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ABSTRACT

Partial discharge (PD) localization has been performed on a periodic or on a request basis to
assess the health of high-voltage (HV) systems mainly due to lack of feasibility of techniques
for continuous monitoring and localization. Advancements in the field of communication
technology have made it possible to detect and locate PD activity in HV systems on a
continuous basis. Existing PD localization techniques mainly include the time of arrival (TOA),
time difference of arrival (TDOA) and angle of arrival (AOA) methods. These techniques
require time-based synchronization of sensor nodes that are involved in the receiver system

resulting in expensive and complex hardware and software solutions.

In this thesis, a received signal strength (RSS) based localization of PD is proposed. It is
demonstrated that RSS based localization can be used under anonymous and harsh industrial
environments for PD localization. RSS based localization does not require synchronization
because unlike TOA, TDOA and AOA, it processes the amplitude of the received signal and
not its phase.

A theoretical model of the algorithm has been developed based on the path loss model equation.
Simulations have been performed to prove the principle in noiseless and noisy conditions
before the experimental study was conducted. Artificial noise has been generated to test the

performance of the algorithm in different noise conditions.

To explore the algorithm in real substation environments, an empirical study was performed in
indoor and outdoor environments. Artificial PD signal is generated by using a high voltage
partial discharge (HVPD) Pico Coulomb (pc) calibrator to perform the field trials at two
different sites i.e., power network distribution centre (PNDC) at the University of Strathclyde
and TATA Steel at Port Talbot, Wales. A specialised radiometer sensor is used to measure PD
signals. Received signals from voltage levels are converted into power signals (dBm) as input
to the location algorithm. Various sensors configurations in indoor and outdoor environments
were used. The algorithm’s performance was evaluated based on four parameters which
include, the estimated location, localization error, the path loss exponent (PLE) optimisation

and the scalability. Simulation and experimental studies show that there is sufficient agreement
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and RSS based localization is a promising technique that can be used autonomously in future

condition monitoring of HV systems on a continuous basis.
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Chapter 1: PARTIAL DISCHARGE LOCALIZATION: AN INTRODUCTION
AND PROBLEM STATEMENT

1.1 Introduction to partial discharge

The demand for electricity has grown exponentially in recent times. It implies that non-stop
provision is necessary to ensure the smooth running of services. Insulation materials used in
power devices deteriorate with time and become the main cause of equipment outage or failure.
Keeping in view such issues, it becomes necessary to monitor the health of high-voltage (HV)
systems continuously to detect any issues and solve them before equipment failure to avoid
cost and disruptions. Partial discharge (PD) detection is one of the key methods to evaluate the
ageing of such HV systems. The term partial discharge (PD) refers to the release of energy that
occurs due to cracks in insulations that partially bridge two conductors [1, 2]. PD is an
ionization process that changes the physical and chemical structure of the dielectric materials
and finally weakens them if left unresolved. The occurrence of PD in HV systems is a complex
phenomenon [1, 3, 4]. IEC 60270 defines partial discharge as a localized electrical discharge
that only partially bridges the insulation between two conductors and which may or may not

occur adjacent to a conductor [4].

1.2 An overview of PD activity and localization

Changes in PD characteristics often precede catastrophic failures. The existence of PD in the
insulation structure is termed as one of the major causes of failure in high-voltage systems [5-
7]. If PD events occur in the long term, they can result in failure of high-voltage systems. [8,
9]. Usually, PD activity takes place mainly in power transmission lines, power transformers,
generators and power cables. PD generally arises at sites such as voids, joints, cavities and
delamination zones in high-voltage components insulation systems [8, 10]. The repetitive
occurrence of PD activity can lead to system degradation and can affect the performance of the
system and consequently may lead to the breakdown of the whole insulation system [8, 11].
Different PD types such as corona and surface discharges are observed from electrode edges,

point edges or cylindrical wires in case of gases[12, 13]. Usually, the surface PD is observed
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at the insulation boundaries [14]. A common perception regarding PD activity is that it appears
typically in cavities or air inclusions [14, 15]. The higher the number of cavities, the higher
will be the number of PD pulses that will arise per unit time. If a breakdown occurs due to PD,
it will be preceded by consecutive PD pulses [16]. A variety of PD types is determined based
on electromagnetic (EM) radiation [17]. EM radiation of internal discharge is different from
the surface or cavity discharge. PD pulses have a frequency spectrum in the Megahertz (MHz)
and the Gigahertz (GHz) range, a large amount of which is radiated from conductors that are
in the close vicinity of the PD source [18-20].

Continuous monitoring of PD activity can have a significant impact on mitigating catastrophic

failures. Continuous monitoring of PD activity can, therefore, help in several ways including:

Delaying the replacement of an ageing power plant and sustaining service life until it
becomes necessary to replace it to save the cost

Risk-based maintenance can overtake the routine maintenance if there is unusual
activity, i.e. PD.

A plant can be de-rated, and the energy flow can be re-routed [21]

It is pivotal to realise that the ultimate consequence of PD is a catastrophic failure. Early
diagnosis of PD can save energy and costs. When energy companies are fined, they face fines
of millions of pounds [8, 15, 21]. Hence if one failure can be avoided, this can result in millions
of pounds of savings and simultaneously avoiding disruptions to customers by either curing

the problem or by re-routing the energy.

Partial discharge detection is not new. It can be achieved using various technologies. In relation
to the detection mechanism, PD detection may broadly be categorised into three main

generations as summarised in Figure 1.3 below:
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Figure 1.1. PD localization: three generations [22, 23].

The figure 1.3 above illustrates PD detection as a generation based approach. The manual
detection is the first generation and a most commonly used approach. A technician with a
handheld device mainly called PDS 100 surveys the high voltage system to monitor the state
of the HV system. The frequency of the survey is normally twice or no more than three times

a year.

The second generation is based on the time difference of arrival (TDOA). In TDOA based
approach, mainly power companies request the survey of the high voltage system. It is available
on request to power companies. The technique works on the entire pulse of the PD signal and

hence demands expensive signal processing and synchronisation.

To overcome the limitations of the above two techniques, received signal strength (RSS) based
techniques is proposed in the third generation of localization. The technique works on the total
energy received rather than entire pulse of the PD signal. Due to the technique only working
on the received signal, the signal processing requirements can be reduced significantly as well

as the synchronisation between the receiving nodes is not required.

1.3 An overview of localization of an object on a plane

Before going into the details of a PD source localization, it is essential to understand the
localization of an object on a plane. Object localization can be performed relative to a known
position within a certain coordinate system. A localization system can be a self-localization
system or a remote localization system. In a self-localization system, an object localizes itself

with respect to a static point. In a remote localization system, receiving nodes are used to locate
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an object or source within a boundary or a coverage area. Due to advancements in wireless
communication technology, the remote localization has gained significant importance in recent
times. Figure 1.4 below summarises the overall localization of an object within a certain

coverage area.

""" /— " "~ "~~~/ = 1
| Location |
| L System | | |
I l f I
I l .' I
I I .' I
I v v I
I Remote Self I
| | localization | | Localization | |
I ! | I
I | ! I
I v Y I
I Passive Active I
| | localization localization I
I I

Figure 1.2. Localization of an object: a hierarchal approach.

The remote localization can be active or passive. In the active localization process, the source
becomes the part of the localization process, whereas, in passive localization, the source does

not involve in the localization process.

1.4 Prediction of the future state of insulations

Prediction of the future state of insulation materials is important in assessing the overall
condition of the HV equipment. [24] Have performed a prognostic study. The goal of the study
is to predict the failure in terms of remaining useful life (RUL). The main reason for the
catastrophic failures is the establishment of a treeing mechanism that develops in HV systems.
Due to the treeing, electric field in a local area will become highly concentrated. PD monitoring
can detect the electrical treeing by continuously monitoring the insulation state. The work
proposed in [25] explores the scope by using various materials. This study aims to detect the

PD and locate the source of the discharge.
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1.5 Problem statement

To deploy wireless sensor networks (WSNSs) for a wide variety of applications, accuracy and
cost are the key requirements [26]. In recent times, it has become possible to detect and locate
a PD activity on an automated basis by using the techniques such as the time of arrival (TOA)
and the time difference of arrival (TDOA). Real-time monitoring of PD activity can help to
recognize the PD pattern and feature extraction [22, 27]. TDOA is currently used successfully
by companies such as Elimpus, which provide PD services principally to the National Grid.
Although TDOA based PD monitoring is effective and accurate at the commercial level,

however, it cannot be deployed for continuous PD monitoring due to its complexity and cost.

Nevertheless, the approach proposed in this thesis, i.e. PD location estimation based on
received signal strength, has several advantages over all other PD detection and location

mechanisms. The main advantages of the proposed mechanism include:

The intensity-based approach is simpler and hence economical. There are no expensive
clock requirements for synchronization of nodes. In TOA synchronization between the
source and the receiving nodes is necessary. In TDOA synchronization between the
receiving nodes only is necessary. RSS based localization does not require both, hence
becomes simple and cost-effective.

The approach is scalable. If any modifications are required, they can be performed
easily without any alterations in the whole system. For example, if additional receiving
nodes are required to cover more area and, to increase coverage, nodes can be added
without any challenges.

There is no requirement of line of sight (LOS) when PD localization is based on RSS.
In other techniques such as TDOA, TOA and DOA/AOA etc. there is a need for LOS
for accurate localization of the PD source.

The major advantage that the proposed technique offers over existing ones is that
existing techniques offer on-demand PD detection at a particular time when scheduled
or requested. With the proposed technique based on monitoring of PD using received
signal strength (RSS), PD activity is monitored every e.g. hour and updated regularly
to be used to monitor the health of the high-voltage systems. Existing techniques either
require manual detection (manual handheld devices) or they are available commercially
at the request of the power companies (TDOA).
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A comparison between the techniques in terms of various parameters is outlined in Table

1.1 below:
Table 1.1. Comparison between techniques.
Parameter TOA TDOA RSS
Complexity Very high due to | High, there is no | No synchronisation
synchronisation  at | synchronisation required, no
the source and the | requirement at the | expensive clock

receiving ends. Need
expensive clock [28,
29].

source, however,

between the node
pairs is mandatory.
Again there is need
for expensive clock

[28, 29].

required [28].

Signal processing

Expensive due to

Again works on the

No requirements of

high  requirements | entire  PD  pulse, | smart antennae array.
because the scheme | hence  there is | A simple dipole
works on the entire | expensive signal | antenna can perform
pulse and it leads to | processing and | the job well.
expensive solutions | requirement of smart
in terms of use of | antenna [31].
smart antennae array
[30].

Cost Very high High Low

Accuracy Very high but on the | High, but again on | Moderate, works on
condition that LOS |the condition that | the received signal
and synchronisation | requirements in | which is exposed to

requirements are met
fully. A

synchronisation error

small

can lead to big
localization
[32].

error

terms of LOS and
synchronisation  at
the receiving end at
met fully [32].

many interferences
and noise signals. Its
accuracy is mainly
dependent on
propagation
environment

33].

[32,
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Keeping in view these factors, the RSS based measurement of PD seems an integral part of

future smart grids.

1.6 Aims and objectives of the study

The key aim of this research is to design and implement a location algorithm based on intensity,

I.e. the strength of the received signal. Main objectives include the following:

1. To review the wireless-based detection and localization techniques used for PD
monitoring.

2. To identify the scope of intensity-based PD measurement and its applications in future
smart grids.

3. To identify a plausible way of implementing intensity-based PD localization in an
anonymous environment.

4. To model and evaluate an intensity-based location algorithm for continuous PD
monitoring.

5. To optimise the emerging parameters of the PD localization algorithm by using
mathematical and statistical modeling tools.

6. To deploy a proof-of-principle system with one or more location algorithms, as part of

“whole system integration” in a wireless sensor system.

1.7 Major contributions

In this thesis, received signal strength (RSS) is utilised to locate a partial discharge source. To
locate the PD source, the path loss model is used. The major challenge that exists is that, both,
the source transmitted power and the path loss power are unknown. A novel algorithm for
localization of PD source has been developed by using received signal strength (RSS) in an
environment where no prior information is available about the propagation environment. The
proposed algorithm attempts to localize PD source by using the amplitude of the PD pulse
rather than the phase. The algorithm’s testing was performed by using simulations and field
trials. An empirical study was conducted in at least three different substation environments
based on indoor and outdoor localizations. The results obtained show that the proposed
algorithm offers a simple RSS based localization solving issues of complexity and cost
associated with other existing approaches. Results obtained from different field trials have been

presented.
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Although there are over twenty publications where the author has contributed to the PD project,

however, the main contributions to the field are listed in the papers below:

VI.

VII.

VIII.

Khan, U.F., et al., An Efficient Algorithm for Partial Discharge Localization in High-
Voltage Systems Using Received Signal Strength. 2018. 18(11): p. 4000.

Khan, U., et al. Localization of Partial Discharge by Using Received Signal Strength.
in 2018 2nd URSI Atlantic Radio Science Meeting (AT-RASC). 2018. IEEE.

Khan, U., et al. Received Signal Strength Intensity based localization of partial
discharge in high-voltage systems. ICAC-Newcastle 09/2018. IEEE

Saeed, B., et al. A supervisory system for partial discharge monitoring. in 2018 2nd
URSI Atlantic Radio Science Meeting (AT-RASC). 2018. IEEE.

D W Upton., et al. Wireless Sensor Network for Radiometric Detection and
Assessment of Partial Discharge in HV Equipment. URSI GASS 2017, Montreal,
Canada; 08/2017, DOI:10.23919/URSIGASS.2017.8104973.

Jaber, A., et al. Diagnostic potential of free-space radiometric partial discharge
measurements. in General Assembly and Scientific Symposium of the International
Union of Radio Science (URSI GASS), 2017 XXXlInd. 2017. IEEE.

Jaber, A., et al. Validation of partial discharge emulator simulations using free-space
radiometric measurements. in Students on Applied Engineering (ICSAE),
International Conference for. 2016. IEEE.

Mohamed, H., et al. Partial discharge detection using software defined radio. in
Students on Applied Engineering (ICSAE), International Conference for. 2016. IEEE.

1.8 Research methodology

The methodology is mainly based on three main parts, which include the following:

Theoretical modeling of the algorithm.

Validation and verification of using a simulation of the algorithms in MATLAB.
Proof of concept through empirical study.

The final part of the methodology is based on the performance evaluation of the
proposed algorithm, and hence the comparison of the proposed algorithm is made with

other algorithms that work on received signal strength.
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The first stage of the methodology was based on the development of the mathematical model
based on the literature review. To develop the mathematical model, earlier work conducted was
used to elaborate the need and scope of the algorithm based on RSS. By using a statistical
approach, a mathematical model was developed by the end of year 1 to establish the key

principles of source localization using received signal strength (RSS).

The second stage was based on the simulation model. There were various tools available and
were under consideration to develop the simulation model of the location algorithm. The main
options under consideration include NS2, Prowler, C/C++ and MATLAB. The author’s
preference was to use MATLAB software due to familiarity. Also, for the majority of the
localization algorithms that required programming and testing the proof of principle,
MATLAB was the best option.

The third stage of the methodology entailed the physical implementation of the location
algorithm based on RSS. The whole system is an integration of various components including
analogue and digital electronic parts, front-end and communication system. The physical
implementation was performed in a real-life scenario where localization of the source was a
part of a whole wireless sensor network system. RSS based localization was successfully
achieved with errors that were acceptable based on expected input coming from the analogue

circuitry.

1.9 Structure of the thesis

The structure of the remaining thesis is organised as follows. Chapter 2 mainly focuses on the
survey of existing technologies regarding localizations. In chapter 2, various localization
techniques are discussed including TOA, TDOA, AOA and RSS. Chapter 3 is mainly based on
various RSS based localization techniques that all work in an anonymous environment by using
the path loss model equation. The performance of such techniques in harsh industrial
environments such as PD detection and localization is explored in this chapter. Chapter 4
focuses on the theoretical modeling of the location algorithm based on RSS. Chapter 5 focuses
on the use of a radiometer sensor and its explanation for detecting the PD signal and the use of
that signal to determine the input to the location algorithm. Mainly the focus is on solving the
mathematical challenges to implement the algorithm by using the path loss model equation.
Chapter 6 discusses the results obtained from field trials scenarios to perform the empirical
study. The results obtained are based on indoor and outdoor measurements with a range of

sensors configurations. In chapter 7, the performance evaluation of the proposed algorithm is
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performed by comparing it with the other RSS based algorithms where path loss parameters

are unknown, and results are evaluated by using the comparison. Chapter 8 is about the

conclusion and future work.

1.10 Overall work summarised

An overall overview of the work conducted is summarised in Figure 1.5 below:
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Figure 1.3. A summary of the work conducted contributions.

1.11 Chapter 1 summary

Chapter 1 presented a brief overview of the partial discharge activity and PD pulse properties.

The chapter also presented the key objectives of the research and the expected outcome of the

research. The problem statement is identified as well as the methodology of the research. This

leads to chapter 2, where existing localization techniques and their scope will be discussed for

continuously detecting and locating a PD source.
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Chapter 2: A REVIEW OF EXISTING LOCALIZATION TECHNIQUES AND

THEIR APPLICATION TO CONTINUOUS PD MONITORING

2.1 Overview of the PD activity

In high-voltage (HV) systems, the existence of partial discharge is a physical phenomenon that

can be lethal and costly [34, 35]. Within electrical systems, the PD occurrences have been
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appreciated from the beginning of the 20" century. PD occurs due to various reasons, e.g.
cracks inside the insulation, impurities, voids and ageing of the equipment etc. Within
insulation systems, PD is a physical activity that can be low, medium or high-intensity. A PD
activity is highly confined electrical discharge within an insulating material bridging two
conductors [36-39]. There can be various reasons for a PD activity within high-voltage (HV)
power systems. It could occur because of the insulation breakdown or floating components due
to aging, or it could happen due to significant cracks in the insulation system that bridges the
electrodes [39-41]. A PD can also occur due to the breakdown between a floating electrodes,
the breakdown of gas in a cavity and breakdown between floating and an energized electrode
[4, 42]. Under varying acoustic emissions (AE) measurement conditions, PD can be classified
into four main types, which include the PD from a sharp point to the ground plane, PD arising
from insulation voids, surface discharge (corona) and PD arising from semi-parallel planes [43,
44].

Low-intensity PD activity results due to the emission of charge carriers from surfaces of the
insulators, glow and sub-critical avalanche charge carriers [45]. Medium intensity PD activity
results due to electrical treeing that is established between insulators and conductors, however,
it can get severe with time. Highly intense PD activity occurs due to partial arcs and electric
sparks [46, 47]. The majority of such activities cause degradation of electrical equipment and
often lead to electrical breakdowns or catastrophic failures if unresolved for a long time. Some
of the key equipment that experience PD include switchgear, power cables, stator windings and
power transformers. For PD to occur, the supply voltage that conductors experience should be
high. The high-voltage between the conductors will create electrical stress. For example, for
most of the dry gases, at a pressure value of 100KPa, if the electrical stress exceeds 3000V/mm,
electrons from the gas atom will be stripped off. These stripped electrons will run through the
air and will strike the liquids or solids and hence will cause ageing of the insulation materials
used. The movement of electrons through space will result in the creation of electric current.

This current will be equal to the rate of change of charge g, as shown in the equation below:

Equation 2.1

Figure 2.1 below illustrates the electrical representation of the partial discharge activity in a

stator of a motor.
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Figure 2.1. An example of PD in a stator of a motor [48].

In Figure 2.1 above, _ actas the supply voltage to the capacitive voltage divider circuit that
consists of and two capacitors. Due to the capacitive divider circuit, the voltage will
develop across the void that is air filled. PD will occur if the strength of the electric field is

high enough. The electrical field strength can be determined by using equation 2.2 below:

Equation 2.2

The electrical stress will occur if:

— _>3000 / Equation 2.3

The strength of the discharge depends upon the size of the void. The overall PD is highly
dependent upon the voltage that is applied.

PD can be of different types including external or surface discharge, corona and internal
discharge etc. Due to PD, the insulation in HV systems can deteriorate, and this can result in
the breakdown of the electrical system [21, 49]. As an example, Figure 2.2 below shows the

internal discharge occurring in a failed transformer.
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Figure 2.2. Power transformer failure (http://electrical-engineering-portal.com).

PD can occur in a cavity within a dielectric material, or it can originate at an electrode itself.

Typical partial discharges include:

Corona discharge: It occurs in air insulated system (AIS), gas insulated systems (GIS) or liquid
insulated systems (LIS). Corona discharge usually occurs to the non-uniform electric field at
sharp edges etc. Figure 2.3 (i) below shows a typical corona discharge in HV systems.
Relatively, corona discharge is a low power discharge that can exist in the form of a spark,
glow or a steamer. The discharge will increase with an increase in the voltage due to the

strength of the electric field. Corona discharge can be positive or negative.

Surface discharge: it occurs due to the relative permittivity of the dielectric materials increase

due to stresses. Figures 2.3 (ii) and (iii) illustrate the surface discharges

Cavity discharge: Cavity discharge occurs due to the formation of cavities in solid and liquid
dielectric materials. When such cavities are established in the insulating materials, the gas

inside the materials becomes overstressed, and as a result, the discharge occurs. Figure 2.3 (iv)

illustrates the cavity discharge.

Treeing: in such cases, the insulating materials deteriorate due to the formation of strong
electric fields at the sharp edges which result in treeing. Figure 2.3 (v) illustrates the treeing

process.
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Figure 2.3. Typical PDs in HV systems [50].

As mentioned above, PD may not cause instant failure of high-voltage systems. However, PD
becomes damaging when electrical treeing is established between the dielectric material and
the conductor. Electrical treeing in electrical equipment takes place due to two main reasons
which include chemical degradation and physical degradation due to nitrogen ions
bombardments. The whole process is termed electrochemical treeing [51]. The process of
electrochemical treeing is quite familiar in the field of power electronics and has been most
recently replaced by the term “water treeing”. The stress increases initiate the process in high-
voltage systems at the operating voltages. If the process of electrical treeing is continuous at
operating voltages, it will accelerate the erosion and PD activity will be initiated continuously
and hence will result in the break of insulation sooner than later [50, 52, 53]. Various PD

occurrences and their causes are summarised in Table 2.1 below:
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Table 2.1. A summary of PD types and reasons in HV systems.

Discharge type Reason

Void discharge Poor impregnation of coil.
Delamination zones discharge Coils overheating

Slot discharge Within slots windings looseness
End winding discharge The looseness of end windings
Voids created next to copper Thermal cycling

Electrical tracking discharge Due to contaminations in windings

Table 2.1 above shows some but not all of the PD reasons and their existence that are commonly
found in HV systems and become the main source of equipment degradation.

Considering the nature of PD activity and its effects economically and in terms of energy losses,
brings the need to continuously monitor the PD rather than periodically. To robustly assess the
quality of high-voltage systems, PD location and diagnosis is considered as one of the most

useful methods to assess the condition of HV systems.

2.2 Oriqgin of partial discharge: An overview

The presence of PD in HV systems does not lead to instant failures. When PD occurs in an HV
system, it causes a gradual degradation. PD becomes more damaging when it occurs in
microscopic insulation voids. This happens due to a microscopic void having a lower
permittivity than its surrounding insulation, which results in an electric field in the void that is
higher than the electric field in its surrounding material, which results in a discharge occurring

inside the void. Figure 2.4 represents the equivalent circuit for PD.

+V
R |c Cl J— Insulation

'R
]
1
T T G

Figure 2.4. PD equivalent circuit [54].
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Figure 2.4 above is an illustration of PD due to the presence of a cavity within an insulation
material. Capacitors 1, »and 3 form a voltage divider circuit