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Abstract. The neutral lines connecting to a MV/LV transformer station are affecting 

both the equivalent earthing impedance thus the earth potential rise (EPR) of the 

transformer station and the potential transferred to the LV customers [1]. The effects of 

the different parameters of the neutral line system are investigated by simulation study 

and site measurement as well. The presence of metallic pipe lines (water, gas, ect.) laid 

in parallel to the LV line constitutes further path for the earth current. Therefore, it is 

affecting the resultant characteristics of the neutral system especially in TN system 

when the neutral and the pipe are metallically cross-connected at regular intervals i.e. at 

the customer sites.  

1. INTRODUCTION 

The neutral line system together with the coupled pipe line, if present, has 

been simulated as a multi-conductor line system with multipoint boundary 

conditions, applying the MULTC software [2]. In this method the line sections are 

simulated as distributed parameter line and the lumped elements (pole earthing 

resistances, connections between the neutral and the pipe and the terminations) as 

intermediate boundary conditions. The applied technique solves the differential 

equation system (set of the telegraph equations) with the consideration of the 

boundary conditions relevant to the intermediate elements and terminations.  

The effects of different parameters are also investigated by site measurements 

at seven transformer stations under the actual conditions. The resultant earthing 

impedance has been measured vs. the frequency. This kind of measurement aimed 

at the differentiation of the resistance of the earthing of the station itself from the 

overall earthing resistance including the effect of the connected earthed structures, 

such as the neutral conductors 
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2. SYSTEM MODELLING, OPTIONS AND PARAMETERS 

LINE ARRAGEMENT AND PARAMETER OPTIONS 

The arrangement of the investigated LV line and pipe line are shown in 

Hiba! A hivatkozási forrás nem található.. The simulation calculations have 

been performed for the following three cases:  

 the neutral of an overhead LV line is only considered,  

 the neutral of the LV line and a buried steel pipe laid in parallel with but 

not connected to the neutral,  

 the neutral of the LV line and a buried steel pipe laid in parallel, and 

connected with to the neutral (Fig. 1). 

 

Fig. 1. – Circuit arrangement of the investigated neutral of the LV line  

(neutral height 6 m, neutral earthing resistance Rf ). 

The characteristics of the neutral of an overhead LV line are:  

 Aluminium strand of 95 mm
2
, GMR=0.576 mm, Rac = 0.309 /km,  

 Length: 1 km,  

 Terminating resistance: Re = 0.1, 0.5, 1.0, Zchar  or infinitive .  

It should be noted that, Re represents the input resistance of the neutral of 

the neighbouring feeding area. Its value is equal to characteristic 

impedance Zchar of the neutral-to-earth loop when the neutral is 

continuous at the feeding boundary and infinitive when the neutral 

conductor is disrupted at the feeding boundary.  

 The assumed distances between the discrete earthing locations: Lt = 25, 

100 or 250 m. 

 The values of the discrete earthing resistance: Rf = 1, 3, 10, 30, 100 or 

300 . The Rf resistances are representing the local earthing at the 

customer’s premises or any other points along the LV line (Fig. 1). 
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It should be noted that the neutral-to-earth leakage has been simulated in the 

following two ways:  

 with discrete earthing resistances Rf accordingly to the above defined 

options, or 

 with a uniform leakage conductance G which is equivalent to the total 

leakage provided by the discrete earthing connections given by 

n
R

G
f

f

1
      S/km  

where n is the number the discrete earthing connections along the 1 km 

long neutral line. 

The features of the assumed steel pipe are: 

 The lateral distance between the LV and pipe lines: LP = 2 or 12 m. 

 The pipe has 500m extensions at both ends of the LV line and is 

terminated by the characteristic impedance of the pipe-to-earth loop 

(relevant to the investigated frequency). 

 The pipe diameter: 80 mm and wall-thickness: 3 mm. 

 The impedance of the pipe (external surface impedance with external 

current return) was considered as a current dependent value accordingly 

to the laboratory measurement.  

The calculations have been performed for all of the above options (6x4=24 for each 

of the three Lt options, i.e. total of 24x3=72) for the following frequencies:  

Frequencies considered in the simulation calculations and site measurements 

40 50 65 79 179 279 379 579 979 1979 2979 3979 4979 5979 6979 7979 

FEEDING OF THE NEUTRAL-TO-EARTH LOOP 

The simulation calculations have been performed under that condition when 

100A current has been injected into the neutral-to-earth loop at the MV/LV 

transformer station end. This kind of injection has the advantage that the neutral 

voltages obtained can easily be recalculated to any other current values relevant to 

actual (operational or short circuit) conditions. Furthermore, the input impedance 

of the neutral is simply given as the input voltage divided by 100 A.  

3. RESULTS OF THE SIMULATIONS  

The results are given for the following quantities:  

 voltage and current profiles vs. length of the neutral conductor, 

 input impedance of the neutral-to-earth loop vs. frequency, 
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 input impedance of the neutral-to-earth loop for mains frequency (50 Hz). 

The results have shown that, the steel pipe not connected metallically with 

the neutral does not have practically any effect on the neutral. Therefore, the results 

are presented only for the following two conditions:  

 no steel pipe is present (or not connected to the neutral)  

 the neutral is connected to the steel pipe at the locations of the discrete 

earthing.  

VOLTAGE AND CURRENT PROFILES VS. LENGTH OF THE NEUTRAL 

The voltage and current profiles vs. length figures have been drown for all 

calculated options. Here are reproduced only for two representative cases which 

reflecting the main tendencies. 

The profile curves drown by solid lines show the results obtained by 

simulation with discrete earthing resistances, while those drown by dotted lines 

show the results obtained by the simulation by the uniform leakage Gf.  

The curves marked by different lines are related to the following Lt distances 

between the places of the discrete earthing locations: 

 
Fig. 2 shows an example for voltage and current profiles for f=50 Hz, Lp= 

2m, Re= inf., Rf= 3Ω without any metallic connection to the pipe.  

When analysing the voltage profiles of the neutral conductor for all 

investigated cases the following main tendencies can be observed:  

 The transferred voltage decreases with the better earthing of the neutral 

conductor, i.e. with the decrease of the earthing resistance Rf and with the 

increase of the number of earthing places. 

 The connections to the pipe line reduce the transferred voltage, roughly 

speaking, with 50%.  

 The cross-connection of the neutral at the feeding boundary reduces the 

transferred voltage especially when Rf is high.  

 The difference between voltage calculated by discrete Rf (real condition) 

and by equivalent distributed leakage Gf is bigger for smaller Rf and less 

for less earthing places.  

The voltage and current profiles vs. length were calculated for higher 

frequencies also for cases with not connected pipe and connected pipe. The results 

for not connected case is plotted in Fig. 3, for f=1979 Hz, Lp= 2m, Re= inf., Rf= 

3Ω. 
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Fig. 2. – Voltage and current profiles of the neutral vs. length. 

Neutral not connected to the pipe, f = 50Hz, Re = inf., LP = 2 m, Rf = 3 Ω 

  

Fig. 3. – Voltage and current profiles of the neutral vs. length. 

Neutral not connected to the pipe, f = 1979 Hz, Re = inf., LP = 2 m, Rf = 3 Ω 

The attenuation with the length of the transferred voltage is much quicker for 

this higher frequency especially for smaller Rf values and pipe connected case. 

This is due to the change (decrease) in the length constant of the neutral-to-earth 

loop.  

INPUT IMPEDANCE OF THE NEUTRAL-TO-EARTH LOOP VS. 

FREQUENCY 

The input impedance of the neutral-to-earth loop vs. frequency are compared 

for pipe-connected and not connected cases, LP = 2m and considering the following 

parameter options: 
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 Varying Rf , for Re = 0.1 ; (Fig. 4.) 

 Varying Re, for Rf = 30 ;  

 Varying Re, for Rf = 300 .  

In addition the comparison is made for pipe separation distances of LP = 2 m 

or 12 m in the case of: 

 varying Rf , for Re = 0.1 .  

Regarding the magnitude of the input impedance of the neutral-to-earth loop 

vs. frequency the following main tendencies can be observed:  

 The pipe connections significantly reduce the input impedance;  

 The value of the terminating resistance Re has practically no effect on the 

input impedance in the higher frequency region even in case of Rf = 300 

 or higher;  

 The separation distance between the neutral conductor and the pipe has 

practically no effect on the input impedance. 

 

  
a) neutral connected to the pipe b) neutral not connected to the pipe 

Fig. 4. – Input impedance vs. frequency, varying Rf , for Re = 0.1, Lt= 25m 

INPUT IMPEDANCE OF THE NEUTRAL-TO-EARTH LOOP FOR MAINS 

FREQUENCY (50 Hz)  

Survey of the values of the mains frequency (50 Hz) input impedance of the 

neutral-to-earth loop is given in bar diagrams in Fig. 5. These values are given for 

the options of the two key parameters, i.e. the distance Lt between the subsequent 

discrete earthing places and the resistance Rf of discrete earthing structures. The 

effect of the terminating resistance Re representing the possible continuing of the 

neutral is also demonstrated.  

For the value of the input impedance the following main conclusions can be stated:  

 Its value can vary in a wide range, i.e. between 0.17 to 75 .  
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 The increase of Rf by an order of magnitude causes a factor two increase 

in the input impedance. 

 The input impedance increases nearly proportionally with the distance Lt 

between the discrete earthing in the neutral has no extension.  

 The steel pipe effectively reduces (by factor two) the input impedance 

only in that case when the neutral and the pipe are metallically connected 

(TN system). 

 The continuity of the neutral conductor through the section boundary of 

the feeding area has of importance espacially in case of poor earthing 

condition of the neutral section under study. 

 
a) Re=0.5 Ω 

 
b) Re=inf. 

 
c) Re=Zchar 

Fig. 5. – Input impedance of the neutral conductor at 50 Hz, parameters: Rf and Lt,  

varying Re. Cases: connected (c), separated (s), no pipe (0) 
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4. MEASUREMENT OF THE EQUIVALENT EARTHING IMPEDANCE 

AND ITS COMPONENTS 

This chapter presents the results of site measurements of the earthing 

impedance of 20/0.4 kV transformer stations feeding rural overhead or cable LV 

lines. The measurements have been made in the 40 Hz to 8000 Hz frequency range, 

aiming at the determination of the equivalent earthing impedance and its 

components, i.e. the input impedance of the LV neutrals and the resistance of the 

local earthing.  

TYPES OF THE MEASURED TRANSFORMER STATIONS 

The measured transformer stations can be classified into the following 

categories:  

 Transformer in cabinet fed by 20 kV three core lead sheathed armoured 

cable with continuous leakage to the earth, i.e.: Zamardi and Szantod. 

 Transformer in cabinet fed by 20 kV overhead line through a short 

junction cable covered by plastic insulating jacket; i.e.: Gyor-

Menfocsanak. 

 Pole mounted transformer fed by 20 kV overhead line, i.e.: Koronco 

 Transformer in cabinet fed by 20 kV cable covered by plastic insulating 

jacket; i.e.: Szombathely 

MEASURING METHOD  

The scheme of the applied measurement method is shown in Fig. 6. The 

measuring current has been injected between the neutral bus and the current probe. 

Its frequency has been step like varying avoiding the harmonic frequencies. Both 

the current and voltage probes were located 80-100 m far from the transformer 

station in perpendicular direction to the 20 kV feeder and also as far as possible 

from the pole earthings of the LV lines.  

The measuring current flowing into the neutral conductors, local earth and 

the neutral of the transformer (if possible) were separately measured by Rogowski 

coils (flex). The injected and the part currents and also the EPR of the neutral bar 

were measured by selective meter. The equivalent earthing impedance and the 

branch impedances have been calculated as the ratios of the EPR and the 

appropriate current. 
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Fig. 6 – Scheme of the measurement. 

The measurements made by the C.A Earth and Resistivity Tester C.A. 6472 

applied the same principles, but the measured values are processed and thus the 

impedance results themselves are monitored by measuring the instrument [3]. 

RESULTS OF THE MEASUREMENTS  

The equivalent impedance of the measured seven transformer stations are 

shown vs. the frequency and are plotted for characteristic frequencies in Fig. 7. The 

characteristics of the measured transformer stations are presented in the Table 1.  

 

Fig. 7 – Equivalent impedance measured vs. frequency  
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Table 1 

The measured transformer stations and theirs characteristics  

Tr. station 
LV (0.4kV) branch 

no./type 
Pipeline 20 kV feeding type 

Zamardi 

Tancsics  

5 lines/ overhead 

(4x95mm2) 
steel, connected 

lead sheathed arm. 

cable with cont. 

leakage to the earth 

Gyor-

Menfocsanak 

3 lines / 4x240mm2 cable 

(plastic insulated) 
plastic overhead line 

Zamardi 

Gaspar  

4 lines / 4x95mm2 

overhead lines, 2/ plastic 

insulated cable  

steel, connected 

lead sheathed arm. 

cable with cont. 

leakage to the earth 

Szantod 
7 lines / mixture of 

overhead lines and cables 
steel, connected 

lead sheathed arm. 

cable with cont. 

leakage to the earth 

Koronco II.  
3 lines / plastic insulated 

cables, 1/ overhead line 
steel, connected overhead line 

Koronco V.  
4 lines / plastic insulated 

cables 
plastic overhead line 

Szombathely 

7 lines / NAYY 

4x240mm2 plastic 

insulated cables 

plastic  
plastic insulated 

cable 

The equivalent earthing impedances of the transformer stations are very 

small. It is essentially resulted by the small input impedance of the neutral 

conductors, which are in line with the values obtained from the simulation 

calculation assuming frequent customers (Lt = 25m), low resistance of the discrete 

earthing structures (Rf = 3 Ω) and metallic connection to steel pipe. The reason for 

the even smaller equivalent earthing resistance at the Zamardi and Szantod region 

is the continuously earthed sheath of the 20 kV cable. The equivalent impedances 

(Ω) for 50 Hz as the following: 

f [Hz] 
Zamardi 

Tancsics 

Zamardi 

Gaspar u. 
Szantod Gyor-Mcs 

Szombat-

hely 

Koronco 

V. 

Koronco 

II. 

50 0,053 0,064 0,06 0,15 0,144 0,251 0,182 

The equivalent impedance of the Zamardi Gaspar transformer station and its 

components measured by Chauvin-Arnoux instrument are plotted in Fig. 8. The 

earthing resistance of the MV/LV transformer station is approximately constant in 

the measured frequency range accordingly to the previous simulation and technical 

literatures. The shape of the measured input impedance of the LV neutral-to-earth 

loop (PEN wires) is very much the same as obtained from the simulation and 
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presented in Chapter 3. The resultant of these components gives the equivalent 

earthing resistance.  

The value of the equivalent impedance measured as a function of the 

frequency yields the following results:  

 the value obtained at the low frequency (around 50 Hz) range provides 

the resultant earthing impedance of MV/LV transformer station, while  

 the value obtained at the high frequency (6 kHz and above) range 

provides practically the resistance of the earthing of the MV/LV station 

itself. 

 

Fig. 8 – Measured equivalent impedance and its components vs. frequency at Zamardi Gaspar Tr.  

Therefore the measurements with higher frequencies allow to differentiate the 

resistance of the local (station) earthing from the overall resistance including the 

effect of the connected earthed structures, such as the neutral conductors.  
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CONCLUSIONS  

Many parameters affect the input impedance of the LV neutral lines. These 

parameters are investigated by simulation and site measurements. Basically, the 

main statements are the followings: 
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 The transferred voltage decreases with decreasing earthing resistance Rf 

and with the increase of the number of earthing places. 

 The connections to the pipe line reduce the transferred voltage, roughly 

speaking, with 50%.  

 The connection of the neutral at the feeding boundary reduces the 

transferred voltage especially when Rf is high.  

It has been proven that the measurements with higher frequencies allow to 

differentiate the resistance of the local (station) earthing from the overall resistance 

including the effect of the connected earthed structures, such as the neutral 

conductors. 

Received on 12 10, 2009 

REFERENCES 

1. J. Ladanyi, Gy Varju, Transient power frequency overvoltages transferred to low voltage networks 

from the EPR of HV and MV transformer stations. In: 7-th International Symposium On 

Electromagnetic Compatibility and Electromagnetic Ecology: The Proceedings. Saint-

Petersburg, Russia, pp. 32-35, June 26-29, 2007 

2. F. J. Sollerkvist, Gy. Varju, A general model and numerical method for multiconductor systems in 

frequency domain, Proceedings of the IEEE/KTH Stockholm Power Tech Conference. 

Stockholm, Sweden, pp. 227-232, June 18-22, 1995 

3. Institute of Electric Equipment, TU Graz, Comparison of Measured and Calculated Pylon 

Resistances with the Results of Measurements of the Earth and Resistivity Tester C.A. 6472 

Project No: 2006-52 Date: 04 / 2007 


