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A Simple Method for Tree Fall Detection on Medium
Voltage Overhead Lines With Covered Conductors

Jan Fulnecek

Abstract—Covered conductors are an alternative to aluminum
core steel reinforced medium voltage overhead lines in forested ter-
rains. The covered conductors are highly reliable due to the XLPE
insulation system, which prevents the short-circuit current in case
of contact of phases with the surrounding vegetation. However, the
disadvantage of the covered conductor operation is the problematic
detection of high impedance faults. Such type of faults is usually
caused by the surrounding vegetation. The covered conductor may
get ruptured or damaged due to the destructive degradation of
the insulation system during the high impedance fault. This article
contains a description and results of a new fault detection system
for medium voltage overhead lines with covered conductors. The
method of insulation fault identification is based on partial dis-
charge activity detection. Our aim is to develop cheap and reliable
online detector, which could be installed in large quantities for
optimal high impedance fault detection and localization. Common
partial discharges detectors are too expansive for this purpose.

Index Terms—Partial discharges, Receiving antennas,
Electromagnetic interference, Power distribution faults, Power
distribution lines.

1. INTRODUCTION

HE biggest disadvantage of using covered conductors (CC)
T on medium voltage (MV) overhead lines is the problematic
detection of high impedance faults (HIFs). When the surface of
CC gets into the direct contact with an object of a different elec-
tric potential (usually surrounding vegetation or another CC),
partial discharges (PD) appear on the surface of the CC covering
and the fault current starts to flow through. The detection of HIF
is difficult because of a very low value of the fault current [1]. The
starting element of the standard digital relay protection cannot
detect this type of faults. In the long-term, a partial discharge
activity will lead to a failure of insulation, creating short circuit
connection or earth fault [1], [2]. Fig. 1 shows a fallen tree on a
MV overhead line with CC. After several days of PD activity, CC
insulation burned through and the earth fault occurred. As clear
from the photo, the earth fault current set the tree on fire. This is
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Fig. 1. Fallen tree on medium voltage overhead line with covered conductors.

very dangerous, particularly in forested areas. This phenomenon
is subject of extensive research [3]—[5].

The presence of PD activity is generally accepted as reliable
tool for online monitoring of MV insulation system and it can be
applied on overhead powerlines with CC. In such case, the high
frequency content PD pattern is usually measured by Rogowski
coils or various capacitive sensors [6]-[8]. Output voltage of
Rogowski coil is proportional to the magnetic field strength near
the surface of conductor. Acquired signals may be processed e.g.
by wavelet transformation and can be classified by several ways
[91-[11].

To detect HIFs, a new device for PD detection on MV
overhead lines with CC was developed at the VSB university.
This device is used to detect branches and tree falls on the
overhead line. It can detect PD activity which accompanies
the phenomenon of the HIF (usually caused by the contact of
CC with the surrounding vegetation). The detector uses three
single layer inductors (SLI) as sensors; one sensor per one phase
conductor. Unlike Rogowski coil, SLI is sensitive to the electric
field strength (it creates capacitance coupling to the CC). This
detector is already in use in more than 100 locations in the Czech
Republic and has good results [12]. However, its price slows
down its installation in other locations.

II. MOTIVATION

To decrease the detector’s price as low as possible, we decided
to test the idea of replacing three SLI sensors with just one
whip antenna sensor. There are several reasons why to do this.
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Fig. 2.
circle).

Testing platform with BONIWhip antenna (black circle) and SLIs (red

Unlike SLI, antenna sensor can be easily installed on an existing
overhead line without any modifications of CC itself. It can also
be installed without disconnecting the overhead line because it
is a contactless sensor. A detector with SLI sensors requires 3
DAQ channels, while a detector with antenna sensor requires
only a single channel DAQ. This also significantly decreases
requirements for wireless data transmission. On the top of that,
antenna sensor does not require a MV capacitive divider for its
operation, unlike the SLI.

All these ideas have led us to construct a testing platform
equipped with an antenna sensor besides SLIs (it is described in
more details in [13]). This article presents the next step of this
HIF detection method development — the simple algorithm for
PD pattern recognition in acquired antenna signals.

III. DATA ACQUISITION DESCRIPTION

To develop an algorithm, data from the testing platform were
gathered. This testing platform was installed on the MV over-
head line situated in the near the town of Krnov. The total length
of examined power line is 12 km and the cross section is 50 mm?.
Testing platform is situated approximately in the middle of the
power line and its range depends on the intensity of the PD
activity. This location was chosen based on the harsh weather
conditions and surrounding forested terrain, where higher fault
rates can be expected. The whole measuring platform for PD
detection is mounted on the pole of overhead line. It is in a box
at the base of pole and it contains a power source with a backup
battery, DAQ with 20 MS/s sample rate and control unit. This
enables us to examine signals in a frequency spectrum up to
10 MHz. Antenna sensor is mounted on the stick approximately
50 cm below CC (see Fig. 2) and connected to DAQ.

Boni-Whip antenna was used as an antenna sensor. It is
a common type of a wideband whip antenna with compact
dimensions and low price. Data from the antenna sensor were
gathered, while SLI sensors were used for data verification and
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Fig. 3. DSI and RPI noise in acquired signal during HIF.

annotation. This enabled us to verify the results of detection with
antenna sensor.

Every hour, the antenna output signal is acquired in a length of
20 ms (acquired length is equal to the period of 50 Hz power grid
system). Acquired data are transferred through GSM network
to the server for classification. In total, 26660 signals (signal
represents 20 ms period and consists of 400000 samples) were
acquired during three years to validate the detection results.

IV. ACQUIRED SIGNALS DESCRIPTION

Unlike under the laboratory conditions, the acquired signals
from a real environment contain high levels of noise [14], see
example of acquired antenna signal in Fig. 3. There are various
sources of this background noise. Noise signal can be generated
by radio broadcasting, atmospheric disturbs, switching power
supplies or by other types of discharges. According to the influ-
ence of background noise on the frequency spectrum and time
domain of acquired signals, most noise signals in observed data
can be separated into two groups: discrete spectral interference
(DSI) and random pulses interference (RPI) [15].

A. Discrete Spectral Interference (DSI)

Noise signals in this group have usually a narrow frequency
spectrum [16], the most common sources of this noise in ac-
quired signals are radio broadcast transmitters [17]. During DSI
presence, PD pattern pulses are modulated on a DSI noise signal.
This effect significantly decreases the ratio of PD pattern/noise
amplitudes. DSI noise with high amplitude can cover PD pattern
in a signal, making it impossible to detect according to its
amplitude.

Radio waves in the range of the examined frequency spectrum
(up to 10 MHz) are propagated through the groundwave and
skywave. Thus, the amplitude of this noise is highly variable
and depends on many factors, such as the actual season of the
year and daytime, weather conditions, etc. [18]. Fig. 4 is a graph
with two lines of RMS values of background noise amplitude
in the examined frequency spectrum. This graph is based on
the data from two randomly chosen days. The impact of solar
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Fig. 5. Example of acquired RPI pulses.

activity is clearly visible, DSI background noise is higher during
the night-time.

There is also significant increase of DSI amplitude during
sunrise and sunset. This is caused by so called gray-line propa-
gation of radio waves [19], where twilight zone in atmosphere
acts as a wave guide.

B. Random Pulse Interference (RPI)

This interference is caused by any CC non-relative pulse
appearance in the examined signal. The origin of such pulses
varies. They can be caused by lightning, switching operations
or by electric discharges. RPI is wideband type of interference
[20].

Example of such situation is in Fig. 5. This pattern was
acquired during open state of the disconector. Open state of this
recloser triggeres PD in it. Those PD are not related to CC, but
to the floating voltage electrodes in the disconector. Such type of
PD can be easily recognized, because it creates a typical “pulse
train”, which contains pulses of a similar amplitude with almost
uniform spacing, representing defined repetetive sequences of
pulses [21]. Generally, RPI noise creates peaks in time domain
of the signal, which can be misinterpreted as CC related pulses.
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Fig. 7. Acquired signal with PD pattern during fault state (vector W).

V. CLASSIFICATION ALGORITHM

For an automatic PD pattern detection, a simple algorithm was
created to classify the acquired data. This algorithm is based on
the knowledge of the examined signals. The algorithm works
in four steps (Fig. 6). In the first step (A), signal to noise ratio
is increased. The second step (B) removes DSI noise, the third
step (C) removes RPI noise. In the last step (D), PD pattern is
detected. Only three parameters are needed to set the algorithm.

Input data for the classification is the time series of samples
of acquired signal from the antenna output. This input signal is
represented by the vector W. Fig. 7 gives an example of a raw
acquired signal from antenna output. This signal was acquired
during a fault state of the overhead line and it contains a PD
pattern, DSI and RPI noise. The signal was chosen as an example
to describe the algorithm workflow.
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A. Steepness Calculation

First of all, the input vector W (Fig. 7) is transformed into
the vector of steepness X (Fig. 9). In this step, steepness of
every rising and falling edge in the input signal is calculated.
The edge detection is based on a change of a polarity of the
difference between two following samples. For example, when
falling edge turns into a rising edge, polarity of the difference
changes from negative to positive, and vice versa. Timestamp,
where the polarity of a difference changes, determines the edge
(points [ and f). The first (w¢) and the last (w;) element of the
edge is then used for steepness calculation according to equation
(.
wy —wp

=7

The reason for this transformation is the DSI noise. The
amplitude of DSI is sometimes higher than amplitude of the PD
pulse itself, so it cannot be distinguished in the signal according
to its amplitude (see example of this situation in Fig. 8).

In such a case, the PD pattern is modulated in DSI noise and it
is complicated to detect it. Steepness of the PD pulse is usually
much higher than steepness of DSI. This is why PD pulse is
more visible after this transformation, it increases the PD pattern
signal to DSI ratio (compare Fig. 7 with Fig. 9).

z(i=1)= ey

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 36, NO. 3, JUNE 2021

10000000 -

1000000 -

100000 -]

10000

1000-

100

MNurmber of obsersations

1 I 1 ] 1 I 1

-30 -20 -10 0 10 20 30
Steepness

Fig. 10.  Probability distribution of elements of vector X (red curve) during
no-fault state (black curve = normal deviate).

10000000

1000000 -

100000 -]

10000

1000-

100-

Number of observations

10-]

1- [ T T [ T [ [ T [
-25 -20 -13 10 -5 0 5 10 15 20
Steepness

Fig. 11.  Probability distribution of elements of vector X (red curve) during
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B. Signal Tresholding

In the next step, threshold is applied on the vector X to
remove DSI. Fixed thresholding is not suitable for this appli-
cation, because of the variable amplitude of DSI (see Fig. 4).
A fixed threshold value must be set according to the worst
background noise scenario. But such a high value of threshold
will significantly decrease the range of detection during quiet
times. Therefore, soft thresholding is used in this algorithm.

When elements of input data contain only background DSI
noise, the distribution of all elements of vector X is similar to
normal distribution (Fig. 10).

Most of the PD or RPI pulses are not within normal deviate,
as it was observed in acquired data (Fig. 11).

To distinguish between DSIand PD/RPI pulses, Z-score testis
used. This test analyses the normality of probability distribution
of the vector elements. For each element of the vector X (Fig. 9),
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z-score parameter is calculated according to equation:
| —
Z_scor e; = |,|7u 2)
o

where mean u is the average value of the vector X elements
and population standard deviation o represents the elements
dispersion.

For normal probability distribution, maximal value of z-score
is usually lower than 3 [22]. Z-score of an element is compared
with the parameter #rs. Only elements of the vector with Z_score
value above the trs are transferred to the next step, as elements
of a vector Y (Fig. 12). This vector Y contains only RPI and PD
pulses, DSI is eliminated.

Soft thresholding, based on z-score parameter, is automati-
cally self-adapted according to DSIT amplitude. With increasing
DSI amplitude (y;), standard deviation 6 is also increased (see
Eq. 2), so their ratio is similar and there is no negative influence
of variable DSI amplitude on the thresholding function. y value
in Eq. 2 is close to zero for most of the acquired signals, so it
does not have any influence at all. RPI and PD pulses do not
affect the standard deviation of vector X, because the number
of these pulses is insignificant compared to the number of all
elements in this vector.

C. Clustering of Pulses

In the third step, spacing of non-zero elements in the vector Y
is examined. The distance between each neighbouring non-zero
elements is calculated. Group of these elements with spacing
smaller than c/t parameter is considered as a cluster and it is
transferred into vector Z (Fig. 13). This eliminates RPI pulses
from the signal, because the spacing of RPI pulses is greater than
clt parameter.

D. Analysis of Clusters

In the last step, the length of every single cluster in the vector Z
is examined. If the length of any cluster is bigger than parameter
Imin, pulses in the cluster are considered as PD pattern pulses.
In such a case, the input signal is classified as PD positive.

As it can be seen in Fig. 14, a portion of PD pattern in input
signal X was correctly detected by the algorithm as a PD pattern.
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TABLE I
INPUT PARAMETERS OF THE ALGORITHM

Imin
9000

trs clt
4 2000

VI. EXPERIMENT RESULTS

During the operation of the antenna sensor, we created a
dataset of signals. It contains 26660 signals acquired during
various conditions of the overhead line and various background
noise amplitudes. Due to the low fault rate of the examined
overhead line, only 200 signals from the dataset were acquired
during HIF, when a vegetation was in the direct contact with CC.
Three input parameters of the algorithm were set according to
Table I.

Input parameters were set experimentally. After the acquisi-
tion of the first several fault states signals, input parameters were
set by the bisection method for the best detection results (e.g.
the biggest difference between recall and accuracy values).

All acquired signals were classified by the algorithm. The
result of the classification can be seen in Table II.

Data cross validation were used to quantify the quality of
detection [23]. All acquired data were used, no matter how
many pulses signal consisted. Precision, accuracy and recall
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TABLE II
CLASSIFICATION RESULTS

Signal Description Number
classification P of signals
- e PD pattern is present
tp (true positive 100
» (true positive) e PD pattern is detected
ta (true negative) e PD pattern !s not present 26 440
e PD pattern is not detected
f, (false positive) e PD pattern !s not present 20
e PD pattern is detected
fa (false negative) * PDypattern !S present 100
e PD pattern is not detected
TABLE III
DATA CROSS VALIDATION RESULTS
Accuracy = Precision @ Recall
Proposed method 99.5 % 83.3% 50 %
SLI method 99.8 % 95.2 % 68.4 %
were calculated according to equations:
t, +1
Accuracy : rp__n 3)
tp+tn+ fp+ fn
. t,
Precision : ——— @
tp + f P
tp
Recall : —— (®)]
tp+ fn

Because the main motivation for this experiment was to
replace SLI sensors with antenna, results of detection were
compared with current SLI method. Algorithm of compared SLI
method is described in [24].

As it is clear form data cross validation results, the algorithm
classified 99.5% of acquired antenna sensor signals correctly.
When PD pattern was presented in a signal, it was classified
correctly in 83.3% cases. But it was able to detect only 50% of
all recorded PD patterns in the dataset.

There are various reasons why 50% of positive signals where
incorrectly classified by the algorithm as negative. Most of this
false negative HIF were caused by almost dry brunches, where
the number of PD pulses in acquired signal is very low. Other
false negative HIF were situated in a large distance from the
detector, where significant number of pulses was buried in DSI
noise.

From the point of overhead line operation, the accuracy and
the precision are the most important parameters. These param-
eters describe the possibility of false hit appearance and it is
necessary to keep the number of false hits events as low as
possible. In the opposite case of high false hit rate occurrence, the
maintenance workers will start to ignore the output signalization
of the detector.

Low recall value is not as significant issue as it appears to
be. The partial discharges activity has a long-term presence. It
usually takes from several hours to several weeks to severely
damage the insulation. Thus, even with low recall value, the de-
tector will sooner or later detect the presence of HIF appearance.
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VII. CONCLUSION

All the tested data were gathered from overhead line in a
real environment during its regular operation. This enabled us
to create a unique dataset of signals with various kinds of noise.
This cannot be achieved in a laboratory environment. With the
detailed knowledge of background noise properties, we were
able to design a simple algorithm for PD pattern detection in
acquired antenna signals. There are only three input parameters
for algorithm, which makes it easily adaptable according to the
local noise condition.

It is hard to estimate the range of distance of treefall and
branch detection. Intensity of PD activity strictly depends on the
level of the fallen branch or tree humidity. A fresh branch with
sap inside can be detected on a distance of several kilometers.
Contact of a CC with dead and already dried branch/tree cannot
be detected by any of the PD based methods, because it does
not trigger PD activity. Variable amplitude of background noise
also plays an important role in the maximum possible range of
detection. All recorded HIFs in dataset were within the range of
1 km from the detector.

The proposed method for the isolation of fault detection of
CC on MV does not provide as good results as SLI method
yet. Unlike the SLI method, it cannot evaluate the type of
fault (phase-phase or phase-ground) or determine the affected
phase(s). But it has its advantages. It is significantly cheaper,
so it can be installed in a large number to provide optimal
fault localization. Simple algorithm does not require a high
computing power. Another advantage of described method is
the possibility of antenna sensor installation on the overhead
line during its operation, without the necessity of overhead line
disconnection. The dataflow from antenna sensor is significantly
smaller when compared to SLI sensors (only one antenna sensor
is necessary for the detector operation instead of three SLI
sensors). This enables us to reduce the time of data transmission,
which is at this moment the limiting factor for minimal possible
period between two following measurements.

In the next phase of our research, we will focus on tests of
different types of antenna sensors. Until now, we have used an
antenna from the market. Now, we would like to design our
own antenna, especially for the purpose of PD detection. The
most limiting factor is in this case the maximal dimensions of
antenna, because it is mounted in the buffer zone of overhead
line. For the examined frequency band, any type of antenna is
extremely short compared to the wavelength of the signals within
the measuring range of the DAQ (below 10 MHz). Another task
is to improve the classification algorithm to make it more noise
resistant and accurate. Especially RPI is problematic, because it
generates false hits in classification. We would like to enhance
the algorithm with other de-noising methods and thus, improve
the classification of acquired signals from the antenna sensor.
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