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Ground Fault Current Distribution on Over head
Transmission Lines

Maria Vintan and Adrian Buta

Abstract: When a ground fault occurs on an overhead transmission liaepiower

network with grounded neutral, the fault current returnsthte grounded neutral
through the tower structures, ground return paths and grouvnes. This paper
presents an analytical method in order to evaluate the gréault current distribu-
tion in an effectively grounded power network. The effecsofl resistivity, ground

resistance of towers and power line configuration, on themitade of return currents,
has been examined.
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1 Introduction

High-voltage systems have an effectively grounded neutral. Whenuadriault
occurs on an overhead transmission line, in a power network with grdumele-
tral, the fault current returns to the grounded neutral through the tstngztures,
ground return paths and ground wires [1],[2]. In this paper, basedichhoff’s
theorems, an analytical method in order to determine the ground fault tdisen
tribution in effectively grounded power network is presented. It is ipdess$o find
the values of the currents in towers, ground wire and the currents vilvo te the
stations [3],[4],[5],[6]. The approach used in this paper, based onadgitesented
by Rudenberg [7] and Verma [8], can be applied to short lines, réigphcin case
where are only few spans between the feeding station and the faulted tower
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A phase-to-ground fault that appears on a phase of a transmissiodililtes
the line into two sections, each extending from the fault towards one encdeof th
line. Depending of the number of towers between the faulted tower and the sta
tions, respectively of the distance between the towers, these two sedttbrdine
may be considered infinite, in which case the ground fault current digtibis
independent on the termination of the network, otherwise, they must bedesja
as finite, in which case the ground fault current distribution may depezatlgron
the termination of the network [5],[6].

In this paper it will be considered the case when the fault appears to the las
tower of the transmission line. Then, it will be considered that the faultapp
any tower of the transmission line, the two sections of the line are finite and it is
assumed that the fault is fed from both directions [9],[10].

The calculation method is based on the following assumptions: impedances
are considered as lumped parameters in each span of the transmission dine, lin
capacitances are neglected; the contact resistance between the tiver ground
wire, and the tower resistance between the ground wire and the faulted alea
neglected; the network is considered linear in the sinusoidal steady-sthtby
the power frequency is considered.

2 Ground fault current distribution

We presented two cases: first case is the fault at the terminal tower of ¢hanlth
the second case the fault at any tower of the line.

Case 1. Figure 1 presents the connection of a ground wire connected to earth
through transmission towers, each transmission tower having its own gngund
electrode or gridZg:. It is assumed that all the transmission towers have the same
ground impedance and the distance between towers is long enough to avoid th
influence between there grounding electrodes. The self-impedance gfdbnd
wire connected between two grounded towers, called the self-impedanspan,
itis Zcp, . Considering the same distanigebetween two consecutive towers and
that Z.p, is the same for every span, th&g, = l4Zcp,, Where represent the self-
impedance of the ground wire @2/km. Zc,, represents the mutual-impedance
between the ground wire and the faulted phase conductor, per span.

When a fault appears, part of the ground fault current will get to tioeireg
through the faulted tower, and the rest of the fault current will getrtigeto the
ground wire and other towers. The currénflowing to ground through the n-th
tower, counted from the terminal tower where the fault is assumed to take, jdac
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Fig. 1. Fault current distribution, case 1.
equal with the difference between the curraptandin, 1 [7],[8]:
In:in—in+1 (1)
The next relation gives the loop equation for the n-th mesh:
InZst — In—1Zst +inZepy — VlaZep, =0 (2)

In equation (2 = Zcp,,/Zcp, represents the coupling factor between the over-
head phase and ground wire algdrepresents the fault current. The equation (2)
could be write in the next form:

Zst

and similarly
: Z
|n+1:(|n_|n+1)ZC—St‘|‘V|d 4
P

Substituting equations (3) and (4) in equation (1), for the current in thieefh
tower will be obtained the next equation, which is a second order differequa-

tion:
Lepy

St

=lnt1—2n+In1 %)

In
According to [7], the solution of this equation is:
Ih=Ae""+Be " (6)

According with the solution (6) that contains the arbitrary parameieand
B, the current flowing to ground through the successive towers, hag@men-
tial variation. The arbitrary parametefsand B will be obtained later, from the
boundary conditions.
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Parameten in the solution (6) could be obtained by substituting the solution
(6) in equation (5). For this purpose, n is substituting with+ 1), respectively
with (n— 1) in equation (6):

II’H»l — Aé](n+1) 4 Be—a(n+l) (7)
In_1 =A™ 4 gg oY (8)
The equation (5) became:

Zepy
Zst

—e"+e 2= 2(sinhg)2 (9)

Becaus&p, < Zs, it can be written:

a:,/zg_: (10)

By applying equation (1) to then — 1) tower, it will be obtained the following
expression:
In—1:in—1—in (11)

By substituting the equations (1) and (11) in (2), it will be obtained the next
equation with a constant term:
. Zepy Zepy

In =iny1—2n+in-1+Vlg
st Lt

(12)

Similar with equation (5), the current in the ground conductor is given by the
next solution:
in=ae""+be "+ vly (13)

a, b represents the arbitrary parameters.

Because of the link between curreigsandl,, the arbitrary parametess, B
anda, b are not independent. By substituting the solutions (6) and (13) in equation
(2), it will be obtained:

A" +Be " =ad"(1-€") +be (1-e ) (14)

Because these relations are the same for every value of n, it will be abtaime
next expressions:
A=a(l-¢€%) (15)

B=b(l-e ) (16)
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The current in the ground wire will be then given by the following expmrss

. ean g an
The boundary condition (condition for= 0) at the terminal tower of Figure 1,

which means that the fault current is given by the sum between the tumrdre
faulted tower and the current in the first span of the ground wire, is:

lg=1lp+i1 (18)

Long Line. If the line is sufficiently long so that, after some distance, the
varying portion of the current exponentially decays to zére, 0 , and according
to (6) and (17):

|, = Bean (19)
. efan
|n:B<l_ea>+V|d (20)

Substituting these expressions in (18), witk: 0 for I, andn = 1 for iy, it will
be obtained:

la=B+B( = )t vig= (B )+ v 21)
4= 1-e@ 1= \1-ea d

ForB it will be obtained the next expression:

(1-v)(2tanhg)

B=(1-v)(1-eNlg= (1+tanh%))lg

(22)

The current in the faulted tower will get the expression:

o (1-v)(2tanh3)
0= B = T anhe)ig (23)

The current in the first span, counted from the faulted tower, will be:
i1=Ilg—lo=1lgle™ ¥ +v(1—e9)] (24)
The voltage rise at the terminal tower is:

Uo = ZStIO :Zst(l— V)(l— e"’)ld
~ (1—v)(2tanh3)
~ (1+tanh%) Zstla (25)

=(1-v)Zlg
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whereZ represents the equivalent impedance of the network looking back frem th
fault.

Usually, the terminal tower is connected, through an extra ﬂéap to the
station-grounding grid (Figure 2). Consequently, a resistance esieg the
grounding system of the station resistance must close the ladder netvpoek re
senting such a line. In this case, a part of the total ground fault cunrérftow
through the station ground resistan%'@ In order to use the previous results, it is
enough to replace the currdgtwith I('j =lg— I;), and thus the value of the current
in the faulted tower will be [8]:

lo=(1-v)(1-e )4 (26)
Noting the sum betweed,, andR, with Z, = R, +Z,, . the currentl,
through the station grounding grid resistance is given by the next esipnes

/ l4Z
lp =5 27)
Zy+Z

Ig
|
Echm Zerg %opd i %i:- Zepg

= — — - -
Z’St Zst zst Ri;)
faulted tower

2 1 0

Fig. 2. Fault current distributions.

In case the values dfp andZ are knownJ;) can be found out from (27) above.
I('j is given by the next expression:

lg=lg—1,=lo+i (28)

Now, it will be found the n-th tower, as counted from the terminal tower,r&@he
the current gets reduced to 1% then that traversing the terminal towen. ¢€roa-

tion (19):
1 1 z
Be "=_"_=sn=—"—_ x46, /> 29
® T 108 T " ain100” "0\ Zeg, (29)
Zepy _

For - = 0,03, will getn = 26,5, so it takes at least 26 towers from the fault
to get a current reduced to 1% then that traversing the terminal towangT&ito
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account this consideration, it is possible to see if could be consideref in the
expressions of the currents in ground wire and towers. The numbee dbwers
should be at least equal with the number given by expression (29).

Short line. If the line cannot be considered long enough regarding to the ex-
pression (29), then parametérandB will be found from the boundary conditions.
With Ry, respectively?'p, are noted the resistances of the grounding systems of the
two stations (Figure 3), which doesn't include the grounding effectseftound
wire of the considered line. The stations are connected to the terminal f@&ters
the both sides, through an extra sgzégd, and the sum betweeZ);lod and ground-
ing system of the stations resistances was noted Zyjta R, + Z/de, respectively

Z, = R,+Z,. The boundary condition at the receiving end of the line is:

_ / P Zst
Id—|p+|0+|l—|1+|0+|oz_/ (30)
p
At the sending end of the line we have:
Id:|p+iN+1 (31)
InZst+ 1 pRp — int1Zcp, + VIaZep, = O (32)
Substitutingl, from (32) to (31), we'll get:
Zlcpd . / INZst
|d(1+ VR_p :|N+1(1+chdRp)+R—p (33)
Zlcpd ey Fzﬂpm chd Z.;pd
Ip ) Ib; o I
Rp Zst Zst Zgt Ep
Sl -2 1 0

Fig. 3. Fault current distributions.

Substitutinglg, In, iny1 @ndiz into (30) and (33), according to (6) and (17), it
will be obtained a system with two linear equations:

la(1-v) = A[ﬁ + %} + B{—lféﬂ, + —iﬂ
p , p ,
Z o _ —a Z.
la(1—v) = AN | (14 ) — & | +Be ™ | 5o (14 ) —
(34)
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(34) gives:
A=l B BV (@)
where:A, By, Ay, By are:
A= l_i+2‘,81— 1_16,(, 2
o i) o)

The current in the faulted tower (obtained for 0 in all expressions, including
Ao, Bz) will be:

B, —B;
A1By; —BiA,

AL—A

e? —_———
)+ A1By; —B1Ay

Io:A+B:Id(1—v)[ (1—e")} (36)

The voltage rise of the terminal tower in this case is:

Uo = loZst
B, —Bs AL — Ay _
(1= V)Zet| 22 (1) LTR2 g ga 7
(1-V)Za| gt - B 1) @)
:(1—V)|dZN

With Zy was noted the equivalent impedance of the network looking back from
the fault in this case:
B,—B;
A1B; — B1A,

AL —A

1—¢e¥ _—
( )+ A1B; — B1A>

Zn= zst[ (1- e*’)] (38)
Case 2. In Figure 4 the fault occurs at the tower number 0. Therd\at@wvers

between this tower and the left station and respectiiliowers between tower

number 0 and the right station. The resistances of the grounding systénes eft

and right stations (Figure 4) aRy, respectively?'p. The impedance of the section
of ground wire between one station and the first tower (tdwer M) is Z/de, and
Zp = Rp+ Zp,, respectivelyZ, = R+ Z,,,. The total fault currenly is given by
the sum between the currelytfrom one side, and from the other side of the
transmission line.

In this case, considering first the left part from the faulted tower, thatsitois
identically with that presented in Figure 1. So it could be write the same equations
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Fig. 4. Ground fault current distributions.

(1 - 17), and the solutions for the current in the towers, respectivelyeigtbund
wire are:

Infs == Asean + Bseian (39)
. an efom ,
Inis:ASl—ea_'—BSl—e_a—*—Vld (40)

The subscript is used for the left part from the faulted towéy. s represents
the current in the tower numbar counted from the faulted tower to the left part of
the transmission line.

In order to find the constants, B, it is necessary to write the boundary con-
ditions. For the faulted tower, the following formulas can be written:

{ loZst — 11Zst — 11Zcpy + VZepylg = 0 41)
l1Zst — 12Zst — i2Zcpy + VZepylg =0

Also can be written the next expression:
l1=i1—12 (42)

Substituting; andi, from equations (41) in equation (42), it will be obtained:

|1<2+ ZZCSF:’) =lg+Iy (43)

For the left terminal it can be written:
In+inpr = in (44)
INZst+ 1pRp — iN+1Zcp, +16Zm =0 (45)

(In-1— IN)Zst — inZepy + VZepylg =0 (46)
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ine1=lg—lp (47)
Wherez;n represents the mutual coupling between the ground wire and the faulted
phase, in the last span.

Replacingiy.1 andiy from (45), (46) in (44), by taking into account (47), it
will be obtained the following expression:

Zst Zst ) Zi ( Rp+Zn, >
In( 1+ + = = Inci—F 1y v 48
W1 S ) =g (48)

Zopy  Zp, TRy
Expressions (43) and (48) represents the boundary conditiongpBcingl,

I, In andly_1 from the solutions (39) and (40) in (43) and (48), it will be obtained
a two system equations from which resutsandBs:

e <2+ Z;—:f - e‘“) (v — RotZm

" 1.a—aN
Rp+z</:pd > Id IOe LS 49
N1 (2458 0 )Ry—eaN-1 (24 5 e L,
Z Ro+Z \ ¢
Ioe"NRs—e“<2+ Zom —e") (v — e )l
N1 (24 58 — e 0 )R- e @1 (24 58 e L
where:
Zgt Zst _ Lyt Lst
Ls=1+(1—¢€ + — Rs=1+(1-e a + -

Similar expressions are obtained for the currents from the right parteof th
faulted tower:

In—a = Age”" +Bge "
i _ Al san | B4 L-an " (51)
In-d=1-@€ +1ea€  +Vlg

The constantgy andBgy are given by the next expressions:

e d (2+ Zomg ef“) <v _ FotZm )Id —lpe M4
Ag = = oo (52)
M1 (24 58 e 0 )Ry —e M1 (24 50 e
M Zepy RotZm \
loe™ Ry — &” (24—2—Sl —e"’) (v— F(F,:zgpd>|d
By

e (M-1) (2+ Zepy

(53)
7 —e*")Rd —eaM-1) (2+ Zg—:f —e“)Ld
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where:

Zst Zst

Zst Zst
+ —
Zepy  Ry+Zgp,

Rd:lJr(l—e*"’)Zcpd + 7
P ‘o

Lg=1+(1—€%)

At the faulted tower the total ground fault is (figure 4):
lg =lo—i1s—1i1d (54)

The current in the faulted towéds became:

R A ARV
I (1—V)|d+(i|d+T_§|d> (ﬁ_l—zea) (55)
O:
& (LeaN | LyeoM o (Re™ | R
l_lfe“( T TN >+1Ee—a< T tW )

where: / ,
Rp"‘z;n Ry +2Zn,
s=V—=o——=—,Wg=V— F(i/
Rp+chd p+Zcpd
Vi =2+ Zopy —e "\ =2+ Zop _g-a
Zst Zgt
Ts=e*N-D <2+ Zops _ e‘“> Rs—e (N-1) <2+ Zop _ e‘“) Ls,
Zst ZSt

Tg=e"M-D (2+ % — e‘”) Ry—e ¢M-D <2+ % - e‘”> Ly

St S

3 Numerical Results

In order to illustrate the theoretical approach outlined in section above,reve a
considering that the line that connects two stations is an 110 kV transmission line
with aluminium-steel 185/32mfrand one aluminium-steel ground wire 95/55mm
(Figure 5). Line impedances per one span are determined on the bésefodibw-

ing assumptions: average length of the span is 250m; the resistance# pargth

of ground wire is BQ/km and it's diameter is 1&m Ground wire impedance
per one spa.p, and the mutual impedan, between the ground wire and the
faulted phase are calculated for different values of the soil resispwitith formu-

las based on Carson’s theory of the ground return path, given in therflix 1.
Impedancé&, is calculated only in relation to the faulted phase conductor, because
it could not be assumed that a line section of a few spans are transgtsethult

was assumed to occur on the phase, which is the furthest from the gwitend
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Fig. 5. Disposition of line conductors.

because the lowest coupling between the phase and ground wire willqerdle

highest tower voltage.
Figure 6 shows the values for the

impedance of finite line in case of a fault

at the last tower of the line, as a function of the of the soil resistivity andlifer
ferent values of towers impedances. The values are calculated withadpesed

expression (38).
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Fig. 6. Impedance of finite line for different val-
ues of soil resistivity.
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Fig. 7. Ground wire current for different values
of ground wire and mutual impedance in case of
the fault at the last toweZg = 10Q.

Figure 7 shows the currents flowing in the ground wire in case of a fatlieat
last tower at the line. It was assumed that the line has 15 towers. The wdlues
ground wire and mutual impedance between the faulted phase and the griven
given in Table 1, were calculated for different values of the soil regigti For
those values and for that number of tower, according with the expre€onthe

line should be considered a short line.

In Table 1 are presented the values of the ground wire impedagpgceand the
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Table 1. Ground wire impedance and mutual impedance, per oneapdifférent values of the soil
resistivity.

plQm| 10 50 100 200 300 400 500
Repg[Q] | 0.190 | 0.201 | 0.206 | 0.210 | 0.214 | 0.216 | 0.217
Zn[Q] 0.0578| 0.0695| 0.0747| 0.0800| 0.0831| 0.0853| 0.0870

mutual impedancgn, per one span, between the ground wire and the faulted phase,
calculated with Carson’s formulas, for different values of the soil tie#is

75 : : 75— . .
v Z =500 AN
7+ + Z,71000 |4 s \i Vg
Z_=10Q Y
— © ‘st — Vv v v
Ses 1 Sest ¢ T, T
= — TR
S sl S 6 8 T
2 S
= 3
o o )
o 55 o 55f
£ § s v Z,=100Q
S 5F - 5 = Z_=50Q
c c sl_
5 S S o Z_=10Q
o Y 2 st
245 R T 2 45f °
] NI~ O] o
SN — Vv v o
4 SR S 4 T Y.
B SN
0 2 4 6 8 10 12 14 16 3% 2 4 6 8 10 12 14 16
Span number Span number

Fig. 8. Current flowing in the ground wire in Fig. 9. Current flowing in the ground wire in

case of different values of soil resistivitll =  case of different values for towers impedances;
M = 15 towers between faulted tower and theN = M = 15 towers between faulted tower and
both ends of the lineZg; = 10Q. the both ends of the line.

Using the same values of the ground wire and mutual impedance calculated for
different values of soil resistivity given in the Table 1, the currentsifigun the
ground wire in case of the fault at any tower of the line are shown in Figure

Figure 9 shows the currents flowing in the ground wire for different eslof
the towers impedances. The total fault current from both stations wamadsto
belq = 150001 andly = 1 = 7500A. Those values are valid for a soil resistivity
of 100Qm. It was assumed that the fault appears at the middle tower of the line, so
there areN = 15 towers and respectivel = 15 towers between the faulted tower
and the terminals.

4 Conclusions

This paper describes an analytical method in order to determine the graultd f
current distribution in power networks, when the fault appears at thedasr
of the line, respectively at any tower of the transmission line. The authal-de
oped this model based on the earlier approach of Rudenberg [7] anth\[&].
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Rudenberg developed a model that was valid only for long lines, withouigak
into account the mutual coupling between the faulted phase and the groond ¢
ductor. Verma developed that model by taking into account the mutual cguplin
but he treats only the case of long line to. The authors improved their model by
considering the case of a short line, when it has to consider the statiaritieoend

of the line.
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