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U radu su prezentirane izvorne teorijske podloge matematickog modela za odredivanje
matrice koeficijenata redukcije sustava kabelskih vodova. Rijec je 0 novom i posve
opcenitom matematickom modelu koji moZze uvaziti proizvoljan broj i raspored sustava
jednozilnih kabela sloZenih u trokutnom snopu. Doticna matrica koeficijenata redukcije
uracunava, naime, stvarni (potpuni) elektromagnetski utjecaj koji vlada medu pripadnim
kabelskim vodovima, u uvjetima nastupa jednopolnoga kratkog spoja. Za matricu
koeficijenata redukcije znacajno je da njeni elementi ovise iskljucivo o elektromagnetskim

i geometrijskim znacajkama samih kabelskih vodova, o njihovom smjestaju te o
geofizikalnim svojstvima njihove trase, kao i o frekvenciji struja koje teku kabelskim
vodovima. Primjena ovdje razvijenog modela omogucava daleko tocniji prorac¢un raspodjele
struja u sustavu kabelskih vodova nego li je to moguce primjenom pojedinacnih faktora
redukcije nazocnih kabelskih vodova. Istodobno, razvijeni model je jednostavan za primjenu
i posve opcenit. Primjena prezentirane teorije i razvijenog matematickog modela prikazana
je i na primjeru opceg sustava kabelskih vodova nazivnog napona 110 kV.

The work presents original theoretical bases of the mathematical model for the
determination of the power cables system reduction coefficient matrix. The matter

at hand is a new and completely general mathematical model which can take into
consideration an arbitrary number and arrangement of a single-core cable system
arranged in a treefoil formation. As a matter of fact, the concerned reduction coefficient
matrix takes into consideration the real (full) electromagnetic impact which dominates
the pertaining power cables, in the conditions of occurrence of one-pole short circuit.
The reduction coefficient matrix is characterized by having elements dependant
exclusively on electromagnetic and geometrical properties of the very power cables,
their positioning and on the geophysical properties of their route, as well as on the
frequency of the currents flowing through the power cables. The application of the model
deliberated here enables a far more accurate estimation of the current distribution

in the power cables system than would be possible by applying separate reduction
factors of the present power cables. At the same time, the deliberated model is simple
for application and entirely general. The application of the presented theory and the
developed mathematical model is also shown on the example of the general system of
power cables with nominal voltage 110 kV.

Kljucne rijeci: elektromagnetska sprega; jednopolni kratki spoj; koeficijent
redukcije; matrica; sustav kabelskih vodova

Key words: electromagnetic coupling; matrix; one-pole short circuit; power
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Razvitak vec¢ih urbanih podrucja i porast po-
troSnje elektricne energije u njima zahtijevaju
primjenu kabelskih vodova sve viSih nazivnih
napona. Radi se redovito o sustavima kabelskih
vodova koji dijelom ili u cijelosti imaju zajednic-
ke kabelske trase. Ovi kabelski vodovi izvode se
danas gotovo iskljucivo od jednoZilnih kabela, s
krutom izolacijom (umrezeni polietilen - XLPE).
Ovi kabeli sastoje se od faznog vodica, koji se
izraduje od bakra ili aluminija, metalnog ekra-
na te poluvodljivih slojeva ispod i iznad izolaci-
je. Osim toga, iznad ekrana oni u pravilu imaju
bubrivu vrpcu i aluminijski laminat, za uzduzno
i poprecno zapiranje prodora vlage. Naime, izo-
lacija od umrezenog polietilena je veoma osjet-
ljiva na utjecaj vlage (nastup tzv. vodenih gran-
Cica). Konacno slijedi vanjski plast jednoZilnog
kabela, koji se Cesto izvodi od HDPE (polietilen
velike gustoce), [1].

Kabelski vod se sastoji od tri spomenuta jed-
nozilna kebala, koji se naj¢eSce polazu u tro-
kutnom snopu i pritom se medusobno doticu.
Njihov poprecni presjek graficki je ilustriran na
slici 1.

Ekran / Screen

INTRODUCTION

The developmentoflargerurbanareas andincreased
consumption of electricity in those areas require the
application of power cables of increasingly higher
nominal voltages. Those are regularly power cables
systems which have common cable routes partly or
in full. Today, these power cables are constructed
almost exclusively of single-core cables with solid
insulation (cross-linked polyethylene - XLPE). These
cables consist of a phase conductor which is made
of copper or aluminium, a metal screen and semi-
conductor layers over and under the insulation. Be-
sides, above the screen, these usually have a swell-
ing strip and aluminium lamination for longitudinal
and transverse prevention of humidity penetration.
Namely, the cross-linked polyethylene insulation is
highly sensitive to the impact of humidity (the ap-
pearance of the so-called water twigs). Finally, there
is the outer sheet of the single-core cable which is
often made of HDPE (high-density polyethylene), [1].

The power cable consists of the three above men-
tioned single-core cables which are most usually
laid in a trefoil formation and mutually touching
thereat. Their transverse cross-section is graphi-
cally illustrated in Figure 1.
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Faznivodi¢ / Fhase conductor

dy

Slika 1 — Poprecni presjek kabelskog voda sastavljenog od jednozilnih kabela u trokutnom snopu

Figure 1 —

Oznake primijenjene na slici 1 imaju sljedeca
znacenja:

L1,L2iL3 - faze doti¢nog kabelskog voda,
r,oo- srednji polumjer metalnog ekrana,

d_ - vanjski promjer jednoZilnog kabela.

S obzirom da je ovdje rije¢ o kabelskim vodo-
vima visih nazivnih napona (npr. 110 kV), oni
pripadaju mreZi koja radi s izravno uzemljenim
zvjezdistima energetskih transformatora. Zbog
toga spoj faznog vodica sa zemljom u takvoj
mreZi predstavlja jednopolni kratki spoj. Mreza
je ovdje galvanska veza spomenutih kabelskih
vodova i pripadnih postrojenja istog nazivnog
napona i frekvencije.

ransverse intersection of the power cable consisting of one-core cables in a tﬂi!ﬁqb‘[l" truss

The symbols used in Figure 1 have the following
meanings:

L1,L2iL3 - phases of the concerned power cable,
r, = mean radius of the metal screen,

d,_ - outer diameter of the single-core cable.
Considering the fact that the matter at hand are
power cables of higher nominal voltage (e.g. 110kV),
they belong to the network which operates with sol-
idly earthed power transformer neutrals. Therefore,
the circuit of the phase conductor and the ground in
such a network represent a one-pole short circuit.
The network is here a galvanic connection of the
above power cables and the pertaining switchyards
of the same nominal voltage and frequency.
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Navedeni jednopolni kratki spoj (JKS) je pracen
velikim strujama kvara. Rijec je o izrazito nesime-
tricnom kvaru, kod kojeg se razvijaju sustavi struja
i napona direktnog, inverznog i nultog redoslijeda.
Kod promatranog kabelskog voda, odgovarajuca
nulta struja jednaka je sljedecem izrazu, [2]:

1
1y ZE'QL1+!L2+!L3),

gdje su L1, Li2i Lis struje doti¢nog kvara u
faznim vodi¢ima L1, L2 i L3 kabelskog voda.
One se dobivaju proracunom JKS-a u pripadnoj
mrezi. Za struje nultog redoslijeda je znacajno
da se zatvaraju pripadnim sustavom uzemlje-
nja, kao i samom zemljom.

U konkretnom slucaju, pripadni sustav uze-
mljenja sastoji se od uzemljivaca pojedinih po-
strojenja koji ¢Cine promatranu mrezu i metalnih
ekrana nazocnih kabelskih vodova uzemljenih
na oba kraja. Metalni ekrani, dakle, povezu-
ju uzemljivace susjednih postrojenja. Ne do-
lazi pritom do odvodenja dijela struje JKS-a s
metalnog ekrana u zemlju, jer je vanjski plast
(omotac) ovih kabela izraden od HDPE. On ove
kabele svrstava u skupinu tzv. u odnosu na ze-
mlju izoliranih kabela.

Pri nastupu jednopolnoga kratkog spoja poprat-
na raspodjela struja kvara u pripadnom sustavu
uzemljenja, kao i u samoj zemlji, uspostavlja se
u skladu s nazo¢nom elektromagnetskom spre-
gom i potencijalima uzemljivaca. U tom smislu,
u situaciji pojedinacnih kabelskih vodova koji
imaju vlastite kabelske trase, odgovarajuéa
raspodjela struje kvara u zemlji duz njihove tra-
se, koja je posljedica elektromagnetske sprege,

odreduje se sljede¢im izrazom, [3]:

pri ¢emu je I koeficijent redukcije doti¢nog
kabelskog voda. On se ovdje odreduje pomocu
sljededeq izraza, [3], [4] 1 [5]:

1~
Il

The said one-pole short circuit (OSC) is accompanied
by large fault currents. The matter at hand is a great-
ly asymmetric fault at which current and voltage sys-
tems of direct, inverse and zero sequence develop. In
the analysed power cable, the pertaining zero cur-
rent is equal to the following expression, [2]:

M

where L1, L12and Lisare currents of the concerned
fault in phase conductors L1, L2 and L3 of the power
cable. These are obtained by calculation of the 0SC
in the relevant network. Zero-sequence currents are
characterized by the fact that they are closed by the
pertaining earthing system as well as the ground it-
self.

In this particular case, the pertaining earthing sys-
tem consists of the earthing grid of certain switch-
yards which make up the observed network and
metal screens of the present power cables earthed
at both ends. The metal screens therefore connect
the earthing grids of neighbouring switchyards.
Thereat, the abduction of part of the OSC current
from the metal screen into the ground does not
take place because the outer cable sheath (jacket)
is made of HDPE. These cables are, hence, regarded
as isolated in regards to the surrounding soil.

When the one-pole short circuit occurs, the ac-
companying distribution of fault currents in the
pertaining earthing system, as well as in the ground
itself, is established in accordance with the present
electromagnetic coupling and the potentials of the
grounding units. In that sense, in the situation of
separate power cables which have own cable routes,
adequate distribution of fault currents in the ground
along their route which is the consequence of the
electromagnetic coupling is determined according
to the following expression, [3]:

)

whereat I is the reduction coefficient of the con-
cerned power cable. It is determined here by virtue
of the following expression, [3], [4] and [5]:

R
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u kojem novouvedene veliine znace:

R, - jedinicni djelatni otpor metalnog ekrana,
Q/km,
w - kruzna frekvencija struje JKS-a, dana

izrazom o = 2mf, gdje je f= 50 Hz,

4, - permeabilnost slobodnog prostora, koja
iznosi 4110 Vs/A-km,

p - prosjecna elektricna otpornost (specifi¢ni
elektricni otpor) tla duZ trase promatra-
nog kabelskog voda, Qm.

Jedini¢ni djelatni otpor ekrana, uvazavajudi i nje-

govu temperaturnu ovisnost, moze se odrediti
sljededim izrazom:

pri ¢emu su:

p., — elektricna otpornost (specificni elektricni
otpor) bakra pri temperaturi 20 °C,

S - ukupna povrsina presjeka ekrana jedno-
P :
Zilnog kabela, mm?,
k, - koeficijent kojim se uzima u racun pove-
¢anje duljine Zica ekrana radi uvijanja,
k - koeficijet kojim se uzima u obzir utjecaj

temperature na elektricni otpor ekrana,
ovaj koeficijent odreduje se prema IEC
preporukama, [6].

U urbanim (gradskim) podrucjima radi se redo-
vito o sustavima kabelskih vodova, koji dijelom ili
u cijelosti imaju zajednicke kabelske trase. Tije-
kom spomenutog JKS-a dolazi stoga do medu-
sobne elektromagnetske sprege medu navede-
nim kabelskim vodovima, Sto utjece na popratnu
raspodjelu struja kvara u njihovom sustavu uze-
mljenja, kao i u samoj zemlji. Zbog toga u ovom
slucaju, dakako, nije moguce popratno strujno
stanje u zemlji valjano opisati pojedinacnim (vla-
stitim) koeficijentima redukcije svakog od pripad-
nih kabelskih vodova, ve¢ samo odgovaraju¢om
matricom koeficijenata redukcije promatranog
sustava kabelskih vodova. Koristenje pojedinac-
nih (vlastitih) koeficijenata redukcije svakog od
pripadnih kabelskih vodova, uz zanemarivanje
medusobne elektromagnetske sprege medu nji-
ma, u ovakvim slucajevima bi dovelo do velikih

pogreSaka u izracunu raspodjele struja u zemlji.

Odredivanje spomenute matrice koeficijenata
redukcije stoga je upravo predmet ovoga rada. U
njemu Ce se prezentirati, izmedu ostalog, i teo-
rijske podloge matematickog modela proracuna

in which the newly-introduced elements mean:

R, - per-unit resistance of the metal screen,
Q/km,

o - circular frequency of the OSC current pre-
sented by the expression w = 2xf, where
f=50Hz, (3)

u, — permeability of the vacuum which amounts
to 4m-10#Vs/A-km,

p - mean specific soil electrical resistance along
the route of the observed power cable, Qm.

The per-unit resistance of the screen, taking into
consideration also its temperature dependence,
can be determined by virtue of the following expres-
sion:

whereat it is as follows:

p., — specific electrical resistance of copper at the
temperature of 20 °C,

S, - total surface area of the single-core cable
screen cross-section, mm?,
k, - the coefficient by which increased length of

the screen wires is taken into consideration
because of the wrapping,

k, - the coefficient by which the impact of tem-
perature on the screen electrical resistance
is taken into consideration; this coefficient is
determined following IEC recommendations,
[6].

Urban (city) areas regularly have power cables sys-
tems with common cable routes partly or in full.
During the said OSC, reciprocal electromagnetic
coupling between the power cables occurs and this
affects the pertaining distribution of fault currents
in their earthing system and in the ground itself as
well. Therefore, in this case, it is of course impos-
sible to describe accurately the pertaining current
situation in the ground by individual (self) reduction
coefficients of each of the pertaining power cables
but only by the adequate reduction coefficient ma-
trix of the observed power cables system. Using
individual (self) reduction coefficients of each of
the pertaining power cables, along with ignoring
the reciprocal electromagnetic coupling between
them, in these cases, would bring about significant
errors in the calculation of currents distribution in
the ground.

Therefore, it is exactly the determination of the
said reduction coefficient matrix that is the subject
of this work. It will present, inter alia, theoretical
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matrice koeficijenata redukcije na primjeru op-
¢eg sustava kabelskih vodova. Valja naglasiti da
je primjena matrice koeficijenata redukcije novi-
na u odnosu na dosadasnje metode odredivanja
raspodjele struja jednopolnoga kratkog spoja u
pasivnim dijelovima kabelskih sustava te poprat-
nih struja u zemlji.

TEORIJSKE PODLOGE

Na slici 2 prikazan je primjer opéeg sustava ka-
belskih vodova i njima incidentna postrojenja A,
B, C i D s pripadnim energetskim transforma-
torima i nadomjesnim mrezama. Doti¢ni sustav
sastoji se, dakle, od n =5 kabelskih vodova. Nji-
hova numeracija prikazana je takoder na slici 2.
Ona je odabrana sasvim proizvoljno. Navedeni
kabelski vodovi sacinjeni su od jednozilnih kabe-
la i poloZeni su u trokutnom snopu. Njihovi me-
talni ekrani uzemljeni su na oba kraja.

Osim toga, na slici 2 oznaceni su i smjerovi tro-
strukih nultih struja (BLy);, i=1,2,..,n, koje teku
faznim vodic¢ima navedenih kabelskih vodova.
Ovi smijerovi doti¢nih struja odgovaraju nastupu
JKS-a u postrojenju B. Valja navesti da se vrijed-
nosti doti¢nih struja dobiju posebnim proracu-
nom u pripadnoj mrezi, kojoj je sustav prikazan
na slici 2 tek jedan mali dio. Ove struje se stoga
ovdje mogu smatrati poznatima.

bases of the mathematical model for the calcula-
tion of the reduction coefficient matrix on the exam-
ple of the general power cables system. It should
be pointed out that the application of the reduction
coefficient matrix is new in relation to former meth-
ods for determination of the distribution of one-pole
short circuit currents in the passive parts of the ca-
ble systems and the accompanying currents in the
ground.

THEORETICAL BASES

Figure 2 shows the example of the general power
cables system and their incidental switchyards A,
B, C and D with pertaining power transformers
and substitute networks. The concerned system
consists therefore of n =5 power cables. Their nu-
meration is also shown in Figure 2. It has been cho-
sen completely arbitrarily. The said power cables
are made of single-core cables and laid in treefoil
formation. Their metal screens are earthed at both
ends.

Besides that, Figure 2 indicates also the directions
of the triple zero currents 3Lo);, i=1,2,...,n, which
flow through phase conductors of the said power
cables. These directions of the concerned currents
coincide with the occurrence of the OSC in the B
switchyard. It should be stated that the values of the
concerned currents are obtained by special calcula-
tion in the pertaining network, of which the system
shown in Figure 2 is only a small part. These cur-
rents can therefore be considered known here.

P,

SRR
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1
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Slika 2 — Jednopolna shema opceg sustava kabelskih vodova i njima incidentnih postrojenja A, B, C i D s pripadnim energetskim
transformatorima i nadomjesnim mrezama

Figure 2

One-pole scheme of the general power cables
power transform

Bududi da se navedeni kabelski vodovi sastoje
od po tri jednozilna kabela sloZena u trokutnom
snopu i da su njihovi metalni ekrani uzemljeni na

st

em and their incidental switchyards A, B, C and D with pertaining

and substitute networks

As the said power cables consist of three single-
core cables arranged in treefoil formation and as
their metal screens are earthed at both ends, each
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oba kraja, moguce je svaki kabelski vod zamijeniti

s ekvivalentnim kabelom, kojem je metalni ekran

odreden sljedec¢im parametrima:

L~ Jedinicni djelatni otpor metalnog ekrana
ekvivalentnog kabela, Q/km, u skladu s (3)
njegova je vrijednost:

R

T ~ polumjer metalnog ekrana ekvivalentnog
kabela, m, takoder prema (3), on iznosi:

[ 2
Teq =31, -di .

Temeljem relacija (5) i (6) uoCava se da je ekvi-
valentiranje pojedinog kabelskog voda izvrse-
no u skladu s metodom srednjih geometrijskih
udaljenosti. Ovaj korak smanjuje potreban broj
jednadzbi sustava te pojednostavnjuje sam ma-
tematicki model, uz istodobno osiguranje visoke
toCnosti rezultata proracuna. Naime, ekvivalen-
tiranje kabelskog sustava prema (5) i (6) ne utje-
Ce na preciznost dobivenih rezultata proracuna.
Ovo se moze lako provjeriti.

U uvjetima nastupa JKS-a i danih struja (3Lo);,
i=1 2, .., n javit Ce se zbog elektromagnetske
sprege i odgovarajuce struje u metalnim ekrani-
ma spomenutih kabelskih vodova, kao i struje u
zemlji. Strujno stanje u metalnim ekranima spo-
menutih kabelskih vodova mozZe se pritom odre-
diti metodom konturnih struja (metoda petlji).
Moze se postaviti sljedeca matric¢na jednadzba:

z,1,-

[ty

u kojoj su:

Z, - matrica vlastitih i medusobnih impedan-

cija petlji, koju ¢ine metalni ekrani spo-
menutih kabelskih vodova s utjecajem po-
vratnog puta kroz tlo; rijec je o kvadratnoj
matrici reda (n, n),

Zp - vektor konturnih struja, koje teku metal-
nim ekranima spomenutih kabelskih vo-
dova; opceniti oblik ovog vektora moze se
zapisati na sljedeci nacin:

power cable can be replaced with the equivalent
cable the metal screen of which is determined by
the following parameters:

R, - per-unit resistance of the equivalent cable
metal screen, Q/km, in accordance with (3),
its value is:

T ~ radius of the equivalent cable metal screen,
m; also according to (3), it amounts to:

Based on the relations (5) and (6), it is evident that the
replacement of the particular power cable was done
in accordance with the mean geometrical distances
method. This step reduces the necessary number
of system equations and simplifies the mathemati-
cal model itself while ensuring high accuracy of the
calculation results at the same time. Namely, the
replacement of the cable system according to (5)
and (6) does not affect the accuracy of the obtained
calculation results. This can be verified easily.

In the conditions of occurrence of OSC and the given
currents@lo)i, i=1, 2, ..., n, because of the electro-
magnetic coupling, also adequate currents in the
metal screens of the said power cables will appear
aswellas currents in the grounds. The current con-
dition in the metal screens of the said power cables
can then be determined by virtue of the contour
currents method (the loop method). The following
matrix equation can appear:

in which it is as follows:

Z, - the matrix of self and mutual loops impedan-
ces consisting of metal screens of the said
power cables with the impact of the return
path through the ground; the matter at hand
is a (n, n) square matrix.

I, - the vector of contour currents which flow
through the metal screens of the said power
cables; the general form of this vector can be
written as follows:
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E_ - vektor uzduznih elektromotornih sila in-

p
duciranih u metalnim ekranima spome-

nutih kabelskih vodova uslijed struja (1),
i=1 2, .., n koje teku faznim vodicima ka-
belskih vodova.
Matrica vlastitih i medusobnih impedancija petlji
Z, je simetri¢na u odnosu na svoju glavnu dijago-
nalu. Njeni dijagonalni i izvan dijagonalni ¢lanovi
racunaju se respektivno pomocu sljedecih izraza:

z,="2

Zp1 -l

i

ik o, _ik
Zp = Zp1 ligs

pri ¢emu su prema [3] i [7]:

8 2n

”Z;ﬂ =ch1+w'ﬂo +jw'#o -ln[

=17 g 2

dig

gdje je:

[, - duljinai-tog,i=1,2, .., n, kabelskog voda,
km,

[, - duljina paralelnog vodenja izmedu i-tog i k-

tog, k=1, 2, ..., n, kabelskog voda, km, ona,
dakako, moze biti jednaka nuli; primjerice,
sa slike 2 se uoCava da je I,,= 0, pri Cemu
je i odgovarajué¢a medusobna impedancija
takoder jednaka nuli,
d, - srednja geometrijska udaljenost izmedu i-
tog I k-tog kabelskog voda,m.

Znacenje ostalih veli¢ina u izrazima (11) i (12) vec
prije je objasnjeno u Uvodu, te u izrazima (5) i (6).
Valja navesti da su vlastite impedancije uvijek po-
zitivne, dok medusobne impedancije mogu biti
pozitivne ili negativne. To ovisi 0 usvojenim smje-
rovima odgovarajucih konturnih struja. Ako su
smjerovi odgovarajucih konturnih struja isti, tada

~ |

ik 7 @ Ho +jw'ﬂo.ln[658.

EP - the vector of longitudinal electromotive for-
ces induced in metal screens of the said
power cables due to the currents (31,),
i=1 2, .., n,which flow through the phase
conductors of the power cables.

The matrix of self and mutual loop impedances Z,
is symmetrical in relation to its main diagonal. Its
diagonal and extra-diagonal members are calcu-
lated respectively by virtue of the following expres-
sions:

whereat according to [3] and [7] it follows:

658 |p
\/;] )

} (12)

where it is as follows:

I - helengthof the i i=1,2, .., n, power ca-
ble, km,
I, - the length of parallel guidance between the

i" and the k", k=1, 2, ..., n, power cable,
km; it can of course be equal to zero; for
example, Figure 2 reveals that ;= 0 whe-
reat the pertaining reciprocal impedance is
also equal to zero,

d, - mean geometrical distance between the i"
and the &'" power cable, m.

The meaning of the other elements in the expres-
sion (11)and (12) has already been explained in the
Introduction and in the expressions (5) and (6). It
should be stated that self impedances are always
positive while mutual impedances can be either
positive or negative. This depends on the adopted
directions of the pertaining contour currents. If
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je pripadna medusobna impedancija pozitivna.
U protivnom, ukoliko su smjerovi odgovarajucih
konturnih struja suprotni, tada je pripadna me-
dusobna impedancija negativna.

Vektor uzduznih elektromotornih sila iz relacije
(7), induciranih u metalnim ekranima kabelskih
vodova, moZe se odrediti sljede¢om matricnom
jednadzbom:

E =Z

p~ Zm

'3zo 5

pri éemu su:

Z . - matrica medusobnih impedancija pet-
i, koje Cine metalni ekrani i fazni vodici
spomenutih kabelskih vodova s utjecajem
povratnog puta kroz tlo; radi se takoder o
kvadratnoj matrici reda (s, n),

31, - vektor trostrukih nultih struja, koje teku
faznim vodic¢ima spomenutih kabelskih
vodova; elementi ovog vektora su, dakle,
struje prikazane na slici 2, a njegov oblik
je opéenito sljededi:

@10
61

6L,),

Matrica medusobnih impedancija petlji Z, je
takoder simetricna u odnosu na svoju glavnu
dijagonalu. Njeni dijagonalni i izvandijagonalni
elementi racunaju se respektivno pomocu slje-
decih izraza:

ii i
Zm - Zml 'li H

ik _ik
Zm - Zml 'lik

gdje su:

ii _W ko
=mi™ 8 2n

7

eq

Lt 1[658

the directions of the pertaining contour currents are
the same, then the pertaining mutual impedance is
positive. In the opposite case, if the directions of the
pertaining contour currents are opposite, then the
pertaining mutual impedance is negative.

The vector of longitudinal electromotive forces, in-
duced in the power cables metal screens, from the
relation (7), can be determined by virtue of the fol-
lowing matrix equation:

whereat it is as follows:

Z,, - the matrix of mutual loops impedances con-
sisting of metal screens and phase conduc-
tors of the said power cables with the impact
of the return path through the ground; the
matter at hand is also a (n, n) square matrix,

31, - the vector of triple zero currents which flow
through the phase conductors of the said
power cables; thus, the elements of this vec-
tor are the currents shown in Figure 2 and its
form is generally the following:

(14)

The matrix of mutual loop impedances Z,, is also
symmetrical in relation to its main diagonal. Its di-
agonal and extra-diagonal elements are calculated
respectively by virtue of the following expressions:

(15)
(16)
whereat it is as follows:

#

(17)
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Na kraju valja spomenuti da je smjer konturnih
struja koje teku metalnim ekranima kabelskih
vodova, dan prema relaciji (8), usvojen takav da
one teku u suprotnom smijeru od odgovarajucih
struja 37, Dakle, smjer struje 1[pje suprotan od

smjera struje @1, ), itd.

Uvrstenjem matricne jednadzbe (13) u matri¢nu
jednadzbu (7) dobiva se:

z,1,-2,3I,

|z doti¢ne matri¢ne jednadzbe slijedi:

1

,1 -
=2z, 30,

Nadalje, odgovarajuce struje u zemlji mogu se
odrediti sljedecom matriénom jednadzbom:

gdje je L, vektor odgovarajucih struja u zemlji,
koji ima sljedeci opci oblik:

Daljnjim uvrstenjem matri¢ne jednadzbe (20) u
(21) dobiva se:

I,-@-z2,z,)3I,

pri cemu je E - jedinicna matrica reda (n, n). Ova

matrica u svojoj glavnoj dijagonali ima jedinice.

(18)

Finally, it should be stated that the direction of con-
tour currents which flow through the power cable
metal screens, given according to the relation (8), is
taken to be such as to allow them flowing contrary
to the pertaining currents 31,. Therefore, the direc-
tion of the current 1[p is opposite to the direction of
the current @1, ), etc.

By introducing the matrix equation (13) into the ma-
trix equation (7), the result is:

From the concerned matrix equation it ensues:

(20)

Furthermore, the pertaining currents in the ground
can be determined by the following matrix equation:

(21)
where L, is the vector of pertaining currents in the

earth and it has the following form:

(22)

Further introduction of the matrix equation (20) into
(21) results in:

(23)

whereat E is the (r, n) unit matrix. This matrix has
units in its main diagonal. All of its extra-diagonal

Sarajcev, P., Odredivanje matrice koeficijenata redukcije sustava kabelskih vodova, Energija, god. 58(2009), br. 3., str. 308-323



Svi njeni izvandijagonalni elementi jednaki su nuli.

Uvede li se sljedeca supstitucija:

-1
rzE_Zp 'Zm >

moze se matri¢na jednadZba (23) napisati u slje-
decem obliku:

|~

=£‘3Zo .

Pritom je r - matrica koeficijenata redukcije pro-
matranog sustava kabelskih vodova. Rije¢ je po-
novno o kvadratnoj matrici reda (n, n). Za doticnu
matricu je znacajno da njeni elementi ovise o
elektromagnetskim i geometrijskim znacajkama
metalnih ekrana kabelskih vodova, zatim o njiho-
vom smjestaju (konfiguraciji), kao i o geofizikal-
nim svojstvima (elektri¢noj otpornosti tla) njihove
trase. Oni takoder ovise i o frekvenciji struja koje
teku spomenutim kabelskim vodovima. U uvjeti-
ma nastupa JKS-a rijeC je, dakako, o frekvenciji
£=50 Hz.

Na temelju prezentirane teorije izraden je odgo-
varajuci racunalni program. Isti je napisan u pro-
gramskom jeziku Fortran 95, [8]. Pomocu razvije-
nog racunalnog programa moze se, dakle, odre-
diti odgovarajué¢a matrica koeficijenata redukcije
po volji sloZenog sustava kabelskih vodova, kao
i popratna raspodjela struja u zemlji za zadana
strujna opterecenja faznih vodica navedenih ka-
belskih vodova.

Na kraju, zanimljivo je navesti da je matri¢na jed-
nadzba dana izrazom (25) oblikom sli¢na izrazu
(2), koji se odnosi na sluc¢aj samo jednog kabel-
skog voda. Analogno tomu, matri¢na jednadzba
dana izrazom (24) u slucaju samo jednog kabel-
skog voda poprima sljededi oblik:

N

I~
I
-
I

\NH

L1 B

U skladu s izrazima (%), (11), (15) i (17) ovdje je:

8 2n ,

-l +ja)~,u0 -ln[658-

eq

elements equal zero.

If the following substitution is introduced:

(24)

the matrix equation (23) can be written in the fol-
lowing form:

(29)

Thereat, ris the reduction coefficient matrix of the
observed power cables system. The matterat hand
is again a (n, n) square matrix. The concerned ma-
trix is characterized by its elements being depend-
antonelectromagneticand geometrical properties
of power cable metal screens, on their position-
ing (configuration), as well as on the geophysical
properties (specific ground electrical resistance)
of their route. These also depend on the frequency
of currents which flow through the said power
cables. In the conditions of occurrence of OSC,
the concerned frequency is of course f= 50 Hz.

Based on the presented theory, adequate compu-
ter software has been developed. Itis written in the
Fortran 95 programming language, [8]. By virtue
of the developed computer programme, the ad-
equate reduction coefficient matrix can of course
be determined as required by the complex power
cables system, as well as the pertaining distribu-
tion of currents in the ground for the given current
loads of the said power cables’ phase conductors.

Finally, it is interesting to state that the matrix
equation given by the expression (25) has a form
similar to expression (2) which relates to the case
of only one power cable. Analogously, the matrix
equation given by the expression (24) in case of only
one power cable assumes the following form:

(26)

In accordance with the expressions (%), (11), (15)
and (17), here it is as follows:

f

Zm _
Z,

8 2n

Req1+w'”0 +j %t -ln[

658_\/?} ' )
f
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Uvrstenjem izraza (27) u (26) slijedi:

The introduction of the expression (27) into (26) re-
sults in:

Req]
r=
Regy + 20 4 2 K0 1y 658 |»
8 2 Teq f

Dakle, uz (5) i (6) izraz (28) je istovjetan izrazu
(3), koji je prije naveden kao koeficijent redukcije
samo jednog kabelskog voda.

PRIMJER PRORACUNA

Kao primjer proracuna odabran je sustav ka-
belskih vodova prikazan na slici 2. Neka se
radi o kabelskim vodovima nazivnog napona
110 kV, koji se sastoje od jednozilnih kabela
s faznim vodi¢em od aluminija presjeka 1 000
mm?®. Njihova izolacija je od umreZenog poli-
etilena, a metalni ekran od helikoidno mota-
nih okruglih bakrenih Zica ukupnog presjeka
95 mm?. Jediniéni djelatni otpor i srednji po-
lumjer metalnog ekrana respektivno iznose
R, = 0,226 Q/km i r, = 37 mm, [9]. Vanjski plast
jednoZilnog kabela je od HDPE, a njegov vanjski
promjer iznosi d,= 84 mm.

Temeljem navedenih podataka, te izraza (5) i (6),
slijedi da je fiktivni ekvivalentni kabel, svakog
od kabelskih sustava, dan sljedec¢im veli¢inama
R,,=0,075 Q/kmir =0,0964 m.

Konfiguracija i numeracija navedenih kabelskih
vodova prikazanisutakodernaslici2. Neka se radi
o sljedecim njihovim duljinama: /= I, = 3,5 km,
[,=6km, [, =45kmil =5km.

Prema slici 2, kabelski vodovi 1, 2i 5 na potezu
A - 0 imaju zajednic¢ku kabelsku trasu duljine
2 km. To isto imaju i kabelski vodovi 1, 2, 31 4 na
potezu B - O u duljini 1,5 km, te kabelski vodo-
vi 415 na potezu D - O u duljini 3 km. Nadalje,
medusobni razmak izmedu susjednih kabelskih
vodova smjestenih u zajednicke kabelske trase
iznosi 0,6 m.

Konacno, prosjecna elektri¢na otpornost (pro-
sjecni specificni elektri¢ni otpor) tla duz trasa
navedenih kabelskih vodova neka je svugdje isti i
iznosi p =200 Qm.

Koristenjem spomenutog racunalnog programa
dobivena je matrica koeficijenata redukcije pro-
matranog sustava kabelskih vodova. Uz navedene
podatke, ova matrica je izraCunata za f= 50 Hz i y,
=4m-10*Vs/A'km. Ona je prikazana izrazom (29):

Therefore, with (5) and (6), the expression (28) is
equal to the expression (3) which has been stated
above as the reduction coefficient of only one power
cable.

CALCULATION EXAMPLE

As an example of calculation, the power cables
system shown in Figure 2 was chosen. Let us say
that these are power cables of nominal voltage of
110 kV and consisting of single-core cables with
an aluminium phase conductor with the cross-
section area of 1 000 mm?. Their insulation is made
of cross-linked polyethylene and a metal screen of
helicoidally wrapped circular copper wires of total
cross-section area of 95 mm?. Per-unit resistance
and mean metal screen radius respectively amount
to R,,= 0,226 Q/km and r,= 37 mm, [9]. The outer
single-core able sheath is made of HDPE and its
outer diameter amounts to d,= 84 mm.

Based on the stated data and based on the expres-
sions (5) and (6), it ensues that the fictive equiva-
lent cable, of each of the cable systems, is given by
the following dimensions R = 0,075 &/km and r, =
0,0964 m.

1

The configuration and the numeration of the said
power cables are also shown in Figure 2. Let us
say that their lengths are as follows: /=, = 3,5 km,
[,=6km, [, =4,5kmand/ =5km.

According to Figure 2, the power cables 1, 2 and 5
on the A - O stretch have a common 2 km long cable
route. The same pertains to the power cables 1, 2,
3, and 4 on the B - O stretch in the length of 1,5 km
and power cables 4 and 5 on the D - O stretch in
the length of 3 km. Furthermore, the interspacing
between the neighbouring power cables positioned
in common cable routes amounts to 0,6 m.

Finally, let us say that the mean specific ground
electrical resistance along the routes of the said
power cables is the same everywhere and amounts
to p=200 Qm.

Use of the said computer programme enabled the
reduction coefficient matrix of the observed power
cables system. With the mentioned data, this ma-
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0,123 0,261
~0,094 10,148 0,149 -j0,277

Primjera radi, koristenjem izraza (3), odnosno
(27), odgovarajudi koeficijent redukcije jednog od
navedenih kabelskih vodova iznosi:

r=0,118/-787" .

U tablici 1 (stupci 3 i 4) prikazane su raspodjele
trostrukih nultih struja kroz fazne vodic¢e nave-
denih kabelskih vodova, pri neistodobnim na-
stupima JKS-a u postrojenjima A, B, C i D. Osim
toga, u istoj tablici (stupci 5 i 6) prikazane su i
odgovarajuce trostruke nulte struje kroz fazne
vodi¢e navedenih kabelskih vodova za usvojeno
njihovo usmjerenje prema slici 2, takoder pri
neistodobnim nastupima JKS-a u spomenutim
postrojenjima. Naime, matrica koeficijenata re-
dukcije promatranog sustava kabelskih vodova
odredena je za usvojeno usmjerenje trostrukih
nultih struja prema slici 2.

trix was calculated for f'= 50 Hz and g, = 4n-10*
Vs/A-km. It is shown by the expression (29):

-0,094 +j0,148 -0,014+;0,033 -0,015+;0,049 -0,018 +j0,054
-0,001+;0,017 -0,058 +j0,080 —-0,058 +j0,083
r=|-0,010+;0,024 -0,001+j0,012 0,030-;0,134
-0,013+;0,043 -0,050+;0,070 -0,004+;0,020 0,089-;0,211
-0,015+j0,047 -0,051+j0,073 0,003-j0,007

~0,004+0,017 0,003-j0,006 | .  (29)
0,074 0,126

0,074-j0,126 0,087 —j0,209

To exemplify, the use of the expression (3), that is,
(27), the pertaining reduction coefficient of one of
the said power cables amounts to:

(30)

Table 1 (columns 3 and 4) shows the distributions of
the triple zero currents through the phase conduc-
tors of the said power cables at non-simultaneous
occurrences of the OSC in the switchyards A, B, C
and D. Besides that, the same table (columns 5 and
6) also shows the pertaining triple zero currents
through the phase conductors of the said power
cables for their direction adopted according to Fig-
ure 2, also at non-simultaneous occurrences of the
0SC in the said switchyards. Namely, the reduction
coefficient matrix of the observed power cables sys-
tem is determined for the adopted direction of triple
zero currents according to Figure 2.

Tablica 1 - Raspodjela trostrukih nultih struja kroz fazne vodice navedenih kabelskih vodova (KB), pri neistodobnim

nastupima JKS-a u postrojenjima A, B, Ci D

Table 1 - Distribution of triple zero currents through the phase conductors of the said power cables (KB) at non-
simultaneous occurrences of the OSC in the switchyards A, B, C and D

MJQSFO JKS-a/ Kgia/kzn Raspodjela struja kvara / Fault currents distribution
S loeziiiem symbol 0d - do / From 31, kAL 0d - do / From 31,, kAL
to N to -
1 B-A 25/-85° A-B 2,5/95°
2 B-A 25/-85° A-B 25,95°
A 3 C-B 2,0£-75° C-B 2,0£-75°
4 B-D 11£-80° D-B 1,1£100°
5 D-A 19£-66° A-D 192114°
1 A-B 86£-77° A-B 86£-77°
2 A-B 86£-77° A-B 8,6£-T77°
B 3 C-B 2,7,-87° C-B 2,7,-87°
4 D-B 3,4/-109° D-B 3.4,-109°
5 A-D 142-160° A-D 14£-160°
1 A-B 4,0£-75° A-B 40£-75°
2 A-B 4,0£-75° A-B 4,0£-75°
© 3 B-C 10,1£-82° C-B 10,1£98°
4 D-B 1,0£-107° D-B 1,0£-107°
5 A-D 09£-177° A-D 0,9477°
1 A-B 3,2/-114° A-B 3,2/-114°
2 A-B 3,2/-114° A-B 3,2/-114°
D 3 C-B 192-80° C-B 192-80°
4 B-D 9,0£-104° D-B 9,0£76°
5 A-D 10,9£-56° A-D 10,9£-56°
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Daljnjom primjenom spomenutog racunalnog
programa, koristenjem raspodjela trostrukih nul-
tih struja danih u tablici 1 (stupac 6), dobivene su
odgovarajuce raspodjele struja u zemlji duz na-
vedenih kabelskih vodova, u slucajevima neisto-
dobnih nastupa JKS-a u postrojenjima A, B, C i D.
Rezultati doti¢nih proracuna predoceni su u tablici
2.

Further application of the said computer pro-
gramme and the use of the distributions of the tri-
ple zero currents given in Table 1 (column 6) result
in the pertaining distributions of the currents in
the ground along the said power cables, in cases
of non-simultaneous occurrence of the OSC in the
switchyards A, B, C and D. The results of the con-
cerned calculations are presented in Table 2.

Tablica 2 - Raspodjela popratnih struja u zemlji duz navedenih kabelskih vodova (KB), pri neistodobnim nastupima

JKS-a u postrojenjima A, B,CiD

Table 2 - Distribution of accompanying currents through the said power cables (KB) at non-simultaneous occur-

rences of the OSC in the switchyards A, B, C and D

Struje L2 A
Oznaka KB-a/  0d-do/From e
KB symbol - 1o
A

1 A-B 204 211,8°
2 A-B 1784£-21,8°
3 C-B 376.£205°
4 D-B 243./54,6°
5 A-D 249.,61,5°

Valja navesti da se struje u tablici 2 mogu dalje
iskoristiti, primjerice, za odredivanje opasnih na-
pona koji se mogu inducirati u telekomunikacij-
skim (TK) vodovima sa Zi¢anim vodi¢ima i metal-
nim masama (kovinski cjevovodi i sl.), smjeStenim
u podrucju elektromagnetskog utjecaja promatra-
nog sustava kabelskih vodova.

ZAKLJUCAK

U sustavu kabelskih vodova, u uvjetima nastupa
jednopolnoga kratkog spoja, dolazi do medusobne
elektromagnetske sprege medu pripadnim kabel-
skim vodovima. To utjece na raspodjelu popratne
struje kvara u pripadnom sustavu uzemljenja, kao

i usamoj zemlji.

Doti¢na raspodjela struja kvara ne moze se eg-
zaktno odrediti koristenjem pojedinacnih koefi-
cijenata redukcije svakog od pripadnih kabelskih
vodova, ve¢ samo uporabom odgovarajuée matri-
ce koeficijenata redukcije promatranog sustava
kabelskih vodova.

Teorijske podloge odredivanja doti¢ne matrice ko-
eficijenata redukcije izvorno su prikazane u ovom
radu. Za matricu koeficijenata redukcije je znacaj-
no da njeni elementi ovise o:

— elektromagnetskim i geometrijskim znacaj-
kama metalnih ekrana pripadnih kabelskih
vodova, zatim o

— njihovom smjestaju (konfiguraciji), te o

VAN .
pri nastupima JKS-a u / currents at occurrence of the

0SC in:

B C D
757£220° 795,215,4° 682.,125°
850,235° 630.,222,3° 1106.£140°
63.2109,5° 1549.,21,6° 352.,209°
843,93,9° 401£105,7° 2 089/-371
922./80,1° 629./66.,8° 17042-79°

It should be mentioned that the currents in Table
2 can be used further, for example, for the deter-
mination of dangerous voltages which can be in-
duced in telecommunication (TC) cables with wire
conductors and metal masses (metal pipelines,
etc.), located in the area of electromagnetic im-
pact of the observed power cables system.

CONCLUSION

In the power cables system, in the conditions of
occurrence of one-pole short circuit, there occurs
mutual electromagnetic coupling between the
pertaining power cables. That affects the distribu-
tion of the accompanying fault current in the per-
taining earthing system, as well as in the ground
itself.

The concerned distribution of the fault currents
cannot be determined exactly by using individual
reduction coefficients of each of the pertaining
power cables but only by using the adequate re-
duction coefficient matrix of the observed power
cables system.

Theoretical bases for the determination of the
concerned reduction coefficient matrix are shown
originally in this work. The reduction coefficient
matrix is characterized by having elements de-
pendant on:

— electromagnetic and geometric properties of
the metal screens of the pertaining power ca-
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— geofizikalnim svojstvima njihove trase, kao i
o

— frekvenciji struja koje teku doti¢nim kabel-
skim vodovima.

U radu je takoder prikazana i primjena iznesene
teorije na primjeru opéeg sustava kabelskih vo-
dova nazivnog napona 110 kV. IzraCunate struje
u zemlji mogu se dalje iskoristiti npr. za odredi-
vanje opasnih induciranih napona u telekomuni-
kacijskim vodovima sa Zi¢anim vodi¢ima i dru-
gim metalnim masama, smjestenim u podrucju
elektromagnetskog utjecaja sustava kabelskih
vodova.

Na kraju valja naglasiti da se do iste raspodje-
le struja u pripadnom sustavu uzemljenja, kao
i u samoj zemlji moZe dodi i drugim metodama
i postupcima. Primjerice, primjenom tehnike
konacnih elemenata na razmatrani sustav, i sl.
Prednost ovog pristupa, koristenjem matrice ko-
eficijenata redukcije sustava kabelskih vodova,
iskazuje se u njegovoj jednostavnosti, uz isto-
dobnu iznimno visoku to¢nost.

bles, and then on

— their positioning (configuration), and on

— the geophysical properties of their route, as well
as on

— the frequency of the currents flowing through
the concerned power cables.

The work also depicts the application of the pre-
sented theory on the example of the general
system of power cables with nominal voltage of
110 kV. The calculated currents in the earth can
further serve, e.g. for the determination of danger-
ous induced voltages in telecommunication cables
with wire conductors and other metal masses, lo-
cated in the area of electromagnetic impact of the
power cables system.

Finally, it needs to be pointed out that the same
distribution of currents in the pertaining earthing
system, as well as in the ground itself, can also be
obtained by other methods and procedures. For
example, by applying the finite element technique
on the observed system, etc. The advantage of this
approach of using the reduction coefficient matrix
of the power cables system is in its simplicity and
extremely high accuracy.
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