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Summary  

 
 

Electric power is transported and distributed at high voltage (HV) for energy transport over large 
distances, at medium voltage (MV) for distribution and at low voltage (LV) to consumers. In the 
past the grounding systems of those grids were designed and constructed separately. The use 
of sensitive electronic equipment and systems requires however an integrated approach to 
obtain a high reliability. The integration should also include other grids such as those for 
telecom and CATV.  
 
To provide telecommunication, for instance internet via the power grid, one needs to install a 
modem at the customer’s premises. Already now most PC’s are connected to both the power 
and the telecom or CATV grid. A well-designed low voltage grounding should reduce the 
EMC-requirements on electronic units. In the past an important contribution to grounding and 
consequently to electrical safety was provided by Paper Insulated Lead Covered (PILC) 
cables, the sheath of which is in good contact with the soil. However for environmental 
reasons the PILC cables are gradually being replaced by Cross-linked-polyethylene (XLPE) 
cables, which have insulating jackets.  
 
In a so-called Global Earthing System, the grounding systems of HV, MV and LV grids are 
interconnected. From an EMC point of view this coupling is highly desirable. However the 
current distribution during a fault in an HV or MV grid should be known to guarantee safety 
for all connected clients. To avoid overheating and interference, only a limited current 
through the sheath of signal cables is acceptable. 
The goal of our research is to study the safety aspects of  power grids at different voltage levels, 
also when combined with grids for telecom and for other purposes. Reliable operation of 
electronics and safety for persons should be obtained simultaneously. Power faults and lightning 
surges are hazardous sources, as they frequently cause interference and safety risks in practical 
installations. The research was carried out in a cooperation between the power company 
NUON and Eindhoven University of Technology (TU/e). 
 
Literature mainly presents theoretical studies, information obtained by measurements is scarce. 
Essential data to calculate safety risks in advance is often not available. Measurements are 
therefore an essential supplement to the theory. Full-scale measurements in grids with faults 
are very convincing, since they give the actual current distribution and step- and touch 
voltages. However a part of the power grid needs to be taken out of operation. Therefore we 
also used special injection sources for the measurements, which allowed the power grid to 
remain in full operation. Various measurement techniques were used to determine the current 
distribution over a wide range of frequencies. 
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To come to design criteria for grounding systems in power systems, the thesis presents case 
studies for three different fault situations. The ongoing replacement of MV PILC cables by 
XLPE cables made it necessary to study the consequences of MV faults for LV users. In the 
first case study a comparison is made between MV grids consisting of both types of cables. 
Both calculations and measurements indicate that high touch voltages may occur at the end of 
MV branches in rural areas during a single phase to ground fault. Additional electrodes are 
required to guarantee safety in the case of XLPE cables.  
The growing use of cellular phones leads to a search for elevated locations for the base stations, 
particularly in rural areas. A common solution is a cellular phone antenna placed on top of a 
high-voltage (HV) tower. This LV application is directly connected to the local LV grid. 
During a fault in the HV tower, a large fraction of the fault current flows through the low 
voltage cable towards the distribution transformer feeding the GSM system. At other 
customers served by this transformer, this fault current causes dangerous touch voltages and 
voltage stresses over the insulation of electronic equipment. The only general solution, which 
is effective under all local soil and grid conditions, is an isolation transformer. 
The third study presents a measurement on the current distribution during a single phase to 
ground fault in a 150 kV substation. Dutch 150 kV substations are often fed by 150 kV cables 
with their sheaths grounded at both ends. Ten to twenty MV circuits are connected to the 
substation. Since the Dutch MV grids consist of underground cables often in good contact 
with the soil, these cables have a large influence on the current distribution. The 
measurements were carried out with a 60 Hz injection method developed for this experiment. 
With all HV and MV circuits in regular operation, the setup proved to work properly.  
The fourth study presents an analysis of EMC aspects of HV measurement systems in a high-
current laboratory. The EMC properties of various setups are compared. The measurements 
confirm the usefulness of the transfer impedance model, and help us to identify the remaining 
source of disturbance: the direct capacitive coupling to the high voltage divider. 
 
The contents of all Chapters have been published elsewhere.



 

 
Samenvatting  

 
 

Binnen de elektriciteitsvoorziening worden transport en distributie van elektriciteit uitgevoerd 
bij verschillende spanningen. In de betreffende netten worden verschillende methodes 
gebruikt voor de aarding t.b.v. betrouwbaarheid, beveiliging en bescherming van mensen en 
apparatuur. Men onderscheidt de hoogspanningsnetten (HS-netten) van 110 kV en hoger, de 
netten voor middenspanning (MS-netten) tussen 10 en 50 kV, en het 
laagspanningsdistributienet (LS-net) op 230 V. In het verleden werd de aarding voor deze 
netten onafhankelijk van elkaar ontworpen en uitgevoerd. Als gevolg van het gebruik van 
gevoelige elektronische systemen is men tegenwoordig genoodzaakt met een meer 
geïntegreerde aanpak de  betrouwbaarheid  te  vergroten. Dit vraagt een grote investering, 
maar vooral een wijziging in denken van degenen die de installaties ontwerpen, beheren en 
uitvoeren. De integratie strekt zich ook uit tot andere netten die bij klanten aankomen, zoals 
voor telefoon en kabel-TV.  
 
Binnen de elektriciteitsbedrijven veranderen vele zaken. Communicatie via het lichtnet, ofwel 
internet via het stopcontact, vraagt een modem geïnstalleerd in de meterkast bij de klant. 
Reeds nu maakt apparatuur als een PC gebruik van de aardingen van zowel het 
elektriciteitsnet als ook van het telefoon/ kabeltelevisie netwerk. Een goed ontworpen 
laagspanningsaarding kan veel storingen reduceren, en zo de EMC eisen aan die apparatuur 
aanvaardbaar houden.  
In het verleden leverden oudere olie-papier geïsoleerde kabels (GPLK-kabels) met 
loodmantels een aanzienlijke bijdrage tot de elektrische veiligheid vanwege hun goede 
contact met de aarde over een grote lengte. Tegenwoordig vervangen moderne 
kunststofkabels (XLPE) de GPLK kabels, omwille van de toenemende zorg voor het milieu. 
 
In een zgn. globaal aardingssysteem worden de aardingssystemen van zowel HS, MS, LS en 
telefoon of TV kabelnet gekoppeld. Uit EMC oogpunt verdient deze koppeling van de 
systemen de voorkeur. Voorwaarde is dat de stroomverdeling bekend is om de veiligheid van 
laagspanningsklanten ook gedurende een fout in het HS- of MS-net te garanderen. Daarnaast 
moet de stroom door signaalkabels beperkt blijven om oververhitting en ongewenste storing 
te voorkomen. Doel van het onderzoek is een aardingsmethodiek te ontwikkelen die zowel 
mensen als apparatuur beveiligt onder diverse omstandigheden: in normaal bedrijf, tijdens 
kortsluitingen, gedurende een blikseminslag, en bij schakelhandelingen. Het onderzoek is 
uitgevoerd in nauwe samenwerking met het elektriciteitsbedrijf NUON.  
 
Het onderzoek in dit proefschrift is een vooral experimentele studie van methodieken voor 
globale aarding en de consequenties hiervan. Daarmee willen we een verhoogde 
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betrouwbaarheid en veiligheid bereiken en de voorwaarden daarvoor op overtuigende wijze 
aantonen. In de technisch/ wetenschappelijke literatuur vindt men namelijk wel berekeningen, 
doch weinig tot geen overtuigende metingen. Verder blijkt vaak dat essentiële gegevens om a 
priori te rekenenen aan de veiligheid niet voorhanden zijn; zo is het dikwijls onbekend of 
derden metalen delen in de grond hebben geïnstalleerd. Soms zijn belangrijke EMC gegevens 
niet  bekend, bijvoorbeeld de maximale 50 Hz stroom die zonder storing of schade over de 
mantel van een telecommunicatie kabel mag lopen. Metingen vormen derhalve een 
noodzakelijke aanvulling op de theorie. De samenwerking tussen NUON en TU/e maakte 
“full-scale” metingen in zowel laag- midden- en hoogspanningsnetten mogelijk. Proeven met 
daadwerkelijke kortsluitingen geven de werkelijke stroomverdeling en de stap- en 
aanraakspanningen, en hebben daardoor een grote overtuigingskracht. Nadeel is dat een deel 
van het elektriciteitsnet buiten bedrijf genomen moet worden. Daarom is voor enkele 
metingen gebruik gemaakt van speciale injectiebronnen, waarbij het betreffende HS- en MS-
net in normaal bedrijf kon blijven. Diverse op de TU/e ontwikkelde meettechnieken zijn 
gebruikt om de stroomverdelingen voor een breed frequentiegebied te meten. 
 
Om tot ontwerprichtlijnen te komen voor aardingssystemen in elektriciteitsnetten, worden 
hier de resultaten gepresenteerd  van verschillende case studies. De eerste studie beschrijft de 
gevolgen van een fout in het middenspanningsnet voor de veiligheid van mensen. Een belangrijk 
aspect hierbij is de vervanging van geïmpregneerde papier-lood kabels (GPLK) door XLPE 
kabels. Uit zowel de theoretische modellen als de metingen blijkt dat met name bij zgn. uitlopers 
in het MS-net hoge stap- en aanraakspanningen kunnen ontstaan bij een 1-fase aardsluiting. Extra 
elektrodes in het laagspanningsnet beperken de spanningen bij gebruik van XLPE kabels tot 
veilige waarden. 
Sinds enkele jaren worden GSM antenne’s in hoogspanningsmasten geïnstalleerd. De tweede 
case studie heeft betrekking op een 150 kV hoogspanningsmast met daarin een GSM 
basisstation. De installatie wordt gevoed uit een lokaal laagspanningsnet. Als gevolg van een 
kortsluiting in de hoogspanningsmast kan een aanzienlijk deel van de 50 Hz kortsluitstroom 
via de voedende laagspanningskabel het laagspanningsnet instromen. Zowel de simulaties als 
de metingen tonen een veiligheidsrisico voor de aangesloten laagspanningsgebruikers en 
apparatuur aan. Een scheidingstransformator blijkt de beste oplossing voor alle situaties.  
De derde studie analyseert de stroomverdeling gedurende een kortsluiting in een 150 kV 
onderstation. Hierbij gaat de aandacht niet alleen uit naar de stroomverdeling in het HS-net en 
de stationsaarding, maar met name ook naar de stroom door afgaande 10 kV- en 
telecommunicatiekabels. De metingen zijn uitgevoerd met een voor deze metingen 
ontwikkelde 60 Hz stroom injectiemethode, waardoor het onderstation volledig in bedrijf kon 
blijven.  
De laatste studie betreft een EMC analyse van een hoogspanningsmeetsysteem in een 
kortsluitlaboratorium. De EMC eigenschappen van diverse opstellingen worden vergeleken. 
Metingen bevestigen het nut van het transferimpedantie model, en geven een afschatting van 
de resterende stoorbron: de directe capacitieve inkoppeling naar de hoogspanningsdeler. 
 
De inhoud van alle hoofdstukken is ook elders gepubliceerd.
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Chapter 1 

 
 

Introduction 
 
 

Discussions on grounding systems have been going on since the introduction of electricity in 
the nineteenth century. Recent developments however renewed the interest in this subject: 
- the introduction of new and sensitive electronics in power grids, on all voltage levels, and 

the higher reliability now requested by customers, 
- the replacement of Paper Insulated Lead Covered (PILC) cables by Cross-linked-

polyethylene (XLPE) cables,  
- the growing number of links between grids for CATV and telecom and the power grid in 

many appliances,  
- the annoying effects of magnetic fields on video display tubes. 
This Chapter describes the philosophy and rationale of this thesis. Sections 1.1 and 1.2 
summarize earlier fundamental research on grounding at the Eindhoven University of 
Technology (TU/e), and point out the final goal of the work. The most commonly used LV 
grounding systems are described in Sect 1.3. We organized various measuring campaigns to 
validate the models. Section 1.4 describes details on the measurement techniques employed. 
An overview of the other Chapters is given in Sect. 1.5. Finally, the resulting publications are 
listed in Sect. 1.6. The research was carried out in a cooperation between the power company 
NUON and TU/e. 
  
1.1 General considerations 
 
A general philosophy on grounding has been developed earlier in the group EHC at Eindhoven 
University of Technology, the High-Voltage and Electromagnetic Compatibility group. In this 
philosophy, which forms the main part of the thesis by M.A. van Houten [Hou90], the importance 
of identifying the current loops is emphasized [Laa86, Hou89]. The ultimate goal of grounding is 
compactly summarized in a definition [Laa93]: 
 
 Grounding provides a set of interconnected paths for currents, designed to have a 

low transfer impedance, in order to keep the interference voltages between the 
terminals of sensitive equipment low. 

 
This definition mainly focuses on equipment. One may extend the definition to protect persons as 
well, by including voltages differences, which can be dangerous for human or other living beings. 
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This enlarged definition leads to two, sometimes different approaches. Electronic equipment is 
usually sensitive to interference over a wide range of frequencies, also at low amplitudes. Living 
beings on the other hand are only sensitive for low frequencies, and can withstand rather intense 
currents. However, the threshold can be surpassed by power systems faults and lightning. General 
grounding should simultaneously deal with both living beings on a scale of meters, and 
equipment on a scale of millimeters.  
The earlier work by Van Houten contained a critical study on voltages in three-dimensional 
systems of conductors, as opposed to potentials in circuit theory. Only voltages between two 
closely spaced points, for instance equipment terminals, were considered relevant. The transfer 
impedance, Zt, is then the ratio of that voltage and the interference current, which may flow at 
some distance of these terminals. Van Houten applied this Zt concept to metallic conduits for the 
protection of cables. Later, Van Helvoort [Hel95, Deu01] has carried out many calculations and 
measurements on steel and non-magnetic conduits, to arrive at engineering design rules which 
can be applied to conduits of various shapes over a large range of frequencies. 
 
This thesis integrates the protection of electronics and living beings during faults in power grids 
and lightning, but also during normal operation, switching events and other disturbances. We also 
want to protect electronic equipment, which is simultaneously connected to different types of 
grids, power, telecom cable networks etc. In a PC, usually two of such grids come close together. 
Remote metering is another example, which will find widespread application in the near future. 
 
Compared to telecom and CATV grids, power grids can provide large currents, in normal 
operation and in particular during faults. These currents can damage the electronics and the 
cabling of other grids. Therefore, in their design the other grids and their associated grounding 
were often kept isolated from the power grid. A common threat to all grids is lightning, which 
may easily overcome the insulation between the grids. Not only, the lightning current itself 
presents serious danger, but in addition, lightning may trigger subsequent power fault currents. 
 
Electric power is transported and distributed at high voltage (HV) for energy transport over large 
distances, medium voltage (MV) at distribution level and at low voltage (LV) to consumers. Most 
design criteria for grids at the different levels have been established independently. Engineers 
often concentrate on one voltage level, and even within one level many parochial schools coexist. 
Different grounding approaches used for low voltage grids are discussed in Sect. 1.3. 
 
The question whether or not to interconnect the grounding of the different grids, still causes many 
thoughts and heated discussions [Hoe01b]. A unique solution is difficult, in view of the many 
different grid designs, the growing number of links between various grids and the presence of 
metal structures in buildings. At the International Conference on Electricity Distribution 2001 
(CIRED), the question of how to design the grounding system of the LV grid was still an 
issue of discussion. 
 
The goal of our research is a comprehensive study on the safety aspects of the power grids at 
different voltage levels, also when combined with the grids for telecom and for other purposes. 
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Reliable operation of electronics and safety for persons should be obtained simultaneously. 
Power faults and lightning surges are hazardous sources, as they frequently cause interference 
and safety risks in practical installations. The cell phone base station mounted on a high voltage 
tower, discussed in Chapter 3, is a practical example. 
 
The standardization body IEC has published limits for touch voltages [IEC84], as a curve of 
amplitude versus duration. However the grid design to meet these limits is not specified. 
Additional difficulties arise when different grids are combined. Many hazards due to the transfer 
of faults between grids have been insufficiently studied up to now. 
In power engineering software packages have been developed to calculate the fault currents with 
a reasonable accuracy. It is necessary to have a correct set of data on the types and lengths of the 
cables and lines involved. Situations remain which are difficult to model, for instance the current 
distribution in the vicinity of the fault during a single phase to ground fault. The current in the 
ground requires a three-dimensional model rather than the usual one-dimensional model. In 
addition unknown parameters as the value of the soil resistivity near the fault make it impossible 
to do an accurate calculation. For these situations few measurements have been reported in the 
literature, however see [Raj95]. These results concern overhead lines, and therefore do not apply 
to the Dutch situation where many buried cables are in good contact with the soil. 
  
In this thesis we describe new problems on safety and grounding, which arise as a result of the 
introduction of modern electronics, the replacement of lead shielded power cables by fully 
insulated XLPE cables, and the coupling of different grids. Practical examples have been 
analyzed, and different solutions have been compared. Measurements verified the models, and 
provided new insights. Of particular interest is the sensitivity of the model to variations of the 
input parameters. The research led among others to guidelines, implemented by NUON (see also 
the overview in Sect. 1.6). 
 
1.2 A cable buried in the soil 
 
In order to illustrate the difficulties encountered in the modelling of power grids, we briefly 
discuss a typical example, a cable buried in the soil. All Dutch medium and low voltage grids 
are built with buried cables. Older grids contain Paper Insulated Lead Covered cables (PILC). 
Modern XLPE cables with PVC insulated outer sheath gradually replace these. In new grids 
only XLPE cables are employed. Still, the PILC cable is in service in a major part of the 
grids. As a result of the good electrical contact between the lead shield and the soil, the cable 
shield acts as a long grounding electrode, which improves the safety. In addition, the iron 
armor around the cable reduces the local current in the soil. XLPE cables often do not have 
such an armor. This latter point will be discussed later in more detail. 
 
The current distribution around an underground cable will be discussed as a basic problem 
studied in this thesis. To give insight in the current distribution, we consider a simple 
configuration. Figure 1.1 gives a schematic representation of a single-phase PILC cable 
buried in the soil. The lead cable sheath allows an exchange of currents between sheath and 
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soil. Let us imagine a single phase to ground fault at the end of the cable. This fault causes a 
current through the cable sheath, into two current loops flowing in two circuits:  
- the circuit which consists of source, cable and “load”, in EMC terminology the differential 

mode (DM) circuit.  
- The second circuit, in EMC terms the common mode (CM) circuit, is formed by the 

shield, the electrodes at both ends of the cable, and the soil. The net current through the 
cable, ICM, returns through the soil and grounding pins at the ends. 

As a result, the total net cable sheath current in region II is IDM-ICM (see Fig. 1.1). 
 

The MV cables of interest have in general a length often exceeding 20 kilometers. Three 
regions are indicated: in the regions I and III near the cable terminations, the current enters or 
leaves the soil via the electrodes and the lead shield. These regions extend over a few hundred 
meters along the cable. A precise calculation of the current distribution or the electric field 
here requires three-dimensional modelling. This distribution depends strongly on the soil 
resistivity. Appreciable step and touch voltages, relevant for the protection of human beings, 
occur here. In region II the electric field in the soil is parallel to the cable; there is no current 
exchange between soil and cable, no radial electric field and step and touch voltages remain 
low. A two-dimensional model applies. Neighboring cables may carry a part of ICM if they run 
in parallel over a substantial length. This part of ICM may cause interference in the circuits 
served by the parallel cables. 
The driving source in region I may be a high-voltage substation. The documents [IEEE86] 
and [IEEE92] present only general guidelines to limit step and touch voltages at power 
frequencies. The models in these documents still leave a large uncertainty in the numerical 

Figure 1.1: Current distribution around a cable buried in the soil.  In region I and III, 
current enters or leaves the soil via electrodes and the lead sheath of the cable. The current 
ICM is the net current through the cable.

IIII II

IDM

ICM
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values, because the necessary parameters, for instance the soil resistivity and the cable 
properties and their topology, can vary strongly from case to case. 
 
Region II has been the subject of many studies for the frequencies up to the MHz range 
[Car26, Pol26, Wed73, Ame80, Ngu98]. The electric field parallel to the cable-soil interface 
is continuous. This leads to a concentrated current in the lead sheath, and a diffuse current 
distribution in the soil. That current distribution can be described by a Hankel-function, see 
[Wed73]. Up to a few kHz, the first two terms in the Taylor-expansion of this function suffice 
(App. A). The real part of the E-field corresponds to a resistance, which does not depend on 
the soil resistivity. At the power frequency, the imaginary part is positive; the corresponding 
inductance only depends on the logarithm of the soil resistivity. Consequently, the soil 
impedance depends only weakly on the resistivity. Since there is no radial electric field, these 
conclusions hold for cables with and without insulating outer sheath. 
 
Assume a fault in region III around a MV to LV substation. Such a station has only limited 
grounding provisions. The ground resistance represents the complete metal structure in 
contact with the soil; this parameter depends on the layout and the soil resistivity [Koc61]. 
The local soil resistivity is a soil parameter, which enters linearly in the overall ground 
resistance. A number of cables are connected to the substation. As mentioned earlier, PILC 
cables contribute to the grounding. Step and touch voltages at the customer premises must 
remain low [CEN99]. Again this document leaves open how this condition can be met. 
Different methods are required to calculate the current distribution in region I, II and III.  

- It is customary to represent in region II the cable grid for 50 Hz as a combination of pi-
sections. The current distribution and the voltages are often calculated with loops different 
from the ones in Fig. 1.1. All conductor currents return through the soil. As a result the 
impedance pertaining to the loops, and their mutual coupling are influenced by the current 
distribution in the soil. These circuit elements are frequency dependent, because of the 
skin effect in the soil and the conductors. This approach is applied in computer codes as 
EMTP. Most calculations use a two-dimensional model. The grid is divided in 
independent cable sections. These 2D models are sufficient to solve the 3D Maxwell 
equations in region II. 

- In region I and III, a 3D model is required to calculate the current distribution and the 
relevant voltages. Complicated calculations may be necessary to solve the Maxwell 
equations. [Sun68] Often one chooses again a 2D model to obtain an indication of the 
current distribution. Correct modelling is also hindered by the inaccuracy of the 
parameters, such as soil resistivity, particularly in regions I and III. Any metal structure in 
the soil near the substations will influence the current distribution. Often, the presence of 
this metal is not even known. The additional metal influences important step and touch 
voltages, perhaps in favourable, but possibly in adverse direction. 
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This example illustrates the current distribution for a single-phase lead-shielded cable. In a 
grid with XLPE cables, the electrodes of MV/LV substations provide the only contact with 
the soil.  
For overhead lines, the same approach can be used. Again three regions can be distinguished. 
Here the overhead ground wires  act as additional return conductors. In the regions I and III, 
the current flows to Earth via the ground electrodes of the transmission towers. The 
representation with pi-sections in region II is perfectly acceptable. 
 
The length of the regions I and III is determined by the contact with the soil. For overhead 
lines and grids consisting of XLPE cables that contact is provided by electrodes. For grids 
consisting of PILC type cables, the contact of the sheath provides most of the contact with the 
soil.
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1.3 Low voltage grounding systems 
 
In the Netherlands various grounding systems for LV grids are being used [Gra73, Bie85, 
Voe89, Vee89, Ene93, NNI96]. Their main purpose is to guarantee safety during a fault in the 
LV grid [Par98].  
The most commonly used low voltage grounding systems are discussed here [Hoe01b]. This 
section presents an overview of safety aspects for living beings, and to a lesser extent the 
EMC aspects for sensitive electronics.  
 
1.3.1 TT-system 
 
In a TT system (Terre-Terre) the ground electrode should be installed and maintained by a 
contractor on behalf of the owner and not by the power company (Fig. 1.2a). The ground 
resistance at the customer should be low. In the past metal water pipes served as a ground 
connection. The power utility is obliged to inform the client whenever plastic pipes replace 
the metal pipes [Oon98]. In some areas it is difficult to achieve and maintain the required 
ground resistance. A Residual Current Device (RCD) or Earth Leakage Circuit Breaker 
(ELCB) should provide a fast fault clearance. However internal NUON research confirmed a 
failure rate of an RCD between 5-10% as also shown in [Can96].  
Faults in the LV and MV grid will not result in touch voltages for clients in the LV grid, since 
both grounding systems are separated. A broken neutral conductor disrupts the service for a 
single-phase connection, but does not lead to a dangerous situation. The neutral cannot be 
touched since it is insulated from the accessible parts, which are connected to the protective 
Earth. Due to the unbalance in load impedances, a broken neutral may cause damage to 
equipment using a three-phase connection. 
Customers with large loads should not be protected by a TT system, since the disconnecting 
time of the over-current protective device is too long. Compared to the nominal current, the 
fault current is too small for a rapid disconnection. 
 
1.3.2 TN-System 
 
A TN system (Terre-Neutre) always provides a metallic return path in the power cable for 
possible fault currents. Three configurations can be distinguished: TN-C, TN-S and TN-C-S. 
For all of these systems, the grounding conductors at the MV/LV transformer and the 
protective Earth (PE) conductors at the customer’s premises are interconnected (Fig 1.2b-d). 
Often other electrodes provide also return paths for a fault current. This ensures a distributed 
grounding and reduces the risk of a customer not having a safe grounding. Also better 
lightning safety is assured. However faults in the electrical grid at LV, MV and occasionally 
HV may result in dangerous touch voltages at other LV clients. The utility is not only 
responsible for a proper grounding, but also and primarily for the safety of customers during 
disturbances in the power grid. Therefore the consequences of faults in LV and MV grids 
should be taken into account in the design of the LV grid. 
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Figure 1.2b:  
TN-S system.  
Neutral and PE 
conductor are 
separated 

Figure 1.2d:  
TN-C-S system. Neutral and 
PE conductor combined in 
the LV grid, and separated 
inside the LV installation in 
the building

Figure 1.2a:  
TT system. Each LV 
installation has a 
separate electrode. 

Figure 1.2c:  
TN-C system. Neutral 
and PE combined to a 
PEN-conductor.  
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In a TN-S system neutral and PE conductor are only connected at the distribution transformer. 
This system has the best EMC properties for 50 Hz and high frequency currents [GMM98], 
certainly when the LV cable has a grounded sheath. For low frequencies the 50 Hz circuit 
(DM-circuit) and the ground return for fault currents are separated, and the current 
distribution is well defined. Additional electrodes in the LV grid, preferably at each user, 
divert externally induced (lightning) currents. The TN-S system requires cables with five 
conductors. 
 
In a TN-C system the neutral and PE conductor are combined (PEN-conductor). If this 
conductor is broken, safety problems may occur. Up till now, no device detects such a fault. 
In cabled LV grids the risk of a broken neutral is smaller compared to overhead grids. In new 
NUON LV grids the copper sheath of the LV cable is coupled to the neutral at several places, 
providing a second return path. This coupling makes the safety risks due to a broken neutral 
negligibly small. 
 
A TN-C-S-system is a combination of a TN-C and TN-S system. In general the neutral and PE 
are combined as PEN conductor between the MV/LV substation and the customer (TN-C), 
whereas inside the installation of the customer PE and N are separated. 
 
For all TN systems, a ground fault somewhere in the LV grid may cause dangerous touch 
voltages at other LV clients. Therefore a fast fault clearance is required. The software-tool 
GAIA [Oir01] is commonly used in the Netherlands to design LV grids by calculations on 
various fault situations. Most critical are faults at the ends of the branches, where the circuit 
impedance is the highest. Here the touch voltages are high, and the short-circuit current is 
low. In the design of LV-grids, this circuit impedance should be limited. It increases the 
earth-fault current, resulting in a faster switch-off. The maximum length of an outgoing cable 
is therefore limited. A typical maximum length of a LV cable in a TN system is 310 m. A 
limited cable length however increases the cost of the low-voltage grid. Additional 
connections between separate LV-cables, a separate PE-wire parallel to the cable or a special 
fast fuse extend the maximum cable length. In cooperation with a manufacturer NUON 
developed a faster fuse, allowing a maximum length of 445m. 
During a single phase to ground fault in the MV grid, touch voltages may occur in the LV 
grid when a TN system is used. Faults in rural areas of the grid may cause dangerous voltages 
if no precautions are taken. Most relevant parameters are the amplitude of the fault current, 
the duration of the fault and the type of cable. The Dutch regulations are derived from 
[Cen99]. Chapter 2 presents further details. 
 
1.3.3 Possible merger between TN and TT by connecting the LV neutral to the customer 
ground electrode  
 
Many areas still have a TT system, and cables without sheath. The existing electrode and the 
neutral could be interconnected at the customer. This system is comparable to the Protective 
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Multiple Earthing (PME) system commonly used in the UK [Fat94, Fox98], where the 
distribution neutral is always earthed at the end remote from the substations. A fraction of the 
load current then returns through the soil, even during normal operation. 
In case of a broken neutral the load current cannot return via the cable. Electrodes of other 
customers and additional electrodes at the end of the LV cable provide alternative paths for 
the neutral currents. Compared to the risk of a poor electrode, the probability of a broken 
neutral is small [Hoe01b].  
 
1.3.4 Magnetic fields due to load currents 
  
By using the soil or other metal conductors as a second return path, the net current is no 
longer zero, and magnetic fields extend over a large region. In the past problems occurred in 
buildings with a TN-C system inside. Since construction parts of the building carried part of 
the return current, such magnetic fields were produced by the CM-currents through the cables.  
There are two reasons to reduce those fields: 
-  B-fields near computer monitors should be < 1 µT to avoid annoying distortion on a 

monitor screen [Koh95, GMM98]. 
- To comply with recommended health standards, the B-fields in the human body should 

be < 100 µT (for the general population and during 24h/day) [ICN98]. An overview is 
presented in [Cig00]. 

In [Rau92] an overview on LV grounding practices is presented with respect to stray currents 
and associated magnetic fields.  The international variety of grounding methods results in a 
range of magnetic fields produced by LV grids. All presented measurements indicate a 
maximum B-field far below 100 µT. 
Even with a TN-S system, problems may still occur, for example due to large size current loops. 
Shielding or rerouting of the cabling can solve the problems. Practical examples are given in for 
instance [Wou00].  
 
1.3.5 Other grounding systems 
 
Non-power cables, such as telephone and TV-cables also arrive at customers. For historical 
reasons the grounding of those cable systems is in most cases separated from the power grid 
grounding, also in the Netherlands. Each of the service companies has its own grounding 
philosophy and implementation. For the current configuration with the grounding systems 
separated, damage at the input of equipment of the customers will occur frequently. The 
number of LV appliances using CATV/telecom systems will increase. Since the protection of 
IT equipment and consumer electronics requires low disturbance voltages across the input 
terminals, it would be highly desirable to interconnect the grounding systems [IEC96, Laa98]. All 
cables systems, which enter a building, should be interconnected. A disturbance current will be 
shared by the cables and by the grounding electrodes or by any other conductors connected to 
Earth when present. 
The currents through the cabling attached to the equipment should be limited to avoid 
overheating and interference, especially during a fault in the power grid. For a detailed analysis of 
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consequences of the 50 Hz currents, insight in the telecom/CATV systems is needed. Only a 
limited amount of experimental data is available. 
Since a few years in Germany the sheaths of telecommunication cables are coupled to the mains 
ground, if a suitable Earth terminal is present [Tud99]. The Deutsche Telekom acknowledges that 
the sheath currents may cause overheating and disturbance voltages, but has rarely encountered 
difficulties. There is no prescribed maximum for the sheath current.  
 
Note: 
As a consequence of the (sometimes unintended) coupling with other grounding systems, the 
pure TN-system as presented in Fig.1.2 will seldom exist. There are usually alternative return 
paths for the (fault) current. As common practice shows, this tends to improve the safety.  
A local metal pipe interconnecting the grounding systems of various clients, may compromise a 
TT-system [GMM98]. 
 



 
Table 1.1: Comparison of properties of grounding systems in use for LV grids1. Safety in the table refers to electrical safety 
 for people. 

 TN-S TN-S* TN-C TN-CS TN-CS *) TT 
Faults in LV grid        
- Safety risk to customers Yes Yes Yes Yes Yes No 
- Suitable for large clients Yes Yes Yes Yes Yes No 

- Cable length limited limited limited limited limited Not limited by 
safety risk 

Broken neutral**)       
- single phase user No safety risk No safety risk Safety risk Safety risk Reduced risk No safety risk 

- three phase user (unbalanced) Damage to 
equipment 

Damage to 
equipment 

Safety hazard 
+ damage to 
equipment 

Safety hazard 
+ 
damage to  
equipment 

Safety hazard Damage to 
equipment 

Faults in MV grid       
- Safety risk to customers Yes Small Yes Yes Reduced risk No 
- Voltage over insulation N-PE No No No No No Yes 
Legal responsibility Utility Utility Utility Utility Utility Client***) 
EMC aspects w.r.t. equipment       
Lightning caused damage to 
installation**** Small risk Small risk Small risk Small risk Small risk Large risk 

Lightning caused damage to  
electronics **** Small risk Small risk Small risk Small risk Small risk Large risk 

B-fields, possibly resulting in distortion 
on monitor screen No No Yes Not inside 

building  
Not inside 
building No 

Risk for low frequency interference / 
overheated sheaths of CATV/telecom 
cables when coupled to PE conductor 

No No Yes Not inside 
building 

Not inside 
building No 

*  Extra electrodes in LV grid at the customers 
** In new NUON LV grids the copper sheath of the LV cable is coupled to the neutral at several places, providing a second return path.   
***  The Power Utility should follow strict procedures when replacing the grounding on metal water pipes by an electrode 
**** Additional protection measures may be required near the equipment

                                                 
1 The table presents a general overview of some necessary but not always sufficient design aspects. Some of these items are discussed in this thesis. 
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1.4 Measurement techniques 
 
The emphasis of the research presented in this thesis is on measurements on full-scale 
grounding systems during faults or other conditions where the grounding plays a role. 
Literature on the type of measurements we carried out is scarce.  
 
Field measurements in power systems are in general expensive, and take considerable time to 
prepare. Compared to laboratory experiments, the number of unknown parameters is large. 
Any forgotten cable in or near the grid may alter the current distribution. A good overview of 
all relevant (buried) conductors is therefore required. Calculations prior to the measurement 
campaigns gave an indication on the expected current distribution. 
 
For most measurement campaigns, the data recorded with digital scopes was processed using 
software. The MATLAB routines to process the internal-files from the oscilloscopes were 
written at the TU/e. As a consistency check, MATLAB checked Kirchhoff’s current law by 
calculating the sum of all currents at each moment in time for each junction. 
 
This section presents a brief overview of the techniques used to measure currents and 
voltages. 
 
1.4.1 Current measurements 
 
Figure 1.3 presents a general representation of an inductive measurement setup. A measuring 
coil is coupled to a primary current I1 via a mutual inductance M. The coil is terminated by a 
resistance R2. The voltage V2 is equal to: 
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With:  
M the mutual inductance of the sensor with respect 

to I1 
L2 Inductance measurement coil 
 
 
We distinguish two types of measuring systems: 
Type I R2>>ωL2 (usual for air core coils), V2=jωMI1, (differentiating measurement) 
Type II R2<<ωL2 (for coils with iron or ferrite core), V2=MR2I1/L2 (direct measurement) 
 

Figure 1.3: Schematic 
representation inductive 
measurement system 
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Several inductive measurement systems based on this principle were used to measure currents: 
• D/I system with Air-core Rogowski coils (type I) 
• LEMFLEX, a commercial system (type I). 
• Current transformers, terminated with an external resistance (type II) 
• Current probes (type II) 
 
The selection of the final setup for each current measurement is based on the amplitude and 
frequency of the estimated current, the shape and size of the current carrying conductor and the 
EMC aspects of the setup. Each setup was calibrated before the actual measurement. 
 
D/I system with Rogowksi coils 
In the past our group developed many D/I systems, which enabled accurate measurement over 
a broad frequency range [Hee89]. The D/I system consists of a setup of type I (Fig. 1.3) in 
combination with an integrating circuit.  

 

The Rogowski coil differentiates the current I1. The integrator restores the original signal 
waveshape (Fig. 1.4). This results in the output voltage:   
 

1I
CR

MV
ii

⋅=   

 
The integrating characteristics of the integrator in Fig. 1.4 can be extended to lower 
frequencies by the use of an active integrator following the passive integrator. To increase the 
high frequency response and improve the EMC properties, the passive integrator is given a 
coaxial structure. The selected components should have a high withstand voltage and a linear 
behavior up to high frequencies. Due to the non-linearity of electronics in the active part, 
interference caused by off-band frequencies may also affect the measurement results in the 
intended frequency range. However with a good design of the passive Ri/Ci integrator most 
high-frequency disturbances are kept out of the electronics. 
For the D/I system the resistance R2 can be a measuring cable terminated by its characteristic 
impedance Z0. For long cables the sheath resistance of the cable between the Rogowski coil 
and the integrator reduces the sensitivity of the measurement setup, this effect is included 
during the calibrations. 

Figure 1.4: Schematic representation D/I system. 
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The advantages of the D/I system are: 
- the system has excellent EMC properties. 
- Rogowski coils are flexible and can be used to measure currents in large diameter 

conductors [Pem98].  
- it has an output which scales linearly with the primary current since the coil does not 

contain iron. 
- the amplitude of the current may range from mA’s to kA’s.  
- generally the upper limit of the frequency  range was 500 kHz for our measurements. 
- the cable length can be quite long, as illustrated in Chapter 5. 
Because of these advantages, the D/I system was selected for the most critical measurements. 
 
Lemflex 
The commercial LEMFLEX measurement system is widely used by power utilities. It has a 
high accuracy for low frequencies.  It also consists of a Rogowski coil in combination with an 
active integrator. Extending the cable between the coil and the integrator made measurements 
at a large distance possible. The manufacturer claims a frequency response from 8 Hz 
to 100 kHz. This system was not used for measurements in a harsh EMC environment. 
 
Current Transformers/ current probes 
Current transformers can be represented by the same schematic representation of Fig. 1.3. The 
load resistor R2 is connected separately. Since this sensor contains an iron core, R2 is chosen 
such that R2<<ωL2 and therefore  

121
2

2
2 IARI

L
MRV =⋅=  

with A the scale factor of the probe. A typical value of A is 1·10-3. For most of our field 
measurements we used class 1 probes, which guarantees an accuracy of A to within 1% of the 
end of scale value. To obtain maximum accuracy for the complete setup, the termination 
resistances were also measured separately by a measurement bridge. Calibrations at TU/e 
indicated a bandwidth of over 25 kHz for the current transformers used.  
 
1.4.2 EMC aspects of the current measurements 
 
Figure 1.5 shows capacitive coupling to a Rogowski coil placed close to a current carrying 

Figure 1.5: Capacitive 
coupling to the measurement 
setup. Via the stray 
capacitance Cp, a disturbance 
current Ic is injected into the 
coil. 

V =0.5 L I /(R C )int 2 c i i⋅ ⋅Ci
Cp
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conductor.  
Assume a voltage Vc between the windings of the coil and the conductor. Due to the 
capacitance between the coil and the conductor a capacitive current Ic flows towards the coil: 
 

Cpc VCjI ω=  
with 
Cp Stray capacitance 
Vc Voltage between measurement coil and conductor 
 
At the output of the measurement system this results in an interference voltage Vint: 
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The signal to interference ratio (S/I) given by VDM/Vint is: 
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The mutual inductance scales linearly with the number of turns of the coil n. The inductance 
L2 is proportional to n2. A coil with a small number of turns is therefore less vulnerable to 
external electric fields. Since Ic scales linearly with the frequency, coupling of higher 
frequencies result in a  higher S/I ratio. Enclosing the coil in a metal shield can make the 
setup immune to capacitive currents. 
 
Current probes 
The position of the load resistance has no influence on the DM-circuit, but will affect the 
EMC of the setup. Consider Fig. 1.6. Both setups have the same load resistance, either at the 
sensor position (left) or at the end of the cable (right).  

An externally induced sheath current ICM will generate an interference voltage VCM=Zt*ICM, 
represented in the Figure by the voltage source VCM. This interference voltage adds up to the 
resulting output voltage Vout: 
- for setup I the voltage VCM adds to the DM-output voltage 
- for setup II only the interference voltage R/(R+ωL2)·VCM adds to the DM-voltage. 
The EMC properties of several voltage measurement setups with respect to their EMC are 
compared in Chapter 5. 

Figure 1.6: The position of the load resistance at the sensor (left), or at the end of the 
measurement cable (right). The right setup has the best EMC properties. 
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1.4.3 Influence of stray currents 
 
We performed some 50 Hz current measurements with nearby HV circuits in use. Even in 
normal operation, some cable sheaths already carried a 50 Hz “stray” current. This current 
was measured prior to the measurements on the actual fault situation. For the “single shot” 
measurements as presented in the Chapters 2 and 3 we recorded the current for 100 ms or 
more before the actual fault was made. This measurement provided the initial stray currents 
before the fault. These stray currents proved to be small for most of the conductors. For the 
measurements presented in Chapter 4 we deliberately employed a power supply whose 
frequency is 10 Hz higher than the power frequency [see also CEN99, App. N]. For each 
conductor, the narrow bandwidth of a lock-in amplifier extracted the 60 Hz component of the 
total current and eliminated the 50 Hz currents. The same setup was also used at higher 
frequencies to study the corresponding current distribution. 
 
1.4.4 Voltage measurements 
 
In contrast to the current measurements, a voltage measurement is more ambiguous because 
of time varying magnetic flux enclosed by the measurement leads. In some cases local 
|∂Φ/∂t|'s are small, especially when voltages are measured between two nearby conductors. In 
general voltage measurements should concentrate on relevant voltages, as touch voltages or 
voltages at the input of electronic devices. The voltage to which a person is exposed (Ut), will 
be a function of the voltage difference between the ground surface on which he stands and the 
metallic structure he touches [Car00, IEEE92]. Some of our experiments are related to the 
touch voltages occurring during power faults. We determined the voltages between a 
conductor and a grounding pin in the soil over the shortest path to a point at a distance of 
about 1 m, and in addition at distances 10 m or more. All voltages were determined with a 
high impedance instrument.  
 
1.5 Overview of the contents of this thesis 
 
The power company NUON and Eindhoven University of Technology (TU/e) started in 1997 
a cooperation to investigate the consequences of various grounding methods. The goal is to 
obtain a general protection for human beings and electronics against various sources of 
disturbance simultaneously: normal power grid operation, lightning, power frequency faults 
and switching events. The cooperation is beneficial to both parties, NUON gains access to 
modern, non-conventional measuring techniques developed earlier at TU/e, and TU/e can 
perform full-scale measurements in actual grids at various voltage levels. Both parties 
proposed and analyzed actual practical problems. The solutions found are firmly supported by 
the experimental and theoretical investigations. 
 
The ongoing replacement of MV PILC cables by XLPE cables was a reason to initiate a study 
on the consequences of MV faults for LV users. In Chapter 2, a comparison is made between 
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MV grids consisting of both types of cables. Two measurement campaigns were organized to 
verify the models. 
Chapter 3 presents an analysis on a 150 kV ground fault in a HV tower at a remote distance 
from a substation. On the particular tower a cellular phone (GSM) antenna is mounted on top. 
This LV application is directly connected to the local LV grid. During a fault in the HV 
tower, a large fraction of the fault current flows through the low voltage cable towards the 
distribution transformer feeding the GSM system. At other customers served by this 
transformer, this fault current causes dangerous touch voltages and voltage stresses over the 
insulation of electronic equipment. In order to study the effects at power frequency and to 
establish appropriate measures, we deliberately made a short circuit, at smaller currents to a 
tower with a GSM base station. We measured the current distribution in a major part of the 
system, and several relevant voltages in the LV grid. The measurements are compared with 
EMTP simulations. 
Chapter 4 presents a study on the current distribution during a single phase to ground fault in 
a 150 kV substation. Dutch 150 kV substations are often fed by 150 kV cables with their 
sheaths grounded at both ends. Compared to the overhead ground wires  of overhead lines, 
this results in a larger fraction of the fault current returning through the cable sheaths of the 
faulted HV circuit. Ten to twenty MV circuits are connected to the substation. Since the 
Dutch MV grids consist of underground cables often in good contact with the soil, these 
cables have a large influence on the current distribution. 
Connections of underground HV cables to overhead transmission lines occur in so-called 
transition substations. They are used in the 50, 110 and 150 kV grid. The difference in 
grounding configurations between cables and overhead lines causes an exchange of ground 
currents here. Especially during faults in the HV grid, the current through the local grounding 
grid of the transition substations results in touch voltages. 
Chapter 5 presents an EMC analysis of a high-voltage measuring system in a high-current 
laboratory. External disturbances introduce interference in the measurement system. The 
study presents a comparison of various measurement setups with respect to interference due 
to common mode currents.  
 
1.6 Publications and participation in international discussions 
 
All of the Chapters of this thesis have been presented and/or published elsewhere. All 
presentations were given by the author, except when otherwise mentioned. 
 
Chapter 1: 
• Parts of Chapter 1 were presented during the round table discussion “Neutral earthing in 

LV networks: Towards a global earthing?” at the International Conference on Electricity 
Distribution (CIRED) 2001 in Amsterdam. Other invited participants were RWE 
(Germany), IREQ (Canada), EdF (France) and CPTE (Belgium). The report on this 
discussion [Hoe01b] is added to this thesis (Appendix F) to clarify the relation between 
the present work and the international efforts. 
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Chapter 2: 
• Conference publications/presentations 
- At the International Conference on Electricity Distribution (CIRED) 1999 in Nice 

[Wae99a], 
- At the China International Conference on Electricity Distribution (CICED) 2000 in 

Shanghai [Wae00e] presented by Van Deursen, 
- At the Cost 261 meeting in Lille [Wae01b] presented by Van Deursen, 
- At the IEEE Power Engineering Society 2000 Winter Meeting in Singapore [Wae00a] 
• The Dutch Journal Energietechniek [Wae99d].  
• The results were presented and discussed at the user meeting in 2001 of GAIA, a Dutch 

simulation tool commonly used for the analysis of LV grids. 
 
Chapter 3: 
• This Chapter has, with minor differences, been published in IEEE Transactions on Power 

Delivery [Wae02a].  
• The study resulted in an invited contribution at the IEEE International Conference on 

Transmission & Distribution, Operation & Live-Line Maintenance (ESMO2000) in 
Montréal [Wae00d]. Other participants in a panel discussion on this GSM problem were 
Y. Rajotte (Hydro Quebec, Canada), W.D. Carman (EnergyAustralia, Australia) and 
M. Tuominen (Bonneville Power Administration, USA). 

• The study resulted in an invited contribution to the Transmission and Distribution World 
Magazine [Wae02b]. 

• Conference publications/presentations: 
- At the International Conference on Lightning Protection (ICLP 2000) in Rhodos, 

Greece, presented by Van der Laan [Wae00c]. 
- Two oral presentations at CIGRE 2000 (Paris). 
- At the International Conference on Electricity Distribution (CIRED 2001) in 

Amsterdam [Wae01a]. 
• Chapter 3 has already led to new installation guidelines, firstly for the Netherlands 

[NUO99]. Guidelines in other countries are in preparation. The results currently serve as 
input document for new ITU Recommendations on this subject [Var01]. 

• The Dutch journal Energietechniek [Wae00b].  
• The author gave presentations on this subject for almost all Dutch Distribution companies 

and Dutch Telecom providers.  
• In addition the author gave invited presentations for INS/Ballast Nedam2 (London), the 

COST261 workshop in Budapest (June 2002) and EA Technology (Chester, England) 
[Wae03c]. 

• The results were presented and discussed at the user meeting in December 2000 of Vision, 
a Dutch simulation tool commonly used for the analysis of power grids. A special meeting 

                                                 
2 responsible for implementation of GSM installations on HV towers for Vodafone and 
Orange in the UK 
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related to this subject was organized at GE Power Controls Nederland 
Odink en Koenderink. 

 
Chapter 4: 
• Conference publications/presentations: 

- Prepared contribution to the session of Group 36 at CIGRE 2002 (Paris) [Wae02c]. 
- Accepted for publication at the International Conference on Electricity Distribution 

(CIRED 2003) in Barcelona [Wae03a]. 
 
Chapter 5: 
• The analysis of EMC aspects of HV measurement systems appeared in the IEEE 

Transactions on Instrumentation and Measurements in a slightly modified version 
[Deu02]. 

• Parts were already presented at the International Symposium on High Voltage 
Engineering ISH’97 in Montréal [Wae97], presented by Van Deursen. 

• Results were presented at the CRC-dag 1996, Kema Arnhem, The Netherlands. 
 
In 1997 TU/e and Holland Railconsult started a cooperation to do extensive measurements in 
the pilot section of a new 25 kV railway system. This cooperation resulted in a number of 
publications [Smu99, Wae99c]. The projects with NUON and Holland Railconsult were 
mutually beneficial in terms of measurement techniques and the need to determine the current 
distribution in complex grounding systems. 
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Touch voltages in low voltage grids during single-phase  
medium voltage ground faults  

 
 

2.1 Introduction 
 
In the past years, there has been much debate on the problem of interconnecting the grounding 
of high, medium and low voltage grids. Safety in the low voltage grid during power faults in the 
high or medium voltage grid, needs to be considered during the design phase of the grounding 
system.Important for human safety is the current flowing through the body. One distinguishes 
various paths of the current such as from hand to feet, or from foot to foot. Both magnitude and 
duration of the current exposure are relevant. Long-term body currents above 60-100 mA are 
considered to be lethal. Curves for the maximum body current are presented in [IEC84]. The 
resistance of the human body is voltage dependent. Values of the body resistance including the 
skin range from 500 to 3000 Ω. The curves for the maximum voltage to which a human body 
can be exposed, are derived from the IEC current curves. 
 
The following IEEE definitions are relevant [IEEE86]: 
 
Ground potential rise (GPR): The maximum voltage that a station grounding grid may attain 
relative to a distant grounding point assumed to be at the potential of remote earth. 
 
Step voltage: The difference in surface potential experienced by a person bridging a distance of 
1m with his feet without contacting any other grounded object. 
 
Touch voltage: The potential difference between the ground potential rise (GPR) and the surface 
potential at the point where a person is standing, while at the same time having his hands in 
contact with a grounded structure. 
 
The measured and calculated voltages presented in this thesis are open voltages. The voltage 
bridged by a person is always lower. The relation between the IEEE definitions and the IEC 
curves is described in [Lee00]. The Dutch requirements are derived from the document IEC479-
1. Since the maximum fault clearance time in most of the medium voltage grids is eight hours, 
the touch voltage should not exceed 50 V. 
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All definitions presented above are based on Circuit Theory. As a result of the approximations 
inherent to this popular theory errors may arise: 
1) In Field Theory based on Maxwell’s equations the voltage V between two points A and B is 

correctly determined by the integral: 

 ∫ ⋅=
B

A

ldEV  

In Circuit Theory no E-fields exist; only voltage differences between nodes in the circuit 
diagram are important. First of all a node in the circuit diagram may not correspond to a 
well-defined point in the real world. The lower end of Ze in Fig. 2.1 for instance corresponds 
to a far away region where all currents in the soil are zero. 

2) In the presence of time varying magnetic fields, the voltage between two points of a circuit 
depends on their position and the routing of the attached cabling. The flux enclosed between 
the main circuit and the measuring leads should be properly taken into account.  
A largedΦ / dtoccurs in strong magnetic fields, when large areas are enclosed, or when 
the frequency is high [Laa86]. 

 
The Cenelec harmonization document [CEN99] discusses the interconnection of medium and 
low voltage grounding arrangements. An analysis comparing measurements and simulations for 
overhead lines is presented in [Raj95]. The MV grids in the Netherlands consist of cables. 
Compared to overhead lines, the percentage of the fault current returning through Earth is in 
general smaller in cabled grids [Raj99]. However fault clearance times up to eight hours may 
occur in cabled grids, whereas ground faults in overhead lines are switched of in hundreds of 
milliseconds. 
 
The replacement of PILC cables by XLPE cables was a reason to initiate a study on the 
consequences of MV faults for LV clients. Important is that the lead sheath of the PILC cable 
has a good contact with the soil which provides extra safety, whereas the XLPE cables have 
an insulating jacket.  
For PILC cables also the influence of the additional steel armor is to be taken into account in 
the cable models. This steel armor limits the current through the soil, reducing touch voltages 
during a fault. 
 
The study aims to guarantee safety in low voltage grids during faults in medium voltage grids. 
The important parameters are described in this section.  
Section 2.2 and Appendix A provide the theoretical background, and compare the relevant 
parameters for XLPE and PILC cables. 
Section 2.3 describes two field measurements. The models for an MV single phase to ground 
faults have been verified at two locations in rural areas, with different soil resistivities. The 
results of both measurement locations are compared in Sect. 2.4. 
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2.1.1 Relevant parameters for faults in MV grids 
 
Before connecting low voltage and medium voltage grounding systems, ground faults in MV 
grids should be considered in the design. In particular single phase to ground faults may result 
in high touch voltages (Ut) in the LV-grid (see Fig 2.1).  

 
Three major parameters determine the (open) touch voltages in the LV grid during a single 
phase to ground fault in the MV grid: 
1) the fault current If. 
2) the percentage of the fault current returning through the Earth (Ie) 
3) The impedance Ze of the grounding arrangement seen at the fault 
 
1. The fault current If 
Both amplitude and duration of the fault current should be taken into account. The neutral 
grounding and the fault management of the MV grid have a strong influence on the amplitude 
and the fault clearance time of the fault current [IEE99]. Section 2.1.2 presents details of the 
fault currents for the NUON MV grid. 
 
2. The percentage of the fault current returning through the Earth.  
All MV cables have a metal sheath, which acts as a return conductor. At large distance from 
the fault the E-field in radial direction is zero (see also Appendix A1). In this region the 
fraction µc·If of the fault current returns via the cable, with µc the so-called coupling factor 
(Appendix A2). The remaining part Ie =(1- µc)·If  returns via the soil.  
In the approximations of Carson expressions, the soil resistivity (ρsoil) only figures as 
argument of a logarithmic function. It has only a minor influence on µc [Car26, Rud74].  
  

Figure 2.1: Touch voltages in the LV grid 
during a fault shown between L3 and PE 
in the MV grid.   
(L1, L2, L3: MV phase conductors  
PE: metal sheath MV cable) 

LV-grid

Ut

L3
L2

PE

ZeIe

MV-grid

L1

If
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3. The impedance Ze of the grounding arrangement seen at the fault  
The current Ie flows into the soil via different paths: the grounding electrodes of transformer 
substations, the lead shields of medium and low voltage cables and the grounding 
arrangements at the customers. The impedance Ze combines all paths to Earth (Fig 2.1). High 
Ze values may occur in rural areas at the end of radial type medium voltage feeders. The 
distances between the substations may exceed 2 kilometers, there are a relatively small 
number of electrodes in the LV grid and there is only one return direction for the fault current. 
Note that the effect of soil resistivity is different for grounding electrodes (Z ∝ ρsoil) and lead 
sheaths (Z ∝ √(ρsoil), see also Section 2.2). 
  
Influence of additional series resistances 
Additional resistances as non-conductive footwear reduce the current through the human 
body. To further increase the series resistance, a layer of crushed rock often covers the soil in 
substations. The results presented in [Car00] show a wide range in electrical characteristics. 
The resistivity may vary between 1.2 kΩm for clean wet small particles, and above 1 MΩm 
for large dry particles. 
The Dutch standards assume a total series resistance of 1 kΩ.
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2.1.2 Details of the fault currents of the NUON MV grid 
 
A typical layout of an MV grid is given in Fig. 2.2. It consists of a main ring of maximum 
40 MV/LV substations. A subring of maximum 20 substations may be connected to it. Finally 
open feeders supply the most remote areas with electricity. The maximum load per open 
feeder is 630 kVA. 
 

  
 
The NUON 10 kV grids are for more than 80% isolated with respect to ground. In general 3-
phase cables are used. The fault current at a single phase to ground short circuit is then 
determined by the total length of the cables installed, in particular by the total cable 
capacitance of the grid. The fault management of NUON differs from grid to grid, depending 
on the amplitude of the single phase to ground current: 
If < 330 A The grid remains in operation. The fault current may flow 

during 8 hours, since this type of fault does not influence the 
normal service for a cabled grid. 

330 A < If < 485 A If the fault current of the grid is within this range, grounding 
via transformers or extra capacitors increases the fault current 
beyond 485 A, resulting in a fast fault-clearance. 

If > 485 A Fault currents above 485A have a fault clearance time < 1 s. 

Figure 2.2: 
Typical layout of an 
MV grid. 

Open feeder
(max 630kVA.)

150kV/10kV
substation

Sub ring
(max 20 subst.)

Main ring
(max 40 subst.)
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2.2 Cable models: comparison PILC vs. XLPE 
 
The cable capacitances between the phases and the sheath determine the single phase to 
ground current If  for isolated medium voltage grids.  These capacitances, and thus the current 
can be calculated accurately. In grounded grids the impedance of the grid determines the 
amplitude fault current. The impedance, and therefore the amplitude of the fault current, is 
nonlinear due to the steel armor of the cables [Hal99].  
 
The cable characteristics contribute also to two other parameters related to the touch voltages, 
previously mentioned in Section 2.1.1: 
1) The percentage of the fault current returning through the soil.  
2) The impedance Ze of the grounding arrangement seen at the fault.  
 
2.2.1 Percentage of the fault current returning through Earth  
 
The impedances of the soil and the cable determine the current Ie returning through the soil. 
The influence of the steel armor of PILC cables on Ie is significant [Hal97]. It increases the 
impedance of the return circuit through the soil. As a result more current will return through 
the lead sheath. Table A.1 in Appendix A gives the calculated fraction of the fault current 
which flows through the soil for various µr values for a typical PILC cable, GPLK 95CU.  
The sheath of XLPE cables consists of a number of copper wires. Although copper has a 
smaller electrical resistivity, the series resistance is similar to that of a PILC cable due to the 
smaller cross-section of the copper sheath.  
 
Appendix A2 presents a detailed analysis. Without steel armor, the coupling factors for both 
types of cables are of the same order of magnitude (30-40%). A steel armor increases the 
current through the sheath  
 
One of the complicating factors is the non-linear permeability of the steel (µr). Therefore the 
fraction of the fault current which flows through the soil depends on the amplitude of the fault 
current [Sim55]. 
 
2.2.2 Contribution of the ground impedance of the medium voltage grid to Ze 
 
The total ground impedance Ze at a fault is determined by local ground rods and other 
underground conductors, but also by the “input” impedance Zinf formed by the network of 
MV cables and nearby substations.  
 
The most important difference between grids consisting of PILC or XLPE cables, is the 
electrical contact of the PILC cable to the soil. The sheath of a PILC cable acts as an 
electrode buried in the soil. The soil resistivity varies with the moisture content, the depth, the 
soil temperature, and to the presence of surface water [IEEE92]. Table 2.1 presents ranges of 
resistivity for various soils [IEEE86].  
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Table 2.1: Soil resistivity for various types of soils 
 

Soil description ρsoil (Ωm) 
Wet organic soil 10
Moist soil 102

Sand clay mixtures 200-400
Dry soil 103

Bedrock 104

 
For an infinitely long PILC cable the impedance to ground of the MV grid seen at the fault 
is Zinf. Since most of the current flows through the lead sheath, the permeability of the steel 
armor hardly influences Zinf. Table A6 (Appendix A3) presents the calculated Zinf for a grid 
consisting of PILC cables.  
An average soil resistivity in the Netherlands is 100 Ωm, resulting in a Zinf  of 0.6 Ω. 
 
In a grid composed of only XLPE cables, the grounding resistance (Rsubs) of the MV/LV 
substations determines Zinf. Each MV substation has an electrode with a grounding resistance 
ranging between 2 Ω and 5 Ω, and the average distance between the substations over the 
NUON region of service is 1 km.  
The calculated input impedance Zinf for a grid consisting of XLPE cables ranges  
between 1.3 Ω (Rsubs = 1 Ω) and 2.2 Ω (Rsubs = 5 Ω).  
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2.2.3 Results of calculations 
 
Appendix A4 describes calculations on faults in medium voltage grids. The results for two 
MV cables are presented in Tables 2.2 and 2.3. The cross sectional area per phase conductors 
is for both cables 95 mm2. The tentative conclusions are: 
- The touch voltages for an XLPE grid are larger than for a grid of PILC cables. 
- In an XLPE grid, a reduction of the grounding resistance per substation (Rsubs) reduces the 

touch voltages. 
- With respect to touch voltages, the contact with the soil of PILC cables is the most 

important difference compared to XLPE. The steel armor also has a positive influence by 
reducing the current Ie through the soil. 

- For both types of cables, the voltages during a fault at the end of an open feeder are 
almost twice the values of a fault in the middle.  

 
Table 2.2: Maximum voltage for steel armored 95GPLK (PILC) per 100 A fault current. The 
substation ground resistance (Rsubs) is 5 Ω. 
 

 Fault in middle Fault at the end 
 µr =10 µr =100 µr =10 µr =100 
ρsoil= 10 Ωm 3.9 V 3.4 V 7.7 V 6.8 V 
ρsoil= 100 Ωm 11.2 V 10.2 V 22 V 19.4 V 
ρsoil= 1000 Ωm 31.8 V 28 V 55.8 V 48.7 V 

 
 
Table 2.3: Maximum voltage for XLPE951) per 100 A fault current 
 

 Fault in middle Fault at the end 
Rsubs=5 Ω 30.5 V 52.5 V 
Rsubs=2 Ω 19 V 30.3 V 
Rsubs=1 Ω 13.2 V 19.3 V 

1) Sheath: 72 Cu wires with radius 0.575 mm  
 
Most customers are concentrated in urban areas, with many connections to the soil distributed 
over a large area in the LV grid. Due to these extra paths to ground, overall grounding 
resistances (Rsubs) of the LV grid below 1 Ω are then to be expected.  
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2.3 Measurements  
 
To verify the models we selected two measurement sites: one has a dry sandy soil and one has 
a wet organic soil. In both cases we measured the complete current distribution and the 
relevant (touch) voltages. 
 
2.3.1. Location 1: Veluwe, Ginkelse Heide 
 
The first measurements were carried out on a selected site at the end of a single branch, 
a 3.4 km long 10 kV cable. The site is quite isolated in the nature reserve area Veluwe, with 
only a few buildings and constructions nearby. The sandy soil has a high resistivity, which 
tends to increase the touch voltages. In addition, in this isolated region we had a good 
overview of the cables, including telecommunication, and conductors such as metal water 
tubes buried in the soil. Figure 2.3 shows an overview. The layout of the cables is sketched 
and their lengths are indicated. The 10 kV cable originates from a 10 kV-230/400 V 
transformer station "Hennekamp" (H), 2.2 km west of our site "de Mossel" (M). A similar 
transformer station at M feeds a small restaurant (PH) via an XLPE cable, a wastewater pump 
(P) and a house (W2). A short LV PILC and a XLPE LV cable make the connection between 
M and W2. A MV XLPE cable, which extends from M over a length of 250 m was laid there 
for this experiment.  
The LV neutral (N) and the shields of the LV cables connected to the site were grounded near 
the transformer at M only. Individual grounding electrodes were installed at both consumers in a 
TT configuration. A telecommunication cable also entered PH and W2; this cable had its own 
ground. Pump P is grounded by the water pipes and an electrode; the neutral is connected to this 
electrode.  
In the tests we deliberately caused a 10 kV single phase to ground fault at the end of the XLPE 
cable; only the phase to be shorted was connected. The fault is initiated by closure of a 10 kV 
switch S0 at F; S0 was opened again after 20 seconds. The open ellipses around cables or leads 
at H, M and F in Fig. 2.3 indicate that the net current was determined, in EMC terminology: the 
common mode current through the cable. In addition, we measured the voltages between the 
three different 'grounds' at the consumer premises.  
 
Three different configurations will be compared: 
1) The original TT system in both PH and W2. 
2) N and grounding electrode interconnected in both PH and W2. In Fig. 2.2 this corresponds 

to closure of S2 and S4. 
3) An additional connection between the telecom ground and grounding electrode in PH and 

W2, corresponding in Fig. 2.2 to the closure of S1 and S3. 
In configuration 1, the voltages measured between N and local ground are relevant for a TN 
system. In configuration 2 and 3, we also measured the currents through the extra connections 
made. Voltages related to step and touch voltages were measured between the ground at M and 
F and a short grounding rod at 1 m; additional voltages were measured with respect to 
grounding rods at about 15 m (M) or 10 m (F) distance; see Fig. 2.3. 
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Figure 2.3. : Overview of the test site Veluwe.  
H, M : Transformer stations 10 kV/400V,  
F: Location of ground fault, made by closing switch S0 
P: Waterpump,  
PH, W2: LV-users. 
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Figure 2.4. Measurement results Veluwe; the three configurations to be compared are: 
1: Original situation: TT system on LV-side. 
2: Neutral and local ground connected on LV-side (S2 & S4 closed). 
3:Neutral, local ground and telecom ground connected (S1, S2, S3 and S4 closed).  
*= In all configurations the same current was measured 
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Figure 2.4 summarizes the results of the measurements; effective values are given. The fault 
current If was 127 A. It has the same value for the three configurations. This is also the case for 
the current Ish through the shield of the 10 kV cable connected at M. The other currents and the 
voltages are given in small tables for the three configurations.  
 
The calculations on single-phase faults confirmed that the fault current could be calculated 
very accurately. The fault current in the considered network was calculated to be 130 A; 
127 A was measured. According to Kirchhoff’s current law, the phasor sum of all currents 
should be zero at each node in the circuit. To check the measurement systems we added all 
currents at the nodes. Within the accuracy of the measurements, the currents added up to zero.  
Naturally, the current Ig2 through the grounding electrode at M, and the currents at PH and W2 
change when extra ground connections are made at PH and W2. The major part of the current 
IW2 at M flows into the soil at P; IW2 does not appreciably vary over the three configurations.  
The current through the cable shield at H (Ish2) is 5 A smaller than at M (Ish). The cable 
between H and M contributes about 2 A to If. The remaining part of the 5A leaves the lead 
shield via the contact with the soil. No current was measured through the ground rod at H, 
which is in accordance with the model.  
Voltage differences up to 76V are observed between the different grounds in the cables at PH 
and W2. The voltages at M and F approximately scale with the current Ig2 through the 
grounding electrode (M). 
 
Current distribution near the substation Mossel 
 
The voltage between the neutral and the telecom ground is measured at the two LV users. 
Within the measurement accuracy, it has for both locations the same value (Fig 2.4). The 
telecom cable is grounded at a remote point, most likely at the nearest telecom switch station. 
To compare the voltages for the various grounding configurations, we choose the voltage 
between the neutral and the telecom ground as a reference voltage Vref. 
 
The current to Earth (Ie in Fig. 2.1) is measured at H. Its value is measured by the 
parameter Ig4. Most of the Ie flows into the soil near M. The current into the soil near M is 
measured separately (In). Due to the high soil resistivity, the MV PILC cable between H and 
M can be neglected. When no connections in the houses are made (config. 1), the current Ig4 
splits into four paths (Fig 2.5). The local currents to Earth (Ig1, Ig2 and IW2) are almost in 
phase, about -35° with respect to the fault current If.  

  

Figure 2.5: Schematic 
representation local ground 
connections near the fault ZPILC

Ig4
Rg2 RPH

IPHIg2 IW2

Rw2RpRg1

Ig1
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The maximum measured voltage (Vref) was 76 V, resulting in an estimated value of Ze: 

Ω≈== 85.1
4Ig

V
I

V
Z ref

e

ref
e  

The ground resistances for the various paths can be estimated from the measurements of 
configuration 1:  
1) the grounding resistance Rg1 at F, approx. 22.3 Ω (Ig1 = 3 A) 
2) the grounding of the transformer station Rg2, approx. 3.2 Ω (Ig2 = 24 A) 
3) the grounding at the pump Rp, approx. 7.9 Ω (IW2 = 9 A) 
The impedance to ground of the MV cable (ZPILC) is large compared to Rg1, Rg2 and RP in 
parallel. 
 
Prior to the measurements, the grounding resistances at the two houses (RPH and RW2) were 
measured to be 11 Ω and 50 Ω. In configuration 2 these ground rods were connected to the 
neutral. An estimation for the equivalent ground impedance Ze’ results in: 

Ω≈







++=

−

54.1111'
1

2wPHe
e RRZ

Z  

 
The prime refers to configuration 2. The current Ie is determined by the cable parameters 
(App. A) and If. Both are the same for the considered configurations. The new reference 
voltage Vref’ can be estimated: 
 

V63''' 4 ≈⋅=⋅= geeeref IZIZV  
 
Based on a purely resistive model, we estimated the expected current distribution in 
configuration 2. Table 2.4 presents calculated and measured currents. This simple 
approximation neglects the mutual (resistive) coupling between the nearby ground rods and the 
phase shifts between the various currents.  
 
Table 2.4: Measured and calculated current distribution in configuration 2. In 
configuration 2 the neutral and the local ground rod are interconnected. 
 

 Vref. Ig1 Ig2 IW2 IPH 
Estimated 63.0 V 2.8 A 19.9 A 9.2 A 5.7 A 
Measured 61/63 V 3.3 A 21.0 A 9.0 A 4.8 A 

 
The calculated values show reasonable agreement with the measurement results. As becomes 
obvious from the measurements, additional electrodes in the LV grid can reduce the touch 
voltages to safe values. It also confirms that at this measurement site the current distribution 
into the soil is resistively determined. 
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Figure 2.6: Measurements at the Veluwe. Top: Location F with the circuit breaker at 
the end of the XLPE cable. Bottom: Substation M: LV (left) and MV (right) cabinets. 
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2.3.2. Location 2: Zeewolde 
  
In September 2000 a second field measurement was carried out on a 3.5 km long PILC cable 
in a rural region with a wet organic soil. During the preparations a lead shielded telecom 
cable showed up, which runs parallel to the power cable over the full length. The distance 
between the cables was 1 m. This cable was not on any map; apparently it was no longer in 
use. Since it had good contact with the soil, it carried a significant part of the return current. 
Figure 2.7 gives an overview. The setup simulates a fault at the end of a medium voltage grid. 
With a relatively small fault current (7 A, 50 Hz), all aspects of this fault could be studied in 
detail. Since the injected current was small, there was no limitation to the duration of the 
fault.  

The directions and lengths of the cable (-sections) are indicated.  
 
The 10 kV PILC cable had a length of 3.5 km. It was isolated from the grid at A and D. At B,  
1.5 km from the fault and the injection point, we assume no exchange of current between the 
cables and the soil (1500 m >> 2 α-1, see Appendix A). Local end-effects occur at A and C. 
 
At C, 500 m from D, the cable was split and all conductors and sheaths of the two PILC 
cables (BC and CD) were interconnected. An electrode with a resistance of 4.4 Ω was 
installed at C, comparable to an MV/LV substation. This simulated a ground fault, at the 
transition from MV to LV. To the right of C the cables are considered as LV cables. 
 
To study the difference between an XLPE and PILC low voltage cable, an XLPE LV cable 
from C to location E was laid over a distance of 500 m. At D and E electrodes were installed. 
The grounding arrangement is similar to a normal 10 kV-230/400 V transformer station (C), 
with two clients in a TT arrangement (D and E). 

Figure 2.7: Measurement location Zeewolde. The current is injected at A, the fault is 
made at C. Locations D and E are LV-connections. At location B we measured the 
current distribution at “infinite” distance from A and C.
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A 50 Hz voltage (20 V) was applied between the sheath and the inner conductors at A. 
Special attention was paid to the current distribution in the “middle” of the setup at B, and the 
two voltages at D and E (low voltage connections): 
-  At 1500 m distance (B) we measured how the current was distributed over sheath, soil 

and telecom cable.  
- At locations D and E we measured the voltage between the electrode, and the cable 

sheath. 
- The current distribution was also measured at C. 
Figure 2.8 presents the measured current distribution per 100A fault current. 
 

Due to the contact with the soil of the PILC cable 
- the voltage measured at LV side D is 30% smaller than the voltage measured at E.  
- Only a small fraction of the fault current (6%) flows through the ground electrode at C; 

the largest fraction of Ie flows via the sheath of the PILC cable to the soil. 
Although not in direct contact with the power cable, the telecom cable effectively reduces Ze.

Figure 2.8: Measured current distribution Zeewolde normalized to 100 A fault 
current. 

Figure 2.9: 
Measurements 
in Zeewolde; 
location A is 
shown. 
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2.4 Discussion measurement results 
 
Figures 2.10 gives a schematic overview of the measurement results at the Veluwe (dry sandy 
soil) and Zeewolde (wet organic soil). A distinction is made between the various paths of the 
current to the soil. 

  
2.4.1 Percentage of the fault current returning through Earth 
 
At the Veluwe 33% of the fault current returned via the soil (measured at H, at 2.2 km from 
the fault). In Zeewolde the current through the soil was about 44% and the telecom cable 
carried 11% of the return current (location B). Additional calculations confirmed the 
influence of the telecom cable (Appendix A, Table A4). 
 
2.4.2 Contribution ground impedances medium voltage cables to Ze 
 
Veluwe: Most of the current to the soil went through the electrode (Ig2) of the substation M 
(76 V/24 A =3 Ω). Only 4% of the current flows into the soil via the sheath/armor of the 
10 kV cable between substation H and substation M (=Ig4-In). A rough estimation of the 
ground impedance of this MV cable indicates 15 Ω (76 V/5 A).  
 
Zeewolde: Due to the low resistivity of the soil, a larger fraction of the current flows to Earth 
via the lead sheaths of the power cables and the telecom cable (IBC, ICD and Itelecom). The 
ground impedance of the cable to the left is estimated at about 1.5 Ω (24 V/16 A). The 
estimated ground impedance at the right is 0.82 Ω; this includes the influence of the telecom 
cable. Only 6% flows through the earth electrode of 4.4 Ω. This electrode is almost redundant 
compared to the lead shielded cables.  

Figure 2.10: Comparison of results of measurements at Veluwe (left) and at 
Zeewolde (right) normalized to 100 A injection current. All values in A’s. 
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Measurement of the voltages at both locations shows smaller touch voltages at the LV clients 
fed by a PILC cable (Table 2.5). 
 
Table 2.5: Voltages measured at the end of a PILC cable vs. a XLPE cable for both 
measurement locations. The values are given per 100 A fault current. 
 

 Veluwe Zeewolde 

PILC 29 V (W2) 16 V (loc. D) 

XLPE 48 V (PH) 24 V (loc. E) 
 
2.5 Concluding remarks 
 
Without additional measures, single phase to ground faults in sections of the MV grid may 
cause touch voltages exceeding the maximum allowed value of 50 V. Faults at the end of MV 
cables in rural areas are most critical for LV users. The local ground resistances and the 
distances between MV substations are larger, resulting in higher touch voltages. XLPE cables 
are isolated from the soil. In the future their number will increase, while the number of (LV) 
PILC cables will decrease. Therefore it is advisable to decrease the ground resistance per MV 
substation from 5 Ω to 1 Ω or lower at the end of an open feeder in rural areas. 
 
In more densely populated areas more customers are concentrated, with many connections to the 
soil distributed over a large area. The expected touch voltages are smaller than 50 V, even in 
grids with higher fault current (App. F, contribution 4). 
 
The original cable models for PILC cables need to be corrected, by taking into account the 
varying but always positive influence of the steel armor, and the contact with the soil near the 
fault. 
 
The comparison of both locations shows the strong influence of the soil parameters on local 
touch voltages during a fault. At locations with a moist soil, the ground electrode of the 
transformer station is even redundant due to the good contact of PILC cables with the Earth. 
  
Simulation programs often concentrate on the power grid. As shown by the measurements in 
Zeewolde, metal conductors and lead sheaths of other cables (often in the same trench) reduce 
the current through the soil. 
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Safety aspects of GSM systems on high-voltage towers1  
 
 

3.1 Introduction 
 
The increase in number of cellular phone base stations leads to a quest for elevated locations for 
the base stations, particularly in rural areas. Figure 3.1 shows a common solution, a cellular 
phone antenna placed on top of a high-voltage (HV) tower. Further on we will use the European 
acronym GSM: Groupe Spéciale Mobile (Global system for Mobile Communication). 
 

  
 
Lightning may induce flashover of the HV insulators and a subsequent phase to ground fault 
[Cho71, Dar75, Ker82]. The resulting power frequency current distributes itself over the 
overhead ground wires  (lightning protection wires) and the soil near the line via the tower 
grounding electrodes. In addition if a GSM system is mounted in the tower, a large fraction of 
the fault current flows through the low-voltage cable towards the distribution transformer. At 
the premises of other customers served by this transformer, this fraction of the 50 Hz fault 
current may cause dangerous touch voltages. It may also overstress the insulation of the power 
inputs of electric apparatus, certainly when lightning current is superimposed [IEC98]. The 
problem occurs for any LV-fed equipment in HV towers, for instance also for warning lights. 
This Chapter only deals with GSM installations in HV towers. 

                                                 
1 The contents of this Chapter are published in IEEE Transactions on Power Delivery [Wae02a]. 

Figure 3.1: GSM antenna in a HV 
tower
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The lightning current flows to the overhead ground wires on top, the grounding structure of the 
tower and the LV cable. Due to the high frequencies, only a relatively small area is affected. A 
TL model is required to analyze the HF current distribution. For an accurate calculation the 
complete tower structure should be considered [Grc02, Grc03].  
Power faults, affect a larger region than the higher frequency lightning stroke at the tower. 
Therefore this 50 Hz current causes overvoltages in the distribution grid.  
 
The configuration of the HV grid determines the fault current. In the Netherlands, many HV and 
MV grids have a meshed layout. Fault currents over 20 kA may occur in the 380 kV grid; fault-
clearing times are of the order of 0.1 second. Overhead ground wires interconnect all HV 
towers; often two wires are installed. The ladder network formed by the overhead ground wires 
and the grounding of neighboring towers strongly reduces the current flowing into the ground at 
the faulted tower [Raj95, End67]. Proper grounding measures near the footing ensure safe touch 
voltages at all towers. However, the presence of LV appliances and the current transfer into the 
LV grid were not considered in the tower grounding design [NNI95]. 
 
All grids below 50 kV are equipped with underground cables in The Netherlands. Many older 
medium and low voltage (MV, LV) cables have lead shields. The good contact between these 
shields and the often damp soil provides a low impedance grounding [Bus59]. Because of 
environmental concerns, new or replacement cables for MV and LV are shielded XLPE cables 
with an outer insulating PE jacket. This increases the grounding impedance. A generally 
applicable safety approach which would also be effective for LV applications in HV towers on 
dry soil and in grids with large fault currents was therefore needed. 
 
In order to study the effects at power frequency and to establish appropriate measures, we 
simulated a fault by deliberately injecting a 50 Hz current into a tower with a GSM base station. 
We measured the current distribution in a major part of the system, and in addition several 
relevant voltages in the LV grid. The measurements were compared with simulations. In this 
situation no lightning transients were present. 
 
3.2 Description of the site 
 
A rural site has been selected; no conductors of other parties were located nearby. The 
measurements have been carried out on the 10.3 km long double circuit 150 kV link between the 
substations Doetinchem  (DTC) and Ulft. Figure 3.2 gives an overview. At 8.3 km distance from 
DTC, tower 33 carries a GSM base station. In the substation Ulft, tower 40 is directly connected 
to the local grounding grid. As mentioned before, two lightning protection wires interconnect all 
towers. One of the 150 kV circuits was taken out of operation for the measurements. The 
injection current originated from another 10 kV grid present in the DTC substation. These MV 
networks are normally floating; a single phase to ground short circuit produces a current limited 
by the capacitances in the cables concerned. One of the MV phases at DTC was connected to a 
phase lead of the freed HV line. This phase could be shorted to tower 33 by a circuit breaker, 
thus simulating a controlled fault across an insulator at smaller currents (Fig. 3.3.).  
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An actual fault would be fed from both DTC and Ulft. 
 
A 10 kV/ 400 V transformer at about 300 m distance from tower 33 feeds the GSM base station. 
The MV voltage cables have lead shields over their full length, with good contact to the soil. A 
grounding electrode near the transformer provides a parallel 2 to 5 Ω to ground. The LV XLPE 
cable towards the base station also feeds several customers; two other LV cables (one shown in 
Fig. 3.2) serve further customers. Some of the LV cables have lead shields, which are always 
connected to the XLPE cable shields. The LV system has a TT grounding configuration.  
 
A number of current probes determined the relevant part of the current distribution at three 
positions along the HV line: at DTC, at tower 33 and at Ulft. Long Rogowski coils measured the 
current for all large diameter grounded objects (Fig. 3.4).  
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Tower 33
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Tower 40
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Tower 1

LV 1

LV 2

250m

LV user
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Lead Shielded PILC cable, 10 kV
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Transformer station,
electrode 2-5 Ohm

200m 

300m 

Figure 3.2: Overview measurement locations
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Digital oscilloscopes measured the currents near the tower. The injected current was also 
measured at DTC. The overall measurement accuracy of the data is about 5 percent. We also 
measured the voltage between the neutral and a local ground electrode at locations LV1 and 
LV2 in Fig. 3.2. These voltages are related to the touch voltages when a TN system would have 
been applied. At LV2 we also measured the voltage between the neutral and the telecom ground 
with power quality analyzers. This voltage would also show up over the insulation of a modem. 
In the past, cables from different utilities (mains, telecom, CATV) often had separate grounding 
at customer’s premises. This was the case at the site of our investigations. For better EMC one 
now tends to interconnect these ground leads.     

Figure 3.3: Measurements at tower 33. By closing the circuit breaker at the right of the 
tower, the lowest phase conductor was connected to the tower structure. 

Figure 3.4: At substation Ulft (left), Rogowski coils (right) measured the current to ground.
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3.3 Measurements 
 
The current distribution is given in Fig. 3.5, where all currents and voltages are normalized to 
100 A injection. The actual injection current was 228 A and 1.2 kA (Appendix B). The current 
distribution was similar at both amplitudes. The small tables represent the measured currents 
(top) and the calculated values (bottom) in amperes, to be discussed in Sect. 3.4. 

 
Figure 3.5: Measurement results (top) vs. EMTP simulations (bottom, for R33=0.5Ohm) 
per 100 A fault current  
 
The overhead ground wires at the tower carry a large part, about 67 percent of the fault current. 
The current toward the ground at tower 33 includes all telecom cables. A total of 36 percent 
descends; more than half of this current leaves the tower footing through the LV cable 
connected to the base station towards the LV transformer.  
The measured voltages were all of the same order of magnitude. At LV1 and LV2 we found 
5.7 V and 4.7 V between the neutral and local ground. In addition, 5.0 V was observed between 
neutral and telecom ground at LV2. All voltages again are scaled to 100 A injection current. 
 
Although the ground resistance of substation Ulft is very low, we measured there only small 
currents into the soil. The distance to the faulted tower is about twice the decay length of a 
50 Hz current in the ladder network formed by the overhead ground wires.  
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3.4 Simulations 
 
We analyzed the situation at the DTC-Ulft link by EMTP prior to the measurements. The best 
known tower footing resistances were implemented; most of these data were obtained 
immediately after the construction of the 150 kV line. Typical values were of the order of 5 Ω, 
for instance 3.6 Ω at tower 33. The telecom companies installed their own grounding electrodes 
with 2.5 Ω or less; these electrodes represent a resistance in parallel with the tower grounding.  
Both overhead ground wires were regarded as separate conductors in the simulation. For the 
considered 150 kV section the attenuation distance over which the tower voltage is decreased by 
a factor e-1 is about 2 km. The fraction of the fault current returning through both zat ”infinite” 
distance from the fault is defined to be the coupling factor µc [End67]. Position and the material 
parameters of the conductors determine the current through the soil. The analytical results based 
on the paper by Endreyni compare well with the EMTP results. 
 
Since it presents a lower inductance path, the nearest overhead ground wire parallel to the 
faulted phase carried the larger part of the current. Both the measurements and simulations 
shown in Fig. 3.5 confirm this. We varied in the simulations the effective grounding resistance 
at tower 33 to simulate the presence of the LV grid, and calculated the current I33 entering the 
ground at that tower. Table 3.1 gives the results normalized to 100 A injection. A plot of |1/I33| 
against R33 results in a straight line. In a simple picture one neglects the mutual coupling of the 
buried conductors and the phase shift. The equivalent source impedance (overhead ground wires 
in combination with tower footing impedances) at the tower footing is then about 0.4 Ω. When 
R33=0 Ω the simulation predicts 41 A in the overhead ground wires to DTC, in good agreement 
with the µc = 0.42, here already reached at tower 33 because R33=0 Ω. The actually measured 
I33 of 36 A corresponds to an R33 of about 0.32 Ω and a tower voltage of 11.5 V per 100 A. This 
R33 implies that more than two third of I33 flows into the LV cable. The order of magnitude of 
this impedance value is quite acceptable.  
 
Table 3.1: EMTP Calculated current distribution in Amps. for various tower footing 
resitances (TFR) of the faulted tower 33 (IRMS per 100A fault current). 

TFR 1 Ω 0.5 Ω 0.32 Ω 0.2 Ω 0 Ω Meas.(A)  
I33 (A) 18.4 29 36.4 43 63.3 36 Current through tower structure 

I_DTC_1  28.9 26.4 24.7 23 19.6 21 Overhead ground wire to DTC 
opposite to faulted phase 

I_DTC_2 30.3 27.7 25.9 24.4 21 25 Overhead ground wire to DTC above 
faulted phase 

I_Ulft_1  12.5 9.8 7.8 5.8 0.19 11 Overhead ground wire to Ulft opposite 
to faulted phase 

I_Ulft_2  12.8 10.2 8.21 6.2 0.25 12 Overhead ground wire to Ulft above 
faulted phase 

 
The 300 m LV cable between tower and transformer contributes a series impedance of about 
0.25 Ω at ∠ 45°. The MV cables provide each about 1 Ω to ground [Bus59]. The smaller LV 
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lead shields further reduce the impedance, but this is difficult to estimate. The measured 
voltages at the customers are lower than the values at the tower from the EMTP calculations, 
which can be understood from the voltage drop over the sheath and neutral of the LV cable 
between the tower structure and the MV substation. 
 
A second simulation has been carried out for a different line, the 20 km long 150 kV line 
Amersfoort-Kattenberg, which mainly runs over sandy soil. The short circuit current is 10 kA. 
Tower footing resistances are typically 40 Ω, which leads to a tower fault voltage of about 7 kV. 
Even 20% percent of that voltage at customers would already be harmful for living beings and 
equipment alike. The high soil resistivity also causes high MV and LV grounding impedances. 
 
3.5 Measures considered 
 
For practical reasons a solution is sought which provides safety in all situations, also for larger 
fault currents and higher tower footing resistances. As shown above, the grounding impedance 
of the LV/MV grid reduces the risk and hazard. Note that a TT LV grounding approach seems 
to protect people better than a TN approach. However, when the power frequency voltage at the 
faulted tower becomes larger than 1.5 kV, which is readily possible on dry sand, the insulation 
and the surge protection devices in electric equipment are likely to be damaged. We summarize 
possible approaches. 
 
a) Select the location 
GSM locations could be chosen based on the fault current amplitude. Petersen coils limit only a 
single phase to ground current in the NUON 110 kV grid to an acceptable value; for other 
ground faults, the  current to Earth can still be large. Many GSM systems have already been 
placed, also at towers in the 380 kV system with larger fault currents of 20 kA or more. To 
move these systems to better locations now would be difficult. 
 
b) Increase the series impedance 
A possibility is to place the LV cable in a high permeability bare steel tube. The skineffect 
concentrates the current on the outside of the tube, which increases the series impedance and 
decreases the transfer impedance. Considerable lengths are required for large reductions. 
Assume for instance a steel tube with an outer radius of 5 cm, a wall thickness of 1 cm and a 
relative permeability of 500. The radial voltage between tube and soil decreases to 36 percent of 
its original value after 600 to 900 meters [Bri92, Koc61]. Magnetic saturation, which might 
occur at high currents, reduces the series impedance and thereby also the protection. 
 
c) Add electrodes along the LV cable 
Install a number of grounding electrodes at the shield of the LV cable between the MV/LV 
transformer and the tower. This reduces the hazard for the customers connected to other LV 
cables; those connected to the same LV cable as the GSM will benefit less. Attention should be 
paid to the number, length and position of the electrodes [Tha94]. Again, a considerable length 
of LV cable is required. 
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d) Add ground electrodes at nearby towers 
The total grounding impedance seen at the faulted tower is strongly determined by the lightning 
protection wires interconnecting the towers. The simulations gave an already low effective 
grounding impedance between 0.5 and 0.2 Ω. The effect of additional electrodes is then limited. 
 
e) Install an isolation transformer 
A LV to LV transformer is installed to isolate the HV and the MV/LV grids [Zeu98]. The 
insulation between primary and secondary should withstand power frequency voltages up to 
10 kV. A surge arrester limits the larger voltages over the insulation during the lightning strike. 
This arrester should pass the lightning current and must recover immediately thereafter. A 
varistor is required rather than a spark gap. 
 
A combination of options b), c) and d) could provide a reliable protection. As already 
mentioned, a low source impedance is found at the tower base due to the HV grid and in 
particular the overhead ground wires. It is then difficult to really change the current distribution 
with these options. Since local parameters as the soil resistivity [Gus90] and other underground 
cables are important, each site should be considered separately. The long distances involved in 
option b) up to d) are seldom practical in The Netherlands. 
 
The tower 33 of this investigation belongs to case a). The maximum fault current there is 5 kA, 
which is switched off within 100 ms. This would give an acceptably low touch voltage, also 
with a TN grounding system: about 250 V. The low tower footing resistances, the lead shielded 
cables and the low soil resistivity, reduce the voltages at other LV customers to acceptably low 
values in this network. The lead shields of the MV and LV cables determine the safety, which 
could be compromised if these cables would be replaced by XLPE in the future. 
 
The only general solution, which is effective under all local soil and grid conditions, is 
solution e), the isolation transformer. Details on this transformer, which is to be installed, are 
given in Appendix C. 
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3.6 Conclusions 
 
Simulations indicated that safety could be compromised by LV applications mounted in HV 
towers, in particular cellular phone base stations. The model has been verified by measurements 
on an existing installation.  
The observed rate of ground faults is about five per annum in the NUON 150 kV grid. The large 
number of GSM base stations already installed and still planned, the dense population, and the 
serious consequences of a flashover justify extensive safety measures. Faults on neighboring 
towers are equally dangerous as faults on the GSM tower itself. 
Several solutions are proposed.  An isolation transformer combined with a suitable varistor 
will be installed in all new locations, the existing 220 kV and 380 kV locations and critical 
locations in the 150 kV grid. 
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Chapter 4 

 
 

Measurement of the current distribution during a single 
phase to ground fault in a 150 kV substation  

 
 

4.1 Introduction 
 
During a single phase to ground fault on the 150 kV side of a 150 kV/ 10 kV substation, a 
significant part of the fault current returns via the overhead ground wires or the cable sheaths 
of the feeding HV-circuit [IEEE86]. For Region II this fraction is given by the coupling factor 
(Chapter 2, 3). The remaining part of the fault current flows into the soil via the substation 
grounding grid and the sheaths of the MV, LV and telecom cables. For safety and EMC 
purposes the grounding systems of these cables are interconnected, also to the grounding 
structure of the substation. Typically ten to twenty MV cables are connected to a substation. 
The cables provide a ground impedance in parallel with the substation grounding grid, and 
influence the current distribution significantly. Not only 
the number and the type of cables, but also the position of 
the MV/LV cables with respect to the faulted HV circuit 
is important. Cables in parallel to the HV circuit carry a 
larger part of the fault current.  
This coupling reduces step- and touch voltages inside the 
substation, but higher voltages may occur at the premises 
of nearby LV clients. The sheath currents of the telecom 
cables should be limited to avoid overheating and 
interference with the communication signals, and damage 
to the equipment connected to the cable (see Chapter 1).  
 
Both HV cables and overhead lines are used in the 
NUON 150 kV grid. The HV transmission lines are 
connected to HV cables at so-called transition 
substations. Here the local grounding grid is connected 
to the sheaths of the 150 kV cables, and 
to the overhead ground wires of the 
overhead lines (Figure 4.1).  

Figure 4.1: 
150 kV Transition substation Groenlo South
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Due to the difference in coupling factor for cables and overhead lines, a part of the fault 
current flows through the grounding grid at the transition substations. This may result in 
dangerous touch voltages near and in those substations during any fault in that section of the 
HV grid [Sob88]. The NUON 150 kV grid is low impedance grounded, with a single phase to 
ground fault current limited to 10 kA.  
 
Studies on safety in substations often concentrate on step and touch voltages inside the 
substation. Most analyses describe a configuration with overhead HV lines and only a small 
number of MV/LV cables connected to the substation. The mutual coupling of the HV and MV 
circuits is often not taken into account. Experimental data available in open literature is scarce, 
especially for cabled MV grids (see however [Pil92]). A measurement campaign was 
therefore organized in April 2001. The purpose was to measure the current distribution during 
a single phase to ground fault at a 150 kV/ 10 kV substation with a large number of MV 
feeders.  
In addition we measured the current distribution and voltages at two transition substations.  
 
4.2 Description of the measurements 
 
The 150 kV single-circuit line between 
Borculo (BCO) and Winterswijk 
(WTW) was selected for the 
measurements. The length is 21 km, of 
which 3.3 km consists of XLPE cables 
with a PE insulating jacket (Figure 4.2). 
On this section of the 150 kV network 
the phase conductors are not 
transposed.  
 
4.2.1 Measuring techniques 
  
The line between BCO and WTW is a 
part of a 150 kV ring. It could be taken 
out of operation without affecting the 
normal operation. However both 
substations BCO and WTW remained 
active. For this reason we decided to 
inject a 60 Hz current of sufficient amplitude, which can easily be discriminated from the 
omnipresent 50 Hz currents by suitable detection techniques. At substation BCO a 60 Hz 
(230 V) motor generator was connected between the grounding grid and the lowest phase 
conductor. Injection via this conductor results in the largest fraction of the current returning 
through the soil. The other two phase conductors were grounded in WTW and left open in 
BCO. At 50 Hz the calculated impedance of the circuit is 12 Ω ∠ 76º. Figure 4.3b presents 
the impedance for 60 Hz.   

Figure 4.2: Overview of the 150 kV section 
selected for the measurements. 
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The additional series capacitor shown in Fig. 4.3a was installed in BCO to decrease the total 
impedance of the circuit, which resulted in a larger injection current of about 70 A. 
 
At substation WTW, a Pearson current probe connected to a lock-in amplifier measures the 
injected current. The 50 Hz component of its output signal could be neglected; no additional 
filtering was required. The 60 Hz component of the injected current measured at WTW is 
used as a reference for all phase angles.  
At the transition substations, checks showed that the 50 Hz currents through the various 
conductors could be neglected. Here digital scopes registered the results. Figure 4.3 presents 
the complete injection circuit. 
 
4.2.2 Overview measurement locations 
 
Figure 4.4 gives an overview of substation Winterswijk. During normal operation it is fed by 
one 150 kV circuit from Borculo, and two 150 kV circuits from Dale. The fault was made in 
“phase 8”. The sheath currents of the 150 kV cables are indicated by I8, I4 and I12. During the 
measurements all other phase conductors of the HV circuit BCO-WTW were grounded only 
in WTW.  
 
Three of the eighteen MV cables (2.03, 2.06 and 2.20, see Fig. 4.4) run parallel to the 
150 kV circuit. Cable 2.06 feeds MV substations near WTW; two other cables supply parts of 
Groenlo. Two more cables to Groenlo follow a different path. All MV cables were in service 
during the measurements. At the perimeter of the substation, the net 60 Hz current in each 
cable was measured. 
 
At the transition substations Groenlo South and Morgenzonweg we measured the complete 
current distribution. We also measured the voltage between the grounding grid and a 
measuring electrode at about 6 m outside the fence.
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Figure 4.3a (top): Overview of the injection circuit at substation Borculo. The generator 
(100 kVA) is connected to the capacitors on the trailer. The lowest phase conductor of the 
circuit to WTW is connected to the other side of the capacitors. 
 
Figure 4.3b (bottom): Schematic representation injection circuit BCO-WTW. Values of the 
impedances are calculated for 60 Hz. 
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Figure 4.4: Aerial overview substation Winterswijk (top); 
the position of all cables is also shown (bottom). The 
10 kV cables 2.03, 2.06 and 2.20 run in parallel to the 
150 kV cables to transition substation Morgenzonweg. 
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Figure 4.5: Measurements on 60 Hz currents and voltages between 
substations BCO and WTW normalized to 100 A fault current. 
Five MV cables to Groenlo are connected to substation WTW.   
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4.3  Measurement results 
 
The average injected current was 70 A. Figure 4.5 gives an overview of the results of the 
measurements normalized to a 100 A fault current, flowing through the circuit breaker at 
substation WTW.  
 
• The sheaths of the 150 kV cables between substation WTW and transition substation 

Morgenzonweg carry 70% of the fault current.  
• The sheath currents of the 10 kV cables in WTW add up to 30% of the fault current. 

About 14% of the fault current flows through the cables 2.03, 2.06, 2.20.  
• The sum of the CM-currents through the telecom cables is 6% of the fault current. 
• The sum of the sheath currents in the 150 kV cable section Groenlo-South/Groenlo-North 

is 79% of the fault current. 
  
The ground resistances at the transition substations were measured in 1985, during the 
construction of the line (R1985). Table 4.1 presents the product of the measured current 
injected into the substation grid and this ground resistance of the transition substations. We 
also measured the voltage between the grounding grid and a measurement electrode at 
only 6 m outside the substation (V2001). This voltage is lower than the maximum voltage since 
the zone of influence perpendicular to the line may extend up to hundreds of meters [Raj01]; 
nearby towers also contribute.  
Both voltages are not step/touch voltages. Note that the step voltages refer to 1 m distance 
and the local current density (Chapter 1). A voltage measurement between the fence, and a 
measuring electrode at 1 m outside the fence resulted in about half of the voltage V2001. 
Seasonal and weather variations also have an effect on the grounding resistances [Gus90]. 
 
Table 4.1: Voltages at the two transition substations; for details see text. 
 

 Igrid*R 1985 V 2001 
Groenlo South 9.4 V 8.1 V 
Morgenzonweg 13 V 9.6 V 

 
 
4.4 Simulations 
 
The EMTP calculations prior to the measurements gave an indication of the current 
distribution in the 150 kV circuit. For an infinitely long cable, about 97 % of the fault current 
returns via the sheaths of the 150 kV cables. The cable sections in this circuit are not 
infinitely long. The ground resistances of the transition substations are connected in series 
with the cable sheaths. The relatively short cables in combination with the grounding 
resistances of the transition substations, limit the sheath currents to approximately 70-80 % of 
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the fault current.  
Table 4.2 presents the calculated and measured current distribution at the transition 
substations. The fault was made in “phase 8”. The sheath currents of the 150 kV cables are 
indicated by I8, I4 and I12. For the considered configuration, nearby medium voltage cables 
hardly influence the sheath currents through the 150 kV cables. However they do have an 
effect on the current returning through the soil. 
 
Table 4.2: Measured and calculated current distribution at the transition substations Groenlo 
South and Morgenzonweg. The values are normalized to 100 A fault current. 
 

  Groenlo South  Morgenzonweg  
  Calculated Measured Calculated Measured 
I8   (A) 45 38 41 37 
I4 (A) 27 24 22 22 
I12 (A) 24 21 19 16 
Σ sheaths 150 kV (A) 89 79 76 70 
I grid (A) 30 27 20 26 
Σ overhead 
ground wires (A) 60 54 57 47 

Vmax (V) 10 8.1 10.1 9.6 
 
Appendix D presents the simulation results and an analysis on the influence of the most 
important parameters (geometric dimensions, the material parameters etc.) for infinitely long 
cables.  See Appendix D2 for a description of this approach. The changes in the parameters 
could not reduce the sum of the currents in the sheaths to the experimentally observed values. 
As is shown in Table 4.2, calculations with the real cable length and more realistic grounding 
resistances of the substation give lower currents in the sheaths, in better agreement with the 
measurements. 
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4.5 Measurements on the current distribution for frequencies up to 6 kHz. 
 
Measurements on the current distribution of high frequency currents (harmonics/transients) in 
large grounding systems are scarce [Hee89, Hee91]. For future research on the current 
distribution, we developed and tested a method to measure the current distribution in a 
complex grounding system. This section describes a feasibility test in the present setup. The 
HV circuits in the substation were in normal operation.  
 
In transition substation Groenlo South we connected an amplifier (750 W) with an internal 
sinewave generator between the lowest phase conductor and the substation ground 
(Figure 4.6). The corresponding phase conductor in the cable to Groenlo North was 
disconnected. 
 
The current injected in the substation 
will flow over many paths. For each of 
these we want to determine the 
amplitude and phase, in the presence of 
the 50 Hz, harmonics and switching 
noise. A lock-in detector seems 
suitable. It requires a clean reference 
signal. The injection source is many 
kilometers away, so a direct 
transmission of the reference towards 
the substation is less practical. At the 
substation the injected current may also be 
buried in interfering signals. We choose to 
use a second lock-in with an additional 
voltage controlled oscillator to retrieve a 
reference from the injected current in the 
substation. The setup is given in Fig. 4.7. 
The current Im is measured by sensor 2, a 
Rogowski coil. 
 
Sensor 1 measures the injected current by 
a Pearson current probe. The probe signal 
is directly fed into the signal channel of 
lock-in L1; no filtering or limiting is 
applied to the probe signal. The reference 
channel of lock-in L1 has an internal 
VCO1, which synchronizes to the reference 
input R1. The internal VCO1 loop has an 
integrating characteristic with a pole at 
zero Hz. 

Figure 4.7: Schematic representation 
measurement setup.  

Figure 4.6: Schematic representation 
measurement circuit. The switch S0 is closed 
during the measurements. 
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An external VCOx is controlled by the d.c. output of lock-in L1. The time constant of the phase 
sensitive detector in L1 must be matched to the VCO1 loop characteristic. By careful adjustment 
of the sensitivity of the signal channel stable synchronisation between VCOx and the injected 
current can be obtained even in the presence of large 50 Hz components and other perturbances. 
The small residual phase difference between the injected current and VCOx can be brought to 
zero by adjustment of the  DC output-offset of L1. The phase difference can also be measured 
by feeding the Pearson signal also into lock-in L2. 
The current injected into the direction WTW varied between 0.6 and 0.9 A. At substation 
WTW the complete current distribution was measured using the D/I system (Chapter 1) in 
combination with lock-in amplifier L2. The results are given in Table 4.3. 
 
Table 4.3: Currents in A measured near substation WTW per 100 A injected current. 

 
Frequency 

(Hz) 
Σsheath 150 kV 
direction BCO 

Σ 10 kV Σ telecom Σsheath 150 kV 
direction Dale 

60 70∠20° 29.9∠-46° 6.3∠-38° 2.2∠-68° 
273 86∠12° 13.0∠-69° 2.6∠-82° 0.7∠-58° 
588 95.5∠8° 6.1∠86° 1.2∠61° 0.4∠51° 
1942 99.7∠0° 0.18∠-72° 0.04∠25° 0.03∠-88° 
5941 100∠-4° 0.24∠30° 0.07∠-40° 0.04∠-19° 

 
As the frequency increases – almost by a factor 100 - more current returns via the feeding 150 
kV circuit as a result of the increasing inductive effects. 
 
The noise of the measured currents displayed in Table 4.3 is in the order of – 40 dB. Prior to 
the measurements, the output signal Vout of the lock-in amplifier was measured with the 
current sensor in close proximity to a cable. The noise levels of the complete measurement 
setup (sensor + integrator + lock-in amplifier) of the MV cables were measured for three 
frequencies (Table 4.4). It confirms that the noise of the measurement setup can be neglected 
compared to the noise of the whole measurement. 
 
Table 4.4: Noise levels of the measurement setup for the current through a single MV cable. 
Vout is the output voltage of the measurement setup, Inoise the corresponding current. The 
fourth column gives the contribution of the noise to the measured current per 100 A injected 
current (Inoise/Iinj). 

 

Frequency 
(Hz) 

Vout 
(µV) 

Inoise 
(mA) 

Inoise/Iinj  
(A per 100A inj) 

60 20 0.4 1⋅10-3 
588 2 0.04 10⋅10-3 
5941 0.2 0.004 0.42⋅10-3 
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4.6 Concluding remarks 
 
- During the power frequency fault in at HV substation WTW, in total 30% of the 

injected current returned via the MV cables, compared to only 13% via the grounding 
grid. The influence of off-going 10 kV cables is therefore significant. 

 
- Nearby MV/LV substations are directly connected to the grounding of the HV 

substation. Although most studies concentrate on the step and touch voltages inside 
the HV substation, one should also pay attention to the touch voltages that may occur 
in the nearby LV grids with a TN system. Faults in HV grids (this Chapter) and in MV 
grids (Chapter 2) with XLPE MV cables, may lead to higher touch voltages in the 
nearby LV grids than in cases where PILC cables are used. 

 
- The measured current returning through the 150 kV cables, is in reasonable agreement 

with the simulations. For the considered grid, the grounding impedances of the 
substations proved to be the most critical parameters. 

 
- For a fault clearance time of 100 ms, the maximum touch voltage is 150 V. Touch 

voltages exceeding this value may occur at transition substations due to the difference 
in coupling factor between cables and lines. Measurements at two transition 
substations show 25% of the fault current flowed through the substation grid. A 
typical fault current in the NUON 150 kV grid is 10 kA. In combination with a typical 
ground resistance of 0.5 Ω, this results in a voltage of 1250 V between the grounding 
grid and a measurement electrode at infinite distance perpendicular to the line. The 
measured maximum voltage for the transition substations was 960 V at 10 kA current. 

 
- It is advisable to isolate the fences of transition substations from the grounding grid. 

Another option is the placement of a guard ring at a short distance outside the fence to 
decrease the possible touch voltage for a person approaching the fence. 

 
- NUON transition substations are normally not connected to a local LV grid. A 

connection of the transition substation to an LV grid could very well result in high 
touch voltages in the LV grid. This problem resembles that of the GSM system in the 
HV-tower described in Chapter 3. If such a connection to a local LV grid has to be 
made, the use of an isolation transformer is recommended.  

 
- A promising method to measure the current distribution in large grounding systems at 

higher frequencies has been presented. Even with most of the 50 Hz-circuits in regular 
operation, the setup proved to work properly.  
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Chapter 5 

 
 

Reduction of interference in high-voltage measuring 
systems1  

 
 

Abstract: 
 
Measuring systems for voltages and currents in High Power Testing Labs are subject to large 
disturbances at power and at higher frequencies produced by transients in the test setup. 
Poorly designed ground loops may affect measurement systems. Resulting net or common 
mode current through the signal cable shield introduce interference in the signal circuit. A 
generalized transfer impedance Zt describes this undesired coupling. In a low-frequency 
network model, two effects contribute to Zt which vary with the cable length l and with l2 
respectively. Several setups for a voltage divider are discussed; all employ the same high-
voltage arm. The location and the nature of the low-voltage arm varies. A proper design of the 
signal circuit ensures a low Zt at the power frequency. Measurements confirm the model, and 
provide an estimate of the next important interference source: the direct capacitive coupling 
to the high-voltage arm by neighboring phase leads. 
 
5.1 Introduction  
 
Voltage measurement systems in high-power and high-voltage (HV) laboratories reduce the 
high voltage to a level suitable for the registration equipment. The required accuracy and 
linearity are typically 1 percent, up to the -3 dB frequency of minimally 1 MHz. The 
measurement system should cope with the disturbance generated by the circuit under test, in 
particular at the power frequency. Interference couples in at three places: the HV divider, the 
signal cable and the registration equipment. We retain the HV arm of the divider, and 
compare several combinations of cables and low voltage (LV) terminations. Ideally all should 
have the same signal transfer; the interference rejection varies strongly. 
Our approach concentrates on the interference caused by externally induced common mode 
currents for the relevant frequency domain. The calibration of the separate setup with a step 
response is discussed in [Dam98]. 

                     
1 The contents of this Chapter are published in IEEE Transactions on Instrumentation and 
Measurement [Deu02]. 
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Figure 5.1 shows a typical test setup in a high-power laboratory. The power generator feeds a 
line connected to a high power switch as equipment under test (EUT); only one phase is 
shown. The HV divider close to the switch is made up of the impedances Z1 and Z2. A cable 
connects the impedance Z2 to the control room (CR) where Z3 terminates the cable. The three 
relevant current loops are: a) the loop of the primary HV circuit, b) the signal loop composed 
of the cable and its terminations at both ends, and c) the ground loop formed by the cable 
shield and the grounding structures in its environment. 

 

Loop a. This transmission line (TL) supports a transverse electromagnetic wave. A unique 
voltage exists only in a plane perpendicular to that TL. The measured voltage is: 

∫ ⋅=
2

1

ldEVHV  

The hot (1) and cold end (2) of the divider, and the path between 1 and 2 should all lie in such 
a perpendicular plane. Parallel HV circuits may interfere through mutual inductance or 
capacitance. In the TL under test, a well-defined voltage shows up which the measuring 
system should correctly reproduce. On the other hand, a parasitic capacitance Cp between a 
neighboring phase and the HV arm of the divider produces an interference signal not 
determined by the voltage on the actual TL. 
 
Loop b. In the literature, several cable models exist which differ in the choice of the current 
loops b and c. Here we chose the intended signal current to flow through the inner conductor 

Figure 5.1: Overview setup 
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of the cable, and to return through the shield. In EMC terminology, this is the differential 
mode (DM) current loop. 
 
Loop c. The net current through the cable flows in loop c. The signal cable shield and the 
grounding conductors in its neighborhood represent the common mode (CM) loop. The net 
current through the cable ICM flows through the shield. This ICM produces an interference 
voltage in loop b through the transferimpedance of the cable. One may interrupt the ground 
loop, for instance at X in the control room, and thereby block ICM; see Fig. 5.1. Over this 
interruption a CM voltage appears, which may be particularly large during fast switching 
events or failures of the EUT. In this case the registration equipment should have a large 
common mode rejection; in practice this can only be realized by means of an optical link. A 
flash-over in the control room resulting from large common mode voltages should be avoided 
at all times. Another approach is to connect the signal cable shield to the ground at both ends, 
and to accept a large ICM. This calls for a DM circuit design highly immune to ICM. Several 
steps have to be taken to avoid interference produced by this ICM. 
 
Modern digital data recorders should be mounted in a so-called EMC-cabinet, which routes 
the ICM around the sensitive electronics inside. Such a cabinet has been proposed by [Hou89]; 
[IEC94] also gives details. In fact, one can choose to engineer the entire control room as an 
EMC cabinet. Additional parallel ground conductors as conduits can considerably reduce the 
common mode current over the cable sheaths [Hel95]. 
Section 5.2 describes several systems with respect to the signal transfer in the frequency 
domain. Section 5.3 deals with the general behavior of the interference coupling and with the 
associated cross-over frequencies. The discussion can be extended to other dividers e.g. series 
R-C, purely resistive or purely capacitive, and also to capacitive sensors. Section 5.4 
discusses experimental data on the effect of the parasitic CP in comparison to the ICM 
interference. The numerical examples refer to a fixed parallel R-C high-voltage element Z1 
with R1= 4 MΩ and C1 = 150 pF. This component is kindly supplied by KEMA High Power 
Laboratory for use in the experiments. The cross-over frequency fc of Z1 is 1/2πR1C1= 265Hz. 
The cable length l is 60 m, and its characteristic impedance Z0 is 50 Ω. The cable dielectric 
has a relative permitivity εr = 2, which leads to a cable capacitance Cc’=√εr/cZ0=94.3 pF/m 
with c the speed of light in vacuum. The shield resistance of the coaxial signal cables is 
Rs’= 0.0044 Ω/m. The primes indicate that Cc’ and Rs’ are quantities per unit length. 
 
5.2 Signal Transfer 
 
A comparison is made between setups with a fixed divider ratio of the high voltage (VHV) and 
the output voltage (VM). Figure 5.2a and 5.2b show three different setups. Setup I employs a 
single cable; two versions Ia and Ib are discussed. This is the original setup. An improved 
configuration currently in use is setup II, in which a second cable further reduces the 
interference induced by a low frequency ICM. Our analysis resulted in a third setup. This 
setup III with a single cable provides a similar immunity against this type of interference. The 
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components of Z2 differ in the various setups. The elements of Z3 then follow from a pole-
zero cancellation procedure, combined with the requirements that the divider ratio is 
fixed (1: 104) and that Z3 should converge to Z0 at high frequency. Table 5.1 shows the 
calculated values. 
 
Table 5.1: Components of Z2 and Z3 in the setups of Fig. 5.2 
 

 Z2 Z3 
Setup R2(Ω) C2(µF) R3a(Ω) R3b(Ω) R3c(Ω) C3(µF) 
Ia 400 1.5 - - - - 
Ib  40k 0.015 49.5 404.6 0.5 1.48 
 II 40k 0.015 49.5 404.6 0.5 1.48 
IIIa - - 57.1 400 - 1.31 
IIIb  - 0.002 57.1 400 - 1.31 
IIIc  - - 104 50 - 0.06 
IIId - 0.002 104 50 - 0.06 
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Figure 5.2a: Setups Ia, Ib and II for the voltage measurements 
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Ia. In the classical divider, Z2 ensures the full reduction, or Z2=10-4Z1. The large 
capacitance C2 should be carefully selected for a small parasitic inductance, and for capability 
to withstand large dV/dt peaks. There is no terminating Z3. Cable resonance may be damped 
by a 50 Ω resistor inserted in front of the cable input, at point A in Fig 5.2a, setup I. 
 
Ib. In another approach [Dam98], Z2 is 100 times larger, or Z2 = 10-2 Z1. The value of Z2 is 
not critical for the signal transfer, because now the Z3 network acts as the final LV arm. 
Resistor R3b determines the d.c. divider ratio. Resistors R3a+R3c terminate the cable properly 
for frequencies higher than 1/2πR3aC3= 2.1 kHz. The capacitor C3 also corrects for the time 
constant of Z1 provided (R3b+R3c)C3 = R1C1; C3 should also be selected for best possible high 
frequency behavior. The small resistor R3c compensates a high frequency roll-off 
if R3cC3 = Z0C2 (Appendix E). 
 
II. In this setup the divider is a.c. grounded through a capacitor Ca = 0.22 µF. The second 
cable is installed in parallel to the signal cable and should be identical to it. An equal 
interference current can be expected through both cables. The second cable reduces the 
interference [Lin96], at low and in particular at the power frequency. The resistor R4 = Z0 
terminates the cable. The Z3 network is equal to the one of setup Ib. This setup is currently in 
use at KEMA. 
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IIIa. In setup III, the impedance Z2 is absent. Resistor R3b determines the d.c. divider ratio;  
R3a,b and C3 correct the frequency response provided R1C1 = τ1 = (R3a+R3b)C3. At high 
frequency, R3a in parallel with R3b acts as proper cable termination.  
 
IIIb. A steep HV wavefront at the input causes a large current through C1 into the cable, 
which may overstress the cable insulation and may damage or cause non-linearity in the 
resistors of the Z3 network. For example, a 50 Ω resistor, composed of three 2 Watt 
150 Ω carbon composites in parallel, survives a 50 kV 1.2/50 µs pulse. Compared to the value 
of 100 V, the resistance however decreases by 6 percent during a pulse of 5 kV, and by 12 
percent with a similar 10 kV pulse [Bos91]. A shrink sleeve is necessary to prevent 
breakdown in the air just outside the resistor. A small valued capacitor C2 across the cable 
input adequately suppresses the high voltage peak across Z3. No series resistor R3c as in setup 
Ib is necessary if C2 is chosen such that 1/ω C2 > Z0 at the highest frequency of interest. 
 
IIIc. and d.  One may choose R3b = Z0 ; this results in a d.c. divider ratio R3b/R1 (=1.25·10-5). 
The integrator resistor R3a can then have a large value; the correspondingly smaller C3 can 
have a much better high frequency behavior than the C3’s of more than 1µF in the earlier. 
This setup is an example of the differentiating/integrating measurement system [Wol83]. In 
setup IIId, the small C2 is added again. 
 
Tuning In the short cable picture, the numerator and denominator of the complete transfer 
function Vm/VHV are second degree polynomials in angular frequency ω. For given Z1 and Z2, 
the condition of a 1:104 frequency-independent transfer and a 50 Ω termination 
determines R3a, R3b, R3c and C3. In practice the resistors in Z3 are often adjustable, while C3 is 
fixed. One then relaxes the condition of the predetermined divider ratio. The R3b is adjusted to 
give the same response at two frequencies, several times below and above fc; this matches the 
constant term in the transfer and the term linear in ω. The R3c acts on the second degree terms 
in ω. A slightly larger R3c than in Table I may compensate the signal damping in the cable 
due to the skin effect. Note that R3a+R3c = 50 Ω holds; Vm might be taken from the tap of a 
50 Ω potentiometer. 
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Figure 5.2b: Setups IIIa-d for the voltage measurements 
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5.3 Interference by Icm 
 
Figure 5.3 shows the simplified circuit model for the interference coupling into the 
setups I and III; the signal source VHV is set equal to zero. The distributed cable capacitance is 
lumped into a single capacitor Cc=C’l placed at mid-cable. The model is valid for frequencies 
below 300 kHz, so that the wavelength is large, λ > l = 60 m. The interference coupling 
scales with Rs’; its numerical value is given in Sect. 5.1.  

 

In view of the limited frequency band, we first disregard the skin effect in the shield and the 
magnetic coupling through holes in the shield. These coupling effects are included at the end 
of this Section, by replacing Rs’ by the frequency dependent transfer impedance Ztc’ of the 
cable. The Z0 resistance of setup Ia (at the cable input) is omitted for sake of simplicity. A 
generalized transferimpedance Zt relates VM and ICM: Vm=ZtICM 
The solution of the network equations pertaining to Fig. 5.3 results in 
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Here A=Vm/V3 is the attenuation of the Z3 network, Rs = Rs’l is the resistance of the sheath, 
Z1,2 is the impedance of Z1 and Z2 in parallel, and Zc=1/jωCc is the impedance of the cable 
capacitance. The total Zt may be split into two contributions. The first mechanism acts 
through the common resistance. In the limit Cc → 0 Zt reduces to 
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This Zt1 coupling is proportional to l. In a simplified model, the interference voltage 
Vi= ICMRs induced in the signal loop ABCDF may be localized in the shield CD or in the line 
BC. The second contribution acts through the cable capacitance, and is obtained by 

Figure 5.3: Short cable model for the interference coupling. The R's resistors indicate 
 the distributed shield resistance; the cable capacitance Cc is depicted as a lumped element.
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calculation of Zt – Zt1: 
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Here Z is a short notation for the impedances Z1,2,3 and Zc = 1/jωCc in parallel. For all setups 
the last fraction in the right hand side can be readily approximated by: 
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which has the absolute value of 1. If Zc is high compared to Z, Zt2 is proportional to the 
square of the cable length, because both Cc and Rs vary with l. Vance [Van78] derived the 
coupling into cables from travelling waves in the DM and the CM circuits. The Appendix E 
presents Zt1 and Zt2 as the first two terms in the Taylor expansion of this coupling for λ > l. 
The frequency dependence of Zt, Zt1 and Zt2 is given in Fig. 5.4. For our numerical example 
and component values of Table 5.1, the characteristic frequencies are far apart, and simple 
approximations are valid in well-separated frequency regions. In the expressions for Zt2 we 
omit the last fraction of Zt2 and give the value for τx instead. The frequencies fi which 
correspond to the time constants τi =1/2πfi are marked on the horizontal axis in Fig 5.4. 
 
Ia The full Vi appears over the cable output since Z3 is very large. Figure 5.4a shows both  Zt   
and  Zt1  divided by a factor 100. For Zt2 one finds: 
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which defines the time constants τi. One should substitute RA=0 when the extra resistor is 
absent at the cable input. The linear rise of  Zt2  until f1, is then followed by a flat  Zt2  which 
remains less than 2·10-3 times  Zt1  . With the resistor RA=Z0,  Zt2  starts to rise again at 
f3 = 2.1 kHz and Zt2 tends to –Rs for f > f4 = 0.6 MHz. At these frequencies RA limits the 
current IC through Cc. 
 
Ib Now Vi is multiplied by the factor AZ3/Z2. As a result, Zt1 = RsR2/R1 is 100 times smaller 
than in setup Ia. The current Ic predominantly flows through Z3, and Zt2 behaves similarly as 
in setup Ia without RA or: 
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and τx = τ1Z0/ R1,2. Around f5 = 0.15 MHz the impedance of C1 + C2 + Cc becomes comparable 
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to Z3, which is then about Z0. The  Zt2  decreases slightly until f6 = 0.2 MHz. 
 
II. When both shielded cables are twisted, we may neglect the time-varying magnetic flux 
through the loop formed by both cable shields (CC’D’D in Fig 5.2a). The values of 
Vi = ICMRS are then identical for both cables. At d.c. or very low frequency, Ca can be 
disregarded; the low-voltage side of Z2 is effectively grounded in the control room through 
R4. Disconnect for the moment Z1, and consider the signal loop made up of Z3, internal 
conductor FA, Z2 internal conductor A’F’, R4 and the line ED’. Both cable shields, and thus 
Vi are absent in this signal loop; this leads to Zt1=0. With Z1 connected again, only the part 
Z3/Z1 appears over Z3. The improvement over setup Ib is another factor 100. At high 
frequencies Ca grounds Z2 at the EUT, and Zt1 approaches setup Ib or 
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In an alternative explanation for f  < f7, one considers the loop which includes the upper 
signal cable shield: Ca, the line BC, shield CD, Z3, internal conductor FA and Z2. The voltage 
Vi in this loop appears mainly over Z2 and Ca. The same Vi is induced in the similar loop 
containing the lower cable: Ca, she shield C’D’, R4, and the internal conductor F’Á’. The 
major part of this Vi appears over Ca at frequencies f < f7 <<f8. This quasi “bootstrap” reduces 
the Vi-induced current through Z2 and thus Zt1. 
The current Ic in the upper signal cable flows predominantly through Z3, and the current in the 
lower cable through Ca or Z4. Zt2 behaves similarly to setup Ib. In the numerical example, the 
linear rise with frequency of Zt2 overtakes the still constant Zt1 at the cross-over frequency 
fc1≅2/(2πR1Cc) = 14 Hz. Zt1 becomes larger than Zt2 again at fc2≅R1Cc/4πτ1R4Ca= 2.7 kHz. A 
smaller Ca would shift f7, fc2 and f8 upwards. 
 
Setups III. A similar reduction in low frequency Zt can be obtained with a single signal cable 
if one removes Z2, and in particular R2, or 
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In setup IIIa one has C2 = 0 and Zt1 ≈ RsR3b/R1 up to f11 ≈ 21 MHz which is out of scale in 
Fig. 5.4. With the values C2 = 2 nF of setup IIIb,  Zt1   bends upward at f10 ≈ 19 Hz, levels off 
at 1 +  C2/C1 times the d.c. value at f > f1, and bends downward again at f11=1.5 MHz; see 
Fig. 5.4f. Again Zt2 is similar to setup Ib with R3c = 0 and τx = τ11. The Zt1 and Zt2 become 
equal at the plateau when C2 = Cc/2, which results in a factor 2 increase of the total Zt. A still 
larger C2 increases the plateau further, to merge with the Zt1 of Setup Ib if C2 = 15 nF. 
However, the low-frequency levelling-off of Zt1 remains fixed at f1, and its d.c. value is also 
fixed. Consequently, f10 shifts to lower values, and the total Zt at power frequency rises. The 
set-ups IIIb and IIId behave similarly to IIIa and IIIc. 
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Figure 5.4: Behavior of Zt (-), Zt1 (-.-) and Zt2 (- -) as function of frequency in Hz, for the 
different setups in Part a, b, c, e and f with numerical values of the example in Sect. 5.1 The 
cross-over frequencies are discussed in the text. The vertical axes are in Ohms. Part d shows 
the interference to signal ratio ISR calculated in a transmission line model.
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Some of the characteristic frequencies given above are outside the range of validity of the 
short cable model. The coupled transmission line model of [Djo87] accounts for the finite 
propagation velocities in the cables and in the ground loop. Figure 5.4d shows the Zt results, 
presented as the interference to signal ratio (ISR) for the same numerical values as in the 
examples before. The ISR is the response of the system to a CM current of 1 A, divided by 
the response to a HV signal of 1 V. For system II both cables carry 1A. The value of system 
Ia is too large (about 3000x) to be shown. The roll-off above 300 kHz is now caused by the 
propagation effects in the cables. At lower frequencies the ISR results are in perfect 
agreement with the simple cable models above. 
 
The Zt has been measured for setup II and IIIa in a laboratory setup with 20 m long, double 
braided RG214 cables. A sinewave generator provided the current ICM. A lock-in detector 
enclosed in an EMC cabinet measured the voltage Vm over the frequency range 5 Hz -
500 kHz. The lower Zt limit was 0.3 µΩ; the accuracy was 10 percent or better. Small size 
components R1 and C1 replaced the HV arm; Z1 and Z2 were mounted in shielding boxes 
connected to the current injection circuit. The long cables were wound around a 0.6 m 
diameter aluminum tube, which provided support and a well defined return path for the 
injection current. Both cables of setup II were twisted. Figure 5.5 shows that the Zt of both 
setups compares well with the TL model. For a better presentation of the measurements and 
the simulations the curves are shifted over a factor 5. A comparison between the setups is 
already presented in Figure 5.4. Above 50 kHz the transferimpedance of the RG214 cable 
(Z'tc) decreases below the d.c. resistance R's. Separate measurements on a short cable resulted 
in the actual complex Z'tc, which has been implemented. We also disconnected Z1 in setup II. 
The remaining interference signal decreased linearly with frequency for f < fc1 to the lowest 
measured frequency of 5.8 Hz (dashes with curve II in Fig. 5.5). This signal originated in Zt2 
and to a minor extent in the remaining unbalance due to Ca.  
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5.4 Additional remarks 
 
In some practical installations, one has chosen to ground the cold side of Z2 with the signal 
cable shield at some different, perhaps far away ‘reference’ point out of the perpendicular 
plane. This choice modifies the voltage measuring path. The measured signal then contains 
contributions due to external currents through a common resistance and magnetic flux 
variations in the loop formed by the divider and its leads, and by the ground path between the 
far point and the HV circuit. These contributions should be sufficiently small compared to 
VHV.  
 
Attempts to extend the frequency response to higher frequencies may be less desirable if other 
coupling paths for interference exist. For instance, a local Zt near the input of the registration 
equipment may have a mutual inductance part. High frequency interference then couples in. 
An additional R-C filter at the input of the measuring equipment is recommended.  
 
In test labs CM currents of tens of Amperes at power frequency are not uncommon. In the 

Figure 5.5: Upper curve, left ordinate: Measured (o) and calculated (-) Zt in Ω for the 
setups II (upper curve) and III (lower curve) for a laboratory setup with 20m long 
RG214 cables. The straight line (- - -) at f <100Hz indicate the calculated residual Zt 
when Z1 is disconnected; the measured data are shown by x. The nearly straight 
 line (- - -) at f>10kHz represents the calculated Zt for a resistive Ztc = Rs; the solid line 
there has been obtained from the actual Ztc measured. Lower curve and right coordinate 
shifted over a factor 5. 
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example, a CM current of 10 A is equivalent to a VHV reading of 300 V in system Ib. Setup II 
and III have about 10 V interference. It is interesting to compare these data with the coupling 
through the parasitic capacitance Cp in Fig. 5.1. In a test the divider was placed at 3 m from a 
50 Hz resonant HV system set at 120 kV. Four copper leads distributed over the 
circumference of the HV divider could short the top of the arm to the conducting ground 
underneath. In addition a metal grid could be installed as a shield around the HV arm 
(Figure 5.6 and 5.7). Table 5.2 shows the response of setup IIIa in the four possible situations. 
The small common mode currents generated negligible interference in these measurements. 
The data indicate that the Cp coupling will be a major source of interference in a test lab, even 
if setup II or III is used.  
 
Table 5.2: Response of the system in kV (referred to the input) with the HV arm near an 
operating 50Hz resonant system 
 

 Shielded Not  Shielded 
Top grounded 0.01 0.28 
Not grounded 0.14 2.2 

  
Other methods to reduce the ICM over the cables are available, for instance careful routing, or 
conduits for the cables which form a bypass for ICM. Such mitigation measures are also 
discussed in [IEEE92, Hel95, IEC94]. 
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Left: Figure 5.6: HV-arm (foreground) near the 50Hz resonant system (background) 
Right: Figure 5.7: The HV arm shielded with metal grids 

 
 
5.5 Conclusions 
 

A generalized transfer impedance Zt describes the interference coupling into the voltage 
measuring system through the cable shield resistance, produced by a common mode current. 
The Zt is composed of a Zt1 which varies linearly with the cable length l, and Zt2 which 
depends on l2 because it also involves the cable capacitance. Usually Zt1 exceeds Zt2. A large 
impedance at the input of the signal cable reduces Zt1; Zt2 becomes important over a large 
range of frequencies in setup II and III. The low Zt at power frequency allows the shield of 
the measuring cables to be grounded at both ends, without introducing intolerable interference 
caused by the ground loop. This two-sided grounding avoids the occurrence of CM voltages 
at the registration equipment in the control room.  
Since the coupling through the parasitic capacitance Cp will be a major source of interference 
in a test lab, we recommend further research on this aspect. 
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Theoretical analysis of faults in MV grids described in 
Chapter 2  

 
 

A.1 Current distribution during a fault. 
 
Figure A.1 gives a schematic representation of the current distribution during a fault for a 
cabled MV grid. Only the faulted phase is shown, the other two phases are not relevant for the 
problem discussed here. 

The circuit can be divided in three regions.  
I. The region near the driving source of the fault current, which may be a substation. 
II. The region at large distance from both the fault and the source. At this distance there 

is no interchange of currents through the sheaths of PILC cables, or via the grounding 
electrodes of the MV/LV substations in this region. A  fraction µc⋅If  of the fault 
current flows through the cable shield. Here µc is the so-called coupling factor and If is 
the total fault current (Sect. A2). The remaining current fraction Ie = (1- µc)⋅If flows 
through the Earth. 

III. The region near the fault. Here various paths to Earth are present: 
- electrodes in the LV grid and the MV/LV substation (impedance Zloc)  
- The lead sheath for MV PILC cables and the electrodes of nearby MV/LV substations, 

left and right of the fault. The impedance ZMV represents this path to Earth in the 
models. 
The parallel impedance of ZMV and Zloc gives Ze: the total impedance to earth seen at 
the fault in region III. Figure 1 gives a sketch of the physical current distribution; the 
network elements ZMV and Zloc are not included. 

Figure A.1: Current distribution for an infinitely long medium-voltage grid 

I +I =armor sheath µc f⋅I
If

IIIIII

I =(1-e µ ⋅c f) I
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In the regions I and III there is an exchange of current between the cable and the soil: the 
electric field in radial direction is not equal to zero. The contact with the soil (shunt 
admittance) in combination with the series impedance of the cable determines the ground 
impedance of the medium voltage grid, and the length over which the regions I and III extend. 
Typical lengths for 50 Hz are << 2 km (Appendix A3).  
In [End67] expressions are derived for the current distribution during a fault in an overhead 
high voltage transmission system. Similar expressions can be used for a cabled medium 
voltage grid. The coupling factors for the considered cables are discussed in Appendix A2. 
Software tools as EMTP and MATLAB were used for more detailed grid studies. 
 
A.2 Calculation of the coupling factor for the considered cables 
 
We consider the current distribution in region II (Appendix A1). The fraction Ie of the fault 
current If returning through the soil is given by (1- µc)⋅If. Material and soil parameters, and the 
dimensions and positions of the conductors determine the coupling factor µc. In the 
experiments the unfaulted phase conductors carried no current, and are therefore neglected in 
this analysis. 
 
In [Wed73, Mel90, Ngu98] expressions are derived for the self and mutual impedances for 
underground cable systems. Figure A.2 shows a single core underground cable with core (c) 
sheath (s) and armor (a). For PILC cables, various types of armor are used [BIC00]. In this 
analysis the armor is considered to be tubular. 

  

Three loops can be distinguished (Fig. A2): 
Loop 1: conductor-sheath loop (VL1, IL1) 
Loop 2: sheath-armor loop (VL2, IL2) 
Loop 3: armor-Earth loop (VL3, IL3) 

Figure A.2: Schematic representation single core cable with steel armor 
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It is advantageous to derive the current-voltage relations for each loop separately. The current 
distribution in the conductors may be non-homogeneous due to the skin-effect. Using 
expressions for the surface impedance, this current distribution in the conductors can easily be 
implemented in the model. The second advantage is that there is only one loop involving the 
Earth return path impedance. 
A simple transformation establishes the relations between the conductor to Earth voltages  
VN=(Vc, Vs, Va) T and the loop voltages VL=(VL1, VL2, VL3) T. 
For easy comparison with existing literature, we retain the parameter nomenclature 
of [Ngu98]. The impedance matrix is calculated per unit length. 
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A.2.1 Loop impedance matrix 
 
The expressions derived for each loop result in the general form of the loop impedance matrix 
per m length: 
 
VL=ZLIL 
 

  Z11 Z12 Z13  
ZL=  Z21 Z22 Z23  
  Z31 Z32 Z33  

With: 
Z11 =z1+z2+z3; the loop-1 self impedance 
z1 Internal impedance core 
z2 Impedance due to magnetic flux in the insulation between core and sheath 
z3 Internal resistance of the inner surface of the tubular sheath 
  
Z22 =z4+z5+z6; the loop-2 self impedance 
z4 Internal impedance of the outer surface of the tubular sheath 
z5 Internal impedance of the inner surface of the tubular armor 
z6 Impedance due to the magnetic flux in the insulation between sheath and 

armor 
  
Z33 =z7+z8+z9; the loop-3 self impedance 
z7 Internal impedance of the outer surface of the tubular armor 
z8 Impedance due to the magnetic flux in the insulation between armor and 

Earth 
z9 Impedance of the Earth return path 
  
Z12=Z21= z10 Mutual impedance between loop 1 and 2 
Z23=Z32= z11 Mutual impedance between loop 2 and 3 
Z13=Z31=0 There is no magnetic coupling between loop 1 and 3 
 
For 50 Hz the current distribution in the copper or aluminum core, and the copper or lead 
sheath is homogeneous. In this case the impedances z1, z2, z3, z4, z6, z8, z10, are therefore 
straightforward to evaluate [Ame80].  
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The current distribution inside the steel armor is non-homogeneous [Kad59, page 294]. 
Attention should therefore be paid to z5, z7, z9, and z11. This results in: 

)coth(075 kddkRzz ⋅⋅⋅==  
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Where  
R0 = DC-resistance of the armor per m 
d = thickness of the armor 
k = (1+j)/δ; 
and  
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The impedance of the Earth return path is described by a Hankel function. For low 
frequencies, it can be approximated by the expression [Ngu98]: 
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Where  
γ = Euler’s constant (1.781) 
µ0 = free-space permeability (4π10-7) 
r = outer radius cable 
h  = depth below the Earth plane 
ρsoil = soil resistivity 
ω = angular frequency 
 

                                                 
1Note that for 50 Hz, the flux in the lead sheath can be neglected. 
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A.2.2 Transformation from loop expressions to conductor to Earth voltages and currents 
 
The loop voltages in the vector VL=(VL1, VL2, VL3)T are related to the conductor to Earth 
voltages VN=(Vc, Vs, Va)T via: 
 
VL1=Vc-Vs  
VL2=Vs-Va  
VL3=Va  
 
The relationship between the loop currents IL=(IL1, IL2, IL3) T and the conductor currents  
IN=(Ic, Is, Ia) T is: 
IL1=Ic  
IL2=IL1+Is=Ic+Is  
IL3=IL2+Ia=Ic+Is+Ia  
 
This can be written as VL=CVVN and IL=CIIN. These matrices are given below; the rows refer 
from top to bottom to loops 1,2 and 3, whereas the columns refer from left to right to core, 
sheath and armor. 

             
  1 -1 0     1 0 0  
Cv=  0 1 -1   CI=  1 1 0  
  0 0 1     1 1 1  

 
These expressions result in the transformation of ZL to ZN: 

xIZV LLL ∆−=∆  
xIZV NNN ∆−=∆  

ILVN CZCZ 1−=  
 
The matrix ZN is the series-path impedance of a single-core cable commonly used in power 
system analysis. 
 
A.2.3 Calculation of the coupling factor 
 
The method described in the previous sections is applied to calculate the current distribution. 
In MATLAB impedance matrix ZN was calculated for a given cable geometry. A voltage  
VN= (1,0,0) is applied. The coupling factor µc results from the calculated current vector  
IN (Ic, Is, Ia): 
 

c
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A.2.4 Other methods 
 
Two other methods were used to calculate the current distribution between soil, sheath and 
armor. Each method has it’s own advantages. 
• EMTP (ATP version). The impedance matrix is calculated with the subroutine “Cable 

Constants”. With EMTP it is also possible to calculate a complete grid, consisting of 
various types of cables and substation ground impedances [Dom86]. However only 
cylindrical conductors can be modeled. 

• Oersted (Integrated Engineering Software): magnetic field calculations performed with 
2D eddy-current solvers using the boundary element method. With this software the 
impedance matrices for non-cylindrical structures as well as non-symmetrical structures 
can be calculated very easily. The conductors of PILC type cables are in general not 
cylindrical but segmented. As confirmed by the simulations, the position and shape of the 
inner conductor hardly influences the coupling factor. This validates the EMTP 
simulations with cylindrical conductors. The Oersted results can be implemented in an 
EMTP model for the simulation of a complete grid. 

 
The results for ZN and IN obtained with the three methods agree within 1%, and are therefore 
not presented separately. 
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A.2.5 Calculated coupling factors for various cables 
 
The permeability µr of a steel armor has a significant influence on µc. As an example we 
consider a cable GPLK 95CU, modeled as a single phase cable. This cable was used during 
the Veluwe measurements. Table A1 gives the calculated current for various µr through the 
soil per Ampere fault current for a PILC. 
 
Table A1: Calculated current to Earth per A fault current for GPLK 95CU. The return 
current through the armor and the sheath increases for higher µr. The fault current is the 
reference. 

µr armor Ie 
1 0.46∠-59º 
100 0.36∠-77º 
500 0.16∠-119º 
1000 0.08∠-150º 

 
The sheath of XLPE cables consists of a number of copper wires. Although copper has a 
smaller electrical resistivity, the series resistance is almost similar to that of the lead sheath 
due to the smaller cross-section of the copper sheath. Table A2 presents the material 
parameters and geometric dimensions for the considered (3-phase) medium voltage cables 
(see also Fig. A2). Of the three phases, only the faulted phase is considered. 
 
Table A2: Parameters cables used in measurements.  
 

  3x35 PILC1) 3x95 PILC2) XLPE95 3) 
Inner radius core r1 (mm) 3.3 5.49 5.49 
Inner radius sheath r2 (mm) 13.8 18 23 
Outer radius sheath r3 (mm) 15.5 20 23.35/23.51 4) 
Inner radius armor r4 (mm) 17.5 22 
Outer radius armor r5 (mm) 18.5 23.6 No armor 

Resistivity core ρc (Ωm) 17.5·10-9 17.5·10-9 27.5·10-9 
Resistivity sheath ρs(Ωm) 208·10-9 208·10-9 17.5·10-9 
Resistivity armor ρa(Ωm) 140·10-9 140·10-9 
Permeability armor µr 1-1000 1-1000 No armor 

1) Measurements Zeewolde 
2) Measurements Veluwe 
3) Measurements Veluwe 

4) The sheath consists of copper wires. The total current carrying cross-
section of the tube used in the model is equal to the cross-section of all 
wires. Two versions are given: 
· 66 x 0.5 mm   results in r3=23.35 mm, Rsheath=338 mΩ/km 
· 72 x 0.572 mm  results in r3=23.51 mm, Rsheath=234 mΩ/km 
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 Table A3 presents the calculated current distribution between the soil and the sheath/armor.  
 
 Table A3. Comparison current distribution simulations and measurements 
 
  3x35 (Zeewolde) 

PILC 
3x95 (Veluwe) 
PILC 

XLPE 95  

Coupling factor (µc) Calc. 0.72∠41°(µr =10) 
0.84∠35°(µr =100) 

0.87∠27°(µr =10) 
0.98∠21°(µr =100) 

0.867∠26° (66x0.5mm) 
0.923∠19°(72x1.15mm) 

 Meas. 0.68∠32° 1) 0.77∠13° 2) - 
Ie in A per A fault 
current (1- µc) 

Calc. 0.65∠-46°(µr =10) 
0.57∠-57°(µr =100) 

0.45∠-61°(µr =10) 
0.36∠-77°(µr =100) 

0.44∠-60°   (66x0.5mm) 
0.33∠-67°  (72x1.15mm) 

 Meas1) 0.44∠-47° 1) 0.33∠-32° 2) - 
1) Measurements Zeewolde, location B 
2) Measurements Veluwe, substation Hennekamp. Here Ie is the CM-current of the MV 
cable. 
 
A.2.6 Influence of parallel cables 
 
The results presented in Table A3 do not take into account the parallel cable in the Zeewolde 
measurement. Therefore the measured Ie and µc are smaller than calculated. The nearby 
telecom cable in Zeewolde carried 11% of the current. Additional simulations with a 
GPLK35CU in parallel gave an indication of the influence of the second cable (Table A4). 
The distance to the power cable was 1 meter.  
 
Table A4: Comparison simulations and measurements Zeewolde, with an identical cable 
without armor in parallel. 
 

Currents in A per A fault 
current 

Calculated Measured 

 No cable // Second cable //  
Isheath + Iarmor power cable 1) 0.72∠41° 0.64∠39° 0.68∠32° 
Ie  0.65∠-46° 0.56∠-54° 0.44∠-47° 
Itelecom - 0.18∠17° 0.11∠13° 

  1) µr =10 
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A.3 Impedance of the MV grid 
 
The medium voltage grid provides a low impedance path to Earth: 
- for XLPE grids via the electrodes of nearby MV/LV substations 
- for grids with MV PILC cables also via the lead sheath of the MV cables.  
In our approximation we consider an infinitely long grid with equal ground resistances and 
the same type of cable without additional parallel conductors (pipelines/telecom cables).  
 
In terms of the grounding, the MV grid can be considered as a ladder network (Fig. A.3).  

 
Two methods are used to calculate the impedance to ground of the medium voltage grid (Zinf): 
1) Lumped parameter model (XLPE cables): The grid is divided in sections with a length ls. 

Each section is represented by the lumped parameters Zs (series impedance cable with 
ground return) and Yp (shunt admittance to the surrounding soil, formed by the electrodes 
of the MV/LV substations with a grounding resistance Rsubs). 

2) Distributed parameter model (PILC cables): The sheaths of the PILC cables are in 
continuous contact with the soil (yp). In the distributed parameter model, lumped sections 
with infinitely small length are used.  

For infinitely short section lengths the impedance of the lumped parameter model converges 
to the distributed parameter model. 
  
A.3.1 Lumped parameter model (XLPE) 
 
For an infinitely large number of sections the impedance to ground of the MV grid seen at the 
fault (Zinf) is equal to: 

p

sss

Y
ZZZ

Z ++=
42

2

inf  

where  
Zs Series impedance per section (see also Sect. A2) 
Yp Shunt admittance per section = 1/Rsubs 
 
The current to the soil per section decreases exponentially. Here we define the attenuation 

Figure A3: Schematic representation grounding MV grid. The different annotations 
refer to the model used to calculate the impedance. 
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distance α-1 by: 
 

[ ]ps

s

YZ
l

Re
1 =−α  

 
At this distance from the fault 63% of the current is injected in the soil; at 2 α-1 the injected 
percentage is 86% and the chain of sections can be considered infinitely long. Typical values 
for α-1 range from one to three kilometer. 
  
Table A5 presents the calculated impedances of an MV grid for various substation 
resistances. Details on the cable (XLPE95) are presented in Table A2. The electrodes and 
PILC cables in the LV grid are not considered here, but may reduce the ground resistance of the 
MV/LV substations significantly. In urban areas the effective ground resistance per substation is 
likely to be <1 Ω. 
 
Table A5: Impedance Zinf  in Ω of an infinite XLPE95 cable with section lengths of 1 km. 
 

 Rsubs=1 Ω Rsubs=2 Ω  Rsubs=5 Ω 
66 x 0.5 1):    (zs(mΩ)=387+j666) 1.3∠46° 1.6∠37° 2.3∠35° 
72 x 0.575 2):(zs(mΩ)=283+j665) 1.2∠46° 1.5∠41° 2.2∠39° 

 

1) Sheath: 66 Cu wires with radius 0.5 mm 
2) Sheath: 72 Cu wires with radius 0.575 mm 
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A.3.2 Distributed parameter model (PILC) 
 
Since a PILC cable is in continuous contact with the soil, we use the distributed parameter 
model. The cable length is indicated by lc. 
A cabled grid with distributed parameters can be considered infinite if lc·Re{√ (zsyp)} > 2. 
The input impedance of an infinitely long cable is: 
 

p

s

y
z

Z =inf  

 
The series impedance zs is calculated by using the models for a PILC cable presented in A2. 
The admittance yp of a PILC cable is calculated using the approximate2 expression given in 
[Koc61, page 99]: 
 

r
l

y
csoil

p

2
ln1

π
ρ

=  

  
Where  
r = outer radius cable 
ρsoil = soil resistivity 
 
Table A6 presents the calculated series impedance zs, the impedance to ground of the MV 
string (Zinf) and the attenuation distance α-1 for various values of µr of the armor and soil 
resistivities. For details on the 95PILC cable see also Table A2. 
 
Table A6: zs, Zinf  and α-1 for 95PILC  
 
 zs(mΩ/km) Zinf(Ω) Att. Dist α-1 (km) 
 µr =10 µr =100 µr =10 µr =100 µr =10 µr =100 
ρsoil= 10 Ωm 1)  413+j616 442+j820 0.164∠28° 0.18∠31° 0.25 0.23 
ρsoil= 100 Ωm 2) 414+j688 443+j890 0.54∠30° 0.6∠32° 0.77 0.71 
ρsoil= 1000 Ωm 3) 415+j761 445+j965 1.77∠31° 1.96∠33° 2.3 2.18 
 

1) yp = 30 S/km 
2) yp =  3 S/km 

3) yp = 0.3 S/km 

                                                 
2 Note that yp (in S/m) depends on the length lc through the term in the logarithm. In literature 
[Koc61] one chooses a length of 1 km. 
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A.4 Calculation of touch voltages and current distribution near the fault   
 
Figure A4 shows a schematic representation of the current distribution during a fault. The 
impedance of the MV grid to ground is represented by ZMV. In case of a fault at the end of a 
branch, only one impedance is present. 
 

 

Once the coupling factor µc (Appendix A2) and the total ground impedance Ze (Appendix A3) 
are calculated, an estimation can be made on the maximum voltages that may occur at the 
fault location:  
 

efc ZIV ⋅⋅−= )1(max µ  
 
Table A7 and Table A8 present the final outcome of this Appendix, the calculated maximum 
voltages for a PILC95 and XLPE95 grid per 100 A fault current. The model neglects the 
mutual (resistive) coupling between the nearby conductors in the soil. The results are presented 
for a fault in the middle and at the end of a branch of infinite length. 

Figure A4: Schematic representation current distribution during a fault in the MV grid. 
The impedances ZMV represent the impedances to Earth of the MV cables to both 
directions of the fault. 

Current to soil
Ie=(1-µc f) I⋅

Zloc ZMV
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Return current through cable
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Table A7: Maximum voltage 95PILC (Rsubs=5Ω) per 100 A fault current for µr armor = 
10/100 
 

 Fault in middle Fault at the end 
 µr=10 µr =100 µr =10 µr =100 
ρsoil= 10 Ωm 3.9 V∠-30° 3.4 V∠-45° 7.7 V∠-31° 6.8 V∠-45° 
ρsoil= 100 Ωm 11.2 V∠-33° 10.2 V∠-47° 22 V∠-34° 19.4 V∠-48° 
ρsoil= 1000 Ωm 31.8 V∠-37° 28 V∠-51° 55.8 V∠-40° 48.7 V∠-55° 

 
 
Table A8: Max. voltage for XLPE951) per 100 A fault current 
 

 Fault in middle Fault at the 
end 

Rsubs=5 30.5 V∠-34° 52.5 V∠-39°
Rsubs=2 19 V∠-36° 30.3 V∠-43°
Rsubs=1 13.2 V∠-38° 19.3 V∠-46°

1) Sheath: 72 Cu wires with radius 0.575 mm 
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Fault currents during the 150 kV measurements 
described in Chapter 3 

 
One 150 kV phase conductor was connected in substation DTC to a local MV grid. Most 
NUON MV grids are isolated with respect to ground. During the deliberately made single-
phase to ground fault, the voltage between the shorted phase and the sheath is zero which 
causes an increase of the voltage between the sheath and unaffected phases by a factor √3. 
This results in additional stresses over the insulation of the MV grid, which is especially 
critical at cable junctions. During the experiment, two junctions unexpectedly failed, which 
resulted in cross-country faults and larger fault currents. Figure B.1 gives the measured fault 
current injected into tower 33.  
 

Figure B.1: Injected current during the experiment 
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We analyzed the current distribution during three specific time intervals in detail:  
1) 0 < t < 0.3 s. After the closing of the circuit breaker, almost immediately a second fault 

occurs in cable section 2.63. This section is switched off and after more events, the 
current settles down after t = 1 s. 

2) 2 < t < 2.5 s. After section 2.63 is switched off, the 1-phase fault remains until a second 
junction fails in section 2.71 at t = 2 s. 

3) t > 2.5 s. section 2.71 switched off; the intended one phase to ground fault remains. The 
results presented in this paper are obtained during this interval. 

 
For each interval the current distribution was measured. The results in Table B.1 show that 
the current distribution is independent of the fault current. Most overhead ground wires in the 
Netherlands are aluminium. Steel overhead ground wires s have a non-linear behavior and a 
larger series impedance. More current then returns through the soil. 
 
Table B1: Current distribution for various amplitudes of injected current 
 

Interval Ifault  
(RMS) 

I_overhead 
ground wires  

(%) 

I_ground  
(%) 

1 1207A 68 33 
2 1141A 64 36 
3 228A 67 36 

 
In the DTC MV grid, no fault had occurred in several years. One of the now faulted junctions 
had been repositioned earlier. Our colleagues from NUON Oost Gelderland and NUON 
Transport managed to minimize the service interruption for the customers. 
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Detailed description of the isolation transformer 
recommended in Chapter 3 

 
 

In December 1999 we started a discussion with the parties involved (two telecom providers 
and several manufacturers). This resulted in a new installation guideline, in effect after 1-1-
2000. Figure C.1 gives a schematic overview of the complete setup. 

 

In the past the telecom providers were connected via a separate LV cable. Now all providers 
can connect to one existing LV cable. At the connection a junction box is placed. Inrush 
currents are taken into account for the protection devices. 
Each provider has a separate isolation transformer (IT1 and IT2) to avoid interruption during 
maintenance. 
 
The equipment of the provider and the isolation transformer are mounted below the tower 
structure. A LV cable with an insulated jacket connects the junction box with the isolation 
transformer. An additional grounding electrode with a maximum length of 5 m will be placed at 
the junction box for the fraction of lightning current, which flows through the varistor. The LV 
cable extends to at least 30 m up to the nearest junction box to avoid  “bypassing” of the fault 
current through the soil. 

Figure C.1: Overview setup 

>30m

Provider 2

Provider 1

Junction Box Plastic tube
(>6m)

10kV/400V

IT1

Below tower structure
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The grounding of the cabinet is connected to the tower structure. Special attention should be 
paid to the incoming LV cable. A flashover between this cable and the cabinet will nullify the 
complete safety concept.  As precaution against an insulation breakdown, a plastic insulating 
tube is placed around the first 6 m from the tower (Figure C3). The specifications of the 
isolation transformer are listed in Table C.1. 
 

Table C.1: Technical specification Isolation Transformer 
Rating 20 kVA continuous (Delta-wye 400 V- 400 V) 
Insulation prim. - sec. 20 kV(50 Hz, 1min) 70 kV(1.2/50 µs) 
Secondary -core 3kV (50 Hz, 1min) 
Rated voltage Varistor 12 kV (20 kA 8/20 µs) 

 
 
 

Figure C2: Installation details transformer cabinet. Both cables have an insulating 
jacket; the one on the left is inserted via an extra plastic tube.

Sheath and neutral
coupled

Grounding cabinet and
HV  tower interconnected

To junction box To equipment
provider

Plastic
tube

Figure C3 (Left): The cable connected to the LV grid enters the cabinet via an 
insulating tube (1). A surge arrester (2) limits the larger voltages over the insulation 
during the lightning strike. 
 
Figure C4 (Right): Power frequency withstand voltage and lightning impulse 
voltage test on transformer and cabinet at KEMA. 

2

1
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Calculations on sheath currents for the  
150 kV cables, described in Chapter 4 

 
 

D.1 Calculations 150 kV circuit 
 
Prior to the measurements in Winterswijk (Chapter 4), we estimated the current distribution in 
the 150 kV circuit, built in 1986. The exact cable lengths and the latest tower footing 
resistances were implemented in the model. Table D1 presents a comparison between the 
calculated and measured current distribution. The fault was made in “phase 8”. The sheath 
currents of the 150 kV cables are indicted by I8, I4 and I12. All 150 kV XLPE cables have an 
insulating PE jacket, and are connected to the grounding grids at both ends. For the sheath 
currents of the considered cables, the grounding resistances of the substations proved to have 
a significant influence. The effects of other input parameters are calculated and presented in 
App. D2. 
 
Table D1: Measured and calculated current distribution at the transition substations Groenlo 
South and Morgenzonweg. The values are normalized to 100 A fault current. This Table is 
identical to Table 4.2. 
 

  Groenlo South  Morgenzonweg  
 Calculated Measured Calculated Measured 
I8   (A) 45 38 41 37 
I4 (A) 27 24 22 22 
I12 (A) 24 21 19 16 
Σ sheaths 150 kV (A) 89 79 76 70 
I grid (A) 30 27 20 26 
Σ overhead 
ground wires  (A) 60 54 57 47 

Vmax (V) 10 8.1 10.1 9.6 
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D.2 Influence parameters on the current distribution. 
 

Material parameters, the dimensions and the positions of the 150 kV cables influence the 
current distribution. Some of these parameters are not exactly known. As a result, the 
calculated current distribution may differ from the measured one. Here we present a 
sensitivity analysis for various input parameters. 
Figure D.1 gives a schematic representation of the cables used in this section of the 150 kV 
grid. In this analysis the cables have an infinite length; if the grounding resistances of the 
substations at both ends are low enough, region II would extend to the substations at both 
ends. In that case a calculation for infinite lengths of cables would give the correct current 
distribution (Appendix A1, region II).   
 

 

 
Starting from the original setup, configuration 1 (see Fig. D1), we calculated the current 
distribution for six configurations: 
 
Configuration 2: the resistivity of the sheath is increased with 25% (ρ's=1.25 ρs) 
Configuration 3: the distance between the cables is doubled 
Configuration 4: the inner radius of the sheath is increased by 0.5mm 
Configuration 5: Three additional 10 kV cables are running in parallel to the 150 kV 

cables at a distance of 15m 
Configuration 6: Cables in horizontal plane at distances of 2m, rather than in a triangle, 

similar to the situation in a transition substation. The fault was made in 
one of the outer cables (phase 8). 

 

core

sheath

r3 r2 r1

1.3m

0.1m

0.2m

0.1m

Figure D1: Schematic representation 150 kV cables. The cross-section 
corresponds to the situation in the field. Note however that in this Section the 
cables are assumed to be infinitely long
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For each configuration only one parameter is changed compared to the original setup. Table 
D.2 presents the parameters for each configuration.  
The sum of the sheath currents hardly varies between the configurations.  
• In configuration 5, the 10 kV cables in parallel carry almost 9% of the fault current. The 

current through the soil decreases. 
• Compared to the cables in triangle, the current distribution over the three cables in 

horizontal plane is different (config. 6). However the sum of all sheath currents result in 
almost the same value. 

 
For cables of real length in combination with realistic grounding impedances, the measured 
current returning through the 150 kV cables is in reasonable agreement with the simulations 
given in Section 4.4. Apparently the grounding impedances of the substations are the most 
critical parameters. 



 
 
 
 
 
 
Table D.2: Cable parameters EYLKrv 1x 1200Alrm for the various configurations. The last row gives the calculated sum of the sheath currents. 
 

  Original 
setup1) 

Config. 2 
(ρ's=1.25 ρs) 

Config. 3 
(dist. Cables x2) 

Config. 4 
(r2’=r2+0.5mm) 

Config. 5 
(3x 10 kV // 

95Cu, no armor) 

Config. 6 

Inner radius core r1 (m) 0.01954 0.01954 0.01954 0.01954 0.01954 0.00549 0.01954 
Inner radius sheath r2 (m) 0.03854 0.03854 0.03854 0.03904 0.03854 0.018 0.03854 
Outer radius sheath r3 (m) 0.04154 0.04154 0.04154 0.04154 0.04154 0.02 0.04154 
Outer radius cable (m) 0.0485 0.0485 0.0485 0.0485 0.0485 0.0265 0.0485 
Position cables 
(Vert., Hor.) 

(m) (-1.3 2),-0.1) 
(-1.22),0) 
(-1.32),0.1) 

(-1.3 2),-0.1) 
(-1.22),0) 
(-1.32),0.1) 

(-1.4 2),-0.2) 
(-1.22),0) 
(-1.42),0.2) 

(-1.3 2),-0.1) 
(-1.22),0) 
(-1.32),0.1) 

(-1.3 2),-0.1) 
(-1.22),0) 
(-1.32),0.1) 

(-0.6,15) 
(-0.6,15.5) 
(-0.6, 16) 

(-1.2 2), -2) 
(-1.22), 0) 
(-1.22), 2) 

Resistivity core ρc (Ωm) 2.75e-8 2.75e-8 2.75e-8 2.75e-8 2.75e-8 1.75e-8 2.75e-8 
Resistivity sheath ρs(Ωm) 2.1e-7 2.625e-7 2.1e-7 2.1e-7 2.1e-7 2.1e-7 2.1e-7 
         
Simulation results per 100 A fault current     (10 kV:  
Σ sheath 150 kV  (A) 97.0∠-9° 96.1∠-11° 96.9∠-10° 96.2∠-11° 94.9∠-11° 7.8∠47°) 95.5∠-11° 3) 

 

1) Based on data of manufacturer 

2)  In the EMTP routine “Cable Constants” always positive value 
3) Original setup in triangle : (I12, I4, I8) = (28,30,46) 
 In horizontal line  : (I12, I4, I8) = (16,21,75) 
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Tuning of the high-voltage measuring system  
analyzed in Chapter 5 

 
For system Ia (see Fig. 5.2a and 5.2b) one should obviously select equal RC time constants for 
Z1 and Z2. For the other setups the signal transfer is found in a straightforward solution of the 
equations pertaining to the circuits in Fig. 5.2a and Fig. 5.2b. Assuming a very short cable, 
one arrives at: 
 

A
Z

Z
V
VD

HV

m

1

3,2,1==  

 
with D the divider ratio, Z1,2,3 the impedance of Z1, Z2 and Z3 in parallel, and A = Vm/V3 the 
attenuation of the Z3 network. For setup Ib D reduces to a fraction of two second degree 
polynomials in angular frequency ω: 
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with 
 
a0=R2 R3b 
a1=R2 R3b(τ1 + τ 3a) 
a2=R2 R3bC1τ 3a  
 
and 
 
b0= R1 R2 +(R1+R2)(R3a+R3b)  
b1= (R1 τ 2 + R2 τ 1)(R3a+R3b) +  (R1 + R2) (R3a τ 3b + R3b τ 3a) + R1 R2 τ 3b  
b2= (R1 τ 2 + R2 τ 1)(R3a τ 3b + R3b τ 3a) 
 
where τ 1 = R1C1 and τ 2 = R2C2. 
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The impedance of the parallel vertical arms of Z3 in Fig.5.2a setup Ib is written as: 
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which defines the time constants τ 3a and τ 3a. In the main text, Z2 is chosen as Z1/100, and 
consequently τ1 = τ 2. The condition of a frequency independent transfer D and a termination 
of the cable at high frequency into its characteristic impedance Z0, determines all Z3 
components. Because the ratio a2/b2 does not depend on C3, the resistors follow from the 
simultaneous solution of  
 
a0/b0=a2/b2=D 
 

0
33

33
3 Z
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RR

R
cb

cb
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+
+  

 
The capacitor C3 then follows from a1/b1 = D. A little computer algebra resulted in the values 
of Table 5.1, where we took D = 10-4 and Z0 = 50 Ω. Note that R3a+R3c = 50 Ω holds 
accurately. Both resistors can be realized by a 50 Ω potentiometer with C3 connected to the 
tap. The constant a2 depends linearly on τ 3a, and R3c determines the flat transfer at high 
frequency. 
 
In practice C3 may be selected at some fixed value close to but not exactly equal to the one in 
Table 5.1. One then relaxes the requirement of a predetermined divider ratio, and adjusts the 
resistors for frequency independent transfer. For the particular choice Z2 = Z1/100, the 
transfer is mainly determined by Z3 and Z1. Large deviations from the Z2 value given in the 
Table can be accommodated by minor adjustment of the Z3 elements. 
 
In setup II, the lower cable can be neglected for the signal transfer because |Z2| is large 
compared to R4 in parallel with Ca. The Z3 elements have been chosen as for setup Ib. In setup 
III the Z3 elements are arranged differently. The algebraic analysis results in: 
 
a0 = R3b  
a1 = R3bτ1 
 
and a2 = 0 because there is no resistor R3c in series with C3. The constants in the denominator 
are: 
 
b0 = R1 +R3b 
b1 = R1(τ 3b + R3bC2) + R3b(τ 1 + τ 3a) 
b2 = R3b τ 3a (τ 1 + R1C2) 
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with 
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which defines the time constants τ 3a and τ 3b for setup III. Because a2 = 0, a high frequency 
roll-off occurs. For the component values chosen, the corresponding corner frequency of  
about 1/2πZ0 (C1+C2) is above the frequency band of interest. 
 
Alternative derivation of Zt2 
 
Vance [Van78] considers a shielded cable extending in the z-direction between z1 and z2, 
subjected to a parallel electric field Ez. The propagation constant in the cable is γ. The 
equation 5.57b in [Van78] gives the internal current I2 into the cable termination at position 
z2. A common mode current ICM of unit amplitude travels along the cable with propagation 
constant jk. We replace Ez by IcmZ'tc ejkz, and substitute z1=0 and z2 = l in Vance's equation. 
The current I2 into the load Z3 becomes 
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are the reflection coefficients at both cable ends. To arrive at the overall Zt, one should still 
multiply I2 by AZ3. The first order term in the Taylor expansion of (1) with respect to the 
length l leads to: 
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The second order term of the right hand side in (1) is: 
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The first part with jk cancels when ICM is regarded as a standing wave, or two waves with ± jk 
in opposite directions. In the second part one has γl/Z0 = jωC = Zc. The term 2Z0

2 in the 
numerator of the last fraction can be neglected with respect to the term with Z1,2. After 
correction for AZ3, one arrives at 
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which is equivalent to (1) in the main text, except that Z|| is replaced by Z1,2,3 because the 
distributed character of C'c is properly taken into account. 
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CIRED 2001 

Round Table on Neutral Earthing in LV Networks 
 

A. Robert (Chairman), J. Hoeffelman (Coordinator), Belgium

                                                 
1 At the CIRED 2001 conference a round table discussion was organized on grounding concepts of LV systems, 
and  10 key questions related to problems of current interest. In addition to Section 1.3 and Chapter 2, this 
Appendix is added to illustrate the various techniques used in other countries. It contains the original document 
with contributions from  J. Michaud (FR, EDF), T. Niemand (DE, RWE), Y. Rajotte (CA, IREQ) and J. 
Hoeffelman (BE, Laborelec). The Appendix is added with the permission of the coordinator of the session,  
Mr. Hoeffelman. To comply with the rest of the thesis, only the layout is modified. 

Contents 
• Introduction, J. Hoeffelman, BE – p.1 
• First Contribution, J. Van Waes, NL – p.3 
• Second Contribution, J. Michaud, FR – p.5 
• Third Contribution, T. Niemand, DE – p.6 
• Fourth Contribution, Y. Rajotte, CA – p.7 
• Summary of the discussions, 

J. Hoeffelman, BE – p.9 
 
Introduction 
 
J. Hoeffelman (CPTE, BE) 
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Notations 
UE Earth Potential Rise 
UT Touch Voltage 
UST Prospective Touch Voltage 

(SourceVoltage for 
Touching) 

UTp Permissible Touch Voltage 
USTp Permissible Touch Voltage taking into 

account additional resistances 
(According to HD 637 S1) 
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Global Earthing System  
An equivalent earthing system created by the 
interconnection of local earthing systems that 
ensures, by the proximity of the earthing 
systems, that there are no dangerous voltages. 
Such systems permit the division of the fault 
current in a way that results in a reduction of 
earth potential rise at the local earthing 
system. 

Such a system could be said to form a quasi-
equipotential surface (According to HD 637 
S1). 
 

TT earthing system according to  
IEC 364-4-442 

 

 

TN earthing system according to  
IEC 364-4-442 

 

 
 

 
 

Permissible touch voltages 
(According to HD 637 S1 and IEC 60479-1) 
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Overvoltage limits 
 

Type of LV system 
Fault duration 

or 
neutral earthing 
Requirements 

 
Touch voltages 
Stress voltage 

 

TT 
tf ≤ 5 s 

/ 
UE ≤ 1200 V 

 
tf > 5 s 

 
UE ≤ 250 V 

 
TN 

single earthing 
of PEN 

UE ≤ UTp 
 
/ 

 
 

multiple earthing 
of PEN 

UE ≤ X.UTp 
2 ≤ X ≤ 5 

 
UE = Earth Potential Rise  

UTp = Permissible Touch Voltage 

Minimum requirements for interconnection of 
LV and HV earthing systems (CLC HD 637 
S1 or IEC 61936-1 CDV) 

 
EMC approach 

 

 
 

Transfer function between source of 
disturbance (emitter) and victim (susceptor) 

 

 
 

Coupling by common impedance 
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EMC approach 

COMMON IMPEDANCE COUPLING 
Mitigation methods 

 
A:  Open circuit Strategy  

 
OK for ACTIVE CIRCUITS 
-  1 point grounding 
-  no common return 
but inductive coupling remains  
inefficient at HIGH FREQUENCY 
 
B:  Short-circuit Strategy  

  
OK  for GROUNDING CIRCUITS 

for HF ACTIVE CIRCUITS 

KEY QUESTIONS 

 
1. Why moving from TT to TN (pro and 

contra) 

2. Influence of HD 637-S1 or IEC 61936-
1 on neutral earthing practices 

3. Possible merge between TN and TT by 
connecting the LV neutral to the 
customer earth and making a TN-S 
downstream the RCD 

4. Influence of LV earthing practices on 
lightning overvoltages 

5. Pro and contra of interconnecting LV 
earth with other earth (CATV, 
telephone, gas pipe…) 

6. Break of the neutral conductor 

7. Influence of LV earthing practices on 
unbalance, stray currents, AC 
corrosion, EMF, harmonics… 

8. Global earthing and responsibility 
(utility / customer) 

9. Main differences between countries 
(North America / Europe…) 

10.  Influence of the LS cable shielding 
(with or without) and contact with 
ground (lead / XLPE) 
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1st Contribution 
 
J.B.M. van Waes (NUON TU/e, NL) 
 
In the Netherlands various grounding 
methods for LV grids are used [1,2,3]. 
Their main purpose is to guaranty safety 
during a fault in the LV grid. A detailed 
overview on faults in LV networks is given 
in [4]. Here we present an answer to the 
questions proposed for the round table 
discussion. 
 
1. Why moving from TT to TN (pro and 
contra)? 
8. Global earthing and responsibility 
(utility versus customer) 
 
TN-System 
A TN system always provides a return path 
for faults in the LV grid. The grounding 
conductors at the transformer and at all 
customers are interconnected. This ensures 
a distributed grounding and reduces the risk 
of a customer not having a safe grounding. 
Also better lightning safety is assured. 
However faults in the electrical network at 
a higher voltage level may migrate into the 
LV grid grounding causing touch voltages 
at LV clients. The consequences of faults in 
LV and MV grids should be taken into 
account in the design of LV network. The 
utility is not only responsible for a proper 
grounding but also for the safety of 
customers during disturbances in the power 
grid. 
A fault in the LV network may cause touch 
voltages at other LV clients. Therefore a 
fast switch-off is required. The software-
tool GAIA[5] is commonly used in the 
Netherlands to calculate various fault 

situations. Most critical are faults at the 
ends of the branches, where the circuit 
impedance is the highest. In the design of 
LV-grids, this circuit impedance should be 
limited. It reduces the touch voltage and 
increases the earth-fault current, resulting in 
a faster switch off. The maximum length of 
an outgoing cable is therefore limited. A 
practical length of a 150Al/as cable was 
310 m. 
A limited cable length increases the cost of 
the low-voltage grid. An additional 
connection between separate LV-cables, a 
separate PE-wire parallel to the cable or a 
special fast fuse extend the maximum cable 
length. In cooperation with a manufacturer 
NUON developed a faster fuse. The 
maximum length of the cable is now 
increased to 445m. 
During a fault in the MV grid, touch 
voltages may occur in the LV grid when a 
TN system is used. Most relevant 
parameters are the amplitude of the fault 
current, the duration of the fault and the 
type of cable. Old medium voltage cables 
have a lead shield with a good contact with 
the soil. These days XLPE cables with an 
insulated jacket replace them. This initiated 
a study on the consequences of MV faults 
for LV users. 
In a TN-S system neutral and PE conductor 
are separated. This system has the best 
EMC properties for 50Hz and HF currents 
[6], certainly when LV cable with a 
grounded sheath is applied. For low 
frequencies the 50Hz circuit (DM-circuit) 
and ground (CM-circuit) are separated and 
the current distribution is well defined. 
Additional electrodes in the LV grid, 
preferably at each user, divert external 
induced (lightning) currents. In a TN-S 
system five conductors are required. 
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TT-system 
When a TT system is applied the ground 
impedance at the customer should be low 
(Rc<30/In Ω). Each customer needs to 
install and maintain it’s own ground 
electrode. In some areas it is difficult to 
achieve the required value. There a 
Residual Current Device (RCD) is required. 
Internal NUON research confirmed a 
failure rate of a RCD between 5-10% as 
presented in [7]. In the past metal water 
pipes served as a ground connection. 
Although the customer is responsible for 
his own electrode, the power utility is 
obliged to inform the client whenever 
plastic replaces the metal pipes. 
Faults in the LV and MV grid do not 
migrate to other clients in the LV grid. A 
broken neutral conductor does not affect a 
single-phase connection, but may cause 
damage to equipment using a three-phase 
connection. 
For large customers it is impossible to 
apply a TT system, since the disconnecting 
time of the over-current protective device is 
too long. A TN system always provides a 
low impedance return path. 
 
3. Possible merge between TN and TT by 
connecting the LV neutral to the 
customer earth and making a TN-S 
downstream the RCD. 
6. What about the break of neutral 
 
In a TN-C system the neutral and PE 
conductor are combined (PEN-conductor). 
If this conductor is broken, safety problems 
may occur. Until now, no device detects 
such a fault. In cabled LV networks the risk 
of a broken neutral is smaller compared to 
overhead networks. In new NUON LV 
networks the copper sheath of the LV cable 

is coupled to the neutral at several places, 
providing a second return path. This 
coupling makes the safety risks due to a 
broken neutral negligible. 
Some areas still have a TT system, and 
cables without sheath. The existing 
electrode and the neutral could be 
interconnected at the customer. However 
the cable provides no defined return path in 
case of a broken neutral. Electrodes of other 
customers and additional electrodes at the 
end of the LV cable provide alternative 
paths for the neutral currents. Compared to 
the risk of an improper electrode, the 
probability of a broken neutral is small. A 
fraction of the load current returns through 
the soil during normal operation. This 
system is comparable to the Protective 
Multiple Earthing (PME) system commonly 
used in the UK [8], where the distribution 
neutral is always earthed at the end remote 
from the substations. 
 
5. Pro and contra of interconnecting LV 
earth with other earth (CATV, 
telephone, gas pipe...) 
Many non-power cables also arrive at 
customers, such as telephone, 
telecommunication, cable TV. The 
protection of IT equipment or consumer 
electronics requires low voltages across the 
input terminals. For historical reasons the 
grounding of those systems is in most cases 
separated in the Netherlands; each of these 
companies has its own grounding 
philosophy and implementation. From an 
EMC point of view it’s highly desirable to 
interconnect the grounding systems. The 
induced voltages at the inputs are reduced. 
All cables, which enter a building, are 
involved. A disturbing current will be 
shared by the cables and by the grounding 
electrodes or other conductors connected to 



 CIRED 2001  -  Round Table on Neutral Earthing in LV Networks 
 
 

109

earth when present. 
The currents through the cabling attached to 
the equipment should be limited to avoid 
overheating and interference, especially 
during a fault. For a detailed analysis of 
consequences of the 50Hz currents, insight 
is needed in the telecom/CATV systems. 
Not much experimental data is available. 
Since a few years in Germany the sheaths 
of telecommunication cables are coupled to 
the mains ground, only if a suitable earth 
terminal is present [9]. The German 
telecom company Deutsche Telekom 
considers the sheaths currents as a problem, 
but has rarely encountered difficulties. 
There’s no maximum for the sheath current 
prescribed. The Dutch telecom company 
KPN applies a standard for their own 
installations, in which all grounding 
systems are interconnected [10]. 
For the current configuration with the 
grounding systems not interconnected, 
problems occur only at equipment of the 
customers. The number of LV appliances 
using CATV/telecom systems will increase. 
A TN-S system has the best EMC 
properties. 
 
4. Influence of LV earthing practices on 
lightning OV 
In TT-systems high overvoltages may occur 
between all live parts and between live 
parts and PE conductor. In a TN systems 
overvoltages are lower. The overvoltage 
between PE and neutral is reduced. 
 
7. Influence of LV earthing practices on 
unbalance, stray currents, AC corrosion, 
EMF, harmonics 
By using the soil or other conductors as a 
second return path, magnetic fields are 
induced near the cable. In [11] an overview 
on LV grounding practices is presented 

w.r.t. stray currents and associated 
magnetic fields. The international variety of 
grounding methods results in a range of 
magnetic fields produced in LV grids. All 
presented measurements indicate a 
maximum B-field <<100µT. In the past 
problems occurred in buildings with a TN-
C system inside. Since construction parts of 
the building carried part of the return 
current, magnetic fields were induced. 
There are two reasons to reduce those 
fields: 
1. B-fields in the human body should be 
<100µT. This limit is given by [12]. 
2. B-fields near computer monitors should 
be <1µT to avoid annoying distortion on a 
monitor screen [13]. 
Even with a TN-S system, problems may 
occur, for example due to the position of 
single-phase cables. Shielding can solve the 
problems. Practical examples are given in 
for instance [14]. By coupling the sheath 
and neutral of the LV cable, the “cross-
section” of the return path increases. This 
has a positive influence on the cable 
temperature rise due to 3 rd harmonics and 
reduces unbalance and voltage dips. 
 
10. Influence of the cable shielding (with 
or without shield) and of its contact to 
ground (lead versus XLPE) 
XLPE cables have a copper sheath, with a 
smaller series resistance. Lead shielded 
cables have the advantage of providing a 
good contact with the soil[15]. This 
additional “electrode” is in some cases even 
more effective than the ground rod of the 
10kV/400V substation. The steel armor of 
the lead shielded cable reduces the fraction 
of the current returning through the soil 
[16]. For a proper cable model, the exact 
material parameters (e.g. µr for steel 
armored cables) should be known. In 
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practice power utility cables are laid in the 
same trench as other cables. These often 
unknown parameters make an accurate 
calculation of the current distribution 
difficult. A worst-case estimation should be 
made. Most critical are MV faults in rural 
areas. Here the prescribed ground resistance 
per MV/LV substation will be lowered for 
future networks. 
[1]  Biegelmeier, G. “Gedanken über die 
Nullung (TN System) als optimalen 
Fehlerschutz (Schutzma nahme bei 
indirektem Berühren) in elektrischen 
Anlagen”, Elektrizitätswirtschaft, Vol. 85 
(1985), No. 2, p61-63. 
[2]  Voeten, M.J. 
“Aardingsvoorzieningen voor 
kleinverbruikers”, Elektrotechniek, Vol 67 
(1989), No 9, pp. 807-811 
[3] Cobben, J.F.G. Aanbieding 
aardingsvoorziening aan kleinverbruikers, 
Elektrotechniek,Vol 69 (1991), No 6., 
p491-497. 
[4]  Parise, G. “A summary of the IEC 
Protection Against Electric Shock”, IEEE 
Transactions on Industry applications, Vol 
34, No 5, September/October 1998 
[5]  P.M. van Oirsouw, F. 
Provoost,”Safety: a very important factor in 
cost-optimal low-voltage distribution 
network design”, 16 th International 
Conference 
on Electricity Disribution, (CIRED), 18-21 
June 2001, paper 5.4 
[6]  EN 50310 “Application of 
Equipotential Bonding and Earthing in 
buildings with Information Technology 
Equipment,”June 1998, page 14 
[7]  G. Cantarella, V. Carrescia, R. 
Tommasini. “Quality of Residual Current-
Operated Circuit Breakers”, ETEP Vol 6, 
No.3. May/June 1996 
[8]  Fathers, D., “Use of PME earth 

Terminals on Overhead Distributors”, 
Power Engineering Journal December 
1994, pag 261-264. 
[9]  Private communication april 1999, 
C. Tudziers, Deutsche Telekom 
[10] ETS 300253 “Ëquipment 
Engineering(EE); Earthing and Bonding of 
Telecommunication Equipment in Telecom 
Centres”, January 1995 
[11]  Rauch, G.B., Johnson, G. Johnson, 
P., Stamm, A., Tomita, S., Swanson, J., “A 
Comparison of International Residential 
Grounding Practices and 
Associated Magnetic Fields”, IEEE 
Transactions on Power Delivery, Vol. 7, No 
2, April 1992 
[12]  ICNIRP Guidelines, 1998, 
“Guidelines for limiting exposure to time-
varying electric, magnetic and 
electromagnetic fields (up to 300 GHz)”, 
Health Physics, 
Vol 74, No.4, pp.494-522 
[13] Kohling, A. ,Zimmer, G., 
“Beeinflussung von 
Bildschirmarbeitsplätzen durch 
Magnetfelder”, Jahrbuch Elektrotechnik 
’95, Berlin u. Offenbach: VDE-Verlag, 
1994, pag. 215-227 (in German) 
[14] P.A.A.F Wouters, M.J.A.M. van 
Helvoort, P.C.T. van der Laan, 2000, 
“Mitigation of B-Fields, Background and 
practical Examples”, 4 th European 
Symposium on Electromagnetic 
Compatibility Brugge, pp. 122-126 
[15] G. Buse, 1959 “Der Bleimantel als 
Erder,” Elektrizitaetswirtsch., pp. 124-
127.(in German) 
[16] D. Halkin , J. Hoeffelman, 1997, 
“Criteria for determining the Efficiency of a 
Global Earthing”, Contribution to 14 th 
International Conference on 
Electricity Distribution, Discussion 
Proceedings session 2, Question 5 pp 89, 90



 CIRED 2001  -  Round Table on Neutral Earthing in LV Networks 
 
 

111

 
2nd Contribution 
 
J. Michaud (EDF R&D, FR) 

 
 

DISTRIBUTION NETWORK 
with a  TT System installation 

 
TT System 
mainly used on French distribution LV 
networks 

+ 
• Good security condition  : potential rise of 
the grounded conductive part  
- limited at 50 V for a fault inside the 
installation 
- 0 V for a fault on the network 
• Simple earthing of the installation  
(required value < 100 W) 
• No influence of the network evolution (fault 
loop impedance) 

- 
• Possible overvoltage stress on equipment 
insulation of the installation (between active 
conductors and exposed conductive parts) 

 
 
 

  
 

DISTRIBUTION NETWORK 
with a  TN-C System installation 

 

  
DISTRIBUTION NETWORK 

with a  TN-S System installation 
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TN system 
possible under specific conditions (direct 
underground network) 

+ 
•No overvoltage stress on equipment 
insulation  
•TN could work with a simple overcurrent 
protection 
•TN-C permit savings on the equipment (one 
conductor, one breaker pole) 

- 
•Potentiel rise of exposed conductive parts  
with the neutral conductor when     : 
- Break of the neutral network conductor 
- LV network phase to neutral 
  and phase to  ground fault 
- MV to LV fault 
•Needs a very good earthing impedance of the 
network (» 2 W ) 
or inside  the installation (equipotential loop) 
•Protection to be fitted in case of network 
modification 
(increase of fault circuit impedance) 
 •TN-C inadequate for EMC problems 
 

 

  
TN system is inadvisable if the the risk of a 
break on the network neutral conductor or at 
the connecting point  is significant  
(ex. bare overhead conductors LV network) 

 
TN-S System installation with a phase to 
neutral fault :  
the potential rise (< V/2) on the exposed parts 
in the installation depends on the different 
grounding impedances 

 
TN-S System installation with a phase to 
ground fault :  
an acceptable potential rise on the exposed 
parts in the installation needs a low global 
grounding impedance 

 
TN-S System installation with a MV to LV 
fault :  
the  potential rise on the exposed parts in the 
installation depends on the fault current  Id 
linked to Zn the MV neutral grounding 
impedance 
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3rd Contribution 
 
T. Niemand (RWE Net AG, DE) 
 
Why moving from TT to TN systems ? 
TN systems has the advantage that in case of 
an insulation fault, the fault voltages are 
generally smaller than in TT systems. 
 
Reasons:   
- Voltage drop in the phase conductor 
- earthing of the PEN conductor with a lower 
impedance than the consumer earthing in TT 
systems 
 
Why moving from TT to TN systems ? 
Advantages of an TN system:  
- in case of an insulation fault the fault- and 

touch-voltage usually remain below a few 
ten volts 

- high reliability of disconnection of a fault 
by overcurrent devices 

- lower earthing resistances of the PEN-
conductor (overall resistance of the 
network + resistance of the  consumer 
earthing electrode) 

- compensation of the earthing effect of old 
gas and water pipes,  which are now made 
of plastic materials  

- good protection against overvoltages of 
atmospheric origin due to resulting low 
earthing resistance of the PEN-conductor 

- highest attainable protection level 
(overcurrent device + RCD in special 
cases) 

 
Is there an influence of HD 637-S1 or IEC 
61936-1on neutral earthing practices ? 
Both standards offer the opportunity of unsing 
a TN- or TT-system in the LV network. 
Chapter 9.4 of HD 637-S1 gives requirements 
for the common earthing system for high 
voltage and low voltage systems. For Germany 

there is nearly no change to the proceeding, 
which was in use for several decades. 
Table 6 gives the requirement for a common 
earthing system due to 
 - touch voltage (TN-system) 
 - stress voltage (TT-system) 
Generally HD 637-S1 gives more information 
and requirements concerning transferred 
potentials than comparable standards before. 
This problem isn´t so significant in TN-
Systems. 
 
Possible merge between TN and TT system 
? 

 
 
Possible merge between TN and TT system 
? 
+ interconnection between earthing system of 
the network and every consumer earth 
electrode improves the earth impedance. 
+ new consumer installations have a 
foundation earth electrode, which offers a 
good long term economy  
+ the more the PEN-conductor is earthed the 
smaller is 
- the earth impedance and the fault loop 
impedance 
- the danger of a breakdown of the PEN-
conductor 
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Pro and contra of interconnecting LV earth 
with other earth 
+ many communication equipment also has a 
connection to the electricity network and to 
telecommunication cables. In this cases it is 
profitable to have a equipotential bonding 
system to avoid voltage differences (eg. in 
case of a thunder storm). 
 
Break of the neutral conductor 
- In modern electricity networks with a high 

rate of underground cables a breakdown of 
the PEN conductor is very rare. 

- Because of the PEN-conductor earthing 
not only at the transformer station but also 
at many points in the network, the danger 
is more reduced. 

 
Global earthing and responsibility 
- The responsibility for the protective 

measure is the main reason for many 
utilities not to use a TN-systemIn TN-
systems the correct function of the 
protective measure (fault loop impedance 
and overcurrent protective device) is part 
of the public network. 

 
Influence of cables with or without earth 
electrode effect 
- Old lead cables only have a substantial 

positive effect to the earthing resistance 
within a length of 1 km . 

- New XLPE cables create a very good 
connection between other neighbouring 
earth electrodes.A very effective partition 
arises and the earth potential rise will be 
small. 

- Same effect in LV and HV installations 
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4th Contribution  
Y. Rajotte (Hydro-Québec, CA) 
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Summary of the discussions 
 
J. Hoeffelman (CPTE, BE) 
 
After a recall by the coordinator of the main 
technical concepts involved in the topic 
(earth potential rise, touch voltages, TN and 
TT schemes, standardisation, EMC), the 
four speakers have tried to give answers to 
the proposed ten key questions. 
 
The main conclusions that can be drawn 
from the presentations and from the 
questions raised by the attendance can be 
summarised as follows: 
Global earthing in LV networks implies 
either a connection between the MV 
earthing and the LV earthing at the source 
(substation) either a connection between 
the LV network earthing and the customer 
earth or both. It also means multiplying 
earth connections in each network. 
With that repect the TN scheme is, by 
definition, closer to the concept of global 
earthing, as it ensures a distributed 
grounding and reduces the risk of a 
customer not having a proper ground 
electrode. 
Earth connections between networks or 
between networks and customers need, of 
course, a careful analysis and depend on 
the way the MV network itself is earthed 
(isolated, compensated, single or global 
impedance earthing). 
As shown by Y. Rajotte global earthing is 
not always synonymous to equipotential 
but it always implies a reduction of the 
global earth impedance and hence a 
reduction of the earth potential rises. 
The safety of the network is not based on 
the individual value of the local earth 
resistances but on their mean values. On 
the other hand, in soils with high resistivity 

or  non-homogeneous soils, it is mainly the 
equipotentiality brought by the earth 
interconnections which helps reducing the 
touch voltages. 
In the vicinity of earth electrodes these 
touch voltages are not necessarily higher 
when the soil resistivity is high. 
For improving EMC (voltage stress on 
equipment due to fault currents or to 
lightning) global earthing is the best 
solution mainly when different networks 
are involved (power network, telecom, 
pipes…). 
In these cases, the currents through the 
cabling attached to the equipment should 
be limited to avoid overheating and 
interference, especially during a fault. 
It is also easier to control (or to add) a link 
between different earths than to ensure a 
separation between them (cf short circuit 
and open circuit strategy in EMC or 
multipoint earthing and equipotential 
bonding versus single point and star 
earthing). 
The TT scheme (no connection between 
network earth and customer earth) 
provides a good separation between the 
responsibilities of the supplier and the 
customer and needs less control of the 
transferred potentials for assessing safety 
in case of HV fault. The same is valid in 
case of a phase to neutral fault in the LV 
network. Therefore, according to J. 
Michaud, there is no fundamental need for 
moving from TT to TN. 
A consensus exists, however, for stating 
that connecting the neutral conductor 
(which should be earthed as often as 
possible) to the customer earth upstream 
the RCD (making then a TN-S system 
downstream) goes in the sense of an 
improvement, mainly when the existence 
of an earth loop under the foundations is 
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made mandatory by local regulation. In 
this case, indeed, the network takes benefit 
of the (often) lower value of the local earth 
resistance without loosing the advantage of 
the RCD for protecting people and 
apparatus. 
This RCD is considered indeed by most 
speakers as being a good protection against 
resistive short circuits (risk of heating) or 
indirect contact, although it is highlighted 
(J. Van Waes, T. Niemand) that its failure 
rate is not negligible and higher than that 
of overcurrent protections. Other people 
recall however that it can easily been 
tested by the push button, which is not the 
case of the overcurrent protections. On the 
other hand overcurrent protections are 
never alone, so there is always some 
redundancy in case of failure.  
J. Michaud presented also an experimental 
scheme where two RCD’s are installed in 
series, one before the neutral connection 
with the local earth and the other behind 
this connection. The role of the first one 
would be to detect earth currents due to 
overvoltages in the network. (It is not 
unthinkable to imagine the two functions 
merged in a unique device !) 
Concerning the break of the neutral 
conductor, although it could sometimes 
have higher consequences in term of safety 
in a TN scheme, most speakers are of the 
opinion that, at least in underground 
networks, it is not a great concern (rare 
occurrence). Moreover, the existence of a 
multi return path in a well-earthed TN 
network highly reduces the risk of a 
voltage unbalance in case of neutral break. 
It is also highlighted that in TT networks 
the risk to destroy electrical or electronic 
apparatus is not to be neglected. 
It is very interesting to compare the 
European practices (TT or TN) with the 

situation in Canada where the LV network 
is practically inexistent, where only the TN 
scheme exists and where the MV and LV 
neutral are normally earthed together. 
Although the soil resistivity can be quite 
high and the network mainly overhead in 
rural parts of the country, there doesn’t 
seem to be too many problems. The 
existence of a multi earthed MV neutral, 
acting as a counterpoise, is certainly one of 
the features allowing a fair safety. 
It seems useful to mention also that stray 
currents (EMF, AC corrosion) hasn’t be 
considered by any speaker as an actual 
concern in LV networks. 
 
Final conclusion  
(J. Hoeffelman) 
 
Prudence and separation of responsibilities 
can act as a bridle for interconnecting 
earths. But different networks or customers 
sharing the same global earthing system 
reduces the risk of dangerous overvoltages 
and the need for expensive protection 
(insulation barriers, overvoltage 
protections…). 
The progressive disappearance of cables 
with earthing effect (lead sheath) and of 
natural earthings (metallic water or gas 
pipes) is probably a supplementary reason 
to address this topic of LV earthings and to 
seek for a solution to this apparent chicken-
egg paradox. 
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List of symbols  

 
 

Symbol Description Unit 
α-1 Attenuation Distance  m 
δ Skin depth m 
Φ Total flux through a surface Vs 
ε0 Permittivity of vacuum; 8.854·10-12 F/m 
εr Relative dielectric constant - 
γ Euler’s constant (1.781) - 
λ Wavelength (Chapter 5) m 
µ0 Permeability of vacuum; 4·π·10-7 H/m 
µc Coupling factor - 
µr Relative permeability - 
ρa Resistivity armor (Appendix A) Ωm 
ρc Resitivity core (Appendix A) Ωm 
ρs Resistivity sheath (Appendix A) Ωm 
ρsoil Soil resistivity Ωm 
ω Angular frequency Rad/s 
A The attenuation of the Z3 network (=Vm/V3) - 
CR Control room - 
c Speed of light in vacuum m/s 
Ca, C1, C2, C3 Capacitors divider F 
Cc’ Cable capacitance per meter F/m 
Cc  = Cc'l F 
Ci Integrator capacitor F 
Cp A parasitic capacitance between a neighboring HV circuit and 

measurement system 
F 

d thickness of the armor (Appendix A) m 
f1 ,f2, f3, f4 Cross-over frequencies Hz 
fc The cross-over frequency of Z1 Hz 
h  Depth cable below the surface of the Earth m 
HV, LV, MV High-, medium- and low voltage - 
IL=(IL1, IL2, IL3) Loop currents (Appendix A) A 
IN=(Ic, Is, Ia) Conductor currents (Appendix A) A 
I1, I2 Primary, secondary current D/I-system (Sect 1.4) A 
I4, I8, I12 Sheath currents 150 kV cables BCO-WTW A 
I33 Current through the structure of tower 33 A 
I_DTC_1  Current through the skywire to DTC opposite to faulted phase A 
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I_DTC_2 Current through the skywire to DTC above faulted phase A 
I_Ulft_1  Current through the skywire to Ulft opposite to faulted phase A 
I_Ulft_2  Current through the skywire to Ulft above faulted phase A 
Ic Capacitive current (Sect. 1.4) A 
ICM Common mode current; net current through a cable A 
IDM Differential mode current; the intended signal current A 
Ie The current returning through the soil at infinite distance from 

the fault 
A 

If Fault current  A 
Ish, Ig1, Ig2,  
IW2, Ish2, In  

Measured currents Veluwe (Chapter 2) A 

IBC, ICD Measured currents Zeewolde (Chapter 2) A 
Itelecom Common mode current telecom cable Zeewolde (Chapter 2) A 
Isheath, Iarmor Sheath, armor current A 
ISR The response of the system to a CM current of 1 A, divided by 

the response to a HV signal of 1 V. 
- 

l Cable length  m 
lc Length of a cable (App. A) m 
ls Length of a cable section (App. A) m 
L1, L2, L3  MV phase conductors - 
L1, L2 Inductance of measurement coils (Sect. 1.4) H 
M Mutual inductance sensor (Sect. 1.4) H 
n Number of turns measurement coil (Sect. 1.4) - 
r1  Radius core (Appendix A, D) m 
r2  Inner radius sheath (Appendix A, D) m 
r3  Outer radius sheath (Appendix A, D) m 
r4  Inner radius armor (Appendix A) m 
r5  Outer radius armor (Appendix A) m 
R0 DC-resistance of the armor (Appendix A) Ω 
R1, R2, R3a, R3b, 
R3c 

Resistors in a divider Ω 

R33 Tower footing resistance tower 33 Ω 
Ri Resistance integrator Ω 
Rs’ Shield resistance of the coaxial signal cables Ω/m 
Rsheath Sheath resistance XLPE cable Ω 
Rsubs Grounding resistance electrode MV/LV substation Ω 
S0, S1, S2,S3, S4 Switches used in the measurements Veluwe - 
S/I Signal to interference ratio - 
TFR Tower footing resistances Ω 
TL Transmission Line - 
Ut Touch voltages  V 
Vc Voltage between measurement coil and conductor (Sect. 1.4) V 
Vi Voltage Vi = ICMRs generated in the signal loop (Chapter 5) V 
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Vint Interference voltage  V 
VL= 
(VL1, VL2, VL3) 

Loop voltages (Appendix A) V 

VM Output voltage divider V 
VN=(Vc, Vs, Va) Voltages to Earth (Appendix A) V 
VHV The primary (high-) voltage of the divider V 
Yp Shunt admittance to the surrounding soil per section 

(see also Appendix A) 
1/ Ω 

yp Shunt admittance to the surrounding soil per meter 
(see also Appendix A) 

1/ Ωm 

Z Short notation for the impedances Z1,2,3 and Zc=1/jωCc Ω 
Zc Zc = 1/jωCc Ω 
Ze The impedance of the grounding arrangement seen at the fault Ω 
Zinf The total impedance to Earth of a cable (Appendix A) Ω 
Zloc Local ground impedance  
Zs Series impedance cable section (Appendix A) Ω 
zs Series impedance cable (Appendix A) Ω/m 
Z0 Characteristic impedance signal cable Ω 
Z1, Z2, Z3 Impedances high-voltage divider Ω 
Z11, Z12, Z13, Z22 
Z23, Z33, z1, z2, 
z3, z4, z5, z6, z7, 
z8, z9, z10, z11 

Elements loop impedance matrix (Appendix A) Ω/m 

Zt Transfer impedance Ω 
Zt1 The first contribution to the voltage Vm caused by ICM Ω 
Zt2 The second contribution to the voltage Vm caused by ICM; this 

contribution acts through the cable capacitance (Chapter 5) 
Ω 

Z'tc Frequency dependent transfer impedance RG 214 cable Ω/m 
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