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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. 
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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 
(Carsonʹs, Rüdenbergʹs, and Deriʹs 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]. 

 

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, n 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 kkZ  of the conductor k 

and for the mutual series impedance kmZ  between the 

conductors k and m (as shown in Fig. 1): 

 1
kk kk kkj ΩmZ R ωL   , (1) 

 1
km km kmj ΩmZ R ωL   , (2) 

km mkZ Z  , km mkL L , km mkR R , 
where 

kkR  is the self resistance of the conductor k  1Ωm , 

kkL  is the self inductance of the conductor k  1Hm , 

kmR  is the mutual resistance between conductors k and m 
 1Ωm , 

mkR  is the mutual resistance between conductors m and 
k  1Ωm , 

kmL  is the mutual inductance between conductors k and 
m  1Hm , 

mkL  
is the mutual inductance between conductors m and 
k  1Hm , 

mkZ  is the mutual series impedance between conductors 
m and k  1Ωm , 

ω  is the angular frequency  1s . 

 
The self resistance kkR  and self inductance kkL  of the 

conductor k (Fig. 1) can be determined as [1]: 
 7 1

kk k kk k 4 10 ΩmR R R R ωP       , (3) 
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, (4) 

where 

kR  

 

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)  1Ωm , 

kkR  is the Carson's correction factor for the conductor's 
k self resistance with respect to the ground
 1Ωm , 

kkL  is the Carson's correction factor for the 
conductor's k self inductance with respect to the 
ground  1Hm , 

P is the factor determining the correction factor for 
the resistance  1Ωm , 

Q is the factor determining the correction factor for 
the inductance  1Hm , 

kh  is the height of the conductor k over the ground 

 m , 

kξ  is the factor that represents the skin effect and 
magnetic properties of the conductorʹs k material 

  , 

kr  is the radius of the conductor k  m , 

0μ  is the vakuum permeability  1Hm , 
7 1

0 4π 10 Hmμ    . 
 

For the mutual resistance kmR  and inductance kmL  

between conductors k and m, the following applies: 
 7 1

km km 4 10 ΩmR R ωP     , (5) 
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, (6) 

where 

kmR  is the Carson's correction factor for the mutual 
resistance between conductors k and m with 
respect to the ground  1Ωm , 

kmL  is the Carson's correction factor for the mutual 
inductance between conductors k and m with 
respect to the ground  1Hm , 

kma  is the distance between the conductor k and the 
image of the conductor m  m  according to 

Fig. 1,

kma  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 
Carsonʹs method to calculate electrical parameters of power 
lines with the sufficient precision. The simplified version of 
Carsonʹs 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 n 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]: 

 
 cc cgc c

g ggc gg

V
0

Z ZU I

U IZ Z

                    
                       

  

   , (7) 

     1
cc cc ccj Ω; Ω, s , HZ R L      , (8) 

 1
cg cg cgj Ω; Ω, s , HZ R L            
 , (9) 

 1
gc gc gcj Ω; Ω, s , HZ R L            
 , (10) 

 1
gg gg ggj Ω; Ω, s , HZ R L            
 , (11) 

where 

cU    is the column matrix of voltage drops in phase 
conductors of order 1m   V , 

gU  
  is the column matrix of voltage drops in ground 

wires of order 1n   V , 

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

impedance of phase conductors  1Ωm , it 

consists of the real component  ccR  and the 

imaginary component  ccL , 

cgZ  
  is the rectangular submatrix of order nm×

expressing the mutual series impedance between 
phase conductors and ground wires  1Ωm  , it 

consists of the real component cgR    and the 

imaginary component cgL    , 

gcZ  
  is the rectangular submatrix of order mn×

expressing the mutual series impedance between 
ground wires and phase conductors  1Ωm  , it 

consists of the real component gcR    and the 

imaginary component gcL    , 

ggZ  
  is the square regular and symmetrical submatrix 

of order n  expressing the self and mutual series 
impedance of ground wires  1Ωm  , it consists 

of the real component ggR    and the imaginary 

component ggL    , 

cI    is the column matrix of currents flowing in phase 
conductors of order 1m   A , 

gI  
  is the column matrix of currents flowing in 

ground wires of order 1n   A . 

 
The reduced impedance matrix is obtained by 

expressing the matrix of currents flowing in ground wires 

gI  
  from the second equation of the system (7), then by 

fitting it into the first equation of the system (7) and by 

modifying the system (7) to the shape c red cU Z I              : 

 1

red cc cg gg gc ΩZ Z Z Z Z


                   
     , (12) 

also for the reduced matrix of the resistance  redR  and the 

inductance  redL  

     1

red cc cg gg gc ΩR R R R R
             , (13) 

     1

red cc cg gg gc HL L L L L
             . (14) 

 
4. CALCULATION OF THE SERIES IMPEDANCE 

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

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 conductorʹs resistance, it is not considered 
the skin effect, operation temperature, rope twisting and 
even the sag. 
 

 
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 Ωm

 
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 gwL    and resistance gwR   ) of the power line 

in the matrix form: 

 cc cg

gw
gc gg

L L
L

L L

                
, (15) 
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gw

2.37 1.08 1.16 1.09

1.08 2.37 1.05 1.04
mH km

1.1

a b c gw

a

b

6 1c

g

.05 2.37 0.99

1.09 1.04 0.99 2. 8w 3

L

    
    
               
  

, 

 cc cg

gw
gc gg

R R
R

R R

                
, (16) 

   

gw

0.17 0.05 0.05 0.05

0.05 0.17 1.05 0.05
km
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a b c gw
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c

gw 0
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. 

 
There are parameters (series impedance) of phase 

conductors and the ground wire found in matrices gwL    

and gwR    with dimension 4 4  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 no-gwL    and no-gwR    for the inductance and 

resistance of the 110 kV power line without consideration 
of the ground wire are equal to submatrices of the size 3 3  
formed by matrices gwL    and gwR    considering the 

effect of the ground wire. After omitting the row and 
column for the ground wire (in matrices gwL    and gwR   ): 

no-gw

2.37 1.08 1.16

1.08 2.37 1.05 mH km

1.16 1.05 2.37

a b c

a

b

c

L

 
     
  

, 

no-gw

0.17 0.05 0.05

0.05 0.17 1.05 km

0.05 0.05 0.17

a b c

a

b

c

R

 
      
  

. 

 
For the 110 kV 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): 

 

a aa ab ac agw a

b ba bb bc bgw b

c ca cb cc cgw c

gw gwa gwb gwc gwgw gw

V

0

U Z Z Z Z I

U Z Z Z Z I

U Z Z Z Z I

U Z Z Z Z I

     
               
     
           

     
     
     

     

, (17) 

where 

aU  , bU  , cU  , 

gwU   

are voltage drops in phase 
conductors and the ground wire
 V , 

aI , bI , cI , gwI  are currents flowing in phase 
conductors and the ground wire 
 A , 

aaZ , bbZ , ccZ , gwgwZ  are self series impedances of 
conductors (phase conductors 
and the ground wire)   , 

abZ , acZ , agwZ , baZ , 

bcZ , bgwZ , caZ , cbZ , 

cgwZ , gwaZ , gwbZ , gwcZ  

are mutual series impedances 
between conductors (between 
phase conductors and between 
phase conductors and the 
ground wire)   . 

 
After expressing the current flowing through the ground 

wire from the last equation of the system (17): 

   gw gwa a gwb b gwc c
gwgw

1
AI Z I Z I Z I

Z
         

 . (18) 

 
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 aa ab ac a agw gw

b ba bb bc b bgw gw

c ca cb cc c cgw gw

agw gwa agw gwb agw gwc
aa ab ac

gwgw gwgw gwgw
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U Z Z Z I Z I
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U Z Z Z I Z I

Z Z Z Z Z Z
Z Z Z
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Z
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. (19) 

 
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 redZ  , 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: 

 red

1.87 0.60 0.71

0.60 1.92 0.62 mH km

0.71 0.62 1.9

a b c

c 6

a

bL

 
   
  

, 

 

 red

0.15 0.04 0.04

0.04 0.15 0.04 km

0.04 0.04

a

0

b c
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b

c .15

R

 
   
  

. 
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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 – c 
(Fig. 4). The larger the distance between two conductors, 
the smaller inductive coupling between them (mutual 
inductance). 
 

 
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 

 

 
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 

aaΔR , bbΔR  and ccΔR  (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 abΔR  and acΔR  which represent a phase 
shift that is included in the induced voltage due to the 
existing of series impedance of the ground [1], [3]. 

 
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 

 

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

load j18.2
load 132.79eZ    is connected in each phase, 

the internal resistance 3
i i 10Z R     of sources is 

considered) – state I, 
 single-phase short-circuit in the phase a (in phases b, c 

the load j18.2
load 132.79eZ    is connected, in the 

phase a load 0Z   , the short-circuit reactance 

i ij j3.04Z X    of sources is considered) – state II. 

 
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 g 15R   . 

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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a aa ab ac a j76.4
sec sec sec sec sec no-gw

j45
b ba bb bc b
sec sec sec sec sec no-gw j170.6

c ca cb cc c
sec sec sec sec sec no-gw

60.55e

63.67e

63.59e

U Z Z Z I

U Z Z Z I

U Z Z Z I



 

 

     
     

            
           
     

    

    

    

V


 
 
 

. 

 
Although phases a, b, c 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 – c, b – c). 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

a aa ab ac agw
asec gw sec sec sec sec

b ba bb bc bgw
sec gw sec sec sec sec

ca cb cc cgw
sec gw sec sec sec sec

gw gwa gwb gwc gwgw
sec gw sec sec sec sec

c

I Z Z Z Z U

I Z Z Z Z

I Z Z Z Z

I Z Z Z Z


       
   
   

   
   
   
   
      

     

    

    

    

j0.1sec

j119.4b
sec

j119.6

c
j170.5sec

506.62e

497.66e
A

496.90e

25.67e
0

U

U

 

 





 
   
            
    
  





. 

 
The same currents flowing through phase conductors a, 

b, c 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). 

 

1

a aa red ab red ac red a j0.1
sec red sec sec sec sec

b ba red bb red bc red b
sec red sec sec sec sec

c ca red cb red cc red c
sec red sec sec sec sec

506.62e

497

I Z Z Z U

I Z Z Z U

I Z Z Z U



      
     
            
     

     
     

    

    

    

j119.4

j119.6

.66e A

496.90e

 



 
 
 
  

. 

 
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: 
 without the ground wire (three-conductor system – 

model I), 
 with the ground wire (four-conductor system – model 

II) and 

 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) 
 

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

(model III) 
 

Currents flowing in phases a, b, c obtained for model I, 
II 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 I Model of the 110 kV power line
Current 

(A) Model I Model II Model III 

Phase a 496.8e−j21° 497.2e−j20.9° 497.4e−j20.9° 
Phase b 495.5e−j141.1° 494.8e−j141.1° 494.7e−j141.1° 
Phase c 493.3ej99.1° 493.5ej99.1° 493.4ej99.1° 

 
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 II) 

State II Model of the 110 kV power line
Current 

(A) Model I Model II Model III 

Phase a 4011.7e−j75.6° 4566.5e−j74.2° 4721.4e−j75.6° 
Phase b 585.9e−j157.5° 550.5e−j155.2° 548.5e−j153.7° 
Phase c 610.9ej112.5° 591.6ej109.5° 579.4ej109.3° 

 
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, II, 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 
of 0.17 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. 

 
Fig. 10  RMS phase voltage in the phase a in sections of the 
single-circuit three-phase 110 kV power line under normal 

operating conditions (state I) 
 

 
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 I) 
 

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. 
 

 
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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