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Abstract: Partial discharge (PD) that occurs due to insulation breakdown is a precursor to plant
failure. PD emits electromagnetic pulses which radiate through space and can be detected using
appropriate sensing devices. This paper proposed an enhanced radiolocation technique to locate
PD. This approach depends on sensing the radio frequency spectrum and the extraction of PD
location features from PD signals. We hypothesize that the statistical characterization of the received
PD signals generates many features that represent distinct PD locations within a substation. It is
assumed that the waveform of the received signal is altered due to attenuation and distortion during
propagation. A methodology for the identification of PD locations based on extracted signal features
has been developed using a fingerprint matching algorithm. First, the original extracted signal
features are used as inputs to the algorithm. Secondly, Principal Component Analysis (PCA) is
used to improve PD localization accuracy by transforming the original extracted features into s new
informative feature subspace (principal components) with reduced dimensionality. The few selected
PCs are then used as inputs into the algorithm to develop a new PD localization model. This work
has established that PCA can provide robust PC representative features with spatially distinctive
patterns, a prerequisite for a good fingerprinting localization model. The results indicate that the
location of a discharge can be determined from the selected PCs with improved localization accuracy
compared to using the original extracted PD features directly.

Keywords: partial discharge; principal component analysis; K-nearest neighbour; localization;
fingerprint

1. Introduction

Energized electrical apparatus and its insulation systems may become over-stressed
due to aging and the ever-increasing demand for electricity. Over time, this could lead
to the deterioration of the equipment/insulation, and performance degradation. Such
compromised apparatus could breakdown without advanced warning. The damage that
comes with such unexpected breakdowns could be irreversible and can sometimes lead
to loss of lives. The cost associated with unplanned power cuts and repairs/or replace-
ments is uneconomical. Consequently, the continuous functioning of electrical assets is
highly desirable to avoid catastrophic failure and maintain the necessary reliability of the
power infrastructure.

To cope with the ever-increasing energy demand, whilst minimizing maintenance
and operation costs, utility operators must adopt efficient and cost-effective solutions for
monitoring their aging infrastructure, which is prone to failure. This is because building
new infrastructure could be prohibitively expensive. Advances in technology have enabled
condition-based maintenance, a strategy that evaluates the health condition of equipment
at any given time by performing continuous monitoring. Several methods have been
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developed that can assess the condition of electrical equipment. Amongst others, partial
discharge monitoring has emerged as an important tool for assessing the status of electrical
insulation systems. Partial discharge can be defined as a localized electrical discharge that
does not completely bridge the insulation between conductors. PD occurs in a variety of
locations and insulation mediums in electrical apparatus. PD may be due to the presence
of gas bubbles, voids, or impurities in solid insulation, at conductor-dielectric interfaces,
liquid insulation and along the surface of insulators [1,2]. Irrespective of the causal mecha-
nism, PD is a precursor to insulation failure. The continuous occurrence of PD increases
the damage in the insulation system as deterioration progresses, thereby giving rise to
a vicious cycle of breakdown [3]. With PD as a progressive symptom of compromised
insulation, the continuous monitoring of PD will permit the early detection of PD activity.
This enables proactive and preventative maintenance to be carried out in its early stages
before the equipment loses performance and/or suffers catastrophic failure. Thus, the cost
of expensive repairs/replacement and unplanned outages can be significantly reduced.

PD emits part of the energy it produces as electromagnetic emissions in the form of
radio signals, acoustic emissions in the audible or ultrasonic ranges and light [4]. Conse-
quently, PD can be detected using appropriate sensors that monitor the energy exchanges
that take place during discharge activities. Once the presence of PD has been identified, it is
a matter of urgency to locate the point of discharge on the item of plant that is experiencing
PD as quickly and accurately as possible. This enables utilities to carry out corrective
maintenance operations when the maintenance activity is cost effective. PD location can be
determined by sensing the acoustic emission [4,5] in the ultrasonic range using appropriate
detectors; however, this is usually limited to small installations. Another method for lo-
cating PD, which is considered more suited for larger installations, is to monitor the radio
spectrum for radio frequency pulses emitted by the discharges [6,7].

RF-based methods have received much attention lately, due to their suitability for
larger installations. A radiometric technique for the accurate localization of PD has been
reported in [3,8]. In [9,10], a van was equipped with the appropriate devices and was
periodically driven around a substation to monitor the presence of PD. Authors in [11,12]
used a time delay technique based on energy accumulation to determine the location
of a discharge source. They installed two sets of four omnidirectional antennas in the
environment of interest to monitor the electromagnetic emission. In another attempt,
authors in [6] used both omnidirectional and directional antennas to locate the source
of discharge in an air-insulated substation. Here, the time delay feature was calculated
using cross-correlation based on the received wavefront. In [13], the authors estimated the
location of PD using signal time delay based on high-order statistics. Four omnidirectional
antennas were installed to monitor the UHF signals emitted by PD. The authors in [14]
used time-domain reflectometry (TDR) based on TDoA to locate PD along a cable. Most
of the works that have been reported for the accurate localization of PD used the time
difference of arrival (TDoA), direction of arrival (DoA) and/or received signal strength
(RSS) of the PD radio signal as the basic principles. The time-based technique has been
shown to attain acceptable accuracy; however, it requires accurate time synchronization
and line-of-sight (LOS) propagation, which makes it uneconomical. The DoA technique
requires directional antenna array, making it complex. The RSS-based technique may
be cost-effective, but its accuracy deteriorates with distance. RSS-based techniques also
require detailed signal propagation models for every propagation environment, and this
is non-trivial to establish. On the other hand, ready-made models will fail to capture the
unique complex radio environment in which PD is expected, leading to poor performance.

In this paper, an efficient method for identifying the PD location based on location
fingerprinting has been developed. Here, instead of the well-known signal parameters
such as TDoA or RSS, the received PD waveform will be exploited to extract manifold
signatures that will become representative of the PD signal features. These signatures
will form location fingerprints that match the true location of the discharge. With a rich
database of PD location fingerprints, a pattern-matching algorithm can be trained to build
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a flexible PD localization model. The developed model will be used to infer PD location
whenever a new PD event is observed. This method takes into cognizance the fact that
the fingerprint data could be overwhelming given that a lot of features may be extracted
from the PD waveform. As such, issues of redundancy and the curse of dimensionality
may arise, leading to poor generalization and, hence, poor performance.

To enhance the localization accuracy and deal with the problem of curse of dimen-
sionality, a novel methodology based on Principal Component Analysis is proposed in
this paper. As a proof of concept, statistical features will be extracted from PD signals.
PCA will then be applied to transform the extracted PD features into a small dimension of
informative feature space, otherwise known as principal components. The PD localization
methodology described in this paper uses multivariable K-nearest neighbour (MKNN) as
a fingerprint-matching algorithm. The algorithm is named multivariable because in this
application it has two outputs (two-dimensional). Two PD localization models will be
developed using MKNN. The first model will be based on the PD extracted signal features
as location fingerprints. The second and improved model will used the informative princi-
pal components as location fingerprints. These two models will be used to estimate the
locations of PD sources in two dimensions.

2. Methodology

With the high cost of building new infrastructure to cope with the ever-increasing
demand for electricity, utilities have to adopt efficient methods for monitoring their ageing
assets. One such efficient method is PD monitoring. PD localization helps in the early
identification of the part of the plant that is experiencing insulation degradation.

This paper proposes a statistical characterization of the received radio signals that
emanate from the PD source to generate location dependent features that will enable
PD localization. PCA, a dimensionality reduction technique, is used to enhance the PD
localization system by transforming the PD features into a few new informative feature
subspaces. The architecture of the proposed PD location methodology is shown in Figure 1.
As a proof of concept, emulated PD pulses captured by three identical antennas are taken
as examples. Firstly, the measured radio signals are pre-processed. Then, the statistical
features of the signals are computed. At the same time, the PCA algorithm is used to extract
the most informative features of the measured PD signals to create a feature/location
database. Finally, a pattern-matching algorithm is used to infer the PD location for a new PD
observation from the database, and the localization accuracy is computed. The effectiveness
of the proposed PCA-based methodology is verified by comparing the localization result
with that of the original extracted PD features.

PCA Extracted Ground Tmth
Training Phase Featue Location
PC1_1,...,PCl_m (ey)_1
PCA
Featare PC2_1,.. PC2 2
Peature 1. PC2_m (e, )
FCn_l,... PCn_m (5¥)n
4
Testing Phase Estimated
! .
Real-tve PD e

measurerent Feature PCA Multivariable KNN -
Extacton Regession » ¥

Figure 1. Generic architecture for the proposed PD localisation system.
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3. Modelling PD Localisation

Consider a wireless PD localization system overlaid in an electrical substation with N
sensor nodes (antennas) that are visible within the substation. A two-dimensional uniform
grid is constructed over the space. We assume that each grid point represents a discharge
source, and therefore any estimate of the PD location is restricted to these grid points. If
the grid spacing results in P and Q points along the x and y axes, respectively, then there
will be PXQ discharge locations in that space. A location in this space is represented with
label (x, y, z), where x and y represent the 2-D coordinates and z the height of the sensing
device. In this paper, without loss of generality, we assume that z = 0 for all coordinates on
the grid.

The data of PD measurements are collected from the predefined PX(Q locations on the
grid. If K signal parameters are extracted from PD measured at each grid point, then the
dimension of K = PXQ. A total of KXN entries are recorded in the database. Each entry in
the database includes a mapping of the grid coordinate (x, y) to the matrix of corresponding
signal parameters from all N antennas in the area. These entries are otherwise known as the
training set. The signal parameters are expected to exhibit strong correlations with location.
Each element in each vector in the database is assumed to be a true mean of the signal
parameters from each of the N antennas. This is usually achieved by collecting a large
number of samples of the signals at each point on the grid. The fundamental problem of
the proposed localization system is how to infer PD location using training information in
the database when a new PD observation is received. Therefore, the problem of estimating
the location of PD becomes a mapping of the extracted features onto PD source locations.
This can be modelled as in Equation (1):

(£,9) = f(r) +e(r) @

where r € R is the extracted feature matrix from PXQ locations, captured by N sensors. f
is the function of the extracted features, and e accounts for the noise.

4. Experimental Procedure

A description of the experimental setup is first presented, which includes the PD signal
acquisition. Secondly, the details of the testbed for the case study where the measurement
campaign was conducted is presented. The data collection process is finally discussed.

4.1. Partial Discharge RF Signal Acquisition

The gradually developing decay of insulation systems in HV apparatus caused by
partial discharge is one of the leading causes of electrical equipment failure. Thus, PD
measurement has become one of the most reliable methods for assessing the status of
HYV insulation systems. PD is the result of the energy exchanges that accompany the
interaction processes within a compromised insulation. PD emits pulses in the radio
frequency spectrum which radiate to the surrounding environment. This allows for the
non-invasive, free-standing radiometric detection and measurement of PD. A method
based on radio frequency PD measurement is particularly useful since it obviates the need
to de-energize any equipment. The measurement of partial discharge RF signals brings
additional information, which may enable the determination of the location of the discharge.
The acquired RF signals will be analysed in this paper and used to estimate the PD location.

The type of PD that is considered in this work represents internal discharge that
usually occurs in gas-filled cavities. Internal discharges produce current pulses which can
be detected using appropriate devices. For the measurement campaign reported herein,
a pulse signal generator was used to generate emulated PD events. The generated pulse
had a rise time of 10 ns, which is typical of PD. The low rise time gives rise to pulses
extending into the radio frequency spectrum. An omnidirectional antenna was connected
to the pulse generator and radiate the generated PD pulse into the surroundings. This
arrangement represents the PD source that is used in the experiment reported herein. The
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PD measurements were performed using monopole antennas connected to a multichannel
digital oscilloscope (LeCroy SDA900 serial data analyser) via 50 ohms coaxial cables to
reduce the reflection of the signal from the antenna. Each antenna was connected to a
channel on the oscilloscope. The recorded signals were saved throughout the measurement
campaign. A sample of the measured PD pulse is shown in Figure 2.
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Figure 2. Recorded PD signal.
4.2. Testbed

A testbed was designed as a case study for the verification of the proposed method-
ology. The laboratory in which the testbed was designed is part of the building housing
the Electronic and Electrical Engineering Department at the University of Strathclyde. The
dimension of the testbed, which is the floor in the laboratory, are 19.2 m x 8.4 m. The
rectangular-shaped floor comprises several obstructions in the form of walls, metals, furni-
ture, cabinets, robotic arms and communication targets, etc. The testbed had a continuous
flux of people moving in and out of laboratory at the time the experiment was conducted.
The presence of clutter in the laboratory is likely to give rise to the complex, multipath-rich,
propagation environments that are expected in electrical installations. As a proof of concept,
three inexpensive off-the-shelf monopole antennas were used as receivers to capture the
emitted PD signals. These antennas were installed in a triangular-shaped arrangement to
provide a fair coverage in the testbed. The testbed described herein is a representation of the
proposed methodology for PD detection and localization using an array of sensor nodes.

4.3. Data Collection

The physical floor space in the laboratory was discretized using a superimposed
uniform grid. A 1 m x 1 m grid was first designed to collect training data. Each grid point
is considered a possible PD source. The grid comprised 144 distinct locations where PD
data were harvested for training the fingerprint matching algorithm. These positions were
uniformly distributed in the testbed. The simulated PD event described in Section 4.1 was
used to generate PD at each grid point. Twenty (20) discharges were generated from every
distinct training location. This was accomplished by moving the monopole antenna across
the testbed stopping at each marked training location. The ground truth was noted at each
location before moving on to the new location. Thus, at each location on the grid, we had a
set of 20 PD measurements. These waveforms were further analysed to extract location-
dependent features. The (ground truth location, features) pairs from the 144 locations
formed the training data.

A similar arrangement was designed to collect an independent dataset that would be
used for testing/validating the trained model. Another grid (2.5 m x 2.5 m) was overlaid
on the same floor with 32 grid points, which would serve as ‘test’ locations. The test
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locations were also uniformly distributed in the testbed, but all at different points from the
training locations. Again, 20 discharges were generated from every distinct test location.
These ‘test” data were collected on different days from the training data. The ground truth
was also noted at each location. However, the ground truth information from ‘test” locations
would be used only for the evaluation of the localisation error and would not be included
as part of the fingerprints presented to the trained model. Only the extracted features were
supplied to the model. This arrangement of data collection was deliberately adopted to
ensure that the training and test data were disjointed enough to provide realistic results.

4.4. PD Feature Extraction

Though the raw PD data collected at each location may be comparable to each other
in the time domain, they contains unique characteristics that can be used to distinguish
PD from different locations. These characteristics are called features. The aim of feature
generation is to discover compact and informative representations of the raw data collected.
The derivation and analysis of these features invariably leads to the determination of
the PD location. Among other parameters, time domain features often involve statistical
features that are functions of the location of the discharge site. Table 1 shows the statistical
parameters that were extracted from received PD waveforms. Intuitively, the unique nature
of the received PD waveforms from one location to another was created by the different
propagation paths each radiated signal took to reach the receiver from the discharge site.
The uniqueness in each propagation channel was due to the effects of attenuation and
multipath propagation. Given the cluttered radio environment in the substation, these
effects may vary quite markedly. This suggests that extracting features from the received PD
waveform will provide a rich fingerprinting database for learning patterns and estimating
the PD location.

As a proof of concept, five statistical features given in Table 1 were extracted from
the PD waveforms recorded during the measurement campaign. A total of fifteen features
were generated for each PD pulse, since three antennas were deployed to sense the radiated
pulses. With the increased number of antennas, the dimension of the generated features
can be overwhelming and may lead to redundancy, increasing the computational cost. In
addition, the different statistical features were more often than not correlated with one
another, therefore having a negligible contribution. Consequently, we aimed to transform
the generated statistical features onto a small set of linearly uncorrelated, independent yet
informative features using principal component analysis. PCA is an unsupervised machine-
learning technique that uses orthogonal transformation to map the entire PD features onto
a new feature subspace of linearly uncorrelated variables known as Principal Components
(PCs) [15,16]. In other words, PCA finds components that maximize the variation in the
PD features. The first principal component corresponds to the first variable in the new
feature subspace. It captures the largest variability in the PD dataset. All succeeding PCs in
turn capture different percentages of the remaining variation in decreasing order under the
constraint that each is orthogonal to the previous component. The resulting PC matrix in
the new feature subspace is a linear combination of the generated PD features. However,
not all the PCs need to be used as input to the PD localization algorithm. As mentioned
earlier, PCA invariably rotates the extracted PD features about their mean in order to project
these features onto new coordinates, such that the first few dimensions retain the most
variance and, hence, more information, as shown by the scree plot in Figure 3. The scree
plot only shows the first five components out of a possible fifteen components that explain
95% of the total variance. The first PC explains 57% of the variance, which is less than
2/3 of the total variability in the PD feature space, and therefore more components might
be needed. It can be seen that the first four PCs explain approximately 93% of the total
variability, and this is a reasonable way to reduce dimensionality. The rest of the PCs,
assumed to be noise, are discarded, and the entire feature space is transformed to a lower
dimensional feature subspace (four PCs), with the most important information retained.
An exhaustive search method is also used to determine the optimal number of PCs that
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form the new feature subspace. This further confirms that four is the optimal number of
PCs to be used as the input to the developed model.

Table 1. PD statistical features.

S/No Feature Parameter Definition

1 Sum Squared Amplitude (SSA) Xssa = gjl xi2
i=

2 Impulse Factor (IF) Xip = maX(Ixz'\)/%gllxz'\

i=
3 Peak-to-Peak Amplitude (PPA) Xppa = max(x;) —min(x;)
4 Squared Standard Deviation (SSD) Xssp= % g: |x; — Y|2
i=

5 Root Mean Squared (RMS) XRMSs = (% g:l x,'z)l/z

i=
100 : : : 100%
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Figure 3. Scree plot of principal components.

5. Multivariable KNN Regression for PD Localization

Deriving the functional relationship between the location of discharge and the ex-
tracted features from PD measurements is not trivial due to the complex radio propagation
environment occasioned by the severe multipath and absence of line-of-sight propagation
path. The inverse problem of inferring the PD location from the extracted features is also
challenging. Machine learning techniques enable the unknown functional dependency to
be derived from observation (data), that is, by learning from examples, without detailed
knowledge of the desired dependency. One such algorithm for the location fingerprinting
problem is the K-nearest neighbour (KNN) algorithm [17]. KNN is a supervised learning
technique that can be used for both classification and regression problems. In this paper,
KNN is used as a regression algorithm since the PD location fingerprinting problem is
a function approximation problem. The regression problem here is a mapping of the ex-
tracted features onto the physical coordinates of the PD locations. Let w be the number of
observations or labeled examples to be used for training KNN. For a regression problem,
each example consists of pair (u;, v;),i =1,..., w, where u; € R" is a vector containing
extracted features and v; € R is the label or predictor, which in our case is the location
coordinates (x;,y;). This makes our PD localization problem a multivariable regression
problem, since we have two predictor variables. Therefore, we introduced the multivariate
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KNN (MKNN) regression to learn the relationship between the extracted features and the
location coordinates. One of the factors that informed our choice of the KNN algorithm was
its ability to work well with non-linear relationships. The KNN algorithm is also a simple
and intuitive algorithm. The KNN algorithm involves training (learning the non-linear
relationship in the data) and then testing on out-of-sample data (that is, new observations
that have not been seen during training). We therefore needed two sets of data, training
and test data, to implement the MKNN algorithm. One important question in KNN imple-
mentation is the choice of K-parameter (number of nearest neighbours) that would make a
good model for predictions. Here, we employed five-fold cross-validation [18] to choose
the optimal K. In cross-validation, the training data are split into training and testing sets
multiple times and the algorithm’s performance is evaluated for different values of ‘K’. This
permits the selection of ‘K’ that results in the best overall performance on the dataset. To see
how well our predictions matched the true values, we used mean square error (MSE) for
tuning and evaluating the models. Our five-fold cross-validation was performed using the
training data for a grid of numbers of neighbours from 1 to 10. We took the minimum MSE
to find the best setting for the number of neighbours. From here, we found that the optimal
K was 6; that is, the K with the smallest value of MSE. Cross-validation helps to avoid
underfitting and overfitting. Underfitting occurs when the model is influenced too much
by the noisy data, that is, when K is too small. When K is too large, the prediction depends
on many neighbouring observations. That means the model is not influenced enough by
the training data. This is called overfitting. Therefore, in the subsequent analysis of the PD
localization problem, we will evaluate the PD location using ‘K = 6’ nearest neighbours for
optimal predictions.

Final PD Location Prediction

Whenever a PD activity is detected and the real-time RF signal is measured, we can
find the discharge location. This is achieved by first extracting the statistical features of
the RF signal and then identifying the most informative PCs as its fingerprint. To estimate
the source location of the measured PD, MKNN searches the database for the nearest
neighbours by calculating the Euclidean distance between the new observation (features)
and each (location, fingerprints) pair in the database. The K (5) most similar entries in the
database to the new fingerprint (i.e., fingerprints with the shortest distance) are selected as
the nearest neighbours. The average of the physical coordinates associated with the nearest
neighbours is returned as the predicted PD location for the new PD observation. Thus, the
estimated PD location is given by Equation (2).

—_

™=

(£,9) = 72 (X i) 2)

Il
_

where (%, 7) is the predicted PD location and (x;, y;) is the physical coordinate of the ith x
closest neighbour.

6. Experimental Results

To verify the effectiveness of the methodology introduced in this paper, the PD mea-
surements recorded during the measurement campaign reported in Section 4 were used.
There were two independent datasets collected, which represented training and test datasets
to be used with the pattern-matching algorithm. The training sets were made of PD mea-
surements with their two-dimensional locations (x, y) from 144 training grid points. The
test set contained only the measurement data from 32 distinct test points without the
ground truth locations.

Both the training and test PD data were processed such that the features extracted
from the measurement data were representative of the PD emanating from a particular
location. These features were further processed using PCA to generate a more decorrelated
yet informative lower-dimensional feature set. Two PD localization models were developed
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using the Multivariable K-Nearest Neighbour (MKNN) algorithm. The first model was
based on the original statistical features extracted from the PD signals. The second model
was based on the principal components features, which were the result of the PCA. The
first dataset (features/locations) was used to train the pattern-matching algorithm. Both
the PD features and their corresponding locations were fed as inputs to the algorithm. In
MKNN, a database of the features and their corresponding locations was created, which
constituted the training of the algorithm.

To validate the developed models, the test data that were generated from 32 distinct
locations were used. For the first model, the PD statistical features of the test data were
used as the input to the trained model. For each PD feature set, the model predicted the
location of the PD. In the second model, the principal components selected after applying
PCA to the features of the test data were used as the input to the model and for each set
of PCs, and this model predicted the PD location. In this section, the results of these two
models will be presented and discussed.

6.1. Spatial Description of PD Fingerprints

First, we can establish the premise upon which this work is based. Any unique char-
acteristic of the received signal that distinguishes locations can be a fingerprint candidate
for inferring the PD location. One salient feature of the proposed method is that it would
benefit from the rich multipath propagation that characterizes the electrical substations.
The multipath effect adds to the uniqueness of the extracted signal parameter. PCA, on
the other hand, produces high variability amongst the features which creates distinctive-
ness in the spatial location—feature pair that is needed for the enhanced performance of
PD localization models. The spatial maps of the statistical features shown in Figure 4.
Figure 4a—e demonstrate how these features vary with location, as measured by each of the
three receiving antennas.

The spatial map of how each of the four PCs extracted from PD features varied with
respect to location is shown in Figure 5. A higher variability captured by the PCs indicates
that there was a PC-location pattern that exists in the data. This unique spatial pattern
shows that the PCs extracted from the generated PD features were more distinguishable
fingerprint features compared to the original extracted features in Figure 4, which can
prove to be robust fingerprints to infer PD location. This assertion will be validated
using the models developed. Both the original extracted PD features and the PCs are
used to create independent fingerprint databases which will be used independently in the
MKNN algorithm to develop PD localization models. The results of the two models will
be compared.
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6.2. Accuracy

The accuracy of PD localization using the original extracted PD features was first
analysed. The PD features listed in Table 1 were extracted from each measurement point for
testing and validation. These features were used to obtain the estimated PD test locations.
The error (Euclidean distance between the estimated location and the true PD location) for
each estimated location was computed. The map of error distribution for all 32 PD test
locations is shown in Figure 6a. The emulated PD source was located at each coordinate of
the test points.

Secondly, the PD localization result using principal components from PCA was anal-
ysed. Here, the PD features were transformed using PCA, and the resulting principal
components for the 32 test locations were used as fingerprint inputs to the trained model,
and their locations were estimated. The map of the error distribution for all the 32 PD test
locations estimated using PCs features is shown in Figure 6b. This distribution shows the
varying degree of localization error in the testbed. The performance of the models differs
from location to location, which was expected. The difference in the deviations may have
been a result of the positioning of the receivers in the testbed and/or the obstructions dur-
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ing measurements. The points closer to any receiving antennas performed better compared
to locations that were far away from all the receiving antennas. The other exception could
be because of obstructions during measurements or a marked shift in the composition
of the testbed when the test data were measured. However, the result indicates that the
proposed methodology returned a high accuracy, with more than 25% of the estimated PD
location having errors less than 1 m and a minimum error of 0.3 m when using principal
components as input. Compared with the MKNN model using original PD features, the
PCA technique was able to locate 94% of the test locations within 3 m.
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Figure 6. Location error for testing positions using (a) PD original features and (b) PCs.

The statistical metrics for the localization result of the 32 PD test sources are shown
in Figure 7. The mean, which is the average localization error, the median and the 75th
percentile of the localization error for the two MKNN models based on PD features and PCs,
respectively, are presented. The accuracy was significantly enhanced when the mean error
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was reduced from 2.05 m to 1.78 m when using principal components as the input instead
of the original PD features. Table 2 shows the improvement in localization accuracy when
PCA was applied to the PD features and PCs were later used for locating PD. By comparing
the two models, it can be observed that the PCs-MKNN model improved the location
accuracy by 15%, 22.19% and 29% in terms of mean error, median and 75th percentile of
the localization error, respectively.
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Figure 7. Localization accuracy.

Table 2. Improvement in accuracy.

Localisation Error (m)

Model
Mean Median 75th
PD Features-MKNN 2.05 1.79 2.86
PCs-MKNN 1.78 1.46 2.21
PCA improvement 15% 22.19% 29%

6.3. Computation Cost

The PD feature space impacts the computational complexity of the MKNN PD locali-
sation model. MKNN, a pattern-matching algorithm that was used for location estimation
in this paper, first created a database where all training examples were stored. To locate a
source of PD for a new sample, the new sample was compared to all training examples to
identify examples that were closest neighbours to that sample. Here, closest neighbours
mean those with shorter distances to the test sample. Suppose there are n training samples;
for each training sample, we compute the distance d from the new test sample to the train-
ing sample. In addition, there is a cost of O(n) to compute the kth x smallest distance. The
cost of finding the nearest neighbours for a single new sample in MKNN is therefore given
by O(nd). This can be costly for a resource constraint system such as the one considered
in this paper. However, by integrating PCA, the number of features used in calculating
distance was reduced whilst improving the accuracy. PCA compresses relevant information
in the data into a small number of principal components for model training and validation.
By using PCA, the dimension of the original features is reduced by 73%. This implies that
the integration of PCA can reduce the computational burden of the proposed PD location
identification methodology.

6.4. Discussion

The PD localization results indicated that error in the estimated locations for the
proposed methodology increased as the distance between the discharge source and the
receiving antennas increased. This is due to degradation in the received signals, a result of
the increase in the distance of propagation. This problem can be overcome by installing
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more antennas, making each source closer to a receiving antenna. However, the average
error for the PC-MKNN model was less than when the original PD features were used
directly. The improved accuracy of the proposed methodology can be explained: when PCA
is applied to the PD features, it reduces the correlation between individual features and
projects much of the variance into the first few principal components, which are linearly
uncorrelated. This gives rise to more distinguishable fingerprint features and, hence,
improves performance (localisation error). By reducing the dimensionality, PCA helps
remove noise in the features. This reduces overfitting and can improve the generalization
of the algorithm, making it more robust to new data. PCA generated PCs that represented
decorrelated features, which produced a better spatial distinction among the features.
This resulted in an improvement in the localisation result. The statistical summary of
the localisation error is listed in Table 2. The mean localisation error of the proposed
method was 1.78 m and the median was 1.46 m. This implies that 50% of the time, the
PCs-MKNN model located PD sources with an error less than 1.50 m. compared with the
PD feature-MKNN model, and the PCs-MKNN model improved the localisation accuracy
by 22.19%. With the proposed PCs-MKNN model, the PD location can be identified much
more effectively. Moreover, the trade-off between performance and computational cost
in the KNN model is addressed. This was undertaken by limiting the feature space and
number of neighbours. MKNN models that are less computationally expensive can be
directly implemented on portable embedded devices.

7. Comparison of PD Localization Solutions

In the existing literature, most of the techniques that have been proposed for partial
discharge localization have been based on received signal strength, time-difference-of-
arrival and/or direction of arrival.

In [19], a system for PD localization was proposed based on RSS. Two testbeds were
considered in an 18 m? empty room. Seven sensors were deployed in the first testbed
and eight were deployed in the second testbed to sense the PD signals. The testbeds
were divided into nine test locations where PDs were generated. The distance between
the emitter and the receiver was computed using estimated path loss exponent. With
this method, the best estimated location gave an error of 0.78 m in the first testbed and
1.06 m in the second testbed. The authors in [20] proposed an RSS-based PD localization
methodology that uses Soft Defined Radio (SDR) technology. The received signal strength
collected using SDR was used as the location fingerprint to infer the PD location. The
experimental result indicated that the single PD location that was estimated had a location
error of 1.3 m. Another RSS-based PD localization methodology is proposed in [21]. The
technique is based on clustering and compressed sensing. The method was applied to
identify HV apparatus with PD. A 24 m? testbed was created with a 1 m x 1 m grid
overlaid across the testbed. The experimental result shows that this method was able to
locate equipment experiencing PD within 3 m for 89% of the locations. In [22], TDOA-
probability methodology was proposed for PD localization. Here, the TDOA fingerprint
was used to estimate the location of PD. Three sources of PD were created to test the
developed technique, and the result shows that three of the sources were located with
errors of 0.56 m, 1.59 m and 0.18 m, respectively. Another time-based PD localization
technique was proposed in [23]. The time delay of arrival and Gaussian mixture model
were combined to estimate PD locations. Eight test locations were generated, and the result
showed a minimum error of 0.5 m and a mean error of 1.4 m. The PCA-enhanced PD
localization solution that is proposed in this paper is based on feature extraction from PD
radio frequency signals other than RSS and /or TDOA. The extracted PD features are further
processed using PCA to generate lower dimensional yet informative features for locating
PD using a fingerprint-matching algorithm—MKNN. The result of this simple proposed
solution indicated a high accuracy, with more than 25% of the estimated PD location having
errors less than 1 m and a minimum error of 0.3 m. Compared with other techniques in the
literature, our proposed technique was able to locate 94% of the test locations within 3 m.
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8. Conclusions

This paper investigates the problem of determining the location of partial discharge in
HYV electrical installations by measuring the PD signals. The developed methodology is
based on feature extraction, the Multivariable K-Nearest Neighbour (M-KNN) algorithm
and Principal Component Analysis (PCA). First, statistical features were extracted from
the PD measurement. With a high number of antennas and increased grid space, the
dimensions of the PD data would be high. Moreover, most of the generated statistical
features had small variance, highly correlated with each other. PCA was used to further
process the extracted features in order to effectively reduce the dimensions of the PD
data and decorrelate the features whilst retaining maximum information in the feature
space. PCA transformed the PD statistical features by projecting them onto a small set
of linearly uncorrelated yet informative features known as principal components (PCs).
This gave rise to more distinguishable fingerprint features. To evaluate the effectiveness
of using principal components as features rather than original features extracted from
PD waveforms, a multivariable KNN algorithm was trained to learn the underlying PCs—
location relationship. The trained model was then used to infer the PD location from
new PC features. The experimental results demonstrate that the PCA based features
outperformed the model developed using the statistical features generated directly from
the PD waveforms. The PC-MKNN model provided a significant improvement, with the
median error reduced by 22.19% compared to using PD statistical features as inputs for the
MKNN model. It also offers a 73% reduction in computational load. In practice, an accurate
and less computational model is desirable since it can be easily implemented directly on
portable embedded devices. In addition, by using PCs as input features, an MKNN partial
discharge localization model that is robust against noise was developed.

The results presented in this paper were obtained using PD of a single type emanating
from different locations. The use of the methodology described in this paper for locating
sources of multiple PD types will be investigated further.
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