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ABSTRACT

Ground wires are bare conductors which serve to protect the power line from the lightning strike. This article deals with the
calculation of the series impedance of the 110 kV overhead power line with one ground wire. The article examines the effect of the
ground wire on the series impedance of the 110 kV power line compared to the same power line without the ground wire. In the next
part, the principle of elimination of the ground wire is described and the method of including the influence of the ground wire on the
series impedance of phase conductors of the 110 kV power line is also described. The conclusion deals with the calculation of voltage
and current conditions of the 110 kV power line modelled without the ground wire, with the ground wire and with elimination
(reduction) of the ground wire (the ground wire is not modelled, but its effect is included in the series impedance of phase conductors)

and then comparison of given models.

Keywords: series impedance of overhead power lines, reduction of ground wires

1. INTRODUCTION

The calculation of electrical parameters of overhead
power lines is necessary for solving stationary and non-
stationary phenomena occurring in electrical networks. In
the case of power lines of different voltage levels, it is
possible to consider the series impedance (resistance and
inductance) and the shunt admittance (conductance and
capacitance) of phase conductors. Aside from phase
conductors, overhead power lines also include ground
wires that have the protective function. Ground wires have
their parameters (series impedance and shunt admittance).
The series impedance of ground wires affects the overall
series impedance of the power line as well as the
operational characteristics of the power line.

Therefore, properties of ground wires must be taken

into account when calculating the series impedance of
overhead power lines. There are three basic concepts
(Carson’s, Riidenberg's, and Deri's method [1]) for
calculating the series impedance of overhead power lines.
The purpose of presented methods for calculating the series
impedance of overhead power lines is to create a simple
way to determine both the self and the mutual parameters
of conductors with required precision for a wide range of
geometric arrangement, environment, materials, and so on.
These methods differ from one to another according to
configuration of conductors and properties of the ground.
All theories assume that the biggest density of the
alternating current in the ground is directly below the line
and quickly drops to the sides as well as to the depth. All
three theories consider that the earth has its own parameters
(series impedance: ground resistance and inductance) [2],

[3].
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2. CALCULATION OF THE SERIES IMPEDANCE
OF OVERHEAD POWER LINES BY CARSON'S
METHOD

The Carson's theory was published in 1926 and is still a
standard for calculating the series impedance of overhead
power lines. Carson assumes that the earth is a uniform,
flat, solid and infinite surface with the constant resistivity
The method expresses the series impedance of power lines
as an improper integral, which can be developed into
infinite series. For practical purposes, it is sufficient to
consider the final number of elements in the series [4].

The Carson's theory includes the influence of the earth
on the series impedance of overhead power lines in the
correction factors. The Carson's theory is based on the
Fig. 1, which shows the model of two conductors (wire k
and wire m) and their mirror images (image k' and image
m’) with respect to the plane of the ground. For any number
of conductors, the configuration of m + »n real conductors
and one earth is replaced by m + n real conductors and
m +n images of conductors (m is the number of phase
conductors, 7 is the number of ground wires).

Carson's method for calculating the series impedance of
overhead power lines expresses relationships between
conductors of one system (or power line), but also between
several systems (or power lines). The result of the
calculation is not a number, but a matrix of elements. The
dimensions of the series impedance matrix (rows and
columns) are identical to the number of conductors of the
given system (or power line). In this matrix the self series
impedance (self resistance and self inductance) of each
conductor is placed on the matrix diagonal and relations
between conductors (mutual series impedance: mutual
resistance and mutual inductance) are expressed apart from
the diagonal [2].
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Fig. 1 Model of two conductors and their mirror images with
respect to the plane of the earth

For the self series impedance Z,, of the conductor k
and for the mutual series impedance Z,,, between the
conductors k and m (as shown in Fig. 1):

Zy =Ry +joL, (Qm™): (D

ka = ka + ijkm (Qmil) > (2)

ka = ka s Lkm = Lmk H ka = Rmk s

where

R, isthe self resistance of the conductor k (Qm'1 ) ,

L, is the self inductance of the conductor k (Hm'] ) ,

R, is the mutual resistance between conductors k and m
(Qm™),

R, is the mutual resistance between conductors m and
k (Qm'1 ) s

L, s the mutual inductance between conductors k and
m (Hm'l),

L, isthe mutual inductance between conductors m and
k (Hm_l),

Z . 1s the mutual series impedance between conductors
m and k (Qm’1 ) ,

w is the angular frequency (S’1 ) .

The self resistance R,, and self inductance L,, of the
conductor k (Fig. 1) can be determined as [1]:

Ry =R +ARy =R +4-10"wP (Qm), 3)
Hy 2hy -1
a2
Ho o [ 2l ’ @
L, :—Oln[—]+4-10‘7Q (Hm™)
2n \ &k
where
Ry is the AC resistance of the conductor k£ without

considering the influence of the ground according
to [3] (it may include the influence of temperature,
skin effect, twisting ropes, and sag) (Qm'1 ) )

AR,  isthe Carson's correction factor for the conductor's
k self resistance with respect to the ground
(Qm™).

AL, is the Carson's correction factor for the

conductor's k self inductance with respect to the
ground (Hm’l),
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P is the factor determining the correction factor for
the resistance (Qm'1 ) ,

0 is the factor determining the correction factor for
the inductance (Hm‘1 ) ,

hy is the height of the conductor k over the ground
(m),

Sy is the factor that represents the skin effect and

magnetic properties of the conductor’s k material
I is the radius of the conductor k (m) S
o is the vakuum permeability (Hm’l) ,

o =4m-107 Hm™ .

For the mutual resistance R, and inductance L,
between conductors k and m, the following applies:

R, =AR, =410"0P (Qm™), )
Lkm:ﬂln S +AL, (Hm’l)
2n \ a,
. , (6)
Ly =221 %0 1441070 (Hm™)
2 \ a,
where
AR, is the Carson's correction factor for the mutual
resistance between conductors k and m with
respect to the ground (Qm’1 ) ,
AL, is the Carson's correction factor for the mutual
inductance between conductors k and m with
respect to the ground (Hm'1 ) ,
a, is the distance between the conductor k and the
image of the conductor m (m) according to
Fig. 1,
a, is the distance between the conductor k and the

conductor m (m) according to Fig. 1.

The factors P and Q which are used to determine
correction factors for the resistance and inductance depend
on the frequency, earth resistivity and configuration of
conductors. Reference [3] contains equations for their
calculation.

Many commercial software programs use a simplified
Carson's method to calculate electrical parameters of power
lines with the sufficient precision. The simplified version of
Carson’s equations considers only a few expressions in
equations for calculating factors P a Q. A simplified version
of the Carson's equations is given in [1].

3. IMPACT OF GROUND WIRES ON THE SERIES
IMPEDANCE OF OVERHEAD POWER LINES

Ground wires are bare conductors which serve to shield
the line and intercept lighting stroke before it hits the
current carrying conductors below. The ground wires are
solidly connected to the ground at each tower in
transmission and distribution system. AlFe conductors (for
example AlFe 180/59) are used for ground wires, wires
must not be used. The number of ground wires depends on
the type of overhead power lines. Typically, one or two
ground wires are used [5].
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The existence of ground wires on the overhead power
line extends the series impedance matrix by » rows and n
columns (n is the number of ground wires). Simplification
of the series impedance matrix is accomplished by
eliminating (reduction) the n rows and n columns belonging
to ground wires. The influence of ground wires is included
in the matrix of the self and mutual series impedance of
phase conductors (in the reduced impedance matrix). When
deducting the reduced impedance matrix, it is assumed that
voltage drops on ground wires are equal to zero.

For any overhead power line it is possible to express
Ohm's law in the form [6]:

o) |2 0]
(a0, J=101) |[z,] [z ])[5])
[ZCC:I=[RCC]+ja)[LCC] (Q;QaS_I»H),
[ch]:[ch]+ja)[ch] (Q?stilaH),
[Z'gch[Rgc:|+ja)[Lgc] (Q;Q,S_I,H),
[Zgng[ng]+jw[ng] (Q;Q,s’l,H),
fat
(A0, ]
[Z.]

()

®)
)
(10)
(11

is the column matrix of voltage drops in phase
conductors of order mx1 (V),

is the column matrix of voltage drops in ground
wires of order nx1 (V),

is the square regular and symmetrical submatrix
of order m expressing the self and mutual series

impedance of phase conductors (Qm_l), it
consists of the real component [R, ] and the
imaginary component a)[LCC] ,

is the rectangular submatrix of order mxn
expressing the mutual series impedance between

phase conductors and ground wires (Qm"), it
consists of the real component [ R, | and the
imaginary component @[ L, | ,

is the rectangular submatrix of order nxm
expressing the mutual series impedance between

ground wires and phase conductors (Qm"), it
consists of the real component [ R, | and the
imaginary component o[ L, |,

is the square regular and symmetrical submatrix
of order n expressing the self and mutual series

impedance of ground wires (Qm’l), it consists
of the real component [ R,, | and the imaginary
component a)[ng],

is the column matrix of currents flowing in phase
conductors of order mx1 (A),

4]
7]
The reduced impedance matrix is obtained by

expressing the matrix of currents flowing in ground wires
[1 g} from the second equation of the system (7), then by

is the column matrix of currents flowing in
ground wires of order nx1 (A).

fitting it into the first equation of the system (7) and by
modifying the system (7) to the shape [AUC] = [Zred][ic] :

(2 1=[2 02 [ 2 | [ 2] (), (12)
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also for the reduced matrix of the resistance [R,] and the

inductance [Lred]

[Rua] =[Re]=[ Ry J[Re ] [Ree] (@)
-1

[Lred] = [Lcc ] - |:ch ]I:ng :' [Lgc :| (H) .

4. CALCULATION OF THE SERIES IMPEDANCE

OF THE SINGLE-CIRCUIT THREE-PHASE
110 KV OVERHEAD POWER LINE

(13)
(14)

This chapter solves the calculation of the series
impedance of single-circuit three-phase 110kV overhead
power line shown in Fig. 2. The chapter compares the series
impedance of the line (Fig. 2) determined without
considering the existence of the ground wire with the
incorporation of the ground wire into the calculation. Type
of conductors of the single-circuit three-phase 110 kV
overhead power line and ground resistivity are described in
Table 1.

The calculated parameters are given in ohms per
kilometer (or millihenries per kilometer). Dimensions of
the electric tower and configuration of phase conductors
and ground wires in Fig. 2 are expressed in millimeters. In
the case of the conductor’s resistance, it is not considered
the skin effect, operation temperature, rope twisting and
even the sag.

,.,
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Fig. 2 Configuration of a single-circuit three-phase 110 kV
power line

Table 1 Type of conductors of the single-circuit three-phase
110 kV overhead power line and the ground resistivity

Type of the phase conductor AlFe 240/39
Type of the ground wire AlFe 180/59
Resistivity of the ground 150 Qm

Applying the Carson's method to the model of the
power line according to Fig. 2 (with consideration of the
ground wire) for the self and mutual series impedance
(inductance [ng] and resistance [ng ] ) of the power line

in the matrix form:
[Le] [Le ]]

) o) "
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a b c ew
a [[237 1.08 1.167 [1.09
1.08 237 1.05| |1.04 ,
[L]= mH/km
1.16 1.05 2.37] [0.99
gw [1.09 1.04 0.99] [2.38]
(R ]-| o) L 09
[&c] [REJ
b c &w
a [[0.17 005 0.05] [0.05
b []0.05 0.17 1.05| |0.05 .
[R.]= O/km
0.05 0.05 0.17] |0.05
gw [ [0.05 0.05 0.05] [0.20]

There are parameters (series impedance) of phase
conductors and the ground wire found in matrices | L, |

and [ R,, | with dimension 4x4 for the series impedance

of the 110 kV power line (inductance and resistance).
Conductors and their respective rows and columns are
marked in the matrices according to Fig. 2. The elements
on the diagonal represent the self inductance and self
resistance of each conductor. Out-of-diagonal values define
mutual relationships (mutual inductance and mutual
resistance) between conductors.

Matrices | L,,,, | and [R
resistance of the 110 kV power line without consideration
of the ground wire are equal to submatrices of the size 3x3
formed by matrices [L,, | and [R,, | considering the

] for the inductance and

no-gw

effect of the ground wire. After omitting the row and
column for the ground wire (in matrices [ Z,, | and [R,, ]):

a b c
a [237 1.08 1.16]
[Lig |=b |1.08 237 1.05| mH/km’
c [L16 1.05 2.37)
a b c
a [0.17 0.05 0.05]
[Roe |=b [0.05 0.17 1.05| Q/km’
¢ [0.05 0.05 0.17]

For the 110kV single-circuit overhead power line
(according to Fig. 2) it is possible to define the Ohm law as
a set of four equations [7] (indices belong to the conductors
in Fig. 2):

AUa Zaa Zab Zac Zagw I
Aqb _ Z.ba Z-bb Z_bc Z.bgw ].b (V), (17)
AU, Zo Zo Ze Zg | L

AU, =01 | Zpo Zaw Zae Zoew ||

where

AU,, AU,, AU are voltage drops in phase

AU conductors and the ground wire
= (V).

i, 1,01 are currents flowing in phase

conductors and the ground wire
(A),
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are self series impedances of
conductors (phase conductors

and the ground wire) (Q),

2o Zogr Zor 2

aa % cc ? gwew

7 7 7 7 are mutual series impedances
ab > “ac > “agw > “ba>
between conductors (between
Zye» Zbgw’ an > Zcb’ phase conductors and between
7 ; hase conductors and the
chw H Zgwa H Zgwb b Zgwc p

ground wire) (Q).

After expressing the current flowing through the ground
wire from the last equation of the system (17):

S (Zawals + Zgo Ty + 2 1) (A).

gwa’a gwb™ b gweT e

(18)

aw
gwegw

By substituting the current flowing through the ground
wire (expressed by relation (18)) to the first, second and
third equation of the system of equations (17), it is obtained

[7]:

A Ua Zaa Zab Zac a Zagw 1 w
AUb = Zba be Zbc I, |+ Zbg“'jgw =
_AUC an Zcb ch jc ch\ngw
Z' Z agw Z gwa Z Z agw Z gwb Z agw Z gwe
aa ab ac
Zgwgw Zgwgw Zgwgw 1
Zbnggwa Zbgw Zgwb Z Zbgw Zgwc 'a —
ba Z bb Z be b
gwWEW gwgw gwgw 7
Z' Zt.gw Zgwa Z Z(.gw Zgwb Z«,gw Zgwt. ( 1 9)
ca b cc
L Zg“ VW ZEWEW ZgWgW i
_Z +AZaared Zab +AZabred Z +AZacred Ia
Z +AZharcd Ly +AZy, Z +AZbcrcd Iy |=
an + Aan red Z + AZcb red ch + Ach red I
_Z aa red Z abred Z ac red 1 a
Zbarcd Zhhrcd thrcd Ib (V)
Z cared Z cbred Z ccred I c

The elimination of the ground wire of the single-circuit
110 kV line with one ground wire according to relations
(17), (18), (19) can only be applied if simplification is
considered: zero voltage drop on the ground wire. The self
series impedance of the ground wire and the mutual series
impedance between phase conductors and the ground wire
are included in the series impedance matrix of phase
conductors in the form of correction factors AZ,,, that

reduce the total resistivity and inductance (series
impedance) of the power line.
After the ground wire elimination (Fig. 2), the series

impedance matrix of phase conductors is as follows:

a b c
a [1.87 0.60 0.71
[La]=b 060 1.92 0.62| mH/km’
c 071 062 1.96
a b c
a [0.15 0.04 0.04
[Ro]=b [0.04 015 0.04| Q/km
¢ [0.04 0.04 0.15
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There is a graphical comparison of the series impedance
(self and mutual inductance and resistance) of the 110 kV
power line calculated by the Carson's method with
consideration of the ground wire and without including the
influence of the ground wire, shown in Fig. 3 to Fig. 6.

If the ground wire is not considered, values for the self
inductance (Fig. 3) are constant. However, taking into
account the influence of the ground wire, its existence
reduces the self inductance of each phase conductor. Fig. 3
also shows that the self inductances of phase conductors a,
b and c are not constant (in the case of the ground wire
considering). The smaller distance of the phase conductor
from the ground wire, the less its self inductance (compared
to the self inductance without considering the ground wire).
The existence of the ground wire also reduces the
inductance between the phase conductors a — b and a — ¢
(Fig. 4). The larger the distance between two conductors,
the smaller inductive coupling between them (mutual

inductance).
25
24 a b c
223
=
T22
)
221
)
£ 2
2
E 19
g8
1.7
1.6
phase conductor
™ without ground wire ™ with ground wire

Fig. 3 Comparison of the self inductance of the single-circuit
110 kV power line with and without consideration of the
influence of the ground wire
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phase conductor
® without ground wire ™ with ground wire

Fig. 4 Comparison of the mutual inductance of the single-
circuit 110 kV power line with and without consideration of the
influence of the ground wire

In the case of no grounding rope consideration both
self-resistance and mutual resistance have the same values.
The existence of the ground wire reduces these values by
the same measure (Fig. 5 and Fig. 6). The self resistance of
phase conductors includes, in addition to the resistance of
phase conductors themselves, also the correction resistance
AR, , AR, and AR_ (Carson's correction factors for the self

resistance of phase conductors a, b, c¢). The correction
resistance represents active losses caused by non-zero
ground impedance. The mutual resistance between phase
conductors a — b and a — c is characterized by Carson's
correction factors AR, and AR, which represent a phase
shift that is included in the induced voltage due to the
existing of series impedance of the ground [1], [3].
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phase conductor

® without ground wire  ® with ground wire
Fig. 5 Comparison of the self resistance of the single-circuit
110 kV power line with and without consideration of the

influence of the ground wire
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Fig. 6 Comparison of the mutual resistance of the single-circuit
110 kV power line with and without consideration of the
influence of the ground wire

5. CALCULATION OF VOLTAGE AND CURRENT
CONDITIONS OF THE SINGLE-CIRCUIT
THREE-PHASE 110 KV OVERHEAD POWER
LINE

This chapter deals with the calculation of voltage and
current conditions of the 110 kV power line with the
configuration of conductors according to Fig. 2, with
parameters of conductors and the ground listed in Table 1.
Two steady states were studied:

e normal operating conditions (at the end of the line the

load Z

oad = 132.79¢""*%" Q0 is connected in each phase,
the internal resistance Z, =R, =107 Q of sources is
considered) — state I,

o single-phase short-circuit in the phase a (in phases b, ¢

the load Z,,, =132.79¢""%* Q is connected, in the
=0Q, the

Z, = jX, = j3.04 Q of sources is considered) — state II.

phase a Z, short-circuit reactance

oad

The length of the power line was considered 19.5 km.
The spacing between towers was 300 meters (the power
line was divided into 65 sections), the ground wire was
grounded through each tower by the resistance R, =15Q.

An effective value of the phase voltage of sources was
considered as 68.13 kV (118 kV line to line voltage).

If the existence of the ground wire is not considered and
symmetric three-phase current with an RMS value of 500 A
flows through phase conductors, voltage drops on one
section (index sec) of the power line (300 m) will have a
size:
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>
)
N

7. 2.0

a aa ac a j76.4°
sec sec sec sec sec no-gw 60.55¢’
j =7 7 7 j — -j4s° .
AU, Zo, Zyw Zi ||, =| 63.67¢ v
) sec sec ) sec ) sec .scc no-gw 63 _5967'“70'60
A Uc an Zcb ch [c

sec sec sec sec || secmogw

Although phases a, b, ¢ of the 110 kV power line are
loaded with a symmetrical current, voltage drops in phases
a, b, c differ in the size and the phase shift between voltage
drops is not 120°. This voltage asymmetry is caused by
different interconnections between conductors (the mutual
series impedance between phases a — b does not equal the
mutual series impedance between phases a — ¢, b — ¢). In
the case of other types of power lines with different
configuration and parameters of conductors, the self series
impedance of phase conductors may also differ. The reason
of the asymmetry of the self and mutual series impedance
of phase conductors is different distances between
conductors and between conductors and the ground.

If the same voltage drop in phase conductors and the
zero voltage drop in the ground wire are considered for the
four-conductor system (with considering the ground wire),
for currents flowing through phase conductors and the
ground wire, the following applies:

-1

I Z, Z

a aa ab Zac Zagw AUa

sec gw sec sec sec sec 010

S . , . . 506.62¢7*"!
1 Z V4 Z V4 j .

b ba bb be bgw AU, —jl19.4°

seegw | sec sec sec sec Eec _ 497.66¢™

P | 5 5 > > . - jl19.6°
i Zo Zo Zo Ze | |aU 496.90¢

sec gw sec sec sec sec e 25 67ej1 70.5°
1 aw Z gwa Z gwb z gwe z gwew 0

sec gw sec sec sec sec

The same currents flowing through phase conductors a,

b, ¢ are obtained even after the ground wire is reduced, its

effect is included in the phase conductor impedance matrix.

The same voltage drop in phase conductors is considered as

in previous cases (four-conductor system and three-
conductor system without the ground wire).

I Z 7.1 Tau

a Zaa red

ab red acred a -jo.1°
sec red see sec see see 506.62¢™
I — 7 7 7 ] _ —jl19.4° .
I, = Zoared  Lobrea  Lverea AU, |=|497.66e A
sec red sec sec sec sec i119.6°
. . . . . 496.90¢’
lc an red Zcb red ccred A Uc

sec red sec sec sec sec

By comparing the above results for one section of the
110 kV power line, the existence of the ground wire affects
voltage and current conditions of the power line. Assuming
equal voltage drops on phase conductors and zero voltage
drop in the ground wire, the currents flowing through phase
conductors without considering the ground wire differ from
the currents in the same line with the ground wire both in
the size and phase.

The node voltage method was used to determine
currents flowing through phase conductors and the ground
wire of the 110 kV power line described above, as well as
the voltage at nodes defined along the power line from the
beginning to the end. The 110 kV power line was modelled
in three ways:

e without the ground wire (three-conductor system —

model I),

e with the ground wire (four-conductor system — model

II) and
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o with the reduced ground wire (three-conductor system
with the inclusion of the series impedance of the ground
wire to the series impedance of phase conductors —
model III).

Equivalent circuits of given models (model I, model II,
model III) are shown in Fig. 7, Fig. 8 and Fig. 9. In these
equivalent circuits the self series impedance of conductors
are shown. The mutual series impedance between
conductors is indicated by the curve with arrows. The
process of creating the topology of given models and the
mathematical solution of voltage and current conditions of
the 110 kV power line by the node voltage method is
described in [3].

Fig. 7 Equivalent electromagnetic circuit of the single-circuit
three-phase 110 kV power line without the ground wire
(model I)

Fig. 8 Equivalent electromagnetic circuit of the single-circuit
three-phase 110 kV power line with the ground wire (model II)

v .

sec 63

Zicna

Fig. 9 Equivalent electromagnetic circuit of the single-circuit
three-phase 110 kV power line with the reduced ground wire
(model IIT)

Currents flowing in phases a, b, ¢ obtained for model I,
IT and III of the 110 kV power line and steady states (state
I and II) are shown in Table 2 and Table 3.

In the case of normal operating conditions, results
obtained with all three models are practically equivalent. In
the case of results for state II — a single-phase short-circuit
in the phase a, phase currents determined by three models
of the 110 kV power line differ considerably from one
another. The reason for this is the fact, that the increase of
the current asymmetry (caused by a single-phase short-
circuit: asymmetric load) increases the influence of the
ground wire on the redistribution of the current flow in
conductors. In the case of model I (model without the
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ground wire), the short-circuit current flows only through
the ground; in the case of model II, the existence of the
ground wire reduces the impedance of the loop conductor
— ground, which is accompanied by increasing the RMS
value of the short-circuit current. The flow of the short-
circuit current through the ground wire also affects RMS
values of currents flowing in healthy phases (because of
increasing of asymmetry). In the case of model III, it can
be seen that the influence of the ground wire on the value
of the short-circuit current as well as the overall current
asymmetry is even more significant than in the case of
model II. The reason is the fact, that when the ground wire
is eliminated (model III), it is assumed that the voltage drop
on the ground wire is zero, but this is not true.

Table 2 Current flowing in phase conductors of the single-
circuit three-phase 110 kV power line under normal operating
conditions (state I)

State 1 Model of the 110 kV power line
C“(X)e“t Model I Model 11 Model 111
Phase a | 496.8¢7%!° 497.2¢73209° 497 .4¢71209°
Phase b | 495.5¢741:1° | 494.8e71411° | 494 7 1411°
Phase ¢ | 493.3¢/”!" 493.5¢%1° 493 4¢1%°
Table 3 Current flowing in phase conductors of the single-

circuit three-phase 110 kV power line during a single-phase
short-circuit in the phase a (state IT)

State I1 Model of the 110 kV power line
C“&f“t Model T Model T1 Model ITT
Phasea | 4011.7e 7756 | 4566.5¢ 742" | 4721.4¢775¢°
Phaseb | 585.9¢71575° | 550.5¢71552° | 548 5791537
Phasec | 610.9¢/1125° | 591.66119%5° | 579.4¢i103

Fig. 10 shows the RMS phase voltage in the phase a in
sections of the 110 kV power line determined by models I,
II and III under normal operating conditions (state I). As in
the case of phase currents obtained for the state I, voltages
for models I, I, III are slightly different. The voltage drops
from the beginning of the power line to its end, the voltage
drop is caused by the series impedance of the power line.

RMS values of voltages and currents in sections of the
ground wire of the 110 kV power line for state I and II
(determined using model II) are shown in Fig. 11 and
Fig. 12.

In state I there are voltage and current conditions with
very little asymmetry, a relatively low voltage (in the range
0f0.17 V to 33.75 V) is induced in the ground wire and the
current flowing in the ground wire is in the range of 2.25 A
to 20.9 A. Since every 300 meters the ground wire is
grounded, the RMS value of the current flowing along the
ground wire is not constant (as it is in the case of phase
conductors), but the lowest values of the current are at the
ends of the ground wire and the highest value is in the
center of the ground wire. In the case of the RMS voltage
along the ground wire, the situation is the opposite, so the
voltage reaches the largest value at the ends of the ground
wire and the smallest values in the center of the ground
wire. This is associated with the fact that the reactive power
flows from both ends of the ground wire to the center of the
ground wire, the active power flows in the opposite
direction, from the center of the ground wire to two ends of
the ground wire.
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Fig. 11 RMS current and voltage in sections of the ground wire

of the single-circuit three-phase 110 kV power line under normal

operating conditions (state 1)

In the case of model II (single-phase short-circuit), the
voltage and the current in each section of the ground wire
have the same characteristics as for model I (normal
operating conditions). However, the RMS value of the
current flowing through the ground wire compared to the
state I increased in this case approximately 100 times (at
the ends and in the middle of the ground wire), and
consequently the RMS value of the voltage in sections of
the ground wire increased approximately 100 times.
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Fig. 12 RMS current and voltage in sections of the ground wire
of the single-circuit three-phase 110 kV power line during a
single-phase short-circuit in the phase a (state II)
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6. CONCLUSION

In the case of calculations of electrical quantities,
whether in a steady state or in the case of transient
phenomena, the mathematical modelling of overhead
power lines often uses the series impedance and shunt
admittance values, which generally depend only on the
cross-section of the phase conductor. With today's well-
known and proven approaches, it is possible to create
multiple mathematical models of overhead power lines,
each of which is suitable for a different purpose.

Chapter 2 of this article describes the Carson's method
of calculating the self and mutual series impedance of
conductors of overhead power line, which also depends on
the number of conductors and distances between
conductors, and distances between conductors and the
ground. On the basis of calculated electric parameters
(series impedance) of conductors, for example, in the case
of the single-circuit three-phase 110 kV power line, three
different models can be created: three-conductor system
without the ground wire, four-conductor system with the
ground wire and three-conductor system with the
eliminated ground wire. For each of these models, different
values of self and mutual resistance and inductance of the
power line (of conductors) can be found.

There are voltage and current conditions of given three
models of the 110 kV power line solved in the chapter 5.
From above results, the ground wire significantly
influences voltages and currents of the 110 kV power line
in the case of increased asymmetry on the source side
(voltage unbalance) or on the load side. Even the
parameters (series impedance) of the power line are not
symmetrical, but it is a small asymmetry caused by
different distances between conductors and between
conductors and the ground.

It follows that in the modelling of unbalanced
disturbances, respectively of unsymmetrical operating
states it is necessary to include the ground wire into the
calculation. On the other hand, in the case of voltage and
current symmetry, the effect of the ground wire is minimal.
It is also necessary to take into account the fact, that when
the ground wire is eliminated in order to simplify
calculations, a voltage drop on the ground wire is
considered equal to zero, which represents an inaccuracy in
the calculations.
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