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Abstract— Partial discharge (PD) refers to the release of
energy that occurs due to insulation cracks that partially
bridge conductors. The ultimate consequence of PD activity
in high voltage systems is a catastrophic failure. The
continuous monitoring of PD activity contributes to
avoidance of such failures. In this paper, a novel localization
algorithm is proposed. The PD location was estimated for ten
different positions. The PD signal was generated by using an
emulator, and eight measurement sensors have been used.
The received signal was converted into distance and the
location estimation performed satisfactorily with no prior
information of path loss model parameters. The results
obtained show that increasing the number of measurement
sensors reduces the estimation error.

Keywords-Partial discharge; sensors

L INTRODUCTION

To monitor the state of a high voltage system, normally
a PD survey is performed on a periodic basis. Power
companies usually monitor PD activity every few months.
The frequency of measurements is typically twice a year or
not more than once every quarter. Changes in PD
characteristics often precede catastrophic failures. If PD
events occur in the long term they can result in failure of
high voltage systems. Developing weaknesses in the
materials used as dielectric is one of the major causes of PD
in high voltage systems [1]. There are three main types of
PD, and these are categorised as surface, void and corona
discharge [2]. The PD pulse usually lasts for a few-micro
seconds (us) [3]. Usually, PD activity takes place mainly in
power transmission lines, power transformers, generators,
switchgears and power cables [4]. PD generally arises at
sites such as voids, joints, cavities or delamination zones in
high voltage component insulation systems [2] [5]. The
repetitive occurrence of PD activity can lead to system
degradation and can affect the performance of the system
and consequently may lead to the breakdown of the whole
insulation system [2] [6] [7]. PD source location based on
spatially-separated sensors has been explored in the past by
using various techniques including RF antenna array, time
of arrival (TOA), time difference of arrival (TDOA),
direction of arrival (DOA), use of SDR USRP N200 and
RTL-SDR etc. [5] [6] [8] [9]. Free space radiometric
measurement proposed in [10] uses four types of emulators.

Artificially created emulators radiate PD signals at RF
range and are located autonomously.

Different PD types such as corona and surface
discharges are observed from electrode edges, point edges
or cylindrical wires in case of gases [11] [12] [13]. A
schematic of PD activity in a high voltage system can be
seen in the Figure 1.
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Figure 1. A schematic of PD activity.

Radio systems that are capable of localization have
many applications [14]. Received signal strength (RSS)
based localization can be range-based or range-free [15]
[16]. Range based localization is strictly based on time
synchronization and changes to the deployed systems are
hard to implement due to synchronization. Techniques
such as TOA, TDOA and DOA are all range based
localization techniques [17]. Range free localization is
purely based on the received signal strength and there are
no synchronization requirements. For example, the work
in [18] is based on localization of the source based on
centroid point calculation. Similarly, the work in [19]
utilizes the trilateration algorithm to estimate the location
of the source.

Physical localization of the source is the key
requirement of the proposed work. The main advantage of
the source localization is that it can help to identify the
source that requires decommissioning [20]. Keeping in
view the simplicity and ease of implementation, the



proposed algorithm works purely based on the received
signal strength and source coordinates are estimated by
converting the received signal strength into distance. The
RSS technique is based on Lateration or distance. The key
advantage that RSSI based localizations offers over its
counterparts such as AOA, TDOA or TOA is the
scalability i.e. at any time an extra receiving node can be
deployed that will improve the localization accuracy. This
is a challenging task in TOA, TDOA or AOA based
localizations due to time synchronization requirements. A
PD pulse attenuates and distorts as it travels from the
source to the measuring system. However, even distorted
or attenuated PD pulses still contain significant
information about the nature and the location of the
discharge [21].

II.  ALGORITHM DESCRIPTION

The propagation of radio signals in free space will
experience losses. Keeping in mind the loss, it is important
to choose a propagation model that best suits the
application. There are three types of propagation models
that can be used for the given application. These include
ground reflection, free space and shadowing model. In free
space and ground reflection models, the received energy is
a function of distance. This implies that signal transmission
is isotropic i.e. coverage is an ideal circle [16].

Keeping in view that real PD signal is often anisotropic,
the proposed algorithm is based on the path loss model
equation as shown in equation (1):

di

Ry, is the measured signal strength by the receiving
node, Ry is the transmitted power of the source which is
unknown, 7 is the path loss index (again it is unknown,
however it can be constrained). d; and d,, are the ith and
reference node distances respectively.

The proposed algorithms can be summarized in the
following steps

L Assume an initial (universal) value of path loss
index (n)
1L Use ratios of power received by a pair of sensors
to calculate a locus for estimated PD location
111 Repeat for all other pairs of sensors giving an
estimated location corresponding to each
intersection of loci
Iv. Calculate mean spatial location from all

estimated locations

V. Calculate RMS spread of spatial location
distance from mean location

VL Repeat for multiple values of n and select the
estimated mean location (as final estimated
location) that has a minimum RMS spread

The location is estimated by converting the received
signal into the distance. Equation (1) can be used to
calculate the distance as given in equation (2):

Rs—Rm
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The coordinates of the receivers that detect the signal
emitted by the source are known and are named as (xi, yi),
the distance between the source, and the ith receiver can
be calculated by using the equation below:

df = (6 — 0% + (i — ¥)? ©)
Equation (2) can be written in simplified form as below:
Rs
p; = 1010 and 4)
Rm
p1 = 10w (%)

Taking the square of equation (2) and comparing equations
(2) and (3) will give rise to the expression given in equation

(6):
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In equation (6) d, corresponds to the distance of the
reference node. Each node in the whole receiving system
can be taken as the reference node, and the reference node
offering the minimum error will be the one giving the
optimum solution.

As the number of unknowns is two i.e. two coordinates of
the unknown source, and the number of equations are more
than two, a matrix equation is established and the solution
of these equations is based on the linear least square
approach.

The source transmitted power has been eliminated by using
the ratio approach, however, the path loss exponent (PLE)
is still unknown and makes it impossible to solve the matrix
equations.

The PLE is still an issue and to overcome that an initial
value of PLE is chosen. Normally the path loss exponent
is constrained to be in the range of 1 < n < 4 [22].

To overcome the issues, an initial value of PLE is chosen
and mean spatial location is estimated from all estimated
locations. The RMS spread is calculated as shown below

()

Where,d,, is the location distance from the mean estimated
location and dgpys is the RMS spread of the location
distance.

The process is repeated for multiple values of path loss
exponent (n) by taking a reasonable step size and keeping
in view the runtime, e.g. 0.01. The location that will have
the minimum value of RMS spread will be the estimated
location of the source, and the value of the path loss
exponent will be the optimized value.



III. RESULTS

The results were obtained by generating the PD in the free
space environment. Ten different measurements were
taken and eight measurement sensors nodes been used in
total. PD signal was generated by using the PD emulator
as shown in the Figure 2.

The signal was generated by using an AC supply of 30kV
and the PD emulator of Figure 2. Measurement sensors
were placed over an 18 by 18 meters grid. Sensor nodes
used for measurement consisted of four major sub-systems
including the RF front end, signal conditioning,
microcontroller and the wirelessHART unit. Such sensors
are simple and cost-effective and can be deployed for
continuous monitoring of PD [23]. A dipole receiving
antenna has been used to receive the PD signal. The
experimental study suggests that PD signal bandwidth
remains between 50-800 MHz, the used passbands have a
frequency range from 30 to 75 MHz and 255 to 320 MHz
[23][10]

Figure 2. PD emulator used to generate the PD signal.

The signal measurements were performed in free space.
The spatial distance between the receiving nodes was kept
the same and the position of the source was changed as
shown in Table 1.

Table 1. True location of the source at ten positions

Position X (m) Y (m)

No.
1 13.5 4.5
2 4.5 4.5
3 4.5 13.5
4 13.5 13.5
5 10 6
6 8
7 12
8 12 10
9 4.5 -4.5
10 13.5 0

The location of the PD source was estimated by using six,
seven and eight nodes respectively to see how an increase
in the number of nodes affects the overall accuracy of the
estimated location. Firstly, the location was estimated by
using six nodes, and the estimated location of the source
for all ten positions is shown in Table 2.

Table 2 shows the true versus estimated locations
comparison with the error calculated for each location of
the source. The mean error calculated is 2.95 meters.
Results obtained for all ten positions were compared for
true versus estimated location.

Table 2. Estimated location with 6 sensors

Position | Practical results with 6 Measurement Sensors
No.
X (m) Y (m) Error (m)

1 10.30 7.62 4.47
2 7.04 6.56 3.26
3 5.90 13.08 1.47
4 8.68 11.95 5.06
5 8.75 8.66 2.94
6 6.29 9.17 1.21
7 7.38 11.57 0.76
8 8.91 9.84 3.09
9 7.64 -3.23 3.39
10 10.20 1.95 3.84

Mean Error 2.95

An example result for position 1 is shown in Figure 3
where six measurement sensors were used.
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Figure 3. Position 1 results with six measurement sensors.

Table 3 shows the estimated location with seven
measurement sensors. An increase in the number of
sensors has improved the accuracy when compared with
results obtained in Table 2. An addition of only one node
has improved the localization accuracy in the majority of




positions. Error calculations for individual positions
suggest that accuracy has improved for majority of

Table 4. Estimated location with 8 sensors

positions. Mean error calculated is 2.43 meters, which is Position | Practical results with 8 Measurement Sensors
0.5 meters less than the error with six sensors. Same No.
example result for position 1 with seven measurement X (m) Y (m) Error (m)
sensors is shown in Figure 4. |
Table 4 shows the results of the estimated locations when 12.49 4.20 1.06
eight measurement sensors are used. 2 5.72 5.45 1.55
3
Table 3 Estimated location with 7 sensors 4.08 14.19 0.81
4 11.33 14.51 2.40
Position | Practical results with 7 Measurement Sensors 5 12.54 4.90 276
No. . . .
1 12.33 4.39 1.17 ’ 8.85 12.87 121
2 5.93 5.36 1.67 8 13.20 11.99 2.33
3 5.48 13.11 1.05 ’ 3.92 -5.58 1.22
4 10.79 16.60 4.12 10 14.23 -6.05 6.09
Mean E 2.19
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Figure 4. Position 1 results with seven measurement sensors.

It is clear from Table 4 that localization accuracy has
improved when comparing to Tables 2 and 3. The mean
estimated error is 2.19 meters which is lower than both
Tables 2 and 3 results. The results for position 1 when
eight measurement sensors are used are shown in Figure 5.
The results obtained from all three scenarios show that
estimation error is minimum when eight sensors are used.
The localization accuracy gradually improves with an
increase in the number of measurement sensors.

accuracy improves. Eight sensors seem to be enough for a
good working accuracy.
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