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U radu je prikazana primjena teorije prijenosnih vodova pri analizi utjecaja razlicitih
cimbenika na dinamicki odziv uzemljivaca. Radi jednostavnosti izlaganja te interpretacije
dobivenih rezultata, a bez gubitka opcenitosti, za uzemljivac je odabrana vertikalno uko-

pana cijev. Uzemljivac je spojen sa zemljovodom u Ciji je gornji kraj idealnim strujnim
izvorom utisnuta struja. Promjenom duljine zemljovoda analiziran je utjecaj geometrije
iznad tla na dinamicki odziv uzemljivaca. Idealni strujni izvor generira strujni impuls
normiranog valnog oblika tzv. dvostruko eksponencijalnog impulsa. Promjenom param-
etara valnog oblika struje analiziran je utjecaj kosine (ili strmine) cela vala na dinamicki
odziv uzemljivaca. U radu je analiziran i utjecaj parametara tla na dinamicki odziv
uzemljivaca. Tlo je modelirano kao jednoslojni homogeni izotropni poluprostor. Granica
tlo-zrak predstavljena je ravninom. Dobiveni rezultati su prikazani graficki te diskutirani.
In this article, an application of the transmission line theory is presented for analyzing
various parameters that affect the transient response of ground electrodes. In order to
simplify the presentation and the interpretation of the results obtained, a vertical buried
pipe electrode was chosen as the ground electrode. The ground electrode is connected to
a grounding conductor, the upper part of which is connected to an ideal current source.

The impact of the overhead geometry of the grounding conductor upon the transient

response of the ground electrode is analyzed by varying the length of the grounding

conductor. The ideal current source generates a normalized wave shape current impulse,
a so-called double exponential impulse. The effect of the time to peak of the impulse
(steepness of the rising edge of the peak current) on the transient response of the ground
electrode is analyzed by varying the current wave shape parameters. The impact of soil
parameters on the transient response of the ground electrode is also analyzed. The soil
is modeled as a single-layer homogeneous isotropic semispace. The soil-air boundary is
represented by a plane. The results obtained are presented graphically and discussed.

Kljucne rijeci: dinamicki odziv, jednoslojno tlo, teorija prijenosnih vodova,
vertikalni cjevasti uzemljivac
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Pri atmosferskim praZnjenjima i/ili brzim sklo-
pnim radnjama u elektroenergetskom sustavu,
uzemljivac treba ucinkovito odvesti u zemlju
udarne struje vrlo velikih jakosti i vrlo strmog
Cela strujnih valova. Stoga je poznavanje elek-
tromagnetskog dinamickog odziva uzemljiva-
¢a, odnosno njegovih dinamickih parametara
klju¢no za funkcioniranje i dimenzioniranje
zastite u elektroenergetskom postrojenju.
Kako se strujno-naponske prilike pri dina-
mickom odzivu uvelike razlikuju od onih pri
stacionarnom odzivu na mreznim frekvenci-
jama (50/60 Hz), postupci za zastitu od opasnih
dodirnih napona i napona koraka koji vrijede za
mrezne frekvencije teSko su primjenjivi u slu-
Caju kada je uzemljiva¢ pobuden impulsnom
strujom. |z tog razloga je prikladno na nekom
jednostavnom primjeru uzemljivaca, a koji se
koristi u praksi analizirati cimbenike koji utjecu
na dinamicki odziv uzemljivaca pri impulsnoj
pobudi. Pri tome valja imati na umu da osim
¢imbenika koji utjeCu na stacionarni odziv uze-
mljivaca, na dinamicki odziv uzemljivaca pri
impulsnoj pobudi djeluju dodatni ¢cimbenici koji
nemaju nikakav utjecaj na stacionarni odziv
uzemljivaca pri mreznim frekvencijama. To su:
parametri strujne pobude, smanjenje aktivne
duljine vodica, ionizacija tla u okolini uzemlji-
vaca, tlo koje prigusuje visoke frekvencije polja
te geometrija vodica iznad tla. Posebno valja
istadi utjecaj geometrije vodic¢a iznad tla, jer
se njezinim zanemarivanjem dobivaju i do dva
puta povoljniji rezultati proracuna, sto je nedo-
pustivo visoka pogreska u racunu. Upravo iz
tog razloga analiziran je utjecaj nadzemne ge-
ometrije na odziv uzemljivaca.

STRUJA GROMA | POBUDA
UZEMLJIVACA

Zbog stohasticke prirode udara groma dimen-
zioniranje uzemljivaca temelji se na vjerojatno-
snoj analizi. Vaznija obiljezja groma ocitavaju
se s grafikona ili iz tablica (tablica 1).

INTRODUCTION

During atmospheric discharges and/or fast switch-
ing in an electric power system, a ground electrode
must effectively conduct the fast rise-time and high
peak surge currents into the ground. Therefore, it is
essential to know the characteristics of the transient
electromagnetic response of the ground electrode,
i.e. its transient parameters, in order to dimension
(design) the elements of the grounding system in an
electric power facility. Since current-voltage condi-
tions differ greatly during transient response and sta-
tionary response at network frequencies (50/60 Hz),
safety measures affording protection from danger-
ous touch and step voltages that are valid for network
frequencies in the case of impulse current excitation
are difficult to apply. For this reason, it is useful to
analyze the factors that affect the transient response
of a ground electrode during impulse excitation by
taking a simple ground electrode used in practice
as an example. It should be kept in mind that be-
sides the parameters that influence the stationary
response of a ground electrode, additional factors af-
fect the transient response of the ground electrode
to impulse excitation that have no effect whatsoever
on the stationary response of the ground electrode
at network frequencies. These are the parameters
of current excitation, reduction in the active length of
the conductors, ionization of the soil in the vicinity of
the ground electrode, soil which attenuates high field
frequencies and the geometry of the overhead con-
ductor. The importance of the effect of the geometry
of the overhead conductor should be emphasized be-
cause neglecting it can lead to results that are up to
two times as favorable as the calculation results, an
unacceptably high error. It is precisely for this rea-
son that the effect of the overhead geometry on the
ground electrode response is analyzed.

LIGHTNING STROKE CURRENT
AND GROUND ELECTRODE EX-
CITATION

Due to the stochastic nature of a lightning strike, the
dimensioning [design) of a ground electrode is based
upon probability analysis. The significant character-
istics of lightning strokes are presented in Table 1.

Tablica 1 — Osnovna obiljezja gromova i njihova vjerojatnost prekoracenja [1]
Table 1 — Main characteristics of lightning strokes [1]

Vjerojatnost prekoracenja/ ~ Amplituda/  Strmina Cela vala
Probability of exceeding Peak current / Rate of rise
P [%] 1 [KA] s [kA/ps]
50 26 48
10 73 74
1 180 97

Broj izbijanja / Number
of discharges

Trajanje /
Total duration

jizdt

[kA2s] Tls] n
0,54 0,09 1,8
1.9 0,56 5
35 2,7 12
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Strmina strujnog vala (kosina prednjeg brida
vala tj. Cela vala) izravnog udara groma moze
doseci iznos od 100 kA/ps. Medutim, izravni
udar groma je rijetko popracen samo jednim
strujnim impulsom, nego se redovito javlja ne-
koliko impulsa (praznjenja) u razmaku od ne-
koliko desetaka milisekundi (slika 1 preuzeta
iz [2]). Kako su parametri prvog udara znatno
nepovoljniji od ostalih udara, za veéinu primjena
dovoljno je proracunski uvaZziti samo prvi udar,
Sto je i ucinjeno u ovom radu. Prvi udar najcescée
se aproksimira tzv. dvostruko eksponencijalnim
valnim oblikom (manja slika na slici 1), koji je
opisan vremenom cela tyay | vremenom zacelja
tup.

The rate of rise of the peak current of a direct light-
ning stroke (steepness of the rising edge of the peak
current] can reach a value of 100 kA/ps. However, a
direct lightning strike is rarely accompanied by only
one current impulse. Several impulses regularly oc-
cur (discharges or strokes) in an interval of several
milliseconds (Figure 1, taken from Ref. [2]). Since the
parameters of the first stroke are significantly less
favorable than of the other strokes, for the major-
ity of applications it is sufficient to take only the first
stroke into account in calculations, as was the case
in this article. The first stroke most often approxi-
mates the so-called double exponential wave shape
(smallillustration in Figure 1), which is described by
the time to peak tyax and the time to half-value ty.

Drugiudar/

Second siroke

-

30kA ——
E 15 kA
% 30 kAlus
@ .
Prvi udar
First stroke ;'i"__
100 A ] 7
i 50 us
(10=100 )ms

Prosjek / Mean = 30 ms

Vrieme/ Time

Slika 1 — Valni oblik negativnog strujnog vala struje groma pri udaru zemlja-oblak
Figure 1 — Wave shape of negative ground/cloud lightning current

Vrijeme Cela negativnog strujnog vala u prvom iz-
bijanju prema [1] krece se od 10 ps do

15 ps. Vrlo teski, a statisticki rijetki udari groma
imaju krace vrijeme trajanja Cela vala. U radu je
za vrijeme zacelja uzeto vrijeme od 50 ps. Za ova-
ko usvojeno vrijeme zacelja znatno razliciti odzivi
uzemljivaca javljaju se pri promjeni vremena tra-
janja Cela vala od 1 ps do 5 ps. Iz tog razloga je u

radu promatran odziv uzemljivaca na strujne im-
pulse sljedecih oblika vala:

The negative current wave time to peak in the first
discharge [1] ranges from 10 ps to

15 ps. Very powerful and statistically rare lightning
strokes have shorter time to peak values. In the
article, the time to half-value was assumed to be
50 ps. For this assumed value, significantly differ-
ent ground electrode responses occur when the
time to peak is changed from 1 ps to 5 ps. There-
fore, in this article the ground electrode response
to the current impulses of the following wave
shapes were studied:

tmax / t1/2 = 1/50 us/ps , tmax / t1/2 = 3/50 ps/us , tmax / t1/2 = 5/50 ps/us .
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FIZIKALNE POJAVE PRI
ODVODENJU STRUJE IZ
UZEMLJIVACA

Kljucna razlika izmedu vodenja struje vodica
uzemljivaca pri niskim i visokim frekvencijama
iskazana je kroz pojavu smanjenja aktivne du-
ljine uzemljivaca. Navedenu pojavu najlakse je
objasniti predstavljanjem cjevastog uzemljivaca
ekvivalentnim vodom u praznom hodu [3] slika
2.

PHYSICAL PHENOMENA DUR-
ING CURRENT DISCHARGE
THROUGH A GROUND ELEC-
TRODE

The crucial difference between the current flow
through a grounding conductor at low and high fre-
quencies is shown by decreasing the active length of
the ground electrode. The easiest way to explain this
phenomenon is by presenting a pipe electrode as an
equivalent unloaded conductor [3] Figure 2.

, 4G) R joL,

Slika 2 - Ekvivalentni prijenosni vod, lanac .x" Cetveropola
Figure 2 - Equivalent transmission line, infinite series of .n" networks

Utisnuta struja 1, na pocetku voda nailazi na
uzduZnu reaktanciju job, koja je pri niskim fre-
kvencijama zanemariva te utisnuta struja niske
frekvencije prolazi cijelom duljinom takvog uze-
mljivaca. Porastom frekvencije raste i uzduzna
reaktancija, koja joj oteZava put ka preostaloj
duljini prema kraju vodica. Iz tog razloga najve-
¢i dio struje se odvodi u tlo na pocetnom dijelu
vodica uzemljivaca gledano od tocke utiskivanja
struje. Preostali dio vodica uzemljivaca je nei-
skoristen, jer se iz njega mali dio struje odvodi u
tlo. 1z tog razloga, za kvalitetno odvodenje struja
visokih frekvencija, umjesto jednog dugog uze-
mljivaca bolje je koristiti viSe kracih uzemljivaca.
Pri odvodenju struja atmosferskih praznjenja
velikih jakosti vodici uzemljivaca poprimaju vrlo
visoki elektri¢ni potencijal Sto rezultira jakim
elektri¢nim poljem oko vodic¢a uzemljivaca. Po-
sebno jako elektricno polje oko vodica uzemlji-
vaca javlja se kada se on nalazi u lose vodljivom
tlu. Elektricno polje koje se tada javlja katkada
je vece od elektricne probojne Cvrstoce tla i u
okolisu uzemljivaéa nastupa elektri¢ni proboj
(kao korona kod vodica u zraku). lonizacija tla u
ovom radu nije analizirana, a vise o njoj moze

se nadi u [4].

Injected current 1, encounters longitudinal reac-
tance jol, at the beginning of the line, which is neg-
ligible at low frequencies. Therefore, low frequency
injected current flows through the whole length of
such a ground electrode. With an increase in fre-
quency, longitudinal reactance also increases, which
impedes the path to the remaining length towards
the end of the conductor. For this reason, most of the
current is discharged into the soil at the beginning of
the ground electrode, viewed from the current injec-
tion point. The remainder of the ground electrode is
not used because only a small amount of current is
discharged from it to the soil. Therefore, for the qual-
ity discharge of high frequency current, instead of
one long ground electrode it is better to use several
short ground electrodes. When high lightning stroke
currents discharge into the ground through the
buried part of a grounding conductor and a ground
electrode, they acquire a very high potential, which
results in a strong electric field around the ground-
ing conductors. A particularly strong electric field
around a grounding conductor occurs when it is lo-
cated in poorly conducting soil. The electric field that
occurs in such a case is sometimes greater than the
electric breakdown strength of the soil and an elec-
tric arc occurs in the vicinity of the ground electrode
(like a corona around the wire in the air). The ioniza-
tion of the soil has not been analyzed in this article
but further information is available in Ref. [4].
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MATEMATICKI POSTUPAK

Proracun odziva uzemljivata pobudenog impul-
snom strujom predstavlja vrlo sloZzenu elektro-
magnetsku zadacu, koja se tocno rjesava jedino
pomocu sustava Maxwellovih jednadzbi [5], [6]. S
inZenjerskog glediSta, modeli za analizu i pratedi
matematicki postupci za proracun tranzijentnog
odziva sustava uzemljenja trebaju biti jednostavnii
brzi za primjenu, a istodobno moraju se predvidje-
ti sve vaznije osobine dinamickog (tranzijentnog)
odziva. Trenutacno uporaba modela prijenosnih
vodova ogranicena je samo na uzemljivace jedno-
stavne geometrije [7], kao Sto su prsteni ili ravne
elektrode itd.. Uobicajeni postupak rjesavanja di-
namickog odziva uzemljivaca je da se primjenom
Fourierove transformacije [8], [9] zadada prebaci
iz vremenskog podrucja u frekvencijsko podruc-
je u kojem se izvrsi rjeSavanje za Siroki spektar
harmonickih funkcija koje opisuju zadanu ula-
znu impulsnu struju, pa se zatim inverznom Fo-
urierovom transformacijom sintetizira rjesenje u
vremenskom podrucju [10]. Prebacivanje zadace
iz vremenskog podrucja u frekvencijsko podrucje
obavlja se prema jednadzbi (1), a iz frekvencijskog
podruéja natrag u vremensko podrucje prema
jednadzbi (2):

Vi(jo) = Zan (j) - 1 (jo) »

MATHEMATICAL PROCE-
DURE

The calculation of the ground electrode response
to the impulse current represents a highly complex
electromagnetic task that can only be precisely
solved using the system of Maxwell equations [5]
and [6]. From the engineering viewpoint, the mod-
els for analysis and the corresponding mathemati-
cal procedures for the calculation of the transient
response of a grounding system should be simple
and quick to use, and at the same time they must
anticipate all the important characteristics of the
transient response. The currently used transmis-
sion line modelis limited solely to ground electrodes
with simple geometry [7], such as ring conductors
or horizontal grounding wires etc. The customary
procedure for solving the transient response of a
ground electrode is that through the application
of Fourier transformations, [8] and [9], the task is
transferred from the time domain to the frequency
domain in which the solution is performed for the
broad spectrum of harmonic functions that de-
scribe the given input impulse current, and then
by inverse Fourier transformation to synthesize the
solution in the time domain [10]. Transferring the
task from the time domain to the frequency domain
is performed according to equation (1), and from
the frequency domain back to the time domain ac-
cording to equation (2):

w(t) = F{@un (i) F i} ©

gdje su F i F! Fourierova i inverzna Fourierova
transformacija, aV,(jo), 1,(j®) i Zwin (jw) Fou-
rierovi transformati: napona, struje i ulazne valne
impedancije.

VERTIKALNI CJEVASTI
UZEMLJIVAC

Kako se u ovom radu analizira vertikalno ukopa-
ni cjevasti uzemljiva¢, zbog njegove jednostavne
geometrije umjesto slozene teorije elektroma-
gnetskog polja moguce je primijeniti znatno jed-
nostavniju teoriju prijenosnih vodova [11]. Strujno-
naponske prilike na ekvivalentnom vodu opisane
su jednadzbama prijenosnih vodova [11]:

where F and F!are Fourier and inverse Fou-
rier transformations, and Vl(ja)), Il(ja)) and
Zurin (J @) are Fourier transforms: voltage, exci-
tation current and input wave impedance.

VERTICAL PIPE ELECTRODE

Since a vertical buried pipe electrode is analyzed
in this article due to its simple geometry, it is pos-
sible to apply the significantly simpler transmis-
sion line theory instead of the complex electro-
magnetic field theory [11]. The current-voltage
conditions at the equivalent line are described by
the transmission line equations [11]:
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V(z) =Vicosh(yz) — 1Zc sinh(yz) .

1(z) = Ly cosh(yz) —Z\L—lsinh(yz) ,

gdje su:

Vi - napon na pocCetku ekvivalentnog voda,

1; - struja na pocetku ekvivalentnog voda,

vy - valna konstanta voda,

Zc - karakteristicna valna impedancija ekviva-
lentnog voda.

U izrazima (3) i (4) prostorna koordinata Z mjeri
se od kraja vodi¢a na kojega je narinut napon ili
utisnuta struja prema slobodnom kraju vodica.
Valna impedancija £c, voda prikazanog na slici
2, prema [11] odreduje se izrazom:

gdje su:

vy = \/ﬂ valna konstanta (valni broj),

Z, =R +]jol, - jedini¢na uzduzna impedancija
voda [Q/m] u kojoj je

R, - jedini¢ni uzduzni djelatni otpor voda [Q/m],
L, - jedini¢ni induktivitet voda [H/m],

Y, =G, + jwC, - jedinicna poprecna admitancija
voda [S/m] u kojoj je

G, - jedini¢ni popre¢ni odvod voda [S/m], a

C, - jedini¢ni kapacitet voda [F/ml.

Primarne konstante: R, L, G, i C, uzemljivaca
predstavljenog pomocu ekvivalentnog voda odre-
duju se na jednak nacin kao i u slu¢aju nadzemnih
vodova, tj. pod pretpostavkom kvazistatickih uvjeta
[11], uzimajuci u obzir granicu tlo-zrak. Korekcija
se obi¢no vrsi uvazavanjem povrsinskog ucinka,
tj. uvaZzavanjem unutarnje impedancije vodica, Sto
se odrazava na odredivanje uzduzne impedancije
ekvivalentnog voda.

Karakteristicna valna impedancija analiziranog
ekvivalentnog voda jest:

Bari¢, T., Haznadar, Z., Berberovi¢, S., Utjecajne veli¢ine na dinamicki odziv.

where:

V, - voltage at the beginning of the equivalent line,
1; - current at the beginning of the equivalent line,
Yy - propagation constant of the line , and

Zc - characteristic wave impedance of the equiva-
lent line.

In expressions (3) and (4), space coordinate Z is
measured from the end of the conductor to which
the voltage is applied or the current is injected at
the free end of the conductor. Wave impedance ZC,
of the line shown in Figure 2, is determined by the
following expression according to Ref. [11]:

where:

v =+/Z1Y1 propagation constant (wave number),
Z, =R + jol, - per unit longitudinal line imped-
ance [()/m] in'which

R, - per unit longitudinal active line resistance
[Q/ml,

L, - per unit line inductance [H/ml,

Y, =G, + joC, - per unit transversal line admit-
tance [S/m] where

G, - per unit transverse line conductance, and
C, - per unit line capacitance [F/m].

The primary constants R, L, G, and C, of the
ground electrode represented by the equivalent
line are determined in the same way as in the
case of overhead lines, i.e. under the assumption
of quasistatic conditions [11], taking into account
the soil-air boundary. Correction is generally
performed by taking into account the surface ef-
fect, i.e. the internal impedance of the conductor,
which is reflected in the determination of the lon-
gitudinal impedance of the equivalent line.

The characteristic wave impedance of the ana-
lyzed equivalent line is as follows:
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7 (f)_ Rl,DC+Z1,i +J2nﬂ‘1
= G, + j2nfC,

gdje je:

RLDCjediniEfni istosmjerni omski otpor, a
Z,; je jedini¢na unutarnja impedancija. Za cilin-
driéni ravni vodi¢ punog poprecnog presjeka vod-
ljivosti x,,, permeabilnosti u,, i polumjera I' pri fre-
kvenciji f prema [12] ona iznosi:

Jedini¢ni uzduzni induktivitet, s obzirom da s po-
rastom frekvencije raste i priguSenje vala, odredu-
je se koristenjem poznatih Pollaczek - Carsonovih
teorijskih izraza [13]:

2,24
L = [1+ 2 |n’—‘/;j.1o7 -

Vanw-107 -d

gdje su:

d - promjer cilindri¢nog vodica [m],

p - otpornost (specifi¢ni otpor) tla [Am],
o - kruzna frekvencija.

Ulazna valna impedancija u funkciji frekvencije uz
zanemarenu geometriju iznad tla jest:

Zy, (1) =Zc (1) coth (y(F)I)

where:

Ripcis per unit direct current ohmic resistance,
and

Z,;is per unit internal impedance. For a straight
cylindrical conductor with a full cross section,
conductivity x,,, permeability 4, and radius I' at
frequency f according to [12] is as follows:

Perunitlongitudinalinductance, since wave damp-
ing is also increased with increased frequency, is
determined using the Pollaczek-Carson theoreti-
cal expressions [13]:

£ Hm,

8

where:
d - diameter of the cylindrical conductor [m],

p - soil resistivity (specific resistance) [Qm],

- angular frequency.

Input wave impedance as a function of frequency

and ignoring the overhead geometry is as follows:
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MODEL UZEMLJIVACA S
UKLJUCENOM GEOMETRI-
JOM IZNAD TLA

Polazedi od jednadzbi prijenosnih vodova (3) i
(4) i primjenjujuci ih na geometriju vodica (pri-
jenosnih vodova), koja se sastoji od vertikalnog
cilindri¢nog voda iznad tla i vertikalno ukopanog
cilindri¢nog vodica, na nacin kako je to prikazano
slikom 3, moguce je uvaZziti istodobno refleksije
od krajeva uzemljivaca i krajeva vodica iznad tla
(Sto ukljuCuje i granicu tlo-zrak).

to€ka promatranja /

observahon paint

GROUND ELECTRODE MODEL
INCLUDING OVERHEAD GEOM-
ETRY

Starting from the transmission line equations (3)
and (4) and applying them to the geometry of the
conductor (transmission lines) consisting of a ver-
tical cylindrical overhead line and a vertical buried
cylindrical conductor, as shown in Figure 3, it is
possible to take the reflections from the ends of the
ground electrode and the ends of the overhead con-
ductor into account at the same time (which also
includes the soil-air boundary).

Slika 3 — Sustav uzemljenja: uzemljivac-stup, i relevantna geometrija
Figure 3 — Grounding system: ground electrode-grounding conductor, and the relevant geometry

Sustav uzemljenja kojega Cine uzemljivac i ze-
mljovod (stup) prikazan na slici 3 moZe se opisati
sustavom nelinearnih jednadzbi prijenosnih vo-
dova. Pri tome su strujno-naponske prilike vodi-
¢a iznad tla (zemljovoda) opisane jednadzbama:

The grounding system consisting of a ground elec-
trode and a grounding conductor shown in Figure
3 can be described by a system of nonlinear trans-
mission line equations. The current-voltage condi-
tions of the overhead conductor (grounding conduc-
tor) are described by the following equations:

Vo (2) =Voeh(ye2) = ZeoloSh(yo2) (19)

V
1,(2) =loch(y02)—zish(y02) : (11)

o

u kojima se udaljenost z mjeri od tocke utiski-
vanja struje (gornji kraj vodica iznad tla) prema
granici tlo-zrak (slika 3). Za vodi¢ uzemljivaca
vrijede jednadZbe:

in which distance z is measured from the current
injection point (upper end of the overhead conduc-
tor) toward the soil-air boundary (Figure 3). The fol-
lowing equation applies for the buried part of the
grounding conductor (grounding electrode):
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Vi(2) :\_/10h()’12) —Z,lsh ()’12) ) (12)

1,(2) = 1,ch(y,2) —;/ish(ylz) : (13)

=cl

u kojima se udaljenost z mjeri od granice tlo-
zrak prema slobodnom kraju. Navedeni sustav
jednadzbi (10) do (13) je potpun ukoliko su pra-
vilno propisani rubni uvjeti kojima se povezuju
oba vodica i refleksije valova od granica. Napon
na kraju zemljovoda u tocki spajanja s uzemlji-
vacem jednak je naponu na pocetku uzemljiva-
¢a Vo(ly) =V4(0). Struja na kraju zemljovoda u
toCki spajanja s uzemljivacem jednaka je struji
na pocetku uzemljivaca 1y(l,) = 1,(0). Struja na
poCetku zemljovoda jednaka je struji strujnog
izvora, tj. struji groma lo(0) = lg. UzduZna struja
uzemljivaca na njegovom slobodnom kraju jed-
naka je nuli 1,(l;) =0. Uvrétavanjem navedenih
rubnih uvjeta u jednadzbe (10) do (13) dobiva
se:

1 ZcOch

in which distance z is measured from the soil-air
boundary toward the free end. The system of equa-
tions (10) to (13) is complete if the boundary con-
ditions are properly defined according to which
both conductors and the wave reflection from the
boundary are related. The voltage at the end of the
grounding conductor at the connection point with
the ground electrode is equal to the voltage at the
beginning of the ground electrode V,(l,) =V,(0).
The current at the end of the grounding conductor
at the connection point with the ground electrode is
equal to the current at the beginning of the ground
electrode I,(l,) = 1,(0). The current at the beginning
of the grounding conductor is equal to the current of
the current source, i.e. the stroke current lo(0) = lg.
The longitudinal current of the ground electrode at
its free end is equal to zero 1, (I,) = 0. By entering the
above border conditions into equations (10) to (13),
the following is obtained:

Vi=1

= 7 ch(yolo) Zeoth(pih) + Zesth(polo)

Jednadzba (14) daje napon na kraju uzemljivaca
uz granicu tlo-zrak u funkciji pobudne struje lg,
koja je utisnuta u vertikalni vodic¢ na udaljenosti
I, od granice tlo-zrak (slika 3). Jednadzba (14)
odnosi se na monoharmonijsku pobudu. |z tog
razloga za potrebe odredivanja vremenskog od-
ziva potrebno je primijeniti inverznu Fourierovu

transformaciju prema izrazu:

Equation (14) yields the voltage at the end of the
ground electrode along the soil-air boundary as a
function of excitation current lg, which is injected
in the vertical conductor at a distance of |, from the
soil-air boundary (Figure 3). Equation (14) refers to
monoharmonic excitation. For this reason, in order
to determine the time response, it is necessary to
apply an inverse Fourier transformation, according
to the following expression:

V() = F{F G, @)-2(a) } - (15

gdje je sa Z(Ja)) oznacena impedancija koja jest:

where Z(j w) is the impedance, as follows:

ZCO i ch(JCO)

Z(jo)=—=

ch(olo) Zeoth( (j) 1) + Zo, (jo)th(yy 1) (16)

Na ovome mjestu vazno je napomenuti da u izra-
zu (15) impedancija Z(Ja)) mora biti konjugirano

It is necessary to mention that in equation (15)
impedance Z co) must be a conjugate complex
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kompleksna (teorem o konvoluciji [8] i [9]). U
protivnom ¢e napon U, (t) poprimiti nefizikalan
oblik i iznos.

DINAMICKI ODZIV NA IM-
PULSNU POBUDU

Analiza impulsnog odziva samog uzemljivaca
nije dostatna vec treba analizirati sustav uze-
mljenja, kojeg tvore uzemljivac, spojni vodovi,
stupovi i vodic¢i sustava zastite od groma [3].
Prilikom udara groma u sustav uzemljenja,
strujni impuls groma pri svom kretanju prema
uzemljivaCu nailazi na promjene valne impe-
dancije, to rezultira s refleksijama vala [11].

Kako je geometrija konacnih dimenzija, javljaju
se visestruke refleksije koje je potrebno uzi-
mati u obzir pri ispravnom odredivanju odziva
sustava uzemljenja i dimenzioniranju zastite.
Za potrebe teorijskih razmatranja, potrebno je
pronaci najjednostavniji moguéi model pomo-
¢u kojega je moguce kvalitativno i kvantitativno
analizirati navedenu pojavu, a koji se moZe pri-
mijeniti i na neke vaznije slucajeve prakti¢nih
sustava uzemljenja.

Najjednostavnija geometrija pomocu koje se
moze analizirati utjecaj refleksije vala od gra-
nica na kojima se mijenja valna impedancija
sastoji se od vertikalno ukopanog cilindri¢nog
uzemljivaca i spojnog voda konacnih dimen-
zija. Kako bi rasclamba bila pojednostavljena,
prikladno je pretpostaviti jednaki promjer cijevi
ispod tla (uzemljivaca) i nadzemne geometrije
(zemljovoda). Promjenom duljine spojnog voda
(zemljovoda) moguce je analizirati utjecaj nad-
zemne geometrije na potencijal na mjestu spo-
ja uzemljivaca i zemljovoda (slika 3).

Harmonijski ¢lanovi struje groma opisane dvo-
struko eksponencijalnom funkcijom u izrazu
(27) odredeni su koriStenjem brze Fourierove
transformacije [8], [9]. Za uzemljiva¢ je uzeta
vertikalno ukopana cilindricna cijev, polumjera
2 cm Utjecaj duljine zemljovoda na dinamicki
odziv uzemljivaca razmatran je za dvije razliite
duljine zemljovoda: Iy =3 m i 30 m. Pri duljini
zemljovoda od 3 ¢m odziv e biti priblizno jed-
nak odzivu kada je duljina zemljovoda zanema-

rena. Duljina zemljovoda od 30 cm priblizno
odgovara visini stupova dalekovoda.

Kako se odziv uzemljivaca uvelike razlikuje za
duge i kratke uzemljivace, za kratki uzemljivac
odabrana je cijev duljine 2,5 m. Za dugi uzemlji-
vac uzeta je cijev duljine 20 m. Premda se verti-

kalni uzemljivaci te duljine ne koriste u praksi,
odabran je takav primjer kako bi u analizi bio

number (convolution theorem [8] and [9]). Otherwise,
the voltage U, (t) will have a non-physical form and
value.

TRANSIENT RESPONSE TO
IMPULSE EXCITATION

Analysis of the impulse response of a ground elec-
trode is not sufficient. It is necessary to analyze the
grounding system, consisting of ground electrodes
and grounding conductors (poles) [3]. When lightning
strikes a grounding system, the lightning stroke im-
pulse encounters changes in wave impedance on its
way toward the ground electrode, resulting in wave
reflections [11].

Since the geometry is of finite dimensions, multiple
reflections occur that must be taken into account
for the correct determination of the response of the
grounding system and designing (dimensioning) the
protection. For the purposes of theoretical consider-
ations, it is necessary to find the simplest possible
model in order to analyze this phenomenon qualita-
tively and quantitatively, which can also be applied to
some more important cases of practical grounding
systems.

The simplest geometry that can be used to analyze
the effect of the wave reflection from the boundar-
ies at which the wave impedance changes consists
of a vertical buried cylindrical ground electrode and
a connecting conductor of finite dimensions. In order
to simplify analysis, it is convenient to assume a uni-
form diameter of the pipe below the ground (ground
electrode) and the overhead geometry (grounding
conductor). By changing the length of the connecting
conductor, it is possible to analyze the impact of the
overhead geometry on the potential at the connec-
tion point of the ground electrode and the grounding
conductor (Figure 3).

The harmonic current components of lightning stroke
current described by the double exponential function
in expression (27) are determined by using a fast Fou-
rier transformation [8] and [9]. The ground electrode
is a vertical buried cylindrical pipe with a 2 cm radius.
The impact of the grounding conductor on the tran-
sient response of the ground electrode is considered
for two different lengths of the ground electrode:
lo =3 m and 30 cm When the grounding conductor is
3m long, the response is approximately the same as
when the electrode conductor length is ignored. The
ground electrode length of 30 m approximately corre-
sponds to the height of the transmission line poles.

The response of a short ground electrode is differ-
ent than for a long one. A pipe of 25 m in length is
chosen for the short ground electrode and of 20 min
length for the long ground electrode. Although verti-

Bari¢, T., Haznadar, Z., Berberovi¢, S., Utjecajne veli¢ine na dinamicki odziv..., Energija, god. 57(2008), br. 2., str. 226-245



istaknut utjecaj duljine uzemljivaca. Utjecaj
parametara tla promatran je kroz promjenu
otpornosti tla, te su odabrane dvije vrijednosti
od 100 Qm i 1 000 Qm. Na svakoj slici prikazane
su tri krivulje potencijala na mjestu spoja uze-
mljivaca i zemljovoda za tri razli¢ita vremena
Cela strujnog impulsa opisanog dvostrukom
eksponencijalnom funkcijom.

Trajanje strujne pobude je 250 ps, amplituda je
normirana te iznosi 1 A, vremena Cela i zacelja
iZN0Se: tya / tiyp = 150 PS/US, ey / tay, = 3/50 ps/ps
 tmax / o = 5/50 ps/ps. Za sve analizirane sluca-
jeve pretpostavljena je relativna dielektricnost
tla, te relativna permeabilnost 1.

NUMERICKI REZULTATI

Na slici 4 prikazane su krivulje potencijala
na mjestu spoja kratkog uzemljivaca duljine
2,5 m i zemljovoda duljine 3 m za tri razlicita
vremena Cela strujnog vala. Otpornost tla izno-
si 100 Qm.

cal ground electrodes of this length are not used in
practice, such an example was chosen in order to
emphasize the impact of the ground electrode length.
The influence of the soil parameters was observed
through change in the soil resistivity. Two values were
selected, 100 Qm and 100 Qm. In each figure, three
potential curves at the connection point of the ground
electrode and the grounding conductor were shown
for three different time to peak current impulse val-
ues, described by a double exponential function.

The duration of the current excitation is the ampli-
tude is 250 ps standardized at 1 A time to peak and
time to half-value: ty, / ty, = 1/50 us/us, thay / tp = 3/50
US/US, tax / typ = 5/50 ps/ps. For all the cases analyzed,
relative soil permittivity of 10 and relative permeabil-
ity of 1 are assumed.

NUMERICAL RESULTS

Figure 4 presents the potential curves at the con-
nection point of the short ground electrode, 25 m in
length, and the grounding conductor, 3 m in length,
for three different time to peak current waves. The
soil resistivity is 100 Qm.
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Slika 4 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda
Figure 4 — Potential at the soil-air boundary, the connection point of the ground electrode and the grounding conductor.

Na slici 5 prikazane su krivulje potencijala na
mjestu spoja kratkog uzemljivaca duljine 2,5 m
i zemljovoda duljine 30 m za tri razlicita vre-
mena Cela strujnog vala. Otpornost tla iznosi
100 Qm.

In Figure 5, the potential curves are presented at the
connection point of the short ground electrode, 25m in
length, and the grounding conductor, 30 m in length,
for three different time to peak current waves. The
soil resistivity is 100 Qm.
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Slika 5 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda, , te postotne promjene tjemene vrijednosti potenci-

jalauodn

osu na sliku 4

Figure 5 — Potential at the soil-air boundary, the connection point of the ground electrode and the grounding conductor, and the
percentage changes of the peak potential values in comparison to Figure 4.

Na slici 6 prikazane su krivulje potencijala na
mjestu spoja dugog uzemljivaca duljine 20 m i ze-
mljovoda duljine 3 m za tri razlicita vremena Cela
strujnog vala. Otpornost tla iznosi 100 Qm.

)

In Figure 6, the potential curves are presented at
the connection point of the long ground electrode,
20 m in length, and the grounding conductor, 3m
in length, for three different time to peak current
waves. The soil resistivity is 100 Qm.
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Slika 6 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda
Figure 6 — Potential at the soil-air boundary, the connection point of the ground electrode and the grounding conductor.

Na slici 7 prikazane su krivulje potencijala na

mjestu spoja dugog uzemljivaca duljine 20 m i ze-
mljovoda duljine 3 m za tri razlicita vcemena Cela
strujnog vala. Otpornost tla iznosi 100 Qm.

In Figure 7, the potential curves are presented at
the connection point of the long ground electrode,
20 min length, and the grounding conductor, 3m
in length, for three different time to peak current
waves. The soil resistivity is 100 Qm.
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Slika 7 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda, te postotne promjene tjemene vrijednosti potenci-

jala u odnosu na sliku 6

Figure 7 — Potential at the soil-air boundary, the connection point of the ground electrode and the grounding conductor, and the
percentage changes of the peak potential values in comparison to Figure 6
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Na slici 8 prikazane su krivulje potencijala na mje-
stu spoja kratkog uzemljivaca duljine 2,5 m i ze-
mljovoda duljine 3 m za tri razlicita vremena Cela
strujnog vala. Otpornost tla iznosi 1 000 Qm.

In Figure 8, the potential curves are presented at
the connection point of the short ground electrode,
2,5min length, and the grounding conductor, 3m
in length, for three different time to peak current
waves. The soil resistivity is 1 000 Qm.
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Slika 8 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda
Figure 8 — Potential at the soil-air boundary, the connection point of the ground electrode and the grounding conductor.

Na slici 9 prikazane su krivulje potencijala na mje-
stu spoja kratkog uzemljivaca duljine 2,5 m i ze-
mljovoda duljine 30 m za tri razlicita vremena Cela
strujnog vala. Otpornost tla iznosi 1 000 Qm.

In Figure 9, the potential curves are presented at
the connection point of the short ground electrode,
2,5min length, and the grounding conductor, 30 m
in length, for three different time to peak current
waves. The soil resistivity is 1 000 Qm.
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Slika 9 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda, te postotne promjene tjemene vrijednosti potenci-
jala u odnosu na sliku 8
Figure 9 — Potential at the soil-air boundary, the connection point of the ground electrode and the grounding conductor, and the
percentage changes of the peak potential values in comparison to Figure 8

Na slici 10 prikazane su krivulje potencijala na
mjestu spoja dugog uzemljivaca duljine 20 m i ze-
mljovoda duljine 3 m za tri razli¢ita vremena cela
strujnog vala. Otpornost tla iznosi 1 000 Qm.

In Figure 10, the potential curves are presented at
the connection point of the long ground electrode,
20 m in length, and the grounding conductor, 3 m
in length, for three different time to peak current
waves. The soil resistivity is 1 000 Qm.
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Slika 10 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda
Figure 10 — Potential at the soil-air boundary, the connection point of the ground electrode and grounding conductor

Na slici 11 prikazane su krivulje potencijala na
mjestu spoja dugog uzemljivaca duljine 20 m i ze-

mljovoda duljine 30 m za tri razli¢ita vremena Cela
strujnog vala. Otpornost tla iznosi 1 000 Qm.

In Figure 11, the potential curves are presented at
the connection point of the long ground electrode,
20 min length, and the grounding conductor, 30 m
in length, for three different time to peak current
waves. The soil resistivity is 1 000 Qm.
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Slika 11 — Potencijal na granici tlo-zrak, na mjestu spoja uzemljivaca i zemljovoda, te postotne promjene tjemene vrijednosti potenci-
jala u odnosu na sliku 10
Figure 11 — Potential at the soil-air boundary, the connection point of the ground electrode and the grounding conductor, and the
percentage changes of the peak potential values in comparison to Figure 10

7 ANALIZA REZULTATA

Krivulje potencijala na svim slikama od 4 do 11
imaju zajednic¢ko svojstvo da se ujednacuju na-
kon nekoliko mikrosekundi. Naime, na pocetni
dio valnog oblika krivulja potencijala te na njihove
tjemene (maksimalne) vrijednosti izraZeniji utjecaj
imaju visoki harmonicki ¢lanovi strujne pobude, a
kako vrijeme odmice raste utjecaj nizih harmonic-
kih clanova strujne pobude.

Relativna zastupljenost visokofrekvencijskih (VF)
harmonickih ¢lanova u spektru frekvencija valnog
oblika strujne pobude pri konstantnom vremenu
zaCelja i trajanju pobude raste sa smanjivanjem
njezinog vremena cCela. |z tog razloga vrijeme Cela
strujne pobude utjeCe na pocetni dio krivulje po-
tencijala, a nakon pojave maksimuma na oblik

krivulje potencijala izrazeniji utjecaj imaju vrijeme

7 RESULTS OF ANALYSIS

The potential curves in Figures 4 to 11 acquire the
same value after several microseconds. The high
harmonic components of the current excitation
have a greater effect on the wave front and the
peak value (maximum) of the potential curve and
with time the effect of the lower harmonic compo-
nents of the current excitation increases.

The relative percentage of high frequency (HF)
harmonic components in the frequency spectrum
of the current excitation wave shape when the time
to half-value and excitation time are constant in-
creases as the time to peak value decreases. For
this reason, the time to peak value of the current
excitation affects the wave front of the potential
curve, and after the peak value the time to half-
value and the duration of the current excitation
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zacelja i trajanje strujne pobude. Kako su vrije-
me zacCelja i trajanje strujne pobude na svakoj
prikazanoj slici konstantne velicine, oblici funk-
cija potencijala se nakon pojave maksimuma
ujednacuju, odnosno teze k istoj vrijednosti.

S obzirom da smanjenje vremena cCela strujne
pobude pri njezinom konstantnom vremenu
zacCelja i trajanju uzrokuje povecanje udjela VF
komponenti u spektru frekvencija valnog oblika
pobude, povecavat Ce se i utjecaj VF komponenti
na odziv. Pojave koje dolaze do izraZaja pri viso-
kim frekvencijama su refleksije valova i smanje-
nje aktivne duljine uzemljivaca. Na slici 4 vidljiv
je utjecaj smanjenja vremena cela strujne po-
bude na povecanje maksimalne vrijednosti na-
pona. Uzrok povecanju maksimalne vrijednosti
potencijala na slici 4 vezan je za smanjenje ak-
tivne duljine uzemljivaca. Naime, smanjenjem
vremena Cela strujne pobude povecan je udio
VF ¢lanova u spektru frekvencija strujne pobu-
de, Sto dovodi do smanjenja duljine uzemljivaca
kojom on aktivno odvodi struju u okolno tlo. Sto-
ga se povecava otpor rasprostiranja uzemljiva-
Ca, a time i maksimalna vrijednost potencijala.

Smanjenje aktivne duljine uzemljivaca izrazeni-
je je kod duljih uzemljivaca, Sto se moze potvr-
diti usporedbom slike 4, koja se odnosi na kratki
uzemljivac, sa slikom 6, koja se odnosi na dugi
uzemljiva¢. Prema slici 4 smanjenje vremena
Cela strujne pobude s 5 ps na 1 ps povecalo je
maksimalni iznos potencijala s 55V na 57V, Sto
je priblizno 3,5 %, dok se prema slici 6 potencijal
povecao s 12,5V na 27V, sto je priblizno 115 %.

Usporedbom krivulja potencijala na slikama 8
10 s onima na slikama 4 i 6, dobiva se uvid kako
se odrazava promjena otpornosti tla na smanje-
nje aktivne duljine kratkog i dugog uzemljivaca.
Prema slici 8, koja se odnosi na kratki uzemlji-
vac¢ u lose vodljivom tlu, smanjenje vremena
Cela s5ps na 1 s povecalo je maksimalni iznos
potencijala s 550 V na 570 V, Sto je priblizno
3,5 %, dok se prema slici 10, koja se odnosi na
dugi uzemljivac u loSe vodljivom tlu, potencijal
povecao s 95 V na 102 V, Sto je priblizno 8 %.
Prethodno opisana promjena maksimalne vri-
jednosti potencijala na slici 4, koja se odnosi na
kratki uzemljiva¢ u dobro vodljivomn tlu iznosi 3,5 %,
a na slici 6, koja se odnosi na dugi uzemljiva¢
u dobro vodljivom tlu, priblizno 115%. Dakle,
povecanje otpornosti tla smanjuje utjecaj str-
mine na maksimum potencijala, Sto je posebno
izrazeno kod dugih uzemljivaca, jer je kod njih
jako izraZzeno smanjenje aktivne duljine, ali se
istodobno pogorsava staticki odziv, tj. iznosi
potencijala su veci.

Povecanjem otpornosti tla povecava se djelatni
otpor odvoda (slika 2) u svim analiziranim slu-

have a greater effect on the shape of the potential
curve. Since the time to half-value and the duration
of the current excitation are constant values in all
the figures, the shapes of the potential curves be-
come identical after the peak, i.e. they tend toward
the same value.

Decreasing the time to peak value of current exci-
tation when its time to half-value and duration are
constant causes an increase in the share of high
frequency components in the frequency spectrum of
the current excitation wave shape. The influence of
HF components on the response will also increase.
The phenomena that occur at high frequencies are
wave reflections and the reduction of the active
length of the ground electrode. In Figure 4, the in-
fluence of the decreased time to peak value of the
current excitation on the increase of the maximum
voltage values is evident. The cause of the increased
maximum potentialin Figure 4 is due to the decrease
of the active length of the ground electrode. By de-
creasing the time to peak of the current excitation,
the share of HF components in the frequency spec-
trum of current excitation is increased, which leads
to a decrease in the length of the ground electrode
which actively conducts the current into the sur-
rounding soil. Therefore, the propagation resistance
of the ground electrode is increased and, thereby,
the maximum potential value.

Decreasing the active length of the ground electrode
is more marked in longer ground electrodes, as can
be confirmed by comparing Figure 4, which refers
to a short ground electrode, to Figure 6, which re-
fers to a long ground electrode. According to Figure
4, decreasing the time to peak value of the current
excitation from 5 s to 1 s increased the maximum
potential from 55V to 57 V, which is approximately
3,5 % while according to Figure 6 the potential in-
creased from 12,5V to 27 V, which is approximately
115 %.

By comparing the potential curves in Figures 8 and
10 with those in Figures 4 and 6, insight is obtained
into how changes in the soil resistivity affect the de-
crease in the active lengths of short and long ground
electrodes. According to Figure 8, which refers to a
short ground electrode in poorly conducting soil, de-
creasing the time to peak value from 5 psto 1 ps in-
creased the maximum potential value from 550 V to
570V, which is approximately 3,5 %, while according
to Figure 10, which refers to a long ground electrode
in poorly conducting soil, the potential increased
from 95V to 102 V, which is approximately 8%. The
previously described change in the maximum poten-
tial value in Figure 4, which refers to a short ground
electrode in well conducting soil is 3,5 %, and in
Figure 6, which refers to a long ground electrode in
well conducting soil, approximately 115%. Therefore,
increasing the soil resistivity reduces the rise-time
impact on the maximum potential, which is par-
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Cajevima, a time se smanjuje relativni utjecaj
uzduzne impedancije pri porastu frekvenci-
je, odnosno utjecaj viSih harmonickih clanova
strujne pobude na odziv. To znaci da se u lose
vodljivom tlu moze ocekivati manja izraZzenost
tiemene vrijednosti potencijala u odnosu na
ostatak krivulje potencijala, te manja osjetljivost
odziva na kraca vremena Cela strujnih pobuda.
Krivulje potencijala prikazane na slikama od 8
do 11 to i potvrduju. Prema slici 9 nije doslo do
porasta tjemene vrijednosti potencijala u odno-
su na sliku 8, jedino se zapaZza promjena valnog
oblika krivulje potencijala za pobudu oblika
tmax / tp = 1/50 ps/ps, koji je postao valovit u od-
nosu na sliku 8.

Usporedbom parova slika 415,617,819, te 10
i 11, dobiva se uvid o utjecaju geometrije iznad
tla na iznos i oblik krivulja potencijala koji se
javlja na mjestu spoja uzemljivaca i nadzemne
geometrije. Usporedbom krivulja potencijala na
slikama 4 i 5, zapaza se da krivulje potencija-
la na slici 5 za razliku od slike 4 karakterizira
valovitost valnog oblika. Valovitost je posljedi-
ca viSestrukih refleksija strujnog vala izmedu
toCke utiskivanja struje u zemljovod i mjesta na
kojemu su spojeni uzemljivac i zemljovod. Vrije-
me izmedu dvije uzastopne refleksije na slici 5
oznaceno je s AT i iznosi priblizno 0,2 ps. Sma-
njenjem vremena cCela struje pobude utjecaj
zemljovoda se povecava: tako je na primjer na
slici 5 maksimum potencijala na krivulji koja se
odnosi na vrijeme Cela strujnog vala od 1 ps po-
vecan u odnosu na sliku 4 za oko 25 %. Privec¢im
vremenima Cela strujnog vala ova promjena se
ne opaza. Za ocCekivati je da ¢e utjecaj poveca-
nja duljine zemljovoda na odziv biti izrazeniji kod
dugog uzemljivaca, Sto i potvrduje usporedba
istovjetnih krivulja potencijala na slikama 6 i 7.
Naime, prema slici 7, osim promjene oblika kri-
vulja potencijala zbog povedéanja duljine zemljo-
voda, koji je postao valovit, potencijal na mjestu
spoja zemljovoda i uzemljivaCa povecao se za
sve promatrane valne oblike strujne pobude.

Poveéanje maksimalne vrijednosti potencijala
najizrazenije je za najstrmiju strujnu pobudu, te
iznosi oko 90 %. Pri strujnim pobudama oblika
trax / tp = 3/50 ps/us, tha / ty, = 5/50 ps/us po-
vecanje potencijala na slici 7 u odnosu na sli-
ku 6 iznosi 40 %, odnosno 20 %. Za razliku od
kratkog uzemljivaca, kod dugog uzemljivaca
promjene iznosa maksimalne vrijednosti po-
tencijala nastupaju pri blazZim nagibima cela
strujnih pobuda, te je ujedno promjena po izno-
su veca. Zbog izrazenijeg smanjenja aktivne du-
ljine uzemljivaca u odnosu na kratki uzemljiva¢
utjecaj povecanja potencijala zbog povecéanja
duljine zemljovoda javlja se i pri blazim nagibi-
ma strujne pobude. Kako povecanje otpornosti
tla ublaZzava pojavu smanjenja aktivne duljine

ticularly evident for long ground electrodes, because
their active length is markedly decreased, while at
the same time the static response worsens, i.e. the
potential values are higher.

By increasing the soil resistivity, the active resistance
of the conductance is increased (Figure 2) in all the
cases analyzed, and thereby the relative influence
of the longitudinal impedance is decreased when
frequency increases, i.e. the influence of higher har-
monic components of the current excitation on the
response. This means that in poorly conductive soil,
the impact of the peak potential values can be ex-
pected to be lower in comparison to the rest of the
potential curve, and lower sensitivity of the response
to the shorter time to peak of the current excita-
tion. The potential curves presented in Figures 8 to
11 confirm this. According to Figure 9, there was no
increase in the peak values of the potential in com-
parison to Figure 8. The only change noted was in
the wave shape of the potential curves for the excita-
tion shape tya / ty, = 1/50 ps/ps, which became wavy
in comparison to Figure 8.

By comparing the figure pairs 4 and 5, 6 and 7, 8 and
9,and 10and 11, insight is obtained into the influence
of the overhead geometry on the value and shape
of the potential curves that occur at the connection
point of the ground electrode and overhead geom-
etry. By comparing the potential curves in Figures 4
and 5, it is noted that the potential curve in Figure 5,
unlike that in Figure 4, is characterized by waviness
of the wave shape. This waviness is a consequence
of multiple reflections of the current wave between
the current injection point in the ground electrode
and the connection point of the ground electrode
and the grounding conductor. The time between two
consecutive reflections in Figure 5 is indicated by AT
and is approximately 0,2 ps. By reducing the time to
peak value of the current excitation, the influence
of the grounding conductor is increased. Thus, for
example, in Figure 5 the maximum potential on the
curve that designates the time to peak value of the
current wave of 1 ys is increased in comparison to
Figure 4 by approximately 25 %. With a longer time
to peak value of the current wave, this change is
not noted. It could be expected that the impact of
increasing the length of the grounding conductor
on the response would be more marked for a long
ground electrode, which is confirmed by comparing
the identical potential curves in Figures 6 and 7. Ac-
cording to Figure 7, in addition to the changes in the
shape of the potential curves due to the increased
length of the grounding conductor, which became
wavy, the potential at the connection point of the
grounding conductor and the ground electrode in-
creased for all the observed wave shapes of the ex-
citation current.

The increased maximum potential values are most
marked for the steepest current excitation, and are
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uzemljivaca, pri povecanju otpornosti tla sma-
njit ¢e se i utjecaj duljine zemljovoda na odziv
uzemljivaca, pogotovo kod dugih uzemljivaca. Iz
tog razloga su promjene iznosa tjemenih vrijed-
nosti potencijala na slici 11 u odnosu na sliku 10
manje nego li Sto je to slucaj sa slike 7 u odnosu

na sliku 6.

Jedino je na slici 10 uocljiva pojava refleksije
strujnog vala od slobodnog kraja uzemljivaca.
Pojava refleksije od slobodnog kraja uzemljiva-
Ca vidljiva je na krivulji potencijala koja odgovara
strujnoj pobudi oblika ty.y / ty, = 1/50 ps/us kao
propad potencijala, a koji se javlja nakon 0,4 ps
od pocetka prijelazne pojave. Kako je uzemlji-
va¢ duljine 20 m, vrijeme potrebno da strujni val
prevali put do njegovog slobodnog kraja i natrag
na pocetak pri relativnoj dielektri¢nosti tla 10,
iznosi priblizno 0,4 ps.

ZAKLJUCAK

Na temelju prikazanih odziva sustava uzemlje-
nja, kojeg tvore uzemljivac i zemljovod, iskaza-
nog potencijalom na mjestu spoja uzemljivaca i
zemljovoda i samoga uzemljivaca moZe se za-
kljuciti da se prilikom odredivanja dinamickog
odziva sustava uzemljenja mora uzeti u razma-
tranje i geometrija vodica iznad tla, a ne samo

uzemljivac.

Udaljavanjem tocke utiskivanja struje od spoja
vodia uzemljivaca i vodica iznad tla, ovojnica
odziva vremenske promjene potencijala po-
prima oblik napona koji se javlja u slucaju da
je vodi¢ iznad tla beskonacno dug. U tom slu-
Caju potencijal teorijski moze poprimiti najvise
dvostruku vrijednost potencijala koji bi se javio
zbog direktnog utiskivanja struje u uzemljivac.
Dinamicki odziv sustava uzemljenja ovisi o str-
mini vala, tj. udjelu VF komponenti u valnom
obliku, udaljenosti tocke utiskivanja od spoja
dvaju razlicitih impedancija i od otpornosti tla.
Utjecaj refleksije vala od slobodnog kraja uze-
mljivaca u tlu na naponske prilike se moze za-
nemariti u odnosu na utjecaj refleksije vala od
slobodnog kraja vodica iznad tla.

lako to u ovom radu nije prikazano kada je tlo
male otpornosti (ispod 100 Qm), tada je utjecaj
nadzemne geometrije jako izrazen, pogotovo
kod dugih uzemljivaca. lako krivulje potenci-
jala ukazuju da povecanje otpornosti tla ima
blagodatan utjecaj na dinamicki odziv, treba
imati na umu da se na taj nacin staticki odziv
pogorsava. Ujedno, poznato je da se poveca-
njem duljine vertikalnog Stapnog uzemljivaca
smanjuje utjecaj granice tlo-zrak na uzemljivac
jer se povecava geometrijska udaljenost tocaka

na uzemljivacu od granice.

approximately 90 %. For current excitation shapes
tmax / Tz = 3150 us/US, tray / iy, = 5/50 ps/us, the in-
creased potential in Figure 7 in comparison to Fig-
ure 6 is 40 % or, respectively, 20 %. Unlike a short
ground electrode, for a long ground electrode the
changes in the maximum potential values occur at
slower rise-times of the current excitations and the
change in the amount is greater. Due to the mark-
edly decreased active length of the long ground elec-
trode in comparison to the short ground electrode,
the influence of the increased potential due to the
increased length of the grounding conductor also
occurs at slower rise-times of the current excita-
tion. Since increasing soil resistivity diminishes the
phenomenon of decreasing the active length of the
ground electrode, increasing soil resistivity will de-
crease the influence of the length of the grounding
conductor on the response of the ground electrode,
especially long ground electrodes. For this reason,
the changes in the peak potential values in Figure 11
in comparison to Figure 10 are less than in the case
of Figure 7 in comparison to Figure 6.

The reflection of the current wave from the free end
of the ground electrode is only evident in Figure 10.
Reflection from the free end of the ground electrode
is evident on the potential curve that corresponds to
the current excitation shape ty, / ty, = 1/50 ps/us as
adrop in potential, which occurs after 0,4 ps from the
beginning of the transient phenomenon. Since the
ground electrode is 20 m in length, the time required
for the current wave to travel to its free end and back
to the beginning at a relative soil permittivity of 10 is
approximately 0,4 ps.

CONCLUSION

On the basis of the responses by the grounding
system presented, consisting of a ground electrode
and grounding conductor, expressed by the poten-
tial at the connection point of the ground electrode
and grounding conductor, and the ground electrode
itself, it can be concluded that when determining
the transient response of the grounding system, it
is necessary to take the geometry of the overhead
conductor into account, and not only that of the
ground electrode.

By increasing the distance between the current in-
jection point at the connection point of the ground
electrode and overhead conductor, the envelope
of the time varying potential response assumes
the voltage shape that occurs in the event that the
overhead conductor is infinitely long. In this case,
the potential can theoretically acquire a maximum
of double the potential value that would occur due
to direct current injection into the ground electrode.
The transient response of the grounding system
depends on the steepness of the wave, i.e. the per-
centage of HF components in the wave shape, the
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Na taj nacin otpor rasprostiranja pri statickom
odzivu je manji nego li Sto bi bio samo zbog
povecanja duljine vodi¢a. Medutim, kod dina-
mickog odziva ovu pojavu nadjacava smanjenje
aktivne duljine vodica, Sto potvrduju prikazani
rezultati.

Iz tog razloga pri dimenzioniranju uzemljivaca
za zastitu od groma preporucljivo je koristiti vise
kracih, medusobno razmaknutih vertikalnih ci-
jevi.

distance of the injection point from the connection
point of two different impedances and soil resistiv-
ity. The influence of the wave reflection from the free
end of the ground electrode in the soil on the voltage
conditions can be ignored in comparison to the influ-
ence of the wave reflection from the free end of the
overhead conductor.

Although not described in this paper, when the soil
resistivity is low (below 100 Qm), the influence of the
overhead geometry is considerable, especially for
long ground electrodes. Although potential curves
indicate that increased soil resistivity has a ben-
eficial influence on the transient response, it is
necessary to bear in mind that the static response
worsens. At the same time, it is known that increas-
ing the length of the vertical ground rod electrode
decreases the influence of the soil-air boundary on
the ground electrode because the geometrical dis-
tance is increased between the points on the elec-
trode and the boundary.

In this manner, the propagation resistance dur-
ing the static response is lower than it would be by
merely increasing the length of the conductor. How-
ever, the active length of the conductor has a greater
influence than this phenomenon, as confirmed by
the results presented.

For these reasons, when designing (dimensioning)
ground electrodes for lightning protection, the use
of several short, appropriately spaced vertical pipe
electrodes is recommended.
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