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Abstract.  
 
Fault location can help transport and distribution system operators 
in their effort of minimizing supply interruption times. Nowadays, 
fault location devices are widely extended in the transport grid. 
However, the application of these solutions to distribution 
networks is not a feasible option due to the high cost of this 
equipment. Therefore, current research is focussed on cost-
effective fault location techniques which are adapted to electrical 
distribution networks. 
This paper presents results of a case study, conducted with detailed 
simulation models of two actual low-voltage (LV) distribution 
grids, using PSCAD software. One is a typical rural grid with long 
aerial lines, while the other is a typical urban grid with shorter line 
lengths which are mostly installed underground. The analysis is 
focussed on fault location based on travelling wave theory and 
reflectometry methods. The simulations include distributed 
parameter line models and a signal injector, in order to analyse the 
singular effects in the waveform which are caused by the special 
features of the LV network. It is shown that LV networks have 
some unique features which are not present in medium and high-
voltage grids, which makes effective fault location more 
challenging. Observed issues are discussed and future work is 
proposed in order to overcome some of them. 
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1. Introduction 
 
Minimizing supply interruption times is a main goal for 
distribution system operators (DSO). This objective can be 
achieved using fault location techniques because fast and 
precise failure location allows maintenance crews to repair 
the problem earlier.  
 

According to the literature, reflectometry is the most 
accurate method for fault location. This technique consists 
in studying the reflections of electrical signals when they 
travel through the network. Whenever these travelling 
waves find abrupt impedance changes, they suffer 
reflection and refraction, whereby a part of the wave 
continues travelling forward while a reflected signal 
moves backwards [1], [2]. Impedance changes can be 
produced by a transition from one kind of cable to another 
(i.e. aerial to underground), a line fork or the presence of 
a load. All these reflections can be measured and create the 
“line response”.  
 
Although advanced tools exist for fault location in the 
high-voltage (HV) transmission system, on the contrary, 
this is an unsolved problem in the distribution grid [3]. 
Several studies have been published focusing on fault 
location in medium-voltage (MV) networks, but there are 
very few references related to fault location in low-voltage 
(LV) grids [4]–[8]. While it has been shown that methods 
applied to HV systems are applicable for MV, this is not 
the case for LV networks. The LV grid has a variety of 
specific characteristics which require alternative 
approaches. Therefore, further research is needed to obtain 
a feasible fault location method for low-voltage 
distribution networks. 
 
One important difference between MV and LV systems is 
the presence of a shield in MV underground lines in order 
to conduct unbalance and ground fault currents of the 
system. LV underground cables do not have this metallic 
layer. Therefore, a high-frequency signal injected into a 
LV underground line is not confined within the cable 
(travelling within the insulator layers between core and 
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shield), but between the line core and the neutral core. Due 
to this feature the propagation characteristics do not only 
depend on the wire insulator properties but also on the 
environment surrounding the LV line [9], [10]. Another 
important difference consists in the end points of the 
systems according to the travelling waves. MV lines start 
and end in transformers, which are located in secondary 
electrical substations, while LV lines start at a transformer, 
but lead the signals to grounded customer loads, whose 
reflection characteristic depends on the loading at each time 
instant. 
 
This paper presents results of a case study conducted on a 
rural and an urban grid model. From this analysis, several 
fundamental challenges have been identified when 
employing reflectometry to locate faults in LV grids. 
Finally, possible solutions are formulated, whose 
implementation are the subject of ongoing research 
conducted by the authors.  
 
2. Proposed fault location method 
 
The proposed method [11], [12], [13] consists of a device 
which periodically injects a high frequency signal into the 
electrical grid and logs the line response with the aim of 
creating a reference image of the healthy grid, under pre-
fault conditions. When a fault occurs, the device injects the 
same signal again. The fault represents a new discontinuity 
in the grid and produces an additional reflection which was 
not present in the pre-fault line response. By comparing 
both images, the reflection in the fault point can be 
identified, as illustrated in Figure 1. 
 

 
Figure 1: Illustration of the proposed fault location method. 
 
Comparing the fault response with the reference, the time 
can be measured, when signals start to diverge. This time 
can be converted into fault distance (d), if signal 
propagation speed (v) is known, applying expression (1). 
 

 𝑑𝑑 =
𝑣𝑣 · 𝑡𝑡

2
  (1) 

 
where 𝑣𝑣 is the propagation speed of the injected signal 
through the electrical network, 𝑡𝑡 is the time where the fault 
was located.  
Equation (1) contains a division by two since measurement 
t represents the time interval spent by the injected signal 
reaching the fault point and return to the device, so twice 
the time is needed to travel from the device to the fault. 
 

3. Low voltage grid modelling 
 
LV electrical distribution grid 
 
Most low-voltage networks can be grouped according to 
two typologies: rural and urban grids. Both usually have a 
radial topology but there are significant differences which 
require analysing these cases separately. On the one hand, 
rural grids typically consist of long overhead lines with 
relatively few loads. On the other hand, urban grids are 
mostly composed of underground lines with a higher 
density of consumers than the rural cases, covering shorter 
distances. 
 
In order to study the application of reflectometry in the LV 
grid covering most potential cases, one rural and one urban 
scenario have been considered, implementing detailed 
models for each case. These two models are based on 
actual distribution networks whose parameters are taken 
from real data provided by a Spanish DSO.  
 
In order to achieve certain representativeness, the two 
studied grids have been chosen according to the following 
criteria:  

• Most of grid parameters should be quantified (i.e. 
length of sections, loads, cable model).  

• The total length of the grid must be long enough 
in order to determine the range of the fault 
location method. Furthermore, the total length 
should be representative considering the kind of 
network (at least 50th percentile). Figure 1 shows 
the total length histogram of all analysed 
networks. 

• The rural grid should contain at least 75% over-
head lines (regarding line lengths). 

• The urban grid should contain at least 75% of 
underground cables (regarding line lengths).  

• Chosen grids should have a comparatively high 
number of reported incidences, in order to 
increase the probability of finding a fault during 
the pilot phase. 

 

 
Figure 2. Histogram of total length in rural distribution networks 
 
Firstly, two MV lines, one of them feeding a city and 
another feeding several small villages, were selected 
where it was considered feasible to develop a pilot phase 
in one of their secondary substations. In a second step, all 
LV networks which are fed from those two MV lines were 
analysed in order to choose the two most representative 
LV grids (urban and rural). According to the criteria listed 
above, two secondary substations were selected to 
simulate their behaviour.  

Fault signal

Fault distance 
calculation

Pre-fault signal
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Simulation program 
 
PSCAD has been chosen for this reflectometry study, 
because it is a simulation environment that allows the 
creation of networks based on real wires using a 
transmission line model. The transmission line model 
allows high-frequency signals to be simulated not only 
using the classic circuit theory but also as travelling waves. 
This feature is key to study the behaviour of high-frequency 
signals and their reflections across the lines.  
 
Figure 2 and Figure 3 show the real LV distribution grid and 
the accurate simulation model for the rural and the urban 
grid, respectively.  
 

 
 
 
 
Characteristics of the models 
 
Many factors have been considered in order to implement 
the models as close to reality as possible. The most 
important factors are described below: 

• Line models have been based on a distributed 
parameter approach. Nine different underground 
and aerial wires have been implemented 
considering all their structural features (mainly 
dimensions and material properties). 

• The load profiles of all consumers supplied by 
these electrical distribution networks have been 
analysed in order to implement realistic loads into 

the models. Overall, more than ninety single-
phase and three-phase (balanced and unbalanced) 
loads have been considered. 

• An electrical transformer has been implemented 
into the model. A programmable short-circuit 
power at the medium voltage level has been also 
implemented to study all possible effects to the 
waveform coming from the LV distribution 
network equipment. 

• A signal injector has been added to the model of 
both networks. The injector introduces high-
frequency signals to the grid through a coupling 
filter. These signals propagate and reflect through 
the grid and the reflections are measured at the 
injector connection point, taking an electric 
image in form of high-resolution time series. 

All components have been distributed through the 
simulation model according to the real data provided by 
the DSO. 
 

 
 
 
An extensive set of simulations has been designed 
according to several considerations. These parameters are 
described below: 
 

1) 2 injected signal waveforms: rectangular pulses 
and sine wavelets of different magnitudes. 

2) 4 fault resistances: 0.01, 80, 150 and 1000 Ω. 

Figure 3: Real grid and simulation model for the rural study case. 

Figure 4: Real grid and simulation model for the urban study case. 
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3) 5 fault types: phase A to ground, phase B to 
ground, phase A-B, phase B-C to ground and 
phase A-B-C to ground. 

4) 10 fault distances from the injector (placed at the 
head of the line): varying distances between 12 
and 1800 m. 

 
PSCAD provides the Multi-run option. This feature allows 
to carry out several simulations automatically and save the 
generated data in files that can be processed afterwards. 
With the Multi-run configuration reported in this paper, 400 
simulation cases have been executed for each grid scenario 
(rural and urban). 
 
4. Results 
 
The proposed fault location method relies on the electric 
waveforms recorded at the secondary electrical substation, 
at the same point where the injector generates the signal that 
travels through the lines of the network. Hence, not only the 
waveforms logged in different simulations were studied but 
also their dependencies on several parameters which can 
change either in different moments or in different networks. 
 
Boundary conditions 
 
A preliminary study of both grid models concluded that the 
impact on location results the type of the MV to LV 
transformer or the short-circuit power at that common 
connection point is neglectable, if the injection device 
(mainly the filter) is designed adequately. 
 
Another study has been devoted to the fact that fluctuation 
loads in LV grids can cause false positives (fault location at 
points where there is no fault). As described above, the 
travelled waveform detects impedance changes throughout 
the line where it is injected. In this way, a load change 
between pre-fault and fault instants can be detected wrongly 
as a fault location.  
 
Figure 5 shows the results of a simulation scenario in which 
several load values have been changed between the pre-fault 
and fault instants. The graph show time series of the 
difference in each phase between the pre-fault and fault 
signals, measured at the head of the network (where the 
location device is placed), while the green circle shows the 
point where the fault should be detected. If there are no load 
changes between pre-fault and fault injections, the signal 
difference before this point should be equal to zero. 
Nevertheless, load changes cause different reflections and, 
therefore, a high-frequency signal appears before the green 
circle, similar to waveforms created by an actual fault.  
 
As can be expected, larger fluctuations of customer loads 
imply a greater amplitude of the noise signal created before 
the fault instance (green circle). In addition, if the fault 
impedance is increased, it may become impossible to 
distinguish load fluctuations from actual faults. 
 
 

 
Figure 5: Effect of load fluctuations on the line response. 
 
The location method should face that dependency because 
load changes occur all the time. When the fault impedance 
has a low value, the fault location algorithm can 
distinguish between reflections from load changes and 
from the fault itself. However, additional efforts are 
required in order to distinguish reflections from load 
changes and faults with higher impedances. One proposed 
alternative consists in a higher frequency of injections to 
reduce differences between pre-fault and fault scenarios. 
Another proposed method utilises neural networks to 
identify fluctuations coming from usual impedance 
changes (i.e. load fluctuations) and remove them from the 
location signal. 
 
Once all dependencies have been identified, waveforms 
obtained according to the previously described set of 
simulations were studied. In a first approach, waveforms 
were obtained in an ideal scenario, without any load 
fluctuations. 
 
Digital signal processing 
 
A study of the waveform in the frequency domain has been 
carried out. This study shows that the injected signal 
creates a series of standing waves inside the line. Every 
near fault can be located very accurately using these 
standing waves. On the contrary, accurate results were not 
obtained considering distant faults. 
 
Figure 6 shows the process followed to determine the fault 
position by means of the frequency spectrum. The 
standing waves stablished between the signal injector and 
the fault point create a repetitive pattern. If the bandwidth 
between two consecutive “harmonics” (Δ𝑓𝑓) is determined, 
the fault distance can be calculated according to the 
following expression: 
 

 𝑑𝑑 =
𝑣𝑣

2Δ𝑓𝑓
 (2) 

 
where 𝑑𝑑 is the distance from the signal injector to the fault 
and 𝑣𝑣 is the propagation speed. 
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Figure 6: Fast Fourier transform of the simulated signal. 
 
The study of logged waveforms in the time domain gives 
accurate results even considering far faults from the 
secondary electrical substation. However, the results are 
accurate enough taking into account a “time location”. But 
several factors must be considered to calculate the fault 
distance (the expected result) from the measured fault time. 
Firstly, the propagation speed of an electromagnetic signal 
through the lines must be estimated. That velocity factor 
strongly depends on the electromagnetic permittivity. This 
relationship is defined by expression (3), 
 

 𝑣𝑣 =
𝑐𝑐

√𝜀𝜀𝑟𝑟𝜇𝜇𝑟𝑟
 (3) 

 
where 𝑣𝑣 is the propagation velocity in the medium, 𝜀𝜀𝑟𝑟 and 
𝜇𝜇𝑟𝑟 the relative permittivity (or dielectric constant) and 
magnetic permeability respectively, and 𝑐𝑐 the speed of light 
in vacuum.  
 
Relative magnetic permeability 𝜇𝜇𝑟𝑟 is approximately equal 
to one in all materials of interest (usual insulators, air and 
most of grounds). Therefore, the dielectric constant 𝜀𝜀𝑟𝑟 can 
be considered as the only parameter which determines the 
propagation velocity.  
 
As mentioned before, for unshielded LV cables, the 
environment surrounding the cable is most relevant for 
wave propagation. Therefore, for aerial lines 𝜀𝜀𝑟𝑟 is only 
slightly above unity, as the predominant medium is air. In 
this case, the propagation speed is close to the speed of light 
in the vacuum, with small variations depending on insulator 
material and core diameters. On the contrary, if cables are 
buried underground, 𝜀𝜀𝑟𝑟 varies depending on the ground 
conditions. Humidity plays a decisive role here, due to the 
high value of 𝜀𝜀𝑟𝑟 = 80 (at 20°C) of water. The impact of 
humidity also implies that 𝜀𝜀𝑟𝑟 may change greatly over time. 
Observations have shown that 𝜀𝜀𝑟𝑟 can be as much as 14 times 
higher if the same cable is laid underground instead of 
aerial. 
 
In addition, signals undergo an attenuation phenomenon 
along the line. This phenomenon limits the effectiveness of 
this method up to a certain distance, also known as detection 
range. This limit is reached when the reflected signal 
magnitude is similar to the electromagnetic noise. 
Attenuation and permittivity are strongly related with the 
propagation constant [14] and, therefore, with the line 

characteristics defined by the following simplified 
expression [9], [15], 
 

 𝛾𝛾 = �(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗) (4) 
 
where 𝑅𝑅, 𝑗𝑗,𝐺𝐺 and 𝑗𝑗 are the electric parameters and 𝛾𝛾 the 
propagation constant, whose real term represents the linear 
losses and the imaginary term represents the phase shift. 
 
In a LV cable, these electric parameters depend not only 
on the wire properties, but also on the surrounding 
environment (air or ground). 
 
A laboratory test bench will be set up in order to 
characterize these parameters and complement simulation 
results. It will consist of underground cables like those 
installed in LV distribution networks. They will be 
arranged according to the most common structures in LV 
grids (direct-buried and into a flexible plastic conduit). 
Several tests will be carried out changing the ground 
properties, for example humidity, in order to determine the 
influence of different ground properties on wave 
propagation velocity. 
 
5. Conclusions 
 
Fault location is a key objective for DSOs and an unsolved 
challenge for LV networks. This paper describes a LV 
simulation scenario where a fault location method based 
on travelling wave theory and reflectometry techniques 
has been studied. A Spanish DSO provided detailed 
information, permitting the creation of two realistic and 
representative study cases, covering rural and urban 
distribution networks. These electrical grids have been 
modelled in PSCAD simulation environment as accurately 
as possible. Cable types and lengths, load values and the 
MV connection have been considered and an extensive 
simulation set has been carried out, considering 400 
scenarios for each network. 
 
From simulation results, it can be concluded that both 
time-domain and frequency-domain analyses are able to 
detect the fault distance with promising accuracy. 
Nevertheless, the special features of LV networks 
introduce several challenges. On the one hand, the electric 
behaviour of LV cables is one of the most important 
handicaps found in this study. Location accuracy and 
range depend on propagation speed and attenuation, which 
in turn are strongly related to the surrounding 
environment. On the other hand, sudden load changes at 
the consumption points might produce wrong fault 
location, as the system response is very similar to a fault. 
A feasible fault location method must overcome this 
handicap because sudden changes of consumer loads are 
commonplace (i.e. load switching events). A reduction of 
time intervals between consecutive signal injections is 
proposed to minimise this problem. 
 
Several topics for future research are described, in order to 
solve these issues. A LV cable laboratory is under 
construction at CIRCE’s facilities, to study the electric 
features of typical LV underground cables and derive most 
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relevant parameters, such as ground humidity or 
configuration underground cable installation. Finally, a 
demonstration in a real distribution grid is foreseen to 
validate simulation results and further study possible 
solutions to the challenges described in this paper. 
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