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Abstract

Transformers are key elements of the power grid. Due to their importance
and high initial cost, asset managers utilize monitoring and diagnostic tools
to optimize their operation and extend their service life. The main objective
of this thesis is to develop new methods in the field of monitoring and diag-
nosis of transformers in order to reduce maintenance costs and decrease the
frequency of forced outages. For this purpose, two concepts are proposed.

Small generator step-up transformers are essential in wind and photo-
voltaic parks. The first presented concept entails an online fault gas moni-
toring system for these transformers, specially hermetically-sealed trans-
formers. The developed compact, maintenance-free and cost-effective moni-
toring system continuously tracks the level of the key leading indicators of
transformer faults in the gas cushion.

The second presented concept revolves around partial discharge (PD) as-
sessment by the UHF measurement technique, which is based on capturing
the electromagnetic (EM) waves emitted in case of PD in the insulation of
a transformer. In this context, the complex EM system established when
probes are introduced into the tank of a transformer and with PD as the exci-
tation source is analyzed. Drawing on this foundation, a practical approach
to the detection and classification of PD with the focus on the selection of the
optimal frequency range for performing UHF measurements depending on
the device under test is presented. The UHF measurement technique also of-
fers the possibility of PD localization. Here, the determined arrival time (AT)
of the captured signals is critical. A PD localization algorithm, based on a
multi-data-set approach with a novel AT determination method, is proposed.
The methods and algorithms proposed for the detection, classification and lo-

calization of PD are validated by means of practical experiments.

Keywords:
Power Transformer, DGA, Partial Discharge, Condition Assessment, Moni-
toring, UHF Measurement Technique, PD Diagnosis, PD Localization
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Zusammenfassung

Transformatoren sind Knotenpunkte des Energienetzes. Aufgrund der Be-
deutung und der hohen Anschaffungskosten dieser Komponenten setzen
die Betreiber Uberwachungs- und Diagnosemethoden ein, um den Betrieb
zu optimieren und die Lebensdauer zu erhohen. Das Hauptziel dieser Dis-
sertation besteht darin, neue Verfahren im Bereich der Uberwachung und
Diagnose von Transformatoren zu entwickeln, um die Wartungskosten zu
senken und die Haufigkeit erzwungener Ausfille zu reduzieren. Zu diesem
Zweck werden zwei Konzepte vorgelegt.

Kleine Maschinentransformatoren sind in Wind- und Photovoltaikparks
unverzichtbar. Das erste vorgestellte Konzept umfasst ein Online-Fehlergas-
Uberwachungssystem insbesondere fiir hermetisch verschlossene Trans-
formatoren. Das entwickelte kompakte, wartungsfreie und kosteneffizien-
te Uberwachungssystem verfolgt kontinuierlich den Fehlergasgehalt von
Schliisselgasen im Gaspolster.

Das zweite vorgestellte Konzept befasst sich mit der unkonventionellen
UHF-Messtechnik fiir Teilentladung (TE). Hierbei wird das komplexe EM-
System analysiert, welches durch die Einfithrung von Sensoren in den Trans-
formatorentank mit TE als Anregungsquelle entsteht. Auf dieser Grundlage
wird ein praktischer Ansatz zur Erkennung und Klassifizierung von TE vor-
gestellt, wobei der Schwerpunkt auf der Auswahl des optimalen Frequenz-
bereichs fiir die Durchfiihrung von UHF-Messungen in Abhdngigkeit vom
Priifling liegt. Die UHF-Messtechnik bietet zudem die Moglichkeit der TE-
Lokalisierung. Dabei ist die ermittelte Ankunftszeit der erfassten Signale ent-
scheidend. Ein Algorithmus zur Lokalisierung von TE, der auf einem Multi-
Datensatz-Ansatz mit einer neuartigen Ankunftszeit-Bestimmungsmethode
basiert, wird vorgestellt. Die entwickelten Methoden und Algorithmen wer-

den anhand von Experimenten validiert.

Stichworter:
Leistungstransformator, DGA, Teilentladung, Zustandsbewertung, Uberwa-
chung, UHF-Messtechnik, TE-Diagnose, TE-Lokalisierung






Overview

This thesis aims to introduce and explore the application of various methods
and techniques for monitoring and diagnosis of power transformers. The
subsequent chapter provides an overview of the topics covered and outlines
the objectives of the thesis.

Chapter provides the theoretical background for the methods, measure-
ments, and approaches utilized in this work. It covers the most common
types of faults that can occur in transformers with focus on partial discharge.
Subsequently, the fundamentals of various diagnostic techniques, in partic-
ular the gas-in-oil analysis and partial discharge assessment, are discussed.
Furthermore, the methods and approaches in this work are described.

Chapter [2| presents the development of a fault gas online monitoring sys-
tem for hermetically sealed power transformers with a gas cushion. This
chapter discusses the design, implementation, and evaluation of a sensor sys-
tem for tracking the fault gas level in the gas cushion of a transformer. The
sensor system is capable of detecting potential faults before they become crit-
ical and issues an alarm signal based on the level of the fault gas detected. In
addition, the chapter presents the integration of auxiliary sensors for moni-
toring environmental parameters and compensating the output voltages of
the fault gas sensors from the effects of temperature and pressure.

Chapters 3| and [ focus on the ultrahigh frequency (UHF) measurement
technique for the detection and localization of partial discharge activity in
power transformers. Chapter 3| presents a practical approach for selecting an
optimal frequency range based on the properties of the device under test and
discusses the application of the UHF technique in the detection and classi-
fication of partial discharge. Chapter 4 proposes a novel algorithm for the
localization of partial discharge using the UHF technique by means of mul-
tilateration. The proposed algorithm is evaluated experimentally, and the
results are presented and analyzed.

The final chapter of this thesis summarizes the approaches presented in
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the previous chapters and provides a conclusion. It highlights the contribu-
tions of this work and discusses the potential of the proposed monitoring and
diagnostic approaches for improving the reliability, safety, and performance

of power transformers.



Introduction

The power grid is of paramount importance in every sector of society. Eco-
nomic factors such as rising energy prices, environmental concerns such as
greenhouse gas emissions, and technical issues with power device mainte-
nance and operation as well as the increasing demand for energy from both
households and industrial sectors lead to structural changes in power sys-
tem configurations, as well as expansion and development of various new
technologies for condition monitoring and assessment. The goal of these
modifications and restructuring is to leverage new technologies to convert
the power grid into one that is more dynamic, safe, efficient, and environ-
mentally friendly. Moreover, the expansion of renewables is expected to be
expedited by eliminating barriers and rationalizing planning and approval
procedures. In such a competitive climate, transmission system and distri-
bution network operators are striving to improve productivity and service
quality while lowering the cost of equipment installation and maintenance,
as well as the frequency of forced outages and shortage of electric energy.

Transformers, being one of the most expensive components of the electric
power grid, account for a significant amount of the investment in electrical
power transmission and distribution networks, and they contribute signif-
icantly to the continuity of energy supply in the long run. Power outages,
poor service, and customer dissatisfaction result from transformer failures,
which affect not only the reliability of the power grid but also the profitabil-
ity of electric utilities. Since transformer replacement and maintenance are
very costly, it is critical to monitor and evaluate the condition of transform-
ers in order to determine suitable procedures to extend their life and manage
the associated maintenance activities [1].

Several voltage transformations are required between the power genera-
tion source and the load. The power grid can be categorized into low volt-
age (LV), medium voltage (MV), and high voltage (HV). Power transformers
manage all from stepping up the voltage level for transmission to stepping
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down the voltage level for distribution to consumers. For this purpose, de-
pending on the application, various transformer types are utilized. They are
quite essential for the stability of the power grid. Taking into account step-
up, step-down and distribution transformers, the total transformation capac-
ity of all transformers in a power system can be estimated to be about four
times the total installed capacity of the generating units [2].

Increased productivity and asset lifespan are a necessity in substantially
restructured power systems owing to competition between institutions and
power providers with restricted funds and resources. On the one hand, with-
out a scheduled maintenance strategy, the likelihood of a power system fail-
ure increases; on the other hand, prolonging the service life of a crucial com-
ponent such as a transformer increases the probability of a forced outage. As
a result, new methods of monitoring, diagnosing, and maintaining equip-
ment have recently been proposed in order to extend the equipment’s life-
time and increase its reliability [3-5].

Condition monitoring, as well as preventive, predictive, and proactive
maintenance procedures, are examples of general asset management actions
that can be used on any valued asset, such as distribution and power trans-
formers. Various criteria and status indicators may be used to maintain the
lifetime of transformers. Temperature hot-spots, for example, can be used
as a monitoring parameter for condition assessment, since they indicate an
overload or a major issue within the transformer, and the progression over
time of the same parameter can be used to estimate the transformer’s re-
maining life. The higher the hot-spot temperature, the more decrease in the
lifespan of the particular transformer is to be expected [6]]. Transformer asset

management is classified into three main categories [7]:

1. Procedures for condition monitoring and assessment
2. Maintenance and repair plans

3. Assessing aging process, health and remaining lifetime of the trans-
former

The performance and reliability of a power system mainly depend on the
condition of its transformers. Maintenance or replacement expenses, threats
to the environment, explosion and fire hazards, and a significant reduction in
corporate profit are all potential outcomes of transformer failures. A trans-
former’s replacement expenses may range from a few thousand to several
million dollars [8]]. Early failure detection and diagnosis may decrease re-

pair expenses by up to 75 % and profit loss by up to 60 %, resulting in a
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2 % yearly reduction on the price of a new transformer [9]. As shown in
Table 1}, the failure rate of a transformer rises considerably as it ages. The ta-
ble presents the failure rate change of transformers in substations and power

plants as a function of transformer age. It consists of three columns: the

Table 1: Failure rate change of transformers in substations and in power plants ac-
cording to [10]

Transformer Age | Substation Units | Generator Units
<16 years 0.5 % 0.8 %
16 - 24 years 1.0 % 1.5 %
25 - 34 years 1.5 % 2.0 %
35 - 50 years 2.0 % 2.5%
> 50 years 3.0 % 3.5 %

first column lists the different age ranges of the transformers, and the second
and third columns show the corresponding failure rates for transformers in
substations and generator units, respectively. In the context of power trans-
formers, a failure is defined as a condition in which the transformer is unable
to perform its intended function. This can include a variety of reasons that

prevent the transformer from operating properly, such as [11]:

1. Electrical failures:
These can include short circuits, open circuits, and insulation failures.
Electrical failures are often the result of internal or external electrical

stresses, such as overloading or lightning strikes.

2. Mechanical failures:
These issues can encompass winding deformation, core or coil displace-
ment caused by significant forces, such as those experienced during
short circuits, and mechanical damage resulting from external events

like earthquakes or accidents.

3. Cooling system failures:
Cooling systems are critical for dissipating the heat generated by the
transformer. Failures in the cooling system can cause overheating and

damage to the transformer.

4. Accessories and components failures:

Transformers rely on a range of accessories and components, such as
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bushings, tap changers, and control systems, to operate correctly. Fail-

ures in these components can also lead to transformer failures.

In Table |1} the failure rate is given as a percentage, and it increases with the
age of the transformer. For example, for transformers that are less than 16
years old, the failure rate is 0.5 % and 0.8 % for substations and generator
units, respectively. In contrast, for transformers that are more than 50 years
old, the failure rate increases to 3.0 % and 3.5 % for substations and generator
units, respectively.

The failure rate of different transformer types varies; for example, step
up transformers in power plants have a higher failure risk than those in sub-
stations. The failure rate is strongly proportional to the transformer condi-
tion, as shown in Table 2, which presents different condition ratings of trans-
formers and their corresponding failure rates. The condition rating indicates
the overall health and performance of the transformer, with good represent-
ing the best condition and bad indicating the worst condition. According to

Table 2: Failure rate change of transformers by condition of units according to [10]

Condition Rating || Failure Rate
Good 0.6 %
Satisfactory 1.0 %
Fair 1.5 %
Poor 2.0 %
Bad 3.0 %

the data provided by Cigré, transformers with a good condition rating have
a failure rate of 0.6 %, while transformers in satisfactory condition have a
slightly higher failure rate of 1.0 %. As the condition of transformers dete-
riorates, the failure rates increase. The failure rate of transformers in poor
condition is roughly three times than those in good condition [10]. This un-
derscores the importance of regular maintenance based on monitoring and
condition assessment to ensure the reliability and longevity of transformers
in power systems.

Monitoring and assessment techniques, as well as new maintenance ap-
proaches, have become major challenges for the reliable operation of the
power system due to the rising age of existing transformers [2]. The two
processes of condition monitoring and condition assessment are intertwined.

Transformer condition monitoring entails the development, implementation,
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and evaluation of techniques and/or equipment to gather data and moni-
tor certain parameters in order to prolong the asset’s operational service life,
while the condition assessment focuses on the development of new technolo-
gies to analyze data gathered in order to evaluate the transformer’s present
performance and forecast future operating trends [5].

A transformer may fail due to an electrical, electromagnetic, insulating,
thermal, or chemical fault [12]. Between 1996 and 2010, a Cigré working
group gathered 964 significant failures from a total of 167,459 transformers
in 21 countries. Hereby, major failures were defined as those that result in
a transformer outage lasting more than seven days [13]]. Another investiga-
tion, which also included the cause of the fault, found 799 serious failures
among the 22,181 transformers examined. According to this analysis, the
transformer’s winding, tap changer, and bushing have the highest failure
rate, with the transformer’s core, tank, cooling unit, and current transformer
being the cause of a failure in only about 5 % of the cases [14], as illustrated
in Figure I}

B Winding: 38 %

B Tap-Changer: 31 %

B Bushings: 17 %

O Lead Exit and Insulation: 9 %
O Other: 5 %

Figure 1: The breakdown of failure causes in terms of the various constituents of a
transformer according to

Various techniques have been utilized for condition monitoring and diag-
nosing the state of power transformers, with offline testing and time-based
assessment being the prevailing methods. However, there has been a no-
table shift towards adopting online monitoring systems in recent years. This
approach enables the collection of real-time data while the transformer is in
operation, facilitating early detection of potential faults. Leveraging the ca-
pabilities of modern computers, processing data and managing a database

has become readily feasible.
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Condition assessment both in terms of monitoring and diagnosis is costly.
When determining the budget for preventive measures, the decisive factor is
one of economic nature. Two main aspects are hereby in focus; the first is the
potential savings from avoiding forced outages. A forced outage caused by
a failure not only compromises electrical grid reliability, but it is also accom-
panied with significant expenses for downtime and expensive steps to repair
or replace the transformer. The second factor is the acquisition value of the
asset. An asset’s replacement value is among the deciding factors for deter-
mining the budget for installing monitoring devices and the general asset
management strategy. Therefore, the monitoring approaches vary depend-
ing on the situation and on the transformer. Depending on the power rating
and the corresponding size of the transformer, the asset manager decides on
the appropriate measures for monitoring and diagnosis. Larger transformer
units being utilized in crucial nodes of the grid demand a higher investment
reflecting their value, both in financial and operational terms.

Among the different types of transformers as essential components of the
power grid, generator step-up (GSU) transformers used in wind turbines and
solar parks, are particularly critical. As these transformers are situated be-
tween the power network and a diverse range of generators, reliable moni-
toring and evaluation methods are necessary to ensure the continued and
safe operation of the power grid. Due to factors such as their widespread
geographic distribution, lack of monitoring, and greater susceptibility to un-
balanced operation, GSU transformers are prone to faults and failures. Fur-
thermore, owing to their variety and their application in numerous areas, it is
challenging to undertake maintenance services at regular intervals due to the
associated expense, and occasionally due to lack of simple access. As a result,
these transformers are subjected to extreme loads, which could cause them
to age prematurely. This could lead to excessive maintenance or replacement
costs on the one hand, while the consumers experience power interruptions
on the other hand, raising economic and social issues.

To minimize the risk of transformer failures and ensure their reliable op-
eration, various monitoring equipment has been developed in recent years.
These monitoring systems can be categorized into two main types: online
monitoring and offline monitoring. Online monitoring systems are designed
to continuously monitor the operational parameters of transformers in real-
time. They use sensors and advanced data acquisition techniques to mea-

sure key parameters such as temperature, oil level, gas concentrations, and
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electrical parameters. By analyzing the collected data, these systems can de-
tect abnormalities or deviations from normal operating conditions, allow-
ing for timely maintenance or corrective actions. Offline monitoring, on
the other hand, involves periodic inspections and tests performed during
planned maintenance outages or when the transformer is temporarily taken
out of service. This includes visual inspections, oil sampling for laboratory
analysis, and comprehensive diagnostic tests such as dissolved gas analy-
sis (DGA), insulation and winding resistance measurements, and partial dis-
charge (PD) testing. Offline monitoring provides valuable insights into the
condition of the transformer and helps identify potential issues that may
require maintenance or repairs. While both online and offline monitoring
systems offer valuable information about transformer health, online moni-
toring systems are generally more advanced and provide continuous, real-
time data.

The aging of components and the deterioration of the transformer’s in-
sulation system during its lifespan is an inevitable fact in the power system.
As a component ages, it becomes increasingly degraded and requires more
time to repair until it nears the end of its service life. The results presented in
Table |1} also reflect this fact. Maintenance strategies may prolong the trans-
former’s lifespan depending on the failure rate curve vs equipment lifetime,
known as the bathtub curve as illustrated in Figure [2, however, the repair is

more costly the closer the transformer gets to the end of its lifespan [15, 16].

Infant Normal Life End-of-Life
Mortality

Low “Constant”
Failure Rate

Failure Rate
Decreasing
Increasing

v

Time
Figure 2: Failure rate vs. lifetime of a transformer adapted from [[15]

Physical life, technical life, and economic life are three aspects of a trans-
former’s lifespan. The physical life covers the lifespan of a transformer from
the time it is first energized to the time it can no longer operate under nor-
mal circumstances and must be put out of service. Since the stress on differ-

ent components of a transformer vary due to operational and environmental
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reasons, certain components are more likely to reach the end of their service
life, which reflects the technical lifespan. Furthermore, some equipment is no
longer economically valuable, although it is still physically intact, meaning
the component has reached the end of its economic lifespan. The asset’s value
declines gradually until it approaches zero, or until the equipment reaches
the end of its economic life [16,(17].

The implementation of maintenance plans is the final step in transformer
asset management. When a transformer is taken off the grid, it has an impact
on the power system, however, a forced outage will be more costly. Main-
tenance, as a strategic tool, ensures that equipment and industrial processes
run properly and reliably. Transformer maintenance should be scheduled
ahead of time to avoid expensive interruptions.

Although monitoring is essential for asset management, supplementary
diagnostic measurements are necessary to determine the optimal mainte-
nance strategy based on the available data. In this regard, DGA is a tech-
nique used to monitor the condition of power transformers by analyzing the
gases dissolved in transformer oil. The presence of certain gases in the trans-
former oil indicates the type of fault present in the transformer. The most
common gases analyzed in DGA include hydrogen (H;), methane (CHy),
ethylene (CyHy), acetylene (C;H»), and carbon monoxide (CO). These gases
are produced by the decomposition of transformer oil and insulating mate-
rial when a fault occurs in the transformer. DGA is a widely used and well-
established method for monitoring and diagnosing power transformers. It is
a non-invasive technique that can provide valuable information on the con-
dition of the transformer. The results of DGA are used to identify the type
and severity of the fault and to determine the appropriate maintenance or
repair actions [18,[19].

For monitoring purposes, PD is a suitable target, since it is one the early
indicators of imperfections in the insulation system of a transformer [20].
Although the conventional electrical PD measurement method as described
in IEC 60270 [21]], is well-established and widely used in the field of power
transformer testing, it has certain limitations, especially for onsite measure-
ments and online monitoring. Hence, alternative methods are investigated
as complementary tools for PD diagnosis. One of these methods, which is
based on the detection and evaluation of electromagnetic waves emitted in
case of PD activity in the very high and ultrahigh frequency (VHF and UHF,
from 100 MHz up to 3 GHz) is the UHF measurement technique.
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In this thesis, the focus lies on the development of monitoring and diagno-
sis methods for liquid-filled transformers. In the monitoring and diagnosis of
power transformers, two crucial and highly responsive techniques employed
are DGA and PD measurements. The proposed approaches in this thesis are
also build on these methods; firstly, a novel fault-gas-monitoring-system for
smaller units, such as GSU Transformers in wind and photovoltaic farms is
presented. Secondly, the application of the UHF measurement techniques for
detection, classification, and localization of PD for larger units is proposed.
These approaches can help to ensure the safe and efficient operation of power
transformers and to prevent costly failures and downtime.

The proposed fault-gas-monitoring-system for hermetically sealed trans-
formers offers a cost-effective and reliable approach to monitor and assess
the condition of these critical components in the power grid. Unlike existing
monitoring systems that analyze dissolved gases in the transformer oil, ne-
cessitating a gas extraction unit, this novel approach focuses on undissolved
gases present in the gas cushion of the transformer. Among the common fault
gases in transformers, hydrogen stands out with the lowest solubility due to
its small, nonpolar nature, low molecular weight, and weak intermolecular
forces, making it relatively insoluble compared to other gases [22]. Further-
more, hydrogen is particularly significant in DGA analysis as it is the most
abundant gas produced during the early stages of a fault. Therefore, moni-
toring hydrogen concentrations in transformer oil is a common and effective
method for detecting and diagnosing incipient faults in power transformers.
Elevated levels of hydrogen in transformer oil can indicate the presence of
PD, arcing, or overheating, which can lead to more serious faults if left unad-
dressed [23]]. Hence, the focus of the proposed monitoring system will be on
targeting hydrogen in the gas cushion.

The application of UHF technique in PD measurements is well estab-
lished for gas-insulated switchgear (GIS) and gas-insulated transmission
lines (GIL) [24-26]]. In this thesis, the application of the UHF measurement
technique in detection, classification, and localization of PD in larger trans-
former units is investigated. In this regard, suitable methods and algorithms
are developed and verified experimentally. In the first step, a practical ap-
proach for the selection of the optimal frequency range for conducting UHF
measurements aiming at detecting and categorizing PD is presented. Subse-
quently, the use of the UHF measurement technique in PD localization using
multilateration is discussed. PD localization is an important aspect of PD

diagnosis as it can provide valuable data, enabling informed maintenance
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and repair decisions. Multilateration is a well-established technique for PD
localization, which involves measuring the time delay between PD signals
detected at multiple locations. However, the accuracy of UHF measurements
for PD localization using multilateration may be affected by signal attenua-
tion and reflection, which can present unique challenges. In this thesis, an
effective localization algorithm with a novel approach for the determination

of the arrival time of UHF signals is presented.

The efforts in this thesis aim at improving the condition assessment of oil-
immersed transformers, allowing the transmission and distribution system
operators to select the optimal maintenance plan for their assets, leading to
an increase in operational reliability and an enhancement in the economic

efficiency of these components.
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Chapter 1:
Theoretical Background

The insulation system of a high voltage asset is the main focus of condi-
tion assessment methods both during the factory acceptance test (FAT) as
well as after commissioning. In case of power transformers, chemical ap-
proaches along electrical fault diagnosis methods are among the most im-
portant techniques for monitoring their condition. Electrical methods can
detect defects in the core, winding, bushing, and their insulation. Measure-
ment of capacitance, loss factor, induced voltage test, insulation resistance,
insulation withstand voltage at power frequency and at lightning or switch-
ing impulses, winding turn ratio and winding resistance are among the com-
mon tests. The advancements in the power industry have resulted in a de-
mand for advanced electrical techniques and instruments to effectively as-
sess and monitor the health of transformers. In recent years, complementary
methods have been added to traditional electrical methods. These include
frequency response analysis (FRA), frequency domain spectroscopy (FDS),
recovery voltage measurement (RVM), and polarization and depolarization
currents (PDC) techniques [27, 28]].

Partial discharges (PD) are among the main indicators of a defect in the in-
sulation system. In the context of power transformers, two commonly used
PD detection techniques are dissolved gas analysis (DGA) and electrical PD
measurement in accordance to IEC 60270 [21].

DGA is a non-invasive diagnostic technique that analyzes the gases dis-
solved in transformer oil, which are produced as a result of a fault. The anal-
ysis of these gases can provide valuable information on the state of the trans-
former insulation system. DGA is a widely employed diagnostic technique
for high voltage oil-filled equipment, making it one of the most prevalent
methods. IEC 60599 provides guidance on the interpretation of DGA results
and the recommended actions to be taken based on those results [29].

Electrical PD measurement is another commonly used technique in
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power transformers. IEC 60270 covers the principles and techniques of
conventional PD measurement, as well as the interpretation and evalua-
tion of the measurement results [21]. The UHF measurement technique is
among the non-conventional measurement methods that are applied as a
complementary tool in PD diagnostics of power transformers. Although it
is not separately standardized, the technical specification IEC TS 62478 pro-
vides recommendations on conducting PD measurement with the UHF and
acoustic methods [30].

In the following, the fundamentals of PD are outlined and different ap-
proaches on the topic of PD diagnosis are described. Subsequently, the prin-
ciples of DGA in power transformers are discussed. Finally, the UHF mea-

surement technique is addressed.

1.1 Partial Discharge

In the IEC 60270 [21], PD is defined as “a localized electrical discharge that only
partially bridges the insulation between conductors and which can or cannot occur
adjacent to a conductor”. Partial discharges are generally caused by local elec-
trical stress concentrations in the insulation or on the insulation’s surface.
Such discharges occur as pulses with a length of considerably less than 1 ys.
PD is a phenomenon that takes place in dielectric materials when a high elec-
tric field is applied. It can lead to degradation and failure of the insulation
system, which can be catastrophic in high voltage applications such as power
transformers, cables, terminations, etc. In the following, the PD phenomenon
is described using the Gemant and Philippoff capacitive model introduced in
[31].

1.1.1 PD Phenomenon

One of the models used to describe the PD phenomenon is the dielectric with
cavity model. This model assumes that the dielectric material contains a cav-
ity or void, which creates a local electric field enhancement. The presence
of the cavity changes the electric field distribution in the dielectric material,
which affects the breakdown voltage of the insulation system. The model
consisting of a dielectric with an air-filled cavity and an applied voltage v(f)
is shown in Figure

The dielectric with cavity model can be represented by an equivalent cir-

cuit, as shown in Figure The model consists of three capacitors, Cy, C,
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Figure 1.1: Dielectric with air-filled cavity adapted from [32]
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Figure 1.2: Equivalent circuit diagram for a dielectric with air-filled cavity with a
spark gap SG adapted from [32]

and Cs. C; represents the capacitance of the air-filled cavity, while C, repre-
sents the capacitance of the dielectric material in series with the cavity. Cs
represents the capacitance of the remaining dielectric material. A spark gap
SG represents the breakdown in the cavity when the applied voltage v(t)
to the dielectric sample results in an higher voltage stress than the ignition
voltage of the cavity [32].

When a high electric field is applied to the dielectric material, electrons
are accelerated and collide with gas molecules in the cavity. This process
ionizes the gas and creates a plasma, which conducts electricity. The spark
gap in parallel with capacitor C; represents the discharge channel created by

the plasma. The discharge channel creates a short circuit across capacitor Cy,
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which changes the voltage drop across capacitor C,.
Figure [1.3| shows the applied voltage v(t) and the voltage of the cavity
v1(t) with and without PD. Without PD, the voltage of the cavity follows the

v(t)

vi(t) without PD

4

Ignition Voltage

Extinction
Voltage

Figure 1.3: External voltage v(t), and cavity voltage v;(¢) with and without PD
adapted from [32]

applied voltage. However, with PD, the voltage of the cavity drops abruptly
when the discharge channel is created. When PD occurs, free electrons are
accelerated in the electric field, leading to ionization and the creation of pos-
itive and negative ions. The electrons and ions can then recombine, leading
to the emission of photons or acoustic waves.

If a breakdown occurs, the current flowing through the spark gap in the
Gemant and Philippoff capacitive model (as shown in Figure is the com-
bination of two components: The current i1 (¢) that discharges the capacitance
of the cavity Cj, and the current i»(¢) at the capacitance C; [31]. Moreover, the
current i (t) flowing through C; also flows through the capacitance Cs. It is
common practice to distinguish between the internal and external charges in
the circuit. The internal charge, denoted as ¢, is also known as the physical
or true charge, and it is equal to the time integral of both transient currents,
i1(t) and iy (t). This results in a voltage step, AVj, across the cavity capaci-
tance C; [33]. It can be assumed, that C3 > C; > C; [34]. Hence, the internal
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Figure 1.4: Transient currents passing through the PD equivalent circuit in case of
breakdown adapted from [33]]

charge g1 can be calculated by:
g1~ AV - (Cr+C) (1.1)

When the transient current ip(¢) flows through the series combination of ca-
pacitances Cp and C3, the external charge g3 is formed, which is equal to the
time integral of i»(¢). This charge causes a voltage step AV3 to occur across Cs.

C
Cr + G5’

. Thus, the external charge that can be de-

The magnitude of AV3 is proportional to the capacitive divider ratio

which can be approximated as &

Cs
tected at the terminals of the test object can be expressed as:
q3 = AV3 . C3 ~ AVl . Cz (1.2)
Hence, AVj is calculated by:
q3
AV = = 1.3
=5 (1.3)
By substituting in (1.1), g5 equals to:
C C
: X R 1.4
BN T NG (1.4)

Considering the condition C; > C», the external charge g3 that can be de-
tected at the electrodes of the test object is significantly smaller than the in-
ternal charge q;. In other words, the voltage step AV3 across the capacitance
C3 is much smaller than the voltage step AV; across the cavity capacitance
Cy.

In the context of PD, the terms "true charge" and "apparent charge" re-
fer to internal and external charge, respectively. The apparent charge is the
charge that can be measured by a PD detection system and is expressed in
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coulombs, and is proportional to the amplitude of the PD signal [21]]. The ap-
parent charge is a useful parameter for detecting and monitoring PD events,
as it can provide information about the severity of the PD activity. However,
the apparent charge does not represent the total amount of charge generated
by the PD events, as it only accounts for the charge that is detectable by the
measurement system. The true charge, on the other hand, is the total amount
of charge generated by the PD events, including the charge that is not de-
tectable by the measurement system. The true charge is difficult to measure
directly, as it is distributed over a large area and is often shielded by the sur-
rounding insulation material. The difference between the apparent charge
and the true charge can be attributed to several factors, such as the location
and size of the PD cavity, the dielectric properties of the insulation material,
and the frequency and duration of the applied voltage [35, 36].

In practice, the apparent charge is used as a proxy for the true charge, as
it provides a convenient and measurable parameter for detecting and moni-
toring PD events. However, it is noteworthy that the apparent charge does
not represent the total amount of charge generated by the PD events and may
underestimate the severity and risk of insulation failure. Calibration is essen-
tial for accurate PD measurements because the apparent charge depends on
the PD detection system and the measurement conditions. Calibration in-
volves comparing the PD detection system with a reference system using a
calibrated PD source. The calibration can be performed using a standard PD
source, which can generate PD signals with various characteristics. The cali-
bration process should consider the effects of the measurement system, such
as the frequency response, the sensitivity, and the noise level. The calibration
should also consider the effects of the ambient conditions, such as the tem-
perature, the humidity, and the pressure. The calibration results should be
traceable to a national or international standard to ensure the accuracy and
reliability of the PD measurements [37-39]. In the following, the measure-
ment of PD is discussed.

1.1.2 Measurement of PD

The measurement of PD is one of the most essential techniques for deter-
mining the condition of a high voltage asset’s insulation. Since PD causes a
progressive degradation of insulating materials, which finally leads to elec-
trical failure, data collected via PD testing and monitoring provides valuable
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information about the component. A total failure of the apparatus might re-
sult from such an electrical failure. The guidelines for measuring PD are de-
scribed in IEC 60270 [21]. Partial discharges are generated when the electrical
stress within the insulation exceeds the local dielectric strength. This can oc-
cur in regions of the insulation where the electric field is particularly intense
or inhomogeneous, leading to localized breakdown of the insulating mate-
rial. The breakdown of the insulation can be caused by a variety of factors,
including the presence of voids or cavities within the insulation, which can
act as areas of increased electrical stress concentration. Other factors that can
contribute to partial discharge include the presence of contaminants within
the insulation, which can reduce its dielectric strength, and the effects of ag-
ing and degradation on the insulation material. Regarding PD in high volt-
age apparatus, the following factors are essential for PD-based diagnosis and
subsequent condition assessment:

1. Type of PD
2. Severity of the damaging effect
3. Location of PD

The types of PD may be distinguished, i.e. a categorization of PD in dis-
charges at sharp points or edges in a gaseous environment (so-called corona
discharges), discharges at interfaces of different insulating materials (surface
discharges), and discharges within insulation (internal discharges) is feasi-
ble based on the electrode configuration [40]. On the measurement front,
regarding alternating current (AC), which is the subject of this thesis, param-
eters such as phase angle of the occurring PD pulse sequence in respect to
the applied AC voltage, PD pulse intensity, and their polarity can be utilized
to obtain a phase resolved partial discharge (PRPD) pattern. Each PD type
is associated with a pattern image that has certain features. There is a large
database, and this method is extensively used to evaluate conventionally ob-
tained PD data and determine the type of PD [32].

1.1.2.1 Conventional Electrical PD Measurement Method

The intensity of PD, among other factors, is assessed in order to establish
how severe the destructive impact of PD on the insulating material is. The
International Electrotechnical Commission (IEC) has developed a standard
for measuring PD activity in high-voltage equipment: IEC 60270 [21]. This
standard outlines the general principles of PD measurement and provides
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guidance on the measurement procedures and interpretation of results. In
this regards, a coupling capacitance (Cc) is usually connected in parallel to
the device under test (DUT) for measuring the pulse amplitude with a high
sensitivity. Both are connected to a test transformer with a current limiting
resistor (R). A measuring impedance (MI) is put in series with either the DUT
or the Cc. A typical PD test circuit is presented in Figure

Test
Transformer R
|
| |
Cc
— Device under
LL Test
PD i
Measurement

) o

Figure 1.5: Overview of a partial discharge test circuit adapted from [21]

For measurements on power transformers, the bushing capacitance tap
can be employed as Cc. The bushing tap is originally intended for capaci-
tance and dissipation factor measurements [34]. For PD measurements, the
high voltage bushing capacitance C; is used as the coupling capacitance C¢
of the circuit shown in Figure A simplified version of this test circuit is
presented in Figure Here, the transformer is fitted with a capacitance
graded bushing. Hence, the bushing capacitance is employed as the cou-
pling capacitance. The capacitance that appears across the input impedance
of the coupling device when it is connected to a bushing tap can affect the
sensitivity of the partial discharge measurement [21].

In case of PD, an electric discharge current flows through the circuit, as
discussed in the previous section. It is not possible to measure the real charge
turnover, since it is not directly accessible. However, the charge exchange be-
tween the coupling capacitor and the DUT can be measured and is described
as the apparent charge. In reality, the apparent charge is much smaller than
the real charge turnover, but has proven to be a suitable parameter for the
quantification of the intensity of PD, as was discussed in the previous sec-
tion. Moreover, since the apparent charge is considered for the evaluation,
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Figure 1.6: Simplified circuit for PD measurements for power transformers adapted
from [21]

the electrical PD measurement can be calibrated by injecting a current im-
pulse with a known charge quantity at the terminal of the DUT. This step
is carried out when the measuring circuit is completely set up including the
DUT but without applying high voltage. Hence, in the calibration, all stray
capacitances are included, assuming that the pulse injection is carried out as
close to the high voltage terminal of the DUT as possible. Up to this day, the
only PD measuring method that offers the universal possibility of calibration,
and therefore the determination of the apparent charge, is the electrical PD
measurement method [32]. By measuring the intensity of the PD fault, the
severity of the damaging effect can be addressed.

The conventional electrical PD measuring method is the standard ap-
proach in high voltage components. However, onsite measurements some-
times bear excessive interfering signals that cannot be suppressed by means
of the methods applied during the FAT or in research facilities. Since the
conventional method is susceptible to external disturbances, this is a ma-
jor challenge, especially for on-site measurements. Another limitation of the

conventional method is the aspect of PD localization. Electrical broadband
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PD measurement methods utilize the characteristic distortion of a PD signal
caused by its transmission through the winding to the decoupling point in
order to determine the location of the PD fault. This method enables iden-
tification of all PD pulses originating from the same source, as they exhibit
the same distortion, while PD signals from different origins exhibit distinct
deformations and can be differentiated. However, this method is associated
with high complexity and can only be applied, if the sectional transfer func-
tion of the winding is known prior to localization measurements [41-43].
Moreover, the localization of the PD fault is not satisfactory, since it only
offers an approximate point along the winding in which PD occurred [44].
Hence, other non-electrical techniques have been developed in recent years.
Conventional PD measurement method, as standardized by IEC 60270 [21],
have been widely used in the industry for decades to assess the health of
electrical insulation in high-voltage systems. However, this approach has
limitations, as discussed in this section. To offer additional tools for PD
assessment, researchers have developed unconventional PD measurement
techniques that utilize various sensing technologies, such as optical, ultra-
sonic, chemical and radio frequency sensors. These new methods provide
potential advantages over conventional PD measurements, and will be dis-

cussed in the subsequent section.

1.1.2.2 Unconventional Methods

Alternate aspects of PD, which can be used for its characterization, are its
byproducts, such as heat or emitted light in the ultraviolet and/or infrared
range, acoustic pressure waves in the ultrasonic range, chemical reactions
and the formation of the associated key gases e.g. in oil-insulated transform-
ers, and the emission of EM waves due to the high frequency pulses [34]. In
the following, these aspects are outlined.

Thermal and Optical Techniques

Thermal techniques for transformer condition monitoring typically use
infrared radiation in the far-infrared or thermal-infrared regions of the
spectrum, which have frequencies between approximately 3x10!! Hz and
4x10 Hz. These techniques may include the use of thermal imaging cam-
eras or infrared sensors to detect hot spots or temperature variations in the
transformer. Optical techniques for transformer condition monitoring typi-
cally use light in the visible and near-infrared regions of the spectrum, which

have frequencies between approximately 4x10'* Hz and 8 x10'* Hz. These
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techniques may include the use of optical fibers, cameras, or laser-based
sensors to measure parameters such as temperature, vibration, or color [45,
46]. The oil’s optical and thermal characteristics, such as optical absorption
coefficient, thermal conductivity, and thermal diffusion, vary as it ages, and
these qualities may be employed as complimentary approaches for condition
monitoring [47]. The heat generated by electrical losses in the winding and
core is one of the key concerns with transformers. Since heat is among the
main causes of transformer failures, temperature monitoring indicates the
regions that are subjected to the highest thermal stress, the so-called hot-
spots. By evaluating the oil temperature and environmental circumstances
and using the thermal models developed for the transformer, the hot-spot
may be determined indirectly. Temperature is measured using a variety of
sensor approaches, including PT100 sensors, thermocouples, centralized and
distributed optical fibers, and infrared or thermoplastic devices [28} 47, 48].
In regard to emitted light, sharp or pointed conductors or rough surfaces
distort the electric field and tent to ionize the dielectric around them, usually
air. This leads to corona discharges. The emission of light and also heat
during this phenomena can be utilized to detect corona discharges by means

of an ultraviolet or thermal camera.

Acoustic Approach

The acoustic PD measurement method involves detecting the pressure waves
generated by the PD activity using a microphone or other acoustic sen-
sors [49]. When a PD event occurs, it generates a burst of acoustic energy
that propagates through the insulation material and into the surrounding
air. This acoustic energy can be detected by a sensitive microphone placed
near the equipment. The frequency range of the acoustic PD measurement
method typically covers the range of audible sound, which is approximately
20 Hz to 20 kHz. However, PD activity can also generate ultrasonic fre-
quencies, which are above the range of human hearing. These frequencies
typically range from 20 kHz to 1 MHz. Acoustic PD measurement is a
non-invasive and relatively simple technique that can be used to monitor
PD activity in electrical equipment such as transformers, switchgears, and
cables. It can be used to detect PD activity in real-time and can provide infor-
mation on the location, magnitude, and frequency content of the PD events.
However, it is important to note that the acoustic PD measurement method

is not always effective in detecting PD activity in certain types of equipment
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or under certain conditions, and it may need to be used in conjunction with
other PD measurement techniques [50].

The main advantage of this approach is its immunity against electromag-
netic noise. The acoustic method offers the possibility of PD localization us-
ing triangulation techniques. It has the advantage that the propagation veloc-
ity of acoustic waves is significantly lower than the EM waves, however, due
to the thermosiphon effect, the velocity varies depending on the oil tempera-
ture [51]. Moreover, so-called silent PDs do not produce acoustic signals [52].
In such cases, the acoustic method is not applicable for PD localization.

Chemical Approach

The diagnosis methods based on the chemical reactions occurring inside a
transformer due to the degradation of the insulation system in the event of
a fault have grown more accessible and efficient as new instruments with
increased sensitivity have been developed. The chemical methods of fault
diagnosis can be divided into two main categories: those targeting the insu-
lation oil, and those for the evaluation of oil-paper insulation. Techniques
developed for the evaluation of a transformer’s oil-paper insulation provide
an accurate statement on the current status of the apparatus, however, they
have the disadvantage that it is impossible to collect samples without dis-
rupting the component’s operation. The chemical technique of DGA is the
most common method in this class for not only PD detection, but also iden-
tifying and categorizing electrical and thermal faults in liquid-filled power
transformers. Local thermal abnormalities, so-called hot-spots in the event of
a fault generate distinct patterns of gases that dissolve in the oil. Hydrogen,
oxygen, nitrogen, carbon monoxide, carbon dioxide, methane, ethane, ethy-
lene, acetylene, and other gases are examples of these gases, each of which
has a distinct thermal stress profile. At temperatures of 800 to 1200 °C, an
electrical discharge into the oil, for example, causes enormous quantities of
hydrogen and acetylene. At temperatures exceeding 100 °C, faults in paper
insulation also release carbon monoxide and carbon dioxide. Various meth-
ods have been proposed for the fault analysis using the absolute value or the
ratios of these gases to each other [53-56].

The development of a cost-effective compact online monitoring system
for hermetically sealed transformers with a gas cushion is presented in chap-
ter [2 of this thesis. This approach is further discussed in section [1.2]
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UHF Measurement Technique

The EM waves generated in case of PD activity can be utilized for PD diag-
nosis. The methodology for detection and classification, as well as for local-
ization of PD by means of the UHF measurement technique are discussed
in chapter 3|and chapter {4} respectively. In the following, an introduction is
given.

Free electron charges that were previously at rest are accelerated and de-
celerated in the event of PD in the insulation of a transformer. These accel-
eration and deceleration generate a time-varying electromagnetic field that
radiates outward from the PD source. By means of UHF probes, these EM
waves can be decoupled from the device under test. The properties of the
electromagnetic PD signal generated during the discharge phenomenon are
determined by the following factors [57]:

* Number of electrical charges produced.

¢ The charge acceleration that is affected by the magnitude of the sur-

rounding field force.
¢ The material properties of the insulation medium.

¢ The probe’s position and angle as well as its surroundings in regards to

the accelerating charge.

As the EM wave propagates through the surrounding medium, it under-
goes attenuation due to various factors, such as absorption, reflection, and
scattering. These factors are influenced by the properties of the medium,
such as its conductivity, permittivity, and permeability [58].

The UHF measurement technique is the focus of this thesis, and a detailed
discussion on its fundamentals is presented in section

1.2 Transformer Fault Diagnosis using DGA

1.2.1 Fault Gases in Transformers

Transformer insulation liquids are primarily composed of hydrocarbons,
which are organic compounds containing only carbon and hydrogen atoms,
such as n-alkanes, iso-alkanes, and cyclic hydrocarbons, which have differ-
ent boiling points and molecular weights [59, 60]. When energy is applied
to these hydrocarbon chains, either thermally or electrically, the long chains
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can split, resulting in the formation of various fault gases. These fault gases
include hydrogen (H;), methane (CHjy), ethane (Cy;Hg), ethylene (CyHy),
acetylene (C;H>), as well as higher-value hydrocarbons. Additionally, under
the influence of paper insulation, fault gases such as carbon monoxide (CO)
and carbon dioxide (CO,) can also be produced during fault events [61-64].

Empirical studies have shown that similar faults lead to consistent fault
gas quotients, which are evaluated according to the guidelines outlined in
the IEC 60599 [29]. The standard defines several categories for fault types.
To determine the dissolved fault gases, oil samples from the transformer are
collected, and the gases are extracted using various methods, such as vac-
uum extraction, membrane separation, or headspace analysis [65]. Vacuum
extraction involves drawing a vacuum on the oil sample to induce the release
of dissolved gases, which are then collected and delivered to the analytical
equipment. Membrane separation uses a semi-permeable membrane to se-
lectively filter and concentrate specific gases for analysis. On the other hand,
headspace analysis involves heating the oil sample to release the dissolved
gases into a headspace above the sample, which is then collected and ana-
lyzed [66].

The extracted gases are then analyzed using gas chromatography (GC).
GC is a powerful analytical technique for DGA, as it allows for the separation
and identification of individual fault gases dissolved in the transformer oil.
By measuring the concentration of fault gases, valuable information about
the transformer’s condition and potential faults can be obtained [67-69].

Furthermore, gases that could not dissolve in the transformer oil, such as
large amounts of free gas generated during severe faults, accumulate in the
Buchholz relay. These gases can also be analyzed to provide insights into the
transformer’s condition. In this case, the gas collected in the Buchholz relay

can be directly analyzed using GC [70].

1.2.2 Evaluation Methods of DGA Data

To evaluate DGA data for fault diagnosis, several methods have been devel-
oped over the years, each with its own advantages and limitations.

One of the most common methods for evaluating DGA data is the Duval
triangle. The position of the plotted point within the triangle can indicate the
type of fault that is present [67, 71, 72]. The conventional Duval triangle is
depicted in Figure It is divided into seven regions, labeled PD (partial
discharge), D1 (discharges of low energy), D2 (discharges of high energy),
T1 (overheating below 300 °C), T2 (overheating within 300 °C and 700 °C),
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Figure 1.7: Structural representation of a Duval triangle [73]

T3 (overheating with temperatures above 700 °C), and DT (thermal faults and
discharges at the same time), each of which corresponds to a different fault
type or condition. The classifications are based on the relative concentrations
of the three gases in the DGA data, as well as the total gas volume and the
rate of gas generation [62, 63].

Other methods for evaluating DGA data include the Rogers ratio method,
which compares the ratio of two different gas concentrations to a reference
ratio, and the key gas method, which focuses on the concentrations of specific
gases associated with different types of faults [74].

In addition to these methods, machine learning techniques, such as arti-
ticial neural networks and support vector machines, have also been applied
to DGA data for fault diagnosis. These methods use statistical analysis and
pattern recognition algorithms to identify patterns and trends in the data that
may be indicative of specific faults [75]. Regardless of the method used, the
interpretation of DGA data for fault diagnosis requires careful consideration
of a number of factors, including the age and condition of the transformer, the
operating history of the equipment, and any other relevant environmental or
operational factors. Furthermore, it is important to validate any diagnos-
tic conclusions drawn from DGA data with other complementary diagnostic
techniques, such as insulation resistance measurements and visual inspec-
tions [76].
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1.2.3 Online DGA Monitoring Systems

Online monitoring via DGA is a widely used technique for assessing the con-
dition of power transformers. This method involves the detection and mea-
surement of gases dissolved in transformer oil. By monitoring the levels of
these gases over time, it is possible to detect any abnormal changes in the
transformer’s condition and take corrective and prophylactic action.

One major factor contributing to the cost of DGA monitoring systems is
the need for specialized equipment to extract and analyze the gases dissolved
in transformer oil. Oil sampling is typically performed using a dedicated
sampling valve or port on the transformer, allowing for the collection of oil
samples from the transformer tank. The oil sample is then delivered to the
extraction unit, where gas extraction takes place. Gas extraction is typically
accomplished using vacuum extraction or membrane separation.

Once the fault gases are extracted, they need to be analyzed. Sophisti-
cated algorithms and statistical models are used to interpret the data and
provide diagnostic information about the transformer’s condition [77, 78].
There are several methods available for the analysis, each with its advantages
and limitations. GC is a powerful and widely used technique for analyzing
fault gases dissolved in transformer oil. It allows the separation and identi-
fication of individual gases based on their differential partitioning between
a stationary phase and a mobile phase. However, GC is considered rare in
monitoring systems because of its high cost and the requirement for con-
sumable gases during the analysis process. Despite its accuracy, the expense
and resource-intensive nature of GC limit its application in online monitoring
systems. In recent years, sensors have gained popularity for fault gas analy-
sis due to their cost-effectiveness and ease of implementation. Various types
of sensors, such as semiconductor sensors and photo-acoustic sensors, are
used for this purpose. Semiconductor sensors rely on changes in electrical
properties when exposed to specific gases, while photo-acoustic sensors de-
tect gases based on their absorption of modulated infrared radiation. These
sensors offer real-time monitoring capabilities, making them valuable tools
for continuous assessment of transformer health. Monitoring systems not
only measure the concentrations of fault gases but also evaluate their occur-
rence rates over time. By continuously monitoring the rate of gas generation,
it becomes possible to establish warning and alarm values for individual gas
concentrations and their increases. These threshold values help identify ab-

normal conditions or potential faults in the transformer promptly.
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Different fault gas analysis techniques offer varying levels of gas detec-
tion and quantification. Some methods allow the analysis of only specific
gases, such as hydrogen (H), while others can detect a broader range of
gases, including methane (CHy), ethane (C,Hg), ethylene (C;Hy), acetylene
(CoH3), carbon monoxide (CO), and carbon dioxide (CO;). The comprehen-
siveness of gas analysis impacts the cost of monitoring systems, as more so-
phisticated techniques capable of detecting multiple gases tend to be more
expensive.

The choice of fault gas analysis technique in monitoring systems depends
on the specific requirements of the transformer application. While GC pro-
vides precise data, its higher costs may make it more suitable for periodic
laboratory analysis rather than continuous monitoring. On the other hand,
sensor-based systems offer a more cost-effective and real-time alternative,
making them a popular choice for online monitoring. The data obtained from
these monitoring systems, along with the evaluation of gas concentrations
and occurrence rates, enable the setting of warning and alarm values, facil-
itating proactive maintenance and ensuring the reliable operation of trans-
formers.

The cost of implementing an online DGA system depends on a variety
of factors, including the size and complexity of the transformer, the level
of monitoring required, and the specific equipment and software used. In
general, the cost of DGA equipment ranges from several thousand to tens of
thousands of euros, with additional costs for installation, maintenance, and
ongoing monitoring [65].

Another factor contributing to the cost of DGA monitoring systems is the
importance of ensuring that the data collected is accurate and reliable. This
requires regular calibration and maintenance of the monitoring equipment,
as well as ongoing training and expertise in order to interpret and analyze
the data effectively.

Despite the initial cost, online DGA monitoring can provide significant
benefits in terms of reducing downtime, extending the life of the transformer,
and minimizing the risk of catastrophic failure. As such, it is a valuable tool
for ensuring the reliability and safety of power distribution systems.

The decision to implement an online DGA monitoring system for a trans-
former typically involves a consideration of a number of factors, including
the criticality of the transformer, its age and condition, the likelihood of fail-

ure, and the potential consequences of failure. Asset managers must carefully
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evaluate these factors in order to determine whether the cost of implement-
ing a DGA monitoring system is justified by the potential benefits in terms of
improved reliability and reduced downtime [79]. Cost-effectiveness is also
a key consideration in this decision-making process. By reducing the imple-
mentation costs, it may be ultimately cost-effective to equip also small GSUs

with online monitoring systems.

1.2.4 Fault Gas Monitoring System in the Gas Cushion

Several failures of hermetically sealed power transformers with a gas cushion
used in wind energy plants have been documented in recent years [80, 81].
Usually, fault gas analysis involves extracting gases from the transformer’s
oil and then subjecting them to analysis using various techniques, such as
GC or sensors. However, by directly detecting the fault gases in the gas
cushion, the resource-intensive gas extraction process can be bypassed. This
not only streamlines the monitoring process but also reduces the operational
costs associated with gas extraction. The elimination of the gas extraction
step significantly simplifies the fault gas analysis setup, resulting in a more
cost-effective monitoring system. The need for specialized equipment and
consumables required for gas extraction is minimized, reducing both initial
setup costs and ongoing maintenance expenses. Consequently, this approach
enables utilities and industries to implement comprehensive monitoring sys-
tems for transformer health without incurring excessive financial burdens.
The significance of detecting fault gases in the gas cushion becomes even
more pronounced with the emergence of the new generation of small GSUs
for wind and photovoltaic farms.

Hydrogen is one of the byproducts produced in this process, as are the
majority of the other prevalent defects. Since hydrogen has the lowest Ost-
wald coefficient, it is an ideal choice to be the focus of a monitoring system
installed in the gas cushion of a hermetically sealed transformer [72, 77, 82].

Based on the above premise, a semiconductor-based monitoring system
is introduced in chapter 2, which is predicated on continuous tracking of the
undissolved fault gases in the gas cushion and a set of environment sensors,

to correct the fault sensors’ output value for ambiance influences.
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1.3 UHF PD Measurement Technique

The UHF PD measurement technique has been used for several decades to
detect and localize PD in GIS and GIL. This method is based on detecting
the electromagnetic waves that are emitted by PD during its propagation
through the insulation material. UHF PD measurement can also be applied
to power transformers. In this context, the UHF PD measurement technique
is gaining increasing momentum in the industry as a valuable tool for the
diagnosis and monitoring of high-voltage equipment [83, 84]. In this section,
different aspects of this technique in regards to detection and localization of
PD in transformers are discussed.

1.3.1 PD Detection via the UHF Technique

Among the many approaches for detection of PD in power transformers, the
most frequent method is the phase resolved partial discharge (PRPD) pat-
tern technique, in which all the PD pulses throughout a period of time are
presented with regard to the phase of the power frequency of the AC cycle.
This pattern may further be utilized to differentiate the types of PD [32, [85].
However, this approach is not always applicable, especially for on-site mea-
surements when the noise level is especially high. Consequently, different
approaches are being studied that provide a solution to this challenge, one
of which is the UHF measurement technique. The fundamental advantage
of this approach is, among other things, its resilience against external inter-
ference sources [86]. This may be leveraged in case of measurements with
a high background noise. The transformer tank’s metallic enclosure acts as
a Faraday cage and provides a shielding effect that attenuates external EM
interference signals [87, 88]. In this thesis, the relevance of the UHF mea-
surement technique for the identification of various PD types is discussed.
For this aim, the tank of the power transformer is investigated from an EM
point of view, which has been of less interest in the literature. Various as-
pects, e.g. the transformer tank’s geometry, that effect EM wave propagation
are addressed in the following.
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PD as Excitation Source

When PD is triggered in the insulation system of a HV apparatus, high fre-
quency transient current pulses are generated. These current pulses regu-
larly vanish and then resurface, as the applied voltage is commonly a sinu-
soidal wave. In respect to the EM wave propagation, only accelerated motion
of electric charges leads to creation of both an electric and a magnetic field,
which is the essential requirement for the radiation of EM waves according
to the Poynting’s Theorem [89]. These two fields are being coupled together
by Maxwell’s equations. In general antenna theory, it is typically assumed
that the source of excitation is an alternating current, resulting in a back and
forth acceleration of the charge. In case of PD as the stimulation source, the
charge experiences temporary acceleration instead of a back and forth, as
the current pulse that triggers the movement is more of an impulsive nature.
Therefore, the employed probes must have a broadband characteristic for the
detection of the EM waves emitted by PD. There are many researches focus-
ing on simulating different types of PD and the associated propagation of
EM waves [90-92].

Near and Far Field Consideration

In antenna theory, a difference is drawn between the near field and the far
tield behavior of an antenna. Three separate regions are defined: reactive
near field region, radiating near field region, and far field region. In the re-
active near field region, which only occurs in the proximity of the source, the
reactive fields prevail, implying that the energy is stored in this region. At
contrast, the far field region is in such a distance from the antenna, that the
stored energy is minimal compared to the radiating energy. Furthermore, the
power density of EM radiation in this area decreases with the inverse square
of distance from the source. The transition zone between the reactive near
field and the far field is termed the radiating near field region. According
to theory, in this area, the reactive field is not dominating and the radiating
tield begins to emerge [93]. For antennas in most circumstances, the defining
parameter is the far field, as the radiation pattern is set for that area, neverthe-
less, in the targeted application of an antenna for PD measurement in power
transformers, the reactive near field and the radiating near field regions are
in focus. In both, the radiation pattern greatly relies on characteristics such
as the distance from the source, the surrounding of the source, and the type

of the source itself. In several recent studies, e.g. in [94, 95|, a calibration
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approach for the UHF measurement technique in power transformers based
on the antenna factor (AF) is presented. The AF indicates the needed electric
field strength that generates 1 V at the terminal of a receiving antenna with
a 50 () impedance and typically permits an accurate far field calibration [93].
The suggested process to utilize the AF as a measure to counteract the im-
pact of the UHF probe’s sensitivity with the purpose of calibrating the UHF
method appears inadequate. The absorption of emitted radiation by a probe
in a gigahertz transverse electromagnetic (GTEM) cell filled with insulation
liquid is simulated by the absorbent load located at the end of the cell, which
replicates a far field scenario, thereby providing a reliable measure of the an-
tenna factor (AF) of the probe. This is by no means the case, once the probe
is inserted into a transformer tank [96, 97]. The complex inner structure,
in presence of the active part, the tap-changer, etc. as well as the restricted
size of the transformer tank, even for larger units, leads to significant reflec-
tions and therefore, mutual impedance and reactance effects [98, 99]. When
evaluating and adjusting radiated emissions in the near field, using a simpli-
fied AF as a correction factor, which is computed for the far field, can result
in measuring inaccuracies because the AF is a frequency-dependent compo-
nent [100]. In addition, the transformer tank acts as a cavity resonator, which

further complicates the possibility of calibration.

Transformer Tank as a Resonator

The tank of a transformer is a metallic enclosure that behaves as an EM cavity
or resonator with its walls acting as a perfect electric conductor (PEC). The
tank can be described as a rectangular waveguide that is electrically shorted
at both ends. If the cavity, here the tank, is stimulated by a source in its in-
terior, e.g., PD that arise owing to a failure in the insulation system of the
transformer, the ensuing EM waves are contained inside its walls and there-
fore generate standing waves. In order to explain the propagation of the EM
waves, the EM wave equation that is a shortened version of the Maxwell’s
equations is considered: ,
d

=

P
V“E — yeﬁE =0 (1.5)

where V? is the Laplace operator, u is the permeability and ¢ is the permit-
tivity of the medium within the cavity [101]. The boundary conditions of
the cavity are required to be fulfilled to solve this equation for rectangular
cavities. These equations have many solutions (the so-called modes) that are
eigen-functions of the equation system. These modes are a function of the
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form, size, and medium in which the EM waves propagate. Each mode has
a cut-off frequency, below which that specific mode is not excited [102]. The

modes in a cavity may be divided into two categories:

1. Transverse electric (TE) modes that have no electric field component in
the propagation direction.

2. Transverse magnetic (TM) modes that have no magnetic field compo-

nent in the propagation direction.

The boundary conditions of the cavity with PEC boundaries that have to be
met are as follows:

* The component of the electric field that is tangential to the wall equals
null (E; = 0).

* The magnetic flux density component that is normal to the wall equals
null (B, = 0).

When energy is supplied into a cavity, standing waves are formed inside its
walls with particular peaks and minima, generating patterns that are charac-
terized by the resonance frequencies and modes. The resonance frequencies
fr for a rectangular cavity with the dimensions I x w x h are obtained from

the solution of the wave equation and are computed by [101]]:

=g [ (D G (B o

where m, n, and p are the mode numbers and underscore the dependency on

the coordinates, cy is the speed of light in vacuum, and i, and ¢, are the rel-
ative permeability, and the relative permittivity of the propagation medium
within the cavity, respectively. The parameters I, w, and h are the length,
width, and height of the cavity, respectively. It is noteworthy that the mode
numbers can only take integers and at least two of them have to be non-zero
in order for the EM waves to occur. For the analysis of the received UHF
pulses, the s-parameters of the tank as a multi-port EM system needs to be
studied. The notation s, which stands for scattering, hints to a commonly
used parameter in radio frequency (RF), microwave, and antenna engineer-
ing [103]]. For high frequencies, a given network, in this case the transformer
tank, is preferably characterized in terms of EM waves instead of voltages or
currents. The description is based on the ratio between the in- and outgoing
waves due to practical considerations.
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The s-parameters of a four-port network describe the relationship be-
tween incident waves a; and reflected waves b; at each port i. In this con-
text, a port refers to a terminal or connection point, e.g. an antenna, through
which electromagnetic waves can enter or exit the network. Figure|l.8|illus-
trates a four-port network. For the it port, the s-parameters are denoted as
sii for reflection and s;; for transmission.

A four-port network is shown in Figure The notions a; and b; denote

a1 —)o—/ \—o—) b3

b1 <o —o€«—a3

Four-Port
Network

a2 —»o— —o—>» by

b2<—o—\ /—o(— ay

Figure 1.8: A four-port network

the incident wave, and the reflected wave from the it port, respectively. In
terms of the s-parameters, the reflection coefficient s;;, also known as return
loss, is the most cited characteristic of an antenna and quantifies the portion
of the incident wave a; that is reflected back as the wave b; at the same port. It
is a measure of how well the port is matched to its characteristic impedance.
A lower s;; value indicates better impedance matching and less reflection.
The transmission coefficient s;; describes the portion of the incident wave a;
at the i port that is transmitted to the j port as the wave bj. This parame-
ter provides information about the coupling between the ports and indicates
the amount of power transferred from one port to another. The relationship
between the incident wave 4; and the reflected wave b; at each port of the

four-port network can be described using s-parameters as follows:
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ba| _ |21 S22 $23 s;a| |@2 17)
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where s;; represents the s-parameter relating the reflected wave at port i to
the incident wave at port j. Each s-parameter is a complex number, and its
magnitude and phase describe the amplitude and phase shift of the reflected
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wave with respect to the incident wave. These parameters provide valuable
information about the network’s impedance matching, power transfer, and
signal propagation characteristics. The s-parameter will be further addressed
in chapter

1.3.2 Principles of Localization via the UHF Technique

The localization of PD in a power transformer via the UHF measurement
technique is based on multilateration, which is a common technique in ra-
dio navigation and surveillance systems. Here, the location of an unknown
source is determined based on measuring the arrival time (AT) of energy
waves with known propagation velocity. In telecommunication, the term ar-
rival time of a signal refers to the instance, where the said signal is received
by the receiver. In this section, a short overview is given on the topic of lo-
calization of PD faults in power transformers based on the Time-Difference-
of-Arrival (TDOA) method.

1.3.2.1 Multilateration with Four Sensors

For applying the UHF technique for PD localization, UHF probes are inserted
into the tank. These probes are then connected to an oscilloscope with high
sampling rate and wide frequency range. While the test object is subjected
to high voltage, the probes capture the signals emitted by the PD source.
Using digital signal processing, the AT of each captured signal is determined.
An example of a data-set consisting of four captured UHF signals with their
determined ATs is given in Figure To determine the location of PD in
the tank of a power transformer via the UHF technique by multilateration,
a minimum of four UHF probes and consequently four captured EM waves
are necessary. The distance between the PD source and the respective UHF
probe is correlated with the propagation velocity of the EM waves multiplied

by their time of flight as follows:

(xs — xi)2 + (ys — yi)z + (25 — z,-)2 = g : (AT,-)2 (1.8)
where xs, y5, and z; are the coordinates of the PD source, x;, y;, and z; are
the coordinates of each of the probe tips with i being the index relating to
the probes, ¢ is the speed of light, and ¢, is the relative permittivity of the
propagation medium. If it is assumed that the time axis starts at the PD
inception time, as in Figure|[1.9, the AT of each signal corresponds to the time
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Magnitude

Figure 1.9: ATs of simultaneously captured signals by four UHF probes

of flight from the origin, in this context the PD fault, to the probe. Hence, the
following applies:
)
AT] = to,
ATy =ty + ty2,

(1.9)
ATz = to + ty3,

\AT4 = tg + t14.

The location of the PD source as well as t(, the time difference between the
PD inception time and the AT of the trigger signal (AT;), are the unknowns.
The location of each of the four probes (x;, y;, and z;) along with the AT
differences between the trigger signal and the remaining three signals, i.e. ¢,
t13, and t14, are known. Regarding the propagation velocity of the EM waves,
if the medium is air (¢, = 1), the propagation velocity equals the speed of
light cg. Otherwise, the relative permittivity ¢, of the medium, in which the
electromagnetic (EM) waves propagate, needs to be taken into account. The
solution of the system of non-linear equations resulting from substituting
in delivers the location of the PD fault.

1.3.2.2 Methods for Determining the Arrival Times of UHF Signals

The multilateration technique necessitates the use of four signals. How-

ever, not all power transformers have enough valves to allow four monopole



38 Theoretical Background

probes to be inserted. Other sensor types, such as UHF plate sensors for
placement on dielectric windows, may be used when fewer than four valves
are available [104]. Moreover, it is also feasible to use one UHF probe in con-
junction with acoustic sensors positioned on the transformer tank. The UHF
probe provides the trigger signal in this manner [2]. Acoustic sensors are
susceptible to surrounding disturbances, which is a flaw with this approach.
When four UHF probes are employed, however, the best accuracy in local-
ization is expected [105].

Throughout a UHF PD pulse, AT is the exact moment when the received
signal emerges from the background noise. The difference in ATs, as well
as the position of the UHF probes, are used to determine the position of the
PD source in a Cartesian coordinate system as the algorithm’s output. An
incorrect determination of the ATs has a substantial impact on the accuracy
of the localization. As a result, several AT detection techniques are provided
in this section.

Determining sudden variations in the power of a signal is a straightfor-
ward way for AT detection [104} [106]. The cumulative sum of the energy of
the original signal is employed to generate a new signal in this approach.
The AT is yielded by this new signal’s knee point, which has an incremental
trend. Markalous et al. introduced a modified version of this approach in
which the new signal is formed by removing a trend from the cumulative
total of the energy in [107]. The AT is obtained by taking the minimum of the
new signal in this modified technique. In [108]], the disadvantages of these
two approaches are discussed and an example is presented of when these
two algorithms fail to discover the correct AT.

Another approach is to target the first peak of a signal to provide the
AT [109]]. Moreover, this approach can be combined with a wavelet transform
to denoise the signals prior to the AT detection [110]. However, compared to
the peak detection approach, AT detection based on the energy criteria has
been shown to produce a more promising outcome [109]. Furthermore, de-
pending on the noise intensity, the wavelet denoising creates a divergence
in the detected AT. Hence, in this thesis, more modern approaches are con-
sidered. In recent studies, three promising AT detection approaches have
been presented, and their efficiency in comparison to previous methods is

reviewed. In the following, these three methods are described.
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Average Time Window Threshold Method

Let X be a signal comprised of samples x1, x2, ..., xyN. A time frame is spec-
ified and an average of the samples is determined over the window in the
average time window threshold (ATWT) approach, as shown below [108]:

S(n) = 1 i | x|, n>w (1.10)

k=n—w-+1

The width of the time window w, can be calculated by the following equa-

tions: )
_ Yoy fi Y(fi) 112
= TR Y (112

where Y denotes the amplitude of frequency components of the signal X with
f4 being the average frequency of the signal calculated using its frequency
spectrum Y(f). Note that length of the time window w is a constant value.
The window is shifted through the signal, and the average of samples in each
window is determined. The computed mean values form a new signal, and
its knee point provides the AT.

Dynamic Cumulative Sum

Dynamic cumulative sum (DCS) method is introduced in [111] to detect the
AT of simulated UHF signals. A time frame is specified in the first stage of
the DCS technique, which is identical to the ATWT approach. The window
width is calculated as follows:

1 M3
_ z. 3 > :
w Ploor<2 Length (max(!M3|) > T) ) (1.13)

where the function Floor represents rounding down to the nearest integer,
the function Length represents the number of elements in a given signal, T is
a heuristically selected threshold of 0.1, and M3 is the signal X’s third central
moment, which has been separated into several sections [111]. The number

of samples in each segment is determined by the following:

L = Floor (fs - tw) (1.14)
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where f; denotes the sampling frequency, and t,, denotes the length of a PD
pulse within a transformer tank before being reflected by the tank’s walls,
which is set to 2 ns. The samples in section s will be represented by X;. In

section s, the third central moment M3 may be determined as follows:

Ms(s) = E [ (X, — p(s))"] (1.15)

where E stands for expected value operator and y stands for arithmetic mean
of samples in section s of length L.

A sample of the signal X at time ¢ is regarded for the window length, and
a DCS function is generated across a window before and after the sample as

follows:

vy fa(x)
DCS(t) = g 1ogf£T (1.16)

where f} and f] are the lag and lead windows’ probability density func-
tions (PDFs), respectively. The PDFs were established using a Gaussian dis-
tribution. The signal’s AT is defined as the moment when DCS achieves its

global maximum.

Contrast Function Method

This method’s premise is based on the minimizing of a contrast function at
the moment of the AT. At the midpoints, the signal X is split into two parts,
and the contrast function for each breakpoint is determined as follows:

b—1 N
Cb) =Y (xk — Xip—1)* — Y (xk — Xpw)? (1.17)
=1 i—b

where C is the contrast function, b is the signal’s breakpoint and X is the
signal’s empirical rms over the relevant segment. The AT of the signal is the
breakpoint at which the contrast function hits the global minimum [112].

In the contrast function method (CFM), several statistical parameters such
as mean and variance may be utilized instead of rms. Nonetheless, testing
this approach on a variety of signal sets indicated that, when compared to the
other statistical characteristics, the rms criteria results in the most accurate
AT.

In chapter 4} the performance of the three presented methods in this sub-

section is compared.
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1.3.2.3 Measurement Uncertainties in the Determination of AT

This subsection substantiates some of the challenges of PD localization via
the UHF method.

Measurement Equipment

As with any other application, the measurement equipment has a major im-
pact on the quality of the results. These includes the digital storage oscil-
loscope (DSO), the probes, and the communication coaxial cables used for
connecting these two. In the following, the uncertainties associated with the
utilized measurement equipment are discussed.

¢ Thermal noise:
Thermal noise, also known as Johnson noise or Nyquist noise, is an
unavoidable source of error, since it is incoherent. Thermal noise is a
product of the surrounding temperature, the resistance of the measure-
ment setup, and the measurement bandwidth [113]].

¢ Quantization noise:
Quantization noise is the inaccuracy generated by quantization in an
oscilloscope’s analog-to-digital converter (ADC). The quantizaion noise
is also random and depends on the sample depth or bit depth. The
amount of bits of information in each sample is known as bit depth,
and it directly corresponds to the sample’s resolution. It also corre-
sponds with the system’s dynamic range, meaning the maximum and
minimum amplitude of the signals to be digitized by the oscilloscope.
These are determined by the measurement settings and have an impact
on the precision and accuracy of voltage measurements conducted with

an oscilloscope. They also include a certain error [114].

¢ Limited sampling rate:

High-speed time domain measurements are required to detect the EM
waves generated by the PD, which necessitates the use of an oscillo-
scope with a high sampling rate and appropriate bandwidth. However,
a certain error is unavoidable, since the sampling rate of even modern
oscilloscopes are limited. Although there is the option of digitally in-
creasing the sampling rate by means of interpolating the data, this is
not applicable for the challenging localization measurements in power
transformers.
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* Run-time variations due to the length of the coaxial cables:

The connection between the UHF probes and the DSO is realized via
coaxial cables. Hence, the run-time of the signals is prolonged by t 4.,
which describes the time it takes to travel through the it" cable and
reach the DSO. Since the localization is based on the time-difference-of-
arrival of the UHF signals, if this value is identical for all four cables,
it is not critical. However, a slight difference in the length of the four
cables could result to an error, which is to be compensated by determin-
ing the exact length of all four cables and hence the f.,;,,. Depending
on the ¢, of the material, the resulting difference due the length of the
cables is to be considered.

* Minimization of uncertainties due to measurement equipment:
Different measurement parameters must be swept based on the re-
ceived signals in order to reach the achieve possible measurement set-
tings. Measurements should be performed with the DSO’s maximum
measurement bandwidth initially. Fine-tuning of the measurement
parameters by examining the measurement results based on the signal-
to-noise ratios and signal frequencies of the received signals will result
in the reduction of the overall measurement uncertainty. However,
since the PD signals of different sensors often indicate different values
for the signal-to-noise ratios, a compromise must be established.

Method Limitations

In addition to the measurement uncertainties, there are a number of factors
that limit the effectiveness of PD localization via the UHF measurement tech-

nique. A short overview is given in the following.

* Missing line of sight between the fault location and the probes:
One of the main challenges in localization of PD via the UHF measure-
ment technique is that the determined AT of the signals has a lead or
lag. A main contributing factor to this challenge is the complex interior
of the transformer. When there is an incident between the EM waves
emitted by PD and metallic parts inside the power transformer, e.g. the
windings or the walls, or with dielectric materials, such as the paper
insulation, the wave propagation is impacted, which in turn leads to an

error. This topic is discussed further in chapter {4
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¢ Limited insertion depth of the probes:
Due to the prevailing electrical field in a power transformer, only a lim-
ited insertion depth of the probe is allowed. The UHF probes must be
kept at a safe distance from the transformer windings to avoid the risk
of short circuit or electrical discharge [115]. This impacts the probe sen-
sitivity, since the insertion depth of the probe has a direct correlation
with its sensitivity [116].

¢ Effect of high-voltage bushings:
Although the metallic enclosure of the tank is grounded and acts as
a Faraday cage, resulting in a high robustness against external noise,
the bushings as well as the bushing terminals allow a certain degree of
external disturbances to impact the received signals by the probes. Fur-
thermore, in case of PD, the bushings themselves act as antennas [87]

and are stimulated by the PD currents.

* Minimization of uncertainties due to method limitations:
The listed factors in this section manifest themselves as leads or lags in
the determined ATs of the UHF signals. This can have a huge impact
on the localization accuracy. The presented approach in this thesis aims
at minimizing their effect on the performance of PD localization via the

UHF measurement technique.

In this section, a comprehensive overview of the measurement uncertain-
ties and method limitations involved in PD detection and localization using
the UHF measurement technique was presented, shedding light on the com-
plexities and challenges of effectively applying this method in the diagnosis

and assessment of power transformers.

1.3.3 UHF Probes

Available UHF Probe Technologies

For conducting UHF measurements in power transformers, various probe

types are commercially available, which will be outlined in the following.

* Monopole conical horn antenna:
The monopole conical horn antenna is a widely used antenna design
and the most common probe type for large power transformers. It is
known for its broad bandwidth, high gain, and low sidelobe levels.

The monopole conical horn antenna consists of a conical metallic horn
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with a monopole antenna placed at its apex. The geometry of the horn
is carefully designed to achieve desired radiation characteristics. The
horn’s flare angle, length, and aperture size play crucial roles in deter-
mining the antenna’s performance. The flare angle of the conical horn
affects the antenna’s radiation pattern and directivity. A larger flare
angle results in a wider beamwidth but lower directivity. Conversely,
a smaller flare angle provides a narrower beamwidth and higher di-
rectivity. The length of the conical horn is an important parameter in
achieving proper impedance matching and desired radiation character-
istics. It is typically chosen based on the operating frequency to ensure
that the horn supports the desired mode of propagation. The aperture
size of the horn determines the antenna’s gain. A larger aperture re-
sults in higher gain but also increases the size and complexity of the
antenna. The aperture size is carefully determined to strike a balance
between gain, size, and ease of fabrication. The performance of the
monopole conical horn antenna is evaluated in terms of its radiation
pattern, gain, impedance matching, and sidelobe levels. The conical
horn’s geometry ensures a well-defined and symmetric radiation pat-
tern with low sidelobe levels. The monopole conical horn antenna ex-
hibits high gain due to its efficient radiation mechanism and low losses.
Impedance matching is crucial for efficient power transfer between the
antenna and the feeding network. Various impedance matching tech-
niques, such as using tapered transmission lines or impedance trans-
formers, are employed to achieve a good match between the antenna
and the feeding network. The conical horn design inherently provides
low sidelobe levels, contributing to better signal reception and interfer-

ence rejection [93].

As this type of sensor is intended for UHF measurements in power
transformers, it can be inserted into the tank through the vent of an oil
drain valve. Due to the fact that it is designed for DN 50 and DN 80 oil
drain valves, it is also possible to use this type of sensor to retrofit trans-
formers that are already in operation. Figure shows a few examples
of commercially available UHF monopole probes for measurements in

power transformers.

The conical geometry is utilized to improve the probe’s properties and
obtain a broader bandwidth as compared to the short linear monopole
antenna [120]. This probe type is suitable for measurements for a fre-
quency range up to 3 GHz.
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(b)

Figure 1.10: Examples of commercially available monopole antennas for power
transformers: (a) Omicron UVS 610 [117], (b) PDIX TV'S 2 [118], and
(c) BSS UHF 50/80 [119]

* Plate sensor:
UHF plate sensors are typically flat metallic plates or discs placed
within the insulation system of a power transformer. These plates
act as antennas to capture the UHF electromagnetic waves generated
by PD events within the transformer. This probe type can either be
integrated into the wall of new transformers, or be installed on a di-
electric windows. There are also different plate sensors commercially
available. A few examples are shown in Figure The downside of

(a) (b) (o)

Figure 1.11: Examples of commercially available UHF plate sensors for the dielectric
window of power transformers: (a) Omicron UHT 1 [121], (b) Doble
UHF PD Plate Sensor [122], and (c) BSS UHF-PS1 [123]
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this probe type is its lower sensitivity in comparison to the monopole

probes [124]. Furthermore, the insertion depth is not adjustable.

¢ Other probe designs:
Aside from the two mentioned and more known sensor types, there
are other probe types available that can be conducted for UHF mea-
surements. Here, the turret-electrode antenna, the hilbert curve fractal
antenna, and the archimedean two-wire spiral antenna are among the

more prominent ones [125-128].

Probe Location

The probe location is an important factor in regards to the sensitivity of the
receiving probe. A direct path between the PD source and the probe is ideal,
but difficult to achieve. Many researches were conducted in this regard [[129-
132]. This topic is addressed in chapters[3land [d]in the context of PD detection

and localization.

1.3.4 Employed UHF PD Measurement Setup

Various measurements are carried out in this thesis to investigate and ana-
lyze the EM waves generated by PD activity in a power transformer. A gen-
eral overview of the methodologies and measurement instruments utilized

is provided in the following.

1.3.4.1 Transformer Tank Model

The UHF measurements conducted in this thesis are performed, among oth-
ers, in an especially designed transformer tank model with six DN 80 oil
drain valves at different locations, which are employed for the insertion of
the UHF probes into the tank. The tank has a length, width and height of
856 mm, 1236 mm and 1596 mm. The air-filled transformer tank model does
not have an active part, and consequently permits the research of several as-
pects of EM wave propagation within power transformers generated by PD.
The transformer tank model with two UHF sensors inserted via the lowest oil
drain valves on two perpendicular sides of the tank is depicted in Figure[1.12}

The transformer tank model has a 110 kV bushing with a bushing tap on
its top. The bushing protrudes into the tank and is connected to PD fault
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Figure 1.12: Transformer tank model with a 110 kV bushing and UHF sensors in-
serted through the oil drain valves [87,[133]

models. By applying high voltage via the bushing, PD can be generated ar-
tificially. Furthermore, the tank has a manhole with a lid on the front side,

allowing the repositioning of the PD fault model with modest effort.

1.3.4.2 PD Fault Models

In order to analyze the EM wave propagation owing to PD, fault models are
placed into the tank. For each of the common PD types, a fault model is im-
plemented. In transformers, internal and surface discharges are among the
most prevalent failures. A disc formed out of pressboard between two Ro-
gowski electrodes is used to represent surface discharges (Figure[1.13a). The
internal PD fault model consists of two electrodes with Rogowski profiles,
each with a diameter of 2.75 cm, enclosed inside epoxide resin. The spacing
between the electrodes measures 8 mm. In order to generate a void defect
in the insulation, the solid insulation material is drilled through using a tiny
round drill with a diameter of 0.8 mm until the mid-center of the electrodes.
In Figure[1.13b} the employed PD fault model is depicted. For the purpose of
completeness, corona discharge is also explored by adopting a needle-plane
configuration, as illustrated in Figure
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(a) (b) (©
Figure 1.13: PD fault models for (a) surface discharge, (b) internal discharge, and

(c) corona [[133]

For these three PD fault models, an electrical measurement for determin-
ing the PRPD pattern is performed in compliance with IEC 60270 [21]. The
measurement frequency range is set from 100 kHz to 400 kHz. Figure [1.14]
displays a color code utilized to represent multiple similar discharges, with
red denoting numerous similar events and blue indicating a smaller number
of similar events.

The findings for the surface fault model, the internal fault model, and
the corona fault model are presented in Figure Figure and Fig-
ure respectively, using the color code illustrated in Figure The
three obtained electrical patterns correlate to the corresponding typical PD
patterns in [85].

For the experiments concerning PD localization, a specific fault model is
designed. This model, as illustrated in Figure consists of two circular
plastic discs with a diameter of 10 cm, a Rogowski electrode with a diameter
of 2.94 cm, a brass rod with a needle at its tip and three plastic distance bars
with a length of 30 cm each. The distance between the Rogowski electrode
and the needle may be changed using a screw on the top support. Since this

arrangement has no plastic sheath, the position of the needle tip, or the PD

Figure 1.14: Utilized color code in this thesis to represent increasing charge density,
with blue denoting fewer occurrences, and red highlighting a higher
frequency of similar events at a given phase angle of a PRPD pattern
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Figure 1.15: Electrical PRPD patterns associated with (a) surface discharge model,
(b) internal discharge model, and (c) corona discharge model [133]
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Figure 1.16: Specially designed PD fault model for localization measurements

location may be measured with a better precision. This fault model provides
a straight line of sight between the PD site and the sensors, so the model itself
causes no error in the duration of flight of the signals. Another variation
of this PD fault model contains a disc made out of polyethylene between
the needle and the Rogowski electrode, providing a surface discharge model
with similar properties concerning the time of flight of the generated EM
waves.

1.3.4.3 PD Measurement System

All PD measurements undertaken in this thesis are performed using the Omi-
cron PD measuring system shown in Figure which permits with
its current assessment features a high measurement accuracy. For the con-
ventional PD measurement in accordance to IEC 60270 [21], the MPD 600
is connected to the PC unit MCU 520 via fiber optic cables, resulting into
a galvanic isolation between the measuring devices and the PC controller
and hence, a significant reduction in the interference coupling. Furthermore,

as the measurement system provides a modular construction, multi-channel
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Figure 1.17: Omicron PD measurement system (a) MPD 600 with its battery pack
MPP 600, (b) charge calibrator CAL 542, (c) UHF bandwidth converter
UHF 620, (d) UHF pulse generator UPG 620, and (e) UHF probe UVS

610

measurements are enabled through its master-slave design, where the con-
nection between the separate measurement units is likewise performed uti-
lizing fiber optic cables permitting a perfect synchrony. Each measurement
unit MPD 600 is driven by a lithium-ion power pack (MPP 600) and is thus
disconnected from the main power supply, consequently the measuring cir-
cuit is not impacted by external disturbances. The calibration in accordance
to IEC 60270 is performed by injecting a calibration pulse with a calibrat-
ing charge of 100 pC via the calibrator CAL 542.

For performing UHF PD measurements, the conventional Omicron PD
Measurement System can be expanded using the bandwidth converter
UHF 620 and the UHF probe UVS 610. For completing the sensitivity check
as indicated in prior to UHF measurements, the UHF pulse generator
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UPG 620 may be deployed. In this thesis, the UHF Probe Omicron UVS 610
depicted in Figure is employed for performing UHF measurements.
This sensor offers the possibility of adjusting the insertion depth of the probe
between 5 cm and 45 cm, and it has a scale on the slide-rod. For the measure-
ments in this thesis, the insertion depth varies between 5 cm and 7 cm. The
insertion depth within each section is however fixed to ensure the compara-
bility of the results. The probe is oil-resistant and thus can be employed for
oil-filled transformer tanks. The insertion of the probe is realized via the oil
drain valves on the transformer tank and it is compatible with both DN 50
and DN 80 valves. Hence, it can also be retrofitted to transformers in opera-
tion. It has a length and a diameter of 610 mm and 200 mm, respectively. It
has a frequency range from 150 MHz up to 2 GHz, and a dynamic range of
70 dB [117].

1.3.4.4 Analysis of the EM Waves Emitted by PD

In the following, the equipment and methods for analyzing the EM waves
emitted by PD in time and frequency domain are discussed.

For the acquisition and analysis of UHF signals, the DSO Tektronix
DPO7345C is employed. With a Bandwidth of 3.5 GHz, a sampling rate
of up to 40 GS/s, and its four channels, it allows in-depth measurements in
time domain and satisfies the requirements for the experiments conducted
in this thesis. The DSO is depicted in Figure

Figure 1.18: Tektronix DPO7345C digital storage oscilloscope [135]
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The connection between the DSO and the probes is realized via low loss
flexible communications coaxial cable LMR-400-UF. This coax cable has an
impedance of 50 () and suitable for both indoor and outdoor application.
Furthermore, it is very flexible and easy to handle. Since it features a strong
shielding effect, it is suitable for the measurements in this thesis. On both
ends of the cable, N connectors with screw coupling is used. The N connector
has also a defined characteristic impedance of 50 Q) [136]].

Recorded signals with the oscilloscope are voltage values on a preset time
window. To analyze the results in frequency domain, the so-called Discrete
Fast Fourier Transform (DFT) is used. This is an algorithm for decomposing
discrete signals into their frequency components 138]|. In this thesis, the
DFT method is deployed in MATLAB for the transformation of the signals
from time domain into the frequency domain.

The Rohde & Schwarz vector network analyzer (VNA) ZVA8 shown in Fig-
ure is a high-end VNA with up to four ports for advanced measurements
up to 8 GHz. Since it has four channels, it can determine the scattering pa-

Figure 1.19: Rohde & Schwarz vector network analyzer ZVAS ||

rameters of a four-port network. Prior to performing measurements, a cali-
bration is necessary. The VNA calibration is required to remove systematic
errors at the relevant frequencies from the measurement instrument as well
as any accessories employed to allow particular measurements, e.g. network
analyzer test cables. For this purpose, the automatic calibration unit ZN-Z5
with four ports is used. The VNA is connected to the calibrator and subse-
quently the device under test via ZV-Z19 network analyzer test cables [139].

In this chapter, a comprehensive overview of PD and its measurement
techniques was presented. The conventional electrical PD measurement
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method, according to IEC 60270 [21], was discussed, highlighting its signifi-
cance in assessing insulation integrity and identifying faults in high-voltage
systems. The concept of apparent charge, a vital parameter in PD quan-
tification, was thoroughly analyzed. The chemical approach of DGA was
addressed, focusing on its capability to detect and analyze PD events by
monitoring specific gases dissolved in the insulating medium. The impor-
tance of DGA as a valuable complementary method to electrical PD measure-
ment was emphasized. Subsequently, the UHF measurement technique was
discussed, and its application in detecting and localizing PD was addressed.
Finally, an overview of the measurement setup elements used in this thesis
was provided, establishing the groundwork for the research findings and

analysis in the subsequent chapters.
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Chapter 2:
Development of a Special Fault Gas

Monitoring System

Wind power generators, both on- and offshore, commonly use step-up power
transformers to convert the turbine generator output voltage from a few hun-
dred volts to the medium voltage levels of the collector system. Due to their
frequent location within the tower or nacelle of a wind turbine or in a small
utility near the tower, the size of transformers is a crucial factor to be consid-
ered. To meet space limitations, transformer manufacturers strive to make
them as compact as possible. One of the most frequent variants are hermet-
ically sealed liquid-filled transformers installed on the bottom of the tower.
Since the temperature of these transformers fluctuates often in response to
the wind situation, specific precautions are taken into consideration regard-
ing the expansion of the insulating liquid. The sealed tank could be equipped
with fins that expand owing to increased temperatures. However, due to the
high number of load cycles occurring every day, this is not a preferred so-
lution since the number of fin expansions is limited. Moreover, in order to
avoid the insulating liquid to be exposed to ambient air and humidity, thus
keeping its electrical qualities, the transformer is sealed by means of a gas
cushion, commonly out of nitrogen or dry air [32].

In this chapter, the development process of a novel monitoring system
for GSU transformers typically used in wind and photovoltaic farms is pre-
sented. The monitoring system should be able to detect and quantify the
concentration of fault gases, especially hydrogen, and potentially methane
and ethylene in the gas cushion of hermetically sealed transformers. The
system should be reliable, easy to use, low-cost, and provide real-time data
to the operators.

One possible approach is to use a gas chromatograph coupled with a ther-
mal conductivity detector or flame ionization detector to analyze gas samples
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extracted from the oil of the transformer. Currently available monitoring sys-
tems on the market apply this method. However, this approach is relatively
expensive and requires skilled personnel to operate and maintain the system.

Existing DGA monitoring systems solely measure the dissolved fault
gases in oil. When monitoring in the gas cushion, the dissolved gases are
estimated based on their Ostwald solubility coefficients. However, it is im-
portant to note that hydrogen, in particular, is predominantly present in the
gas phase rather than the oil. For a monitoring system’s intended purpose
as a fault or condition indicator without specifying the exact fault type, the
detection of individual gases such as hydrogen, which are detectable in the
gas, is sufficient.

Given hydrogen’s low Ostwald coefficient and its generation through the
decomposition of insulating material, its concentration can rapidly increase
in the transformer’s gas cushion. If the concentration reaches a critical level,
it can lead to an explosion or fire, causing significant damage to the trans-
former and its surroundings. Therefore, it is of utmost importance to de-
tect and monitor the concentration of hydrogen gas in the transformer’s gas
cushion and take corrective actions before it reaches a critical level. The max-
imum hydrogen concentration in the gas cushion of a hermetically sealed
power transformer may vary depending on the transformer’s operating con-
ditions, design, and insulation materials [140-142]. Nevertheless, a hydrogen
concentration in the range of up to 10000 ppm is absolutely sufficient for the
intended monitoring system. Concentrations greater than this threshold will
have triggered countermeasures from the operators. A maximum hydrogen
concentration of 10000 ppm serves as a reasonable threshold for gas moni-
toring, as it can effectively indicate potential faults. By setting this threshold,
the monitoring system can promptly provide early warnings to operators,
enabling them to take appropriate actions to prevent failures.

A possible approach is to use semiconductor-based sensors, which is a
low-cost and portable solution. These sensors can detect and quantify differ-
ent gases simultaneously. The sensor system can be installed in such a way
that it can analyze the fault gases in the gas cushion and evaluate the data
using a microcontroller-based system. Hence, it can provide real-time data
on the concentration of fault gases, which can be used to identify potential
faults and take corrective actions before any failure occurs. It is noteworthy
that the monitoring system for fault gases in the gas cushion of hermetically
sealed transformers must be able to withstand a harsh environment. The

system will be exposed to high temperatures, high pressure alternations, and
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high levels of vibration, which can affect the performance and reliability of
the sensors. Therefore, the sensors and other components of the monitoring
system must be designed to withstand these harsh conditions. The sensors
should be encapsulated in a protective housing that can withstand high tem-
peratures and humidity, and the system should be designed to minimize the
effects of vibration on the sensor readings. The proposed monitoring system
must have a sensing range of up to 10000 ppm. The monitoring system for
a hermetically sealed power transformer must adhere to specific boundary
conditions for its operation. These include enduring an absolute pressure
between 600-700 mbar and 1300 mbar, as well as a gas cushion temperature
range between 10 °C and 60 °C during typical operation conditions. These
values are commonly expected during normal transformer operation of such
a transformer [140, (142]].

As discussed in section [1.2] of the previous chapter, hydrogen is an ideal
candidate to be targeted for monitoring in the transformer gas cushion since
it is a reliable indicator of potential problems or faults in the transformer.
Monitoring the hydrogen gas concentration can provide early warnings to
the operators and enable them to take appropriate actions before any critical
failures occur.

In the following, the preliminary investigations on semiconductor-based
sensors suitable for the task at hand are discussed. Subsequently, the devel-
oped prototype and the investigations on the behavior of the monitoring sys-
tem under various fault generation scenarios are addressed. Finally, the re-
sulting monitoring system TGM-101 is introduced and an overview is given

on its components.

2.1 Preliminary Investigations on Commercially

Available Sensors

There are numerous methods available to measure gaseous hydrogen. Fol-
lowing preliminary market research in the realm of available hydrogen sen-
sors, two sensors were selected among a broader number of commercial
semiconductor-based sensors. These two sensors, referred to as SA and SB
hereafter, employ distinct functional concepts. Sensor SA employs a hydro-
gen sensitive Schottky diode, while sensor SB is a catalytic type gas sensor.
The usability of both sensors in the harsh environment, often existent in the
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gas cushion, which either consists of dry air or nitrogen with a very low oxy-
gen content, is examined in the following. Furthermore, the influence of the
broad range of operating temperature and pressure on the sensors is investi-

gated.

2.1.1 Test Setup

In order to replicate transformer-like ambient conditions, the test vessel de-
picted in Figure 2.1|is used. It comprises of a glass cylinder fastened by two

Figure 2.1: Designed test vessel for conducting the preliminary investigations ||

flanges. The bottom of the vessel is closed by an aluminum plate with one
electrode connected to it. This electrode, which protrudes beyond the test
vessel, finishes with a hose barb on the bottom and is linked via a silicone
hose and a clamp to a two-way valve. Via this valve, gases can be intro-
duced to the test vessel using a gas-tight syringe. In addition, it may be used
to extract samples to determine the precise concentration of the component
gases through gas chromatography. Furthermore, it acts as the way of alter-
ing the internal pressure of the vessel. The lid of the test vessel contains a
recess used to place a gas-tight plug. This connector and its equivalent are
the link between the sensors within the test vessel and the evaluation sys-
tem reading the output signals. The voltage supply of the sensors is likewise
accomplished via this socket. Moreover, a needle valve and an external pres-
sure gauge are linked to the aperture of the test vessel’s lid at its top. By
closing both the valve at the end of the hose and the needle valve, the test
vessel is sealed.
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2.1.2 Test Procedure

Before sealing the lid and securing the screws, the vessel is filled with molec-
ular sieve in order to maintain the humidity as low as feasible throughout the
measurement by means of its water-absorbing characteristic. By closing the
test vessel at this stage, there is about 20 % oxygen in the interior. In order
to be able to alter the temperature, the vessel containing the sensors, is put
within a climatic chamber.

Since the focus of the experiment centers on detecting hydrogen, the mea-
surements are carried out by introducing pure dry hydrogen to the gas mix-
ture within the test vessel. This is done by connecting a gas-tight vessel to
the two-way valve at the end of the hose, which is linked to the test vessel.
This provides the function of holding the hydrogen, while a set dosage may
be given to the gas mixture within the test vessel with the gas-tight syringe
serving the purpose of dosing. The test setup is depicted in Figure The
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Figure 2.2: Test setup for determining the characteristics of the chosen fault gas sen-
sors [143]]

concentration ratio of gases is established by methods of the ideal gas law.
For this reason, the number of particles at a certain pressure and tempera-
ture level is determined for the volume of the test vessel. The dosage of the
additional hydrogen in all the subsequent measurements is constant, mean-
ing the volume of hydrogen injected at every measurement point is identical.

However, the conversion into ppm results in varied readings, owing to the



60

Development of a Special Fault Gas Monitoring System

fluctuating amount of existing particles in the test vessel, which largely com-

prises of nitrogen, under different circumstances.

2.1.3 Effect of Temperature

The investigation of sensor performance at different temperatures is crucial

to ensure that the sensor’s response is stable and accurate over a wide range

of temperatures. Figure [2.3[shows the results of this investigation. Tempera-
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Figure 2.3: Behavior of sensors (a) SA and (b) SB at ambient pressure by increasing
the hydrogen concentration at different temperature levels [143]

ture can affect the sensitivity, selectivity, and stability of gas sensors, and un-

derstanding the sensor’s behavior at different temperatures is essential for
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the development of a reliable monitoring system. In this regards, the tem-
peratures 10 °C, 25 °C, and 60 °C are investigated. These temperatures are
within the range that the monitoring system is likely to encounter in real-
world operating conditions. A temperature of 25 °C is often used as a ref-
erence temperature for sensor testing because it is the standard temperature
used for laboratory conditions. A temperature of 10 °C is used to represent
low-temperature conditions that may occur when the transformer is not in
operation or in regions with colder climates. A temperature of 60 °C rep-
resents high-temperature conditions that may occur during full-load opera-
tion [[140].

For this investigation, the climatic chamber is adjusted at 10 °C, 25 °C and
60 °C to evaluate the sensors for their temperature profile. There is a waiting
time for the conditions within the test vessel to stabilize before commencing
to input hydrogen into the test vessel.

Figure[2.3|presents the outcomes for temperature variation under ambient
pressure. The hydrogen concentration reporting range is at about 10000 ppm,
which reflects the maximum hydrogen concentration that the sensors can re-
port. Based on the findings, sensor SA’s output voltage rises with tempera-
ture with a rather large reliance on the prevailing temperature in the climatic
chamber. Sensor SB on the other hand exhibits a more steady output voltage

under diverse temperature circumstances.

2.1.4 Effect of Pressure

The pressure inside the transformer gas cushion can vary due to changes in
temperature, load, or other operating conditions. The gas cushion pressure
is usually maintained within a certain range to ensure that the transformer
operates safely and efficiently. The pressure inside the transformer gas cush-
ion can affect the performance of the gas sensors. Changes in pressure can
cause changes in the gas flow rate and gas diffusion rate, which can affect
the sensitivity and selectivity of the gas sensors. Therefore, it is essential to
investigate the performance of gas sensors at different pressure levels to en-
sure that they provide accurate and reliable measurements under different
operating conditions.

In order to cover the whole pressure range for the proposed application,
air is supplied into the test vessel or steered out of it by means of a gas-
tight syringe, depending on the required pressure level. For this reason, the
pressure is adjusted in 400 mbar increments from 600 mbar to 1400 mbar,
while maintaining room temperature in the climatic chamber. The findings
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are presented in Figure Both sensors are only slightly affected by the
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Figure 2.4: Behavior of sensors (a) SA and (b) SB at room temperature by increasing
the hydrogen concentration at different pressure levels [143]

different pressure levels in the test vessel, with sensor SB delivering a more
consistent output voltage.

As the early experiments were concluded, it was established that sensor
SB is more reliable than sensor SA. Additionally, the sensitivity of the sensor
SA reduced with time and the measurement range dropped dramatically. As
a result, sensor SA was deemed unsuitable for the intended application and

was removed from the evaluation. As a result, sensor SB is the centerpiece of
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the proposed monitoring system. Despite its minimal dependency on envi-
ronmental circumstances, the proposed monitoring system is outfitted with

environment sensors, allowing for output voltage compensation.

2.1.5 Effect of Oxygen Content

Since the monitoring system is targeting hermetically sealed transformers,
operating under low oxygen level is a prerequisite. In the following, the pa-
rameters of pressure and temperature were modified in order to study their
impact on the output signals of the sensors while in an atmosphere with a
very low oxygen content. For this reason, the vessel is attached to a nitrogen
container through a silicone hose, and the needle valve is slightly opened.
By commencing the flow of nitrogen into the vessel, the air in its inside is
progressively replaced with dry nitrogen. The suggested monitoring system
is fitted with an oxygen sensor. The procedure continues until the oxygen
concentration is below the sensitivity threshold of the oxygen sensor. Mea-
surements using gas chromatography have showed that this occurs when
the oxygen level is about below 3 %. The suggested test setup is presented in
Figure Now the needle valve is closed again, so that no more exchange
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Figure 2.5: Overview of the test setup for varying the oxygen content of the test
vessel [143]

may take place. The impact of low oxygen level on the output voltage of
sensor SB is evaluated by repeating the experiment with pressure variation
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under the new environment. The same steps are undertaken, with the dis-
tinction that nitrogen is now injected into the vessel or expelled from the
vessel. When the necessary pressure is obtained, hydrogen is inserted into
the vessel. The output voltage of sensor SB is measured at various hydro-
gen concentrations under change of temperature and pressure as shown in
Figures [2.6al and respectively. The results indicate a distinct difference
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Figure 2.6: Behavior of sensor SB by increasing the hydrogen concentration at (a) dif-
ferent temperature levels and ambient pressure, and (b) at different pres-
sure levels and room temperature in an environment with an oxygen
level below 3 % [143]

in the behavior of sensor SB in nitrogen compared to its operation in atmo-

spheric air. When around 20 % oxygen is present, the sensor demonstrates
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a linear response at different hydrogen concentrations. Under low oxygen
level on the other hand, it enters the saturation state at lower hydrogen con-
centrations, such that higher changes in the output voltage at low hydrogen
concentrations are detected, which is exploitable in respect to the sensitivity
of the sensor.

Sensor SB’s curve may be separated into two segments. At lower hy-
drogen concentrations, the sensor is more sensitive and the rise in voltage
is more substantial. At lower pressure levels and higher temperatures, this
phenomena unfolds at a slower tempo. At higher hydrogen concentrations,
the curves overlap, except at 60 °C, where the high temperature has a larger
impact on the chemical processes within the sensor in the low oxygen envi-

ronment, resulting in an increase in the output voltage.

2.1.6 Long Term Application under Low Oxygen Level

The question of long term usability of the sensor system in an inert and
pseudo oxygen-free environment is another key concern. To analyze the be-
havior of the sensor system, the outlined actions in section to replace
the oxygen in the test vessel with nitrogen were carried out. For purposes of
comparison, the pressure within the test vessel is equal to ambient pressure
while preserving room temperature. Subsequently, 3000 ppm of hydrogen
was added to the gas mixture in the test vessel, resulting in an increase in
the output voltage of the sensors. The test vessel is resealed at this point and
the measurement proceeded for 12 hours consecutively. The findings are pre-
sented in Figure2.7] The red curve depicts the output voltage of the sensor SB
with a dotted black trend line. The output voltage of the sensor SB declines
with time at a ratio of 0.2 mV/h. The explanation is because the chemical
processes within the sensor consume hydrogen and generate a little quan-
tity of moisture, hence reducing the hydrogen concentration. In addition, the
gas-tightness of the test vessel is not absolute and the hydrogen within may
partly permeate into the ambient environment. To solve this difficulty, the
usual approach was replaced with an optimized method for the operating of
the sensor SB.

To increase the accuracy of the sensor system, an optimal driving ap-
proach was devised for the hydrogen sensor. The modified driving method
aims to improve the long-term stability issue by adjusting the way the sensor
is driven and read out, with the goal of mitigating potential sources of error.
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Figure 2.7: Long term measurement with sensor SB under an oxygen level below
3 % at room temperature and ambient pressure [143]

The efficacy of the optimized driving method was assessed through itera-
tive measurements, which revealed the absence of the previously observed
decrease in output voltage over time.

Ensuring the reproducibility of measurement outcomes is a critical con-
cern, which prompted an investigation into the sensor’s performance under
conditions that closely emulate real-world scenarios. To this end, hydrogen
was introduced in carefully controlled doses via a gas syringe into a vessel
containing dry nitrogen, and the sensor’s output voltage was measured. A
total of eight iterations were conducted, with the initial four runs utilizing the
standard measurement procedure, and the subsequent four runs implement-
ing the optimized driving method. The findings are presented in Figure
In the course of the eight iterations, a sample scatter of roughly 0.62 was
observed, reflecting the variation or discrepancy between the maximum and
minimum values in the data-set. This observation implies the reproducibility
of the outcomes using both methods.

In this section, the distinctive behaviors of two hydrogen sensors, which
were selected after a comprehensive investigation on the available sensors
on the market, were evaluated under change of temperature and pressure.
The sensor with the most stable findings was selected for measurements un-
der low oxygen level as necessary for installation in a monitoring system for
hermetically sealed transformers and the results supported its applicability.
The long term stability of the sensor was also studied and the findings were
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given. Based on the performed research, it was determined that the sensor
is appropriate for the construction of a cost-effective and compact failure gas
monitoring system for power transformers sealed with gas cushion. A proto-
type is constructed based on the preliminary research, which will be detailed

in the next section.

2.2 Novel Online Monitoring System

In order to compensate for the effects of environmental parameters such as
temperature and pressure on the output voltages of the fault gas sensors, the
sensor system is equipped with a set of auxiliary sensors in addition to the
fault gas sensors. These auxiliary sensors also monitor environmental.

The lab prototype of the sensor system depicted in Figure 2.9]is devel-
oped to test its functionality. The lab prototype receives the output voltages
of the sensors and transmits them to an evaluation unit where they are as-
sessed. The sensor system continuously tracks the fault gas level and, based
on the steepness of the increase and the amount of the fault gases, issues
a warning or alarm signal. To ensure that the output signals of the sensors
are accurately amplified, the evaluation unit comprises amplification circuits.
In addition, the complete sensor system is enclosed in a die-cast aluminum

casing that provides IP66 protection, ensuring its durability and reliability.
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Figure 2.9: Developed lab prototype with the sensor system, the evaluation board,
and the universal power supply [144]

Furthermore, a small flange adapter (KF) is placed on the housing, which
provides a simple installation on the transformers. Figure 2.9/shows the lab
prototype of the sensor system, including the auxiliary sensors, amplification
circuits, and the die-cast aluminum casing with the flange adapter. This lab
prototype is used to test the functionality and reliability of the sensor system
before it is deployed in the field.

2.2.1 Auxiliary Sensors

In addition to the hydrogen sensors, the sensor system is equipped with aux-
iliary sensors to monitor the temperature, pressure, oxygen level, and the

relative humidity. In the following, these sensors are discussed.

Temperature Sensor

This sensor is a thermocouple with built-in amplification and linearization in
an integrated circuit. The temperature is determined via the thermoelectric
effect, which is achieved by the connection of two different electrical conduc-
tors. Thereby one conductor is kept at the measurement temperature and
the second serves as the reference. Through the difference, a thermo-voltage
potential is created which is amplified. The sensor is applicable for tempera-
tures from -40 °C to +110 °C. The sensor has a guaranteed accuracy of 0.5 °C.
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In order to investigate the behavior of the temperature sensor, it is installed
into a closed vessel and placed inside a climatic chamber. The result is shown
in Figure The sensor has a nearly linear output.
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Figure 2.10: Behavior of the temperature sensor at different temperature levels

Pressure Sensor

The behavior of the pressure sensor is investigated by varying the pressure
in the test vessel shown in Figure 2.1 and measuring the absolute pressure
via an external pressure gauge. The result is shown in Figure
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Figure 2.11: Behavior of the pressure sensor at different pressure levels
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The utilized piezoresistive transducer is a state-of-the-art monolithic sil-
icon pressure sensor designed for a wide range of applications. This trans-
ducer combines advanced micromachining techniques, thin film metalliza-
tion, and bipolar processing to provide an accurate, highly analog output

signal that is proportional to the applied pressure.

Oxygen Sensor

The electrochemical sensor for measuring oxygen concentration is basically
a lead-oxygen battery with a lead anode, a gold oxygen cathode, and a weak
acid electrolyte enclosed in an acrylonitrile butadiene styrene (ABS) housing.
The oxygen molecules are reduced at the gold electrode after passing through
a nonporous fluororesin membrane in the electrochemical cell. The amount
of current flowing between the electrodes is proportional to the amount of
oxygen in the gas mixture. When the oxygen concentration changes, the ter-
minal voltages across the thermistor (for temperature compensation) and the
resistor are read as the output signal. The oxygen sensor’s functionality was
examined in a closed vessel with ambient air. The oxygen concentration was
gradually raised during the measurement. In addition, the percentage range
of 0 to 15 % was examined. The vessel was filled with nitrogen for this pur-
pose, and then oxygen was progressively introduced. Figure depicts the
results. The sensor’s behavior is almost linear.
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Figure 2.12: Behavior of the oxygen sensor at different oxygen levels
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Humidity Sensor

The sensor consists of a laser-trimmed, thermoset, capacitive sensor element
with a polymer material housing. It is based on the principle of a plate ca-
pacitor. A thin moisture-sensitive polymer layer is used as the dielectric.
Absorbed moisture changes the dielectric constant, which is recorded as a
measured variable. To investigate the behavior of the humidity sensor, it is
placed inside a climatic chamber that offers the possibility to vary the humid-
ity and measure it with a calibrated external sensor. The results are shown in
Figure This sensor also shows a linear behavior.
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Figure 2.13: Behavior of the humidity sensor at different humidity levels

2.2.1.1 Behavior of the Sensors within the Intended Operation Range

In the course of the investigations carried, the auxiliary sensors were thor-
oughly studied, with a particular focus on assessing potential cross sensitiv-
ities. Linear behaviors were observed in all sensors during the experimental
evaluations. However, despite comprehensive analyses, cross sensitivities
were not detected in any of the sensors. Throughout the study, rigorous test-
ing protocols were employed to scrutinize the sensors’ responses to various
stimuli and environmental conditions. The measurements were conducted
under controlled settings, encompassing a wide range of operating param-
eters. Additionally, extensive data analysis was carried out, encompassing
statistical methods and advanced signal processing techniques to discern any

potential interference between the sensors.
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The absence of such cross sensitivities underscores the robustness and
reliability of the sensor design and manufacturing processes. These results
reaffirm the suitability of the selected sensors for their intended applications
and lay a solid foundation for their integration into the monitoring system,

ensuring accurate and dependable data acquisition.

2.2.2 Microcontroller Evaluation System

The evaluation system of the monitoring system employs an Arduino Mega
2560 shown in Figure which is a microcontroller board based on the
ATmega2560 microcontroller. It has 54 digital input/output pins, 16 analog
inputs, 4 hardware serial ports, a 16 MHz quartz crystal, a USB connection, a

power jack, an ICSP header, and a reset button. It is powered using a univer-

Figure 2.14: Arduino Mega 2560 used in the evaluation system of the lab proto-

type [145]

sal power supply, which can operate with different input voltages and fre-
quencies, ranging from 100 V to 240 V and from 50 Hz to 60 Hz. The board
has a 5 V regulator that supplies power to the microcontroller and other com-
ponents. The ATmega2560 microcontroller has 256 KB of flash memory for
storing code, 8 KB of SRAM, and 4 KB of EEPROM. It can operate at a clock
frequency of up to 16 MHz and has 16 channels of 10-bit analog-to-digital
conversion. The Arduino Mega 2560 was extended with the real time clock
RTC DS3231 I2C module, which provides accurate timekeeping for a precise
data logging. The DS3231 module communicates with the Arduino Mega
2560 using the I2C protocol, which allows multiple devices to share the same
bus. It has a battery backup that keeps the clock running even when the
main power is turned off, and it includes a temperature-compensated crystal
oscillator that provides high accuracy and stability over a wide temperature
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range. The Arduino Mega 2560 can be programmed using the Arduino soft-
ware, which is an open-source programming environment based on the pro-
cessing language. It includes a code editor, a compiler, and a bootloader that
allows the code to be uploaded to the board using a USB connection. The pro-
gramming language used by the Arduino is based on C and C++, with some
additional libraries and functions specific to the Arduino platform [145]. The
Arduino Mega 2560 with the Real Time Clock RTC DS3231 I2C module pro-

vides a powerful and flexible platform for testing the developed lab proto-

type.

2.2.3 Investigations on the Lab Prototype

2.2.3.1 Fault Gas Generation by Hot-Spot in Insulating Liquid

In order to recreate transformer-like ambient conditions, the test vessel de-
picted in Figure was adopted. It consists of a double-walled glass cylin-
der that is securely fastened between two aluminum plates. On the bottom
aluminum plate, three electrodes are connected. The center electrode, which
protrudes beyond the test vessel, finishes with a hose barb on the bottom and
is linked via a silicone tube and a clamp to a two-way valve. This two-way
valve permits extracting gas samples to identify the precise concentration of
the component gases by gas chromatography. The lid of the test vessel con-
tains a recess used to insert a gas-tight connection. This connector, along
with its corresponding socket, serves as the primary interface between the
sensor system located inside the test vessel and the evaluation system re-
sponsible for logging and interpreting the sensor output voltages The volt-
age supply of the sensors is likewise accomplished via this connection. More-
over, a needle valve and an external pressure measurement device are linked
to the aperture of the test vessel’s lid at its top. By closing both the valves at
the end of the tube and the needle valve, the test vessel is sealed. Since the
proposed monitoring system is intended to be mounted within hermetically
sealed transformers, the ambient air inside of the test vessel needs to be re-
placed by nitrogen. For this purpose, analogous to the presented procedure
in section the test vessel is linked via the two-way valve and the cen-
ter electrode to a nitrogen bottle using a silicone tube, and the needle valve
on the lid of the test vessel is partly opened. By commencing the flow of ni-

trogen into the vessel, the air in its inside was progressively replaced with
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dry nitrogen. The suggested monitoring system is fitted with an oxygen sen-
sor. This procedure continues until the oxygen concentration falls below the
sensitivity threshold of the oxygen sensor.

Figure 2.15: Test vessel with nitrogen cushion above the insulating liquid with a ce-
ramic resistor for replication of hot-spot in insulating oil [144]

Two out of the three electrodes on the lower aluminum plate of the test
vessel were utilized to simulate a thermal defect. Hereby, the vessel was
filled to the top mouth of the middle electrode with insulating liquid. A 20 ()
ceramic resistor was placed between the two remaining electrodes and an AC
voltage with a constant amplitude of approx. 20 V was applied. The current-
carrying ceramic resistance was tempered owing to thermal losses. Thus,
fault gases were produced via a simulated hot-spot fault at a temperature of
around 250 °C in the insulating liquid. The dissolved gases present in the
oil within the test vessel gradually diffused into the gas cushion, where they
were detected by the sensor system installed on the vessel’s lid. In order to
stabilize the total oil temperature during the measurement, the test setup was
indirectly cooled using a circulator. The test setup is depicted in Figure

After the test vessel was closed at room temperature and ambient pres-
sure, and the air above the insulating liquid was replaced with nitrogen, a
first gas sample was collected from the test vessel and analyzed via a GC.
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Figure 2.16: Test setup for fault gas generation and detection of hot-spot in insulat-
ing oil using a ceramic resistor ||

The findings revealed that the gas combination in the vessel was 98.7 % ni-
trogen and 1.3 % oxygen. From this point on, a gas sample was collected
hourly from the test vessel in order to identify the precise concentration of
the fault gases, while voltage was delivered to the ceramic resistor. The find-
ings of the gas chromatography are presented in Figure 2.17/The formation
rate of the fault gases is practically consistent during the time length of the
experiment.

To assess the accuracy of the fault gas sensors, the results are compared
with the data obtained by gas chromatography. Two identical fault gas sen-
sors were employed, with one sensor driven by standard method and the
other with the optimized method. The output voltages of the fault gas sen-
sors are displayed in Figure alongside the fault gases concentrations de-
termined using a GC.

The gas concentrations show a linear increase over time, with the rate of
increase being constant for all the gases. The concentration of CHy was the
highest among all the gases measured after 9 hours. The concentration of
CyHy and CoHj were also relatively high compared to the other gases, while
the concentration of C3Hg was the lowest. There is a consistent and homo-
geneous rise in the output voltages as well as a high correlation between
the two traces observed. The trend-line of the traces are nearly linear with
a 7 % deviation. Both driving methods have a similar response to each gas,
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Figure 2.17: Fault gases concentrations at room temperature and ambient pressure
levels determined by gas chromatography and output voltages of the
fault gas sensors [144]

but the optimized method has a slightly higher sensitivity than the standard
method. The sensor is intended to measure H, and CHy, but due to its mea-
suring principle, it is also sensitive to other combustible gases.

Subsequent to this measurement, the fault gas sensors were subjected to
an investigation, where they were employed in dry nitrogen and their sensi-
tivity to individual gases including hydrogen as well as different hydrocar-
bons was studied by adding only one gas into a closed test vessel. The aim
was to determine the the concentration of each gas in a gas mixture based
on the output of the fault gas sensors. Although the response of the sensors
vary depending on the combustible gas in question with the highest sensi-
tivity for hydrogen and methane, however, an exact determination of the gas
concentrations in a gas mixture was not feasible. However, this is not a dis-
advantage, since the aim is to detect faults at an early stage. Since typical
faults in transformers generate hydrocarbon gases, which are combustible,
this is exploited for the task at hand. The developed online monitoring sys-
tem tracks the rate of change of fault gases, which then used to issue early
warning and alarm signals to the operator. This approach can contribute to
preventing significant damage and ensure the long-term functionality of the

transformers.
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2.2.3.2 Fault Gas Generation by PD in the Windings

To test the lab prototype of the sensor system under genuine environmental
circumstances, a hermetically sealed transformer was employed. The trans-
former tank was supplied with a nitrogen gas cushion. As depicted in Fig-
ure the prototype was installed on the oil filling pipe of the transformer.

Gas-tight Plug for the Voltage Supply
iz ;
C > jmnss M nans 3
| 5G| [
Gas-tight Case

Containing the
Sensor System Valve

Oil Filling
Pipe

U Hermetically Sealed Transformer u

Figure 2.18: Schematic of the installed prototype on the hermetic transformer [144]

According to IEC 60076-1, a transformer shall have at least one plug for
filling and one plug for draining the oil [146]. The oil filling pipe of hermet-
ically sealed transformers is used to fill the transformer with oil during the
manufacturing process and for maintenance purposes. The oil filling pipe
is typically sealed after filling to prevent moisture from entering the trans-
former [147]. For the installation of the sensor system, the oil filling pipe is
a suitable location, since the fault gases accumulate beneath it. Furthermore,
this installation location results in a certain distance between the surface of
the insulating liquid and the monitoring system, which leads to extra pro-
tection for the fault gas sensors. The undissolved fault gases rise along the
oil filling pipe and are registered by the sensor system allowing a perma-
nent monitoring of the transformer. If the output voltage of the sensor or
the generation rate of the fault gases exceeds a specific threshold, a warning
is initially delivered to the operator. If the situation deteriorate further, the
sensor system will issue an alarm signal.

For the investigations conducted in this section, a single-phase 160 kVA
hermetically sealed step-down railway transformer with a primary voltage
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of 16 kV and a secondary voltage of 230 V or 460 V was used, as depicted in

Figure[2.19]

Figure 2.19: Hermetically sealed railway transformer and its oil filling pipe

For the tests, the transformer was self-excited through its low-voltage ter-
minals and regulated by an autotransformer. The accompanying electrical
equivalent circuit expanded with a typical PD measurement circuit is de-
picted in Figure Furthermore, the voltage on the high voltage side is
monitored by a capacitive voltage divider.

Due to the fact that the filling procedure with insulating liquid did not
take place under vacuum, the air bubbles in the oil cause PD when a strong
electrical field is present. The PD intensity is controlled by means of volt-
age regulation. For the test of the whole system, the prototype was exposed
to a long-term testing. The hermetic transformer was operated at high volt-
age for a period of around 22 days. The corresponding PRPD pattern of the
generated fault is shown in Figure
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Figure 2.20: Electrical equivalent circuit of the test setup [144]

50 20

37.5 —

Charge / nC
&
L
T
o
Voltage / kV

12.5 —

el 20

Phase / °

Figure 2.21: PRPD pattern of the generated PD fault [144]

The mounted laboratory prototype on the hermetic transformer is de-
picted in Figure For the measurement, after determining the PDIV, the
voltage was adjusted to 10 % above that value. During the testing period,
there were samples taken from the gas cushion of the DUT at irregular inter-
vals. These samples were extracted through a three-way valve underneath
the monitoring system. Hereby, the voltage was terminated for a brief time
period and a sample was obtained. Afterwards, high voltage was again ap-
plied. The samples were analyzed by means of a gas chromatograph. The
results demonstrated that the generation rate of the fault gases were essen-
tially maintained at a constant level for the whole period of the experiment.

The outcome of the performed measurement is illustrated in Figure
After the time period of 22 days, gas chromatography indicated a hydrogen
concentration of 1500 ppm. Both fault gas sensors reveal a steady rise in
the output voltage. The sensitivity of the sensors vary based on the driving
method, however, a correlation between the two traces is seen. Figure
demonstrates that during the initial eight-day period of the experiment, the
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Figure 2.22: The hermetically sealed transformer with the installed lab prototype on
the oil filling pipe ||

fault gas sensor driven by the standard method exhibited greater sensitivity,
as indicated by the results. Afterwards, the improved procedure led into a
greater output voltage. The cause for this behavior is that while the sensors

are put near to each other, various fault gases have not the same influence on
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Figure 2.23: Output voltages of the fault gas sensors of the installed laboratory pro-

totype on the hermetically sealed transformer for a long-term measure-
ment [[144]

the sensors. The output voltage rise relies on both the concentration of each
fault gas as well as the applied driving technique. The experiment shows
that any increase in the concentration of the fault gases is detected by the
monitoring system, therefore in the event of major fault, the operator will be
alerted, allowing for further measures.

The lab prototype resulting from the preliminary investigations was sub-
jected to various measurement scenarios. The results were presented and
discussed. Therefore, an industrial prototype is developed and initial field
testing are being carried out. In the next section, the resulting monitoring

system is presented.

2.3 The Monitoring System TGM-101

The laboratory prototype is industrialized after it passed the tests under
different laboratory conditions. The resulting monitoring system is named
TGM-101. In the following, an overview is given on its components.



82 Development of a Special Fault Gas Monitoring System

2.3.1 Control System

The control system is housed in a DIN rail mount enclosure with a length,
width and depth of 106.25 mm, 90.2 mm and 57.5 mm respectively. The hous-
ing is made of ABS. The control system and the sensor system communicate
point-to-point via RS-485, so they can be up to 1200 m apart despite reliable
data transmission. Data is transmitted utilizing a twisted cable and differen-
tial signals, which offer high noise immunity and long distance capabilities.
This allows the operator to place the control system unrestricted depending
on the circumstances, as the RS-485 cable provides high resistance to envi-
ronmental stress. In Figure the control system is depicted.

Figure 2.24: Control system of TGM-101

The control system collects the data and evaluates them. The raw sensor
output is non-linear and can be affected by various environmental factors, as
shown in previous sections. For compensating for these non-linearities and
environmental effects is to use look-up tables. Look-up tables provide a way
to pre-calculate the sensor output for different gas concentrations and envi-
ronmental conditions, and then use this data to convert the sensor output to
the corresponding gas concentration. This approach has several advantages,
including accuracy, simplicity, and ease of implementation. The process of
creating a look-up table involves first characterizing the sensor response to
different gas concentrations and environmental conditions. This can be done
by exposing the sensor to different known gas concentrations and measuring
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the resulting sensor output. The environmental conditions, such as temper-
ature, pressure, etc. will also be recorded during these measurements. Once
this data is collected, it can be used to create a look-up table that maps sen-
sor output to gas concentration for different environmental conditions. The
look-up table can then be used in real-time gas concentration measurement
applications. The sensor output is measured and then used to lookup the
corresponding gas concentration in the pre-calculated table. The table can
be interpolated to provide more precise values between the pre-calculated
points. The resulting gas concentration will then be used by the control sys-
tem. The developed sensor system has a warning and alarm function. If it
detects an increase in the level of the fault gases, or the generation rate of the
fault gases, a warning signal is triggered. If this pattern persists, an alarm
signal will be activated. Both states are indicated by LEDs on the control
system and by digital signals transmitted to the control room. Furthermore,
the control system has a display on which all data can be called up. The
data gathered by the sensors is both locally stored as well as transferred to
the control room through digital and analog signals for asset management

purposes. The warn and alarm flags are also transmitted to the control room.

2.3.2 Sensor System

The casing of the sensor system is a flameproof encapsulated aluminum
housing with the protection class IP 66, meaning the sensor board is totally
protected against dust as well as strong jets of water, with a length, width
and depth of 150.25 mm, 150.2 mm and 99.1 mm respectively. In Figure
the casing is depicted. On its bottom, the casing has a DN 25 ISO-KF, which

Figure 2.25: Casing of the sensor board

is a type of flange used for vacuum applications. This flange size is designed
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to create a secure and tight connection between the casing and the trans-
former. The use of this flange ensures that there are no leaks between the
sensor system and the transformer, which is essential. The sensor system is
fastened on the cover of the housing. The electrical connection to the control
board is via a vacuum-tight circular push pull connector on the cover. Fig-
ure illustrates the sensor board attached to the cover of the casing. In the
course of industrialization, all drive circuits of the sensors were redesigned
and brought up to the latest state of the art. For the upgraded sensor sys-

Figure 2.26: Sensor board attached to the cover of the casing

tem, a look-up table had to be determined for the fault gas sensors. For this
purpose, a test setup was designed, which is shown in Figure The test
vessel contains a self-wound resistor required for the thermal decomposition

of the transformer insulating oil to be tested. Constantan wire was used for
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Figure 2.27: Setup for determining a look-up table for the sensor system
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the winding. Constantan is an alloy consisting of 54 % copper, 45 % nickel
and 1 % manganese. The great advantage of constantan is its constant resis-
tance over a wide temperature range. The constantan wire was wound onto
a ceramic tube and then a copper sleeve was placed over it. A temperature
sensor is integrated into the wire, enabling an accurate temperature measure-
ment. Various mixture combinations of fault gases were generated via this
artificial hot-spot fault and a corresponding look-up table was established
using DGA measurements of samples from both the oil and the overlying
gas cushion. This serves the calibration of the sensor system.

The calibrated monitoring system TGM-101 is currently undergoing trial
tests on transformers in the field and completing the final steps to be avail-

able to operators.

The developed monitoring system is an innovative solution that enables
the tracking of main leading indicators of faults in transformers in real-time.
This system is designed to be maintenance-free, eliminating the need for ad-
ditional operating materials. Furthermore, the system’s compact design and
cost-effectiveness make it an ideal choice for hermetically sealed transform-
ers, whether located onshore or offshore. The system operates by utilizing
algorithms to monitor the transformer’s performance and detect any devia-
tions from normal operating conditions. These deviations can be indicators
of potential faults or failures, which, if left undetected, could lead to costly
downtime or even catastrophic transformer failure. The monitoring system
is designed to be easy to install and integrate seamlessly with existing trans-
former infrastructure. It is also designed to be highly customizable, with the
ability to adjust the monitoring parameters to suit the specific needs of each
asset.

The primary goal of TGM-101 is to provide a reliable and cost-effective
solution for monitoring the main leading indicators of faults in transformers,
without sacrificing accuracy to a significant extent. This approach ensures
that the system can be deployed widely, even in environments where the

cost of traditional monitoring systems would be prohibitive.
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Chapter 3:
Optimal Parameter Settings for UHF PD

Detection

PD monitoring is a prophylactic measure in the assessment of HV equip-
ment. The application of the UHF measurement technique in this regard is
discussed in this chapter and a novel approach for selecting the optimal fre-
quency range for conducting UHF measurements based on the device under
test (DUT) is presented.

3.1 Applicability of UHF PD Detection

The analysis conducted in chapter (1| regarding the propagation of electro-
magnetic waves generated by PD in power transformers yielded the conclu-
sion that the sensitivity of the UHF probe, which directly impacts the quality
of PD detection using the UHF measurement technique, is influenced by two
key factors: the placement of the UHF probe and the specific type of PD
fault occurring in the transformer. In the case of an unfavorable sensor ar-
rangement, it is conceivable that no signal is received by the antenna, even
when the DUT features PD activity. In this section, measurement results are
reported for the situation that the above indicated requirements are satis-
fied. PRPD pattern recognition is a well-known technique for the analysis
of PD data as a first step. In the following, the possibility of applying the
PRPD classification knowledge to patterns obtained through the UHF mea-
surement technique is discussed by means of practical measurements in the
transformer tank model introduced in chapter [l A schematic overview of
the tank is given in Figure

The test circuit utilized for the measurements is depicted in Figure
The measurement is performed with the OMICRON measuring system as

discussed in chapter |1} The electrical measurement for obtaining the PRPD
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Figure 3.1: Transformer tank model with numerated valves

pattern is done in accordance with IEC 60270 [21], while concurrently em-
ploying the UHF measurement technique with two identical UVS 610 UHF
probes. The detection frequency is set from 100 kHz to 400 kHz for the elec-
trical measurement, while the UHF measurement includes the VHF and UHF
bands. The topic of measurement bandwidth is discussed at length.

The UHF probes are inserted into the tank via valves 1 and 2 on two per-
pendicular sides of the transformer tank model. The sensitivity of the probes
is highly influenced by their placement within the tank. To thoroughly ex-
plore this, the measurements are performed with both antennas concurrently.
At this stage of the measurement, a sensitivity check is performed. Accord-
ing to IEC TS 62478 [30], the sensitivity check for UHF measurements in-
volves verifying the ability of the equipment to detect and measure weak

signals. This is typically done by assessing the minimum signal level that
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Figure 3.2: Test circuit enabling simultaneous electrical and UHF PD measure-
ments [133]]

can be reliably detected and distinguished from background noise, ensur-
ing that the equipment meets the required sensitivity criteria specified in the
technical specification. For this purpose, an artificial pulse is injected via the
UHF pulse generator UPG 620 to evaluate the detection sensitivity of the EM
waves by the two sensors. Furthermore, this procedure establishes a refer-
ence signal to configure the measurement parameters of the two sensors, en-
suring that the captured signals obtained from them can be effectively com-
pared. Once the performance and sensitivity checks have been completed,
the measurement system is ready to conduct UHF measurements.

For artificially generating PD pulses, the three PD fault models, namely
the surface discharge model, internal discharge model, and corona discharge
model, as introduced in chapter (1} are employed. Each fault model is posi-
tioned in the center of the transformer tank model and medium-band UHF
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PRPD patterns are acquired by the test setup depicted in Figure The de-
tecting frequency is set from 100 kHz to 400 kHz for the electrical measure-
ment. The UHF PRPD patterns were acquired with a measurement band-
width of 70 MHz with a center frequency of 440 MHz. For each of the PD
fault models, the resulting electrical and UHF PRPD patterns are presented
in the following plots. Each plot consists of three rows:

* The first and third rows depict the UHF PRPD patterns acquired via a
probe inserted through oil valves 1 and 2 of Figure 3.1} respectively.

* In the second row, the electrical PRPD pattern in accordance with
IEC 60270 [21] is shown and titled as IEC PRPD.

Each PRPD pattern represents a fixed time interval of 60 seconds, ensuring
comparability across the results. It is noteworthy that in charge-based PD
measurement as defined by IEC 60270 [21], the y-axis represents the apparent
charge of PD pulses in pC, while in UHF PRPD patterns, the y-axis reflects
the magnitude of PD pulses received by the UHF probe in mV. However, a
direct equalization of these values, a so-called calibration, is practically not
possible as discussed in chapter(l| The x-axis in the presented PRPD patterns
denotes the phase angle of the occurring PD pulse sequence in respect to the
applied AC voltage.

First, the results of the surface discharge model shown in Figure 3.3 are
analyzed.

A high correlation is observed regarding the phase of the captured PD
pulses across all three PRPD patterns. The number of captured pulses varies,
with the IEC PRPD displaying the highest density, and the UHF PRPD ac-
quired with the probe inserted through valve 1 showing the lowest density.

This has several reasons:

* Detection range:
The electric PD measurement method typically has a broader detection
spectrum compared to the UHF method. It can capture a wide range
of partial discharge activities, including both low-intensity and high-
intensity discharges. This broader range allows the electric method to
detect a larger number of pulses, including those with lower magni-
tudes that may not be detectable by the UHF method.

* Essence of the methods:
When comparing the electrical PRPD patterns with UHF PRPD pat-
terns, it has to be noted that although the cause is the same, but dif-
ferent effects are being compared. In the electrical PD measurement



Optimal Parameter Settings for UHF PD Detection 91

2.0

20

UHF PRPD - Probe in Valve 2

>
E >
~ 4
£ :
£ 8
G
é’ >
IEC PRPD
1.5 —
Q 2
P o
1.0 —
> g
] =
N (]
(§) >
0.5 -
0
10.0

UHF PRPD - Probe in Valve 1

Magnitude / mV
T
o

Voltage / kV

— -10

0 72 144 216 288 360
Phase /°

Figure 3.3: PRPD patterns corresponding with the surface discharge fault

model ||

method, the charge turn-over is the fundamental aspect that is taken
into account. It involves the measurement of the electrical current as-
sociated with the PD pulses. In the UHF method on the other hand,

the focus is primarily on capturing and analyzing the electromagnetic
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emissions generated during PD events. Unlike the electrical PD mea-
surement method that directly measures the electrical current associ-
ated with PD pulses, the UHF method detects the radiated electromag-
netic signals in the ultra-high frequency range. Consequently, a direct

pulse-to-pulse comparison between the two methods is not purposeful.

¢ Sensitivity of the UHF method:
The UHF method exhibits a notable discrepancy between the positive
and negative half cycles, with a higher sensitivity observed during the
negative half cycle compared to the positive half cycle [87]. The sensi-
tivity discrepancy observed in the UHF method between the positive
and negative half cycles is attributed to the distinct nature of the phe-
nomenon that causes the propagation of electromagnetic waves in the
event of PD. Moreover, the spatial surroundings inside the transformer
enclosure can significantly impact the probe’s sensitivity. The presence
of conductive or insulating materials in close proximity to the probe
may alter its electromagnetic environment, leading to signal reflections,
interference, or attenuation. As a result, probes positioned in areas with
complex electromagnetic interactions may display distinctive sensitiv-

ity characteristics compared to those located in less intricate regions.

The probe inserted through oil valve 1 demonstrates a discernibly supe-
rior sensitivity compared to the probe inserted through oil valve 2. This dis-
parity in sensitivity can be attributed to the divergent positioning of the two
oil valves within the tank. The probe inserted through oil valve 2, situated
at the corner of the tank, inherently experiences a compromised sensitivity,
while the probe inserted through oil valve 1, positioned at the central region
of the wall, exhibits an enhanced sensitivity. The placement of the probe
within the tank is a crucial factor in its ability to detect PD activity effectively.

Figure depicts the PRPD patterns associated with the internal dis-
charge model. As evident from the IEC PRPD pattern, the discharges in the
positive and negative cycle are nearly identical. Both start shortly after the
zero-crossing of the AC voltage cycle up to the maxima, which is typical for
cavity discharges [32]. The same properties are observed for the UHF PRPD
patterns. The noticed less number of pulses, and a higher sensitivity of the
probe inserted through oil valve 1 in comparison to the probe placed on oil
valve 2 are also observed in the UHF PRPD patterns acquired from the inter-
nal discharge model.
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Based on the results, in case of the surface and internal fault models, PD
is identified by the patterns acquired via the probes. A good correlation be-
tween the IEC PRPD and the UHF PRPD patterns is observed. Finally, the
results for the corona discharge fault model as shown in Figure 3.5/ are stud-
ied.

For the corona discharge model, since the discharge magnitude in pC
is lower in comparison to the other two fault models, the probe inserted
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Figure 3.5: PRPD patterns corresponding with the corona discharge fault
model [[133]

through valve 1 has captured a pattern similar to the IEC pattern, however,
the probe inserted via oil valve 2 has insufficient sensitivity, and therefore
does not detect PD. This is related to the position and hence the sensitivity of
the sensor and will be further addressed in the subsequent section.

In the UHF measurement method, the output signal is evidently influ-
enced by the type of PD occurring . A notable disparity in the UHF signals is
observed when comparing different PD types, which is particularly evident
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in their amplitudes. For instance, in the case of surface discharge fault model,
a PD event of approximately 0.5 nC resulted in an output signal of 2.5 mV at
valve 1, and 0.5 mV at valve 2. When investigating internal PD events, even
at the same 0.5 nC charge magnitude, the resulting output signals are signifi-
cantly different. Specifically, valve 1 exhibits an amplitude of approximately
1.25 mV, while valve 2 displays the value of 0.5 mV. The evident dissimilar-
ity between the two scenarios further underscores the challenges in calibrat-
ing the UHF measurement technique. The calibration process, which relies
on establishing consistent relationships between charge magnitude via the
IEC 60270 [21], and the output signal amplitude of a probe, becomes intricate
due to the variability introduced by diverse PD types and their associated
EM waves. Consequently, it is evident that calibration poses inherent limi-
tations in accurately quantifying the charge magnitude of different PD types
using UHF signals.

In conclusion, the investigations in this section reveal that the sensitiv-
ity of the UHF technique is influenced by both the location of the probe as
well as the PD type. Under favorable conditions, it is possible to achieve a
similar PRPD pattern as, whereas under unfavorable circumstances, the de-
tection of PD becomes unfeasible. Furthermore, the results demonstrate that
the sensitivity is subject to the influence of numerous parameters, rendering
calibration impracticable. This raises the question of whether the sensitivity
can be enhanced by selecting more suitable settings, which will be examined
in the subsequent sections.

3.2 UHF Frequency Selection

In this section, the focus lies on the influencing factors and how to select the
proper frequency range depending on the DUT characteristics for conducting
UHF PRPD measurements.

3.2.1 Influence of the DUT

To analyze how the position of the UHF probes and the design of the trans-
former tank as well as the antenna properties of the probes impact the cap-
tured EM signals, an investigation on the s-parameter is provided in this sec-
tion. The s-parameter data for the UHF probes in relation to their reflection
and transmission coefficients are evaluated in the following using the trans-

former tank model. For this reason, identical UHF probes are introduced
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into the transformer tank via valves 1 to 4 according to Figure and con-
nected to port 1 to 4 of the Vector Network Analyzer (VNA) through 50 ()
UHF cables, respectively. The examinations conducted in this section uti-
lized an automatic four-port calibration unit, in which all four channels of
the VNA were connected to the calibration kit simultaneously via dedicated
test cables. The calibration provides that the effects of the measurement ac-
cessories such as the cables, connectors, adapters, etc. are excluded from the
s-parameter measurement of the equipment under test, in this instance the
UHF probes. After calibrating the test setup, the connections are removed
from the automated calibration kit and attached to the probes. Subsequently,
the reflection and transmission coefficients of the four-port network are mea-
sured, and presented in Figure and Figure respectively. The sub-
script of the supplied s-parameter corresponds to the appropriate oil valve,
via which the UHF probe is inserted into the tank.

Reflection Coefficient / dB

— — — Free Space
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Figure 3.6: Reflection coefficient of the UHF probes introduced into the transformer
tank via oil valves 1 to 4 and in free space [133]

As discussed in chapter [1} the transformer tank behaves as a resonator.
In case of the transformer tank model in this thesis, it is reduced to a simple
rectangular cavity with inner length, width and height of 816 mm, 1196 mm
and 1556 mm, respectively. The resonance frequencies f, of a rectangular
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cavity are determined by:

2 2 2

= (GG e
where m, n, and p are the mode numbers, cj is the speed of light in vacuum,
and y, and ¢, are the relative permeability, and the relative permittivity of the
propagation medium within the cavity, and the parameters /, w, and  are the
length, width, and height of the cavity, respectively. Equation illustrates
that in a rectangular cavity, oscillation modes are only formed at a limited
number of discrete frequencies [101]. For practical measurements, this is the
tirst component that has to be taken into consideration while determining
the optimal frequency range for UHF measurements.

The resulting lowest resonance frequency (f;)o11 for the air-filled tank
model considered in this work equates to 158 MHz. This is the first and dom-
inating mode. The following six successive resonance frequencies are within
the frequency range of 210 MHz to 280 MHz. The reflection coefficient of
a probe reflects the quality of antenna matching between the probe and its
environment. According to Jacobi’s law, for optimum power transmission
and also reception, the impedance of an antenna needs to match that of its
surrounding [148]]. This includes the medium in which the probe is inserted,
but any metal or dielectric object in the immediate proximity of the probe di-
rectly influences the matching. The inside of the transformer tank comprises
of several components that create inductors and capacitors associated with
the probe. In addition, since the antenna is introduced via an oil drain valve,
the valve itself also impacts the probe. The input reactance of each probe
varies depending on which oil valve of the transformer tank is selected for
insertion.

For comparison purposes, the reflection coefficient of the employed UHF
probe is also measured in free space and presented in Figure The minima
in the reflection coefficient of an antenna indicate the frequencies at which
the antenna exhibits good impedance matching and efficient power transfer,
resulting in minimal power reflection and enhanced radiation or receiving
performance. When an antenna is placed in free space, it is not influenced
by any nearby structures or objects. When the same antenna is inserted into
a rectangular cavity, several factors can affect the reflection coefficient. The
presence of the cavity introduces new reflections, diffractions, and interfer-

ence effects, which can alter the antenna’s performance. These effects depend
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on the size and shape of the cavity, as well as the antenna’s position and ori-
entation within it. In case of the presented results in Figure a significant
variation in the reflection coefficients is noted. Placing the probe into the
transformer tank as a cavity results in the creation of a new electromagnetic
system, where the resonance frequencies and influence of the cavity become
predominant. In the new system, it is observed that the amplitude of the
reflection coefficients in Figure 3.6 varies across the resonance frequencies of
different probes in the tank. Concerning the probes inserted into the tank, a
number of discrete frequencies are noticed, where the reflection coefficients
are below —10 dB, which means that less than 10 % of the incident electro-
magnetic waves are being reflected back by the probes [149]. This suggests
that the probes are efficient in capturing electromagnetic waves at those fre-
quencies and converting them into electrical signals that can be measured
via an oscilloscope. Small peaks are found in the frequency region below
200 MHz. At the computed dominant frequency of roughly 160 MHz, the
probe inserted via oil valve 3 reveals a minor peak of -3 dB. The reflection
coefficients of the probes put into oil valves 1, 2 and 4 reveal no peak at the
lowest resonance frequency of 160 MHz. The initial resonance frequency that
all the antennas exhibit is at roughly 245 MHz. The strongest and weakest
peaks with -32 dB and -5 dB are associated with Ss3, and S;, respectively.
This underlines a direct association between the vicinity to the walls and the
sensitivity of the probe. Oil valve 2 is in the corner of the tank and hence
from three sides in near vicinity to the tank walls or tank bottom. Oil valve
3 on the other hand is near the middle of the tank wall and consequently,
in comparison to the other oil valves, the most distant from the tank walls.
The probes in oil valves 1 and 3 exhibit a comparable result for their first re-
spective peak with —14 dB. The sensitivity of the probes installed through the
lowest oil drain valves (oil valves 1 and 2) is compared to the probes inserted
through oil valves at the center of the two perpendicular transformer sides,
i.e. oil valves 3 and 4, by means of considering their respective transmission
coefficients 51 and S,3 in Figure Furthermore, the transmission coeffi-
cients of a probe pair on the same wall, i.e. probes inserted through oil valves
2 and 4, and probes installed on oil valves 1 and 3 (S4, and S31), are shown in
Figure

By comparing the sensitivity of the probes inserted through the lowest oil
drain valves (oil valves 1 and 2) to the probes inserted through oil valves in
the center of the two perpendicular transformer sides (oil valves 3 and 4) in
Figure the sensitivity of the probes inserted through the lowest oil drain
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Figure 3.7: Transmission coefficient of the UHF probes introduced into the trans-
former tank with (a) S»; and Sy3, and (b) S4 and S3; [133]
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valves (oil valves 1 and 2) is determined. In addition, Figure shows the
transmission coefficients of a probe pair on the same wall, i.e. probes inserted
via oil valves 2 and 4 and probes positioned on oil valves 1 and 3 (S4, and
S31)-

A notable correlation between the measurement results of the reflec-
tion coefficient in Figure and transmission coefficients in Figure is
observed. As anticipated, the transmission coefficients improve in the fre-
quency ranges where the reflection coefficient is below —10 dB. The rationale
is that a lower reflection coefficient indicates better matching, which leads
to stronger radiation and, as a result, more of the injected power to the
transmitting probe is transmitted to the receiver. At the tank’s dominant
frequency of 160 MHz, a peak is seen in S43 and S3;, whereas the peak in S3;
with —27 dB is substantially greater. This is in turn related to the influence
of the probe position and consequently its sensitivity. In both investigated
scenarios of Figure[3.7 the initial joint resonance frequency occurs at roughly
245 MHz. Since the transmission coefficient contains both the effects of the
propagation environment, in this case the transformer tank, as well as the
antenna characteristics of the probe, it is concluded that the resonance fre-
quencies of the tank as a cavity are aligned with those of the probe at some
frequencies. Furthermore, the results of the investigation on the reflection
and transmission coefficients underscore the fact that in this unique appli-
cation of antennas, the near-field area of the antenna is in focus. This is in
keeping with the notion of near and far field consideration of the EM waves
discussed in chapter[I} As a result, the common assumptions associated with
antenna theory in general are scarcely relevant in this particular application,

since the issue is more complicated.

3.2.2 Frequency Analysis of the EM Waves Emitted by PD

In this section, a frequency analysis is performed on the UHF signals to ex-
amine the findings presented in the previous section through measurements
conducted in the introduced transformer tank model.

For the measurements, UHF probes are inserted into the oil drain valves
1 and 2 according to Figure [3.1) with an insertion depth of 6 cm. The internal
fault model introduced in chapter 1] is employed for generating PD pulses
artificially. The UHF probes are connected to two channels of the 4-channel
oscilloscope with a sampling frequency of 20 GS/s. The test setup of the
conducted measurement is illustrated in Figure
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Figure 3.8: Test circuit for capturing UHF PD pulses [150]

Reflections might enhance or diminish particular frequency components
of the received pulses owing to the relatively small size of the transformer
tank. To focus on the initial part of the signal that contains the relevant infor-
mation for this investigation, the arrival time, meaning the specific moment
at which the signal is received by the probe, was determined. Subsequently,
a time window with a width of 10 ns starting from the arrival time was se-
lected and transformed into the frequency domain using discrete Fourier
transform (DFT). This procedure was applied to 100 data-sets. This allows
the effects of reflections or other interference that may occur to be mitigated.
To combine the frequency spectra of 100 data-sets, the technique of averaging
can be employed, which mathematically entails summing up the individual
spectra and dividing the resultant by the total number of spectra. This sta-
tistical method yields an averaged frequency spectrum that represents the
collective frequency characteristics of the signals analyzed within the chosen
time frame. The resultant signal is presented in Figure
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Figure 3.9: Frequency spectrum of PD pulses of the internal discharge model re-
ceived by two UHF probes [150]

The results, as shown in Figure may be interpreted by classifying the
frequency range into 4 categories, as follows:

1. Below 160 MHz:
A transformer’s tank is a rectangular cavity that is enclosed with metal.
Each cavity has a dominant mode that is determined by its size, shape,
and the medium used to fill it. Considering the transformer tank model
in this thesis, the dominant frequency equals to 160 MHz. A signal with
a frequency below this value will be significantly attenuated, according
to theory [151]. A rectangular waveguide’s dominant mode is derived
by its dimensions and the medium in which EM waves travel. The
bushing conductor that protrudes into the tank is accounting for the
frequency components observed below 160 MHz. In this case, the PD
fault model serves as the excitation source for the bushing conductor,
which may be regarded as a monopole antenna in this context. This
matter was addressed in section The signals in this frequency
range are captured by the probes before being attenuated due to the
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tank’s modest size. Conducting UHF measurements is not possible in

this range.

2. Between 160 MHz and 300 MHz:
The electromagnetic waves produced by the PD fault model are respon-
sible for the frequency components in this category. For both probes,
the maximum is detected at a frequency of roughly 245 MHz. The fre-
quency of the component with the greatest amplitude is dependent on a
number of parameters, including the size of the transformer, the probe’s
location, the probe’s antenna properties, the insulating medium, etc.;

nonetheless, this range is recommended for UHF measurements.

3. Between 300 MHz and 700 MHz:

The main frequency content is concentrated in the preceding category.
A cavity is predestined to resonate at specific frequencies, determined
by its dimensions and geometry, and these frequencies correspond to
the various resonant modes of the cavity. Hence, when a signal’s fre-
quency content is concentrated around a certain frequency range inside
a cavity, the energy of the signal may spill over into neighboring fre-
quency bins. Furthermore, the straight uninterrupted path between the
PD fault model and the probe is the shortest. In reality, it is seldom
the case that an uninterrupted path exists between the PD fault and
the probe, since the active part of the transformer often disrupts the
direct path resulting into reflections. Further UHF signal travel path-
ways may be determined by taking into account the tank’s walls. This
region is also appropriate for conducting UHF measurements for PD
detection. At 440 MHz, the highest peak can be detected.

4. Above 700 MHz:
In this frequency range, there are hardly any frequency components to
be observed. Only reflections could be seen in the higher frequency
regions since the PD fault emits signals in the lower frequency bands;
however, since each reflection loses a percentage of its energy, the sig-
nals are attenuated. As a result, this frequency range is incompatible

with UHF measurements.

It is noteworthy, that the resonance frequencies of the antenna itself as
a monopole with a length of 5 to 7 cm, depending on the insertion depth,
have also to be considered. The first and lowest resonance frequency occurs

at a length corresponding to one-quarter of the wavelength (A/4). Hence,
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the antenna resonance frequencies are above 700 MHz and thus outside the
defined measurement frequency bands.

Based on the above frequency analysis of the UHF pulses for the trans-
former tank model, in the following section, guidelines are presented on how

to determine the optimal frequency range for obtaining UHF PRPD patterns.

3.3 Proposed Algorithm for Frequency Selection

The measurement device Omicron UHF 620, as discussed in chapter |1} of-
fers three bandwidth choices for performing UHF measurements: wide-band
with 1.9 GHz, medium-band with 70 MHz, and narrow-band with 1.5 MHz.
The wide-band measurement with a center frequency of 1.05 GHz does not
provide reliable results, as a targeted measurement of the EM signals gener-
ated by PD is not achievable. The reason for this is that PD generates EM
signals over a broad frequency range owing to the properties of the trans-
former tank as a cavity, and these signals can overlap with other signals in
the frequency domain, making it difficult to distinguish between PD signals
and background noise or interference. Furthermore, the broad measuring
bandwidth leads to the receipt of signals with diverse amplitudes. For per-
forming UHF PRPD measurements, an appropriate amplification factor has
to be chosen, which, in case of a wide-band measurement, leads to the conun-
drum that the appropriate amplification factor of the measurement system is
difficult to set, since either the gain factor is insufficient or the system is over-
driven. By the latter, while UHF pulses are captured, suggesting PD may
be identified, nevertheless, the resultant pattern exhibits a limited associa-
tion with the electrical patterns. A narrow-band measurement option is also
not recommended, as owing to the constrained bandwidth, even if signals
are captured, the number of pulses is very limited and consequently, the ob-
tained pattern is insufficient for interpretation. Therefore, a medium-band
measurement is an appropriate compromise.

From a practical standpoint, the first factor to be considered is the dom-
inant mode, which in case of a rectangular cavity is, as discussed in sec-
tion[1.3.T} the TEy;; mode. However, choosing the dominant frequency as the
center frequency of the measurement is not advised. The optimal frequency
range for performing UHF measurements is rather established by evaluat-
ing the mode density. This notion is known from electromagnetic reverber-

ation chambers (ERC), where experiments for EM compatibility (EMC) are
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carried out [102]. The dense mode environment within an ERC enables com-
prehensive characterization of device performance under challenging elec-
tromagnetic conditions. The objective is to evaluate the robustness, interfer-
ence rejection capabilities, and overall reliability of wireless communication
systems. Based on the concept of an ERC, the proposed approach for the se-
lection of an optimal frequency range based on the properties of the DUT for
conducting UHF measurements is to pick the lowest center frequency that
contains the greatest number of resonance frequencies of the tank with re-
gards to the measurement bandwidth. In case of the transformer tank model
in this thesis, the resonance frequencies were determined using and
listed. The suitable choice is a center frequency of 245 MHz, which encom-
passes the six consecutive modes after the dominant mode. The studies on
the s-parameter of the tank, where the first peak was observed at 245 MHz
(Figure [3.7), are in accordance with the suggested approach of determining
the optimal center frequency. A probable situation is that owing to external
effects, a higher center frequency is to be chosen. In this scenario, a simi-
lar procedure is advised, where the center frequency with the most excited
modes of the tank is selected. Applying this to the tank model in this thesis,
the selection of a center frequency of 440 MHz is suitable, since it contains
13 resonance frequencies in the measurement bandwidth. Therefore, the fol-
lowing algorithm for the optimal frequency selection is proposed as shown
in Figure [3.10

The resonance frequencies of the tank must first be computed in order to
identify the best frequency range for UHF measurements. The form and size
of the DUT must be known for this purpose. In the case of a rectangular tank,
the resonance frequencies may be calculated using (3.I). The target center
frequency is the frequency with the maximum mode density, not the cut-off
frequency as outlined in section As a result, probable center frequencies
are listed by the number of modes they include, depending on the measuring
system’s bandwidth.

The lowest center frequency is chosen for the measurement. Following
that, the measuring system’s gain level and amplification factor are adjusted.
The instructions of the IEC TS 62478 about the performance and sensitivity
check are relevant for this step [30]. The background background noise is
examined after choosing and adjusting the measurement parameters. If the
background noise is acceptable, the UHF technique may be used to perform

the measurement. Otherwise, fine-tuning of the chosen center frequency
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Figure 3.10: Practical approach towards the selection of the optimal frequency range
for performing UHF measurements in power transformers [133]

might be undertaken first. If the background noise persists, the center fre-
quency should be shifted to the next greatest frequency density position on
the list of center frequencies, and the process repeated until the criteria are
tulfilled. Figure depicts the flowchart of the described approach to iden-
tifying an appropriate frequency range.

It is noteworthy that the active part within the transformer impacts the
resonance frequencies. Moreover, the insulating oil will also impact the res-
onance frequencies of the tank, as the material in which the EM waves travel
is represented in by its permittivity and permeability. The oil valve,
through which the probe is inserted is also an influencing element, as it acts

as a semi-cylindrical cavity behind the antenna and consequently impacts
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its antenna properties. The bushings and the bushing holes are the other
components that determine the resonance frequencies. Equation is rec-
ommended as a rule of thumb to find the optimum frequency range, but,
similar to the electrical measurement, adjustments have to be made based on
the individual conditions. In the following section, the proposed approach is

validated by practical measurements.

3.4 Practical Measurements Using Different Fre-
quency Settings

In the previous section, a thorough analysis on the frequency components of
PD pulses was provided with the transformer tank model in focus. Further-
more, a practical approach on determining the most suitable frequency range
for conducting UHF measurements based on the properties of the DUT was
discussed. In the following, measurement results are presented. Here, the fo-
cus lies on wide-band and medium-band measurements. The former covers
the complete spectrum from 100 MHz to 2 GHz. For the latter, the two center
frequencies of 245 MHz and 440 MHz were deemed as suitable in the pre-
vious section. The frequency bandwidth for medium-band measurements is
70 MHz. For the UHF measurement, the test setup illustrated in Figure

is used. In terms of the fault model, the results for the surface PD model
(Figure[1.13a) are exemplarily presented.

Wide-band Measurement

As previously mentioned in section wide-band measurements seldom
provide a pattern that is analogous to the electrical pattern. The outcome of a
wide-band measurement is shown in Figure Both probes detect signals,
but the resulting patterns do not reveal the type of fault owing to challenges
in regulating the amplification factor.

Medium-band Measurement

Two center frequencies, as discussed in section were determined as
suitable for performing UHF measurements in the transformer tank model:
245 MHz and 440 MHz. The results of UHF measurements for these two
frequencies are presented in Figures and respectively.

The Figures and both indicate a high correlation between the
UHF PRPD patterns and the electrical patterns. Based on the s-parameter
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Figure 3.11: Wide-band measurement with a bandwidth of 1.9 GHz of PRPD pat-

terns associated with internal discharge model at a center frequency of
1.05 GHz [133]

results in section the probe inserted through oil valve 1 has a higher
sensitivity than the probe inserted via oil valve 2. This is also reflected in
the results. Furthermore, due to the number of excited modes in the tank, the
number of recorded pulses at the center frequency of 440 MHz is significantly
higher than that at the center frequency of 245 MHz.

While performing measurements using the UHF technique, if the fre-
quency range of the measurement is not adjusted to the DUT, the possibility
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Figure 3.12: Medium-band measurement with a bandwidth of 70 MHz of PRPD pat-

terns associated with the internal discharge model at a center frequency
of 245 MHz

exists that even in case of PD activity, no EM radiation is detected. To demon-
strate, UHF PRPD measurement was performed with the same arrangement
at center frequencies 350 MHz and 800 MHz. The results are shown in Fig-
ures and respectively. The reason for this phenomenon is that these
frequency components will not be able to propagate inside the tank since
there are no modes that can sustain them. The attenuation of these frequency
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Figure 3.13: Medium-band measurement with a bandwidth of 70 MHz of PRPD pat-

terns associated with the internal discharge model at a center frequency
of 440 MHz

components inside the tank is very high, and the signal strength will be sig-
nificantly reduced as it propagates along the cavity.

The PD fault models for surface and corona discharge were used to verify
the observations provided in the subsection, with similar results. At a center
frequency of 440 MHz, the PRPD patterns shown in Figures [3.3/and 3.5|were
obtained. Although the frequency components of the signals and, as a result,
the electrode layout of the PD source have an impact, however, the tank and
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Figure 3.14: Medium-band measurement with a bandwidth of 70 MHz of PRPD pat-

terns associated with the internal discharge model at a center frequency
of 350 MHz

its electromagnetic characteristics are the crucial and deciding aspect.
Although the active part of a transformer exerts an influence on the prop-
agation path of the EM waves emitted by PD, the impact on the displayed
PRPD pattern, concerning the phase of the power frequency of the AC cy-
cle, is found to be negligible. The EM waves generated during PD activi-
ties may encounter variations in the propagation path caused by the active
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Figure 3.15: Medium-band measurement with a bandwidth of 70 MHz of PRPD pat-

terns associated with the internal discharge model at a center frequency
of 800 MHz

part within the transformer. These variations could potentially introduce de-
lays or changes in the signals’ travel times, affecting the phase relationship
between the PD signals and the power frequency. However, since the EM
waves propagate by the speed of light, the resulting delay caused by the
active part of the transformer is minimal when compared to the power fre-
quency’s cycle time. As a consequence, any deviations in the propagation
path are not significant enough to substantially alter the phase information
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used to construct the UHF PRPD pattern [152].

In this chapter, the UHF PD measurement technique was studied from an
EM standpoint. Individual key elements, such as PD as the excitation source,
the UHF probe, and the transformer tank as a cavity, were explored in this re-
gard. The effect of the transformer tank on the propagation of PD-generated
EM waves was investigated by examining the measured s-parameter in a
transformer tank model. It was demonstrated that, while the used UHF
probe has broadband properties in free space, when inserted into the tank,
a new EM system is established in which the tank’s influence as a cavity
resonator with specific resonance frequencies is dominant, as evidenced by
the discrete profile of the reflection and transmission coefficients. These re-
sults led to the development of a practical method for determining the best
frequency range for performing UHF measurements. The relevance of choos-
ing an appropriate frequency range for utilizing the UHF approach was ad-
dressed by displaying measurement results from experiments done on a tank
model. It was discovered that, in the presence of suitable measurement set-
tings, there is a high correlation between conventionally obtained PRPD pat-
terns and UHF PRPD patterns. Furthermore, it was demonstrated that under
certain circumstances, the UHF measuring approach is incapable of detecting
PD. This is due to factors such as the PD type and position, the characteris-
tics of the used UHF probes and their placement, the active part, and the
transformer tank all have an impact on the method’s sensitivity. Because of
these factors, a calibration that is equivalent to that of the IEC 60270 [21] is
not achievable. Finally, utilizing resonance frequencies and mode density, an
effective methodology for choosing the most suitable frequency range based
on the DUT was devised and presented.
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Chapter 4:
Development of Methods for Enhanced
PD Localization

The application of PD assessment in the condition monitoring of high voltage
equipment entails three aspects: first, detection and PD type identification;
second, determination of severity of the damaging effect; and lastly, PD lo-
calization in high voltage equipment. The focus of the last chapter was on the
tirst two aspects, which were explored by comparing the UHF measurement
technique to the conventional PD evaluation method. In this chapter, the de-
termination of the PD fault location using the UHF measurement technique

is presented.

4.1 Novel Localization Approach

In light of the presented measurement uncertainties in chapter|l, and to im-
prove the localization accuracy with the UHF measurement technique, the
proposed localization algorithm in this chapter applies a multi data-set ap-
proach, which is discussed in the following.

In this section, the influence of determined ATs on the resulting location
for PD is analyzed by means of an analogy model. Subsequently, the ap-
proach of incorporating multiple data-sets facilitated by suitable selection

criteria for computing the final coordinates of the PD fault is discussed.

4.1.1 Influence of Determined ATs on Localization Accuracy

The distance between the PD source and the corresponding UHF probe can

be expressed in terms of the propagation velocity of the EM waves multiplied
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by their time of flight as follows:

(s = 211)* (s —91)*+ (s — )" = 2 - (10)”,
(v —22)* + (s —12)* + (2 — 22)* = - (to + t2) %, (1)
(v = x3)" + (v —y3) " + (2 —23)" = 2=« (to + t13)”, .

[ (rs = )"+ (s =) + (2 —20)" = & (to+ hra)

where the coordinates of the PD source are denoted as x;, ys, and zs, while
the coordinates of each of the probe tips are represented as x;, y;, and z; with i
indicating the probe index. The parameter c refers to the speed of light, and
g, is the relative permittivity of the propagation medium. In this system of
equations, the AT of each signal represents the duration taken by the signal
to travel from the PD fault, considered as the source, to the probe. The time
difference between the PD inception time and the AT of the trigger signal is
denoted as ty, whereas t;; indicates the time difference between the trigger
signal and the AT of the signal captured by the i" probe. The system com-
prises of four equations and four unknowns, namely the location of the PD
fault and ¢.

From a geometrical point of view, describes a sphere with the tip of
the corresponding probe as its origin and the radius defined by the propaga-
tion velocity times the time of flight. Since ¢ is unknown, the radii of all four
spheres are dynamic values. Hence, the arrival time of each signal affects the
radii of all four spheres and therefore has a significant influence on the local-
ization accuracy. A sensitivity analysis on the ATs of the signals is presented
in the following.

In order to investigate the influence of erroneously determined arrival
times of the UHF signals on the calculated location of the PD, a 2D analogy
model is considered. Here, the same localization principle is applied, how-
ever, due to the reduced dimensions, only three probes are required for the
localization. A schematic overview of the model with the tank, the probes
and the PD fault location is shown in Figure

The considered tank in Figure |4.1 has a length and a width of 1000 mm,
and 750 mm, respectively. A hypothetical Cartesian coordinate system with
its origin at the bottom left corner of the tank is assumed. The coordinates of
the tip of the three UHF probes and the location of the PD fault are listed in
Table The probes have each an insertion depth of 5 cm.

If the ATs are determined correctly, the system of equations in the 2D case
results in three circles with their center at the probe tips and their point of
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Figure 4.1: 2D analogy model with three UHF probes

intersection revealing the PD location. These circles are shown in Figure
alongside the probe tips and the PD fault location.

When performing localization measurements using the UHF technique,
one of the main challenges is that the received signals are typically subjected
to a lead or lag in their AT. This is the result of many influencing factors,
such as reflections due to the transformer’s walls, prolongations of the prop-
agation path due to the active part, inadequacies of the AT determination
method, varying propagation velocities depending on the materials etc. This
has a significant impact on the resulting localization accuracy, as will be dis-
cussed in the following.

To assess how deviations in the determined ATs affect the accuracy of

localization, an error in form of a lead or lag in the AT from its actual value

Table 4.1: Locations of the PD fault model and the UHF probes of the 2D analogy
model

Element || X/mm | Y/ mm

Probe 1 50 500
Probe 2 500 50
Probe 3 950 500
PD Fault 250 375
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is assumed. This error is limited to +4 ns in 100 ps steps, corresponding
to a sampling rate of 10 GS/s of an oscilloscope. The reduced version of
the system of equations in for the 2D case represents three circles with
centers at the probe locations and radii proportional to the time difference
between the PD fault and the probes, squared. If there were no errors in the
ATs, the intersection of these circles would give the location of the PD fault.
However, when there are errors in the ATs, the circles become distorted and
the intersection points change.

To analyze the influence of errors in f1, on the obtained locations for PD,
the system of equations is solved for different values of t1, with a max-
imum error of +4 ns in 100 ps steps. This will result in a set of solutions
(xs,ys) for each value of t1; as presented in Figure It is noteworthy that
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v
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S
E 500t :
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-500 0 500 1000 1500 2000
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Figure 4.2: 2D tank model with the obtained locations of PD in case of erroneous AT
determination of the signal received by probe 2

an error in tq; has a significant impact not only on the radius of the circle cen-
tered at the tip of probe 2 but also on all three radii. This is because an error
in t15 causes a change in the calculated value for tp, which in turn affects the
radii of all three circles in the system of equations.

Plotting all the obtained solutions for (xs, ys) will result in a shape known
as a "locus of points" or "locus curve". This curve represents all the obtained

locations of PD for different values of t1», considering the defined error range.
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Since there are three equations and three unknowns, each solution for (x5, ys)
will correspond to a point in 3D space with 1, as the third dimension. There-
fore, the locus of points will be a hyperbolic surface. The reason for this is
that the circles resulting from the equations in have different radii, and
the distances between the centers of the circles are not equal. In other words,
the system of equations does not describe the intersection of three spheres in
a 3D space, which would result in an ellipsoid, but rather the intersection of
three circles in the plane and a line. The shape of the locus curve depends
on the specific values of the parameters in (4.I), however, since the analogy
model is reduced to two dimensions, the locus curve will be a hyperbola. In
this regard, the tips of the probes corresponding to the signals with correctly
determined ATs are the focus of the hyperbola, and their midpoint is its cen-
ter. The asymptote and eccentricity of the hyperbola depend on the spatial
distribution of the probes with regards to the PD location. In case of PD lo-
calization in power transformers, i.e. in a 3D space, the same scenario results
in a hyperboloid of two sheets.

To demonstrate the impact of an error in the AT on the resulting localiza-
tion error, the introduced 2D model is considered again. An error of 500 ps
in the AT of the trigger signal (received by probe 1) results in a localization
error of around 8 cm. For probe 2 and probe 3, the resulting localization error
is around 15 cm, and 17 cm, respectively. This indicates that the distance be-
tween the receiving probe correlates with the effect of its signal’s AT on the
accuracy of the localization. In the 2D analogy, the farther the PD location is
from the probe, the larger the radius of the resulting circle. This in turn leads
to a larger distance difference when the calculated location is considered in
discrete steps. Hence, errors in the signal received by the probe farthest from
the PD location result in the highest deviation in the obtained location for
the PD. This presents a challenge because this signal is usually particularly
attenuated due to reflections and possible obstacles.

4.1.2 Selection Criteria

As discussed in the previous section, the determined position for the PD is
significantly affected by the precision of the AT determination. In this thesis,
the proposed localization algorithm is based on processing multiple data-
sets. Hence, selection criteria are applied to increase the accuracy, which are
addressed and discussed in this subsection using the introduced 2D analogy
model. The first applied rule is the following;:
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> The value for t( has to be positive.

The system of equations resulting from correlating the distance between the
PD source and the four UHF probes is non-linear. To address the problem,
numerical methods are utilized as a common approach in solving complex
equations. By employing numerical methods, the task of solving the equa-
tions is transformed into an optimization problem, where the primary ob-
jective is to minimize the sum of squares of the unknown parameters. To
accomplish this optimization, certain constraints or restrictions must be im-
posed on the solution. One crucial limitation is related to the PD inception
time to concerning the AT of the trigger signal. It is essential to ensure that
the PD inception time occurs before the arrival time, as a negative value for
to is physically infeasible and, therefore, not allowed in the context of this
problem. Another vital constraint is related to the nature of the parameters
involved in the equations. The parameters must take on real values only, and
any complex or imaginary solutions are disregarded. This limitation arises
due to the practical implications of the problem, as only real values make

physical sense, which leads to the second rule:
> The obtained location for the fault must be feasible.

This rule removes some of the candidate locations by imposing strict require-
ments. By carefully assessing and utilizing crucial input data, including the
precise dimensions of the tank and characteristics of its active part, this rule
efficiently narrows down the pool of selected candidates for the PD fault loca-
tion. The objective is to eliminate locations that have emerged in the process,
but are implausible. These locations, often situated outside the confines of
the tank, do not align with the physical constraints and practical considera-
tions of the setup. Consequently, it is imperative to exclude such improbable
positions from further consideration, as they can lead to misleading or er-
roneous results. By judiciously applying this rule, the analysis ensures that
only relevant and feasible candidate coordinates of the PD source are taken
into account. This enhances the accuracy and reliability of the subsequent
evaluations and allows for a more precise localization of PD within the tank.

For demonstration purposes, the result of subjecting the obtained loca-
tions for the fault in case of a lead or lag in the AT of the signals received
by probe 1, and probe 3, in 500 ps steps are depicted in Figure and Fig-
ure respectively. For each case, the result of solving the system of equa-
tions for the 2D model is shown as dashed circles indicating the obtained
radii leading to the determined location.
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Figure 4.3: 2D tank model with the obtained locations of PD in case of applying
selection criteria to erroneously determined AT of the signal received by

(a) probe 1, and (b) probe 3
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Regarding the results presented in Figure(4.3) it can be noted that for equal
errors in ATs of the received signals by probe 1 and probe 3, the influence of
the latter is more significant. Furthermore, by applying the selection crite-
ria, only one of the curves of the hyperbola remains since the other curve is
associated with negative values for t.

In addition to the two aforementioned selection criteria, the following is
also applied:

> The location of the fault has to correspond to the correct sequence of
arrival.

It is assumed that the order of arrival of the signals from the PD source to the
probes is known. This third rule significantly reduces the number of candi-
date data-sets that contribute to the computation of the final location for the
PD. The method that is used to determine the arrival time of the signals and
consequently the correct arrival sequence will be addressed in section

In the cases considered so far, only the AT of one of the received signals
was subjected to an error. This is rarely the case in practical measurements.
In Figure the unprocessed obtained locations for the PD fault are il-
lustrated, if the determined AT of the signals is subjected to a lead or lag
between 1 to 5 samples. The sampling frequency is considered to be 10 GS/s,
meaning a maximum error of 500 ps in the ATs. Figure illustrates the re-
sult of subjecting the obtained locations shown in Figure §.4afor the PD fault
to the three selection criteria. The obtained locations surround the actual PD
location.

A similar approach can be taken towards different constellations of the
probes and the PD location with similar outcome. Lastly, a pattern can be
obtained for each location inside the tank for the PD fault. This pattern rep-
resents possible erroneously obtained locations for PD that can be the out-
come of a single data-set. This suggests that by increasing the number of
considered data-sets in the evaluation, and therefore the obtained locations, a
higher localization accuracy can be achieved. Moreover, clustering methods
can be applied to determine the final location for the fault. In the presented
results in this section, only a maximum deviation of 500 ps was considered.
It is noteworthy that in practical measurements, the error in the AT deter-
mination could be well above this threshold. Hence, it is to be expected that
even with a data-base consisting of several data-sets, only a small fraction are
selected in the final stage of determining the PD location. An increased num-
ber of data-sets is however recommended to ensure the desired localization

accuracy.
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Figure 4.4: 2D tank model with the obtained locations of PD in case of erroneous AT
determination of all received signals (a) before, and (b) after applying the
selection criteria
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4.2 Simulation of the Wave Propagation using the
FDTD Method

The effect of deviation in the determined ATs of the signals on the obtained
PD location was discussed in the previous section using a 2D-model. The
method of digital signal processing applied to determine the AT is not the
only factor affecting the localization accuracy. Since a transformer has a
rather complicated inner structure, a direct line of sight between the PD lo-
cation and the probes is seldom. The active part of the transformer causes
reflections and thus extended propagation times. In this section, the effect of
the active part is investigated. For this purpose, the Finite Difference Time
Domain (FDTD) method, which is a numerical technique based on the finite
difference concept, is used to solve Maxwell’s equations for electric (E) and
magnetic (H) field distributions [[153]].

4.2.1 Introduction to FDTD Method

The FDTD method replaces Maxwell’s differential equations for E and H in
time and spatial domain by finite difference equations and solves them nu-
merically, enabling the simulation of electromagnetic wave propagation in
complex geometries [154, 155].

For the simulation of the propagation of PD-generated EM waves, a rep-
resentative PD current pulse is necessary. For this purpose, the Gaussian
pulse in is utilized [156]:

I(t) = Ip-exp (M) (4.2)
202

where Iy is the amplitude, ty is the initial time, and ¢ is the characteris-
tic waveform parameter which describes the pulse width at half maximum
value. In this thesis, the excitation source is based on a typical PD pulse
within a transformer [157]. Furthermore, the signal is superimposed with
white Gaussian noise. The result is shown in Figure

A crucial matter in the FDTD technique is the approach towards the
boundaries of the problem space. Since a numerical method is applied and
the computational space is finite, appropriate boundary condition have to be
implemented. In this work, the perfect electric conductor (PEC) boundary
is utilized for metallic components. By enforcing this boundary condition,
any arriving wave is entirely reflected as the tangential electric fields on the
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Figure 4.5: PD pulse used as excitation source

boundary of the domain are set to zero [154, [158]. The assumption of PEC
boundary conditions is often used in simulations of electromagnetic waves
in enclosed structures, including power transformers. This assumption is

based on the following reasons [154]:

¢ Conductivity of transformer walls:
Transformer walls are usually made of metals such as steel, which have
high electrical conductivity. This means that the walls can effectively
reflect any incoming electromagnetic waves, as the free electrons in the

metal can easily move and cancel out the electric field inside the metal.

¢ High frequency range:
PD in power transformers typically occurs at high frequencies in the
range of several tens of MHz to several GHz. At these high frequencies,
the skin depth of the electromagnetic waves is very small, typically in
the order of micrometers or less. This means that the electromagnetic
tields inside the transformer walls are negligible, and the walls can be
treated as perfect electrical conductors.

¢ Simplification of modeling:
The use of PEC boundary conditions simplifies the modeling process,
as it eliminates the need to model the electromagnetic fields inside the
transformer walls. This can significantly reduce the computational cost

and simulation time.
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However, it is important to note that this assumption may not be com-
pletely accurate in some cases. Real-world transformers can have imperfec-
tions such as surface roughness, coatings, and other factors that can affect the
reflection and absorption of electromagnetic waves. Additionally, the pres-
ence of insulation, winding structures, and other components can also affect
the behavior of electromagnetic waves inside the transformer.

The FDTD method is used in the following to investigate the effect of
the active part of a transformer on the propagation path of PD-emitted EM
waves. For this purpose, the two-dimensional analogy model depicted in
Figure[4.1]is again utilized.

Direct Path

In the arrangement shown in Figure there is a direct path between the
PD location and the three sensors. Hence, the EM waves generated by PD
will travel the shortest path between their origin and the receiving probes,
resulting in a direct line. Figure 4.6|shows the simulated EM wave at the mo-
ment it is received by probe 3, which is roughly 2.36 ns after PD inception.
The color scheme used in the figures in this section includes turquoise for the

2.36 ns
B | W&, o Probe 1 Probe 3 ¢l L i

A

PD Fault
Location

Probe 2

Figure 4.6: EM wave propagation due to PD at time step 2.36 ns

background, and yellow for the wavefront. Notable features such as reflec-
tions or interference patterns can be identified. Based on the observed wave-

front spreading and amplitude decay, conclusions can be drawn regarding
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the wave propagation behavior and the arrival time. Since the propagation
medium in this case is assumed to be air, the EM waves propagate by the
speed of light, meaning they have traveled 707.51 mm from the source to the
probe. The Euclidean distance between the PD source and the tip of probe
3is 711.07 mm. Since the FDTD method solves the Maxwell’s equations nu-
merically, a certain degree of error is to be expected. In this case, the resulting
accumulated computational error is roughly 3.6 cm, which is 0.5 % of the to-
tal distance and therefore acceptable. It is noteworthy that the computational
error depends on the number of iterations needed and consequently the com-
putational time. Hence, the longer the travel distance between the source and
the probe, the higher the computational error [154].

Disrupted Path

Due to the complex inner structure of a power transformer, it is unlikely that
the path between the PD location and at least one of the probes is not dis-
rupted. The possible obstacles in power transformers are either from conduc-
ing material, such as the windings, or insulating material, such as oil or paper
insulation. EM waves travel through non-conductive materials with a certain
degree of damping and also run-time prolongation. However, in comparison
to the effect of conducting materials, their effect can be neglected. Since EM
waves only minimally penetrate conductive material and are predominantly
reflected, they have a significant effect on the run-times of the signals. In
order to analyze this phenomenon, a full metallic circle with a diameter of
30 cm is assumed at the center of the two-dimensional analogy model. In
this arrangement, the direct path between the PD source and the probes 1
and 2 is uninterrupted. This is not the case for probe 3, since the metallic
obstacles disrupts the path. In order to analyze the effect of the barrier, two
time instances are depicted in Figure 4.7}

Figure [4.7al and [4.7b| show the EM waves at time instances 1.38 ns, and
2.57 ns after PD inception, respectively. The former is the time instance, at

which the EM waves are captured by probe 2. Since the barrier does not in-
terrupt the direct path between the source and the probe, this value remains
unchanged. In case of the path to probe 3, this is not the case. Although
the EM waves propagate at the speed of light, their behavior is quite differ-
ent. Once light is generated, it will travel in a straight line. When it arrives
at a surface, it is either absorbed, reflected, scattered, refracted, or it passes
straight through. In either case, it still travels in a straight line. Would the EM
waves behave similar to light, in the presented 2D model, the shortest path
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(b)
Figure 4.7: EM wave propagation due to PD at time step (a) 1.38 ns, and (b) 2.57 ns

would be the reflection from the upper wall of the tank. This is however
not the case, since, as evident in Figure although the wave-front is par-
tially reflected by the surface of the obstacle, a fraction of it moves around the
obstacle and continues its path towards probe 3 and is received at the time
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instance 2.57 ns after PD inception (Figure [4.7b). Hence, the AT of the signal
received by probe 3 would be prolonged in this scenario by 0.21 ns, which is
significant with regards to the sensitivity analysis of the ATs in section

As demonstrated using the 2D analogy model, when the direct path be-
tween the PD fault location and the probe is disturbed by an obstacle out
of conductive material, such as the active part of the transformer, the EM
waves travel along the shortest possible path. The effect of non-conductive
materials, such as the paper insulation system of the transformer, although
prolonging the run-time of the waves, can be neglected in comparison to the
effect of the active part.

4.3 Localization Algorithm

In the previous sections, the effect of inaccurate ATs in regards to the lo-
calization accuracy were investigated, therefore a novel PD localization ap-
proach is developed based on a practical perspective. In the following, the
developed localization algorithm for PD is divided into blocks and a short
description is given. The process of localization using UHF data-sets is ad-
dressed. It is noteworthy that the localization algorithm is implemented in
MATLAB.

4.3.1 Overview of the Algorithm

The proposed algorithm, as shown in Figure is divided into three main
blocks: initial parameters, signal processing units, and finally the calculation
of the PD location.

As stated in section a minimum of four probes is necessary for per-
forming UHF measurements aiming at localizing PD in a power transformer
by multilateration. Furthermore, a high-sampling oscilloscope with a wide
bandwidth is also required. The algorithm in this thesis processes several
hundred data-sets (each consisting of four signals received by the four UHF
probes), from which a fraction that satisfy the presented criteria is selected
and used for determining the coordinates of the PD fault. Obtaining an ade-
quately large database for a measurement is not a significant challenge, since
modern oscilloscopes have an auto-trigger function. This allows the opera-
tor to specify the number of data-sets desired and, after optimizing the mea-

surement parameters, to activate this function. The oscilloscope then triggers
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Figure 4.8: Overview of the localization algorithm

continuously until the preset number of data-sets is captured. PD is a recur-
ring phenomenon. Depending on the sensitivity of the probes and their spa-
tial proximity to the PD source, the duration of the localization measurement
varies, but remains within reasonable time boundaries.

In the initialization step, general necessary parameters, such as the di-
mensions of the transformer tank, location and size of the active part and
if existent the tap-changer, the coordinates of the tip of the probes, the rel-
ative permittivity €, of the propagation medium, etc., are provided to the
algorithm. Furthermore, the number of data-sets to be processed by the al-
gorithm is specified.

In the following, an overview on each of the remaining blocks of Fig-
ure4.8]is presented.

4.3.2 Signal Processing Units

Certain pre-processing measures of the signals contribute to an increased lo-
calization accuracy. These measures as well as the AT determination method

are described in the following.

Removing Linear Trends

In determining the AT of the signal, the aim is to pinpoint the precise moment
at which the signal emerges from the background noise. Hence, in the first
step, the trend of the data is removed, enabling to lie the focus on the fluc-

tuations of the signal and consequently determining the AT accurately. This
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is especially useful when the captured UHF signal includes a low-frequency

component or a small deviation prior to the actual AT [159].

Noise Suppression

Wavelet denoising is a powerful technique for removing noise from signals
while preserving important signal features. The localization algorithm em-
ploys a sym5 wavelet and an automatic soft thresholding method at a decom-
position level of 3 for wavelet denoising. The sym5 wavelet is a symmetric
wavelet that is commonly used in wavelet denoising. It has a high degree
of smoothness and is well-suited for signals that have a smooth variation in
their frequency content. The sym5 wavelet is defined by a set of filter coef-
ficients that are used in a multi-level decomposition of the signal. This de-
composition separates the signal into different frequency bands, which can
be thresholded to remove noise and then reconstructed to obtain a denoised
signal.

In the context of wavelets, the wavelet function (¢) and scaling func-
tion (¢) are used to describe its properties. These functions are shown in
Figure 4.9 for the symb5 wavelet and are expressed as discrete sequences of
values. The x-axis is often divided into discrete points or intervals, and
the wavelet and scaling functions are computed or sampled at these points.
These points are essentially the "grid points" where the functions are evalu-
ated, and the corresponding values of the functions at these points are plot-
ted on the y-axis. The number of grid points or intervals on the x-axis is
determined by the choice of the wavelet transform, the level of decomposi-
tion, and the desired resolution in the time or spatial domain. The wavelet
function ¢ is a fundamental component of the wavelet transform. It serves
as a basis function that helps in the analysis of signals or images at various
scales. The wavelet transform decomposes a signal into different frequency
components and time-localized details using dilations and translations of the
wavelet function. In simpler terms, the wavelet function is like a window
that moves along the signal, capturing localized features at different scales.
For the sym5 wavelet, the specific shape and properties of 1 are designed
to strike a balance between smoothness and localization, making it suitable
for analyzing signals with both smooth and abrupt changes. The scaling
function ¢ is another crucial element of wavelet analysis. It represents the
coarse-scale features of a signal or image and is used alongside the wavelet
function to form a multi-resolution analysis. The scaling function provides a

way to analyze the low-frequency components of the data and understand its
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Figure 4.9: (a) The wavelet function ¢, and (b) scaling function ¢ of symb wavelet

overall trends and behavior. In the wavelet transform, the scaling function
captures the approximation or coarse-scale details of the input signal. The
scaling function complements the wavelet function and together they form a
basis for the wavelet transform.

Both the wavelet function and the scaling function have specific mathe-
matical properties that are crucial for their effective use in wavelet analysis.
The sym5 wavelet and scaling functions are part of the Symlets family, which

are symmetric wavelets with a finite number of vanishing moments. The
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number of vanishing moments determines the degree to which the wavelet
can accurately represent polynomial trends in the data.

The sym5 wavelet has been shown to perform well in various applica-
tions, such as speech denoising and image denoising [160]. The automatic
soft thresholding method is a popular thresholding approach for wavelet de-
noising. It is based on the concept of thresholding the wavelet coefficients to
remove noise while preserving signal features. The soft thresholding method
sets coefficients that are below a certain threshold to zero and shrinks coeffi-
cients that are above the threshold towards zero. The threshold is typically
determined automatically based on the statistical properties of the wavelet
coefficients. In this thesis, an automatic soft thresholding method at a de-
composition level of 3 is applied, meaning that the signal will be decomposed
into three levels of detail coefficients, and each level will be thresholded sep-
arately before reconstruction. This approach has been shown to be effective
in denoising various types of signals, including biomedical signals and audio
signals [161]. The application of a sym5 wavelet by an automatic soft thresh-
olding method at a decomposition level of 3 has empirically been proven
effective in UHF PD localization, since the denoising method should neither

introduce a time shift nor any alterations in the behavior of the signal.

Arrival Time Determination

The AT determination is the most important and challenging step in the lo-
calization. There have been several approaches proposed for this purpose.
Among the most recent and effective are the Average Time Window Thresh-
old method introduced by Mirzaei et al. in [108]], and the Dynamic Cumu-
lative Sum of Likelihood Ratio method by Jahangir et al. in [111]. For the
algorithm proposed in this thesis, the novel Time Window Contrast Func-
tion (TWCF) method is utilized for obtaining the ATs. This approach is based
on the Penalized Contrast method introduced by Lavielle in [112] with modi-
fications to optimize for the task at hand. Here, the signal is divided into two
partitions by a break-point. For each of those partitions, every point in that
same partition is compared to a certain statistical parameter. The difference
of the two partitions is added together. By shifting the break-point over the
signal and obtaining the said difference, a contrast function is achieved. At
the precise moment, where on the left side of the break-point is pure noise
and on its right side is the UHF signal, the penalized contrast of the two par-
titions is at its minimum [162]. Hence, the AT of the signal complies with the

break-point, at which the contrast function has its global minimum.
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4.3.3 Calculation of PD Location

In order to calculate the coordinates of the PD fault, the corresponding loca-
tion of each data-set is calculated before and after applying the signal pro-
cessing units. The criteria, by which a fraction of the data-sets are selected
for the final evaluation were discussed in section and are as follows:

* The value for tj has to be positive.
e The location determined for the fault must be within the tank enclosure.

* The location of the fault has to correspond to the correct sequence of

arrival.

In the following, the process to determine the target sequence as well as the
method for calculating the final PD location from the obtained candidate lo-
cations are described.

Sequence of Arrival Times

As discussed in section[4.1.2} the sequence of arrival of the signals is a suitable
parameter to remove outlier data from the captured signals. To determine the
target sequence, the sequence of arrival of all data-sets are determined, both
prior and after applying the aforementioned signal processing units. Data-
sets where the sequence of arrival changes after applying the signal process-
ing units are excluded from further consideration. These data-sets are likely
to result into a false location for PD, since a change in the determined se-
quence of arrival after applying the processing units indicates a low signal to
noise ratio (SNR). For the remaining data-sets, the corresponding PD location
to each of them is calculated and those data-sets resulting in locations outside
the tank are eliminated. Furthermore, only data-sets with a positive value for
to are considered. In the final act, the data-sets that remain are categorized
based on their number of repetition in different AT sequences. The sequence
which frequents the most is declared as the target sequence, if the difference
with the second most frequent sequence is significant. Should that not be
the case, i.e. the PD fault is located roughly in the middle of two probes, the
corresponding signals to those probes of all data-sets are cross correlated to
determine the target sequence [163]. Finally, only the obtained PD locations
that correspond to the data-sets subjected to the presented selection criteria
are considered and passed to the next step towards computing the PD loca-
tion.
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Determination of the Final Algorithm Output

The algorithm’s final stage is to arrive at a definitive location for the PD based
on the singled out candidate coordinates. Different approaches, such as the
arithmetic average of the x, y, and z component of the candidate locations or
mean value of the ATs of the candidate coordinates were investigated for this
purpose [164]. In the following, the two more promising methods among the

studied approaches for this purpose are presented:

* Median of the ATs of the candidate coordinates:
In this approach, the median of the ATs of the acquired candidate co-
ordinates for the PD source are determined, and the resulting location
declared as the final output.

¢ Clustering:
The final PD location is determined by dividing the candidate locations
into two clusters using the soft clustering method fuzzy c-means [165]. In
order to choose between the two obtained cluster centers, it is assumed
that the one situated at a location with a higher electric field strength is
more likely to be the PD location and is therefore, the final outcome of
the algorithm.

In recent years, significant advancements in computational tools and sim-
ulation techniques have revolutionized the determination of electrical field
strength inside power transformers. Through the use of exact simulation
tools, engineers can now gain unprecedented insights into the intricate elec-
tric field distribution, enabling them to design, optimize, and assess trans-
former insulation systems with unparalleled accuracy and efficiency. These
data can also be consulted for the purpose of diagnosis by the test engineer.

For the evaluation of the measurement results in the subsequent section,
since PD is generated artificially by means of a PD fault model, its actual
location is known. Hence, the accuracy of the algorithm, also called the lo-
calization error, is defined as the distance between the calculated and the

actual location of PD and is used as the evaluation criterion.

4.4 Arrival Time Determination of UHF Signals

In Section three AT determination methods were presented, namely the
average time window threshold method (ATWT), dynamic cumulative sum
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method (DCS), and the contrast function method. For the proposed algo-
rithm, the AT detection method used is based on a modified version of the
contrast function method, which will be addressed in the following. Subse-
quently, the presented AT determination methods will be compared to assess

their effectiveness.

44.1 Time Window Contrast Function Method (TWCF)

If the signal has an offset or minor deviations prior to the actual AT, the con-
trast function approach produces an inaccurate AT. To address these issues,
a modified version of this approach, namely the TWCF is developed. The
signal’s mean is subtracted from the samples in this technique. Furthermore,
the AT’s search range is narrowed from the whole duration of the signal to
a specific time window (TW). The longest direct path that an EM wave may
travel within the transformer tank is used to compute the TW’s width. When
the rectangularity of a transformer’s tank is taken into account, the diagonal
of the transformer meets this requirement. The time needed for the signals to
transit the diagonal and hence the width of the TW is determined using the
speed of the EM waves in oil or air.

The TW is moved across the signal until it meets the following criteria:

MAV,

DAV 4
MAV, =" (43)

where M AV is the mean of absolute values of samples inside a TW, n is the
TW’s number, and m is a specified threshold. This threshold must be set
high enough to prevent the white noise in the signals from being mistaken
for the actual PD signal. The value of m is empirically set to 2.5 regarding the
measurements conducted in this section.

A marginal range equal to the TW length is added to both sides of the
candidate TW as a safety factor given the candidate TW, i.e. TW number n.
As a result, the new TW will be three times longer than the original TW. The
signal within the acquired time period is then evaluated using the contrast
function method to detect the AT.

Figure compares the performance of the contrast function and TWCF
methods in determining the AT of a signal set. Here, the corona fault model
depicted in Figure is positioned in the center of the bottom plane of the
transformer tank model (Figure[I.12), and a signal set is acquired by the UHF
probes by applying high voltage to the needle. As can be observed, using
the TWCF approach allows the AT detection to disregard oscillations in the
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signal captured by probe 3. Furthermore, removing the DC component of the
signal yielded in a more accurate AT for the signal of probe 4. Although the
ATs acquired using the contrast function method were unable to provide an
acceptable location for the PD, the TWCF method yielded a 16 cm accurate
PD allocation.
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Contrast Function

------TWCF

Probe 1

Probe 2

Amplitude / mV

Probe 3

Probe 4

1 1 1 1 1 1 1 1 1
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Time / ns

Figure 4.10: Comparing the ATs detected by contrast function method and TWCF
method for a set of data-sets captured by four UHF probes [163]

4.4.2 Comparing AT Detection Methods

The three above-mentioned AT detection techniques, namely ATWT, DCS,
and TWCE, are compared in the following. For this purpose, instead of just
one signal set, several are recorded and evaluated for a more reliable and
consistent comparison. The corona fault model depicted in Figure is
placed in the center of the transformer tank model’s bottom plane, and 1000
signal sets are captured using four UHF probes. The voltage applied to the
needle is adjusted to maintain the apparent charge of approximately 80 pC
on the electrical PD measurement system. The signal sets” AT and the PD
source’s coordinates were computed.

Table 4.2l shows the number of obtained locations within the tank as well

as the localization accuracies. The distance between the actual position of the
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PD and the estimated location determined via the signal sets that delivered
an acceptable location for the PD within the tank is characterized as localiza-

tion accuracy.

Table 4.2: Results of analyzing 1000 signal sets for localizing the PD source [163]]

AT Detection Number of Localization
Method Valid Locations | Accuracy / mm
ATWT 39 175
DCS - NA
TWCF 66 127
Modified DCS 34 158

When comparing rows 1 and 3 of Table it is apparent that TWCF pro-
vides more PD locations and has a better localization accuracy. The DCS
method did not provide any acceptable location for the PD source. The
method’s procedure was reviewed, and it was determined that a low value
of the window width w obtained by results in an inaccurate calcula-
tion of the AT. In this case, the window width must be adjusted in order to
make a valid comparison between the three AT detection algorithms. Hence,
the DCS method is modified to extend the window width by applying the
same time window set in the TWCF method. With a larger number of sam-
ples, a more accurate fitting PDF is anticipated. It's worth noting that the
AT detection threshold hasn’t changed since it is obtained by (1.16). Table
also contains the results of applying the modified DCS method on the
1000 signal sets. The modified DCS method has a better localization accu-
racy than the ATWT method, but it offers fewer viable locations for the PD
source. Nonetheless, the results in Table show that the TWCF method is
superior to the other AT detection methods.

Figure[d.11|shows an example signal presented to compare the ATs identi-
tied by ATWT, modified DCS, and TWCF methods. For the signal of probe 1,
all methods provide the same AT. The AT identified by ATWT and modi-
tied DCS is one sample behind the AT detected by TWCF in the signal re-
ceived by probe 3. For the signal captured by the second probe, modified
DCS and TWCF techniques identify the same AT; however, there is a con-
siderable lag for the AT detected by ATWT. The amplitude of the second
probe’s signal does not vary significantly in the area of the AT identified by
TWCE, but there is a smooth transition. In other words, unlike energy-based
AT detection techniques, PDF-based AT detection approaches are capable of
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detecting minor changes in signal behavior. The AT displayed on the signal
of the fourth probe demonstrates the advantage of TWCF over the modified
DCS method. The improved DCS method has a downside of high sensitivity.
ATWT and TWCEF provide the same AT in this example. In conclusion, us-
ing the TWCEF technique yielded a localization accuracy of 9.3 cm, while the
other two methods delivered the PD’s location outside the tank.

It's worth noting that different AT detection algorithms provide outcomes
with different accuracies for a particular signal set; nevertheless, the robust-
ness of a method can only be determined by applying it to a variety of ran-
domly received signal sets. The reason for this is because the received signals
in various transformers in practical applications are not of the same power
and characteristics [[163].

Based on the results presented in this section, the proposed AT detection
method TWCEF prevails and is used in the localization algorithm.

4.5 Determination of the Target Sequence

When applying a multi data-set approach, many possible locations for the
position of the PD source within the tank emerge. To improve the accuracy
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Figure 4.11: ATs of four simultaneously captured UHF signals; note that ATs are su-
perimposed in some cases [163]
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of the localization, signal processing methods are applied. This is discussed
in the following section.

Each location inside the tank is linked to a unique set of AT differences in
the recorded signals. With four UHF probes inside the tank, there are a total
of 24 possible signal arrival sequences. Analyzing the 1000 signal sets pro-
vides multiple PD locations that correspond to a specific AT sequence num-
ber. As a result, the candidate locations for the PD source may be classified
based on the ATs” sequence numbers, with locations that do not match the
target sequence being disregarded. The process for determining the target
sequence is detailed in the following.

Assume that 1000 signal sets are captured and processed in order to iden-
tify ATs and their sequences. The ATs are then used to determine the position
of the PD source. The coordinates received outside of the tank are removed
from the results. The remaining positions are divided into 24 categories re-
sulting from the permutations of the four probes, each category correspond-
ing to a unique AT sequence. The target sequence is determined from the
two categories with the highest number of repetitions.

The two potential sequences are likely to exist in two states. Assume that
the two most often occurring AT sequences are seq;=[1 2 3 4] and seqy=[2 1
4 3], respectively, for the first state. Note that the numbers correspond to the
number of the UHF probe in the signal receiving sequence. Since all of the
probes in seq; and seq; are in entirely different locations, the proposed algo-
rithm acknowledges the target sequence as the one with the most repetitions.

If the two AT sequences are identical with only one probe pair swapped,
such as seqi=[1 2 3 4] and seqz=[1 2 4 3], a complementary evaluation for
the two probes with different positions in the sequences is necessary. This
is likely when the distance between the PD source and two probes is almost
equal, resulting in a slight discrepancy in the ATs of the signals received by
the two probes. In this scenario, a cross correlation approach is applied.
Cross correlation is a statistical method used to measure the similarity be-
tween two signals as a function of the time lag applied to one of them. It
involves computing the convolution of one signal with a reversed version of
the other signal. The resulting cross correlation function provides informa-
tion about the time delay and the strength of the correlation between the two
signals. Cross correlation is commonly used in signal processing, communi-
cation systems, and pattern recognition applications [166]. In the context of
the proposed localization algorithm, the cross correlation of the two suspect
signals is determined for each of the 1000 signal sets recorded. Figure [4.12]
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depicts cross correlation for two example signals, each of which has 5000

samples. The delay between the two signals is determined by the moment at
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Figure 4.12: Cross correlation of two UHF signals; the vertical dotted line indicates
the location of the maximum value [163]

which the cross correlation achieves its global maximum. In Figure ared
dotted line depicts this spot. As a result, the most frequent sequence is used

to decide the precedence in receiving signals by the two dubious probes [163].

4.6 Wavelet Denoising

The degree to which a signal may be denoised without compromising the
associated AT is critical. Various wavelets with different decomposition lev-
els and thresholding characteristics have been suggested to identify PDs and
ATs of PD signals [110, 167, [168]. However, the variety of new denoising
techniques necessitates more research into the impact of wavelet denoising
on AT determination.

The proposed algorithm in this thesis handles wavelet denoising as fol-
lows: if the ATs of a signal set offer an acceptable location but not the ATs
of the denoised signals, this projected location is anticipated to be inaccurate
and is removed from the PD candidate locations. The wavelet denoising is
applied using symb, a member of the symlet family. At a decomposition level
of 3, an automated soft thresholding mechanism is used. These values were
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arrived at using a heuristic approach. The performance of the implemented
wavelet denoising function of the proposed localization algorithm for a typ-
ical UHF signal is shown in Figure The signal is not subjected to a time
shift or a change in behavior as a result of the denoising procedure [163].
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Figure 4.13: Effect of wavelet denoising on a typical UHF signal [163]]

A few tenth of nanosecond deviation in the actual AT of a signal set re-
sults in an error in the localization accuracy in the order of a few centimeters.
The localization accuracy decreases with increased deviation in the identi-
fied ATs from the correct ones, as discussed in section This reduction in
the accuracy continues until the determined PD location either lies outside
the tank or includes imaginary coordinates. In these cases, the estimated PD
location is considered as unacceptable and eliminated from further analysis.

4.7 Preliminary Investigations on the Proposed

Localization Algorithm

In the previous sections, an overview of the novel localization algorithm was
given and specific influencing factors were discussed in detail. In this sec-
tion, the proposed localization algorithm is subjected to a preliminary inves-

tigation. For this purpose, three cases are studied to assess the effectiveness
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of the localization algorithm. Different barriers are used to enclose the PD
source in these scenarios. Each case consists of three coordinates for the PD
source and 1000 signal sets are captured for the corresponding coordinates.
For all of the investigations in this section, the corona fault model de-
picted in Figure is employed. The applied voltage to the needle plane
structure of the PD source is around 2.5 kV. According to the IEC 60270 [21],

the associated apparent charge level was about 100 pC.

4.7.1 Case 1: Direct Line of Sight between the PD Source and
the Probes

The PD source was positioned in three locations within the transformer tank
model and a direct path to the PD source was ensured for all these locations.
The median of the ATs of the determined candidate coordinates is considered
and the resulting location declared as the output of the algorithm. Table
lists the coordinates of the PD source as well as the localization accuracy. In
this scenario, the localization accuracy is less than 14 cm and typically below

10 cm. The best localization accuracy is anticipated in this case.

Table 4.3: Localization accuracy for case 1; direct line of sight between PD source
and probes [163]

Location PD Source Coordinates Localization

Number | X/ mm ‘ Y/ mm ‘ Z/mm || Accuracy / mm

1 400 600 80 94
2 560 250 300 139
3 590 1000 300 77

4.7.2 Case 2: Combined Metal Lattice Barrier with Press-

board Barrier

This case is designed to replicate the path that EM waves take within a trans-
former with its active part. Figure shows the test setup for this scenario,
which displays the PD source surrounded by a metal lattice barrier encircled
by a pressboard cylinder with height and diameter of 30.1 cm and 24.8 cm, re-
spectively. The pressboard barrier represents the paper insulation, while the
metal lattice barrier replicates a winding with its cooling channels. Table
reports the results of applying the localization algorithm at three distinct po-

sitions within the tank. As can be observed, the PD source is localized with
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less precision than in case 1. As a result, a supplementary approach to the
increase accuracy is proposed by means of clustering.

Figure 4.14: Metal lattice barrier in combination with pressboard barrier

Table 4.4: Localization accuracy for case 2; metal lattice with pressboard barriers;
final point obtained by median of ATs [163]

Location PD Source Coordinates Localization
Number | X/mm | Y/mm | Z/mm || Accuracy / mm
1 400 600 80 241
2 570 250 280 207
3 580 980 280 312

4.7.2.1 Clustering the Candidate Coordinates

Multiple PD sources may be localized by classifying possible PD locations
into several clusters. The measurements reported in were conducted in
an air-filled screened room with no barrier surrounding the PD source. Plac-
ing a barrier around the PD source, on the other hand, scatters the prospec-
tive PD locations across a vast region within the tank. As a result, rather than
tinding numerous PD sources, the goal of this subsection is to improve lo-
calization accuracy by using a clustering approach in the case of a single PD
source.
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The fuzzy c-means clustering approach is used in this case to segregate
the candidate PD coordinates into two clusters [170]. Each candidate loca-
tion’s membership is established in a loop by minimizing a squared error

objective function J;; as follows:

N C
T = 3o X u - llve = ol (44)
k=1i=1
where N and C denote the number of data points and clusters, u the degree of
data point membership, m the weighting exponent, and v the clusters center,
which may be determined as follows:

N N
v; = Zu,’g-xk/ZuZ} (4.5)
k=1 k=1

This procedure is continued until the difference between two successive
cycles falls below a certain threshold. Unlike case 1, where the definitive PD
position was determined by the median of the ATs of the candidate coordi-
nates, here the definite PD location is determined by a weighted average of
the coordinates contained in a cluster.

To determine amongst the two resulting cluster center locations as which
is the definitive PD position, a criteria is essential. For this, this electrical
tield distribution inside the transformer is taken into consideration. The PD
is likely to occur in locations with a higher electrical stress, i.e. around a
power transformer’s windings. With the size and location of the windings,
the distance between the center points and the windings is computed. The
PD location is the center point of the cluster that is closest to the windings.

Figure shows a 3D plot of the transformer tank model, along with a
simplified schematic of the barrier. The PD source is located at position 1 in
the first experiment, and the candidate coordinates for the PD location are
divided into two clusters and their centers are correspondingly marked. The
cluster center within the barrier satisfies the aforementioned criterion for the
PD’s location.

The localization results for the three defined cases with employing clus-
tering for the determination of the PD location are reported in Table
When comparing Tables |4.4{and it is clear that employing the suggested
technique improves the localization accuracy significantly. Clustering the
obtained locations into two clusters enables the consideration of additional

factors, such as the electrical field distribution within the transformer, in the
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Figure 4.15: 3D schematic of candidate PD coordinates and the barriers around the
PD source [163]]

determination of the final calculated location for PD, resulting in an increased

localization accuracy.

Table 4.5: Localization accuracy for case 2; metal lattice with pressboard barriers;
final point obtained by clustering method [163]

Location PD Source Coordinates Localization
Number | X/ mm ‘ Y/ mm ‘ Z /mm || Accuracy / mm
1 400 600 80 130
2 570 250 280 145
3 580 980 280 86
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4.7.3 Case 3: Metal Barrier

The experiments in this section are focused with localizing the PD source
with a metal cylinder around it (Figure [4.16), which is the worst case sce-
nario. The dimensions of this barrier are identical to the dimensions of the
pressboard barrier. As a result, unlike in previous cases, the EM waves emit-
ted from the PD source cannot pass through this barrier. The metal barrier
causes greater distortion and a decrease in the power of received signals than
the combination of the pressboard and metal lattice barriers, making it the

most difficult scenario for localizing the PD source.

Figure 4.16: Metal barrier

Table gives the coordinates of the PD source, as well as the accuracy
of the corresponding calculated locations. As anticipated, the accuracy of
localization in this case is lower than in cases 1 and 2. It’s worth noting that,
in addition to the decreased accuracy, the number of signal sets that provided
acceptable coordinates is much lower compared to cases 1 and 2.

Table 4.6: Localization accuracy for case 3; metal barrier; final point obtained by

clustering method ||

Location PD Source Coordinates Localization
Number | X/mm | Y/mm | Z/mm || Accuracy / mm
1 430 630 80 210
2 570 250 280 115
3 580 980 280 144
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This decrease in localization accuracy may be attributed to two key fac-
tors. The first reason is that the metal barrier causes distortion in the received
signals. Comparing the frequency spectra presented in Figure for two
signals received by probe 1 and pertained to case 1 (without barrier) and
case 3 (with barrier) reveals this phenomenon. For these measurements, the
coordinates of the PD source are related with position number 1 in Table
The metal barrier causes a shift in the primary frequency component as well
as other components with notable amplitudes. Wavelet denoising is antici-
pated to alleviate these impacts by preventing the localization algorithm to
include erroneous coordinates for the calculation of the final location of PD.
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Figure 4.17: Frequency spectra of two signals captured by probe 1 [163]]
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The attenuation of the signal’s power is the second cause for the decline
in localization accuracy. When an EM wave reaches a barrier, it loses a per-
centage of its power owing to reflection, absorption, scattering, and diffrac-
tion, depending on the kind of barrier. Path loss and shadowing are two
major elements that lead to the signal’s power being reduced [171]. The first
component corresponds the propagation path’s characteristics as well as the
power dissipation of the EM wave generated by the PD source. The obsta-
cles between the PD source and the UHF probes are specified in the latter.
Because the EM waves only travel a short distance within the transformer
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tank, shadowing has a greater impact on power attenuation than path loss.
The tank walls and numerous active part features are potential impediments
for EM waves on their shortest path to the UHF probes. The downside of the
UHF measurement technique is that multiple reflections decrease the signal’s
power to the point that its AT cannot be determined effectively. The localiza-
tion algorithm is unable to offer suitable coordinates for the PD location in
this scenario. In other words, getting four signals with sufficient power to
allow AT identification is a requirement for PD localization.

Based on the preliminary investigation results, the localization algorithm
successfully identified the location of the PD fault with an average error less
than 20 cm. The approach of using clustering instead of the median of the
ATs of the candidate coordinates proves effective as a counter measure. In
the subsequent section, the localization algorithm is experimentally verified.

4.8 Experimental Validation

Practical measurements are carried out to evaluate the proposed PD local-
ization algorithm discussed in the previous section. In the following, the
measurement test setup and the defined case studies are presented and an-
alyzed. In this section, the resulting location for the PD fault is determined
using the discussed clustering method.

4.8.1 Case Study: Transformer Tank Model

Measurement Test Setup

The measurements are performed the transformer tank model in Figure
Since transformer tanks rarely have oil drain valves at the center of their
walls, the DN 80 oil drain valves at the bottom and top on two perpendicu-
lar sides are selected for the insertion of UHF probes. A schematic overview
of the transformer tank model alongside the UHF probes and axes of a hy-
pothetical spatial Cartesian coordinate system with its origin at the corner
of the tank is illustrated in Figure The UHF probes have an insertion
depth of 9 cm, except for probe 4, which has an insertion depth of 12 cm. The
coordinates of the probe tips are given in Table

For generation of PD inside the tank, a surface discharge model consisting
of a needle on a disc made of polyethylene is used. In order to investigate the
influence of prolongation in the AT of the UHF signals caused by the active

part of the transformer on the localization accuracy, a grounded cylindrical
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Figure 4.18: Schematic view of the transformer tank model with four probes inserted
through the two lowest and the two highest oil drain valves

Table 4.7: Coordinates of the tip of the UHF probes inserted into the tank model

Probe || X/mm | Y/mm | Z/ mm
1 90 600 112
2 95 90 112
3 90 600 1373
4 95 120 1373

metal lattice inside a barrier made of paper insulation (Figure 4.14) is placed

at the center of the transformer tank model with a radius and a height of

12.4 cm and 30.1 cm, respectively. This barrier represents the winding of the
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transformer with its cooling channels and paper insulation. Furthermore,
in order to include the effect of the transformer core, a grounded solid alu-
minum cylinder is positioned at the center of the metal lattice barrier. The
PD fault model and the active part model are shown in Figure

Probe 1

¥
/-

Active Pa
- Model

= LN

Figure 4.19: View of the surface discharge model next to the active part model inside
the tank from its opening

The test circuit shown in Figure is utilized for performing the local-
ization measurements. The needle of surface discharge model is placed on
high-voltage via the bushing rod. The UHF probes are connected to the DSO
with a sampling frequency of 10 GS/s. The intensity of the PD is simultane-
ously monitored in accordance to IEC 60270 and kept at around 500 pC

during the measurements.

Considered Locations for the PD Fault Model

For the evaluation of the localization algorithm, six locations inside the tank
are selected. Locations 1 to 3 have the same distance from the tank bottom.
The same applies to locations 4 to 6. The considered locations for the PD fault
model can be categorized based on the availability of an uninterrupted path
between their position and each of the probes. Table 4.8 indicates whether
a direct path to each of the probes exists with no interruption by the active
part model for the considered locations. For each of the locations, there is
an uninterrupted path to at least two of the probes. The coordinates of the
considered locations for the PD fault model are listed in Table[#.9] Figure[4.21|
shows the tank model alongside the probe tips and the considered locations
for the PD fault model in respect to the active part model.
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Figure 4.20: Test circuit for performing PD localization measurements using the
UHEF technique
Table 4.8: Existence of an uninterrupted path between PD fault locations and the
probes
Probe PD Location
1/2[3]4]|5]6
1 X | X X | X
2 X X | X
3 X | X X
4 X X | X

Result and Discussion

In the following, the localization algorithm is evaluated for different PD lo-
cations and scenarios. For this purpose, for each case, a data-set consisting of

1000 signals is considered.

¢ In absence of the active part:

First the ideal case is regarded, i.e. there is an uninterrupted direct path
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Table 4.9: Coordinates of the considered locations for the PD fault model inside the
tank

Location || X/mm | Y/mm | Z/ mm

1 166 465 125
400 870 125
633 465 125
166 465 280
400 870 280
633 465 280
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Figure 4.21: Interior of the tank model with the locations considered for the PD fault
model in regards to the active part model

to all four probes. For this purpose, the active part model is removed
from the tank. The highest localization accuracy is expected for this
case. The localization error alongside the determined coordinates of
the PD fault are listed in Table
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Table 4.10: Localization results in absence of the active part model

Location Distance to PD Source Localization
AX/mm | AY/ mm | AZ/ mm || Error/ mm
1 36.0 9.0 57.0 68.0
2 71.0 36.0 142.0 163.0
3 99.0 54.0 161.0 196.0
4 3.0 74.0 111.0 134.0
5 191.0 2.0 7.0 191.0
6 63.0 92.0 83.0 139.0

¢ In presence of the active part:
The experiments conducted in this section are concerned with local-
izing the PD source while including the effect of prolongations in the
determined AT of UHF signals caused by the active part model in the

results. The determined coordinates of the PD fault and the localization

error are shown in Table

Table 4.11: Localization results in presence of active part model

Location Distance to PD Source Localization
AX/mm | AY/ mm | AZ/ mm || Error/ mm
1 125.0 88.0 45.0 159.0
2 57.0 70.0 167.0 190.0
3 62.0 92.0 255.0 278.0
4 132.0 58.0 61.0 156.0
5 14.0 194.0 79.0 210.0
6 20.0 273.0 25.0 275.0
Analysis of the Results

According to Table the localization error without the active part model
is less than 20 cm with an average of 14.85 cm. By placing the active part
model in the center of the tank, the average localization error (Table is
increased by 42 % and in this case is around 21.15 cm with the maximum er-
ror for location 3 with 28 cm. A comparison between localization accuracies
reported in Table and Table reveals an overall increase in the local-
ization error. Even for locations 1 and 4, where the direct path is not inter-

rupted by the active part model, the localization accuracy decreases. This is
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due to the fact that a portion of the data-sets selected for the final evaluation
include reflected signals by the active part model. Due to the proximity be-
tween the PD fault model and the active part model, the previously defined
selection criteria remain satisfied and hence, signals that have erroneous ATs
affect the final outcome of the algorithm. However, in view of the relatively
small dimensions of the tank and the fact that the propagation medium in
the cases presented is atmospheric air, a maximum error of less than 30 cm
is acceptable. Since both of these parameters represent the worst case in the
performed investigations concerning the accuracy of the algorithm, an im-
provement is expected in case of a larger tank filled with insulating oil.

4.8.2 Case Study: Transformer Replica

Measurement Test Setup

In this section, a test setup is designed targeting the determination of the
lowest possible localization accuracy under conditions close to the real ap-
plication. In this regard, the challenges addressed in section 4.1]are in focus.
These are on the one hand the high sensitivity or rather the small room for
error regarding the AT determination in case of a short run-time between the
PD source and the probes, and on the other hand the prolongation of the
run-times due to the active part. There are currently no transformers avail-
able that are equipped with four antennas for UHF measurements. Hence, in
this section a transformer replica is employed for the measurements. For this
purpose, a scaled-down model of a three-phase high-voltage transformer is
replicated. A metallic enclosure with a length, width and height of 3000 mm,
800 mm, and 1000 mm, respectively, is used as the transformer tank. For the
active part, three single phase transformers are placed inside the tank. These
transformers are 5 kVA oil-filled single-phase transformers with a cylindri-
cal housing. Through each of the transformer model’s walls, a UHF probe is
inserted into the tank. Regarding the spatial distribution of the probes, two
sensors were placed on the lower edges of each of the end faces, with one
sensor centered (probe 1) and the other in a corner (probe 4). The other two
sensors (probes 2 and 3) were positioned at the upper edges of each of the
longitudinal sides. The reason for this approach is firstly the modeling of a
realistic scenario leaning on most recently deployed power transformers al-
ready operating in the field, and secondly the consideration of diverse sensor
sensitivities. The probes all have a insertion depth of 7 cm, meaning only the
tip of the probe is introduced into the tank. For generation of PD inside the
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tank, the same fault model as in the previous case study (surface discharge
model consisting of a needle on a disc made of polyethylene) is employed.
The transformer model is depicted in Figure[4.22] The tank cover is removed
to display the active part, the probes and the PD model. The test object is
air-filled, which is another factor contributing to the worst-case scenario con-
sideration. The insulating oil would decrease the propagation speed of the
EM waves and thus increase the time difference between the received signals,
which in turn would have a positive impact on the final localization accuracy
that can be achieved.

Figure 4.22: Top view of the scaled-down transformer model with cover removed

The test circuit shown in Figure is utilized for performing the local-
ization measurements. The needle of the surface discharge model is placed
on high-voltage via one of the feed-throughs. The UHF probes are connected
to the DSO with a sampling frequency of 10 GS/s. The intensity of the PD
is simultaneously monitored in accordance to IEC 60270 and kept at
around 500 pC during the measurements. For the evaluation of the algo-
rithm, a database consisting of 1000 data-sets is used.

Considered Locations for the PD Fault Model

A schematic overview of the transformer model alongside the UHF probes
and axes of a hypothetical spatial Cartesian coordinate system with its origin
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Figure 4.23: Test circuit for performing PD localization measurements using the

UHF technique

at the corner of the tank is illustrated in Figure For the evaluation of the

proposed PD localization algorithm, six locations inside the tank are selected

for the positioning of the PD source. These locations are also presented in

Figure Since the objective of this study is to determine the limits of

the proposed algorithm, each selected position for the PD fault grants an

uninterrupted propagation path to only one of the probes. The coordinates
of the considered locations for the PD fault model are listed in Table

Table 4.12: Coordinates of the considered locations for the PD fault model inside the

tank
Location || X/mm | Y/mm | Z/ mm
1 125 600 280
2 1000 400 280
3 1000 200 280
4 2000 600 280
5 2000 400 280
6 2875 400 280




158 Development of Methods for Enhanced PD Localization

A PD Source Locations

Figure 4.24: Schematic view of the transformer model with the selected positions for
the PD model

Results and Discussion

In this section, the results of the performed measurements for the evaluation
of the localization algorithm are presented and analyzed. Two scenarios are
considered: first, the active part is removed from the tank. This measurement
serves the purpose of determining the localization accuracy when no obsta-
cles interfere with the propagation path of the signals and only the reflections
generated by the walls of the tank affect the accuracy. In the second step, the
measurement is repeated in the presence of the active part. Subsequently, the

results are discussed.

¢ In absence of the active part:
First the ideal case is regarded, i.e. there is an uninterrupted direct path
to all four probes. For this purpose, the active part is removed from
the tank. The highest localization accuracy is expected for this case.
The distance between the determined location for the PD fault and the
actual location alongside the localization error are listed in Table

* In presence of the active part:
The experiments conducted in this section are concerned with local-
izing the PD source while including the effect of prolongations in the
determined AT of UHF signals caused by the active part in the results.
The distance between the determined location for the PD fault and the
actual location, and the localization error are presented in Table
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Table 4.13: Localization results in absence of the active part

Location Distance to PD Source Localization
AX/mm | AY/ mm | AZ/ mm || Error/ mm
1 133.7 7.8 22.8 135.9
2 56.8 18.5 23.2 64.1
3 72.7 134 100.2 124.5
4 106.3 3.2 94.3 142.1
5 97.6 3.0 23.0 100.3
6 103.8 5.3 11.7 104.6

Table 4.14: Localization results in presence of the active part

Location Distance to PD Source Localization
AX/mm | AY/ mm | AZ/ mm || Error/ mm
1 4.9 50.7 231.9 237 .4
2 95.7 87.8 104.3 166.6
3 69.8 168.5 71.9 196.1
4 78.9 116.8 86.3 165.3
5 91.0 13.6 162.1 186.4
6 145.9 1.7 56.0 156.3
Analysis of the Results

According to Table the localization error in the empty tank is less than
15 cm for all six considered locations with an average of 11.2 cm. By reinstat-
ing the active part model in the the tank, the average localization error (Ta-
ble is increased by 65 % and in this case is around 18.5 cm with the
maximum error for location 1 with 24 cm. A comparison between localiza-
tion accuracies reported in Tables and reveals an overall increase in
the localization error with location 2 showing the highest rise with an error of
16.66 cm. In the following, location 2 is in focus. In Figure the acquired
locations and the final determined coordinates for the PD fault at location 2
are depicted for the two investigated scenarios.

From the database consisting of 1000 signals, only 49 data-sets are se-
lected for the final computation of the PD location in case of the measure-
ment in absence of the active part. This corresponds to about 5 % of the total
number of available data-sets. Once the active part is included in the test
setup, the number of selected data-sets decreases to 1.7 % of the database.
In this regard, a detailed analysis of the relationship between the number of
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Figure 4.25: Acquired locations and the final determined position for the PD fault in
(a) absence, and (b) presence of the active part

input data-sets and localization accuracy is presented. The evaluation was
based on the progressive addition of data-sets to the database in increments
of 100, starting from an initial database size of 100 data-sets. This process
continued until the maximum number of 1000 data-sets was reached. The
localization accuracy was then assessed at each stage using the established

evaluation metric. By employing this methodology, the relationship between
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the number of input data-sets and localization accuracy was investigated in
a systematic manner. Focusing on location 2, the results of this investigation

for both in absence as well as in presence of the active part are shown in
Figure [4.26|
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Figure 4.26: Localization accuracy as a function of the number of data-sets consid-
ered in absence, and presence of the active part

Initially, with a database size of 100 data-sets, as depicted in Figure [4.26]
a relatively high localization error is observed. This can be attributed to the
limited amount of data available for accurate localization. Due to the re-
stricted data-set quantity, the algorithm may encounter challenges in captur-
ing the underlying patterns and variations in the signal, leading to higher
errors. The insufficient data may result in a less comprehensive representa-
tion of the environment and signal patterns.

As the number of data-sets in the database is progressively increased, a
consistent and significant trend of decreased localization error is observed.
The algorithm greatly benefits from the additional data, as it provides a more
extensive and diverse representation of the environment and signal patterns.
This expanded data-set allows the algorithm to better discern the relevant
information for accurate localization, consequently leading to improved lo-
calization accuracy.
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It is noteworthy that after reaching a database size between 400 and 600
data-sets, the localization error reaches a relatively stable level. Further in-
creasing the database size beyond this point does not yield significant im-
provements in accuracy. This observation indicates a diminishing returns ef-
fect, wherein the algorithm has already assimilated the essential information
necessary for accurate localization from the available data-sets. Therefore,
the additional data-sets have diminishing incremental value in reducing the
localization error.

Upon reaching the maximum database size of 1000 data-sets, it is ob-
served that the localization error remains relatively constant. The presence of
additional data-sets does not have a noticeable impact on further improving
the accuracy. This finding suggests that the algorithm has already achieved
its optimal performance with the available quantity of data-sets. The plateau-
ing of the localization error indicates that the algorithm has reached a satu-
ration point in terms of its ability to leverage the data-set for localization
accuracy.

Moreover, it is important to note that within the database, there exist data-
sets that resulted in a location estimate nearly identical to the actual position
of the fault location, demonstrating the quality of the proposed method for
AT determination. However, in realistic measurements, it is not feasible to
single out these specific data-sets from the database. Hence, an assessment
based on processing multiple data-sets is a valid and practical approach.

Based on the results, although localization based on 100 data-sets is fea-
sible, increasing the number of data-sets significantly improves the localiza-
tion accuracy by over 50 %. Therefore, a database with at least 300 data-sets
is recommended to achieve a sufficient level of accuracy in localization.

It is also noteworthy that the measurements conducted in this thesis were
performed in a scaled-down air-filled replica of a transformer, aiming to de-
termine the lower limit of the achievable localization accuracy. This limita-
tion arises due to the current lack of transformers equipped with sufficient
drain valves for probe insertion. Considering the relatively small dimensions
of the tank and the atmospheric air as the propagation medium in the pre-
sented cases, an error of less than 25 cm is deemed acceptable. However,
it is expected that localization accuracy would improve when dealing with
larger tanks utilizing oil as the insulating medium, as these two factors (small
dimensions and air as propagation medium) have a negative impact on lo-

calization accuracy.
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4.9 Graphical User Interface and Features of the

Localization Algorithm

For the localization algorithm to be suitable for a wide user group of differ-
ent experience and technical knowledge levels, the developed algorithm was
extended with a graphical user interface using the GUI Layout toolbox of
MATLAB. Hereby, the user is directed through the process, beginning with
inputting the necessary initial parameters, such as the size of the tank, the po-
sition of the sensors, the permittivity of the insulating medium, the number
of signals to be considered, the position of the active part, the signal pro-
cessing modules to be used, etc. Figure shows the corresponding input
window of the graphical user interface for inserting the coordinates of the

Sensors.

Please select a unit, enter the position values and choose the sensor
side. Click use input to show the sensors

Select mm || cm El

X Y 4
Sensor 0.07 o 0.4 m | 0125 | o xz | |yz | |useinput
Sensor 1 m | 073 | @ | 0878 g xz | |yz | |useinput
Sensor 2 o 0.07 m | 0875 | m xz | |yz| | useinput
Sensor 293 | m | 0675 | m | 0125 | m o

Next

Figure 4.27: Entering window of the coordinates of the sensors via the implemented
graphical user interface of the PD localization algorithm

After entering the initial parameters, certain algorithm parameters can
be modified for the expert user, while the standard user may proceed with
preset features. The user then chooses the folder containing the PD signals
and clicks on start the process. Subsequently, the localization begins and
the results are shown both visually and as a text file, which contains all the
input parameters and the final results. The 3D visualization tool also allows
the user to rotate and zoom in and out. An exemplary visualization of the
results is depicted in Figure
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Figure 4.28: Visualized localization results via the implemented graphical user in-
terface of the PD localization algorithm

In this chapter, an algorithm was proposed for the localization of PD us-
ing the UHF measurement technique. The algorithm utilizes a multi data-
set approach. In order to maximize the efficiency of the algorithm, several
rules are applied to only select a portion of the data-sets. Modern meth-
ods are employed to pre-process the data-sets. For the determination of the
AT of the signals, which is the most critical challenge of this method, the
TWCF method is applied. The superiority of the employed AT determina-
tion method was demonstrated by means of comparison with other avail-
able techniques. The final location of the fault is determined by clustering
the candidate PD coordinates.

Measurements were performed in a scaled-down physical model of a
transformer with purposely set unfavorable circumstances with the goal of
identifying the lowest limit of the localization accuracy achievable with the
proposed localization algorithm. It was demonstrated that a localization ac-
curacy of less than 25 cm may be achieved. It is worth noting that a higher
localization accuracy is feasible in a genuine oil-filled power transformer due
to the lower propagation velocity of electromagnetic waves in insulating oil,
which in turn reduces the influence of fluctuations in the determined ATs and
leads to better localization results.
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Conclusion

The global energy transition towards renewable energy sources has gained
significant momentum in recent years. As countries shift away from tradi-
tional fossil fuels, the demand for renewable energy technologies, such as
wind turbines and solar panels, has grown exponentially. This transition has
resulted in the need for a greater number of transformers to step up or step
down the voltage of electricity transmitted through power grids. While the
deployment of new transformers is necessary to accommodate the increas-
ing demand for energy, it also places a higher stress on the transformers that
are already in service. Transformers hold a crucial role in power distribution
networks, and any failure or malfunction can result in substantial power out-
ages and significant economic losses. Power transformers are also the most
expensive element of the power grid. Their high initial cost is accompanied
by a high expectation of service life. A forced outage due to a fault not only
affects the reliability of the power grid, but is also associated with high costs
for downtime and expensive measures to repair or replace the transformer.
With deteriorating condition of transformers, their risk of failure in-
creases. To minimize costly downtime, transformer maintenance should be
planned ahead of time. Therefore, there is a pressing need to develop new
methods and approaches for monitoring and diagnostic of transformers.
Monitoring and diagnostic techniques are effective tools for determining an
asset’s state of health, allowing the asset manager to make an informed deci-
sion about an appropriate maintenance plan by analyzing the data collected
via monitoring and evaluating supplementary diagnostic measurement re-
sults. The appropriate condition assessment approach for a transformer
depends on its acquisition value and its criticality in the power system.
Therefore, the design, technology, and cost of implementing a suitable moni-
toring system for small transformers significantly differs from larger units.
Against this background, two concepts for achieving the above objective
were discussed in this work, targeting different types of transformers.
Tracking the concentration of fault gases in the gas cushion of small GSU
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transformers employed in wind and photovoltaic farms as the basis for the
development of an online monitoring system was the first presented concept
in this work. The majority of established and available transformer moni-
toring systems target the dissolved gases in the transformer oil and are suit-
able for larger units, however, they are not cost-effective for the small GSUs
mentioned above. In case of a fault in a transformer, considerable amounts
of fault gases are generated due to the degradation of the insulation system.
There is a permanent exchange between the liquid phase and the gas phase of
hermetically sealed transformers with gas cushion. Since hydrogen has a low
solubility in the liquid phase, and is a common byproduct of different fault
types in transformers, it serves as the main target of the developed moni-
toring system. The monitoring system is exposed to high ambient stress,
since in addition to mechanical factors such as the vibrations during the op-
eration of the transformer, it has to cover a large temperature and pressure
ranges. Additionally, in case of hermetically sealed transformers with a gas
cushion out of nitrogen, it has to operate in a low-oxygen environment. Fol-
lowing a preliminary investigation on available semiconductor-based sen-
sors for the detection of fault gases, a catalytic type sensor was selected fol-
lowing a series of experiments regarding its suitability for the high require-
ments to be met. Furthermore, auxiliary sensors were integrated to monitor
environmental parameters such as temperature, pressure, oxygen level, and
humidity. A lab prototype of the monitoring system was developed and sub-
jected to several experimental scenarios. The results indicated that the moni-
toring system successfully tracked the trend of fault gases in the gas cushion.
The developed monitoring system was subsequently industrialized. It fea-
tures a warning and an alarm function. The warning signal is issued if the
sensor system detects a rise in the amount of the fault gases, or the rate of
fault gas generation. In this case, the operator can initiate further measures,
e.g. analysis of an oil sample via gas chromatography. The monitoring sys-
tem continues to track the fault gas level, and if the pattern continues, an
alarm signal will be issued, allowing the operator to react accordingly.

The second concept covered in this thesis is the UHF measurement tech-
nique for PD. In this regard, the electromagnetic (EM) waves emitted in case
of PD activity in power transformers are captured by specially designed
probes. For several decades, this approach has been widely used for moni-
toring and diagnostic purposes in the field of gas-insulated substations. For
power transformers, due to their intricate inner structure, this is a signifi-

cantly more demanding challenge.
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The conventional PD measurement method in accordance to IEC 60270
offers the possibility of calibration, detects all PD types, and is considered as
reference for PD classification based on so-called PRPD patterns. However,
it has also some limitations, e.g. it is susceptible to external interference. Fur-
thermore, its PD localization capabilities is severely limited, since it can only
enable a one-dimensional localization. The proposed methods in this the-
sis provide complementary tools for PD diagnostic measurements in power
transformers.

The main disadvantage of the UHF measurement technique is the absence
of a calibration procedure comparable to the conventional method, as stated
in [EC TS 62478. This is due to a variety of factors. Once the probe is inserted
into the tank of a transformer, owing to the complex inner structure of the
interior of power transformers, specially the active part, a new EM system is
established to which general far-field antenna theory is not applicable.

On the topic of PD detection, since the UHF measurement technique fea-
tures a high resilience against external disturbances due the transformer tank
acting as a Faraday cage, it is optimal for measurements with a high back-
ground noise, e.g. on-site measurements or online monitoring. A practical
technique for PD detection is proposed in this thesis, with the focus on opti-
mal center frequency and bandwidth to obtain patterns with a high correla-
tion to conventional PRPD patterns, allowing the application of existing PD
classification know-how to evaluate UHF PRPD patterns. To accomplish this
objective, the resonance frequencies of the transformer’s tank as a cavity are
calculated by considering various factors such as the tank’s shape, dimen-
sions, and the material properties of the insulation medium. Subsequently,
the center frequencies are ranked in regards to the mode density and de-
pending on the measurement bandwidth. For performing the measurement,
the lowest center frequency is selected and a sensitivity check according to
IEC TS 62478 is performed, in order to adjust the gain and the amplification
factor of the measurement instrument. The background noise is then eval-
uated with two possible outcomes: if the background noise is acceptable,
measurements for obtaining UHF PRPD patterns are performed. Otherwise,
the selected center frequency is removed from the ranking and the described
procedure is repeated with the next lowest center frequency. The proposed
method was validated through practical measurements, demonstrating re-
markable results.

Another aspect of the UHF measurement technique is its capability of lo-

calizing PD using the time difference of arrival (TDOA) method. For this
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purpose, four probes and consequently four captured EM waves are neces-
sary. The arrival time (AT) of each of the signals is then determined. The
distance between the PD source and the respective UHF probe is correlated
with the propagation velocity of the EM waves multiplied by their time of
flight. The solution to the resulting system of four equations delivers the
location of the fault. The effect of deviations in the determined AT of UHF
signals on the localization accuracy was analyzed and it was concluded that
an algorithm based on only one data-set is not suitable for the complicated
problem of PD localization in power transformers due to the high depen-
dency of the localization accuracy on the determined ATs. In this thesis,
a PD localization algorithm is proposed, which utilizes a multiple data-set
approach. A more exact assessment of the PD location is feasible by using
appropriate methods to select only a small portion of the data-sets in combi-
nation with modern digital signal processing and clustering for determining
the fault location. The proposed algorithm was validated by using a scaled-
down physical model of a transformer. It was shown that even in a relatively
small transformer tank with evoked reflections through the active part, and
air as insulating medium, a localization error of less than 25 cm is achievable.
Given the purposefully chosen unfavorable circumstances with the objective
of determining the lower limit of the reachable localization accuracy with the
proposed localization algorithm, it can be assumed that a significantly higher
localization accuracy is achievable in a genuine oil-filled power transformer.
This is attributed to the lower propagation velocity of electromagnetic waves
in insulating oil, which decreases the effect of deviations in the determined
ATs and leads to better localization results.

The instruments and procedures developed and presented in this thesis
serve transformer condition diagnosis and monitoring, allowing for a bet-
ter maintenance and repair strategy and thus improved asset management
in terms of operational reliability, availability, cost-effectiveness, and invest-

ment planning, all of which contribute to energy efficiency.
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