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Abstract—As known, the guard wires of overhead high voltage 

are usually grounded through the grounding systems of support and 

of the terminal stations.  They do affect the zero sequence impedance 

value of the line, Z0, which is generally, calculated assuming that the 

wires guard are at ground potential.  In this way it is not considered 

the effect of the resistances of earth of supports and stations.  In this 

work is formed a formula for the calculation of Z0 which takes 

account of said resistances.  Is also  proposed a method of calculating 

the impedance zero sequence overhead lines in which, in various 

sections or spans, the guard wires  are connected to the supports, or 

isolated from them, or are absent.  Parametric analysis is given for 

lines 220 kV and 400 kV, which shows the extent of the errors made 

with traditional methods of calculation. 

 

Keywords—Overhead line, power system, zero sequence, wire 

guard, grounding. 

I. INTRODUCTION 

HE impedance Z of overhead power lines is calculated by 

the symmetric matrix of impedances longitudinal per unit 

length, whose elements are calculated with the well-known 

theory of Carson [1, 2].  

The impedance Z of overhead power lines is calculated        

by the symmetric matrix of impedances longitudinal per unit 

length, whose elements are calculated with the well-known 

theory of Carson [1,2].  

 For line with three phase conductors and a wire guard 

(FG), the matrix is as follows: 
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The self impedances Z ii and their mutual Z ij are: 
3

10
4 10)(log46.010² −− ++= geieiii rDjfrZ ωπ   

3
10

4 10)(log46.010² −− += ijeij DDjfZ ωπ [Ω/ km]  

geir :[m]Geometric equivalent radius of the conductor  

iR :[Ω / km] AC resistance of the conductor i  

ijD : [m] distance between conductors i and j  
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eD : [m] Depth of the center of gravity of return  ground 

currents determined by fD te ρ658=  (ρt [Ωm] soil 

resistivity f [Hz] frequency)  

 
4

10²
−πf :[Ω / km] kilometric resistance of the soil . 

 

The impedance Zo is defined as the arithmetic average of 

apparent impedances of the three phases to the zero sequence.  

This is equivalent to consider in (1) the average values of self 

and mutual impedances: 

 

 3/( )332211 ZZZZ c ++=     Instead of Z11, Z22, Z33 

 3/)( 231312 ZZZZmc ++=   Instead of Z12, Z13, Z23 

 3/)( 242414 ZZZZmcf ++= Instead of Z14, Z24, Z34 

 44ZZ f =
                                   

(2) 

 

 By requiring that the three phases are traversed by a system 

zero sequence current, we obtain the following expressions of 

Zo: 

 -FG to ground in each support with earth resistance  Rp =0  

 

fmcfmcc ZZZZZ ²320 −+=                        (3)  

 

 -FG isolated from the support and from the earth of the 

station: 

 

mcc ZZZ 20 +=                                (4) 

 

The (3) and (4) give respectively the minimum and 

maximum value | Zo | can take.  If the wire guard is 

grounding, | Zo | is smaller when the mutual impedance 

conductor-FG is greater and the impedance of the cable itself 

smaller: both circumstances do in fact increase the share of the 

zero sequence current flowing in the FG.  

Conversely, if the FG is isolated from ground, it is not 

crossed by currents zero sequence (if not negligible due to the 

capacitive coupling) and therefore Z0 depends only from zero 

sequence currents which close in the ground. 

The (3) is generally used for the calculation of Z0 because 

the FG is, if not in applications specials [3,4], connected to the 

land of the supports and terminal stations.  Sometimes to limit 

the current that circulates in the FG in the event of an earth 

fault on the first support line, the FG is not connected to the  

land station. Rp has a value of about ten ohms in case of soils 

with low resistivity, up to hundreds of ohms in the case of 

rocky terrain, while the resistance of earth stations, Rs, varies 
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from 1-2 Ω to fractions of ohms  in the case of stations of HV.  

The zero sequence currents in  phase conductors on FG induce 

an e.m.f which  a current is flowing in the wire of the same 

entity employee from Rp and Rs.  

To better illustrate this, consider the circuit  of Fig. 1(a), in 

which are represented the three  phase conductors of a span of 

length c  paths from zero sequence currents and the FG 

connected to two  supports of equal ground resistance Rp.  It is 

reasonable to  neglecting the transverse admittance of the 

conductors.  For  each phase conductor and for the FG can be 

written  the following equations:  

 

  fmcfmcccc cIZcIZZEE ++=− 000 )2('  

  ffpmcf IcZRcIZ )2(3 0 +=−                                       (5) 

The second equation gives:  

 

  )2(3 0 cZRcIZI fpmcff +−=                                (6) 

                                                                                                                        

 which substituted in the first equation gives:   

 

  
))/2((²32(
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00

fpmcfmcc ZcRZZZ

cIEEZ

+−+

=−= ∞∞
                  (7)   

                                                               

The (6) and (7) show the influence of the resistances of  

ground of the supports on the value of the current flowing  in 

FG and then the Z0.  In fact for Rp = 0, the current  circulating 

in FG closes through the ground and is  limited to only the 

impedance of the cable:  

 

fmcff ZZII 03−=                                                   (8) 

                                                                                                                                         

If the FG is isolated from ground, from (1.5) is If = 0.  If  

than 0 <R p <∞ the If may close in the ground  through the 

supports but is also limited by the resistors  of ground of the 

same.  

 

 
 Fig. 1 (a) Equivalent circuit for a span of a overhead line, (b) 

primary circuit of length dx, the system  conductor-wire guard-

resistance grounding of the supports 
 

 
 

II.  EFFECT OF EARTH RESISTANCES OF SUPPORT AND 

STATION ON THE  ZERO SEQUENCE IMPEDANCE LINES 

The (1.6) is not exact because it ignores the line in  

throughout its length and does not take into account the 

resistances  Ground the FG terminal stations which are  

normally connected. To calculate more accurately Zo you can 

use the  equivalent circuit of the system conductors-FG-

resistance  ground of the supports of Fig. 1 [5,6,7,8], where it 

was  considered the conductance of the ground of  supports 

per unit length, gp (x), suppository  evenly distributed and 

defined by the relation (ci the length of the span on the i-th 

wind  support): 

 

)(11)( xrcRxg pipip ==                              (9) 

 

In general the magnitudes gp (x) and rp (x) are variables  

along the line, depending on the resistance of the ground  

individual support, Rpi, and c the length of the span.  

However, for the purposes of the calculation of Zo, is often 

lawful  replace gp (x) and rp (x) by the average values 

calculated for  the whole line, gm and rm.  

If we neglect the transverse admittance to the land of  phase 

conductors, the zero sequence current Io the same is constant 

at all points of the line.  Writing the equations of the 

elementary network Fig. 1 and  integrating between the two 

ends of the line obtain the equations of the two-port equivalent  

the zero sequence of the entire line.  From them finally obtains 

the equivalent circuit of Fig. 2, which  takes account of the 

resistance grounding of the supports  and in which were also 

reported resistors  ground of the two stations at the ends of the 

line, Rs1 and Rs2. 

 

 

 Fig. 2 Equivalent circuit of the line to the zero sequence  taking 

account of ground systems of support and stations 

 

 In Fig. 2 the symbols have the following meaning:  

 0000 ,,, fafpcacp EEEE  are voltages zero sequence  

conductor-to-ground and voltage FG-to-ground at the start and  

upon arrival of the line of length “a” . 

Io: zero sequence current in phase conductor;  

Ifpo, Ifao: 1/3 of the currents at the ends of FG;  

 

 mccocc ZZZ 2+=  

 )cosh( akA f=  )sinh( akZB fof=  

 )( mfof gZZ =  mff gZK =  
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  BAY )1( −=  

  0102030 33 fpfp IAEAIAV +−=  

)sinh()(1 akkZA ffmcf=  

[ ]1)cosh()(2 −= akZZA fffmcf  
 

 From the expression of VO above, using  analytical 

developments, we obtain: 

 

[ ] 0120 ))/1(1()²²(3 IBYaZZZV sffmcf +−−=                 (10) 

 

1sY  series of the admittances 
11 /1 sp RYY +=  and  

22 /1 sp RYY += ;  

 Therefore, the following expression is obtained  zero 

sequence impedance Z0 or overhead line with FG: 

                                                                                                   

))/1(1()(²²(32( 12)0 BYaZaZZZZZ sffmcfmcc +−−+=           (11) 

 

where Zp: is the impedance parallel between B  and 1 / Ys12.  

 From (11) we observe that:  

a) if the earth resistances Rs1 = Rs2 stations are  invalid, 

void, or if you take the resistance of the ground  Rp of the 

supports, Yp1 = Yp2 = ∞, Zp = 0 and therefore the  (11) 

coincides with (2).  

 b) if the FG are isolated from the supports (gm = 0, B = aZf 

and  Y = 0), but are connected to networks of ground 

substations  at the two ends of the line, since there are 

indications )/(112 21 ss RRYs +=  the Zo is much closer to the 

value provided by (1.2), the lower the value of Rs1 and  Rs2, 

because it is:  

 

)(²(3)2( 210 aZRRaZZZZ fSSmcfmcc =+−+=                                                                                      

 

c) if the FG are not connected to mains earth of substation 

(which is equivalent to considering Rs1 = Rs2 = ∞) the value 

of Zo and depends only Rp on the length of the  line (in 

addition to Zf and Zmcf):  

 

 ( )( ))/1()2/(()(²²3)2(0 BYaZaZZZZZ ffmcfmcc +−−+=      

                                                                  

in the latter case, for long lines and / or equipped with low 

Rp , resulting in | cosh (Kf a) | >> 1 then (2.3) becomes  in the 

simplest: 

 

 ( )( ))2()(²²3)2(0 Offfmcfmcc ZaZaZZZZZ −−+=                                                                                    

Zof is the characteristic impedance of the system of wire 

guard-resistance grounding of the supports;  

 If the FG is not connected to the supports or are not  

present in some sections of the line, consider the circuit  

equivalent of Fig. 3. 

 For the phase conductor can be  then write the following 

relation:  

 

=−++−+−=− )"(...)"'()'( 00000000 apap EEEEEEEE      

ncc VVVaIZ 0020100 ...++++=                                  (12)                                                                           

 

Where the e.m.f induced by the currents flowing in the FG 

on the phase conductor, Voi, are different from zero only  in 

sections where FG are attached to the supports.  

The i-th section of the length in which the rope is  

connected to the supports, Vo is equal to: 

 

[ ] 00 ))/1(1()²²(3 IBYaZZZV isiiffmcf +−−=       (13)  

                                                                                          

  In addition it has:  

 

   [ ] )12/()1( 111111 RYRYYYS ++=                  

   [ ] )12/()1( 22 RYRYYY nnnSn ++=        

   2isi YY =                                                                 (14)  

                                                                                                                             

 Ys1 and Ys2 are the admittances of the first series and last 

line is connected with FG respectively to the lands of the 

station 1 and 2; Yi is  the admittance series of i-th line with 

wire  guard attached to the supports.  

Ultimately from is obtained:             
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(15)                                         

                                                                           

nn: is the number of sections in line with FG  attached to 

the brackets.  

Finally in case you want to represent even more  in detail 

the overhead power line, that is, bring into account  the actual 

resistances of the earth of each support and  change in self and 

mutual impedances of the different conductors to vary the 

geometry of the support, is  must write the reports of the n-1 

tree poles  representatives of the bans of the line and then  

evaluate the equivalent set.  
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Fig. 3 Equivalent circuit of the zero sequence line with FG in the non-earthed or not present 

 

  
Fig. 4 Line to n spans 

 

 

Fig. 5 equivalent circuit zero sequence for line (Zocc, i = Zcc,i +2 Z mc,i, where Zcc,i, and Zmc,i are the self and mutual impedance of the 

phase of the i th bay) 

   

 

Referring to Fig. 4 and 5 where they are  represented the n-

1 spans constituting the line, we  can write the following 

relations:  

a)  For the System Wire Guard-Support: 
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for i=1,…,n-2 result: 
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 b) For each Phase Conductor: 
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We obtain 

     
=−=∆ acpc EEE 00      
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From (18) and (19) result the equivalent circuit in Fig. 6. 

                                                                                               

 

 Fig. 6 Equivalent circuit for the zero sequence overhead  lines 

represented in detail (Y1 = (A -1) / B, Y2  = (D -1) / B) 

  

Solving the circuit on the rope-supports Fig. 6 we obtain the 

expressions of the current and  voltage arrival of the rope 

guard  function of the zero sequence current on the conductor  

phase, Io 

 

  0212110 ))()3/(( IBYYYYFREE pppptaf +++−=           

200 3 tafaf REI =                                                        (20)  

                                                                                                                                   

Yp1= Y1 +1 / R1 and Yp2 = Y2 +1 / R2  

 

The latter, introduced in (19) provide the  following 

expression for the calculation of the impedance  zero sequence 

line: 
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                           (21) 

 

The above-mentioned procedure for the calculation of Zo,  

implemented on a computer, allows taking into account  also 

the cutting and / or non-presence of  wire guard in various 

sections of the line.  

 For example, consider a line to 220kV, 50Hz with the 

following characteristics:  

Lengths: 5 km and 50 km, the phase conductors in Al-Ac 

with  dc = 26.1 mm and Rc20°C = 0.0824 Ω / km, a FG in Al-

Ac with df = 11.35 mm and Rf20 ° C = 0646 Ω / km, 

grounded in all  supports; span: 400 m, the average value of 

Rp = 20 Ω and  ρt = 100 Ω m, Rs1 = Rs2 = 1 Ω.  

We obtain:   

Zcc = 0.1317 + j 0.7155 Ω / km  

Zmc = 0.0493 + j 0.3209 Ω / km   

Zf = 0.6953 + j 0.7676 Ω / km 

Zmcf = 0.0493 + j 0.2938 Ω / km 

Zocc = 0.2303 + j 1357 Ω / km  

Gm = 0.125 Ω 
-1

  

Zof = 2.6313 + j1.1669 Ω / km  

K = 0.3289 + j 0.1459 1/km  

  

Length.               5 km                           50 km                                                                   

B[Ω]     3.3318 + j 6.7079     (2.8611 + j 19.77)    10 
6
                                       

Y [Ω
-1

]      0.2581 -j 0.0406        0.3176 -j 0.1408  

Yp1=        1.2581 -j 0.0406        1.3176 -j 0.1408  

Yp2 [Ω 
-1

]   

 

The zero-sequence impedance kilometric  calculated with 

(11) is: 

•  For L = 5 km, Zo = 0.347 + j 1.191 Ω / km 

While if the FG is considered to ground potential  (Rp = 0) 

is Zo = 0.331 + j 1.121 Ω / km: the error is - 4.6% of Ro and - 

6% of Xo.  

If instead  the FG is considered to be isolated from ground,  

Zo = 0.230 + j 1.357 Ω / km:  the error is + 14% of Xo and - 

34% of Ro. 

If the FG  is connected to the supports and is not connected 

to the  earth station is  Zo = 0.279 + j 1.329 Ω / km:  

Value much closer to that in the case of FG  insulated from 

earth, which nevertheless provide an Ro value affected by an 

error of -17.5%.  

• For L = 50 km, Zo = 0.334 + j 1.128 Ω / km 

Value coincident with that calculated with Rp = 0.  

Or if the line is composed of the  following five sections:  

30 km with FG to ground, 2 km with FG isolated; 10 km with 

FG ground, 2 km with FG isolated; 6 km with FG on the 

ground,  (13) provides: Z o = 0.322 + j 1.203 Ω / km.  

The Zo calculated with (11) is in this case affected by a  

error of +3.7% on RO and -6.3% on Xo.  

For L = 5 km and 50 km values of Zo calculated with (11)  

are coincident with those calculated with (21).  

If the line is not homogeneous (11) provides values of Zo  

practically coincide with those obtained from  (21), if they are 

considered to be the weighted average values  of the elements 

Zij, and Rp.  For example for the line to 220  kV under 

consideration, with a length of 10 km divided into two  

sections 4 and 6 km, with support with earth resistance  

respectively 20 and 10 Ω, the (11) provides:  Zo = 0329 + j 

1116 Ω / km:  the same value is calculated as (21) whereas for  

Rp is the average value of 12.5 Ω.  

 III.  PARAMETRIC ANALYSIS FOR LINES 220 KV AND 400 KV 

 Below is reported a parametric analysis for the  calculation 

of Zo lines at 220 and 400 kV, by means of the  formula (11).  

In Fig. 7 and 8 are reported for the line at 220  kV,50 Hz 

considered above, the trends of  zero sequence reactance and 

resistance kilometric, Xo  and Ro, depending on the length of 

line, for different  pairs of values of Rp and soil resistivity, ρt.  

The  FG Al-Ac with d = 11.35 mm is considered to be 
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connected  the earth station with R s1 = R s2 = 1 Ω or isolated 

from them.  

Fig. 9 shows the trends of Ro and Xo  function of the line 

length and the variation of Rp and  ρt, for a line to 

400kV/50Hz with  three conductors per phase in the Al-Ac, d 

= 30.42mm,  Rc20°C = 0061 Ω / km, and two FG in Al-Ac 

with the same  characteristics of the considered for the line 

220kV.  The cables are connected to the earth of the two 

stations at the ends with Rs1 = Rs2 = 0.5 Ω.  

 

 

 Fig. 7 Line 220 kV-50 Hz with FG in Al-Ac, connected to the earth 

station (Rs1 = Rs2 = 1Ω): performance of Xo and Ro vary the length 

of the line, for different values of Rp and ρt 
 

 

 

 Fig. 8 Line 220 kV-50 Hz with FG in Al-Ac not  connected to the 

earth station: performance of Xo and Ro vary  the length of the line, 

for different values of Rp and ρt 

 

 

 Fig. 9 Line 400 kV-50 Hz with two safety cables in Al-Ac connected 

to the earth station ((Rs1 = Rs2 = 0.5 Ω): performance of Xo  

and Ro vary  the length of the line,  

for different values of Rp and ρt 

 

 In Table I are finally shows the values of Ro and Xo  for 

these lines at 220 kV and 400 kV, calculated  assuming the FG 

at ground potential or isolated from earth.  

  
TABLE I 

 VALUES OF RO AND XO OF THE LINES AT 170KV AND 420 KV  

CALCULATED ASSUMING THE FG AT GROUND POTENTIAL OR ISOLATED 

ρt 

[Ω/km] 

R0,X0 

 

[Ω/km] 

Line at 220Kv 

State of  FG 

Line at 400kV 

State of  FG 

Vf=0 Ins Vf=0 Ins 

50 R0 

X0 

0.36 

1.085 

0.230 

1.292 

0.259 

0.739 

0.163 

1.073 

100 R0 

X0 

0.331 

1.121 

0.230 

1.357 

0.274 

0.759 

0.164 

1.136 

500 R0 

X0 

0.368 

1.200 

0.230 

1.509 

0.308 

0.802 

0.167 

1.285 

1000 R0 

X0 

0.392 

1.229 

0.230 

1.574 

0.323 

0.818 

0.167 

1.350 

 *) Values of Zo vary with the soil resistivity ρt since,  varying the 
depth of the ground return currents: vary the  elements of the matrix of 

kilometric impedance(self and mutual) of the line.  

  

From Fig. 7, 8, 9 and Table I are observed as follows:  

• Line to 220 kV-50Hz:  

 - If the FG is connected to the mains earth  stations at the 

two ends of the line, Xo and Ro decrease  with increasing 

length of the line up to the  lower limit corresponding to the 

case of wire  ground potential.  Considering the potential of 

FG  earth we make an error in the calculation of Xo and Ro  

increasing with decreasing length of the line and  increases 

earth resistance of the supports.   For example L = 5 km and 

Rp equal to 10, 20 and 100 Ω is  make errors, respectively, -

5.0%, -5.9% and -  7.3% on the Xo and -4.0%, -4.5% -5.6% 

on Ro.  For  L = 25 km errors are already lower than 1 ÷ 2%.  

 - If the FG are not connected to mains earth  of the stations, 

while the Xo decreases with increasing  length of the line, Ro 

increases (Fig. 8), being  weaker the ground connection of the 

cable.  
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 Considering the FG at ground potential are committed  

errors percentages higher than in the case of FG  connected to 

the mains earth substation.  

For L = 10 km and Rp equal to 10, 20 and 100 Ω will have 

errors  respectively -7.5%, -11% and -19% on the Xo.  

Always for short lines (5-10 km), for values of Rp  medium 

- low (10-20 Ω), the maximum error of Ro is  18 to 19%, s 

committing more errors for values  Rp elevated.  

 - If the FG is high resistance and is connected  the land 

substation, the errors made on  Xo, considering the FG to 

ground potential are  practically negligible, less than 1%.  The 

errors of  R0 is a few percent for values of Rp Medium - Low;  

become rather high (≥ 20%) to high Rp.  

• Line to 400 kV-50 Hz: 

Equipped with two FG Al - Ac connected to the earth 

stations with  Rs1 = Rs2 = 0.5 Ω: Xo and Ro decrease with 

increasing  the length of the line.  Considering the FG  ground 

potential, the errors made on  X0 for cable lengths up to 10 km 

and R p = 10 Ω and  20 Ω,  are appreciable: -5% and -10%.  

Become lower than the  2 ÷ 3% for L ≥ 25 km.  The errors 

made on  Ro are instead of a few percent more than  those 

committed on the X0, however, are reduced to values  less than 

3% for L ≥ 10 km.  

 If FG is isolated from earth station, errors  that are 

committed considering them to ground potential  are modeled 

on the trends shown for the line to 220 kV.  

IV.  CONCLUSIONS 

The work proposes some formulas for better evaluation zero 

sequence impedance overhead electrical lines equipped with 

one or two FG.  The formulas  take into account: the average 

value of the resistances of the earth  of support, resistors to 

ground substations  two ends of the line, the connection or less 

of  FG to the ski ground stations and supports,  the possible 

cutting of FG in some support  or absence of FG in some 

sections of the line.  

Considering the FG to ground potential is  commit errors in 

the calculation of Ro and Xo that  reach only important for 

short lines  built on soils with a high resistivity, equipped with 

wires guard of low resistance, and especially in the case in 

which these are not connected to mains earth stations.  

The calculation method illustrated can easily  be extended 

to the case of cable lines.  
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