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Abstract

Medium-voltage (MV) overhead distribution networks play a vital role in
ensuring reliable power supply and minimizing disruptions and inconveniences to
consumers; however, insulation faults in these networks can result in power
outages, compromising stability, and causing significant economic and social
impacts. The solution to this problem is to conduct condition-based maintenance
of the networks. Partial discharge (PD), a phenomenon able to reveal or cause
incipient failure of electrical apparatus, is a fundamental indicator in
condition-based maintenance. Traditionally, technicians patrol along MV
overhead lines to identify PDs by vision- and ultrasonic-based methods. However,
this technique is insensitive to the PDs inside the electrical equipment and is
laborious and time-consuming for sizeable distribution networks. To overcome
these limitations, the traveling wave-based PD diagnosis technique has been
explored recently, and it has been proven to detect PD more efficiently and allow
monitoring of all apparatuses in the networks online. However, uncertain PD
signal  propagation  distortions, electromagnetic  noise  interferences,
synchronization problems in PD localization, etc., significantly reduce the
accuracy and reliability of the technique, impeding its further application for
distribution networks. The issues in the traveling wave-based PD diagnosis
technique motivated our current study, which offers the following contributions:

PD propagation characteristics in MV three-phase overhead distribution
networks are thoroughly investigated. Firstly, PD propagation in MV three-phase
overhead distribution networks is modeled based on multiple-conductor theory,
along with considering the effect of the alongside towers. The formulas for

calculating the frequency-dependent transmission line parameters are derived



from the physical parameters of the overhead line. The developed models and
formulas allow us to simulate PD signals at any location within an overhead
distribution network. Simulations and measurements validate the feasibility and
accuracy of the developed models and formulas. Furthermore, PD propagation
simulation experiments are conducted in PSCAD to quantitatively evaluate the
effects of network parameters and structures on PD signal features. The results
reveal several crucial PD propagation characteristics in MV three-phase overhead
distribution networks.

A fully automatic tool for extracting PD signals from noises is developed.
The proposed solution addresses the challenges of field noise filtering and
hardware selection. On one side, field noise has unavoidable detrimental effects
on monitoring, thus demanding a clever and robust solution. On the other hand,
the implementation of limited resource hardware is a crucial requirement for a
practical design, allowing to reduce production costs. This work describes an
adaptive and efficient PD de-noising algorithm based on the improved spectral
decomposition of the noisy PD signal. PD pulses are accurately extracted from the
noisy signal by cleverly selecting the dominant components via a low-rank
singular value decomposition of the time-frequency spectrogram of the signal,
thus reducing the size of the involved matrices and the computational complexity.
The performance of the proposed de-noising algorithm is first demonstrated on a
synthetic PD signal and compared with state-of-the-art alternative techniques
implemented on three embedded systems commonly used for PD monitoring.
Finally, the proposed approach’s strength and effectiveness are further validated
on experimental data, demonstrating its better de-noising performance in
improving the sensitivity and accuracy of on-site PD measurement.

An improved double-sided (or multiple-sided) PD detection and localization
method is developed. Firstly, a specialized high-frequency current transformer
with a notch is designed for detecting PD signals online, and a digital
compensation algorithm is developed to enhance its performance. Then, an

innovative PD localization technique is proposed utilizing an improved



double-sided traveling-wave method. This method boasts two key advantages:
precise synchronization of double-sided testing units through the combined use of
Global Positioning Systems and a pulse-based interaction process, as well as the
integration of a windowed phase difference method that robustly estimates
time-of-arrival differences even in environments with low signal-to-noise ratios.
Moreover, an algorithm for estimating the PD source location based on statistical
mapping of multiple location results is proposed to reduce the uncertainty caused
by noise. Further, building upon the double-sided localization method, a
multiple-sided location algorithm is formulated to identify the source of PD in
radial networks. The effectiveness and reliability of the algorithm are verified
through Monte Carlo simulations.

Two system prototypes with different PD diagnosis functions are developed
based on the proposed methods and techniques. The first is an online PD
monitoring system, including a set of compact PD monitors that can achieve
low-cost, flexible, and real-time PD monitoring. The in-house design of the PD
monitor is presented, including non-invasive sensing, a field energy harvesting
function, a low-power working operation, and reliable networking and diagnosis.
The other is a portable PD detection and location system, which outputs more
detailed information on PDs, i.e., the PD apparent quantity, the PD source location,
and the PD-affected apparatuses. The issues of non-invasive pulse injection, safe
signal transmission, and clock precise improvement are addressed in this system.
The strengths of the two systems are validated via multiple typical application
cases. Furthermore, a cost-efficient PD diagnosis strategy for MV overhead

distribution networks is developed via the joint application of the two systems.
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1 Preface

1 Preface

1.1 Background

This section first introduces the partial discharge (PD) phenomenon in medium-voltage
(MV) overhead distribution networks, a crucial indicator in the condition-based maintenance
of electrical apparatuses. Then, PD diagnosis methods for MV overhead distribution
networks are reviewed; it turns out that the traveling-based PD detection method shows great
potential in achieving high-efficient and accurate PD diagnosis of widely distributed
electrical apparatuses. Furthermore, we summarized four crucial technical issues in the
traveling wave-based PD diagnosis method that impede its further applications for MV
overhead distribution networks. These issues will be addressed one by one in this
dissertation.

1.1.1 Partial Discharge in Medium-Voltage Overhead Distribution
Networks

1) Medium-voltage overhead Distribution Networks

The power distribution system is designed to deliver electric power to customers from
distribution substations. The most common distribution system consists of radial circuits
(feeders) operating in an MV range between 2 kV and 35 kV. These feeders can be overhead
(in rural areas), underground, or a combination. The overhead distribution networks are
currently most widely used in the MV distribution system due to their low cost and ease of
installation. For example, more than 80 percent of components in the MV distribution
system are overhead in China, and the length of 10-kV distribution overhead lines in China
exceeded 4,370,800 km in 2022, according to a report by Nat. Energy Admin. China.

The MV overhead distribution network consists of transmission lines and series or
parallel power apparatuses, the latter being feeder breakers, insulators, arresters,
transformers, etc., as shown in Figure 1-1. Before the 21st century, utilities worldwide used
bare conductor lines to distribute electric power in the MV overhead network. Nowadays,
the bare conductor lines have been gradually replaced by covered conductor (CC) lines due
to their higher reliability, which is given by a cross-linked polyethylene insulation system
[1][2]. The contact of an object (e.g., a leaning tree) on a single or two phases does not lead
to a short circuit fault, thus reducing power interruptions [3][4].

2) Insulation Failures

As the service period of the MV overhead distribution network increases, diverse
weather conditions, falling trees, and many other environmental stresses can weaken its
insulation system and eventually lead to failure, disrupting customers’ daily activities and
harming the economy [5][6]. Figure 1-2 collects some common insulation failures that
occurred in overhead lines and alongside apparatuses. Sometimes, the failure can be
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(c) (d)

Figure 1-2 Insulation failures occurred in (a) an insulator, (b) an overhead covered conductor line, (c) a
transformer, and (d) a breaker.

catastrophic, especially in forest areas, as forest fires can inflict significant economic damage
much higher than the cost of the power apparatuses [7][8].

To reduce the influence of insulation failures, Chinese power utilities have started to
construct a smart grid since 2009 [9][10]. The investment in MV overhead distribution
networks is increasing yearly; meanwhile, higher power supply reliability is required. The
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stability and reliability of the power distribution system can be quantified by two indices: the
System Average Interruption Duration Index (SAIDI) and the Customer Average Interruption
Duration Index (CAIDI) [11]. In the modern smart grid, SAIDI and CAIDI are maintained
by the distribution automation system, which can quickly isolate the faulty area via smart
breakers to minimize the influence of power outages [12][13][14]. However, many
application experiences show a bottleneck for further improvement of the distribution
automation system to improve SAIDI and CAIDI because it can never prevent failure.
According to a 2022 power outage investigation by Shannxi Electric Power Research
Institute, insulation failures of MV overhead distribution networks with a distribution
automation system were still the main contributors to reducing SAIDI and CAIDI. Therefore,
additional techniques for insulation fault diagnosis are required.

Many papers have been published on post-fault diagnosis techniques, including offline
time (or frequency) domain reflectometry and online fault (transient) detection and location
methods [5][6][15][16][17]. Indeed, the post-fault diagnosis tools can speed up the process
of fault identification and isolation and power supply restoration. However, in principle,
post-fault diagnosis can never prevent a failure (as the same deficiency of the distribution
automation system) since it is essentially a reactive approach after the failure, resulting in its
limited capacity to maintain SAIDI and CAIDI at a high level.

3) Condition-based Maintenance

An alternative solution is to perform condition-based maintenance on the MV overhead
distribution network. Condition-based maintenance is a strategy to optimize maintenance
and operation actions from the asset/grid management side by evaluating the operating
condition indicators of electrical apparatuses [18][19], e.g., their insulation integration. The
basic idea in condition-based maintenance is to predict possible failures of electrical
apparatuses via their present or past condition, thus preventing a fault, as shown in Figure
1-3. It is a proactive approach to electrical apparatus maintenance. Therefore,
condition-based maintenance is expected to be another promising "key" further to improve
the stability and reliability of the power system.

Fault diagnosis

Traditional

thinking Failure

Normal Operation

Time —»

Restoration

Insulation deterioration Breakdown

(weeks, months, years)

/

Partial discharge Condition-based
activities start maintenance

Reality Normal Operation

Figure 1-3 Paradigms of reactive (past) and proactive (present) insulation diagnosis strategies for MV
overhead distribution networks.
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Partial discharge (PD), a phenomenon able to reveal or cause the incipient failure of
electrical apparatuses, plays a fundamental role in condition-based maintenance
[20][21][22][23]. PD 1is a localized electrical discharge that only partially bridges the
insulation between conductors and can or cannot occur adjacent to a conductor [20]. PD does
not immediately cause an insulation breakdown, and there is always a time interval of
several days, months, or years between PD and failure. Thus, regular PD diagnosis can
predict upcoming insulation failures, enabling electric utilities to promptly repair or remove
the defective apparatus [22][23].

4) Partial Discharge Defects

The PD types are diverse in MV overhead distribution networks, which depends on
their locations, the surrounding environment, and materials. Figure 1-4 collects some
examples of PD defects in insulators, CC lines, and transformers. More details of the PD
defects are described as follows.

One common cause of PD in overhead distribution networks is pollution on the surface
of insulators, as shown in Figure 1-4(a). When the accumulation of pollution reaches critical
levels, it can initiate PD events that can lead to complete insulation failure. Pollution buildup
can occur due to various factors such as dust, salt, industrial emissions, and biological
growth such as algae and lichens [24]. As a result, maintaining insulators’ cleanliness is
crucial to prevent pollution-induced PD. Moisture ingress is another factor that can lead to
PDs [25]. High humidity conditions increase the likelihood of moisture buildup on insulator
surfaces, leading to increased PD activities. Additionally, rain, snow, and ice accumulation
on the insulator can result in PD events due to the dielectric breakdown of the insulation
material [26]. Another factor that can cause PD is lightning strikes. Lightning strikes produce
high-voltage impulses that can lead to partial discharge events of the insulation material [27].
Moreover, some voids, cracks, and punctures can occur in the insulator due to substandard
manufacturing, construction, and environmental factors, e.g., windstorms. These events can
cause insulation damage and even complete line failures. Insulation aging is another
significant factor that can lead to PD in the insulation material [28]. Over time, the insulation
material used in overhead lines can degrade due to exposure to ultraviolet radiation,
temperature cycling, and chemical aging. As the insulation degrades, voids and other defects
can form, leading to increased PD activities.

Another reason for PDs in overhead distribution networks is leaning trees (see Figure
1-4(b)), as tree branches or trunks leaning against or touching the conductors can introduce
localized electrical stress and insulation damage [29][30]. This can lead to PD and eventual
insulation failure. The presence of leaning trees near overhead lines is a common occurrence,
especially in areas with dense vegetation or strong winds. As trees sway and move, they can
touch or come too close to the conductors, causing electrical arcing and insulation damage.
Tree branches or trunks that lean against the conductors can also cause mechanical stress,
leading to insulation failure over time.

PD could also occur in the alongside apparatuses in series or parallel. Taking the MV
transformer as an example, insulation aging is a significant cause of PD in MV transformers.
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Over time, insulation material can degrade due to high temperatures, humidity, and chemical
contamination [31]. The formation of voids, cracks, and other structural degradations within
insulating material can cause electrical stress and PD activity, as shown in Figure 1-4(c).
Contamination is another common cause of PD in MV transformers [32]. Contaminants such
as moisture, dust, or metallic particles can be deposited on the insulation surface, creating a
path for PD. These contaminants can also contribute to the degradation of the insulation
material, further increasing the risk of insulation failure and PD activity. Bubbles or voids
within the insulating oil of transformers are another reason for PDs [33]. Bubbles can form
due to improper installation, transformer aging, or insulating materials degradation. These
voids create regions where the electric field strength exceeds the breakdown voltage of the
surrounding insulation, causing partial discharge events. Regular maintenance and
monitoring, along with proper design and insulation materials, are crucial in preventing
bubble-induced partial discharge and ensuring the reliable operation of transformers. Other
factors, such as mechanical vibration, electrical overloading, and voltage surges, can also
contribute to PD activity in MV transformers [34].

Line conductor

Chip —» Line conductor Covered line
conductor
Puncture
Puncture
* iE -L\’ e Cracks i

(a) (b) (©

Figure 1-4 Examples of PD defects in MV overhead distribution networks: (a) PDs in insulators; (b)
PDs in covered conductors caused by a leaning tree; (c) PDs in alongside apparatuses (e.g., a transformer).

& <€ Voids

Leaning tree

<— Metal pin

1.1.2 Partial Discharge Diagnosis Methods

Traditionally, utilities use the radiating wave-based detection method to diagnose PD
activities of the MV overhead distribution network. This method achieves PD diagnosis by
detecting electromagnetic or ultrasonic radiations from the PD source. It mainly includes
ultraviolet [35], radio frequency [36][37][38], and ultrasonic detections [39][40]. The
ultraviolet-based device can detect external or surface PDs from lines or insulators [35].
However, its price is costly, impeding its further application. The radiofrequency antenna is
used to detect the internal or external PDs in insulators, arresters, and transformers [37][38],
but its reliability is often affected by field noise interference, causing it to be hardly used by
utilities. Unlike the previous two methods, the ultrasonic-based PD inception method is
widely used due to its low cost and good anti-interference ability [39]. Currently, utilities
termly dispatch technicians to patrol the overhead distribution network with ultrasonic-based
devices (e.g., the ultrasonic camera [40]) to seek PDs. Many application cases show that the
information obtained via ultrasonic-based devices avoided many failures. However,
accumulated field experience and data reveal two fundamental limits of the ultrasonic-based
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PD inception. On the one hand, this method is insensitive to the PDs that occur inside the
electrical equipment because the energy of the ultrasonic PD signal attenuates sharply when
traveling from a solid medium to a gas medium. On the other hand, this method is
time-consuming and laborious for the vast distribution network (i.e., with the size of several
or tens of kilometers), primarily due to its limited effective detection range, i.e., a few tens of
meters.

Since 2008, the traveling wave-based approach has been first explored to overcome
these fundamental limitations of the radiating wave-based method to detect PDs in CC lines
[41]. The technique achieves PD measurement by detecting the PD traveling wave current or
voltage signals coupled to transmission lines from the PD source. The apparent advantages
of the traveling wave-based method are summarized and listed as follows:

(1) It can detect internal and external PDs in all power apparatuses within the effective
detection range of the traveling wave detector.

(2) Its coverage (e.g., several kilometers) is significantly more extensive than that of the
radiating wave-based method (e.g., a few tens of meters), as shown in Figure 1-5.
This allows it to detect PD at a remote distance, thus avoiding time-consuming and
laborious line patrols.

(3) The data can be continuously registered via online traveling wave detectors, so
time-related information, such as variation of PD activity in time and the effects of
load fluctuation, are detected. Also, the detectors can capture PDs occurring shortly
before failure.

(4) PD localization based on the traveling wave-based method can enable quick
identification of the exact defective power apparatuses in the widely distributed MV
overhead distribution network.

The last point may be the most crucial argument from both technical and practical
perspectives. On the one hand, the PD location is a natural anti-interference information. A
PD location map can reveal the statistical characteristics of the location concentration of PD
events. Noise interferences hardly have the same features. On the other hand, since the MV
overhead distribution network is widely distributed and has lots of series and parallel power
apparatuses, it is almost impossible to inspect them individually. This problem is particularly
prominent in rural, forest, and farm areas without sidewalks. With the information on PD
locations, utilities can know where to perform maintenance and which apparatus is defective.
This can significantly improve their efficiency and save many human and financial
resources.

Moreover, it is essential to point out that although many traveling wave-based PD
diagnosis methods have been successfully applied for underground cables, which have a
similar physical structure to the overhead line, these methods are difficult to use for the MV
overhead distribution network for the following reasons. The traveling wave-based PD
diagnosis of cables includes offline PD testing and online PD monitoring. For offline PD
testing, a capacitive coupler connected to the line detects PD signals [43], and the time
domain reflectometry method is used to locate the PD source [44]. The offline PD testing
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wave detectorl

Figure 1-5 Coverage comparison between the traveling wave-based and radiating wave-based PD
diagnosis methods

requires an additional power supply, e.g., a damped oscillatory wave system [45], a series
resonant system [46], etc. This is feasible for MV cables in cities with lanes for transporting
the heavy power supply system. However, it isn’t easy to use for the MV overhead
distribution network, which is always located in rural or forest areas without lanes. For
online PD monitoring, non-invasive PD sensors (e.g., high-frequency current transformers
mounted on the earth wires of cables [47]) are used to detect the PD signal; time domain
reflectometry or arrival time analysis methods are used to locate a PD [48]. Based on the
above techniques, some commercial PD diagnosis devices for MV cables have been
presented, such as the Oscillatory Wave PD Detection System [49], Smart Cable Guard [51],
PDscope [52], etc. Unlike underground cables, the overhead distribution network has no
earth wires, more complex structures, and changeable transmission line parameters. This
leads to many issues in applying the existing PD diagnosis techniques of cables to MV
overhead distribution networks, e.g., magnetic saturation problem of high-frequency current
transformer, safety issues of PD sensor installation, changeable propagation velocity, more
severe noise interferences, etc.

1.1.3 Issues in Traveling Wave-based Partial Discharge Diagnosis

The traveling wave-based PD detection of MV overhead distribution networks involves
several crucial issues that must be addressed for accurate and reliable monitoring. These
issues include PD propagation, noise reduction, PD detection, and PD localization, which is
illustrated in Figure 1-6 and explained as follows:
PD propagation issue: PD signals generated in an overhead distribution network may
propagate along the conductors and other equipment in series or parallel. However, the
propagation characteristics of PD signals may vary due to the complex nature of the
overhead line structures, including three-phase conductors, multiple branches, splices, and
connections. This makes it challenging to detect the PD, determine the exact location where
the PD originated, or distinguish between different PD sources. Therefore, a comprehensive
study of the PD propagation characteristics is required.
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Figure 1-6 Illustration of the issues in traveling wave-based PD diagnosis of MV overhead distribution
networks

Noise interference issue: PD detection of overhead distribution networks is subjected
to various sources of electromagnetic interference and environmental noise, such as carrier
communication, radio communication, high-order harmonic, ground noise, rand noise, etc.
These external factors can introduce noise into the PD measurement, making it difficult to
differentiate between genuine PD signals and background noise. Effective noise reduction
techniques and signal processing algorithms are necessary to minimize the effect of external
noise and improve the detection sensitivity.

PD detection issue: Detecting and capturing PD signals in MV overhead distribution

networks can be challenging due to the relatively low magnitude of these signals compared
to the background noise. PD sensors or detectors should possess high sensitivity to detect
weak PD signals accurately. Additionally, the sensors must withstand the influence of the
high-amplitude power-frequency voltage or current, such as the magnetic saturation problem
caused by power-frequency current or the insulation problem caused by power-frequency
voltage.

PD localization issue: Accurately localizing the source of the PD within an overhead
distribution network is crucial for effective maintenance and repair. However, achieving
precise PD localization can be challenging due to the complexity of the network’s distributed
nature and the surrounding infrastructure. Location techniques typically rely on analyzing
the characteristics of PD signals at different locations to estimate the source location.
However, this requires a sufficient number of sensors strategically placed throughout the
system and robust algorithms for accurate localization.
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In summary, addressing these problems involves advancements in sensor technology,
signal processing techniques, data analysis algorithms, and modeling approaches. Ongoing
research and development aim to improve detection sensitivity, reduce noise interference,
enhance PD localization accuracy, and provide more comprehensive monitoring solutions.

1.2 Related Research Work

This section reviews the state-of-the-art solutions to the four issues of traveling
wave-based PD detection raised in the last section. These issues are discussed one by one in
the following subsections, along with analyzing the deficiencies of the state-of-the-art
solutions and exploring the direction of improvement.

1.2.1 Partial Discharge Propagation

Studying the propagation characteristics of PD in MV overhead lines is crucial. It helps
locate PD sources, differentiate PD types, assess defect severity, and validate diagnostic
methods. Understanding PD propagation behavior allows for effective PD diagnosis,
facilitating proactive maintenance. In 2007, Hashmi et al. introduced a model for analyzing
overhead CC lines [53]. They calculated the frequency-dependent distributed transmission
line parameters, wave propagation characteristics, and characteristic impedance of the CC
line. The model was then utilized to simulate PD propagation characteristics in the
Electromagnetic Transients Program (EMTP)/Alternative Transients Program (ATP). This
simulation helped determine the optimal sensor locations for reliable PD detection results.
Then, they compared the difference between overhead CC lines and underground cables via
the time-domain reflection technique [54]. The result showed that the high-frequency
attenuation coefficient of the overhead CC line is significantly less than that of cable. This
means the PD signal can travel farther on overhead lines than cables. In 2022, a simulation
study conducted by Lijun Zhou et al. focused on the propagation characteristics of PD
signals using measured data [55]. Their findings indicated several vital factors that can
influence the propagation characteristics of pulse currents. These factors include the pulse
current frequency, the covered conductor’s height above the ground, and the conductor’s
phase distance and cross-sectional area. However, the above studies only investigate the PD
propagation characteristics of single-phase overhead lines, and the commonly used
three-phase overhead line is not discussed. In 2021, Fernando et al. conducted a
mathematical study on the traveling wave propagation phenomena on three-phase power
lines under fault conditions [56]. This work uses a multiple transmission line model to study
the fault travel waves in three-phase power lines. They demonstrate that the obtained
mathematical formulas for fault diagnosis are reliable for aerial travel waves. To simplify the
calculation, the effects of alongside apparatuses are ignored in the developed models.
However, the models and methods cannot be used for PD signal analysis in MV overhead
distribution network since the central frequency of PD signal (i.e., several MHz) is much
larger than that of fault signal (i.e., few tens of kHz), leading to the effects of the alongside
apparatuses non-negligible.
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In summary, no reports or publications addressed a systematic comparative study on PD
(i.e., an MHz-level signal) propagation characteristics study on MV three-phase overhead
distribution networks, especially considering the effect of the alongside towers.

1.2.2 Partial Discharge De-noising

On-site PD measurements are susceptible to field noise interferences, with unavoidable
detrimental effects of white noise and discrete spectrum disturbance [57][58]. Therefore,
de-noising is an essential step in on-site PD measurement. However, de-noising PD signals
(in resource-limited monitoring devices) is very challenging, and no suitable solution is
available, primarily due to the following three critical reasons. The first one is that the
magnitude of field noises (i.e., mV level) is often the same as or even higher than that of PD
signals [59], causing PD signals to be wholly drowned in noises. The second one is that the
PD waveforms are always various, which depends on the size, location, and materials of the
PD source and the transfer functions of the PD propagation path and used PD sensors
[60][61]. Such uncertainties on PD signal waveforms pose great difficulty setting the
algorithms’ proper de-noising parameters. The last and most important one is that the
hardware resources in the PD monitoring devices are minimal, requiring the embedded PD
de-noising algorithms to have high computational efficiency.

In the last two decades, many papers have been published on alternative pulse signal
(e.g., PD) de-noising approaches, being wavelet transform (WT), empirical mode
decomposition (EMD), local mean decomposition (LMD), variational mode decomposition
(VMD), Machine learning (ML), and singular value decomposition (SVD). Table 1-1 lists
the deficiencies of the methods and detailed discussions of these methods are described as
follows.

Table 1-1 Comparison of the state-of-the-art PD de-noising methods

Challenges -
Methods . Uncertain'PD- ) . Limited-computing-
High-level noise -
waveforms . resources .

WT-[57] - X. V. )
AWT[63]. V- X
EMD[67] . V. X V-
LMD [68]. V. X. X.
VMD[69]. V- X X
ML[72]. V. X . X
SVD[74]. V- X . X .
ASVD[75]. V- X. X.
WT+SVD[78]. V. V. 5.
EMD+SVD[79] - V- V- X .
S-SVD[81]. V. V. X.
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In [62][63][64][65][66][67][68], WT has proven to have an outstanding PD de-noising
performance for extremely noisy signals if the mother wavelet and decomposition levels are
appropriately selected. Prior knowledge of the PD signal’s characteristics is required to
determine the mother wavelet and decomposition level, which is always challenging in the
field due to the variable waveforms of PD signals. In [69] and [70], iteration-based
algorithms are proposed to automatically determine the optimal mother wavelet and
decomposition level. Despite these methods’ excellent automatic features, a common
unfavorable aspect is their low efficiency, which means sizeable computational time. In [71]
and [72], the adaptative EMD and LMD algorithms are proposed. Their main advantage is
that no prior knowledge is required, but they suffer from mode mixing problems, possibly
leading to signal distortion. In [73] and [74], ensemble EMD and LMD are developed to
overcome the problem, but they require many iterative cycles and calculations. In [75],
VMD is proposed to address this issue specifically, and it has successfully been applied for
de-noising PD or fault signals [76][77]. However, the success of VMD depends highly on the
pre-set parameters, including the mode number and bandwidth control parameter. [78] and
[79] explore using the ML method for PD de-noising, which is proven to automatically
extract PDs in various noise environments. However, ML requires lots of labeled data
samples to train the de-noising model, which is impossible in on-site PD measurements.

To remedy these deficiencies in the above de-noising approaches, the non-parametric
and self-adaptive methods based on singular value decomposition (SVD) have been explored
in recent years. In [80], Abdel-Galil et al. conducted a pioneer study of de-noising via SVD.
In [81], an adaptive principal components selection algorithm is developed to automate the
SVD-based PD de-noising process. In [82] and [83], some fast SVD algorithms are
developed by reducing the rank of the input matrix to be decomposed. In [84] and [85], some
hybrid methods combining SVD with WT or EMD are presented, where SVD is used to
remove severe discrete spectrum noise components with significantly larger singular values.
In all the above papers, the SVD-based de-noising scheme is done as follows: first, a noisy
PD signal is embedded into a Hankel matrix; then, applying SVD to the Hankel matrix
results in a singular value vector and multiple components; finally, the components with
larger singular values are used to reconstruct the noiseless PD or the unwanted discrete
spectrum noise that needs to be subtracted. However, the investigation in [86] shows that the
de-noising scheme performs poorly for signals with a very low signal-to-noise ratio. In this
case, several floors appear in the singular value plot, which makes it very difficult to select
the optimal value of the number of dominant contributions. In addition, when the singular
values of the PD signal and the discrete spectrum noise have the same magnitude, the
de-noising scheme can hardly differentiate them. In [87], a PD de-noising based on the
so-called generalized S-transform and module time-frequency matrix is proposed. In this
approach, the de-noising performance strongly depends on the accuracy of the estimated
frequency of the discrete spectrum noise, which requires high-frequency resolution of the
S-transform and thus results in a high-rank matrix, leading to sizeable computational time.

In summary, no solution can simultaneously fix the three critical problems in on-site PD
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de-noising, i.e., high-level noise, variable waveforms of PD signals, and limited computing
resources.

1.2.3 Partial Discharge Detection

Many PD detection techniques, including Rogowski coils [41][88][89], ultra-high
frequent sensors [90], capacity dividers [91][92], and Boni-Whip antenna [93], were
presented and proven to detect PD signals on overhead lines effectively. Hashmi et al.
pioneered the study of detecting PDs produced by leaning/falling trees using Rogowski coils
[88]. However, further application of the Rogowski coils is impeded due to its safety
problems in installation and signal transmission. To overcome this problem, Fernando ef al.
studied the propagation characteristics of high-frequency components of PD signals on a CC
line. They demonstrated that ultra-high frequent sensors can be effective in remotely
detecting PDs [90]. Misék et al. present using three-phase capacitive detectors to identify PD
defects caused by leaning trees [91][92]. For economic reasons, they recently replaced their
capacitive sensors with a Boni-Whip antenna [93]. In [94], a method to identify the traveling
direction of PD pulses on CC lines is implemented by a hybrid sensor that consists of
Rogowski coils and a capacity coupler. Although the above PD detection methods have been
proven to be effective in detecting PD in MV overhead distribution networks, the magnitude
of PD cannot be quantitatively assessed due to the narrow frequency passband of the used
PD sensor, as the frequency range of typical PD pulses is direct current to tens of MHz.

Many PD recognition methods for CC lines have been developed in recent years based
on the detection techniques. In [92], statistical methods based on the frequency of peaks in
PD patterns are proposed to identify whether the measured CC line has faults or no faults. In
[95], the Random Forest Algorithm is used to classify de-noised PD signals from CC lines.
In 2018, a public dataset containing many PD signal measurements of CC lines was
published on Kaggle [96]. Using the dataset, many CC line fault identification methods
based on PD patterns are proposed, such as the TSD-LSTM method [97], CNN-LSTM
method [98], and DWT-LSTM method [99]. In [100], the PD-related pulse shape
characteristics are used as referential patterns, and a novel machine learning model is
proposed for early-stage CC fault detection. In [101], an Edge computing technique is
developed to detect PD in overhead distribution networks based on deep neural models.
However, all the PD detection methods require many labeled samples to train the models.

In summary, the above PD detection methods cannot quantitatively estimate PD
magnitude, and they need many labeled samples for accurate PD recognition, which is
almost impossible in field measurement. Therefore, improvement in PD detection of MV
overhead distribution networks is required.

1.2.4 Partial Discharge Localization
Traveling-wave (TW) methods, which are the most popular PD location method for
power lines, fall into three categories: electromagnetic time reversal (EMTR), time domain
reflection (TDR), and arrival time analysis (ATA). Comparison of these methods is listed as
Table 1-2, and detailed discussions of these methods are described as follows.
12
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Table 1-2 Comparison of the classical location methods

Methods .
Challenges -
EMTR[95][96] - TDR97] . ATA[99] -
Complex signal reflections - \/ 0 X. \/ :
Uncertain-line parameters - X. \/ < \/ 0
Complex network structure-
X. X o V-
with multiple-branches -
Uncertainsignal-
Vv X X
propagation-velocity .
Synchronization-problem . \/ : \/ 0 X.
Noise-problem - X. X. p ¢

EMTR is a technique used for precise localization of PDs in power lines, e.g., cables
[102][103][104][105]. It involves capturing PD signals, reversing them in time, and
returning them to the system. The reversed signals converge at the PD source, allowing its
location to be determined accurately. However, electromagnetic time reversal has certain
limitations. It requires an accurate power line model, making it sensitive to modeling errors.
Additionally, reflections and multipath effects can distort the reversed signals, affecting
localization accuracy. TDR locates PDs by calculating the difference of TOAs between a
pulse and its reflection at the same end [106]. ATA finds PDs by calculating the difference of
TOAs of the pulses at double or multiple ends [107]. The complex structures of 10-kV CC
lines produce many impedance discontinuities, leading to undefinable reflections. This
causes TDR to fail to locate PDs in CC lines. In contrast, the double-sided TW method based
on ATA is immune to the reflections, so its ability to locate PDs in CC lines has been
validated [108]. However, the difficulty in synchronizing the PD detectors has posed a
challenge for the double-sided TW method.

Global position system (GPS) is the most widely used synchronization technique, but
its synchronization precision fluctuates and is affected by environmental factors. An
alternative synchronization technique was explored in previous papers [109][110]. This
technique uses injected pulses to synchronize double-sided PD detectors in CC lines,
inspired by the pulse synchronization technique presented in [111]. However, the in-field
reliability of this pulse synchronization technique is low because it often fails in a noisy
environment where PD pulses or interferences have the same amplitude as the injected
pulses.

The physical parameters of CC lines (e.g., structure and height) and their surrounding
environment are complex and diverse. This means that signals propagate at various

velocities in CC lines, which may generate non-negligible PD location errors [88][112].
13
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Reference [112] describes a multi-end correlation-based method adapted to eliminate
varying velocities’ effect on PD localization in CC lines. However, the accuracy of this
method could be significantly reduced when the waveform of PD pulses in CC lines is
distorted by high-frequency attenuation or signal overlapping.

Different electromagnetic interferences can significantly reduce the PD localization
accuracy by influencing the determination of the accurate time-of-arrivals of the PD pulses
in online PD measurement. In [113], representative time-of-arrival estimate methods were
summarized for PD localization of cables, and the energy criterion and phase difference
methods were shown to be more accurate than the threshold method, Akaike information
criterion, and Gabor centroid method. In [114], the energy criterion method was also more
accurate than the peak method, considering the high-frequency attenuation and dispersion
characteristics of the PD signals in cables. In [115], the phase difference method was
successfully applied in the single-sided PD localization of cables. All the above-presented
methods did not deal with noise problems, so they may fail to be used for online PD
localization in overhead lines as various noises may couple to the lines from the controlling
and switching devices.

In summary, the existing solutions cannot be used for reliable and accurate PD
localization of MV overhead distribution networks, primarily due to the synchronization
problem, the uncertainty of the signal propagation velocity of overhead lines, and noise
interferences.

1.3 Overview of This Dissertation

1.3.1 Main Work of This Dissertation

This dissertation aims to address the technical problems that impede the further
application of the traveling wave-based PD diagnosis method to MV overhead distribution
networks, to develop advanced algorithms and tools for PD detection and localization. Most
of the content focuses on PD signal analysis, subdivided into propagation characteristics
study, noise reduction, signal detection, and source localization. To that end, two
measurement devices and a diagnosis strategy are developed for the MV overhead
distribution network based on the proposed methods and algorithms. These contributions are
as follows:

A multiple conductor transmission model is built in PSCAD to analyze the
frequency-dependent wave propagation characteristics (attenuation, dispersion, phase
constant, and propagation velocity) of three-phase overhead distribution lines. This model
considers the influence of alongside apparatuses (e.g., insulators, transformers, etc.). The
results can be applied to designing and deploying PD sensors over the entire MV overhead
distribution network range.

A fully automatic tool for PD de-noising is developed. The proposed de-noising scheme
can adaptively reduce, selectively, both the white noise and the discrete spectrum noise in all
the considered (three representative types) PD pulses. Furthermore, this tool is further
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improved to reduce its computational complexity, allowing it to be implemented in an
embedded system with minimal computational resources. A comprehensive comparison of
the proposed algorithm and other state-of-the-art alternatives proves its superior de-noising
performance and computational efficiency.

A special notched high-frequency current transformer is developed to overcome the
magnetic saturation problem caused by the vast power-frequency load current with little
sacrifice in sensitivity and bandwidth. To simplify the design and complex parameter tuning
of the high-frequency transformer, a digital compensation algorithm is proposed to improve
the transfer characteristic of the developed high-frequency transformer. This allows us to
evaluate the PD more accurately, e.g., PD discharge magnitude estimation.

An improved double-sided PD location method is developed. The process is driven by a
hybrid synchronization technique, which integrates a pulse-based interaction mechanism and
a global positioning system (GPS). The proposed solution offers two benefits. It has the
inherent feature of being immune to varying physical parameters of the transmission line,
and it has been proven to deliver improved accuracy concerning conventional GPS-based
location methods. Based on the technique, a multiple-sided PD location algorithm is further
developed for PD localization of MV overhead distribution network with multiple branches.

A windowed phase difference method is proposed to robustly estimate the
time-of-arrival (TOA) difference between the noisy PD pulses collected by the detectors in a
low signal-to-noise ratio environment. Specifically, this method is immune to the discrete
spectrum noise that overlaps with the PD signal in the time and frequency domain, which is
impossible to achieve by any time-domain, frequency-domain, or
time-and-frequency-domain filter methods.

A cost-effective PD diagnosis strategy is proposed for the MV overhead distribution
network. Two types of PD measurement tools are developed. The first is a smart, compact
detector for online PD monitoring, offering a flexible, cost-effective solution. The other one
is a portable live-line PD assessment system for detailed PD diagnosis, which is controllable
and equipped with the advanced functions of PD detection and localization.

1.3.2 Dissertation Outline

The dissertation is organized into the following chapters (see Figure 1-7):

Chapter 2 studies the PD propagation characteristics of a three-phase MV overhead
distribution network. First, the three-phase overhead line is modeled, the theoretical formula
for calculating the transmission line parameters is derived, and the frequency-dependent
propagation characteristics are discussed. Second, the effects of the alongside towers are
modeled. Finally, the PD propagation simulation is carried out in PSCAD to examine the
effect of line parameters on the critical features of the PD signal.

Chapter 3 develops an automatic and adaptive PD signal extraction tool. First, the
signal characteristics of PDs and noise interferences are investigated. Second, an automated
algorithm for noise reduction is developed. Then, the implementation of the algorithm in
resource-limited embedded systems is presented.
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Chapter 4 investigates a methodology for online PD detection and localization of an
MV overhead distribution network. First, a special notched high-frequency current
transformer is developed, and a digital compensation algorithm is proposed to improve its
signal transmission characteristic. Second, an enhanced double-sided PD location method is
set, and a windowed phase method for TOA difference estimation is proposed. Finally, a
multiple-sided PD location algorithm is developed for a radiate overhead distribution
network.

Chapter 5 discusses the application of online PD diagnosis in the MV overhead
distribution network. First, a smart and compact detector is developed for online PD
monitoring. Then, a portable live-line measurement system is designed for advanced PD
diagnosis functions, i.e., localization. Finally, a cost-effective PD measurement strategy is
proposed.

Chapter 6 contains the summary and conclusions of the research work. The future
developments of the present research work are also discussed.
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Figure 1-7  Structure diagram of this dissertation.
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2 Partial Discharge Propagation in Medium-Voltage
Three-Phase Overhead Networks

Partial discharges (PD) may originate in any insulation materials of the MV overhead
distribution networks. The discharges induce small pulses on the surrounding overhead
conductors, propagating in both directions. Since we can only deploy PD detectors at some
locations in the distribution network, the measured PD pulses are altered or re-arranged by
the propagation characteristics of the propagation channels in overhead lines. This chapter
discusses propagation models of three-phase overhead lines and alongside towers.
Simulations and measurements are carried out to verify the models and thoroughly examine
the effects of line parameters and structures on PD signal propagation. The developed
models allow us to simulate PD signals at any location within an overhead distribution
network. The simulation and measurement results provide quantitative and qualitative
knowledge on PD propagation in three-phase overhead distribution networks, helping us
develop PD detection and location methods and sensor deployment strategies.

2.1 Basic Concepts of Partial Discharge

This section briefly describes the basic concepts of the PD phenomenon, including its
cause, model, and characteristics. This builds a primary impression of the PD phenomenon,
especially the typical PD signal waveform, helping explain subsequent research. It turns out
that the PD signal induced to the overhead line has special time-domain waveform features
and a wide frequency spectrum from 0 to tens of MHz.

1) Initiation of Partial Discharge

PD is a localized electrical discharge that occurs within the insulation material of an
electrical system. It refers to a concentrated flow of electric charge that does not bridge the
insulation barrier between two conductors; instead, it occurs within the dielectric material
between them [20]. Although PD defects in overhead distribution networks are diverse, they
can be mainly divided into two categories, i.e., internal and surface discharge.

Internal discharge can be caused by the cavities within solid insulation, such as
gas-filled voids, delaminations, or cracks in insulators, transformers, etc. In general, the
generation of internal PD could be analyzed by considering a cavity in the dielectric material.
The cavity is generally filled with air or gas, as shown in Figure 2-1(a). The electric fields
inside the insulation (Ej,,) and in the cavity (E ity ) are given as:

DC
E,, =—= (2-1)

Eins
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D,
Ecavity = . (2-2)

cavity

where D, is the electric flux density in the insulation, &gy, 18 the permittivity of the air in

the cavity, which is approximatively equal to the vacuum permittivity £, = 8.85 x 10712 F/
m, and ¢€;,, is the permittivity of the insulation, e.g., ceramics insulator with the permittivity
from 8¢( to 10gy. Since &, 1s much larger than e,y the electrical field E,yjy in the

cavity is much larger than E; ; in the insulation. As the voltage stress on the whole
insulation increases (i.e., Ej, increases), E.,iy could exceed the inception voltage (e.g.,
30kV/cm) of the air in the cavity, leading to the breakdown of the cavity, i.e., generating a
PD. Similarly, PD can also occur on the surface of electrical insulation when the tangential
field is high, particularly on high-voltage devices’ porcelain or polymeric housing. These
discharges are called "gliding discharges" or "edge discharges," originating from the edges of
the electrode parallel to the dielectric’s surface. The PDs produced due to falling trees on
covered conductor overhead distribution lines is an example of the surface discharges, as
shown in Figure 2-1(b).

High voltage High voltage
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Figure 2-1 Illustration of internal (a) and surface PDs (b) in dielectrics.

2) Three-Capacitance Model and Apparent Discharge Quantity

The three-capacitance model simulates electrical insulation systems’ PD phenomena.
The three-capacitance model divides the insulation system into three capacitances, i.e., the
geometric capacitance (Ca), the interfacial capacitance (Cg), and the trapped charge
capacitance (Cc), as shown in Figure 2-2. The first capacitance arises from the physical
geometry of the insulation system, while the second refers to the capacitance due to the
interface between the insulator and the electrode. The third capacitance represents the charge
trapped at the interface due to voltage stress applied to the insulation. This model considers
the discharge process due to the interaction between these three capacitances. When a
voltage is applied across the insulation system, an electric field is generated that causes PD
to occur. The electric field induces charges on the surfaces of the insulation system, resulting
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in the formation of charge packets at the interface between the insulator and electrode. These
charge packets can then discharge through the trapped charge capacitance, leading to PD.

It is assumed that discharge occurs when the voltage across the capacitance Cc
exceeds the inception voltage and ceases to exist when it falls below the extinction voltage,
as described in reference [117]. The occurrence of a discharge results in the short-circuiting
of C¢, which leads to the rapid flow of current in the circuit due to the voltage difference
between Cg and the source. It results in a short transient voltage surge. As depicted in
Figure 2-2, the actual charge quantity Q. and the apparent discharge quantity Q,,, for

partial discharge can be computed using the formula presented in reference [117]

Oreal = / ireal(t)dt =(C, + CZ)AV (2-3)
0
. C
Qapp = 0 lapp(t)dt = CIAV = Cl + C2 Qreal (2'4)

where AV is the voltage reduction across the void due to a discharge. The features of
charge transfer make it an appealing metric for measuring discharges. These characteristics
include:

® Q,,, isdirectly proportional to the energy of the discharge.

® Q,,, isdirectly linked to the size of the defect.

® Q,,, canbe effortlessly measured with an electrical discharge detector.

[ ]

The dangerousness of a discharge is associated with the order of magnitude of
Q,pp> Which can be expressed in powers of ten.
In summary, these properties indicate that measuring the charge transfer provides
valuable information about discharges and their potential effect on the insulation system.
Oapp Oreal
Tapp(t) lreal()

AC source

N O
P - -
C i A Cop +
Uy (1)

Vep

Figure 2-2  Equivalent circuit of the PD process.
3) Partial Discharge Signal Induced to Overhead Lines

The PD process can be approximately equivalent to the Townsend discharge process, in
which a current pulse is generated due to the movement of ionized electrons and ions under

the stress of an external electric field [118]. The current pulse can induce to the overhead
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conductor and propagate in both directions. Figure 2-3 collects time-domain and
frequency-domain waveforms of a real PD signal originating from a 10-kV fouling insulator.
The PD sensor was placed as close as possible to the insulator to obtain the original PD
waveform induced in the overhead line, i.e., without the propagation effect of the overhead
line. It can be observed that the measured PD signal has a fast-rising edge and a slow-falling
edge, and the frequency spectrum of the PD signal distributes from 0 to several tens of MHz.

150
8
PD pulse 7t
1 k
_ 00 ol
< 0
g Reflections =5
5 £
2 sof / 4
= <
g = 3t
<
0 ol
1
-50 : : : - : 0
0 0.5 1 1.5 2 2.5 3 10° 108 107
Time (s) x 107 Frequency (Hz)
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Figure 2-3  Time- and frequency-domain waveforms of a real PD caused by a 10-kV fouling insulator,
measured by a high-frequency current transformer with a frequency bandwidth from 0.1 to 50 MHz.

2.2 Frequency-Dependent Partial Discharge Propagation in Three-phase
Overhead Lines

This section first briefly describes the multiple-conductor transmission line model for
three-phase overhead lines. The model transforms the four-conductor transmission line into
two independent (i.e., decoupled) propagation channels, i.e., phase-to-ground and
phase-to-phase channels, greatly simplifying the PD propagation characteristics analysis.
Then, the cascading transmission line model for non-uniform overhead lines is developed;
this model can describe PD propagation in multiple-segment lines with inconsistent physical
parameters, e.g., the earth’s resistivity and the overhead line’s height. Last but not least, the
formula to calculate frequency-dependent transmission line parameters from physical
parameters of three-phase overhead lines is derived; the propagation characteristics
difference between phase-to-ground (PG) and phase-to-phase (PP) channels is thoroughly
discussed; simulation experiments are conducted to analyze the effects of these physical
parameters on the propagation constants (i.e., attenuation coefficient and propagation
velocity) of the PG and PP channels; finally, laboratory experiment is conducted to validate
the developed formulations for calculating the transmission line parameters (or propagation
constants) of MV three-phase overhead lines.

2.2.1 Multi-Conductor Transmission Line Model

1) Transmission Line Model

The propagation of PD signals on a three-phase overhead line can be described by a
20
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four-conductor transmission line model [119]. The voltages and currents of the model in the

frequency domain can be given via vectors U(z,®) and I(z,w), respectively, which can be
defined as

U(z, ) = [U,(z, 0), Uy(z, 0), U (z, 0)]T (2-5)

I(z, w) = [I(z, ®), I(z, w), I(z, 0)]T (2-6)

where U,p,.(z, ) and I,,,.(z, @) denote the voltages to ground and line currents of three
phase conductors over the ground conductor.

The characteristics of the four-conductor transmission line model can be described via a
3 X 3 impedance matrix Z(w) and a 3 X 3 admittance matrix Y(w), which are given by

Z(w) = R(w) + joL(w) (2-7)

Y(w) = G(w) + joC(w) (2-8)

where R(w), L(w), G(w), and C(w) are the per-unit-length resistance, inductance,
conductance, and capacitance matrixes. They depend on the four-conductor overhead line’s
physical structure and the conductors’ material characteristics and insulations. Calculations
of Z(w) and Y(w) will be discussed in Chapter 2.2.3.

The relationship between the voltages and currents can be described via the
Telegrapher’s equations, which are defined as

9 Uz, ) = Z(w) » (2, )
aaz (2-9)
_ EI(Z’ o) =Y(w) e U(z,w)

Equation (2-9) is a coupled first-order ordinary differential equation with complex
coefficients. It can be decoupled as

2 (2-10)

2
{0_ U(z,w) = Z(w)Y(@)U(z, )
0z2
| %I(z, ®) = Y(0)Z()I(z, )

In general, Z(w) and Y (w) cannot satisfy the reciprocal rule, ie., Z(w)Y(w) #
Y(w)Z(w), causing the coupling among the voltages in U(z,w) or currents in I(z, w).
Nevertheless, since the structure of the three-phase overhead line is (approximatively)
symmetric, causing Z(w) and Y(w) are both circulant and symmetric:

Zy(w) Zy(o) Z,()

L(w) = [Zm(a)) Z (o) Zm(a))] (2-11)
Y (o) Yy(0) Y,(o)

Y(w) = [Ym(w) Y, (@) Ym(a))] (2-12)

Vo) Yyu(o) Yy(w)
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where Z p(a)) and Z,(w) are the self-impedance of each phase conductor and the mutual
impedance between the phase conductors, respectively, and Y, (w) and Y, (w) are the
ground admittance of each phase conductor and the mutual admittance between the phase

conductors, respectively.
To solve Equation (2-10), the classical Karrenbauer phase-mode transformation referred

to as phase A is used, which can be formulated as

U()(Z, CO)
UOIZ(Z’ CO) = [UI(Z, a))] =T- U(Z, CO) (2-13)
Uz(Z, CO)

IO(Z,CO)
Iyy(z, ) = [Il(z,a})] =T 1(z,0) (2-14)
Iz(z,a))

where T is the Karrenbauer phase-mode transformation matrix, which is defined as
1 o1 1
=L o] @-15)
3o -

Therefore, Equation (2-10) can be rewritten as

072

2

2
{a_ Up12(z, ®) = ¥*(@)  Ug (2, @)
(2-16)

l EIOlz(Z’ CO) = Yz(a)) ' IOIZ(Z’ CO)

where y(w) is a diagonal matrix defined by

Y(@) = \Zy, Yoo = VT Z(w) - Y(w) - T-!

0 71(®) 0
0 0 72(®)

where Z,;, and Y, are the decoupled impedance and admittance matrices, which can be

calculated as

Zop(@) =T Zw) T~!

Z,(w)+2Z,(w) 0 0
p m
= 0 Z,(@) — Zy(w) 0 (2-18)
Yo @) =T Yw) - T!
Y, (@) + 2Y,(w) 0 0
= [ 0 Yp(@) — Yy (@) 0 ] (2-19)
0 0 Yp(a)) - Ym(a))

Y(w) contains the propagation constants of different propagation channels. All voltages
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and currents in Equation (2-16) are completely decoupled, and the general solution of
Iy;2(z,w) and Uy;,(z, ) can be given by:

{ To1a(z, @) = e 71715, (0, @) — e? @7 -1, (0, ) (2-20)

Upi2(z,0) = e7% - Zegip(@) I, (0, 0) + €712 - Zgp(@) - I (0, @)

where I&Z(O) and 1612(0) are the forward and back current waves at 0, respectively, and

Zo12(w) 1s the characteristic impedance matrix, which is defined as

Zcopw) 0 0
Zeopp(w) = \/Z012(60) Yop(o) ! = [ 0 Zcw 0 (2-21)
0 0 Zu

where Zcg12(@) describes the relationship between Ugjo(z, @) and Ij(z, ).
Finally, Ipj2(z,w) and Uyo(z, @) can be coupled to I(z,w) and U(z,w) via the
inverse Karrenbauer phase-mode transformation. I(z, w) and U(z,®) can be calculated as
Iz,w)=T ! 1y,(z,w
Wy T Ty o)
In summary, Telegrapher’s equations of the three-phase overhead line can be solved via
a three-step procedure, as shown in Figure 2-4 (taking the calculation of the line currents
I(z, w) as an example). First, modal transformations are applied to decouple these equations,
resulting in decoupling currents Iyj(0,) at 0. Then, the decoupled currents at any
location are independent and can be calculated by multiplying the propagation constants
Y(®) and Iy, (0, ). Finally, the line currents I(z,w) are obtained via coupling Iy, (0, ®)

via the inverse phase-mode transformation.

1,0,) ly(z,0)
1,(0,0) —> e /e — LGo)
Delil(;ltlﬁi(ing Coupling matrix
Il(O’a)) [1(Z:a))
(0w —> - - G0
T T
[2(0, a)) e_;/zz / 8722 IZ (Z, a))

1.(0,0) —» —> 1.(z,0)

Figure 2-4 Illustration of calculating line currents at any location of the three-phase overhead line via
phase-mode transformation method.

2) Propagation Channels in Three-Phase MV Overhead Line

In the last subsection, the coupled three-phase voltages to ground and line currents are
transformed into decoupled 0-, 1-, and 2-modal voltages and currents, respectively, which
two distinct propagation channels can describe. Therefore, we can describe PD propagation
in the three-phase overhead line with two distinct propagation characteristics, which depend
on the diagonal elements (i.e., eigenvalues) of Zgj, and Yy, referring to Equation (2-19).
The first eigenvalues in Zj, and Y, represent the phase-to-ground (PG) channel, equal
to the sum of the voltages or currents of the three-phase conductors. The propagation
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characteristics of the PG channel can be described by its propagation constant ypg(w) and
characteristic impedance Z¢ pg(w), defined as

7pG(@) = 70(@) = \/(Zy(@) + 2 Z iy (@) (Yp(@) + 2V (@) (2-23)
Z (0)+ 27 (o)

- — 4| 2P m 2-24

Zcpc(@) = Zoy(®) % Y @+ W@ (2-24)

Similarly, the other eigenvalues of Zg;, and Y, define the phase-to-phase (PP)
propagation channel, subtraction between the voltages or currents of the three-phase
conductors. The PP channel can be described by its propagation constant ypp(w) and
characteristic impedance Z¢ pp(w), defined as

Yep(@) = y1 (@) = 12(®) = \/ (Zpy(@) = Zyp(@)(Yp(@) = Yy () (2-25)

Zy(w) = Zyp(w)

(2-26)

ZC,PP(CO) =Zc1(@) = Zp(w) = \J

Since the duration of the PD signal is very short, its first pulse and reflections can
always be separated by a time axis. If only the first arriving pulse is of interest, the modal
currents I(J)rlz(z, ) at z can be calculated by

ez 0
1312(2,60)=[ 0 e TPp(@)z 0 ]'1312(0) (2-27)
0 0 ez

Taking I*(z,w)= T-! -I(J)“lz(z, ) into Equation (2-27) results into

e VPG(@)2 0 0
It (z,w) =T 0 o~ TPP(@)Z 0 -T-1M(0, w)
0 0 e VPP(®)2 298
) 111 2 -1 -1 (2-28)
=_ < —YpG(®)Z [1 1 1] + e Ypp(@)2 [_1 2 _1] > It (0, CO)
3 111 -1 -1 2
where the PG and PP channels are separated and can be respectively described as
1y 1 c
];G(z’ ) = glzza ];"(z’ w) = ge‘?’PG(CO)z izzal;i-(o’ a))
(2-29)

Lz o)) [z -z
Loz, 0) = | TLz,0) | = | I (z,0) - I[T(z,0) | = e PO (0,0)
Lol o) -IHEo)

where [ :,b/C(O, w) are given by the induced three-phase PD currents Ipp =
[1}(0, ®), I (0, w), I} (0,)]" at the PD source.

In summary, the complex propagation characteristics of the three-phase overhead line
can be represented by the propagation constants of the PG and PP channels, greatly
simplifying the analysis. In other words, we can predict the change of the PD signal as long

as the propagation constants (i.e., ypg(@) and ypp(w)) and characteristic impedances (i.e.,
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Zcpg(®) and Zc pp(w)) of the PG and PP channels are obtained.

2.2.2 Cascading Transmission Line Model

The former paragraphs’ models and measurements apply to connections of overhead
lines with uniform structures. In a distribution network, however, the geography always
varies along the overhead line, e.g., the height of the overhead line or the conductivity and
dielectric constant of the ground. To simplify the model of the non-uniform transmission line,
the overhead line can be separated into multiple segments, in which each one can be
identified as a uniform line. Each overhead segment can be modeled by the models presented
in the former paragraph, and each segment can have different propagation characteristics. A
cascade coupling of the single-segment models can be used to obtain a total overhead line
model.

One propagation channel (PG or PP) of a line segment can be characterized as a general
two-port. One way of describing a general two-port is with a chain parameter @, ;(w) or
ABCD matrix [119]:

(i) =@ [75C 10 (2-30)
where z; is the length of the I™ line segment with the uniform structure, and 0, /()

characterizes the parameters of the k' propagation channel of the /™ line segment and can
be formulated as:

cosh(yy (@)z;)  Zcysinh(y (@)z )] (2-31)

O (@) = [ Zclsinh(y, (@)z))  cosh(y, (@)z))

where y; ;(w) is the propagation constant of the k™ propagation channel of the I™ line
segment. The impedance of one side of the two-port depends on the load impedance
Zioad (k.1)(@) at the other side. From Equations (2-30) and (2-31), the input impedance can

be derived:

Zioad (k. 1y(@)cosh(yy (@0)z;) + Z¢ 1y (@)sinh(y, (0)z))
Zload,(k,l)(w)ZE,l(k,l)(w)Sinh(Yk,z(w)zl) + cosh(y ;(@)z))

Zin k(@) = (2-32)

where Zc (@) is the characteristic impedance of the k™ propagation channel of the /™
line segment, and Zjy,q (x.1y(@) 1is equal to Zy, ¢ j41)(w) if the ™ line segment is connected
to ([+1)™ line segment. Similarly, the output impedance can be characterized by the same
equation as (2-32) as an overhead line is a symmetrical two-port.

Each propagation channel of the non-uniform overhead line can be equivalent to a set of
N cascade-coupled two-ports, which the total chain parameter matrix can describe:

Or (@) =0y 1(0) O r(@) ... O (W) ...~ Oy (@) (2-33)

where L is the number of the line segments. Using Ot (w) and Zjag (@) =
Zin (k.1+1)(®), the total input impedance of this total system with load Z),,q, at the output is

defined as:
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Zioad k,1(@)O1 1 (1,1) + Or 1 (1,2)
Z10ad k,1(@)O1 1 (2,1) + Or 1 (2,2)

Zin k(@) = (2-34)

where Or (i, ) represents the i row and /™ column of matrix @y ;. Using these equations,
the whole overhead line with multiple non-uniform segments can be characterized and
incorporated into the (numerous) reflections. However, the PD signal is a pulse with a very
short period leading to the first pulse, and its reflections are always separated by time axis. If
only the first arriving pulse is of interest, the propagation of the PD pulse can be expressed in
a more straightforward formulation as

L
Hy(w) =[] e 4Ty 12141) (@) (2-35)
=1

where H, is the transform function of the k™ propagation channel of the while overhead
line, and T} 41y 1s the refraction coefficient in the joint between the ™ and (I+1)™ line
segments, and it can be formulated as:

2Z¢ (kj+1)(@)
Ze (k141 (@) + Zc g (@)

T (1= 141) (@) = (2-36)
where Zc o p41y(@) (e, I=L) is equal to the load impedance Z,,,q,(®w) It can be
observed that the output current or voltage of the non-uniform overhead line is up to the
propagation coefficients y, ,(w), distances z;, and the refraction coefficients Ty >141)(@)

at the joints.

2.2.3 Frequency-Dependent Transmission Line Parameters

The transmission line parameters of the three-phase MV overhead line are
frequency-dependent due to the effects of the skin effects in overhead conductors and ground
plane [120], leading to frequency-dependent propagation characteristics of the transmission
line model. The frequency-dependent features are non-negligible for the PD signal since it
has a wide frequency band from DC to tens of MHz. This subsection will derive the
frequency-dependent propagation constants of a typical three-phase MV overhead line, as
shown in Figure 2-5.

1) Impedance Parameters

Figure 2-6 describes the schematic diagram of impedance parameter calculation. Based

on Carson’s formula [121], the depth Dg(w) of complex penetration in the ground is
defined as

PG
Dg(w) = [—— 2-37
c(®) Ton (2-37)
where pg denotes the resistivity of the earth (e.g., pg = 100Qem in [122]); u is the

permeability of vacuum (4 = 4z x 10~"H/m);
Similarly, the penetration depth D, (@) of the overhead conductors is defined as
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Figure 2-5 Typical structure of MV three-phase overhead lines.
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Figure 2-6 Impedance parameter calculation scheme

Dy(w) = \/f)—j (2-38)

where p, denotes the resistivity of the aluminum conductors (p, ~ 2.7 x 1078 S/m).

h+D(j

For overhead conductors, their self-impedance Z »(@) can be calculated as

Pal jou, 2(h+ Dg())
y4 =
V= D@ 2 T F

(2-39)

The first term in Equation (2-39) is the alternative-current resistance of the overhead
conductors, and the second term contains the self-inductance of the overhead conductors and
the resistance of the ground; r is the radius of the aluminum conductors, and A is the
height of the conductors above the ground.

The mutual impedance Z,(w) in per-unit length between conductors is approximately
given by
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Z (o) ~ 1 (Zp(@) + Zyo(@) + Zpe())

[98)

jou, AR+ Do@)* + & jou /(4 Do) +d> A0
= In + In
3z d 6x d

where Z,p/.cme(@) 1s the mutual impedance between phases A, B, and C, and d is the
distance between the conductors.

2) Admittance Parameters

Figure 2-7 describes the schematic diagram of admittance parameter calculation.
Generally, the air’s conductance value is far less than its susceptance so that it can be ignored.
The electric potential parameter can calculate the susceptance parameter [119]. The
self-potential parameter of overhead (covered) conductors can be calculated as

1 2h 1 R
p—%ln§+%ln7 (2-41)

where € = 8.854 x 10712 H/m is the vacuum dielectric constant, R is the radius of the
covered conductor, and e, = 2.3¢ is the dielectric constant of the XLPE insulation layer.
The above formula assumes the insulation layer does change the electric field distribution in
the air medium, causing it to work only if A is much larger than R and r.

d | R

l
I
ﬁ.\\\ —
.\,“‘ .\‘\. In? + d?

Ideal ground

»!
»

Figure 2-7 Admittance parameter calculation scheme

The mutual potential parameters P, (w) and P,.(w) between phase conductors can be
calculated as

\/Ah2 2
1 In 4h +d (2_42)

Fal@) =772 d
2 2
P(w) = ——In Y4h +4d (2-43)
271'80 2d

Since d is much smaller than A for the MV overhead line, P, can be approximately
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defined as
P~ % (Pap(@) + Py(w) + Py (w)) (2-44)

As the formulation of calculating P, and P, assumes the insulation layer does change

the electric field distribution in the air medium, causing it to work only if A and d are
much larger than R and r.
The admittance matrix can be calculated from P, and P, [119], resulting into

P,+P >
m
P2+ P,P, — 2P,

Y, (@) —ja)< ~Fm )
P2+ P,P, — 2P,

In the above formulations for calculating P, and P, the effect of the XLPE layer is

Y, (@) = jo <
(2-45)

approximated. To validate the feasibility of this approximation, a simulation experiment is
carried out in CMOSOL, a finite element analysis software. This software allows us to
numerically calculate P, and P, of the three-phase overhead line with very high accuracy
(e.g., the relative error is set to less than 0.001 in this simulation). Figure 2-8 and Figure 2-9
show the comparison results between COMSOL simulations and the proposed
approximation formulations. It can be observed that the errors between the COMSOL
simulation and the proposed formulations gradually become more significant as r increases.
Nevertheless, the errors can be ignored as if r is much smaller than the height and spacing
of the overhead conductors, i.e., r < 0.05 m. This demonstrates that the proposed
formulations can accurately describe the MV overhead lines since their radius (i.e., a few
centimeters) is always much smaller than their height and spacing (i.e., a few or ten meters).

Relative error
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Figure 2-8 Relative error of the self-potential parameters between the developed formulation and the
COMSOL simulation, with varying r (R=2r, h=12m, d =0.4 m, and p5=100 Q e« m.
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Figure 2-9 Relative error of the mutual potential parameters between the developed formulation and the
COMSOL simulation, with varying r (R=2r, h=12m, d =0.4 m, and p5g=100 € +m).

3) Propagation Differences Between Phase-to-Ground and Phase-to-Phase channels
According to Equation (2-23) and (2-25), the propagation constants of the PG and PP
channels are given as

YpG(@) = \/ (Zy(@) + 2 Z (@) (Yp(@) + 2Y (@) = apg(@) + jfpg (@) (2-46)

ypp(@) = \/ (Zy(@) = Zin(@)(Yp(@) — Yiy()) = app(®) + | fpp(@) (2-47)

where apg(®) and app(w) are the real parts of ypg(w) and ypp(w), respectively, and they
are named as the attenuation coefficients, which represent the energy loss characteristics of
PD propagation in the corresponding channel; fpg(w) and fpp(w) are the imaginary parts
of ypg(@) and ypp(w), respectively, and they are named phase constants, which character
the phase shift of PD propagation in the corresponding channel. Accordingly, the phase
velocities vpg(w) and vpp(w) of the PG and PP channels are defined as

UpG(@) =% (2-48)
Upp(@) =$ (2-49)

Considering the structure and electrical parameters of the typical MV three-phase
overhead line, Figure 2-10 displays the frequency-dependent attenuation coefficients and
phase velocities of a 10-kV overhead line’s PG and PP channels via the developed analytical
model and the simulation experiment in PSCAD. To sum up,

(1) The results of the developed analytical formulations are almost the same as those of
the simulation experiment in PSCAD, verifying the accuracy and feasibility of the
developed approximate formulations for calculating the impedance and admittance
parameters.

(2) Both attenuation coefficients apg(w) and app(w) increase as the frequency
increases, which will lead to the energy loss of the PD signal when propagating in
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the MV overhead line. The attenuation coefficient apg(w) of the PG channel is
significantly larger than that of the PP channel, causing the PG-modal of the PD
signal to attenuate faster and cannot propagate a long distance. This implies that
detecting PD in MV overhead lines is better by analyzing the PP voltages and
currents (i.e., the PP-modal signal).

(3) Both the velocities vpg(w) and vpp(w) increase as the frequency increases, leading
to dispersion of the PD signal when propagating in the MV overhead line. The
gradient of the phase velocity vpg(w) of the PG channel is significantly larger than
that of the PP channel, causing more severe dispersion. Moreover, the significant
variation of vpg(w) can pose a difficulty in choosing the correct velocity value in
PD localization, which strongly depends on PD signal characteristics. In contrast, the
velocity variation of the PP channel is much smaller than that of the PG channel,
easing the velocity value setting in PD localization.
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Figure 2-10  Attenuation coefficients (a) and propagation velocities (b) of the PG and PP channels of
three-phase bare overhead lines (=12 m, d=0.4 m, r=0.004 m, p5=100 Qe+ m, and R=0.004 m).

Figure 2-11 compares propagation constants between three-phase covered and bare
conductors. It can be observed that the XLPE layer hardly affects the attenuation coefficients
of the PG and PP channels. However, it significantly decreases the propagation velocities of
the PG and PP channels. The decrease in propagation velocity of the PP channel is
considerably more significant than that of the PG channel.

Figure 2-12 collects the waveforms of the line, PG-channel, and PP-channel currents of
a real PD signal in a 10-kV three-phase overhead line. The PD signal was detected via two
high-frequency transformers mounted at 0 m and 3784 m away from a fouling PD-affect
insulator connected to phase conductor A. In Figure 2-12(a), it can be observed that at the
PD source, the signal magnitude in the PG channel (i.e., i, + i, +i.) is almost equal to that
in the PP channel (i.e., i, —i, or i, —i,). In Figure 2-12(b), at a 3784-m distance from the
PD source, the amplitude of i, is approximately two times that of i, or i.; the polarity of
i, 1s opposite to i, and i.; the signal magnitude in the PP channel is still significant while
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that in the PG channel is almost equal to zero. Comparing Figure 2-12(a) with (b), it can be
observed that the PD signal becomes more “short” (due to attenuation) and “fat” (due to
dispersion) as the signal in the PG channel can propagation a significantly shorter distance
than that in PP channel since the attenuation in PG channel is considerably more severe.
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Figure 2-11 Attenuation coefficients (a) and propagation velocities (b) of the PG and PP channels

between three-phase covered (R=0.008 m) and bare (R=0.004 m) overhead lines. (h=12 m, d=0.4 m,
r=0.004 m, p5=100 Q «m)

s o o
A N

Amplitude (V)
@
(3]

=

T T T T T T

-0.2
»o 4 1 1 1 1 1 1 1 1 1 1
) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s) %10
(a)
T T T T T T T T T T
0.15f — i, E
h .
N lb
L \ i -
< 0.1 i
_.g ————— ia+ib+lb
g00+ W N Moo aa. i-i —
= a'b
B AL i-i
= - S b ¢ .\
< olamoERR o SR TS e o U >
, N7 o o IR
7 g\
-0.05F T "
1 1 1 1 1 ) 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s) «10°
(b)

Figure 2-12 Time-domain waveforms of line, PG-channel, and PP-channel currents of a real PD signal
detected at 0 m and 3784 away from the PD-affected fouling insulator in phase conductor A.
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4) Simulation Analysis: Effect of Line Parameters on Propagation Constants

A simulation experience was carried out to understand the effect of the physical
parameters of the MV three-phase overhead line on its propagation characteristics based on
the developed models. Figure 2-13, Figure 2-14, Figure 2-15, Figure 2-16, and Figure 2-17
collect the simulation results of the attenuation coefficients and propagation velocities of the
PG and PP channels with varying h, d, r, pg,and R, respectively, which will be discussed
in the followings.

In Figure 2-13(a), it can be observed that the attenuation coefficient apg(w) of the PG
channel decreases as the height A4 of the overhead line increases. The decrement of apg(w)
becomes more significant as the frequency increases. In contrast, the attenuation coefficient
app(w) of the PP channel is hardly affected by h, as shown in Figure 2-13(b). In Figure
2-13(c), it can be observed that the propagation velocity vpg(w) of the PG channel becomes
larger as h increases. The increment of vpg(w) becomes smaller as the frequency increases.
In contrast, the propagation velocity vpp(w) of the PG channel is hardly affected by h, as
shown in Figure 2-13(d).
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Figure 2-13  Effect of i on the propagation constants of the PG and PP channels (¢=0.4 m, r=0.004 m,
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In Figure 2-14(a), it can be observed that the attenuation coefficient apg(w) of the PG
channel slightly increases as the distance d between the overhead phase conductors
increases. In contrast, the attenuation coefficient app(w) of the PP channel slightly decreases
as d increases, as shown in Figure 2-14(b). In Figure 2-14(c), it can be observed that the
propagation velocity vpg(w) of the PG channel slightly decreases as d increases. The
decrement of vpg(w) becomes smaller as the frequency increases. In contrast, the
propagation velocity vpp(w) of the PG channel slightly increases as d increases, as shown
in Figure 2-14(d).

In Figure 2-15(a), it can be observed that the attenuation coefficient apg(w) of the PG
channel is hardly affected by the radius r. In contrast, the PP channel’s attenuation
coefficient app(w) of the PP channel significantly decreases as r increases, as shown in
Figure 2-15(b). In Figure 2-15(c), it can be observed that the propagation velocity vpg(®)
of the PG channel slightly decreases as d increases. The decrement of vpg(w) becomes
smaller as the frequency increases. In contrast, the propagation velocity vpp(w) of the PG
channel slightly increases as d increases, as shown in Figure 2-15(d).
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Figure 2-14 Effect of d on the propagation constants of the PG and PP channels (=12 m, r=0.004 m,
pc=100 Q+m, and R=0.008 m): (a) apg(®); (b) app(@); () Upg(@); (d) vpp().
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In Figure 2-16(a), it can be observed that the attenuation coefficient apg(w) of the PG
channel becomes more significant as the resistivity pg of the earth increases. The increment
of apg(w) is significantly more critical as the frequency increases. In contrast, the
attenuation coefficient app(w) of the PP channel is hardly affected by pg, as shown in
Figure 2-16(b). In Figure 2-16(c), it can be observed that the propagation velocity vpg(w) of
the PG channel becomes significantly smaller as pg increases. In contrast, the propagation
velocity vpp(w) of the PP channel is hardly affected by pg, as shown in Figure 2-16(d).

In Figure 2-17(a) and (b), it can be observed that the attenuation coefficients of the PG
and PP channels are hardly affected by the thickness of the XLPE layer. In Figure 2-17(c), it
can be observed that the propagation velocity vpg(w) of the PG channel becomes
significantly smaller as the thickness of the XLPE layer increases. Similarly, the propagation
velocity vpp(w) of the PP channel becomes considerably smaller as the thickness of the
XLPE layer rises, as shown in Figure 2-17(d).

In summary, the propagation characteristics of the PG channel strongly depend on A
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and pg, but are insensitive to d and r; the propagation characteristics of the PP channel
strongly depend on r but are not sensitive to h, d, and pg. Moreover, the propagation
velocities of PG and PP channels are sensitive to the thickness of the XLPE layer. Based on
the conclusion, it can be inferred that:

(1) The PD signal in the PG channel is susceptible to 2 and pg, which are always
varying along the overhead line due to the non-uniform geography, leading to
complex influences on the signal features. The results can pose a significant
challenge to diagnosing PD characteristics of the MV overhead distribution network.

(2) In contrast, the PD signal in the PP channel is hardly influenced by the surrounding
environment (i.e., the line height and the ground resistivity), causing the PD signal in
any location to be easier estimated, which mainly depends on the radius of the
overhead conductors. In other words, The PD signal in the PP channel can more
robustly reveal the features of the PD source, e.g., the magnitude, location, and
waveform. Therefore, PD detection by analyzing the PP-modal signal can be better.
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Figure 2-16 Effect of p; on the propagation constants of the PG and PP channels (h=12 m, d=0.4 m,
r=0.004 m, and R=0.008 m): (a) apg(w); (b) app(w); (¢) vpg(w); (d) vpp(w).
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Figure 2-17 Effect of R on the propagation constants of the PG and PP channels (h~=12 m, d=0.4 m,
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5) Propagation Constants Measurement Method

Besides the developed analytical model, the propagation constants can be measured via
the time-domain reflection method. The time-domain reflection method is a common
technique used to measure the propagation constant of transmission lines. The principle
behind this method is based on the fact that when a signal is transmitted along a transmission
line, it shows a reflection at any point where there is a change in the characteristic
impedance of the line [54]. These reflections result in echoes that can be detected and
analyzed to determine the transmission line’s properties. To use the time-domain reflection
method to measure the propagation constant of a transmission line, a test signal is first sent
down the line from the source side. The signal propagates along the line until it encounters
an impedance mismatch, causing a portion of the signal to be reflected towards the source.
This reflected signal travels back along the line toward the source, interacting with the
original signal. By analyzing the interaction between the original signal and the reflected
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signal, it is possible to determine the transmission line’s properties, including its
characteristic impedance, propagation constant, and the location of any impedance
mismatches along the line. The propagation constants of the PG and PP channels can be
calculated as

L (00.0) 5 0.0) + 1 (0.0) -
TP T\ I (00) + I (0.00) + I (0, ) (230)
__ 1 1 (00) - (00) I (00)-1(0w)
A TR (I;r(o,w) I 00) | 1 (0.0) - I (0.0)
17 (0,0) — I7 (0, ) (2-31)
75 0.0) = 1F(0.0)

where I;L/b/C(O,a)) and I, (0,0) the forward and backward currents of phase conductor
A, B, and C at the location of the PD detectors, respectively, and ¢o is the distance between
the PD detectors and the open end. The time-domain reflection method measures the time
delay and amplitude of these reflections and uses this information to calculate the
propagation constant of the transmission line.

A laboratory experiment was conducted to measure the propagation of the overhead
covered conductor line, as shown in Figure 2-18. The physical parameters of a 100-m
three-phase overhead line are listed in Table 2-1. A pulse generator was mounted on the start
side of the overhead line, and it can generate a single-polarity pulse. Three PD detectors (i.e.,
high-frequency current transformers) are mounted 50 m (i.e., go = 50 m) from the start. The
end side of the overhead line is open.

PD detectors
Ej —» 1, (0,0)

<« [ (0,m)
—» 1, (0,) L
b <~ 7. (0.0) open circult
. r —» 1 (0,0)
U< 7.(0,0)
Pulse source
Ground
'€ »
<K »
£

Figure 2-18 Layout of the pulse generator and PD detectors for the propagation parameter measurement
of a three-phase overhead line via the time-domain reflection method.

Figure 2-19 collects the waveforms of PP and PG channels, which are calculated via the
current waveforms of three-phase PD detectors. It can be observed that the attenuation and
dispersion phenomenon in the PG channel is more significant than that in the PP channel. To
further distinguish their difference, the two channels’ attenuation coefficients and
propagation velocities are calculated via Equations (2-46)-(2-51). Moreover, the analytical
attenuation coefficients and propagation velocities were also calculated via Equations
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(2-37)-(2-49), as shown in Figure 2-20. It is essential to point out that the amplitude of both
ends of the original and reflected signals should be the same to avoid truncation errors;
moreover, each lot of the truncated signals is supplemented with 2000 sampling points of
amplitude 0 V to improve the resolution in the frequency domain analysis. It can be observed
that the measured results are consistent with the simulated analytical results, demonstrating
the effectiveness of the developed models of a three-phase overhead line; the attenuation
coefficients of the PG channel are more significant than that of the PP channel; the
propagation velocities of PG channel are significantly less than that of PP channel, and they
are sensitive to frequency.

Table 2-1 Physical parameters of the three-phase overhead CC line

Parameter values Description
L 100 m The length of the overhead conductors
n L5 m The average height of the overhead
conductors
. 0.0048 m The radius of the bare overhead
conductors
R 0.0082 m The radius of the covered overhead
conductors
The distance between the overhead
d 0.3m
conductors
PG 138Q2-m The resistivity of the earth
g The resistivity of the aluminum
Pal 2.7x107° S/m
conductors
£ 8.854 x 10—12 H/m The permittivity of the air
2 4m x 10-7 H/m The permeability of the air

2.3 Influence of Alongside Towers: Reflections and Refractions

The PD signal’s frequency components of interest are up to tens of MHz in overhead
distribution networks. In such a frequency range, the stray parameters of the alongside
towers cannot be ignored, unlike the fault transients with a center frequency of tens of kHz
[123]. Therefore, modeling the effect of the alongside apparatuses is crucial for accurately
describing the PD propagation characteristics in the overhead distribution network. However,
to our best knowledge, no published paper or materials has ever discussed or presented the
influence of the MV towers on a signal (i.e., PD signal) with frequency components of tens
of MHz (as shown in Figure 2-3). Accordingly, this section focuses on modeling the MV
towers in the frequency range from DC to MHz. This section first describes the
high-frequency equivalent circuit of four typical towers by modeling their detailed
components. Finally, the time-domain reflection method based on the non-invasive inductive
pulse injection technique is presented to measure the equivalent circuit parameters of the
towers, and the accuracy of developed models for the towers is validated via field

measurements.
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Figure 2-19  Current waveforms of the PG and PP channels in the three-phase overhead covered
conductor line.
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Figure 2-20 Results of attenuation coefficients (a) and propagation velocities (b) of the 100-m 10-kV
three-phase overhead covered conductors in the laboratory.

2.3.1 Genetic Model of Alongside Towers
The tower’s influence on PD propagation can generally be described via a 3 X 3 state
transform matrix P, (®), as shown in Figure 2-21. The line currents I, (z,®)=

[14.00t(2> @), Ty 5ui(Z, @), I o (2, a))]T after the tower can be defined as
Iout(Z’ (D) = (I)tower(w) ’ Iin(Z, (1)) (2-52)
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where Tiy(z,®) = [, ou (2, @), I o (2, @), I ou(z,@)] " is the line currents before the tower.

In the following subsection, we will derive the formulas of the state transform matrices.

1(4,in(zba)) ]g,ouc(zna))

° > A A »- °
1y 1w (2,0) State Transform Matrix I (2, 0)

° > B - °
Ic in(zﬂa)) [c oul (Z>a))

[ . - C q)tower (a)) C ‘ t: . ]

° - Ground Ground -t °

Figure 2-21  State transform matrix of the tower.

Since the sizes of the alongside apparatuses on the tower are significantly smaller than
the wavelength corresponding to the concerned frequency components (i.e., < 50 MHz) in
the PD signal, the symmetrical tower can be modeled as a lumped-parameter circuit, which
can be described as via the impedance and admittance matrices Z,yer and Yower aS

Z,p z', Z,

Ziwer =|Z'm Z’p - (2-53)
zZ'\ Z, Z/p
Y, Y, Y,

Yiower = Ylm Yp Ylm (2-54)
Y, Y, Y,

where Z', and Z’,, denote the self- and mutual impedances of the phase conductors,
respectively, and Y’, and Y, represent the self- and mutual admittances of the phase
conductors, respectively. Since the non-diagonal elements (i.e., Z’,, and Y',,) of Zwer
and Y ower are non-zero, leading to the coupling between the line currents. Like the
three-phase transmission line, Z e and Y,wer can be decoupled via the Karrenbauer
phase-mode transformation. The decoupled impedance and admittance matrices Zioyer012
and Y owero12 can be calculated as
Z'pg O 0

Zioyero12 = [ 0 Z’PP 0 ] =T Zigwer T-!
0 0 Z/pp

Z'p+22',, 0 0 (2-53)
= [ 0 Z,P_ Z,m 0 :|
0 0o Zp-Z,
Ypg O 0
Ytower012 = [ 0 YPP 0 :| =T Yiower - T-!
0 0 Ypp
Yp+2V, 0 0 (2-36)
0 0o " Y-y,

41



Online Partial Discharge Detection and Localization of Medium-voltage Overhead Distribution Networks

where Z'pg and Z’pp denote the impedances in the PG and PP channels, respectively, and
Y'pg and Y'pp represent the admittances in the PG and PP channels, respectively. Since the
PG and PP channels are decoupled, a two-conductor Peterson’s equivalent circuit can be
used to calculate the reflection and refraction coefficients of any one channel, as shown in
Figure 2-22, taking the PG channel as an example. The reflection and refraction coefficients
Tpg and I'pg can be defined as

1
I Zcpg
Tpg =2 Y"f’ : (2-57)
Zepet 2yl Zcp
Zepe — Z'v6 —y—!1Zcpo
FPG = PG (2-58)

1
Zep+ Z'pg + Yr_PG//ZC,PG

where Zcpg is the PG-channel characteristics impedance of the three-phase overhead line.
Similarly, the reflection and refraction coefficients Tpp and I'pp in the PP channel can be
obtained as the same in the PG channel.

If only the first PD pulse is of interest, the decoupled state transform matrix
D, ,er012(®) can be defined as

Tog O O
(I)towerOIZ(m) = [ 0 TPP 0 ] (2'59)
0 0 Tpp

Accordingly, the coupled state transform matrix can be obtained via the inverse
Karrenbauer phase-mode transformation, and it can be calculated as

D yer(0) = T Doperor2(@)* T (2-60)
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Figure 2-22  Peterson’s equivalent circuit of the PG channel at the tower.

2.3.2 Equivalent Circuits of Tower Models

In the MV overhead distribution network, the towers can be divided into four categories:
supporting tower, branch tower, transformer tower, and breaker tower. These towers
comprise multiple power apparatuses, including insulators, arresters, power transformers,
potential transformers, current transformers, breakers, etc. The tower models can be obtained
by combining models of the power apparatuses. This subsection first presents the models of
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the power apparatuses in the PG and PP channels. Then, the simplified models for the four
typical towers are developed. Finally, the measurement experiments were carried out to
validate the effectiveness of the developed tower models.

1) Simplified Equivalent Circuits of Shunt or Series Apparatuses on Towers

The MV overhead distribution network includes a mass of alongside apparatuses, which
can generally be divided into two categories: the shunt apparatuses and the series
apparatuses. The shunt apparatuses include insulators, arrestors, power transformers, and
potential transformers; the series consists of breakers, current transformers, and connecting
lines. Table 2-2 collects the simplified three-phase equivalent circuit models of these
apparatuses and equivalent circuits in PG and PP channels. Details of the models are
described as follows.

Table 2-2  Simplified equivalent circuits of the alongside apparatuses

T . S Equivalent
Power Simplified three-phase Equivalent circuit in . d .
Types . . circuit in PP
apparatuses equivalent circuit PG mode
mode
Insulator a I I
Cy
] ©
Cy
\/L/ I (ungrou
Arrestor -nding) (neutral
b P (neutral .
grounding) grounding or
Shunt ungrounding)
apparatuses
’
Power or I Ri/3
potential (& CH3C; == 3 RS
Ly
Transformer ] ’
)
b ¢
Breaker
L4215 Ly-L
o —— YY" o o — YY" —1— ¢
Series Current
Transformer 1 L L ame]
apparatuses el G = s
Connecting o Ground o ® o o o
line

The insulators and arrestors connect the tower’s overhead line and metal cross-arm.
Insulators support the overhead line from the ground; arrestors protect the overhead line and
other apparatuses from lightning and system transient overvoltage. Generally, they can be
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equivalent to a capacitance for the high-frequency PD signal. If the metal cross-arm
connected to the insulators is connected to the ground, the value of the equivalent
capacitance in the PG channel is equal to that of the PP channel; if not, the value of the
equivalent capacitance in the PG channel is equal to zero.

Power or potential transformers in the overhead distribution network are always
mounted on the middle and ends of the system. In China, almost all transformers are
connected to the three-phase MV overhead line via Delta Connection; the equivalent circuit
of the transformers can be modeled as shown in Table 2-2. R;, R,, L;, and C3 denote the
equivalent circuit of the interphase windings; C, denote the phase to ground capacitance.
The transformer can be identical to the capacitance C, in the PG channel, while it needs to
be described by Ry, Ry, L;, C,,and Cj in the PP channel.

The series apparatuses, including breakers, current transformers, and connection lines,
can generally be equivalent to a n-type circuit, as shown in Table 2-2. C4 and Cs are used
to describe the input or output self- or mutual capacitances, L, and Lj; are used to describe
the self- or mutual inductances. The series apparatuses can be characterized by C4, Cs, L,,
and L3 in PP and PG channels.

2) Equivalent Circuits of Four Typical Towers

The overhead distribution network always consists of three-phase overhead lines and
towers. In general, the towers can be divided into four categories: support towers, branch
towers, transformer towers, and breaker towers. Each tower includes one or multiple types of
apparatuses. The equivalent circuits of these towers are developed based on the equivalent
circuits of the apparatuses presented in the last subsection, and they are listed in Table 2-3.
More details of these equivalent circuits are described as follows.

The support tower includes three-phase insulators and one three-phase overhead line. If
the metal cross-arm connected to the insulators is connected to the ground, the equivalent
circuit in PG and PP channels can be described via a capacitance; if not, the equivalent
circuit in the PP channel can still be characterized via a capacitance, while the effect of the
insulators on PD propagation in PG channel can be ignored.

Branch towers include three-phase insulators, one overhead line, and multiple branches.
If the metal cross-arm connected to the insulators is connected to the ground, the equivalent
circuit in PG and PP channels can be described via a capacitor and impedance in parallel; if
not, the equivalent circuit in PP channel can still be characterized via a capacitor and
impedance in parallel, while the equivalent circuit in PG channel can still be described via an
impedance. The impedance is associated with the number of branches N.

Transformer towers include multiple apparatuses, i.e., insulators, arrestors, connecting
lines, and a power transformer. The equivalent circuit of the transformer tower is obtained by
combining various equivalent circuits of these apparatuses in series or parallel, as shown in
the fourth row in Table 2-3. Since the metal cross-arm connected to all apparatuses in the
transformer tower is always connected to the ground, the effect of these apparatuses cannot
be ignored.

The breaker tower includes insulators, arrestors, potential and current transformers (i.e.,
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PT and CT), connecting lines, and a breaker. Similar to the transformer tower, the equivalent
circuit of the breaker tower is obtained by combining multiple equivalent circuits of these
apparatuses in series or parallel, as shown in the fifth row in Table 2-3. The metal cross-arm
connected to all apparatuses in the breaker tower is always connected to the ground.

Table 2-3  Simplified equivalent circuits of the alongside towers

Simplified equivalent circuit in PG~ Simplified equivalent circuit in PP

Types Pictures
channel channel
Support tower & / G
(including (neutral
insulators) ungrounding
(neutral (neutral grounding or
grounding) ungrounding)
Branch tower
(including ‘e Zena/N ZeyalN Gy Ze.pp/N
insulators and
multiple branches)
Transformer tower . c Connecting line  Connecting line Connecting line  Connecting line
. . s ‘ Insulator Arrester Transformer Tnsulator Arrester Transformer
(including T POt 006 oo
. LYY Y\ SYYYN @
insulators, e P I o fi )2
R's
arrestors, oG S oy oy oy ¢
. . y =ii==iCs "y = :;
connecting lines, ] s
L'
and a power
® °
transformer) TR E P i
Connecting line  Connecting line Connecting line  Connecting line
Iu?l_z]!or Afjcfle[ PT Insulator Arrester PT
Y YN 1YY ° e y
Breaker tower L L L Ly B
j
(including . GG GG o & 1
&) =7 o} === S
insulators, ’ I
arrestors, potential ° .
and current UL
transformers (i.e., T A L A T s T A °
PT and CT), C Gl i e GG s o ey o SN
connecting lines, T Tl ch 1
and a breaker) ° .
Breaker and CT In-s-il-l‘z;lor A;:r;;ier Breaker and CT Insulator Arrester

Connecting line

Connecting line

Connecting line  Connecting line
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2.3.3 Online Measurement of the Propagation Characteristics of the Towers

The propagation characteristics of the towers can be described via the reflection and
refraction coefficients in PG and PP channels, i.e., I'pg(®), Ipp(®w), Tpg(®), and Tpp(w).
They can be obtained based on the time-domain reflection technique, as shown in Figure
2-23. A pulse injector is non-invasively mounted on one phase of the overhead line; three PD
detectors are mounted close to the pulse injector; another three PD detectors are mounted on
the tower’s output. The pulse injector can generate a single-polarity spike pulse and inject
the pulse into the overhead line via inductive coils. The PD detectors use high-frequency
current transformers as their sensors, and their frequency passband ranges from 0.1 MHz to
100 MHz. It is important to point out that the distance go between the left PD detectors is
about 50 m. Too small ¢ can lead to difficulty in separating the direct pulse and its
reflection; too large g can lead to non-negligible attenuation and dispersion errors.

By analyzing the collected signals, I'pg(w), Ipp(w), Tpg(w), and Tpp(w) can be
obtained as:

Ia,out(@’ CO) + Ib,out(@’ CO) + Ic,out(@’ a))

T - -
pG(®) I (0,) + [F(0,0) + F(0.0) (2-61)
17 (0, @) + I (0, @) + I (0, w)
F -
" 00) + 1 (0.0) + 12 (00) (2-62)
T (@) = l Ia,Out(@a w) — Ib,out(@, ) + Ib Out({p, ) — C Out(@’ )
PP 3\ I}(0,0) — I}(0,m) I (0,0) — I7 (0, 0)
I 0@, @) = I o0 ®) (2-63)
IF (0,0) — I (0,0)
| (15(0.0) - [;0.0) 1 (0.0)~ I5(0.0)
I ==
e 3<I:<o,w> "L (0w) | I (0.0)— I (0w
15 (0,0) — I7 (0, ) (2-64)
70, 0) — 17 (0, )

where I;L,b/C(O,a)) and I;,.(0,®) are the direct and reflected pulses collected by the left
PD detectors, and 1, oui(§0, @) is the refracted pulse collected by the right PD detectors.
Figure 2-24 collects the waveforms of the left and right PD monitors to measure a
support tower’s reflection and refraction coefficients. The amplitude and pulse width of the
injected signal is 20 V and 40 ns. The sampling ratio of the data acquisition unit is 5S00MS/s.
It can be observed that the support tower can lead to a significant reflection, validating that
the tower’s effect is non-negligible. The pulses in the dashed boxes are extracted to calculate
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Figure 2-23  Illustration of online measurement of the reflection and refraction coefficients of the tower.
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Figure 2-24  Reflection and refraction waveforms of the PG and PP channels, measured by the left (a)
and right (b) PD detectors in Figure 2-23, respectively.

the reflection and refraction coefficients. It is essential to point out that the amplitude of both
ends of the intercepted signal should be the same to avoid truncation errors; moreover, each
lot of the truncated signals is supplemented with 2000 sampling points of amplitude 0 V to
improve the resolution in the frequency domain analysis. The calculated reflection and
refraction coefficients are shown in Figure 2-25. It can be observed that the measured results
are consistent with the analytical value, demonstrating the effectiveness of the proposed
model of the support tower. Moreover, the reflection coefficients in the PG channel are
significantly more significant than those in the PP channel, meaning that the PD signal in the
PG channel will lose more energy to get through the tower. The result proves that detecting
PD in the PP channel can be better.
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Figure 2-25 Measured and analytical (C,=10 pF) results of the supporting tower.

Figure 2-26, Figure 2-27, and Figure 2-28 collect the measured and analytical results of
branch, transformer, and breaker towers. It can be observed that the analytical results are
consistent with the measurements, demonstrating the effectiveness of the proposed models.
The reflection coefficients of the branch tower increase from 1/3 as the frequency increases.
The reflection and refraction coefficients of the transformer tower have multiple peaks and
valleys, meaning that parts of the energy of the PD signal can be lost. The reflection
coefficients of the breaker tower are almost equal to 1, meaning that most energy of the PD
signal will be lost when the PD signal gets through the breaker tower.

Many of the above four types of towers are distributed in the MV overhead distribution
network with a spacing of about 100 meters. In the network, the support rod is the most, the
branch and transformer tower are the second, and the circuit breaker tower is the least.
Therefore, the effect of the tower must be considered in the PD detection process, including
the deployment of PD detectors, the parameter design of PD detectors, and the evaluation of
PD magnitude and location, which are discussed as follows:

(1) Reflections at the towers can reduce the maximum propagation distance of a PD

signal, e.g., most energy of a PD signal will be lost when the signal gets through the
breaker tower. Therefore, the spacing between PD detectors should fully consider the
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Figure 2-26 Measured and analytical results of the branch tower (C;=10 pF and N=1).
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Figure 2-27 Measured and analytical results of the transformer tower. (Parameter values of the
theoretical model: C,=10 pF, C,=1 pF, C;=100 pF, C,=1 pF, Cs=200 pF, C’',=10 pF, C',=5 pF,
C'5=100 pF, C',=5pF, L’,=0.85uH, L’,=0.85uH, C’s=1700 pF, L’s=1.2 H, R'5;=20kQ, and
R’5,=220 kQ).
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Figure 2-28 Measured and analytical results of the breaker tower (Parameter values of the theoretical
model: C;=10pF, C,=1pF, C;=100 pF, C,=1 pF, C5=2000 pF, Cc=20 pF, L,=3 uH, L,=3 uH,
L¢=500 pF C’',=10 pF, C',=5pF, C'5=100 pF, C’',=5 pF, C's=17000 pF, C',=60 pF, L’,=0.85 uH,
L',=0.85uH, L'¢=500uH, L's=12H, R'5;=20kQ, and R’5,=220 kQ).

influence of the towers to avoid missing detection.

(2) The propagation characteristics analysis of the towers helps us optimize the PD
detector’s design. For example, since the reflection coefficients of the transformer
tower have multiple peaks and valleys, which depend on the structures and
components of the tower, it is challenging to select the correct frequency sub-bands
in which the signal attenuation is minimal. Therefore, ultra-wideband PD detectors
can perform better since they won’t miss the optimal sub-band.

(3) The attenuation and phase shift caused by the tower can lead to errors in PD
detection and localization. On the one hand, the attenuation can reduce the
magnitude of the PD signal collected by the PD detector at a remote distance, and
the reflection may overlap with the original PD signal, leading to magnitude errors.
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On the other hand, the phase shift can lead to additional time delays of the PD signal,
reducing the accuracy of PD localization. The influence of alongside towers on PD
detection and localization will be thoroughly discussed in the next section.

2.4 Simulation Experiment of the effects of line parameters and alongside
towers on PD signal characteristics

This section discusses PD propagation characteristics in MV overhead distribution
networks via the simulation experiment in PSCAD. The layout of the simulation experiments
and parameters of the PD source are presented first. Then, the effects of propagation
distances, non-uniform transmission line parameters, and alongside towers are thoroughly
discussed via the simulations. Since the effects of line parameters have been discussed in
Chapter 2.2.3, it is not considered in this simulation.

2.4.1 Layout of the Simulation Platform

1) Key Parameters of Partial Discharge Signal

A PD signal starting at time zero can be approximately modeled at the PD source by a
double exponential pulse [57], as shown in Figure 2-29. The features of the PD pulse can be
described via five time-domain parameters, i.e., the time-of-arrival t1gp, the rising time fg,
the duration time fp, the peak V,ca, and the discharge magnitude Q. These parameters play
a crucial role in PD magnitude and location evaluation and classification [20][124][125].
These five parameters can be used to quantitatively evaluate the propagation effect on PD
time-domain waveform.

2) PD Simulator

In this simulation, the PD signal is simulated via a pulse calibrator provided by IEC
60270 standard [20]. Figure 2-30 collects the sketch map of using the calibrator to generate a
standard PD signal in equipment under test. The PD calibrator includes a square-wave
generator with a voltage of U, and a capacitance of C,. R, is used to equivalent as the
load. The discharge magnitude Q, of the generated pulse on the load can be defined as

0y =UyC (2-65)

where Q has nothing to do with the load; therefore, the pulse calibrator can be used to

simulate a PD signal on any equipment under test, including the overhead line.
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Figure 2-29 Waveform parameters of the typical PD current pulse at the PD source.
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Figure 2-30  PD simulation circuit based on a pulse calibrator provided by IEC 60270 standard [20].

3) Layout of Simulation Circuits

An overhead distribution network simulation model was set up in the PSCAD platform,
as shown in Figure 2-31. The model includes a pulse calibrator, 2000-m three-phase
overhead lines with the model of JKLGYJ-10, and multiple towers. The pulse calibrator was
connected between one phase of the overhead line, and U, and C; in the calibrator are set
as 10 V and 0.096 nF, respectively, resulting in a PD pulse with a discharge magnitude of
0.96 nC. The structure of the three-phase overhead lines is shown on the right of Figure 2-31,
and their physical parameters are listed in Table 2-4. The ground resistivity is set as 100 Q-m,
a value suggested in [122]. The towers are connected to the overhead line with a spacing of
100 m; they are represented in the PSCAD via the equivalent circuits developed in Chapter
2.3. The double sides of the overhead line are connected to two infinitely long (i.e., >100 km)
overhead lines with the same parameters as the middle overhead line
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Figure 2-31 Layout of the simulation platform in PSCAD.

2.4.1 Effect of Propagation Distance

This subsection discusses the effect of the propagation distance on PD signal
characteristics in three-phase conductors. Since the effects on voltages and currents are
similar, only the current waveforms are displayed. In this simulation, the equivalent circuits
of the towers were not connected to the overhead line, i.e., the alongside towers’ effects were
ignored to explain the effect of propagation distance better.

Figure 2-32 collects the current signals in the three-phase overhead line. It can be
observed that as the propagation distance increases, the amplitude of the current in the
PD-affected phase conductor decreases. Still, those of the other two-phase conductors
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Table 2-4 Parameters of the three-phase overhead line

Parameter values Description
The average height of the overhead
h 12m ge fels
conductors
r 0.0048 m The radius of the bare overhead conductors
The radius of the covered overhead
R 0.0048 m
conductors
The distance between the overhead
d 0.4 m
conductors
PG 100 Q'm The resistivity of the earth
Pal 2.7%x107% S/m The resistivity of the aluminum conductors
€ 8.854 x 10—12 H/m The permittivity of the air
u 47t x 10—7 H/m The permeability of the air
%107 x1073
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Figure 2-32 Three-phase current waveforms of the simulated PD pulse at varying distances.

increase when the propagation distance is more significant than a critical value (e.g., 1.6 km),
and the amplitudes of the other two-phase conductors are almost half that of the PD-affected
phase. The result reveals that we can detect the PD signal from any one-phase conductor,
allowing us to decrease the number of PD detectors by reducing the budget. However, we
must collect the three-phase conductors’ data to identify which conductor is affected by the
PD defect.
Figure 2-33 and Figure 2-34 collect the time-domain and frequency-domain waveforms

of the transformed current signals in PG and PP channels, respectively. It can be observed
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Figure 2-33  PD current waveforms of the PG (a) and PP (b) channels at different distances.
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Figure 2-35 Integral curve of the PD currents in the PG (a) and PP (b) channels at different distances.

that the amplitude attenuation of the PD pulses in the PG channel is more significant than
that in the PP channel. This reveals that PD detection in the PP channel can be better than in
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the PG channel. Moreover, the discharge magnitudes were obtained by integrating the PD
pulses’ time-domain waveforms, as shown in Figure 2-35. It can be observed that the final
integral values of all PD pulses are equal in PG or PP channels. This reveals that the
discharge magnitude of the PD pulse is almost affected by the propagation distance.

Figure 2-36 collects the propagation distance’s effect on the PD pulses’ key parameters.
It can be observed that as the propagation distance increases, the peaks of the PD pulses
significantly decrease, the rising and falling times of the pulses increase, and the discharge
magnitudes of the pulses are almost constant. Moreover, the parameter variations of PD
pulses in the PP channel are much more minor than in the PG channel.
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Figure 2-36  Effect of the propagation distance on the waveform parameters of the PD signal: (a) Peak,
(b) Rising time, (c) Duration time, (d) Discharge magnitude.

2.4.2 Effect of Non-Uniform Transmission Line Parameters

This subsection discusses the effect of non-uniform transmission line parameters on PD
signal characteristics in PG and PP channels. Since line height 2 and ground resistivity pg
are always variable, which depends on geographical topography and soil parameters under
the MV overhead line, we carried out two simulation experiments: one is the effect of
varying h on PD propagation characteristics; the other one is the effect of different pg.

Moreover, it is essential to point out that since the other transmission line parameters (e.g.,
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the radius of the overhead conductor) are often consistent along the overhead line, the effects
of their non-uniformity are not considered in this work. Moreover, the equivalent circuits of
the towers were not connected to the overhead line, i.e., the alongside towers’ effects were
ignored better to explain the effect of the non-uniform transmission line parameters.

1) Case I: Effect of Varying Height A

In this case, the heights of the line section between two adjacent towers are reduced by
Ah one by one from Tower 0 to Tower 20. The height of the first line section is always set
as 12 m. For example, if A/ is set as 0.1, the heights of the 20 line sections from Tower 0 to
Tower 20 equal 12 m, 11.9 m, 11.8 m,..., and 10.1 m. It is essential to point out that the
larger Ah, the more uneven the overhead line is.

Figure 2-37 and Figure 2-38 collect the time-domain waveforms and their integration of
the signals in PG and PP channels, measured at Tower 20. It can be observed that as Ah
increases, the amplitude of the PD signal in the PG channel is significantly reduced. In
contrast, the PD signal in the PP channel is almost invariable. Figure 2-39 collects the effect
of Ah on five critical parameters of PD signals. It can be observed that as Ah increases,
the peaks of the PD pulses in the PG channel decrease, the rising and falling time of the
pulses significantly increase, the discharge magnitudes of the pulses are slightly raised, and
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Figure 2-37 PD current waveforms of PG (a) and PP (b) channels with varying Ah.
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Figure 2-38 Integral curve of the PD currents in PG (a) and PP (b) channels with varying Ah.
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the time-of-arrival of the pulses significantly increase. In contrast, all parameters of PD
pulses in the PP channel are immune to the variation of Ah. This reveals that varying line
heights hardly affect the PD signal in the PP channel.

In summary, the signal in the PG channel is susceptible to the change in the line height,
while that in the PP channel is almost immune to the change in the line height.
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Figure 2-39  Effect of Ah on the waveforms parameters of the PD signal: (a) Peak; (b) Rising time; (c)
Duration time; (d) Discharge magnitude; (e) Time-of-arrival.
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2) Case II: Effect of Varying Resistivity pg of the Ground

In this case, the ground resistivity pg of the line section between two adjacent towers
is increased by Apg one by one from Tower 0 to Tower 20. The ground resistivity of the
first line section is always set as 100 Q-m. As an example, if Apg is set as 100 Q-m, the
ground resistivities of the 20 line sections from Tower 0 to Tower 20 are equal to 100 Q-m,
110 Q'm, 120 Q'm,..., and 290 Q-m It is essential to point out that the larger Apg, the more
uneven the overhead line is.

Figure 2-40 and Figure 2-41 collect the time-domain waveforms, their integration, and
frequency-domain waveforms of the signals in PG and PP channels, measured at Tower 20.
It can be observed that as Apg increases, the amplitude of the PD signal in the PG channel
is significantly reduced. In contrast, the PD signal in the PP channel is almost invariable.
Figure 2-42 collects the effect of Apg on five critical parameters of PD signals. It can be
observed that as Apg increases, the peaks of the PD pulses in the PG channel decrease, the
rising and falling time of the pulses significantly increase, the discharge magnitudes of the
pulses are slightly increased, and the time-of-arrival of the pulses significantly increase. In
contrast, all parameters of PD pulses in the PP channel are immune to the variation of Apg.
This reveals that ground resistivity variation hardly affects the PP channel PD signal.

In summary, the signal in the PG channel is susceptible to the change of ground
resistivity, while that in the PP channel is almost immune to the change of ground resistivity.
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Figure 2-40  PD current waveforms of the PG (a) and PP (b) channels with varying pg.

2.4.3 Effect of Alongside Towers

1) Case III: Effect of the Support Towers

In this case, all towers from Tower 0 to 20 are set as the support tower, i.e., the
equivalent circuit of the support tower is connected in parallel to the three-phase overhead
line in the simulation circuit. The capacitance of the equivalent circuit is set from 0 pF to 32
pF. The metal cross-arms of all towers are not connected to the ground. The simulation
results are discussed in the following.
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Figure 2-41 Integral curve of the PD currents in the PG (a) and PP (b) channels with varying pg.
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Figure 2-42 The effect of p; on the waveform parameters of the PD signal: (a) Peak, (b) Rising time,

(c) Duration time, (d) Discharge magnitude, (e) Time-of-arrival.
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Figure 2-43 collects the PD current signal of the PG and PP channels at Tower 20. It can
be observed that the support towers without grounding hardly affect the PD signals in the PG
channel. In contrast, the amplitude of the PD signal in the PP channel reduces as the value of
the capacitance increases. Moreover, the support towers can lead to a significant time delay
of the PD pulse in the PP channel, and the time delay increases as the capacitance increases.
Significant reflections in the PD signal in the PP channel can be observed.

Figure 2-44 collects the integration of the time-domain signal in Figure 2-43. It can be
observed that the integration curves in the PG channel are immune to variations in the
capacitance. In contrast, the integration curves in the PP channel are susceptible to taking in
the capacitance, and they include some oscillations caused by the reflections. Nevertheless,
all curves’ final (stable) values are almost the same, meaning that the support tower does not
affect the discharge magnitude of the PD signal.

Figure 2-45 collects the effect of support towers on five critical parameters of PD
signals. It can be observed that as the capacitance increases, the peaks of the PD pulses in the
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Figure 2-43  PD current waveforms in the PG (a) and PP (b) channels at 2000 m with varying
capacitance of the insulators.
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Figure 2-44  Integral curve of the PD currents in the PG and PP channels at 2000 m with varying
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PP channel decrease, the rising and falling times of the pulses significantly increase, the
discharge magnitudes of the pulses are almost invariable, and the time-of-arrival of the
pulses significantly increases. In contrast, all parameters of PD pulses in the PG channel are
immune to the variation of the capacitance value.

In summary, the support towers without grounding hardly affect the PD signal in the PG
channel. In contrast, the support towers can lead to significant signal attenuation and time
delay in the PP channel but hardly affect the discharge magnitude of the PD signal.
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Figure 2-45 The effect of the capacitance of the insulators on critical parameters of the PD signal
detected at 2000 m: (a) Peak; (b) Rising time; (¢) Duration time; (d) Discharge magnitude; (e)
Time-of-arrival.
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2) Case IV: Effect of the Transformer Towers in the Middle of the Line

In this case, parts of the towers are set as the transformer tower and the others as the
support tower. The distance between two adjacent transformer towers is 400 m. The number
of the transformer towers can be set from 0 to 5. For example, if the number of transformer
towers is 3, Towers 4, 8, and 12 will be selected as the transformer tower, and the others are
set as the support tower.

Figure 2-46 collects the time-domain waveform of the PD current signals of the PG and
PP channels at Tower 20. It can be observed that the transformer towers can lead to
significant amplitude attenuation and signal distortion in PG and PP channels. In the PP
channel, significant reflections can be observed. As the number of transformer towers
increases, the amplitude attenuation and signal distortion become more significant.

Figure 2-47 collects the integration of the time-domain signal in Figure 2-46. It can be
observed that the integration curves in PG and PP channels are fluctuant, which is caused by
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Figure 2-46  PD current waveforms in the PG (a) and PP (b) channels with varying numbers of the
transformer tower at the middle of the line.

0.6
R ) 70\
~ Lat— ~0.5 A\ o
Py 5y ¢ S
=20 < 0.4 1
2 2
= 5
g 0l | g 0.3 ol1
o 1 o 1
gh 29
g 2] 1 8§02 2|1
z 31 ] 2 3
Sl = =g 4]
511 5
N " N 0 % / " L L
0.8 1 1.2 1.4 1.6 0.8 1 1.2 1.4 1.6
Time (s) %107 Time (s) %107
(a) (b)

Figure 2-47

transformer tower at the middle of the line.

Integral curve of the PD currents in the PG and PP channels with varying numbers of the
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the reflections. Nevertheless, all curves’ final (stable) values are almost the same, meaning
that the transformer tower does not affect the PD discharge magnitude. However, the
integration curve fluctuations make discharge magnitude estimation challenging.

In summary, the transformer tower can lead to significant amplitude attenuation that can
signal distortion of the PD signal in PG and PP channels, which poses a difficulty in
detecting the PD signal.

3) Case V: Effect of the Transformer Tower at the Terminal of the Line

In this case, Tower 20 is set as the transformer tower, i.e., the circuit model of the
transformer tower is connected to the overhead line at Tower 20, and the others are selected
as the support tower. Moreover, the overhead line outside Tower 20 is removed to simulate
that Tower 20 is a terminal transformer tower, which is common in the MV overhead
distribution network.

Figure 2-48 collects the time-domain waveform of the PD current signals of the PG and
PP channels at Tower 20. It can be observed that the terminal transformer towers can lead to
significant amplitude increases and signal distortion in PG and PP channels. The amplitude
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Figure 2-48 PD current waveforms in the PG (a) and PP (b) channels at 2000 m with a transformer
tower terminal mounted at Tower 20.
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Figure 2-49 Integral curve of the PD currents in the PG (a) and PP (b) channels at 2000 m.
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of the PD signal detected at the terminal transformer tower is almost double that in the
overhead line without the terminal transformer tower. This reveals that the sensitivity of PD
measurement via the PD detectors mounted close to the terminal transformer tower can be
improved.

Figure 2-49 collects the integration of the time-domain signal in Figure 2-48. It can be
observed that the maximum of the integration curve is larger than the real discharge
magnitude, and the final (stable) values of all curves are close to zero, making it almost
impossible to determine the correct discharge magnitude.

In summary, the terminal transformer tower can improve the PD signal amplitude, but it
leads to challenges in estimating the PD discharge magnitude.

4) Case VI: Effect of the Breaker Tower at the Terminal of the Line

In this case, Tower 20 is set as the breaker tower, i.e., the circuit model of the breaker
tower is connected to the overhead line at Tower 20, and the others are selected as the
support tower. Moreover, the overhead line outside Tower 20 remains to simulate that Tower
20 is a terminal breaker tower, which is the start of a distribution feeder.

Figure 2-50 collects the time-domain waveform of the PD current signals in the PG and
PP channels at Tower 20. It can be observed that the terminal breaker towers can lead to
significant amplitude increases and signal distortions. The amplitude of the PD signal
detected at the terminal breaker tower is almost double that in the overhead line without the
terminal breaker tower. This reveals that the sensitivity of PD measurement via the PD
detectors mounted close to the terminal breaker tower can be improved.

Figure 2-51 collects the integration of the time-domain signal in Figure 2-50. It can be
observed that the final (stable) values of all curves are close to the correct discharge
magnitude, revealing that the terminal breaker tower does not affect the PD discharge
magnitude determination.

In summary, the breaker tower can improve the PD signal amplitude, but it hardly
affects estimating the PD discharge magnitude.
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Figure 2-50 PD current waveforms in the PG (a) and PP (b) channels at 2000 m with a breaker tower
terminal mounted at Tower 20.
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Figure 2-51 Integral curve of the PD currents in the PG (a) and PP (b) channels at 2000 m.

2.5 Conclusion

This chapter develops the models and formulas for calculating the propagation

constants of MV three-phase overhead lines and alongside towers, i.e., attenuation

coefficient, propagation velocity, and reflection and refraction coefficients. The effectiveness

and accuracy of these formulas are validated via simulation and laboratory experiments.

Combined with the multiple-conductor transmission line model, the developed formulas

allow

us to accurately describe the PD propagation characteristics of MV overhead

distribution networks. Furthermore, simulation experiments are conducted to quantitatively

evaluate the effects of line parameters and structures on PD signal propagation. Several

crucial results are summarized as follows:

(1

64

PD propagation characteristics in PG and PP channels of MV overhead lines are
significantly different. On the one hand, the attenuation coefficient of the PP channel
is much less than that of the PG channel. For example, the attenuation coefficient of
the PP channel is about 2x107 at the frequency of 1 MHz for a typical 10-kV
overhead CC line, while that of the PG channel is about 3x10™, resulting in the PD
signal in the PP channel can propagate a significantly longer distance than that in PG
channel. On the other hand, the propagation velocity of the PP channel is almost
constant in the frequency range from a few tens of kHz to several tens of MHz. In
contrast, the PG channel significantly increases as the frequency increases. The
frequency-dependent propagation velocity of the PG channel could lead to difficulty
in determining the optimal velocity value for PD localization. Moreover, the
simulation results show that the PP channel’s propagation constants are hardly
affected by the non-uniformity of the overhead line caused by varying ground
resistivity and line heights; in contrast, those in the PG channel are susceptible to the
non-uniformity of the overhead line. The above results reveal that the sensitivity and
accuracy of PD detection and localization based on the signal in the PP channel could
be higher than that in the PG channel.
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(2) The influence of the alongside towers on PD propagation is proven to be
non-negligible. On the one hand, the alongside towers could lead to significant
reflections, but weak refractions of PD signals, e.g., breaker and transformer towers.
These towers can attenuate most of the energy of PD signals, thus significantly
reducing PD detection sensitivity if these towers are located between the PD source
and the PD sensor. On the other hand, the alongside towers could lead to additional
time delays of the PD signal, e.g., the supporting towers. Although the time delay of a
single tower is insignificant, e.g., a few ns, accumulation of the time delays of
multiple supporting towers could reach tens of ns, leading to a non-negligible PD
location error.

(3) The apparent discharge quantity of a PD signal is almost immune to the increased
propagation distance, but the PD sensor’s location significantly influences it.
Although a PD signal generally attenuates as its propagation distance increases,
integrating the PD time-domain signal (i.e., its apparent discharge magnitude) is
almost constant as long as the PD signal does not go through a branch. However, once
the reflections overlap on the original PD signal, e.g., if the PD sensor is deployed
close to the transformer and breaker towers, estimating the correct apparent discharge
quantity of the PD signal could be challenging.

In summary, the above conclusions reveal several crucial PD propagation
characteristics in MV three-phase overhead distribution networks. These can be used as
essential references in developing accurate and reliable PD detection and location methods.
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3 Partial Discharge Signal Extraction: Adaptive and Efficient Noise
Reduction

The sensitivity and accuracy of PD detection are significantly reduced by field
interferences, with unavoidable detrimental effects induced by white noise and discrete
spectrum disturbances. However, de-noising PD signals is challenging, primarily due to
various PD waveforms, high-level field noises, and limited computing resources. This
chapter describes an adaptive and efficient PD de-noising algorithm based on the improved
spectral decomposition of the noisy PD signal. Furthermore, implementing the algorithm in
resource-limited embedded systems commonly used for PD monitoring is discussed. The
performance of the proposed de-noising algorithm is first demonstrated on a synthetic PD
signal and compared with state-of-the-art alternatives. Finally, the proposed approach’s
strength and effectiveness are further validated on measured data.

3.1 Partial Discharge and Noise Signal Characteristics

1) Partial Discharge Signal Characteristics

PD is a localized electrical discharge that only partially bridges the insulation between
conductors and can or cannot occur adjacent to a conductor [20]. According to many
laboratory studies, the PD process can be approximately equivalent to the Townsend
discharge process, in which a current pulse is generated due to the movement of ionized
electrons and ions under the stress of an external electric field [118]. The electrons move
faster due to their lighter weight, leading to a fast-rising edge of the current pulse, whereas
the ions move slowly due to their heavier weight, leading to a slow-falling edge.

Therefore, at the PD source, a PD signal start at time zero can be approximately
modeled by a double exponential pulse (DEP), which can be formulated as [57]

DEP(f)=4,-(e"" —e'™) (3-1)

where 41 is the amplitude, and 71 and 7 (71 > 2) are the time constants. DEP signal is often
detected in line-type power equipment, such as cables and overhead lines. However, most
detected PD signals are oscillating pulses due to the effects of both the propagation path and
the transfer function of the used sensor. Therefore, single exponential and double exponential
attenuation oscillation pulses (SEOP and DEOP) are used [84]. They are formulated as:

SEOP(t) = A4, -e™"™ -sin(2nf, t) (3-2)

DEOP(¢) = 4, -(¢'* —e™"™)-sin(2nf. 1) (3-3)

where A> and A3 are the amplitude parameters, 73, 74, and 75 are time constants, and fc1 and fe»
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are the oscillation frequencies.

In this work, the three pulses (DEP, SEOP, and DEOP) are concatenated sequentially to
generate the signal shown in Figure 3-1. The above signal represents an initial synthetic test
case that simulates the simultaneous occurrence of multiple PDs, a common phenomenon in
field measurements. Also, it offers a fully controllable test case, highlighting and verifying
the features and strengths of the proposed de-noising scheme for increasing levels of
superimposed noise. The parameters of DEP, SEOP, and DEOP signals used in this paper are
listed in Tab. I. The PD signal is uniformly sampled at a sampling frequency and stored in a
vector. For the signals in Figure 3-1, the number of sampling points is 9000.

B N -

0 1 2 3 4 5 6 7
(s) x 10

Amplitude (mV)
S

Figure 3-1 Synthetic noiseless PD signal.

Amplitude (mV)

Figure 3-2  Synthetic noisy PD signal with a signal-to-noise ratio of -1.55dB.

Table 3-1 Parameters of the synthetic PD signal of Figure 3-1

Parameter  4; /mV A> /mV Az /mV 71 /n8 72 /ns
Value 1 0.7 1.8 150 23
Parameter 73 /ns 74 /ns 75 /ns fe1 /IMHz feo IMHz

Value 200 77 230 1 5

2) Noise Signal Characteristics

In on-site PD measurements, the sensitivity and accuracy of PD detection are always
reduced by two types of noise: (i) the white noise and (ii) the discrete spectrum noise.
Discrete spectrum noise mainly arises from carrier communication, radio communication,
high-order harmonic, etc., while white noise is caused primarily by equipment thermal noise,
ground noise, rand noise, etc. [32]. In this work, the frequencies of two harmonics in the

discrete spectrum noise are set to 3 and 7 MHz, and their corresponding amplitudes are set to
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0.15 and 0.1 mV, respectively. White noise is a zero mean Gaussian sequence with 0.1 mV
standard deviation.

The above disturbances are added to the noise-free PD signal to generate the noisy
signal shown in Figure 3-2. It is essential to point out that a critical low signal-to-noise ratio
characterizes the synthetic noisy signal in the Figure. Thus, it is a challenging test case that
can be effectively used to verify the proposed de-noising solution’s benefits and compare it
with state-of-the-art alternatives.

3.2 An Improved Automatic Tool for Partial Discharge De-noising

This section develops a fully automatic tool for de-noising PD signals occurring in
electrical power networks and recorded in on-site measurements. The proposed method is
based on the spectral decomposition of the measured PD signal via the joint application of
the short-time Fourier transform and the singular value decomposition. The estimated
noiseless signal is reconstructed via a clever selection of the dominant contributions. This
allows us to filter out the different spurious components, including the white and discrete
spectrum noise. The method offers a viable solution that can be easily integrated within the
measurement apparatus, with unavoidable beneficial effects in detecting essential signal
parameters for PD localization. The performance of the proposed tool is first demonstrated
on a synthetic test signal and then applied to real measured data. A cross-comparison of the
proposed method and other state-of-the-art alternatives is included in the study.

3.2.1 Principles

This subsection presents the proposed automatic tool for PD de-noising, as illustrated in
Figure 3-3. The principles of the tool are briefly described as follows.

First, the time-domain signal is transformed into a time-frequency spectrogram via
STFT. This step represents the most critical initial data processing since the local features of
a nonstationary PD signal cannot be well expressed in the time domain or the frequency
domain only. Hence, a time-frequency analysis is more suitable for representing a PD signal
with its inherent pulsed characteristics.

Second, the spectrogram is preprocessed via a soft masking function to reduce part of
the white noise, and then it is decomposed into multiple components via SVD. This step can
automatically separate the PD pulses, white noise, and discrete spectrum noise from the
original spectrogram, allowing us to select the dominant components easily.

Then, each component is transformed back to time-domain sub-signals via inverse
STFT. This step enables perfect reconstructions of the time-domain signals.

Finally, the sub-signals with distinct pulsed characteristics are selected via Principal
Component Analysis and kurtosis criteria, and they are finally summed to reconstruct the
de-noised PD signal.

Furthermore, a six-step procedure is developed to better explain the proposed tool, as
shown in Figure 3-4, along with data processing following all the blocks involved from left
to right. More details of the six steps are described in the following subsections.
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Figure 3-3 Illustration of the proposed PD de-noising method.
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Figure 3-4 Step-by-step automatic procedure of the proposed de-noising method.

1) Time-Frequency Transform via STFT (step 1)
According to the procedure of Figure 3-4, the sampled noisy PD signal like the one

shown in Figure 3-2 is stored in a vector x = [x(tl),x(tz),...,x(tK)]T defined as:
x(t,)=s()+wt,), t, =(k—DAt, k=1,2,.. ,K (3-4)

where S(#,) is the discretized noise-free PD signal, W{,) represents the superimposed noise

(e.g., white and discrete spectrum noise), Af=1/f, is the sampling interval, and K is the

number of time samples (e.g., 9000 in the example signal). Then, x is transformed into a
spectrogram X via the STFT.

This step represents the most critical initial data processing since the local features of a
nonstationary PD signal cannot be well expressed in the time domain or the frequency
domain only. Hence, a time-frequency analysis is more suitable for representing a PD signal
with its inherent pulsed characteristics.

STFT is a widely used time-frequency tool for studying nonstationary signals, and it has
been proven to be effectively used in this field [126]. The discrete STFT of the discrete
signal x can be written as:

X(ft,) =200 x(t)g(t, —t,)e ™At (3-5)
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whereas a Gaussian window function with a length of M (e g., 200 in the following illustrative
example in this subsection), ¢ =(nm-DAt ( n=12,--,N , N=K-M+1) and
J,,=CQm—-M)/2MAt) (m=1,2,---,M ) are the discrete-time and frequency, respectively,
and X(f,

m

,t,) (also labeled as X;,,) is the element in the m™ row and »™ column of the

spectrogram X € C"*" | The absolute value of the spectrogram X obtained by applying STFT
to the synthetic noisy signal in Figure 3-2 is shown in Figure 3-5, in which the PD pulses
emerge clearly while they are drowned out by noise in the time domain.

]
E ‘ Discrete
OED 204 White noise | spectrum noise
<
=
x10" f(H ey -5
( Z) -5 0 I(S) x10

Figure 3-5 Magnitude of the spectrogram of the synthetic noisy signal shown in Figure 3-2 and the
location of the different signal components.

2) Soft Masking (step 2)

White noise is preliminarily reduced by applying the following soft masking to the
spectrogram X, resulting in an updated spectrogram X'.

Figure 3-5 shows the magnitude of X, highlighting that both the PD signal and the discrete
spectrum noise are localized in the specific zones of the spectrogram characterized by a
remarkably high amplitude (in magnitude). On the other hand, white noise produces a uniformly
distributed background. This magnitude difference between the dominant signal (e.g., PD signal)
and the white noise allows us to first preliminarily filter out the noise by applying the following
soft masking on the spectrogram [127]:

X; Tm,n 'Xm,n 1f |Xm,n |< 38
X if 1X,,, [>3e (3-6)

where ¢ is the standard deviation of X. The threshold value of 3¢ is suitably adjusted based on
the signal-to-noise ratio and is chosen according to [128], and 7,,, are the attenuation
coefficients defined as:

q

X

m,n

RY

T =

m,n

(3-7)

where ¢ is the attenuation control factor. A significant value of ¢ increases the white noise

suppression, but at the same time, it leads to considerable distortion of the PD signal.

Therefore, the value of ¢ should be set carefully, and it will be thoroughly discussed in
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Chapter 3.2.2. In this subsection’s illustrative example, ¢ is set to 1. After the soft masking,
the spectrogram X is updated to a new one, in which parts of white noise are removed while
discrete spectrum noise and some residual white noise still exist. Finally, it is essential to
point out that soft masking improves the signal-to-noise ratio of the PD signal, thus
facilitating the subsequent matrix factorization and component selection.

3) Matrix Factorization via SVD (step 3)

In this step, the spectrogram X' is decomposed into M components via the singular
value decomposition, allowing the split of the original signal into multiple distinguishable
components, in which the functional PD signal, the discrete spectrum noise, and the
remaining white noise can be separated. This can also be justified by the different
localization of signal components in Figure 3-5, which are characterized by different shapes
and strengths in magnitude.

Applying SVD to the spectrogram X' (with M < N) can generate three decomposed
matrices, yielding:

X' = USV”
= ouy, + o,uyvl + o u,v) (3-8)
=X + X, +-+ X,
where U is a M x M orthonormal matrix (U= [#,%,, - u,], u, € CM*1) S is a real
M X N rectangular matrix with the singular values O, >0, >--->0,, in the diagonal

entries, Vis M X M a square orthonormal matrix (V="[v,V,,"*-V,,],v; € cMxly and X

is the i decomposed component of X'. PD de-noising can be achieved by selecting the
components that best represent the contribution of the noiseless PD signal.

1"\ PD + Discrete spectrum noise

0.2 White noise

Normalized singular value

30 200

Index

Figure 3-6  Singular values of the spectrogram X'.

Roughly speaking, it can be verified that the more concentrated and large-amplitude
objects (e.g., the PD signal and the discrete spectrum noise) in the spectrogram X
correspond to the components with larger singular values. In contrast, the scattered and
low-amplitude objects (e.g., the white noise) correspond to the components with small
singular values, as highlighted in Figure 3-6. Therefore, the mix of the PD signal and the
discrete spectrum noise can be extracted by selecting the principal components associated
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with larger singular values, thus reducing the residual white noise.
4) Principal Components Selection via Minimum Description Length (MDL) criterion
(step 4)
This step implements an automatic rule for selecting the optimal L (L< M )
components from the dominant singular values, as shown in Figure 3-6.
Traditionally, the principal components associated with larger singular values in the

SVD are selected via the threshold criterion 0;,,/0,=6 (1=0,1,...,M —1), where an

artificial threshold value refers to the spectrogram’s signal-to-noise ratio X'. Since we do not
know the signal-to-noise ratio, which depends on the PD signal and noise level, we use the
MDL criterion to select the number of the principal components automatically. The function
of the MDL with respect to the singular values of the spectrogram X' is defined as
[129][130]:

M
O.
MDL()=-Nlog| — .o _ +%l(2M “I)log N (3-9)
M
(M -1 Zi_l+lo-ij

where O, is the i singular value of X', M is the number of singular values (or rows) of
X', and N (N > M) is the number of the columns of X'. The number of effective singular
values can be determined by minimizing MDL(/) as [129][130]:

L =arg Oslnggl MDL(/) (3-10)

To better explain the effect of the above criterion, the MDL curve of the singular value
vector of Figure 3-6 is shown in Figure 3-7. L=12 corresponds to the minimum of the MDL
curve, defining that only the first 12 components, instead of 200 in total, can successfully be

used to represent the dominant contributions of the spectrogram X' . Therefore, X can be
updated to a compressed spectrogram X:XI +X -+ X, (X eC™, i=1,2,....L) by

selecting the first L components, thereby removing most of the remaining white noise.

16 ©  Singular value
MDL

L~

Normalized value

Figure 3-7 MDL curve of the singular values.
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5) Time-Domain Signal Reconstruction via Inverse STFT (step 5)

Each component in the spectrogram X is transformed back to the time domain via
Inverse STFT (ISTFT), resulting in L signal modes, in which the PD signal and the discrete
spectrum noise are distinguishable. The conversing back to the time domain is essential not
only for retrieving the estimated noiseless PD signal but also because, as observed before,
the singular values of the PD signal and the discrete spectrum noise may have the same
magnitude, making their possible separation hard.

Hence, each component X; of the spectrogram X is converted back to the time

domain via inverse STFT:

. 1 N M, 2t
xi (tk) = Hzrpl Zmzl X[ (me’ tn )g(tk - tn )e/2 ol (3-1 1)

where X,(#,) is the i reconstructed signal mode, and X'(f,,,Z,) (also labeled as X, ,'n,,,) is
the element in the m™ row and n™ column of the sub-spectrogram X, .
Again, for example, in a signal of Figure 3-2, the L reconstructed signal modes X,

X,,...,and X, areshown in Figure 3-8. From visual inspection, it can be observed that the

PD signal and the discrete spectrum noise are spread in different contributions or modes (e.g.,
#1, #4, #5, #8, #9, #10, #11, #12). This observation suggests it is also possible to filter out
the discrete spectrum noise and estimate the noiseless PD signal by selecting the most modes
with an impulse-like shape. This is done in the next, i.e., last, step.

6) Mode Selection via Kurtosis Criterion (step 6)

The Kurtosis parameter separates the contributions associated with the PD signal from
those arising from the discrete spectrum noise in the L reconstructed modes. Kurtosis is a
statistical measure of whether the data are heavy-tailed or light-tailed relative to a normal
distribution [131]. Qualitatively, sequences with high kurtosis parameters tend to have heavy
tails or outliers. Sequences with low kurtosis values tend to have light tails or lack outliers.
In the reconstructed modes, the signal components associated with the pulses (e.g., PD signal)
perform like some outliers, thus producing a considerable kurtosis value, whereas periodic
signals (e.g., the discrete spectrum noise) have a low kurtosis value.

The Kurtosis value of a discretized signal is defined as:

FOIEIEEA
PO

Kur(x,)= (3-12)

where X is the i signal reconstructed by the i component, and X, is the average of X,.

The calculated kurtosis values of the modes collected in Figure 3-8 are shown in Figure
3-9. From this figure, we can see the modes more closely related to the PD signal are those
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with larger kurtosis values (i.e., #1, #4, #5, #8, #9, #10, #11, #12).
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Figure 3-8 Signal modes reconstructed from the first twelve components with larger singular values.

The modes with more considerable kurtosis value are selected to reconstruct the final

estimated noiseless signal X, which can be rewritten as:
X=aX, +a,X, + 4, X, (3-13)

where a, =Logical{kur{x,} > S} where Logical{.} is the logical judgment function and
returns 1 or 0. f is a threshold set to 4, an empirical value suggested in [84][131]. The final

estimated noiseless signal % via Equation (3-13) is shown in Figure 3-10, where most
white noise and discrete spectrum noise are successfully removed.

3.2.2 Results of De-Noising Synthetic Signal

This Section collects the results of applying the proposed tool to the synthetic PD test
case. The simulations use MATLAB software on an Intel(R) Core 17-10750H processor with
a 2.60-GHz clock frequency and 16 GB RAM. In the simulations, three evaluation metrics
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Figure 3-9 Kurtosis value of the modes in Figure 3-8.
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Figure 3-10 De-noised signal obtained by summing modes #1, #4, #5, #8, #9, #10, #11, and #12 in
Figure 3-8. The green, blue, and red lines denote the noisy, the original, and the de-noised signals,
respectively.

are defined to quantitatively assess the de-noising performance of the proposed algorithm,
which is compared with the alternative WT [62], EMD [73], and H-ASVD [81] tools. Also,
as mentioned before, in the proposed algorithm, only two parameters (the window length in
the STFT and the attenuation control factor of the soft masking) must be determined in
advance; a rule for their choice is also presented.

1) Evaluation Metrics
Three evaluation metrics are defined below to quantify the quality of the estimated

noiseless PD signal [84] (S(l‘k) and )?(tk) denote the discrete noise-free and de-noised

signals, respectively).
(1) Signal-to-noise ratio (SNR) is used to measure the background noise reduction:

PINERCY .
> [Ee)-s@)]

(2) Normalized correlation coefficient (NCC) is used to evaluate waveform similarity
between the original and de-noised signals. It is defined as:

> S8() -5t
JElrwl[Zhrw)]

SNR(s(7), X(1)) =10-log,,

NCC(s(t), #(t)) =

(3-15)
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(3) Root-mean-square error (RMSE) is used to evaluate the waveform distortion of
the de-noised signal compared with the original signal:

RMSE(s(?), %()) == \/%Zf_l[fé(tk)—s(tk)]z (3-16)

Higher SNR and NCC and lower RMSE represent a better de-noising performance.

2) Comparison with the Classical Hankel Matrix-Based SVD De-Noising Method

Two main differences between the proposed STFT-SVD and the Hankel matrix-based
SVD methods are listed as follows:

(1) The singular value selection for the ASVD algorithm is carried out on the
time-domain representation of the input data via the Hankel matrix. On the other
hand, in the proposed STFT-SVD algorithm, the selection of the singular value is
carried out in the time-frequency domain since it is outstanding to study a
non-stationary signal (i.e., the PD signal). The time-frequency representation has two
benefits. One is that the PD-associated elements in the time-frequency matrix have a
significantly more significant value than that of noise, thus leading to larger singular
values. The other one is that the time-frequency matrix allows us to apply the soft
masking to improve the SNR of the PD signal, thus facilitating the subsequent matrix
factorization and singular values selection. Although the singular value plot of the
STFT-SVD seems more straightforward to handle than that of the ASVD, additional
computations are required for the STFT to transform the time-domain signal into the
time-frequency spectrogram.

(2) The singular value criteria used by the proposed STFT-SVD method differ from the
one used by the ASVD. The STFT-SVD algorithm uses the minimum description
length (MDL) criterion for selecting singular values. At the same time, the ASVD
approach selects the singular values for which the standard deviations (STDs) floor is
more significant than zero [81][86].

The above differences motivate the improved resilience of the proposed method to the
multiple-step phenomena compared to the ASVD. Additional details are provided below to
support the conclusion further.

As a qualitative proof of what has been stated above, Figure 3-11 and Figure 3-12
collect the singular values of the synthetic signal, which are computed via the ASVD and the
proposed STFT-SVD method for an SNR=-7dB and -20 dB, respectively. Figure 3-11 shows
that when the SNR is “high,” the STFT-SVD and ASVD can successfully select the effective
singular values. However, as shown in Figure 3-12, for a low SNR, it can be observed that
the ASVD fails to choose the effective singular values due to the multiple steps phenomenon
(as the paper [86] raises). On the other hand, the proposed STFT-SVD algorithm shows a
smoother behavior for the singular values magnitude, with a well-defined knee-point. This,
together with the MDL, allows us to select the optimal number of the practical singular
values suitably. The above analysis highlights that the multiple steps phenomenon is heavily

reduced by the proposed STFT-SVD method.
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Figure 3-12  singular values plots of the ASVD and STFT-SVD methods under SNR of -20 dB.

3) Effect of the Window Length in STFT
The window length M in STFT, which is equal to the number of rows of the
time-frequency spectrogram X, is inversely proportional to the frequency resolution Af of

the spectrogram, which can be formulated as

a=L (3-17)
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For a fixed value of the sampling frequency fs, a small window length can lead to a
large frequency resolution of the spectrogram, which may be insufficient to distinguish a PD
signal from the noise, especially the discrete spectrum noise. In contrast, a considerably
considerable window length can lead to a small frequency resolution, resulting in redundant
computations.

We de-noise the noisy PD signal synthesized in Chapter 3.1 via the proposed algorithm
with varying window lengths and noise levels. The window length M is changed from 40 to
800 sampling points, the SNR of the noisy signal is changed from -1.55 to -15.5-dB by
increasing the amplitudes of the two types of noises in equal proportions, and the attenuation
control factor g of the soft masking in Equation (3-7) is set as 1.

The fundamental effect of the size of window width (M) is reflected in the spectrogram
obtained by the STFT, as shown in Figure 3-13. As M increases, the number of the rows (i.e.,
the frequency resolution) of the spectrogram increases, allowing us to identify the PD pulses
more clearly. Therefore, M should be set large enough so that the spectrogram has a
sufficient frequency resolution to separate PD signals and noises. It is important to remark
that increasing M, and thus the number of rows of the spectrogram, unavoidably increases
the computational cost required by the subsequent SVD.

Short-Time Fourier Transform Short-Time Fourier Transform
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Figure 3-13  Spectrograms of the synthetic noisy signal with various M.
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Figure 3-14 collects the spectrograms and final de-noising results of the synthetic noisy
signals. It can be observed that although the sharpness and clarity of the spectrograms vary
with the value of M, which is set from 160 to 1600, the final de-noising results are almost
equivalent. This means that the overall algorithm is robust even if a suboptimal value of M is
selected during the STFT step. In other words, the outcome of the additional test is that the
algorithm exhibits a low sensitivity to M.

Figure 3-15 provides a compact picture of the effect of the window length A in STFT on
the de-noising performance of the proposed algorithm through the defined two evaluation
metrics, SNR and RMSE. It can be observed that the de-noising performance improves as the
window length increases in the initial part of the curves, and then it becomes nearly flat once
the number of sampling points exceeds the critical value of 200. This critical value is
equivalent to the frequency resolution of the spectrogram of 0.625MHz, which is just
sufficient to distinguish the last two PD pulses with dominant frequencies of 1IMHz and
5MHz, respectively, from the discrete spectrum noise with dominant frequencies of 3MHz
and 7MHz. Once the window length is smaller than the critical value, the frequency
resolution of the spectrogram is insufficient to distinguish the PD pulses from the discrete
spectrum noise, resulting in a significant drop in the de-noising performance as shown in the
front parts of the curves in Figure 3-15. Therefore, the window length should not be too
small.

Figure 3-16 shows the effect of the window length M on the computational time of the
proposed algorithm. It can be observed that the efficiency decreases as the window length
increases, suggesting a selection of the smallest value of M may lead to sufficiently good
performance indexes (such as those considered in Figure 3-15).

Referring to the frequency pass-band of the used PD sensor, an empirical formula
allows us to determine the window length M:

Mrdeo @)
Af ﬁligh_ﬁow

where fhigh and fiow are the upper and lower cutoff frequencies of the used PD sensor, and a is

(3-18)

the ratio between the passband frequency of the sensor and the acceptable frequency
resolution. In practical applications, it is recommended to set a a bit larger than some dozens
(e.g., 20 to 60) to ensure sufficient frequency resolution of the spectrogram for good
de-noising performance and simultaneously less computation time.

4) Effect of the Attenuation Control Factor in the Soft Masking

Similar to M, the effect of attenuation control factors g is also reflected in the
spectrogram obtained via the STFT. As ¢ increases, a sharper spectrogram after the soft
masking can be obtained, as shown in Figure 3-17. In principle, the larger q is, the more
noise is reduced, as shown in Figure 3-18. It can be observed that the result in Figure 3-18(a)
(¢=1) has a significant improvement in the de-noising performance than that in Figure
3-18(b) (¢=0). In addition, increasing g will not bring significant gains in de-noising
performance, as shown in Figure 3-18(b), (c), and (d). It can be observed that the de-noising
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Figure 3-14 Spectrograms and de-noising results of the synthetic noisy signal with various M.
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Figure 3-15 Effect of the window length M on (a) SNR and (b) RMSE in varying noise levels.
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Figure 3-16  Effect of the window length M on the overall computational time required by the proposed
algorithm.

results with g=1, 2, and 4 are similar and all acceptable. Therefore, the selection of ¢ is not
demanding in practice. In addition, it is also important to mention that a too-large value of ¢
could decrease the de-noising performance (see Figure 3-15) since it can introduce some
distortion in the reconstructed PD signal.

The effect of the attenuation control factor of the soft masking on the two evaluation
metrics SNR and RMSE is shown in Figure 3-19, where the attenuation control factor, ¢, is
changed from 0 to 6, the SNR of the noisy signal is changed from -1.55 to -15.5-dB, and «
in (18) is set as 48. The above value corresponds to the window length
M =48-125 MHz /(30 MHz - 0.5 MHz) = 200 sampling points if a PD sensor with a
pass-band from 0.5 MHz to 30 MHz is used, which is sufficient to detect the synthetic PD
signal. It can be observed that with the increase of the attenuation control factor, the
de-noising performance is improved at first, indicating that soft masking works effectively
and then gradually deteriorates. The initial increase in the de-noising performance is because
white noise is removed; the subsequent drop in de-noising performance is because part of the
useful PD signal is also removed, resulting in some signal distortions. In addition, comparing
the optimal ¢ values for different noise levels, it can be found that a relatively small g value
produces the best noise reduction effect at low noise levels. In contrast, a rather significant ¢
value has the best noise reduction effect at high noise levels. Referring to the simulation
results, the attenuation control factor, ¢, is recommended to be set between 0.5 and 2.5, and

it should be relatively large for high noise levels and rather small for low noise levels.
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Figure 3-19  Effect of the attenuation control factor ¢ on (a) SNR and (b) RMSE in varying noise levels.
(g equal to 0 denotes the soft masking is disenabled)

5) De-noising Result Comparison

Figure 3-20 collects the results of de-noising the simulated PD signal with high-level
noise (SNR=-11.10dB) via the proposed STFT-SVD, H-ASVD, WT, and EMD algorithms. It
can be seen from Figure 3-20(a) that the H-ASVD algorithm can hardly remove the discrete
spectrum noise. In Figure 3-20(b), the WT algorithm behaves well for the first and second
pulses but fails to reconstruct the third pulse. The difference in the noise reduction effect on
the PD pulses is attributed to the selected mother wavelet (dB8); the failure of the last PD
pulse de-noising is due to the insufficient frequency resolution requiring to separate the PD
pulses (with a dominant frequency of 5MHz) with the discrete spectral noises with
sinusoidal components at 3MHz and 7MHz. In Figure 3-20(c), the EMD technique can only
vaguely discriminate the PD signal, and many white noise and waveform distortions remain.
In Figure 3-20(d), compared with the results of H-ASVD, WT, and EMD algorithms, the
proposed STFT- SVD algorithm can be effectively used to reduce both the white noise and
the discrete spectrum noise in all three types of PD pulses, although a small amount of noise
remains. In Figure 3-20(e), where the soft masking is enabled, the de-noising performance is
improved, thus proving the benefit of this additional step in the de-noising procedure.

The evaluation metrics of all the algorithms are listed in Table 3-2, where it can be
observed that the proposed STFT-SVD algorithm with the soft masking has the most
significant signal-to-noise ratio (the highest SNR) and the minor waveform distortion (the
lowest RMSE and the highest NCC).

3.2.1 Results of De-Noising Measured Real PD Signal

This Section collects the results of the application of the proposed de-noising tool to the
measurements carried out by a typical ultra-wideband PD sensor (high-frequency current
transformer (HFCT)) widely used for on-site PD measurement in cables, transformers,
motors, switchgear, overhead lines, etc. The de-noising performance is compared to those
obtained through the alternative WT, EMD, and H-ASVD algorithms.

In this first real application test case, the proposed STFT-SVD algorithm is applied to a
PD signal measured using a HFCT to demonstrate its de-noising performance. To have a
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Figure 3-20 De-noising results of (a) H-ASVD (the size of Hankel matrix: 450x9000), (b) WT (the
mother wavelet: dB8), (c) EMD (the ensemble number: 300), (d) the proposed STFT-SVD without the
soft masking (M=200, g=0), and (e) the proposed STFT-SVD with the soft masking (M=200, g=2). The

green, blue, and red lines denote the noisy (SNR=-11.10 dB), the original, and the de-noised signals.

Table 3-2 Evaluation metrics comparison of the algorithms

Method SNR (dB) NCC RMSE
STFT-SVD (=200, g=0) 7.53 0.912 0.057
STFT-SVD (=200, g=2) 12.97 0.975 0.030

WT 2.10 0.627 0.107
EMD 0.236 0.518 0.132
H-ASVD -9.17 0.273 0.390

controlled environment and test, two measurements are carried out: one is related to a PD
signal with the smallest possible noise corruption, and the other involves the contribution of
the noise only, being this latter associated with another conductor and time window where
only the spurious disturbance is recorded. The PD signal originates from a soiled insulator in

a 10-kV covered conductor (CC) line, as shown in Figure 3-21. The passband frequency of
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the HFCT is 0.5-30 MHz, and the sampling frequency for data collection is 125 MHz.

Figure 3-22 collects the time waveforms and the corresponding frequency spectra of the
measured PD signal and noise. Specifically, panel (a) corresponds to the PD signal measured
as close as possible to the insulator to reduce noise’s detrimental effects and produce a
reference response, which is eventually compared with the reconstructed PD. Panel (b) and
panel (c) correspond to the noisy contrition and the PD noisy response, respectively. The PD
noisy response is generated by summing the noiseless and the noisy waveforms. It is
essential to point out that the noisy waveform of Figure 3-22(b) includes both the effects of
the white noise and the discrete spectrum noise. Also, for this case, the PD pulse, for both the
time- and the frequency-domain waveforms, is massively cluttered by the effect of the
sizeable superimposed noise, thus making the de-noising a challenge.

De-noising starts from the time-domain measured response of Figure 3-22(c) using all
the considered algorithms. In the proposed STFT-SVD algorithm, the tuning parameters are
defined as follows. According to (3-18) and the suggested range of a between 20 to 60, M
should be chosen between 83 and 254. It is essential to point out that the discussion of the
role of M in Chapter 3.2.1 and the additional simulation analyses have proven that the
overall accuracy of the method has a very low sensitivity to this parameter. For this test case,

the window width value is set to 200 sampling points (corresponding to the ratio & =48),
which enables the frequency resolution to be 0.625 MHz. A similar reasoning and behavior
holds for the other parameter (i.e., the attenuation control factor in the soft masking), which
is set to 2 due to the high-level noise.

Figure 3-23 offers the results of the cross-comparison. It illustrates the proposed tool’s
superior performance, which yields an excellent reconstructed PD signal (see Figure 3-23(d)).
From the responses in the figure, we can observe that the H-ASVD algorithm fails to remove
the discrete spectrum noise (see Figure 3-23(a)), the WT algorithm effectively reduces most
of the noise but leads to a visible distortion (see Figure 3-23(b)), and the EMD algorithm can
only discriminate the PD signal vaguely and leads to a significant distortion (see Figure
3-23(c)). To sum up, this test has proven the excellent features of the proposed de-noising
tool for in-field measurements via HFCT.

HFCT

——

—-?“"'
=

Fouling

(a) (b)

Figure 3-21 Layout of the high-frequency current transformer on a 10-kV CC line (a) and picture of the
PD defect on an insulator caused by fouling (b).
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Figure 3-22 Time-domain waveforms and frequency-domain spectrums of the HFCT-measured PD
signal (a), the HFCT-measured noise (b), and their combination (c).

3.3 Adaptive and Efficient Partial Discharge De-noising Algorithm for
Implementation in Resource-Limited Embedded Systems

This section addresses developing and implementing a practical algorithm for PD
monitoring of weakly insulated apparatuses in electrical power systems. The proposed
solution addresses the challenges of field noise filtering and hardware selection. On one side,
field noise has unavoidable detrimental effects on monitoring, thus demanding a clever and
robust solution. On the other hand, the implementation of limited resource hardware is a
crucial requirement for a practical design, allowing to reduce production costs. This work
describes an adaptive and efficient PD de-noising algorithm based on the improved spectral
decomposition of the noisy PD signal. PD pulses are accurately extracted from the noisy
signal by cleverly selecting the dominant components via a low-rank singular value
decomposition of the time-frequency spectrogram of the signal, thus reducing the size of the
involved matrices and the computational complexity. The performance of the proposed
de-noising algorithm is first demonstrated on a synthetic PD signal and compared with
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Figure 3-23  De-noising results of actual noisy PD signal by (a) H-ASVD (the size of Hankel matrix:
390%7810), (b) WT (the mother wavelet: dB8), (c) EMD (the ensemble number: 300), and (d) the
proposed STFT-SVD (M=200, g=2). The green, blue, and red lines denote the noisy, original, and

de-noised signals. The insets zoom in on the PD pulses.

state-of-the-art alternative techniques implemented on three embedded systems commonly
used for PD monitoring. Finally, the strength and the effectiveness of the proposed approach
are further validated on experimental data based on the measurement of
Internet-of-Thing-based PD monitors, demonstrating its better de-noising performance in
improving the sensitivity and accuracy of the PD monitors.

3.3.1 Algorithm Improvements

To reduce the computational complexity of the STFT-SVD algorithm, the more efficient
STFT-RSVD algorithm is developed, as shown in Figure 3-24. Compared with the
STFT-SVD algorithm, the proposed algorithm has three improvements, which will be
discussed and formulated in the following.

Improvement 1: Kurtosis criteria are added between the STFT and SVD steps, aiming
at avoiding applying the expensive SVD to the useless data without PDs.

PD pulses have a short duration, leading to outliers in the local area of the spectrogram
(i.e., X € CM*L obtained via the STFT). At the same time, white and discrete spectrum
noises are continuous and tend to lack outliers in the time dimension (i.e., each row of the

spectrogram). Such a statistical difference between PD pulses and white and discrete
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Figure 3-24 Block diagram of the improved STFT-RSVD algorithm.

spectrum noises allows us to identify whether one or multiple PD pulses occur in the signal
sequence by detecting these outliers. Since the real parts of the spectrogram have similar
outliers as the spectrogram, PD identification can be achieved by applying kurtosis criteria
directly to the real parts of each row of the obtained spectrogram to reduce computational
cost. The criteria are formulated as

yes, (Zf\il logical(kur(X%) > ﬂ)) > €
| no. (Zf\il logical(kur(Xge) > ﬂ)) <€

where X© is the real parts of the i row of the spectrogram, M is the total number of rows

(3-19)

of the spectrogram (also the length of the Gaussian window in STFT), f is a threshold set to
4, an empirical value suggested in [131], € is a threshold to identify whether a PD occurs
and is better to be selected as 2~5 since too small or large € may lead to wrong or missed
PD identification, kur(e) is the kurtosis calculation function, and logical(e) is the logical
function and returns 0 or 1. The computational complexity of the criteria is up to that of the
kurtosis calculation function, i.e., O(2MN), where N is the total number of columns of the
spectrogram, determined by N = |(K — M + H)/H |, where K is the sampling number of
the signal, and H is the window hops of the STFT. Moreover, it is essential to point out that
applying the kurtosis criteria to the spectrogram is better than the time-domain signal since
outliers caused by PDs are more significant.

Improvement 2: RSVD is used to decompose the time-frequency spectrogram
automatically. Compared with the SVD, the RSVD requires less memory, leading to
significantly smaller computational complexity.

Since the elements belonging to the PD signal always concentrate at the local area of
the spectrogram X, we can perform low-rank approximation to reduce the size of the input
matrix of the expensive sequent SVD, which can be achieved via the randomized algorithm
described in [132]. The randomized algorithm and SVD combination are named randomized
SVD (RSVD) [133]. The noisy input matrix X € CM*N (obtained via the STFT) is
decomposed into four matrices via RSVD, yielding:

X = QUqgSoV( (3-20)

where Q € CM*P is a given matrix with P (P < M, N) orthonormal columns which can
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be obtained via the randomized algorithm [133], Ug is a P X P left orthonormal matrix
(Ug=luy,uy,...,upl, u; € chxhy, Sq isareal P X P rectangular matrix with the singular
values o) > 0, > -+ > op in the diagonal entries, and Vg is a P X N right orthonormal
matrix (Vo=[v,,v;,...,U0ply; € CN*1). The total computational complexity of the RSVD

is O(4M NlogP +4(M + N )P2) [133], which is much less than that of the classical SVD
(i.e., O(4NM2)) as P canbe set much less than M and M.

In RSVD, only one parameter (i.e., P) is required to be set in advance. On the one hand,
we want the basis matrix Q to contain as few columns as possible to reduce the
computational complexity. On the other hand, accurately approximating the input matrix is
even more critical. Therefore, P can be slightly larger than the PD components’ estimated
rank to guarantee this approximation’s accuracy. Accordingly, an empirical rule to roughly
determine P can be formulated as

AfPD
fs

where M can be determined by the empirical formula provided in (3-18), A fpp is the

P=M

+r (3-21)

estimated frequency bandwidth of the PD signal, f is the sampling frequency, the term of
M - A fpp/f, denotes the estimated rank of the PD components, and r is the redundancy
factor in guaranteeing reliable noise reduction performance. It can be set from 3 to 5 [133].

Improvement 3: The component selection is carried out before the ISTFT step to avoid
executing the computationally expensive ISTFT multiple times, significantly reducing the
computational complexity of this step.

In the STFT-SVD method in Chapter 3.2, pulse-type component selection is achieved
by applying kurtosis criteria to the sub-signals reconstructed using ISTFT for each
component, leading to substantial computation costs. Alternatively, since the right
orthonormal eigenvectors v,v,..., and vp (obtained via RSVD) also contain the
time-dimension characteristics of the components, we can apply kurtosis criteria to the
eigenvectors to select pulse-type components before ISTFT, thus avoiding executing the
ISTFT multiple times. The components with larger kurtosis values are chosen to reconstruct

c CMXN

the noiseless matrix X’ , which can be formulated as:

X/ = alngulvf{ + a262Qu2v§I R aPO'PQqullL,I (3'22)

where a; = logical{kur(v}°) > 4}, where v;® is the real parts of the right eigenvector v,
and Qu; can be directly obtained in (2), and thus it does not lead to computational costs in
(4) [133]. The total computational complexity of the component selection and spectrogram
reconstruction can be calculated as O2NP +4MNP'), where P is the number of the
selected components, and it is always much less than P.

An overall comparison between the computational complexity of the improved
STFT-RSVD algorithm and the STFT-SVD algorithm in Chapter 3.2 at each algorithm step
is listed in Tab. 1. It can be observed that the added kurtosis criteria between STFT and
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RSVD leads to a negligible additional computational cost while applying RSVD to
decompose the spectrogram and exchanging the order between the component selection and
ISTFT can significantly reduce the computational complexity. Moreover, it is essential to
point out that although some other time-frequency transform tools (e.g., continuous wavelet
transform, Wigner-Ville distribution, Hilbert-Huang transform, etc.) are optional to obtain the
spectrogram, we still select the STFT since it is the most time-saving one [134].

Table 3-3 Computational complexity comparison between the STFT-SVD and the proposed STFT-RSVD

algorithms
The STFT-SVD algorithm in Chapt
The improved STFT-RSVD algorithm © 3 ; SOTTm i Aapter
Computational Computational
Steps ) Steps )
complexity complexity
STFT+
C O(MNlogM +3MN) ~ STFT O(MNlogM + MN)
Kurtosis criteria
Soft masking O(4MN) = Soft masking O(4MN)
o (4M NlogP
RSVD +4(M + N)P?) < SVD O(@4M?N)
(P < M, N)
Component OQRNP + ISTFT O(MNRlogM
selection 4MNP)P <« P,R) +5MNR)
<
C t
ISTFT O(MNlogM + MN) omporen 2NR
selection

M denotes the row number of the spectrogram; N denotes the number of columns of the spectrogram,
determined by N = |(K — M + H)/H |, where K is the sampling number of the signal, and H is the
window hops of the STFT; R denotes the number of the components obtained via principal component
analysis in the STFT-SVD algorithm; P denotes the number of columns of the given matrix Q in
RSVD; P denotes the number of the selected components in the proposed STFT-RSVD algorithm.

3.3.2 Implementation in Embedded Systems

In on-site PD monitoring, PD diagnosis, including signal extraction, recognition, and
analysis, is always completed in embedded systems instead of personal computers due to
their nominal cost, volume, power consumption, functionalities, flexible hardware
programming, etc. Many types of embedded systems with varying hardware resources have
been used for PD monitoring in different application scenarios, which depend on the testing
object and the budget cost.

Three representative types of embedded systems are often used for PD diagnosis:
System on Chip (SoC), Microprocessor Unit (MPU), and Microprogrammed Control Unit

(MCU). SoC is a system-level chip with very abundant hardware resources (i.e.,
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field-programmable gate array, multiple cores, high-speed processors, and extensive
random-access memories (RAM)), but on the contrary, it has a very high cost and power
consumption; it is often used for advanced PD diagnosis of recognition, classification, and
localization, e.g., the PD location system for medium-voltage switchgear and cables
[135][136]. MPU is a kind of integrated Central Processing Unit with multiple cores,
high-speed processors, and more functionalities but may have small random-access
memories; it is often used for PD detection, recognition, and classification, e.g., online PD
monitoring for high-voltage motors, gas insulation systems, and transformers [137]. MCU is
a chip-level chip with fewer hardware resources (i.e., a single core, a low-speed processor,
less RAM), but it has a low cost and power consumption; it is often used for low-cost and
low-power PD detection, e.g., the online IoT-based PD monitors for widely distributed
medium-voltage overhead lines, cables, and switchgear [138][140].

On the embedded systems side, in this work, three representative chips corresponding to
the above SoC, MPU, and MCU have been selected to test the performance of the proposed
algorithm and its alternatives. Their characteristic parameters and reference prices are listed
in Tab. II. The used evaluation boards integrate all the hardware needed for programming
and debugging the chips, namely the JTAG interface for ZYNQ7035 and the ST-LINK/V2
interface for STM32MP157 and STM32L476. The input or output PD signals are stored in
the program memory (flash memory), while the intermediate signals or matrices are stored in
the RAM. All three devices have been clocked at their maximum speeds.

On the computer side, communication with the above interfaces has been established
using KELL 5.0 (for STM32MP157 and STM32L476) and VIVADO (for ZYNQ7035), free
software for debugging and programming ARM and other systems. Once the program runs
for a series of tests, the numerical outputs can be examined or exported through the
debuggers, interrupting the program at convenient points. The timing of the single routines is
computed by the software itself, using the SysTick timer built into the ARM cores.

Since the recommended software (i.e., KELL 5.0 and VIVADO) only supports
debugging and programming in the embedded systems in C Language, we must implement
the PD de-noising algorithms in C Language. However, the C-languages of the most
cost-efficient versions of some sub-functions in the algorithms (e.g., STFT and SVD) are
unavailable. Alternatively, we programmed the algorithm in MATLAB codes and used a
transcoding tool named MATLAB CODER to translate the MATLAB codes into C codes.
On the one hand, the MATLAB software platform can provide all the latest sub-functions
required in the algorithm. On the other hand, the MATLAB CODER allows us to allocate the
dynamic memory to execute the algorithm according to the size of the RAM in the
embedded systems, and it can automatically generate corresponding C codes [140]. This
work sets the dynamic memories of ZYNQ7035, STM32MP157, and STM32L476 as 900
Mbytes, 700 Kbytes, and 100 Kbytes, respectively. Moreover, the MATLAB CODER
includes the OpenMV interface, which can generate the C codes that can be executed in
parallel with multiple cores, e.g., in ZYNQ7035 or STM32MP157. This can further reduce
the computational cost of the embedded algorithms.
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Table 3-4 Features of three representative embedded systems commonly used for PD monitoring

Price

Serial Device Pictures of the used Clock Memory Application
) Types ARM cores of the .
number models evaluation board frequency (RAM) . scenarios
device
Advanced PD
diagnosis:
2xCortex-
ZYNQ70 AL 1280 iti
Device 1 3? SoC A9+ B00MHz  1Gbytes “l’cog,r; “i_“’
- (AX7350,ALINX) Kintex-7 classifica 191‘1, .
and localization
[135][136]
Cortex-M4 209 MHz FD  detection,
. STM32 708 109 recognition, and
Device 2 MPU + +800 ; .
M-P157 Kbytes USD classification
Cortex-A7 MHz
[137]
(ATK-DLMP157M,
ALIENTEK)
Low-cost and
low-power  PD
. STM32L 125 12 .
Device 3 476 MCU Cortex-M4 80 MHZ Kbytes USD detectl(')r'l and
recognition
[138][140]

(STM32
Nucleo-L476RG, ST)

3.3.3 Results of De-Noising Synthetic Signal

A generic PD signal with an extremely low signal-to-noise ratio is synthesized to assess
the de-noising algorithms quantitatively. The feasibility of the proposed algorithm is
validated via de-noising the synthetic PD signal in Device 1. The effects of the input
parameters of the proposed algorithm on its computing costs are simulated in Device 1. The
de-noising performance of the proposed algorithm and its alternative algorithms is compared
in Devices 1, 2, and 3.

1) Synthetic Noisy PD Signal

Figure 3-25 collects the time-domain and frequency-domain waveforms of the synthetic
PD signal. Since the synthetic signal includes multiple PD pulses with various waveforms,
which simulate a general case in field PD measurement, it can be used as a qualified test
sample to evaluate the de-noising performance of the proposed algorithm and its alternative
solutions. The sampling rate of the synthetic signal is 125 MS/s, and the sampling number is
16000.

The PD current pulse can be modeled at the PD source by a double exponential pulse,
e.g., pulse 1 in Figure 3-25(a). However, most detected PD signals are oscillating pulses due
to the effects of both the propagation path and the transfer function of the used sensor.
Therefore, single exponential and double exponential attenuation oscillation pulses, e.g.,
pulses 2 and 3 in Figure 3-25(a), are used. Nevertheless, the real PD signals can be more
complex than these tree models, e.g., pulses 4 and 5 in Figure 3-25(a). Pulse 4 originates
from a fouling insulator and is detected by the high-frequency current transformer, as

provided in [36]. Pulse 5 originates from the leaning tree and is detected by the same
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high-frequency current transformer. It is essential to point out that the high-frequency current
transformer was deployed close to the defects to reduce the influence of the field noise as
much as possible.

Discrete spectrum noise and white noise are added to the synthetic PD signal. The
frequencies of the two harmonics in the discrete spectrum noise are set to 2.5 and 7 MHz,
and their corresponding amplitudes are set to 1.5 and 1 mV, respectively, while the standard
deviation of the white noise is set to 1 mV. It is essential to note that the synthetic noise
includes very high-level noise. Thus, it can be used to validate and assess the de-noising
performance of the proposed algorithm for a PD signal with an extremely low
signal-to-noise ratio.
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Figure 3-25 Time-domain (a) and frequency-domain (b) waveforms of the synthetic noiseless and noisy
PD signals. The green and blue lines denote the noisy and original signals, respectively.

2) Validation Experiment (in Devices 1)

In Chapter 3.3.1, three improvements in the proposed STFT-RSVD algorithm are
developed, aiming at reducing its computational complexity without influencing its
de-noising performance. To validate the feasibility of the improvements, the de-noising
experiment of the proposed STFT-RSVD algorithm was carried out in the synthetic PD
signal in Device 1, which was compared with the STFT-SVD method in [26]. The
parameters of the STFT-RSVD algorithm were set as M =320, H=10, and P =20,
according to the empirical equations in Chapter 3.3.1 and [26].

Figure 3-26 collects the plots of the kurtosis values of the real parts of rows of the

spectrograms calculated for the noisy PD signal. The index axis denotes the serial number of
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rows of the spectrogram. It can be observed that the kurtosis values of the noise spectrogram are
less than the threshold, while parts of the noisy PD signal are significantly larger than the
threshold. According to Equation (3-19), the class of the spectrogram of the noise will be
identified to be “No,” while that of the noisy PD signal will be “Yes,” validating the feasibility of
the added kurtosis criteria.
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Figure 3-26  Kurtosis values of real parts of rows of the spectrograms of the noise (triangle labels) and
noisy PD signal (round labels) (M=320, H=10, and P =20).

Figure 3-27 collects the plots of the kurtosis values of the reconstructed sub-signals
obtained via applying ISTFT to each component in the STFT-SVD algorithm and the real
parts of the right orthonormal eigenvectors obtained via the RSVD. The index axel denotes
the serial number of the components obtained via the RSVD. It can be observed that the
kurtosis values of the real parts of the right orthonormal eigenvectors are generally similar to
that of the reconstructed sub-signals, verifying the feasibility of selecting the pulse-type
components by applying kurtosis criteria to the right orthonormal eigenvectors. Although the
difference between the kurtosis values of the two curves tends to be more prominent as the
index increases, the result of the component selection via the threshold criteria is hardly
influenced. Moreover, since the components’ energy significantly reduces as the index rises,
discriminant error on the element with a more extensive index severely affects the final
de-noising result.
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Figure 3-27 Kurtosis values of the reconstructed sub-signals obtained via applying ISTFT to each
component (round labels) and the real parts of the right orthonormal eigenvectors obtained via the RSVD
(triangle labels) (M=320, H=10,and P =20).
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Figure 3-28 and Figure 3-29 collect the de-noised signals and computation time of the
STFT-SVD method and the proposed STFT-RSVD algorithm, respectively. In Figure 3-28, it
can be observed that their de-noising results are almost coincident as their errors are
negligible. In contrast, the computation time of the proposed STFT-RSVD algorithm is
significantly less than that of the STFT-SVD algorithm, especially in terms of the SVD or
RSVD, component selection, and ISTFT steps. The results demonstrate the essential benefits
of the RSVD and exchanging the order between component selection and ISTFT in reducing

computational complexity.
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Figure 3-28 De-noising results of the STFT-SVD and the improved STFT-RSVD algorithms (M =320,
H=10,and P =20).
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Figure 3-29 Computation times of all steps in the STFT-SVD (a) and STFT-RSVD (b) algorithms
(M=320, H=10,and P =20).

3) Parameter Effect Simulation (in Devices 1)

The computational complexity of the proposed STFT-RSVD algorithm is associated
with its three parameters, i.e., window length M of STFT; window hops H of STFT, and
the estimated rank P of the spectrogram of the noiseless PD. Therefore, this subsection will
investigate their effect on the computing cost of the proposed algorithm via de-noising the
synthetic PD signal in Device 1. Moreover, since down-sampling the PD signal is commonly
applied to reduce the computational burden of the used embedded systems, its effect on the
proposed algorithm is also evaluated.

Figure 3-30 collects the curves of SNRs and the overall computational time of the

proposed algorithm against the window length M. H and P are set as 10 and 20,
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respectively. It can be observed that the de-noising performance improves as M increases in
the initial part of the curves. It becomes nearly flat once the number of sampling points
exceeds the critical value of 100, and finally, it declines slowly as M continues to increase.
The computation time of the proposed algorithm gradually increases as M increases since the
size of the spectrogram (i.e., the number of rows) increases too. Moreover, the increased size
can lead to a significantly increased memory requirement. Therefore, considering both the
de-noise performance and efficiency, selecting the smallest value of M may lead to
sufficiently good performance indexes.
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Figure 3-30 Effect of window length M on SNR and the overall computational time required by the
proposed STFT-RSVD algorithm (H=10, P = 20).

Figure 3-31 collects the curves of SNRs and the overall computational time of the
proposed algorithm against the window hops H. M and P are set as 320 and 20,
respectively. It can be observed that the de-noising performance stays nearly flat as H
increases in the initial part of the curve. It decreases slowly, and finally, it oscillates and
decreases faster once H exceeds the critical value of 12. The computation time of the
proposed algorithm significantly decreases as H increases since the size of the spectrogram
(i.e., the number of columns) decreases. Considering the de-noise performance and
efficiency, selecting the critical value of H may lead to sufficiently good performance
indexes.

Figure 3-32 collects the curves of SNRs and the overall computational time of the
proposed algorithm against the estimated rank P. H and M are set as 10 and 320,
respectively. It can be observed that the de-noising performance improves as P increases in
the initial part of the curves, and then it becomes nearly flat once P exceeds the critical value
of 12. Therefore, as suggested in equation (3), P should be set to be somewhat more
significant than the estimated rank of the PD components in the proposed STFT-RSVD
algorithm, as such a value of P can lead to the same de-noising performance as the
STFT-SVD algorithm but significantly reduced computational cost, which verifies the
critical benefit of the RSVD.

Figure 3-33 collects the curves of SNRs and the overall computational time of the
proposed algorithm against the down-sampling intervals. M, H, and P are set as 160, 10,
and 20, respectively. It can be observed that as the down-sampling intervals increase, the
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de-noising performance decreases linearly while its computation time decreases
exponentially. This means that down-sampling the input noisy PD signal can be a feasible

trade-off solution if the computing resources of the used embedded system are severely
insufficient.

Time (s)

10° 10" 10°
H

Figure 3-31 Effect of window hops H on SNR and the overall computational time required by the
proposed STFT-RSVD algorithm (M = 320, P = 20).
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Figure 3-32  Effect of P in RSVD on SNR and the overall computational time required by the proposed
STFT-RSVD algorithm (M = 320, H = 10). (SNR 0 is the SNR of the de-noised signal obtained via the
STFT-SVD algorithm [26]).
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Figure 3-33  Effect of down-sampling intervals on SNR and the overall computational time required by
the proposed STFT-RSVD algorithm (M = 160, H = 10, and P = 20).
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4) De-noising Result (in Devices 1, 2, and 3)

De-noising the synthetic noisy PD signal via the proposed algorithm and its alternatives
(i.e., WT [62], EMD [73], AST-SVD [82], H-FSVD [83], and S-SVD [87]) was carried out
in Devices 1, 2, and 3. We selected three group parameters for the proposed STFT-RSVD
algorithm in this experiment: (1) M=80, H=1, and P=20; (i1) M=40, H=5, P=12; (iii)
M=20, H=10, P=8, which all satisfy the empirical equations in Chapter 3.3.1 and in [26].
The first group of parameters was used in the proposed algorithm executed in Device 1,
while the second and last were in Device 2 and 3, respectively. Moreover, since the
memories of Devices 2 and 3 are minimal, the synthetic signal is down-sampled with eight
intervals before de-noising.

The de-noising results are shown in Figure 3-34. In Figure 3-34(a), the WT algorithm
behaves well for the first pulse but fails to reconstruct the third pulse. The difference in the
noise reduction effect on the PD pulses is attributed to the selected mother wavelet (dBS8). In
Figure 3-34(b), the EMD technique can only discriminate the PD signal vaguely; discrete
spectrum noises and waveform distortions remain; it fails to reconstruct the third and last
pulses. In Figure 3-34(c), the H-FSVD fails to reduce the discrete spectrum noise since its
principal component analysis cannot distinguish PD and discrete spectrum noise. In Figure
3-34(d), the AST-SVD algorithm cannot remove the discrete spectrum noise as the H-FSVD.
In Figure 3-34(e), the S-SVD algorithm removes most of the noise but fails to reconstruct the
first pulse, and waveform distortions can be observed in the other pulses. In Figure 3-34(f),
(g), and (h), compared with the results of WT, EMD, H-FSVD, AST-SVD, and S-SVD
algorithms, the proposed STFT- SVD algorithm can effectively reduce both the white noise
and the discrete spectrum noise in all five types of PD pulses, demonstrating its more strong
adaptability to de-noise various noisy PD signal with an extremely low signal-to-noise ratio.

All the algorithms’ evaluation metrics (SNR and computing times) are listed in Table
3-5.For de-noising performance, it can be observed that the proposed STFT-RSVD algorithm
with parameter settings of M=80, H=1, and P=20 has the highest SNR. For computing time,
in Device 1, it can be observed that as M decreases and H increases (i.e., the size of the
time-frequency matrix decreases), the computational time of the proposed STFT-RSVD
algorithm decreases exponentially; the STFT-RSVD algorithm requires significantly less
computing time than other SVD-based algorithms (i.e., H-FSVD, AST-SVD, and S-SVD);
although the STFT-RSVD algorithm requires slightly more computational time than the WT
technique, it provides significantly better de-noising performance, as discussed in the last
paragraph. Moreover, it is essential to note that the H-FSVD, AST-SVD, and S-SVD
algorithms cannot be implemented in Devices 2 and 3 due to the limited memories, which
cannot execute the expensive SVD operation in these algorithms. In contrast, the proposed
STFT-RSVD algorithm can be implemented in Devices 2 and 3 as long as the proper
parameters are selected, demonstrating the most crucial benefit that the proposed algorithm
can be implemented in different embedded systems with varying hardware resources by
tuning the three parameters, i.e., the window length M, the window hops H, and the
estimated rank.
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Figure 3-34 De-noising results of (a) WT (the mother wavelet: dB8; decomposition level: 5) in Device 1,
(b) EMD in Device 1, (¢c) H-FSVD (the size of Hankel matrix: 500%2000) in Device 1, (d) AST-SVD (the
size of the sliding window: 200; the size of Hankel matrix: 100%200) in Device 1, (¢) S-SVD (the
adjustable factor of S-transform: 1) in Device 1, (f) the proposed STFT-RSVD (M =80, H =1, and
P = 20) in Device 1, (g) the proposed STFT-SVD (M =40, H =5, and P = 12) in Device 2, (h) the
proposed STFT-SVD (M =20, H = 10, and P = 6) in Device 3. The green, blue, and red lines denote
the noisy, original, and de-noised signals.

3.3.4 Results of De-Noising Measured Real PD Signal
The proposed STFT-SVD algorithm and its alternative (i.e., the WT and EMD
algorithms) are implemented in another PD monitor with the same hardware. The noisy PD
data obtained via the PD monitor is imported into the PD monitor via its serial port. PD
pulses in this data were caused by a fouling insulator. Since the memory of the processor (i.e.,
STM32L476) is minimal, causing it impossible to directly de-noise the whole data (i.e., with
a length of 20 ms) at one time, we use a sliding window200 to split the data into multiple
segmentations, which are de-noised individually. Since the frequency bandwidth of the PD
data collected by the PD monitor (i.e., the envelope of the PD signal) is always less than 1
MHz [38], the window length M should be set as at least 15 (i.e., more than o X5 MHz/1
MHz according to the empirical equation in [26], where o is set as 3) to guarantee a
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Table 3-5 Evaluation metrics comparison of the algorithms

Computation time (s)

Method SNR (dB) Device Device Device
1 2 3
STFT-RSVD
12.223 0.137 / /
(M=80, H=1, P=20)
STFT-RSVD
9.175 0.023 0.051 /
(M=40, H=5, P=12)
STFT-RSVD
. .011 .01 .
(M=20, H=10, P6) 7.697 0.0 0.018 0.876
WT 3.654 0.005 0.011 0.489
EMD 3.059 0.007 0.016 0.728
H-FSVD -0.575 0.109 / /
AST-SVD 3.229 0.434 / /
S-SVD 0.813 0.842 / /

*Remark: “/” means that the memory is insufficient to run the algorithm. Moreover, since the minimal
memory of Device 1, the signal is divided into five segments of equal length (i.e., 400 sampling points),
which are de-noised one by one in Device 3; on the contrary, the whole signal is directly de-noised in
Device 1 and 2 without segmentation.

sufficient frequency resolution of the spectrogram. On the other hand, M cannot be set too
large due to the limit of its random access memory (i.e., 125 Kbytes) in STM32L.476.
Therefore, we selected three group parameters for the proposed STFT-RSVD algorithm in
this experiment: (i) M=25, H=2, and P=10; (ii) M=20, H=4, P=8; (iii) M=15, H=6,
P=5, where the possible values of H and P are set according to the suggestion of the
simulation result in Chapter 3.3.4 and the empirical equation (4) provided in Chapter 3.3.1.

The de-noising results of the proposed algorithm and its alternatives are collected in
Figure 3-35. It can be observed that the WT algorithm can only discriminate the PD signal
vaguely, and leads to a significant distortion and energy loss. The EMD algorithm almost
fails to de-noising most PD pulses. In contrast, the proposed algorithm yields perfect
reconstructed PD pulses, causing most PD pulses (some even completely drowned in the
noise) to be detected and their energy loss significantly less than the WT algorithm.
Moreover, the proposed algorithm with the three-parameter settings yields similar de-noised
results, demonstrating that the de-noising performance of the algorithm is insensitive to its
parameters. It makes applying to various industrial applications easy without intensively
tuning the parameters.

Figure 3-36 collects the computing times of the proposed algorithm in the sliding
windows. The ind