ¢i krokovych napéti a zvySeni pravdépodobnosti vazného urazu. Z tohoto divodu
muze mit selhani v indikaci pfechodu do ostrovniho rezimu fatalni dopad na bezpecnost provozu
¢1 vyznamny dopad na spolehlivost provozu vyclenéné ¢asti DS.

Soucasnou problematiku chranéni distribuénich siti rovnéz prohlubuje i snaha o kruhovani
vyvodl na trovni VN ¢i provoz miizovych siti NN. Pfechodem na tyto "zauzlené" soustavy lze
docilit snizeni zkratové impedance, jejimZ pozitivem je vy$si schopnost soustavy odolat zpétnym
vlivim distribuovanych zdrojii ¢i z hlediska kvality elektrické energie problémovym odbé&ram.
Vzhledem k rostouci Cetnosti vyskytu jak N-DER, tak i téchto problémovych zatézi, je zména
topologie soustavy jednoducha cesta, jak v kratkém Case a pii zanedbatelnych nakladech zvysit
kvalitu elektrické energie bez nutnosti feSeni problému na stran¢ odbérnych a ptredavacich mist.
Na druhou stranu si pfechod na zauzlené sit¢ vyzaduje pomérné ndkladnd a technicky
komplikovana feSeni, ktera by zajistila pozadovanou spolehlivost a selektivitu pouzitého systému
chranéni. Z pohledu provozu soustav VN si pfechod na okruzni zptsob zapojeni vyzaduje vyuziti
inovovanych ¢i novych algoritmli lokator poruch a nasazeni recloserti, které by umoznily bez
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zasahu dispeCerti automaticky vymanipulovat poruchou postizenou oblast. S ohledem na
soucasny systém chranéni a nedostatené mnozstvi nasazenych recloseri se jednd o pomérné
komplikovanou problematiku, ktera muze mit pii chybném zpusobu feSeni dopad jak na
spolehlivost, tak i bezpecnost provozu distribucnich siti.

Vlivem rostouciho pozadavku na zlepsSeni nepfetrzitosti dodavky elektrické energie dochazi
ke stale vyznamnéj$i kabelizaci venkovniho vedeni VN, v priméru lze hovoftit az o cca 3 %
planovaném meziro¢nim nartstu kabelovych vedeni [1]. Tlak na kabelizaci dale vychazi z vysoké
hustoty zalidnéni v méstskych a piiméestskych oblastech, ktera omezuje moznost vystavby
venkovnich vedeni at’ jiz z pohledu estetické stranky, tak i z pohledu dodrzeni bezpe¢nych
vzdalenosti, vhodného pfistupu ¢i nemoznosti vystavby podpérnych bodi. Je ziejmé, ze pii
prvotnich tvahéch prispéje kabelizace vedeni ke snizeni poctu poruch, a tedy i zlepSeni ukazateld
spolehlivosti dodavky elektrické energie SAIFI a SAIDI, ale ve svém vysledku miize rovnéz vést
k vyznamnému snizeni bezpecnosti provozu DS. Pfi¢inou tohoto nezddouciho efektu kabelizace
je narust celkové vlastni kapacity vedeni v soustavé napajené jednim transformatorem VVN/VN,
ktera se nepfizniveé projevuje zejména v navyseni kapacitni slozky poruchového proudu v ptipadé
jednopodlové poruchy. S ohledem na soufasné platné normy, je velikost tohoto kapacitniho
proudu soustavy v piipadé¢ kompenzovanych siti VN omezena na urovné, jejichZ dodrzeni je
problémové i v soucasnych provoznich podminkach. Problematicka je zejména oblast smisenych
siti, kde je maximalni hodnota kapacitniho proudu (300 A dle [2]) jiz piekraovana a je nutné
zvazovat ptechod na jiny zpisob uzemnéni uzlu napdjeciho transformatoru, nejcastéji na uzlovy
odpornik 600 A ¢i 1 kA. Tento krok si vyzaduje zménu v systému chranéni vylu€ujici vyuziti
citlivych zemnich smérovych ochran, které jsou schopné vybavit ¢i indikovat i odporové zemni
poruchy. Vysledkem této vynucené zmény v systému chranéni je nemoznost detekovat a
Vv kratkém case selektivné vypnout odporové poruchy, které jsou z hlediska cetnosti vyskytu ve
smiSenych soustavach VN naprosto dominantni. Jednou z mozZnosti, jak zmirnit negativni dopad
kabelizace na bezpecnost provozu, je rozdéleni na vice oblasti napajenych samostatnymi
transformatory VVN/VN, coz nemusi byt v praxi vzdy mozné. Omezeni vyskytu nebezpeénych
dotykovych napéti 1ze pak docilit pouze dvéma zpilisoby, a to vyuzitim prostfedkl pro snizeni
urovné poruchového proudu nebo preciznim ndvrhem a ovéfovanim zemnicich soustav, pfipadné
jejich kombinaci.

S ohledem na minimalizaci vzniku nebezpeénych dotykovych ¢i krokovych napéti je
dominantni role kladena pfedevS§im na provedeni zemnicich soustav. Zptsob navrhu zemnicich
soustav v podminkach CR vychazi v sou¢asnosti z norem a piedpisti, které jsou zaloZeny na
deterministickém zpiisobu posouzeni bezpecnosti, kdy se berou v uvahu ty nejméné piiznivé
okolnosti. Pti tomto navrhu je tedy pravdépodobnost mozného tirazu minimalizovana, respektive
je dana zavislosti dotykového napéti na dob¢ trvani poruchy stanovené pro 5 % pravdépodobnost
fibrilace [3], tzn. Ze pravdépodobnost smrtelného trazu pti tomto navrhu neni nulova. Podobné
navrhy zemnicich soustav vedou pfi narlistu zemniho poruchového proudu k navyseni investic,
a to mnohdy 1 bez vyznamného dopadu na pravdépodobnost smrtelného trazu. Z tohoto diivodu
je nutné¢ zkoumat a vyvijet nové metody ¢i postupy, které by =zajistily vyssi efektivitu
vynaloZzenych prosttedkli na ndvrh a vystavbu zemnicich soustav. Jednou z mozZnosti jsou
pravdépodobnostni piistupy navrhu, které¢ zajistuji vSeobecné akceptovatelnou bezpecnost pii
optimalizovanych nékladech, ptipadné postupy vychézejici z detailntho modelovani zemnicich
soustav pii zohlednéni mistni rezistivity pidy a jejiho rozloZeni.

S ohledem na aktudlnost a zadvaznost vSech v uvodu nastinénych témat jim byla zejména
behem uplynulych péti let vénovana maximalni pozornost, coz doklada tfada publikaci, feSenych
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projektii ¢i patentli, které jsou souhrnné uvedeny na strané¢ 73 az 85. Jak vyplyva z vySe
uvedeného souhrnu fesenych problémil, tak oblast spolehlivosti a bezpecnosti je velmi rozsahla.
Z tohoto divody byly vybrany jen tii zakladni oblasti (I. az IIL), které budou vyuzity pro
dolozeni pfinosu autora k oblasti bezpeCnosti a spolehlivosti provozu distribu¢nich soustav.
Kazda z vybranych oblasti tvofi hlavni kapitolu prace a je detailn€ji popséna s vyuzitim
relevantnich vysledki autora. Tyto tfi vybrané oblasti lze struéné charakterizovat nasledovné:

I.  Indikace a lokalizace poruch v distribu¢nich sitich

Presnd a rychla lokalizace poruch je zékladnim piedpokladem pro zajisténi maximalni
bezpecnosti a spolehlivosti provozu distribu¢nich soustav. Jak rychlost, tak i pfesnost lokalizace
poruchy, maji piimy dopad jak na dobu trvani priichodu poruchového proudu, tak i na délku
a Cetnost preruseni dodavky elektrické energie pti vyhledavani poruchy. S ohledem na provoz
distribu¢nich soustav stale neexistuje feSeni, které by uspokojilo moderni standardy povozu
distribu¢nich siti. Z tohoto duvodu jsou v Kapitole 2. prezentovany piinosy autora k této
problematice.

Il.  SniZeni Girovné zemnich poruchovych proudii

Jednou z moznosti, jak plo$né snizit souc¢asné riziko trazu dotykovym ¢i krokovym napétim
pfi zemnich spojenich je omezeni trovné poruchového proudu. Jednou z moznosti pro dosazeni
tohoto cile je vyuziti metody pfizemnéni postizené faze. Princip této metody spociva ve vytvoreni
paralelni cesty poruchovému proudu a v nasledném pieneseni ¢asti poruchového proudu do mista
s kvalitni zemnici soustavou, bézné napajeci transformacni stanice VVN/VN. Timto krokem doje
ke snizeni Grovné poruchového proudu prochazejiciho mistem poruchy, ¢imz se snizi riziko tirazu
osob vyskytujicich se v oblasti vlivu ptivodni poruchy. Detailni rozbor této problematiky, spolu
s komentafem vybranych publikaci, je uveden v kapitole 3.

I11.  Nové pristupy pro hodnoceni bezpe¢nosti zemnicich soustav

Ovéfeni bezpe€nosti stavajici ¢i nové navrhované zemnici soustavy patii mezi klicové
ukony, které zajistuji pfijatelnou bezpecnost vSech osob béhem poruchovych stavii. Naplnéni
tohoto cile je mozné realizovat jak na rovni ndvrhu zemnici soustavy, tak 1 na irovni omezeni
poruchového proudu, které je diskutovano v oblasti II. Oblasti II. a IIl. jsou vzajemné
komplementarni a definuji ndm obecny bezpecnostni rdmec provozu DS. S ohledem na pfinosy
autora je tato ¢ast zaméfena zejména na problematiku hodnoceni bezpecnosti zemnicich soustav
s vyuzitim pravdépodobnostniho pfistupu, ktery mize vzhledem k souc¢asné uzivanym postuptiim
pfinést fadu benefiti. Uvod do této problematiky je spolu s piikladem uplatnéni podrobné
diskutovan v kapitole 4.
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2 INDIKACE A LOKALIZACE PORUCH V DISTRIBUCNICH
SITICH

Problematika lokalizace poruch ma pomérné zasadni dopad na oblast spolehlivosti
a bezpecnosti provozu distribucnich siti. Klicové jsou zejména pozadavky na rychlost a presnost
lokalizace poruch uvnitt pomérné rozsdhlych distribucnich siti. Pozadavkem na rychlou
lokalizaci ¢i indikaci poruchy lze rozumét schopnost v co nejkratsim Case vyhledat a vymezit
poruchou postizeny usek tak, aby doba trvani pruchodu poruchového proudu byla co nejkratsi.
Z tohoto pohledu je problémové piedev§im zemni spojeni (ZS), které nemusi byt vypinano
bezprostiedné po vzniku poruchy podobné¢ jak je tomu u zkratd, ale je vypnuto trvale az ve chvili,
kdy je porucha lokalizovana a tedy postizeny usek vyvodu je vymezen. Pozadavek na ptfesnost
lokalizace poruchy lze pak chapat jako schopnost ur€it pozici poruchy tak, aby doba jejiho
fyzického nalezeni provozovatelem distribu¢ni soustavy (PDS) byla co nejkratsi. Rychlé nalezeni
poruchy pak ptispéje ke zlepseni spolehlivosti dodavky elektrické energie a rovnéz i ke zvySeni
bezpecnosti, jelikoz mize dojit k rychlému zajisténi tohoto mista ¢i jeho vypnuti.

Problematika lokalizace zemnich spojeni je v oblasti provozu distribu¢nich soustav feSena jiz
desitky let, avSak uspokojivych vysledkl rychlosti a ptesnosti lokalizace dosud nebylo dosazeno.
Pfic¢inou tohoto neuspéchu je predevsim vysoka clenitost distribu¢nich soustav a nizka troven
poruchového proudu vlivem jeho kompenzace, tj. jednotky, max desitky ampér. S ohledem na
soucasny stav DS je pomérné dobie zvladnutd identifikace postizen¢ho vyvodu, avSak lokalizace
ZS dosud neni uspokojivé vyfeSena. Jednou z nejvice vyuzivanych metod pro vymezeni
postizeného useku je postupné rozpinani postizeného vyvodu. Tento proces vSak s sebou nese
pomémné zasadni nevyhody spocivajici v nékolikanasobném pieruseni dodavky elektrické
energie, coz ma dopad na nepfetrzitost dodavky, a rovnéz i v opakovaném znovu-zapaleni
poruchy bez znalosti jejiho umisténi, coz vyrazné zvysuje riziko tirazu zejména v piipadech, kdy
se porucha nachazi v husté obydlené oblasti. Z tohoto pohledu je tedy soucasny stav
neuspokojivy a vytvaii tak tlak na vyvoj a vyzkum dalSich novych ¢i inovovanych metod
a prostiedkid. Z pohledu lokalizace zemniho spojeni lze spatfovat tii dil¢i oblasti, které se stale
vyviji a maji i potencial pro praktické uplatnéni tj. vyuZziti indikator poruchovych stavill, vyuZiti
lokatori poruch na bazi distan¢ni ochrany a metody, které vyuzivaji nové instalované
technologie, jako jsou napiiklad monitory napéti instalované na sekundarni stranu transformatoru
VN/NN. Tyto jednotlivé oblasti budou detailngji rozvedeny v podkapitolach 2.1 az 2.3.

2.1 Indikatory poruchovych stavi

Indikator poruchovych stavi je zafizeni, které na zaklad¢ analyzy proudovych a napétovych
pomérd dokaze indikovat prichod poruchového proudu piipadné i urcit jeho smér ([4] az [8]).
Dle smérovosti téchto indikatori a znalosti topologie sit¢ lze definovat postizeny usek, jak
zobrazuje Obr. 2-1. Misto poruchy lze dohledat stopovanim indikatord, které indikuji prichod
poruchového proudu (Cervend signalizace), az do mista zemniho spojeni. Nepostizena vedeni
nebo nepostizené Useky jsou indikovany zelené. Pokud je indikator vybaven dalkovou
signalizaci, l1ze vytipovat postizeny usek sit¢ predem a vyslat techniky pfimo k tomuto mistu.
Pokud indikator neni vybaven dalkovou signalizaci, ale pouze optickou, je nutné, aby obsluha
stopovala indikatory podél vedeni az do mista poruchy.
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Indikuje poruchovy stav @
Bezporuchovy stav °)

Obr. 2-1: Lokalizace mista zemniho spojeni pomoci indikdtorii poruch
signalizace

Vyhodou téchto zatfizeni je pomérné nizka pofizovaci cena a moznost instalace pod napétim
pfimo na vedeni ¢i na podpérné body monitorované soustavy. Velikost vymezené oblasti
S poruchou je vSak ddna mnozstvim instalovanych indikatorti resp. jejich hustotou osazeni
a topologii soustavy. S ohledem na pofizovaci a provozni ndklady neni vzdy instalovan
uspokojivy pocet indikatorti, coz si vyzaduje vyuziti jiného dopliikového prostiedku pro
zptesnéni mista poruchy, napf. ruéni rozpinani indikatorem vymezeného useku. JelikoZ se jednd
0 pomérné uziteCna zafizeni, kterd jsou pfinosem zejména v soustavach s malym poctem
instalovanych dalkové ovladanych spinacich prvki, byla ¢ast vyzkumnych aktivit sméfovana i na
oblast vyvoje novych algoritml pro indikdtory poruch. Na zaklad¢ téchto aktivit byl vytvotfen
prototyp [24] a obsluzny SW [25] kombinovaného indikatoru, ktery vznikl v ramci podpory
projektu TACR [26]. Navrzené algoritmy spolu s ovéfenim jejich funkéniho principu jsou
uvedeny v [27], av§ak s ohledem na komer¢ni charakter koneéného vystupu neni mozné tyto
vysledky vetejné publikovat.

2.2 Zpresnéni mista jednopolové poruchy s vyuzitim lokatoru
poruch

Dalsim nastrojem ¢i metodou uZivanou pro lokalizaci mista poruchy je vyuZiti lokatori ¢i
metod zaloZenych na estimaci reaktance do mista poruchy. Z této reaktance se nasledné provede
dopocet odpovidajici vzdalenosti, jak je popsano napi. v ptispévcich [9] az [15]. V rozvétvené
topologii distribu¢ni soustavy vSak muze estimovand vzdalenost odpovidat nékolika mistim,
pfipadné diky chybné odhadnuté hodnoté neto€ivé reaktance nemusi byt vlivem vysoké
nepiesnosti mozné tuto poruchu ani dohledat. Mimo tuto negativni vlastnost se ¢im dal castéji
vedenim s integrovanymi distribuovanymi zdroji. V ptipadé, kdy je vedeni napajeno z vice nez
jedné strany (vice nez jeden napdje¢) dochazi u odporovych poruch k chybnému vypoctu
reaktance vedeni lokatorem, a tedy i ve vysledku k chybnému dométeni vzdalenosti poruchy. Pro
korekci této pomérné vyznamné chyby je nutné vyuzit poruchovych zdznamu ze vSech napéjecich
mist, tj. vpfipadé nejCastéjSiho oboustranné napédjeného vedeni se jednd o dva poruchové
z4dznamy - oboustranny ptistup. Pravé problematika vhodné tipravy algoritmu lokatorti pro vyuziti
V oboustranné napdjenych soustavach/vedeni je zpracovdna v ramci této kapitoly a vychazi
Z ptispévku autora vysvétlujiciho danou problematiku na vedeni 110 kV, ktery je ptilohou této
prace (Ptiloha 1 - P1.A).
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2.2.1 Jednostranny pristup pro vypocet vzdalenosti poruchy lokatorem

Bézné pouzivané lokatory poruch integrované v distancnich ochranach vedeni vyhodnocuji
impedanci poruchy, a tedy i jeji vzdalenost na zakladé jednostranného ptistupu za predpokladu
znamych parametri chranéného vedeni. Takovy pfistup vede k nepiesnostem pii vyhodnocovani
vzdalenosti pfedevSim zemnich (jednofazovych) zkrati. Velikost chyby, s jakou lokator urci
vzdalenost jednofazové poruchy, bude ovliviiovat nejen nesymetrie parametri vedeni, které
lokator uvazuje jako symetrické, ale také odpor poruchy a zcela zdsadnim zplisobem pak
soub&zné paralelni vedeni. Pfedstavu o velikosti chyb lokatorGi je mozno si udélat pomoci
jednoduchého ptikladu feseni jednofazové poruchy s odporem Ry, ktery je popsan v Obr. 2.2.

d I-d

| Lokator| Lokator| |
@ | vr;nste vn;lste | @

R;

Obr. 2.2 Schéma poruchy

Pro nahradni schéma poruchy se pouzije vzajemného propojeni schémat soumérnych slozek
ptes odpor poruchy — viz Obr. 2.3.

|
| | _
[_ (Z' d)'ZlL E
ly
Ulf Uly 7
lys
1
l_l_
- d).Z,
I2y
sz UZY ZZys
. H 3R,
 —
| S
G U-d)Z,
Oy
Uof on ZOYS
_— _
1. =1, +10y

Obr. 2.3 Nahradni schéma jednofazové poruchy

Na zakladé I. a II. KZ v jednotlivych smy¢kach nahradniho schématu mizeme dle postupu
v (Pfiloha 1 - P1.A) vyhodnotit lokator v misté X z podilu fazového proudu I,

. a napéti U,

zaznamenaného ochranou vyhodnoti vzdalenost poruchy d:
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O, - (, =T Te+T
szd.ZIL(HkE _Ex]mf%, (2.1)

kde Z,, je sousledna impedance vedeni vztazena na km, k. je zemni pomér daného vedeni (pomér

sousledné impedance vedeni Z,, k zemni impedanci vedeni Z, ), .. resp. I je zemni proud

zaznamenany ochranu V misté X resp. y a R¢ je odpor poruchy.

Obdobné i pro lokator v misté y, ktery méti fazovy proud I_y a nap¢ti U_y podobné plati:

J - _ e+l

—2L=(1-d).Z, (1+kE ﬂ]+ R E—%. 2.2)
Iy Iy IY

Z rovnice (2.1) a (2.2) lze piesné urcit vzdalenost poruchy d jen za piedpokladu znalosti

parametrii vedeni Z,, ak., odporu poruchy R¢ a hodnot zemnich proudi I_Eya I, z obou koncti

vedeni. Pokud nejsou uvedené hodnoty k dispozici, bude korekce chyby lokatoru vzdy pouze

odhadem a vzhledem k tomu, ze jednotlivé ¢leny souétu na pravé strané rovnic (2.1) a (2.2)

mohou nabyvat kladnou i zépornou hodnotu, nelze vyloucit ani to, Ze odhadované korekce
posunou udaj lokatoru dale od skute¢ného mista poruchy.

Jest¢ mnohem komplikovanéjsi situace nastdva v piipad¢ paralelnich vedeni, kdy nahradni
schéma poruchy musi zahrnovat i slozkové impedance paralelniho vedeni — na Obr. 2.4 ¢erveng.

1

UOD (Z - d)‘ZOLparOX d[r ZOYS
Uy, Uor
_—
]f = Loy + Oy

Obr. 2.4 Nahradni schéma poruchy v pripadé soubézného paralelniho vedeni
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Ze schématu je patrno, ze z pohledu impedanci méfenych lokatorem zlstane souslednd
I zpétna slozka stejnd, v pfipadé netoCivé slozky to vsSak platit nebude. Je to dano spolecnou
cestou zpétného proudu pro ob¢ paralelni linky, kterou je zem a jediné zemni lano. Vzijemna
vazba se v netoCivé slozce projevi ¢tvefici pridavnych indukovanych napéti

UOA :d' OM'IOXpar (23)
a
LTOB = (I —d )'Z_OM 'I_Ox par (24)
V netoCivé slozce linky s poruchou, ktera jsou indukovéana netocivou slozkou proudu paralelni
linky 1, oar &
Uge =d.Zgy o, (2.5)
a
JOD :(I_d)'Z_OM'(I_Ox_I_f) (2.6)

V netoCivé slozce paralelni linky bez poruchy, ktera jsou indukovana netocivou slozkou proudu
linky s poruchoul,,, kde Z,, je vzijemna indukénost mezi paralelnimi linkami a I, je

poruchovy proud.

Nahradime-li jednotlivd napéti soucinem proudd, které je indukuji a netoCivé slozky
vzajemné indukénosti mezi paralelnimi linkami Z,,, tak, jak je uvedeno v rovnicich (2.3) az (2.6),
muzeme upravit i nahradni schéma netoc¢ivé slozky podle Obr. 2.5.

I,
d(Zy - Zyy) [ (-2, - Z,y,

[Oxpar I(Z - Z()M (l_ d)'ZOM

OLpar

Obr. 2.5 Nahradni schéma netocivé slozky v pripadé soubézného paralelniho vedeni

Méfena impedance, ze které lokdtor v mist¢ X vyhodnoti poruchu potom bude po upravach
vypada nasledovné:

Lli" =d.Z_1L(1+IZE I_EXJ+Rf

X

[ Toy o Z, 1o, Z,
( EI_ yE)+I Oxp? oM —(I—d)%’ (27)

X X X

kde | je délka monitorovaného vedeni.

Analogicky pro lokator v misté y miizeme psat
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J _ T L.+l I, ..Z (4
|7y=(l—d).21|_(1+kEﬂJ+Rf( o <)) oronton (g docZor (2.8)
y y

y y

<

Jak vyplyva z rovnic (2.7) a (2.8), tak pro piesné ureni vzdalenosti poruchy je jiz nutné
vyuziti poruchovych zdznami z obou koncti chranéného vedeni, tzv. oboustranného ptistupu.
V jiném ptipadé bude dométena vzdalenost vyrazné ovlivnéna jak chybou vlivem piitomnosti
odporu poruchy, tak i vlivem piipadného paralelniho vedeni.

2.2.2 Oboustranny pristup

Pti ureni vzdalenosti poruchy prostfednictvim tzv. oboustranného piistupu se cast vedeni
mezi zdrojem a poruchou modeluje jako vedeni s rovnomérné rozlozenymi parametry
S uvazovanim podélnych impedanci a pfi¢nych admitanci. Nahradni schéma jednofazové poruchy
tedy tvoii vzajemné propojeni dvojbrant jednotlivych symetrickych slozek ptes odpor poruchy Ry
- viz Obr. 2.6.

T T out T out
— ou ou
[f _IOX +[()y

Obr. 2.6 Ndhradni schéma jednofizové poruchy — rovnomérné rozlozZené parametry

Vypocet vzdalenosti poruchy pak vychazi z rovnic pro vypocet jednotlivych slozkovych
napéti v misté poruchy U, , kde i = 1, 2, 0. Tato napéti jsou uréena vzdy jako vystupni napéti

dvojbranu ze vstupnich hodnot proudi I, a napéti U,! z mista lokdtoru X
Jif = lji;)(ut = J:)T cosh(yd.l) - I_i:(nz_iv sinh(y;d.1) (2.9)

nebo ze vstupnich hodnot proudii 1)’ a napéti U} z mista lokatoru y
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U, =Up" =U; cosh(y; (1-d ) 1) - 1Z,, sinh(7; (1-d).l), (2.10)

= N ~ /Z_- . e -
kde 7 =./Z, Y, je konstanta pfenosu a Z,, = YT'L vlnovéa impedance chranéného vedeni vzdy
iL
proi=1, 2, 0-souslednou, zpétnou a netocivou slozku.

Vzdélenost poruchy d lze urcit zpodminky rovnosti slozkovych napéti U, =U" :Ui‘;“t.

K vypoctu Ize pouzit pouze souslednou slozku napéti, pro jejiz vypocet jsou parametry vedeni

_ == - Z, .. - e - o o

71=~/21L-Y1L a Z, = Y_—lLVZdy jednoznacné urceny. Do jejich vypocétu nevstupuje vliv
1L

rezistivity pudy.

Nezbytnou podminkou jednozna¢ného uceni vzdalenosti poruchy d uvedenym zptisobem je,
aby vstupni proudy a napéti byly v misté X a y zméfeny synchronné. To je ovSem v soucasném
provozu distribu¢nich siti nemozné, jelikoz nedisponuji ¢asovou synchronizaci. Z tohoto divodu
musi lokalizaci poruchy pfedchazet ¢asova synchronizace obou poruchovych zdznami. Tato
synchronizace lze provést jak na zakladé synchronizace transientniho prubéhu v ¢asové roving,
napt.: dle okamziku vzniku poruchy u poruchovych proudii v misté X a y pti zanedbani vlivu
vlnového charakteru vedeni (nutnym ptfedpokladem je vSak dostate¢na vzorkovaci frekvence
zdznamu), tak i1 na zékladé korekce fazorti pomoci vypoctu vzajemného fazového natoceni mezi
vstupnimi "synchroniza¢nimi" veli¢inami v misté x a v misté y, kterymi jsou spfazeny vstupni
fazory na obou koncich chranéné linky. Na zaklad¢ estimovaného fazového natoceni, je pak

nutno posunout sprazené veli¢iny vici sobé o uhel & - tzv. synchroniza¢ni operator. Ptiklad
Fin
'{i

. ~ /4 r . W r twe _In b r 4 r
provedeni pii uvazovani synchronizacni veli€iny | je nasledujici:

- korekce fazord v bodg x: T:Q = Iii;‘é(a—a), U:: :U::L(,B—a) ,
- korekce fazorti v bodé y: T:; = Iiiy”Z(qo—go+5), U:; :Uii;l(ﬂf—(l""é‘)'

kde a, B, ¢ a y jsou Uhly nesynchronné zaznamenanych fazorii a 6 je synchroniza¢ni operator
. . , . ., Tin —in
dany chybou fdzového natoceni vlivem casové desynchronizace proudtl lix a | :y .
Vzhledem ke zptisobu provozu sité 110 kV lze na posun mezi vstupnimi proudy & usuzovat

na zakladé uhld danych zkratovymi impedancemi dle zjednoduseného schématu zobrazeného na
Obr. 2.7.
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Obr. 2.7 Zjednodusené nahradni schéma jednofdzové poruchy

Zpisob synchronizace je nutné volit z pohledu dostupnosti pienesenych veli¢in, pticemz jako
vhodnéjsi lze povaZzovat synchronizaci na zdkladé okamzitych hodnot/transientu v okamziku
vzniku poruchy, ktery vSak musi mit dostatenou vzorkovaci frekvenci. V opacném piipad¢ je
nutné vyuzit synchronizace s vyuzitim synchronizacniho operatoru. Pti hledani uhlu o, ktery
reprezentuje potiebnou ¢asovou korekci mezi nesynchronnimi zaznamy lokatord na strané X a na
stran¢ Yy je mozno pouzit zaznam vstupnich proudt a napéti pied poruchou nebo v pribéhu
poruchy, nebo kombinaci obou.

V prilozeném piispévku (Pfiloha 1 - P1.A) je provedeno detailni srovnani konvencnich
(jednostrannych) pfistupt pro vymeétfeni vzdalenosti poruchy a diskutovaného oboustranného
pfistupu. S vyuzitim numerického modelu je zde provedena analyza chyby pfi urceni vzdalenosti
poruchy, a to jak ve vztahu k riznym hodnotam odporu poruchy, pfitomnosti paralelniho vedeni,
nesymetrii vedeni, tak i ve vztahu k chybné provedené ¢asové synchronizaci. Veskeré tyto
vysledky dokladaji, Ze v pfipad€ oboustranné napdjeného vedeni je pro lokalizaci odporovych
poruch nezbytné vyuZziti oboustranného pfistupu, a to zejména u vedeni, ktera jsou vybavena
soubéznym/paralelnim vedenim. Nezbytnosti pro zajiSténi spravné funkce lokatort je 1 vhodny
algoritmus pro Casovou synchronizaci nesynchronné zaznamenanych poruchovych zaznami,
ktery v pfipadé dlouhych vedeni respektuje i jejich vinovy charakter. S ohledem na tyto zavéry je
nutné i do budoucna modifikovat soucasné€ pouzivané algoritmy lokatort poruch.

r

2.3 Lokalizace nesymetrickych poruch s vyuZzitim méieni
Vv distribuénich trafostanicich

Jak jiz bylo zminéno, tak problematika lokalizace zemnich spojeni je fadu let feSeny
problém, ktery stale nebyl efektivné a spolehlivé vyieSen. Problémem je zejména nizka Groven
poruchového proudu, slozita topologie distribu¢ni soustavy, omezené mnozstvi méficich mist
(napt. reclosery) a vysoka Cetnost jednopdlovych poruch rozdilného charakteru, jako je napiiklad
prerusované, obloukové nebo odporové zemni spojeni. Diky pokroku v digitalizaci a komunikaci
distribu¢nich siti vSak dochéazi k otvirani novych moznosti, které pfed nékolika lety nebyly
vyuzitelné. Prikladem midze byt instalace monitori nizkého napéti do distribucnich
transformacnich stanic (DTS), které jsou realizovany v ramci riznych projektd "Smart DTS".
Primarnim tcelem téchto zatizeni je monitoring napétovych a vykonovych pomérii v soustavach
nizkého napéti, ptipadné i monitoring kvality napéti v téchto mistech. Nékteré z téchto monitort
maji rovnéz implementovany 1 logické funkce, které umoziuji indikovat nestandardni provozni
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stavy v soustavé nizkého napéti (napt. poskozeni VN pojistky) ¢i dalkové ovladat hlavni jisti¢
(deon) [16]. Pro maximalizaci pfinosu téchto zafizeni je vSak nutné postupné dopliovat uzitecné
funkce, které by umoznily provozovateli distribu¢ni soustavy zvySovat nejen kvalitu napéti, ale
také neptetrzitost dodavky elektrické energie. S ohledem na nepfetrzitost provozu VN (potazmo
NN) soustavy je mozné vyuzit data z méfeni zminénych monitora k lokalizaci poruch v soustavé
vysokého napéti. Pravé vyuziti monitort napéti k lokalizaci zemniho spojeni, ¢i nesymetrickych
poruch obecné, bylo pfedmétem vyzkumu v uplynulych nékolika letech, jak doklada kapitola
2.3.1a23.2.

2.3.1 Metoda Vdip pro urceni pravdépodobnosti mista vyskytu nesymetrické
poruchy

Klic¢ové vystupy z této oblasti navazuji na disertacni praci autora [17] a publikaci [18], kde
byla prezentovana metoda pro lokalizaci zemniho spojeni na zékladé¢ dat z monitorti napéti
umisténych na sekunddrnich stranach distribu¢nich transformatort VN/NN. Tato pivodni
myslenka popisovala metodu, kde na zakladé poklesu fazové hodnoty napéti bylo mozné vymezit
poruchou postizenou oblast. Zasadni nevyhodou této metody byla velikost vymezené oblasti,
ktera v zavislosti na mnozstvi DTS a ¢lenitosti soustavy mohla dosahovat jednotek az desitek
kilometr. HlubSim rozpracovanim této myslenky do symetrickych slozek doslo béhem n¢kolika
let k tak zasadnimu zdokonaleni, které vyustilo az v udéleni uzitného vzoru (¢. 28054) [19],
narodniho patentu (¢. 305209) [20] a evropského patentu (EP2940483) [21], ktery je prilohou této
prace (Ptiloha 1 - P1.B). S ohledem na pokles NN napé&ti méfeného na sekundarni strané¢ DTS,
kterého se vyuziva jako vstupni informace pro lokalizaci poruchy, je metoda nazyvana "Vdip".

Popis principu metody Vdip

Lokaliza¢ni algoritmus Vdip je navrzen tak, aby na zakladé¢ zaznamenanych zmén zpétné
slozky napéti AU® 3 proudu AI® stanovil pravdépodobnost vyskytu nesymetrické poruchy
V jednotlivych mistech distribu¢ni sité. Hodnoty AU® jsou méfeny na sekundarnich stranach
distribu¢nich transformatortt 22/0,4 kV pomoci instalovanych monitord napéti a hodnoty A1®
pak v napajeci rozvodné 22 kV v poli postizeného vyvodu, jak je zobrazeno na Obr. 2-8. Hodnotu
Al 1z¢ tedy urcit 1 z poruchového zdznamu vyvodové ochrany. Takto ziskané hodnoty AU®
a Al® jsou dale konfrontovany s hodnotami uréenymi vypoctem v numerickém modelu soustavy.

R-VN
HO _.
VN/NN i
VVN/VN
%7 / e )
% Ry AUq,

: Y a7

=

Obr. 2-8: Zjednoduseny princip metody Vdip

V prvnim kroku se kazdy tisek monitorované soustavy rozd¢€li na jednotlivé elementy o délce
A, ¢imz dojde k vytvofeni pomocnych uzli UP potiebnych pro ptesné ureni mista poruchy.
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Presnost lokacniho algoritmu je vysSi pro mensi délky elementu A (dojde k wurceni
pravdépodobnosti poruchy ve vice bodech soustavy). Schéma zpétné slozky soustavy je pak
tvofeno z uzli pomocnych UP a uzli méficich UM odpovidajicich mistim s instalovanymi
monitory zpétné slozky napéti (MZSN), tj. monitor napéti s implementovanou funkci zaznamu
zpétné slozky napéti, jak naznacuje Obr. 2-9 pro jednoduchou distribuéni soustavu z Obr. 2-8.

Xeo £k ¥ 7 . v o ; I . @ -
Pro toto zpétné impedancni schéma se vytvoii ndhradni admitanéni matice [Y }, ktera je

vstupem pro metodu Vdip.
VN/NN

(2)
uP UP UP UM AU31 um
upP

A VN/NN  UP

2
AIf( ) uP

0 UP UP UP UP UP VNINN "
—>H ——— AU,
v. R A UP UP UP UM

R-VN

AUG”

ZS

I

Obr. 2-9: Zjednodusené schéma zpétné slozky soustavy pro metodu Vdip

Lokac¢ni algoritmus metody Vdip vychazi z postupného piipojovani mista uvazované poruchy
(uzel ZS na Obr. 2-9) k jednotlivym uzlim s ¢islem 1 az n, kde n je celkovy pocet uzli UP a UM.
Je tedy feSena soustava rovnic (2.11) proN=1,2, ..., n.

_ (N)
[AU(SH
[AUS&}

— (N)
kde |:AU(5I)\/I:| je vektor vypocétenych zmén zpétné slozky napéti v méficich uzlech UM pii

- [V@T [a@]™ (2.11)

(N)
uvazovani poruchy v uzlu N (N =1, 2, ..., n), [AUS;} je vektor vypoctenych zmén zpétné
slozky napéti v pomocnych uzlech UP pfi uvazovani poruchy v uzlu N (N=1,2, ..., n) a
[AI@TN) je vektor zmény zpétné slozky proudu sestaveny pro poruchu vuzlu N (N=1, 2, ...,

n). Pokud budeme uvazovat poruchu v uzlu 1 (N = 1), mizeme jednotlivé vektory rovnice (2.11)
rozepsat dle (2.12) a (2.13).

Ir e O (DF _g
AU (ur)w 1 AU EJIZ’ (i+1)T
—@ U =@ U 0p e
[AUUM} _ | A2 [Auup} - |AUwen 2.12)
—@) —@)
AU umi | L AU upn J
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SR
—Als

r @@
0 i[Ah :| :
[Alf} _ 0 (2.13)

([ _p® —|iL ]
|:A|f } 42 7@

n

10

Inverzni matice zpétnych slozek impedance muze byt nasledné rozd¢lena na Ctyfi submatice
s ohledem na pocet pouzitych méficich uzlt UM, jak je ukazano v (2.14).

@ 5@ i) i)
Yiu -+ Yui Yy - Yin
=@ =@
@ @ 5@ i)
—oT? [Y'“Vl} [Y'”"ZJ Yii -+ Yii Yiisy - Yin
[Y } T S® “lr=0 id) id) ic) ’ (2.14)
Yin 3 Yinv 4 Yir -0 Yo Yisisn  ccc Y (isdn
il i) i) i)
Ynl Yni Yn(i+1) Ynn

kde i je pocet pouzitych monitort napéti (UM uzld).

e o . @ N . e e
Pro efektivnéjsi resp. rychlejsi vypocet matice [AUumJ , ktera je zapotiebi pro vycisleni

pravdépodobnosti poruchy v jednotlivych uzlech, mize byt rovnice (2.1) upravena na rovnici
(2.15).

_ (N) — 1 - (N) — (i+1) _ (N)
[AU(SH :[Yfﬁ)vl}[mféa} +|:Y$3/2:|- [Al?’} , (2.15)

V prvni fazi vypoctu je rovnice (2.15) vypoctena pro vSechny uvazovana mista poruchy, tj.:
uzlyN=1,2,...,n.
V dalsim kroku se fesi rovnice (2.16) pro N = 1, 2, ..., n, tzn.: provede se vypocet chyby

(odchylky), kterd je dédna rozdilem vypoctenych a namétenych hodnot zmén zpétné slozky napéti
pro kazdy uzel UM v piipad€ uvazované poruchy v uzlech 1 az n.

(N) —@ 1V @
[e]™ = ‘AUUM -[au®,] (2.16)

kde [¢]™je vektor odchylek vypoctenych a zméfenych zmén zp&tnych slozek napéti pro
vSechny uzly UM v ptipadé poruchy uvazované v uzlu N, i je pocet uzli UM, [AU ,(\f,)\,]je vektor

zmétenych zmén zpétnych slozek napéti v pfisluSnych uzlech UM piepoctenych na primarni VN
stranu ptislusnych distribuénich transformatorti. Pro piehlednost lze rovnici (2.16) rozepsat na
tvar (2.17).
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e [N
- o] AU um1 SRR
& " AUy 1
(N) @ @
& | _ Uume AU Gy 2.17)
™| )
L& —@ |V _AU MVi ]
UMi

V nasledujicim kroku se na zéklad& vy&islenych odchylek [6]™ vypocte vektor celkovych
chyb [E], ktera vyjadiuje globalni chybu zméfené a vypoctené hodnoty zmény zpétné slozky
napéti monitorované soustavy pro jednotlivé uzly N=1, 2, ..., n dle rovnice (2.18).
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Nasledné se pro kazdy uzel N vyjadii procentudlni hodnota pravdépodobnosti vyskytu
asymetrické poruchy F dle vzorce (2.19).
E_ —E
F,=—m N .100 |,
N E_—E_ (2.19)
kde Emax @ Emin je maximalni, respektive minimalni hodnota prvku vektoru celkové chyby
[E], En je hodnota celkové chyby daného uzlu N.

Jako misto poruchy je oznacen uzel N, ktery dosahuje nejvyssi hodnoty pravdépodobnosti
(100 %). Analogicky, na zaklad¢ velikosti a rozlozeni hodnot F, lze vyjadfit pravdépodobnost
vyskytu poruchy pro vSechny uzly (UP a UM). Pro ucely prezentace v dispeCerském fidicim
systému ¢i uZivatelském rozhrani lze pak pouZit grafické vyjadfeni pravdépodobnosti vyskytu
nesymetrické poruchy ve schématu distribucni sité.

Praktické ovéreni metody Vdip

V roce 2018 bylo provedeno experimentalni ovéfeni této metody v realné kompenzované
soustavé VN, jehoz ucelem bylo ovéfeni potencidlu metody. Jednotlivé testy probihaly
V kompenzované soustavé VN s pfipinanim pomocného odporniku na dobu 1s, hodnota
pomocného odporniku Ry, byla 0,5 Q (353 Q primarné€) nebo 1 Q (707 Q primarn¢). Kapacitni
rozsah soustavy byl 80 A a soustava nebyla rozladéna. Diky variabilit¢ zapojeni vybraného
vyvodu (moznost spojeni do kruhu) bylo mozné ovétit dva provozni stavy béhem jedné série
testt. Béhem prvniho provozniho stavu byla vzdalenost poruchy 35 km a v druhém 23 km.
Celkem bylo provedeno 15 testi v konfiguracich dle Tab. 2.1, tzn. pro kazdy test byl ménén
charakter zemniho spojeni (ZS): odporové zemni spojeni (elektrolyticky odpor - 1,5kQ az
200 QQ), obloukové ZS (poskozeny kabel), ptimé ZS (piimé piipojeni na zemnici soustavu
odpojovace - 13 Q).
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Pro posouzeni pfesnosti metody je v Tab. 2.1 vyjadiena chyba lokalizace metody Vdip, ktera
je déna rozdilem vzdéalenosti uréen¢ho a skutecného mista poruchy. Z hodnot uvedenych
v tabulce vyplyva, ze primérna odchylka vysledku lokalizace od skute¢ného mista poruchy je
1,06 km. Maximalni chyba lokalizace poruchy je 2,8 km a minimalni 0 km pfi respektovani
zvolené elementace vedeni 0,2 km. Jak z pohledu hodnoty pfipnutého pomocného odporniku (0,5
Q vs 1 Q), tak 1 ze vzdalenosti poruchy (35 km vs. 23 km) nejsou ve vysledcich (chybach
lokalizace) patrny zasadni rozdily. Detailngjsi popis vysledku je uveden v [22].

Tab. 2.1: Chyba lokalizace zemniho spojeni metodou Vdip béhem testu v redlné VN soustavé

Test Typ ZS Konfigurace testu Chyba lokalizace [km]
1 1,2 kQ Rp=0,5Q /35 km do mista ZS -0,40
2 430 Q Rp=0,5Q /35 km do mista ZS -1,19
3 210 Q Rp=0,5Q /35 km do mista ZS -1,19
4 obloukové Rp=0,5Q /35 km do mista ZS -0,80
5 pifimé ZS, 13 Q | Rp=0,5 Q /35 km do mista ZS -0,60
6 1,1kQ Rp=1Q /35 km do mista ZS -1,19
7 440 Q Rp=1€Q/35km do mista ZS -2,19
8 280 Q Rp=1Q /35 km do mista ZS -0,60
9 obloukové Rp=1€Q/35km do mista ZS -1,39
10 | primé ZS, 13 Q | Rp=1Q/35 km do mista ZS -0,80
11 1,1kQ Rp=1Q/23 km do mista ZS -2,80
12 430 Q Rp=1Q/23 km do mista ZS 0,20
13 270 Q Rp=1Q/23 km do mista ZS -0,64
14 obloukové Rp=1Q/23 km do mista ZS -0,19
15 | ptimé ZS, 13 Q | Rp=1Q/23 km do mista ZS -1,75

Aplikace metody Vdip

S ohledem na vysoky potencidl vyuziti metody Vdip v redlnych provoznich podminkach se
v ramci podpory projektu TACR [23] v letech 2018 az 2021 pracuje na vyvoji systému pro
lokalizaci nesymetrickych poruch Vdip. Cilem tohoto projektu je vytvofit autonomni systém
s integrovanou metodou Vdip, ktery bude navazan na dispecerské fidici systémy tak, aby umoznil
autonomné lokalizovat misto poruchy s ohledem na aktualni konfiguraci distribu¢ni soustavy.
Planovanym vysledkem projektu je rovnéz i1 poloprovoz systému uvniti redlné distribucni
kompenzované soustavy v obdobi 9/2020 az 6/2021. S ohledem na tento projekt a uspéSné pilotni
ovéfeni metody Vdip je pomérné vysoky potencidl aplikace zminovanych patentl (pravni
ochrana metody) a uzitného vzoru (pravni ochrana celého systému lokalizace).

2.3.2 Lokalizace poruchy na zakladé analyzy transientniho signalu

Podobné myslenka vychazejici z vyuZiti zaznamu napéti potizenych na sekundarni strané¢ DT
byla rozpracovdna na zdkladé mezindrodni spoluprace s Aalto University (Finsko), jejimz
vysledkem bylo zpracovani nové metody pro lokalizaci zemniho spojeni v izolované ci
kompenzované distribuéni soustavé prezentované v publikaci, kterd je pfilohou této prace

(Ptiloha 1 - P1.C).
Podstata metody

Vlastni metoda lokalizace zemniho spojeni je zalozena na analyze transientniho signalu
poruchového zédznamu potizeného jak v napajeci rozvodné VN, tak i na sekundarnich stranéch
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distribu¢nich transformatorti. Metoda analyzuje s vyuzitim Waveletovy transformace frekvencni
slozky, které¢ jsou zpusobeny vybijecim proudem postizené faze (dle realnych méteni se
frekvence tohoto dé¢je pohybuje v rozsahu od 500 Hz do 2500Hz) a nabijecim proudem
nepostizenych fazi (100 Hz az 800 Hz). Funk¢ni princip metody je naznacen s vyuzitim
vyvojového diagramu na Obr. 2-10.

Pofizeni poruchovych zaznami
VN rozvodna (U, Uy, U, iy iy iy )
DTS (uL1-L2! uL2-L3’ uL3-L1)

v

Zpracovani signalu

(CWT)
Algoritmus pro uréeni Uiy bwiasy cesty poruchového
vzdalenosti poruchy * proudu
FFT CWT koeficient FFT CWT koeficient
Hilbertova transformace
va’ Zl(t)
¥ v

Vypocet vzdalenosti Selekce DTS za

poruchy mistem poruchy

\ 4
Stanoveni mista poruchy

Obr. 2-10: Princip metody lokalizace zemniho spojeny
Jak vyplyva z Obr. 2-10, tak do lokaliza¢niho algoritmu vstupuji zdznamy z:

a) VN rozvodny - poruchovy zaznam okamzitych hodnot fazovych napéti a proudi na
postizeném vyvodu, pficemz lIze s vyhodou vyuzit poruchového
zdznamu vyvodové ochrany pokud disponuje dostatecnym vzorkovanim
(alesponi 5 kS/s),

b) NN strany DTS - poruchovy zdznam okamzitych hodnot sdruzenych napéti
zaznamenanych na sekundarnich stranach distribucnich transforméatort
V postiZzen€ oblasti.

Ptiklad téchto zdznamt s detailem transientniho jevu pfi vzniku ZS ve fézi a) je zobrazen na
Obr. 2-11.
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Obr. 2-11: Oscilogramy vzniku ZS: (a) Fazova napéti v napdjeci rozvodné, (b)Proudy na
postizeném vyvodu v napdjeci rozvodné, (c) Proudy nepostizeného vyvodu v napdjeci rozvodné,
(d) Sdruzené napéti na sekundarni strané DTS

V dalsim kroku musi byt zjisténa dominantni frekvence vybijecich proudu f;, k tomuto ucelu
je vyuzita Waveletova transformace (continuous wavelet transformation CWT) v kombinaci
s FFT analyzou. Pro tuto frekvenéni slozku je provedena extrakce Waveletovych koeficientu (a,
b) u jednotlivych proudovych a napétovych signald. V dalsi fazi algoritmu jsou pak provadény
dva paralelni procesy, a to estimace vzdalenosti poruchy od napajeci rozvodny dr a urceni
postizené vétve, kterd je vyuzita v ptipadech kdy jedné vzdalenosti poruchy odpovida vice bodi
v distribucni siti.

Estimace vzdalenosti poruchy

S vyuzitim Hilbertovy transformace a obdrZzenych Waveletovych koeficienti je nejprve
ziskan analyticky signal proudu Zu(t) a napéti Zv (t) zaznamenanych v napajeci rozvodné ve
fazi s poruchou, tj. nejvyssi Groven transientniho signalu. Proces vypoctu téchto analytickych
signall je detailn€ popsan v prilozené publikaci (Pfiloha 1 - P1.C). Analytické signaly Z(t)
a Zv(t) jsou pak dale pouzity pro vypocet casoveé proménlivé indukcnosti L¢(t) dle vzorce (2.20)

1 r Zv(t)
Lf(t)_Zﬂ'f Im{zl(t)}, (2.20)

C

kde f; je estimovana dominantni frekvence transientniho jevu.

Vysledna vzdalenost poruchy je pak dana vztahem (2.21)
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t
d () =1— Lf(l) — 221
(018 +12) -
kde L, LD 112 jsou neto¢iva, sousledné a zp&tnd indukénost vedeni vztazend na km délky.

Vysledna hodnota vzdalenosti poruchy je pak dana stiedni hodnotou d, (t) .

Vybér poruchou postizené vétve

Cilem této casti algoritmu je porovnani amplitudy dominantni frekvencni slozky, ktera je
obsazena v transientnim signdlu zaznamenanych sdruzenych napéti na sekunddrni strané
jednotlivych DTS. K extrakei této frekvencni slozky a jeji irovné je rovnéz pouzita FFT analyza
koeficientit CWT. Vybér poruchou postizené vétve lze vysvétlit s vyuzitim testovaci soustavy na
Obr. 2-12, kde jsou postupné simulovany zemni spojeni s odporem poruchy 0 Q, 25 Q a 50 Q ve
trech vybranych uzlech soustavy 4, 3 a 8. Béhem téchto poruch byla provedena FFT analyza
koeficienti CWT ve vSech 31 monitorovanych distribuénich trafostanicich VN/NN. Srovnani
zaznamenanych amplitud plynoucich z FFT analyzy v§ech monitorovanych DTS je pro jednotliva
mista poruchy a uvazované odpory poruchy uvedeno na Obr. 2-13 az Obr. 2-15.
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Obr. 2-12: Schéma testovaci sité prezentujici metodu nalezeni poruchou postizené vétve
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Obr. 2-13: Zaznamenané amplitudy FFT waveletovych koeficientit jednotlivych DTS pro ZS v
uzlu ¢. 4 (17,5 km)
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Obr. 2-14: Zaznamenané amplitudy FFT waveletovych koeficientit jednotlivych DTS pro ZS v
uzlu ¢. 8 (12,53 km)
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Obr. 2-15: Zaznamenané amplitudy FFT waveletovych koeficientii jednotlivych DTS pro ZS v
uzlu ¢. 3 (22,8 km)

Jak vyplyva z amplitud jednotlivych DTS na Obr. 2-12 az Obr. 2-15, tak na zaklad¢ jejich
urovné Ize vysledovat poruchou postizenou vétev tak, Zze DTS za mistem poruchy budou mit vzdy
nejvyssi troven této slozky a zbylé DTS pak timérné nizsi, resp. odpovidajici délce/impedanci
vedeni protékané jak proudem poruchy, tak 1 zat€znym proudem dané DTS. Na zéklad¢ tohoto

pravidla jsou v Obr. 2-12 doplnény cesty priuchodu poruchového proudu definujici poruchou
postizené vétve soustavy.

Na zékladé¢ vypoctené vzdalenosti poruchy a identifikace poruchou postizené vétve
distribu¢niho vedeni lze jednozna¢né lokalizovat zemni spojeni v kompenzované ¢i izolované
distribuéni soustav€. Navrzena metoda pak byla testovana s vyuzitim jak simulace c¢asti
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distribu¢ni soustavy, tak 1 na zédklad¢ poruchovych zdznamt pofizenych béhem experimentéalniho
méfeni kovového zemniho spojeni v kompenzované distribucni soustavé 22 kV. Nevyhodou této
metody je nemoznost jejiho vyuziti v ptipadech odporové poruchy, kdy dochazi k vyraznému
utlumeni analyzovaného vybijeciho, resp. nabijeciho proudu. Detailni vyhodnoceni téchto testi je
uvedeno v pfiloZzeném piispévku (Ptiloha 1 - P1.C).

2.4 Prinos autora k dané problematice

Diky dlouholetym zkuSenostem autora S problematikou lokalizace poruch bylo mozné
vyvinout a zformulovat novou metodu pro lokalizaci nesymetrickych poruch nazvanou Vdip.
Aktivity spojené s vyzkumem této nové metody vyustily v roce 2015 v udé€leni uzitného vzoru
a ndrodniho patentu ¢. 305209, které¢ zajistuji nejen pravni ochranu metody Vdip popsané
v kapitole 2.3.1, ale i systému zaji$tujiciho naplnéni podstaty metody. S ohledem na pomérné
vysoky potencial praktického vyuziti metody byl nasledné podan a v roce 2017 udélen i Evropsky
patent ¢. EP2940483, ktery ve vybranych statech Evropy zajiStuje jeji pravni ochranu. Uvedené
patenty tak dokladaji pfinos autora v oblasti zékladniho vyzkumu, a to zejména problematiky
lokalizace nesymetrickych poruch uvnitt vSech typu distribuénich soustav (provoz

kompenzovany, izolovany, odporoveé uzemnény piipadné i u€¢inné uzemnény).

V navaznosti na vySe uvedené uspéchy v zakladnim vyzkumu byl v roce 2018 projeven
zdjem provozovatele distribu¢ni soustavy E.ON Ceska republika, a.s. 0 ovéfeni metody Vdip,
které vyustilo v provedeni pilotniho testu metody v realné kompenzované soustavé 22 kV. Na
zékladé vysledkil tohoto provozniho ovétfeni byl potvrzen vysoky potencial metody pro lokalizaci
zejména zemnich spojenich do odporu poruchy cca 1,5kQ v soustavach kompenzovanych
s pfipinanim pomocného odporniku. Usp&snost téchto test a zajem PDS pak ve vysledku vedly
k podéani piihlasky a Gsp&snému udéleni podpory projektu TACR (TK01020107), jehoz cilem je
vytvofeni autonomniho systému Vdip, ktery bude umozZiiovat automatickou lokalizaci
nesymetrickych poruch s pfimym navazanim na systémy PDS. Uspéiné zvladnuti tohoto projektu
je pak podminkou pro SirSi uplatnéni vysledkd jak zakladniho, tak i aplikovaného vyzkumu
autora. S ohledem na soucasny stav bude mozné plné zhodnotit skutecny pfinos autora k dané
problematice az po dlouhodobé&jsim ovéteni funkce systému Vdip v realnych provoznich
podminkach.
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3 SNIZENI UROVNE ZEMNICH PORUCHOVYCH PROUDU

Provozovani kompenzovanych elektrickych siti sebou nese v ptipad€ provozu sité s trvajicim
zemnim spojenim vzdy riziko mozného vyskytu nebezpeénych dotykovych ¢i krokovych napéti
vV misté poruchy. Toto riziko mimo jiné zavisi na rozsahu provozované sité (kapacitnim proudu
sit€), kde s rostouci velikosti kapacitniho proudu nartsta. S ohledem na trend postupné kabelizace
siti VN, meziro¢né lze hovofit o 3% nartstu kabelovych VN vedeni [1], je nezbytné vyvijet
ktera by maximaln¢ snizila pravdépodobnost vyskytu nebezpecnych dotykovych ¢i krokovych
napéti v postizené oblasti.

Jednim z feSeni pro zajisténi pozadované bezpecnosti provozu je respektovani doporuceni
normy CSN 33 3070 (1979), ktera omezuje velikost maximélniho zbytkového/residualniho
proudu v misté poruchy na 60 A, pticemz doporucuje venkovni sité provozovat do rozsahu 100 A
kapacitniho proudu, smisené do rozsahu 300 A a kabelové do rozsahu 450 A kapacitniho proudu.
Tyto velikosti siti jsou v CR pievazné respektovany, aviak diky neustalému rozvoji siti
a rostoucimu poctu kabelovych useki se tyto rozsahy postupné jevi jako nedostatecné. DalSim
problémem je i doCasny provoz siti s vét§im kapacitnim proudem (napt. dvé soustavy jsou
propojeny z divodu odstavky jednoho z napajecich transformatort), pficemz muze kapacitni
proud prekrodit i uroven 800 A. Typickym ptikladem jsou stanice 110/22 kV na okrajich velkych
mést, kde jeden transformdtor napdji odporové uzemnénou méstskou kabelovou sit’ a druhy
venkovni kompenzovanou smiSenou sit. Pokud jsou v rozvodné pouze dva transformatory
110/22 kV, je nutné pii odstaveni jednoho transformatoru provozovat celou sit’ z transformatoru
druhého. Toto je mozné pouze v ptipadé, Ze vykon transformatord je dostateény pro napajeni celé
oblasti. Jelikoz piekroéeni normou CSN 33 3070 povolenych hodnot kapacitnich proudd nemusi
vést k prekroceni 1 irovné rezidualniho proudu 60 A, kterd je povaZovana za mezni hodnotu pro
samozhasSeni poruchy, je nutné do budoucna pocitat se zruSenim/zménou této normy. Nutno
podotknout, Ze podobné striktni omezeni Urovné kapacitniho proudu v okolnich zemich neni
zavedeno.

Jednim z moznych feseni, jak zvysit bezpecnost soustav provozovanych s vysokou hodnotou
kapacitniho proudu (hodnoty vétsi nez 300 A), je vyuziti metody pfizemnéni postizené faze
(PPF). Této metody lze vyuzit k redukci poruchového proudu béhem trvajicich zemnich spojent,
piipadn¢ 1 ke zlepSeni nepfetrzitosti dodavky elektrické energie, pokud jsou poZadavky na
bezpe¢nost naplnény. Zminky ¢&i praktické zkuSenosti s metodou PPF jsou V zahrani¢nich
publikacich prezentovany napiiklad v piispévcich [28] az [31]. Aby bylo mozné tuto metodu
vyuzivat v redlnych distribu¢nich soustavach, bylo nutné v uplynulych letech provést detailng;si
analyzu metody, a to jak z pohledu teoretického, tak 1 praktického, tj. redlné ovéfeni pfinosu
metody ve smiSenych distribu¢nich soustavach. S ohledem na ziskané poznatky je tato kapitola
dale zamétena na detailni popis metody PPF, jeji vyhody a nevyhody, zhodnoceni pfinosu
v oblasti redukce poruchového proudu a porovnani nasazenych pilotnich systému PPF. Veskeré
nize uvedené skute¢nosti vychazeji z tii klicovych publikaci dolozenych v ptiloze (Pfiloha 2 -
publikace P2.A az P2.C). ZkuSenosti a zavéry z védecko-vyzkumnych aktivit autora pak byly
vyuzity pii ptipravé podnikové normy PNE 33 3301-2 ed. 1 (zvefejnéné 10/2018) [32] definujici
pozadavky na systém PPF za ucelem jeho vyuziti pro zvySeni bezpecnosti provozu distribu¢nich
soustav.
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3.1 Metoda prizemnéni postiZené faze

Princip metody PPF je patrny z Obr. 3-1, kde je zobrazeno zjednodusené schéma
kompenzované sit¢ se zemnim spojenim, kterd je v napdjeci stanici vybavena tfemi
jednopolovymi vypinaci (3), s jejichz pomoci Ize kteroukoliv fazi spojit se zemnici soustavou
pfes omezujici impedanci Zsh.V pripad¢é zemniho spojeni (1) v siti je sepnutim a) pdlu vypinace
(3) vytvofena paralelni cesta poruchovému proudu, ktery se pierozd€li mezi misto poruchy
(IRessH) @ misto pfizemnéni postizené faze (lsy) - viz Obr. 3-1. Dojde tak zpravidla k redukci
proudu mistem zemniho spojeni a ke snizeni dotykového a krokového napéti v misté poruchy.
Podstatna ¢ast poruchového proudu se po prizemnéni postizené faze uzavie pres uzemnovaci

soustavu stanice Rg sy a paralelni impedanci PPF Zsn (Ish >> lres sH), zejména v piipadech
odporovych zemnich spojeni, kdy Rzs > 100 Q.

=

Napajeci rozvodna ZT - ZhasSeci tlumivka

Lo L L

R, - Pomocny odpornik
Z,, - Omezovaci impedance PPF

Obr. 3-1: Princip metody prizemnéni postizené faze

Podle hodnoty omezujici impedance ZsH rozliSujeme tf1 zpisoby provedeni PPF:
1) ptimé prizemnéni postizené faze k zemnici soustave,
2) prizemnéni pres vykonovy rezistor do hodnoty odporu 16 Q'
3) prizemnéni pies reaktor do hodnoty reaktance 16 Q'.

P11 volbé vhodné omezujici impedance Zsu se vychazi z nasledujicich kritérii:
a) redukce poruchového proudu

Z principu metody je zfejmé, Ze kliCovym parametrem pro posouzeni UCinnosti omezeni
poruchového proudu automatikou je hodnota impedance poruchové smycky vici impedanci
paralelni vétve automatiky PPF. Pravé pomér téchto impedanci urcuje efektivitu zvoleného feSeni
PPF, pficemz maximalni redukce poruchového proudu se dosahuje piimym pfizemnénim
postizené faze ptes zanedbatelnou hodnotou Zsw .

b) redukce harmonickych slozek poruchového proudu

! P¥i pouziti omezujici impedance ZSH s maximalni hodnotou 12 Q (soustava 22 kV) a 16 Q (soustava 35 kV) Ize
dosahnout omezeni zkratového proudu dvojitého zemniho spojeni do maximalni Grovné cca 1,5 kKA. Vy§8i hodnoty
omezujici impedance nejsou z hlediska potieby redukce proudu zemniho spojeni automatikou PPF doporuceny.
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Diky kvalitnim automatikam zhaSecich tlumivek je zédkladni harmonicka slozka kapacitniho
proudu témét zcela kompenzovana a zbytkovy proud je tvofen nezanedbatelnym mnozstvim
nekompenzovanych harmonickych slozek zejména 3., 5. a 7. harmonické. Uroveti téchto slozek
je vyznamna zejména v méstskych ¢i pfiméstskych kompenzovanych soustavach velkych mést.
Pti posuzovani vhodného feseni PPF je nutné brat ohled i na pomér impedanci v oblasti frekvenci
uvedenych harmonickych. Maximalni redukce harmonickych slozek poruchového proudu se
dosahuje u automatik s pfimym pfizemnénim postizené faze.

¢) eliminace pienosu ¢asti zatizeni pfes misto poruchy

Pfizemnénim postizené faze v napdjeci trafostanici se v urcitych piipadech muize prenaset
cast zatizeni postizeného vyvodu pies misto poruchy, coz vede k navyseni poruchového proudu
a ke zvyseni dotykovych/krokovych napéti v postizené oblasti. K tomuto jevu muze dojit pouze
u kovovych ZS, ktera vznikla v blizkosti vyznamné zatizené oblasti (distribu¢ni trafostanice). Pro

eliminaci tohoto negativniho efektu je vhodnéjsi vyuzit omezujici impedanci Zsn. Tato
problematika je detailnéji rozpracovana v kapitole 3.2.

d) eliminace pfepéti v nepostizenych fazich

Diky nizké hodnoté omezujici impedance ZsH dojde po pfizemnéni postizené faze v napajeci
trafostanici vzdy ke zvySeni napéti nepostizenych fazi (nejméné na sdruzenou hodnotu
provozniho napéti) a to bez ohledu na odpor poruchy vzniklého zemniho spojeni. Vysoka tGroven
pfepéti pak mulze zapfiCinit piekroceni elektrické pevnosti s naslednym prurazem izolace
a dvojitym zemnim spojenim. Z tohoto divodu muze byt zavadéni metody PPF doprovéazeno
zvySenym vyskytem dvojitych ZS.

e) redukce poruchového proudu druhého zemniho spojeni (ZS)

S ohledem na nebezpeci trazu elektrickym proudem béhem PPF je nejvétSim rizikem dvojité
zemni spojeni. Vysoké uroven zemniho zkratového proudu vytvaii navyseni potencialu zemnici
soustavy (EPR) nejen v napéjeci rozvodné a jejim okoli, ale 1 v misté druhého zemniho spojeni.

Pro redukci proudu druhého zemniho spojeni je vhodné&jsi zvolit feSeni s vyS$i hodnotou Zsh .

S ohledem na vySe zminéna kritéria je vhodné volit mezi pfimym pfizemnénim
a pfizemnénim postizené faze ptes rezistor do hodnoty odporu 16 Q (max. 12 Q pro 22 kV
amax. 16 Q pro 35kV). V piipad¢ starych soustav vyznacujicich se nizkou izolacni pevnosti
a soustav s ¢astym vyskytem dvojitych zemnich spojeni je vhodnéjsi vyuziti varianty s omezujici
rezistanci, kterd ptispéje k redukci prepéti a zkratového proudu dvojitého ZS. V jinych piipadech
je vyhodné vyuziti pfimého PPF pro maximalizaci efektu redukce rezidudlniho proudu.
Vyjimkou mohou byt pouze siln¢ zatiZzené soustavy, kde hrozi efekt pietoku casti zatiZeni pies
zemnici soustavu béhem kovovych ZS.

3.1.1 Stanoveni poruchového proudu po prizemnéni postizené faze

Pro stanoveni maximalni Grovné poruchového proudu po pfizemnéni postizené faze béhem
trvajiciho zemniho spojeni, tj. nejméné pfiznivy stav, lze vyuzit vztahu (3.1)

Zsn+ R, |
Res. = = 1
Zs+Regy +Re +21 |

(3.1)

ResSH —

kde lies sy je velikost zbytkového proudu kovového zemniho spojeni prochazejiciho po
aplikaci PPF pfes posuzovanou zemnici soustavu, lres je zbytkovy proud kovového zemniho
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spojeni (miize se uvazovat 10 % kapacitniho proudu soustavy dle CSN EN 50 522), ZsH je
impedance vlozeného omezovaciho prvku automatiky PPF, Rg sy je odpor zemnici soustavy
napajeci rozvodny a piisluSenstvi automatiky PPF (vedeni, pfechodové odpory apod.), Re je

odpor poruchou postizené zemnici soustavy, Z. je impedance vedeni do mista poruchy.
Pozn.: Postup dle vzorce (3.1) nerespektuje pripadny viiv prenosu zatizeni pres zemnici

soustavu a vliv rozladeéni zpiisobeny prizemnénim postizené faze (porucha v blizkosti napdjeci
rozvodny).

Orientacni stanoveni maximalniho zemniho proudu po aplikaci PPF pii vzniku dvojitého
zemniho spojeni 1ze pro radialni vedeni vypoéist na zakladé CSN EN 60909-3 dle vztahu (3.2).

1" 3'C'Un
KEE | S ,z0 =0 > |
6Zd +2Z¢ +Z¢ +3R. +3Rggy +3ZsnH

(3.2)

kde 1. je maximalni zkratovy proud dvojitétho zemniho spojeni, C je napét'ovy soucinitel,

. ., s S@. , , . p .
U, je jmenovité napéti soustavy, Zq4 je souslednd zkratova impedance do mista instalace PPF,

@ (0). , e g - , . , . ,
Z: a Zt je souslednd a netociva impedance vedeni mezi mistem instalace PPF a mistem

druhého zemniho spojeni.

Vypocétu maximalniho poruchového proudu dle vzorce (3.1) a (3.2) lze vyuzit zejména pii
posuzovani bezpecnosti zemnicich soustav v soustavach s instalovanym systémem PPF.

3.2 Negativni vliv prizemnéni postizené faze

Zasadni vliv na navySeni potencidlu zemnici soustavy ma velikost poruchového proudu
uzavirajici se pfes danou zemnici soustavu. V této kapitole je popsan ptipad, kdy dasledkem
pfizemnéni postizené faze nedojde ke snizeni poruchového proudu v misté poruchy, ale naopak
k jeho navyseni, a tim i ke zvySeni rizika Grazu dotykovym/krokovym napétim u odbératele.

Na Obr. 3-2 je schematicky naznacena sit’ popisujici negativni vliv techniky pfizemnéni
postizené faze na uroven proudu prochédzejiciho mistem poruchy. Jedna se o kompenzovanou sit’
22 kV, ktera napaji napajecim transformatorem 110/22 KV dva distribu¢ni transformatory se
zatizenim Pzmaxi @ Pzmaxe. Ve zjednoduSeném schématu sit€ je naznaCeno zemni spojeni
zpisobené dotykem postizené faze na nezivou cast DTS, kterd je spojena s uzemnénim
transformovny a s uzemnénim stiedniho vodice sit¢ NN. Béhem trvajiciho zemniho spojeni doslo
k pfizemnéni postizené faze pies rezistanci Rsy, V rozvodné 22 kV. Pro jednoduchost jsou ve
schématu i ve vypoctech uvazovany pouze rezistance.

Po pfizemnéni faze dojde ve vétSin€ praktickych piipadt (odporové ZS) k ,,pfeneseni‘
poruchového proudu z mista poruchy do rozvodny, kde doslo k PPF. Vyjimkou je vSak stav, kdy
je impedance poruchové smycky srovnatelnd s impedanci vedeni postizeného vyvodu do mista
poruchy (stav na Obr. 3-2). V tomto ptipad¢é dojde k pierozdé€leni celkového napéajeciho proudu
Ihap V poméru impedanci poruchové smycky a impedance vedeni (3.5) na dva napdjeci proudy
Inapa @ Inape. Napdjeci proud lnapa napdji zatizeni b&znou cestou pies napajeci vedeni postiZzené
faze. Napdjeci proud Insps napdji zatizeni poruchovou smyckou, to je pres odpor Rsy; (soucet
odporu Rsy a odporu uzemnéni transformovny 110/22 R;1r), zemni odpor Rzgwm, celkovy odpor
zemnici soustavy R, celkovou impedanci soustavy NN reprezentovanou rezistanci Ryp,
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a v neposledni fadé pies odpor poruchy Rt Zasadni vliv na uroven poruchového proudu I+ ma
tedy celkovéa impedance poruchy (impedance mezi postizenou fazi a zemi) a zatizeni nejblizSich
distribuc¢nich stanic.

1ap = Celkovy odbérovy proud z napajeci rozvodny

woe - 0dbérovy proud poruchovou smyékou

- odbérovy proud postizenym vyvodem

|
|
|
|, - kompenzaéni proud

- celkovy kapacitni proud sité

|-, - zbytkovy zemni proud

R, - Sentovaci odpor a odpor zemnice rozvodny
R\‘1 - rezistance vedeni

R o1s:Ropey - odpor zemnice

Recw, Rrsz - rezistance fazového vodice a vodige PEN
R‘,_AT - rezistance respektujici zatizeni

110kV 22kV 0,4kV
Symetricka zatéz
RFAZ RZAT Zmax1
= | p— |
— 1 1| - <
Iﬂap ....: UUU‘
: |napB RPEN {
- 1 e > L
— Iy "
RSH
H - - : RZDTS RZPEN
Kompenzovana sit' 3 Pflzeﬂ:\f'IEI"ll
_ Y postizené I
| _lu % faze b

Obr. 3-2: Schéma sité popisujici negativni viiv prizemnéni postizené faze (pro jednoduchost jsou
ve schématu i ve vypoctech uvazoviny pouze rezistance)

Na Obr. 3-3 je zobrazeno schéma postizené DTS a soustavy NN spolu s prochazejicim
poruchovym proudem. Naznaceny poruchovy proud se uzavird zemnici a napajeci soustavou NN.
Celkova impedance soustavy NN (vinuti transformatoru, fazové vodice spolu se stiednim
vodi¢em a zatizeni) se da zjednodusené vyjadfit jako

-1

R.+R.,. +R,..\"
Ry, = ( R Reaz + zmj Rt | (3.3)

3

kde Ryr je rezistance vinuti transformatoru, Rgaz je rezistance fazového vodice, Rzar je
rezistance respektujici zatizeni a Rpey je rezistance stiedniho vodice.

R TR R FAZ R2»\T

Obr. 3-3: Cesta poruchového proudu soustavou NN a ndhrada celkovou rezistanci poruchy
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Pro celkovou rezistanci poruchy plati, ze

. -1
Rfcelk = (( RNN + RzPEN) ' + RZDTS_l) + Rf ) (3.4)

kde R.pen je rezistance zemnice stiedniho vodiCe, R;prs je rezistance zemnice distribu¢ni
trafostanice a Ry je odpor poruchy.

Pro ptiklad uvedeny na Obr. 3-2 se napajeci proud rozdéli v poméru rezistanci nasledovné

lapa T R

| e (3.5)

napB
Pro pftiblizny odhad Grovné poruchového proudu po pfizemnéni postizené faze lze pouzit
vyraz
=1 . va
napB naj '
P P RSHZ + RZEM + I:afcelk + va
kde velikost lnsp vychazi ze zatizeni jednotlivych DTS v bezprostiednim okoli mista ZS

(Groven poruchového proudu If je pfimo zavisla na zatizeni DTS v blizkosti poruchy a uvedeném
poméru impedanci).

e =1 (3.6)

Pokud budeme uvazovat nejméné piiznivy stav, tj. stav kdy se odpor zemé blizi nule
(Rzem = 0 Q), zemnici soustava DTS a stfedniho vodi¢e bude vyhovovat pozadavkim kladenym
na spole¢né uzemnéni (max. 2 Q), uvazuje se piimé piizemnéni postizené faze (Rspje
max 0,2 Q) a kovové ZS (Rf=0 Q) bude mit zasadni vliv na pierozdéleni napajeciho proudu

impedance vedeni do mista poruchy (Zw). K prenosu 50 % zatizeni tak mdze v extrémnim

ptipad¢ dojit jiz pii ZS ve vzdalenosti nejméné cca 4,5 km (pfi ‘Zvl ~0.5Q/km) viz (3.6).
| | | ‘Zvl
e Ty T = 7 3.7
PR S o4 |Zu 37

Rozbor vlivu pfenosu ¢asti zatizeni na troven poruchového proudu v misté poruchy je spolu
s posouzenim vlivu odporu PPF uveden detailngji v ptfilozeném piispévku (Pfiloha 2 - P1.A)

3.2.1 Zhodnoceni vlivu PPF na urovet rezidualniho proudu

V této casti je prezentovan piinos metody PPF na zidkladé¢ dat z redlnych méfeni
vV kompenzovanych distribu¢nich soustavach, které byly provedeny v ramci spoluprace
s distribu¢ni spole¢nosti E.ON. Charakteristika jednotlivych typu siti je uvedena nize v Tab. 3.1.
Pfedmétem téchto testli bylo ovéfeni efektivity PPF, tj. schopnosti redukovat poruchovy proud,
Vv ptipadech kovovych zemnich spojeni. S ohledem na odlisny charakter zemnicich soustav, kdy
meéstské lokality jsou charakteristické nizkou urovni odpori zemnicich soustav, a obsah
harmonickych slozek v poruchovém proudu, byly vybrany méstské a mimomeéstské (venkovské)
lokality.
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Tab. 3.1: Charakteristika mérenych soustav a konfigurace testu

3 L provedeni o
. vzdalenost | rozsah napajeci . - Omezujici
misto poruchy . kovove typ sité .
poruchy sité rozvodna impedance
poruchy
Zdar n. Saz. 500 m 132 A na uzemnéni
Radostice - Racin 25 km 115 A | Zdar n. Saz. StoFaru venkovska pfimé PPF
Nové Mésto na M. 10 km 145 A
276 A
Brno - Bystrc 5km 764 A méstska
Brno - Komin 4,5 km 240 A Brno - Rei=100
Jinagovice 6 km 256 A Medlanky | na uzemnéni SH
789 A DTS
Moravské Kninice 10 km 234 A venkovska
Novs Méstona M. | 14km | 2674 |BYStiicenad bez piizemneni
Pernstejnem postizené faze

V grafu na Obr. 3-4 jsou vyneseny zaznamenané hodnoty residualnich proudti zemniho
spojeni (lIf) namétené béhem kovovych poruch provedenych vzdy pii vyladéné siti. Celkovy
kapacitni proud sité je uveden na horizontalni ose grafu. Zelené sloupce reprezentuji hodnotu
proudu po piizemnéni postizené faze (If + shunt), odkud je patrno, ze v zadném z experimentl
nedoslo po pfizemnéni postizené faze ke zvyseni rezidualni proudu vlivem ptenosu ¢asti zatizeni,
jak bylo teoreticky popsano v kapitole 3.2.
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132 | 115 | 145 1 276 | 276 | 764 | 240 | 241 | 237 | 763 | 789 | 256 | 234 | 267
If [A] 42 | 37 | 5 1186|243 (392|181 | 1691 11 | 212|216 | 94 | 92 1 11,7
If + shunt [A]| O 1 129 1182|218 |332| 17 | 16 {165 | 116 | 11 | 63 | 64 | 117

Obr. 3-4: Vliv prizemnéni postizené faze ve vyladéném stavu sité

K podobnym zavérim lze dojit 1 po analyze vysledkli experimentalniho méteni kovového
zemniho spojeni v uvaZovanych soustavach pii umyslném rozladéni zhaseci tlumivky.
Zaznamenané hodnoty poruchového proudu pted a po PPF jsou vyneseny v Obr. 3-5. Opétovné
se neprojevil negativni efekt PPF dany pfenosem Césti zatizeni skrze zemnici soustavu béhem
kovové poruchy.
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W IfA] 30 |27 |24 |20 | 28 |27 147 |50 | 70 | 48 | 45 | 42 | 101|100 | 44 | 39 | 95 7 40 | 38
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rozladéni [A] |-37 | 24 | 2 |-51|-35| 19 |-50 |-46 |-42 |-556 |-33 {-36 | 27 | 48 | -57 | -30 | -77 147 | 38

Obr. 3-5: Vliv prizemnéni postizené faze v rozladéném stavu sité

Provedené experimentdlni meéfeni potvrdilo predpoklad, ze poméry, které by vedly
k navyseni arovné poruchového proudu po PPF, jsou v redlnych smiSenych VN soustavach jen
obtizn& dosazitelné. Z obecného pohledu je 1 vyskyt kovovych zemnich spojeni v realné DS jen
vyjimecnou zélezitosti, coz zdsadné snizuje i riziko projevu popsané¢ho negativniho projevu PPF.
Vyznamny piinos ma automatika PPF zejména v ptipadech odporovych a obloukovych poruch,
jichZ je z pohledu cetnosti vyskytu v redlné DS naprosta vétSina. Pfinos metody PPF pro redukci

poruchového proudu v realnych provoznich podminkach je detailn€ zhodnocen v pftilozené
publikaci (Ptiloha 2 - P1.B).

3.3 Porovnani vice typi PPF

S ohledem na mozné variantni provedeni systému PPF (viz. kap. 3.1) je v této cCasti
vyhodnoceno nékolik v soudasné dobé na uzemi CR instalovanych systémi PPF. Podobné
vyhodnoceni je nezbytné pro posouzeni vyhod a nevyhod variant provedeni systému PPF pied
jejich SirSim nasazenim do realnych soustav. V ceskych distribu¢nich soustavach jsou
Vv soucasnosti instalovany v ramci pilotnich projektd tfi typy prototypi systému PPF. Tyto
systémy pfizemnuji postizenou fazi dle varianty provedeni piimo, pies rezistor ¢i pies reaktor.
Jednotlivé typy se tedy lisi omezujici impedanci Zsn, ktera je zapojena mezi postizenou fazi
a misto pfizemnéni, jak ukazuje Obr. 3-1. Jako Typ 1 (T1) je oznaceno provedeni kdy dochazi
k pfimému ptizemnéni Zsn=0Q. Typ 2 (T2) je oznaceno provedeni PPF pies vykonovy
rezistor o hodnoté Rsy = 10 Q. Posledni typ vyuziva reaktor s reaktanci v rozsahu Xsy = 4+10 Q

(budou posuzovany pouze feSeni s minimalni a maximalni dodavanou reaktanci, tj. Typ 3 (T3),
kde Xsy =10 Q a Typ 4 (T4), kde Xsy =4 Q).

3.3.1 Pripadova studie

Pro zhodnoceni okolnosti uvedenych v bodech a) az e) kapitoly 3.1 pro jednotlivé typy PPF
byla uvazovana testovaci soustava zobrazena na Obr. 3-6. Vlastni testovaci sit’ piedstavuje
smisenou soustavu 22 KV, ktera je napajena ze soustavy 110 kV pfes tfivinutovy transformator
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Yoyd o vykonu 63 MVA a ux=16,5%, symetricky zkratovy proud pfispivajici ze soustavy
110kV je pro potieby simulace uvazovan 16 kA. Distribucni soustava VN je pak tvofena
venkovnim AlFel10/22 a kabelovym vedenim AXEKVCEY120, ktery méni svou délku dle
piislusné provozni varianty dle Tab. 3.2.

Tab. 3.2: Parametry soustavy pro provozni varianty VI1-6

Provozni varianty Kapacitni proud Zbytkovy proud (l,)
V1 6,1 A 43 A
V2 65 A 46 A
V3 212 A 8,2A
V4 357 A 12,8 A
V5 494 A 185 A
V6 723 A S0 A

Tteti vyvod venkovniho vedeni 70AlFe6 o délce 40 km je zatizen vykonem 1 MW. Tento
vyvod je ur€en pro simulace mista poruchy ve vzdalenostech od napdjeci rozvodny: 0, 10, 20, 30
a 40 km (P1-P5) daného vedeni. Pro vyhodnoceni potfebnych parametri a pro porovnani
jednotlivych systémti PPF jsou uvazovany c¢tyfi hodnoty odporu zemniho spojeni Ry, a to 10 Q,
300 Q, 600 Q a 1200 Q. Pro zhodnoceni vSech vlivii je posuzovan jak idealné kompenzovany
stav, tak i stav podladény - kompenzaéni proud je o 20 % nizs$i nez proud kapacitni a stav
preladény - kompenzacni proud je o 20 % vyssi. Pro ovéfeni schopnosti systémi PPF omezit
harmonické slozky (3., 5. a 7. harmonickou) je do testovaci soustavy ptidan i jejich zdroj.
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harmonic ON/OFF
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Obr. 3-6: Zjednodusené schéma testovaci soustavy

3.3.2 Analyza redukce poruchového proudu

Rozdil v ucinnost jednotlivych typt PPF je mozné posoudit na zakladé Obr. 3-7, ktery
zobrazuje relativni hodnotu poruchového proudu po prizemnéni postizené faze béhem odporu
poruchy 10 Q pro stav kompenzované sité. Tato relativni hodnota It ¢ udava procentualni
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hodnotu poruchového proudu vzniklého zemniho spojeni, ktera prochazi mistem poruchy po
aplikaci PPF. Z pohledu efektivity jednotlivych typt PPF, lze v tomto piipad¢ oznacit jako

nejefektivnéjsi feSeni Typ 1 (nejnizsi impedance Zsn), kde hodnota poruchového proudu

dosahuje tirovné 0 - 30 % a nejméné efektivni Typ 3, kde troven poruchového proudu dosahuje
hodnoty az 90 %.
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—t+—T4
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V1-> V2-> V3-> V4-> V5-> V6->

Obr. 3-7: Relativni hodnota poruchového proudu po PPF - komp.stav, R=10Q (osa X uddva pro
kazdou provozni variantu VI1-6 ménici se misto poruchy od zacdtku do konce postizeného vyvodu)

Pro vzajemné porovnani jednotlivych typti PPF je nize uvedena tabulka shrnujici primérnou,
maximalni a minimalni hodnotu relativniho proudu zaznamenaného béhem vsSech modelovanych

stavll v idedlné kompenzované siti kategorizované dle hodnoty odporu poruchy 10, 300, 600
a 1200 Q.

Tab. 3.3: Zhodnoceni relativni hodnoty poruchového proudu po PPF - kompenzovany stav

Relativni hodnota poruchového proudu po PPF

R¢ Typl Typ 2 Typ 3 Typ 4

min max | prum. | min max | prum. | min max | prum. min max | prum.
10Q | 2.5% | 30.0% | 15.0% | 12.2% | 53.0% | 31.0% | 25.9% | 87.0% | 48.0% | 15.6% | 63.0% | 31.0%

3002 10.9% | 3.0% | 20% | 1.1% | 6.0% | 3.0% | 3.7% | 8.0% | 6.0% 1.7% 4.0% | 3.0%

6002 10.9% | 20% | 1.0% | 0.3% | 5.0% | 2.0% | 2.2% | 6.0% | 4.0% 1.3% 3.0% | 2.0%

12kQ108% | 20% | 1.0% | 0.1% | 4.0% | 1.0% | 1.6% | 50% | 3.0% 1.2% 3.0% | 2.0%

3.3.3 Analyza vlivu zatiZeni na roven poruchového proudu

Jak je patrno z Obr. 3-8, tak podle oc¢ekavani zvysujici se odpor poruchy zvySuje ucinnost
PPF (snizuje miru zatizeni pfendSenou pies zemnici soustavu), podobné 1 rostouci vzdalenost
mista poruchy od mista zatiZeni sniZuje Groven prenaSen¢ho zatizeni skrz zemnici soustavu, coz
je ve shodé¢ s teoretickym popisem Viz. kapitola 3.2. Z pohledu srovnani vlivu jednotlivych feseni
PPF, tak v tomto piipadé¢ hraje klicovou roli absolutni hodnota impedance pouZitého

(AT

omezovaciho prvku automatiky PPF, kdy nejniZ§i i€innosti pfi uvazovani vlivu zatiZeni dosahuje
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Typ 1 (pfimé pifizemnéni), dale pak Typ 4 (‘ZSH‘:L]-Q). Reseni Typ 2 a Typ 3 pak jsou
Z pohledu redukce poruchového proudu pii uvazovani vlivu zatizeni rovnocenné, maji témet

stejnou hodnotu impedance omezovaciho prvku (‘ZSH ‘ =10Q2).
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Obr. 3-8: Relativni hodnota poruchového proudu po PPF - komp.stav, R=10Q

Pro vzdjemné porovnéni jednotlivych typii PPF s ohledem na vliv zatizeni je niZze uvedena
Tab. 3.4 shrnujici primérnou, maximalni a minimalni hodnotu relativniho proudu poruchy
zaznamenaného pro modelované stavy kategorizované dle hodnoty odporu poruchy 10, 300, 600
a 1200 Q.

Tab. 3.4: Zhodnoceni relativni hodnoty poruchového proudu po PPF - viiv zatiZeni

Relativni hodnota poruchového proudu po PPF

Ry Typ1l Typ2 Typ3 Typ 4

min max | prum. | min max | prum. | min max | prum. min max | prum.

10Q | 2.5% | 384.0% | 138.0% | 13.0% | 298.0% | 96.0% | 24.3% | 306.0% | 113.0% | 22.0% |352.0% [ 128.0%

300Q 10.9% | 51.0% | 15.0% | 1.3% [ 47.0% | 13.0% | 3.7% | 49.0% | 15.0% | 1.7% | 50.0% [ 15.0%

600Q2 10.9% | 29.0% | 9.0% | 0.8% [ 27.0% | 8.0% | 2.2% | 28.0% | 9.0% 1.3% | 29.0% | 9.0%

1,2k Q [ 0.8% | 18.0% | 6.0% | 0.1% | 17.0% | 5.0% | 1.6% | 17.0% | 6.0% | 1.2% | 18.0% | 6.0%

3.3.4 Analyza prepéti

Z hlediska vzniku nebezpecnych piepéti jsou problémové zejména stavy, kdy je PPF pouzito
béhem vysoko-odporovych ZS (300, 600 a 1200Q2) a to zejména v piipadech soustavy s velkym
kapacitnim proudem Il > 300 A (V4, V5 a V6). Z tohoto divodu jsou s ohledem na troven
ptepéti po aplikaci PPF nejhorsi zejména teSeni Typ 3 a Typ 4, kde piepéti v nepostizenych
fazich piekracuje hodnotu 25 kV. V nejhorsich simulovanych ptipadech je troven piepéti
28,8 kV (Typ 3) a 26 kV (Typ 4). Toto piepéti je vyvolano oscilaci potencialu nulového bodu
transformatoru vyvolaného induké&nosti omezovaciho prvku PPF (Zsp). Cim bude tato indukénost
vetsi a rovneZ 1 proud prochazejici pres tento prvek (lsy), tim vyssi arovné prepéti 1ze dosahnout.
Co se tyCe teSeni Typ 1, tak vlastni mira pfepéti je v tomto ptipadé zapiiCinéna zejména
vybijecim proudem, jehoz doba trvani je velmi kratkd (cca ctvrt periody) a zpravidla byva
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v realnych systémech tlumena. Zaznamenané hodnoty uzlového napéti a napéti nepostizené faze
L3 jsou pro v§echny modelované stavy zobrazeny na Obr. 3-9 a Obr. 3-10.
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Obr. 3-9: Maximalni efektivni hodnota uzlového napéti - kompenzovany stav (osa X udava pro
kazdy odpor poruchy ménici se provozni variantu VI1-6 a misto poruchy od zacatku do konce
postizeného vyvodu)
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Obr. 3-10: Maximalni efektivni hodnota fazového napéti nepostizené faze L3 - kompenzovany
stav

Na Obr. 3-11 je zobrazen oscilograficky prubéh napéti pro ptipad prizemnéni postizené faze
ptes reaktor 10 Q (Typ 3). Zde je patrné extrémni piepéti prekracujici v okamzité hodnoté napéti
40 kV (> 210 % jmenovitého fazového napéti). Doba trvani tohoto piepéti je pfiblizné€ jednu
periodu a je zpiisobeno oscilaci potencidlu nulového bodu transformatoru Ug, které dosahuje
urovné efektivni hodnoty blizici se 19 kV (140 % jmenovitého napéti). Z pohledu vznikajiciho
piepéti je proto varianta vyuzivajici automatiku Typ 3 nejméné vhodna.
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Obr. 3-11: Okamzité hodnoty fazovych napéti (Typ 3, Ri=1200Q)

3.3.5 Zhodnoceni automatik PPF

Z vySe uvedené¢ho vyplyva, ze kazdé teSeni automatiky ma své vyhody i nevyhody
s ohledem na vlastnosti dané¢ho zemniho spojeni a konfiguraci distribu¢ni soustavy. Komplexni
srovnani jednotlivych feSeni v podminkach testovaci soustavy je mozné na zakladé Tab. 3.5,
kterd zobrazuje procentudlni hodnotu vhodnosti jednotlivych typli automatiky. Pro toto srovnéani
je hodnota 100 % pouzita u nejvhodnéjsiho feseni a zbylé typy automatik jsou tmérné ponizeny
s ohledem na jejich schopnost (efektivitu) pti redukci poruchového proudu a prepéti.

Tab. 3.5: Vzdjemné porovnani jednotlivych typii PPF

Redukce poruchového proudu — o -

Typ PPF Zakladni harmonicka Vyssi harmonické ; 2§ § g i%

komp. | podkomp. | prekomp. 3. 5. 7. N2 -
Ry, =0Q 100% 100% 100% 100% | 100% | 100% | 70% 75% 92%
Ry, =10 Q 48% 15% 13% 12% 8% 16% | 100% | 100% | 100%
Xgy =10 Q2 31% 12% 10% 6% 4% 6% 85% 77% 79%
Xy =4Q 48% 23% 20% 6% 6% 5% 75% 68% 87%

Pozn.: Konkrétni zhodnoceni jednotlivych reseni je do znacné miry zavislé na parametrech
testovaci site a konfiguraci jednotlivych scénarii (zejména na urovmni zatizeni a urovni
harmonickych slozek) testovaci sité.

Pokud vyjdeme z respektovanych parametrii testovaci soustavy, tak jako nejvhodnéjsi
zpusob provedeni lze povaZovat pfizemnéni postizené faze pies odpor Ry, =10 Q. Tento typ

automatiky PPF dosahuje nejlepsich vysledkt pfi souhrnném respektovani vsech klicovych vliva
(vliv zatizeni, harmonickych slozek, piepéti, tarovné poruchového proudu), a to nejen béhem
piizemnéni postizené faze, ale 1 béhem nastdvajicitho dvojitého zemniho spojeni. Zhodnoceni
jednotlivych typt PPF v podminkach dvojitého zemniho spojeni je prezentovéno v piiloZené
publikaci (Ptiloha 2 - P2.C).
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V ptipad¢ starych soustav vyznacujicich se nizkou izola¢ni pevnosti a soustav s Castym
vyskytem dvojitych zemnich spojeni je vhodné&jsi vyuziti varianty s omezujici rezistanci, ktera
prispéje k redukci prepéti a zkratového proudu dvojitého ZS. V jinych ptipadech muize byt
vyhodné vyuziti pfimého PPF pro maximalizaci efektu redukce rezidudlniho proudu. Vyjimkou
mohou byt pouze siln¢€ zatizené soustavy, kde hrozi efekt pretoku casti zatizeni pies zemnici
soustavu béhem kovovych ZS.

Na zavér je vSak nutné podotknout, Ze vybér nejvhodnéjsiho feSeni bude vzdy zaviset na
konkrétnich vlastnostech predmétné distribucni soustavy a musi k nim byt pfihlédnuto pii volbé
optimalniho typu PPF.

3.4 Prinos autora k dané problematice

Na zéklad¢ publikaci, studii a provedenych realnych méfeni, které byly z asti prezentovany
v kapitolach 3.1 az 3.3 byla vytvorena podnikova norma PNE 33 3301-2 Pfizemiiovani postizené
faze pti jednopdlovych poruchach [32]. Tato norma definuje provozni podminky, technické
pozadavky a kritéria umoziujici vyuzit metodu pfizemnéni postizené faze beéhem kratkodobych
nebo trvalych zemnich spojeni v distribu¢nich soustavach ke zvySeni jejich bezpecnosti provozu.
Vytvofend podnikovd norma tedy definuje technicky rdmec, ktery umoznuje bezpecné
a spolehlivé uziti této metody pro zvySeni bezpecnosti provozu DS pii respektovani vSech
platnych norem.

Ziskané poznatky autora v této oblasti pak budou déle vyuzity pro zpracovani navrhu dalsi
podnikové normy, kterd bude zaméfena na definovani bezpecnostnich kritérii provozu
kompenzovanych soustav s cilem nahradit stavajici CSN 33 3070 (1/1979) [2]. Divodem této
nahrady je aktualizace bezpecnostnich opatfeni s cilem zménit pozadavky na maximalni povolené
urovng kapacitnich zemnich proudt soustavy, které jsou s ohledem na soucasny stav provozu DS
zastaralé. Planovany rok vydani této nové PNE je 2020.
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4 HODNOCENI BEZPECNOSTI ZEMNICICH SOUSTAV

Ovéteni bezpecnosti stavajici ¢i nové navrhované zemnici soustavy patii mezi klicové
ukony, které zajist'uji pfijatelnou bezpe¢nost vSech osob vyskytujicich se v oblasti jejiho vlivu.
Budeme-li se dale bavit o navrhu nové zemnici soustavy, pak je nutné se ujistit, Ze v oblasti
navrzené zemnici soustavy nedojde vlivem poruchy k vytvofeni dotykového ¢i krokového napéti,
které by vedlo k prekroceni uvazované pravdépodobnosti srde¢ni fibrilace osob vyskytujicich se
v dané oblasti. Jednotlivé pozadavky na zajisténi bezpecnosti v¢etné hodnoticich postupii se lisi
napfi¢ svétem, dle mistnich provoznich zvyklosti a tamniho pravniho ramce
(obecné/angloamerické pravo vs. obCanské pravo) ¢i nabozenskych tendenci, viz Obr. 4-1.

Obr. 4-1: Staty s prirazenymi pravnimi tendencemi: cervend - obecné prdvo, modra - obcanské
pravo, zelend - ndbozenské tendence [33]

Z pohledu navrhu zemnici soustavy dle evropskych ptedpisi se vychazi z deterministického
zpusobu navrhu. Tento deterministicky zplGsob hodnoceni neposuzuje pravdépodobnost
koincidence (nahodnosti) soucasného vzniku poruchy a dotyku (pfitomnosti) osoby a bere
vV uvahu nejméné piiznivé podminky (max. poruchovy proud, nejhorS§i mozny scénat dotyku
apod.), coz ve svém dusledku muze vést k predimenzovani zemnici soustavy bez vyznamné
pozitivniho dopadu na bezpecnost, napt. v ptipad¢ odlehlé ¢i malo ptistupné zemnici soustavy.
S ohledem na posuzovani efektivity vynaloZenych investic postupné vyvstdva poZadavek na
revizi dosavadnich deterministickych ptistupt. Tento pozadavek vede k vyvoji novych metod,
nejcastéji zalozenych na pravdépodobnostnich ptistupech, ¢i zptfesnéni dosud vyuzivanych
zpusobti vypocétu rozlozeni potencialu v okoli zemni¢e (modely respektujici nehomogenity
Vv rezistivité pidy apod.). Ob¢ tyto problematiky jsou predmétem ptilozenych publikaci (Pfiloha 3
- publikace P3.A a P3.B), jejichz napln a zavéry budou prezentovany v podkapitolach nize.

4.1 Uvod do pravdépodobnostniho posuzovani bezpec¢nosti
zemnicich soustav

Posouzeni bezpe¢nosti navrzené zemnici soustavy dle evropskych standardii vychazi ze
znalosti velikosti poruchového proudu, pficemz je nutné respektovat jeho maximalni moznou
hodnotu a to 1 s respektovanim rozvoje DS po dobu Zivotnosti zemnici soustavy (navySovani
zkratového vykonu, kapacitniho proudu soustavy apod.). Z daného proudu a geometrického
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uspotradani zemnici soustavy je pak mozné stanovit velikost narGstu potencidlu na uzemnéni
(EPR) a stanovit tak velikost mozného dotykového napéti, které je rozhodujici z hlediska
bezpeénosti dané uzemiovaci soustavy. Pro zhodnoceni bezpe¢nosti dotykového napéti je v CSN
EN 50522 (2010) [34] definovana hodnota dovoleného dotykového napéti v zavislosti na dobé
trvani (V-t kiivka), pfi¢emz tato kiivka vychazi z 5% pravdépodobnosti fibrilace srdce pii
uvazovani impedance lidského téla odpovidajici vyskytu s 50 % pravdépodobnosti. Je tedy nutné
brat na zfetel, ze jak uroven poruchového proudu, tak i mezni hodnoty proudu lidskym télem ¢i
impedance lidského té€la maji pravdépodobnostni charakter. Dalsi proménnou, ktera je stanovena
s ur¢itou pravdépodobnosti ¢i nejistotou je impedance uzemnéni. Tato impedance je vypoétena na
zakladé¢ zméfené hodnoty rezistivity pudy, ktera se od skute¢né muize vyrazné lisit. Divodem
mohou byt nehomogenity v padé (viz. [35] az [37]). Obvykle je lepsi pudu modelovat jako
slozenou z vice vrstev s riiznou rezistivitou, a také je zapotiebi uvazit jeji zavislost na pocasi [38].
Pravdépodobnostni problematikou velikosti poruchového proudu se pak zabyvaji publikace [39]
az [42], kde byla simulovana Cetnost vyskytu a troven poruchového proudu pii respektovani
jejich pravdépodobnostniho charakteru za pomoci metody Monte Carlo. Z vysledkt simulace pak
bylo dokdzano, Zze deterministicky pfistup jednoho ,nejhor§iho scénafe” neni pfili§
pravdépodobny, a tak navrhované uzemmovaci soustavy mohou byt pfili§ robustni,
pfedimenzované a tedy neekonomické. ZjednoduSeny postup pravdépodobnostniho piistupu
hodnoceni byl také implementovan do narodni ptilohy NA a NB britské verze standardu EN
50522 (BS) [43]. Upraveny a pomérné rozsahly a uceleny popis pravdépodobnostniho piistupu
pro navrh zemnicich soustav byl pak publikovan v piiruéce [33]. Pravdépodobnost vyskytu
poruchy a soucasnéd koincidence vyskytu ¢loveéka vystaveného vzniklému riziku (dotykovému
napéti) byla v této pfiruéce modelovana pomoci Poissonovy pravdépodobnostni distribu¢ni
funkce, coz Cini tento piistup komplexn&j$im oproti zjednoduSenému britskému piistupu [43].

Z uvedeného pak vyplyva, ze soucasny/deterministicky pfistup nemusi byt vzdy vhodny
a muze vést k predimenzovani vysledné zemnici soustavy. Pro nékteré ztizené ptipady, nebo pro
snadnéjsi kvantifikovani miry rizika a zohlednéni ekonomicénosti daného navrhu pak miize byt
pravdépodobnostni pfistup lepsi variantou vedouci k Uspofe nakladl pii souc¢asném udrzeni
tolerovatelné miry rizika. Proto je i tato ¢ast prace zaméfena na popis inovovaného ptistupu pro
hodnoceni bezpecnosti zemnici soustavy kombinujiciho jak soucasny deterministicky zptsob, tak
1 zptisob pravdépodobnostni, ktery by mohl byt akceptovatelny vetejnosti. Navrzeny postup je
rovnéZ doplnény komentafem vysledkl ptipadové studie realizované na zjednoduSené DS,
detailni popis je uveden v piilozeném piispévku (Ptiloha 3 - P3.A). Tato problematika byla
zpracovana V ramci ¢innosti mezinarodni pracovni skupiny zalozené v zéii 2013 CIGRE JWG
B3.35/CIRED — Substation earthing system design optimization through the application of
quantified risk analysis, které byl autor ¢lenem.

4.2 Navrh pravdépodobnostniho pristupu pro hodnoceni
distribu¢nich soustav

NejSetrn€jsi  zpuisob  implementace pravdépodobnostniho  pfistupu do pomérné
konzervativniho Evropského prostiedi pro posuzovani bezpecnosti zemnicich soustav, je jeho
zaclenéni do jiz vSeobecné piijatého postupu daného normou EN 50522 [34]. Z tohoto divodu je
v této kapitole navrzen postup, ktery kombinuje postup pro posuzovani zemnicich soustav
vychézejici z vyvojového diagramu normy EN 50522 dopInény o pravdépodobnostni ptistup dle
Obr. 4-2. Jak je patrno z tohoto obrazku, tak vlastni postup pro posouzeni zemnici soustavy dle
EN 50522 neni nijak dotCen, pouze je doplnén o moznost pfistoupit k pravdépodobnostnimu
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posouzeni rizika umrti ¢lovéka doplnéného o analyzu nédkladi a piinosit (CBA) zohlediujici
ucelnost vynalozenych vice-nakladii na upravu zemnici soustavy tak, aby vyhovovala mezni
hodnoté¢ pravdépodobnosti umrti. Jelikoz vychazi ivodni ¢ast diagramu Obr. 4-2 z normy [34],
kde je postup podrobné popsan, bude se dalsi popis vénovat pouze navazujici ¢asti vychazejici
z pravdépodobnostniho posouzeni (bloky 1 az 10).

EN 50522 Basic Design
Determination of I, Z; o 4
from this: U, = I. x Z; 8
Apply additional measures . .
or redesign Apply basic design
- | CBA analyse
Recognized CBA positive?
specified YES
measures M

Appropriate risk reduction:
additional measures
or redisgn

Additional measures
or new design

Calculate coincidence
probability

3

Calculate individual
risk probability

YES
<10°

P

Coinc

10

Obr. 4-2: Integrace pravdépodobnostniho pristupu do stdavajici metodiky pro hodnoceni
bezpecnosti zemnicich soustav

4.3 Vypocet individualni pravdépodobnosti umrti

Klicovou casti pro provedeni pravdépodobnostniho posouzeni bezpecnosti (nebezpecnosti)
navrzené€ zemnici soustavy a ptipadného opatfeni ke zmirnéni rizika je vypocet pravdépodobnosti
umrti ¢loveéka vlivem vyskytu nebezpecnych krokovych ¢i dotykovych napéti (Box 3) a jemu
predchazejici vypocet pravdépodobnosti koincidence dotyku a poruchy (Box 1). Tento krok je
velmi naro¢ny zejména s ohledem na velké mnoZzstvi informaci, které je nutné zjistit ¢i odhadnout
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(estimovat), jako je napf. Cetnost vyskytu ¢lovéka v okoli posuzované zemnici soustavy, doba
vyskytu c¢lovéka v nebezpecnych situacich, ¢etnost poruch zpiisobujicich narist potencidlu
zemnici soustavy, koincidence ¢lovéka a poruchy, a jiné faktory, které je mnohdy slozité do
budoucna korektn¢ odhadnout.

Vzhledem k naro¢nosti vycisleni individualni pravdépodobnosti umrti Prisk, byly pfebrany
postupy a klicové vzorce z prirucky pro hodnoceni zemnicich soustav zpracované Energy
Network Asociation [33]. Tato ptiruc¢ka velmi podrobné zpracovava problematiku a okolnosti pro
vycisleni Pris, které vychazi z australskych provoznich zkuSenosti. Z divodu maximalni
piehlednosti byl postup pro vypocet Prisk maximaln¢ zjednodusen, avsak tak, aby vysledek téchto
zjednoduseni nevedl k zavaznému chybnému snizeni vypocteného rizika utmrti clovéka
V posuzované zemnici soustave.

Individualni pravdépodobnost tmrti Pgisk je mozné vyjadfit pro ro¢ni obdobi dle [33] na
zakladé pravdépodobnosti koincidence porucha/kontakt Pcoinc @ pravdépodobnosti fibrilace Prip
dle vzorce (4.1)

Prisk = Peoine * Frin » (4.1)
kde Pcoinc popisuje ro¢ni pravdépodobnost vyskytu osoby v zon€ vlivu uzemmovaci soustavy
béhem poruchy a lze ji dle [33] vyjadtit jako

b fo-Py(fy+Pg)-T-CRF

- , 4.2
Coine 365-24-60-60 (4.2)

kde f, je pocet zemnich poruch za rok, fy je trvani poruchy v sekundach, p, je Cetnost
pritomnosti ¢lovéka v uvazované situaci za rok, pg je doba trvani pfitomnosti ¢lovéka v dané
situaci v sekundach, T je posuzované obdobi v rocich - pro tento piiklad je uvazovan jeden rok,
CRF je redukéni faktor koincidence respektujici povédomi lidi o nebezpeci vyskytujicich se
Vv blizkosti uzemniovaci soustavy [33] (zakladni hodnota je 1).

Jak vyplyva ze vzorce (4.1), tak soucasti vypoltu Prisk je 1 vypocet pravdépodobnosti
fibrilace pro konkrétni ptipady ohrozZeni. Tato pravdépodobnost je zavisla na dobé& trvani poruchy
béhem kontaktu, na zpiisobu dotyku (ruka/noha/pravé/levd), na ptidavné impedanci (podrazky
bot, rukavice apod.) na impedanci téla, ktera je zavisla na zdrojovém napéti pro dotyk apod. Pro
estimaci pravdépodobnosti fibrilace 1ze pouzit postup popsany v [44], ktery vychazi z meznich
kiivek proudu télem C1 az C3 definovanych v norm¢ IEC TS 60479-1 (2005) [45].

Pokud je uvazovan vice nez jeden rizikovy scénaft, pak se vysledna pravdépodobnost imrti
vypocte jako suma pravdépodobnosti umrti vSech uvazovanych scénait dle vzorce (4.3).

PRisk = Z PFib " PCoinc () (4.3)

kde n je pocet uvazovanych rizikovych scénat.

Urcitého zjednoduseni v pravdépodobnostnim postupu lze dosdhnout pii zanedbani vlivu
pravdépodobnosti fibrilace, kdy budeme uvazovat piipad Prp = 1 ve vzorci (4.3). Pii tomto
piedpokladu bude pravdépodobnost timrti rovna pravdépodobnosti koincidence, tzn. ze kazdy
jednotlivec, ktery bude v Case poruchy v blizkosti zemnici soustavy zemie, resp. dosdhne
fibrilace. Tento pfistup umozni posoudit bezpe€nost zemnici soustavy pouze na zdkladé
prvotniho posouzeni koincidence osoba/porucha, viz. podminka 2 (Obr. 4-2). Pokud tato
podminka neni splnéna (je vysoce pravdépodobny vyskyt osoby béhem poruchy v okoli zemnici
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soustavy), pak je nutné provést vypocet pravdépodobnosti umrti s uvazovani adekvatni
pravdépodobnosti fibrilace pro jednotlivé scénaie dle vzorce (4.3) (viz. blok 3) a nasledné ovéfit
splnéni podminky 4 a 5 (Obr. 4-2).

4.4 Zhodnoceni individualni pravdépodobnosti amrti

Dalsim podstatnym krokem je zhodnoceni vypoctené pravdépodobnosti Prisk S ohledem na
miru rizika imrti. Na zakladé¢ [33] lze rozliSovat tyto urovné rizika:

a) Vysoké nebo netolerovatelné riziko pro Prisk > 10™ - musi se provést opatfeni bez ohledu
na cenu,

b) Stiedni riziko pro P :(10’4;10’6) - musi se zvazit opatfeni vedouci ke sniZeni rizika

s ohledem na efektivnost vynalozenych investic (analyza néklada a ptinosii - CBA analyza),

a) Nizké nebo tolerovatelné riziko Pgis < 10 - riziko amrti je vSeobecné piijatelné, neni
nutné zvysovat bezpecnost pokud to nevybocuje z bézné praxe.

S ohledem na miru v§eobecné ptijatelného rizika je v ptipadé splnéni podminky 4 (Obr. 4-2)
mozné prohlasit navrzené feSeni zemnici soustavy za korektni i v ptipadé nesplnéni normou [34]
definovanych kritérii. Toto je mozné pouze v piipadé, kdy je vycislend individualni
pravd&podobnost umrti mensi nebo rovna vieobecné piijatelné mife rizika Gmrti 10°. Pokud je
vycislend hodnota Pgisk > 10™* (podminka 5 - Obr. 4-2), tzn. jedna se o neakceptovatelné riziko, je
nezbytné provést zménu navrhu ¢i jiné dodateéné opatieni s naslednym posouzenim takto
modifikované zemnici soustavy. V pfipad¢, Ze je vycCislena hodnota Prisk v rozsahu hodnot 10* az
10°®, je moZné rovn&z provést CBA analyzu (Obr. 4-2, blok 7) pro posouzeni ekonomické
efektivnosti zvoleného opatieni (novy navrh nebo ptidavné opatieni - Obr. 4-1, blok 6), které by
zajistilo dodrzeni podminek bezpecnosti. Tento navrh vSak musi byt cilen na maximalni pomér
bezpec¢nosti provozu zemnici soustavy a vynalozenych investi¢nich nakladi.

4.5 CBA analyza rizika

V ramci této analyzy jsou porovnavany naklady za ztratu lidského Zivota zplsobené
nebezpecnym dotykovym napétim v oblasti vlivu posuzované zemnici soustavy s naklady
potiebnymi pro realizaci a ptipadné provozovani zemnici soustavy v inovovaném provedeni dle
kroku 6 (Obr. 4-2). Zhodnoceni analyzy CBA vychazi ze vzorce (4.4)

CBA=VOSL- Py T, PV, (4.4)

0l

kde VoSL je hodnota (cena) ztraceného lidského zivota, Top je obdobi, po které je planovan
provoz predmétné zemnici soustavy (zivotnost zemnici soustavy v rocich), PV je ¢ista soucasna
hodnota realizovanych opatfeni (Uprav) zemnici soustavy, vcetné vicendkladli na provoz
a udrzbu.

Pozitivni vysledek CBA analyzy indikuje, Ze celkové ndklady zmatfeného lidského Zivota
vlivem nedokonalé¢ zemnici soustavy jsou vyssi nezli naklady na ptidavna opatteni ¢i vystavbu
modifikované zemnici soustavy dle nového (z hlediska dotykovych napéti bezpec¢ného) navrhu. V
tomto pfipad€ je nutné realizovat zemnici soustavu dle navrhu s inovovanym designem nebo
S uvazovanim navrzenych pfidavnych opatfeni dle kroku 6. V opa¢ném piipad¢, kdy CBA (4.4)
je negativni, je mozné realizovat zemnici soustavu dle pivodniho navrhu (krok 8, Obr. 4-2) s tim,
7e uSetfené financni prostfedky budou alokovany pro ptipadné odskodnéni za zmateny lidsky
Zivot.
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4.6 Vypocet pravdépodobnosti umrti - pripadova studie

Vyse uvedena metodika pro pravdépodobnostni posouzeni zemnici soustavy bude dale
detailnéji vysvétlena na konkrétnim piipadu zjednoduSené ¢asti distribucni soustavy vysokého
napéti. Pro tento ucel posouzeni pravdépodobnosti rizika je vybrana zemnici soustava distribu¢ni
trafostanice (DTS), ktera je umisténa na radialnim vyvodu z napdjeci transformacni stanice
VVN/VN. Konfigurace této charakteristické testovaci soustavy spolu se zakladnimi parametry je
naznacena na Obr. 4-3.

VVN/VN VN soustava

U, U,'S, U, AP, XX,
el e BT N Us I, R, X, RulR,, |
L XodXoo by b
—
[ [km]
Porucha } DTS
£
Navrzena
- VN/NN VA Nebezpecne
R..x scénare
}RE; LR, I, H
R| | X3 X E | by, EPR,JEPR,, | ; ) AN
[J— P —— o
3 =+ 0

- T T —J, =

v

Obr. 4-3: Zjednodusené schéma prikladné distribucni soustavy pro demonstraci
pravdepodobnostniho pristupu

Navrzend testovaci soustava a jeji charakteristické parametry jsou zvoleny tak, aby
respektovaly provozni stavy, které jsou bézné pouzivany v oblasti evropskych distribuc¢nich
soustav. Z tohoto divodu bude pii vypocltu respektovan zplsob zapojeni nulového bodu
napajeciho transformatoru dané DS jako U¢inn€ uzemnény, izolovany, kompenzovany
a kompenzovany s pomocnym odpornikem. Zplsob zapojeni nulového bodu transformétoru ma
zéasadni vliv na Uroven zemnich poruchovych prouda a jejich dobu trvani. DalSim z hlediska
vypo¢tu podstatnym variantnim feSenim, je zpuisob propojeni zemnici soustavy vysokého
a nizkého napéti. Rozdily v provedeni téchto zemnicich soustav maji podstatny vliv na uroven
EPR (narust potencialu zemnice) postizené zemnici soustavy a na uroven transferu potencialu do
zemnici soustavy nizkého napéti. Jednotlivé rozdily budou detailnéji okomentovany a popsany
v kapitole 4.6.3. Dalsi kli¢ovou provozni odli$nosti, ktera vyznamné ovlivituje pravdépodobnost
rizika, je typ vedeni (venkovni/kabelové vedeni) a zplisob zapojeni stinéni, zemnich lan ¢i dalSich
ndhodnych zemni¢li na posuzovanou zemnici soustavu. Dopad jednotlivych odliSnosti pfii
posuzovani pravdépodobnosti rizika je komentovan v kapitole 4.6.1.

Aby bylo mozné testovaci soustavu co nejvice prizpusobit narodnim zvyklostem pfii
zachovani maximalni pfehlednosti a jednoduchosti, byly vybrany charakteristické parametry
soustavy, které jsou z hlediska vypoctu pravdépodobnosti rizika klicové. Tyto parametry jsou
definovany pro kazdy prvek testovaci soustavy (Obr. 4-3) nasledovné:

a) Soustava VVN

Us je jmenovité/provozni napéti soustavy, f je sitova frekvence, Ik 3, je pocatecni
symetricky zkratovy proud dany soustavou VVN.

b) Napajeci transformator VVN/VN
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U1 je jmenovité napéti primarni strany, Uy, je jmenovité napéti sekundarni strany, S; je
jmenovity vykon transformatoru, Uky, je procentni napéti nakratko, APk jsou celkové ztraty
nakratko, Xor/X171 je pomér netocivé a sousledné slozky podélné reaktance transformatoru.

c¢) Soustava VN

Us je provozni napéti soustavy, Il je kapacitni proud soustavy, Rx a X je rezistance
a reaktance privodniho vedeni na km, Ro/Rik @ Xo/X1k pomér netocivé a sousledné slozky
rezistance a reaktance pfivodniho napdjeciho vedeni, Ig je jmenovity proud uzlového
odporniku, lax je jmenovity proud pomocného odporniku piepocteny na primarni stranu
(kompenzovana soustava s kratkodobym ptipnutim pomocného odporniku).

d) Distribuc¢ni transformac¢ni stanice VN/NN

Re je celkovy zemni odpor poruchou postizené zemnici soustavy, | je vzdalenost zemnici
soustavy od napdjeci rozvodny, Rf je odpor poruchy (respektuje rezistance zpétné cesty
poruchového proudu vyjma Rg - odpor poruchy, zemni odpor napéjeci zemnici soustavy,
apod.), r je redukeni faktor, ps je rezistivita pidy, EPR\/EPR mv je troven pienosu EPR
z MV do LV zemnici soustavy.

4.6.1 Posouzeni pravdépodobnosti vzniku poruchy

Dalsim dulezitym parametrem, ktery vstupuje do vypoctu jsou data o Cetnosti, typu a dobé
trvani jednotlivych poruch v posuzované soustavé. Tyto informace je potieba uchovavat zejména
pro potieby vypoctu pravdépodobnosti koincidence resp. individualni pravdépodobnosti umrti.
V ptipadé, ze podobna data nejsou pro posuzovanou cCast sit¢ znama, lze pouzit data ziskana
Z podobné distribu¢ni soustavy, ptipadné je nutné tyto informace kvalifikovan¢ odhadnout. Aby
bylo mozné vy¢islit pravdépodobnost vzniku relevantnich poruch, tzn. téch, které povedou
k navyseni potencialu posuzované zemnici soustavy, je nutné u sledovanych statistik rozliSovat
jednotliva mista vzniku poruchy (na venkovnim/kabelovém vedeni, na distribu¢nich
transformatorech apod.) a okolnosti jejich vzniku pro posouzeni, zda mohlo dojit k navyseni EPR
vlivem poruchy.

Ptiklad zpracovani statistiky poruch je prezentovan s vyuzitim Tab. 4.1. Tato tabulka uvadi
data tak, aby na jejich zédklad¢ bylo mozné korektné vycislit pravdépodobnost timrti s vyuzitim
vysSe popsaného zpusobu. Tabulka sdruzuje thrnnou statistiku jednotlivych typti poruch pro
jednotlivé typy soustav, pficemz je zde rozliSovana cetnost poruch na kabelovém, resp.
venkovnim vedeni a v jednotlivych DTS, ktera je dale kategorizovana dle ¢asu/zpisobu vypnuti,
a to na vyvodovou ochranu a pojistku, jak je naznaceno na Obr. 4-4.

Obecné je za uelem zvySeni pfesnosti vypoctu vhodné zpracovavat tuto statistiku pro
jednotlivé ¢asti distribuéni soustavy, napf. pro oblasti napijené z jednoho napdjeciho
transformatoru VVN/VN.
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Tab. 4.1: Priklad vedeni rocni statistiky poruch pro potieby uplatnéni pri aplikaci
pravdeépodobnostniho pristupu

Zems: CR PDS: smysleny Rok: 2019-2020
Pocet poruch . R e = ARC
el - Poget poruch v DTS ozsah sité | Pocet
Napétova TYP | 1yp poruchy | _na vedeni venkovni/ka | DTS | (opétovné
hladina | soustavy - lové (k K .
Kabel |Venko.| Ochrana | Pojistka | belové (km) | (ks) | zapnuti)
L-N 5 120 20 X 0
VN | kompenzo 50000/500 | 2500
vana dvojité L-L 2 6 1 X 0,3
= L-N 10 10 1,6 X 0,3
vN | odporové 3000/1300 | 200
uzemnena | dyojité L-L 0 0 0 X 0,3
L-N 3 20 2 X 0
VN Izolovana 5000/20 250
dvojité L-L 0 4 0,1 X 0,3
L-N 4 20 4.4 X 0,3
VN uenne | LN 2 6 0,5 X 10000/1000 | 550 0,3
uzemnéna
dvojité L-L 0 0 0 X 0,3

V ramci fteSeného piipadu na Obr. 4-3 lIze rozeznavat z hlediska posuzovani
pravdépodobnosti vzniku poruchy dva piipady, které se lisi zejména v mnozstvi uvazovanych
poruch s naslednym vznikem EPR na posuzované zemnici soustavé DTS. Rozdilné pfistupy jsou
charakteristické pro zplsob pfipojeni napajeciho vedeni s ohledem na k zemnici soustavé
pfipojena stinéni ¢i zemni lana.

a) DTS napajena venkovnim vedenim nebo kabelovym vedenim bez uzemnéného
stinéni

V ptipad€ venkovni distribu¢ni soustavy (venkovni vedeni bez zemnich lan) mlze dojit ke
vzniku EPR v piipadé, ze dojde k zemni poruse (L-N, L-L-N, dvojitému zemnimu spojeni ¢i
nesoumistnému zkratu - dvojité L-L) na distribuénim transformatoru, jak naznacuje Obr. 4-4.
V tomto piipadé je redukéni Cinitel r roven 1 (Ize uvaZovat pouze redukéni pomér smérem
k zemnici soustavé NN) a pfi vypoctu je respektovana pouze Cetnost zemnich poruch vzniklych
na distribuénim transformétoru (hodnocené zemnici soustavé dané DTS). Podobny pftistup lze
vyuzit i v ptipad¢ kabelové soustavy, kdy stinéni kabelu neni napojeno na zemnici soustavu DTS.

Pokud se vzorec (4.2) pii uvaze T = 1 rok a CRF = 1 upravi do podoby

P o pn'(Kn+Fn'pd)
coine — 365.24-60-60

(4.5)

pak lze pro tento piipad vypocist jednotlivé koeficienty F, (celkovy pocet poruch za rok)
a K, (celkova doba trvani poruch za rok) na zakladé vztaht (4.6) a (4.7).

Fn = fnP_DTS (l"' ARC) + an_DTS ) (4.6)

kde foe prs nebo fue prs je roéni Cetnost zemnich poruch v DTS vypnutych vyvodovou
ochranou (index P) nebo pojistkou (index F), ARC je pravdépodobnost Ze porucha je po aplikaci
opétovného zapnuti (OZ) stale pritomna/neuspésny OZ (pokud neni OZ pouzito pak ARC = 0).

K, :( fnP_DTS 1o ) -(1+ ARC) + an_DTS -, 4.7)

kde tp je vypinaci ¢as vyvodové ochrany, tr je vypinaci ¢as VN pojistky.
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b) DTS napajena kabelovym vedeni s uzemnénym stinénim

V ptipadé kabelové distribu¢ni soustavy, kdy je stinéni kabelti pfipojeno k posuzované
zemnici soustavé muze dojit ke vzniku EPR vlivem zemni poruchy jak na distribu¢nim
transformatoru (porucha F2), tak i na vlastnim kabelu (porucha F1) jak ukazuje Obr. 4-5. V obou
piipadech je nutné uvazovat pii vypoctu s pravdépodobnosti vyskytu vsSech téchto poruch
a prislusnym reduk¢nim faktorem r. Jednotlivé koeficienty F, a K, lze v tomto ptipad¢ vypocist
na zaklad¢ nize uvedenych vztah (4.8) a (4.9).

F, :( fn_Line e + fnP_DTS)(1+ ARC) + an_DTS ' (4.8)

kde fn Line je ro¢ni Cetnost poruch na 1 km vedeni, které ma pfipojeno stinéni (zemni lano) na
posuzovanou zemnici soustavu, | e je délka vedeni jehoz stinéni je pfipojeno k zemnici soustavé
DTS.

Kn :( fn_Line 'ILine + fnP_DTs)'tP '(1+ ARC)"‘ an_DTS T, (4-9)
VNINN VNINN
neuzemnépé stinénl’ IF DTS / IF2 DTS—E
venkovni vedeni ‘ M”Y A ., P < ) > - M//’ @}
T NN 777 < 7Y v 277 NN
J v — .
O - I,
Vi=k  pen T PEN
|
UEF’R UEPR
-Z— RDTS ) _Z_ RDTS =
Obr. 4-4: Priklad poruchy v DTS Obr. 4-5: Priklad poruchy na kabelovém vedeni
zpiisobujici EPR s prizemnénym stinénim zpusobujici EPR

4.6.2 Uvazované rizikové scénare

DalSim klicovym krokem je definovani moznych scénaiti, které jsou z hlediska vyskytu
nebezpecnych dotykovych napéti v okoli posuzované zemnici soustavy rizikové. Pro jednotlivé
scénafe je nutné definovat parametry, které jsou nezbytné pro vypocet pravdépodobnosti umrti,
tj. Cetnost dotyku pn (Cetnost vyskytu daného scénaie) pro osobu a rok, predpokladanou délku
trvani dotyku pg a dale pak parametry, které umoZzni zhodnotit vyskyt nebezpe¢ného dotykového
napéti béhem daného scénéfe, tj. ptidavna izolace (boty, rukavice apod.) a procentudlni uroven
zdrojového napéti pro dotyk vztazeného k napéti EPR hodnocené zemnici soustavy Uvepr.
Piiklad scénaid pro uvazovanou studii je uveden v Tab. 4.2. Veskeré uvedené scénaie uvazuji
S pfenosem potencidlu na zemnici soustavu NN, kde mohou zpisobit nebezpecna dotykova ¢i
krokova napéti. Oc¢ekavané dotykové napéti je pro jednotlivé scéndie pocitdno na zéklad¢ faktoru
Uterr, ktery definuje o¢ekavané dotykové napéti jako procentualni hodnotu vzniklého EPR viz
(4.112).
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Tab. 4.2: Respektované rizikové scénare pro posouzeni rizika umrti

. Obuv | Utepr Pn Pd [S] . Pravdépodobnost
dziové sobndre | 1000 [ g | Komakt | FORGTN | Podminky | impedance |, (B
Q /rok lidského téla

a) Sprcha Ano 30 1000 4 Velka VlIhko 50% LHBF

I Ne | 50 100 4 Velké | Vihko 50% LHBE
kohoutek

c) | Kuchynsky dfez | Ne 20 3000 4 Velka VIhko 50% LHBF

d) | Pradelna/pracka | Ne 30 300 4 Velka Sucho 50% BHBF
Naradi v

e) ggﬂ]‘r‘]’fg Ano | 40 100 4 Velka | Sucho 50% BHBF
soustavy

Néradi vzdalené

g Gzl Ano | 80 10 4 Velka Vihko 50% BHBF
soustavy
(michacka)

Pozn.: LHBF — levd ruka obé nohy, BHBF obé ruce obé nohy

4.6.3 Provoz posuzované zemnici soustavy a transfer potencialu

Zasadni vliv na posouzeni dotykovych ¢i krokovych napéti, a tedy i na stanoveni
pravdépodobnosti imrti ma zptisob provedeni posuzované zemnici soustavy a jejiho ptipadného
napojeni na dal$i zemnici soustavy. V piipadé¢ hodnoceni bezpe€nosti zemnici soustavy DTS
mohou nastat dva piipady. V prvnim ptipadé je zemnici soustava VN (dané DTS) piimo
propojena se zemnici soustavou NN (PEN vodicem) jak zobrazuje Obr. 4-4 a Obr. 4-5. V tomto
pripad¢ se celé EPR pienese na PEN vodic, ktery pfenese nebezpecny potencial az ke konecnym
odbératellim, kde je riziko vystaveni osob nebezpe¢nym napétim nejvyssi. V druhém piipade je
zemnici soustava VN odd¢lena od soustavy NN, v tomto piipadé mize byt rovnéz ¢ast potencidlu
z VN pienesena do zemnici soustavy NN v zavislosti na jejich vzajemném uspofadani, jak
ukazuje Obr. 4-6.

I
; PEN
v :
UEPR ! ! . dLV 5 ! !
V MV RLV

UEPR,MV 100% E—-

UEPR,LV 25% E d
a%-l: ----------------------------- >

Obr. 4-6: Transfer potencidlu z VN zemnici soustavy do NN

Zptusob provedeni obou zemnicich soustav je v ramci studie prezentovan pomeérem
EPRLV/EPR wmv, ktery udava miru EPR, kterd se pfenese z VN zemnici soustavy do NN. Pro
ptipad propojenych zemnicich soustav je tento pomér roven jedné a pro ptipad uvedeny na Obr.
4-6 pak 25 % resp. 0.25 p.u. (zjisténi tohoto koeficientu je mozné vypoctem ¢i méfenim).
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Vypocet napéti Ugpr v zemnici soustavy nizkého napéti 1ze pak provést na zaklad¢ vztahu
(4.10)

Ueger v =Re -l -(EPR,, /EPRy, ), (4.10)

kde Re je celkovy zemni odpor poruchou postizené soustavy a lg je zemni poruchovy proud
(Ie=1£*r), r je redukeni faktor. Pro zemni odpor Re v piipadé propojenych zemnicich soustav VN
a NN plati Ru//RLy a v pfipad¢ oddélenych zemnicich soustav Rg = Ryy, pfi¢emZz v daném
ptipadé¢ je hodnota Ryy dana zemnim odporem navrzené DTS, ktera je urena dle jejiho
geometrického uspotradani a uvazované resistivity pudy.

Vlastni zdrojové napéti pro dotyk lIze pak pro jednotlivé scénaie viz Tab. 4.2 vypocist
nasledné

UVT :UEPR_LV 'UT/EPR . (4.11)

4.6.4 Vypocet zemniho odporu

Jak vyplyva z rovnice (4.10), tak kliCovym parametrem pro posouzeni bezpec¢nosti zemnici
soustavy je odpor zemnici soustavy. JelikoZ jeho hodnota ma zasadni vliv na posouzeni
bezpecnosti, je nutné ji vycislit postupem, ktery bude co nejvérnéji kopirovat realné provozni
podminky. Postupy uplatiované na vypocet zemniho odporu dle soucasné platnych norem
vychazi obecné z analytického feSeni pfi respektovani homogenni rezistivity pidy. Pravé tento
zjednodusujici predpoklad mize s ohledem na realné podminky vést k vyraznym odchylkdm pfi
jejiho rozlozeni béhem Zivotnosti zemnici soustavy. Vhodnou alternativou k analytickym
postupiim je numerické feSeni rozlozeni elektromagnetického pole s vyuzitim SW aplikaci. Tyto
aplikace vyuzivaji pro vypocet elektromagnetického pole nejcastéji metody konecnych prvki
s respektovanim 3D modelu jak navrzené zemnici soustavy, tak i1 skladby a rozlozeni rezistivity
pidy. Vzhledem k piitomnosti komerénich SW nastroji (napi. CDEGS [46]), které jsou
optimalizovany specialné¢ pro potfeby analyzy rozlozeni elektrického pole v oblasti zemnici
soustavy za Ucelem vypoctu zemniho odporu ¢i zhodnoceni vyskytu dotykovych/krokovych
napéti, transferu potencialu do blizkych metalickych ¢asti apod., je vyuziti podobnych néstroji
vhodngjsi volbou. Problematice posouzeni rozdilnosti obou vy$e zminénych metod (analytické
vs. numerické) v kontextu uvazovani nehomogenity rezistivity pidy se vénuje detailné piispévek
uvedeny v pfiloze (Pfiloha 3 - P3.B). V tomto piispévku je detailné popsan postup pro estimaci
zemniho odporu tfi vybranych zemnicich soustav pfi uvazovani dvouvrstvého modelu pudy
s variabilni hloubkou horni vrstvy. Konfrontovan je analyticky vypocet vychazejici z piedpisu
platnych norem ([47][43]) spolu s numerickym feSenim metody kone¢nych prvkil v programu
Ansoft Maxwell. Ptiklady chyby v ur¢eni zemniho odporu kioskové DTS zobrazené na Obr. 4-7
pii uvazovani nehomogenniho rozlozeni rezistivity pudy jsou pro ilustraci uvedeny v Tab. 4.3.
Dané tabulka zobrazuje nékolik scéndit rozloZeni rezistivity pidy pfi uvazovani dvouvrstvého
modelu, kde p; je rezistivita horni a p, spodni vrstvy, ppne J€ rezistivita uréend z dvouvrstvého
modelu pro potieby aplikace analytického feSeni (ur€eno Wennerovou metodou z modelu v
Ansoft Maxvell), h je hloubka horni vrstvy, Regm je zemni odpor uréeny z numerického feseni
elektromagnetického pole, Rpne je zemni odpor uréeny z analytického feSeni a AR je procentualni
rozdil analytického a numerického feSeni.
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Tab. 4.3: Rozdil v estimaci zemniho odporu kioskové DTS pri analytickém a numerickém zpiisobu
reseni

palp: PPNE h Rrem Rene AR

[©2m] [@m] [m] [2] [2] [%0]
100/100 100 Homogenni 4.73 4.59 3.0
500/100 119.1 0.2 4.87 5.46 12.3
40/100 8l.1 4.56 3.72 18.5
500/100 252.2 5.06 11.57 128.8
40/100 60.7 05 4.29 2.78 35.2
500/100 376.3 1 7.40 17.26 133.1
40/100 49.1 3.51 2.25 36.0
500/100 495.0 5 17.00 22.70 335
40/100 40.5 2.46 1.86 24.5

Vysledky zpracované pro dalsi dvé bézné pouzivané konfigurace zemnicich soustav DTS
jsou prezentovany v priloze (Pfiloha 3 - P3.B). Z vysledkt obecné vyplyva, Ze analytické feSeni
(dle PNE 33 0000-4) je daleko konzervativné&jsi, pficemz v piipadé vyssi rezistivity prvni vrstvy
pudy muze vést k vyraznému ptredimenzovani zemnici soustavy, respektive k nadbyte¢nému
zvySeni spocétené pravdépodobnosti umrti. Z tohoto divodu je pro piesnéjsi posouzeni rizika
urazu vhodnéjsi vyuzivat SW aplikaci analyzujicich elektromagnetické pole zemnici soustavy
nezli analytickych feseni.

4.6.5 Parametry testovaci distribuéni soustavy

Pro prezentaci pravdépodobnostniho hodnoceni bezpecnosti zemnicich soustav jsou v této
¢asti definovany parametry testovaci soustavy. Pro srovnani jsou uvazovany tfi zdkladni provozni
stavy 22 kV distribu¢ni soustavy a to: kompenzovany provoz s piipindnim pomocného odporniku
(dodatecny proud 20 A), izolovany, odporové uzemnény (odpornik 1 kA) a uc¢inné uzemnény
(pouze pro srovnani dopadu na bezpecnost provozu). Jednotlivé provozni stavy vychazi ze stejné
konfigurace soustavy zobrazené na Obr. 4-3, jejiz parametry jsou souhrnné uvedeny nize.

a) VVN soustava: Us = 110 kV, f =50 Hz, Ik 3, = 15 kA

b) Napajeci rozvodna VVN/VN: U, =110kV, U, = 22kV, S;=40 MVA, Uk =10%,
APk = 0,09 MW, XOT/XlT = 1,5

c) VN soustava: Us = 22 kV, I, = 200 A, Rk = 0,224 Q/km, Xy = 0,287 Q/km, Rok/Rik = 1, Xok/X1k
=1,1rg=1000 A, l,;x =20 A

d) Distribu¢ni transformator VN/NN: Re (je dopocteno dle ps), | = 20km, Ry =5Q, r =1,
Ps = 100 Qm, EPRLv/EPR_MV =1

Provedeni posuzované zemnici soustavy DTS je zobrazeno na Obr. 4-7. Rezistance této
zemnici soustavy je vypocten s vyuzitim analytického feSeni daného geometrického provedeni
jako Rprs = 0,04556-ps a rezistance zemnici soustavy NN je vycislena za piedpokladu Rpen =
ps/100 (Rpen = 2 Q pro ps< 200 Qm). Vysledna celkova rezistance propojené zemnici soustavy
VN a NN je pak spoctena jako Re = Rprs // Rpen.
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ty¢ovy zemnic 1,2 m

=

I m Il m

0.9 m
4,9 m

A

Obr. 4-7: Konstrukcni provedeni posuzované zemnici soustavy distribucni trafostanice

1,5m

Pro studii jsou uvazovany rizikové scénare definované v Tab. 4.2 a pro statistiku poruch jsou
pouzita data z Tab. 4.1. Detailni popis postupu vypocétu je uveden v pfilozené publikaci viz
Ptiloha 3 - P3.B.

4.7 Vyhodnoceni a analyza pravdépodobnosti umrti

Pro porovnani jsou v Tab. 4.4 zobrazeny vypoctené celkové pravdépodobnosti umrti Pyisk pro
jednotlivé zptisoby provozu testovaci DS. Jak je patrno z tohoto srovnéani, tak mezni hodnota 107
nebyla ptekrofena ani v jednom piipad¢. Proto s ohledem na postup uvedeny na Obr. 4-2 Ize
ptistoupit k realizaci zemnici soustavy dle ptivodniho navrhu i v ptipadé€, Ze by nebylo mozné
naplnit kritéria definovana normou CSN EN 50522. Zde je nutno zminit, Ze tato norma na rozdil
od aplikovaného pravdépodobnostniho pfistupu neuklddd povinnost posuzovat bezpecnost
provozu soustavy pro piipady dvojitého zemniho spojeni, které s piihlédnutim k trovni
poruchového proudu a béznym hodnotdm rezistanci zemnicich soustav jsou z pohledu
dotykovych napéti velmi nebezpecné. Pii vzijemném porovnani lze rovnéz zhodnotit vliv
zapojeni uzlu napdjeciho transformatoru na bezpecnost provozu, kde na zdkladé vstupnich
parametru (Viz kap. 4.6.5) a provoznich piedpokladl testovaci soustavy (viz. Tab. 4.1) je nejméné
bezpecny jeji provoz jako G¢inné uzemnéné a nejvice bezpetny pak provoz kompenzovany.
V Tab. 4.4 jsou dale uvedeny dil¢i pravdépodobnosti umrti strukturované dle rizikového scénare
a typu poruchy pro uvazované poméry v DS a Cetnosti poruch. Na zaklad¢ téchto dil¢ich
pravdépodobnosti 1ze rovnéZ posoudit vliv jednotlivych poruch na pravdépodobnost umrti pro
jednotlivé rizikové scénafe, na zékladé cehoZ lze zhodnotit moZné kroky pro optimalizaci
provozu DS za uelem zvySeni jeji bezpecnosti.

Pro dany pfipad je nutné podotknout, Ze s ohledem na odliSnou Cetnost poruch pro jednotlivé
provozy DT (viz. Tab. 4.1), je nutné pohlizet na dané vysledky jako na vysledky nékolika
riznych DS. Nelze tedy vtomto piipadé¢ provadét piimé porovnani vlivu zapojeni uzlu
napajeciho transformatoru na bezpecnost, resp. individualni riziko imrti.

Obecné Ize konstatovat, Ze navrzené a prezentované feSeni vypoctu pravdépodobnosti timrti
lze tedy vyuzit nejen pro ucely hodnoceni bezpecnosti navrzené zemnici soustavy, ale i pro Gcely
posouzeni vlivu zplsobu uzemnéni uzlu dané DS ¢i pro uUcely posouzeni vlivu cetnosti
jednotlivych poruch, doby trvani poruchy (zména nastaveni vypinacich charakteristik ochran)
aurovni poruchového proudu na bezpecnost provozu, napi. pro uclely vhodné volby
bezpecnostnich opatieni, jako je moZnost vyuziti izolovanych vodicii, kabelovych vedeni apod.
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Tab. 4.4: Souhrnna tabulka dilcich a vyslednych individuadlnich pravdépodobnosti umrti

Scen. U¢inné | Izolovana | Odporova | Kompen. | Komp.+R
a) | 5,79e-07 | 5,19E-08 | 1,50E-09 | 1,27E-20 | 4,22E-18
b) | 1,39E-07 | 7,69E-08 | 3,77E-08 | 3,45E-16 | 3,96E-15

> c) | 563E-08 | 2,72E-09 | 2,44E-12 | 2,63E-25 | 2,38E-21

= d) | 3,90E-07 | 1,12E-07 | 3,13E-08 | 2,21E-19 | 6,16E-18
e) | 2,04E-08 | 7,68E-09 | 6,71E-11 | 1,27E-21 | 4,22E-19
f) | 1,34E-08 | 1,04E-08 | 3,59E-09 | 3,42E-13 | 4,61E-13
a) 0 2,56E-08 0 2,56E-08 | 2,56E-08
b) 0 6,94E-09 0 6,94E-09 | 6,94E-09

j;’ c) 0 2,05E-09 0 2,05E-09 | 2,05E-09

g d) 0 1,91E-08 0 1,91E-08 | 1,91E-08
e) 0 8,67E-10 0 8,67E-10 | 8,67E-10
f) 0 6,63E-10 0 6,63E-10 | 6,63E-10
a) | 3,55E-09 0 0 0 0
b) | 1,13E-08 0 0 0 0

z c) | 2,77E-11 0 0 0 0

i d) | 1,69E-08 0 0 0 0
e) | 1,22E-10 0 0 0 0
f) | 9,40E-10 0 0 0 0

Prisk 1,23-06 3,17E-06 | 7,41E-07 | 5,52E-08 | 5,52E-08

4.7.1 Citlivostni analyza vstupnich parametru

Pfi posuzovani bezpecnosti libovolné zemnici soustavy je nezbytné zhodnotit moZnost vlivu
chybné stanovenych vstupnich parametra ¢i jejich mozny vyvoj v Case. JelikoZ vypocet rizika
muze vychazet z nepfesnych ¢i chybné estimovanych parametrii, které mohou vyrazné ovlivnit
vyslednou pravdépodobnost umrti, je nutné provést citlivostni analyzu ¢i alespot zhodnoceni
jejich mozného dopadu na bezpecnost provozu. Piikladem miZe byt zejména rezistivita pudy,
kterd se v ¢ase méni (vliv povétrnostnich podminek), podobné jako €etnost poruch, vyskyt osob,
vypinaci ¢as apod. Pro objektivni posouzeni rizika a doloZeni vyvoje pravdépodobnosti umrti
S ohledem na zménu, resp. uvazovanou chybu odhadnutych vstupnich parametri ptipadové
studie, je provedena citlivostni analyza nize uvedenych parametri.

Parametry zvolenych rizikovych scénari:

fn - procentni hodnota ¢etnosti poruch vztazena k hodnotam v Tab. 4.1
Pn - procentni hodnota Cetnosti vyskytu za rok vztazena k hodnotam v Tab. 4.2
Pd - procentni doba trvani dotyku vztazena k hodnotam uvedenym v Tab. 4.2

Urepr - procentni hodnota ocekavaného dotykového napéti vztazené k hodnotdm uvedenym
v Tab. 4.2
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Re - procentni hodnota odporu zemnici soustavy vztazena k zakladni hodnoté odporu
vypocteného pro ptipad ps = 100 Qm

Kazdy z uvedenych vstupnich parametrt je v rdmci citlivostni analyzy ménén v rozsahu od
50 % do 150 %. Vysledné hodnoty pravdépodobnosti imrti jsou pak vyneseny jako procentualni,
vztazené k zakladni hodnoté uvedené v Tab. 4.4 jednotlivych zpisobu provozu DS. Nutno
poznamenat, Ze pro tuto piipadovou studii je vliv parametrd f, a p, na pravdépodobnost umrti
totozny, jak vyplyva z rovnice (4.2). Piiklad provedené citlivostni analyzy pro pripad
kompenzované soustavy s pfipinanim pomocného odporniku je uveden na Obr. 4-8.
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Lol \ \ || =—-— p(%)
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Obr. 4-8: Pomérny viiv vstupnich parametrii rizikovych scénari na pravdépodobnost vimrti pro
kompenzovanou soustavu s pomocnym odpornikem

V rémci citlivostni analyzy byl déale posuzovan 1 dopad zmény niZe uvedenych
charakteristickych parametri:

tclear - Vypinaci ¢as, rozsah od 33 % do 500 % uvazovaného vypinaciho ¢asu

Ofeeder - vzdalenost poruchy, rozsah od 0,5 km do 50 km

r - redukc¢ni faktor, rozsah od 0,1 do 1

ps - rezistivita pady, rozsah od 100 Qm do 5000 Qm

Rt - odpor poruchy, rozsah od 0 Q do 20 Q

EPRLV/EPR mv - pomér pfenesen¢ho potencidlu (EPR) ze zemnici soustavy VN do NN,

rozsah od 50 % do 100 %

Vysledky této analyzy jsou prezentovany na Obr. 4-9.
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Obr. 4-9: Citlivostni analyza parametrii pripadové studie pro kompenzovanou soustavu
S pripindanim pomocného odporniku

Zhodnoceni senzitivity individualni pravdépodobnosti arazu na vstupni parametry:

Rezistivita pudy - Vyrazny vliv rezistivity pidy na pravdépodobnost urazu lze spatiovat
zejména v oblasti rezistivity 100 - 1500 Qm, kde pii navySeni hodnoty nad 650 Qm dochazi
k ptekroceni meze stfedniho rizika a pii piekroceni 1360 Qm k piekroceni neakceptovatelného
rizika. S ohledem na tento typ analyzy lze posoudit, zda v pribéhu doby Zivotnosti zemnici
soustavy je podobny nariist rezistivity pidy realny, pokud ano, pak je tteba zvazit dalsi opatieni.
Dale je patrné, Ze pravdépodobnost amrti konverguje k hodnots 1,38:10° pii ps> 3 kQm, toto
riziko odpovida pravdépodobnosti koincidence vSech uvazovanych rizikovych scénai a poruch,
tzn. stavu, kdy je pravdépodobnost fibrilace 100 %. V pribchu rizika jsou dale patrné dvé
diskontinuity, prvni z nich (100 - 200 Qm) je zapfi¢inéna zjednoduSenym vypocétem odporu
zemnici soustavy, kde je pro odpor NN soustavy uvazovano s Rpey = ps/100 pro ps> 200 Qm
aRpen= 2Q pro ps<200 Qm. Druha diskontinuita (200 - 400 Qm) respektuje saturaci
pravdépodobnosti trazu na hodnotu koincidence dvojitého zemniho spojeni L-L-N (3,2:107), tzn.
pravdépodobnost fibrilace v souvislosti s touto poruchou se blizi 100 %.
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Vypinaci ¢as - Zde je patrnd konvergence pravdépodobnosti urazu pii maximalnim
vypinacim &asu k hodnotd 3,2:107. Tato hodnota odpovida koincidenci dvojitého zemniho
spojeni, kdy se pravdépodobnost fibrilace blizi 100 % (ptipad, kdy je vypinaci ¢as 250 % vychozi
hodnoty, viz. Obr. 4-9).

Rezistance a vzdalenost poruchy - Negativni vliv téchto parametrti na pravdépodobnost
umrti je vyloucen, jelikoz vzdalenost poruchy mé zanedbatelny vliv a je dana topologii soustavy,
pti¢emz vzrustajici odpor poruchy povede ke sniZeni rizika, jak je patrno z Obr. 4-9

Redukéni faktor - Gradient této zavislosti je znacny, jak vyplyva z Obr. 4-9. Z tohoto
davodu je nezbytné respektovat moznou zménu redukcéniho faktoru v case (koroze apod.)
u pfipadd, kdy byla zvolena vychozi hodnota nizsi nez 1.

Transfer potencialu EPR,\/EPRyy - Vliv tohoto parametru na vysledné riziko trazu je
shodné jako v piipadé redukcniho faktoru.

4.8 Shrnuti

Na zéklad¢ popisu pravdépodobnostniho piistupu a ptikladové studie lze dolozit, Ze
pravdépodobnostni pfistup ma pomérné Siroky potencidl pro jeho vyuziti v oblasti posuzovani
definované meze. Pravé v téchto pfipadech je aplikace deterministického zpusobu znaéné
neefektivni a miize vést k porusovani predepsanych postupl. Z tohoto ditvodu a praveé v téchto
ptipadech je vhodné pfistupovat k objektivnimu posuzovani rizika tmrti ¢lovéka, coz nabizeji
praveé pravdépodobnostni pfistupy. Na druhou stranu je nutné si uvédomit riziko, které mtze byt
Spojeno se zna¢noOu nepiesnosti vstupnich parametrti a problematickym definovanim potencialné
nebezpeénych scénaiti pro posouzeni miry rizika. Aby bylo mozné tuto nevyhodu v maximalni
mife eliminovat, je nutné ze strany provozovatell distribu¢nich/pienosovych soustav
monitorovat, resp. vést statistiky relevantnich parametrt, jako je ro¢ni Cetnost poruch, typy
poruch, pfi¢ina poruchy, doby trvani poruchy, podil poruch ptsobicich EPR v soustavé apod.
Detailné a dlouhodob¢ vedena statistika poruch je nezbytnou podminkou pro vyuziti jakéhokoliv
pravdépodobnostniho ptistupu pro hodnoceni zemnicich soustav. V souvislosti s timto ukolem je
rovnéz nezbytné také realizovat studie ¢i redlnd méfeni, ktera mohou popsat problematiku
transferu potencialu, trovné dotykovych napéti vztazené k EPR, které napomohou definovat
kritické scénafte, a to pro jednotlivé typy zemnicich soustav.

4.9 Prinos autora k dané problematice

ZkuSenosti autora v problematice bezpec¢nosti provozu distribu¢nich soustav byly aktivné
uplatnény v pracovni skupiné JWG (Joint Working Group) B3.35 organizaci CIGRE a CIRED
(aktivnim ¢lenem 2/2014 az 9/2018). V ramci této pracovni skupiny vznikla technicka ptirucka
(Substation earthing system design optimisation through the application of quantified risk
analysis) v rozsahu 198 stran, popisujici detailné vsechny aspekty problematiky navrhovani
zemnicich soustav s vyuzitim kvantifikace rizika [48]. Vysledky této prace budou dale vyuzity pfi
tvorbé mezinarodnich norem (napft. revize EN 50 522) a pravidel zajistujicich bezpe¢ny navrh
aprovoz zemnicich soustav jak na urovni distribuni soustavy, tak i1 pienosové soustavy.
Vysledky byly rovnéz prezentovany v ramci pracovnich skupin CIRED a CIGRE. V ramci oblasti
Ceskych distribu¢nich soustav je piinos autora patrny v oblasti zpracovani navrhu nové
podnikové normy, ktera je planovana jako nahrada stavajici CSN 33 30770, jejiz cilem je
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revidovat a optimalizovat bezpecnostni kritéria tak, aby byl mozny provoz soustav s kapacitnim
proudem piekracujici limity uvedené v dosud platné CSN33 30770.
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BUDOUCI VYZVY A CILE

Velmi konzervativni elektroenergetické odvétvi prochazi v soucasné dobé dynamickym
vyuziti elektrické energie z obnovitelnych zdroji. Jak bylo popsano v uvodu prace, tak tyto
trendy maji ¢i mohou mit pomérné zasadni dopad jak na spolehlivost, tak i bezpecnost provozu
distribucni soustavy. To je také dlivodem, pro¢ byly dosavadni odborné aktivity autora zaméteny
primarné na tuto oblast. S ohledem na rozsah dané problematiky a zachovani ptehlednosti byla
vramci této prace konkretizovana tii témata, tj. lokalizace poruch, omezeni pruchodu
poruchového proudu a vyuziti pravdépodobnostniho pfistupu pro hodnoceni bezpecnosti
zemnicich soustav, kterd jsou detailnéji popsana a S vyuzitim publikaci autora komentovéana
V kapitolach 2, 3 a 4. Vlastni pfinosy autora k témto tématiim jsou uvedeny jednotlivé u dil¢ich
kapitol. S ohledem na budouci rozvoj DS a na pozadavky pro zvySovani jeji kvality je rovnéz
nezbytné nutné definovat klicové vyzvy.

Na zaklad¢ soucasného stavu poznani autora se jevi jako nezbytné nutné v budoucim vyvoji
provozu DS upiednostiiovat spise ,,pro-technicka‘ feSeni nad feSenimi, kterd jsou zcela tendenéni
a mohou spiSe vychazet z ptilisného tlaku zajmovych skupin na instalaci novych indikacnich,
m¢éficich a ochrannych zatizeni bez jasné definovanych technickych pozadavki, coz ve vysledku
znemoznuje zcela ¢i vérohodné naplnit ocekavané cile. Pravé prosazovani pfedem dostatecné
uvazenych, technicky propracovanych a s ohledem na technologické pozadavky, a tedy i cenu,
pfiméfenych feSeni, lze povazovat za jeden z hlavnich globélnich cil, ktery by mél byt do
budoucna naplnovan odbornou vetejnosti.

Budouci vyzvou bude jednoznatné vyvoj systémi pro komplexni sbér a vyuziti dat
Z méficich zafizeni, jako jsou monitory napéti ¢i kvality instalované v DTS, elektroméry apod.
Pro maximalizaci vyuziti téchto dat bude nutné formulovat pro PDS uzite¢né funkce a s ohledem
na tyto funkce nasledné volit pozadavky na podobna zafizeni. Lze ptfedpokladat, ze jednim
z hlavnich cild bude wvyuziti voblasti indikace nezadoucich provoznich stavi,
optimalizace/rekonfigurace zapojeni na zakladé monitorovanych parametrii, vypocet indext
kvality elektrické energie ¢i indexli kondice jednotlivych oblasti DS. Monitorované parametry
soustavy lze rovnéz vyuzit 1 v oblasti indikace neZadoucich zpétnych vlivli ze strany DER, které
mohou vést jak k nadbytecnému vypinani téchto zdroju, tak i k vyznamnym finan¢nim skodam ¢i
zvySovani rizika Urazu.

ZvySovani spolehlivosti a problematickd vystavba venkovnich vedeni sebou do budoucna
nese pozadavek na rostouci kabelizaci, kterd ve svém vysledku povede k vyraznému ovlivnéni
provoznich aspektl distribuénich soustav. Proto dalsi vyzvou, kterou je nutné se do budoucna
zabyvat, je definice bezpe€nostnich kritérii pro provoz zejména smisenych soustav v podminkach
zvySujiciho se celkového kapacitniho proudu soustavy. Vzhledem k zasadnimu dopadu na
bezpecnost, a tedy i systém chrnéni, Ize za cil povazovat stanoveni meznich kritérii a pozadavkl
pro provoz smiSenych soustav VN, které¢ by umoznily bezpecny a spolehlivy provoz i pii
vyrazném navyseni poctu kabelovych vedeni.

Z pohledu aplikace pravdépodobnostnich pfistupti pro hodnoceni bezpecnosti zemnicich
soustav je nezbytné shromazd’ovat a vhodné klasifikovat informace o vyskytu poruch
a o0 rizikovych scénafich, které mohou v béznych provoznich podminkéch nastat. Za cil Ize tedy
povazovat centralni registraci a klasifikaci poruch, které umozni selektovat relevantni statistiky
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pro rizné optimaliza¢ni a kvantifikaéni tlohy, jako je napft. v kapitole 4 zminéna kvantifikace
rizika urazu. V oblasti kvantifikace rizika pak muize byt dil¢im cilem studie jevi vedoucich

k pfeneseni potencialu do mist s vyznamnym vyskytem osob a soucasné i studium moznych
rizikovych scénaru a jejich parametrd, jak bylo popsano v kap. 4.6.2.
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Abstract: This work analyses a two-terminal algorithm designed to locate unsymmetrical faults on
110 kV power transmission lines. The algorithm processes synchronized voltage and current data

obtained from both ends of the protected transmission line and calculates the distance of the fault.

It is based on decomposing the equivalent circuit into the positive-, negative- and zero-sequence
components and finding the point where the output voltages of the right and the left side of the
transmission line are equal. Compared to the conventional distance relay locator, the accuracy of
this method is higher and less influenced by the fault resistance, the parallel-operated line effect
and line asymmetry, as discussed in this work. It is, however, very sensitive to the synchronization
accuracy. The mathematical model of the power system was created in the PSCAD (Power Systems
Computer Aided Design) environment and the computational algorithm was implemented in
Mathematica software.

Keywords: unsymmetrical fault location; two-terminal algorithm; sequence components

1. Introduction

To locate a fault during single-phase faults in a 110 kV line, a fault locator, which is one of the
functions of distance protection, is currently used. The basic parameters of a protected line are set in
the relay and used to compute the fault distance and usually to initiate the locator function as well.
Basically, after the pick up or the trip of the distance protection, a short-circuit loop is determined
and the currents and voltages measured in this loop are used for the short-circuit loop reactance and
resistance calculation. After that, a fault loop and its impedance Z; ¢ through the measured phase
currents and voltages are determined. If a ground fault location is calculated, it is necessary to take
account of values of the residual compensation factors Rg/Ry, Xi/X; as well. The computational
algorithm used for the fault impedance Z1 ¢ determination is based on the solution of the short-circuit
loop using the value of the voltage measured at the protection connection point, the current in
the forward direction (to the fault) and the current in the backward direction (back to the point of
measurement). In the case of a single-phase fault in phase i (i=1, 2, 3) it will be:

ZLf — _117]‘:_.
It; — kel

1)

The fault distance is evaluated from the reactance to the fault X;, which is the imaginary
component of the fault impedance Z1 ;. Thus, the correct evaluation of the single-phase fault distance
is always strongly dependent on the reactance per kilometer Xy and residual compensation factor ke
of the protected line set in the distance relay.

Since most of the 110 kV lines are not fully transposed, fault locator errors are often caused by
unequal impedance values of the phase-ground loops and mutual impedances of these loops. Another

Energies 2019, 12, 1193; doi:10.3390/en12071193 www.mdpi.com/journal/energies



Piilohy

88

Energies 2019, 12,1193 2o0f14

error can be caused by non-homogeneity of the transmission line. Non-homogeneity means that the
line parameters are not constant for the whole line length but vary in individual sections. Typical
examples are changes in cross-section or different ground wire conductivity. Negative effect of the fault
resistance on fault location is described in [1,2]. In systems with parallel-operated lines, the accuracy
of the fault location is also greatly influenced by mutual impedances. In general, the ground wire
conductivity and the short-circuit contribution of the parallel line power supply will have the major
influence on the locator error rate.

Many researchers have focused their attention on possible error elimination. The proposed
algorithms differ depending on the input data they have available and the method of calculation.
The methods can be divided into three main groups:

e  Travelling wave-based methods,
o  Artificial intelligence-based methods,
e Impedance-based methods.

1.1. Travelling Wave- and Artificial Intelligence-Based Methods

Travelling wave-based computational methods are usually based on the correlation between
the forward and backward waves that travel alongside the transmission line. When a fault occurs,
the waves travel from the point of the fault to both ends of the transmission line. The fault is then
identified using the transient-state analysis. Some studies [3,4] suggest creating a database of various
fault scenarios to make the transient analysis easier.

These methods can work with one- or multiple-terminal data. The accuracy of these algorithms is
mainly dependent on the data sampling rate. For the fault detection, the wavelet transform proves to
be very reliable.

Intelligent techniques help to improve efficiency of the fault detection and classification.
The advantage of using neural network is its ability to recognize a pattern and categorize the data.

According to [5], the most used techniques based on the artificial intelligence are:

o  Expert System Techniques,
e  Artificial Neural Networks,
e  Fuzzy Logic Systems.

Recently, a use of time-time (TT) transform in signal processing has been discussed [6]. Reference [7]
proposes to apply TT-transform to series-compensated lines, which proved to be efficient even when
processing a signal influenced by high noise. In [8], the TT-transform and a fault classification based
on support vector machine (SVM) is used to locate fault on a hybrid line. Although this technique
processes transient voltage signal obtained from only one end, the fault was identified and located with
a high accuracy.

1.2. Impedance-Based Methods

The basic principle of the impedance-based algorithms for the fault location calculation is simple.

The protection relay uses positive and zero sequence impedances and measured voltages and currents
to determine the distance to the fault by calculating the impedance, as described by Equation (1). These
methods are simple and commonly used and their accuracy can be significantly improved if data from
multiple terminals is acquired.

Algorithms that use only local measurement data are called single-ended (or one-terminal)

algorithms. These methods are often implemented, e.g., in microprocessor-based protective relays [9,10].

Their advantages are simplicity due to their lack of communication requirements. However, the accuracy
of these methods is greatly influenced by fault resistance, load flow and source impedances. In [11],
a single-ended technique, which is based on using the current and voltage measurements at local terminal
and an estimated short-circuit capacity of the remote system, is proposed. Although this method is not
unaffected by the problems mentioned above, the errors were within acceptable limits.
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Two-terminal algorithms work with the measurements from both ends of the transmission
line. These algorithms can be further divided into methods using synchronized or unsynchronized
measurements. It is also possible to process data from multiple terminals to improve the accuracy of
the calculation.

Using the synchronized two-terminal voltage and current phasors, the calculation of the fault
location is significantly improved [1]. The data collected from digital recorders is evaluated in a central
computer using specialized software. With the telecommunications development, the synchronization
and fast and reliable measured phasor data exchange are becoming easier and therefore it is possible
to implement these algorithms directly into the protection. The advantages of these methods are:

e Elimination of fault location errors caused by inaccuracies in residual compensation
factors determination,

e  Suppression of an error caused by the fault resistance,

e  Reduction of the effects of mutual coupling and line asymmetry.

The impedance-based methods are currently the most widely used methods of fault location and
with the development and installation of the phasor measurement units (PMUs) or digital relays with
global positioning systems, the techniques based on the fundamental power frequency components
can be improved. The biggest advantage of these techniques, proposed e.g., in [12-14], is that the error
caused by variations in the source and fault impedances is eliminated. Extensive placing of the PMUs
is, however, very limited by the high installation costs and therefore, some works focus on developing
an optimal PMU placement strategy [12]. Moreover, the developed techniques are often influenced by
other factors, such as need of high data sampling rate [14].

Reference [13] proposes a method that utilizes synchronized voltage and current data derived at
both ends of the transmission line and expresses the voltage across the fault in terms of the measured
data. This work is based on similar principle and it will be discussed later in this text. Compared
to [13], however, the exact evaluation of the fault distance is not performed. Instead, the accuracy of
the analyzed algorithm is improved by using not only positive-, but negative-sequence components as
well. Then, the least square method is applied to find the point of the fault.

Some papers [15-17] try to remove the need of obtaining synchronized data. Reference [15]
suggests modifying the technique introduced in [13] by considering only the magnitudes of the voltage
at the fault point. This assumption allows to use unsynchronized phasors of measured voltages and
currents and remove the error caused by the unsynchronized data. Methods described in [16,17] are
based on a simple assumption that a fault impedance is purely resistive. Finding a solution to this
condition is then used to find the synchronization angle.

Although these algorithms enable to use the unsynchronized measurements, which is a big
improvement, the main aim of this work is to find a usable method for the fault location on 110 kV lines
in the Czech Republic, which are short and often parallel-operated. Methods proposed in [15-17] do not
deal with the effect of the parallel line. In this work, the effect of mutual coupling is fully considered.

The rest of the paper is organized as follows: Section 2 describes the basic principle of the
algorithm. Section 3 discusses the model used for testing the method and results for various scenarios.
Section 4 gives the conclusions.

2. Description of the Analyzed Algorithm

Firstly, a method using the one-terminal approach will be described to outline a basic principle
of the proposed impedance-based algorithm and the errors that can occur. The parallel-operated
line effect is described here as well. Later in this section, an analyzed two-terminal algorithm will
be discussed.
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2.1. Basic Description of the One-Terminal Algorithm

Figure 1 displays a situation when a single-phase fault with a fault resistance R; occurs in a
transmission line. The fault is located in the distance d measured from the locator at the x-point,
the total line length is [. Using this example, an idea of one-terminal algorithm errors can be given.

d I-d
| Locator] / Loc_a_mr |
@ | pos}l(tmn j os;:mn | @
Rf

Figure 1. A simplified faulty transmission line scheme.

An equivalent circuit is formed by the interconnection of impedance sequence component circuits
and the fault resistance—see Figure 2. The indexes for the positive, negative and zero-sequence
components are 1, 2 and 0, respectively. If the Kirchhoff’s circuit laws are applied in individual loops
of the equivalent circuit, an evaluation of the fault distance d using the current I and voltage U, ratio
used by the locator placed at the x-point can be done:

E _ Uy + Unc + U _ Uys+ Ups+ Ups + d(fleu + InnZ1L + IoxZow, + ToxZ11 — Tnxzu_) )
Ix le‘f’j?_x‘f'}ﬂx le‘l’j?_x‘f'jﬂx '
U _ Uy + Uy + Upg + d-Zyp- (T + I + Tox) + Towd (Zor. — Za1) 3)
Tx T1)( + Tﬁx + T0)( ‘

If Zoy — Zq1. = 3kpZqy (where Zy; and Zp; are line impedances per unit length of a zero- and
positive-sequence component, respectively, and kg is a residual compensation factor) is assumed, then:

| S

(4)

x — Tox3kpZ Uy + Uy + U,
=d(Z1L+ OxNE 1L)+ 1 T Upg + Ugs

= 7 TE)(
— — — — =dZ 14+ kp=—
T, Tix + Iox + Tox “( :

Uy + Uy + U,
. )+ 1f 7+ U+ Ups

T1)( + T?_x + TU)c '
where the voltage at the fault point can be written as:
Uyg+ Uos + Ups = 3R¢(T1x + Ty ) = 3R¢(Tac + Iny) = 3R¢(Tox +Toy) = Ry(Tpy + Igy). (5)

Applying these equations, the impedance measured by the locator at the x-point is:

U, - — Tix Ty + Ty
=X 47y (1 n kETi) 4 Rf% ©6)
and similarly, for the locator placed at the y-point:
u _ _ T T 1
(- Zy [ 1+F= ) + REE 7)
I.‘-" I.‘-" I.‘-"

If the line parameters Z11. and kg, fault resistance R; and the earth currents TE}, and Tpy acquired
from both ends are known, the Equations (6) and (7) can be used to precisely calculate the fault
distance. If these values are not obtained, the locator algorithm correction method will always be
just an estimation and therefore potentially able to actually increase the locator error. Even more
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complicated situation occurs for the parallel-operated lines, when the equivalent circuit contains also
the parallel-line sequence impedances—in the Figure 2 drawn in red.

I, = = I /
_ 0x pa d'zt] Lpar UE]C UOD (’:’ = d}'ZOLpaar ' Z[]Yg
Zﬂxs U’[Jx 501’ LFO\‘
S _
I, =1, +

Figure 2. The equivalent circuit for parallel-operated transmission lines.

From the circuit diagram it is clear that the positive and the negative sequence components of the
impedance measured by the locator remain the same, but the zero sequence does not. This is caused
by the common path of the earth current for both transmission lines formed by the ground and the
ground wire. The mutual coupling is symbolized in the zero-sequence component by four additional

induced voltage sources. Two of them are part of the zero-sequence component of the faulted section.

These voltages are induced by the zero-sequence current I, par of the parallel line:
Uoa = d-Zom-Tox par, (8)

UUB = (I - d)'ZDM'TUx par- 9)

The remaining two voltage sources are located in the zero-sequence component of the healthy
line and are induced by the zero-sequence current I, of the faulty line:

Uopc = d.Zowm- o, (10)

Upp = (I —d)-Zow (Tox — T¢)- (11)

Voltages can be substituted for product of currents that induce these voltages and mutual
zero sequence impedance Zgy according to Equations (8)—(11). Then, the equivalent circuit of the
zero-sequence impedance can be modified, as shown in Figure 3.
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The locator placed at the x-point calculates the impedance as

Uy _ U+ +Up
T, Ty Ty 1 12)
U+ o+ Ugg+dTy, Zay +dTo Zyy +dTocZoy +dTox Zep —dTox Zap +HTox parZom—(1—@)Toy Zor
- T1.*4"'T2.>4"'TLT.\
u. = —T Lg+1, Tox parZ Toy Zi
U iz (147 = +Rf( e+ 1ye) Y e L ) B (13)
IX I)( Ix I)( IX
For the locator placed at the y-point can be written as:
U\«’ =3 T T v T X +T v T v arz T Z
== (s—d).zu(1 +k5%) +Rf( E - iy) Ty PT oM _ (;_d}fﬂ}ﬂ, (14)

It is obvious that due to the number of quantities that influence the impedance calculation, it is
much more effective to use two-terminal algorithms.

1(Z,

Ox par Lpur =

Figure 3. A zero-sequence component equivalent circuit for parallel-operated transmission lines.

2.2. Two-Terminal Algorithm

The equivalent circuit used for two-terminal algorithms is displayed in Figure 4. The transmission
line between the source and the fault point is substituted by the distributed parameter line model
with series impedances and shunt admittances. The complete equivalent circuit consists of individual
sequence component circuits connected to the fault resistance Ry.

To calculate the fault location, individual sequence component voltages at the fault point
(where i =1, 2, 0) are determined. These voltages represent the output voltages of the respective

transmission line model and can be calculated using the input values of currents T;, and voltages u,
at the x-point:

T Jsout

Uy = U™ = U™ cosh(F,d.l) — T"Zysinh(F,d.1), (15)

or using the input values of currents TK: and voltages U:l\} at the y-point:

Uy = Uy, = Uy cosh(7,(1 — d).1) — Ty Zyysinh(7;(1 — d).1), (16)

where J; = \/ Z;1..Y1 is the propagation constant and Zip = % is the characteristic impedance of

il
the protected transmission line (i = 1, 2, 0 for the positive-, negative- and zero-sequence component of
the line impedance per unit length Z;; and the line admittance per unit length Y;1 ).

ut

If Us = fout = _i-_\_, , then the fault location d can be determined. For this purpose, the

positive-sequence component can be used because its parameters 7; = / Z11..Yq and Zq, = %
\j 1L
are known and their calculation is not influenced by the soil resistivity.
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Figure 4. An equivalent circuit for a single-phase fault.

If the right sides of the Equations (15) and (16) are equal, then it is possible to use only the
equations for the positive-sequence voltage at the fault point

Uy cosh(7yd.1) — Ty Zyysinh(Fyd.l) — Uy cosh(Fy (1 — d).1) + Ty Zyysinh(Fy (1 —d).J) = 0. (17)

Assuming ] = 7, = / Zi.Yiand Zyy = Zoy = %—:t, to increase the calculation reliability,

the negative-sequence voltage is used as well
s, cosh(Tyd.1) — TpZyysinh(F;d.1) — Upy cosh(T; (1 — d).1) + Ty Zyysinh(7; (1 — d).0) = 0. (18)

For each equation, a deviation from zero for various values of d can be determined

er(d) =Ury — Ty, (19)
e2(d) = Uy, — Uy . (20)

After obtaining the deviations for positive- and negative-sequence component and applying the
least square method, a simple function F is created. This function reaches its minimum in the distance
d, which corresponds to the fault point:

F(d) = ey (d)|* + ey (d) " 21)
The output of this algorithm is the value of distance d with the minimal F(d) value.

2.3. Synchronization

To correctly calculate the distance of the fault d using this algorithm, it is necessary to measure
the input currents and voltages at x- and y-points synchronously. This, however, is mostly impossible
in current 110 kV distribution networks. The distance protection locators do not use mutual time
synchronization; therefore, the data records must be additionally synchronized before performing
the calculations. This can be done with use of the transient data records in the time domain, e.g.,
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capturing the moment of the transient inception (a sufficient data sampling rate required). Another
method is based on the phasor correction by estimating the input quantities mutual phase shift. Using
this estimated phase shift value, the corresponding quantities are shifted by angle §-synchronization

operator. If T;n is the synchronizing quantity, then:

e  Phasor correction at the x-point: T: ="/ (a —a), U;n =Ur/(B—a),

e  Phasor correction at the y-point: T:l\_,n =["Z(¢p— ¢ +9), Uﬂ‘ =UrZ(y—g¢+9),

where &, B, 7y, ¢ are the angles of the unsynchronously recorded phasors and ¢ is the synchronization
operator determined by the phase shift of the currents T, and T,

Considering the 110 kV distribution networks operation, the phase shift between the input
currents can be determined using the short-circuit impedances Zys and Zys representing the protected
line load, as shown in a simplified diagram in Figure 5. According to [1], to estimate the synchronization
operator J, the input current and voltage data captured during the normal operation or during the
fault (or their combination) can be used. The same principle of the synchronization in [13] is used.

Figure 5. A simplified equivalent circuit for a single-phase fault.

Another method is, as mentioned above, based on transient observation. To analyze the frequency
components of the signal, the Fourier transform is commonly used. The problem with using Fourier
transform is that it is not capable to determine when the particular frequency changes. To acquire
information about both time and frequency, a short-time Fourier transform, which uses a sliding
window, can be applied. This technique, however, limits the frequency resolution. Better solution is to
use the wavelet transform [18]. The wavelet transform decomposes the signal into functions located
both in Fourier and the real-time space. It is basically an infinite set of various transforms.

The problem with records synchronization using the transient study is the unequal time that
the transient needs to get from the fault point to the point of measurement. The transient arrives
sooner at the closer terminal, so capturing the moment of the transient inception at both terminals and
subsequent comparison can be quite inaccurate. Future research will be focused on this topic.

The synchronization method should be chosen based on the data availability. However, the preferable
one is the transient analysis method. If the required data are not available, the synchronization operator
needs to be calculated.

3. Analysis of the Two-Terminal Algorithm Testing

3.1. Mathematical Model of a 110 kV Line

The presented two-terminal algorithm was implemented in the Mathematica software
(version 11.1.1.0, Wolfram Research, Champaign, IL, USA) to process the voltages and currents measured
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at both ends of the 110 kV line modelled in PSCAD software (version 4.6.0.0, Manitoba HVDC Research
Centre, Winnipeg, MB, Canada). The voltage and current data are obtained synchronously, which
means that quantities mutual time shift is zero. The created model consists of two non-transposed
parallel-operated 110 kV lines with six conductors and one ground wire, as in Figure 6. One side of the
tower carries the conductors of the first line, the other side carries the second line. The mathematical
model of this line is built according to the real distribution parallel-operated 110 kV line.

|
|
Q
|
| 252 m
L1 : L3
2.5m : 25m 20.8m
L2 | L1
O t O M
3.4m | 3.4m 17.4m
L3 : L2
o T O
4.3m | 43m
|
|
| 14 m
|
|
|
|
|
|
|
|
Ll
I
1

Figure 6. Transmission line conductor arrangement.

The transmission line is modelled using the frequency dependent line model. The soil resistivity
is 50 (dm, the length of the line is 27.88 km. There are six 240 AlFe4 conductors and a combined
ground wire with 48 fibers (0.2 (2 DC resistance and 18 mm diameter). Line parameters were derived

from series impedance and shunt admittance matrixes in PSCAD line constant program output file.

The results are listed in Table 1.

Table 1. Line parameters.

Positive- and negative-sequence
impedance

71 =7 = Ry +jX; = (3.513+]11.096)Q)
Per kilometer : ?1]_ = Z;_L = R]L +leL = (0126 +_] 0398)0/1(11’1

Zero-sequence impedance

Zo = Ry +ijXo = (7.165 +j 32.369)()
Per kilometer : Zo. = Rqp. +jXor. = (0.257 +j 1.161)Q0/km

Positive- and negative-sequence
admittance

Y1 =Y, =G —iB, = (27881077 —{8.263.10~)S
Per kilometer : ?l]_ = ?QL = ClL — jBlL = (10_8 —] 296410_6}5/1«11

Zero-sequence admittance

Yo = Gop —jBo = (2.788.1077 —j 4.851.107%)Q
Per kilometer : Yo = Gop. —jBop. = (107% —j 1.740.10-%)S/km

Residual compensation factor

fp = Z%%m = kge +] kxg = 0.346 +j 0.639

Using the created PSCAD model, it is also possible to calculate the fault distance. To do this,
the Equation (1) is used similarly to the common fault locator. The computational algorithm is built
with logical blocks and functions implemented in the PSCAD library. It utilizes obtained current
and voltage data processed using the Fast Fourier Transform. The output of this calculation can be
compared to the output of the proposed algorithm.
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The simulation data are stored in a Comtrade file format. The PSCAD software contains a
component called RTP /COMTRADE Recorder, which is able to record the simulated data a save them
as Comtrade. Therefore, the data can be further viewed in a software that uses this format.

3.2. Impact of the Fault Resistance

Several tests were performed to assess the impact of the fault resistance value on the proposed
algorithm. The fault occurred in the L1 phase in the distance of 4.49 km from the terminal at the
x-point. The fault resistance was changed up to 100 (), which appears very rarely in the 110 kV network
and even a fault with such high resistance was successfully localized, as seen in Figure 7, where the
minimum of the function In[F(d)] denotes the calculated fault location.

53 Actual faullt | _—— —
= I --""-'-__—-—-
EPY: distance ——

[ ‘-._.-.-.-.-.-.-.--_._._"_-_______-—-
T 1 % %

/
b1

0
5 2D 2b
1 ——> |fault distanfe/km

/

Ry 1Q |50 10Q] 50 10pQ

Figure 7. Fault resistance impact on two-terminal fault location (the actual fault distance 4.49 km).

Table 2 summarizes the test results. The errors of the two-terminal algorithm are compared to
the errors given by the calculation that performs the created PSCAD computational algorithm used
by a conventional distance relay locator. The fault distance from the x-point terminal was 4.49 km,
the distance from the y-point terminal was 23.39 km. Table 2 shows the errors of the fault location both
in absolute (m) and relative (%) values. It is obvious that a higher fault resistance means a higher error,
especially when using the one-terminal approach of the distance relay locator.

Calculated errors are expressed with respect to the fault distance measured from the terminal,
where the evaluated data is acquired. The absolute error is calculated as:

Absolute error = (Estimated distance from the terminal) — (Actual distance from the terminal) (22)

and the relative error as:

[Absolute error|

" Actual distance from the terminal’ (23)

Relative error =

Table 2. Testing the impact of the fault resistance.

Error of the Calculation at the x-Point Terminal  Error of the Calculation at the y-Point Terminal

F.ault (Fault Distance 4.49 km) (Fault Distance 23.29 km)
Resistance
Proposed Algorithm  Distance Relay Locator ~ Proposed Algorithm  Distance Relay Locator
((9)] (m) (%) (m) (%) (m) (%) (m) (%)
1 -9 0.2 83 18 9 0.04 —694 3.0
5 —26 0.6 215 48 26 0.1 —1388 5.9
10 —27 0.6 402 9.0 27 0.1 —2361 10.1
50 —72 16 2908 64.8 72 0.3 —13,401 57.3

100 —128 29 9107 202.8 128 05 —32,156 137.5




Piilohy

97

Energies 2019,12, 1193 11 of 14

3.3. Impact of the Parallel Line

Considering the one-terminal approach, the parallel-operated line effect will be more significant
for more remote faults. Figure 8 shows the results of the proposed algorithm for the faults in the
distances of 2.5, 11.2, 16.8 and 25 km from the terminal at the x-point. From the figure it is obvious
that algorithm results fully respond to actual fault distances. Unlike the one-terminal approach of the
conventional distance relay locator, the accuracy of the proposed algorithm is not influenced by the
fault distance and the associated parallel line mutual coupling, as seen in Figure 9.

Actual faults distances

& & T >

L
T T

——> lFd)]

Figure 8. Results of the proposed algorithm for various fault distances.

5.0
45
40 B 5 chm, two-terminal algorithm
q.5 m 5 ohm, distance relay locator
& 30 10 ohm, two-terminal algorithm
g R 10 ohm, distance relay locator
v 25 =
g
= 2.0 =
8
15 =
10 -
or LA i
0.0 - .
25 11.2 16.8 25.0

fault distance (km)

Figure 9. The errors comparison between the proposed algorithm and the distance relay locator.
3.4. Impact of the Line Parameters (Line Asymmetry)

The impact of the series impedance asymmetry is evaluated by applying the algorithm to the faults
in different phases of the non-transposed transmission line. It means that while the phase-to-ground
loop parameters are not the same for every phase, the algorithm still uses the same positive-, negative-
and zero-sequence component values of the ideally transposed lines.

This impact can be seen in Figures 10 and 11. The test was carried out for every phase and for
various fault resistances. The fault occurred in the distance of 4.49 km from the terminal at the x-point.
It can be concluded that for smaller fault resistances the proposed two-terminal algorithm evaluates
the fault distance with a satisfactory accuracy for every phase. However, higher fault resistance
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significantly decreases the accuracy of the algorithm. This can be seen in Figure 11, which depicts the
errors of the calculation related to the closer terminal (x-point).

—_ —
S 3 Actual fault e ——
-%" distance

2p
ce/km

Ry 10150 109 5002 1000

Figure 10. The line asymmetry impact on the fault location calculation.

12
Ephase L1

~ 10
§ W phase L2

5 8

=}

E W phase L3

g °

ER

-

0

1 5 10 50 100

fault resistance (€2)

Figure 11. The errors comparison for individual phases.
3.5. Impact of the Synchronization Accuracy

The PSCAD mathematical model uses unified time for all the records. Therefore, all data is
perfectly synchronized. To evaluate an impact of the synchronization accuracy, angles of voltages and
currents measured at one side of the transmission line were shifted by an angle 5. Figure 12 shows the
results obtained from processing the faults in the L1 phase with different fault resistances. The results
prove a significant algorithm sensitivity to the synchronization accuracy. For the faults with the bigger
fault resistance, the influence of the synchronization error becomes even more obvious. A small angle
error of 1.8° (which correspond to 0.1 ms time error) causes that the algorithm evaluates the fault
location with a great inaccuracy. At this point, the algorithm becomes unusable. Figure 13 summarizes

these results in a bar chart. Itis obvious, that the algorithm sensitivity to the synchronization accuracy
is the bigger, the bigger the fault resistance is.
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Figure 12. Algorithm outputs comparison for various fault resistances and synchronization angles.
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Figure 13. Testing the synchronization accuracy sensitivity.
4. Conclusions

Accurate fault location on transmission lines is still a very topical issue. In this article,
an impedance-based single-phase fault location method is presented and analyzed. With some
modifications discussed in the Introduction, this method is based on a technique presented in [13].
It uses a distributed parameter line model and synchronized two-terminal voltage and current data
obtained from PSCAD simulations.

One of the goals of this work was to evaluate if this method could be applicable to the shorter 110
kV transmission lines common in Central Europe. The effect of the fault resistance, line asymmetry
and parallel-operated line has been discussed. The analyzed algorithm was able to locate the faults
for all the tested scenarios with sufficient accuracy. To achieve this, however, an accurate data
synchronization is required. As discussed in this article, even a small synchronization angle error
causes a major decrease of the algorithm accuracy. Future research will be dedicated to possible data
synchronization methods.
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Description

Backaround of the Invention

5 [0001] Theinvention concerns the evaluation method for determining of the probability of an asymmetrical fault location
in a distribution network and a monitoring system for performing such method.

State of the art

10 [0002] With regard to ensuring a safe operation and shortening periods without supply of electrical energy in the case
of a single-phase fault, the most convenient and also the most widespread type of an electrical distribution network is
aresonant earthed distribution network. During a single-phase earth fault in a resonant earthed distribution system, i.e.
an earth fault, an arc-suppression coil compensates capacitive current which is flowing through a fault point of the
affected system. Because of that, the level of a fault current is very low and independent on the place where an earth

15 fault occurs. This considerably complicates a fast location of an earth fault and a subsequent fast elimination of cause
of its occurrence and therefore fast restoration of power supply to customers.

[0003] In general, a fast and accurate location of a fault in electrical distribution networks, especially in isolated,
resonant earthed or resistor earthed distribution networks, is very problematic. This is due to a high segmentation and
complexity of electrical distribution networks caused by its purpose of distribution of electrical energy to all customers.

20 Therefore, power distribution systems are formed by a huge number of feeders and branches, especially in densely
populated areas.

[0004] According to the state of the art, it is possible to distinguish means, which can indicate a faulty feeder of an
affected distribution network and means, which are able to directly locate a fault point inside whole distribution network.
At the present time, the means for faulty feeder identification are relatively reliable, however the means or methods for

25 determination of the place with the fault in wide distribution networks are not reliable and can increase the number of
power supply interruptions. Therefore, the following description of the state of the art will be focused on the means or
methods which can be used, with respect to their functional principle, for localization of the most frequently occurring
an earth fault inside the monitored part of a distribution network.

[0005] One of the most widespread and most effective means for delimitation of a faulty section is successive process

30 of disconnection of individual sections of an affected distribution network. The principle of the method consists in se-
quential disconnecting of individual sections or branches of affected feeder until an earth fault disappear. This method
can be used to delimit faulty section of a line where after that operating personnel can be sent to this place to fix it.
Disadvantage of the method is difficult and time consuming operation process and necessity of multiple interruption of
power supply due to switching cperation. Another disadvantage is that the delimited faulty section may have a long

35 length, which requires further local search of a fault point. Furthermore, such multiple switching operation causes an
overvoltage which can brink other serious problems.

[0006] Another known method, which doesn'’t require so many switching operations, is based on interconnecting of
an faulty feeder and a healthy feeder outgoing from same substation to a ring connection, whereas calculation/estimation
of a faulty place within a created ring is carried out on the basis of redistribution of negative sequence current to both

40 feeders. Disadvantage of this method is that the interconnection of a faulty and healthy feeder of the same substation
is not always feasible. Another problem, which obstructs a wider use of the method, is presence of non-homogenous
parameters of power lines and high number of branches connected to a power line what complicates accurate location
of an earth fault and in some cases, e.g. fault on one of branches of main power line, it is impossible to locate a fault.
An accurate location of an earth fault in complicated distribution networks is made more difficult by measurement error

45 of voltage and current conditions in supply substation and also by instability of considered parameters of individual
elements of a network.

[0007] Another technical solution for an earth fault localization utilizes fault indicator units. This device can indicate a
fault on the basis of monitored voltage and current conditions measured on power lines. Many different methods, which
can detect a fault current presence at a measuring point or can indicate fault current direction are implemented to a fault

50 indicator. These methods can analyze steady state or transient signals monitored by the indicators at the individual
measuring points of a MV network. Localization of the faulty section is performed with respect to signalized fault direction
indicated by fault indicators and actual distribution network topolegy. A faulty place is located by tracking of fault indicators
indicating faulty state or direction of the fault from supply substation to the faulty section. If the indicators are equipped
by remote signalization, an faulty section of the power system can be delimited in advance and then an operator can

55 be sent directly to this location. Conversely, if the indicators are equipped only optical signalization, there is necessary
to track personally all indicators placed on faulty line step by step up to the fault point, what is very time consuming
pracess. An important requirement for the function of the method is a single-purpose arrangement of the indicators in
a monitored distribution network. The result cbtained by means of this method is not location of the specific place of a
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fault, but only specification of a part of the network which is affected by a fault. The size of this part depends on the
number of installed indicators and its arrangement in a network, which is one of disadvantages of this fault location
method. Another disadvantage is the necessity of the final location of the fault by an operator in the specified area of
the network and complicated fault location in the case of malfunction of one of installed indicators.

[0008] The last group of the means intended for earth fault location in a distribution network is based on the calculation
of the reactance/impedance of a power line connecting supply substation and a place affected by a fault. This reactance
is after that used for calculation of electrical distance between supply substation and fault point. However, in most cases
of complicated distribution network, the calculated electrical distance can correspond to more then one faulty place.
Therefore, some additional earth fault location principle has to be used for localization of real fault point or there is
necessary to physically verify all determined fault places.. If only voltage and current conditions monitored at the supply
substation are used for an earth fault location, total error of the calculated distance depends on measurement accuracy
and used values of referential impedance of symmetrical components. Due to inaccuracy of used referential impedance
especially zero sequence impedance and measurement error of voltage and current signals at faulty feeder of supply
substation, the distance to the fault point can be calculated with significant error which complicates final determination
of real fault point.

[0009] As follows from the above mentioned, it is important to find an optimal solution for fast and accurate earth fault
location to ensure an improvement of power supply quality especially in resonant earthed distribution network, where
location of an earth fault is more difficult. Because of the complications caused by operation of resonant earthed or
isolated distribution networks, each of the above mentioned methods has disadvantages which prevent their widespread
use.

[0010] The cbjective of the invention is to present an evaluation method for determination of probability of an asym-
metrical fault location in a distribution network and a monitoring system intended for performing such method, which can
eliminate the above mentioned disadvantages of the state of the art and to ensure a fast and accurate determination of
a location affected by an asymmetrical fault. The presented solution quantifies the probability of presence of significant
source of unbalance in the individual nodes of a monitored distribution network, wherein the source of such unbalance
can be both any asymmetrical fault and any device connected to the electrical distribution network which can cause
significant current/voltage unbalance in a monitored distribution netwerk. Accordingly, the invention can be used for a
localization of a significant source of unbalance which deteriorates the power quality in a distribution network. Nowadays,
there is no method or a device which ensures localization of a place of a source of unbalance without time consuming
partial measurements of voltage characteristics inside distribution network.

Eeature of the Invention

[0011] Monitoring system for localisation of asymmetrical faults, comprising at least one monitoring unit and one
evaluation unit, wherein a bi-directional communication is used between the evaluation unit and the monitoring unit and
a control communication is used between the evaluation unit and a control unit, where the monitoring unit comprises at
least one monitoring unit of a negative sequence voltage and at least one monitoring unit of a negative sequence current,
wherein the monitoring unit of a negative sequence voltage is intended for monitoring of time synchronised waveforms
of the change of negative sequence voltage measured on a secondary side of distribution transformers MV/LV in a
monitored section of a distribution network, the monitoring unit of a negative sequence current is intended for monitoring
and recording of time synchronised waveforms of the change of negative sequence current flowing through a supply
transformer HV/MV, the evaluation unit is intended for determination of probability of asymmetrical fault presence or
presence of a source of voltage/current unbalance in a monitored network on the basis of the changes of negative

sequence voltage AUéi] recorded by the monitoring units for given co-ordination time of a fault occurrence.

[0012] In an advantageous embodiment the monitoring unit of a negative sequence current is further equipped with
control communication means arranged between said monitoring unit and the control unit.

[0013] In another advantageous embodiment the evaluation unit is split into a collecting device and an evaluation
device, the collecting and the evaluation devices are interconnected.

[0014] In another advantageous embodiment the monitoring unit of a negative sequence voltage is placed inside
appropriate distribution transformer station MV/LV and connected to a secondary side of a distribution transformer MV/LV.
[0015] In another advantageous embodiment the monitoring unit of a negative sequence current is placed on the
secondary side of a power supply transformer HV/MV or in the incoming / outgoing feeder bays of a medium voltage
substation S-MV.

[0016] In another advantageous embodiment the monitoring unit of a negative sequence current comprises a voltage
input for monitoring of a zero sequence voltage by means of direct measurements of neutral voltage performed by
connection to a neutral point of a supply transformer HV/MV.

[0017] In another advantageous embodiment the monitoring unit of a negative sequence current comprises voltage
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inputs for monitoring of a zero sequence voltage by means of calculation based on the phase voltages measurement
in incoming or outgoing feeder bays of a medium voltage substation S-MV.

[0018] Inanother advantageousembodimentthe evaluation unitis further intended for collection and/or synchronisation
and/or conversion of the time based records of the changes of negative sequence voltages and currents, said records
are received from the appropriate monitoring units.

[0019] The above mentioned disadvantages are significantly eliminated by use of an evaluation method for determi-
nation of probability of an asymmetrical fault location in a distribution network using the monitoring system according to
any of the preceding claims, where a negative sequence scheme of a monitored distribution network is created, the co-
ordination time of fault occurrence is evaluated on the basis of the exceeded threshold value of the change of negative
sequence current, the records of the changes of negative sequence voltage measured on the secondary sides of ap-
propriate distribution transformers MV/LV and the records of the changes of negative sequence currents flowing through
supply transformers HV/MV are collected for the given co-ordination time of fault occurrence, the collected records are
used for determining the maximum change of negative sequence voltage and current, said maximum change corresponds
to the moment when the sum of all the recorded changes of negative sequence voltage reaches its maximum value, the
values of the maximum change of negative sequence voltage are converted to the primary side of the appropriate
distribution transformer MV/LV, the values of the converted maximum change of negative sequence voltage and the
maximum change of negative sequence current are used to calculate values of the error of changes of negative sequence
voltage for the individual measuring nodes, the total errors for the individual nodes, the percentage value of the probability
of fault presence or presence of a source of voltage unbalance for individual nodes of the monitored distribution network.
[0020] Inanadvantageous embodiment a graphical visualisation depicting probability of an asymmetrical fault location
and/or location of a scurce of voltage/current unbalance for individual nodes is carried out.

Description of the Drawings

[0021] The invention will be further explained with reference to the drawings, in which:

Fig. 1 presents a resonant earthed distribution network with a possible connection of an auxiliary resistor to the
power winding of an arc-suppression coil comprising a monitoring system according to the invention installed therein.
Fig. 2 presents a possible way of connecting monitoring units intended to monitor a negative sequence voltage to
the low voltage side of a distribution transformer,

Fig. 3 presents possible ways of connecting a monitoring unit intended to monitor a negative sequence current to
an electrical distribution network,

Fig. 4 presents a unit intended for monitoring negative sequence current and equipped with an additional voltage
input for monitoring a zero sequence voltage by means of a direct connection to a neutral point of a supply transformer,
Fig. 5 presents a unit intended for monitoring negative sequence current and equipped with a voltage input for
monitoring a zero sequence voltage by measuring phase voltages in incoming or outgoing feeders,

Fig. 6 presents an example of a simplified distribution network with marked measuring points of a change in the
negative sequence voltage and current,

Fig. 7 presents a negative sequence scheme of the distribution network shown in Fig. 6 for for the purpose of
describing the method according to the invention,

Fig. 8 presents a distribution network for of the purpose of describing the method according to the invention with a
marked place of a fault,

Fig. 9 presents one of the waveforms of negative sequence voltage measured at measuring points in the exemplary
distribution network shown in Fig. 8,

Fig. 10 presents one of the waveforms of the changed negative sequence voltage measured at measuring points
in the exemplary distribution network shown in Fig. 8,

Fig. 11 presents a waveform of the sum of all the recorded changes in the negative sequence voltage in the exemplary
distribution network shown in Fig. 8,

Fig. 12 presents unified/time synchronised waveforms of the recorded change in the negative sequence voltage in
the exemplary distribution network shown in Fig. 8,

Fig. 13a presents a resonant earthed distribution network with a possible connection of an auxiliary resistor to the
power winding of an arc suppression coil, where the monitoring system according to the invention is installed,

Fig. 13b presents a resonant earthed distribution network with possible connection of an auxiliary resistor in parallel
to an arc suppression coil, where the monitoring system according to the invention is installed,

Fig. 13c presents a resonant earthed distribution network without an auxiliary resistor, where the monitoring system
according to the invention is installed,

Fig. 14a presents an isolated distribution network with possible connection of an auxiliary resistor to a neutral point
of a supply transformer, where the monitoring system according to the invention is installed,
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Fig. 14b presents an isolated distribution network, with the installed monitoring system accerding to the inventicn,
Fig. 14c presents a distribution network earthed through a nede resistor, with the installed monitoring system ac-
cording to the invention.
5 Preferred Embodiments of the Invention
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[0022] The monitoring system according to the invention intended to perform the evaluation method for determining

the probability of an asymmetrical fault location in the distribution network, which is presented in Fig. 1, comprises:

- a monitoring unit comprising at least one unit 1 for monitoring negative sequence voltage, in short "MZSN", and/or

at least one unit 2 for monitoring negative sequence current, in short "MZSP",
- an evaluation unit 3,
- communications 4, 5 between the evaluation unit 3 and the monitoring unit 1, 2,
- acommunication 7 between the evaluation unit 3 and a the control unit 6.

MZSN 1

[0023]

- The MZSN 1 is placed inside the distribution transformer stations MV/LV, i.e. stations for transforming medium
voltage to low voltage, on the secondary sides of the distribution transformers MV/LV in the monitored section of a

distribution network, see the detail shown in Fig. 2.

- TheMZSN 1 monitors the changes in the negative sequence voltage, in short AUg) , caused by voltage unbalances

or by a fault current flowing through the monitored section of a distribution network.

- Storing of a recorded negative sequence voltage waveform can be performed continuously or on an individual basis,

when predetermined threshold value of the change in the negative sequence voltage is exceeded.

- The storage, for saving the measured values, can be an internal one, e.g. a part of the MZSN 1, or an external one,

e.g. outside of the MZSN 1, for example a part of the evaluation unit 3.
MZSP 2

[0024]

- The MZSP 2_is connected to the secondary side of a power supply transformer HV/MV in a monitored distribution
system, i.e. a transformer for transforming high voltage to medium voltage, respectively connected to the incoming

and/or outgoing feeders of a medium voltage substation S-MV, see the detail shown in Fig. 3.

- The MZSP 2 can be equipped with a voltage input 2a, which monitors a zero sequence voltage by means of a direct
measurement at a neutral point of the power supply transformer HV/MV, see Fig. 4, or by means of a calculation
based on the measured phase voltages on the incoming or outgoing feeders of a medium voltage substation S-MV,

see Fig. 5.

- The MZSP 2 monitors the change in the negative sequence current, in short Aj’gz) , Obtained from a calculation

based on measured load currents of monitored section of a distribution network.

- Inthe casethat afault is detected, i.e. when a predetermined threshold value of the change in the negative sequence
current is exceeded or when the zero sequence voltage exceeds a predetermined threshold value, the MZSP 2
determines the co-ordination time of the fault occurrence and stores the information relating to that time along with
a record of the change in the negative sequence current waveform ranging from predetermined "pre-trigger" to

predetermined "post-trigger", as described below.

- The information relating to the negative sequence current can be stored continuously or at a specific moment, when
a predetermined threshold value of the change in the negative sequence current is exceeded, or when the zero
sequence voltage exceeds a predetermined threshold value in case that zero sequence voltage is monitored by

MZSP 2.

- If afaultis detected, the MZSP 2 transmits a record of AIth) and an information relating to the co-ordination time

of the fault occurrence to the evaluation unit 3.

- The storage, where measured values are saved can, be an internal storage, i.e.. a part of the MZSP 2, or an external

storage, i.e.. outside the MZSP 2, for example a part of the evaluation unit 3.
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Evaluation unit 3
[0025]

5 - Based on triggering event sent from the MZSP 2 and informing that a fault occurred, the evaluation unit 3 collects

the records of changes in the negative sequence voltage waveforms AUS) recorded by individual MZSNs 1 for

any given co-ordination time of fault occurrence with respect to predetermined "pre-trigger" and "post-trigger" of the
records.

10 - When all available records of negative sequence voltage and current are collected by the evaluation unit 3, the latter
carries out their synchronisation and conversion into a desired format.

@
Sx M

- On the basis of the maximum recorded changes in the negative sequence voltage AU and on the basis of

the maximum recorded changes in the negative sequence current Afﬁzd obtained through the analysis of all
15 -
collected records, the evaluation unit 3 identifies the most probable fault location in a monitored distribution network,

wherein the node voltage method applied to a negative sequence diagram of the monitored electrical distribution
network is used.

20 [0026] The evaluation unit 3 can be advantageously split into two devices:

- acollecting device which is, for example, intended for data collection, synchronisation and conversion, and

- an evaluation device which is intended for a further determination of a probable fault location or a probable place
affected by a source of voltage unbalance.

% [0027] Both the devices are mutually interconnected by data transfer communication means.

[0028] The units 1,2 a 3 are mutually time synchronised in order to maximise the accuracy of the time synchronisation

of records.

[0029] An exemplary negative sequence scheme of a simplified distribution network according to Fig 6. is shown in

Fig 7. For the purpose of the description of the presented method, the negative sequence scheme is modified in a

situation when each section of the electrical distribution network is divided to individual network elements by means of

auxiliary nodes PU, wherein the distribution network also includes measuring nodes MU which correspond to the locations

where the MZSNs 1 are installed. The accuracy of the location algorithm is higher when the distances between the

individual elements of the monitored network are smaller.

[0030] Between the evaluation unit 3 and the MZSN 1 and MZSP 2 respectively, there is the two way communication

4, 5 which is used for transferring the measured or recorded data, transmitting instructions or for another purpose. The

monitoring system according to the invention can be preferably supplemented with the control communication 7 con-

necting the evaluation unit 3 and the control element 6 of the system, or it with the communication 8 connecting the

MZSP 2 and the control element 6 of the system the latter communication being intended for switching the control

element 6. All the communication channels used in the system can be designed in a cable version or in a wireless version.

[0031] The principle of the evaluation method for determining the probability of an asymmetrical fault location in a

distribution network according to the invention, presented in Fig. 6, is described in Fig. 8 in more detail, where a place

with a fault and a concept of connection of the monitoring system intended to perform the method is presented:

30

35

40

[0032] The monitoring units MZSN 1 monitor the changes in the negative sequence voltage AUg) occurred on low-

4 voltage sides of all accessible distribution transformers MV/LV. When the triggering event occurs, i.e. when change in

the negative sequence voltage AUg) exceeds the threshold value preset at the MZSN 1, the information about that

time and the recorded waveform of negative sequence voltage with respect predefined pre-trigger and post-trigger are

stored in a storage of the MZSN 1, wherein the value of the pre-trigger specifies a time period before the time of triggering
50 event for which the record is stored, and the value of the post-trigger specifies a time period after the time of triggering

event for which the record is stored.

[0033] In another embeodiment, the change in the negative sequence voltage AUS) can be continuously saved to

circular memory until the moment, when the record is required by evaluation unit 3 for a determined co-ordination time
55 extended by the predefined pre-trigger and post-trigger.

[0034] The MZSP 2 monitors a synchronised change in the negative sequence current Mftz) flowing through the

power supply transformer/transformers HV/MV feeding monitored medium-voltage distribution network. In the case that
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occurrence of a fault is detected, i.e. co-ordination time is determined, a record of negative sequence current waveform
for the co-ordination time extended by predefined pre-trigger and post-trigger is stored in a storage of the MZSP 2 and
then transmitted along with the co-ordination time to the evaluation unit 3.

[0035] The individual steps of the evaluation method for determining the probability of an asymmetrical fault location
in a distribution network are described below:

First step

[0036] The negative sequence voltage is calculated from phase to neutral voltages which are measured by the MZSN

1. An example of such negative sequence voltage US) is presented in Fig. 9, where {; is time of fault inception and

the time frame from ¢, to f, presents period when an auxiliary resistor Rp was switched. A connected auxiliary resistor

Rp is used for increasing the value of the negative sequence voltage to ensure an easier identification and subtraction
of voltage difference. For this waveform of negative sequence voltage, the mean values of the negative sequence voltage
are continuously calculated for the time frames F1 and F2. Both the time frames are mutually shifted by time interval At.
The width of the frames F1 and F2 as well as the time interval Af are adjustable according to the operation condition of
the monitored network and according to the preset time for connecting the auxiliary resistor Rp. Inthe presented example,
the width of the time frames F1 and F2 is set to a value which corresponds to ten periods of system frequency and the
time interval is At=0,5s.

[0037] After that, the waveform of the change in the negative sequence voltage AUg) presented in Fig. 10 is

continuously calculated as subtraction of the mean values of negative sequence voltage given time frames F1 and F2.
At the time when a threshold value of change of negative sequence voltage PH is exceeded, in the presented case at

the time t,, which is the moment when the fault occurred, the change in the negative sequence voltage waveform AU&’

is recorded and stored, including the preset pre-trigger and post-trigger, into the storage of the unit MZSN 1. If circular

memory is used in MZSN 1, the change in the negative sequence voltage AUg] can be continuously saved to circular

memory until the moment, when the record is required by the evaluation unit 3 for determined co-ordination time. After
that, the record containing the predefined pre-trigger and post-trigger is transferred to evaluation unit 3.

[0038] The calculation and recording of a waveform of the change in the negative sequence current in the presented
embodiment is realised in the unit MZSP 2 in an analogously manner.

[0039] The evaluation unit 3 downloads the records of the change in the negative sequence voltage AUg) from

storage of all accessible monitors MZSN 1 and the change in the negative sequence current A[tfz) from the storages

of the monitoring units MZSP 2 for the co-ordination time or for the specific time of fault occurrence.
Second step

[0040] On the basis of all obtained records, which inform about AUg) and AIEZ) , the evaluation unit evaluates the
time of maximum change in the negative sequence voltage and current, which corresponds to the moment, when the

sum E(AU&’) of all recorded changes in the negative sequence voltage AUS(;? assumes its maximum value, as

presented in Fig. 11. After that, the maximum change in the negative sequence voltage AU&‘?M of the individual

measuring points and the maximum change in the negative sequence current AIf(zgd is selected for defined time of

the maximum difference MD, as presented in Fig. 12 for the voltage, where time of the maximum difference MD corre-
sponds with the maximum changes in the negative sequence voltage AUS)M, AUéi)M, AUSRM.
Third step

[0041] The maximum changes in the negative sequence voltage AUS(;)M are converted with respect to the primary

of the corresponding distribution transformer MV/LV and along with the maximum change in the negative sequence
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current Mﬁi{ are used as input values for a location algorithm intended to calculate the probability of an asymmetrical

fault occurrence in the individual nodes of a network, i.e. the source of voltage unbalance in an electrical distribution
network.

5 [0042] If the maximum change in the negative sequence current is measured on the individual outgoing or incoming
feeders of a medium voltage substation S-MV or on several power supply transformers HV/MV, the maximum change

in the negative sequence current Aftg?,[ required for the location algorithm has to be calculated by the formula (1) below:

10

k
AR =Y AIR, (1)
y=1

15 Where:

k is the total number of all values of maximum change in the negative sequence current recorded by MZSP 2 in a

protected part ofthe distribution network Ngzﬂ,’y isthe maximum change inthe negative sequence currentmeasured

20 on appropriate measuring points
Fourth step

[0043] A negative sequence scheme of the electrical distribution network is created such that power lines are split by
25 auxiliary nodes PU into individual elements with predetermined maximum length. The maximum length of individual
element of power lines can be specified by user. The maximum length of an individual element defines fault location
accuracy of the location algorithm. The fault location accuracy of the location algorithm is higher for a lower maximum
length of an individual element of a power line and vice versa. The scheme also comprises measuring nodes MU, i.e.

30 nodes, where maximum change in the negative sequence voltage AUS:)M was recorded.

Fifth step

[0044] The location algorithm subsequently connects the fault node FN to the appropriate nodes numbered from 1 up
35 to n, where n is the total number of all nodes PU, MU, and solves the equation (2) for all these states as follows:

I v ) @)

40
Where:
N is the number of the nodes where a fault is being supposed / node FN is connected, where N=1,2, ..., n
45
[A[_JS")]N is a matrix of the calculated change in the negative sequence voltage in the individual nodes, supposing
a faultin the node N
LY(2)1is a nodal admittance matrix created from negative sequence scheme of the given distribution network
% [_ Algl)\d ]N is a matrix of the maximum change in negative sequence current caused by the supposed faultin node N
., 10045] The matrix [Aﬁf)]N can be transformed to the equation (3) as follows:
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—@ ]
AU Sn1

@
AUSn 2

—@ —@

AU, ]” AT,

[AU&)]N [ = Sni (3)
=(2) —@ T

10 AUPU]N AUPLn

AU?&;

15 @)

i | AU puy |

Where:
20 N is number of the nodes where a fault is being supposed, where N=1,2, ..., n

[AU(2)]N is a sub-matrix of the calculated change in the negative sequence voltage in measuring nodes MU,

supposing a faultin the node N
25 i is the number of measuring nodes MU

[AU(Z)]N is a sub-matrix of the calculated change in the negative sequence voltage in all auxiliary nodes PU,

supposing a faultin the node N

20 k is the number of auxiliary nodes PU

[0046] An example of the equation (2) drawn up for the specific case of the fault in the node N = 3 is described by
formula (4) is as follows:

bl e b

T.—o T
AU Snl
=@
40 AUSn 2
AT? ’ : = =7 o T
=0 ||| ag? Yie - T 0 (4)
AUn 2| _|L Sni | _ AI(Z)
45 : — -3 _(2) " _(2) . fM
(2) AUPU] Ynl' ces Yrm H
AUn n (2) O
AUpus L .
50
sl 0}
L | AU puy | ]
Sixth step
55

[0047] In the next step, the location algorithm calculates an error of the changes in the negative sequence voltage ¢
according to equation (5), which is given by difference between the absolute value of the calculated change of negative
sequence voltage in the measuring nodes MU for supposed fault in a node N and a recorded value of the maximum
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change in negative sequence voltage of the appropriate measuring nodes, as presented by the equation (5).

- .
. AU -AU@,
—a[1" g AUS,|-AU®

1" = [a02|| -fave, - 2 |- 2 (5)
eV —(@ o
! AUSni _AngM

Where:

N is the number of the nodes where a fault is being supposed, where N=1, 2, ..., n [¢]V is a matrix of errors of the
change in the negative sequence voltage, if the fault is being supposed in the node N
i is the number of measuring nodes MU

[AU(S? MI is a matrix of the measured maximum change in the negative sequence voltage converted on a prima-

ry/medium voltage side of a distribution transformer MV/LV for node x =1, 2, ... J
Seventh step

[0048] An improvement of the fault location accuracy in a distribution network is possible with using of correction of
errors ¢ by global error 8V. The correction is made by subtracting the global error &V from all elements of the matrix [V,
wherein &V is the value, respectively error, which is contained in all elements of the matrix []V.

Eighth step

[0049] Inthe next step, the matrix of the total errors [E] for all supposed faults location in nodes No. 1 to n is calculated.
The value of the total error £, can be calculated as arithmetical mean or as a sum of absolute values of errors ¢ in all
measuring nodes, as presented by equation (7). Supposing a fault in node N, the value of total error is calculated
according to equation (6).

=Y

p=l

(6)

N
SP

Where:

N is the number of the node where the fault is being supposed, where N=1,2, ..., n

r; 8p1|_
ET "
EFF:J*| (7)
E

Where:

10
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iis the number of measuring nodes MU

[0050] If a correction based on the step 7 is considered, the equation (8) intended for the calculation of the total error
E,, respectively for the calculation of the elements of the matrix of the total errors [E] will be used:

Ey=| Ye,"||-1-5" ®)
p=1

Where:

N is the number of the node, where the fault is being supposed, where N=1, 2, ..., n jis the number of measuring
nodes MU

Ninth step
[0051] The element with the minimum value of the total error E,;;, and the maximum value of the total error E,,, are

selected from the matrix of total errors [E], and then the percentage probability of fault presence or presence of a source
of voltage unbalance for nodes No. 1 to n is calculated according to the equation (9):

F,=Lox " Ev 100 1op) (9)
Emax ~ Loin
Where:

N is the number of the node, where the fault is being supposed, where N = 1, 2, ..., n F,, is a percentage value of
the probability of fault presence or presence of a source of voltage unbalance in a node N.

Tenth step
[0052] In this step, a place of presence of a fault or a source of voltage unbalance is defined on the basis of the

probability distribution for individual nodes no. 1 to n according to results obtained through the matrix (10), where the
element with the value 100% indicates the node with the probable fault location.

F
[F]= F ? [%] (10)

F,

id

Where:
N is the number of node with defined probability of fault presence, where N=1,2,..., h

[0053] Theresults obtained by means of the location algorithm are used by the evaluation unit according to the invention
for the visualisation of a place with a fault or for transmitting it to another, superior system.

Exemplary embodiments of the invention

[0054] Figs. 13 and 14 present the examples of the configuration of individual components of the system according
to the invention for different types of distribution networks. The MZSP 2 are placed on the secondary side of a power
supply transformer HV/MV in the individual incoming or outgoing feeder bays of a medium voltage substation S-MV.
The units MZSN 1 are placed on the secondary sides of distribution transformers MV/LV. The units MZSP 2 and MZSN
1 are connected to the evaluation unit 3 by means of the two way communication 4 and 5. If an auxiliary resistor Rp

11
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controlled by circuit breaker 6 is used, the evaluation unit 3 and/or the unit MZSP 2 is equipped by the communication
7 and/or 8 enabling the circuit breaker 6 to be controlled.

[0055] The first embodiment of the system according to the invention presented in Figs. 13a and 13b is used in a
resonant earthed distribution network, where, if a fault is detected, the evaluation unit 3 connects an auxiliary resistor

5 Rp to the power winding of the arc suppression coil ZT by switching the circuit breaker 6, see Fig. 13a, or in parallel to
the arc suppression coil ZT, see Fig. 13b. In the embodiment depicted in Figs. 13a and 13b, the circuit breaker 6 can
also be switched by means of a control impulse transmitted through the control communication 8 by the MZSP 2.
[0056] The second embodiment of the system according to the invention presented in Fig. 13c is used in a resonant
earthed distribution network without an auxiliary resistor Rp.

10 [0057] The third embodiment of the system according to the invention presented in Fig. 14a is used in an isolated
distribution netwark, where the evaluation unit 3 can transiently connect the auxiliary resistor Rp to the neutral point of
the transformer HV/MV through the circuit breaker 6 when a fault is detected. In the case of the described embodiment,
the circuit breaker 6 can also be controlled by the MZSP 2 through the control communication 8.

[0058] The fourth embodiment of the system according to the invention presented in Fig. 14b is used in an isolated

15 distribution netwark.

[0059] The fifth embodiment of the system according to the invention presented in Fig. 14c is used in a distribution
network earthed through a resistor R, or in an effectively earthed distribution network, where Ru=0¢.

[0060] The system and the method according to the invention are applicable for locating an asymmetrical fault inside
an isolated distribution network, a resonant earthed distribution network, a resonant earthed distribution network with

20 automatic system for short-time connection of an auxiliary resistor, and inside an effectively earthed distribution network
or a resistor earthed distribution network.

[0061] The system and the method according to the invention can be also used for locating a source of a voltage
unbalance in a medium voltage distribution network.
[0062] An exceptionality of the invention consists in the possibility of an exact location of asymmetrical faults, e.g.

25 single phase to earth fault, in a distribution network, which is operated as isolated, resonant or directly earthed, wherein
recorded changes in the negative sequence voltage measured on the secondary side of a distribution transformer MV/LV
are used for fault location. Based on that, a place with highest probability of presence of an asymmetrical fault or presence
of a source of voltage/current unbalance can be defined in all types of distribution networks. According to the invention,
the earth fault location can be carried out without interrupting the power supply and without any necessity of changing

30 the configuration of a distribution network. Ancther exceptionality of the invention consists in the possibility of repeating
the location process in case of finding a single phase to earth fault in resonant earthed or isolated distribution networks.
This possibility can improve the location accuracy and also makes it possible to locate an earth fault in a case when the
initial recorded data are not sufficient for the evaluation process. An advantage of the invention consists in using negative
sequence impedances for the fault location process, because negative sequence impedances in comparison with com-

35 monly used zero sequence impedances are well known and more accurate. Another exceptionality of the invention
consists in that it is not necessary to detect a faulty feeder prior the fault location process, wherein the accuracy of
location depends on the size of determined individual elements of a network and on the number of installed MZSN units,
wherein the installation of higher number of MZSN units and their placement closer to sections of a network which are
frequently affected by a fault eliminates a risk of incorrect determination of a fault point, i.e. improves the accuracy of

40 the location algorithm. Another advantage of the system according to the invention consists in that it is possible to locate
a fault even in a case when some of the monitoring units MZSN fails. The invention can be also used for locating a
source of high voltage/current unbalance in a medium voltage distribution network for the purpose of eliminating the
same, which improves the quality of the power supplied in a monitored network.

45
Claims

1. Monitoring system for localisation of asymmetrical faults , comprising at least one monitoring unit and one evaluation
unit, wherein a bi-directional communication is used between the evaluation unit and the monitoring unit and a
50 control communication is used between the evaluation unit and a control unit,
characterized in that

- the monitoring unit comprises at least one monitoring unit (1) of a negative sequence voltage and at least one
monitoring unit (2} of a negative sequence current, wherein:

55 -the monitoring unit (1) of a negative sequence voltage is intended for monitoring of time synchronised waveforms
of the change of negative sequence voltage measured on a secondary side of distribution transformers (MV/LV)
in a monitored section of a distribution network,

- the monitoring unit (2) of a negative sequence current is intended for monitoring and recording of time syn-

12
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chronised waveforms of the change of negative sequence current flowing through a supply transformer (HV/MV),
- the evaluation unit (3) is intended for determination of probability of asymmetrical fault presence or presence
of asource of voltage/current unbalance in a monitored network on the basis of the changes of negative sequence

voltage AUSE? recorded by the monitoring units for given co-ordination time of a fault occurrence.

5
2. Monitoring system according to claim 1, characterized in that the monitoring unit (2) of a negative sequence current
is further equipped with control communication means (8) arranged between said monitoring unit and the control
unit (6).
10

3. Monitoring system according to claim 1, characterized in that the evaluation unit {3) is split into a collecting device
and an evaluation device, the collecting and the evaluation devices are interconnected.

4. Monitoring system according to claim 1, characterized in that the monitoring unit (1) of a negative sequence voltage
15 is placed inside appropriate distribution transformer station (MV/LV) and connected to a secondary side of a distri-
bution transformer (MV/LV).

5. Monitoring system according to claim 1, characterized in that the monitoring unit (2) of a negative sequence current
is placed on the secondary side of a power supply transformer (HV/MV) or in the incoming / outgoing feeder bays
20 of a medium voltage substation (S-MV).

6. Monitoring system according to claim 1, characterized in that the monitoring unit (2) of a negative sequence current
comprises a voltage input (2a) for monitoring of a zero sequence voltage by means of direct measurements of
neutral voltage performed by connection to a neutral point of a supply transformer (HV/MV).

25

7. Monitoring system according to claim 1, characterized in that the monitoring unit (2) of a negative sequence current
comprises voltage inputs (2a) for monitoring of a zero sequence voltage by means of calculation based on the phase
voltages measurement in incoming or outgoing feeder bays of a medium voltage substation (S-MV).

30 8. Monitoring system according to claim 1, characterized in that the evaluation unit (3) is further intended for collection
and/or synchronisation and/or conversion of the time based records of the changes of negative sequence voltages
and currents, said records are received from the appropriate monitoring units {1, 2).

9. Evaluation method for determination of probability of an asymmetrical fault location in a distribution network using
35 the monitoring system according to any of the preceding claims, characterized in that

- a negative sequence scheme of a monitored distribution network is created,
- the co-ordination time of fault occurrence is evaluated on the basis of the exceeded threshold value of the
change of negative sequence current,

40 - the records of the changes of negative sequence voltage measured on the secondary sides of appropriate
distribution transformers (MV/LV) and the records of the changes of negative sequence currents flowing through
supply transformers (HV/MV) are collected for the given co-ordination time of fault occurrence,

-the collected records are used for determining the maximum change of negative sequence voltage and current,
said maximum change corresponds to the moment when the sum of all the recorded changes of negative

45 sequence voltage reaches its maximum value,

- the values of the maximum change of negative sequence voltage are converted to the primary side of the
appropriate distribution transformer (MV/LV).

- the values of the converted maximum change of negative sequence voltage and the maximum change of
negative sequence current are used to calculate:

50
- values of the error of changes of negative sequence voltage for the individual measuring nodes (MU),
- the total errors for the individual nodes,
- the percentage value of the probability of fault presence or presence of a source of voltage unbalance for
individual nodes of the monitored distribution network.
565

10. Evaluation method according to claim 9, characterized in that a graphical visualisation depicting probability of an
asymmetrical fault location and/or location of a source of voltage/current unbalance for individual nodes is carried out.

13
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Abstract — This paper proposes a scheme to locate an earth fault in an unearthed or a
compensated neutral medium voltage (MV) network using the transient signal recorded from
MV/LV substations. The algorithm applies continuous wavelet Transform (CWT) to locate the
dominant charge transient frequency and then fast Fourier transform (FFT) to extract coefficients
to be used in the fault location scheme. The fault location scheme managed to identify the correct
path of fault location towards the position of the fault using the transient signal recorded from
secondary side of the LV substation transformers. The results from intensive simulations and
experiments in actual distribution network are also presented in this paper. The final results show
that the fault location scheme is able to locate and identify the correct fault location successfully.
Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: Fault Location, Isolated Neutral Network, Compensated Network, Continuous

Wavelet Transform (CWT), Earth Fault, Charge Transient, Low Voltage Secondary

Substation

Nomenclature

S(1) Signal (time domain)

I Introduction
With the upgrading of the distribution network

i Mother wavelet towards the concept of “SmartGrids™, more installation
a Scale of measuring and recording equipment such as smart
b Time position meter, microprocessor digital relay, digital fault recorder
t Time and multi utility controller will be installed in low and

Ciap CWT coefficient
SCor Percentage of the energy for each coefficient

medium voltage distribution substations. In order to
adapt and apply the concept of distribution automation

E Sum of percentage energy coefficient system in the network, those equipments are monitored
associated to the same scale and time synchronized. Thus, the realization of this kind
Fo Centre frequency of mother wavelet of system will open more opportunity to control,
F. Pseudo-frequency optimize and enhance the reliability of current system.
Je Charge transient frequency In recent years, several fault location algorithms in
Uy Analytical signal unearthed and compensated neutral network have been
Vi Hilbert transform proposed by several researchers [1]-[6].
Uy Real signal However, there is no single method that can be used
S/ Frequency, fault for locating a fault in all types of earth faults. Since the
L Inductance distribution network usually has more than one branches
Ry Fault resistance in the feeder, the task is even more tough since bare fault
dy Fault distance distance calculation gives several possible places. In
Vy Extracted wavelet coefficient of voltage general, fault location algorithms can be categorized by
Iy Extracted wavelet coefficient of current three types, based on using fault generated signals,
Zy Analytic signal of the extracted wavelet utilizing external signal sources and knowledge-based
coefficient of voltage approaches. The fault generated signals can further be
Z Analytic signal of the extracted wavelet divided into three groups which are conventional [7]-
coefficient of current [10], transients [11]-[15] and travelling waves [16]-[19].
L Line zero-sequence inductance Fault location algorithm performed by injecting an
L Line positive -sequence inductance external signal such as pulse generator is still being used
’,_ Line negative-sequence inductance by some of electric utilities nowadays. This algorithm
MAE  Mean absolute error uses the concept of analyzing the relationship between
FA Actual fault location the transmitted and reflected pulse of the injected signal
FC Calculated fault location [20]-[21].

Manuscript received and revised September 2013, accepted October 2013
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In another development injected signal uses a different
frequency than are present in the network [22]. Several
papers have proposed the use of knowledge based
approach such as artificial neural networks, fuzzy set
theory, expert systems and genetic algorithms for
locating a fault in distribution system [23]-[26].

The successfulness of these methods is highly
depending on the amount and quality of the supplied
data. The initial transients of earth faults are important
for fault location especially in unearthed and
compensated neutral networks. The electromagnetic
transient during a few milliseconds after the fault
inception will provide the available information for
estimating fault location. Even though the transient may
cause problems to the conventional protective scheme it
may work properly under transient protective scheme.

The transient disturbance recorder can be installed at
the monitored network to support the conventional signal
measurement that is only based on the root mean square
(RMS) voltage and current of the power frequency
component. Nowadays, fault localization and detection
based on fault transient signals in transmission and
distribution network has been a subject of interest to
utility and researchers [11]-[15].

In this paper, we propose a new method using earth
fault transient signals recorded at secondary side of MV
and LV distribution transformers to locate a single line to
ground fault in unearthed and compensated neutral
distribution networks. To investigate the method, a
typical model of 20kV unearthed neutral network was
implemented using EMTP-ATP program [27].

In addition, an experiment of single phase to ground
fault was performed in a 22kV compensated real
network. The recorded transient signals were analyzed
with continuous wavelet transform (CWT). The
computation of the proposed algorithm was implemented
in the MATLAB environment [28].

II. Earth Fault Induced Transient

When an earth fault happens in unearthed and
compensated neutral network, a charge and discharge
component can be found in the transient signal. The
discharge component is created when the faulty phase
voltage falls to zero and discharges its capacitances. It
has high frequency and the transient component damps
quickly. The charge transient component is created
because of the charging of the two sound phases’
capacitances. It has lower frequency than discharge
component. In most cases it also has higher amplitude
which is more suitable to be used for fault location
purposes [29]. According to the practical experience
based on the real measurements in MV distribution
network, the frequencies of discharge and charge
components vary in the range between 500 to 2500 Hz
and between 100 to 800 Hz respectively [30]. The
transient signal can be observed in the faulty feeder,
sound feeders and also in the secondary side of MV/LV

Copyright © 2013 Praise Worthy Prize S.r.l. - All vights reserved

distribution transformer. An example of transient signals
due to earth fault is shown in Figs. 1.

IIl. Identification of Charge Transient

Component Using CWT

In this paper, the identification of charge transient
component is performed using continuous wavelet
transformation (CWT). The CWT possesses the
capability of illustrating the frequency contents of the
transient signal with respect to the time function. The
main purpose that we used CWT is first to identify the
dominant transient frequency that corresponds to the
charge transient component generated by the earth fault.
Second, after we identified the dominant frequency of the
transient signal, the wavelet coefficients belonging to
that dominant frequency will be extracted which later
will be used as the input of the algorithm.

Let us briefly explain the main features of this
transform. The CWT of signal s(r), in this case a

recorded transient signal, is defined as the sum over all
time of the signal, multiplied by scaled and shifted
version of the wavelet function, ¥ :

C(a,b)= +‘J?.‘.‘(1‘)‘1’((1,.‘5,1‘)(:!? (1)

According to [14], the CWT is the inner multiplication
of a wavelet family ‘¥, , (¢) with the signal s(¢)and it

could be expressed as:

C(a,b)= jg:zs(tﬁ[r;b]m 2)

.. The mother wavelet W(#) must be short and

1521

oscillatory, and it must have a zero average and decay

quickly at both ends [14].
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Figs. 1. Simulated earth fault transient in the network with overhead
lines. (a) Phase voltages and (b) phase currents in fanlty feeder. (c)
Phase currents in sound feeder. (d) Phase voltages in secondary side of
MV/LV distribution transformer
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In Eq. (2), @ and b are the parameters for positive

scale and time position (time shifting factor), the V¥ is
known as the complex conjugate of ¥ and the output of
the CWT would be the wavelet coefficient denoted as
C(ab).

In literature, several mother wavelets have been used
to analyze transient signals [11]-[15]. In this research,
several mother wavelets were tested. Based on the
results, we found that Morlet wavelet has the best
performance to identify the charge transient component.

The expression of Morlet wavelet is given in equation
(3) as follows:

W (r)=e 2ol ©)

In Eq. (3). Fy is the centre frequency of mother
wavelet W(¢). According to [28], the pseudo-frequency
F, associating to a scale «, with a sampling period of
At can be expressed as follow:

F
F.=—2% 4

o= @

Based on the output of the CWT, SC,,, is represent

the percentage of the energy for each coefficient which
illustrated as a so-called “scalogram™ can be computed as
[28]:

abs(C(a,b)-*C(a,b))

" sum/(abs (C(a,b)-*C(a,b)))

x100 % (5)

From the obtained scalogram, the sum of percentage
energy coefficient associated to the same scale £, can
be calculated as:

N
E,,(a)=) SC,, (ab) (6)
n=1

Then the detection of charge transient frequency is
performed by inspecting the peak amplitude of the
obtained E_,, .

IV. Analytic Representation Using Hilbert
Transformation (HT)

In this section, the extracted wavelet coefficient

corresponding to the detected charge transient frequency

will be transformed into the analytical signal using the
Hilbert transformation (HT).

According to [31], The Hilbert transform v(r)of a
signal u(r) can be expressed as shown in Eq. (7):

Copyright © 2013 Praise Worthy Prize S.rl. - All rights reserved
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V()= (1) u(r) )

The significance of the Hilbert transform is that it is
used to form so called “analytic signal” or “pre-
envelope” from a real data sequence. The analytical

signal U(f) is a real signal u(¢) and its Hilbert

Transform v()defines a complex function as:

U(t)y=u(t)—jv(t) (8)

In this work, the analytic signal of extracted wavelet
coefficient of wvoltage and current signal can be
represented in Eq. (9) and (10) respectively as follows:

Z, () =V, (t)+jV, (1) ©)

Z! (f): ‘rw (r)+jfw (f) (]0)

where, ¥,(¢) and I, (¢)are the extracted wavelet
coefficient of voltage and current signal respectively,
while ¥, (¢) and 7, (¢) are their Hilbert transformation.

V.  Fault Distance Algorithm

After the transformation of the extracted wavelet
coefficient for voltage and current transients signal into
analytic signal form, the fault distance can be estimated
by first evaluating the inductance as follows:

L,(f)= ! Im[z" (’)} (11)

Caf | Z(0)

where, L (t) is instantaneous value of inductance, f, is
a measured charge transient current frequency, and
Zy (t) and Z; () are the analytic signal of the extracted
wavelet coefficient of voltage and current transient
respectively. Then, the fault distance df, can be
calculated by using Eq. (12) as follows [14]:
L
dj=—-TL— (12)
1/ ) ,
g(LD +L+L)

where, Ly,L;,L, are the inductances per unit length of

the zero, positive and negative-sequence systems
respectively. The final value of the fault distance was
selected based on the smallest standard deviation of the
mean value of the fault distance calculated in Eq. (12).

V1. Proposed Fault Location Scheme

A schematic description of the proposed fault location
scheme is given in Fig. 2.

International Review of Electrical Engineering, Vol 8, N. 5
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Fig. 2. Schematic diagram of fault location scheme

Assume that a single line to ground fault at one of the
feeders has been detected. In MV substation, three phase
voltage and current signals will be collected and
sampled. While in LV substations, only three phase
voltages are recorded.

VI1. Signal Processing

The recorded three phase voltage and current signals
are composed of charge, discharge and interline
compensating transient components. In addition, there
are always the fundamental frequency and some of its
harmonic components [1].

In this paper, as we mentioned in section Il, we only
use charge component for fault location purposes. The
reason is because, in most cases, the charge transient
component has larger amplitude than other transient
components. Thus, it is more suitable for identification.

Signal processing is made using a CWT as described
in section I1L.

Figs. 3 show an example of the output from pre-
processing by CWT.

In Fig. 3(b) a high density of energy spectrum
corresponding to the charge transient component can be
seen clearly from the instant of fault occurrence.

In Fig. 3(c), we can recognize the peak amplitude of
the energy percentage (%). In this paper, instead of using
pseudo-frequency formula as in Eq. (4) to estimate the
charge transient frequency of the extracted CWT
coefficient, we use fast Fourier transform (FFT) function
to analyze the frequency spectrum of the extracted CWT
coefficient.

Then, from FFT spectrum, the frequency
corresponding to the peak amplitude of the spectrum will
be used in the fault distance calculation.

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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(b) CWT scalogram , (c) percentage of energy
and (d) extracted CWT coefficient

VI2. Fault Distance Algorithm

The extracted CWT coefficient of transient signals is
prepared in the form of analytic signal as described in
section IV (Figs. 4). The fault distance calculation and
the selection of the final value of fault distance was
explained in section V. Fig. 4(d) shows an example of
fault distance variation.
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Figs. 4. Instantaneous value of (a) wavelet coefficient of voltage,
(b) wavelet coefTicient of current, (¢) fault inductance
and (d) fault distance

V1.3, Correct Path Algorithm

In networks with several branches, indicating the
correct fault path is a separate issue. In fault location
algorithm it is a difficult task if only one measurement
was used to identify a correct branch of a complex tree
structure kind of network. In this paper we propose an
algorithm that use the transient signal recorded from
secondary side of LV substations as the basis of
identifying and selecting a correct path to the fault
position. The line to line fault voltage transient signal
measured from the secondary side of LV substation
transformer has been processed with CWT similarly as in
section III. Then the peak amplitude of the FFT
frequency spectrum of the extracted CWT coefficients
was identified and recorded. Fig. 5, shows an example of
FFT frequency spectrum of the extracted CWT
coefficients. In the example, the fault was simulated at
12.53 km, 17.50 km and 22.80 km corresponding to fault
numbers 8, 4 and 3 respectively.
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Amplituds [FFT]

Fig. 5. FFT Frequency spectrum of CWT coefficients

The measuring point was located at node number 9 as
shown in Fig. 6. The fault inception angle was 90
degrees and the simulation was tested with 3 different
fault resistances between 0 to 50 ohms. Figs. 7, 8 and 9
show a bar chart of detected FFT peak amplitudes of the
frequency from all LV substation.

=
W
S

Fig. 6. Simulated example network

Based on the results in Fig. 7 it shows that the
recorded FFT peak amplitude of extracted wavelet
coefficient measuwred at LV substation located at
substation S25 has the highest value compared to the
others. In Figs. 8 and 9, the highest amplitude was
located at substations S18 and S20 respectively. Based
on the results, we can make assumption that the fault
distance should be taken from the measured point at node
number 9 towards substation S18, S20 and S25 as shown
in Fig. 6. In this work, we found the similar pattern for
other simulated faults. The overall simulation result is
presented and discussed in section VIIIL.

5
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o
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Fig. 7. Recorded FFT peak amplitudes of extracted wavelet coefficients
by all LV substations for fault number 8 (12.53km)
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Fig 9. Recorded FFT amplitudes of extracted wavelet
coefficients by all LV ons for fault ber 4 (17.5km)

Lcindd

Vi4. Correct Fault Location Identification

Finally, the fault location identification is a
combination of both algorithms described in sections
VI.2 and VI.3.

VIIL.

In this paper, the recorded signal was establish both
using computer simulations and also by experiments in
an actual distribution network. Extensive computer
simulations were carried out using a common simulation
tool known as “Alternative Transient Program”
(ATP/EMTP) [27].

Fault Location Test Network

Vil.l. Simulated Network

A 20kV, 227.6 km overhead lines distribution network
was modelled using the line Constants ATP/EMTP
program taking into account the real geometrical and
electrical values [27]. The configuration of the feeders
and the ATPDraw circuit are given in Figs. 1A and 2A in
Appendix. The overhead lines were energized by AC
sinusoidal waveform via 110/20 kV, delta/star unearthed
neutral transformer. An earth fault was simulated at 11
difference places as indicated in Fig. 10. Each of the
simulated earth faults were performed for fault
resistances of 0 ohm, 25 ohms and 50 ohms. For each
case the inception angle was varied from 22.5 degree to
90 degree. The sampling frequency was 20 kHz.

VIL2. Real Network

The main purpose of conducting the experiment in
actual distribution network is to evaluate the algorithm
with real recorded data.

International Review of Electrical Engineering, Vol. 8 N. §
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7o

o]

Fig. 10. Isolated neutral 31-node distribution network

The experiment was conducted at compensated neutral
distribution network. Initially, there were about 29 units
of LV distribution transformers scattered along the faulty
feeder. However only 4 of them were selected in the
experiment. The network consisted a mix of underground
cables and overhead lines.

The average line parameters are as follows: positive
sequence inductance is 1.1459 mH per km and zero
sequence inductance 4.551 mH per km. We assumed the
negative sequence parameters equal to the positive ones.
During the experiment, the digital recorder units were
installed in four selected 22/0.4 kV LV distribution
transformers and 110/22 kV MV substation as shown in
Figure 12. The recorder sampling rate at LV substdtion
“Domanin”, “Olesna”, “Nove Mesto” and *Pohledec”
were 50 kHz, 20 kHz, 50 kHz and 28 kHz respectively.
For the purpose of normalization in calculation, all the
recorded data were resampled to 32 kHz.

(@) (b

Figs. 1 1. Photo one of the low voltage (LV) switch-board and the
digital oscilloscope used during the field test. (b) Connection of
measuring probe at the back of LV distribution panel

In order to verify the algorithm used in this paper, an
carth fault was simulated about 13.90 km from
measuring point located at MV substation as shown in
Fig. 12. Three of the LV distribution substations were
located in front of the fault location. While the fourth LV
distribution substation is located approximately 3 km
behind the fault.

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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Fig. 12. Schematic diagram of real distribution network

During the experiment a basic metallic earth fault was
conducted by means that affected phase was directly
connected to the grounding system of the substation.

The experiment was also performed for the three basic
levels of compensation of the distribution system.

The levels of compensation were full compensation
state, undercompensation by about 15% and
overcompensation by about 15%. The parameters and the
states of individual experiments conducted are given in
Table I.

1525

TABLE I
DESCRIPTION OF THE ACTUAL FAULT EXPERIMENT
Experiment Type of State of I Ic
Number Earth Fault Compensation (A) (A)
1 Metallic Ideal 267 267
2 Metallic Ideal 267 267
3 Metallic Ideal 267 267
4 Metallic Undercompensated 220 267
5 Metallic Overcompensated 305 267
*Note: I = current at Peterson coil, Ic=capacitive current of the
network
VIIL. Performance of the Proposed

Fault Location Scheme

The performance of the scheme was tested to check
whether it is suitable for accurate fault distance
calculation and correct path determination.

VIIL 1.  Result of Simulated Network

The results with a simulated network are shown in
Tables 11, 111 and IV. The mean absolute error (MAE) is
calculated as follows:

ISR
MtlEfnZl]FAi FC)| (13)

where FA is the actual fault location and FC is
calculated fault distance in the simulation and the field
test. In overall, the results show the effectiveness of the
proposed fault location scheme. The MAE for overall
simulation test is 1.17 km.
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TABLE IT
TESTRESULT OF SINGLE LINE TO GROUND FAULT FOR 90 DEGREE INCEPTION ANGLE

Test Test . . Fault location
Number Sectio/  Candidates Substation Detected Error (km) MAE
) (km)
(distance) Node R0 Rf25 Rf50 Rf0 Rf25 Rf50
1 NO-NI10 N9-N10Y S23 $23 523 -0.07 -0.43 175 0.75
(1.40km)
2 NI12 NII-N13 $20 $20 $20 0.53 0.52 -0.02 0.36
(11.7km) N24-N25

N24-N26
3 N15-N16 NI5-N16V S18  SI18 S18 -0.07 -0.38 -1.44 0.63
(22.8km) NI9-N21
4 N13-N19 NI3-N14 $20 820 $20 0.58 -1.46 -0.84 0.96
(17.5km) N13-N19+/

N27-N28

N27-N29

N30-N31
5 NI16-N18 NI16-N17 SI8  SI18 SI8 209 3.09 ERT 3.43
(26.19km) NI16-N18+

N21-N23

N21-N22
6 N21-N23 N2I-N22 $23 $23 $23 -0.87 -1.24 -1.64 1.25
(25.83km) N21-N23+

N16-N17

NI16-N18
7 N24 N11-N12 $29 825 529 0.75 0.05 0.91 0.57
(10.18km) NI11-N25v

N11-N26+
3 N24-N25 NI12-N13 $25 825 525 0.64 0.58 0.25 0.49
(12.53km) N24-N254

N24-N26
9 N27-N29 NI4-N15 $29 529 529 -0.60 144 216 1.40
(19.72km) N19-N20

NI19-N21

N27-N28

N27-N29+/
10 N26 NI2-N13 $28  S28 528 0.52 0.37 -0.78 0.52
(14.16km) N24-N27

N24-N30

N24-N25
11 N27-N238 N27-N28Y  $28  S28 528 0.34 0.18 ERT 1.21
(21.72km) N27-N29

N16-N17

N16-N18

N19-N21
All simulation tests 1.05

*Note: Symbol () in the table indicate the correct section

From the simulation results, the correct path algorithm
managed to identify the correct LV substation to be used
as a guidance of calculating the fault distance from the-
measuring point towards the fault position.

Based on the test results another conclusion that we
can make is that if the fault distance shows a large error
in its calculation, the correct path algorithm can still give
us a good guess about the fault position. However, this
assumption cannot be true for all fault positions. For
instance, in Table II, the fault is located 1.4 km from
measuring point and the LV substation detected is at
substation S23.

However, the nearest LV substation to the fault point
is substation S10. The assumption can be used only if the
fault happens exactly at the section which located at the
end of the feeder branches such as the faults 3, 5,6, 8,9
and 11. In Tables II, 11T and TV, the fault location error is
increasing when the fault located far from the measuring
point and the fault inception angle is small.

Copyright © 2013 Praise Worthy Prize S.rd. - All rights reserved

Also the fault location error is higher when the fault
located far from the measuring point and has a high fault
resistance. From our observation, when the magnitude of
the fault resistance is increased the transient signals
become more damped and the fault location is more
difficult. According to [30] a critical fault resistance, at
which the circuit is overdamped, is in overhead line
networks typically between 50 to 200 ohms. In the
analysis of the inception angle influences, the results
show that the accuracy is slightly affected by fault
inception angle. This means that the lesser fault inception
angle will contribute to the reduction of the transient
magnitude which results in a much crucial problem with
fault resistances.

VIIL2.  Result of Recorded Real Signal

Table V shows the results of the proposed scheme
tested on the real recorded data.

International Review of Electrical Engineering, Vol. 8, N. 5

1526



Piilohy

124

Mohd Rafi Adzman, David Topolanek, Matti Lehtonen, Petr Toman

TABLE III
TESTRESULT OF SINGLE LINE TO GROUND FAULT FOR 45 DEGREE INCEPTION ANGLE
Test . Fault Location
N&::er Section/ Candidates Substation Detected Error (km) 1211:"‘]\1[;.
Node R0 Ri25 Rf50 Ri0 Rf25 Rf50
1 N9-N10 NO-N10V 523 523 523 0.15 -1.27 -2.06 I.16
(1.40km)
2 Ni12 NI11-N13V S15 815 S14 0.55 0.83 -0.23 0.54
(11.7km) N24-N25
N24-N26
3 N15-Nl16 NI5-N16Y 518 518 518 0.52 -0.08 -0.42 0.34
(22.8km) NI19-N21
4 NI13-N19 NI3-N14 520 520 520 -0.07 0.74 0.46 0.42
(17.5km) NI13-N19/
N27-N28
N27-N29
N30-N31
5 N16-NI18 NI16-N17 S18 S18 S18 -2.00 -2.26 -6.52 3.59
(26.19km) N16-N18Y
N21-N23
N21-N22
6 N21-N23 N21-N22 §23 823 §23 -1.38 -1.90 0.03 1.10
(25.83km) N21-N23
N16-N17
NI6-NI8
7 N24 N11-N12 S31 831 S31 096 045 -0.16 0.52
(10.18km) NI11-N25
N11-N26Y
8 N24-N25 N12-N13 §25 525 825 0.68 092 0.11 0.57
(12.53km) N24-N25v
N24-N26
9 N27-N29 NI4-N15 529 529 529 -0.67 -0.94 -3.84 1.82
(19.72km) N19-N20
NI9-N21
N2T7-N28
N27-N29v
10 N26 NI12-N13 529 529 529 -0.84 068 -2.32 1.28
(14.16km) N24-N27Y
N24-N30
N24-N25
11 N27-N28 N27-N28Y 528 528 528 -0.19 -0.14 244 0.92
(21.72km) N27-N29
N16-N17
NI16-N18
N19-MN21
All simulation tests 1.12

*Note: Symbol (V) in the table indicate the correct sect

In overall, the MAE for fault distance test is 0.65 km.
In Table V, the results show that by using the proposed
algorithm we managed to identify the correct LV
substation to be used as indicator for selecting a correct
path towards the fault position. Based on the results, the
detected LV substation is located in front of the fault
position. The distance between the detected LV
substation and the fault location is about 118.5 meters,
which is very close. The results from test number 1 to
test number 4 show that substation “Pohledec” record the
second highest peak amplitude. The substation is located
3.148 km behind the fault position. The first and second
highest peak amplitude of the L'V substations gives us
indication that the fault is located in the section between
these two substations.

IX. Conclusion

In this paper a new fault location scheme for an earth
fault in unearthed and compensated neutral networks

Copyright © 2013 Praise Worthy Prize S.r.d. - All vights reserved
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using recorded transient signals from MV and LV
substations was presented. The feasibility of the scheme
was verified using the data from simulations and field
experiments with the fault resistance setting up to 50
ohms. The MAE calculated from the test result was 1.17
km and 0.65 km for simulations and experiments
respectively.

Based on the results the main limitation in using the
transient signals is damping which mostly depends on
fault resistance. With overdamped signals there is no
possibility to measure or indicate the transient wave.
Sampling the transient signal with higher sampling rate
gives better identification of the signal in the time
domain.

This means the higher sampling frequency the more
reliable the fault location.

There is a great possibility of using transient signal
recorded from secondary side of the LV substation for
the purpose of fault location and especially detecting the
faulty line section between the secondary substations.

International Review of Electrical Engineering, Vol. 8, N. 5
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TABLE IV
TEST RESULT OF SINGLE LINE TO GROUND FAULT FOR 22.5 DEGREE INCEPTION ANGLE
Test Test . Substation Detected Ferit Lacation MAE
Number Section/ Candidates Error (km) (km)
Node R0 RI25 RI50 R0 R25 RI50
1 NO-N10 NO-N10+ 523 523 523 0.17 -0.97 -3.07 1.40
(1.40km)
2 N12 NII-N13V 515 515 512 0.62 022 0.24 0.36
(11.7km) N24-N25
N24-N26
3 N15-N16 NIS-NI16Y 518 518 S18 -0.79 041 -1.95 1.05
(22.8km) N19-N21
4 NI3-N19 NI13-N14 523 523 8523 -0.12 0.06 1.35 0.51
(17.5km) NI3-N19v
N27-N28
N27-N29
N30-N31
5 N16-N18 N16-N17 S18 SI18 SI18 1.05 -2.53 -6.46 335
(26.19km) N16-N18+
N21-N23
N21-N22
6 N21-N23 N21-N22 523 523 8523 -1.13 -1.49 -2.78 1.80
(25.83km) N21-N23+
N16-N17
NI16-NI8
7 N24 N11-N12 825 825 825 -0.10 -0.28 -0.21 0.20
(10.18km) NI1-N25Y
N11-N26
8 N24-N25 NI12-N13 525 525 825 0.74 0.06 -4.03 1.61
(12.53km) N24-N25Y
N24-N26
9 N27-N29 NI14-N15 529 529 529 -0.77 -0.82 -3.23 1.61
(19.72km) N19-N20
NI19-N21
N27-N28
N27-N29v
10 N26 NI12-N13 529 529 529 _10.50 -1.11 -2.06 1.22
(14.16km) N24-N27V '
N24-N30
N24-N25
11 MN27-N28§ N27-N28V 528 528 528 -0.19 -2.36 -2.55 1.70
(21.72km) N27-N29
NI16-N17
NI6-NI8
N19-N21
All simulation tests 1.35
*Note: Symbol (¥ ) in the table indicate the correct section
TABLE V
TESTRESULT OF SINGLE LINE TO GROUND FAULT FOR RECORDED SIGNAL
Test Number 1 2 3 4 5
State of ideal ideal el umder oo Owr MAE
compensation (=267 A) (=267 A) (=267 A) (=220 A) (1L=305 A) (km)
Fault Laggiign 14.01 14.15 14.44 15.60 14.52
(km)
Error (km) -0.14 -0.25 -0.54 -1.70 -0.62 0.65
Secondary Amp. Amp. Amp. Amp. Amp.
Substation |[FFT] |[FFT| [FFT] |[FFT] |[FET]
Pohledec 1150.04 1187.78 1134.60 1106.20 1070.23
Nove 1163.74 1195.16 1135.30 1111.40 1067.95
Mesto
Olesna 1038.60 1007.38 939.44 908.58 89597
Domanin 693.82 631.67 458,22 455.28 479.76
Detected Nove MNove Nove Nove
Substation Mesto Mesto Mesto Mesio Pohledee

Copyright © 2013 Praise Worthy Prize S.r.l.
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Appendix Figure 2A, illustrates the considered ATPDraw
: = : circuit of 31-node distribution network as shown in
The overhead line was represented using JMarti Fig. 10. The circuit have 5 feeders.

model where their tower configuration dimension are
shown in Figure 1A.

Al/Fe 34/6 Sparrow
d=6.56 mm
r=0.847Q/km

8.0m Soil resistivity = 230002m

GIIIIIII00 0000000007 00000007,

Fig. 1A. The overhead line configuration

Background networks, 4 feeders (F1,F2,F3,F4)
Total lengh of 140 km SLG Fault(Phase A)
s

F1 v = +—e- A\ gFault Resistance
A .‘ 3 T
[~ 3

Fig. 2A. The ATPDraw circuit
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Abstract—The paper deals with the description and analysis of
the method of the additional earthing of the affected phase used
for the elimination of the fault current during an earth fault in a
compensated network. The efficiency of this method is strongly
influenced by the fault location and resistance and, in some cases,
its application can lead to deteriorating the situation at the point
of the fault and thus to increasing the risk of dangerous touch
voltage. The paper analyses the results of the simulations of
selected fault cases where the negative influence of the additional
earthing of the affected phase on the fault current magnitude
(and therefore on the occurrence of the dangerous touch voltage
at the point of the fault and in the neighboring L'V network) can
be expected. All the theoretical conclusions and assumptions were
consequently verified by experiments in a real distribution
network. Their results were then used in the final part as a basis
for proposing the measures to apply the method in MV
distribution networks.

Index Terms — Power distribution, Ground fault, Faulted
phase earthing, Power system simulations, PSCAD, Electrical
safety

I. INTRODUCTION

Dealing with an earth fault in a compensated network by
means of the additional earthing of the affected phase in a
22 kV substation has become one of the frequently used
means to increase the safety of such networks. Creating a
conductive path for the residual current of the earth fault
directly to the earthing system of a 110/22 kV substation leads
to decreasing the value of the fault current at the point of the
earth fault and therefore to mimimizing the risks related to
dangerous contact voltage for most of those faults in MV
networks. The detailed description of the method of the
additional earthing of the affected phase (also known as
shunting) can be found in [1] and [2]. There is no doubt that
the method vields positive results in case of resistive earth
faults that represent a vast majority of all earth faults in MV
distribution networks. The additional earthing of the affected
phase leads in this case to the redistribution of the fault current
to two parallel paths where the resistance of the artificially
created conductive path in the MV substation is always much

This paper contains the results of research works funded from project No.
2A-2TP1/051 of the state budget of Ministry of Industry and Trade of the Czech
Republic. The research was perfoomed in Center for Research and
Utilization of Renewable Energy Sources. Authors gratefully acknowledge
financial support from European Regional Development Fund under project No.
CZ.1.05/2.1.00/01.0014.

978-1-4244-8417-1/11/$26.00 ©2011

smaller than the resistance of the fault. On the contrary. a fault
that could be described as a metallic earth fault leads to
mcreasing the fault current at the pomt of the earth fault (see
[3]. [4]) and thus to increasing the touch and step voltages at
the point of the fault. Nevertheless, practical experience shows
that the number of points in a MV network where a metallic
earth fault can appear is rather limited and that the negative
influence of the additional earthing of the affected phase on
the situation at the point of the fault is quite rare.

It can be concluded from the technical conditions of the
operation of a MV distribution network that the only points
where a metallic earth fault or an earth fault of a very low
resistance can really occur are those disposing of good
earthing. such as MV switching substations (as described in
[3]). Tt can also occur in an MV/LV distribution transforming
substation if there is a sparkover directly to the conductive
parts of the substation connected to the earthing system. This
1s where a real risk of increasing the fault current and therefore
the touch and step voltages on the transformer station earthing
due to the additional earthing of the affected phase can appear.
If the earthing is comunon with the LV network. the dangerous
touch voltage appears on its neutral conductor as well.

To evaluate the above-mentioned risk. a detailed analysis
of the situation in an MV/LV distribution transforming
substation during the earth fault was performed. It was based
on the fault simulations using the mathematical model of the
network in PSCAD software. The simulation results were then
verified by experiments in selected parts of a real network
operated by the E.ON Distribuce Company. The paper thus
presents a complete picture of the problems of additional
earthing. including conclusions that can be applied to
increasing the reliability and safety of distribution network
operation

II. THEORY AND SIMULATIONS

Fig. 1 and Fig. 5 show the negative influence of the
additional earthing of the affected phase on the value of the
current flowing through the point of the fault in a simplified
network. It is a compensated 22 kV network supplymg two
distribution transformers of real loads Py a Py from a
110/22 kV transformer. The earth fault is caused by the
connection between the affected phase and the conductive
parts of the distribution transforming substation connected to
the earthing system of the transforming station and the
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earthing of the neutral conductor of the LV network. During
the earth fault. the affected phase is in addition earthed in the
22 kV substation through resistance Rsy. To simplify the
diagram. the lines are represented only by their resistances,
which — taking into account the nature of the fault — does not
mfluence the described principle.

110kV

Fig. 1. Network diagram showing the negative influence of the additional
earthing of the affected phase caused by redistribution of load current

The additional earthing of the affected phase results in most
cases (resistive earth faults) in “transferring” the fault current
from the point of the fault to the substation where the
additional earthing is established. However, this does not
apply to the situation where the impedance of the fault loop is
comparable to the impedance of the impedance of the affected
line up to the point of the fault. In such case (Fig. 1), the total
load current J.,4 is divided into two load currents [j..qs and
Tipaqs 10 a ratio corresponding to the ratio of the impedances of
the fault loop and the line (1). Current /j,.ga flows to the load
through the affected phase. while current Ij,gg supplies the
load through shunting resistance Rgy. resistance of the
110/22 kV transformer station earthing Rgs. earth resistance
Rg and the fault loop with a resistance of Rgoo. The
resistance Rgoqp 15 composed of the faulf resistance Rr as well
as the total impedance of the LV network represented by
earthing resistances Rpprs a Rppen. transformer winding
resistance Rrg. phase conductor resistance Rp, neutral
conductor resistance Rppy. load resistance Rpgap. as Fig. 2
shows.

Fig. 2. Expression of the fault loop resistance and fault cumrent path trough
the LV network.

The value of fault current 77 is thus principally influenced
by the total fault impedance Rg,., (impedance between the
affected phase and earth) and by the load of the closest
distribution stations [i,.4. It can be calculated as follows:

I.-1 =1 . Ry, ‘
£oE s Tl Reg+ Res+ R+ Ry oo+ Riy

The results of the simulations performed in PSCAD

®

software prove this clearly. The curves of the following
currents are shown in Fig. 3: current flowing through the point
of the fault I; (red) and through the point of shunting lsy
(green), load in the affected phase /i .44 (blue) during the earth
fault before and after the additional earthing of the affected
phase through shunting resistance Rggy=10Q. The
redistribution of current 7,4 1s indicated by the dashed violet
curve representing the sum of cwrents gy + figaga. The
situation before the additional earthing corresponds to Jgg = 0.
therefore [igag = fioaqa. At fime 7=2 s after the additional
earthing, the sum Jgg+ f,,qs represents the original load
current foaq = Jjoada + lioags (s€€ Fig. 1). The negative influence
of the additional earthing. through which a part of the load
flows. results in increasing fault current /.

REFE | RN SO N .
20l

-37.54

Fig. 3. Results of the simulations in PSCAD — shunting resistance Rsg =10 Q

It can be assumed that increasing the shunting resistance
will be able to limit this negative influence of load. It is clear
from Fig. 4 (in comparison with the results in Fig. 3) that the
current flowing through the point of the earth fault decreases
with increasing shunting resistance Reg from 10 Q to 50 Q.
Also. the simulation results show that increasing the shunting
resistance leads to a phase shift between the fault and shunting
currents.
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Fig. 4. Results of the simulations in PSCAD — shunting resistance Rsg = 50 Q

The explication of this phenomenon lies in the
redistribution of the residual earth current Ig. total network
capacitive current /g and compensating current /p between the
point of the earth fault and the point of the additional earthing,
as Fig. 5 shows.
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 Prsa The resulting current flowing through the point of the fault is
equal to the sum of the cwrrents calculated according to (1).
= (2), (3) and (4); it can be expressed as
10k 22KV Ry 0,4kV

s
Symmetrical Load

Fig 5. Network diagram showing the negative influence of the additional
earthing of the affected phase (L — compensating current, [x — network
capacitive current. g — residual earth current)

In the first case (Fig. 3). the low resistance of the additional
earthing (Jsg = 10 Q) led to the “transfer” of a big part of the
fault current to that pomt, which means that there are not any
capacitive and inductive currents flowing through the point of
the fault or the point of the additional earthing. There are only
the residual current and part of the load current there, both
active. In the second case (Fig. 4). increasing the shunting
resistance (50 Q) leads to the redistribution of the residual
earth current to /g = Iz, + [z» where

R + Ry
®
Res + Rog + Ry oy + Rpy
the compensating current to /; = Iy, + [y» where
Ry 3)
Rpg + Roy + Ry + Rioop + Ry

as well as the network capacitive cwrent to Jir = Iy + Iieo
where

Ig =

2

I,=1;-

) Rgs + Ry
Res+ Ry + Rﬂ_uop + Ry

)

Ty =1

L=l 1 5)+ il ~ 1) (5)

The phase shift between the fault and shunting currents
thus originates from the change of the ratios between
resistances due to the increasing of shunting resistance Rgy. At
the point of the fault, the capacitive current is greater than the
compensating current Jgc» > fr7: at the point of the additional
earthing. the capacitive current is smaller than the
compensating current Jgc; < fr;. The nature of both currents
thus changes. as it can be seen in Fig. 4.

ITI. EXPERIMENTS

To verify the above-mentioned theoretical conclusions.
measurements in a real network were performed. The aim was
to indicate dangerous touch voltages concerning final
customers during the fault on the primary side of a distribution
transformer. The touch voltage was monitored during an
artificially created earth fault in a compensated MV network
equipped with an automatic system for the additional earthing
of the affected phase.

A distribution transforming substation (DTS) with the
earthing system interconnected with the earthing of the neutral
conductor of the LV network (0.4kV) and maximum load
were chosen, as shown in Fig. 6. The station was supplied by a
110/22 kV transformer equipped with arc-suppression coil SC
that had a resistor connected to its auxiliary power winding for
a short-time increase of the active part of fault current (R;). A
three-phase circuit breaker of the automatic system for the
additional earthing of the affected phase (through resistance
Rgp to the earthing system of the supply substation) was
connected to the substation busbar. Measuring instruments
recording current in the arc-suppression coil ;. its voltage U,
current flowing through the point of shunting /sy, phase
voltages Upy, Up,. Ups and load currents of the affected line
Ity. Ity It 5 were installed in the supply substation.

Fig. 6. Network diagram for the verification of the influence of the additional earthing of the affected phase on contact voltage

Supply Substation
L L

2

110KV 22kV
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The quantities recorded in the distribution transforming
substation were phase voltages on the primary side of the
distribution transformer Upry. Upro. Uprs. phase voltages on the

DTS
22k 0,4kV LU Consumer
: Uy L,
. ot — e e g g — - Load
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secondary side of the distribution transformer Uz, Ugs. Ugs.
load currents on the secondary side of the distribution
transtormer [y, 15, I3, current flowing through the PEN
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conductor Ippy. current flowing to the transformer neutral Iy
and fault current I;. Also recorded was the increase of the
potential of the earthing system of the distribution
transforming substation Ug. with the earthing electrode at the
distance of at least ten times the diameter of the earthing
system of the distribution transforming substation. The touch
voltage Uy was measured at the supply point. During the
measurements, human body resistance of 1 kQ was taken into
account and an electrode representing a human foot of a total
area of 400 cmn” was pressed against the ground with a force of
500 N at a distance of 1 m from conductive parts.

The experiments were performed for several states of the
tested network chosen according to the simulation results and
the experience of the staff operating the concerned part of the
distribution network. The measurements were done for the
maximum (Z; of about 300 A) and minimum (open-circuit
operation) load of the distribution transformer. for
compensated and undercompensated states of the distribution
network. for low-impedance and arcing ground fault as well as
for two values of the capacitive cwrents of the distribution
network (300 A and 800 A). In total. twelve faults were

simulated: the configuration and parameters of the
experimental measurements are shown in Table 1.
TABLEI
CHARACTERISTICS OF PERFORMED EXPERDMENTS
No Type of State of Load of | Area of dist.
~ " | ground fault suppression coil DTS network
1 | low-impedance compensated no-load I-=302 A
- undercompensated —2m
2 | low-impedance (:=2604) no-load I=302 A
. undercompensated —2m
3 arcing (F=2604) no-load I-=302 A
4 arcing compensated no-load I=302 A
5 arcing compensated load I-=300 A
. undercompensated —20
6 arcing (L=2604) load I=302 A
iy undercompensated —am
7 | low-impedance (1=2604) load Ie=302 A
8 | low-umpedance compensated load I-=300 A
9 | low-umpedance compensated load I=812 A
5 undercompensated -
10 | low-impedance (L=7704) load I=812 A
. undercompensated _
11 arcing (=7704) load I=812 A
12 arcing compensated load I=812 A

During the experiment. the control was exerted by three
circuit breakers (1. 2 and 3). as shown in Fig. 7. The circuit
breaker of the earth fault was controlled manually. the other
two automatically at preset times after the appearance of the
earth fault. The circuit breaker indexes correspond to the
indexes used in Fig. 6.

Circuit breaker on-state during the experiment

o 0O
@ L |
®

0 2535 5 15 Time [s]

@ Circuit breaker of the auxiliary resistor

@ Circuit breaker of the automatic system for the additional
earthing of the affected phase

@ Circuit breaker of the earth fault
Fig. 7.
experiment

Sequence of circuit breaker switching operations during the

An example of the whole experiment sequence is also
visible in oscillographic curves of the phase values of supply
voltages U;. compensating current [;. fault current 7 and
shunting current [z shown in Fig. 8.
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Fig. 8. Instantaneous voltage and current curves obtamed dunng Experiment
No. 1

A. Experiment Analvsis

Taking into account the vast extent of the measurements.
only selected curves interesting from the point of view of the
final analysis of the influence of the additional earthing of the
affected phase on MV network safety are shown below, for
network operation with capacitive currents up to 300 A and
with maximum capacitive currents of 800 A. According to the
Czech technical standards, the limit value of capacitive current
in a compensated distribution network is 300 A. Nevertheless.
technical conditions in the tested network make it possible —
using two arc-suppression coils — to operate it up to 800 A.
That is why experimental measurements and the analysis of
the impacts of the operation of such a large network on its
safety were performed as well.

Given the point and the type of fault. the value of the
contact voltage in the vicinity of the affected DTS is most
importantly influenced by earth current /g flowing through its
earthing system represented by resistance Reprs (Fig.6.) that
results in the formation of voltage Uz increasing the substation
potential. That is why the effects of the method of the
additional earthing of the affected phase are analysed with
respect to current /g (measured indirectly, using currents ¢ I,
and lpgy. as it can be seen below).

Fig. 9 shows the curves of contact voltage Ur. voltage of
the affected earthing system U fault current I
compensating-coil current /;; and cwrrent fsy flowing through
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the point of the additional earthing of the affected phase
during Experiment No. 1. The experiment consisted in
simulating a metallic earth connection in a network with a
capacity of 302 A, where the distribution transformer operated
with no load. As it is evident from the figure, the additional
earthing of the affected phase has no influence on the value of
the earth current and. subsequently. no influence on the value
of the contact voltage either.

200

L1 [A]
IE [A]

o

UE V]

UT[v]

0 2 4 i a n 2 B 16
Time [s]
Fig. 9. Earth curmrent, DTS earthing system voltage and contact voltage
obtained during Experiment No. 1

Fig. 10 shows similar oscillographic curves recorded during
Experiment No. 4. This time. an arc earth connection
(damaged cable) was simulated. while the network
configuration remained identical. The positive effect of the
method of the additional earthing of the affected phase is
obvious; it leads to the arc suppression and to the permanent
breaking of the fault loop. The positive effect can be observed
in the curves of earth current 7z and voltage Uz as well.
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Fig. 10. Earth cument, DTS earthing system voltage and contact voltage
obtamned during Expeniment No. 4

£

The oscillographic curves of the analysed quantities during
a metallic earth connection in an undercompensated state with
the loaded distribution transformer (Experiment No. 7) are
presented in Fig. 11. Analogically to the situation in Fig. 9. the
additional earthing of the affected phase in case of a metallic
earth connection does not have a fundamental influence on the
value of the earth current. But the curves of the contact voltage
and voltage Uy show clearly that the fault current flowing
through the earthing system during the earth fault did not

result in increasing the risk of injury due to contact voltage
because the levels of the earthing system voltage before and
during the fault are comparable. The phenomenon leads to the
spreading of voltage U from other accidental earth
conductors in the vicinity of the affected DTS. This voltage is
excited by the zero-sequence current generated by non-linear
and unsymmetrical load in the MV network. Similarly, the
phenomenon can be observed in cases shown in Fig. 12 and
Fig. 13.
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Fig. 11. Earth curmrent, DTS earthing system voltage and contact voltage

obtamed dunng Expeniment No. 7

Fig.12 shows the oscillographic curves of the analysed
quantities during a metallic earth comnection in a distribution
network of a maximum possible operating extent (I, = 8§12 4).
undercompensated by 40 A. In this case, the maximum
residual (fault) current flows through the point of the fault.
The additional earthing of the affected phase resulted in a
slight decrease of the earth current. but — given the low
earthing system resistance — without a positive effect on the
contact voltage.

L]

L1 [A]
IE [A]

]
0
-20
400

12

UE V]

o

uT v

o 2 4 B B 10 12 14 =
Time [s]

Fig. 12. Earth cumrent, DTS earthing system voltage and contact voltage
obtained during Experiment No. 10

The less favourable case that can appear in the analysed
distribution network is shown in Fig. 13. An arc earth
connection was simulated in a distribution network of a
maximum possible operating extent (I, =812 4) with the
loaded distribution transformer. During this kind fault. the
discharging of capacitances during the arcing results in current
peaks. These peaks of the fault current can lead to short-
lasting dangerous contact voltages. Nevertheless. as this



Piilohy

135

experiment showed, the fault current during an arc earth
connection in a large network is eliminated by the automatic
system for the additional earthing of the affected phase (Fig.
13).

Ut

i ] i § 2 10 1 T 16
Time [3]

Fig. 13. Earth cument. DTS earthing system voltage and contact voltage
obtamed dunng Expeniment No. 12

The wvalues of the measured quantities for all the
experiments are presented in Tables IT, III and IV: RMS
values of earth current [r. voltage of the increase of the
potential of the earthing system of the DTS Uf and contact
voltage Ut. in four parts of the measurement. The “Fault”
column contains the RMS values before connecting auxiliary
resistor R, (time 0 — 2.5 s). the “Fault+R;” column the values
during the period with the auxiliary resistor connected (2.5 —
3.5 s). the “Fault-R;” column the values after disconnecting
the auxiliary resistor and the “Fault+Rsy” column the values
after the additional earthing of the affected phase.

TABLETI
LIST OF THE RMS VALUES OF THE EARTH CURRENT IN VARIOUS STAGES OF
THE EXPERIMENTS
State of Network Type of I tAm
Range | Load mn{;r_ginsa Fault Fault | FaulteR, | FaultR, | Fault+Rs
comp. low- 21,0 96,9 18,6 16,3
o under. | impedance|  3g 4 86.8 39,1 38,5
under. § 29,3 86,0 41,6 26
arcing
ey comp. 24,7 85,1 23,7 24
comp. e 25,5 - - 10,1
vES |Under 32,3 485 69,5 21
under. low- 446 886 48,9 45,5
comp. | impedance| 215 86,1 238 20,1
comp. low- 38,1 96,6 36,9 30,5
ama | o= under. | impedance | §0,2 103,1 59,6 54,1
under. arcing 56,7 107,5 92,1 31
comp. 45,8 102 49,2 26

It can be concluded from the performed measurements that the
additional earthing of the affected phase in any of the
experiments did not produce the negative effect theoretically
described in Chapter II. i.e. that the additional earthing of the
affected phase did not lead in any case to increasing the earth
(fault) cwrrent. which can be seen in Table II. The
effectiveness of the additional earthing method depends
fundamentally on the type of the fault. During arc earth
connections, the additional earthing of the affected phase led
to the interrupting of the arc and thus to a radical limitation of
the fault current at the point of the fault (Table II — in red). On
the contrary. in case of metallic earth connections (Table 1T —

in blue). the additional earthing had no significant effect on
the decreasing of the fault current.

For comparison. a detail of the oscillographic curves of I;
(red) and Isy (green) at the moment of the additional earthing
of the affected phase for low-ohm and arc earth connections is
shown in Fig. 14 and 15.

w g ¥ ru

i
Fig. 14. Curves of the instantaneous values of the measured quantities at the
moment of the additional earthing of the affected phase (5.02s) for
Experiment No. 10

. . B
Fig. 15. Curves of the instantaneous values of the measured quantities at the
moment of the additional earthing of the affected phase (5.0323) for
Expenment No. 12

Given a very low resistance of the earthing system of the
tested DTS (Repps < 0.1 Q). network operation for both 300 A
and 812 A network extent had no significant influence on the
value of contact voltage Uy or voltage of the increase of the
potential Ug. The values of the measured contact voltage and
voltage of the increase of the earthing system potential in all
measured cases in an urban distribution network did not
exceed the specified value of permissible contact voltage
(which — in case of a permanent earth connection —is 75 V). as
it can be seen in Tables IIT and IV.

TABLEIII
LisT oF THE RMS VALUES OF THE VOLTAGE OF THE INCREASE OF THE
POTENTIAL IN VARIOUS STAGES OF THE EXPERIMENTS

State of Network Type of Ue (Virms)
Range | Load CO’Egﬁ“sa Fault Fault | FaultsR, | FaultR, | Fault:Re.
comp. Jow- 0733 | 1292 0645 | 0626
No |_under|impedance[ pgsy | 1371 0840 | 0819
under. ] 1360 | 1491 0962 | 0706
9 Toeer | 1,349 0834 | 0706
3024 L ' ' - :
comp. 1239 = = 1,161
arcing
ves |_under 1667 | 1075 1,319 1,078
under. jow- 1348 | 1,351 1,331 1,342
| comp__|impedance| 1220 | 1316 [ 1144 | 1206
comp. low- 1153 | 1400 1,141 1,113
impedance
124 yEs |_under 1182 | 1671 1,171 1111
under. X - - - -
arang
comp. 1252 | 1539 1,268 1,089
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TABLEIV Chapter II, is high contents of harmonics. This is particularly
LIST OF THE RMS VALUES OF THE CONTACT VOLTAGE IN VARIOUS STAGES OF d gth th : - .
- - 34 5 -
THE EXPERIVMENTS the case for the and 7" harmonics contained in .the fa‘l.lllT
Stale of Network ype of U (Vo) current that are not compensated by the arc-suppression coil.
Range | Load |°TPE153 | Faur | Faut | FaultsR, | Foutt®, |Faui,, reaching thus higher levels than the first harmonic, as it is
comp. Tow- 0202 | 0440 | 0196 | 0183 clear from the RMS amplitude spectrum of the fault current
No | _under |impedance] o224 | 0436 | 0218 | 0208 obtained during Experiment No.1 (Fig. 17.)
under. _ 0376 | 0479 | 0245 | 0473
arcing —_
| comp. 0238 | 0423 | 0475 | 0150 <
3024 =
comp. 0,447 - - 0,475 3
arcing 2 -
ves |_under 0607 | 0669 | D481 | 0424
under. low- | 0557 | 0491 | 0581 | 0584
comp. | impedance | pag2 | 045 0461 | D488
comp. ow- | 0479 | 0493 | 0428 | D424
impedance
s124  vES |_under 0399 | 0548 | 0398 | 03
under. _ 0486 | 0560 | 0644 | 0408
arcing
| comp. 0433 | 0547 | 0445 | 0400 g SSRRESS - - .
The second series of expernimental measurements,

performed in another DTS in the same distribution network,
yielded similar results. In both cases, the resistance of the DTS
earthing system was less than 0.1 Q. An example of the
calculation of DTS earth resistance Reprs from the measured
data is shown below (Fig. 16)
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0 2t 1 3 [ 0

Time [s]
Fig. 16. Calculation of the earthing system resistance of the affected DTS
from the data obtained during Experiment No. 10

The value of the earthing system resistance is determined
by the ratio of the earthing system voltage to the earth current.
The most precise result can be obtained at the moment when
the auxiliary resistor — increasing the real part of the fault
current — is comnected (see Fig. 16). The resulting earthing
system resistance of the tested DTS in Experiment No. 10 is
about 0.02 Q. Such an extremely low value could be obtained
thanks to the DTS location inside a densely populated urban
distribution network. with a great number of accidental earth
conductors influencing fundamentally the measurements
results. It can be expected that in other types of distribution
networks the values of earthing system resistances will be
much higher (Rgprg = 2 Q); on the other hand. the fault current
will never reach such values as in the described case. The
verification of the influence of the automatic system for the
additional earthing of the affected phase on MV network
safety in a non-urban distribution network will be treated in
another experiment, currently in preparation.

Another disadvantage of measuring inside an wrban
distribution network, considerably complicating the analysis
of the measured data in order to verify the theory described in

0 ! Ll i I A . 1 l
a0 15] 250 a5 450 ] Gl 740 (=]
f[Hz]

Fig. 17. RMS amplitude spectrum of the fault current (Experiment No. 1)

IV. CONCLUSION

The results of all experiments proved unanimously that the
additional earthing of the affected phase does not affect to the
value of contact voltage in a MV network where distribution
transforming substations and the network neutral conductor
are well grounded. An earth connection simulated as a
conductive connection between one phase of the distribution
transformer MV side and the PEN conductor represents in this
case a fault with a very low impedance, which means that the
additional earthing of the affected phase does not contribute to
the limitation of the fault current (the resistance of the
additional earthing and the resistance of the fault are almost
equal). But, taking into account the values of permussible
contact voltages. the voltage drop on the very small fault
resistance (DTS earthing resistance Reprs = 0.02 Q measured
during the experiments) can be neglected. The additional
earthing of the affected phase had a very positive effect in case
of arc earth connections, simulated by a damaged cable, where
closing the shunting switch in the MV substation led each time
to suppressing the arcing avoiding thus that dangerous contact
voltages occur on the earthing system.

The presented experiments also proved that if there is good
earthing of the distribution transforming substation and the
PEN conductor. the elimination of the earth current through
the additional earthing of the affected phase makes it possible
to operate even large networks without any danger to their
safety.
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Abstract—The paper is focused on the operational experience
with an automatic system for suppression of a fault current
during a ground fault by the additional earthing of the faulted
phase in a supply substation. Such system was experimentally
installed in the Brno-Medlanky 110/22 kV substation. To verify
the benefits of the system as well as to assess its possible failings,
twenty-four experimental measurements based on a theoretical
study were performed. During those experiments, low-resistance
and arc ground faults were monitored in the urban and
suburban part of the compensated network with a capacitive
current of 300 A and S00A. The results of the crucial
experiments and the evaluation of the system functioning are
summed up in the final part of the paper.

Index Terms—ground fault, compensated, distribution network,
earthing, shunt, residual current, faulty current, capacitive
current

I INTRODUCTION

Compensated mnetworks are. thanks to their good
operational performances. very frequent. especially in the
Czech Republic where it 1s preferred to operate 22kV
overhead and mixed networks as compensated ones. The
requirements for the operation of compensated networks are
specified by Czech technical standards which define the limit
value of network capacitive current: 100 A for overhead
networks (at least 98 % of overhead lines), 300 A in case of
mixed networks (at least 10 % of overhead lines and 2 % of
cable lines) and 450 A in case of cable networks (at least 90 %
of the network is composed of cable lines). Also, the maximum
residual current shall not exceed 60 A [1] (in force from 1981).
Regarding the development in the field of means of fault
current compensation or elimination the latter condition was
easily met. but nowadays distribution operator can have
problem with observance of mentioned technical standard.

The continual growth of consumption, especially in wban
areas with increasing numbers of teclmological centres. leads

Jaromir Dvorak
E.ON Czech Republic
Protection relay group
Brno. Czech Republic

to the expansion of cable distribution networks. Such networks
are usually operated with resistor-grounded neutral points.
except for situations where the distribution transformer
110/22 kV feeding the cable lines has to be disconnected
because its revision and all lines are temporarily fed by another
distribution transformer which is equipped by an arc-
suppression coil (primarily used for overhead or mixed
network). In such case, the capacitive current of the
compensated network to which the cable line is connected
mcreases and it can leads. taking info account high values of
the cable line capacitive current, to exceeding the limit value of
capacitive current (300 A) and maximum residual current
(60 A) set by the technical standard.

One of the possibilities how to reduce the level of the
residual current at the point of the fault in compensated
networks is to use an automatic system for the faulted phase
earthing (FPE). The additional earthing of the faulted phase
takes place in the supply substation. creating thus a parallel
path for the fault current through the earthing system of the
110/22 kV substation, which leads to reducing the level of the
fault current at the point of the ground fault and therefore to
minimising the risks of dangerous touch or step voltages for the
majority of faults in MV networks. Such system was
experimentally installed in the Brno-Medlanky 110/22 kV
substation.

II. FAULTED PHASE EARTHING THEORY AND
SIMULATIONS

The faulty phase earthing method involves creating of
conductive path for the residual current of the earth fault
directly to the earthing system of a 110/22 kV substation. The
detailed description of the method can be found in [3] and [4].
There is no doubt that the method yields positive results in case
of resistive earth faults that represent a vast majority of all
earth faults in MV distribution networks. The additional
earthing of the affected phase leads in this case to the
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redistribution of the fault current to two parallel paths where
the resistance of the artificially created conductive path in the
MV substation is always much smaller than the resistance of
the fault. However as simulations described in [5] shows, a
fault that could be described as a metallic earth fanlt may lead
to increasing the fault current at the point of the earth fault and
thus to increasing the touch and step voltages at the point of the
fault. Similar results were also presented m [6] and [7].
Nevertheless. practical experience shows that points where
metallic or low-resistance earth fault can occur are situated to
areas with good earthing system, such as MV switching and
distribution transforming substations (DTS).

To evaluate the negative effect of the FPE method, a
detailed analysis of the situation in an MV/LV distribution
transforming substation during the earth fault was made. The
first part of the techmical report is based on the fault
simulations using the mathematical model of the network in
PSCAD software. The result of simulation shows that the FPE
may cause a transmission of a part of load current trough earth
(Tipaqg) 10 case of low-resistance earth fault (the earth fault is
caused by the connection between the affected phase and the
exposed conductive part of the distribution transforming
substation connected to the earthing system of the transforming
station and the earthing of the neutral conductor of the L'V

network) as Fig. 1 shows. For the detailed description see [5].
P

A maz
A
0,4kV
110kV 22kV R 1l g F’:..,,‘I l
cadZ Symmetrical Load
DTS
1 IhEA R" Ib;i'. Rz,
1
——— O
: ..’!...... RPEN
Rulj §| SC ... 3 IloadB LT
Compensated : R;UTS
1=l : -
" Moags f

Figure 1. Network diagram showing the negative influence of the additional
earthing of the affected phase caused by redistnibution of load current

The second part is focused on verification of all findings
given to simulations by experimental measurements in real
compensated distribution network. Summary of findings and
experience with the operation of the FPE automatic during
performed measurements is object of this contribution.

ITI. EXPERIMENTAL MEASUREMENTS

Our university. in cooperation with the distribution system
operator. has performed numerous experiments focusing
principally on the evaluation of risks related to the operation
of a compensated network with a permanent earth fault and on
methods enabling fast and precise earth fault location. The
evaluation of the operation of the FPE automatic system is
based on the analysis of the data obtained during twenty-four
experimental measurements of all where the automatic system
functioning was tested mainly for low-resistance and faults.
Taking mto account the fact that the occurence of low-
resistance earth faults in real distribution networks is very
rare. the automatic system functioning was also verified for

faults, on the contrary. quite frequent in mixed distribution
systems.

The evaluation of the function of the automatic system and
its influence on the safety of the operation of large
compensated systems presented in this paper is based
principally on measurements described in Table L. In all cases,
the points of the faults were supplied by the Brno-Medlanky
substation where an automatic system for the additional
earthing of the affected phase had been installed.

TABLEL DESCRIPTION OF THE FAULTED POINTS SELECTED FOR
EXPERIMENTAL MEASUREMENTS
E;l;:'};lﬁfc;:;ﬂt Bruo - Brno - Jinadovice Moravské
(affected DTS) | BYSTC Komin Kninice
Type of network Urban Urban Suburban Suburban
Distance to fault 5km 4.5 km 6km 10 km
276 A 256 A
Network and 240 A and 2344
capacmve current ?64 A ?sg A
Resistance to
earth of the 0.03 O* 002 O* 0.07 Q* 022 Q*
affected global | (0 04 0y** [(0.02Q)** [(0.56 Q= (531 Q)**
earthing system
(Re prs || Be o)

* Calculated firom fauit current (I and earth potential rise (Ug) - Figure 2
**Earthing system resistance of the affected DTS

Description of Experiments:

The measurements took place in the urban as well as
suburban part of a distribution network., differing principally in
the values of the resistances of the distribution substation
earthing. It is this resistance of the earthing system of the
affected distribution substation that fundamentally influences
an effect of the FPE system and also the level of touch voltages
in the area affected by the fault. For both the urban and
suburban part. two distribution transforming substation (DTS)
with the earthing system interconnected with the earthing of
the PEN conductor of the LV network (0.4 kV) were selected.
The stations were feeded by a 110/22 KV transformer equipped
with an arc-suppression coil (SC). When a large network was
operated (network capacitive current of 800 A). two arc-
suppression coils in parallel were used. one of them with fixed
set point, the other tuned by automatics. Three one-phase
circuit breakers of the FPE automatic system was connected
through resistance Rgy to the earthing system of the supply
substation (Figure 2).

During the experiment. the control was exerted by three
circuit breakers (1. 2 and 3), as shown in Figure 2. The circuit
breaker of the earth fault (CB No. 3) was controlled manually,
the other two automatically at preset times after the appearance
of the earth fault. The circuit breaker of FPE automatics (CB
No. 2) was switched on in 5 s after fault ignition. The CB No 1.
is used for short-time (1 s) increase of active part of the fault
current for better function of earth-fault protection. All
recorded values measured during experiment are highlighted in
red colour in Figure 2 (detailed description is in [5]).
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Figure 2. Simplified description of the network and the measuring points during the experiment
The experiments were performed for several states of the 140 A
tested network chosen according to the simulation results and
the experience of the staff operating the concerned part of the 120A
distribution network. The measurements were done for the :‘
maximum (/g of about 300 A) and minimum {open-circuit Shigoa
operation) load of the distribution transformer. for
compensated and undercompensated states of the distribution 80A -
network, for low-impedance and arcing ground fault as well as
for two values of the capacitive cuurents of the distribution G0A - - Applying of the
network (300 A and 800 A). .. FPE
40 A - — 'r_'
Analvsis of Experiments: A
The characteristics of the performed measurements and the | o :
recorded values of the fault current before and after the oA WL ) ) ) ) )
additional earthing of the faulted phase by the automatic 0s 2s 4s*"6s B8s 10s 12s 14s 16s
system are shown in Tables IT a ITI. t—

TABLEIL THE VALUES OF THE FAULT CURRENT BEFORE AND AFTER
THE APPLICATION OF THE FPEAUTOMATICS DURING AN EARTH FAULT IN AN
URBAN NETWORK

State of Network Type of I (Atrus)
Compens| Ground Fault+
Range| Load ation Fault Fault Shunt
comp. low- 18,8 18,1
= NO under. resistance | 46,8 46,9
(=]
s under. arcing 47.8 1,0
© comp. 26,2 1,2
< |302A
= comp. arcin 26,0 1,0
g yEs |_under. Y I's24 [ 1,0
2 under. low- 49,8 51,0
% comp. | resistance | 22,0 | 20,5
= comp. low- 40,3 32,7
b .
€ under. resistance 69,8 62,8
S 812A| YES under. arcin 74,3 6,7
comp. S I's13 ] 14

Due to graphical description of experience with using of
the FPE the some records of the faulty current and the shunt
cwrrent (current flowing through FPE equipment) are shown in
this chapter. The records of currents in case of metallic and
arcing earth fault in vrban distribution network with capacitive
curent over 800 A are presented in Figure 3. and 4.

Figure 3. The record of the fault current (/) and the shunt current (/)
during arcing earth fault in urban compensated network with range of
capacitive current 812 A

120 A

100 A

sh

80 A

60 A

Applying of the
@ FPE

40 A

20 A

1 1 1 " L
10s 12s 14s 16s

—=

0A ) )

Figure 4. The record of the fault current (J3) and the shunt current (I.)
during metallic earth fault in urban compensated network with range of
capacitive current $12 A

Especially positive effect of the FPE method during arcing
earth fault for maximal capacitive current of network over
800 A can be seen in Figure 3. where the arcing earth fault
was interrupted by the FPE automatics. Despite of theoretical
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analyses the Figure 4 shows also positive effect of the EPE in
the case of the metallic fault (decrease of the fault current is
around 20 %). no load was transmitted trough the ground (see
Figure 1) - impedance of ground loop is still larger then line
impedance [5].

TABLE IIT. THE VALUES OF THE FAULT CURRENT BEFORE AND AFTER
THE APPLICATION OF THE FPE AUTOMATICS DURING AN EARTHFAULTIN A
SUBURBAN NETWORK

State of Network Type of Is (Atrws)
Compens| Ground Fault+
Range| Load ation Fault Fault Shunt
NO comp. low- 10,5 6,4
® under. | resistance | 421 | 29,0
(=]
=260 under. arcing 43,6 0,3
o vES comp. 9,0 0,6
5 comp. low- 8,8 6,3
‘§ under. | resistance | 43,8 | 29,7
= low-
2 no | 9P | resistance 21,3 11,6
% under. arcing 99,9 3.3
g 819 A comp. low- 21,6 11,0
] vES |_under. resistance | 99,7 63.6
< under. . 97,5 0,9
arcin
comp. 9 211 ] 05

Figure 5 and 6 present time behaviour of RMS value of the
fault current and the shunt current recorded during suburban
earth fault. Additional earthing by the FPE automatics causes
interruption of the arcing earth fault as well (see Figure 5).
Similarly as Figure 4 shows. also during metallic earth fault in
suburban network decrease of fault current was achieved by
using of the FPE system. In this case the fault current was
reduced to 50 %, it’s two times higher than in vwrban network
because impedance of ground loop is higher (earthing system
1s worse for suburban fault point).

T 120 A
‘[ 100 A
L
80 A
60 A L
Applying of the
FPE
40A |- | ,,’
24 L oy
0A ] ] "-\“ f | ] ]
0s 1s 2s 3s 4s 5s 6s 75 8s 9s
[ —
Figure 5. The record of the fault current (/) and the shunt current (I1)

during arcing earth fault in suburban compensated network with range of
capacitive current 812 A

40A

Applying of the
FPE ]

]

5¢" 65 7s 8s Os

f—=

|

0A ! ! ! !
O0s 1s 2s 3s 4s

Figure 6. The record of the fault current (f5) and the shunt current (l.a)
during metallic earth fault in suburban compensated network with range of
capacitive current 812 A

Analvsis of Aditional Experiment:

Theoretical hypotheses flowing from the PC simulation
(chapter II) were verified only once by an additional
experiment where artificial metallic ground fault was ignited
inside of 400/110kV substation which is 15 km far from the
supply substation. Due to extremely low wvalues of fault
resistance and earthing system resistance in the point of fault it
can be seen that the part of load current was transferred trough
the ground after applying the FPE automatics as Figure 7
shows.

20V {‘
oV -
-20V

-

R R T
{'sn”u 50V /\ Tay f:‘ ifa0a ‘:-sh
CR | I A U A T A A

PNV O I 5
O
" / i, Ah I. P r v

O R e B
60V \ ’ l .I‘ \f )\U/‘ Ja0a
B0Vv \Uf’ \VJJ : \ ] '.‘L__.—:
100V . 1 L . 80 A
304385 1 3,0705s 3,0872s
Applying of the FFE t—

Figure 7. Instanteneous value of fault current (7). shunt current (i5) and
load current of faulted phase (i1;) recorded during metallic earth fault inside
of 400/110kV substation

The negative effect is caused by similarity of the line
mpedance and ground loop impedance. The ground loop
includes shunt resistor resistance (Rsy — 10 Q). earthing
resistance of 110/22 kV supply substation (Rgs — negligible).
ground resistance (it’s negligible because both substation are
interconnected by ground wires eventually by shields) and
value of earthing resistance of 400/110 kV substation together
with fault resistance is also negligible. Despite it the growth of
fault (residual) cwrent after applying of the FPE is not so
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high. in mentioned case the growth was only 6 Argys (from 100
4A10104) :g <. URBAN I SUBURBAN
The Evaluation of the FPE Functioning in Case of Low- Z 7 :
Resistance (Metallic) Earth Faults: 2 o0 [
As it can be concluded from the results of the 5 <0 |
measurements (Table IT and III), there was no significant L_-:f 0 |
increase in the fault current flowing through the point of e g, |
the fault after the additional earthing of the faulted phase 20 |
during low-resistance earth faults (conductive connection 10 I
between the phase conductor and the earthing system of o [
the distribution transforming substation) in any of the 123 a|s |6 |7 8|59 101
monitored cases. However. there was a slight decrease in WRault | 47,8 26,2| 260 524|743 513|436 90 |993|875) 211
fault current in case of faults in suburban networks This is ®Fault+Shunt) 1,0 | 12 | 10 | 10| 67 | 1,4 | 03 | 06| 33 | 08| 05

due to the fact that the resistance of the earthing system of
the distribution transforming substation in such networks  Figure 9. Fault current reducing by the FPE automatics during arcing earth
is higher than in case of urban networks. Above mentioned faults

conclusions and positive effect of the FPE system during

. . N The Evaluation of the FPE Functioning in Case of Resistive
metallic earth fault is shown in Figure 8.

Earth Faults:

100 The most commeon faults in distribution networks are
90 resistive ground faults (about 60 % of faults). Due to a
80 < URBAN SUBURBAN __ -, high resistance of the fault loop. there is significant
< 70 redistribution of fault current between the point of the
£ 6o additional earthing (in the supply substation) and the point
§ 50 of the fault in a ratio corresponding to their impedances.
£ a0 Taking into account all the measurements performed so
£ 39 far. it can be stated that using the automatic system for the
20 additional earthing of the affected phase in case of
10 resistive earth faults leads to reducing the value of fault
0 current at the point of the fault. decreasing thus the risk of
G I O A T Tl el possible accidents due to contact or step voltage.
mFault 18,8|46,8| 49,8 |22,0|40,3 69,8 10,5|42,1| 8,8 |43,8)21,3|21,6/ 99,7
Faultsshunt| 15,1| 46,9 51,0 20,5(32,7 62,8 6,4 |29,0] 6,3 [29,7[11,611,0| 636 The level of the fault current during an earth fault 1s crucial
for the evaluation of the possibility of the appearing of
Figure 8. Fault current reducing by the FPE automatics during low- dangerous touch voltage in the affected network. Figure 10
resistance earth faults shows the values of the residual current recorded in urban and
The Evaluation of the FPE Functioning in Case of Arcing suburban networks in experimental measurements over several
Earth Faults: years.
As far as arcing earth faults are concerned. the additional 10
earthing of the faulted phase led in most cases to the _ fisuburban networks
interruption of the arc in the fault point and to the g ° | K urban networks
“transfer” of the fault current to the supply substation g =
(Table TT and IIT). The interruption of the arc at the point of 3 )j
the fault eliminates a possible risk of accidents due to % a
contact or step voltages in the swrrounding of the point of g°
the fault. Taking into account a relatively high number of gs X
arcing faults in mixed distribution networks (about 20 % to 2 4 =
30 % of faults). the benefits of the application of the FPE s, it
are obvious, it helps increasing the safety of the operation £ TH
especially in case of large wban as well as suburban 3
distribution networks. Elimination of the fault current in a1
the case of arcing earth fault is presented by Figure 9. . . ‘ . . . . ‘ . .
L1} 100 200 300 400 500 600 700 800 500
network capacitive current (A)

Figure 10. Residual currents Iy of a metallic earth fault recorded in
experiments

It is clear from Figure 10 that the residual current of a
metallic earth fault in suburban networks does not exceed 5 %
of the total capacitive current while in case of urban networks
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its value almost doubles. with a maximum of 9 %. Similar
results show that the resistance of the line up to the point of
the fault, the total earthing resistance as well as the contents of
uncompensated harmonics in the fault current affect the value
of the residual current more than the total network shunt
conductance. The harmonic distortion of the residual current is
an important factor influencing its value. The imperfect fault
current compensation is caused by commeon arc-suppression
coils which are tuned to compensate only the fundamental
frequency of the capacitive (fault) current. It is also a reason
of difference of the residual current between urban and
suburban network where is lower harmonic distortion of a
fault current. see Figure 10 (for more details [9]).

V.
Taking into account very low residual (fault) current and
the possible reduction of its value due to the installation of the
automatic system for the additional earthing of the faulted
phase in up to 90 % of all earth faults occurring in the
compensated network. the probability of the occwring of
contact or step voltage in common distribution networks is
very low even if the limit value of capacitive current of 300 A
is exceeded. This is also the reason why total earthing
resistances of distribution transforming substations are very
low [9] (substations and L'V network share the same earthing
system — Figure 2). in the majority of cases ten times lower
than the maximum permitted value of 2 Q given by Czech
technical standards.

CONCLUSION

Even though it can be stated that the operation of a large
network equipped with the FPE system for the elimination of
the earth fault current does not lead to exceeding the value of
maximum residual current at the point of the fault defined m
this standard [1]. The required values concerning the maximum
extent of a compensated network are considerably exceeded.
however without influence on the network safety of operation.

The additional experimental measurement confirmed
possibility of the negative effect of the FPE method which may
cause growth of the fault curent in the point of fault, but
probability of similar conditions for earth fault origin in the real
network is negligible and also fault current growth is not so
high.
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Abstract: The study is focused on evaluation of different types of prototypes of automatics for additional faulted phase
earthing (FPE), which are used for earth fault (EF) current reduction in resonant earthed distribution network. Three
prototypes of these automatics have been installed in Czech distribution network, the first one utilises direct connection
of faulty phase-to-earthing system of supply substation, the second one utilises connection through resistor and the
last one through reactor. The contribution is mainly focused on detail analysis of operational differences of these types
of FPE systems based on case study of compensated distribution network. The main aim is to specify and describe
benefits and disadvantages of individual FPE applications. The results could be used for evaluation of best solution of

FPE application which could be chosen for an EF current reduction in compensated distribution network.

1 Introduction

The continual growth of consumption, especially in urban areas with
increasing numbers of technological centres, leads to the expansion
of cable distribution network and therefore to increasing of earth
fault (EF) current levels in such networks. One of the possibilities
how to reduce the level of the residual EF cument in compensated
networks is utilisation of an automatic system for the faulted phase
earthing (FPE). The faulted phase earthing method involves
creating of conductive path for the residual current of the EF
directly to the earthing system of an HV/MV substation (Fig. 1).
The detailed description of the method can be found in [1-8].
There is no doubt that the method yields positive results in case of
resistive earth faults that represent a vast majority of all earth
faults in MV distribution networks. With the view to find best
solution of the FPE application, which could be applied to
national distribution system operator (DSO’s) standard, three
prototypes of FPE automatics have been installed under pilot
project to different distribution MV networks. These automatics
are designed to earth faulted phase to the earthing system directly,
through resistor or reactor, based on its type. Individual types of
FPE are differed in shunt impedance (Zsy), which is connected
between faulty phase and earthing system of supply substation as
shown in Fig. 1. Type 1 (T1) presents design of FPE, where faulty
phase is directly (Zg;;=0 ) connected to earth by single pole
circuit breaker (no. 3. — Fig. 1), Type 2 (T2) is label of resistor
earth FPE automatic (Rg;;= 10 €2) and labels Type 3 (T3) or Type
4 (T4) is used for FPE automatics utilising shunt reactor with
value Xg;;=10 € and Xg;=4 Q, respectively (value of reactance is
optional from 4 to 10€). The presented case study of FPE
applications  will respect only difference between shunt
impedances of individual types of FPE (T1-4).

1.1 Factors influencing FPE method

For the purpose of proposing an optimal test network configuration
and case study parameters, the basic factors which can influence
characteristics of individual types of FPE are discussed in the
following sections. All these factors will be respected and
evaluated in the case study for each type of FPE application.

CIRED, Open Access Proc. J., 2017, pp. 1-56

1.1.1 EF current reduction (fundamental component): The
crucial factor affecting the affectivity of an EF cument reduction by
FPE is ratio of fault circuit impedance and shunt loop impedance
(impedance between faulty phase and earth). Just the ratio of these
impedances has significant impact to ability of FPE to reduce an
EF current as it is described in |3, §].

EF loop impedance: this impedance is given by positive and zero
sequence impedance of the line to fault, fault resistance and partly by
soil resistivity (earth resistance).

Shunt loop impedance: This is given mainly by shunt impedance
of FPE (Zgy) and earthing system impedance of supply substation.

To evaluate FPE applications, the case study has to contain
sensitivity analyses of parameters, which can affect the impedance
ratio and have high variability of its value, as line impedance to
fault and fault resistance are.

1.1.2 Reduction of higher harmonic component of an EF
current: In case that conventional arc-suppression coils are
used, which are tuned into resonance with the network capacity on
system frequency (50 Hz), the EF cuwrrent is predominately
composed of hammonic components. These components are
injected to the EF from non-linear loads and it is not compensated
by the arc-suppression coil. As it is mentioned in [3], the RMS
value of EF current is mainly given by third, fifth and seventh
harmonic component especially in urban or sub-urban distribution
network. For this reason, the possibilities of reducing these
harmonics by given types of FPE have to be necessary analysed in
case study.

1.1.3 Load transmission through EF point:  The next problem
related with FPE prnciple is transfer of a load current of faulty
feeder through earth and fault point. It can cause significant
increase of an EF current and thus deterioration of touch or step
voltage levels around faulted area. This phenomenon can occur
only during low-impedance EF at heavily loaded areas of
distribution network, the issue is in detail discussed in the
contributions |3, §].

1.1.4 Overvoltage in healthy phases after application of
FPE: Other discussed issue is overvoltage occurrence in healthy
phases after application of FPE method. Where due to additional

This is an open access article published by the IET under the Creative Commons 1

Attribution License (http:/creativecommons.org/licenses/by/3.0/)
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Fig.1 Considered FPE application design (Types 1-4), (1) earth fauls, (2)

auxiliary resistor of arc-suppression coil, (3) FPE automatic

low-impedance earthing of faulty phase, the phase voltage of healthy
phases is increased up to L-L operation voltage at least regardless of
value of an EF resistance. High level of the overvoltage could then
cause insulation breakdown of healthy line leading to ignition of
the second EF ie. ignition of short-circuit and interruption of
power supply. Since this overvoltage is significantly influenced by
the used shunt impedance of FPE, the evaluation of overvoltage
level is also mcluded to the study.

1.1.5 EF current level during cross-country EF: Regarding
to safety against electric shock, a cross-country EF (double-EF) is
the most hazardous state, it is state when EF current reaches
highest wvalues in compensated network. This fault current
increases earth potential rise not only in the area of second EF but
also in the area of supply substation earthing system. Therefore,
assessment of the level of the EF current during the cross-country
EF 1s also subject of the case study.

1.1.6 Overvoltage during cross-country EF: High
overvoltage can also arise during cross-country EF ignition as well
as it was described in Section 1.1.4 for single EF. This
overvoltage can damage isulation of distribution network
component what could affect continuity of power supply in the
future. Owing to this, overvoltage strongly depends on R, L, and
C conditions during fault ignition, the case study is also focused
on evaluation of overvoltage for individual types of FPE, the
respecting variation of fault distance, capacitive current, faulty
phase, moment of the fault ignition etc.

2 Case study

The testing network showed in Fig. 2 was designed to be able
evaluate all factors mentioned in Sections 1.1.1-1.1.6 for
mdividual applications of FPE separately. The testing network
simulates mixed compensated network 22 kV, which is supplied
from 110kV network over three winding supply transformer
YnYD with the power 63 MVA and = 16.5%. Contribution of
symmetrical short-circuit current from HV network 1s 16 kA. MV
distribution network consists of two healthy feeders — overhead
line AlFel10/22 and cable line AXEKVCEY120. The cable line
varies its length base on its operation variants (V1-V6) listed in
Table 1.

The third (faulty) feeder is overhead line 70AlFe6 with length
40 km, this feeder is used for simulation of earth fault with
variations of fault distance 0, 10, 20, 30, and 40 km (P1-P5). For
the case study, four basic values of earth fault resistance Ry are
respected 10, 300, 600, and 1200 Q. To evaluate of all aspects of
the study, not only ideally compensated state is respected but also
under compensated (compensation current is 20% lower than the
capacitive current of the network) and over compensated state
(+20%).

0,10

e

Fig. 2 Simplify scheme of the testing distribution network

Table 1 Parameters of the network for operation variants V1-6

Operation variants Capacitive current, A Residual current (1), A

Vi 6.1 4.3
V2 65 4.6
V3 212 8.2
V4 357 12.8
Vs 494 18.5
Ve 723 50

2.1 Analyse of earth fault current reduction by FPE

The difference in the effectiveness of different types of FPE
automatics can be evaluated based on Fig. 3. The figure presents
relative value of an earth fault current after application of
individual types of FPE during 100 earth fault in ideally
compensated distribution network. This relative value /; indicates
percentage value of an earth fault current which is flowing through
fault point after application of FPE. In terms of earth fault current
reduction by each type of FPE, the type 1 is_the best solution
because of lowest value of shunt impedance Zg,. The relative
value of an earth fault current reaches value 0-30% in this case.
On the other hand, the type 3 is the least effective, the melative
value of an earth fault current is reaching 90% in this case.

Table 2 is depicted to compare individual types of FPE base on its
ability to reduce EF current. The table summarises average,

Wi Vo= W3 W= W5 VE->

Fig. 3 Relative value of earth fault current after FPE — compensated state
Ry=10Q (X axe shows each operational variant V1-6 changing location of
the fault from the beginning to the end of the faulty feeder)

CIRED, Open Access Proc. J., 2017, pp. 1-5
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Table 2 Relative earth fault current after application of FPE in ideally compensated network

R, Q Percentage value of earth fault current after application EPF

Type 1 Type 2 Type 3 Type 4
Min, % Max, % Avg., % Min, % Max, % Avg., % Min, % Max, % Avg., % Min, % Max, % Avg., %

10 25 30 15 122 53 31 25.9 a7 48 15.6 63 31

300 0.9 3 2 1.1 6 3 37 8 6 1.7 4 3

600 0.9 2 1 0.3 5 2 2.2 6 4 1.3 3 2

1200 0.8 2 1 0.1 4 1 1.6 5 3 1.2 3 2

maximum, and minimum relative values of earth fault current during
all testing states in ideally compensated network categorised based
on earth fault resistance 10, 300, 600, and 1200 Q.

2.3
level

Impact of load transmission on earth fault current

As it was expected, the rising of fault resistance leads to increase of
FPE effectivity (reduces the level of the load transmitted through the
earthing system), similarly increasing distance of the EF from the
loaded distribution transformer reduces the level of the load
transmitted through the earthing system as it can be seen in Fig. 4.
In terms of comparison of the impact of each solution of FPE on
load transmission, the shunt impedance of FPE plays key role
Therefore lowest effectivity of EF reduction is reached by Type |
(direct FPE), next is Type 4 ((|E| = 4(). Then solution Type 2
and Type 3 are comparable when impact of load is respected,
absolute value of the shunt impedance is for these types equal
(|Zss| = 100).Table 3 is depicted to compare individual types of
FPE base on its ability to reduce EF current when impact of load
transmission is respected. The table summarises average,
maximum, and minimum relative value of earth fault current
during all testing states in ideally compensated network
categorised base on earth fault resistance 10, 300, 600, and 1200 Q.

weremens T 1

F 350 et 12[1
= - T3
300/~ ——T4[]

250 -
200 - f
150 -

100

i
2>

V>

Yi= Vi Ve

Fig.4 Relative earth fault current after FPE application respecting impact
of load — ideally compensated network, Re= 10 Q

2.4 Overvoltage analysis

This analysis shows that states when FPE is applied during high
impedance EF (300, 600, and 1200 Q) in cases of network with
high capacitive current /.>300A (V4, V5, and V6) are most
problematic from hazardous overvoltage occumrence point of view.
Especially, Types 3 and 4 reach the highest values of overvoltage
after FPE of high impedance EF, where overvoltage of healthy
phase exceeding 25 kV. The maximum RMS value of overvoltage
is 288kV when Type 3 is used and 26 kV for Type 4. This
overvoltage is caused by oscillation of neutral voltage due to
energisation of shunt inductance of the FPE automatic (Xg). As
this inductance and also current flowing through this inductance
(1g,) will be higher, as high value of overvoltage is possible achieve.

Regarding the solution Type 1, the level of self-overvoltage is
mainly caused by discharge current given by faulty phase, the
duration of this overvoltage is very short (about a quarter of a
period) and it is usually suppressed in real systems. The recorded
values of neutral voltage and healthy phase L3 voltage are shown
for all modelled cases in Figs. 5 and 6.

Waveforms of instantaneous value of recorded phase voltages for
case of FPE through reactor 10 Q (Type 3) are presented in Fig. 7.
There can be seen extreme overvoltage exceeding value 40 kV
(>210% of nominal voltage). The overvoltage duration is
approximately a period and 1t is caused by neutral voltage
oscillation (Up). as it can be seen in Fig. 7. Value of the neutral

17.5 -

7 -

U, [kv]

16.5 -
16 - =
156.5 -
15 -
4.5 -

14 -

13.5 -

o

10ghm —> 1200chm —=

Fig. 5 Maximal RMS value of neutral voltage for all simulated cases —
ideally compensated network

Table 3 Relative earth fault current after FPE application respecting impact of load - ideally compensated network

R: Percentage value of earth fault current after application EPF
Type 1 Type 1 Type 1 Type 1
Min, % Max, % Ave., % Min, % Max, % Avg., % Min, % Max, % Avg., % Min, % Max, % Avg., %
10Q 25 384 138 13.0 298 96 243 3086 113 22.0 352 128
300 Q 0.9 51 15 1.3 47 13 37 49 15 17 50 15
600 Q 0.9 29 9 0.8 27 8 22 28 9 13 29 9
1.2 kQ 0.8 18 6 0.1 17 5 16 17 6 1.2 18 6

CIRED, Open Access Proc. J., 2017, pp. 1-5
This is an open access article published by the IET under the Creative Commons 3
Attribution License (http:/creativecommons.org/licenses/by/3.0/)
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Fig. 6 Maximal RMS value of phase L3 voltage for all simulated cases —
ideally compensated network

40 kv
Uvn1 20 kv
n2 k
Usns ]
ALY
=20 kY
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0,96 s 0,99s 1,025 1,058 1085

Fig. 7 Instantaneous value of recorded voltages for FPE by Type 3 fault
resistance is 1200 Q

voltage is close to 19 kV, what is 140% of nominal voltage of the
network. The application of FPE based on Type 3 (partly Type 4)
is not suitable from high overvoltage point of view.

possible on the basis of Table 4, which shows the percentage
values of the suitability of each type of FPE. For this comparison,
the value of 100% is used for most appropriate solution of FPE
and the remaining are proportionally lowered with respect to their
ability (efficiency) to reduce an earth fault current and overvoltage.

3.1 Evaluation of FPE automatics during cross-country
earth faults

Lowest value of an earth fault current during cross-country fault can
be achieved with application of FPE Type 2 eventually Type 3. In
case that FPE with shunt impedance 10 Q (Type 2) is used, the
earth fault current of cross-country fault is limited up to 1140 and
1340 A in case of Type 3 (reactor 10€Q), respectively. The least
suitable solution of FPE automatics is a direct earthing of faulted
phase (Type 1), where the level of an earth fault current during the
cross-country EF with resistance of 10 Q is approximately two
times higher (2190 A). Similarly, with regard to highest value of
overvoltage, the best solution is also Type 2 (Rg,=10£) and the
worst one FPE with reactors (Types 3 and 4). Maximal recorded
values of overvoltage for individual types of FPE application are
listed in Table 5.

Presented overvoltage was prepared for cross-country EF with
fault resistance 10 €, where phase L2 was additionally earthed and
phase L3 was affected by second EF. Complex comparison of
respected types of FPE applications in terms of the cross-country
earth faults is possible on the basis of Table 6, which shows the
percentage value of the suitability of each type of FPE. For this
comparison, the value of 100% is used for most appropriate
solution of FPE and the remaining are proportionally lowered with
respect to their ability (efficiency) to reduce an earth fault current
and overvoltage during cross-country EF.

Table 6 Mutual comparison of respected types of FPE during
cross-country EF

Type Average value of Overvoltage in faulty Evaluation based
of FPE overvoltage, % phases and neutral on earth fault
voltage current, %

3 Complex evaluation of respected types of FPE Uo% Us% ULs,%

It follows that any solution of FPE automatic has its advantages and T1 95 95 100 90 52

disadvantages with respect to characteristics of an earth fault and T2 929 100 928 100 100

distribution network configuration. Comprehensive comparison of 3 a3 &8 95 80 85

R . . T4 a8 86 98 81 62

respected types of FPE applications in terms of the case study is

Table 4 Mutual comparison of respected types of FPE

Type FPE Earth fault current reduction Load impact, % All impacts respected, % Overvoltage, %

Fundamental comp. Harmonic comp.
comp., % under., % over., % 3rd, % 5th, % Tth, %

™ 100 100 100 100 100 100 70 75 92

T2 48 15 13 12 8 16 100 100 100

T3 31 12 10 6 4 6 85 77 79

T4 48 23 20 6 6 5 75 68 87

Table 5 Maximal value of recorded voltage during cross-country EF with fault resistance 10 Q

Voilage, kV Phase-to-earth voltage level in supply substation
Type 1 Type 2 Type 3 Type 4
EF in L2 EF in L3 EF in 12 EF in L3 inlL2 EF in L3 EF in L2 EFin L3
Uy 141 13.6 131 13.4 15.3 13.5 15.5 13.6
Uiy 0.7 0.6 11.9 1.8 14 14.1 8.3 83
U 234 237 23 243 231 247 233 24.2
Us 26 23.7 233 23.4 291 239 29 23.8
CIRED, Open Access Proc. J., 2017, pp. 1-5
4 This is an open access article published by the IET under the Creative Commons
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ABSTRACT

Keywonds:
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Distribution network
Touch voltage

The contribution describes probabilistic approach for evaluation of earthing system safety, which can comple-
ment the conventional earthing design methodology given by standard EN 50522, similarly as mentioned in
British Annex NA. The main part of the contribution is application of the probabilistic risk assessment approach
on case study of distribution transformer station earthing system. For presentation of benefits of probabilistic
approach, the system solidly earthed, isolated, resonant earthed and resistor earthed were respected as the part
of the case study. The contribution stipulates all crucial aspects of this process including probable drawbacks
flowing from high amount of non-well known input variables which are necessary for probability calculation,
e.g. human body presence, respected risk scenarios, frequency and type of earth faults, fault/contact coin-
ddence, etc. The last part of the contribution is focused on sensitivity analysis of all crudial input variables which

can affect final individual risk probability.

1. Introduction

Besides determination of minimal operating requirements of an
earthing system (ES), engineers also have to evaluate its safety level.
The methodology is described in many different international standards
like IEC 61936-1 (2010) [1], EN 50522 (2010) [2] and IEEE 80 (2000)
[3]. For example, current version of EN 50522 safety criteria is ex-
pressed by a voltage-time (V-t) dependent curves that represents per-
missible touch voltages. If all touch voltages of a given design are lower
than V-t curves respecting fault clearing times and additional insulating
layers, then the given design is evaluated as sufficient and might be
assumed as safe. Throughout the whole designing process of ES the
input data is taken as concrete numbers with the preservation on the
conservative site (i.e. assuming the worst case scenario). Usually the
input values in terms of probability are taken as from 95% or more
confidence interval. For example, El-Kady [4.,5] put a lot of effort in
determining the distribution of earth fault current magnitudes with the
help of Monte Carlo simulation accounting also for remote faults with
transferred earth potential rise (EPR) by overhead earth wires. Another,
more recent, study by Dimopoulos [6] also reports that the ‘worst case’
scenario is not very likely to happen and that more comprehensive
approach respecting probabilistic nature of input variables should be
adopted. Dimopoulos [6] in his contribution also used statistical data of
clearing time distribution that also confirms the probabilistic nature of

= Corresponding author.

the problem (most of the clearing times can be expected lower than the
set value of respective protection). Also, the current version of EN
50522 states that ‘Tt must also be recognized that fault occurrence, fault
current magnitude, fault duration and presence of human beings are prob-
abilistic in nature’, yet the proposed ‘the worst case’ scenario approach
with deterministic input values is assumed as acceptable.

Following steps in EN 50522 may induce the feeling that the final
design of ES is safe, however this is not generally true. That is because
the V-t curves are derived with the assumptions of: human body current
causing fibrillation in 5% of all cases (c2 curve), the human body re-
sistance is taken as for 50% of population, current path one hand to feet
and no additional resistances [2]. As one could easily deduce, the
current standard EN 50522 V-t curve has an inherent probability of fatal
accident up to 5%. However, the fatal accident probability is much
lower due to the fact, that the fatal accident could only happen when a
fault occurs and at the same time a person is exposed to the hazardous
potential difference, i.e. the probability of coincidence [7]. Also the
probabilistic nature is the fact, that the soil is in general an in-
homogeneous structure [8-10] which can be modelled with one or
more respective layers and its behaviour may change with the weather
conditions [11]. The question of adopting probabilistic approach in-
stead of deterministic is quite old and many papers [6,12-21] were
published with an attempt to improve the general methodology. The
probabilistic approach was also adopted in national annex NA and NB
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of British standard BS EN 50522 [22]. The most comprehensive de-
scription of probabilistic methodology for evaluation of an earthing
system was described in user guide [7] which contains detail descrip-
tion of theory of safety risk assessment and related problems. This guide
is based on the summarization of published works [13,15,21,23]. In this
document, the probability of fault occurrence as well as coincidence of
human exposure to the hazard voltage is considered as Poisson prob-
ability distribution functions, what is more complex than in the case of
British standard 50522 [22].

It is assumed [12] that the probabilistic approach may be worth for
designing, of some small and solitary standing earthing systems where
new design can lead to substantial over-sizing and subsequently to over-
price of ES without significant impact to reducing of risk probability.
Just in these cases the probabilistic approach is beneficial because it
respects real human presence and fault/contact coincidence to ensure
acceptable risk regarding to ES design expediency and environmental
conditions (soil resistivity). It can optimize design of ES to find the best
ratio between cost and safety factor. Crucial part of probabilistic ap-
proach is selection of generally acceptable value of individual risk
probability (risk of death) which defines safety level of designed ES
(discussed in Section 2.2). In general, the probabilistic approach en-
ables to save cost of ES for its more efficient use while it still fulfils
acceptable risk of death. Unfortunately, the application of the prob-
abilistic approach is very challenging because it is generally based on
complicated methodology where many uncertain variables are used.

Most of the published papers introduce the application of prob-
abilistic approach for designing of ES of transmission asset. However,
the current valid standard BS EN 50522 and guide EG-0 might be used
also for designing of ES in distribution networks, where exposure of
customers is really high due to interconnection of MV and LV earthing
systems. As is discussed in Section 3.1, in such cases, part of the EPR
can be transferred through common protective earth and neutral con-
ductor (PEN) to exposed conductive parts (ECP) which will increase the
overall risk of such a design. Up-to-date almost no contributions dealt
with application of probabilistic approach in MV/LV networks except
one [24]. However, in the paper [24] the authors have not included the
transferred potential to ECP in LV network and thus not incorporated
the risk induced on public.

This contribution shows application and sensitivity analyses of
probabilistic approach based on case study of distribution network
where simple earthing system of distribution transformation station is
evaluated. The case study allows to present benefits and difficulties of
probabilistic approach to show real application potential and potential
for further research works which have to be done prior to wide usage of
probabilistic approach.

This research work was performed in frame of Join working group
B3.35/CIRED - Substation earthing system design optimization through
the application of quantified risk analysis established in September
2013.

2. Integration of probabilistic approach to earthing system
evaluation process

The most gentle way for implementation of probabilistic approach
to relatively conservative European field of ES designing is its in-
tegration to applicable standard [2]. Fig. 1 presents flowchart, where
original evaluation process given by EN 50522 (enclosed by dotted line)
is complemented by probabilistic part as it was used in British National
Annex NA of BS EN 50522 [22]. Compared to [22], the probabilistic
part described in the paper respects the impact of fault duration on
coincidence probability which can reflect effect of longer tripping time
of earth faults in non-solidly earthed distribution networks (see Section
2.1). The coincidence probability assessment criterion presented by the
block 2 is the second difference of the flowchart in Fig. 1 compared to
BS EN 50522. This criterion may simplify probabilistic evaluation
process so that in the first step, it is not necessary to calculate
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probability of fibrillation, which could be challenging for some risk
scenarios. In this phase of evaluation process, the fibrillation prob-
ability 1 is assumed for all risk scenarios.

According to [22], the next step admits probabilistic evaluation of
exposure which is categorized to three areas (see Section 2.2). In case
that risk probability is inside intermediate area, the probabilistic part of
ES evaluation process is extended by a cost benefit analysis (CBA) as
shown in Fig. 1 (block 7). The CBA can evaluate the effectiveness of
additional costs spend on modification, re-design or additional mea-
sures of an earthing system, detailed description is in Section 2.3. This
paper is further focused only on the risk probability part expressed by
block 1-8 (Fig. 1), because the initial part of the flowchart is in detail
described in standard [2].

2.1. Individual risk probability calculation

Earthing system safety might be evaluated by the probability of fatal
accident, or so called individual risk IR [7,22]. Determination of IR
might be quite challenging task due to the fact that it is dependent on
many wide-ranging information like: frequency of earth faults causing
EPR and its magnitude and fault clearing time distribution; frequency of
human presence in the vicinity of ES, the human presence duration etc.
Other environmental and site specific information should be also con-
sidered. As the abovementioned information is site specific, detailed
statistical data is necessary to ascertain which might be in many cases
difficult. Also, the change in this data throughout life-time period of
designed ES has to be considered.

Fatal accident might only occur if all three following conditions are
met: - a fault will happen, - a human is exposed to potential difference
(either due to ES EPR or by transferred potential); - and the potential
difference is high enough to cause ventricular fibrillation (other causes
of death are not considered [7,22]). Each of these conditions can be
modelled with probabilistic nature/distributions and thus fault can
happen with fault probability P, human can be exposed to potential
difference with probability Pg and fibrillation may happen with prob-
ability Py, For simplification, these probabilities can be considered as
independent probabilistic events. Thus simple formula (1) for IR cal-
culation can be introduced as follows [22].

Prisx = Pr-Pe-Prip = PeoinePrn (€8]

The product of Py times Pg can be substituted by Peine (1) which is the
coincidence probability expressing the likelihood of human presence in
the zone of the earthing system influence during an earth fault per year.
The input variables into Pg,y. calculation are proposed by [22] as
mean/average values. The calculation of Pgy, is independent on calcu-
lation of Pgyi,e and will be discussed later. More comprehensive ap-
proach of IR formula derivation is introduced in [7] where more precise
approach was used. In this user guide [7], the probability of human
exposure and the probability of fault occurrence were modelled with
Poisson distribution function with its mean and variance values,
therefore modified Pegine formula (2) was introduced by [7] as follows
_ fn 'Pn'(fd + pd)TCR‘F

Fogine = ——F2———7—

365-24-60-60 (2)

where f, is number of earth faults per year, fa is fault duration (sec-
onds), p, is frequency of human presence/touch per year, py is human
presence/touch duration (seconds), T is exposure duration (years) -
usually 1year, CRF is coincidence reduction factor respecting pre-
conscious of people familiar with the risk [7] (base value is 1). One
main difference between both approaches [7,22] in calculation of co-
incidence probability is that the British standard [22] does not include
into the calculation the fault duration f,. Based on simplified compar-
ison of both approaches it can be demonstrated that both approaches
give comparable results only for fault duration up to 0.1s (Fig. 3). The
solution described in BS EN 50522 does not respect impact of longer
tripping times which are characteristic for an earth fault in distribution
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Fig. 1. Integration of probabilistic approach to european distribution earthing system evaluation process.

network. This is the reason why the coincidence probability formula (2)
was used as more precise and also as more conservative with respect to
evaluation of risk in distribution networks which may be under op-
eration for dozens of minutes with permanent earth faults. The differ-
ence between both solutions based on change of the presence and fault
duration is presented in Figs. 2 and 3, where comparable result can be
obtained assuming that fault duration is at least two orders lower than
the presence duration.

Fibrillation probability Py, can be determined based on paper [12]
for any magnitude, duration and path of human body current. The fi-
brillation probability surface of paper [12] was derived from constant
fibrillation probability curves cl-c3 according to standard IEC TS
60479-1 (2005) [25].

In case that multiple risk scenarios are taken into account, the in-
dividual risk probability can be calculated as sum of individual risk
probability of each scenario as follows

Prige = Z Priveny-Peomen)
[ (3)

where n is a number of respected risk scenarios.
2.2. Evaluation of individual risk probability

Every activity has an inherent risk that people are willing to un-
dertake regardless of its risk. For example, there is an individual risk of
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1in 10,000 per year that a person dies in a traffic accident, risk of dying
for cancer 1 in 374 per year or risk of dying by lightning 10~7 per year
[26]. Basically, an individual is willing to undertake such risk based on
either achieved benefit (if the risk is voluntary) or simply because the
risk cannot be avoided (involuntary). Some risks may be reduced by
technology development, qualification, behaviour, etc. Quantifying risk
of many human activities enables to determine the real risk undertaken
in such activity and also enables to compare the risk with another ac-
tivity. Quite a lot of publications and discussions were published with
the aim of proposing the ‘right’ (acceptable) limits for risk imposed on
the public [26-28].

In the field of ES installation British standard BS EN 50522 [22] and
also EG-0 [7] propose IR targets consistent with the ‘as low as reason-
ably acceptable’ (ALARA) principle. The IR for public can be divided
into three categories [7,22]:

(a) High or intolerable risk for Py;,. = 10~ has to prevent occurrence
regardless of cost (earthing system design has to be modified or
redesigned).

(b) Intermediate risk for Pgi = (107% 107°) - has to minimise oc-
currence unless risk reduction is impractical and costs are grossly
disproportionate to safety gained, ‘ALARA’ region (efficiency of
additional measures, modification or redesign of ES has to be
evaluated, CBA analysis can be used).

(c) Low or tolerable risk for Pyq = 107 ° risk generally acceptable,
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Number of faults l'n =1, Number of human presence P, = 1000, Fault duration fd =1s

10" T T T T Ty T —r———rrerr
- - BS EN 50522 i
|—EG-0 1

lO";

10-6 L P T | L | L Ll L P Lo i

107! 10° 10' 10° 10° 10*
Presence duration p i (-)

Fig. 2. Comparison between coincidence probability calculation according to BS EN 50522 [22] and to EG-0 [7]; in dependence on presence duration.
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Fig. 3. Comparison between coincidence probability calculation according to BS EN 50522 [22] and to EG-0 [7]; in dependence on fault duration.

however, risk treatment should be applied if the cost is low and/or its cost and then evaluation process is repeated. Only for case where

a common practice. Prisk is in the range 107%~107°, cost benefit analysis can be done for

proposed measures reducing the risk (additional measures or redesign

With regards to the level of generally acceptable risk, the design of of ES - block 6, Fig. 1). Therefore this proposal has to be aimed on

ES can be declared as acceptable when condition 4 (Fig. 1) is met even maximal ratio of safety gained and cost of investments related to the
in the case, that all criteria given by [2] are not fulfilled. That can be proposal.

done only in case when calculated individual risk probability is lower or

equal to value of generally tolerable risk 107° In case that

Pgiqc = 10~ # (intolerable risk) i.e. condition 5 is not met (Fig. 1), new

design of the ES or additional measures has to be suggested no matter of

2.3. Risk cost benefit analysis
With cost benefit analysis, the costs of human life loss caused by
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hazard voltage in the area under influence of the ES are quantified.
These costs are then compared with expenses for realization and op-
eration of the modified ES in terms of step 6 and 7 (see Fig. 1). The risk
CBA is based on Eq. (4)

CBA = VoSL-Paise-Y—PV, (4)

where VoSL is value of statistical life of given nation respecting inflation
or other change of the value during respected lifetime of the treatment,
Pgiq is calculated value of individual risk probability, ¥ is lifetime of
respected treatment in years (number of years which the asset will re-
main potentially hazardous), PV is present value of risk treatment re-
specting maintenance cost (total additional cost of designed earthing
system or measures).

The positive result of the risk CBA indicates, that the cost of human
life loss due to imperfect ES design is higher than costs of additional
measures or redesigned ES. In this case, proposed additional measures
or redesign should be applied (step 9 - Fig. 1). In other case, when CBA
(4) is negative, it is possible to realize the ES based on the basic design
(step 8 - Fig. 1) assuming that saved funds are allocated for prospective
compensation for the loss of human lives.

3. Individual risk probability calculation - case study of
distribution network

The above described method for probabilistic approach is explained
in detail on a simplified medium voltage distribution network with
evaluated distribution transformer station (DTS). The DTS is placed on
radial feeder outgoing from supply HV/MV substation. Configuration of
this test distribution network and its characteristic parameters are
shown in Fig. 4.

The configuration and parameters of the network were chosen so
that all basic operation condition characteristic for European distribu-
tion network are respected. This is the reason why different types of
neutral point connection of HV/MV transformer are considered, e.g.
solidly earthed, insulated, compensated (resonant earthed), compen-
sated with an auxiliary resistor and resistor earthed. The type of neutral
point connection has a significant impact on the level of an earth fault
current and its clearing time. Another parameter of the test network
which has significant impact to individual risk probability is concept of
MV and LV earthing system interconnection. This can affect the mag-
nitude of developed EPR as well as the potential transfer to LV earthing
system (Section 3.3). The next crucial part which can significantly af-
fect risk probability is a type of incoming and outgoing lines from the
DTS (overhead/cable line) and its concept of interconnection of ex-
posed conductive parts to the ES, e.g. cable shields and earth wires
interconnection or presence of accidental earthing conductors. The
impact of the differences to the risk analysis is discussed in Section 3.1.
To ensure maximal adaption of the test network to national operational

HVIMV

Uy, Uy, S, ty, AP, XX,
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practice, only essential characteristic parameters of distribution net-
work (DN) were used and applied in case study to keep maximum
clarity and simplicity for calculation of risk probability. These para-
meters are defined for individual parts of DN (Fig. 4) as follows:

(a) HV network

U, is nominal voltage of the network, f is system frequency, I , is
initial symmetrical short-circuit current given by HV network

(b) Supply transformer HV/MV

Ury resp. Uy is rated voltage of the transformer on the HV resp. MV
side, S, is rated apparent power of the transformer, uy., is short-circuit
voltage at rated current in percentage, APy, is the total active power loss
of the transformer in the windings at rated current, X,y/X; is ratio of
zero/positive sequence reactance of the transformer

(c) MV network

U, is nominal voltage of the network, I is capacitive current of the
network, Ry and Xy, is the line resistance and reactance per km, Ry/R1
and Xo/X1y is ratio of zero/positive sequence of the line resistance and
reactance, Iy is rated current of nodal resistor, L, is rated current of
auxiliary resistor related to MV side

(d) Distribution transformer station MV/LV

Re is total earthing resistance of the ES affected by the earth fault, [
is distance of the ES from supply substation, R¢ is the earth fault re-
sistance respecting all earthing resistances in fault loop (earth fault
resistance + earthing resistance of supply substation) except resistance
Rg, 1 is reduction factor, ps is soil resistivity, EPRyy/EPR vy is a level of
transferred potential from MV to LV earthing system

3.1. Fault-contact coincidence probability evaluation

Another important parameter which enters to the risk probability
calculation is fault statistics data i.e. information about type, duration
and frequency of individual earth faults in the network. When these
statistical data are unknown (new built network or different network
operation), the statistics of similar distribution network or some esti-
mation could be applied. To ensure correct determination of coin-
cidence, the relevant earth faults, which can lead to increase of EPR on
evaluated ES, have to be distinguished from others. Therefore the sta-
tistics which categorize earth faults occurred on overhead lines, cable
lines and at DTS should be used. The proposal of fault statistics used in

MV network
U, Iy Ry X, RylRy, |
XX, b |

] :

I[km]

A 4

g

T .

Fig. 4. Simplified scheme of distribution network for demonstration of individual risk probability calculation - case study.
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Table 1
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An example of fictive fault frequency statistic in a distribution network for a year period.

Country: Czech Rep. DSO: Fiction Year: 2019-2020
Voltage level Neutral point Type of an earth  Line Fault frequency DTS Fault frequency  Range of overhead/cable Number of DTS ARC
connection fault network (km) (pes.) (auto reclosing)
Cable Overhead Protec. Fuse
MV Compensated L-N 5 120 20 X 50,000,500 2500 ]
Cross L-L 2 6 1 0.3
MV Earthed through L-N 10 10 1.6 X 3000/1300 200 0.3
resistor Cross L-L o 0 o X 0.3
MV Isolated L-N 3 20 2 X 5000/20 250 0
Cross L-L 0 4 0.1 X 0.3
MV Solidly earthed L-N 4 20 4.4 X 10,000/1000 550 0.3
L-L-N 2 6 0.5 X 0.3
Cross L-L 0 ] 1] X 0.3

Note: L-N (earth fault or line to earth short circuit), Cross L-L (cross country earth fault), L-L-N (line to line to earth short circuit).

the case study is presented in Table 1. The table layout and filled data
are only an example which presents basic information about fault sta-
tistics prepared for area operated by one distribution system operator
(DSO). The data are structured to categories based on type of an earth
fault, fault location (overhead/cable line, DTS) and eventually com-
ponent which switched off the earth fault occurred on distribution
transformer (feeder protection or fuse). To increase the accuracy of the
results, the statistics should be prepared for individual sections of dis-
tribution network eventually for sections supplied by one transformer
HV/MV. After that engineers can select relevant data based on location
of evaluated earthing system.

The concept of shields or earth wires connection to the ES has sig-
nificant impact on fault to earth magnitude and touch/fault coincidence
probability. In context of the case study, two ways of line connection to
DTS can be differentiate. Respected configurations of connected con-
ductors to DTS are shown in Figs. 5 and 6. Different impact of these
configurations on the coincidence and current to earth (reduction
factor) is discussed and described in section (a) and (b).

(a) DTS supplied by overhead line without earth wire or un-
shielded cable line

In this case the EPR can arise only during an earth fault (L-N, L-L-N,
Cross L-L-N - cross-country earth fault) at DTS as Fig. 5 shows. The
reduction factor r is in this case equal to 1 and only frequency of earth
faults occurred at DTS is respected. Important presumption is that any
shield or earth wire is not connected to given DTS earthing network.
Then the coincidence probability can be expressed for this case by Eq.
(5).

Considering T = 1 year and CRF = 1, Eq. (2) can be modified to Eq.
(5) as follows

MVILV

unearthed shields or
overhead line

Rus

Y
-

Fig. 5. Example of a fault which can cause EPR at DTS supplied by overhead
line.

273

Fig. 6. Example of faults which can cause EPR at DTS supplied by cable line -
earthed shield.

K, + E-
&Dinc=7pn( . Elpd),

365-24-60-60 (5)

where coefficient F, (total number of earth fault ignition per year - fault
frequency) and K, (sum of duration of all faults per year) can be cal-
culated based on Egs. (6) and (7).

aky = fipprs (1 + ARC) + fipns. (6)

Ky = (fpprs-te)-(1 + ARC) + flprs-te .

where f.p prs and fug prs is the fault frequency at a distribution trans-
former per year for earth faults disconnected by feeder protection (fault
Iz, in Fig. 5) and fuse of distribution transformer respectively (fault I,
in Fig. 5), ARC is a probability that the earth fault is not cleared by auto
reclosing function - if auto-recloser is not used ARC = 0 (e.g. 0,3 means
that 30% of earth faults are ignited twice due to used auto reclosing
function), tp is clearing time of respective feeder protection, f is
clearing time of the fuse.

(b) DTS supplied by cable line

In case of cable network where shields are earthed to the given ES,
the EPR can arise during both an earth fault at DTS (F2) and also di-
rectly on the cable (F1) as Fig. 6 shows. Therefore, it is necessary to
respect both of this fault frequency and appropriate reduction factor for
risk probability calculation. The coefficient F,, and K, can be calculated
based on Eqgs. (8) and (9) as follows.

By = (fypine luine + fopprs)(1 + ARC) + fipprs. (8)

where f; Line is the yearly fault frequency per km of the line which earth
wire or shield is connected to respective DTS, I ;. is length of the given
line (lines).
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Table 2

Respected scenarios for touch voltage evaluation.
Respected Risk Scenarios Footwear 1000Q Ur/epn Pa pa sl Surface size Condition Impedance probability Current path

[%%] Contact /year Duration

(a) Shower No 30 1000 4 Large Wet 50% LHBF
b) Tap (backyard) No 50 100 4 Large Wet 50% LHBF
(c) Kitchen sink No 20 3000 4 Large Wet 50% LHBF
) Washing machine No 30 300 4 Large Dry 50% BHEBF
(e) Tool use (backyard) Yes 40 100 4 Large Dry 50% BHEF
) Tool use (cement mixer) Yes 80 10 4 Large Wet 50% BHBF

Note: LHBF — left hand both feet, BHBF both hand both feet.

Ky = (e line + fopprs)-e-(1 + ARC) + fopprs-te 9) _____1"_"2';":____

i T
3.2. Considered risk scenarios
Determination of supposed risk scenarios where hazard voltage can

arise and can cause death is next important step of the risk evaluation

process. It is necessary to define parameters for each scenario which are

essential for the final calculation of individual risk probability (3), i.e.

the human contact frequency p, for given scenario per year, the ex-

pected duration of average contact p; and also parameters that allow to

determine hazardous touch voltage for each scenario i.e. additional V

insulation layer (footwear, gloves etc.), prospective touch voltage, =<

touch moisture condition, expected shock current path and body im-
pedance.

The considered risk scenarios and relevant parameters used for case
study evaluation are summarized in Table 2. To ensure maximal sim-
plicity of the case study, six basic risk scenarios which can endanger
final consumers were defined. Since there is no available statistical data
describing behaviour of individuals in defined scenarios, all necessary
parameters (Urgpr, P Pa) Were estimated. The prospective touch
voltage of individual scenario can be calculated based on the factor Uy,
epr, Which defines the percentage value of EPR that is respected as
prospective touch voltage (11). These scenarios take into account po-
tential transfer from MV to LV earthing system, where occurrence of
hazard voltages can increase of life-threatening risk i.e. the house of
final consumers. For all cases were respected human body impedance
only for large contact surface and value of 50% probability among the
population.

3.3. Earthing system operation and respective potential transfer

Design and interconnection of given ES with other global or acci-
dental earthing systems has a major impact on the EPR, transferred
potential (size of the risk area) and touch or step voltage magnitudes.
All these parameters have significant impact to the determination and
classification of individual risk probability. Therefore, detailed knowl-
edge of actual interconnection of earthing systems is necessary for the
correct identification of possible risk scenarios and the calculation of
prospective touch voltages.

Regarding to the case study, two possible ways of MV and LV
earthing system interconnection can be found. The first possibility is
direct connection of LV (Rren) to MV (Rprs) earthing system as it is
shown in Figs. 5 and 6. In this case, the EPR of MV earthing system is
totally transferred to LV side, where PEN conductor transfers whole
EPR up to final customers (voltage drop on the PEN conductor is ne-
glected). The second possibility is separation of MV and LV earthing
systems, where part of EPR of affected MV earthing system is trans-
ferred to LV system as Fig. 7 shows. The amount of the EPR transferred
to the LV side depends on coupling factor of both earthing systems,
respectively on its distance dyy.
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.............. )
Fig. 7. Potential transfer from MV to LV earthing system.

For the case study and following sensitivity analysis (Fig. 10), the
variable EPR,y/EPR yy was used as the capling factor quantifying po-
tential transfered from MV to LV earthing system. This factor can be
measured (evaluation of existing ES) or established based on ES simu-
lation (designed ES). Fig. 7 presents case where EPR,y/EPRyy is 25%
resp. 0.25p.u., whereas coupling factor EPRy/EPRwmy is 1 for com-
monly used interconnected MV/LV earthing system design shown in
Figs. 5 and 6.

The voltage transferred from affected MV to LV earthing system
Ugpg 1y can be calculated as follows

Ugpgry = Rp-Te-(EPRLy/EPRyy ), (10)

whereRg is total earthing resistance of affected earthing system (sepa-
rate MV or interconnected MV/LV earthing system)andlgis current to
earth calculated from appropriate earth fault current I (I = Iz 7). The
earthing resistance Rg can be expressed as Rmv//Ruv for directly in-
terconnected MV/LV earthing system andfor separate systems as
Ri = Ry, where Ryyy is established earthing resistance of designed
DTS, which is given by its geometrics configuration and presumed soil
resistivity.Then prospective touch voltage of individual scenario
(Table 2) can be expressed as follows

Uyt = Ugprrv-Uryepr- (11)

4. Application of the method - case study

This section is focused on determination of concrete values of in-
dividual risk probability for the case study of characteristic distribution
network operated as compensated with auxiliary resistor. Just for pre-
sentation of the methodology, there are also introduced results for other
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Table 3
Table of earth fault currents magnitudes, tripping times and calculated coeffi-
cients F, and K.

Neutral point Type Earth Tripping time  F, K
connection of fault  fault te (8)
current
(&)
Resonant earthed L-N 197 1200 8.00E-03 960E+00
Cross 945.9 0.3 5.20E-04 156E-04
L-L
Aux. resistor L-N 387 1 8.00E-03 800E-03
connected
-resonant
earthed
Earthed through L-N 538.1 0.3 LO4E-02 312E-03
resistor Cross 945.9 0.3 0.00E+00 O000E+00
L-L
Isolated L-N 200.0 1 8.00E-03 800E-03
Cross 945.9 0.3 520E—-04 156E-04
L-L
Solidly earthed L-N 969.8 0.3 1.04E-02 312E-03
L-L-N 675.8 0.3 1.18E-03 355E-04
Cross 945.9 0.3 0.00E+00 O0O00E+00
L-L

types of the network operation (isolated, resistor earthed, solidly
earthed) which are based on the same values of distribution network
parameters. The procedure of individual risk probability calculation can
be summarized to the following steps:

(a) Case study input variables definition, definition of a distribution
network parameters (points (a)-(d) of Section 3), fault statistic
definition (Table 1).

(b) Determination of earthing resistance of designed or other relevant
earthing systems.

(c) Risk scenarios definition (Table 2).

(d) Earth fault current calculation and determination of tripping times
respecting used time setting of evaluated network protection
(Table 3).

(e) Calculation of coefficients F, and K, (Section 3.1).

(f) Calculation of EPR on the earthing system for individual earth
faults respecting potential transfer to points of the risk scenarios,
determination of prospective touch voltage (Section 3.3).

(g) Calculation of coincidence probability and probability of fibrilla-
tion for all risk scenarios (Sections 2.1 and 3.1).

(h) Calculation of total value of the individual risk probability and
evaluation of its value (Eq. (3) and Section 2.2).

On the basis of this approach, there are expressed individual values
and its example of calculation for respected case study and scenarios.

Case study input variables and risk scenarios definition

For the case study was chosen MV/LV solidly interconnected
earthing system of DTS supplied by overhead line without earth wire
(Fig. 5) to perform proposed approach. All characteristic parameters of
the exemplary distribution network showed in Fig. 4 are expressed
below:

(a) HV network: U, = 110KV, f = 50Hz, L 5, = 15kA.

(b) Supply  transformer HV/MV: Uq = 110kV, Un22kV,
S, = 40 MVA, 1, = 10%, AP, = 0.09 MW, Xyr/X;r = 1.5.

(c) MV network: U,=22kV, Ic=200A, R, =0.224Q/km,
X =0.287Q/km, Ru/Ri=1 and Xa/Xn =1, Iz = 1000A,
Lo = 20A.

(d) Distribution transformer VN/NN: Ry (is calculated based on p,),
[=20km, R=5Q,r=1, p, = 100 Qm, EPR;y/EPR py = 1.
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Fig. 8. Design of the earthing system of evaluated DTS.

Design of evaluated earthing system of DTS is shown in Fig. 8.
Earthing resistance of such DTS is expressed based on analytical solu-
tion respecting homogenous (one layer model) soil resistivity as
Rprs = 0.04556%p;. The earthing resistance of LV earthing system is
calculated as Rpeny = pe/100 and Rpgy = 22 for p, < 200Qm. The
total earthing resistance of the system, where MV and LV side is in-
terconnected is then calculated as Rg = Rprs//Rpen. The homogenous
soil resistivity was assumed for maximal simplification of presented
probabilistic approach, however for more accurate evaluation of ES
resistance and voltage distribution the soil inhomogeneity should be
respected by soil model with more layers. The necessity to have suitable
model for earthing system analyses was discussed in [30].

Risk scenarios and fault statistic data are used as is introduced in
Tables 1 and 2.

Earth fault current and coincidence coefficients calculation

The results of calculated earth fault currents and coefficients for
respected faults and system operation are listed in Table 3.

An example of calculation of the first row is as follows (all short-
circuits are cleared by feeder protection in preset time):

Ip—n) 2 (I.-0.1)-r, where fault resistance is respected
0
B = fipprs (1 + ARC) = (zsoo)'(l +0) = 81073

Kn = (fpprs-te)-(1 + ARC) = (591200 + 0)(1 + 0) = 96

2500 (12)

Example of individual risk probability calculation

The partial results leading to determination of final value of in-
dividual risk probability P4 o of resonant earthed (compensated)
network are listed in Table 4 for all respected earth faults and risk
scenarios. Detailed example of the calculation process is introduced
below only for the first row of the Table 4 (L-N fault in compensated
network and risk scenario a). In the first step, the potential rise of LV
earthing system Ugpg 1y is calculated as described in Section 3.3:

Uppgy = Ry-Ten-(EPRLy/EPRyy) = 1.39.19.7-1 = 273V (13)

Then prospective touch voltage of the scenario (a) can be express as

Uyr = Upprpy- Urppr = 27.3-0.3 = 82 V. (14)

In the electric shock scenario, the prospective touch voltage is applied
to the series combination of human body impedance and impedance of
additional insulating layer (if present, i.e. footwear). Thus, only a
portion of the whole prospective touch voltage might be applied on the
human body impedance (in case of additional insulating layer) and this
voltage is denoted here as the load voltage Ueaa (Table 4). As the
human body impedance is voltage dependent [25], simple iterative
routine was used when an initial value of load voltage was taken as
equal to the prospective touch voltage and was changed throughout
each iterative step so, to meet the Ohm’s law of series combination of
human body impedance and impedance of additional insulation layer.
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Table 4
Table of results of evaluated risk scenarios and calculated individual risk probability for resonant earthed network with auxiliary resistor (RES + R).
Earth fault Uppriv  Risk scen.  U,p Ut b Tm Peoine ns Pribns Prisic s Priac Priai
vl vl vl [s1 [mA] -1 (- ] RES RES + R

Compensated - R, disconnected L-N 27.3 (a) 8.2 8.2 1200 5.8 3.05E-04 4.17E-17 1.27E—-20 5.52E-08 5.52E-08
(3] 13.7 137 Q.7 3.05sE-05 1.13E-11 3.45E-16
(c) 55 55 3.9 9.16E—04 287E-22 263E-25
(d) 8.2 8.2 6.3 9.16E-05 241E-15 221E-19
(e) 10,9 7.6 5.8 3.05E-05 4.17E-17 1.27E-21
(8] 21.9 132 15.1 3.05sE-06 1.12E-07 3.42E-13

Cross L-L-N 13147  (a) 394.4 3944 0.3 634.2 7.09E-08 3.61E-01 2.56E-08

(3] 657.3 657.3 12961 7.09E-09 9.79E-01 6.94E-09
() 262.9 262.9 350.6 213E-07 9.62E-03 2.05E-09
(d) 394.4 394.4 10305 213E-08 B8.97E-01 1.91E-08
(e) 525.9 239.0 498.9 7.09E-09 1.22E-01 B8.67E-10
(3] 10517 414.1 1109.1 7.09E-10 9.35E-01 6.63E—-10

Comp. - Ryu connected L-N 537 (a) 16.1 16.1 1 11.4 1.27E-06 3.32E-12 4.21E-18 1.23E-13
(b) 26.9 269 19.1 1.27E—-07 2.85E-08 3.62E-15
() 10.7 107 7.6 3.8lE-06 6.24E-16 2.38E-21
(d) 16.1 16.1 12.4 3.81E-07 1.56E—11 594E-18
(e) 21.5 149 11.5 1.27E-07 3.32E-12 4.21E-19
f 43.0 259 29.8 1.27E—-08 9.39E-06 1.19E-13

Table 5

Table of results of the individual risk probability for all respected neutral point connection.

Risk scenario Effectively earthed Isolated Earthed through resistor Resonant earthed Resonant earthed with Ry,
LN (a} 579E-07 5.19E-08 1.50E - 09 1.27E-20 4.22E-18
(b 1.39E-07 7.69E —-08 3.77E-08 3.45E-16 3.96E—-15
(ch 5.63E-08 272E-09 244E-12 2.63E—-25 2.38E-21
(d) 3.90E-07 1.12E-07 3.13E-08 221E-19 6.16E—18
(e} 2.04E-08 7.68E-09 6.71E-11 1.27E-21 4.22E-19
o 1.34E-08 1.04E-08 3.59E-09 342E-13 4.61E—-13
Cross L-L-N (a} 0 2.56E-08 0 2.56E-08 2.56E-08
(b 0 6.94E-09 0 6.94E-09 6.94E - 09
(c) 0 2.05E-09 0 2.05E-09 2.05E-09
(d) 0 191E-08 0 191E-08 1.91E-08
(e} 0 8.67E-10 0 B8.67E-10 8.67E-10
W a 6.63E—-10 0 6.63E—-10 6.63E—10
LL-N (a} 3.55E-09 0 0 0 ]
) 1.13E- 08 0 0 0 0
(c) 277E-11 0 0 0 ]
d 1.69E— 08 0 0 0 0
(e} 1.22E-10 0 0 0 1]
(4] 9.40E—- 10 a 0 1] o
Prig. summary 1.23E- 06 317E-07 7.41E-08 5.52E—-08 5.52E-08

The prospective touch voltage was assumed as constant voltage source
with zero internal impedance. The next column of Table 4 express fault
clearing time g, for respected asymmetrical faults as presented in
Table 3. Column Iy, contains resulting shock current through human
body for given load voltage.

Table 4 also contains results of coincidence probability, probability
of fibrillation and individual risk probability for respected risk sce-
narios (index RS) and for different earth faults in resonant earthed
system. Since the auxiliary resistor is used in this network, additional
faulty state (Comp. - R,,, connected) is taken into account i.e. moment
when auxiliary resistor is connected for 1s to increase earth fault cur-
rent (for relaying purpose). The operation of compensated network can
either be with or without the auxiliary resistor connected, therefore it is
possible to calculate total value of Py, for of resonant earthed operated
system without auxiliary resistor (RES) and with auxiliary resistor
(RES + R) as a sum of all relevant fault/risk scenarios according to Eg.
(3). Similarly the total coincidence probability Pe,;,. can be calculated
for both operations (RES and RES + R) and then used for evaluation of
condition 2 in Fig. 1. This condition is not met in these cases due to high
coincidence probability during an earth fault (L-N) as Table 4 presents,
therefore calculation and evaluation of the individual risk probability
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has to be done next.

An example of individual risk probability calculation is introduced
only for the first row (i.e. risk scenario a) during earth fault L-N). The
individual risk probability is calculated based on (1) and (5) as follows

Pr(Kn+ Fcbg) _
365-24-60-60

= 417,107 MOCEL BN _ 4 17.10-17.3.05.10 = 12710~

Priskrs = Prbrs-Pooiners = Prngs-
(15)

The Pein rs values are determined by Matlab routine based on method
described in Ref. [12] (see Section 2.1).

4.1. Evaluation and analyses of the results

As it is apparent from Table 4, the resulting individual risk value of
resonant earthed network with an auxiliary resistor is 5.52-10 %,
which confirms that the design of the ES is correct according to the
individual risk limit values discussed in Section 2.2. Therefore, the
basic design of this ES can be realized without any further modification
(Fig. 1). Itis necessary to mention, that evaluation of simultaneous line-
to-earth short circuits (Cross L-L-N) is not performed in routine practice
of Czech earthing systems evaluation process and also verification of
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Fig. 9. Effect of the error of substantial input variables on individual risk
probability, resonant earth system.

this fault is not specified by the standard [2].

To demonstrate and compare the effect of the neutral point con-
nection on the individual risk probability for the case study conditions,
Table 5 summarizes all results. As can be seen in the table, the in-
dividual risk exceeds thel0~° tolerable limit only in case of effectively
earthed system and therefore consideration of additional measures or
redesign of ES followed by risk CBA analysis is necessary.

4.2. Sensitivity analysis of the individual risk probability

As mentioned in Section 2.1, the most problematic part of the
probabilistic approach is correct determination of the input variables
which can be established with relatively high error due to insufficient
or incomplete information. Therefore, sensitivity analysis might high-
light the impact of an error in input variables on resulting value of the
individual risk. Thus, a sensitivity analysis was performed with change
of relevant input variables for resonant earthed system with auxiliary
resistor. The results of this analysis are divided into two Figs. 9 and 10.
In Fig. 9, input variables are related to basic values used in the case
study calculation (they were changed within 50% and 150%), and also
the resulting risk is also related to the initial value received from the
case study (Table 4). As the figure shows, incorrect determination of
input variables can have a significant effect on the quantification of the
fatality risk (up to two orders) and it has to be taken into account
during risk evaluation process. Variable f, and p, has the same impact
to risk probability as the coincidence probability (2) is directly pro-
portional to both variables.

The next factor, which can affect determined individual risk prob-
ability, is the variation of respected parameters of the distribution
network due to time instability and climatic or other influences.
Parameters that can be expected to change during operation of the
network and thus can affect the fibrillation probability are shown in
Fig. 10.

4.2.1. Evaluation

4.2.1.1. Soil resistivity ps. The significant gradient of the risk probability
is in the range of soil resistivity 100-1500 £m. The risk probability
converges on total coincidence probability of the case study 1.38 - 1073
in case that soil resistivity exceeds 3 k{2m (the probability of fibrillation
is close to 100%). The first bump of this curve (100-200 Qm) is caused
by simplified approach of total earthing resistance calculation where
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the earthing resistance of LV earthing system is calculated as Rpen = ps/
100 for p, > 2000m and Rpgy = 2Q for p, < 200Qm. The second
bump (200-400€2m) respects saturation of risk probability related to
Cross L-N faults (probability of fibrillation caused by Cross L-N close to
100%, therefore the risk probability converges to coincidence
probability of Cross L-N fault 2.46-1077).

4.2.1.2. Clearing time tg... The risk probability converges to the
coincidence probability of Cross L-N fault 3.15-1077 calculated for
maximal considered value of clearing time (500% in case presented in
Fig. 10). It means that probability of fibrillation caused by Cross L-N is
close to 100%, in case that real clearing time will be > 2.5 times of
respected value (Table 4 - tay).

4.2.1.3. Fault resistance and fault distance df.eqr. The impact of this
variables to P, is insignificant, because the length of the line to fault is
given by network topology and increasing of fault resistance reduces
Prgc

4.2.1.4. Reduction factor r. The gradient of the reduction factor is
substantial especially in case, when value lower than 1lis used. It is
necessary to respect influence on Py, caused by increasing of this value
during the life-time period of the earthing system (due to loss of
interconnection with other ESs, i.e. corrosion, etc). It was found out
[29] that the reduction factor should be equal down to 0.2 in case of
interconnected MV ES and LV ESs.

4.2.1.5. Potential transfer EPR;y/EPRyy. The impact of the ratio of
potential transfer from MV to LV earthing system to risk probability is
the same as in case of reduction factor.

4.2.2. Summary

As Fig. 10 shows, the key parameter that can significantly affect the
outcome of the case study is the soil resistivity which can strongly vary
during the lifetime of the designed ES. In this case, the increase of the
soil resistivity over 650 £Qm leads to exceeding the boundary of inter-
mediate risk and in the case of crossing value 1330 Qm the individual
risk probability is intolerable. However the change from initial value of
100Qm to more than 1300 Qm is unlikely to happen in real system.
Therefore, similar sensitivity analysis of individual input values or its
combinations are very important with regards to correct evaluation of
the risk/safety criteria according to probabilistic approach, especially
in cases where the input variables are not precisely determined or es-
timated for whole life-time period of ES.

5. Conclusion

As presented above, the probabilistic approach has certainly sig-
nificant contribution to the field of earthing systems safety criteria
evaluation despite its disadvantage flowing from the complexity and
necessity to determine a large number of variables which may not be
always known or may change their values during earthing system
lifetime. Considering the present deterministic approach that does not
reflect the actual level of threat to the population, the probabilistic
approach can be profitably used especially in cases of remote or less
accessible earthing systems, where compliance with the deterministic
safety criteria (EN 50 522) is challenging and costly despite the fact that
risk probability is really low (poles, switching station, disconnectors,
transformer station, etc.). The possible application of discussed prob-
abilistic approach has to take into account legal tendencies (common,
civil or religious law) and applicable standards (national or company).
The other area for the application of this approach could be risk eva-
luation in cases that system of distribution network operation was
changed during the lifetime period of ES (i.g. change of neutral point
operation, capacitive current increasing, change of network topology,
etc.) and modification of the earthing system can be very expensive or
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Fig. 10. Effect of the change of network parameters on individual risk probability.

even impossible (ownership problem, highly built-up area, etc.).

In such cases, the real risk evaluation might be taken into con-
sideration for convenience of cost savings allocation for any future
compensation to injured persons. It is also necessary to point out, that
the probabilistic approach should not be used in a way to ‘optimize’ the
design by decreasing the size (minimize expenses) of ES to only comply
with the acceptable and tolerable risk levels specified in Section 2.2. If
some safety measures have already been accepted as a safety minimum
(e.g. double circle peripheral ES for HV tower, etc.), they should be
always used for a basic design and if they do not comply with the
current deterministic approach, only then the probabilistic approach
can be used to assess the real risk level as Fig. 1 shows.

Another area for probabilistic approach should be the assessment of
appropriate neutral point connection of supply transformer from risk
probability point of view.

With regards to the possibility of high variability and inaccuracy of
input parameters used by probabilistic approach, the sensitivity ana-
lysis should be performed to detect unacceptable circumstances.

However, the weakest point of the probabilistic methods is currently
absence of relevant statistics which are fundamental for correct
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application of such methods. Therefore the areas that should be focused
on to ensure the usability of the method in the future are as follows:
study of persons behaviour in risk areas (respecting national differ-
ences), study focused on detailed earth fault statistics (prior data pro-
cessing for all network where probability method will be applied),
studies and analyses focused on transferred potential and expected
touch voltage magnitudes characteristic for probable risk scenarios
occurring in distribution network.
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Abstract: Over the last decades, computer power has grown and it is now possible to use computers for solving any
electromagnetic problem by the approach of solving rigorous electromagnetic field (EMF) (Maxwell’s equations). With
the use of this technique, it is possible to easily model an earthing system (ES) with a uniform or non-uniform soil
model. This study thus points out to the possible error between the analytical and EMF approach when determining ES
resistance that has a crucial effect on resulting human safety. Three different ESs of distribution system substation
were modelled using EMF simulation software (Ansoft Maxwell) for uniform and two-layer soil models. The expected
earthing resistances were determined for the ES models and compared with the values obtained by an analytical
uniform soil model. The calculation was done for two different values of surface soil resistivities as well as for four
different values of the surface layer thickness. Both values were compared which indicated the possible error that is

being made when using an old analytical approach.

1 Introduction
1.1 Earthing system overview

Designing an ES is one of the frequently performed tasks by power
electricity engineers when designing almost any distribution
transformer/switching/etc. substations. Basically, designers have to
fulfil electrical, functional, safety and some general requirements,
e.g. as defined in European Standard EN 50522:2010 [1]. Apart
from other requirements, the designer must ensure

(1) The ES has to withstand the fault current without any damage.
(ii) The material for earthing rods, strips and networks should be
chosen with respect to lifetime longevity and dumtion (ie.
anticorrosion).
(iii) The resistance of an ES should not be very high in order to
allow the earth-fault protection to operate reliably.

(iv) The EPR (earth potential rise) on the ES should not exceed
certain limits.

(v) The step and touch voltages in the vicinity of the ES shall not
exceed safety limits as defined in [1].

From a human safety point of view, the last two points make up
the main restrictions and they are crucial requirements that have to
be carried out carefully and properly.

As the fault current flows from the source through the power line,
the faulted equipment (e.g. phase-armature fault), the ES and back to
the source through the ground, a potential gradient appears in the
surrounding surface of the ES. This gradient decreases with the
distance from the grounding electrode and practically disappears at
great distances. However, this potential gradient can be a source of
danger to persons through the step and touch voltages. Potential
gradient magnitudes depend mainly on the magnitude of fault
current, the shape of the ES and the resistance of the ES. The fault
current 1s dependent on the neutral point connection of the
affected distribution system. Nevertheless, it is possible to decrease
the earth fault current to great extent by operating the distribution
system as resonant earth, the crucial part from the viewpoint of
hazardous voltages is located in the resulting ES resistance. The
resistance of ES is dependent on its shape and the soil resistivity.

1.2 ES resistance

In the field of calculating ES resistance, a lot of progress has been done
throughout almost the entire last century. Basically, the ES is a spatial
structure buried under the distribution system (DS) substation in the
ground. As the ground represents a 3D spaced conductor of infinite
width, the fault current dissipates from the ES in all directions and
thus simplifications of linearisation of resistance calculation are not
applicable. The approach of rigorous electric field calculation is
possible but may lead to many mathematical difficulties. In the tume
of widespread electrification, solving equations of electromagnetic
field (EMF) (ie. Maxwell’'s equations) was not suitable; therefore,
some simplified equations were developed to avoid an overly
complicated and time-consuming approach.

The origin of all of today’s simplified formulas for calculating ES
resistances stems from the method of image charges. After being used
together with the method of average potential method by Howe [2],
other authors were inspired to use it for ES issues. Therefore, a
series of more or less extensive works were published by Peters 3],
Ollendorf [4] and others. True insight into all these calculations
were brought by Dwight [5]. In his paper, Dwight introduced
derived simplified formulas for many different shapes of ES. Later,
his work was followed by Riidenberg [6] and Schwartz [7]. As
Riidenberg was more focused on simplifying the formulas for
solving ES and in his paper derived formulas depth independent,
Schwarz introduced modified formulas that were easier to use
because of the only dependence on the total length of all ES
conductors and the total area covered by ES. All of the previous
formulas were slightly modified later [8, 9] and they became
universally accepted as the basic approach to solving ES problems.

At the beginning of derivation of all previous formulas, there were
discussions on the composition of the earth structure [4, 6] and its
equivalent electrical model. A generally accepted soil model - the
uniform soil model — was chosen, because of its simplicity (ie. a
model with only one layer) However, from the field
measurements, it was obvious that the uniform soil model does not
fit earth very well and thus more authors tumed their attention to
the soil models. One of the first published works can be the paper
by Thapar and Gross [10] later followed by Sunde [11] and many
others [8, 9, 12, 13]. Generally, there are two basic approaches of
uniform and multi-layer soil models. Whereas uniform soil model
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is considered as homogenous isotropic structure, the two-layer model
or multi-layer soil model is considered as with more horizontally
separated homogenous isotropic layers, each with its different soil
registivity o and its thickness A. Choosing an appropriate soil
model may not be so simple and 1s always only simplifications of
the real structure of the soil. A basic technique for measuring soil
resistivity is the Wenner four-pin method. This method uses four
electrodes driven into the ground separated by distance a.
Techniques for determining parameters of multi-layer soil have
been developed by Sunde [11] and others [14], usually based on
measuring soil resistivity by the Wenner method for many
different separation distances a, so it is possible then to estimate p
and h using a graphical method [15]. Also, it should be noted that
the soil resistivity and thickness of different layers may change
during the lifetime operation due to moisture changes. Despite the
increase in difficulty of the analytical approach in calculation ES
resistance, multi-layer soil model achieves more accurate results
and 1s therefore recommended [15].

With the development of personal computers and the possibility of
using them for solving thousands of equations, the opportunity to use
them to directly solve Maxwell's EMF equations quickly emerged. A
lot of effort has been put into this field and many different programs
have been developed. Basically, the idea of directly solving
Maxwell’s equations is accomplished by discretising the 3D
spatial object (like the ground, ES, conductor etc.) into a finite
number of basic elements (cubes, tetrahedrons) and solving the
electromagnetic problem in each element by using numerical/
iterative methods. Generally, as the number of elements increase
(when reducing element dimensions), greater accuracy is achieved
and vice versa. On the other hand, more elements require more
computation time and thus more time is needed to find the
solution. Depending on the solution type and chosen boundary
condition, different methods were derived. For solving integral
equations, it 1s known as boundary element method and for
differential equations as finite difference method and finite element
method (FEM). The last method of finite element found significant
footing in the field of simulating electromagnetic problems i the
power electric field [16].

The cuwrrent approach in ES resistance calculation may be found in
using some state-of-the-at EMF simulating software [16]. Such
software packages are already commercially available like CDEGS [17].

2 Earthing systems case studies (models)

Here, three different ES networks were modelled to determine its ES
resistances by means of an analytical method and FEM software. The
dimensions of modelled ESs are based on the Czech Republic’s
earthing practice.

The first modelled earthing network may represent a kiosk
distribution transformer station (DTS). This type of substation is
generally built on a reinforced concrete foundation and the ES is
mterconnected with the concrete rebar. So the ES of kiosk
substation basically consists of a rectangular foundation earthing.
The ES is also supplemented with the rectangular peripheral
earthing and for the purpose of improving the step voltage
gradients, there is also an earthing strip 1.5 m in front of the kiosk
to reduce potential step voltage magnitudes. The ES is
supplemented by four rods. The dimensions are apparent from
Fig. 1. The earthing is made of an Fe-Zn strip with its
cross-section 30 x 4 mm” and the ES is buried 0.7 m in the ground.

The second modelled ES represents the ES of DTS mounted on a
concrete pole (Fig. 2). The ES is composed of the reinforced
concrete foundation supplemented with two peripheral ring earthing
electrodes (EE) connected through the earthing strip. The earthing is
completely made of an Fe-Zn strip 30 % 4 mm®. The inner ring EE
is buried 0.4 m in the ground and the outer ring is buried 0.7 m in
the ground. The concrete foundation around the pole is buried 2.2
m in the ground. The concrete pole is 0.365 m in diameter.

The third and last model in this paper is also a pole-mounted DTS
depicted in Fig. 3, but the ES is made as four-point star EE buried
0.7 m in the ground. The remnforced concrete foundation has the
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Fig. 3 Pole-mounted DTS ES, model 3, schematic overview

same dimensions as with model 2. The concrete pole is 0.365 m in
diameter.

Throughout the simulation, all these ESs were placed in two-layer
hemispheric homogenous and isotropic soil models with respected
resistivity p, for the first-surface layer and p, for the deeper
second-bedrock layer. The thickness of the surface layer is here
denoted as h.

3 Calculation methods
3.1 Analytical PNE approach

The basic requirements on ES are described in European Standard
EN 50522 [1]. The Appendix J of this standard presents simple
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equations for determining the ES resistance of some simple EEs.
However, these equations are stated with no proper explanation on
how to use them for earthing networks of any arbitrary
complicated shapes. As there is no other European Standard with
further explanation on how to estimate the ES resistance, the
utility standard PNE 33 0000-4:2011 is used in the Czech
Republic [18] as a main source of analytical solution method for
utility company personnel or other designers who deal with
high-voltage DTS ES designing. This utility standard specifies
some basic principles focused on the calculation of ES resistance
for more complicated shapes of ESs. Based on the literature
reviewed, it can be said that the equations in this standard are
based on the method of images [l, 4, 5] and they are a
combination of the Dwight [5] and Ridenberg [6] ES calculation
approach. As most of the engineers use only country-specific
literature, the most complicated ES shapes may be solved by the
method of calculating the ES resistance by the self and mutual
potential method as the same method is described in Appendix [
in [7]. Owing to the difficulty of determining the self and mutual
potential and resulting resistances, basic simplified formulas are
used together with some empirical coefficients i implementing the
effect of mutual influence. So introduced below are the equations
from PNE [18] used for determining the ES resistance of three ES
models used here.

For the foundation earthing Ry, the formula for a circular plate
buried at zero depth can be used, where the rectangular shape is
converted to a circular disc with an equivalent diameter (as is in
accordance with [1, 6])

p P

R=pg—r —g 1

T T atb 2D M
b L

po29tl_Z 2)
w ki

Rectangular peripheral EE R, should be modelled as a ring electrode
(probably at zero depth as it is not specified in [18]), the formula is
the same as in [1]

~p 2wD
R, =g 3

Vertically driven rod R, (as in accordance with [1, 6])

_p 4L
Re=an g @

and strip EE R, (in accordance with [1, 6])

1 p. 2L s
A (5)
where p is the average (apparent) soil resistivity of uniform soil
model, @ and b are the length and width dimensions of rectangular
EE. D is the equivalent/real diameter of ring or disk EE, L the
length of an appropriate electrode (one strip, or length of one rod),
d the inner diameter of earthing conductor wire or the rod or half
of the width of the strip conductor, 7, the coefficient of mutual
influence of more strips that for one or two strips is equal to 1, for
three and four strips equal to 0.9 and 0.836, respectively.

Also, for the reinforced concrete foundation EE of a concrete pole
(DTS, or switching substation etc.) as

R

p
e = 1.1 XKHE (6)

where L, is the depth of a buried concrete pole in the ground and K,
is a coefficient determined from the chart in PNE [18] dependent on
Ly, and the pole diameter Dy,

All previous formulas are basically defined for EEs buried at zero
depth (i.e. on the surface) and it can be seen from (1) to (6) that they

are almost depth independent. The determination of ES resistance of
any shape according to this standard 1s possible by using the formula
for parallel connected resistances

R, xR,
Rparaier = -
pa R +R,

)]

Also, the formulas (1)—(5) were defined in the literature only for
calculations of self-resistances and thus in PNE [18], mutual
coefficients are defined as follows:

Rparallel

Rcﬂrected_ml.lrl.lal = T (8)

where 5 differs according to ES types. For the combination of
peripheral EE with strips (two/four-point strip/star), it is
recommended to use 0.9, for two parallel peripheral EEs 0.7, for
the foundation and peripheral EE 0.7-0.8, for pole with strips as
0.9, and for peripheral EE with rods using the following formula:

1
K= @ xn xRy +(/R) ®

where n is the number of rods and 7, the mutual influence of more
parallel rods depending on its spacing a,, n, and buried depth.
Coefficient 1, is determined graphically as introduced by Dwight
[5. 18].

3.2 FEM approach

Determination of ES resistance for an arbitrary shape of EE in this
work was accomplished with the help of Ansoft Maxwell [19]
software. This software enables the user to model any 3D spaced
object, defining its boundary and source excitation condition and
calculate the EMF inside and around the spatial objects. Thus, all
three ES models were modelled together with hemispherical
uniform and the two-layer soil model. With the use of VBS script,
the soil resistivity of surface layer and its thickness were changed
and the ES resistance was determined for each different case with
preserving the ES shape and dimensions constant. The Ansoft
Maxwell software uses tetrahedron elements to discretise the EMF
and also the second-order interpolation of the fields between the
tetrahedrons. The ES resistance was derived from the Ohm’s law
as R=u/i, where i was set as a fixed value and u was obtained as
the total EPR value of modelled ES [20].

4 Results

In this section, the results of both analytical and FEM simulation are
introduced. The results for analytical calculation Rpwg according to
utility standard PNE [18] are achievable only for a uniform soil
model as it is in accordance with the definition of formulas (1)—(6).
These results are compared with the FEM Ry simulation for
the two-layer model. As the input to the analytical approach was
chosen apparent soil resistivity ppyg that was obtained from the
simulation of Wenner four-pin measurement of two-layer soil
model in Ansoft Maxwell software. Wenner measurement was
simulated only for four different electrode spacing (0.4, 0.6, 1 and
2 m) and the resulting apparent soil resistivity was obtained as the
averaged value. These electrode spacing are based on Czech
Republic’s practice. Form the point of view of uniform soil model,
this measurement may be enough to determine the soil resistivity
of uniform soil model at the depth of burying ES. Nevertheless, it
may cause error in the results; this can represent the worst-case
field measurement. The results of the calculations are given in
Tables 1-3 for models 1-3, respectively. In the first line of the
tables, the results for uniform soil model also simulated by Ansoft
Maxwell software are given. The last column states the calculated
percentage relative error AR between Rppy and Rpyg referenced to
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Table 1 Calculated results for Kiosk DTS ES, first model The above mentioned findings may lead to the idea to avoid

burying ES in the vicinity of the change in soil resistivity due to a

palpz, @ m Pene M h,m Regm, Q Rene, AR, % two-]ayer model.

100/100 100 uniform 473 459 30 Another interest_ing aspect is how alccurate]y the analytical model
500/100 123.2 0.2 487 5.65 16.1 performs for a uniform soil model simulated by the software. The
40/100 84.5 456 3.88 15.0 results for the first model seem fairly accurate with an error of
500/100 291.0 0.5 5.06 13.34 164.0 only 3%, whereas for the second and third model, the difference is
;g’;?go f.|2é_72 1 ;ig 125%&3 135%?' much greater at about 30%.

40/100 50.6 351 2.32 340 From the overall results, it may be said that the formulas of PNE
500/100 495.0 5 17.00 22.70 33.5 [18] in most cases will lead to overestimating the ESs. However,
40/100 43.0 2.46 1.97 19.8

when the soil model obtained from measurements (e.g. by some of
above mentioned techniques [11, 14]) will be with a more
conductive surface layer, the PNE formulas may lead to
underestimated ES with an increased potential safety hazard.

Table 2 Calculated results for pole-mounted DTS ES, second model,
two peripheral rings

palpz, @ m PenE, @M h,m Rrem, Q Rene, £ AR, % 6 Acknowledgments
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500/100 495.0 5 31.26 50.62 61.9

40/100 43.0 376 4.40 16.8
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