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Abstract

Partial Discharge (PD) measurements are of great importance to enable the monitoring and diagnostics of
HYV systems. The requirements of the Paris Agreement and climate goals have fuelled the increase in pen-
etration and demand of HVDC for offshore wind. The HVDC Gas Insulated Switchgear (HVDC GIS) is a
reliable technology to support the necessary electrical infrastructure. Nevertheless, some in-service failures
may occur. These failures can occur in the insulation system and thus developing a measurement system for
PD detection is essential for monitoring and diagnostics.

To monitor and diagnose the HVDC GIS, a novel Magnetic Antenna (MA) is being developed to operate
in the high-frequency (HF) (30-300 MHz) range. The well-established UHF method for the GIS is typically
used due to its high sensitivity and resilience to electromagnetic interference. However, the UHF method is
unable to calibrate to apparent charges as this information is in the low frequency (up to 30 MHz) until HF
range. The knowledge of charge calibration indicates the discharge type which is important in DC as DC
does not have phase-resolved information as with AC. The appropriate frequency range of the MA should
enable the measurements of the apparent charge and localize the defects when monitoring and diagnosing a
HVDC GIS setup.

The overarching goal is to develop a measurement system to measure PDs in the HF range in a GIS setup.
For this purpose, MAs are created and investigated. A workbench has been built and developed to char-
acterize the MAs and measure its frequency characteristics. A 380 kV GIS measurement setup has been
developed. This enabled the measurement and acquisition of data of the discharges using the MAs. The
Threshold Peak detection (TPD), Energy Criterion (EC), and Phase Method (PM) localization methods are
investigated and implemented for localization of the source of defects. The PM is unable to localize the pulse
due to its sensitivity to noise and reflections. The TPD and EC are both suitable with the TPD being the
preferred method due to its 95% accuracy of localizing the defect within + 1.5 m.
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1 Introduction

1.1 Background

Renewable energy sources are becoming of increasing importance due to the Paris Agreement climate goals
and the negative climate change consequences. In the Netherlands, particularly the growth of off-shore wind
is of increasing importance. This is exemplified by the roadmap devised by the ”Rijksdienst voor Onderne-
mend Nederland” (RVO) [The Netherlands Enterprise Agency| which entails a growth from 1000 MW in
2015 to 4500 MW in 2023 [1]. Moreover, there are developments from transmission system operators such
as TenneT striving to increase the connection capacity by an additional 6.1 GW for the 2030 roadmap [2].
An offshore wind substation is shown in Figure 1.

Figure 1: Offshore Wind Substation [3].

Amongst important policies, the ambition of increasing the capacity of offshore requires a plethora of tech-
nical developments to support the infrastructure. HVDC can also be used for the transport of energy as
an alternative to AC transmission. Several technical benefits of HVDC include the bulk power transmission
over long distances due to AC consuming reactive power with the parallel capacitance paths in cables and
other losses such as the skin effect. Another advantage is the power exchange between two asynchronous
networks overseas. This also enables markets to be coupled encouraging a price competition for exchanging
energy. Moreover, HVDC is preferred due to its cost-effectiveness with capex and opex for distances above
50km for offshore applications [4]. Due to these prevalent benefits, it is also important to monitor and
diagnose up and coming technology in HVDC. The project PROMOTioN (PROgress on Meshed HVDC
Offshore Transmission Networks, see Figure 2) under the EU Horizon 2020 aims to make progress regards
to developing a meshed HVDC grid [3]. The GIS is an essential unit of the electrical infrastructure required
to realize this. This is the first time that such equipment is tested in an independent commercial laboratory.

Figure 2: PROMOTioN Project Logo [5].

The GIS is a gas insulated switchgear which has promising prospects in HVDC transmission for offshore
substations. This is relevant as aforementioned due to the increased demand and penetration of off-shore

11



Figure 3: PROMOTioN Project ABB’s 320 kV HVDC gas insulated switchgear (GIS) test equipment in the
KEMA High Voltage DC Laboratory in Kleefse Waard, Arnhem, Netherlands. [6].

turbines. A GIS is a switchgear that is encapsulated in metal with high-pressure gas inside. A switchgear
in the context of electrical power systems contains fundamental high voltage electrical components such as
switches, fuses, disconnectors and circuit breakers [7]. The GIS is essential to enabling the control and pro-
tection of electrical equipment. The coaxial structure is used with the inner-conductor transporting power,
grounding the exterior enclosure and is insulated using gas. The interior is supported using solid insulation
known as spacers. A GIS is typically filled with SFgs with the second generation using a gas mixture tech-
nology involving Na. The benefit of the hybrid second generation provides better insulation characteristics
whilst reducing the amount of the harmful SFy greenhouse gas which is relevant during potential leaks.
Using GIS technology with other gases over conventional air-insulated options result in a 90% reduction in
volume [6]. This reduction is especially useful in offshore applications where space is limited and expensive.
An example of a GIS is shown in Figure 4.

Figure 4: GIS Example [8] inside of a yellow substation in Figure 1

Partial Discharge (PD) measurements enable the monitoring and diagnostics of the GIS system. This can
thus notify the operator of the type of defect in the system so that appropriate measures can be devised and
if necessary executed. As defined in the IEC 60270 standard, Partial discharges (PD) are localized electric
discharges which partially bridge the insulation between conductors [9]. They are progressively detrimental
to the insulation and this deterioration may ultimately lead to insulator failure. It is therefore important to
monitor and diagnose this phenomenon so appropriate measures can be made.
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1.2 Problem Statement

Early detection and localization of a PD source can enable insights for example for preventive maintenance
to deter dangerous and costly breakdowns. The detection method investigated in the thesis involves research
on high frequency (HF) magnetic antennas. A magnetic antenna has already been designed for this purpose.
This magnetic antenna needs to be constructed, developed and characterized in terms of frequency perfor-
mance with various amplifiers. Furthermore, it has to be tested in a GIS setup to determine its suitability
for localization purposes. Although not explored this thesis, the antenna can also be used to determine the
PD apparent charge in pC. This is to determine the severity of the discharges. This is particularly important
in DC as the phase resolved information which provides clearer categorization of the type of discharge is
unavailable when compared to AC. In DC the magnitude of the discharges provide indications for character-
izations of the defects. On the whole, these developments will result in valuable research towards developing
a measuring system as part of the PROMOTioN project pertaining to the application of offshore HVDC
GIS PD monitoring.

1.3 Research Goals

The overarching problem statement involves developing a measurement system to measure PDs in the HF
range. For this purpose, a magnetic antenna is investigated. The research goals are expressed in the following
milestones:

e Workbench Development: Build and develop a workbench for the characterization of the magnetic
antennas.

e Magnetic Antenna Characterization: Use the workbench to measure the antenna response and process
the data to determine the frequency characteristics.

e Conference paper: Contribute to a paper for CIGRE Paris 2020 on ”A NEW PARTIAL DISCHARGE
MEASURING SYSTEM IN HVGIS BASED ON MAGNETIC FIELD ANTENNAS”.

e Measurement GIS Setup: Develop the magnetic antenna measurement infrastructure for the 380 kV
GIS at the High Voltage Laboratory of the Delft University of Technology.

e Localization: Research, implement, and evaluate 3 algorithms for localizing PD defect sources in the
GIS system using the magnetic antennas.

The main scientific contributions envisioned are developing a workbench to characterize the designed mag-
netic antenna and to assess the localization capabilities of the antennas with the TPD, EC and PM algorithms
on a GIS setup.

1.4 Thesis Structure

The thesis structure is divided into eight chapters. The chpater contents are as follows:

Chapter 2: The fundamentals of PDs are explored. The main focus of the chapter lies in prior research of
electrical PD sensing with high-frequency current transformers (HFCTs) and magnetic antennas which acts
as a springboard for the thesis.

Chapter 3: The workbench to characterize the magnetic antenna is explored. An initial workbench and
a developed workbench are created. The steps to create the developed workbench and concepts on how to

mitigate undesired reflections are explained and implemented.

Chapter 4: The magnetic antenna is characterized using the developed workbench. The construction of
the antenna is explained. The frequency behaviour of the time domain input current is investigated with
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the HFCT and the output voltage is measured using the antenna. The antenna is investigated with several
amplifiers and passive components. Finally, the antennas bode response is investigated to investigate reso-
nance peaks.

Chapter 5: The 380 kV GIS setup at the Delft University of Technology High Voltage Lab is used for testing
the magnetic antenna measurement system. The measurement system and its equipment are systematically
constructed to enable proper analysis and tests of the magnetic antenna.

Chapter 6: Three algorithms for localization of PDs in the GIS setup are explored. The Threshold Peak
Detection, Energy Criterion, and the Phase Method are implemented and evaluated for its suitability in

terms of accuracy, reliability and run time.

Chapter 7: The conclusions of the research are presented and a future scope of recommendations and a
research path is outlined.

Chapter 8: In the appendix, supplementary supporting information for the chapters, and a complete
overview of the measurements are presented. Moreover, a list of figures and tables are included.
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2 Fundamentals

Fundamental theory and elements of relevant literature research and review are explored as required prior
knowledge. Relevant literature elements to be investigated for the project have also been embedded into other
sections as part of a dynamic process based on the necessity of information.

2.1 Partial Discharges

PDs are initiated if the voltage stress exceeds that of the corona inception voltage of the void/object. The
equivalent circuit for internal PD from the IEC60270 standard is shown in Figure 5. A discharge occurs when
the voltage V. across the capacitor ¢ surpasses the breakdown voltage Uy following from the Paschen curve
[9]. The actual charge displacement is gl across capacitor ¢ across the void. However, as per convention,
the apparent charge ¢ is used. This is because ¢ can be calibrated and is roughly inversely proportional to
the insulation thickness. Furthermore, the magnitude of ¢ is an appropriate representation of the intensity
as its directly related to the energy dissipated, the dimension of the cavity.

Figure 5: ABC network PD from IEC60270 [9].

When a PD occurs, a high-frequency transient current pulse occurs. The current flowing through the
impedance of the component gives a voltage pulse. In the time domain the pulse duration is in the order of
nanoseconds. It has a wide frequency spectrum up to low GHz components [10].

2.2 Prior Research

The thesis continues on the research initiated by the DCE&S group at the High Voltage Laboratory of the
Delft University of Technology. A review of their published papers concerning PD measurements for GIS
applications is conducted. Firstly, the paper presenting a novel measuring system using the HFCT in the
high-frequency range for a high-frequency current transformer (HFCT) is explored. Secondly, the paper
presenting a novel measuring system using an antenna detecting the magnetic field is explored. Finally, the
latest publication develops on the antenna creating a single loop antenna for PD measurements.

In the GIS structure, there are spacers that are connected through bolts. HFCTs are installed at the bolts
of the spacers that pickup the PD induced currents in the enclosure. The bandwidth of the HFCT used is in
the order of hundreds of kHz to a few hundred MHz. A benefit with the HFCT is the lower frequency range
relative to the HF and UHF method. The UHF method uses a frequency range of 300-3000 MHz which
avoids the noise caused through power electronic switching. The HF also has better noise suppression due to
its bandwidth of 30-300 MHz. Nevertheless, the damping and dispersion of electromagnetic waves in the GIS
components such as spacers, T-share branches and E-Bends, is remarkable for the higher frequencies [11].
Hence the system measuring in the HF range is beneficial due to the lower attenuation. The PD currents are
distributed over the bolts and a high gain amplifier is used to amplify the mA currents which are detected.
Increasing the number of turns increases gain but reduces bandwidth, for the application, bandwidth had a
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higher priority. A configuration of one sensor at a bolt was used with the other 15 bolts are other current
paths was used as the effects of reflections are minimal when compared to other configurations. The charge
calculation might be possible with the HFCT method but the influence of partial reflections at the GIS
components needs to be investigated. A limitation of the HFCT sensors is that they are only installable in
GIS designs featuring external spacers.

Continuing on the research, the paper presenting the novel antenna for PD measurements in a GIS based
on Magnetic Field detection is explored. These antennas can be placed in the dielectric windows present in
the coaxial GIS which is beneficial compared to the spacers required for the HFCTs. The UHF bandwidth
is used where the TE11 is the dominant mode and the higher frequencies are more resilient to noise. The
UHF measuring system performance significantly decays with the distance due to the reflections causing
attenuation and distortion of the higher frequencies.

PDs cause surface currents to flow homogenously along the inside walls of the outer shield of the GIS and
travel around the dielectric window as shown in Figure 6.

Figure 6: Surface Currents along inside wall of the GIS shield [12].

The principle of magnetic detection involved is detecting the time-varying magnetic field in the dielectric
window caused by surface currents. This time-varying field, through Faraday’s law, induces a surface electric
field. This induced field can be integrated over the closed region to yield an electromotive force (EMF)
voltage. To visualize the concept, the induced electric field is shown in Figure 7.

Figure 7: Induced electric field in the dielectric window [12].

In terms of processing the data of the signal detected by the antenna from the induced electric field PD clas-
sification is necessary. The antenna signal is classified as a PD if it meets the criteria of the peak occurring
around the HFCT time, if the peak amplitude detected is roughly twice the background noise, and that the
cumulative instantaneous power indicates a clear pulse [12]. The characterization of the antenna is limited
by reflections in the GIS. There are also remaining considerations such as the influence of the number of
turns, which in the paper [12] uses 5 turns.
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The latest publication considers a single turn antenna for a top and bottom loop. The 5 turn antenna has
higher loop inductance and parasitic capacitance creating a resonance peak at 32 MHz. The benefit of a
single turn is thus to overcome the bandwidth problem and mitigate signal oscillations [13]. The challenges
include time-domain acquisition with large bandwidths and coping with EMI and noise problems associated
with it. Algorithms are developed to help recognize PD from noise in an attempt to tackle this issue. TEM
waves are detected from the antenna, in the HF and lower end of the VHF range. The loop is formed using
the RG179 where the inner conductor is shorted with the screen of the cable to form a loop. The screen is
grounded on one size and is floating in the other to provide electrostatic shielding and to prevent short-loop
currents which counteract the magnetic field detected by the antenna [13]. This single turn antenna has
shifted the resonance peak to 52 MHz from the original 32 MHz from the 5 turn antenna with 5 turns.

The objective is to now continue characterizing and investigating the design of a single turn top and bottom
loop magnetic antenna. A workbench is created to investigate the frequency performance and subsequently,
the antenna will be tested on the GIS setup.

2.3 Chapter Conclusions

Prior research provided stepping stones to motivate the importance of investigating the HF PD detection
over UHF methods. The HF has better noise suppression due to its bandwidth of 30-300 MHz. The damping
and dispersion of electromagnetic waves in the GIS components such as spacers, T-shape branches and E-
Bends, is remarkable for the higher frequencies [11]. Hence the system measuring within the HF range is
beneficial. As a result magnetic antennas are being developed and characterized in this frequency range to
detect the TEM mode from the PDs.
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3 GIS Workbench

A workbench is designed to characterize the antenna performance and investigate the input pulse in terms of
their frequency characteristics. A suitable workbench has to be developed to address the reflections present
in the GIS. Minimizing these reflections allows for an undisturbed input signal as a reference. With a clean
input, the antenna output voltage behaviour can properly be characterized, as reflections alter the frequency
spectrum. Once the input and output are reliable, the transfer impedance can be calculated as their ratio of
output voltage upon input current. The initial workbench prepared as a baseline is shown in Figure 8. The
developed workbench with resistive wire, termination resistor, and the cone structure is shown in Figure 11
and is subsequently elucidated.

3.1 Initial Workbench

The initial workbench to characterize the magnetic antenna has been constructed. The workbench is shown
in Figure 8 and 9. It consists of an outer housing screen and a 0.5 mm diameter inner conductor. A coaxial
structure is used with a dielectric window as a slot for the magnetic antenna. This coaxial structure is
relevant for the antenna bandwidth and sensitivity due to the antenna and dielectric window interaction.
The PD pulse is injected at the beginning with a nanosecond pulse generator. The antenna is placed in the
dielectric window of the GIS. When injecting a representative PD pulse from an avalanche pulse generator
(See Figure 14), it is observed that reflections occur in this workbench as shown by the waveform in Figure
10. These are reflections as the time separation of peaks of 12 ns are consistent with the dimensions of the
workbench and the speed of light.

Termination
Plates

Dielectric
Window
GIS Compartment

{ 0.205m ¥ 15

Nanosecond 4 Q I 0.55m

Pulse A
Generator | v L |
1 f 1

1.5m 1.5m

Inner Dielectric
Conductor Window

Antenna Slot

Figure 8: Initial Workbench for Antenna Characterization
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Figure 9: Picture of Initial Workbench for Antenna Characterization
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Figure 10: Reflection Reference from Pulse from the Avalanche Pulse Generator on the Initial Workbench
Measured using the Bergoz HFCT (Model: FCT-016-5.0)

3.2 Developed Workbench

Measures are explored to address the reflections. After investigating possible solutions to address the reflec-
tions, for the thesis the following solutions are implemented:

e Termination resistor
e Cone (Conical elongation on the Injection and Termination sides)
e Resistive wire solution.

The termination resistor would enable impedance matching to cope with reflections. The procedure included
selecting a resistor to match the characteristic impedance of the GIS (See Section A.5 for more theory) and
then empirically iterating and testing the value until the optimal (330f2) was discovered.
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The implementation of the cone structure was hypothesized to resolve reflections. This geometry would
enable the size ratio between the inner conductor and the outer to decrease in order for the characteristic
impedance to decay over the distance. This way it also preserves the coaxial structure (the cone is the outer
conductor at the injection and termination) and smoothly reduces the characteristic impedance rather than
introducing discrete blocks and discontinuities.

The resistive wire is a wire with a uniformly distributed resistance and is used as the inner conductor. It is
used to gradually attenuate the pulse and the higher frequencies to decay the reflections.

The developed workbench schematic with the termination resistor, cone structure and resistive wire is pre-
sented in Figure 11.
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Figure 11: Workbench for Antenna Characterization

Figure 12: Picture Workbench for Antenna Characterization

On the injection and termination side of the workbench, 16 conducting wires of 0.5 mm diameter are used
to connect the grounded outer screen of the GIS to the support plate as shown in Figure 11. This way the
continuity of the ground is also sufficiently preserved. Steel bars are also passed through the holes in the GIS
as support and connected for the support plate for rigidity and structure. The cone is extended to suit the
dimensions of the laboratory. The benefit of extending the cone is two-fold. Firstly, it ensures the decay of
the characteristic impedance is more gradual. The conductors are connected to the outerscreen and are fed
such that the radius of the outer-screen reduces until the termination. This is done by fixing the outer-screen
point and feeding the conductor at an appropriate angle such that the wire reaches the required position at
the designed termination plate. Secondly, the increased length provided allows an increased length for the
resistive wire and thus increases the damping effect toward reflections. The termination cone is purposefully
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larger than the injection cone. The injection cone enables the PD pulse generator and the Nanosecond Pulse
generator to both inject adequate pulses in the coaxial structure (See Section 3.3). The termination cone
length ensures sufficient attenuation caused by the resistive wire of the reflection before it is detected to the
antenna.

The resistive wire chosen is readily available in European markets and applicable for attenuation is the 30531
Resistor Wire 0.8 mm 19.10 Ohm/m, Kanthal. As mentioned in the name, the diameter of the wire is 0.3
mm and the resistance value is 19.10 ©/m. This resistive effect should, per transmission theory, attenuate
the oscillations and as a result, minimize the reflections. Initially resistive wire of length 1.5 m + 3.95 m is
used as the length after the antenna to ensure that the antenna still can read the unimpeded input pulse. It
was observed that the high-frequency components are causing an impure pulse and that a small reflection is
still present. Hence the resistive wire is also placed in the injection cone for the full length of the workbench
smoothening the input signal. The pulses are shown in Figure 16 and Figure 17.

The size ratio of the inner diameter to outer diameter is governed using support plates. The support plate
has slots and is designed such that the diameter of the cone created from the wires is 4 cm with enough
space for the BNC connections. The diameter ratio of the outer to inner at the support plates and after
empirically testing the termination value, results in a matching characteristic impedance of 330 (2.

3.3 Pulse Generation

An Avalanche pulse generator and a Pulse Generator are explored and used for representative PD pulse
generation

Avalanche Pulse Generator

A representative PD pulse is generated using a nanosecond pulse generator. This generator is supplied with
an output voltage of 90 V¢ and is connected to the input of the ns pulse generator. The generator functions
as an Avalanche Pulse Generator as is based on [15]. The circuit parameters are modified for the desired
time constant to get a suitable rise time in the order of several hundred picoseconds and hence C1 is 14 pF.
The output of the pulse generator is connected to the GIS in parallel with a series connection of 93 Q and
502 resistors that provide a path for the discharge to enter the BNC connection of the GIS and further tune
the rise time to an adequate magnitude of 560 ps. This pulse is injected into the conductor which passes
through the center of the GIS. It propagates along the wire and reflects at the termination of the GIS.

Figure 13: Avalanche Pulse Generator [15]
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(b) Avalanche Pulse Generator Housing with input re-

(a) Avalanche Pulse Generator Circuitry .
sistors

Figure 14: Physical Construction of the Avalanche Pulse Generator

Picosecond Pulse Labs 2000 Pulse Generator

It is observed that the magnitude of the pulse from the avalanche should be increased for further clarity of
the frequency characterization of the magnetic antenna. The magnitude of the avalanche pulse generator
is insufficient because the voltage amplifier gain is too low resulting in a pulse up to 2.6 mA. This gain
is important as the resistive wire used for the developed workbench exponentially attenuates the higher
frequencies. In order to provide a larger input pulse, the picosecond pulse lab 2000 is used for this (See
Figure 15). The waveforms of the pulse generated from the PPLG are shown in Figure 16 and 17. The rise
time is in the order of 730 ps and the peak magnitude is 19.8 mA.

Figure 15: Picosecond Pulse Labs 2000 Pulse Generator

22



HFCT Input of Avalanche Pulse Generator
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Figure 16: Avalanche Pulse Generator and Picosecond Pulse Lab Generator time domain current waveforms
measured by the Bergoz HFCT
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Figure 17: Avalanche Pulse Generator and Picosecond Pulse Lab Generator time domain and frequency
domain current waveforms measured by the Bergoz HFCT
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Comparing Figure 10 to Figure 16 it is visible that the developed workbench with the termination resistor,
cone and resistive wire is able to significantly reduce the reflections. Hence, the termination resistor, cone
and resistive wire are suitable for coping with reflections.

3.4 Chapter Conclusions

The initial workbench for the antenna characterization (See Figure 8) is developed (See Figure 11). The
resistive termination of 330 €, injection and termination cone, resistive wire with a resistance value of 19.10
Q m is successfully used to cope with reflections as is shown by comparing the input pulses between the
initial workbench and the developed workbench which is shown in Figure 10 and Figure 16 respectively. The
PD waveforms of the pulse injection methods of the PPLG and Avalanche pulse generator in the developed
workbench are shown in Figure 17. From the input response, it is observed that the developed workbench is
suitable for characterizing the magnetic antenna.
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4 Antenna Design and Characterization

This chapter delves into the designed antenna and its use in the GIS workbench. Its construction is explained
and several amplifiers are tested. The antenna response is extracted with different pulse gemerators and
attachments to the antenna. The frequency behaviour of the time domain input current and output voltage
is characterized. Furthermore, the transfer function and phase are calculated and represented in bode plots.
Finally, an analysis of the results obtained is presented with the chosen configuration of the antenna and its
attachments.

4.1 Antenna Construction

The designed and considered antenna is shown in Figure 18. The antenna loops are constructed using the
RG179 coaxial cable. This is because the co-axial cable has shielding properties as well as a thin conductor
resulting in lower inductance and thus favourable electrical parameters. The inner conductor is connected
to the grounded screen to form a loop from a single cable. It is then connected in a clockwise fashion to
form the top loop. Likewise the same is repeated for the bottom loop. The ends of the antenna loops are
passed to the metal plate and connected using suitable RF SMA connectors. On the outside of the plate, for
each loop, an SMA to co-axial adaptor is used to feed the antenna with the amplifiers as shown in Figure
21. This antenna is tuned to detect TEM waves in the HF and low VHF range.

(a) Antenna Aerialview (b) Antenna Sideview

Figure 18: Antenna Side birds-eye view and side-view

4.2 Amplifier Considerations

The workbench is created to identify the frequency response and behaviour of the antenna. This enables
the identification of potential resonance peaks and the suitability of the antenna in the HF range. Different
amplifiers are used to investigate the spectrum. Desirable properties of the amplifiers include a high gain,
high bandwidth with low noise in the output.

In terms of the high gain, a relatively higher gain can ensure sufficient amplification of small pulses which
improves the sensitivity. This results in enabling the detection of smaller PDs and achieving the desired

sensitivity of 5 pC.

In terms of a high bandwidth, there are multiple considerations. The high bandwidth is desired to character-
ize the magnetic antenna in the workbench. This wide frequency spectrum allows the detection of resonance
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peaks caused by the inductance and capacitances of the antenna and captures the entire spectral behaviour
of the antenna. Consequently, the antenna design can be improved and iterated upon to shift the resonances
to higher frequency ranges outside of the desired HF detection range. Furthermore, other high-frequency
interferences and noise such as the CM influence can be observed. The majority of the charge is in the low
MHz range. Increasing the frequency may improve the accuracy of the charge detected because there is more
spectral content that can be included in the charge integral. Nevertheless, a concern might be the higher
frequency noise introduced which could be more detrimental than the slight improvement in accuracy. Hence
noise rejection will also have to be considered. The choice of the appropriate bandwidth for the amplifiers
needs to be experimentally verified with the trade-off between the pros and cons of the gain and bandwidth.

The main purpose of the measuring system is to detect the PD and localize the compartment for servicing.
Greater accuracy with the charge magnitude and the accuracy of the localization is supplementary. As
aforementioned in Section 1), the TEM mode should be detected due to its lower attenuation than TE11.
This also infers that the TEM mode, in theory, would be better for localization. Moreover, an essential
consideration is that for the TEM mode, the PD pulse travels according to transmission line theory and
can be analysed through basic electric circuits. The low frequency (up to 100 s of MHz) could be suitable
as frequency components exceeding 500 MHz are significantly damped by spacers, T-shape branches, and
E-bends [18]. In theory, the bandwidth of the amplifier up to 300 MHz will be sufficient, it is then a priority
to select an amplifier with the highest gain and low noise. In theory, the bandwidth of the amplifier up to
300 MHz will be sufficient. Available amplifiers which are considered are listed in Table 1 with their relevant
parameters and are displayed in Figure 19 and Figure 20.

Table 1: Parameters of Amplifiers

Name Femto 40M-100K | 300-70 Mini circuits | 300-69 Mini circuits | Femto 400M-5K
Amplification type Current Voltage Voltage Current
Bandwidth [M Hz] 40 1000 1000 400

Gain [dB] 100 25.1 25.5 74.0

Jiow [MHZ] 0 0.024 0.023 0

fhigh [MH?2] 40 1140 1150 400

Input Resistance [Q2] | 50 50 50 50

Figure 19: 40M-100K (left) and 400M-5K (right) Femto Current Amplifiers
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Figure 20: 300-70 and 300-69 Mini Circuits Amplifier boxes

4.3 Antenna Response

The time-domain and frequency response of the antenna are investigated. Several available amplifiers which
are listed in Table 1 are compared. The time domain signals of the current of HFCT input and the voltage
of the antenna output are measured using the TektronixMSO58 oscilloscope. It is processed in MATLAB
and converted from the time domain to the frequency domain through a fast Fourier transform. After the
frequency responses are computed, the transfer impedance can be calculated. The spectrum of the transfer
impedance can be used to characterize the performance of the antenna in terms of bandwidth, and identify
possible resonances. The transfer impedance ratio H(f) is calculated using Equation 1,

o VOutputAntenna (f)
H(f) B IlnputHFCT(f) (1)

where Voutputantenna (f) is the output voltage measured by the antenna at specific frequencies and Irypurrror(f)
is the input current measured by the HFCT at specific frequencies.

The phase of the transfer function is also of interest to investigate the functioning of the magnetic detection.
If the top and bottom loop of the antenna have a phase difference of 180 degrees, out of phase, the magnetic
flux is detected. This is quickly observed by the top and bottom loop response being symmetric along the
x-axis. A bode phase analysis is also suitable to check if the phase diverges from 180 degrees significantly.
It is chosen to have an estimated margin of 35 degrees, when this is exceeded it can be concluded that the
antenna is receiving electrical signals. As a result, using this parameter observation, it can be determined
whether the antenna is functioning as desired.

To investigate the amplifiers, several attachments (PDF, inductive cores) are considered. The attachments
are as follows and are also listed in the attachments column in Figure 25.

For the Femto amplifiers, a 115 nF input capacitance is always used to block to supply low-frequency noise
as shown in Figure 21.

A PD Filter (PDF) is used to filter frequencies low frequencies below 116.8 kHz and those above 48.2 MHz
which would suppress noise and possible undesirable higher frequency resonances (See Figure 22).

The inductive round cable snap-it core 0461164281 (” Core 42”) and the round cable snap-it core 0461167281
(?Core 72”) are tested as an attachment to investigate its effect on capacitive CM interference. The
impedance profile of the cores are shown in Figure 23 and their placements on the antenna are shown
in Figure 24.
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Figure 21: Femto 40M-100K Current Amplifier Connected to the 115nF Input Capacitance Connected to
the Antenna in the Dielectric Window.

Figure 22: Partial Discharge Filter (PDF) Used

Figure 23: ”Core 42” and ”Core 72" Profiles
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(a) Antenna with the Cores 42 (b) Antenna with the Cores 72

Figure 24: Magnetic Antenna with Attachments

A structured overview of the considered cases of the amplifiers with the pulse generators and attachments for
the antenna is provided in Figure 25. Measurements for the input/output and the bode plots are conducted.
The bare amplifiers are included in this chapter with the other attachments included in the Appendix see
Section A.1.
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Figure 25: Overview of Investigated Amplifiers with the Possible Pulse Generators and Attachments
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The measurements are conducted as in Figure 25. The base amplifier input/output and bode plots with
the PPLG are included in the main thesis (See Figures 26, 27, 28, 29, 30, and 31) due to their clarity and
relevance. All of the other measurements are included in the Appendix, see Section A.1.
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Picosecond Pulse Lab + Femto 40M-100K Amplifiers
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Figure 27: Femto 40M-100K Amplifier Amplifier Bode diagram of Magnetic Antenna loops.
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70/69 Minicircuits Amplifier
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Figure 28: HFCT and 300-70/69 Mini Circuits Amplifiers Top and Bottom Loop Time Domain and Frequency
Response of Magnetic Antenna to the PPLG pulse
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Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers
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Figure 29: 300-70/69 Mini Circuits Amplifiers Bode diagram of Magnetic Antenna loops.
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Femto 400M-5K

Picosecond Pulse Lab + Femto 400M-5K Amplifiers
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Figure 30: HFCT current (input) and 300-70/69 Mini Circuits Amplifiers Magnetic Antenna voltage (output)

measurement in time domain and frequency domain for the top and bottom loop Response to the PPLG
Pulse
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Picosecond Pulse Lab + Femto 400M-5K Amplifiers
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Figure 31: Frequency range until 250MHz of Mini Circuits Amplifier Bode diagram of Magnetic Antenna
loops.
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4.4 Comparison Top and Bottom Loops with and without Cores

From the frequency characterization measurements, the influence of the cores are investigated. This sub-
section specifically juxtaposes the plots of the amplifiers with three cases. The ”Cap” case is the Femto
Amplifiers with the 115 nF capacitor. The capacitor is always used for the Femto Amplifiers. For the Mini-
circuits, it is bare (without input capacitance). As such the core 42 and core 72 are used accordingly with
or without the input capacitor depending on the amplifier choice. The data points are overlaid for a direct
comparison of the core’s behaviour for both the top and bottom loop. This way conclusions can be drawn
about the influence of the cores. All of the comparisons are included in the Appendix in Section A.4. The
PPLG plots are included in the main body as shown in Figures 32, 33, 34, 35, 36, and 37.
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4.4.1 Femto 40M-100K
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Figure 32: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse
Lab Generator and Femto 40M-100K Amplifier
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Figure 33: Comparing bottom loop transfer impedance of base, core 42, and core 72 with the Picosecond
Pulse Lab Generator and Femto 40M-100K Amplifier
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4.4.2 70/69 Minicircuits Amplifier

Picosecond Pulse Generator
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Figure 34: Comparing top loop transfer impedance of base, core 42, and core 72 with the Picosecond Pulse
Lab Generator and 300-70 Mini Circuits Amplifier
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Figure 35: Comparing bottom loop transfer impedance of base, core 42, and core 72 with the Picosecond
Pulse Lab Generator and 300-69 Mini Circuits Amplifier
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4.4.3 Femto 400M-5K
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Figure 36: Comparing top loop transfer impedance of base, core 42, and core 72 with the Picosecond Pulse

Lab Generator and Femto 400M-5K Amplifier
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4.5 Analysis Antenna Response

From the frequency analysis of the Femto 40M-100K (with 115 nF), 70/69 Minicircuits and the Femto 400M-
5K amplifiers (with 115 nF), it is apparent that there is a resonance occurring with peaks(s) between 105
and 130 MHz. It is suspected that this is due to a CM current path caused by a stray coupling capacitance
in the antenna components and surrounding metal plates and surfaces. To verify if the cause is the CM
resonance, an inductive core can be clamped around the straight end portion of the cable connected to the
SMA adaptor. The reasoning is that the inductive effect could compensate the influence of the capacitive
paths and mitigate the CM current influence. Using this concept, several cores were investigated with the
core 42 profile and core 72 profile being considered in the thesis as shown in Figure 23 with the impedance
profile. After applying the cores it is clearly evident from the figures displaying comparison of the cases with
the core 42 , core 72 and base case that the CM is causing the second resonance.

The resonance peaks are quite apparent in the Minicircuits amplifier, this can be due to these amplifiers
being more sensitive to external interference such as the CM noise. A plausible reason could be the poorer
construction of the amplifier relative to the expensive and renown Femto amplifiers.

Observing that the CM is the culprit of the 110 MHz resonance peak and the assumption that the 51 MHz
resonance peak was caused by the LC resonance, the subsequent conclusion is that adjustments can be made
to the antenna design accordingly!. PCB designs are being explored which reduce the length of the cables
and use other custom-designed amplifiers by DEMO (Dienst Elektronische en Mechanische Ontwikkeling).
It can be concluded that the workbench is therefore suitable to characterize the antenna due it to its clean
input with insignificant reflections. The clean input yields a clean output which is verified by averaging 30
responses to 30 pulses with the oscilloscope. After checking the performance of the antenna, the following
step would be to test it on the GIS system by applying high voltage DC.

Resonance peaks:
1. LC Resonance and influence of HFCT around 51 MHz 2
2. CM 105-130 MHz ; (It differs per amplifier slightly due to amplifier construction and design)

The Minicircuits is most sensitive to CM noise. A PCB antenna will be designed to push the LC resonance
further and to reduce the stray coupling.

4.6 Antenna Amplifier Choice

As aforementioned in Section 4.3, amplifiers should ideally have a low input noise but particularly they should
have a high gain and sufficient bandwidth (up to 300 MHz) for the HF range. Considering the trade-offs
between the gain and the bandwidth, it was ultimately decided to select the Femto 400M-5K amplifier to
be used in the GIS setup. The primary reasons were threefold. Firstly, and most importantly, the amplifier
is able is to characterize the antenna in the intended frequency range. Secondly, it is hypothesized that
with the higher bandwidth there would be more signal information that could characterize the pC charge
value more accurately than when using a 50 MHz. This characterization of magnitude is important because
unlike AC, where the phase gives information about the type of PD, for DC the magnitude of the discharge
is available. In DC there is not a well-established pattern that can help in identifying the type of PD. For
that reason, the charge plays an important role because it gives more information about the nature of the
PD. Thirdly, the high bandwidth provides better resolution in the time domain. The 40 MHz gives a time

1 It was later discovered that the 51 MHz resonance was largely caused due to the influence of the HFCT and its grounding
connection inside of the GIS. An idea to resolve the issue would be to decouple the measurement of the input and output.
Essentially doing these measurements sequentially and separately. The FFT of an average of 100 input signals and 100
measurements of the output would be a reasonable estimate(a larger number of measurements can always be tested if
desired). The ratio can be taken from these separate measurements for the magnitude in the Bode analysis.

2 Influence of HFCT, see footnote above
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resolution of 25 ns whereas the 400 MHz provides a 2.5 ns resolution. This is useful for localization methods
based on the time of arrival method (which are considered in Section 6.1) which translate time into distance
using the wave prorogation speed in the medium. This hypothesis of using a larger bandwidth considers
that future measures to be researched and implemented would ensure sufficient noise suppression as typically
using a larger bandwidth would include more noise and thus could influence the value of the current integral
resulting a deviating charge value.

4.7 Chapter Conclusions

The designed antenna is tested in the developed workbench. For the MA, resonances are detected. The
peaks around 51 MHz are caused by the LC resonance and HFCT influence of the grounding. The 105-130
MHz peaks are due to the CM interference. This characterization provides valuable information to consider
designing the next version of the MA. The chosen amplifier to be used is the Femto 400M-5K amplifier due
to its appropriate bandwidth (for charge estimation and the HF range) and time resolution properties which
will be valuable for localization. Overall, it was able to successfully characterize the MA with the workbench
and investigate its frequency and phase behaviour.
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5 GIS Setup

The chapter presents the 380 kV GIS setup at the Delft University of Technology High Voltage Lab. The
diagram of the setup with the placement of defects and magnetic antennas are presented. Supporting electrical
equipment and considerations of implementations are explored. This setup will ultimately be used for testing
the localization capabilities of the setup.

5.1 Topology

The coaxial structure of the GIS provides a waveguide like environment for the PD pulse to propagate. This
enabled the previous measurements and characterization of the antenna on the workbench. The workbench
measurements were established in a straight GIS tank with cones to prevent reflections in order to properly
characterize the antenna. In a GIS system applied in practice, there are several other considerations and
compartments. There are other structural parts such as the L-shaped bend, T-shaped branch and various
spacers. The GIS setup to be investigated in the TU Delft lab is more representative of a GIS system and
thus will provide more meaningful insights which will be applicable in the future to the GIS in field if the
measurement system is successful and appropriate for the use case.

The physical topology of the GIS system investigated in the laboratory is shown in Figure 38. The schematic
map is shown in Figure 39.

Figure 38: Aerial topology of the physical GIS System
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Figure 39: GIS Diagram with Magnetic Antenna (MA) and PD Source placements

5.2 GIS Setup Components and Considerations

The structure of components in the setup will have an impact on the EM propagation process of signals due
to a change in transmission media. Factors such as attenuation, the widening of a pulse, reflections, and
providing multiple paths for the signal to propagate will be conducive to influencing the behaviour of the
pulse and thus what is detected by the magnetic antenna.

A brief overview of some structural components follows:

T Joints: As the name suggests, the T joint is shaped as a T. T Joints are used in a GIS to split the path
of the inner components along two directions perpendicular to each other. This provides three extra paths,
one reflection at the wall which the initial pulse is incident to and a path to the left and right branches of the T.

L-Bend: The L-Bend is shaped as an L and is designed to bend the construction of the path along a right
angle. A reflection occurs here at incidence from the left as well as the pulse propagating at a right angle.

Spacers: Spacers are insulating supports used in the GIS. As the wave propagates through the coaxial
structure it encounters the spacers on their path. These spacers could attenuate the signal and provide
paths for stray current to flow.

Switchgear: The switchgear compartment is larger than the GIS straight tank components. This causes
a change in characteristic impedance and thus reflections occur. Depending on the contents of the larger
switchgear compartment, the wave will change as well.

Generation Section: A HVDC source is used and is connected to the bushing which is part of the GIS

setup. -17 kV DC is applied to ensure the corona inception voltage is exceeded for the needle which is placed
at different locations.
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A brief overview of electrical equipment used follows:

Oscilloscope: The oscilloscope used should have a sufficient bandwidth, sampling frequency, and able to ac-
quire data in a sufficient time frame. The oscilloscope used is the Tektronix MSO58. The sampling frequency
used is 1.25 GS, with a bandwidth up to 2 GHz or 250 MHz if noise suppression at higher frequencies is
desired, and the time frame of acquisition is set to 1.2 us which is greater than the time needed to propogate
from one end of the GIS to the other.

DC Voltage Source: A DC voltage source is used to supply 15 V to the 6 amplifiers which are used for
the output of the magnetic antennas.

Amplifiers: For the Magnetic Antennas, the Femto 400M-5K is chosen. These amplifiers provide sufficient
gain and cover a large bandwidth out of the aforementioned amplifiers available.

HYV Generator: A Sorensen H.V. Supply 1101 is used to supply a DC voltage to the bushing for the GIS.

To structure the setup and provide a clear overview for its users several aspects were implemented. Labels
were placed on the antennas and their cables which provided a clear and clean overview when connected to
the oscilloscope. Moreover, careful wiring for the amplifiers and their 15 V DC source is implemented.

In terms of the antenna locations, three antennas were available due to limitation of the 6 amplifiers. Hence
it was decided to spread them and place them in available dielectric windows as shown in Figure 39.

5.3 Antenna Modifications For the System

The magnetic antenna for the system is the same design as that which was tested on the workbench as shown
in Figure 18. For practical reasons a readily available coaxial cable with a pre-soldered SMA connection is
used. This allows for the antennas to be constructed faster due to the troublesome SMA pin soldering and
also should mitigate human error in production providing a more consistent response. Slight modifications
are therefore introduced however, this will not drastically change the antenna frequency characterization.
This antenna is shown in Figure 40.

Figure 40: Antenna GIS with copper tape for connecting the ends of the individual loops

The magnetic antenna is inserted in the dielectric window of the GIS enclosure with a 2 mm clearance of
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the antenna loop diameter with the inner walls. This enables the antenna to overcome the internal bump
produced by the perimeter welding of the window pipe to the GIS compartment. The antenna diameter is
103 mm and the distance to the mounting plate is 53 mm.

5.4 Defects & Placements
5.4.1 Test Cell Charge Preparation

A test cell containing a sharp needle and SF6 Gas at 1 bar is prepared as shown in Figure 41. This test cell
is placed at location A (see Figure 39). A voltage of -10 kV was sufficient to generate PDs.

Figure 41: SF6 Test Cell with Needle

This test cell is created in preparation to check the sensitivity performance of the Magnetic Antennas. To
check the apparent charge of the PDs generated by the test cell, the Bergoz HFCT (Model: FCT-016-5.0)
is used. Data is processed with PDFlex software to inspect the value of the charge. The prepared SF6
test generated the majority of PDs in the range of 20-50 pC as shown in Figure 42. The magnitude of the
discharge is dependent on the sharpness of the needle, with a sharper needle able to create finer discharges
with a smaller magnitude. Ultimately, it is desired to check discharges in the order of magnitude of 5 pC. To
achieve these smaller PDs, the needle can made sharper, used for shorter time intervals (or replaced more
frequently), as the applied DC stress degrades the needle over time. The set up and cell was used for the
charge estimation analysis on the charge magnitude and error in the CIGRE paper 2.

Figure 42: PDFlex Analysis of the magnitude of charge of the SF6 Test cell with the HFCT gain of 5 mV/mA
and gain of 25.5 dB.

3 CIGRE Paris 2020 on ”A NEW PARTIAL DISCHARGE MEASURING SYSTEM IN HVGIS BASED ON MAGNETIC
FIELD ANTENNAS”
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5.4.2 Corona Discharge Needle

A sharp needle is used to instigate corona discharges. It was observed that below -17 kV, PDs were observed
on the oscilloscope through the magnetic antennas. The antennas measure the signal and it is stored on the
oscilloscope. These measurements are acquired as the needle is sequentially placed in locations B, C, D and
E as shown in Figure 39. An example pulse detected by the closest antenna (MA2) to the needle at Location
B is shown in Figure 43 where the symmetric behaviour at the arrival of the pulse is apparent at 0.366 us.

Example PD Pulse Closest Antenna MA2 Location B

T T T T T T
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Figure 43: MA2 Response to example PD at Location B in the GIS Setup

5.5 Chapter Conclusions

The GIS setup is explained and the topology of it with the placed defects at specific locations is shown in
Figure 39. Slight modifications were made to the MA for it to fit in the dielectric windows of the setup. A
corona test cell is prepared and corona needles were placed in the GIS. An example of a PD at Location B
detected by MA2 shows that the measurement system is functional and able to acquire the required pulses
as is shown in Figure 43.
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6 Algorithms for Partial Discharge Source Localization

To monitor the operation security of the GIS, PDs should be monitored. The localization of the PDs is
essential in order to perform appropriate maintenance measures to maintain the operation security. Actions
are taken based on the asset management policy which structurally decides and executes plans to optimize
the balance between performance, efforts and risk. Localizing the PD provides information to the service
providers where service is needed or may be needed.

Localization in the GIS is possible in both the longitudinal direction and the axial circumferential direction.
For practical reasons, only the longitudinal direction is required to identify the compartment(s) involved.
An accuracy of 1.5 m is desired to locate and thus isolate the smallest specific compartment.

Three methods are investigated and evaluated. The investigated methods are the:
1. Threshold Peak Detection,
2. Energy Criterion, and

3. Phase Method.

These methods all apply localization in the time domain. More specifically the time of arrival method (TOA)
is applied as explained in Section 6.1.

In terms of data acquisition, 100 pulses are acquired for processing for both the top and bottom loop antenna.

6.1 Time of Arrival Method

The time of arrival method (TOA) is based on comparing the time difference between wavefronts arriving
at two magnetic antennas which indicates the location of the PD source [20]. The concept is illustrated in
Figure 44 where sensor 1 and sensor 2 are the two antennas closest to the defect.
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Figure 44: Longitudinal Section of GIS with TOA Concept Adapted from [20].

The distances of the defect with respect to the antenna are labelled x1. and x5, as shown in Figure 44. The
TOA equations to calculate the distances are:

v — C° AT c
T = % (2a)
g, = T ¢ Bl (20)
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where x4, is the pre-known (longitudinal) distance between the two antennas, ¢ is the speed of light rep-
resentative of the PD wave propagation speed in the GIS, and AT;. and ATy, is the difference in time of
arrival difference between right and left sensor and difference between left and right respectively. For the
explanation, the terminology left and right are used to prevent ambiguily with the enumeration/number of
the antennas. The sign conventions for x1. and x5, are with respect to the localization defect, with left being
negative and right being positive.

The implementation of the algorithm in MATLAB is elucidated in figure 45 with a subsequent elaboration
of each step.

Time sort the time matrix
and return the index
vector from previous

syntax

v

Find the modes of the
first two columns of
pulses

v

Assign closest times as
T_1cand T2_c

v

Calculate change in time
AT_1cand AT _2c

v

Using the modes, access
known value of distance
between antennas

v

Apply TOA Equation

Figure 45: Flowchart Time of Arrival Algorithm

The three investigated algorithms output a time matrix which contains the information of the time of arrival
at the Magnetic Antennas. With the time matrix, the elements are sorted in ascending order such that the
first two times of the closest antennas can be extracted. Indices are stored which are representative of the
number of the magnetic antenna (MA1, MA2 or MA3).

The time values of the two closest values are accessed from the time sorted matrix.

The time difference AT}, and ATs. is calculated as the difference in time of arrival between the right and
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left sensor and difference between left and right respectively.

The previously stored index representing the number of the antenna is used to compute the mode of the
indices for the first two columns of the sorted time matrix. The values are extracted so that the x4, is also
selected based on the two antennas. This is done after a conditional if statement based on the mode of the
first two columns of the index time matrix.

Now that x4,, ATi. and ATs. are known, the TOA equation, see Equation 2, is applied to calculate the
distance of the defect from the antennas.

6.1.1 Limitations of TOA Method

With the three antennas used in 39, Location B and Location D are only able to be investigated as the defect
has a magnetic antenna on both sides (the defect is between two sensors) which is a prerequisite for the TOA
method. More antennas are required for monitoring of the PDs at different locations, or the antennas would
have to be moved. [Due to the unfortunate circumstances with COVID-19 it was not possible to explore
all the locations. However, the algorithms are developed to be applicable to any location and can thus be
investigated. A thorough analysis of Location B and Location D is therefore present in the report with the
configuration of the antennas as shown in Figure 59.)

Another limitation is that the accuracy of the TOA distance is limited by the resolution in time determined
by the sampling frequency. A sampling frequency of 1.25 GS/s is used which when applying the speed of
light for propagation of a wave, translates into a longitudinal distance resolution of 0.23 m. This is more
than sufficient for the intended 1.5 m specification as aforementioned.
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6.2 Threshold Peak Detection

The implementation of the Threshold Peak Detection (TPD) method algorithm in MATLAB is elucidated
in Figure 46 with a subsequent elaboration of each step. The left path in the flowchart is the preprocessing
and training of the parameter to set the threshold level. The right path is applying the TPD calculations
using the pretrained threshold value as input.

Crop Pretriggered Noise Acquire and store voltage
Voltage Signal signal with an appropriate
(NoiseSig) time interval
Applyl\;i nd pg@ks() to Square the cropped
QIR voltage signal
(NoisePeaks) e

v

Store NoisePeaks in Apply findpeaks() with the

_ Vector threshold condition
(NoisePeaksStore)

Apply Gaussian Fitting to Access thg first index in
compute mean(); std(); the findpeaks
Calculate voltage level at Create a matrix with the

3,50 first indices of the peaks

of the 3 antennas

Set Threshold based on

voltage level Apply the TOA Method

Figure 46: Flowchart Threshold Peak Detection Algorithm, left flow path is for preprocessing, the right flow
path is the live process.

The TPD method sets a voltage threshold which if a local maxima exceeds this value, a PD pulse is detected.
The time index of the first peak which exceeds the threshold is accessed and then the TOA method is applied.
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TPD Pretraining Threshold Value (left flow path):
Firstly, the measurement acquired at the oscilloscope is cropped before the trigger of the pulse. This cropped
region is representative of the noise of the signal.

The findpeaks() function is applied to the cropped noise signal. This returns the values of local maxima
of the noise.

The values of the peaks from findpeaks() are stored in a vector for further processing.

A gaussian analysis is conducted on the stored value of the peaks. This is because the noise appears to be
additive gaussian white noise and is representative of the peak magnitude. The fitting computes the mean
and standard deviation of the vector storing the peaks of the noise.

The upper voltage level of the noise (which will be the lower threshold of the signal, which when exceeding
it will register the signal as a PD) is computed at 3.5 o away from the mean. This ensures that 99.98% of
voltage values from the peaks of the noise are below the threshold.

The threshold is set based on the voltage level received from the gaussian analysis. This value can be then
used as a pretrained value to speed up the overall algorithm, rather than calculating the threshold every
time before running the right flow path in Figure 46.

TPD Live Process (right flow path):

The acquired voltage signal from the antennas is cropped. This is done to limit the time interval in order to
reduce the number of data points that need to be processed which as a result reduces the time required for
computations. The cropped time interval is [0.35 0.5] us. The begin time is just before the trigger at 0.38
us. The end boundary is determined by translating the maximum possible distance a wave can propagate
in the GIS, with a margin, into time using the speed of light as the propagation speed. This distance is 24.6
m with a large margin of 20 m in case reflections are of interest in subsequent analysis and thus results in
0.15 ps. The interval can easily be reduced to reduce the data points by instead applying a margin of 10
m. However, the computation times of the algorithms were in the order of minutes, and thus it was deemed
unnecessary.

The cropped voltage signal is squared. This enables the PD pulse peaks to be clearly distinguished from the
noise peaks due to the quadratic multiplicity causing a greater difference between the PD peak and noise
peak. As a result, the threshold which will be set is less likely to be exceeded by noise.

The findpeaks () function is applied, with a threshold condition which is the value determined by the TPD
Pretraining, to the cropped voltage signal containing the PDs. This returns the values of local maxima of
the peaks.

Access the first index in the findpeaks(). This first index (x-axis, representing time) represents the value
of when the PD has arrived as it has exceeded the threshold value (y-value, voltage).

The data is stored in a time matrix with the first time indices of the 3 antennas from the previous access.
This is done for all the 100 pulses.

Once this matrix is created, apply the TOA method as outlined in Section 6.1 to calculate the distance of

the defect from the antennas. The distances resulting from the top and bottom loop for a specific antenna
can also be averaged for further interpretation.
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6.2.1 Results

Location B and Location D are tested.

An example PD pulse is shown in Figure 47. The cropped signal is shown in Figure 48 and the squared
signal to help distinguish the PD peak from the noise peak is in Figure 49.

A histogram analysis is conducted with bins corresponding to the resolution in distance from the sampling
frequency of 1.25 GS/s. This is the reciprocal of the sampling frequency multiplied by the speed of light
which ensures a resolution of 0.23 m. The histogram analysis for the top antenna pair (two closest to defect
as outlined in the TOA method see Section 6.1), as well as, the bottom pair is shown in Figure 50 and Figure
51 respectively. To combine the use of the two available loops, an average is also calculated and plotted
in Figure 52.%. The results of the average distance from the defect for the 100 pulses is summarized in Table 2.

Location B
An example PD pulse is shown in Figure 47. The cropped signal is shown in Figure 48 and the squared
signal to help distinguish the PD peak from the noise peak is in Figure 49.

A histogram analysis is conducted with bins corresponding to the resolution in distance from the sampling
frequency of 1.25 GS/s. This is the reciprocal of the sampling frequency multiplied by the speed of light
which ensures a resolution of 0.23 m. The bins represent the difference in the actual location of the PD
and the distance the algorithm resulted in. The histogram analysis for the top antenna pair (two closest to
defect as outlined in the TOA method see Section 6.1), as well as, the bottom pair is shown in Figure 50
and Figure 51 respectively. To combine the use of the two available loops, an average is also calculated and
plotted in Figure 52. The results of the average distance from the defect for the 100 pulses is summarized
in Table 2.
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Figure 47: Top Antenna Responses to 1 of the 100 PD pulses acquired - Location B

4 The full-scale Histogram plots are shown in the Appendix A.6 due to the variance in a few outlier data points caused by
abnormal noise levels causing the scaling the plot not to fit in the main section of the thesis.
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Example PD Pulse Location B
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Figure 48: Time cropped signal including pretrigger of the Top Antenna Responses to 1 of the 100 PD pulses
acquired - Location B
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Figure 49: Squared Time cropped signal of the Top Antenna Responses to 1 of the 100 PD pulses acquired
- Location B
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Figure 50: Histogram of Distance Distribution of Top Antenna for the TPD Method - Location B
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Figure 51: Histogram of Distance Distribution of Bottom Antenna for the TPD Method - Location B
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Figure 52: Histogram of Average Distance Distribution of the Top & Bottom Antenna for the TPD Method

- Location B

Table 2: Summary of average distance from the defect for the 100 pulses of the top loops, bottom loops and
the average of the top and bottom loop applying the TPD algorithm. - Location B

Distance (m)
Top Antennas 0.12
Bottom Antennas 0.16
Average of Antennas 0.14
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Location D

The histogram analysis for the top antenna pair (two closest to defect as outlined in the TOA method see
Section 6.1), as well as, the bottom pair is shown in Figure 53 and Figure 54 respectively. To combine the
use of the two available loops, an average is also calculated and plotted in Figure 55. The results of the
average distance from the defect for the 100 pulses is summarized in Table 3.
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Figure 53: Histogram of Distance Distribution of Top Antenna for the TPD Method - Location D
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Figure 54: Histogram of Distance Distribution of Bottom Antenna for the TPD Method - Location D
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Figure 55: Histogram of Average Distance Distribution of the Top & Bottom Antenna for the TPD Method
- Location D

Table 3: Summary of average distance from the defect for the 100 pulses of the top loops, bottom loops and
the average of the top and bottom loop applying the TPD algorithm. - Location D

Distance (m)
Top Antennas 0.64
Bottom Antennas 0.35
Average of Antennas 0.50

Runtime

The MATLAB Profiler is used to determine the execution time of the program. For all of the algorithms,
the same number of data points are used (cropped signal) and the same time consuming saveas statement is
used to store the histogram of the average distance distribution. Time optimizations could have been made
by for example preallocating vectors before for loops but the idea is to get an order of magnitude estimation
as a comparison between the methods.

The runtime for the TPD method is 15.0 seconds. This is a reasonable execution time and the order of
magnitude less than a minute is not of concern.

6.2.2 Method Conclusions

Several pros and cons have been identified during the process of implementing and observing the results.
These are:

Pros
e Simple Algorithm and Implementation

e Location B: 95 % of measurements within 1.5 m requirement.
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e Location B: Average difference between defect and localization is 0.14 m
e Location D: 95 % of measurements within 1.5 m requirement.
e Location D: Average difference between defect and localization is 0.50 m
e Appropriate runtime of 15.0 s.

Cons

e High sampling synchronization required.

Resolution is limited by sampling frequency.

e Low noise environment is desired, at least a 2x gain of PD vs background noise is desired.

Peaks are subject to inaccuracies caused by noise.

Pretraining is required to set the threshold.

Requires the TOA method which requires two antennas and the defect should be between the antennas.
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6.3 Energy Criterion

The implementation of the Energy Criterion (EC) method algorithm in MATLAB is elucidated in Figure 56
with a subsequent elaboration of each step.

s N

Acquire and store voltage

signal with an appropriate
time interval

¢ J
e B
Compute the Energy of
the Signal
¢ J
e B
Compute the Power of
the Signal
¢ J
e B
Apply the EC Definition
¢ J
e B
Find Minimum of EC
¢ J
e N
Extract time index
- ¢ J
Apply the TOA Method

Figure 56: Flowchart Energy Criteria Algorithm

The EC concept revolves around the concept that the arrival of a pulse causes a change in energy relative to
the base energy level. The EC method finds the minima and then accesses this value to be used for the TOA
method.

The voltage signal is acquired by the oscilloscope with a predefined time interval. The time interval could be
from a margin before the trigger at 0.35 us to the maximum distance a wave can propagate with a margin
which is 0.5 ps. This minimizes the data needed to be processed and provides. (To also investigate the
signal and the influence of increasing the signal length when applying the EC equation (see equation 7) a
larger interval is also investigated which is from 0 ps until 1.65 ps.)

The energy of the signal F, is computed as
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N N N
E,=)Y a27=> si+Y np=E,+E, (3)
k=1 k=1 k=1

where k is the index of the number of samples, N is the total number of samples, x; is the voltage signal
acquired, sy is the voltage signal of the PD, ny is the voltage signal of the noise, F; is the energy of the
PD signal and E,, is the energy of the noise signal [21]. The discrete values of the voltage signal vector are
element-wise squared and then summed.

The power of the signal P, is computed as

E, E, E,
Po=—=—+4+—=P,+P, 4
N N + N + )
where P is the PD signal power and P, the noise power [21]. This is implemented by dividing the energy
of the signal F, by the number of samples.

The EC concept revolves around the concept that the arrival of a pulse causes a change in energy relative to
the base energy level. An initial downward trend in the EC (See Equation 5) is apparent due to the criteria
combining partial energy of the signal up until that point and the product of the index and the total power
of the signal [22].

ECy=E,p—Fk-P, (5)

k
Epp =Y a3 (6)
=1

The noise dependency has no significant influence on the localization accuracy and is assumed to be time-
invariant [21].

EOkZES7k+ES,k—k~PS—k-PnZEs,k—k-Ps (7)

The minimum of the EC (See Equation 5), is found through the min() function. Mathematically it is
expressed as

OEC, =
% =0=uz; — P (8)

The mathematics, see Equation 8, can explain the idea behind the EC method. Conceptually, a change in
the EC is observed as there is a sudden increase in the energy as the PD pulse arrives. This results in an
increase in the energy and thus a change in the direction of the gradient. This change results in a global
minimum which is indicative of the time of arrival of the pulse as this is when the energy is detected. The
min() function returns the time index of the data point.

Apply the TOA method as outlined in Section 6.1 using the returned time indices from the minima to
calculate the distance of the defect from the antennas. The distances resulting from the top and bottom
loop for a specific antenna can also be averaged for further interpretation.

6.3.1 Results

An example PD pulse is shown in Figure 57. The cropped signal is shown in Figure 59 and the squared
signal to help distinguish the PD peak from the noise peak is in Figure 49.
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The histogram analysis for the top antenna pair (two closest to defect as outlined in the TOA method see
Section 6.1), as well as, the bottom pair is shown in Figure 60 and Figure 61 respectively®. To combine the
use of the two available loops, an average is also calculated and plotted in Figure 62. The results of the
average distance from the defect for the 100 pulses is summarized in Table 4.
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Figure 57: Example MA2.1 Response to 1 of the 100 PD pulses acquired with the EC Applied - Location B

Figure 58: Example MA2.1 Response to 100 PD pulses acquired with the EC Applied - Location B

5 The full-scale Histogram plots are shown in the Appendix A.6 due to the variance in a few outlier data points caused by
abnormal noise levels causing the scaling the plot not to fit in the main section.
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Figure 59: MA2.1 Example Cropped Pulse with EC lines of 100 PD pulses - Location B
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Figure 60: Histogram of Distance Distribution of Top Antenna for the EC Method - Location B

63



m Antenna
-

nna
tenna

1.15

Figure 61: Histogram of Distance Distribution of Bottom Antenna for the EC Method - Location B
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Figure 62: Histogram of Average Distance Distribution of the Top & Bottom Antenna for the EC Method -

Location B
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Table 4: Full acquired signal Summary of average distance from the defect for the 100 pulses of the top
loops, bottom loops and the average of the top and bottom loop applying the EC algorithm. - Location B

Distance (m)
Top Antennas -0.14
Bottom Antennas -0.09
Average of Antennas -0.11

Table 5: Cropped Signal Summary of average distance from the defect for the 100 pulses of the top loops,
bottom loops and the average of the top and bottom loop applying the EC algorithm. - Location B

Distance (m)
Top Antennas -0.19
Bottom Antennas 0.29
Average of Antennas 0.05

Location D
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Figure 63: Histogram of Distance Distribution of Top Antenna for the EC Method - Location D
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Figure 64: Histogram of Distance Distribution of Bottom Antenna for the EC Method - Location D
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Figure 65: Histogram of Average Distance Distribution of the Top & Bottom Antenna for the EC Method -

Location D
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Table 6: Summary of average distance from the defect for the 100 pulses of the top loops, bottom loops
and the average of the top and bottom loop with the cropped acquired signal applying the EC algorithm. -
Location D

Distance (m)
Top Antennas 1.22
Bottom Antennas 0.42
Average of Antennas 0.82

Runtime

The MATLAB Profiler is used to determine the execution time of the program. For all of the algorithms,
the same number of data points are used (cropped signal) and the same time-consuming saveas statement
is used to store the histogram of the average distance distribution. Time optimizations could have been made
by for example preallocating vectors before for loops but the idea is to get an order of magnitude estimation
as a comparison between the methods.

The runtime for the EC method is 14.2 seconds. This is a reasonable computation time and the order of
magnitude less than a minute is not of a concern.

6.3.2 Method Evaluation

Pros
e No pretraining is required as compared to the TPD method.

e Less sensitive to rise time and dispersion of the traveling pulse from compartments in the setup than
the TPD peak detection.

e Location B: 90 % of measurements within 1.5 m requirement.
e Location B: Average difference between defect and localization is 0.05 m
e Location D: 85 % of measurements within 1.5 m requirement.
e Location D: Average difference between defect and localization is 0.82 m

e Appropriate run time of 14.2 s.

e High sampling synchronization required.

e Resolution is limited by sampling frequency.

e Low noise environment is desired, less than TPD though.

e Minima can be subjected to inaccuracies caused by noise and outliers.

e Some reflections are considered in the time interval after the arrival of the PD which affects the value
of P, and F; which effect the minima location.

e Requires the TOA method which requires two antennas and the defect should be between the antennas.
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6.4 Phase Method

The implementation of the Phase Method (PM) algorithm in MATLAB is elucidated in Figure 66 with a
subsequent elaboration of each step.
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time interval
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Calculate £X_delay(w)
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doesn't wrap No
around pi

i Yes

Apply time delay
equation

!

Apply the TOA Method

Figure 66: Flowchart Phase Method Algorithm
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The method retrieves the phase for a frequency with the highest SNR. It is checked if the phase wraps around
+7 and if it does, a delay is applied in the time domain for the voltage signal. The procedure is repeated
until for the chosen frequency, the phase does not wrap around +m. The time delay is then converted into
the time of arrival (applying Equation 9.)

The voltage signal is acquired by the oscilloscope with a predefined time interval. The time interval would be
from 0 ps (the PM delays the signal until the peak is detected, hence the pretrigger is used) to the maximum
distance a wave can propagate in the setup with a margin which is 0.5 us.

The first 0.35 ps (the pretrigger) is cropped and is a representative sample of the noise.

The FFT() is applied to the entire voltage signal.

The FFT() is applied to the cropped pretrigger representative noise signal.

The ratio of the FFTIQ;;E&QOQ{:E?"“[) is observed as an approximation for the Signal to Noise Ratio (SNR) (as
extracting the noise from the signal was not feasible). The frequency which yields the highest ratio is where

the PM will most likely be reliable. This is observed roughly at f = 50 MHz as read from Figure 67.
The time domain signal is delayed with a step a.
The phase of the delayed signal is calculated using angle() and is plotted as shown in Figure 69.

A check is placed to verify if the delayed signal wraps around 7 at the chosen frequency. To verify this,
its value is also compared to the original signal as shown in Figure 70. If the delay is insufficient (it wraps
around pi), another « step is incremented and it is checked again. This is repeated until the signal does not
wrap around 7.

When the delay is sufficient, the value of the delay is stored as 7.,. Equation 9 is applied
toa = Ten — T (9)
where t,, is the time of arrival, and 7 is defined as the arrival time as expressed in Equation 10 where

T = 771X(wc) (10)

We

the /X (w.) is the phase angle of the original signal at the specific angular frequency, and w, is the angular
frequency.

The time of arrival is defined as the difference between the delay time and the arrival time [21]. Apply the
output of Equation 9 in the TOA method as outlined in Section 6.1 to calculate the distance of the defect
from the antennas. The distances resulting from the top and bottom loop for a specific antenna can also be
averaged for further interpretation.

6.4.1 Results

The FFT of the voltage signal and noise of an example pulse is shown in Figure 67. The original signal and
its delayed version is shown together with the signal phase frequency behaviour in subplots in Figure 69.
For clarity purposes, this is also split into four subfigures as shown in figure 68.
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Figure 67: FFT of Voltage Signal + Noise (top subplot) and FFT of Noise Signal (bottom subplot)
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Figure 68: Original voltage time signal of PD pulse for MA 2.1 - Location B and the delayed version with
their corresponding

Specific frequency bands according to interesting high SNR estimates are investigated to investigate the if
the signals wraps around +m. These are presented in Figures 69 and 70.
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Figure 69: Inspecting Frequency ranges after maximum delay, Phase Method MA2.1 - Location B
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Figure 70: Inspecting Frequency ranges after maximum delay, Phase Method MA2.1 - Location B

It is observed from Figure 70 that delaying the signal does not prevent the signal from wrapping around =+.
The method is thus tested to verify its functionality with a theoretical PD Pulse. This pulse is mathematically
generated and then delayed. The pulse and its delayed version is shown in Figure 71.
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Figure 71: Inspecting Frequency ranges after maximum delay, Phase Method MA2.1 - Location B
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Figure 72: Inspecting Frequency ranges after maximum delay, Phase Method MA2.1 - Location B

As shown in Figure 72, the implementation of the PM algorithm is working as the phase of the delayed signal
does not wrap around 7. This verifies the theoretical functionality of the algorithm and its implementation.

6.4.2 Method Evaluation

The PM is unsuitable for detecting the time of arrival of the PD pulse with the used measurement system.
It is observed that the PM theoretically functions for a clean PD pulse. This theoretical pulse has no noise
and reflections. The behaviour of the detected pulse and noise influence varies for each pulse. The frequency
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components of the PD pulse measured and noise vary and influence the phase content of the signal. The
phase retrieved at the frequencies with the highest SNR estimate still wraps around 4. It is mentioned in
the paper [22] that the method is sensitive to noise and reflections but is advantageous as it is not influenced
by dispersions and attenuation. The noise levels and reflections in the GIS setup are too significant for the
method to be used. Noise rejection methods or using an amplifier with a lower bandwidth (at the cost of
time resolution) could be investigated and then the method could be tested again. The profiler provides a
runtime in the order of 36.3 s. Due to its non-functionality caused by sensitivity to noise and reflections as
well as the run time being significantly higher than the alternative TPD and EC methods around 15 s, the
PM is deemed unsuitable for localization in the setup and should be rejected.

6.5 Evaluation of Methods

The methods can be compared with the criteria of: percentage of signals within 1.5 m margin, accuracy
(how close the value is to the defect) and execution time. The objective of the measurement setup was to
verify if the MAs could suitably be used for localization. The conclusion is that they can indeed be used
for localization purposes with the TPD and EC method. The TPD method has the greatest percentage of
pulses within the 1.5 m margin, at 95 % for both locations B and D. This is the most important criteria
and thus the TPD method is deemed most suitable. The drawbacks of the TPD are that it might be more
problematic in noisy environments where pre-training and setting an appropriate threshold level would be
challenging. The EC appears to be in that sense it more dynamic and considerate of the base noise level.
The EC has the most accurate localization for location B and the TPD is most accurate for location D. Why
this is the case needs to be researched. Possible ideas and investigations include the influence of the distance
on the closest antenna to the source and the spacer close to location D. Other considerations include the
investigating sensitivity of reflections and attenuation in the T and L branches which influence the signal
to be detected. All of these insights will aid with eventually creating guidelines to determine the spacing of
MAs in a setup.

General improvements to the measurement system would be to understand the influence of external noise
on the antennas. This is currently being investigated (out of the scope of the thesis) by introducing an
electrical radiator and conducting a spectrogram analysis. This way the noise interference can be catego-
rized and filters could be designed for the use case. The influence of noise is significant and could cause the
chosen localization method to be different. Perhaps even a combination of the two methods depending on
the topology of specific parts of the GIS where one algorithm consistently outperforms the other (since run
time is in the same order of magnitude).

A quick aspect to investigate would be to investigate the influence of the resolution of the signal which is
currently is limited to 0.23 m due to the 1.25 GS/s sampling frequency. Another practical implementation to
deal with outliers would be to make conclusions based on a large number of pulses. If the antenna positioning,
spacing and resolution have been experimentally verified with a large sample of data, the estimation of the
localization can be improved by accordingly rejecting highly improbable outliers. An example in the EC
analysis included a localization value of 7.36 m when the average distance was in the order of 0.5 m. Another
idea would be to introduce a criterion which selects the most frequently occurring distances for a given number
of discharges (for example investigating the mode of the histogram bin which would be 0.23-0.46 for the EC
location D) occurring within the 1.5 m could be used for interpretation. Then the outliers and other data
can accordingly be rejected potentially improving accuracy. These ideas can be checked and experimentally
verified for their validity and consistency.

6.6 Chapter Conclusions

Localization of a corona PD is possible in the setup with the TPD and EC method. The PM is unsuitable
due to its sensitivity to reflections and noise and thus is unable to localize the defect. The TPD method can
localize a defect within +1.5 m 95% of the time for location B and D. The EC method can localize a defect
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within £1.5 m 90% and 85% of the time for location B and D accordingly. The run time magnitude of the
TPD and EC method for 100 pulses are in the same order of magnitude of 15 s and thus both good options
from computation time. Both the TPD and EC are observed to be sensitive to noise and further research
on noise rejection would be fruitful. Overall, the priority is given to the TPD as it has the highest number
of pulses within + 1.5 m as this was desired in order to localize the compartment for servicing.
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7 Conclusion

The overarching goal was to develop and characterize a magnetic antenna measurement system in the HF
range to measure and localize PDs. As part of the research goals, the goals have been achieved. The
conclusions which can be drawn are:

1. A workbench has been built and developed to characterize the magnetic antennas using the Avalanche
pulse generator PPLG as input pulses. The resistive termination of 330 {2, injection and termination
cone, resistive wire with a resistance value of 19.10 2 m is successfully used to cope with reflections in
the workbench.

2. The Workbench has been used to measure the antenna response and the data has been processed to
determine the frequency characteristics. The peaks around 51 MHz are caused by the LC resonance
and HFCT infuence of the grounding. The 105-130 MHz peaks are due to the CM interference.

3. A conference paper, ”A NEW PARTIAL DISCHARGE MEASURING SYSTEM IN HVGIS BASED
ON MAGNETIC FIELD ANTENNAS”, has been accepted with contributions from the thesis to the
CIGRE 2020 Paris session.

4. The 380 kV GIS measurement setup has been developed and is suitable for placing the magnetic
antennas and defects at several locations. This measurement setup enabled the measurement and
acquisition of data of the discharges using the magnetic antennas.

5. The TPD, EC and PM localization methods are investigated and implemented for localization. The
PM is unable to localize the pulse due to its sensitivity to noise and reflections. The TPD and EC are
both suitable with the TPD being the preferred method due to its high 95% accuracy of localizing the
defect within + 1.5 m.

Overall, the magnetic antennas have been successfully developed and characterized. They were able to be
used in a measurement system for localizing PDs defects in the GIS setup. Chapter specific conclusions have
been presented at the end of every chapter for a brief overview of the contents of the chapter.

7.1 Recommendations for Future Research

For the developed workbench, research into deciding how the input pulse can be measured without the
HFCT influencing the magnetic antenna frequency response. It was discovered that the 51 MHz resonance
was largely caused due to the influence of the HFCT and its grounding connection inside of the GIS. An idea
to resolve the issue would be to decouple the measurement of the input and output. Essentially conducting
these measurements sequentially and separately. The FFT of an average of 100 input signals and 100 mea-
surements of the output would be reasonable. The ratio can be taken from these separate measurements for
the magnitude in the Bode analysis.

Another recommendation would be introducing band-pass filters at the CM frequency bands or any appro-
priate noise filters would be interesting to investigate and perhaps relevant when applying the MA into the
GIS setup. This would assist with the accuracy of determining the discharge magnitude of the PD when
when calculating the charge.

As a prerequisite for future research in charge estimation, the needle for the GIS test cell should be sharpened
to produce smaller PDs. This would be beneficial for the sensitivity checks in the future.

Another recommendation would be to introduce different MA positions. This would be useful as the TOA

method requires the defect to be situated between two antennas. With different MA positions, various lo-
cations (of defects) can be investigated. This results in more data also about the influence of the spacing
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between the magnetic antennas which can be used to develop rules of thumb for antenna placement.

In terms of other methods for future research into localization, a time frequency analysis could be considered
[23] (instead of the TOA method). The essential steps include computing the time and frequency of the PD
pulse. Then the double integral of the frequency with respect to time yields the energy distribution of the
pulse. Subsequently, the Canny Algorithm is applied for edge detection and then these features are extracted.
From these edges, the longitudinal localization can be investigated [23]. The influence of the spacing between
the closest antenna and the defect is also of interest. Furthermore, the influence of sensitivity of reflections
and attenuation in the T and L branches would be of interest guiding in determining rule of thumbs for MA
spacing. The influence of noise is being investigated by introducing a horizontal electric dipole connected
to a signal generator [24] and conducting a spectrogram analysis. This way the noise interference can be
categorized and data processing techniques such as the cross wavelet transform and the SVM classifier can
be used to suppress CM disturbances [24] on the MA.
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A Appendix

A.1 Antenna Plots Input/Output + Bode Workbench - Femto 40M-100K

A.1.1 Avalanche Nanosecond Pulse Generator

Avalanche Pulse Generator + Femto 40M-100K Amplifiers
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Figure 73: HFCT and Femto 40M-100K Amplifier Top and Bottom Loop Time Domain and Frequency
Response of Magnetic Antenna to Avalanche pulse
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Avalanche Pulse Generator + Femto 40M-100K Amplifiers
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Figure 74: Femto 40M-100K Amplifier Amplifier Bode diagram of Magnetic Antenna loops.
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Avalanche Pulse Generator + Femto 40M-100K Amplifiers + PDF
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Figure 75: HFCT and Femto 40M-100K Amplifier with PDF Top and Bottom Loop Time Domain and
Frequency Response of Magnetic Antenna to Avalanche pulse
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Avalanche Pulse Generator + Femto 40M-100K Amplifiers + PDF

é Magnitude FFT Transfer Function
§ top
_g 400 bottom
[¢5)
o
(S
— 200
(5]
@
3
— (6] +
= 100 10t 102
Frequency (MHz)
é Magnitude FFT Transfer Function
T T T T T LR | T T T T T LR |
(]
(&)
5 o
g AR aa
- i
-:“:’ top
% 100 bottom
£ 100 10t 10?
Frequency (MHZz)
Phase FFT Transfer Function (°)
6000 -
‘& 4000 -
(%2}
&
o 2000 -
0 =
10° 10t 10?
Frequency (MHZz)
Phase Difference FFT Transfer Function (°)
500 ' I -
Py
@ o i
=
o
-500 : — : ——
10° 10t 10?

Frequency (MHZz)

Figure 76: Femto 40M-100K Amplifier with PDF Bode diagram of Magnetic Antenna loops.
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A.1.2 Antenna Plots Input/Output + Bode Workbench - Picosecond Pulse Labs Generator

Picosecond Pulse Lab + Femto 40M-100K Amplifiers
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Figure 77: HFCT and Femto 40M-100K Amplifier Top and Bottom Loop Time Domain and Frequency
Response of Magnetic Antenna to PPLG Pulse
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Picosecond Pulse Lab + Femto 40M-100K Amplifiers

Magnitude FFT Transfer Function
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Figure 78: Femto 40M-100K Amplifier Amplifier Bode diagram of Magnetic Antenna loops.

82



Picosecond Pulse Lab + Femto 40M-100K Amplifiers + PDF
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Figure 79: HFCT and Femto 40M-100K Amplifier with PDF Top and Bottom Loop Time Domain and
Frequency Response of Magnetic Antenna to PPLG Pulse
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Picosecond Pulse Lab + Femto 40M-100K Amplifiers + PDF

Magnitude FFT Transfer Function
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Figure 80: Femto 40M-100K Amplifier with PDF Bode diagram of Magnetic Antenna loops.
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A.2 Antenna Plots Input/Output + Bode Workbench - 300-70/69 Mini Cir-
cuits Amplifiers

A.2.1 Avalanche Nanosecond Pulse Generator

Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers
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Figure 81: HFCT and Femto 300-70/69 Mini Circuits Amplifiers Top and Bottom Loop Time Domain and
Frequency Response of Magnetic Antenna to Avalanche pulse
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Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers
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Figure 82: Bode Diagram of Magnetic Antenna Loops using 300-70/69 Mini Circuits Amplifiers
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Applying a PD filter:

Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers + PDF
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Figure 83: HFCT and Femto 300-70/69 Mini Circuits Amplifiers with PDFs Top and Bottom Loop Time
Domain and Frequency Response of Magnetic Antenna to the Avalanche pulse
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Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers + PDF
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Figure 84: Bode Diagram of Magnetic Antenna Loops using 300-70/69 Mini Circuits Amplifiers with PDF's
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Using Cores-42

Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers + 42 Core
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Figure 85: HFCT and Femto 300-70/69 Mini Circuits Amplifiers Top and Bottom Loop Time Domain and
Frequency Response of Magnetic Antenna with the 42 Cores to the Avalanche pulse

89



Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers + 42 Core

< Magnitude FFT Transfer Function
$ 1000 CT - ST .
% top
8 bottom
g 500
o
é [ ——— . ————_——— e P i FOURRTUUTTRTUTI A WODUP W FIRRY N W B
E 10° 10t 102
— Frequency (MHz)
%, Magnitude FFT Transfer Function
I T T T T T T L |
2 top
§ bottom
Q | L o
S MM ! ‘\ e
£ AI\('MVMQ ey
(] -
% 10
% I | i i i i [ | i
= 10° 10 102
Frequency (MHz)
Phase FFT Transfer Function (°)
4000 - top 3
C bottom
o 2000 [ o
§ - ~
o 0 ]
-2000 L i T S S S W
10° 10! 102
Frequency (MHz)
Phase Difference FFT Transfer Function (°)
T T TR N T ' —
3 -2000 |- -
%2}
2 B |
£ -4000
-6000 o —
10° 10 102
Frequency (MHz)

Figure 86: Mini Circuits Amplifier with 42 Core Bode diagram of Magnetic Antenna loops.
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Using Cores-72

Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers + 72 Core
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Figure 87: HFCT and Femto 300-70/69 Mini Circuits Amplifiers Top and Bottom Loop Time Domain and
Frequency Response of Magnetic Antenna with the 72 Cores to the Avalanche pulse
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Avalanche Pulse Generator + 300-70/69 Mini Circuits Amplifiers + 72 Core
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Figure 88: Mini Circuits Amplifier with 72 Core Bode diagram of Magnetic Antenna loops.
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A.2.2 Picosecond Pulse Labs Generator

Base Minicircuits

Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers
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Figure 89: HFCT and Femto 300-70/69 Mini Circuits Amplifiers Top and Bottom Loop Time Domain and
Frequency Response of Magnetic Antenna to the PPLG pulse
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Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers
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Figure 90: Mini Circuits Amplifier Bode diagram of Magnetic Antenna loops.
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Applying a PD filter:

Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers + PD Filter
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Figure 91: HFCT and Femto 300-70/69 Mini Circuits Amplifiers with PDFs Top and Bottom Loop Time
Domain and Frequency Response of Magnetic Antenna to the PPLG pulse
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Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers + PD Filter
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Figure 92: Mini Circuits Amplifier with PDF Bode diagram of Magnetic Antenna loops.
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Using Cores - 42

Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers + 42 Core

HFCT Input FFT HFCT Input
20 T T __150 T
— <
<é =
= 5100
510 5
5 S 50t
O &
0 ~ iishn b Pl T ol
0 50 100 150 200 100 102 104
Time [ns] Frequency(MHz)
Antenna Output FFT Antenna Output
0.1 T T T 1 1FF T
< top
= E, bottom
S ®
£ g
S -0.1} —top §
bottom
-0.2— ; : : :
0 50 100 150 200 109 102 104

Time [ns] Frequency (MHz)

Figure 93: HFCT and Mini Circuits Amplifier with 42 Core Magnetic Antenna Top and Bottom Loop
Response to pulse
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Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers + 42 Core
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Figure 94: Mini Circuits Amplifier with 42 Core Bode diagram of Magnetic Antenna loops.

98



Using Cores - 72

Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers + 72 Core
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Figure 95: HFCT and Mini Circuits Amplifier with 72 Core Magnetic Antenna Top and Bottom Loop
Response to pulse
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Picosecond Pulse Lab + 300-70/69 Mini Circuits Amplifiers + 72 Core
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Figure 96: Mini Circuits Amplifier with 72 Core Bode diagram of Magnetic Antenna loops.
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A.3 Antenna Plots Input/Output + Bode Workbench - Femto 400M-5k

A.3.1 Avalanche Nanosecond Pulse Generator

Avalanche Pulse Generator + Femto 400M-5K Amplifiers
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Figure 97: HFCT current (input) and 300-70/69 Mini Circuits Amplifiers Magnetic Antenna voltage (output)
measurement in time domain and frequency domain for the top and bottom loop Response to the Avalanche
Nanosecond Pulse
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Avalanche Pulse Generator + Femto 400M-5K Amplifiers
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Figure 98: Frequency range until 250MHz of Mini Circuits Amplifier Bode diagram of Magnetic Antenna
loops.
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Using Cores-42

Avalanche Pulse Generator + Femto 400M-5K Amplifiers + 42 Core
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Figure 99: HFCT current (input) and 300-70/69 Mini Circuits Amplifiers with the 42 Cores Magnetic

Antenna voltage (output) measurement in time domain and frequency domain for the top and bottom loop
response to the Avalanche Nanosecond Pulse
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Avalanche Pulse Generator + Femto 400M-5K Amplifiers + 42 Core
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Figure 100: Mini Circuits Amplifier with 42 Core Bode diagram of Magnetic Antenna loops.
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Using Cores-72

Avalanche Pulse Generator + Femto 400M-5K Amplifiers + 72 Core
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Figure 101: HFCT current (input) and 300-70/69 Mini Circuits Amplifiers with the 72 Cores Magnetic

Antenna voltage (output) measurement in time domain and frequency domain for the top and bottom loop
response to the Avalanche Nanosecond Pulse
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Avalanche Pulse Generator + Femto 400M-5K Amplifiers + 72 Core
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Figure 102: Mini Circuits Amplifier with 72 Core Bode diagram of Magnetic Antenna loops.
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A.3.2 Picosecond Pulse Labs Generator

Picosecond Pulse Lab + Femto 400M-5K Amplifiers
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Figure 103: HFCT current (input) and 300-70/69 Mini Circuits Amplifiers Magnetic Antenna voltage (out-

put) measurement in time domain and frequency domain for the top and bottom loop Response to the
Avalanche Nanosecond Pulse
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Picosecond Pulse Lab + Femto 400M-5K Amplifiers
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Figure 104: Frequency range until 250MHz of Mini Circuits Amplifier Bode diagram of Magnetic Antenna
loops.
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Using Cores-42

Picosecond Pulse Lab + Femto 400M-5K Amplifiers + 42 Core
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Figure 105: HFCT current (input) and 300-70/69 Mini Circuits Amplifiers with the 42 Cores Magnetic
Antenna voltage (output) measurement in time domain and frequency domain for the top and bottom loop
response to the Avalanche Nanosecond Pulse
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Picosecond Pulse Lab + Femto 400M-5K Amplifiers + 42 Core
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Figure 106: Mini Circuits Amplifier with 42 Core Bode diagram of Magnetic Antenna loops.

110



Using Cores-72

Picosecond Pulse Lab + Femto 400M-5K Amplifiers + 72 Core
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Figure 107: HFCT current (input) and 300-70/69 Mini Circuits Amplifiers with the 72 Cores Magnetic
Antenna voltage (output) measurement in time domain and frequency domain for the top and bottom loop
response to the Avalanche Nanosecond Pulse
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Picosecond Pulse Lab + Femto 400M-5K Amplifiers + 72 Core
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Figure 108: Mini Circuits Amplifier with 72 Core Bode diagram of Magnetic Antenna loops.
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A.4 Magnitude Response Core Comparison Plots
A.4.1 Antenna Plots Input/Output + Bode Workbench - Femto 40M-100K
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Figure 109: Comparing top loop transfer impedance of base, core42, and core 72 with the Avalanche Nanosec-
ond Pulse Generator and Femto 40M-100K Amplifier
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Avalanche Pulse Generator Femto 40M-100K Amplifiers Bottom Loop Comparison
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Figure 110: Comparing bottom loop transfer impedance of base, core42, and core 72 with the Avalanche
Nanosecond Pulse Generator and Femto 40M-100K Amplifier
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Picosecond Pulse Generator

PPLG Femto 40M-100K Amplifiers Top Loop Comparison
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Figure 111: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse
Lab Generator and Femto 40M-100K Amplifier
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Figure 112: Comparing bottom loop transfer impedance of base, core42, and core 72 with the Picosecond
Pulse Lab Generator and Femto 40M-100K Amplifier
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A.4.2 70/69 Minicircuits Amplifier

Avalanche Pulse Generator

Avalanche Pulse 300-70 Mini Circuits Amplifiers Top Loop Antenna Comparison
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Figure 113: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse
Lab Generator and 300-70 Mini Circuits Amplifier
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Figure 114: Comparing bottom loop transfer impedance of base, core42, and core 72 with the Picosecond
Pulse Lab Generator and 300-69 Mini Circuits Amplifier
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Picosecond Pulse Generator

PPLG 300-70 Mini Circuits Amplifiers Top Loop Antenna Comparison
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Figure 115: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse
Lab Generator and 300-70 Mini Circuits Amplifier
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Figure 116: Comparing bottom loop transfer impedance of base, core42, and core 72 with the Picosecond
Pulse Lab Generator and 300-69 Mini Circuits Amplifier
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A.4.3 Femto 400M-5K

Avalanche Pulse Generator

PPLG + Femto 400M-5K Amplifiers Top Loop Comparison
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Figure 117: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse

Lab Generator and Femto 400M-5K Amplifier

PPLG + Femto 400M-5K Amplifiers Bottom Loop Comparison
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Figure 118: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse

Lab Generator and Femto 400M-5K Amplifier
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Picosecond Pulse Generator

PPLG + Femto 400M-5K Amplifiers Top Loop Comparison
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Figure 119: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse
Lab Generator and Femto 400M-5K Amplifier

PPLG + Femto 400M-5K Amplifiers Bottom Loop Comparison
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Figure 120: Comparing top loop transfer impedance of base, core42, and core 72 with the Picosecond Pulse
Lab Generator and Femto 400M-5K Amplifier
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A.5 Impedance matching

To understand the phenomena of wave reflections it is important to investigate basic transmission and re-
flection theory. The reflection coefficient T' is calculated in Equation(11). Where Z1 is the characteristic
impedance of the medium in which the wave approaches the boundary and Z2 is the opposite face’s charac-
teristic impedance. The Transmission coefficient is calculated in Equation(12).

o — 14
_ 11
Zy+ 7y (11)
2.7y
T—14T= 22 12
Zy+ 71 (12)

No reflections are desired. Hence by perfectly matching Z1 and Z2 the reflection coefficient is 0 and thus no
reflections will occur.

The characteristic impedance is calculated through deriving the Kirchoff Current Law (KCL) equations of
the transmission line model as shown in Figure 121. The KCL equations give rise to the telegraph equations
for a transmission line which can be expressed to solve for the characteristic impedance Zj.

Figure 121: Lumped Transmission line model [19]

The characteristic impedance Zgjg of the coaxial structure is

[RyjwL [L 1 [u. D
Zars = 4| 22 o[ 2= — B S 1
“s=\c+wc NC 277\/: o (13)

where the distributed circuit parameters are: L, the inductance, C, the capacitance, R, the resistance and
G, the conductance. The w is the angular frequency. The resistance and conductance of the conductor used
is negligible and hence the approximation in Equation(13) is valid showing a frequency independence and
geometrical dependance.
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A.6 Localization Methods Landscape Histograms

Please note: due to the large spread in some outliers for the x-axis values the figure appears
to be low-resolution at first glance. The image is a encapsulated postscript vector file and
can indefinitely be zoomed into for higher resolution and clarity. Some frequency bins are
expanded to 0.46 m to ensure the fit of the plots on the page.
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