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ABSTRAKT
Habilital n?2 pr 8ce j e z amnNSe n alehlivoati pwozub | e r
di stribuln?2ch soustav. Pp®wiD etdynPae hdvy &tlelch| a
rozvoji distribuln2ch soustav pomRrnhD viraz
vavodu strulnhD mapuj ey,v ykbirearn® bpyrl oyb paRugt gour bel nw hS:
letech. ohl edem na vel mi rozs8hlou probl emati ku
detailnhDji vysvDtleny a komentov8&8ny s vyug

it
Prvn? obl ast j e tika indk&ce raaokalizace goruchivi e ma i b u| 1
soustavsg§ch, kde jsou pops8ny jak pS2stupy z
ipS2stupy vyug2vaj?2c? pro l okal i zaci por uc
di stribuln2cih stamsfcor Maeltmzd | nNDj i je zde di s
zSegen?2 zpNDtnlich slogek naphRt2 a proudT, pSi
i vispetdbynzheos§lte®tkompenzovan® soustavh 22
Druh§8 oblastnhaj @opamNenady pro sn2den? Ya
proch8zej2c?2ho pm&ciem epodetcaiylnl/ vysvDtl en
anal yzovgny jej2 vihody a nevlihody. V prégci
metody,ylkt er@kiBhgmpakck®ho model u, tak i z
zkougek, kter® hodnortd8lyndxeik opdirc ds tp ohene o & § ¢
ami momRNstskich kompenzovanich soustav.
TSet?2 a soulasnhD poshadpraVvéBpopdpolBrestr?2 zm
bezpel nosti z etn@t2oc 2| Ssotuis tmprv§ce Mojgel chzpSaso
kvanti fikaci rizika YWrazu el ekt wviyalgl m2 pr @Saé
studie zjsdnotbug¢@eA®sdiustavy. V z8vDru t®to
individu8l n?2 pravdRDpodobnosmo g nersrtt22 | v ykutge rt &
pravdhRDpodobnostn2ho pS2stupu

KLeLOVC S:ilb@¢Aelnssti bul :nspaehliossdiussttraivb ul:n2 c h
lokalizace poruchz e mmpoj epSi zemnNn? posti gc¢
poruchov®ho proudu; kvantifikace
di stribuln?2 soustava
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ABSTRACT

Habilitation thesis is focused on problems related to safietly raliability of distribution
system operationThose two aspects asggnificantly influenced by the dynamic development of
distribution systems in recent years, but not always positively. This thesis briefly describes
selected problems and challengest thave been addressed by the author over the past five years.
With regard to the very extensive issue, only three basic areas are seterteekplainedn
detail and commented with eisf articles published by the author.

The first area is focused onetlproblems of an earth fault indication and localization in
distribution systems, where both the reactaioekault 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 syseepresented 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 locatiofihe principle of the method is explained in detail, and
also its advantageand 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 exttaban resonant earthed systems are presented.

The thid and as welthe last part of the thesis is focused on the probabilistic approeitie
evaluation of the earthing system safety criteria, where one of the possible approaches to
guantifying the risk of fatal injury is discussed and explained withafisa 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 possibilitiessageof the described
probabilistic approach

KEY WORDS: distribution system safety; distribution system reliability; fault localization;
earth fault; faulty phase earthing; earth fault current limitation; risk
guantification;earthing system desigdistribution network



Obsah 6

OBSAH

F NS R I AN s TP 4
F N = RS I X TP 5
(@23 Y o 6.
SEZNAM SYMBOLBABTER....ZK. R .t ereee e 8
T 3 T Y 1 I 14
2 INDIKACE A LOKALIZ ACE PORUCHVDISTRIBUL NECH SETE.CH.................. 17

21LINDI KCTORY P ORUK HE T RN S i tiitiiinitieteettemae et stsa st stssstssssnmssstasssssastassaesnes 17

22ZPF ESNnNé Mé SPALDEBEN®ORUCHG!I BE MYWOKCTORH...R.ORU.C......18

22.1JEDNOSTRANNAh PROSVWPOLET VIZOCLPEEONRUCHY MOK.CT.ARE

2.220BOUSTRANNR PG ST P e ernmr e s e e e e e e e 22
2.3L OKALIZACE NESYMETRIC Kh CH FPWCH S VYUGI TNeéMDMMBTEI BUL NE CH
TRAF OST AN L C G G H i e e s ma e s et s e s s a e e e 24

2.3.1METODAVDI P PRO URL EnNPCODPORBAWIIS TI BIBESTH MESYMETRI

O L 25

2.3.2LOKALIZACE PORUCHY NAZ CKL ADn ANALHKZIYENRMAHO S.I.GN.C.L20

24PF € NOS AUTORA PROBOEMNTCE .....ccccviiiiiiiiiiiiis i 34
3 SNCGENC DRDNDVEH PERUCHOVMDORK..R.RO....iiiiiiiiienn, 35
3AIMETODA Pf | ZEMNMNNEENPEO SE.C.ZE .oiiiiiiiiiiiirmiic e 36

3.1.1STANOVEN¢ PORUCROWDMWOPO Pi PDSNIN'GEMNE....F.CZE....37

32NEGATI VNE VLI NNREI PPBTI GENE...ECZE e 38
3.2.1ZHODNOCEN¢ RPFNANUDROVE G RE HOBPROODW.E...cceveeeeeeeniirirrrianns s 40
3.BPOROVINCNE V& ORI Y P & et aae e e 42
3.3 APF E PADOVC STUD LBttt e 42
3.32ANALAhZA REDUK CHOWPEHR® CP RQUD U .uuieieiiiiieeeemmssiieeaeesnieeeeeannnns 43
3.33ANALARZA VLI VUEZNAEBEQVE® EORUCROW.D.U...cccceeeirrrrras 44

I VAN N N I A N I O =3 W S 45
3.35ZHODNOCENGE AUTRPHEAT.L.Kuuitiiiiiiiie e ceeeiiiee e e st e st seme e ennree e 47

3.4PF 6 NOS AUTORA PROBOEMITBCE ...ccceiiuviiieeiisitereessmnnssneesesnssneseessssessssmmnssnssssesssansnes 48
4 HODNOCEN¢ BEVZIPEZBRIMNE CECMN...SOUSTA. e, 49
41DVvOD DO PRAVDNPOINEEBHNO POSUZ @QWENEIN OBSE | Z E MEUBSTAVC.H....... 49
42NCVRH PRAVDnNnPODNBH®SPAF ¢ STUPDNPREGNEBODI ST RISBUSTAV.C....50
43VAPOLET | NDI VPRHNUDNBPODGHMNO DMRT.Coeieiiiiii it ceeer et e et 51
44ZHODNOCENGE | NDN&/ | PRIALELD N P OD BBMNRISET. Luuiiiiiiieiiiiiine s creees e e e e e 53
A5CBAANALRNZA  REZA KA uiiiaiiiiitieeeeaaieeeeaaisteeeeeaassnansaseesssseseessnssseseessmnnsssseseessnssees 53

46Vh POLET PRAVDNPODIOBINMRTE PADOVC STUDLE. .ot 54

CKE



Obsah 7

4.6.JPOSOUZENE P RAVNDSH OINBB PORUCHY......iieeiiiieeeeriieeeesimmcnineesennnneeens 85
46.2UVAGOVANE Rl ZEKOKE...SCuiiiiiiii i cceire e e e eeeene e eenaaas 57

46.3PROVOZ POSUZOVMNEE ZEMU ST AVSF AR TRRANE N.C.L.CL.U......58

46 4AVAPOLET ZEMNGE HIO...ODP.OR..utiiiitieeeiiieeeeee et e e esemee e e e e e e e s 59

46 5PARAMETRY TESTOWARIBUL NE SQUSTAVN.Y.eeieeeeeennnnnnd 60
47VYHODNOCENE A APNRAALVIDZNAP OD OB N O STTEL....D.MRuciiiiiiiiiiicen i 61
47.1CI TLI VOSTNE ANAUNEACH PARAMETRE ..ot 62

e B I N U PP PP PPRPPPRRTTPRPN 65
49PF ¢ NOS AUT ORA PROBIEMBTCE ....uuutiuuiuuiiinuisssammeeeeeeeeeeeeeeeeeeeeeeeesannesaassaaaaaaaaenas 65
BUDOUCCE VHh ZV YA Gl L E e 67
POUGI TC LI TERATIRA et eeeee ettt emns e 69
SEZNAM PUBLI KORBEC....A T e eeee e e 73
IMPAKTOVANE P UB.LLKACE ciiiiiiteeiiiiee ettt e ettt emme st e et a e s eeene e e e anreeees 73

(@ 1S N N PP PPPP P PPPPRRTPPPPPPPPPRRRY 4
SEZNAM PROJEKTRA.LLAUT.O et 83
PROJEKTY PODPOROGEARI NN CH Z.DRO.JSiiiiiiiiiiiieenneiiiiiniieeeee e e e sseees e 83
OS TATNE P ROJEK TNttt icmiiiti et e e et tret e s b e e e e e s b et e e s e rnnsse e e e s e anbnreeeaannneeas 83
SEZNAM PATENTBEBUKAT P RAOUT.OR.A ..o 85
PATENTY A UGH TYNE...V.Z ORiitiiiiaaceeiiiiiee sttt ee s aibieessse e e s asbe e e e s s asbre e e e s ameesnneeaeesnnnes 85
PRODUKTY ettt ettt emmme ekttt et e e e 4444 ammee e oo et ettt e e e e e e e e e mn e e e b bbb e et e e e e e e e e bn e e nnnnnnees 85
PIFrCLOHA/YIBRANE PUBLOBLASTH ........oooiiiiiiieeeeeeiieeee e neeaes 86
PUBLIKACE PLLA ittt e et ea et e e okttt e oo a ket e emmme e e et e e e s e e e e e e s s 86
PUBLIKACE PL.B....ciiiiiiiiiii ittt ettt teeb et e e e e e e e ettt e e emmnn et e e e e e e e e e annnnbb e e e e e e ean 101
PUBLIKACE PL.C...ooiiiiiieite ettt meei et e e ettt e e ekttt eemme et e e e e s e e e e e e s 116
PIrCLOHA/YBRANE PUBLOBLASTE ...ttt eeeemeii e ieeeans 129
PUBLIKACE P2.A ettt ettt ena et e e e s et e e e a bt et e e smme e b et e e e e nbe e e e e e nnn e s 129
PUBLIKACE P2.Bh....eieeiiiiiie ittt ettt teet ettt e e e e e e e ettt e emmms e et e e e e e e e e annnbnb e e e e e e ean 137
PUBLIKACE P2.C....oiiiiiieiiite ettt eena et e e ettt e e sttt e emme et e e e e s e e e e e nn e s 143
PFr ELOHA/YBRANE PUBLOBLASTIB .....cooiiiiiiieee e 149
PUBLIKACE P 3L A ittt ettt ena et e e e skt e e e e st e e e e emme s b et e e e e nbe e e e e e nnne s 149
PUBLIKACE P3.B... .ttt ieeet et teet et e e e e e e e e ekttt e emmmn e et e e e e e e e e nnnnbbbe e e e e e ean 162

CURRICULUM VITAE .ottt eeee e e e et e et teeea oot e e e e e e e e e e e eees 167



Seznam symbol T a zkratek 8

SEZNAM SYMBOLSTEK ZKRA

Vel i |l i nJednotka Popis
ARC [-] pravdhDpodobnost trv8n2 poruc
c [-] napRSovl soulinitel
d, deeder [m] vzd8l enost percdchyzoddmyp§
E [V] napBhDt 2 sepkovlievlaniza&sb@t n 2 h o
[E] [V] vektor celkovlich chyb
Emax [V] maxi m8l n2 hodnota prvk T vekt
Emin [V] mi ni m8I n?2 hodnota prvkT vekt
EPR [V] navl gen?2u pzoetnenrcci2§lsoust avy
EPRV/EPRw [ pomRNr pSeWMls@istBIRRA&Esmm2c2 so
Fx [%] procemptrayldmPodobmrupltsNt por uch
Fr [-] cel kovl polet poruch za rok
fc [Hz] estimovan8 dominantn?2 frekve
fn [-] pol ezemn2ch poruch za rok
fq [s] trv8&n2 poruchy
f [HZ] s2Sov§ frekvence
fap DTS [-] roln2 | etnost zemn2ch poruch
foe DTS [-] roln2 |Jetnost zemn2ch poruch
I N TS i
posuzovanou
1, [A] f§8zor sousledn® slogky pxoud
Ik 3p [A] pol 8teln2 symetrickl zkratov
I, [A] f8zor zpRtn® slogky proxdu n
Iy, [A] f §mert odliovgBky proudu mhNSexn ®ho
I, [A] f§zor sousledn® slogky pyoud
I_2y [A] f8zor zpRtn® slogky prowdu n
Toy [A] f §mnert odliovgBky proudu mNRSey ®ho
[ [A] f8zor netoliv® slogky proudu
I_Oxpalr [A] f8zor netoliv® slogky proudu
I, [A] f8zor zemnimhsxkPnoeduedgen?

ley [A] f 8zor z e mnykhoon cper ovueddue nv?
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|RessH
I Res

IsH

L(t)
0

I Line
Pzmax
Prisk
Pcoinc
Prip
Py

Pn

[H]
[H]

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

[dotyk/rok] f

f 8wt upn2 hodnoty f8zoru pi
(indexi= 1, 2, 0 podle slogky)
f 8awvesrt upn2 hodnoty f8zoru pr
(indexi= 1, 2, 0 podle slogky)
f8zor poruchov®ho proudu

efektivn? hodnota poruchov®h

rel ativn2z hodnota poruchov®h:

f§zor proudu mNRSenT | ok&tore

f§zor pr owkdu omedy vl nm2ost N

poruchovl pSi zemnir

~

zbyt kovl

proud po

proud kovov®ho zemr

proud m2stem pSizemnhNn?2 post

maxi m8l n2 zkratovl proud dvc

zmNDna zpNRtn® slogky proudu
cel kovl nap8jec?2 proud, sl og
proudu

cel kovl kapacitn?2 proud sous

jmenovitl proud uzlov®ho odg

j menovitl crp®hoau doubpoynBomp &| t en T
stranu

zemn2 poruchovl proud

je vektor zmBDny zpDtn®
uzlu N (N ;kudzi 20uéj sal

zem# pomDr

celkov8 doba trvs8§n2 poruch z
d®l ka veden?
promBDnliv8 indukl|l nost

induk| nost
sousl ednou,

d®lvkeaden2 |jehog
zat2gen?2 distribuln2ho
individu8l n?2

p r a odblihpst koincidence porucha/kontakt

veden?2 vzt=aglen 8 ,n;
zpPDtnou a netol

stznhDn2z je p
trans
pravdhDpodobnost

pr avdDDp dldilacek n o st
cd kov® ztr 8ty nakr 8t ko

S2tomnostvafjboaN®m
ok

¥izi kove
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Pd
PV

Rzs

Re sH

RsH

RSHZ

Rzem
R,
Rnn
Rrr
Rraz
Rzat
Reen
Rzpen

R:pTs

Rok/Ruk

Top
tp
tr

tclear

Uk

[s]

[ Y]
[ Y]
[ Y]
[ Y]
[ Y]
[ Y]
Y]
Y]
Y]
Y]
Y]
Y]
Y]
Y]
Y]
Y/ km]

[ V]
[-]
[roK]

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

[V]

[V]
[V]

doba trvgn2 pS2tomnosti |1 ov

soul asng hodnota realizovanl
soustavy, VvliepmBvwzcen&krragdT

odpor poruchy
odpor zemn2ho spojen?
pomocnl odpornz2k

odpor zemn2c?2 soustavy nap§gj
automatiky PPF

odpor poruchou postigen® zen
ome z wdpdrc¥st ®mu pro pSi zemnnhn

me z ogpérgr o pSi zemnNn?2 dpsren §
emnz2c2 soustavy transfor mov

dpor zemn2c2 soustavy

~

0
z
zemn?2? odpor
0
c

el kovl odpor nZekh®ho? naps 2 s
rezistance vinut?2 transfor még
rezistance f8zov®ho vodile
rezistance respektuj2c2z zat?2
rezi standbhe swode | e

rezi stance zemnile stSedn?hc
rezistancer i badstanicet di s

rezi stance pS2vodn2ho veden?2
pomRr netoliv® s sousl edn® s
nap8jec2ho veden?

odpor zemn2c?2 soustavy VN st
stanice

reduk| n2 faktor
obdob?2 po kter® jen®|BeamrvBm?
0

(givotnost zemn2c?2 soustavy
vyp2nac?2 | as vivodov® ochr an
vyp2nac?2 | as VN pojistky
vyp2nac? | as poruchy

naphRt?2 nakr8tko transform8tc

fg8zor jednotlivich slogek na&
i= 1, 2, 0 podle slogky)

f8§7erdnot| i mhpht 3l mP&Ekn®ho |
(indexi= 1, 2, 0 podle slogky)

f8§7erdnot| i mhphRt3|l mP&kn®ho |
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Utepr

UvT

N ()

2 %}
U g

. (N
gDuﬁ.l g

~p BIG
MV

VoSL

XsH
Xk

Xot/ Xat

Xow/ X1k

=<

V]
V]
V]

V]

V]

V]

V]
V]
V]
V]
V]
V]

[%]

V]

(indexi= 1, 2, 0 podle slogky)
vstupn2 hodnoty napQhDt?2 dwv=dj Lk

2, 0 podle slogky)
vstupn?2 hodnoty napQhDt?2 dwv=djck
2, 0 podle slogky)
vistupn2 hodnoty naphRt?2 dwebj
2, 0 podle slogky)
vi pmd@ hodnoty napRt?2 dvojibl,:
2, 0 podle slogky)
f§zor naphRt2 mNSenlT | ok8tore
f8zor naphRt2 mNSenl |1 ok&tore
zmNDna zpWPtm®p B gk

jmenovit® naphDt?2

netolivsg8 slogka napht?
jmenovit® napltr2zanmsrfiomdrs8n 20 r at
jmenovit® napDttr anesk wonm dEBrt o |
provozn?2 naphRt? soustavy

procentu8ln2 otktmp®WeR pdobopov§
knaphDt2 EPR hodnocen® zemnz2c

zdrojov® naphRt?2 pro dotyk

vektorvyp ol t enT ch zmhDn zpNRtn® sl
UM pSi uvagovsgn@Npor LlgHhulzivoué u
jsou znaleny jednotliv® prvk
jevektorvypo| t enTch zmRn zpRNtn® s
uzlech UP pSi uvagovgn2 poru
kurzivou jsou znaleny jednot

vektor zmnNDSenTch zmNDn zpNDtnl
uzlech UM pSepoltenlch na pr
di stribuln2ckhkutzaneboysmg@uoerii

prvky

j e hodnota (cenam)g ifvhloecolaSeatst@®d C
Life)

omezuj 2c?2 reaktance syst ®mu
reaktac e pS2vodn2ho veden?2 na k

pomlgrolni v® a sousl edn® sl ogk
transform8toru

pomiDr ®esbalsiedn® sl ogky reatk
nap8jec?2ho veden?

fg8zor jednotlivich sl oighewlc
podle slogky)
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N
o
<

N|

@ _ (0
Zi alZs

}s
Pougit®

CWT
CIRED
CIGRE

CBA

DER

DS
DTS
EPR

admi tan| n2 mat i;&ezivaujpsduznlemly s

[S] jednotliv® prvky

[ Y] f §nent odliovgBky vz8jemn® i mpeda

[ Y] f8zor jedpotlivTch s | oiFEKey0l c
podl e sl ogky)

[ Y] vinovsg epmopteadwdans| ogku

[ Y] zkratovs8 i mpedance na konci

[ Y] zkratovs8 impedance na konci

[A] analytickl sign8§l proudu

[V] anal ytickl sign8l napht?2

[ Y] omezuj 2c?2 impedance syst ®mu

[ Y] sousledn8 zkratov8 impedance

[ V] souzsledn§ a nedddn?2v 8mea zmp end?asn
a m2stem druh®ho zemn2ho spc

[ Y] i mpedance veden? do m2sta pc

[ Y] zemn2 impedance veden?

[km™] konstant aitpdSekmlsag pr o

[km™] konstanta pSenosu pro sousl e

[ A] Yhel vz8&jemn®ho f8§8zov®ho xapt

[km] d®l ka maxi m8l n2ho el ementu v
vektor odchyl eRSeppoht emDohz

[V] naphRDt2 pro vgechny wuzly mnDS?2
uzuNkur zivou jsou znaleny | et

[ Y m] rezistivita pTdy

zkrat ky:

Waveletova transformag€ontinuous Wavelet Transformation)

International Conference on Electricity Distribution

International Council on Large Electric System

An
Di
Di
Di
N a

§ k ICastBEnefd Anplid nos T (

buovan® zdfoujeobheékmoidal

allTza n
stri

stribul
stribul
vigen?

nz soustava
nz transformaln?2 st ai
pot enci BdthuPotergiahRigec 2 s «



Senam symbol T a zkratek

13

FFT
MZSP
MZSN

N-DER

NN

0z
PPF
PDS
PNE
SAIFI

SAIDI

TALR
uP
UM
VN

VVN
VA4S

Rychl 8 Foui er dastFouriar &ransfdijo r ma c e
Monitor zpRtn® slogky proudu
Monitor zpRtn® sl ogky napht?

Nesynchrsanmrn2buavan® zdroj € vierl
moduly)

N2zk® napihDt?2

OpNtovn®ho zapnut?2

PSizemnhDn2 postigen® f§ze
Provozovat el di stribuln?2 soust
Podni kov8 nor ma

PrTmRrnT polet pSer ugSysttm Aveagk
Interruption Frequency Index)

PrTmRrng doba tr v Systtm AvSage lnterraptio
Duration Index)

Technologick8 agentura Lesk®
Pomocnl wuzel

MRS2c2 wuzel

Vysok® napht?2

Vel mi vysok® napBhDt?

Zemn?2? spojen?
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1 bvobD

Provoz elektrizaln? soustavy | ze s ohl ede
pSenos a distribuce elektrick® energvekt eP®§
dochvgzprosl edn2chyhaemeckh®iuvehmmpidm a mnohdy
dopademna bezpel nost a spolehlivost provozu.
di stribuln2ch soustav smDrem ke konceptTm c
pS2]in | zeaduvi@sstt anapeS2 kel k®ho mnogstv2 dis
kter® d2ky finanl n2v nkort§tale@n ® i y dvger i voesl hkia@ino vosh
pSilemdg jak technoljoegiiec,h tparko vio z p maoddosktiSaztaepl ar
kval kbpPrVovoabtl.asti zpRtnloh dlsvTi bDcheé os @k
aktusgl n?2 probl emati kiaerziamNiBani§ oMo vdSenf2i ni ©v

viroben, kter&8 m§ podstatnl domuavd soajl m&ma st
sice definov§8ny pogadavky Ineadi skavgnttabt D¢
t,charakteristiky Q(U) | P(U), jejich nasta

re§l n® chovg&n2 tRNchto ne@seyincmTPeanbth, viespe
navzdory snaze virobcT naplnit tyto pogadavl

Podobn® probl ®my | ze spatSovat i v oblast]i
ZdejeopNtolvnasmmh a definovat pogadasvky brua vtant®
energie (NDER) tak, aby byly schopny v t Dc htpoo skS2t meodugc hpodpor

soustavh ajelv p2,psp8dlamo? odpojiyd | i opRtovnhD p
nepS2 zsnti avM o hpSSohledeny nal oyu | agysic@®m&jepPnd bl @rag mi®nN a
nz2zkl zkratovwER p3NeszpklivekkrMtovi pS2sphDvek
samolinn® odpojen2 poruchou postigen® | 8sti

ochran. Prot s ou pwBRd ewlizk uaktivipt ®t o ob | aptSiedr a MmBD Be
vivoj al gemitr@fapgtabi |l n2 ochrad§lg @l twW8 oi pm
rozpozngn? pSechodu | 8rsa g, kiffmust awyoj db &stjr
identifikacio s t r 0 v n 2 hado bezrobledwaztgiz da se jedn8 o ¢§g8douc
Pokud by nedoglo ke v] asn® i d(esnktuipfiinkya cvkltreosbt
byl zapS2]innNn , nanpeStuksiead do pooyr ucdhjout v pS2pa
odpoj enébnytc®tgo bwl rmohl o ve visledku v®st k dl
dotykovTich | i akrzovklogvelncch pnraagvidn@shandZa btnoohsattio d T
mTge m2t sel h8n2 v indikaci pSechodu doau ost
| i viznamnl dopad na spolehlivost provozu V)

Soul asmmbdu emati ku chr 8nDn Prohtlbugit rs baha?2 oh ks
vivodT na Yrovni VN |i provapmw"maugoeh® sduw
docnlkRigteng zkratov® i mpedance, jej2zmg pozit.i
vIiivTIm distribiublzeadilcka zkdw aljiTtpo b ¢ Renlotdibia KT®
Vzhl edem k r ofdts&akt\ADER, ¢ak in Wit ob | ®m@WRezmNn a

topologie soustavy e d no d u gjhaS8k cve skra§t k®m | ase a pSi Z a
kvalitu el ebketzr i mWkt®n cesnteir gdegen2? probl ®mu na
N a druhou stranu S i pSeehopomhanangkkea®n &

kompli kovark§ e§e§gebrny?2 zaj i stila pogadovanou sp
chr8dnNpdhl edu provozu soustav VN si pwSeaochad
i novovliamdwihch alk@gamirtfmpabazénza recuimns@EmiTl,y kb
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z8sahu di spel er T autpomatcihoky pwynmad giemwluovab |

soulasnl syst®m chr&8nhn2 a nedostateln® mnoc
komplikovanou problematik , kter$8§ mT g e m2 t pSi chybn®m
spolehlivost, tak i bezpelnost provozu di st

VIivem rostouc?2ho pogadavku na zlepgen2 n

ke st8&8le viznamnhDj g2 2kaV¥WhN,)izvapir TmBnkoVvieh d
pl 8novan®m meziroln2mlhBak sna Kalbell ioxdcihs dBE
hustoty =zalidnRn2 v mRstsklch a pS2mNDstskl
venkovik ch veden? aS jig z pohledu estetick®
vzd8l enost 2, vhodn®ho pS2stupu | nemognosH
prvotn2ch YW ah8ch pSisphRje kabelizac?2 wvikadrat
spol ehlivost.i dod8vky elektrick® energie SA|
k

viznamn®mu sn2gen?2 bezpelnost.i provozu DS

je n8r Tst celkov® vlastpen®apadntym vedantov
kter§&8 se nepS2znivhD projevuje zejm®na Vv nav]
jednop-lov® poruchy. S ohledem na soul asnhi
proudu soustavy vl oplS29puatd?d) ¥Nmpmezewmwanna Yr
probl ®mov® i v soulasnlch provozn2ch podm2n
s2t 2, kde je maxi m&8ln2 Add2otiji & apd e kntuaPnd®o §
zvagovat pSechod na jinl zpTsob uzemnBDn?2 uz
odpor nARk| kA.D Tento krok si vygaduje zmDnu v
citlivich zemn2ch smBRrovichioécmdakoviteid ®ojd
poruchy. Visledkem t®t o vynucen® zmBhDntya v
vkr 8t k®m | ase selektivnhD vypnout odporov® p
sm2genlch soustav§8gch VNzmmoagprr cosstt2o, djoarki nzamzt rnrei
kabelizace na bezpel noastvipaoeovobbastj?e maom&l

transf o/IViNg tVANr,y cogvpragimgsey mbfn®. Omezen?2 v s
dotykovich naphRt2dJfma pzarkT sdoobcy?,l id tpoouzeyugi
ns§

Yar ovnhD poruchov®ho proudu nebo precizn2zm
jejich kombinac?2.
S ohledem na mi ni mal i zaci vzniku nebezpe

domi naet k1 adeha pSedevg?2m na proveden? zemn
soustav v podm2nk8ch LR vych8z2 v soul asno:
deterministick®m zpTsobu posouzen? bezpelno
okol nosti. PSi tomto n&vrhu je tedy pravdRipo
je d8na z8vislost?2 dotykov®ho n&ppPpravadd®dpododb
fibrilace [3], tzn. ge pravid®pod@banst pSmrtemto n§v
ng§vrhy zemn2c2ch soustav vedopr @bdu nl€rdavug

at o mnohdy i bez viznamn®ho dopadu na pravd
j e nNutn® zkoomat® ametvogd/y | i postupy, kter®
vynalogenTch prostSedkT na n8vrh a vistavb
pravdhDpodobnost n? pS2stupy n8§vrhu, kter® ze¢
opti mal inzSkvlaandecchh, pS2padnhD postupy vych§8zej
soustav pSi zohlednhRn2 m2stn?2 rezistivity p°-

S ohledem na aktu8l nost a z8vagnogtej mPaah
bRhem upl ynWwnloovkg nmNtmaxlient8§ W2 pozornost, cog
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projektT | patentT, kter @3a@®ouJabulviymphDv @
uveden®ho souhrnu Setiespboheplbobbe®mi ,rotzekEhp B
Z tohoto dTvody byly vy@pr8&nyy Kémr®Sbudékl a
dol ogen?z pS2nosu autora k obl adstsitrbkbape?ab
Kagd®gy bzr anTscth2 otbv caS 2 hl avn?2 kapitolu pr8ce
relevantn2ch visledkT autora. Tyto tSi Vvybr:

. I'ndikace a | okalizace poruch v distribu

PSesn§8 a rychl§8 BhkanzmceSpdpokhadem zpr
bezpel nosti a spolehlivosti provozu distrib
poruchy, maj 2 pS2ml dopad h@ak®mo pdrocowd ut,r vt§a
aletnost pSekygern2ekdoi ck® ener gohkederp Gaiprowy hl e
di stribuln2ch soustav stS§le neexistuje Seg:e
di stribulmnéldt os2dTvkapidle 2.j spuezyenp ¥ Ems yt @B 0t C
problematice.

. Sn2gen?2 YarovnhN zemn2ch poruchovich prou

Jednouzmognost 2, jak plognhD sn2git soulasn® r
pSi zemn2ch spojen2ch je omezemdg r/asotvznedp ipm r
tohoto c2le je vyugit?2 metody pSizemnhRDn2 po:
paraleln?2 cesty poruchov®mu proudu a Vv nS8sl .
skvalitn2 zemn2c2 soustavaoicehDYWR/ MBEp8&§Tremeo
ke sn2gen2 YirovnhD poruchov®ho proudu proch§:
osob vyskyaohlhld&x®ichvisievw pTvodn?2 poruchy. De
skoment §Sem vybjeavedercapitplaBb | i kac 2 ,

Il. Nov® pS2stupy pro hodnocen2? bezpel|lnosti

OvnNSen? bezpel nosti st 8vaj?2c? | i novDhD na
Yakony, kter® zaji gBujvygepBi papél mhddheme pwelurcd
tohoto c2le je mogn® realizovat jak na Yrov

poruchov®ho proudu, obtas®i jé¢l di ©Obltast gnol |
kompl ement §m@8im abeehinbjezpel nosamlPede&gmera pp
autora je tato | 8§st zamhDSena zejm®na na pro
svyugit2m pravdhRDpodobnost n? hsooud Sizs:nthu puwy,? vikatnd r
pSin@st b8aefitT. BHBvod do t®t o problematiky
di s k u tkapitofed v
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2 INDIKACE A LOKALIZACE PORUCHYV DI STRI BUL NE CF
SCTCCH

Probl emati ka | okal i zace dppad oac dblastmdhlivosti mDr n
abezpel nosti provozu distribuln2ch s2t2,. Kl 2
|l okalizace poruch uvnitS pomRrnN rozs&§hlTec
l okal i zaci | i i ndi kaci por @ad¢ lygy miyedas avyomeait m0 t

poruchou postigenl Ysek tak, abybydoa acot rnejn
Zt ohoto pohledu je probl A v & hpeSre@dsan i imh §me
bezprost Sedn hyp o owzomtinkiuuj packr zjdoeypautol r v aleeh a3yl iv
kdyjeporucha | okapoxtoiveaml gégreskbyPbyeeddmasr p Sesno
| okali zace porujakbycHamenopsak ucrhlS8ptatpozi ci por
fyzick®hovowaloeaemed epmr adi stri buln2 soustavy (
poruhy pak pSisphRje ke zlepgen?2 spol &dzlvilvgoesnt?2i
bezpelmdstkiog mTge doj2t k rychl ®mu zajigtDhDn

Prdol emati ka | okalizace zemn2ch spojenz je
desditky avgak uspokojivich visledkT rychl os
PS2|inou tohoto ne¥wspRchu je hpS$ediesut@vm av yns?o
poruchov®ho proudu vliivem jeho kompenzace,
soulasnl stav DS je pomhRrnhN dobSe zvlI §dnut §
ZS dosud nen?2 us poknppejavdde vw\Sed2ewan | che dmetuo
posti gen®ho %Wseku je postulem®or pzpiteSngpd&s
pomRrnND z8sadn2 nevlihody spol2vaj2c2 v nDhl
energi e, cog m§ tddoopdagdy k naa rnoevpnSxegt rig i wzoappsd kem\?
poruchy bez znalosti jej2ho um2stiDn2, kdyog v
s e porucha nach§gz? v Z tbhots pdbledw fetgdy s @ m® a o1l a s
neuspokwvyti v 8danatvdkw oj a v I mlowrhcHdall g2 cihnovove

aprost SedkT. Z pohledu | okalizace kttenmn® hoe s:
Vyv2ij2 a maj?2 i potetnjc.i 8y upgriot 2p riankdtiikc8kt® rulp I
| ok BT poruch na b§8zimetaly &t an®n2vyaghrvany ac
technologie, jako jsou nap$2klad monitory n

VN/NN.Tyt o jednotliv® obl asti buda@ua@3etail nDj i

21l ndi k8§t ory poruchovlich stavT

I ndi k8§t or poruchovich stavT je za$S2zen2, |
pomDr T dok8ge indikovat prTchod pnd&d8d.v®ho
Dl e smBDrovosti t Dchto indi k8torT a znal ost
zobrazujeObr. 2-1. M2 sto poruchy | ze dJo,hllktdearnt ® sitmdiok
poruchov®ho proudu (lerven8 signalizace), a
nebo nepostigen® YWseky |jsou indi kovs8ny ze
signalizac?2, | ze vyti povyastl ag o stteicgheno hkuytsspeSkd2ns
Pokud indi k8tor nen?2 vybaven d8l kovou signa

stopovala indik8tory pod®l veden2 ag do m2 st
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Indikuje poruchovy stav @
Bezporuchovy stav °)

Obr.2-1: Lok al isztaac ezemAn2 ho spojen2 p
signalizace

Vihodou tRchto za%2%0zS8 nzéoevjaac 2pomBdgnBsn2izk§t e
pS2mo na veden? | i na podplWren® kbstdy vymete
sporuchou jennegeatkvadg8nianstal ovanlch indik§8to
at opol ogi 2S swhilsea ey . n a poSi zovac? a provoz
uspokojivl topP,) etcognaik88ygaduje vyugit?2 ji
zpSesnhDnrrucn?ys,t anagpS. ruln?2 rozp2ndebPiljedgdinBéet
opomNRrnN ugitelng8 zaS2zen2, kter§ jsou p§S?
instalovanich d§8l kovhRbyglvhs&tgeichigspamatebhal
obl ast vIvaljgeornovrTc hpr o i z@&ikKt@Idaddr tyo bpedk tuicyhti. v oN
prototyp[24] a obs | u[@shk omBN novan®ho i ndi k §tpodpory k t
projekt (26l NalvR gen® algoritmy spolu s ovhRSen
uvedeny v[27,av gak s okbmdelmmanhakt er konel n®ho vIs
visledky veSejnhD publikovat.

22ZpSesnhNDn2nonp?-slitoav & epdor uchy s vyu¢
poruch

Dal g2m n8strojem | metodou ug2vanou pro
metod zalogenlTch na esti maci reaktance do m
dopol et odpow2tda]j 2jcatk vjzed §d cemso®raajl5h a vS.r oz v $
topol ogi i di stribuln? soustavy vgak mTge e:
pS2padnAykrrkyodchadnut® hodnothRD netoliv® re
nepSesnost. mogn® tuto poruchu ani dohl edat
objevuje daleko z8vagnDhDjop2ouptobh®m nkp&jen
vedesiz2imnt egrovanimi dipsQ2rpiabduld,v akndyni j ede ed a g ¢
jedn® strany (v2ce neg |jeden ncalpy8g re® mu dwlicp
reaktance veden?2 | okS&8thyEkm®dmwu demysSdchewoawd &l
korekci t®t o pomRrnN viznamn® chyby je nutn
m2st,pSt2jpad® nejlastNjg2ho oboustrannhD nap§
z§8znwmyustrannl pS2stup. Pr Svolr iptrnoub |l eonkaSttiokral
voboustrannhD nap8jenlch sou§mav §d®twe dkeanpi tj
zpS2sphNvku autora vysvhDtluj2c2ho danou prob
pr SR®2 I(oP1.4). 1
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221Jednostranni pS2stup pro vipolet vz
BNgnhND pooukgStpoarny®ch i ndegt ambn®Woole deal#r aary hod
impedanci poruchya tedy i jej2 vzd8lenostzaaps&Hdpak!
zn8§mich parametrT chr §nhn®heop Yedrent. e akDiv T\
vzd8l enosti pSedevg2m zemn2ch (jekdoof 8§88l c
vzd8l enost jednof 8zov® porwdhy,e pwdemevl i[v
|l ok 8t or uvaguje jako symetrick®, ale tak®
soubNgn® parPaSeedisnt2avwe doen?el i kosti chyb | oké&
jednoduch®ho pS2kl adu ofpergmn2 ki edh oPbE22p v @®s f ot
d I-d
| Loké}toi' Lokz%t(t)f |
Ot o
Rf

Obr.22Sch®ma poruchy

Pro n8hradn2 sch®ma poruchy se pougije vz
pSes odpovizOpr@B.uc hy

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

Obr.23N8 hr adn? edanhh®diaxhy v ®

Na z8kladhRjlednatlivi &KZ smyl k&§ch mllé postagpd n2 h
vVIPS2 | ocPBA)Myhodnotim?2 sxak&d bBErn ovpr@udol, a nalp Nt 2
zaznamenan ®&hyh codcrhataz2n owz dd81 enost poruchy
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I E I_yE
R=="" (2.1)

X B X

=

|| C

£=d.Z,

X

O ?dAQJO
|- O: Ot

kdeZ,j e sousl edn8 i mpedankcjee vzeednend?a npRobnblXrp e th® n A
sousl edn® i mpekad ®mmpedanay eealrd2n)2l  respl.j e zemn2 pr
zaznamenawin? sxeefpry aRaje odpor poruchy.

Obdobnn i m% syt Diotkeit oz pra&iz a n Wppdtdominadt 2

J = é 1a IEy 6 I_xE+|_yE
,Tyy=(I d)-znég ké? R (2.2)

y

Zrovnice(2l) a(22)l ze pSesnhN ur|idj evrz df4 edu 8raldsp @lolr
par amet rZJaky eposurpdruchiR a hodno't zel_,gme_ZExczlmbpqu@'ﬁc
veden?2, Pokud nej gispoziciubude kaak@®hcyhboyd nlod ky§ tkor u v

odhadem a vzhledemtko mu , ge jednotliv® ||l en2l as@A| tu
mohou nablvat kl adnou i z8piormou heodondbhado
posunou Y“daj | ok8toru d8le od skutel n®ho m2:

JegthN mnohem kompl i k@pS&rmpRjdgd? pxirtade@de2mcés ty
sch®ma poruchy mus?2 zahrnovat iinaGbr.24d leaow® nildmj

Tz =T
N o pard‘ZOLpa\r UOC UOD (Z - d)‘ZOLparOX ' ZOYS
ZOxs UOx U()f UOy
e _
I =1, +1),

Obr.24N& hr adn? s c hpe8tap apdolT uscohuyb ygn ®ho paral el n2
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Ze sch®matu pehlpadu ndompeankahmR §tniXSeem T zTst a
izphNtn& shepkesSpadi) net olgigph®a tsilto grkeyb utdoe . Je t
cestou zpRDtn®ho proudu pro obnN paralelnz [

vazbasewet olsi v@ce projev2 |tveSic2 pS2davnlch |

ljOA = dZOM 'I_Ox par (23)

a
LTOB = (I -d ) ‘ZOM 'I_Ox par (24)
vnet ol i v® sdorgweholu,nkkter 8 jsou indukov§8na
linky T, ., a
Ugc =d-Zgy-To (2.5

a
JOD:(I 'd)-ZOM-(I_OX I_'f) (2.6)
vhetoli v® sl ogceoparcalyel rk2t elri8n kys chleaigrkdwk opw §
linky s poruchod, , kde Z,, j e vz§8&jemn8 induk|lnost Injezi
poruchovl proud.

Nahr aldiz m¢ ednotl i vs§ napiDt?2 soul neem| ipr® u €I
vzg8jemn® induk]| nost iZ,balk jpkje uveemoarl eV mi28fa g2i6)j n k a |
mTgeme upravit il ng®r aldOrkk.c hp®thhenet o

I,

d(Zy - Zyy) 1 U-d)Z, - Z,

TOx paréo Lpar ~
| —

Obr.25N&§hradn?2 sch®mag Sketad|Ni w® udblNAgNkyh ov par al el

MNSen§ i mpedance,m2 sxwWykhtoedrn® t 2 0 kpSotr@eupcohw Y2pproa vo&n
vypad8 n8sl edovni:

-
—|
(@]}

e --R('XEI_*'VE) aL@xTEZOM (|-d)'jy?Z°H 27)

X X X

==d2, &

X

1- O

Lol SB_\QJO

kdelj e d®l ka monitorovan®ho veden?z2.
Anal ogi c ky mZrsydnill goeknget oprs §vt
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S 8 e O |_><E I_yE I_o a_OM 1,,Z
Yy = d).ZlLZ% L §R+( = ) | el on (i gyleo (28)

y y y

Jak vyminc @23 a@.8), tak pro pSesn® urlen2 vzd
vyugit?2 p or uc hoobvoluc hk ozn&zTn acti[r §zn N ®th o a nvre®hem 2 p !
Viin®m pS2padh budel damhBewmrgNnvaz dj§d kp B® sy bmmw s
odporu poruchy, takivivep S2 padn®ho paraleln2ho veden?2.

2220boustrannl pS2stup

PSi urlen2 vzd8lenosti por ucphS? sprugsut Sseed nli
me z i zdrojem a poruchou model uj e j ako Ve (
suvagovgn2zm pod® nTch impedanc2 a pS2|nich a

tedy tvoS2 vz§jemn® propojkdmrcsh &Jojgerka pRejse
- viz Obr. 2.6.

Obr.26N&8hr adn?2 sch®ma jreadwmmod lzronwl® rpoz lucthen ®

Vipolet vzd§&l enost irovmcoprovdipy | pak jedabgtr? v
nap22stvd pp,kkdecshyl, 2, 0. Tato naphRt2z2 jsou

dvojbranu ze vstimn2nadfratmesnbokftoondT
0, =05 4" coshgdl) 17, sinh(g!. 29

nebo ze vstupnPFah ndgfdmétstmr ¢wdkBEt or u
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U, =U" Hrcoshg (1 d)L) [FZ, sinh{g 1d)4., (2.10)

kdeg=,Z, Y je konstania %&Sénosﬁ ampedance <chr 8n
iL

proi=1,2,0isousl ednou, zpRtnou a netolivou sl ogk
Vzd8l enosd!| per wgddgm2 nky Ira)Q/MCDvsTtdeIfsln"%ipU’;”tz
Kvipoltu | ze poug?2t pouze souslednou sl ogku

«/ Ylngdy jednoznal nD wurleny. Do e

1L
rezid i vity pTdy.
Nezbytnou podm2nkou | edn oz ndulvne®heon Tum genp?T svo:
aby vstupn? hylyom?dsxtagr md&eMty2 synchroswoill] a$a®j
provozud i stri bnkmd,ghj®sl2itkog nedibpomiZitdabdaeoddu

mu s 2 l okal i zaci poruchy pSedchg8zet | .aTato v 8
synchronizace | ze prov®st jak na z8kladhD sy
nap$s. : dl e okamgi ku v zpnriokuwd Tp ava wmisyt Bia npeodr buScnt
vinov®ho chatrmrktrerim p®edémékl adem je vgak dc¢
z8znamu), tak i na z8kladnhn korekce f8zorT p
vstupn2mi " synciamom? gxealym2 gyf DkveltTmi jsou sp
f8zory na obou konc2ch chr8nbDn® | inky. N a
nutno posunout spSagend® twel i |siymnyc hv Plnii zabhB

provedegdvg8eP syachrf)inrﬂ’i‘jzealm?sIveedu'j!zimzy:
kor ekcebb&::;:):FI?f'I' (a-a), Ui =UM (b- a),

korekceb o=l (i-/ +d), Uy =U" (g-/ +d),

kde Uao bj%mhiuy nesynchronnh zd3a 2znasmnercarrloenh zfa§
damchybou f8§zov®ho natol] en? VIT:Q\,aé:?m | asov® de
Vzhl edem ke zpTsobu nar @wsawn e ldy dus@ouvdp Vi 2 Im

na z 8khih@mMiz&k amioviimpedancemi dle zjednodugen
Obr.2.7.
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Obr.27Z) ednodugen® n8hradn?2 sch®ma jedr

ZpTsgmchroni zace je nutn® volit z pohl edu
vhodnnnDj g2 |l ze povagovat synchroni zaci na z
vzni ku poruchy, kterT vgak mus2 m2t 2¢pasitiat]je
nutn® vyug2t synchronizace sPSyudied&nzyddb!
reprezentujp ot Sebnou | meavowmelkgmelkcionn?2 mi x 8 @an a my
strajpMogno pémgam vstupn2ch oruchoudnEbo ar TlaPa
poruchy, nebo kombinaci obou

VpSilogen®mP $?920sPaddvAu j(e provedeno detail
(jednostrannich) pS2stupT pdrios kwyomboeudtt rvamch:
pS2stwypwdgi t m numerzdepk ®hve drmmdcie lanajld za chyby
poruchy,a tojak ve vztahuk TznT m hodnot §m odporu poruchy,
nesymetri.i veden?2, tak ® |vaes owz® ashyunVcéhgr koemry @z
visledky dopkl?gaHaglizst rgaennd n da g8 jpe m®hloo kvad d ezrazc
poruch nezbytn® vyugit? oboustr a®jso® kiypavep S2 st
soubnNgnT m/ par al elnno?sn 2v epdreon 2zma. j i Njetzibny2t s pr §v n

algoritmus pro | asovou synchronizaci nesyn
ktepB2padhn dlouhTch veden? r 8&xslplekdaimenad tjyetjc
Nutn® i ndao mMbwddukovat soul asnhD poug2van® al

2.3Lokalizace nesymetrik T ch poruch s vyugit?2r
vdi stribuln2ch trafostanic?2ch

Jak jig bylo zm2nDno, tak problemati ka |
probl ®m, k't efrelk tstv§lDe an esbpyal ozl |Gimeldn \j yeS ezgeejnm® n
poruchov®ho proudu, 34 ogst &vy,opomegere®dinmd g
(hapeBlosey)y a vysok§ | etnostozedno®hd ovhamhsShted ra
pSagovan®, obl oukov® nebo odpdgitabzacRa kaneumkad s p
di stribuln2ch s2t2 vgak doch§8z?2 k otvz2zr8n?
vyugi tP61 ki®adem MM § e alhalcte monitor Tdistbhbut k®b b
transformaln2ch stanic (DTS), kter® jsou r e
Prim8rn2m % elem tNRchto zaS2zen2 je monitor
n2zk®ho napmdnitoringkpvSa2lpiatdyn Map Bt h. v NDRthcth@ om?2nmsot
maj 2 rovnRg i mplementov§8ny i | ogick® funkce
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stavy vn3pk®hgwRaoBNt2pogkozen2 VWNI gdjaits thk ya)v
(deon)[16]. Pr o maxi mali zaci pS2nosu tNRchto za$2?z
funkce, kter® by umognily provozovatel:i di s
tak® nepSetrgitost dod8vky el ektorviozku® VeNn e rpgo
NN) soustavy je mogn® vyug2t data z mRSen?

vysok®ho napiDt?2. Pr8vDhD vyugit?2 ploininesy[mentarpi
poruch obecnD, byl o pSerd mIkeom ivklaz kluemue cvh , u g |
2.3.1a2.3.2

231Met oda Vdip pro urlen? pravdbDpodob]

poruchy

KI2]l ov® vIistupy z t®to obl a[$7]4dpubtikac{lB]zkdg 2 n
byl a prememada 8pro | okalizaci zemn2ho sSpoj ¢
um2stnNDnich na sekund8rn2ch stran8ch distri
my gkaempopi sovala metodu, kde na z8kladhD pokl
poruchou postigenou obl ast. Z8sadn? nevl hoo
kter8 v z8vislosti nsaustavy mahla tdogahovab jEdBoteaa gl | deensi 21
kil ondelturb]lg.2 m rozpracovg§n2m t®t o myglenky do
| et k tak z8sadn?2mu zdokonal en?z, Kter[1®], vy Y:

ng&rodn2ho pat[®mt ev(ilopsk®hd0 p)dMlenktief( EPRB4P S
pr §R&21(ePld).SL ohl edem na pdSleaa®hNNnNnmapRtkundS§
kter ®ho jsekoywsjtw@En2 informpeemptodhohkhakl ¥ 8n

Popis principu metody Vdip

Lokdlizal n2 al Ydipjie muavr gen t ak, aby na z8kl ac
sl ogky UfPappntoutiipstcanovil pravdhDpeygmbhostk®T g
viednotlivich m2stechUdjsouoi mDISehyshtaN.selad

di stribuln2ch tkvanpdmoemBtongt 2R2dWardi chl1®Pmoni
pak v nap§8j ec 2porloiz vpoodsntddlugpeRie @iazeno i@br. 2-8. Hodnotu

d®l ze tedypouvubthbv®hae z§znamu vivodov®UDchr:
aqd®j sou d§Il e khoond mootna noiv §unryl esnul nmei r imcldei@olustaeym v

VN/NN
R-VN
@) @
1 : .
VNNN i H
VVN/VN
N Porucha . VN/NN
%} : O
: o @
% b v AU,
s A

Obr.28 Zjednodugenl princip metody

V. prvn2m kroku se kagdl ¥sek monitorovan®
®, | 2mgvytoya®ernk: pomocnich umnl® uUP epdt néisnl
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PSesnost |l okal n2ho al goritmu j e v

pravdDpodobnosti poruchy ve v2ce b ch soi
tvoSaizd Tz pomocnlch UP a uzl|l Tm2mddSTm2shi WUt a
monitory zphRDtn® stljo.gkmo miatpdt 2na pMZtS2N)s i mpl e
zphNtn® sl ogky n@bpBIRFr o jjaekd nnoadzuncahl ouyj edObrs2t8r i b u |

Pro toto zpRtn® i mpedan]| n?2 sch®m%7(2)se kvet €0

vstupem pro metodu Vdip.

0 UP UP UP UP UP
—>H ———
v.h A UP UP UP UM

R_VN SO
zsé

Obr.2-9:Zj ednodugen® schRawapromptddltVid® sl ogky
Lokal n?2 algoritmus metody Vdip vych§z? Z p

(uzel ZS neObr.2-9)kj ednot | i vim umnlkdem s de&lIsk ewl 1p aljet
J e t emagousteagawvni@.1l) proN= 1, n2, ¢é,

ot @

“Z UM 5~ 1

U — -

= N epinYy | (2.12)
¢outy gu © °

€e bu

Lo ™ 3 .
kdegDUszﬁASjevektorvypo!tenlch zmNDn zpNDRtn® sl ogpkSyi ne

uvagovsgnz pd(Nu=c hly, m)leD(Z)gjevektorvypoltenlch z mNn

slogky naphRt2 v pomocnich uzlN®NFE UP m@Sa éuv
g)l(z)(gje vektor zmhRDny zpBnh®pshboploM®pephdy d R ugd

nN.Pokud budeme uvagoN=l}mppeme hjue d/n artzll i@ e k
rozepsat dl¢2.12) a (2.13).

1. —(2) (38 (i+1) - (2) 1)
oz ¥ up 1)
s — @ g% U e @ % @
@ _SDUJum2 ¢ (2) _ UUP +2
U £ = ¢ U, P 8= 2 (2.12)
e u : e
e —@ u £)
BDUuvi UPn
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ey —@
T
Co |
a0 QY osé u
> eDl; 9 S é T N
L@ €87 g ugzé€ u
eDI(Z) [ Zi e - N
0 0 S o Y€ (2.13)
e eppy? g e @
é n@ U A éo %]
6 £«
e ¢ u
~ € u
6 ¢ U
6 €8

Il nverzn2 matice zpRtnlch sl ogek i supreatcanc e
s ohledem na polet pougitlc@®14mNS2c2ch uzl T |

o) <@ — —)
e ?Yll oo Y3 ’? Ylg+l) %
e e M i u . . .
e é: ", S é .. :
eey @ 28 € —@ U —£ —)

&y é— & g ug Yi é- Vi iMoo & % 2.14
é U e (2) l"I_e‘—(Z) —(2) — —(© ! ( . )
gy g V@

Y inv 3 USY g1 o0 Y(+1) 0 Y&oi g - Yq h

ude e ,

€ - R g é:

€C -0 - U 2) —
@BYu - Yo o (+1) e -

kdeij e pol et pougitlTch monitorT naphRt2 (UM I

e (N .
Pro efekt'ryoﬁ)]gFg%eBg[bLﬁfzp>ektterma§tijcee zapot Seb

pravdhDpodobnosti poruchy v jednotlivich wuzl
(2.15).

N —(2) (%) __@) @ (N) —(2) ('(*‘1) zb(N)

gDUUM a —Yé/ (g g? QT‘TVZ én u ‘ y (215)

V prvn2 f §8zi @i%wy g al tjeen a opvrnd €wg e ¢ lan pou v a ¢
uzlyN= 1, n2, ¢é,

Vdal g2 m kr oku(2%6eproSieg 21l , r iRy, ntiécne. : provede s
(odchyl ky) , kter§8 je d&8na rozd2lem vypolten’
pro kagdip$zpddUMuwagorvhae@®hpadraghy v
6™ =8 il

(N)

g g Ul . (2.16)

kde [(fVj e vektor odchylek vypoltenTch a zmnD¢
vgechny wpSPkPypadm \poruauzh\u;N,ipeagoyan@luﬁglje'ﬁlektldrM,
zmNDSenmh zpNtnl chp $2 solgwedgn Tncahp L2l esch UM pSep

stranu pS2slugnich dPmsdarp8Behhedn®@l$troachsaténar m§
tvar (2.17).
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N ) [N
U ST e
[ <
S Lo Soug,
€5 L‘lngMZ - DU Gy
& Og e (217)
e Hg —@ [N l]@DUMVi
UM H
V. n§sleduj2c2m kroku se Mfvyploll aeénN vexlt os |
chyb [E], kter8&8 vyjadSuje glob&8l n2 ®hgbogk)
naphRDt?2 monitorovan® &loud&if adlgrovpice@18). ednot |l i v®
gé\e“)
p
€, o¢
_2E Ugé‘e<2)
u &
[B] =° wé= "' (2.18)
&, ug_i_‘(m
ale
gL

Ng§slednhD se prvgj Bd§dTnpuphecechnaut§8d pravdhDpoc
asymetr i cHd®vzoroe2.u9 h 'y

E- Ev 1
F,=—m=—T 100 |,
N E_-E_ (2.19
kdeEmaxaEnnj € maxi engp@kRti ve mi niTm8lerk?t olr awd ncoetl &k
[E, EN\j e hodnota cel koNN® chyby dan®ho wuzlu

rublhyktjer Tozhad @mujuez edej vygg?
z8k!l aFdINz evevy kDESiit ap rra
echny wuvzly (UP a UM).

k®m vyjzhda@ia2 | greawdlkp opd
ve sch®matu distribul n?

Jako m2sto p
(100%) . Anal ogi c
vigku poruchy
syst ®mu | i ugi v
nesymetrick® por

0
Ky,
pro
t el
uch
Praktick® ovDBen2 metody Vdi

Vroce 20Bbyl o provedeno experiment8&8ln2 ovRSer
soust avjlehdpy Vol el em byl o ovhNSen?2 eptoy epciodl
vkompenzowsatn®M3s pSi p2ng§n2m pomocn®ho odporr
pomc n®ho o®pbgla@¥k ¢ 353 Y prim8rnN) neb&afadi:t
rozsah soustavy byl 88 a soustavan e by |l a r oDk &g Dmwar i alyiblriani®h ¢
vivodu (mognost bypmpmojje® oddSktulw)la pr cwWwaire2
testDhemBprvn2ho provozn?2ho stkavua vy | dhkmuvhzRdrg
Celkemlyl o provedeno 15 de@at2T,tenkopfbghkm@wdr it
charakterz e mn2 ho spojo@por O P®) eemny ebekt 1,aklYytd gk
200), obloukov® ZS (pogkozenl kabel), pS2m
odpoj olv3a.lYe



|l ndi kace a |l okalizace poruch 28 di s

Pro posouzen? jepBb.2Ivoys t8id Seentao dcyhyba | bkat §z
] e d8na rozd?2urenmnmrPhDEU temIosst®da o .pLohroudcnhoyt uvede
viabulcevy pl § @8 TmNDrng§ vdd¢ leylkkiaoldo ksakluitzeal cneeh o m2 s
1,06km. Maxi m81| n?2 chyba 2Blokmahi zna me mBb r & p ®k tkome
zvol en® el emekmtlkemo vleeleinn2h ddmoty pSipnut ®ho
Y vs 1 Yev,zdt8dlnbsti p 023 km)mgjsow 8 5 v k miclyll§ « 5 c h
lokalizacg patrryz § s ad n 2D ertoazidl2n [yj. g 2 jepvederiyg@2].vi sl edk T

Tab.21: Chyba |l okalizace zemn2 ho gpEepd@j]|am® VmMetsod

Test Typ ZS Konfigurace testu Chyba lokalizace [km]
1 1,2k Y Rp = /0,%5 Ykm d -0,40
2 430Y Rp = 0,5 Y /[ 9 -1,19
3 210Y Rp = 0,5 Y /[ 3 -1,19
4 oblouk|/Rp = 0,5 Y /| § -0,80
5 | pS2m® YZIRp = 0,5 Y [ 3 -0,60
6 1,1k Y Rp = 1 Y [staZS -1,19
7 440Y Rp = 1 Y /| 35 -2,19
8 280Y Rp = 1 Y /| 35 -0,60
9 oblouk| Rp = 1 Y [/ 35 -1,39
10 [ pS2m® YZ| Rp = 1 Y /| 35 -0,80
11 1,1k Y Rp = 1 Y | 23 -2,80
12 430Y Rp = 1 Y /| 23 0,20
13 270Y Rp = 1 Y [ 23 -0,64
14 oblouk| Rp = 1 Y [/ 23 -0,19
15 |pS2m® YZ| Rp = 1 Y [ 23 -1,75

Aplikace metody Vdip

S ohledem na vysokIl piopt emErcd§Ilpvgugzh2cimep
vr 8§ mci podpdAY RpIvbeelech 2018 ag 2021 pracuj

|l okalizaci nesymetrickTlch poer ucyt v\odSip.® md?t|oe
sintegrovanou metodou Vdip, kterT bude nav§gz
autonomni | okalizovat m2sto poruchy s ohl ec

Pl §novaslmdkwem projektu je rov8hRge§l nn®| dips
kompenzovan® soustavy v obdob2 9/2020 ag 6/ ;
ovRDSen?:2 met ody Vdip | e pomRrnN vysokl pot ¢
ochrana metody) a ugitn®&hyestwWanur U o(kprl § vm2c egc |

232Lokalizace poruchy na z8&8kladhR anall

Podobn8 myglenka vych8zej2c2 z vyugit?2 z§z
byla rozpracov8§na na z8kladhD mezin§8r dmj? s
visledkem byl o Zzpracovs8n? nov® metody pr o
kompenzovan® distribul n? soustaviD prezent o\
PS21 oP1@). 1

Podstata metody

VI astn?| ortkeatloidzaace zemn2ho spojen? j e zalo
poruchov®ho z8znamu poS2zen®ho jak v nap§gje
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di stribuln2ch transform8§Wawveél eMevgdaranafoyper

slogky, kter® jsou zpTsobeny vyb2jec?2m prou
frekvence tohoto dRje pohybuje v rozsahu ¢
neposti genich f§z?2 (100 Hz ag 800 Hz). Fu

vioyj ov®ho dObazjl0amu na

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

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.2-100Pr i nci p metody |l okalizace zemi
Jak vyQobr.2-m8§ tzak dool akgbrzamu2 kstupuj?2 z8§z
a) VN rozvodny- por uchov T z8znam f @kaomdaipttlitcch ah opma

posti gen®m vivodu, pSilemg 1ze
z8znamu vivodov® ochrany pokud di
(al e HRESIIR

b) NN strany DTS- poruchovl z8znam okamgitTch t
zaznamenanlch na délkumd ®rudanectc hsttrr

vposti gen® obl asti

PS2klad tRchto z8znamTJ s detailem transi el
Obr.2-11.



|l ndi kace a |l okalizace poruch 31 di s

200,
150F
< = 100
) =
= 3
c} E 50
> O
z- Z 0
A =
-50
" i A | -100 . L | .
0 200 400 600 800 1000 0 200 400 600 800 1000
Sample Number [K] Sample Number [k]

(a) (b)

Phase Current |
Phase Voltage [V ]

L ; i ) | ]
0 200 400 600 800 1000 4005 200 400 600 800 1000
Sample Number [k] Sample Number [k]
(c) (d)

Obr.2-1:0sci l ogramy vzniku ZS: (a) F8zov§8 na
postigen®m vivodu v nap8jec?2 roap8debB2 f(oxv
(d) Sdrugen® naphRt?2 na sekund8rn?

V. dal g2m kroku mus2 blt zjigtnhDmha Idotmo matnd r
j e v yWageletbva tansformace (continuous wavelet transformation CWTRombinaci
SFFT amalHrzoo tut o fjgpeokedenadxtraRodasv eolgektuov i cha, k o e
bu j ednproudivvclic map BB os.i g\ &d&4dig2a) goui pmk pr o
dva paraleln? procesy, a to esti makcaeur Vv 2ah 8|
postivipen®j ekvguf§ita v pS2patdie cphorkudcyhyj eoddnp® v2
vdi stribuln2z s2ti.

Estimace vzd8lenosti poruchy

S vyugit2ynt rHainlsbfeorrtnoavc e Waav ed ted rogyd cihc hk o e f i ¢ i
z2sk8&n ain@id §lt iZe®&udwp@tzz namenanich v nap§gj e
f § zporuckou, tinej vyrggg®e R tr ans.i eMnromed wimgnl§tl w t N
sign8§l T je detail nhDci(PSpd ®RID). ApSi yDige@®)y publ
aZv() j sou pak d&le pougity pro vLi(tpdte bzerte(2.20p s 0 v T

1 .. éin ®
L (t)= 201, i gz ® , (2.20

kdef.j e esti movan8 dominantn?2 frekvence tran

Visledng§8 vzdS§lenost p@2)uchy je pak d8§na vz
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_ (t)
4= ,
S0 4) @29

kde L2 LV 1P 7 sou netolivg, sousledn8§8 a z¢p®itkyg |

km? =km?

Visledn8 hodnota vzd8lenostid@oruchy je pak

Vi bfdearuchou postigen® vDNDtve

C2lem t®to | potiovamBipdydomh ent n%2 frekven]| n?
obsagena v transientn?m sign8lu zaznamenan
jednotlivich DTS. K extrakci t®t o frekvenln

koefici ehitbhfpeCWTE.houwr pdlsttviegdmnz e viyes v tddoustady has v
Obr.2-12, kde jsopp o st siipmid| ov & ny z e mn 2porxhpydY,e n25 sY oal po0
t Seweytbr andlcench soustavy 4, 3 apro8v.e dhtae nir FtTN ca
koeficiewma TvgaNTh 31 monitorovanlch distribu
zaznamenanlch amplitud plynouc2ch z FFT anal
m2sta poruchy a uvagovaObR2l18al@w.2-35. por uchy uvc¢

1 2
44 km
H IMVA
3 4
32 km
hva e B ,
5 p 3.54km 5.2
25 MVA 36 km
ArY JIMVA

IMVA

' 245km gl
28 km =il p--p

AMVA

0.1IMVA 0.IMVA

9 10 11 12 13 14 15 16

_I 2.8 km 3.5km 5.4 km 3.8km 2.1 km 39km 2.7 km
_ ©)
0.1IMVA 0.IMVA 0.1IMVA 0.1IMVA 0.IMVA

5.48 km

2.6 km

0.IMVA 0.IMVA

0.IMVA 0.IMVA

2.68 km 8.58 lqn

— ¥ Correct path

7 Fault position 0.IMVA

"761\ml 2.7 km Il
0.1MVA 0.IMVA

Obr.2-12Sch®ma testovac?2 s2tD prezentuj?2c?2 me

0.1IMVA
® Fault number
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200

150F

Amplitude [FFT]

100|

50)

0
SI0 S12 S13 814 SI15 SI16 S17 SI8 SI9 820 8§22 823 825 826 S28 829 S30 831

Substation

Obr.2-13Zaznamenan® amplitudy FFT waveletovIch
uzlu | km4 (17,5

200 T T T T

[IRF=25
ERF-50

Amplitude[ FFT]

0

S10 812 813 S14 SI5 S16 S17 SI8 S19 820 822 823 825 826 828 S29 S30 S31

Substation

Obr.2-14Zaznamenan® amplitudy FFT wabigprezSev i ch
uzlu | .km@ (12,53

300 T T T

M Ri-0
[IRF=25

250}

Il RF=50

200

Amplitude [FFT]|

150F

100

50)

S10 S12 S13 S14 S15 S16 S17 S18 S19 S20 S22 S23 825 S26 S28 S29 S30 S31
Substation

Obr.2-15:Zaznamenan® amplitudy FFT waveletovlch
uzlu | km)3 (22, 8

Jak vyampVBtud | edn@bt2li2ae Por2-1DT$ aka njejichz § k |
Yar oY @B vysledovat potakhogep®ISi ganméisvBmep
nejvygB2t@&rovel ogky a nbyg®p DT &d g @Kdepd@anorr c2n
vedpndt ®kan® jak proudem poruchy, tak i z 8t
pravidla jsou vObr.2-12dopl nNDny cesty prTchodu porucho\
post jen® vRDtve soustavy.

Na z8kladhD vypolten® vzd8lenosti poruchy
di stribuln2ho veden? |l ze jednoznalnD | okal.

di stribuln? soustavDh. Navr gené@n jakisilubd ae phEBs
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di stribuln?2 soustavy, tak i na z8kl adhD poru
mNS&o¥owv@mMmmn2ho spojen2 v kompenkv.diead @ odliosut rt
metody je nemognost peépéhov®ypgi unéehw, plSdypac
utl umen?2 anal yzoneam®homalwybeétg aeicBmprovdadnocen
uvedeno v pSil(PYen®E)plS2 spNvku

24PS2nos autora k dan® probl emat.i

D2 kdyl ouhol et T m zk sgrablervatkdud mk aut paae poruch
VyVvinout a zformul ovat novou metodu pro | o
Aktivityvisplkymram® ts®t o novi@e201&vwdlyl evny2Yasu § il tyn
an8rodn2ho 305209, lkené¢u® zajigSuj2 nejen pr§vn?
v kapitole 2.3.1, al e i Ssyst ®&mu zaji gt ujo2hc2ehdoe mn anpal npX
vysokl potencid8ilt 2p rmaekttoi dcyk @hyolroce®@lisuldedd nelh pi o dESvr
patentl EP2940483 kter T ve vybranTcjhejs2t SpreEbWviEJe mIPry
patenty takd o k | §$ajnd s oabutaosrta vz § k|,ad n 20h ozpeoplera@tikyam u

lokaliza ¢ e nesymetrickTch poruch uvnits vgect
kompenzovanl, izolovanl, odporovhR uzemniDnTl |
Vngvaznosti na vI geSklaeadeém® vimagoDidprgjeew | v

z § j mavozovatele distrib] n2 s B.OMNlieasvky§ r e podV D &mipdy Adip,s .
kter ® vprvosuwadeon 2testpmetodytvine ilon ® kompenzovan® s
z8kl adn visledkT tohoto provozn2ho ovRSen2 |
zej m®nr e mnpP cjhedo ddpdru poruchy cca USEY swust avg§ch k ompe
spSip2ngn2m pomoch®hlBgwaptornP&ht o tesT a z§j
kpodpB? hh&§é&kphNgn®mu udhl en? (TKOARM®)r yj phof e & |
vytvoSen? autonomn?2ho syst ®mu vdi p, kterl
nesymetrichklSéemipromawzgEn2zm na syst®my PDS.
je pak podm2nkou pro girg2 wuplatnhDn?2zkumu sl e
autora. S hl edem na soul asnl st asvk ult pdbeh hms §de@nt@ Ir «
problematicea ¢ p o dl ouhodobRj g2m ovrSeesn2nT £ & n kpcreo
podm2nk&ch.
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SSNE GENE DPREWNTE CH P ORUCH®RChUDHE

Provozov§gnm?v akndmepherezl ekt r i ck$2cha dRBstr @ \eshotwr vr
zemn?2 m s p ofzikonntong nv®hdy nvelbsekzypted nT ch dotykovTIch
vm2 st D poruchmy moTxn8 v @2sabupek ovoz o &kma®asithRN2m
sP)kdes ostvoeuci2lk ost? kapaciStohhedpmoundutnands p!
s2t2 VN, mezirolnhD |l ze hovoSi[l], o] 6 %n exABlr ytsrt ¢
aapli kovat nov® t ebcyh nmokhyl ya spnp?sdriutp il piv ka nper z6i utd
kter 8 bm&imnnN sn2gila pravdPDpodobnost vIskyt
naplRt2 v postigen® obl ast:i

JednBmgen? pro zajigtnDn? pjegadpekn®v ez pd
normy LSN 33 3070 (1979), kter8 omezuje Vv
prouduvm2 st D porAyc hpySinae my0 doporul uje venk®vn?2
kapacitn? RFpemp® oda urAo msnakhaub e3 0o0v ® Akiapac irtoz Stad up 4
Tyto velikodsRi epSgnhhD jeespagldkowynypeusat §1 ®mu
arostouc2mu poltu kabahlyowplosh upadk T evé f{yutko
probl ®mem | e i do|] asnl prodeonz (apsS. sdviDt §¢%
propojeny d Tvodu odst §w&y§jjeecd?ncohh 9tpr&inisefnoy mBT e T k
proud pSekroAitTympiicdeikd Rt de00 j ko/u nsat arkircag 2clr

mnDst , kde jeden transZemm3Ertou mlapt8y kKo uo dkpaokre
venkovn? kompenzovanou snnzyodanl) P208.ze Padkwd
110/22k V, j e nutn® pSi odstaven? jedhoawosftoam$s

druh®ho. Toto pjS@dmo§p® wphbhare tvransform§torT
oblasttJ el i kog pSekrolen?2 normou LSN 33 3070 po

v®st k pSekrol en2 | YAr, o vknt e rr8e zjied up8d vna ghoov apnr 8o
samozh8genuchy, je nutn® do/ zbmulnoBuucon an opromy2.t
podot knout, ge podobnhD striktn2 omezen2 Yr
zavedeno.

Jedr2mo gdgghak, zvi git bezpel nost slodnstouav p
kapacitn2ho prldwdu AYejge d3wOyOuy i t 2 Iétoosdtyi @ Ni®z
(PPF). T®t o meteadik cli z @ ov wwifosvm®lit or vparj @uc® uc hb z ¢
pS2padnhD i ke zlepgen?2 nepSpbkgdt gstoiu Ppods
bezpel nostZmhmabpy nDny.pr aktmetodo® PPFksowgzatorsd ni | sn*
publ i paezehnapSuplSad p RS af3h Aby b ytuto mewdug n ®
vyug?2rvea&l nvi ch di st8rihbluyIn® chutsm@ sw awpl ynul T ch
anal Tzuamegabady pohledu teoretick®ho,pSttalosiu
metodyv € s m2 genlZdh ds o uSsofildolend rexl?.s kpaznafy je tato kapitola
d§l e maamdsSteai | n2  pPEPP jejsv Trgoddo chye v,  hpdodnocen?
v oblasti redukce@pr uchov®ho pr awcswzaeanpchopn § PYF kcehr &
n2 ge uskuetdeel m® s h B r2&jl 27| cghwblikacd ol d gon p SePIS64®ha
publikace P2.A ag P2. &)nddzizkognamidcstorapak bylg § v D
Vyugipg$? gpSadvmli kov® n3okAgd PNE B3veSEgEpldBh®nap?
pogadmas kyyst ®m PPF za % el em jeho vyugit?2z pr
soustav.
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3.1Metodap Si zemnNDn?2 postigen® f §ze

Princip metody PPF je pairn @br. 3-1, kde e zobrazeno Z ]
kompenzovan® s2t0h s e zemn2zm spojenzm, kte
jednop-lovimis yepicalgi po3pc? | ze ktseustavauk o | i
pSes omezuj2«Vp $mpadRnzémnzskdispe sepnul) mv
( 3) vytvoSena paraleln? cesta poruchov®mu
(lresss) @ m2sto pSi z e wp Pviz20brp3elsojdatak zpRavidlak redukci
proudu m2stem zemn2ho spojen2 a ke sn2gen?:
Podstatn§ | §st poruchov®ho proudupSes poz @rbh

soustavu stanicke spa par al el n?2 ZiSHnQIQH@:dIaeS@H):izejPIﬁ\@npSZpade
odporovich zemR2XOYspojenz2, kdy

Napajeci rozvodna ZT - ZhasSeci tlumivka
R, - Pomocny odpornik
L L L 7 i in

Z,, - Omezovaci impedance PPF
- Y l
Wa'a'a e\ P

Obr.31: Princip mefNodyppSizégmn® f§ze

Podle hodnoty o&erzouzl2icituji emnpee dtaS®PERzm2Tsoby
) pS2m® pSizemnhNn?2 postjgen® f8§ze k zemn
2) pSi zemnnNn2 pSes vIi kodpoout6Y',rezi stor do h
3y pSi zemnNn?2 hofiroty reaktareek®'or d o

PSi volbh vhodn®259$nezwj/@llﬁ§i?bdmjaélaﬁcb kriteé

a) redukce poruchov®ho proudu

Z principu metody je zSejm®, ¢ge kl2]ovim
poruchov®bhot pmatuidkiou j e hodnota i mpedance
paraleln2 vDtve automati ky PPF. Pr8vnD pomDr
PPF, pSil emg maxi m8I| n? redukce poruchov®ho

posti ¢gp 8 meetibitelrbodnotoZsn.

b) redukce harmonicklch slogek poruchov®ho

'PSi pougit? onfesrzsujrﬁachi m §r prE2d ahfosdenuostVpauk6y 2 2 ou kV)&Ze a 3 5
dos8hnout omezen2? zkr at ovo®heon 2p rdoou dna xd vno§iAint2® yifrgdzvenniin dcho
omezuj2c?2 impedance nejsou z hlediska potSeby redukc
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D2ky kvalitn2m automati k8m zh8gec2ch t1| umi
proudu t®mNS zcela kompenzov§aeadbat ezlbnyltnk omd c
nekompenzovanich harmonicklch slogek zej m®n

je viznamng zejm®na v mRDstsklch |i pS$S2mNsts
PSi posuzovg§n2 vhodn®ho nGe peomtDrP R Fpjead amwctzn ®
uvedenTch harmonickTch. Maxi m81 n?2 redukce |

dosahuje u automatik s pS2mim pSizemnhDn2m p«
c) eliminace pSenosu | §sti zat2gen2 pSes n

PSi zemnDnre@n fphozsp § Meec 2t ruarfloisttTacnhi cg S 2spea dwe ¢ h
| §st zat2gen? postigen®ho vivodu pSes m2sto
ake zvigen2 dotykovich/krokoowmauhonaeRu2z2 mJgp:

ukovovich zZS, kter§ vznikla v bl2zkosti vIizr
el i minaci tohoto negativn?2ho ef ek tZw. Thte v h
problemati ka je detai3l2nDj i rozpracovsgna Vv K¢

d) eliminace pSephRt2 v nepostigenlch f§z2c

D2ky n2zk® hodnotHdswdmpdejpc2pSmpecmApdjpeacs
trafostanici vgdy k e zv 1 geejnMd®n Ma pnilat 2 s dnreupgoesr
provozn2ho naphRt2z) a to bez ohledu na odpor
pSephNt2 pak mTge zapS2|linit pSekrolen2 ele
advojitim zemn2m spojea?2mltZzavhobDo2 diebddy
zvigenTm viskytem dvojitlch ZS.

e) redukce poruchov®ho proudu druh®ho zemn

S ohledem na nebezpel?2 YWrazu elektrickIm g

zemn2 spojen?2. Vysak®Hv@hov @R omamnvlyd vAIK2 na
soustavy (EPR) nejen v nap8jec? rozvodnhD a
Pro redukci proudu druh®ho zemn2ho sZgojenz2 |j

S ohledem na vige zm2wn®dni§t kme 2z i®r ipaS2 fnlem
apSi zemnhDn2m posti gen® foBipm16E S¢ sna¥e pitBY 02r2 ¢
amax. 16Y pr &VB5 V pS2padhN stahlsck séduktbav?i zypi
asoustav s Jastim viskytem dvojitich zemn2cht
rezistanc?2, kter§8 pSisphRje k redukci pSepht:
je vihodn® vyugit? pS2 m®ho BRF rerzo dunRlxn 2ma
Vijimkou mohou bTlt pouze silnhD zat2gen® sou
zemn2c?2 soustavu bRhem kovovich ZS.

T
7

3.11St anoven2 poruchov®ho proudu po pSi

Prost anonaenaigrlonn N porocaldov ®mo pBi zemnhNn2 pc
trvaj2c2ho zemn2ho spojen?2yztanuBl) nej m®nN pS2;

|Q ZSH"‘RESH _ | 3.1)
Zsn+Rgy R | |

kde lesshj € veli kostropndut kow®hwd®hp zemn2ho spoc
aplikaci PPF pSes poslgzjoev anloyt kzeevrin2 g o usd uls

ResSH™ ' Res
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Spoj en? ( MT g e% skea puavcai gtonvahto 1pOr oudu s 0 dss fea vy
impedance vi e n®h o omezovac?2ho [Rerspvjkeu ocaduppoormaz e rkry?2 cf
napsgj ec? rozvodny a pS2slugenst v? aufRojenat i k

odpor poruchou postlegeeni®myzaednmr?a:@p®$®rw.e;rtzavcyo n

Pozn.: Postupdle vzorce(31) ner espektuje pS2padnl viiv g
soustavu a vliv rozladhRn2 zpTsobenl pSi zemr
rozvodny).

Oriental n2 ism8lnne?vheon 2z emmanx2 h o pp 8 iu d wdzvpooj ki @ ®lh
zemn2ho spojen2 | ze pro radi 8l n3dewaatt8l)2 vyp«
3@ W)

IﬂEé = — —_ — — ’
6Zd +2Z 4Z 3R 3R, 3 (3.2

kdeljij € maxi m8l n2 zkratovl prpaedndpbBbBSov®he

U,j e jmenovit®Zﬁ)ja@r)séusloeletmﬁvykratov§ i mpede

Z' aZ’'je sousledng8 a netolivs impedance ved:

druh®ho zemn2ho spojen?z.
Vi pomea i m8d or2 thooh o v ®dieovzome(Iluad32) | ze vyug2t ze

posuzovg8§n?2 bezpelnosti zemn2c2ch soustav Vv
32Negativn2 vliiv pSizemnhDn2 post.i
Z8sadn2 vliiv na navigen2 potenci 8lu zemn?2

uzav?2?rajdahosezp@esct2®@t 9o uksakpa ppdePrad, kdy d
pSizemnNn2 postigen® f S&oepromdewnd jsd & kpersohgen
ki eho navikemuigen?2 ri zi kkak ¥o lkanzaug Mt o?t ngtedao vol dnb 1 r

NaObr.32j e schematicky naznalena s2S popisu
posien® f 8ze na Y oveR proudu proch8zej2c2ho
22k V, kter 8 ecn?anp 8t 2 a nnsafpo8rjkv8 t ddw @& md ilsltOr/ i2Ru |l n2 t
z at 2 gPenh? arPzmaxe Ve zjednodugen®m sch®matu s2t
zpTem® dotykem postigen® f8ze na me@imndwu? I
transformovnyas zemnNn2 m st @e’Nn2 BBhemdi t eag2c2ho ze
kpSi zemnhDn2 posti ¢geRp@®vrgxe ki Pedodachdstsisowave c i
sclBnatu i ve vIipol trezistancuvagovgny pouze

PopSi zemBbPe2 dojde ve vDtginND prallpiSekhkeskn
por uchow®im® sgrao poruchy do PPPzWdjdmynkokidé¢ ed o @
je impedance poruchovw®esdmynlcRy vedewnAatpestan § g«
poruchy(stav naObr.3-2). Vt o mt2op apd9) IS¢ rdez kNl en2 cel kov®h
lhapVpOMNDr u i mpelawn® 2s pylrky a @5paddwnaenapdpeat
Inapa @ | naps Nap8j épnapr8odd zat 2 en?2nalplBj recuvos viedem®
f8ze. Nap§jppeap8§jptormdt 1gen? por uchoRgpUs sunyd tk
odporuRsya odpor u uzmavnyllht22Rix) an gfe Ry, o cpdrk ov T ¢
zemn?2c?2 R,ocallotoa vmpedanci sstaw NN r epr ezent ov aRwUu re
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avheposl edn2 SadNDRpSESsadmpdr vipichou®h tuikm§ e Rd
tedy cel kov8 impedance poruchy (i mpedance m
di strilncl n2ch st

1ap = Celkovy odbérovy proud z napajeci rozvodny

|
|.. .& - odbérovy proud poruchovou smyékou
|....... - odb&rovy proud postizenym vyvodem
|, - kompenzaéni proud

- celkovy kapacitni proud sité
|-, - zbytkovy zemni proud
Ry, - Sentovaci odpor a odpor zemnice rozvodny
R\‘1 - rezistance vedeni
RiDTE,R‘pLN - odpor zemnice
Reers Reaz - rezistance fazového vodiée a vodite PEN
Rzm - rezistance respektujici zatizeni

110kV 22kV 0,4kV
Symetricka zatéz
Rv-, RFAZ RZAT Zmax1
—— T = —-— o,

Iﬂap | | | User
: I :
i naes Reey :
0 Fn ., B v |4y
H . - RzDTS RzPEN
Kompenzovana sit' 3 Pflzeﬂjner;ll
_ B postizené I
.= fC % faze 4

Obr.322 Sch®ma s2thD popisuj2c? n egegednoduchdstjsoul i v
vescklmnat u i ve vipoltech)uvagovsgny po

NaObr.3-3j e zobrazeno s TEShaRsoustavpN spolu gpe m®& hBz e 2
poruchovim prousdemhoNMbhzpabedl sp uzav2 rN§. zem
Cel kovg8 i mpedNNn(cwi nuududsttarvaynsf or m8t or u, f 8zo
vodilem a zat2uyenPidgetdfakpednod

-4

&R +Ry Ry 6 . a4 O
= 0 Rt @, (3.3)
Es el

kdileRjrj e rezistance VRemjpe2rerbaashoc mBgirgEzwoyv®
rezistance r e fRglet uje?zd tn e zhaotc2egoesrt 2§ ea.

Obr. 3-3: Cesta por ucustaveu®Nao np& horuaddua scoel kovou r e
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Pro cel kovou rezistanci poruchy plat2z, ge

Rea =((Rw *Roc)* Rors’) A (3.4)

kdeRpenjer ezi st ance zemniRpgj et 8edn3hanvedizkey
trafostanice &y je odpor poruchy.

1

Pro pS2kl a@braesedamipShac2 ppmBod rezivBbDany?

lnap/-\ - RSHZ + RZEM + Rfcelk )
InaLpB IRll

Pro gm%i mldihad %rovnh poruchov®ho proudu p
viraz

(3.5)

e R,

napB Inapo ’
I:\)SHZ-'-RZEM+I%celk+F</1

kde velikostlngpvych8z2yené Iziavidncotb ®FSr ovst Sedn2 m ok

(Y%roveR porubhevebomepro@diushbg 2rn&kozsati?2 pemuch’
pomDr u I mpedanc?2) .

|, =1

(3.6)

Pokud budeme wuvagovat nej m®odpor peSAZ nb i §s-
(Rem=0Y) , n2Zem soustava DTS a stSogddaka Tmodi ke
na spoleln® .RzeY)NNnauvddajxe se PS2 MRS z er
max0,2Y) a kowoWw®) ZBude m2t z8sadn?2 vIiv na rf
impedancev eden2 do mZs)tka ppSoeBiudeshiyt 2(gen2 tak mTge

pS2padip@ioj23 ve vzds§HEkno s(‘tfpil‘éorﬁwyhnm}@/iz B6)c c a

. Zvl
=1 s~ L 3.7
f pB p2’2_|_zv1 ( )
Rozborvl i vu pSenosu | §sti zat2gden2 na 3polwveR

s posouzen?2m ukdedetadpoBil BREN®B2 p SAA)pP DV k u

321ZhodnoceRPFna | %Zuvaive R rezi du§8ln2ho pr

V t®to | 8§sti je prezenz@kEmdpPpSUmods zmerteos
vkompenzovanlch di stribul p¥olvedeonuyst av_rchmeci
sdi stribuln?2 spol esltndksat 2j eEd.n®N.l | H arha kKabygdTi s 2
PSedmhRtem tNchto testT byl o iovreSeunk?o veafte kptoirw
vpS2padech kovovIich zemn? cdharaktpmd ram?2 audtaShkdgsh | e
mNstsk® | okality j sou charakteri st,jacthosh n?2 z
harmonicklTch sl ogekyJv yp oryba Hany@miBs ¢ &d® a( v e
lokality.
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Tab.31l: Charakteri st iakenfigntitStestul ch soust av

. proved -
m2 st o porvuzcdh§|( fozsah napsj kovov({ typ szt_(PJmezuJ
poruch¥ s2t rozvodna impedance
poruchy
Gd8§r n. |S80@m 132 A na uzd
Radostice 25kmRal 2145A [GdS8r n Sto,§venk0 pS2m® P
Nov® MDst|o 10lkan M. 145A g
276 A
Brno - Bystrc 5km 764 A mDst s
Brno - Ko#H3km 240 A Brno - R - 10
Jinal ov 6 km 256 A Medl 81 na uzg >
’ 789 A DTS
Mor avs k ® |[KriGkmi c e234 A venko
Byst Si bez pSiz
Nov® MRDst|o lhlan M. 267 A . -
Perngt postigen

V grafu naObr. 3-4 jsou vynesenyz aznameodm®t y resi du8l n2ch
spojlgn2na@BBkeem kovovprcohv epdegndwethpSi vyl adhRn®
kapac t n 2 proud s2tnD je wuveden na horizont 8l n
proudu po pSi ze mn#khuht) odkodsjé patine n @gesf dsnz@m p(E rfi me n
nedoglo po pSizemnhNn?2 posti ylevem@Sd §aeu kle§ stvil |
jak bylot e or et i c kkppitgle8.2 s §no v

45
'S :
40 TRL, = :
© = T 0 E
<0 %5 :
35 D55 (') S = ot
’g c c 0 >8 : g
30 - 5 0.3 £ -5
N :
g =} ;g ﬁ H ,q\‘_)
o Q> el
% 0 >
= c 1 c
c £ =
20 =& Tz
zZ N :
>
sl 55
Lol
N g
7
10
5 i
132 115 145 276 276 764 240 241 237 763 789 256 234 267
If [A] 4,2 3,7 5 18,6 | 24,3 | 39,2 | 18,1 16,9 1 21,2 | 21,6 9,4 9,2 1,7
If + shunt [A]| O 1 2,9 18,2 | 21,8 | 33,2 17 16 6,5 11,6 11 6,3 6,4 11,7

Obr.3-4VIiv pSizemnhDn2 postigen® f&§ze ve

K podobnTm z8§vhRrTm |l z&Tdexderi mpot &inmad Ha e
zemn?2ho Spoj en?z % uvagovanlch soustavs8ch
Zaznamenan® hodnoty poruchov®ho Qbr3sudOppPBedr
se neprojeviekt n@®&t idamd e©Senosem | §sti zat ?
kovov® poruchy.
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120

eny zemnic
Dvojité ZS|
nedoslo k
== pfizemnén

100

80

Zd'ar, NMnM

stroj

Brno 1+ méstskeé site,
uzemnéni DTS

NMnM |bez shuntu

60 prssssssssssssnuns et LEETEEE TETE T1 TEETEEE TECEEE

40

20

W IfA] 30 |27 |24 |20 | 28 |27 147 |50 | 70 | 48 | 45 | 42 | 101|100 | 44 | 39 | 95 7 40 | 38
Wif+shuntfA] [0,1|0,1 | 1 1 3| 3147 |51 |63 |47 | 45129 |58 |64 |30 |23 |95740 |38
rozladéni [A] |-37 | 24 | 2 |-51|-35| 19 |-50 |-46 |-42 |-556 |-33 {-36 | 27 | 48 | -57 | -30 | -77 147 | 38

Obr.35:VIiv pSizemnhDn2 postigen® f§ze v

Proveden® experiment§l| na&d, modadny , p kter ®i |
knavigen2 YrovnhD por,jyshav®&ho eBrlommdcth man2grRm 1
obt2¢gnhND dosagiteln®. Z obecn®ho pohledu | e
vijimelnou z8legitostpropegyuzpepdaN®boi gega
Viznamnl pS2nos m§ automati ka PPF zej m®na vV
jichg je z pohledu |etnosti vIiskytu v re8ln
poruchov®ho prpuadwozvn2rcéh§lipnodm2 nk&8ch je det
publikaci® $2 | oPi.B). 2

33Porovng8§n?2 v2ce typT PPF

S ohledem namo g n® vparoaertdeh? qWzska®@dl) | PP F | § Wt io
vyhodnoenon Dk ovl i ko ul a snm® Ydzcehn3 LR instalovanTch
whodnocen? je nezbytn® pvariparsto spesdi®@mué stiPd
j ejich girg2m nasoastae. W2 m ed&l cche§dnBethi bul n2
vsotshostii nst al ov8&ny v r §mcSiyppyi | ortsoysa t®npalytaPjPek |
systpSriyzemRuj 2 posti genou f 8§zi ezdlIsea ovarliianptSe
Jednot!| i v® toympeyz usje ct? Zeiyktpkjel gedpopd me z | posti ger
am2 st o pSi zemndbn3l JakoByR 1 (Tlkjae ug 2n a | e nkod yp rdoovcehdse
kpS$S2 m®@mu p Zdwz0 WAYPR AT2) je ozrel eonpr ovedem$be sPPFI kon
rezistd o hRBs@=0¥X.Pos| edwnyudg?yypws rke a ktopsahuXsy=4 & &0
(budou popouzedevgSenny? s mi ni m8&l n2 k&t amicRip OEB),n2 d
kdeXsp=10Y TByp 4 (T4), kdeXsy=4Y).

331PS2padov§ studie

Pr o z hoodknoolcneons’t 2 uvedenlTch 3Mpbodgednall age
byl a uvagovs8na at estha vi@be368s dMlaatst n 2 testovac
sm2genou $&Wusktaawru§ 2j2eustavaii& Ve pSese t S vi nuSov
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Yydo vI koMvA a &3165%, symetrickl zkratovIi prou

110k V je pro potSeby kdAi mDisdea i buhgdvSmusbav
venkovRAReml1®I22 a kabelovim veden2zm AXEKVCE"
PSSl ugn® provoTam®2 varianty dl e

Tab.322Parametry soustavy -@@ro provozn2 variant.

Provoznz \ Kapacitn? Zbyt kovily)pr o
V1 6,1A 4,3A
V2 65A 4,6A
V3 212A 8,2A
V4 357A 12,8A
V5 494 A 18,5A
V6 723A 50A

TSet2 vivod venkovn2ho veden2 70AlFe6 o d
vivod je urlen proveiwmd8&lcen ar?tse cah pod urcahp§ | e
a 40 km PPP5) daed®h®d. vPro vyhodnocen?2 potSebnl
jednotslyisu®B®A[ j sou uvagovsny | tySi Rho&andtoy 1d
300 Y, 600 Yzhodaooemlijoplg@aohovsgn jak ideS§lr
stav, taki stav plhdmpen®ndlr oud% jrei gopg220neg proud |
pSel at®OBmpenzal n2 %rwowRigsé .ecovidS2M2 schopnost.i
har monikyk & 3.1,005. a 7. harmonickou) je do te

3,5,7. DTS
harmonic ON/OFF
-C—>>— =KL AFetio2 DT P=1MW
S,=63MVA - @ “
110kV u=16,5%
YnYD AXEKVCEY120 DTS

I, ,,=16kA

P,=5x0,5MW

I.=65-723A a A

70AIFe6 40km DTS vorF

I,= 0 - 40km I, =40 -0km A P=1MW

A
R,=10,300,600,12002

TL

0,10

0,10 ZSH
— T1,T2, T3, T4

Obr.36:Z) ednodugen® sch®ma testovac?

332AnallTza redukce poruchov®ho proudu

Rozd2l v %l innost |jed@&opds ol dihtObrydw,Tz PPERTD
zobrazuje rett 1 v n 2 hodnotu poruchov®ho proudu po p
poruchy 10Y pro stav kepenzovan® s2t0h, Tigetuod 8rv e8| aptriovenezn
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hodnotu porucho ®h o pr o ud umnw¥ zhroi ksl pRohjoe nZ2 g kter8 proc
apli kaci PPF. Z pohledu efektivity jednot]!
nejefektivnhDj g? SegenZZSH)Tyob hotinotg porehpyn® hgog 2 p rionup
dosahuj e-30% oav nMe jOM®n N efektivn2 Typ 3, ukde
hodnot % ag 90

-u--'_---- Tl

T2
—==-T3
—+—T4

)
!
| |
i
'
1
i
i
\

V1> V2-> V3-> V4-> V5-> V6->

Obr.3-77Rel ati vn2 hodnota pokomgsas RA0OK [groswbK pa
kagdovuo zpnrz v abr imaldnt2uc 2V1se m2sto poruchy od zal

Pro vz@ggronm®8m2tlivich typT PPF je n2ge u\
maxi m8l n2 a minim8l n2 hodnotu rvedgeacth vma dheol opv
stavT v mpee&lovRni®o s2ti k a v edgaour porachyv18,r3@0, 600 e
al200Y .

Tab.33:Zhodnocen2 relativn?2 hodnkodnyp eroz auvcahmlv ®shtc
Relaa i vn2 hodnota poruchov®ho prou
Rs Typ 1l Typ 2 Typ 3 Typ 4

min | max | prum | min max | prum | min max | prum min max | prum
10 VY| 2.5%] 30.0%| 15.0%]| 12.2%| 53.0%| 31.0%] 25.9%| 87.0%| 48.0%| 15.6% | 63.0%| 31.0%
300]09%]| 3.0% | 20% | 1.1% | 6.0% | 3.0% | 3.7% | 8.0% | 6.0% 1.7% 4.0% | 3.0%
600]09% ]| 20% | 1.0% | 0.3% | 5.0% | 2.0% | 2.2% | 6.0% | 4.0% 1.3% 3.0% | 2.0%
1,2kY | 0.8%| 2.0% | 1.0% | 0.1% | 4.0% | 1.0% | 1.6% | 5.0% | 3.0% 1.2% 3.0% | 2.0%

-

333Anallza vliivu zat2gen2 na YroveR po
Jak je patrno Dbr. 3-8, tak podleo| ek §v8n2 zvyguj2c2 se odpoc
PPF (sni gWjeam2m®prSeng8genou pSes zemn2c?2 sous
m2sta poruchy od m2sta zat2gen? snigujecé&go
j e ve tsehoordel isc kviznkappiotep.2 s @mpohl edu srovng§n?2 vl
PPF, t ak v tomto pS2padh hraje kl 2] ovou
omezovac?2ho prvku automati kpgBPEBEn2kegVimeaj ai



Sn2gen?

Typ 1 (pS{hrﬁ®,dei§zIeem‘Ep4‘$l4V).'lememz(Typ 2 a Ty
zpohl edu redukce poruchdv@hovpraeatddt i mnow
stejnou hodnotu ipmpkua(‘&sa‘nme/). omezovac?2ho
X ;
_ :'::' H s T i
§350 T2
—= {i_ _._|__.-T3
N
250~
il
H#
2001 if ¢
i
150§
100 ‘,
.1. JIL-\-
< RN
o0F H ¥ A 4
i | | 3E
V1> v2-> V3-> V4-> V5-> V6->
Obr.3-8:Rel ativn2 hodnota pokomugstas, R®AY pr oudu
Pro vzgormypm®sdm2ot!|l ivich typT PPH es n&hjlee duevm
Tab. 3.4 shrnyj 2 ¢ 2 pr TmRDr nou, maxi m8| n?2 a nporachym8 1 n
zaznamenan®ho pro model ovan® stavy kategor.i
a 1200Y .
Tab.34:Zhodnocen?2 relativn?2 hodnetyvpaauélen®ho
Rel ativn2 hodnota poruchov®ho pr
R¢ Typ 1l Typ 2 Typ 3 Typ 4
min | max | prum | min max | prum | min max | prum min max | prum
1 0 Y| 2.5%|384.0%) 138.0%)| 13.0%| 298.0%] 96.0%]| 24.3%| 306.0%| 113.0%] 22.0% |352.0%| 128.0%
300 ]0.9%| 51.0%]| 15.0%| 1.3% | 47.0% [ 13.0%| 3.7% | 49.0%| 15.0%| 1.7% | 50.0% | 15.0%
6 00]0.9%| 29.0%| 9.0% | 0.8% | 27.0% | 8.0% | 2.2% | 28.0%| 9.0% | 1.3% | 29.0%| 9.0%
1,2k Y | 0.8%| 18.0%| 6.0% | 0.1% | 17.0%| 5.0% | 1.6% | 17.0%| 6.0% | 1.2% | 18.0%| 6.0%
334Anal T p&tpSe
Zhl ediska vzniku nebezpelnich pSephRt?2 | sou
bNRhem wypokovich ZS (300, 600 a 1200Y) a to
kapacitn?im> 304 ¥5a V6).Z t ohot o dohledcednu njas 0/ar 0

p S e pddapkkaci PPF e or ¢ 2

f8z2ch

28,8kV (Typ 3) a 26k V
transform8toru
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Co
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S €
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tT1 e
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pSekr akvuy eejhatyé dshontud o PHBA pafl ec h
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Ypr Sevsn It ep
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i proudsypr achhmB zveyjg2gc??
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vr én8l ch s ytemheRane Zhznamenan® hodnoty wuzl ov®ho
L3 jsou proelvgweam®d ys tmoOby.3-Fa®br.3-240z eny n a

[ L T r r L
17.5 ] meememeees Typ 1
= | |7 Typ 2 i
_\>_< 17 mememm Typ 3 - !
o ! I
O 1651 | Typ4 ii i
L ]
1 i
16 " ! i _.J.
; i
155 = 5 |
i ! i i j
15 i iy ]
i ! . F_I
o )
145 1 ' B
- I ; ‘
14 ST R i—J
HEEE i JYPTH ]
L i / i
13.5 N =7 :
= .“f'\‘\lr-é_--—-——_--'_"\ e _'T—?-——--_"\ o
10ohm --> 3000hm --> 600ohm --> 1200ohm -->

Obr.39:Maxi m§l n2 efektivn2kbmpeontayaghoX®ho§wa
kagdl odpomRpdcdéche pr6ovao zim?2s tvoa rpi carnutcuh yV 1o d
posti gen®ho vivodu)

S
';‘ .......... Typl i
X
e I Typ 2 1 :
c ——— 1 H
5> Typ 3 i :
27 Typ 4 ! i
-1 ;! i
i . ! i
I 1 L.
26 — H
i b
i 1 B ‘
il 4
25 it -
24 4 rJ E B _'F, il
"‘A&L_ : 1_'1______‘ —'i"'-__‘u'-_z“’_'-_
= STV [ I vy ==
O bmtemte _+ ¢ = Sl W - S W
10ohm --> 3000hm --> 600ohm  -- 12000hm -->
Obr.3-10Maxi m8l n2 efektivn2znelhpodnadlFen®d Ew®@b o an

stav

NaObr.3-11je zobrazem s ci | ogr afi ckT pr TbRh naphRt2 pr
pSes reaktor 10 Y (Typ 3). Zde je patrn® ex
40kV (> 210% j menovit®ho f8zov®ho eppPhNt2je P&Sbal
periodu a je zpTsobeno oscil acz2zUppokteerc® 8d o s
Yar ovnhD efektivn2 hod% ojtme nbd vigt2Z&Eh?p osmda @i 2 K \Z n (
pSephNt?2 je proto vau iTaynpt a3 vnyeujgm®nal] 2vch?o danu§t o m:
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Obr.3-1:0kamgi t ® hodno(Typ3R8:2Q0OY¥h napht?2

automati k PPF

Z vige uveden®ho vyplTvBky gm8 kagy®® vBhgdsy
sohledem na vlastms t i dan®ho zemn2ho spojen?2 a konfi
srovngn?2 jednodm2inki§cchh Sesam?vac2psouTad. 35y y |
kter8 zobrazuje procentu8ln2t bomatniokwy. vRoadnobp

335Zhodnocen?

jehodnota 1006 pougita u nejvhodn®jgmahoi Kegeod wmB
sohledem na jejich schopnav®tho( @ffr@ltdiuviat p)Semp$

Tab.35Vz8&8jemn® porovngn2 jednotlivich typT PPF
Redukce poruchov®ho : t o
Typ PPF Z§kl adn2 har Vygg: harn 23 ‘;’,_g @
komp. | podkomp. | p Seko| 3. 5. 7. N = -
R,=0V 100% 100% 100% 100% | 100% | 100% | 70% 75% 92%
R,, =10 V 48% 15% 13% 12% 8% 16% | 100% | 100% | 100%
Xy =10 V| 31% 12% 10% 6% 4% 6% | 85% | 77% | 79%
Xsi=4 V| 48% 23% 20% 6% 6% 5% | 75% | 68% | 87%

Pozn.Konkr ®t n2 jelhdodondigreldoSepmsivR®@ mAaypar a
jednot!livlch
s2tn.

testovac?
har moni ckl ch

Pokud
zpTsob

s2tn

automatiky PPEl o sahuj e

(vliivwv

pSi zemnNn?
jednotlivlch

publikaci @ $2 | oP2.€). 2

a

sl ogek)

vyj deme z

posti gen®
typT

respektovanTch
provedan? pSzeemoRmy op o sR,,i=H0ewn Bentd tgpz e

nej | esppguthcrmensthe k¢ ok Ehp &V Heldh
zat2genz?,, pbapmés ovkNcpos a@d @ ko® hivenj @mo
b @edm oncaesnt

PPF dvojit®t

f §8ze,
v

konfiguraci
testovac?

a l

e i

podm2nk&8ch
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V. pS2opraldcth sstoaustav vyznaluj2c2ch se n2zko
viskytem dvojitlch zemn2ch spojen2 je vhodn
pSisphNje k r edudkvc®h op Sperpoltu ad vokri t ®ho ZS.
vihodn® vyugdgit?2 pS2 m®ktou PrPeFd upkrcoe mmaexzil nlaul §i kzoakct
mohou bTt pouze silnhD zat2gen® soustavy, K ¢

soust avuv dWihem %9D.

Na z8vRDr je vgak nutn@nBjogoh&knbegenyebwdé
konkr®tn2ch vliastnostech pSedmhRtn® distribu
opti m8l nzho typu PPF.

34PS2nos autora k dan® probl emat.i

Na lz&&nD publikac?2, studi?2 a provd&denl ph erza
v kapidila®Fpeyh a vytvoSena podni2k PVS§ zreasRmvEaNRE

f§ze pSi j edno 32 DatoTnormad pbr ooah&clprovozn? p o
pogadavky a krit®ria umogRuj 2 c2bhyuny 2ktr §metoa
nebo trvalTlem? zdeimnt2rcihb wislpm?jch soustavg§ch ke z
VytvoSen§ podnikov§ nor mégmetcedykteeafli nwmeg Rt
aspolehliv® ugit?2 t ® 0 metody pro zvlgen?

platnich norem.

Z2skan® poznatky autora v t®to obl asti p a
podni kov® &budg, zamBSena na definovgn? be
kompenzovanlch soust avl SN 3231 e3nd 7fRp h(rDaldli®td @snt 8
ng§hrady je aktualizace bezpelnostn2ch opat S
Yar ovnD kaemeogrtdhirdcTh soustavy, kter ® pravazwDSs o0 h
zastRIrgm@®vaok vydgn2 t® o nov® PNE je 2020.
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4HODNOCENE BEZPPEMNMOSTECH SOUSTAV

OvNnSen? bezpelnosti st8vaj2c? | i novnN na
“wkony, ghtgSu® 2z pSijatelnou bezpelnost vimgech
Budemel i se d8le bavit o n8vrhu nov® zemn?2c?

navr gen® z ¢ meudjdeviivensporuchyk av yt & o SehoB v ® k honkaopvl® 2 |
kter® by vedlo k pSekr olsenmd?e] tniveh gobsioabn ® ypsrkayvt di
v dan® olbddmsdtili v® pogadavky na zajigthDn2 b
nap$S2 | svihDtem, dl e m2 st n2ch provozn2ch

(obecn®/ angl oamerick® nBro®HWae nsk.l, ddObitdadamsle® cpFr

Obr.4-1:St 8§ty s pSi Sazenimi poBeohd®i pt -SHwd eammseddr
pr8vo,-n8dlodgreH s ki@ tendence

Zpohl edu n8§vr hu dd emre?va 20 ps deles tivaympyBdSettpe rsili ni s
zpTsobu. n¥gnha det er mi ni st mepokuzuje pzrpalvsdolbp o H o d
koincidencesdquwl|§hon®@lst vinikw (@md&H) todoby a dered ot
vivahu nejm®nN pS2zniv® podm2nky ( max. por L
apod. ), cog ve sv®m dTsl| edé&mn 2nc[2g es ovURsstt a vky p
pozitdeopatdo na bezpelnost, mapS2stupm® padmn
Sohledem na posuzov§8n? efpkdtiwpnly wwywnsath®WY& r
revizi dosavadn2ch .deheompofataebekicivepd? ke
nej |l astnDji zalogenich2snapprchydilpodop®eosn DA 2
zpTsobT vipoltu v 0 zol kaoog) m (nbdepl oyt eme $ Bé kit uj 2 c 2
vrezi st i vitRObMNdy yamod.rlobl emati ky | s @PSpSeochmn
- publikace P3.AaP3B) jejichg n&8pl R a z8vDry budou pr ¢

41bvod do pravdBDpodobnostn2ho pos
zemn2c2ch soustav

Posouzen? bezpel nosti navrgen® zemomh&Z?2 sc
znalasti velikog i poruchqv®hSi | ermigudiue nutn® respekto
hodnotu a to i S respektovs8§n2m rozvoje DS

zkr at ov®hloapvalckiotnn® h o mpoduZdua n®h ws tparvoyudu a g
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usEaén? zemn?2c? soustavy je pak mogn® st an
(EPR)a stanovit tak velikost mo g n ®h o hlddskay k o v
bezpelnosti dan®PunemhodaoX enndu btez\pyelvh 8Bt i

EN 50522 (2010]34]d e f i niwengadao v ol en®h o dovt y k § v ikl lo d $taip
trv@nkSi)vkaSi | «Bd v k atzbgc lp§ za2v d N pfibrilaced stdoep (S |

uvagovsgn2 impedanc?dalidicPpa®h psr a D Bpdba pbadyptni
br&§t najaketiebyeBe po rtakérheozvneh olpapdroatdy | i ds kT m
impedance | mdpk®poav@®hNDpodobnostn?2 charakter.
s urlriatvadWpmdobnost?2 | i nej iTaoimpdadancejej yep a Inmpeerd&
z8kl adnN zmNSeni®y hpdThkegey d8de sikuttied aBngmTge DTV
mohou bTt n ephTodpi. §38]id87y). vOb vy k|l e | e elovae jpkp 2 p -
sl o¢evnPocue zviITgtheow g aztak@®vjeomapotSeb?2 [B§Jit
PravdPDpodobnostn2 pruolbdwe@tad i pabaaitievl ajé39jui b | pi
a d42], kde byla simulov8na | etnostp%il skgs pe lat
jejich pravdPDpodopanpsesmoéhome h&@d p k Me o &F pa€ & mlu ¢
byl o dok8z8no, ge deterministickl pS2stup
pravdDnp cad @b mavrov a n ® uzemRovac? soustavy mo h
pSedi men zedwnaene®&k om omi c k ®. Zj e d n oddoubgneonspt 33 shtou i L
hodnobgh?2 tak® i mplementov8§n do n8rodn? pS2|
50522 (BS)43]. UprapeemBDrozs8&hl T a ucelenl popis p
pro n8vrh zemn2c2ch s opuStrgad]. Poryav dfdplodpbbbs
poruchy a soulvalssnk8y tkuoilnlcoivdieknac evyst aven®ho
napht2)t ®byludpSe model ovE&na pomoc? Poi ssonov
funkce,eocbd pShétup kompl exnhj g2 msopuEd.t i Zj ¢

Z uveden®ho pak vdptkevépByst spuihamms2z bTt
amTge v®st k pSedi mhAzcesv8sit avigePdoPSHDamey ®
snadnihDj g? kvanti tokbedkld®mdmiir|lynorsitzii klhkana®®h o n
pravdhRDpodobnostn2 pS2stiuspolSepg?§kyadiTamtbiu s
tolerovatelRo®jent2atyo rli ZatkRBepBpse m@avovan®ho pS§2
hodnocen? bezpelnost.i zemn2c?2 soustavy kombi
i zpTsob pragv kilpeodo bmyo smie lovvebSelnoist 2. Navr §
rovrm®! kdmientv8iSselnedk T pS2padovmazijse dmo @ greena®
detailn2 popis je uved&A | v PIAPS Batoopipelematika bplds 2 s p

r
K
v

zpr acorv8mai |l i nnost.i mezi n§r o dzn§gS2p rBRELIBVAIC s
B3.35CIRED 1 Substation earthing system design opation through the application of
guantified risk analysjkter® b y | autor ||l enem.

42N&8vr h pravdhRDpodobnostn2ho pS$S2st
di stribuln2ch soustav

Nej getrnhj g?2 zpTso®hNpoaph ermetnn ak e pPEavt u
konzervBw bpek®bo prost Sed? pro posuzjejdn? k
zall enhDn2 do jidpstvgrwbeam®Bh5P5RAPamMBPhbopot o d°
v t ®giot oklae navr gen inpuojset upostkutperpr ck opnd®s uz o Vv !
vych8zej2c2 z vivojov®ho nNdoapramdNDpodmpn&dt
Obr. 4-2. Jak Jje patrnovizastomoappsmotbo B zEemnaak sc
EN 50522 nen? nijak dotl| en, pouze je dopln
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Hodnocen? bezpelnost. zemn2 B2 ch =

(estimovat) etjnalkod jvéskagp6. ||l ovhDka v odkbal 2 |
viskytu | lovhRka v nebezpelnich situac?2ch,
zemn?2c? soustlavgyvy NDikaoi acpdeomeclyy, kdaer®n@Pef aan
budoucnakr ekt nD odhadnout .

Vzhl edem k n§&riorchiowipd aSvidiy cd ePio s byl ¥amp S
postupy a kl2]ov® vzorce z pS2rulky pro h
Network Asociatiorf33]. Ta&ubkpSvel mi podrobnhD zpracov§8v:
vyl 2 Phgen2kt er ® augth8k3kizch provozmauc hmaxk umgé
pSehl ednosti byRi«podsitmpl pilemnjyd prodgdak k ak Dc At
zjednodayed? k z8vagn®mu c hy bnziRemiamr ¢ R o0y édk &
vposuzovan® zemn2c? soustavDi.

| ndi vipdw&Ildip oo Br&kd £t mogn® vyj §dSi t[33pnao r «
z § k | a d Dodoprosti kainBigence pocha/kontaktPcoincapr avdDpodobPgsti
dle vzorceg4.1)

I:)Risk = I:)Coinc aib’ (41)

kdePcoincp Opi Ssuj e roln2 pravdBPpoBobhosu vy RO
bNDhem porucB3vyj §a®itij ake

o (B ph T GRF
Coine 365CR4 6@

kdef,j e pol et zemn2fzlet peBoehpoaucipyelvet meoksd |
pS2tomnoatv UVagwkan@gjse tdmkd tzrav &notk pS2tom
situaciv. s ek uThjdeScfhgsuzovan®polmddkentw mpSekdhld | e
CRFje reduk] n?2 fakspe ptkwjDhainde ht d 2 o2 rcdb eszep
vbl 2 zkost.i u z e[38R ozv8akcl 2a dsnc?u shtoadvnyot a j e 1) .

(4.2)

Jak vyplTv@l,zetwkwoscel|lPasjté vIpdpoblet pra
fibrilace pr o rkoognem2®t nPa tpoS2praadwd phodobnost |
bNDhem kontakt u, na zpTsobu dotyku (ruka/not
bot , rukavice apod.) na i mpedanci t DI aPro kt e
estima i pravdhDpodobnost: fibri4daclktdrzle wywhgz:?
kSivek proudu tRlem C1 ag C31(2€e545novanich v

Pokud je uvagovs8n v2ce nedg jeden ri =& k¥amrlt 2s
vypolte |jako s uisanrywgechd Npvoadgoowvdimmbree®.3).s c ®n § ST

Prisk = a P 0) Qoinc a) (4.3

kdenj e povlasgtovani ch ri zi kovich sc®ng§8ST.

Ur|l i t®ho zjednodugen? v pravdhDpodobnostn?
pravdhDpodobnosti fibril ac®®=1kedvgorcihd)d e M&Si uv @ g
pSedpokladu bude pravdRDpodobnost Yamr t 2 rovn
jednotlivec, kterT bude v | ase poruchy v |
fibrilace. Tento pS2stup @ mosyonks t mo yo upda uz el

prvotn?2ho posouzen? koi nci de nObe 4-2).sPokhdatatp or u
podm2nka newmdocepphubBRpodpbnl viskyt osoby bh
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soustavy), pa&stjevipwlt m® mprawdhNpodobnost:i
pravdDpodobnosti fibrilac@3)pvozjedhok!| By®as
spl nDn2 po®madAnky 4 a 5 (

4.4Zhodnociewni2du &ldn2 pravdhDpodobnost

Dal g2m podstatnT m viproolkteenn @ ep rzalRedddrnpbtedeomistn o s t
m2ru rizika Batze.rodalegelvadDtyto YrovnD ri:

aAVysok® nebo net olPeguOdd/amied 2n ®s @ i mr &kw® sptr 0o p a
na ceny

b)St Sedn? Bj=f0ko6) -muoe2zvsSgpanhs vedouc? ke s
sohl edem na efektivnastl Vyaah€§+CBNT majap $&mdbs

a)N2®knebo tol emPgnad’et n®i ko zVaibt 2 je vgeob
nut n® z vyglovast bppokud to nevyboluje z bDgn®

S ohledem na m2ru vgeobecnhD pSij a4t@bt.4a2Pho
mognd | Brsit navrgen® Segen? zemn2c? solBdltavy

definokanh®mni?. Toto je mogn® poundi wi dps§
pravdPDpodomeams2 newdeconln@aSivie emdS el0’ Rokud e a V4l
vyl 2 sl e nfggdlo’d potda Ow.42), tzn. jedn§ se o neal

nezbytn® prov®st zmNDnuoprag§ \Sre8miz e dsi T nj | mBkoodi cee
modi fi kowxdn®oausmmay. V pS2 p &N rozsanehogneto*ay| 2 s
10°, j en @movp D @ vVGBA & n a | (Dr.w-2, blok 7)pr o posouzen? e
efektivnostiz v o | eorp@&ht oS e n&rh fdnw vd S2nd a v-roBr. 44, plakie)S.e nRt er ®
zajistilo dodrgen2 podm2nek bezpelnosti. Te
bezpel nosti provozu zemn2c?2 soustavy a vynal

45CBA anazZdikh za r i

V. r 8mci t ® o anallzy jsou porovn8vegny ncét
nebezpel mimmdoayRt2m vposhlzaseamim® ¢Pi vslougt avy
pot Sépnbmrealizaci a pS2padn® provozow2§ndl &
kroku6 (Obr.4-2).Z h o d n oncaeynlCBAvc h § z2 z4%4) vzor ce

CBA=VoSL®, TO P, (4.4)

kdeVoSLjehodnda ( cena) ztr aceT®heo ollpdioske®dO® §ji & 0
provozin@Sedmh2c?2 soustavy ¢(gr9c¥jedskti gtegnnsd e
nTch opatv$enthnD(%prankklzad

hodnot a reali zova
a¥adr gbu.

Pozitivn2 visled&kj EBAganalkl xpv®nas§kl ady
viivem nedokonal ® zemn2c?2 soustavy |Jsou Vyg

modi fi kovan® zemn2c?2 soustavy dle nov®ho (z
tomt o pS*tpm® Nr § &l inzeswatv uz @WhrescrBadov ovani m de
suvagovsgn2m navrgenich p&SYdapalc®@moplai(@®RhnB,
je negativn2, je mogn® real i z okak8 Olr.é-2hn 2sc 2t 2am
ge uget Sem®t $edlayn | hadepu al okov8&ny pro pS2pa
givot .
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46VTi pol et pravdhRpp&dpadsesvE Hmotd? e

Vige uveden§ metodi ka pro prcevdfdpwsdtodwny s
detail nDj i vysvRDtlena na konkr®tn2m pS2padu
naphDt 2. Pposdenem? YgpedvdDpododmowsed souzskav g
trafostanice(DTS), kter§ jeaduBtastMnalimadu z nap8§jec
VVN/VN. Konfi gurace t®to chemrakyespsestuck® 8kt a
naznal@mn4d3 na

VVN/VN

. . VN soustava
%.»Um Urzr sn Uy APk! Xo'rl)(ﬂj

Uy, I, R, X, RulR,,
Xl X by by

[ [km]

11 —— . -
Porucha DTS

7

v

Navrzena

" VN/ N N VA Nebezpeéné
= R LR, I, 1, scénare
E | by EPR,JEPR,, | i % 2\
_______
= 0

4—_T__r——> =

v

Obr.43:Zjederoa®ugch®ma pS2kladn® distribuln?
pravdRDpodo®Stapast n2ho pS

Navrgen8 testovac? soustava a |ej? char e

respektovaly provozn? stavy, kter® js$adciD
soust av. Z tohotbhodTuoduwspedeowSHn pTsob

nap8jec2ho transform8tormmPNudbn® i D&I ojvakd , Yl
akompenzovanl s pomocnim odp@onbbkedm. tZpTisbdb
z8sadn? viiv na YWroveR zemn2ch poruchovlch
vipoltu podstatnimevazphaem2 pr&Smgean2 msoust
an2@l napDt 2. Rozd2ly v proveden?2 « Docat dr ae

EPR (n8rigs$u pemente) postigen® zemn2c?2 sous
zemn2c?2 sousgpRvy. nFdedk®htol inv® roztdéVv Fnyuaopo

v kapitole4.6.3 Dalogv?o uk Ip’rlovozn?2 odlignost 2, kterg
rizka,j e typ veden?2 (venkovn?2/ k&amieal2qgqv @ evnand e&rmz )
ng§hodnlch zemni | T na posuzovanou zemnz2c? S
posuov 8n2 pravdRDpodobnost. r4i6.zi ka j e koment ové
Aby byl o mogn® testovac? soustavu cCo ne |
zachov§gn? maxi m8I| n?2 pSehl ednost. a jamamodu
soustavy, kt erfPoj souprezawndRpo dk@anost i rizika

definovg8§ny pro kagdiObmp4rly ekS§dlesd owmi@2 soust a)
a) Soustava VVN

Usje jmenovit® provfojes2 Sovad Dfl{t’ggjleeoajrp@da§rtye
symetrickl zkratovl .proud danl soustavou V

b)Nap8jec? transform8tor VVN/ VN
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Uij € j mem@Wittz2® pr jupgren?z matampadeyWW® nd 8§r Bk str
jmenovitl vIT koumejter amrsdagedrt®n 2oreesmK, rs Otuk oc,e | k o v ®
nakr Bt o,e paeamdri i® a sousledn® sl ogky pod®

c) Soustava VN

Usje provozn? hppNtkiZapaoushaRmMXpje tkzisarecal st a
areaktac e p S2 veoddem?2h dRydRik & XX p 0 mNDr naestooulsilve® n ® s
rezistance a reaktancen2lpfevodme2nhoovi h & p §jreoc
odporig?z ke, jmenovi tch®pooodppomoku pSepol ter
(kompenzovanss kroSps&impvodnboimm®m o adporn2ku)

dDi stri buln? transformaln? stanice VN/ NN

Rej e cezlekmmdpdrpor uchou postigeli® wvemdBidenoso
soustavy od n aRpjg jodpar poruchy(zrveosdpneyk,t uj e n®eziest 3
poruchov®ho Rrodgor vppmachy, Zemn?2 odpor
apod)rj e reduklspe f @ki e ERPRWERRay jpe] d¥r,ov elPRp Ser
zMVdolLVzemn2c?2. soustavy

46.1Posouzen? pravdhDpodobnosti wvzniku p:
Dad g2m dTJlegitIim parametrem, kterl vstupuj
trvgn2 jednotlivlich poytuc hi wf promaiczeo viaen ® cstolie

pro potSeby vipol prasghDp adab npdosdtoid nhkoé&it a i:
VpS2padhn, ge podo § data né€maoul peroppoagdt
zpodobn® distribuln?2 soustavy, pS2padnh je |
bylo mogn® vyl 2slit pr achdprpch d abzmo. s t tpddecizn | klut
knavigen2 potenci 8l u posuzovan® zemn2c2 sou
jednotiv § m2 st a vzni kwengovaot mykae(lnmedédy ®mn a di s
t ransf oapod & akolnestidgjichvz ni Kku pr ¢z dpao smallzlem2doj 2t Kk
vlivem poruchy.

PS2klad zpracovg§n?2 statistTa4l pdatohtpéup
data tak, aby na jkgri ekt?mIBikiypadddibabingolsd viyangn @ -
vi popsan®ho zpTsobu. Tabul ka sdruguje %hrn
jednotliv® typy soustav, pSi| emiabjed, ges@en r
venkoweden2 a v jeen®tjevigheDKStegorypmovan:
atonavli vodovowpojgchstaku, | a®br44L naznal eno na

C
t u
bn

ObecnhN jezrxhgeémel epBe vhosag® awxiopos|vtaiku ptou t o
jednolt8stvi® distribul n?2 soustavy, naps§. prc
transfom8t or u VVIN/ VN.
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Tab.41:PS2 kl ad veden? roln2?2 statistiky poruch
pravdDpodobsaospm?2ho pS
Ze mDR PDS:s my gl en' Rok: 2019-2020
Pol et p ARC
S : Pol et pTsy RozsahjPol
R g Soggt';\,y Typporuchy | naveden| = = i venkov| DTS |(opnt o
Kabel | Venko. | Ochrana | Pojistka | P € ! dkm}®l (ks) | zapnu
L-N 5 120 20 X 0
VN | kompenzo 50000/500 | 2500
van§ dvoijit 2 6 1 X 0,3
L-N 10 10 1,6 X 0,3
v |°edpor 3000/1300 | 200
uzemn| gyvoijitf o0 0 0 X 0,3
L-N 3 20 2 X 0
VN lzol o 5000/20 | 250
dvoijitf o 4 0,1 X 0,3
L-N 4 20 4,4 X 0,3
VN A N 2 6 0,5 X 10000/1000 | 550 0,3
uUuzemn
dvoijitf o 0 0 X 0,3
V. r &§mci Segen®dbo. 4 B5zpadruozerangvat z hi e
pravdhDpodobnosti vzni ku poruchy dva pBSl2gphdy
poruch s n8slednlm vznikem EPR na posuzovan
charakteristick® pro zpTsob pSipojen? naps§
pSi BefeénhDn?2 | i zemn?2 | ana.
a) DTS napé@jnkmwnweden2nmnmbreébol @ veden2m bez
st2niDn?
V. pS2padhN venkovn?2 distribuln2 soustavy (
vzni ku EPR v pS2padid, -NgleL-Nday aned zte®@mus mojl e pdr

nesoum?2 st n-®&@muw j Adkn@atlsut r i bul n2omut r g a& fGoradmthta |l u

Vtomto pS2padhD jeverlgduwke nkv algionviatte lpouze [ ec
kzemn2c?2 sauoptSdaviyTNMMW)| tu jetnoes pepgedmowd&th av pmoiu
na distribuln2zm transform8toru (hodnocen® z
vyug2t i v pS2padhD kabelov® soust awusayuDESly st
Pokud se vzore@t2) p Si zewlaokaCRF=1 uprav2 do podoby
Sk F :
PCoinc = pn CQ "n n pdg)! (45)
36524 &) 6@

pak | ze pro tento pS2pa6t,(celsoy olp2odtetj e@dmratclt
aKhn(cel kovg§ doba tr 88lIna&d thafhbJa@h. za rok) na z
I:n = fnP_DTS(l -|ARC) -FnF_DTE’ (46)

kde fnP_DTs nebo an_DTS ] e

rol n?2

ochranou (index P)ebopojistkou(index B ,
opNtovn®hOZ) sz a8d reu tp2S2(t omna/ ne¥spnRNgnl

K

n

(fnP_DTS Q) (1OAR€) an_d:I'S L,

kdetpj e

| et nost
ARC

j e

vypd¥naodolv®sjoe hvamaynac? . |

as

z e mine cThvoepdo r u ¢
pravdhDpodobnost
OZ0).( poku

4.7)

V' N

poj
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b)DTS napé8beleint8 keden2 s uzemnPDnim st2nhNn2m

V. pS2padh kabelov® distribuln? soustavy,
zemn?2c? soustaviDkunTgPR do] 2 verkezemm? poruct
transform8toru (porucha F2), tak Obr.4b.&obod ast
pS2padech je nutn® uvadgovat vpSkytwvibpwigee psr
apS2slugnim redukdeadmotflaikif@Krleane f vcit emt vy p S2
na z8kl ad crh? @8 awhelden

I:n = ( fn_Line I(.gne f-r';P_DTg (1 ARC) f nF-fDT’ (48)

kde fr inej € rol n2 | etnost poruch na 1 km veden:
posuzovanou zk®mneé ch@lspamdogvet2nNDn2 je pSipo
DTS.

Kn = ( fn_Line IQne f-rtP_DTQ t P (G) AGC) + f nF_DTS-t- ! (49)
VN/NN VN/NN
neuzemnéné stinéni IF DTS / IF2 DTS—E
venkovni vedeni : < e >
H /.
g %’/} A \J e < \5/", o %’ @9—
e s I,
PEN “[ PEN

-||-<....,A.'
&
5

X
|
‘fi W
D
1H-
<
i
]
]
TH—H

Obr.4-4: PS2kl ad por Obr.d5 PS2klad pov®mhy
zpTsobuj 2c2 E s ip&mnNnTm st2nhDn2n

462Uvagovan® rizikov® sc®ng§Se

Dal g2m kl 2] ovim kmokrebrt@ns kdicdsd @ bjvgdd ska v
nebezpelnlich dwotgkovVichosap®van® .zePmé cPedm
sc®n§Se | evartutpna® admeftirny , kter® jsou n&mbtyi nd
.l et nostp,(doettynkolst vIiskytu dan®ho sc®ng§Se) p
trvgn2paod§lke pak padgna@mezthroyd n oketbeerz@ busnhoPh o d o
naphRt2 bhNRhem dan®ho sc®n§Se, tj. pS2@danownégRi
zdrojoa@Pho? pro the@t mkapWretagEePrR hodnotegm® ze
PS2klad sc®n&ST pro uWvabga v a\heodqlkdks n@®duisic ®n & Sa v
spSenosem mateenéic §8UNsNg u sktdaeev mohou zpTsobit n e
kr okeviBOtnek 8van® dotykov® naphDt?2 je Prdakedn
Utepr kterT definuje olek8van® dotykov®vinapht
(4.12).
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Tab.42:Respektovan® rizi koiv®i lsa ®%®Se2 pro posouU:z

Obuv | Uterr Pn pd [s] PravdiDpo
Respekto Kont a . Typ
. . 1000 Kontakt Podm2 impedance
rizi kov® q [%] Irok Tr v § plocha lidsk®h kontaktu
a) Sprcha Ano 30 1000 4 Vel k| Vlhko 50% LHBF
py| Z22ahradp o | 5 100 4 Vel k| Vihko 50% LHBF
kohoutek
c)]KuchyRskl Ne 20 3000 4 Vel ki Vihko 50% LHBF
d|Pr 8del nal Ne 30 300 4 Vel k| Sucho 50% BHBF
N§Sad?
bl 2zko
e) s emnzc| ANO 40 100 4 Vel k| Sucho 50% BHBF
soustavy
Ng§Sad2 v
f) OSgust;V)‘f MM ano | 80 10 4 Vel k| Vihko 50% BHBF
( m2 c h)al

Pozn: LHBFi | ev 8§ r u k,8HBFb Brice® drighy

463Provoz posuzovan® zemn2c?2 soustavy

Z8sadn2 vliiv na posouzen2 ,a@ottyeldyviichnd i s
pravdRhRpodobnzopsTtsio b¥anprrt?v eml8& n2 posuzop&Shda@Pade@®h
napoj en? na dal g2 zemn?z2c?2 soustavy. V pS2p.

mohou nastad va pS2pradiy2 sl Wp §2ep zemn?2 c? soustava
propojena? seouzema? o uemNjak zaqbrade Dbrwvd d ©Obl. 4-5. V tomto

pS2padhND se cel ® EPR pSenese na PEN vodil, k
odbDrat&déemje riziko vystaven2 osob nebezpe
zemn2c?2 VSoddsMDlaema od soustavy NN, v tomto p:¢
z VN pSenesena do zemn?2c? soustavy NNakv z¢

ukaaije Obr. 4-6.

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

UEPR,MV 100% E—-

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

Obr.46: Transfer potenci 8l u z VN zemn?2

ZpTsob proveden? obou zemnz2c?2ch pomBt am
EPRVEPRw, kt erT ud8vsg§ m2ru BMAR,zeknine2rc® sseo ugs$ arve
pS2pad propojenijcéd e mivdeojpendm)@ o0s pP&S? p Obr. uve
4-6 pak 25% resp. 0.2 . u . (zjigtnNDn2 otdonh® tvol pkooletfeine ilein tnh
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Vipol etUspR@p®MA2c2 soustavy n2zk®ho vatahp Dt 2
(4.20

UEPR_ LV = RE Q (RLV/ EPR/IV) ! (410)

kdeRej e cel kovl nmemou @opgoi Jgg ee® zseanns?t apvoyr uac h
(le=l*r),rj e redukl n2 f akReor pSPpadBPemndpogdentch :
a NN Rw/Bia& v pS2padh oddnDIl eRERu, zpeSinl2zecndge hv
p S2 pj@mhbthotaRyy d §na zemn2m odporem navrgen® DT
geometrick®ho uspoS$S8§dg§n2 a uvagovan® resisti

VI ast fpov®dmapDtiZepagpoo djoé ghkotviziTab@i2s gy Po§ Set
ng8sl ednhi

UVT :U EPR_LV @17 EPF* (411)

464V1 podemn2 ho odporu

Jak vypl 1480,z traokv nklcel ovim parametrem pro
soustavy je odpoz e mn 2 stavy s dwel i kog | ezh&s aWlmidnw onha m@® s
bezpe,jreosnjiuyn|® sl it postupem, kterlT bude co

podm?2 Roktypyupl at Rovan® na vipolsotu|l ae¢mBhhoh oadrg
vychg8z2 olbetcinddk @hoan®iegen2 pSi r espektSow§ nt2en
zjednoduguj2c2opfedpomkhadrmEd@a®s podm2nky v®
esti maci zemn2ho odpor u, kter® jsou zap$S2|
e ho rozlogen? bNhem ¢JgiVhotdmowst ialzemmZadci v cu
postupTm je numerick® Segen?2 rozlogen? elek
aplikace vyug2vaj?2 pro vl pacsltelXj i e |meekitar doymphymik
srespekt3dv nmodel u jak navr gen® yae mm2zd?2o gem@ds tr
pTd¥zhl edem Kk pS2tomnost. k omer [46]f c h k tS&WF @n §
optimalizovgny ppeBeByn@AnalTzy rozlogen? el
soustavy za %% elem vipoltwis&ymnuhododtygpowvid c
napit 2, transferu potenci §ljue dwy udi2tz2k Tgdd are
v h 0 d2n Ny @ Prbbtematicep o souz en?2 rozd2l nost. obou vT¢
vsnumerv ck®)t extu uvagovsg8§n2 nehomogenity rez
uvedenp SPIS62emB@®.V8 tomto pS2sphNDvku je detailr
zemn2ho odporu t S2 vybranti&m2 zeéwmna e sthv &hoou
svar i @biolub%k ou hkamfer ovnrtsotws8yn. j e anal ytickIl v
platnlT c@7a3dseml u s numerickim Segen2m met oc
Ansoft Maxwel.P S2 kd laydlyy v url enki pesho%Z®b P@&@S@04LU n a
pSi uvRaghoeRodroaonlR d@e n?2 rjsomprosilusiraciiuvegen v Thid 4/3.
Dan§ tabul ka zobr azqdre?2 nmM&nil §tki vsict®n §BTdoyr oz $
modelu, kdg 1 jerezi st i vi tj.as phoadrnr?2)pngiesezi vsyt,i vi t dv au ¥ rent8v G
model u pro potSeby aplikace analytick®ho S
Ansoft Maxvell),hj e hl oubk a Rhyg ren 2z emrns?t vayd, pnour meur ri | cekn&h o
el ektromagnBeiej ek®bonpobdpor wur | e rRlepmc eanntaul 8yl tni
rozd?2| anmd mperiickk®R®mo aSegen? .
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Tab.43:Rozd21 v esti maciv® eDirns? pdSio dmarl w tk icdksBkmm

Segen?

}ly2 J PNE h Rrem Rene nR
[q m [q m [m] [a] [a] [%]
100/100 100 Homog| 473 4.59 3.0
500/100 119.1 0.2 4.87 5.46 12.3
40/100 81.1 4.56 3.72 18.5
500/100 252.2 5.06 11.57 128.8
40/100 60.7 0-5 429 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

Visledky zpracovan® pro dal g2 dvhR bnRgnn p
jsou prezentPSEhefB®).Zd YdIsd2zaed k(T obecnhD vypl v
(dlePNE3300008) je daleko konzervati vin®jigeitpySpie
pTdy mTge v®st k vIir azn @ustavy, pe§pekteikmennazdobvy§tne?| n
zvigen?z spolten® pravdBDpodobnost: Yamr t 2, Z
Yar azhuodnDj g2 vyuga@nalty zSiIW2apglilcihk eed2ektromagnet
negli analyticklch Segenz.

4.6.5Parametryte st ovac? distribuln?2 soustavy

Pro prezentaci pravdhDpodobnostn2ho hodnoc
| 8sti definov8ny parametry testovac?2 soust a\
stavy22k V. di stri bul n2pesnozussvtaarviy par atvoo.z kso np Si p2 n §
(dodatel nA) priondl ®@0anT, odporkbAN azé&mnhAnhD (
(pouze pro srovn8n?2 dopadu na bezpelnost pr
konfigurace soustavy zoba z e O®.4-B,a j ej 2§ parametry jsou sou

a) VVN soustava Us= 110kV, f =50Hz, Iy 3,=15kA
b)Nap8j ec? r oz v:ol; s A10kW, VUN /=V29KkV, S =40MVA, Uk, =10%,
& R=0,09MW, Xoi/X17=1,5
c) VN soustava Us = 22kV, I, =200A, R =0,224Y /| k Xa=0,287Y / k Ra/Ruk = 1, Xow/ X1k
=1,Ir= 1000A, l5;x=20A
d)Di stribul n2 MNINNNRE(joe m80bpol),tle20emB=E&Y,r=1,
1s=100Y mEPRy/EPRwy =1
Provedendv pro® zemn?2 c? S 0 U sa Gbiv 4+7. RRdistancgt ®t @ 0 b
zemn2c?2 soustavy je vypolten s wvyugdgit2m anec
jako Rots= 0,0455@s ar e zi st an soastayNNnjne cRy | @ sp eechR@ic! adu
14100 Reen= 2V pro}s<200Ym) . VIisl edn8& cel kov§ remiyst an
VN a NN je kaR¢=Rpp/bRet.ena | a
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7.1 m

5.1 m \

tylvT zermmi |

=
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0.9 m
4,9 m
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Obr.47.Konstrukl|l nz proamrmdZenzZ Pposutzowya nd® st r il

Pro studii rjiszmiskcomeg e v 8 Tap.4.2ra@re statistiku poruch jsou
pougi t alabddd.tDeet mi | nés tpwpu svippol tu je uveden
PS2 | oPBB. 3

47Vyhodnocen?2 a anallza pravdhDpod

Pro porovia@44 ojbs @az enyceV kpol® @m @ VdMRFmoo b n o
jedndl i v® zpTsoby prJoavko zjue tpeasttronvoa cz2 tDoSh.ot 0° sr o
nebyl a pSakirovVepadnom pS2padhD. Prot@br.&2lzehl eo
pSistoupit k2resaluisztzaviy zdémn?pTvodn2zho n8vr hu
naplnit krit®rilLS8NdENIi BOBAAE @Edempe nutno zm
od apli kovan®ho pravdhDpodobnostn?2ho pS2stu
provozu sousv y pro pS2pady dvojit®ho zemnz2ho S p
poruchov®ho proudu @i thagymd2m Zemdm20d28arth rs o u
dotykovich naphRt2 velmi nebezpeln®. PSi vz
zapojen&@gp8yzelc® ho transform8toru na \betzpeerdno
par anmwkapd.6.95a pr ovozn? cthe ptSevdyp atic! T@wALsjtea viye | m®
bezpglegRozjpkotlvi nnND uzemnhNn® a nejv2ce bezpe
VTab.44) sou d8l e uvedeny d21 |2 pravdbDpodobnost
a typu poruchy pro uvagovan® pomDrtyDciht &S d*:
pravdhDpodobnost 2 l ze rovnhDg posoudi't vioi v |
jednotl iv® rmnai kgk®adben®&bde®yg |1 ze zhodnotit

~

provozu DS za Y elem zvligen?2 jej? Dbezpelnost

Pro dpall p&2nutn®opbddeknoat pdlfjegesou | et nc
provozy DT (viz.Tab. 4.1) , je nutn® pohl 2get na ndDko®i k&
r TznbDX MNelze tedy ¥ omt o p $2 p adSlF m@r cpw& dItn §n2 v I i\
nap8jec?2ho transform8toru na bezpelnost, r1e:

Obecnh | ze kowmrsGean® vatpr @fzzemtovan® Segen?
|l ze tedy vyug2t nejen pavor gvel ne® yz ehnond?nco?c esnc?u sht.
posouzen? viivu zpTsobu uzemnbBbn? uzl u dand
jednotl i vl cdobyortinefhgmnpo mash aven2 vyp2nac?
a¥r ovn? poruchov®hoospromrduwomna, beap&ln pro
bezpelnostn2ch opatSen2, jako je mognost vyl
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Tab.44: Souhrnd%l| t abhbl & awdli svichegdurivaditbmaods t 2 Yamr t 2

Scen. | " 6AY|[LT 2t gh RLI2 N Kompen.| Komp.+R
a) | 5,79e07 | 5,19E08 | 1,50E09 | 1,27E20 | 4,22E18
b) | 1,39E07 | 7,69E08 | 3,77E08 | 3,45E16 | 3,96E15
= c) | 5,63E08 | 2,72E09 | 2,44E12 | 2,63E25 | 2,38E21
- d) | 3,90e07 | 1,12E07 | 3,13E08 | 2,21E19 | 6,16E18
e) | 2,04e08 | 7,68E09 | 6,71E11 | 1,27E21 | 4,22E19
f) | 1,34E08 | 1,04E08 | 3,59E09 | 3,42E13 | 4,61E13
a) 0 2,56E08 0 2,56E08 | 2,56E08
b) 0 6,94E09 0 6,94E09 | 6,94E09
ﬁ c) 0 2,05E09 0 2,05E09 | 2,05E09
?) d) 0 1,91E08 0 1,91E08 | 1,91E08
e) 0 8,67E10 0 8,67E10 | 8,67E10
f) 0 6,63E10 0 6,63E10 | 6,63E10
a) | 3,55E09 0 0 0 0
b) | 1,13E08 0 0 0 0
z | o | 277611 0 0 0 0
j d) | 1,69E08 0 0 0 0
e) | 1,22E10 0 0 0 0
f) | 9,40E10 0 0 0 0
Prisk 1,2306 | 3,17&06 | 7,41E07 | 55208 | 5,52E08

471Ci tl i vostvrs2 upmalilcthzaarametr T

PSi posuzov8§n?2 bezpelnosti |l i bovol n® zemn?:
chybnhN stanovenich vstupn2ch parawmkpolled iri
mTge vychSmdtchz lnemgSheg bnD estimovanich parar
vislednou pravdRpodwtbm®istIr idum®s ifiz2ual espoR zh
jejich mogn®ho dopadRSalkal abdeeznp ethThépa tsht Tptv o & @jz m
kt sre§8 v | dvéi mDpdovDtrnostn2chepodmtneb)y ychphod
vyp2naapddPlFasobjektivn2 poswleejné piavd&@dp ado
sohl edem nraeszmpmDnwvagovanou chybu odm&dmaddc
studie je provedenz i t | iawm@dnt?mpee uvedenich parametr T.

Parametry zvolenlTch rizikovich sc®n§ST:
fn -prochbptdndta | etnosti porTabcdi vzt agen8 k h
Pn -prochpotndta | etzmostoik wizd laytdab®2k hodnot §r
Pd -procdonba2trv8&n? dotyku vztEg4e2n8 k hodnot

Ureprr- procent nd| édloflondootit@Homa® Dt 2 vztagen® Kk ho
v Tab.4.2
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Re -procentn? hodnota odporu zemn?2c? soust
vypolten®hje= pXt®0 pBmpad

Kagdl z uvedenlTch vstupn2ch parametrT | e
50%do150%. VIns®l ehddnoty pravdRDpodobnost:i Yamr t 2
vztagen® k z8kI| adTab. 4hjoadhma Dl iuwiecdne n®p Tvsob T |
poznamenat , ge pro tuto pfapadopoavdbDpddobi
totognT, jak v@gpIlASSEkladr proiveeen® citlivo
kompenzovan® soustavy s pSip2n@br3d8 pomocn®h

1000 %

1
\
\
|
o !
.&a [
o |
\
\
100 % ‘
\
\
\ \
\
| |
\ \
\ \
\ \
\ \
\ \
A T T e
¢
CL \ \ \ || === py(%)
- e \ \ \ \
L \ \ \ \ P4(%)
s
;/ } } } } — === Uq/gpr(%)
S | | | Re%)
\ \ \ \ \
1% ' | ' | ' | ' | ' |
60 % 80 % 100 % 120 % 140 %

Sledov any parametr -—

Obr.4-8 PomNvsht upladwemetr T rizikovich sc®n§ST
kompenzovanou soustavu s pomocnlm

V. r §mci citlivostn? anallzy byé uw\8ddadenp:«
charakteristicklch parametr T:

thear-VYypPp2nac?2 | a%doSo0wzeahgodanB®ho vyp2nac?ho

Ofceder-V 2 d 81 enost por kncdoy90km r ozsah od 0, 5

r-reduk| n2 faktor, rozsah od 0,1 do 1

Js-rezistivita pYndg5000¥mzsah od 100

Ry - odpor poruchy, rozsah odY0do 20Y

EPRV/EPRmy - p o mDr pSenesen®hpe ppemntcdl so Y EPRY

rozsah od 506 do 100%

Visledky t®to anal Or¢9.j sou prezentov§gny na
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0,0001}-

105}

10%

107

108

109F

EPR/EPRyy [-] —=
L 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ]

0 4 8 12 16 20
R (W ——=
T T Y T YN N N T N T N MY N N N T Y S NN TN Y T NN N N NN [N A T N TN N AN A |
0 1000 2000 3000 4000 5000
rs wm] ——
L 1 | 1 | 1 | 1 | 1 ]
0 0,2 04 0,6 0,8 1
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T T T I O T I |
0 10 20 30 40 50

feeder [kM] ——=—
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Obr.49: Citlivostn?2 anal T ieprokoraperaavanoursdustaus 2 p a d
spSip2ng&n2m pomocn®ho odporn2ku

Zhodnocen?i senviptruialvididdp odobma sust Vgpgm2zupar

Rezistiv-iVlla apfdlgailgstvi vity pTdy na pravdnip
zejm®na v obl aslBd0Ym,ezk de i pBt Wod@abggm Mokt hG3
kpSekrolen2 meze stSedlBe0Yim kipSé&lar | eprS2 meSae
rizika. S ohledema tento typ anallzy | ze posoudit,
soustavy je podobnlT n8rTst rezistivity pTdy
D§le je patrn®, §2 kpo nawdlddgujaéo bipiSs 8 Bkmaoto
riziko odpov2d§ pravdglegwaddbwnasidh kroiapalck\eihc!
tzn. stavu, kdy je pwavVdppddbdihmuo srti zfi iklar ijlsao
di skontinuity, -200Yvm2 jz rmiaphs2u(gledn® nma v jpeod rt edr
zemn?2c? soustavy, kde j e pReen= /100 projs>ROEYMs o U S |
aRpen= 2Y pro 4s<200Ym. Druh8& di s k-040QYimn nespektaje Satr@cD
pravdlDpodobnosti Yr adwo jniat rifohmon 2dmdl (3@iZ0ten. d e n
pravdRDpodobnost ftoummparictms e bl %gavieDosti s
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Vyp2nac2Zdkas e patrns§ konvergence pravdDrg
vyp2nac?2m | a1’k Thaadnohddnot a oddvpoojvi2td&h ok ozi e
Spoj en?z, kdy se pravd®pop®bmaod,t KdOIOLhvd abywz D
hodnoty, viz.Obr. 4-9).

Rezistance a vzdAN&lganovm2poduwhy Dchto pars
Yom¥ t j e vyloulen, jelikog vzd8lenost poruchy
pSilemdg vzrTstaj2c2 odpor poru®©brd9povede ke

Reduk| n2- Gfadidntt ®t o z8vi s| o$tak jv@op4h & ®hoin
dTvodu je nezbmwagmnm@mibdes p aktdaukdin?2lhasef akk @or az
up S2 pkdybylazvolera v dbdndta ni §g2 neg 1.

Transf er PBRRiv/EPRg -Yliviohoto parametu na vIisl edn® r |
shodn® jako v pS2padh redukln2ho faktoru

48Shr nut 2

Na z8kladh popisu pravdhDpodobnosdml2h@igep S
pravdhDpodobnostn? pS2stup m§& pomibrbnl & sdiir opkol:
bezpel nosti zpmptchghhednet gvzemn2ch odpor T
definovan® meze. adRrctv Dj ev atpldrktacc e p Sl2eg er mi n |
neef ekmTge2v @&st k poeanfobh&pdsp8eder v N ovh ott 0O«
pS2padvehcond njee pSi stwnponuatpolsuabivé&kei rizi ka ¥um
prs&vn pravdnNpo dNabrdauthmau p$rsatnwpy.e nutn® si
spojenosg n wlime p Seéssoespn2 ch rmphHemaickende T i anpw&re2nci § |
nebezpen T ch sc®n&§8ST pro posouzen2? m2ry rizika.
m2 Se el i mi mno®y at e B € r amuy provozovatel T di s
monitorovaf r e s p . v ®srte | & whaparbnseff,i Ky a k o jtnest porach,nt@p | e
poruch pS2]ina poruchy, doby trvgn? poruchy,
Det ad | dalDo uvheodeornbd st ati stika poruch je nezbyt
pravdhRDpcadodm®spm pro hodnocen?2 zemn2c2ch sol

rovnhDg nhek@®yutln®&ovat studie | reg8l ng§ mhDSer
transferu potenci 8l uyztia ®emet lkdnam@RdRaudeiinovat n a |
kritck ® s ¢caBmp@oSednot!| i v® typy zemn2c2ch soustav

49PS2nos autora k dan® probl emat |

Zkugenosti autora v problematice bezpelno
upl atnbDny v pr adonvWotkingsGeoujp i BIF. IBNGo r( g @ CIREDa ¢ 2
(aktivn2zm |l enem 2/ 28mhdi ag®9d 2pai&8rovn2 skup

(Substation earthing system design optimisation through the application of quantified risk
analysi3 v rozsahu 198 stralpopi suj 2 vegedenprpylapwpPebl emati ky
zemnz2c2ch s o Wvartfikace rigika[48). u gViTts2lmedky t ®t o pr §ce
tvorbnND mezing§nag?2ch SADapeavidelNa 509 Suj 2c2ch be
aprovoz zenn2 c2ch soustav | ak na YrpoSvennio s @ iv ®t rsiob
Visl eyyk wvnhNg prezentov8&ny v r8&mciVprigmovndbl
LeskTch di stribuln2ch soustav | e pS2nos a
podni kov® nor my, kter8 je pl3®IBBOVgE8npejj2akoc?n
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revidovat a optimalizovat bezpelnostn?z krit
proudem pSekral ujésddISIBRIDF® uveden® v
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BuUbDou®&aéh ZzVA CELE

Ve | mi konzervativn2 el ektsoehasg®y ndeaki®@ kol dr

vivojem, kterT je mimo jin® zap$2|linhkn tec
vyugit?2 el ekabrnoki® ed mdrcchi ez dz o ysalfdou Jpark§ cley | ot
trendy maj?2 | mohou m2t pomBDrnhD z8sadn? do

di stribuln? soustavy. dbsajvadnadak®iddbdDr gp®amf op
prim8rnhD naohlueadembhaptobiSeamattak® a zaahovs§
Vi 8§ mci t®t o pr&csSi ko®maetwi zotvjsn | okalizace
poruchov®ho proudu a vyugit?2 pravdhDpodobnc
zemn2c2ch soustav,oplka®esv§ugisoimdealaliil k#dgd @
vkapi t2pldag8chVl astn2z2 ptSEmtasnat Jmt iy jledwede i v
kapitol. Sohledem nébudowc # 0z v 0 | DS a na pogadavky pro z
nezbytnh nwktlrP@ ddze®fyi.nov at

Na z8ko al@fdsiawpozng§n2 autora se joad2oujcdhkno vi
provozu DS upSedneshRovkhESasPpégempniwder § | s
a mohous p 2vgyec h §E 221l izgn®ho tlaku z8§8jmovich skupi

mNS2c2ch a ochrannich zaS2zen2? bez jasnh de
znemogRuje zcellatolliekE®%lm&®odPNEWMApPpprosazov§r
uvs8genlch, techni oy emromp rmmac ot veacnhincoh oayi £ k ® [

pSi mPSenTch Segen?, hlaenbpohagododbt|l zach edeh’
budoucnanodmpdMeoSej nost 2 .

Budouc?2 vizvou bludej jegeo®mil|l ml o kompl ex
zmNS2za8hzen?2, jako jsou moni tDOTrSy, red pelktt2r olmih
Pro maxi maltiDzahdbia dayaunju tt i @rofPDSu il t @ ¥V & B ohfedemk ¢ e
na tyto funkcen 8§ s| e d h Dt pogadavky na podobng§ za$2z
zhl avn2ch c2| T oblastl eindikacy n @ g 88 o pT 20wl zn2ch

optimalizace/rekonfigur arcoevandpdj epna2r amat z B K |
kvality elektrick® energie | i ndexT kondic
soustavy | ze orbdvamsig Vi yugktacie meg8douc2ch zp

mohou veadbyalkpRe®an2vyDchto zdrfoijnTa glkma?k m |k
zvygovsgWwPazuzi ka

Zvygovs8§n2 spolehlivosti a problematick§g v
nese pogadavek na rostouc? kabelrazao®mODkdel
provozn2ch aspektT distribul n?2ch sdobwduea . P

zabljvematdefinice bezpelnostn2ch kri tpRadrm?2 rpk Sc
zvyguj ?2acéelhkokaghaci t n?2 ho prouduwkz $adcnamy. ddpg
bezpelnost , a tedy i syst®m chrnhDn?2, |l ze za
pro provoz sm2genich soustav VN, kter® by
virazn®m navligen2? poltu kabelovich veden?2.

Zpohledh apli kace pravdBDpodobnostn?2ch pS2stu
soustayv ] e nezbytn® shroatagNo¥at maacev hoodwui
aori zi kovich sc®nd®Bgohchkpeo@®omohob podm2nk &
povyovat <centr8ln2 registraci a klasifikaci
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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
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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



PS2| ohy

91

Energies 2019,12, 1193 50f 14

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 7y =72 =Ry +iX; = (3.5134+j11.096)0
impedance Per kilometer : Zyp = Zy; = Rqp +jXyp, = (0.126 +7 0.398)Q)/ km
Zo = Ry +ijXo = (7.165 +j 32.369)()

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

Positive- and negative-sequence Y1 =Y2=Gi—jB, = (27881077 —(8.263.107°)S
admittance Per kilometer: Yi; = Yy = Gy —jBi = (1078 —j2.964.107%)S/km

Yo = Go —jBo = (2.788.10~7 — 4.851.1075) )
Per kilometer : Yo = Gop. —jBop. = (107% —j 1.740.10-%)S/km

Zero-sequence impedance

Zero-sequence admittance

Residual compensation factor kg = Z&%& =kgg +] kxg = 0.346 +70.639

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
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