IEEE TRANSACTIONS ON SMART GRID, VOL. 3, NO. 4, DECEMBER 2012

1631

Enhanced Protection Scheme for Smart Grids Using
Power Line Communications Techniques—Part II:
Location of High Impedance Fault Position
Apostolos N. Milioudis, Student Member, IEEE, Georgios T. Andreou, Member, IEEE, and
Dimitrios P. Labridis, Senior Member, IEEE

Abstract—An effective protection scheme against high
impedance faults (HIFs) has to efficiently confront the issues
of detection and location simultaneously. In Part I of this study
the issue of detection is investigated, while in Part II a method that
deals with the exact location of HIF position using an installed
power line communication (PLC) system is elaborated. This
method comprises specific test signal injections into the power
grid after a HIF alarm is set. Using impulse responses that are
recorded by the PLC devices, the location of the fault may be
derived. A flowchart that describes the usage of the complete
method for HIF detection and location is presented. The impulse
responses that correspond to several fault cases are shown and
the methodology that may lead to the fault location is explained.
The effect of the fault type and its impedance on the efficacy of
the method is highlighted. Finally, the model is applied to a line
that is part of the Greek rural distribution system and its validity
is tested.
Index Terms—High impedance fault detection, power distribution faults, power line communications, power system protection,
smart grids.

I. INTRODUCTION

H

IGH impedance fault detection is a challenging issue
due to the nature of this kind of faults. They cannot be
easily perceived because the small rise that they provoke to
the system’s current may also be attributed to a change to the
feeder’s load.
Important research has been conducted aiming to achieve HIF
detection using several different methodologies which lead to an
alarm set once specific criteria are met. This alarm indicates that
a HIF is present along the protected transmission line’s length,
but is incapable of providing its actual location. The knowledge
of the fault’s location is of high importance, because its presence
threatens the public safety. Furthermore, if a HIF alarm causes
the opening of the feeder’s circuit breaker for the clearance of
the fault, and the HIF has to be located by a mobile utility’s crew,
the long time period for which several customers will be out
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of service inflicts the utility’s reliability and causes economical
damage.
For these reasons, the HIF location is a very important issue
that has to be resolved. Models concerning an unsynchronized
fault location scheme [1], wavelet transform [2], [3] or focusing
on the location of such faults on distributed generation cases [4]
have been developed. However, the very promising upgrade of
the traditional power networks to smart grids may enhance their
protection [5], utilizing self fault isolation [6] and network reconfiguration [7], and creates a new field of opportunities for
new techniques to be evolved. Indispensable information for
the function of a smart grid have to be transmitted, and several technologies are candidates for that, with power line communications (PLC) being one among them [8]. Furthermore,
multi-functional systems, such the one proposed, that can operate performing distinct tasks at the same time are encouraged.
Studies have investigated the potential utilization of PLC systems for broadband data transmission on rural power distribution networks [9]–[13]. In this work, the utilization of such a
system for the exact HIF location is proposed. The position at
which a HIF occurs at a transmission line with an installed PLC
system will be among two communication devices that are designed to transmit specific information. These two particular devices could be used for the detection of the fault, which will
change the arrangement’s topology. The proposed methodology
exploits the PLC devices and the traveling wave phenomena
[14], [15] on a transmission line once a HIF alarm is set, thus it
can be easily combined with any other HIF detection technique,
such as the method proposed in Part I of the companion paper.
The fault location is extracted by an impulse response procedure in which once a HIF is declared, PLC devices inject a test
impulse into the network. Through the comparison of the impulse response under normal operational conditions as well as
when a HIF is present, the fault position may be calculated from
the additional peaks that the multipath propagation, hence the
reflection and transmission coefficients at the HIF point, generate to the impulse response. The utilization of this comparison,
which leads to the location of the fault, ensures that the proposed
method can be implemented in smart grids, which could contain high distributed generation penetration and be comprised
of meshed grids [16]–[23].
Some features of an installed PLC system and its essential
characteristic that may be used for HIF location are elaborated
in the next section. Furthermore, a flowchart that describes the
combination of the proposed HIF detection method of Part I and
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Fig. 1. Power line communications system configuration.

the model for the exact location calculation is shown in Section III. Afterwards, the method for the impulse response calculation through a recursive model for transfer function derivation [24] is described and the method is applied on different
HIF cases, where its validity detecting the fault location is confirmed. Finally, in Section VI a combination of the methods that
are proposed in the two parts of this work is implemented for
a real rural medium voltage topology of the Greek distribution
network, and significant conclusions for their efficacy are derived.
II. FEATURES OF A POWER LINE COMMUNICATION SYSTEM
The main characteristic of a PLC system is that it uses the
power grid for communication purposes. Its main advantage lies
to the fact that no extra wiring is needed, because the electrical
wires, which transfer the electric power, are employed for the
formation of the communication channel. Thus, it takes advantage of the fact that the electrical power networks extend in vast
areas accommodating the majority of households. As a result,
no additional investment has to be done because the network’s
infrastructure is already built, hence this technology has a significant benefit over other competitors.
On the other hand, electrical power distribution lines were installed for electric energy transmission purposes and not to be
utilized as communication channels. As a result, electrical networks can be characterized as a hostile environment for data
exchange. The existence of numerous branches creates a multipath propagation effect, similar to this of wireless communications causing, thus, significant attenuation. Nevertheless, several studies [9], [12], [13] have indicated that broadband communication via a PLC system in overhead medium voltage distribution lines is feasible, implementing a repeater span distance
of 1 km.
Such an implemented system is described in general by Fig. 1,
where PLC devices are installed along the distribution line’s
length, transmitting and receiving information, which may be
either important information for the function of smart grid applications, or used for providing internet access. The data are
transferred to the medium voltage level through appropriately
designed coupling devices. Transformers behave as ideal filters, thus as open circuits, for the high frequencies used by
PLC devices, i.e., 1–30 MHz, and bypass cables or wireless access points could be created for the successful data propagation.
Thus, PLC could coexist in hybrid systems with wireless communications. A complete installed PLC system could be helpful

for smart grid applications such as self healing, network restoration, smart meter functionality and in general for the transmission of data required by smart grid techniques. Moreover, this
system could be used for the exact location of HIF. The key feature that can be exploited within this context involves the installation of PLC modems along the entire’s line length which have
high sensitivity, because they operate transmitting and receiving
signals of small power spectral density (PSD). Hence, the PLC
signals are characterized by small magnitudes. A pulse that is
reflected at a point where a HIF occurred would have such a
small magnitude as it is explained in one of the next sections, so
PLC devices would be able to detect this small deviation to the
measured voltage. This leads to the proposed method that utilizes installed PLC devices and implements test signals injected
by them for the location of the fault. The continuous application of this test signal procedure would be impractical because
the data transfer is stopped. Thus, it is important to combine this
procedure with a HIF detection technique, such as the method
proposed in Part I of the companion paper, which can provide a
simple alarm in the case of HIF occurrence.
III. COMPLETE METHOD FOR HIF DETECTION AND LOCATION
The installation of a power line communication system across
a rural power distribution line may offer added functionality
in addition to the transmission of information. Moreover, the
topology of medium voltage lines can be regarded as static cause
to the fact that the changes are rare and the utilities tend to avoid
them. This fact improves the potential use of this network for
data transmission and protection purposes simultaneously.
In Part I of this particular study a method was presented involving measured input impedance of a distribution transmission line utilizing the frequency range 3–95 kHz, for the detection of HIFs, as the presence of such kind of faults may significantly alter the input impedance of the arrangement at the
chosen frequencies. However, only the occurrence of a fault can
be recognized with this method by setting an alarm, while its
specific location cannot be extracted. Therefore, an additional
procedure has to be added to the proposed method for the exact
location detection to be possible.
For that reason, the PLC communication devices can be utilized injecting predetermined test signals in the network. Measuring the response of the channel to these test signals the position of the fault may be determined, because its presence across
a distribution line adds a discontinuity to the line’s characteristic
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extra point creates distinct peaks into the channel’s impulse response time sequence, and combining this information with the
known propagation speed, the exact fault location is revealed.
The broken conductor case which poses the greatest danger
for the public, needs a slightly different approach. The presence
of a broken conductor will affect the topology’s overall input
impedance, as well as disrupt the communication between two
adjacent devices. Therefore, a respective alarm can easily be set
for the quickest possible confrontation of the problem.
A flowchart that explains the proposed method is shown
in Fig. 2. The first step of the implementation requires the
knowledge of the necessary information concerning the studied
topology through a graphical information system (GIS). Such
information would involve the branch lengths, type of conductors, geometrical arrangement, and the location of the
communication devices across the transmission line. This information may be used for the calculation of the arrangement’s
normal input impedance and impulse responses at the points
where the communication devices are installed. Using the
method elaborated in Part I, specific frequencies, which perform adequately, can be determined for the monitoring of the
arrangement’s overall input impedance. No fault is supposed
to exist while no alteration is recorded to the measured input
impedance. On the contrary, if the measured input impedance
is different from its normal value, an indication that a high
impedance fault or a broken conductor exists is provided. For
the quickest possible system restoration a check concerning
the possible communication disruption between adjacent communication devices is needed. This case may correspond to
a broken conductor, a communication device malfunction, as
well as service interruption in the line by the power utility. The
most critical among these situations is the broken conductor, as
it poses danger for the public. Therefore, an alarm for a possible
broken conductor is set, which however does not affect the rest
of the procedure. Next, the impulse response procedure initiates, in which all the installed communication devices inject
a test impulse in the network. However, the communication
devices cannot be allowed to send the impulses simultaneously,
as this will cause a confusion concerning the signal received by
each one. Therefore, the impulse transmissions have to be time
discrete. The sequence with which the devices will transmit will
have to be determined by the utility. The device that produces
the impulse measures the voltage pulses that return back to it
and the same measurement is also held by the adjacent device.
Subsequently, by comparing the measured impulse responses
with those that correspond to normal operational conditions
and by applying a peak detection algorithm the exact location
of the fault can be calculated. Finally, possible solutions are:
• network reconfiguration, if possible for the isolation of the
line’s part that contains the fault; or
• the notification about the situation of a utility’s crew that
is responsible to repair the problem.
Fig. 2. Complete HIF detection and location method flowchart.

IV. MULTIPATH PROPAGATION OVER POWER LINES
impedance, and thus, an extra point of reflection for the electromagnetic waves between two communication devices. This

The medium voltage distribution network is comprised of numerous line segments, branches and terminations. This results
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TABLE I
MULTIPATH PROPAGATION

where
and
are the characteristic impedances of the
transmission line segments that the signal is traveling towards
and
corresponds to the characteristic impedance of the segment that carries the signal. Moreover, the reflection coefficient
at a termination point can be calculated using (4)

(4)
Fig. 3. Multibranched topology between two communication devices Tx and
Rx having 3 junction points A, B, C.

to the formulation of a multipath propagation environment similar to a wireless communication channel, cause to the fact that
a signal is subjected to reflections and transmissions at every
point of discontinuity in the characteristic impedance, as well
as at the points where the transmission line is terminated to
an impedance different from the characteristic one. Therefore,
every signal that propagates from a transmitting device towards
a receiving one over the distribution network, reaches its destination in a form of several replicas that arrive at different time
delays according to the several propagation paths that exist between them.
A part of a distribution network located between a transmitting (Tx) and a receiving device (Rx) that contains 14 numbered
directional segments is shown in Fig. 3. Generally, the transfer
function between two points in this topology is given by (1)

(1)
where is the path that the signal follows. Theoretically an infinite number of paths exist, but in practice only a specific
number of
significant paths have to be taken into account.
Furthermore, is a weighting factor that corresponds to path
and is the product of all reflection and transmission coefficients
of the specific path,
is the propagation constant of the electromagnetic wave at the utilized frequency and is the path’s
length.
The reflection and transmission coefficients, and respectively, for a junction point of a distribution line, for a signal that
is transmitted by device Tx towards Rx, are given by (2) and (3)

(2)
(3)

is the impedance of the termination.
where
For example, the reflection coefficient for a signal that travels
towards junction A from device Tx, as shown in Fig. 3, is
and the respective transmission coefficient is
, where
and
correspond to the transmission and reflection coefficient of a signal
that passes from segment to respectively. In more detail, the
multipath propagation that exists between two communication
devices installed across a distribution network, as in Fig. 3 and
the respective transfer functions of several paths are shown in
Table I. The sum of the transfer functions of all possible paths
equals to the total transfer function, but in the particular table
some of the infinite paths are demonstrated.
In such a way, the lengths of all
directional segments
of a network topology can be used for the calculation of the
channel’s transfer function adopting the procedure as it is
explained in [24]. The particular method of transfer function
calculation is adopted because its accuracy is validated through
actual measurements, and it is easy to be implemented into a
computer program. Furthermore, the main advantage that the
specific method exhibits is the capability of computing the
transfer function from one point to every other point existing
in the studied topology including itself, by considering the
transmitting and receiving device being installed in different
directional segments.
After the derivation of the transfer function, this can be used
to compute the channel’s impulse response through the application of the inverse fast Fourier transform (IFFT).
(5)
The calculation of transfer function when the transmission
and reception point is the same may seem meaningless in frequency domain, but it is treated only as a by-product of the procedure that aims to finally compute the impulse response in time
domain through (5).

MILIOUDIS et al.: ENHANCED PROTECTION SCHEME FOR SMART GRIDS USING POWER LINE COMMUNICATIONS TECHNIQUES

Moreover, when a HIF occurs across a rural distribution
transmission line the topology of the network is changed. An
additional impedance is present between two communication
devices which affects the transfer function between the two
points, as well as the impulse responses that can be measured
from both ends simultaneously. A portion of a transmitted
wave that travels over a transmission line section with a
characteristic impedance
and reaches the point of a HIF,
is reflected and the rest is transmitted with coefficients that
are calculated using (6) and (7). If a topology containing
numbered directional segments is considered, an
matrix
with all possible reflection and transmission coefficients may be
formed, as explained in [24]. When a HIF occurs, the number
of the topology’s directional segments is changed to
,
and the dimension of the aforementioned matrix becomes
. It has to be emphasized that this extra
reflection point produces peaks in the impulse responses that
were not present under normal operational conditions. This fact
can easily be used to find the exact location of the fault, while
the electromagnetic wave’s propagation velocity is known for
overhead transmission lines and assumed to be almost equal
with the speed of light.
(6)
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Furthermore, once a conductor is broken the topology among
the two functioning devices will be entirely changed. At the
point that a conductor is broken the electromagnetic wave is
reflected with a coefficient equal to that of (4) with the only
difference that instead of
the high impedance value
has
to be added. The point has to be treated as a termination point
rather than a junction one. The communication between transmitter and repeater is disrupted and the usage of the proposed
method implementing specific impulse responses could easily
provide the necessary information about the location of the fault,
resulting to fast system restoration and, thus, beneficial outcome
for both the utility and the public.
In both cases (i.e., of a HIF or a broken conductor), the fault
distance from the impulse transmitting device, , may be easily
calculated. Applying a peak detection algorithm to both
and
matrices, vectors
and
may be created containing the time stamps of the occurring peaks of signals
and
, respectively. By comparing these two vectors, the
time stamp that corresponds to the fault location, , is the minimum value of
that is not an element of
. After identifying , the distance of the fault from the impulse transmitting
device, , can be computed using (11):

(11)

(7)
Observing (6) and (7), it may be easily deduced that if the
fault impedance
increases, the efficacy of the method decreases. As it was excepted, a HIF is impossible to be detected
when its value is close to infinity, resulting to reflection coefficient close to zero and a transmission one close to unity. In
mathematical terms this phenomenon is described by (8) and
(9).
(8)
(9)
Using the aforementioned method, the impulse response measured from both communication devices installed over a distribution line under no fault conditions can be calculated, knowing
the topology of the network between them and the characteristics of the line, when an impulse is injected to the network from
one of the devices. To that purpose, functions
and
may be introduced corresponding to the voltages measured from
the two devices when an impulse is transmitted from one of
them under normal operating conditions. Moreover, functions
and
may be also used representing respectively
the voltages measured by the devices under the presence of a
fault. In this case, the subtraction of these functions as shown in
(10) may provide the necessary information for the extraction
of the fault’s location:
(10)
where is equal to the respective number identifying the examined communication device.

where corresponds to the imaginary part of the propagation
constant , and
is equal to the speed of propagation, which is for overhead power lines almost equal to the speed
of light. Finally, the fact that vector
has elements different
from zero for both communication communication devices located before and after the fault, can be used for confirmation of
the fault existence.
V. DETECTING FAULT LOCATIONS BY THE USE OF IMPULSE
RESPONSES
For the evaluation of the proposed method which implements
specific impulses for the acquisition of the fault’s location an
arbitrary distribution line segment is considered. This segment
is located among two of the installed communication devices
along the examined transmission line. To focus on the section
where the HIF occurs, the points of the installed devices are
considered to be matched, hence the effect of the rest of the network is ignored. Typical rural arrangements contain numerous
branches. Therefore, the line segment under study may have
from none to several branches, and its length is considered
to be equal to the typical repeater span of a broadband PLC
configuration, i.e., 1 km [9]–[12]. Moreover, the occurred fault
will always be placed between two adjacent communication
devices. These devices will be named device number 1 and
device number 2. Specifically, device number 1 will be the
device injecting the impulse into the network and measuring its
reflections, while device number 2 will be the device receiving
the injected impulse.
Furthermore, the electromagnetic wave characteristics of the
transmission line, such as its characteristic impedance
and
propagation constant are computed using D’Amore’s et al.
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Fig. 4. Impulse responses of device number 1 at a 5
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fault occurrence.

model [25], as shown in Part I. These quantities have to be calculated for a wide frequency range, because of the fact that the
spectral content of an impulse is, as known, infinite in the frequency domain. Therefore, an upper frequency has to be set as
a limit for the calculations of the channel’s transfer function ensuring the validity of the outcome while taking into account the
widest possible frequency range. This limit was set to be equal
to the maximum frequency utilized by most PLC products, i.e.,
30 MHz. Thus, the needed transfer functions are computed for
a range that spreads from dc to 30 MHz, with a step equal to 50
Hz. Having computed the propagation constant for each contributing frequency the respective speed of propagation can be
considered as a priori known. It can be derived that the majority
of the used frequencies exhibit a speed of propagation that is really close to that of light. The frequencies that exhibit slower
speed of propagation are responsible for the small time dispersion of the applied impulses. Therefore, it can be concluded that
the impulses exhibit speed of propagation equal to that of light.
Additionally, the magnitude of the impulses that are transmitted
across the topology was considered to be equal to 1 V.
The first studied case corresponds to the occurrence of a HIF
of 5
between two PLC devices that have to recognize and locate the fault. The topology between them contains no branches.
The fault occurs 450 m away from the first device, which is
device number 1. Once the existence of the fault is identified
from the difference it creates to the overall arrangement’s input
impedance, as shown in Part I, the procedure of the injected impulses initiates. In Fig. 4 the voltage is shown as measured by
device 1 after the injection of an impulse into the network from
the same device, both under normal operation conditions, and
when a fault exists,
and
respectively. Furthermore, the function
computed using (10) is plotted. The
concept of the method lies into the fact that discontinuities of
the characteristic impedance of the transmission line create additional points at which the waves will be reflected with a reflection coefficient computed using (6). Thus, extra peaks will
appear at the impulse responses. Specifically, in Fig. 4 the function
is equal to zero for the entire time period cause to
the fact that the device 2 is considered to be matched and there
is no branch between the two devices. On the other hand, observing function
a peak is detected 3
after the injection which is created by the reflection on the HIF location. The
speed of propagation is a priori known and almost equal to that

Fig. 5. Impulse responses of device number 2 at a 5

fault occurrence.

of light, hence the exact fault location of 450 m away from device number 1 may easily be computed.
It should be noted that in practice the method results will naturally present some deviation, due to the corresponding small
inaccuracy in the involved parameters. This holds for the above
calculations, as well as for all calculations following in this
work. However, this deviation is not expected to be significant
as compared to the actual location results. As such, it is expected
to have insignificant effect in practice, as the actual fault restoration will be performed by a man crew, which will need an approximate location in order to reach the fault quickly.
Moreover, in Fig. 5 the same quantities are plotted as they are
recorded from device number 2 when an impulse is transmitted
from device number 1. When a HIF is present between the two
PLC devices, the electromagnetic waves are transmitted at the
point of the fault with a corresponding transmission coefficient
that is calculated using (7). Functions
and
have
the same form, with a small divergence at their magnitudes, as
shown by observing function
. This difference exists due
to the transmission coefficient
and can also be used for the
verification of the fault’s occurrence.
Additionally, the occurrence of a larger HIF, with a value of
10
was studied, so as for the impact of the larger impedance
to the method’s efficacy to be investigated. The topology is considered to have one 100 m length open ended branch in the
middle of the 1 km distance between the two PLC devices. The
exact position of the HIF was selected to be equal to 450 m
away from the first communication device. The HIF creates an
extra node to the transmission line’s arrangement, thus additional paths to the injected test signals. Its effect is presented
in Fig. 6 and Fig. 7. The former shows the impulse response
of the first device, whereas the latter the impulse response as it
is measured from the second device. Specifically, in Fig. 6 the
exact HIF location is detected through the first pulse that exists
in
,3
after the generation of the test signal while it is
absent in
. Moreover, different pulses are recorded due to
the extra paths that the fault inserts to the topology among the
fault location, the point of the junction and the open end of the
branch. By the observation of Fig. 7 divergences may be noticed for the same reason and, moreover, cause to the fact that
the pulses are transmitted with a coefficient different from unity
at the position of the fault. As it was expected, the reflection
coefficient
is smaller as compared to the previous examined
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Fig. 6. Impulse responses of device number 1 at a 10

fault occurrence.

Fig. 7. Impulse responses of device number 2 at a 10

fault occurrence.
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Fig. 8. Impulse responses of device number 1 at a broken conductor occurrence.

Fig. 9. Impulse responses of device number 2 at a broken conductor occurrence.

case. This results to additional generated pulses of lesser magnitude and the potential detection depends on the measurement
sensitivity of the installed devices. When these magnitudes become smaller than the minimum value that the device can detect, the method becomes inapplicable. However, the sensitivity
of the commercially available devices is deemed sufficient for
the particular case study.
Another case of interest is the broken conductor one. The
topology selected to be investigated in this case has one 100
m length open ended lateral branch at the middle of the 1 km
distance between two PLC devices. The point at which the conductor is broken was selected to be equal to 650 m away from the
first communication device. In Fig. 8 the responses as they are
measured from the first device when it produces an impulse are
illustrated. First, the impulse response under normal conditions
is plotted and the multipath propagation inside the topology is
easily observed. The first pulse that returns to the first device
is the one reflected at the junction point 500 m away. Hence, it
returns after having traversed twice this distance, after almost
3.33 . The other pulses are the products of the several reflections that occur between the junction point and the open end
of the single branch and return to their point of origin. In the
second subplot the impulse response after the conductor was
broken at the predefined point is presented. It differs from the
previous one at the times that pulses are reflected at the point of
the fault, with the first reflection measured at 4.33 . This time
can be easily attributed to the exact fault location. The rest of the
measured peaks plotted in
are produced by the multipath
propagation of the pulse reflected at the point of the fault. Furthermore, the communication between adjacent PLC devices is
disrupted, and a special warning state can be declared. Afterwards, a test pulse can be injected by the other PLC device too

for the verification of the calculated fault position. The results
as they are recorded by this device are shown in Fig. 9. In this
case, the pulse reaches the broken conductor point prior to the
junction. Therefore, function
has only one peak and that
is the reflection of the test impulse to the open end that exists
350 m away from the device. In conclusion, the same fault location can be acquired and confirmed by both devices that are
installed left and right of the occurred fault.
VI. IMPLEMENTATION OF THE PROPOSED METHOD IN A REAL
TOPOLOGY
The implementation of the proposed method requires information about the studied topology that can easily be acquired
by the respective utility’s geographical information system.
This can be used for the calculation of the arrangement’s input
impedance under normal conditions for the chosen frequency
range and the expected impulse responses between adjacent
installed power line communication devices. Additionally, a
specific combination of optimum frequencies that perform
better than others may be determined, so that the total transmission line is monitored adequately. When a difference is
detected in the input impedance value, a test signal injection
procedure is initiated to locate the exact fault position.
For the presentation of a detailed theoretical application of
the particular method, the topology that is part of the Greek
rural distribution system examined in Part I of this work is considered. The lengths of all branches are known, and so are the
terminations and the technical characteristics of the transmission line such as material, radius and height of conductors. The
input impedance may be computed for the chosen frequency
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TABLE II
DEVIATION AT OPTIMUM SELECTED FREQUENCIES FOR SEVERAL FAULT CASES

Fig. 10. Optimum frequencies for specific line’s segments monitoring.

range, i.e., 3–95 kHz. Regarding several HIF at every point
of the line the frequencies that perform best for specific segments may be extracted. These frequencies result from a theoretical methodology, in which different fault impedance values
are tested versus all possible fault locations for the determination of the frequencies with the best performance, i.e., the
highest percentage deviation. From the rigorous investigation
of the calculations, four frequencies are selected to monitor the
total length of the specific topology. The chosen frequencies,
and the corresponding line segments that are monitored satisfactorily by them are presented in Fig. 10. Specifically, it is
shown that frequency
that is equal to 3635 Hz exhibits best
for more than the half of transmission line’s length. Additionally, frequencies
which are equal to 7730, 11 590, and
20 955 Hz respectively, may be used to monitor the rest of the
topology. In Table II, several HIF cases, a broken conductor one,
as well as the percentage divergence recorded for the overall
input impedance for each case are presented. It can be deduced
that, as it is shown in Fig. 10, there is one optimum frequency
for every fault location. For example, for the 5
HIF that occurs 3015 meters away from the topology’s starting point, the
best performing frequency is the . The same information is
deduced from Table II too. Furthermore, for every examined
case the divergences for at least one of the selected frequencies
are significant and this can lead to effective detection.
If the first case of Table II is considered, when the fault occurs and the divergences at the input impedance are measured,
the impulse response procedure has to start. Thus the respective
installed PLC devices inject a test pulse into the network, and
through the comparison between what is measured and the impulse response under normal conditions, the exact fault location
is determined. Moreover, considering that the closest PLC devices to the fault’s location are installed 12 190 m and 13 190

Fig. 11. Impulse responses of device number 1 at a 1.5

fault occurrence.

m away from the arrangement’s starting point, only the impulse responses of those two devices are studied. The examined
topology between the devices contains a junction point 580 m
away from device number 1, from which starts a 70 m lateral
branch that ends up to an open termination. The distance between the devices is again 1 km, i.e., equal to the typical PLC
repeater span. The impulse responses recorded by both devices
when device number 1 generates a test impulse are shown in
Fig. 11 and Fig. 12, respectively. Observing the responses when
the fault occurs, and comparing them with those that correspond
to normal operational conditions, additional peaks are detected,
which are products of the extra paths created due to the fault
presence. Specifically, in
of Fig. 11, the first peak is
recorded 2.26 after the injection that is considered to happen
at the time instant
. Moreover, peaks that are not present at
the plot of
, and are generated because of the reflections
occurring among all points of discontinuity in the characteristic
impedance are detected. Finally, it is observed that the peaks
recorded at exact the same moments before and after the fault
occurrence, differ in magnitude. This may also be used for the
effective detection. Similar conclusions are taken from Fig. 12.
Using a simple peak detection algorithm and the known propagation speed of the impulse, the location of the fault, which is
340 m away from device number 1, can be derived.
VII. CONCLUSION
In the present work a complete method for the detection and
location of high impedance faults (HIFs) in a smart grid is presented. In Part I the influence of a HIF presence on the arrangement’s overall input impedance for a chosen frequency range,
that extends from 3 to 95 kHz, is thoroughly explained. It is deduced that a small number of frequencies may be used to monitor the entire length of the transmission line satisfactorily. A
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Fig. 12. Impulse responses of device number 2 at a 1.5

fault occurrence.

change to the topology’s input impedance at the chosen frequencies could indicate a HIF occurrence.
This part of the study can be combined with the usage of installed PLC devices along the distribution line’s length to locate
the exact position of the fault. These devices, which are originally installed for the transmission of important information for
the operation of the smart grid, may also be utilized for the aforementioned purpose by injecting specific test impulses into the
network. It is shown that, by the comparison of the recorded impulse responses under normal operational conditions and under
a fault presence, additional peaks are observed. These peaks are
due to the extra point of discontinuity in the transmission line
characteristic impedance, thus due to the extra paths that the
topology contains after the fault occurrence. Moreover, the impulse responses that the communication devices closest to the
fault measure are different from those that correspond to the
case that no fault occurs. By applying a simple peak detection
algorithm and using the known propagation speed of the pulse
the exact HIF location can be derived with high accuracy.
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