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In this paper it will be presented an anabjtimethod in order to determine the ground fault
current distribution in effectively grounded poweetworks. In our previous works it has been
assumed that the transmission line has only onengrowire. In this paper, additionally it is
considered the case where there are two grounds.wirkere are also presented some useful
guantitative results obtained through a dedicageidped MATLAB 7.0 program.
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1. INTRODUCTION

When a ground fault occurs on an overhead trangmidime in a three-phase power network with
grounded neutral, the fault current returns togtminded neutral through the towers, ground repath and
ground wires. The estimation of the ground curréistribution has many major applications in power
systems design, especially in grounding systemseriSive work has been undertaken in order to model
transmission network for ground fault current ase\2], [3], [4], [5], [6], [8], [9], [10], [11],[12], [13].
The ground fault divides the line into two sectiogach extending from the fault towards one erntth@fine.
Depending of the number of towers between the ddulbwer and the stations, respectively of theadist
between the towers, these two sections of thenfiag be considered infinite, in which case the gdofault
current distribution is independent on the termorabf the network; otherwise, they must be regdrde
finite, in which case the ground fault current dlsition may depend greatly on the termination fueé t
network [3], [4], [8], [12], [13]. In our previouworks it was presented an analytical method in rotde
determine the ground fault current distributioreffectively grounded power network. It was assurted
the transmission line has only one ground wire ,[I#%], [16]. In this paper it will be presenteckthase
when there are two ground wires, too. It will bengidered the case that those two sections of tieedie
both infinite, respectively both finite. The calatibn method is based on the following assumptidines:
network is considered linear in the sinusoidal dyestate; only the fundamental frequency is considend
impedances are considered as lumped parametexshrspan of the transmission.

2. GROUND FAULT CURRENT DISTRIBUTION ON AN INFINITE TRANSMISSION LINE
WITH ONE GROUND WIRE

A long line is one which has a middle section wheeeline is divided by each tower into infinitelfha
lines. In Fig. 1 the fault occurs at large distafroen both terminals, at the tower numlerit is assumed
that the fault is fed from both directions. The &dance of the ground wire connected between two

grounded towers, called the self impedance per, $pannoted WichCIOOI . The mutual impedance between

the ground wire and the faulted phase conductersipen, was noted with . Those two section of the line

being both infinite, the situation in the left p&ndm the faulted tower is identically with theustion in the
right part.
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Fig. 1 Ground fault current distribution on an mifé transmission line with one ground wire

The currentl |, flowing to ground through the n-th tower, counfesin the faulted tower, is equal with the

difference between the currenfs andi [14], [15], [16]:

n+l
In=in-ipg 1)

The loop equation for the n-th mesh is given byrtbet expression:

In expression (2)v represents the coupling factor between the overhglaase and ground wire

(v= Zn ).The equation (2) could be written in the nexinfor

CPy

| -17)Z
(n—]_ n) St+

in = Ug 3)
Z
CPy
Similarly:
(-2
= Mg )
cPy

Substituting relations (3) and (4) in relation (for the currentl, will be obtained the next second order
homogeneous difference equation:
4
cpy

—— =l 2ln+l (5)

'n
Zgi

According to [10], the solution of this equatiorthe following:
In = Ae™ +Be " (6)

The parameterd andB could be obtained from the boundary conditionsafatera in the solution (6)
could be obtained by substituting the solution i(6equation (5). By applying equation (1) to thel]
tower, it will be obtained the following expression

In—1:in—1_in (7)
By substituting the equations (1) and (7) in equatR), it will be obtained the next equation:

cpy _ . . cp,
- _|n+1_2|n+|n—l+l/|d -

Iy
Z

(8)

st st

Similar with equation (5), the current in the grdusire is given by the next solution:
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i, =ae™ +be ™ +Ul, )

In expression (9, brepresent parameters. Due to the link betweerotsi, and |, the parameterg, B
anda, bare not independent. By substituting the soluti@ssand (9) in equation (1), it will be obtained:

Ae™ +Be M = ae™M@-e)+be M- e_a) (10)

Because these relations are the same for everg wahy it will be obtained the next expressions:

A=a@l-¢e%) (11)

B=b-e 9) (12)

The current in the ground wire will be then giventhe following expression:

: e™ e ™
i, =A +B +U (13)
" T1-e¢” 1-e° ¢
If the line is sufficiently long so that, after serdistance, the varying portion of the current egudially
decays to zero (infinite line), then the parameter. 0. In this case only the parametBrmust be

determined from the boundary conditions [10], [ 8}cording to (6) and (13), it can be written:

I, =Be " (14)

=Be M- ) +u (15)
The boundary condition at the faulted tower willthe following:
lq=1o*+ 24 (16)

Substituting expressions (14) and (15) in (16)hwit=0 for I, andn=1 for iy, it could be obtained the
expression for the current in the faulted tower.

3. GROUND FAULT CURRENT DISTRIBUTION ON A FINITE TRANSMISSION LINE WITH
ONE GROUND WIRE

Next, it is treated the case when those two sectibithe line are divided by the faulted tower it
finite sub-lines. In Fig. 2 the fault occurs at tbever numbeD.

tower

l—17 k2

Fig. 2 Ground fault current distribution on a feniransmission line with one ground wire

There areN towers between this tower and the left station rsgectivelyM towers between tower number
0 and the right station. The resistances of the mgtimg systems from the left, respectively from thght

stations (Fig. 2) are, respectlverRp The impedance of the ground wire in the last spasz , and
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ZP = RP + ZCPd !
currentl;]I from one side, anctl;]I from the other side of the transmission line.

Considering the left part from the faulted towése situation is identically with that presentedrig. 1. The
solutions for the current in the towers, respetyiuethe ground wire are:

respectivelyZ , = R, +Z,, . The total fault current  is given by the sum between the

In-s = Ase™ +Bge ™" 17)

e™ e ™ :
=A§1_eg+le_e—g+Md (18)

The subscrips is used for the left part from the faulted tow8}. [I ,-g represents the current in the tower

numbern, counted from the faulted tower to the left pdrthe transmission line. The parameteks, Bg
will be obtained from the boundary conditions. Fa faulted tower, the following formulas can bétten:

In—s

| . (19)
l1sZst = 1asZst ~iasZepy * Zepy g =0
Also can be written the next expression:
l1s =i1s ~i2s (20)
Substitutingi1q andi2q from equations (19) in equation (20), it will betained:
112+ Zepy [ ZsY = |o+|25 (21)
According to [3] for the left terminal it can beiten:
IN Fina =iy (22)
('N-17"NDZst ~INZepy +Yepyta =0 (24)

where Z;n represents the mutual coupling between the grevirel and the faulted phase, in the last span.
Replacingiy 4, andiy, from expressions (23), (24) in (22), by takingoiiccount expression (25), it will
be obtained the following expression:

R +Z
M)

Z_ +R Z_ +R
g Tepy TP P cpy P

Z Z
Zst
lN(1+Zst+ sty o

+|;j(v— (26)

Expressions (21) and (26) represent the boundargtitons. A and Bg will be obtained by replacinglq,
| I andl L from the solutions (17) and (18) in (21) and (26).

2s’" N N -
Similar expressions could be obtained for the cusrérom the right part of the faulted tower.
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4. TRANSMISSION LINEWITH TWO GROUND WIRES

So far it was considered that the transmission fias only one ground wire. When there are two
ground wires, if they are identical and disposedaimutually symmetrical position, the expressions
presented for single ground wire can still be usedhis case, those two ground wires are represgdny an
imaginary single wire, but the geometric mean radiuthe equivalent wire and the geometric meatadce
relative to the faulted phase must be substitutgdn the general case, presented in Fig. 3, thesegground
wires could be modelled as un equivalent grounewlin this case, the self impedance of the equitale

ground wire it is noted withZ respectively the mutual impedance between eqerivajround wire and

cpe?
the faulted phase it is noted wit, ... The equivalent impedances,,, and Z ... will represent the group

of the ground wires. Expressions for the self ingred of a ground return circuit and for the mutual
impedance between two ground return circuits aelable from the literature [2], [4]. In case okmgle
ground wire, these expressions could be directhlieg in order to find the mutual impedance betwten
ground wire and the faulted phase conductor. Wheretare multiple ground conductors, in ordernd the
equations for the self and mutual impedances ofgtbep, it must be taken into consideration theualt
coupling between the individual ground wires.

cpl (ground wire 1)

phase conductor
Zcpml
Zepy . Ipy[ " Zcpm2
Zcp”f ZCPIZZZcpEI
- rIcp”f .
Ul L2 “ cp2 (ground wire 2)
L ¥

Fig. 3 Transmission line with two ground wires

Considering Fig. 3, the following equations couéMritten:
U, =Zal e + Zepol

cpl2” cp2
U 2 = Zcp21I

+Z_ 5l

cp22° cp2

i 27)
cpl
In equation (27)Z,,,, Z.,,, represent the self impedance of the ground wines4,,,, Z

the mutual impedance between the ground wires.€eTtves ground wires, being interconnected at bottsen
thusu, =U X and the self impedance of the group can be difisd4]:

21 TEPresent

2o T (29)
cpe Icp1+|cp2

The mutual impedance between the equivalent grevreland the faulted phase conductor is given e th
following equation by particularising the corresdimy formula presented in [4]:

_ : cplchnl * IcpZZcme
cpme

| +1 (29)
cpl  cp2

In equation (29)Z,.4, Z,

phase. From these three expressions, it will beraeted the expressions for the self impedancenef t
equivalent ground wire, respectively for the mutimpedance between equivalent ground wire and the
faulted phase.

- represent the mutual impedances between the gneired and the faulted
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_ 52
ZemZep2 ~ Zep12

ZC e =
P Z, ol + chz -2z, 012 (30)
_ Zcpm(chz - Zcplz) * Zcprﬂ(chl _Zchz) (31)
cbme Zcpl+ch2 _chpl2

5. OBTAINED RESULTS

In order to illustrate the theoretical approacHinat in the sections above, we are consideringttiga
line who connects two stations i2a0kVtransmission line. The line has two aluminium-stgeund wires
160/95mm2(Fig. 4) [7].

ground wire 1 ground wire 2
\ 9000 mm /
- p
| ]
$ epl cpl
2700 mm

47400mm | 2 b c

—f————»

7500 mm 7500 mm |

) a, b, ¢ - phase conductors
tower . T

- &7

Fig. 4 Disposition of the transmission line condust

Line impedances per one span are determined dveie of the following assumption: average length
of the span is 250 Impedancezm is calculated only in relation to the faulted phasnductor, because it

could not be assumed that a line section of a fmsis transposed. Ground wires impedances pespame
and the mutual impedance between the ground wiredhee faulted phase are calculated for differahies
of the soil resistivity with formulas based on Gar's theory of the ground return path [1]. The fauhs
assumed to occur on the phase which is the furtt@stthe ground conductors, because the lowegilicmy
between the phase and ground wire will producéehiteest tower voltage. The total fault current frboth

stations was assumed to bg =15000A. Those values are valid for a soil resistivityl®0 Q m. All the

further quantitative results are based on the #t@mal approaches presented during the previoussscin
order to do this there were developed some nuniénitemsive programs written in MATLAB 7.0 software
frame.

Figure 5 presents the obtained mutual impedanaceeleet the two ground wires as a function of the
soil resistivity based on Carson's formulas [1f, ddferent values of the horizontal distance betwé¢hose
wires.

Figure 6 presents on the same theoretical basistiieal impedance between the two ground wires as
a function of the horizontal distance between gdowires, for different values of the soil resigiyvi

Figure 7 presents, based on expressions (14),utients flowing through transmission towers as a
function of the number of spans, considering, repaly neglecting the coupling factor between gheund
wires and the faulted phase.

Figure 8 presents currents through transmissianttimvers as a function of the number of spans, for
different values of the tower impedances. It wassatered the case of an infinite transmission line.
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Fig. 5 The mutual impedance between the two gravrnes as a
function of the soil resistivity
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Fig. 6 The mutual impedance between the two grauvines
as a function of the horizontal distance betweemgd wires
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of the number of spans

Figure 9 presents the currents flowing throughgmaission towers for different values of the faulted
tower impedance. It was considered the case dfite firansmission line and that the fault appearthée
middle of the transmission line, and there ared®@ets of each side of the faulted tower.

Figure 10 presents the current through the fauiteeer, for a finite line in both directions, as a
function of the line length. When the line lengitteed a limit, the current remains practically ¢answith

the further increase of the line length.
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Fig. 9 Currents flowing through transmission towrsdifferent
values of the faulted tower impedance
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In order to validate the analytical expressionsjrticorresponding results were compared with those
measured in similar conditions using real faults€8] or with those obtained using other recogtize
analytical methods [5], [8], [12], [13]. The obtaihcomputations results are in a good agreemehttidise
obtained from real measurements, respectively tritdse analytically obtained by other researchess. A
important advantages, the presented method is eimghsily understandable and far less time comgymi
than others.

6. CONCLUSIONS

At first was considered an overhead transmissimawith one ground wire, connected to the ground at
every tower of the line. But, quite often there avere than one ground wire installed on the trassion
line. Additional ground wire reduces the overalties® impedance. As a consequence the tower voltages
during a ground fault will be lower than in the eas a single ground wire. Considering two grouncesy
the method and equations presented for single gradre can be still applied, but in equations foe self
and mutual impedances of the two ground wirespthual coupling between the two ground wires mst b
taken into consideration [4]. The mutual impedaheeveen the ground conductor and the faulted phase
conductor, reduces the total circuit impedancethbse conditions, the fault current will be higlifethe
mutual impedance is neglected. It also can be #edrin the absence of mutual coupling, the fautrent
will flow through the ground, through a smaller ram of towers then in the mutual coupling presefite.
method can be used for the design of new transonidisies in order to select the size of the growire, for
evaluating safety conditions near transmission teywac.
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