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ABSTRACT 
Due to today´s increased demands on grid operation 
management, new methods for earth fault localization and 
detection are needed. The fault localisation should be 
performed as quickly as possible and under the condition, 
that the fault current at the fault location will not be 
significantly increased. 
 
Fault location method based on the travelling wave (TW) 
theory is already in use in some countries for transmission 
networks. 
 
In today's 20 kV grid, almost every feeder in the substation 
has capacitive sensors to supervise the voltage of the three 
phases. First tests have shown that these sensors are 
suitable for voltage measurement up to some MHz. Due to 
the change of technology in the last 10 years the discussion 
starts, to use travelling waves also in distribution 
networks. 
 
The task is to evaluate, if it is possible to make, for 
compensated networks, a central distance estimation in 
secondary substations for the distribution network, based 
on the evaluation of the voltages travelling waves. 
 
 This paper will present the first results of this evaluation.  

INTRODUCTION 
The advantage of compensated networks is, that the 
customers can be supplied continuously during a single 
line to earth fault. In compensated networks it is not always 
necessary to switch off immediately. 
 
Today the majority of the 110-kV-network in Germany, 
Austria and Switzerland (D-A-CH) and in some other 
countries of the EC consists of Over-Head-Lines (OHL) 
with distances from 30 km to 200 km between the 
substations.  
 
At the distribution level, especially in urban areas, cables 
are in favour. The distances between substations and 
switching-stations are in the range of 0.5 km up to 5 km. 
The normal operation of this networks is usually the 
handling of the feeders as "open loop". 

 
The standard configuration of a distribution network looks 
like a tree with a lot of branches. At this level in most of 
the feeders capacitive sensors are installed, to supervise if 
the feeder is under voltage or not. Results of previous 
research [10] have confirmed, that these capacitive sensors 
can be used, more or less without additional costs, as 
sensors for the voltage travelling waves. But it is too 
expensive to install a TW-relay with communication on 
each end of the branches.  
 
With the actual relays, based on the qu2 algorithm [4], the 
selection of the faulty feeder in case of an earth-fault is 
satisfactory for high-impedance earthfaults up to 5 kΩ in 
rural areas and intermittent earthfaults in cable networks. 
 

 
Fig. 1  Relay for identifying the faulty feeder with a sample rate 

of 4 kHz for the advanced qu2 algorithm    
 
But due to the very small current via the fault-location in 
case of compensated networks, the estimation of the 
distance to the fault location is a challenge.  
 
It would be a great improvement, if an accurate estimation 
of the fault distance from a secondary substation based on 
single ended evaluation of voltage travelling waves would 
be available. 
 
Due to the change of technology in the last 10 years: 
• Cheap microprocessors with working frequencies in 

the range of some GHz 
• Fast synchronized Analog-Digital Converter (ADC) 

with frequencies of some MHz 
• Relatively cost-effective possibilities to synchronize 

systems with a resolution in µs 
• And already installed capacitive sensors more or less 

in each feeder at the distribution level 
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a feasibility study for the 20-kV-network has been started 
to use travelling waves also in the distribution network.  
 
Due to the time resolution of < 1 µs the expected resolution 
for the earthfault distance is expected to be also less than 
300 m. 

TRAVELLING WAVES 

Phase velocity and surge impedance 
 
The solution of the line differential equation provides the 
phase velocity v as a function of the conduction lines L' 
and C' according to equation (1) 
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In vacuum, gases and the standard isolators is µr ≈ 1. 
Simultaneously with the voltage-travelling waves current-
travelling waves occur. They always belong together. 
These are only two different possibilities of representation. 
In case of a loss-less line, the connection between the 
amplitudes is the surge-impedance according to 
equation(2). 
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Particularly in the case of overhead lines, it must be noted 
that the inductance of the OHL-earth loop is very large and 
frequency-dependent. In consequence the propagation 
speed becomes also frequency-dependent. The 
propagation speed of the zero-sequence-system is different 
from the speed of the positive-sequence-system and the 
negative-sequence-system. 

 
Fig. 2  OHL-ground loop for the calculation of the line 

impedances 
 
In case of transient simulations, it must be noted that most 
simulation programs do not consider this frequency 
dependence 0. It is very often simplified with the 
calculated values at operating frequency of 50 Hz, which 
results in no correct evaluation of distances. 
 

The strong frequency dependence of the zero system 
results from the frequency-dependent penetration depth δ 
of the return current in the earth. For 50 Hz the equivalent 
earth-return current flows in a depth of about 1 km. At very 
high frequencies the current in earth flows more or less on 
the surface of the earth. Due to this fact, the zero-sequence-
impedance is constant and more or less independent of 
conductivity of the earth-surface.   
 
In other words, the surge impedance is proportional to the 
volume in which the electromagnetic energy is transferred 
and the material properties of this volume. For the zero-
sequence system this is, in case of overhead lines 
essentially the volume between the phase lines and the 
ground, for power cables between the phase conductor and 
the screen. For the positive- and negative-sequence the 
volume between the three phases is relevant.  
 
Table 1 Approximate values for ZW and propagation rate 

 Surge impedance Propagation rate 
OHL 250 Ω … 400 Ω ~ c0  = 300 m/µs 
cable 10 Ω … 100 Ω ~ 2/3* c0 = 200 m/µs 

 

Reflection and Refraction 
In [7] there is a good description of reflection and 
refraction of an incident travelling wave at a discontinuity 
of the surge impedance. 

 
Fig. 3  Reflection and refraction of an incident travelling wave 

at a discontinuity of the surge impedance [7] with 
index: 
i … incident wave 
r … reflected wave 
t … transmitted (refracted) wave 

 
The reflection coefficients and the transmission 
(refraction) coefficients for the voltage can be calculated 
according to (3) and (4). 
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For the current, equivalent coefficients can be calculated. 
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Fig. 4  Reflection and refraction of a simple incident travelling wave at the discontinuity  [7]  
 
The complexity increases, if the discontinuity is a 
capacitor. This behavior is very important, as in the 
distribution networks, each distribution transformer for the 
travelling waves behaves like a large capacity of about 5 
nF to 10 nF. 

 
Fig. 5  Reflection of a steep-fronted travelling wave at a 

capacitance  [7]  

Multiple Reflections and Refractions 
In the 110-kV-network there are long distances between 
the substations, which are more or less homogenous. In the 
distribution net we have a lot of changes from OHL to 
cable and opposite. The influence to the shape of a 
travelling wave will be explained on a simple example 

 
Fig. 6  OHL with ZA = 400 Ω, lA = 30 km is connected to a 

cable ZB = 100, lB = 20 km, Impedance of the sending 
End ZG = ZA and Impedance on the receiving End 
ZR = 2*ZB  [5]  

 
Using either the lattice diagram or the Bergeron method, 
the voltage on the right side of the discontinuity can be 
calculated. The result is shown in Fig. 7.  
 
The decreasing steepness of the travelling wave due to 
inserting cable-segments in OHL is an additional 
challenge for the use of  travelling waves. The behaviour 
is comparable to a low pass filter. 

 
Fig. 7  Voltage at the right side of the discontinuity of Fig. 6 
 
 
It must be also considered, that each secondary substation 
with additional branches generates not negligible 
discontinuities. 

Modal Transformation in case of 3-phase-systems 
Up to now only single-phase systems were under 
observation. The biggest difficulty in dealing with three-
phase-systems derives from the fact, that it is necessary to 
solve systems of coupled partial differential equations. 
This problem is solved by using the phase-mode 
transformation matrix, which generates decoupled 
equations in the modal domain [2][6][8].  The common 
modal transformation matrices are symmetrical 
components, Clarke transformation and Karenbauer 
transformation.  

Features of Travelling Waves 
The advantage of using travelling waves is, that they are 
robust against some "disturbances" for example: 

• load current 
• circulating currents in meshed networks 
• distributed generation 
• dependence of the zero-sequence-system due to 

the skin depth of the current 
• independent of neutral treatment 
• different propagation velocity in OHL using 

modal components  
 
The disadvantages of travelling waves are: 

• Reflexions on each change of the surge 
impedance for example junction, bus bar, etc. 
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• Behaviour of connected transformers as large 
capacitor ( 5 … 10 nF) 

• Measurement equipment in the 110-kV-network  
• Measurement with high frequencies in the range 

of some MHz 

DOUBLE-ENDED MEASUREMENT  
As long as a more or less homogeneous line exists between 
the measuring points, a simple earth fault distance 
determination is possible by the first sudden change in the 
voltage of the faulty phase.  

 
Fig. 8 Two-side measurement with travelling waves  
 
The traditional double-ended fault location method is 
based on the measurement of the time difference between 
TA and TB. Therefore the time base of the TW-relays in 
A and B must be synchronised very accurately in the range 
of < 1 µs to achieve a distance resolution of < 300 m. 
 
The distances LA and LB can be calculated according to 
equation (5). 
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In this version only the first receiving TW is evaluated.  In 
the previous section we have seen, that inserted cable-
segments in OHL-Lines and capacitances can reduce and 
flatten the first change of the voltage amplitude.  
 
The field tests in the 20-kV-network have shown, that also 
the recognition and evaluation of the first TW can be a 
challenge. On the other side another field test has 
confirmed that it is possible to improve the possibility of 
recognition by installing more TW-relays in the network. 
 
Using only the voltage to recognize the travelling wave, it 
is not necessary to install a TW-relay in each feeder. The 
voltage at the busbar and good time-synchronisation is 
sufficient for the estimation of the distance to the fault.  
 
In the 20-kV-network it is not possible to install a TW-
relay on each end of a branch. Therefore the possibility of 
a single-ended evaluation of voltage-TW is very 
important. 

SINGLE-ENDED MEASUREMENT  
One-side fault location method is focusing on the time 
difference between first initial receiving time TA1 and first 
from the fault position reflected wave head TA2, to locate 
the fault position. 

 
Fig. 9 One-side measurement with travelling waves  
 
The arc at the fault location normally starts near the 
maximum of the line-to-ground voltage and it is burning 
until the first zero-crossing of the current via the fault 
location. This is in the range of ms. This means, that at the 
beginning the fault position has the behaviour of a short-
circuit to ground and there will be, more or less for the first 
milliseconds,  no refracted signals from the discontinuities 
behind the fault location. 
 
The distances can be calculated using (6) 
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Problems arise if there is an additional large discontinuity 
between A and the fault location, because in this case one 
additional reflected signal will arrive the TW-relay before 
the signal from the fault location. In some cases it is a 
challenge to distinguish between the signal from the fault 
location and the additional reflection from the 
discontinuity. 

Fault location based on propagation speed of TW 
With the modal-transformation it is possible to decouple 
the modal components. Especially for OHL there are 
different velocities for the zero-modal wave and the first- 
and second-modal wave. Based on this, another fault 
location method can be proposed for the power distribution 
system [8]. 
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Fig. 10 Fault location based on different propagation velocity 

of modal mode 0 and modal mode 1  
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FIELD TESTS MEASUREMENT  
The first field-tests in the 20 kV-network [1] [3] were done 
without the measurement at point C. 
 

 
Fig. 11 20 kV network with Two-side measurement  
 
 Fig. 12 shows the faulty voltage at measurement-point A. 
The peak of the TW can be easily identified. The voltage 
at the measurement point B is shown in Fig. 13. It is not 
possible to identify a TW in the voltage. The reason was 
the large network with a lot of branches, substations and 
mixed lines in between the earthfault location and the 
measurement-point B. 
 

 
Fig. 12 Travelling wave at the near end at position A 
 

 
Fig. 13 Travelling wave at the far end at position B 
 
Due to this, we repeated the field test with a modified 
configuration. We included the measurement point C. 
Now we could detect a weak influence of the TW also in 
the voltage and identify the head of the first TW. At point 
C also a current measurement with a standard inductive 
ICT was done. Due to the large network behind this fault 
location the signal was better, compared to the voltage 
measurement.     
 
The second field test has confirmed, that it is possible to 
use voltage-TW for fault location in distribution networks 
in secondary substations.  
 
The tests are very important, because now it is possible to 
set up correct models for the simulations. The feasibility 
study is in progress. 

SUMMARY  
The new technology improvements and the availability of 
already installed capacitive sensors in each feeder are a 
good basis for the use of travelling waves also on the 
distribution level.  
  
The first field-test has confirmed, that it is basically 
possible. But due to the different structure of the 
distribution level, shorter length of the branches, higher 
number of secondary substations and the influence of 
cable-segments on the refraction behaviour, the 
investigation must be continued.  
 
For the further investigation it was very important to make 
the field-tests in real networks to get the possibility to 
adapt the simulation models.   
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