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Abstract—Occurrence of high impedance faults (HIFs) in rural
overhead power distribution networks may cause safety and
economic issues for both public and the utility. Such faults may
not be detected by the conventional protection schemes, so the
development of a more sophisticated method is necessary. The
forthcoming evolution of power networks to smart grids creates
opportunities for new technologies to be implemented to that
purpose. Utilities may transmit data that are necessary for the
system operation using specific frequency ranges. A novel method
utilizing these is proposed in this work. The monitoring of the
network’s input impedance in these frequency ranges can be used
for detection of HIF occurrence, because such faults impose signif-
icant changes in its value. The proposed method is applied to single
branch topologies, as well as to an existing topology of a Greek
rural distribution system. Significant conclusions are derived in
both cases. Moreover, the influence of several parameters, such as
fault impedance and location and earth’s electromagnetic prop-
erties on the method’s efficacy is examined. Also, it is shown that
the implementation of the proposed method may be drastically
simplified by focusing on the monitoring of specific frequencies
rather than the entire frequency range under study.

Index Terms—High impedance fault detection, power distribu-
tion faults, power line communications, power system protection,
smart grids.

I. INTRODUCTION

OWER SYSTEM protection is an issue of high impor-

tance both for safety and functionality reasons. A perfect
power system protection scheme should be able to ensure that
no hazardous overvoltages will endanger human life or equip-
ment operation under all circumstances. Naturally, the design
and development of such a system would be either prohibitively
expensive or even infeasible.

Power distribution networks are subject to various types of
faults. The traditional protection concept is based on monitoring
of the feeder currents and tripping of circuit breakers when
a current exceeds a predetermined value, following a time
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response that depends on the measured current value. An
operational point commonly used for the relay of a feeder’s
circuit breaker is close to twice the value of the maximum
feeder load. However, the rise of the network current due
to a fault depends mainly on the fault impedance value.
Consequently, it is possible for a fault to exhibit a high
impedance value, and merely cause a slight increase to the
monitored feeder current. In such a case, the feeder protective
equipment will fail to recognize the fault, as it will attribute
the current rise to a change in the network load [1], leaving
thus safety issues such as increased step voltages and the
possibility of fire initiation unattended [2].

The necessity rises therefore for the development of an effec-
tive method, which will provide protection for a wide variety of
faults, avoiding at the same time events that could lead to unnec-
essary circuit breaker tripping and the subsequent disconnection
of feeders, as such situations would result in both financial and
credibility loss for a power company. Such a protection scheme
should ideally cover both fault detection and location.

To achieve this goal, utilities worldwide have been financing
several projects over the last years. Within the context of
research on protection schemes which could provide maximum
functionality at minimum cost, the field of detecting low current
faults has attracted intense research interest [3], [4]. Aucoin et
al. have suggested models for the monitoring of high current
components close to the main frequency value [5], [6], whereas
Lee et al. have developed and installed a microprocessor data
acquisition system [7], showing that constant impedance loads
provide a sufficient load model for high impedance fault (HIF)
calculations [8]. Furthermore, Balser et al. have proposed
a model that utilizes the 1th, 3th, and 5th harmonics of the
phase current, identifying the presence of HIF with the help of
normalized symmetrical current components of each harmonic
current [9]. In addition, the utilization of Bayesian selectivity
[10], discrete wavelet transform [11]-[15], and artificial in-
telligence [16]—-[19] for HIF detection may be found in the
literature. However, all the aforementioned methods may offer
fault detection, but they are incapable of determining the exact
fault location.

Novel ways to overcome this problem may be offered by the
forthcoming and very promising transformation of traditional
electrical networks to smart grids, which is expected to revo-
lutionize their operation [20]-[23]. Within this context, novel
technologies are introduced aiming to improve the overall
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system functionality by using equipment in order to combine
the implementation of as many tasks as possible. Naturally, one
of the most important tasks studied is the system protection
[24], [25]. One of the technologies that may be used in order to
improve the operation of power distribution networks is power
line communications (PLC) [26]. More specifically, studies
have shown that PLC systems may provide high speed data
transmission [27]-[29], which may be utilized for the general
communication purposes of a network. However, the same
PLC devices could also be used for HIF detection, through
their ability to superimpose high frequency signals on power
networks.

Signal superposition was originally used in electrical net-
works for the transmission of important operational informa-
tion. In this context, signals at frequencies that differed from the
network main value (50, 60 Hz) were initially utilized on high
voltage (HV) networks. This technique was implemented later
on at the medium voltage (MV) and low voltage (LV) networks
[30]. For protection purposes, signal superposition for the de-
tection of low current faults has been suggested by Zamora et
al. [31], utilizing considerably low frequencies, i.e., hundreds of
Hertz [32]. The usage of these frequency range limits the effi-
cacy of the method cause to harmonics produced by power elec-
tronics. Moreover, the methodology proposed in these works
can only provide fault detection, and not location, as opposed
to the work presented here. Moreover, in a previous work by
the authors it was shown that the existence of a HIF on a trans-
mission line may cause significant alteration to the line’s input
impedance at frequencies that lie into the Cenelec A Band (i.e.,
9-95 kHz) frequency range, proposing thus a novel approach to
HIF detection by signal superposition [33].

In this work, a novel method utilizing PLC techniques for
the combined detection and location of HIF is proposed. More
specifically, in Part I of the work, the concept of HIF detection
with the utilization of the Cenelec A frequency band is thor-
oughly analyzed, whereas in Part II the respective concept of
HIF location is presented. Considering Part I of the work, the
effect of a HIF on a network’s input impedance is thoroughly
examined, taking into consideration all parameters which may
interfere with the results. At first, the implementation scope of
the proposed solution is presented, along with the network char-
acteristics utilized. Consequently, the theoretical basis for the
application of the method is presented. Within this context, the
basic concepts of transmission line theory, on which the method
effectiveness depends, are explained. Furthermore, the influ-
ence of the earth’s electromagnetic properties on the method
results is investigated. To this purpose, the method is applied
firstly on simplified topologies with no branches, so as to ap-
prehend the mechanisms, with which several parameters, such
as the fault impedance and location, as well as the earth’s re-
sistivity and permittivity, affect its efficacy. Subsequently, the
proposed method is applied on a real topology that is part of the
Greek rural MV distribution network. In all cases, significant
deviations between input impedances under normal and fault
conditions are noticed, and important conclusions concerning
the application of the method are derived.
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II. THEORETICAL ANALYSIS

A. Application Scope

The application scope of the proposed methodology includes
the MV overhead power lines comprising parts of power dis-
tribution networks. A great portion of such a network consists
of MV overhead power lines that cover large areas to deliver
the energy needed by the consumers. These lines pass mainly
through rural areas, and the occurrence of high impedance
faults with the known dangerous outcomes is possible. MV
overhead power lines are formed by three phase wires above a
lossy ground plane. A HIF can exist between a phase wire and
the ground. Thus, a signal injection between the phase wire
and the ground plane may be used for the detection of such
kind of faults, specifically by monitoring the input impedance
of the circuit formed. Taking into account only those parts of
the arrangement participating in the circuit formulation, the
analysis is simplified to a single phase one.

The 20/0.4 kV transformers of the network separate it into
distinct parts. Typically, the primary windings of the medium
to low voltage transformers installed in the Greek distribution
system are connected in delta, whereas the respective secondary
windings are connected in star with a grounded neutral. The
delta connection serves for the elimination of the third harmonic
at the MV side and forces voltage balancing at the same time.
On the other hand, the star connection with a grounded neutral at
the LV side is for protection reasons and for connection of single
phase consumers. In any case, for every known winding con-
nection a grounded neutral at the MV side is unlikely, because
it creates problems rather than offers functionality. Considering
that the signal injection at the MV level for HIF detection is from
phase to ground, these transformers behave as an open circuit at
the frequencies used. This fact offers a complete isolation of the
monitored area from the LV parts of the network, constraining
it to the MV level only. Furthermore, the usage of frequencies
within the frequency range of kHz provides complete indepen-
dence from the operation of the network at the main frequency.

A typical Greek rural MV feeder consists of ACSR conduc-
tors of 70/12 mm? nominal cross section at a height of 10 m
above the ground plane with distance of 1 m from each other.
For the application of the proposed method, the calculation of
the per unit length transmission line electric characteristics is
necessary so as to determine the input impedance for various
frequencies.

B. HIF Detection by Monitoring the Input Impedance

The initial attempt to approach the problem of detecting HIFs
by using PLC techniques adopted the single conductor formu-
lation instead of the multiconductor one. The presence of other
conductors in the multiconductor case creates coupling between
voltages and currents of all phases through electromagnetic in-
teraction. Omitting this particular coupling in the single con-
ductor case leads to a more clear observation and comprehen-
sion of the occurring traveling wave phenomena. This adapta-
tion can provide the basis for the creation of a robust fault de-
tection technique, and the complete understanding of the trans-
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Fig. 1. Radial MV network topology with several branches.
mission line phenomena manifesting under HIF presence, and
can be subsequently extended to the multiconductor case.

The input impedance of a single phase transmission line cir-

cuit that is terminated with an impedance Z is given by (1) [34]:

— — 7+ Z: - tanh(71)
Z in — ZO R —
Zo+ 2y - Bl

)

tanh(

where Z_S is the characteristic impedance of the line, [ is the
length of the transmission line, and 7’ the propagation constant
that can easily be calculated using (2) and (3):

Z

—

Z(]:. : (2)
Y

7=VZY (3)

where 7 and Y correspond to the per unit length (p.u.l) se-
ries impedance and shunt admittance of the transmission line,
respectively, which can be computed as described in [35].

Considering a branched topology, such as the one presented
in Fig. 1, under normal operation conditions, hence, ignoring the
presence of the fault, the respective line input impedance may
be calculated with (4):

— — 722_1) + 70 tanh(?’lN)
Zin=20 =5 = (4)
! ~ —_—
Zo+ Z ., tanh(7'ly)
where [ is the length of the Nyy, branch, and 7(;:_1) may be
calculated using (5).
—(N-—1) —>(N —2) (N—1)
707 = (2007 )

73) may be calculated using (1), incorporating the suitable

transmission line lengths and terminations. The necessary for
the computation lengths of branches may be easily acquired in
practice by a geographical information system (GIS) that con-
tains the information for the studied topology.

When a HIF occurs at a distance /s, ,1; from the beginning of
the Ny, branch, this branch may be divided into two different
sections. The first section extends from the fault to the branch
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termination. The overall impedance of this line partis Z om)i, as
shown in Fig. 1, and it may be calculated using (6). The second
section consists of the length from the beginning of the branch

to the fault location, and it is terminated to the parallel connec-
—
tion of the fault impedance, Z g1, and the impedance of the

former branch section 73[1(1. It should be noted, that for the
purposes of this study it is valid to consider a constant fault
impedance (7fau1t), as the analyzed period corresponding to
the frequency range under study is very small as compared to
the changes in the HIF impedance value. This parallel connec-

.
tion will have an impedance Z parallel as shown in (7). The total

branch impedance Z. mfauh may then be calculated by (8). This
new branch impedance may also be used with the procedure
described by (4) and (5) for the computation of the new input
impedance of the line under study.

—(N-1

) —
— () — Zeq + Z() . tanh[7(l Zfault)]
Zend = Z0° — =N —
Zo+ 7 o ~tanh [ (In — leaurs)]
(©)
- (W)
Z parallel — 911d// Z fault (7)
= —
5 (N) > Z parallel + Z(] : tanh( ¥ lfa‘ult)
meault = Z0- — — ., (8)
ZO + Z parallel * tdllh( Y lfa.ult)

The appearance of a high impedance fault to earth within the
line will naturally affect the overall input impedance of the cir-

N
cuit. The difference between the normal input impedance Z i,
i.e., when there is no fault across the line, and the one under fault

conditions, i.€., 7infau]t , may be used to indicate the existence
of a HIF. To this purpose, a function Dy, may be used, which is
equal to the difference of the magnitudes of the two calculated
impedances, as shown in (9), where f is frequency. Moreover,
function D,, may further be used for the calculation of the per-
centage difference between the input impedance values of the
two states.

Df(f) |71n(f)| - |7infaulr(f)| (9)
Dp(f) |Zlnfa.111t( )| - | 111(f | . 100% (10)

| Zm(f)|

The functions Dy and D, may also be used in the case of a
broken conductor. In this case, however, the theoretical calcula-
tions have to be slightly adjusted. More specifically, broken con-
ductors correspond to a cutoff phase wire that may be swaying
in air, coming possibly in contact with objects in the vicinity
of the power line. Naturally, the occurrence of a broken phase
wire changes entirely the topology of the network and conse-
quently the computed input impedance. Therefore, for this par-
ticular case the new formed circuit topology has to be consid-
ered taking into account that the phase wire is terminated to an
open circuit or to a high impedance at the point that the con-
ductor has been cut off, and that the rest of the network after
that point is no longer part of the calculations. In more detail, in
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confronting the broken conductor issue the procedure described
by (6)—(8) would differ by the fact that 72:1:1 is not needed be-
cause of the change in system topology, whereas 7pamncl is

equal to 7fau]t , 1.e., open circuit or high impedance.

The method proposed here for HIF detection consists of
constantly measuring the input impedance of a given net-
work topology, for a set of frequencies within the 3-95 kHz
range. Subsequently, the values of D and D, are constantly
calculated in order to provide a criterion for HIF detection.
As explained, the respective MV/LV power transformers will
behave as open circuits, therefore the measured impedance
values will depend on the MV network topology (constant
under normal operational conditions), and the measurement
equipment accuracy. This determines the threshold that may
be used for HIF detection, as essentially any IJ,, value clearly
exceeding the standard accuracy of the measuring device will
indicate a fault occurrence.

Having determined that, there remains a question regarding
the limitations of the proposed method. These limitations may
correspond to false positive alerts (i.e., indications of a fault that
doesn’t exist), or false negative alerts respectively (i.e., failure
to indicate a fault occurrence). A false positive alert could occur
during a self-clearing fault (e.g., a thunderbolt hitting the line),
or during a change in the network topology (e.g., a network re-
configuration). However, the former could be easily confronted,
as the continuous monitoring of the network input impedance
would indicate the clearing of the impermanent fault, while the
latter would be known to the distribution network operator. On
the other hand, a false negative alert is possible in the case of a
fault with such high impedance, that the effect on the network
is negligible (a natural limit for any HIF detection technique).
Thus it may be concluded that the proposed system will work on
all practical cases. Unfortunately, the nature of the problem does
not allow for a clear mathematical determination of the afore-
mentioned limitations, due to the inherent lack of information
concerning the complex parameters involved (such as the prob-
ability of the fault occurring at a specific point of the line, with
a specific fault impedance).

For the actual implementation of the proposed method, the
important thing is not the exact theoretical calculation of the
input impedance of each phase, but rather the fact that this input
impedance will have an almost constant value that will substan-
tially change only in the presence of the fault (regarding the MV
network topology, as explained in Section II-A). The proposed
method relies thus in the constant measurement of this input
impedance, and the decision making procedure upon the occur-
rence of any abnormality in its value. The application of the
method requires the superposition of a specific voltage signal
onto the monitored network, and the measurement of both the
superimposed voltage and the corresponding input current of the
topology for specific frequencies. The necessary equipment for
the application of the method constitutes of voltage and current
measuring devices of high sampling rate, sufficient in order to
cope with the high frequencies utilized. This equipment is ex-
pected to provide the input impedance value at the studied fre-
quency range. Normally, respective coupling devices would be
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Fig. 2. Ratio of line’s input reactance to the respective characteristic
impedance, versus the line length.

also needed, but in this case the couplers of the already existing
PLC devices may be used to that purpose.

C. Frequency Selection

Functions Dy and D, may be used for the detection of a
HIF. Their values however are frequency dependent. Therefore,
a methodology has to be developed in order to determine the
optimum frequencies to be used, i.e., the frequencies at which
these functions will take their maximum values. Considering an
open ended lossless transmission line (corresponding to a MV
power line terminated at a distribution transformer), standing
waves are created along its length z. The voltage and current
expressions on the line are given by (11) and (12) [36]:

(11)

(2) = Vit - (e 7797 + ¢
2 (12)

Vo' i i
— (e3P 4 giBz
()= 5+ )

7

—

I
where V" is the amplitude of the incident field generated from
a source and traveling towards the open end of the line. More-
over, A corresponds to the imaginary part of the propagation
constant. The combination of these expressions results to an al-
ternating value of the input impedance along the transmission
line’s length, which may be calculated with (27).

Zinlz) = —jZocot(fBz) (13)

This expression indicates a constant change to the input
impedance at different points of the transmission line, as also
shown in Fig. 2, in which the ratio (X;,)/(Zo) is plotted versus
the line length. As it is illustrated in the figure, the standing
wave pattern created results in a rise in the input impedance
value at specific points related to the wavelength value for the
frequency considered. The exact position of these peaks varies
for different frequencies due to the respective wavelength
alteration.

The input impedance values which change with the frequency
may be exploited for the HIF detection procedure. More specif-
ically, they may be used in order to produce a desirable for the
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HIF detection value of 7@11(1, as it is calculated in (20). This
impedance is connected in parallel with the fault impedance, re-

_
sulting in the Z . ane1 value of (7). As it is obvious, the closer

the value of 79,1(1 to the fault impedance value, the greater the
difference in the network total input impedance, as compared to
its normal value.

The problem of HIF detection reduces thus to the determi-
nation of a suitable frequency band to be used for the moni-
toring of the network input impedance value. Utilities may use
the Cenelec A frequency band, i.e., 9-95 kHz, as well as the
range 3-9 kHz, for operational purposes. The wavelengths cor-
responding to these frequency ranges are plotted versus fre-
quency in Fig. 3. As it may be observed in this figure, these
wavelengths vary from tens of kilometers to kilometers, and are
suitable hence for typical rural medium voltage feeder lengths
ranging within several tens of km [37]. It may be deducted
thus that the monitoring of a combination of certain frequen-
cies within the aforementioned ranges may provide an effective
way of HIF detection.

D. Effect of Earth’s Electromagnetic Properties on the
Proposed Method's Efficacy

The proposed method makes use of the ground plane as a re-
turn path for the circuit formed for HIF detection, utilizing fre-
quencies much higher than the main operational frequency of
the network. Along the large distances of distribution feeders,
the electromagnetic properties of the earth, i.e., earth’s conduc-
tivity o, and permittivity 4, may vary. Prior knowledge of
these properties, and of the possible changes in their values at
different areas, is practically impossible, therefore the effect of
these variations to the method’s efficacy has to be investigated.

These electromagnetic properties influence the ground
impedance and admittance values, and thus the total per unit
length transmission line impedance and admittance [38], [39].
However, these quantities are not that important for the chosen
frequency range, as they exhibit values that are much smaller
than the external impedance and admittance respectively.
Therefore, the variations in ground conductivity and permit-
tivity are expected to have an insubstantial effect on the method
results.

III. CALCULATIONS

A variety of parameters are involved in the process of the
HIF detection methodology proposed here. These parameters
include the network topology, the HIF impedance value and lo-
cation, and the electromagnetic properties of the earth. There-
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Fig. 4. Magnitude of input impedance under normal and fault conditions, for a
case of a HIF of 15 k€2, occurring at 6 km of a 10 km line.

fore, simulations with typical values of all these factors have
been conducted here. The aim of these simulations is to eval-
uate the efficiency of the method, ensuring that in any HIF case
the resulting network input impedance will significantly variate
from its respective normal value in the selected frequency range,
making thus the HIF detection possible.

The simulations are grouped into two basic test cases. In the
first one, results concerning overhead MV transmission lines
with no branches are presented, so as to test the validity of the
model. Subsequently, in the second test case, the method is ap-
plied to a transmission line that is part of the Greek electrical
network. If it is not stated otherwise, the earth’s resistivity and
relative permittivity are considered equal to 100 2m and 10 re-
spectively. All simulations regarding frequency and time do-
main results have been conducted using source code written in
Matlab R2011a 64 bit edition and SimPowerSystems toolbox of
the corresponding Matlab/Simulink platform, respectively.

A. Single Branch Topologies

At first, an indicative case will be presented, in order to clarify
the theoretical analysis of Section II. This case corresponds to a
HIF value of 15 k§2, occurring at 6 km of a 10 km line. In Fig. 4,
the absolute values of the line input impedance under normal
operation, as well as its respective value under HIF conditions,
are plotted versus frequency. The resulting curves are constantly
changing as the electromagnetic properties of the transmission
line are not constant with frequency, presenting a parabola type
pattern, but with different maximum values. It can be noticed
that divergences between the two impedances occur at the curve
notches. Moreover, in Fig. 5 the functions D¢ and D,, corre-
sponding to the same case are plotted. Both functions follow the
same pattern. The most important observation is that large devi-
ations in absolute values (function D y) may correspond to small
percentage deviations (function DJ,,), while small deviations in
absolute values may correspond to large percentage ones. Sig-
nificant divergences occur at specific frequencies, the utilization
of which could lead to effective HIF monitoring. Specifically,
D, exhibits a maximum value of about 60% at a frequency close
to 9 kHz.

A significant issue that has to be confronted is the effect of the
fault’s location to the efficacy of the method. Thus, the second
case presented corresponds to all possible fault locations at a 25
km long transmission line, for a HIF value of 5 k{2. Results re-
garding this case are presented in Fig. 6, in a three dimensional
graph containing the frequency variation in x axis, the fault lo-
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Fig. 6. Effect of various fault locations of a 5 k{2 fault to the value of D,
function, considering a line of 25 km.

cation in y axis, and values of function D), in z axis. The graph
presents this specific form because of the standing waves in the
line, and it can be noticed that certain frequencies perform ad-
equately for some fault locations, and fail for others. However,
this drawback may be overcome by choosing more than one fre-
quency for the monitoring of the entire length of the line. As it
is shown in the figure a combination of two or three frequencies
may perform well exhibiting deviations more than 30% in the
pre-fault and after-fault values of the line input impedances.

In Fig. 7, results are shown concerning the same case, but
for a HIF value of 15 k{2, in order to investigate the effect of
HIF value to the method’s effectiveness. As it may be observed
in the figure, the same pattern appears as in Fig. 6, with the
same frequencies exhibiting optimum performance. In this case
however, smaller deviations are detected, confirming that, as
the HIF value increases, the method’s capability of detection is
reduced. However, the computed divergences are large enough
for the effective application of the method.

The next test case aims to further investigate the influence of
the HIF value to the method results. To this purpose, a line is in-
vestigated with a total length of 15 km. A HIF is considered to
occur at 10 km from the line starting point, with an impedance
value ranging from 1.5 k€2 to 50 k{2. Results for this case are
presented in Fig. 8, where function D, is plotted versus HIF
impedance values. Substantial deviations may be observed in
this figure for smaller impedance values, whereas these values
decline with the increase of the HIF value, reaching a minimum
of about 10%. It is important to remark that all the maximum
percentage deviations were exhibited in this case for a single
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Fig. 7. Effect of various fault positions of a 15 kf? fault to the value of D,
function, considering a line of 25 km.
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Fig. 8. Effect of various fault impedances to the value of IJ,, function, for the
case of a HIF occurring at 10 km of a 15 km line.

frequency, strongly indicating thus that for every fault location
there is a single frequency which performs best, almost inde-
pendently of the HIF value.

In Figs. 9 and 10, results are presented for the case of faults
corresponding to broken line conductors. More specifically, in
Fig. 9, the function D, is plotted versus frequency and broken
conductor location at the second half of a 30 km long line. Simi-
larly, in Fig. 10 the same results are illustrated for the first half of
the same power line. As it may be observed, the D, values in this
case are very large, permitting thus the usage of the proposed
method for the detection of broken conductors. Once again, the
monitoring of more than one frequency could provide full cov-
erage for the total line length. It is very interesting to observe
that these large deviations are recorded at the same frequencies
that could be also used for simple HIF detection. These frequen-
cies could thus serve for both HIF and broken conductor de-
tection for each line topology. As expected, maximum values
are recorded when the location of the broken conductor is close
to the line starting point. The actual obtained values were even
larger, therefore they were downscaled, in order for the better
depiction of the respective results at the rest of the frequencies.

Moreover, Figs. 11 and 12 depict the effect of variations of the
earth’s electromagnetic properties to the method’s efficacy. The
results come from a 20 k€2 fault at the middle of a 20 km line. As
it was described in Section 11, the variation in earth resistivity af-
fects the line electromagnetic characteristics through the change
in the ground impedance and admittance. As it is shown, this al-
teration in value does not significantly influence the efficacy of
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Fig. 9. Effect of various broken conductor locations to the value of D, func-
tion, for the second half of a 30 km line.
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Fig. 10. Effect of various broken conductor positions to the value of I, func-
tion, for the first half of a 30 km line.
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Fig. 11. Effect of the variation in earth resistivity on the value of D,,, for a 20
k€2 fault at the middle of a 20 km line.

the method. The illustrated curves practically follow the same
pattern and exhibit the same values, with a slight phase differ-
ence. The curve that corresponds to the highest regarded value
of earth conductivity exhibits a slightly differentiated behavior,
while the three curves corresponding to the most common re-
sistivity values are identical. Nevertheless, the highest recorded
values appear at adjacent frequencies for all cases. Thus, the
usage of the same frequencies can cover a variety of different
resistivity cases. Alternatively, monitoring small frequency sub-
ranges could perform effectively for HIF detection.

In Fig. 12 the effect of earth’s relative permittivity to the ap-
plication of the method is finally shown. It can be easily con-
cluded that different values of permittivity leave the results un-
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Fig. 12. Effect of the variation in earth permittivity on the value of IJ,,, for a
20 kS2 fault at the middle of a 20 km line.
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Fig. 13. Effect of arcing fault occurrence at the middle of a 20 km line on the
value of D,.

affected, as the computed D, values, as well as the optimum
frequencies, coincide.

Furthermore, it is very interesting to investigate the case of
occurring arcing fault as it is explained in [40]. The arcing fault
is considered to be located at the middle of a 20 km line and the
simulation has been conducted using the Matlab/Simulink soft-
ware. In Fig. 13 the deviation of function D, calculated for the
best performing frequency for the specific fault location of the
transmission line as it is depicted from Fig. 12 (i.e., 3165 Hz),
is plotted versus time. The arcing fault initiates at the time of
0.2 sec and after that a period of the fundamental frequency (50
Hz) is shown. It is observed that the deviation, illustrated by D,,,
is significant, making detection of such kind of faults possible,
and exhibits a maximum value of 224% for the positive half pe-
riod and 161.3% for the negative half period of the fundamental
frequency, respectively.

B. Multibranch Topologies

An actual topology with a number of branches was also se-
lected for the evaluation of the proposed method, in order to in-
vestigate its efficiency under realistic conditions. More specifi-
cally, the topology selected to be simulated is part of the Greek
rural MV distribution network, located outside of the city of
Thessaloniki. The network under study is illustrated in Fig. 14,
and the lengths of all branches are listed in Table I. Its nominal
voltage is 20 kV and the phase wires are ACSR conductors of
70/12 mm? nominal cross section at a height of 10 m above the
ground plane.

In Fig. 15, D,, values are plotted for the case of a HIF value
of 20 k2 occurring at various points of the selected feeder. The
fault was selected to be at 3, 6,9, and 12 km from the line starting
point. It is shown that for every tested case the computed I,
values are again substantial, and the application of the method
can be once more simplified by choosing to monitor specific
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Fig. 14. Real topology configuration.

TABLE I
BRANCHES LENGTHS
Branch number Length (m) Branch number Length (m)
1 2100 15 1100
2 20 16 20
3 390 17 1300
4 130 18 20
5 1200 19 1100
6 160 20 700
7 2100 21 30
8 10 22 1200
9 300 23 780
10 720 24 220
11 1100 25 580
12 120 26 70
13 1500 27 1500
14 400 - -
—9 km
---6 km
3 km
--12km
4 5 6 7 8 09
Frequency (Hz) x10*

Fig. 15. Effect of various 20 k2 fault locations to the value of D), function.

frequencies rather than the whole frequency range, in order to
cover the total length of the line. The same conclusion can also
be derived by studying Fig. 16. This graph contains the com-
puted D, values for every possible location of a 10 k2 HIF
along the feeder length. The existence of the fault affects again
considerably the input impedance of the network, and once more
it is sufficient to monitor a small number of frequencies for HIF
detection at every point of the feeder. These few frequencies
may also be used for broken conductor detection, as it is shown
in Fig. 17. In more detail, in this figure the 1), values for dif-
ferent locations of a broken conductor along the feeder under
study are plotted. The magnitude of the D,, values observed in
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Fig. 16. Effect of various 10 k€2 fault locations to the value of D,, function.
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Fig. 17. Effect of various broken conductor locations to the value of D, func-
tion.

this case is very large, enabling thus the easy fault detection with
the proposed method. As it was also concluded from the simu-
lation of the proposed method in single branch topologies, the
closer the broken conductor is to the starting point of the line,
the easier the detection.

IV. CONCLUSION

A novel method for the detection of high impedance fault oc-
currence in overhead rural distribution networks is presented.
This method could be easily comprised as a first step in a pro-
cedure, which utilizes power line communication technology in
order to offer both HIF detection and location. The HIF detec-
tion concept is presented here, while the respective HIF location
concept is analyzed in Part II of this work.

The HIF detection method utilizes signal superposition on the
power lines, in a frequency band that may be used by electric
power utilities for data transmission. Significant deviations be-
tween input impedances under normal and fault conditions are
detected for the selected frequency range. These divergences
may be used by a system for HIF detection, which will essen-
tially scan all the selected frequencies on a given power line. It is
concluded that the method performs satisfactorily for a wide va-
riety of cases. It is also shown that the effect of the earth, which
is used as a return path for the method’s circuit formulation, is
negligible. Furthermore, the application of the method can be
simplified by using few single frequencies, each of which per-
forms best for a specific part of a power line. This frequency
combination enhances the possible application of the method.
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Moreover, the case of broken conductors is also examined and
a satisfactory performance is observed.
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