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Abstract: Fault location in power networks is important as accurate information about the faulted line section expedites system
restoration following a fault occurrence. A number of fault location methods have been proposed. Methods based on injecting a
signal into the network and tracking it along the feeder appear to have received limited attention. In this study, fault location
methods based on network signalling are examined. Two different types of approaches are presented. The first one is based on
injection on a very low-frequency band, whereas the second one is based on utilising modern modulation technologies on low-
frequency band, under 500 kHz, implemented on software-defined radios. The simulation results indicate the capability of the

proposed methods in determining the location of a single phase-to-earth fault in medium-voltage distribution networks.

1 Introduction

As the society is getting more dependent on electricity, reliability
requirements of electricity distribution are increasing. Rapid fault
location is a key issue in minimising the duration of outages. There
are well established techniques for locating short-circuit faults.
However, the location of earth faults, especially in isolated and
compensated neutral networks is still challenging. Over the years, a
number of fault location methods have been used or proposed,
including the following [1]:

* Impedance based methods.
* Travelling wave based methods.
* Fault passage indicator based methods

o Indication based on normal quantities.
o Signalling/current injection.

Impedance-based fault location appears to be an unpromising
approach for earth faults. In spite of extensive research,
commercial solutions are not yet available. Applications of
computational fault distance estimation in compensated networks
are currently limited to short-circuit faults [2].

There have been attempts to apply travelling wave based
methods to distribution networks [3—8]. Reflections from different
branches make these methods challenging to be applied to
distribution networks. At present, no installation based on
travelling-wave methods has been reported for distribution
networks.

It appears that the methods based on signalling have received
limited attention, even though the idea of injecting a signal to a
power network in order to locate a fault is not new. Ripple control
systems, for instance, have been used for decades. On the other
hand, due to the increased penetration of distributed generation
(DG) units into power grids, challenges regarding islanding
situations are being experienced. Anti-islanding protection
approaches based on signalling have been presented in [9—-12].

In this paper, fault location methods based on network
signalling are examined. After a literature review, two different
types of approaches are presented. The first one is based on
injection on a very low-frequency (VLF) band, whereas the second
one is based on utilising modern modulation technologies on low-
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frequency (LF) band, under 500 kHz, implemented on software-
defined radios (SDRs).

2 Literature review

In compensated networks, fault location based on injecting a
current and tracking it along the feeder can be divided into three
categories based on the type of the injected current:

i. Pulsating current injection [13, 14].
ii. DC current injection [15].
iii. Sinusoidal non-grid frequency current injection [16—18].

The pulsating methods have been investigated to a great extent
and they have successfully been implemented in commercial
relays. Methods based on injecting non-grid frequency currents
have been examined less.

Regardless of the signal type, most of the methods share the
same operational principles. The methods presented in [13-16] are
based on a procedure where at first following a fault occurrence, a
current signal is injected into the neutral of the network. This
signal can then be detected by receivers at secondary substations
along the faulted feeder and up to the faulted point. The signal is
practically negligible after the fault point and therefore the faulted
segment can be identified.

Different approaches are presented in [17, 18] where the signal
injection is used not to be tracked but to obtain network parameters
to estimate the fault distance.

2.1 Pulsating current injection

2.1.1 Traditional/standard pulse method: The principles of the
traditional pulse method are introduced in [13]. A pulsating signal,
generated by toggling a capacitor bank in parallel with the Petersen
coil, is injected into the neutral of the system once a fault condition
is detected which is traditionally achieved by measuring the
residual current and the neutral point voltage. The change in the
zero-sequence current can be measured only in the faulted feeder
and from the location of the switched capacitor bank up to the fault
point. The faulted segment is identified as the section between the
last secondary substation in which the signal is detectable and the
first secondary substation in which the signal is undetectable. The
identification of the faulted segment is achieved by the
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Fig. 1 Urban compensated MV distribution network

measurement of the zero-sequence current using relays distributed
along the feeder.

It is adequate to obtain only the RMS value of the zero-
sequence current. In the case of a low-ohmic earth fault, the pulses
can be captured by the devices installed between the primary
substation and the fault point. However, the traditional pulse
method involves a number of additional requirements. One of its
main disadvantages, besides its inability to detect faults other than
low-ohmic faults, is the fault duration, which must be at least about
25 s [14].

2.1.2 High power current injection: To address the limitations of
the traditional pulse method, a fast pulse method utilising high
power current injection with a non-grid-frequency, has been
developed in [14]. One of the advantages of this development is the
availability of the localisation results within a second. This method
has been field tested, and the results indicate the possibility of
locating faults with fault resistances up to about 400 Q [19].

2.2 Non-grid frequency current injection

The method discussed in [ 16] is aimed at locating faults in resonant
grounded (compensated) networks. A non-grid-frequency current
with the amplitude of 1 A and frequency of 183 Hz is injected to
the neutral through the arc suppression coil. Fault location is
realised using magnetic field detection sensors tuned to the
frequency of the injected current and installed near the faulty line.

Fault location methods using injection but with different
principles compared to those discussed above are proposed in [17,
18]. They are centralised methods, i.e. measurements are made at
the injection end. In [17], fault distance is estimated based on
measuring the network parameters by means of injecting a signal
into the network. However, the validity of the proposed approach is
in question as the paper lacks sufficient evidence supporting the
basis of the method.

A more sophisticated algorithm is presented in [18] where two
sinusoidal signals with different frequencies in the range of 4-15
kHz are used to determine the fault distance and resistance. The
first signal is injected into the faulted line to obtain some feedback
information. This information is used to form an equation which is
referred to as ‘distributed parameters equation’ including the fault
distance and resistance. In the equation, the admittances of
transformers at the frequency of injection as well as some other
parameters of the line must be known beforehand. Solving that
equation yields fault location candidates. The second signal is
injected in order to identify the actual fault point and rule out the
false ones. This can be achieved as, unlike the false locations, the
actual fault location is independent of the injected frequency in the
distributed parameters equation.

As this method is based on measuring a large number of
parameters, a small error in the measurement can lead to a
substantial error in the fault location. This method has been field
tested and the results showed the high dependency of the
effectiveness of the method on the accuracy of the measurements.
Also, the method has been field tested only for faults with zero-
ohms resistance which is not the case in practice where the fault
resistance can be up to kilo ohms in overhead lines.

2.3 DC current injection

The method presented in [15] proposes injecting DC currents into
the neutral of the network for locating single earth faults.
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Regardless of the type of the injected current, the method shares
the same principles as described earlier. However, the feasibility of
the proposed method is in doubt due to insufficient evidence
provided in this paper. Moreover, the amount of the proposed
injected current, i.e. 100 mA and tracking it along the faulted
feeder is unrealistic in electric power systems.

3 Fault location based on injecting currents in
VLF band

3.1 Principles of the proposed method

The principles of the method are similar to those of the pulsating
method described in Section 2.1 except that the injected signal is a
sinusoidal non-grid frequency current. Tracking the injected signal
along the feeder can be realised by either measuring the zero-
sequence current or by measuring the faulted phase current. In this
paper, the latter approach is investigated. Therefore, the proposed
fault location procedure is as follows:

i. The fault is detected and the faulted feeder and phase are
identified by the feeder relay.

ii. The injecting device is connected in parallel to the Petersen
coil, and it injects a non-grid frequency current to the neutral.

iii. Measuring devices installed along the feeder, at secondary
substations, for instance, start measuring the faulted phase
current. The measured current is filtered so that the desired
frequency is extracted.

iv. The faulted segment is identified as the section between the
last secondary substation in which the signal is detectable and
the first secondary substation in which the signal is
undetectable.

3.2 Simulations

The simulations are carried out in PSCAD™/EMTDC™. The
network under study is shown in Fig. 1. It is an urban cabled
compensated medium-voltage (MV) distribution network. The
voltage level in the MV is 20 kV which is fed from a 110 kV
supply network. The length of the feeder under study is 4 km and it
has seven secondary substations. A single-phase-to-earth fault
occurs at 2.2 km from the beginning of the feeder.

An injecting device coupled in parallel with the Petersen coil is
set to inject non-grid frequency currents of the amplitude of 20 A
into the neutral of the network following a fault occurrence. The
power required to provide such current depends on the frequency
and the neutral voltage. The neutral voltage itself depends on the
fault distance and resistance. Four frequencies are examined: 168,
336, 672 and 1008 Hz. The maximum instantaneous power
required to provide a 20 A current, is around 20 kW. This amount
of active power is permissible as the injection process will last for
a short period of time, ~1 s.

The current in the faulted phase in the faulted feeder is
measured at the secondary substations. Only for the purpose of
simulation, there are measuring devices at each secondary
substation. In practice, that might cost prohibitive and therefore
there is limitation regarding the number of measuring devices. By
using a corresponding band-pass filter, the desired frequency is
extracted. Fig. 2 shows the filtered faulted phase currents measured
at the seven locations indicated in Fig. 1. Four frequencies and four
fault resistances (Rp=0.01, 1, 10, 100 Q) are investigated.

As can be seen from Fig. 2, there is a substantial difference in
the signal level before and after the fault point. Therefore, the
faulted segment is determined as the one between secondary
substations 4 and 5.

For all the frequencies, as the fault resistance increases, the
current level detected decreases. Except for Rp=100Q, a
threshold can be set so that the determination of the fault location
in the upper level systems can be realised by comparing
measurements at consecutive secondary substations. Therefore, the
absolute values do not matter as long as they are above the
threshold.
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Fig. 2 Signal detection along the faulted phase in seven locations for
different frequencies and fault resistances
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Fig. 3 MV/LV distribution grid with an integrated PLC-based fault
detection system

For Rp =100€Q, only a small portion of the injected current
flows through the fault path and that makes it hard to set a
threshold. Moreover, currents are low and difficult to measure.
However, in cabled urban networks in which fault resistances are
often close to zero, that is not a problem.

For the frequency 168 Hz, in case of R =0.01 and 1Q, the
signal level detected before the fault point, is 10 A higher than the
initially injected current amplitude, i.e. 20 A. For the frequency
1008 Hz, the signal levels detected before the fault point for Rp =
0.01 and 1Q are 20 and 5 A higher than the initially injected
current, respectively. This amplification is due to the resonant
circuit that occurs on that particular frequency.

In addition, adding filters to extract the desired frequency
causes a delay in the measuring process. For the filters used for
these simulations, the fault condition should last about 0.8 s which
is a disadvantage.

4 Fault location using signalling on the low
frequency band

4.1 Available communication-based techniques

Power-line carrier (PLC)-based combined fault detection and LoM
detection method, which we propose, is related to communication-
based fault detection methods. This group includes methods, which
apply Bluetooth, 3/4G mobile networks, ultra-wide band and other
means of communication [20-23]. These methods are based on
communication between the main power utility and distributed
generators. The common operational principle behind these
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methods is that when the data transmission is interrupted, it is
considered by the fault detection system as a grid fault and
protective measures are applied [20, 21]. One of the main benefits
of these methods is the possibility of transmitting operational data,
which can be used for grid management purposes. Therefore, grid
functionality can be extended. Moreover, compared to passive fault
detection methods, communication-based techniques may provide
a higher fault detection accuracy and a smaller no-detection zone.
Moreover, compared to active methods, a negative impact of power
quality degradation is smaller [23].

Among available communication-based techniques, a power-
line communication (PLC)-based technique is attractive since the
channel exists within the power lines. This way, separate
communication media is not needed, and total investment and
operational costs of the concept can be decreased compared, for
instance, with commercial 3/4G networks, where end node would
be required in every transformer and customer and DG unit.

4.2 Fault detection concept

The proposed PLC-based fault detection technique is based on
continuous signalling from the primary substation through the MV
grid including branches and MV/LV transformers and toward
households in LV networks (Fig. 3). Modules installed at the end of
MV branches, that is, MV/LV transformers combine signal
transceiver functionality. Modules installed at the consumers' sites
are only receivers. When the transmitted PLC signal is lost, it is
considered as a loss-of-mains condition. At the same time, a grid
fault does not always lead to a LoM state. Therefore, a more
detailed signal analysis is needed for grid monitoring and fault
detection.

We propose two techniques of signal analysis and grid
monitoring. The first one is the bit-error ratio (BER) analysation.
When the grid is operating in a regular mode, a transmitted signal
has a stable range of BER values. Signal BER can vary, but the
limits of variation are known (measured during the system
commissioning phase and then continuously measured with some
fixed interval) for normal conditions, and it is set in the fault
detection system. When a fault occurs (the channel is under
external impact or the cable is cut) the signal's BER leaves its
permissible range and the system recognises the fault.

The second technique is the signal-to-noise ratio (SNR)
analysation. Here the same principle as with BER is used: for a
regular operating mode, signal's SNR is within a certain range.
When SNR leaves this range, the system recognises the fault.
Simultaneous application of both techniques can improve the total
fault detection accuracy. Moreover, a possibility to independently
set permissible fluctuation ranges for considered parameters allows
adjusting the sensitivity of the concept.

4.3 Fault location concept

Next considered aspect is fault localisation. For this purpose, we
propose to use intermediate signalling equipment. MV lines can be
a few tens of kilometres. Therefore, intermediate signal
transmitters/repeaters are needed to transmit the signal along the
whole grid from the main substation to customers (at LV side).
These intermediate transmitters can be designed as demodulating
repeaters, providing fault localisation functionality.

An intermediate signal transmitter demodulates the received
signal and analyses it considering two parameters: SNR and BER.
If the grid is operating in a regular mode it repeats the signal. If the
fault is detected it sends a new (self-made) signal, telling customers
about the fault presence and providing them a personal identifier of
the repeater. This unique identifier is used to establish the faulty
grid segment. The accuracy of fault location equals the length
between neighbour transmitters, i.e. the length between the
corresponding transformer substations.

The drawback of this approach is the processing latency of the
demodulating intermediate transmitter. In comparison to
conventional signal repeaters, which solely work as signal
replicators without signal demodulation, additional latency of the
proposed operational scheme is higher. Processing latency is one of
the major factors, which determine the total time, needed to detect
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a fault. PLC-based solutions, available today can propose fault
detection within 400 ms period [20, 12]. Therefore, the designed
concept should consider operation latency as a physical constraint,
determining the final design.

4.4 PLC concept platform

The proposed PLC signalling concept is evaluated on the software-
defined radio platform. Comparing to conventional radio
equipment, SDRs are using software implementations of
(de)modulators, amplifiers, filters and other radio components
instead of hardware implementations. By using a software
interface, it is possible to adjust radio transmission settings, such as
carrier frequency, bandwidth and modulation technique according
to the application.

4.5 Signalling method

Next considered aspect is a signalling modulation technique. Wide-
band modulation techniques are commonly used in PLC-based
systems nowadays. In comparison to narrow-band modulation
techniques, these methods can provide a higher robustness against
channel noise and attenuation [24, 25]. An MV/LV (20 kV/0.4 kV)
distribution transformer, being an essential part of a power
distribution network, is acting as a major signal attenuator,
producing a 30—40 dB attenuation for PLC signal and distortion for
the signal. Wide-band modulation techniques have proven their
efficiency when PLC-based data transmission is performed through
the transformer [12].

We propose using direct sequence spread spectrum (DSSS) and
orthogonal frequency-division multiplexing (OFDM) modulation
techniques in the frequency band below 500 kHz. A core principle
of the implemented DSSS modulation is the following: in the
signal transmitter data packet is modulated with a conventional
modulation technique, such as binary phase-shift keying (BPSK).
The data packet includes several synchronisation bits (also known
as a synchronisation key (SK)) and data bits. At the same time, a
new bit sequence is generated, which is called a spreading code
(SC). A modulated signal is multiplied by this SC and then
transmitted. This way the signal bandwidth is spread, which grants
a lower pulse noise and attenuation sensitivity. DSSS modulation
technique provides signal reception even with negative SNR and is
beneficial for signalling over the distribution transformer [12, 25].
On the receiver side, a transmitted signal is decoded using the
known SC and then demodulated. Data packets are processed using
the SK.

OFDM modulation techniques are applying the following
method: initial data bits are separated into several data streams.
These data streams are then modulated using one of the
conventional modulation techniques, e.g. quadrature amplitude
modulation (QAM). The data rate of each carrier is relatively low,
being comparable to single carrier modulation rates. Modulated
signals are transmitted by using a high number of mutually
orthogonal waves (OFDM signal subcarriers). An inverse FFT
algorithm is applied to perform this step. The OFDM approach
provides a higher spectral efficiency, comparing to conventional
techniques and a higher robustness against noise [26, 27].

4.6 Concept evaluation results

Laboratory tests were performed on the test platform, including an
MV/LV  (20kV/0.4kV) distribution transformer [12]. The
developed DSSS signalling mechanism was evaluated. According
to the performed tests, the designed solution provides sensitivity to
a variation of an SNR. SNR varies both under normal operation
conditions and under a fault condition in the grid. Therefore,
sensitivity to this parameter is a vital feature of the fault detection
concept. Moreover, fault detection speed was evaluated by
investigating signal processing latency in the receiver. According
to tests, processing latency under 100 ms can be achieved, thus
fault detection time below 400 ms can be provided [12, 20].

5 Conclusion
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Injecting a signal and tracing it along the feeder can be used for
locating faults, given that the injected signal is undetectable after
the fault point. In practice, there are some considerations that have
to be taken into account. Two approaches were presented. The
simulation results of the first method indicate that the frequency of
the injected signal is of paramount importance. It has to be chosen
so that the extra amplification of the signal is avoided. In addition,
the bandpass filter used to extract the injection frequency out of the
measured current at receiving ends introduces a delay. That
requires the fault to last about 0.8 s to be detected. In the second
part of this paper, a fault detection concept employing PLC was
proposed. Signalling scheme, concept components, applied
modulation technique, fault detection and location algorithms were
discussed. A software-defined radio was used as a concept
evaluation platform. According to the tests, signal processing
latency below 100 ms can be achieved when a DSSS-based
signalling solution is applied.
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