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The accumulation of space charges in polymeric insulation under high-voltage direct current
(HVDC) conditions can distort the electric field, accelerate material degradation and lead to
dielectric breakdown. Accurate space charge measurement is therefore essential for evaluating the
reliability of HVDC insulation systems, especially in full-size power cables and accessories.
Furthermore, in recent years, HVDC cables have become increasingly long to support
long-distance power transmission. To achieve this, cable accessories such as joints are commonly
used. However, the cable joint box, as a composite structure, is considered a potential weak point
in the system. Thus, in the near future, space charge measurements in the joint box will become
just as critical as that in the main body of the cable. Among various diagnostic techniques, the
Pulsed Electro-Acoustic (PEA) method is widely employed due to its ability to directly measure
space charge distributions under high DC stress.

In the application of PEA method, a coupling capacitor is generally used in the PEA method to
superimpose a pulse voltage onto the insulation system already under high DC stress. However, for
full-size cable specimens, the capacitor must be significantly large to withstand the applied high
voltage, making pulse application challenging due to the cable specimen is normally as long as
several meters and has large end-terminals. Moreover, this configuration introduces significant
impedance and inductance between the pulse source and the specimen, which causes deterioration
of the frequency characteristics of the applied pulse, leading to signal distortion and reduced
measurement accuracy. Additionally, multiple reflections due to the distributed nature of the cable
system can further complicate waveform interpretation. To overcome these limitations, this study
proposes a method in which the cable itself serves as the pulse-coupling medium, eliminating the
need for an external capacitor. In addition, in terms of accuracy improvement, the system utilizes
and develops the newly proposed PEA cell, which achieves a four-fold increase in sensitivity
compared to the conventional PEA cell, enabling better signal acquisition.

Based on previous improvement, a prototype PEA cell was developed by integrating the
high-sensitivity polymer acoustic coupler with a 16-channel piezoelectric sensor array for space
charge measurement in a cable joint model and the results will be analyzed through the signal
processing required to convert the obtained waveforms into charge and electric field distributions,
which can be used for further interpretation.

Chapter 1 provides background and overview of this study. Chapter 2 reviews the HVDC
power transmission cable systems, space charge formation in solid polymer materials. Chapter 3
discusses how acoustic signals are generated and affected by factors such as geometry, attenuation,
and dispersion during space charge measurement.

Chapter 4 discusses a method for applying pulse voltage using the cable itself as a




pulse-coupling device, eliminating the need for an additional coupling capacitor. Furthermore, the
conditions for accurate space charge measurement are evaluated in terms of frequency components,
spatial resolution, and cable specimen length.

Chapter 5 presents the development of the newly designed PEA cell, incorporating a polymer
acoustic coupler for enhanced acoustic transmission and electrical isolation. This improved cell
was then applied to a full-size HVDC cable specimen with 20 mm insulation thickness using the
method described in Chapter 4. Space charge measurements were conducted under DC voltages up
to 50 kV. The results demonstrated that the electric field estimation error was less than 0.25
kV/mm, equivalent to 2% precision when scaled to a 250 kV operating voltage.

Chapter 6 describes the application of PEA cell in Chapter 5, incorporating a 16-channel
piezoelectric sensor array cable joint model consisting of 6.6 mm XLPE and 11 mm EPDM
insulation layers. Using deconvolution methods which takes into account for acoustic divergence,
pulse field distribution, and attenuation, two-dimensional cross-sectional profiles of space charge,
electric field, and potential were successfully visualized, revealing charge accumulation along the
joint interface.

Chapter 7 presents a summary of the conclusions of this paper and future improvement of the
study.
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Chapter 1 - Introduction

Chapter 1 Introduction

1.1. Background

Since the 1950s, high-voltage direct current (HVDC) cable systems have been used around the world to
transmit electrical energy over long distances. Back then, the application was relatively limited mainly to very
specific situations where alternating current (AC) systems weren’t feasible, usually because of technical or
economic constraints [1,2]. For example, submarine transmission was a classic use case as AC systems
couldn’t handle the reactive power losses that built up over long submarine cables, so DC became the more

practical choice.

At the time, HVDC was a solution to a technical limitation—but today, the very features that once made it

useful for niche cases have become crucial advantages in enabling a renewable-powered future.

In recent decades, the global energy landscape has undergone a major transformation. Driven by rising
electricity demand, stricter environmental regulations, and the urgent need to combat climate change, countries
are rapidly shifting from fossil fuels to renewable energy sources. This transition aligns with international goals
such as the Paris Agreement in 2015 known as COP 21, driving the global shift toward renewable energy.
However, one critical challenge remains for renewable energy, particularly offshore wind farms and remote
solar power plants are often generated in remote locations, far from urban demand sites. Where the importance

of long-distance transmission is highlighted in this scheme.

HVDC technology, once a niche solution, is now at the core of modern power transmission systems. In Europe,
where national energy markets are becoming increasingly interconnected, HVDC enables the seamless transfer
of renewable power across borders. A prime example is the Viking Link, a 1,400 MW HVDC interconnection
between Great Britain and Denmark. Viking Link will transmit surplus energy to wherever the level of demand
is higher. Because periods of high wind-energy production and high demand are unlikely to occur

simultaneously in both Great Britain and Denmark.

The importance of cross-border interconnections is even more apparent for countries with limited natural
resources. For instance, Singapore is turning to international energy cooperation to meet its growing demand.
The Australia—Singapore Powerlink aims to deliver up to 6 GW of clean electricity from the largest renewable
energy generation and battery storage hub in the Northern Territory through a 5,000 km HVDC transmission

line.

So, what makes DC transmission interesting compared to AC transmission in this long-distance transmission?
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One of the key advantages is efficiency. HVDC systems don’t suffer from the same reactive power issues that
AC systems do, especially over long distances. In HVDC transmission system there’s no skin effect, no
capacitive charging current and just lower-loss transmission. DC also allows for easier power flow control and
disturbance management, which is particularly useful when integrating variable renewable sources such as
offshore wind farms. And when voltage source converters (VSC) are used, HVDC systems can even provide

reactive power support, further improving grid stability.

But HVDC isn’t just about the main cables. To work reliably, these systems also depend on their accessories,
particularly joints and terminations. Joints are required when the cable becomes too long to be produced in one
length [3], and terminations are needed at the end of the cable circuit, as to connect the cable to substations or
overhead lines. These accessories may seem secondary, but they’re critical to overall system performance. In
fact, Accessories may represent a weak point in HVDC cable links, especially when going to ever-higher

voltages where feedback on in-service behavior is lacking [4].

At the core of both cables and their accessories is the insulation material. Historically, oil-impregnated paper
insulation was the go to for HVDC systems [5]. It had a long track record of reliability, but it came with
drawbacks, complex manufacturing, environmental concerns, and maintenance challenges. That led to the rise
of extruded polymeric insulation, especially cross-linked polyethylene (XLPE). In comparison, where XLPE
is lighter, easier to install, and more environmentally friendly. It doesn’t require oil or fluid impregnation,

making it a cleaner option with better mechanical properties.

However, like any technology shift, the move to polymeric insulation brought new challenges. One of the most

critical is the issue of space charge accumulation [6,7].

Space charge refers to the buildup of electrical charges within the insulation material, not just on the surface.
Under continuous DC voltage, these charges can become trapped or move very slowly, leading to significant
distortion of the internal electric field. When this happens, the field can become uneven, with localized regions
of high stress [8]. This may accelerate the aging of the insulation, and in worst cases, premature breakdown

even when the applied voltage is well within the material’s rated capacity.

This issue becomes even more complicated when we consider joints and terminations. These components
aren’t made of just one material they involve multiple dielectrics, adhesive layers, geometric transitions, and
mechanical interfaces. All of these introduce discontinuities that make electric field behavior more
unpredictable. The triple junctions, where different materials meet (like the interface between the main cable
insulation, the joint insulation, and the semi-conductive layers), are especially prone to space charge buildup
due to its complicated structure [9,10]. Unfortunately, the physics at this joint isn’t yet fully understood, and

small changes in material properties or geometry can lead to large differences in space charge behavior.

Although several reports have been published using computer simulations and experiments to measure and

estimate the distribution of space charge in the insulation of HVDC cable joints, validation remain needed. In
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particular, almost no literature is available on joint insulation systems with axisymmetric two-dimensional
structures, although some studies can be found on multilayer flat samples [11,12,13] and coaxial scaled joints
without triple junctions. As a result, there’s a growing need for direct measurement techniques that can observe

and quantify space charge under real-world conditions, especially in full-size cables and joint systems.

This sets the stage for the next chapter of the work: how we can actually measure these space charges,
understand their behavior, and use that knowledge to improve the design, monitoring, and lifetime prediction
of HVDC systems.

1.2. Research Objective

The objective of this study is to develop a high-sensitivity PEA (Pulsed Electroacoustic) measurement system

for evaluating the insulation performance of full-scale HVDC cables and joints. The main objective are:

o To establish a method that eliminates the need for an external coupling capacitor by utilizing the cable itself
as a pulse coupler and analyzing how cable length influences waveform propagation to enable more
practical and reliable measurements.

e To develop a new high-sensitivity PEA cell that is expected to have higher sensitivity over conventional
PEA cell and conduct a study performing a space charge measurement in full size cable to evaluate the new
PEA cell.

e Furthermore, to develop a 16-channel PEA array system for space charge measurement in cable joints.

The scope of the study covers system design, measurement methodology, and application to full-size cable and

joint model.

1.3. Outline of the Thesis

The contents of each chapter are shown as:
Chapter 1, describes the background, objectives, and the outline of this study.

Chapter 2, provides an overview of dc power transmission cable systems, space charges formation and

detection technique.

Chapter 3, provides a detailed explanation of the Pulsed Electro-Acoustic (PEA) method, including its
operational principles, system design, and calibration approach. It also discusses how acoustic signals are
generated and affected by factors such as geometry, attenuation, and dispersion during space charge

measurement.
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Chapter 4, this chapter discusses the challenges of applying the PEA method to full-size cables due to
impedance and resonance effects caused by the specimen acting as a distributed element. A proposed solution
eliminates the need for an external coupling capacitor by using the cable itself as a pulse coupler, and the

chapter analyzes how cable length affects waveform propagation.

Chapter 5, introduces a newly developed PEA measurement cell that improves sensitivity for full-size cable
testing by enhancing acoustic impedance matching using a polymer-based acoustic coupler and PVDF
transducer and the application to the HVDC full-size cable as well as the signal processing to convert the

acquired waveforms into charge and electric field distributions.

Chapter 6, described the developed design of the proposed PEA cell, which consists of a 16-sensor array and
is adapted for the space charge measurement in cable joints, furthermore the signal processing is perform by
introducing the second kind of deconvolution for calibrating the acoustic divergence, pulse stress distribution,

attenuation and dispersion in cable joint.

Chapter 7, we presented the conclusions of this study along with the future recommendation for further study.
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Chapter 2 HVDC Power Transmission Cable
Systems, Space Charges Formation and Detection
Technique

2.1. Introduction

High-voltage direct current (HVDC) transmission technology is increasingly adopted for long-distance power
transmission due to its efficiency and stability advantages. HVDC cable systems, which form the backbone of
these networks, rely heavily on the performance and reliability of their insulation materials. Electrical
insulation failures in these systems can lead to severe malfunctions, making the integrity of the insulation
crucial. This chapter begins by introducing the structure and components of HVDC cable systems. Over the
years, as the power transported by DC links and their rated voltages have increased, cable systems have become
longer, and AC/DC conversion technologies have evolved. Despite these advancements, mass impregnated
and oil-filled insulation were the primary types used until 1999, when the first commercial HVDC polymeric
cable system was deployed. Since then, polymeric cables have gained widespread use, and their adoption
continues to grow. Next, we explore common failure phenomena in HVDC cable systems, with a particular
focus on cable joints, where complex multilayer insulation structures are most prone to failure. Subsequently,
the mechanisms of space charge formation within polymeric insulation are described as space charge
accumulation is a key factor influencing the long-term reliability of polymeric HVDC cables. Finally, this
chapter introduces various techniques used for measuring space charge distributions within HVDC cables,

providing the foundation for the space charge measurement methods employed in the research.

2.2. AC and DC Power Transmission

AC and DC have become the most common transmission method nowadays. However, DC's widespread use
began in 1882 when Pearl Street Station began supplying electric power to New York City's financial district
using 30 km of underground cables. Despite this early success, DC's dominance was short-lived. As, George
Westinghouse, Nikola Tesla, and others developed transformers and induction motors that made AC generation,
transmission, and use superior. AC technology quickly became the dominant method for power generation,
transmission, and distribution due to the simplicity of voltage conversion through transformers, minimal losses,

and ease of maintenance [1,2].

Despite AC’s dominance, HVAC transmission systems have several limitations that make DC transmission
advantageous [3;3,4]. For instance, the inductive and capacitive properties of overhead wires and cables limit

the transmission capacity and distance of AC systems [3]. For cables, the feasible transmission distance for
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HVAC is typically between 40 to 100 km, depending on the system’s power and voltage, but this is constrained
by charging current [4]. Furthermore, HVAC transmission cannot connect two AC systems with different
frequencies directly, and poor connections between two separate AC systems can result in instability or

unfavorable power flow conditions.

As aresult, high-voltage direct current (HVDC) transmission has emerged as a more efficient method for long-
distance power transmission because it does not have problems such as skin effect on conductors, thus reducing
energy losses. In addition, HVDC eliminates the need for reactive power compensation, making it more
efficient for long-distance power transmission than AC systems. However, AC remains the standard for shorter
distances due to its cost advantages, while HVDC systems are increasingly being used for submarine and long-
distance transmission lines, such as the NEMO link, a joint venture between the National Grid in the UK and
ELIA in Belgium.

Along with improvements in HVDC transmission technology, attention has shifted to the insulation materials
used in HVDC cables. While traditional HVDC systems rely on oil-impregnated paper insulation, there is a
growing shift, similar to that seen in AC cables, towards the use of polymer insulation due to its mechanical
durability, ease of installation and environmental benefits. However, the transition to polymer HVDC cables
presents new challenges, particularly those related to space charge accumulation, which can significantly affect
dielectric performance and long-term reliability. Therefore, it is essential to obtain a deeper understanding of

space charge behavior in polymeric insulation material to enable safe and reliable HVDC transmission.

2.3. HVDC Components: Cable and Accessories

HVDC cables are available in a range of designs, generally, it is determined by the cable insulation. The focus
will be on high-voltage direct-current cables with extruded insulation, with a detailed examination of the cable
structure. A brief description of various cable types (and their related insulations) will be presented. In general,
the following HVDC cable typologies have been employed mainly in submarine or land-based HVDC power

transmission systems [5,6,7]:

2.3.1. Mass Impregnated Nondraining (MIND) cables

At present, this cable type is used in most of HVDC applications. It consists of different layers, the composting

layer are as follows:

Compressed or compact round conductors of copper or aluminum shaped wires;
Conductor semi-con of carbon-loaded paper;

Insulation, that is, pure cellulose paper impregnated with oil and resin;
Insulation semiconductive of carbon-loaded paper;

Metallic sheath;

A e
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Thermoplastic sheath;
Reinforcement of steel tapes (only for undersea cables);

Bedding (only for undersea cables);

v N

Armor of steel flat wires (only for undersea cables).

Mass impregnated cable is a type of paper-oil-impregnated insulated cable, like OF cable. The conductor is
shielded by oil and resin-impregnated papers; the resin provides non-draining qualities to the oil. The
semiconductive conductor and insulation layers are made of carbon-loaded papers, whilst the outer layer is
made of copper or aluminum tapes and/or woven fabrics. The fully impregnated cable is then lead sheathed to
protect the insulation from the outside environment. The following layer is an anticorrosion layer made of
extruded high-density polyethylene (HDPE).

It has track record of 500kV application and transmission capacities of up to 800 MW in a single cable, with
installation depths of up to 1640 m below sea level and almost infinite transmission lengths [6,7,8]. The
transmission capacity of mass-impregnated cables is constrained by the conductor temperature, the constant

allowed conductor temperature is about 55°C, which is lower than OF cable.

2.3.2. Oil-filled (OF) Cables

Fig. 2.1 Oil Filled HVDC Cable.

In comparison to mass-impregnated cables, the conductor is insulated by paper impregnated with a low-
viscosity oil and contains a longitudinal channel allowing oil to flow along the cable. Additional levels are
basically similar to those mentioned previously. Oil-filled cables are capable of withstanding both AC and DC
voltages up to 600 kV DC. Due to the required oil flow along the cable, transmission line lengths are limited
to 100 kilometers [6,7,8].

2.3.3. Polypropylene Paper Laminate (PPL, MI-PPL, PPLP)

HVDC systems with a voltage rating of 600 kV use cable systems that incorporate PPL insulation and
nondraining impregnating chemicals, designed to operate at 80—-90°C conductor temperatures [9]. These cables
can withstand up to 60% more electrical stress, making them ideal for long, deep undersea cables. However,

the technology is not yet widely established in DC systems [9].
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Historically, paper-oil insulated cables dominated the HVDC market until the mid-1990s. Since then,
manufacturers have shifted to extruded polymer insulation, primarily using polyethylene compounds, such as
LDPE and XLPE (cross-linked polyethylene) [9,10,11,14,15,16]. DC-XLPE is the most common form of
XLPE used in HVDC systems, and it is preferred for its performance under high-voltage direct current
conditions. Polymeric insulation is better suited for higher operating temperatures compared to the older paper-

oil insulation.

Fig. 2.2 XLPE insulated HVDC cable.
2.3.4. Cable Joint

A cable joint is defined as an insulated and fully protected connection between two or more cable sections,
designed to restore the electrical, mechanical, and environmental properties of the original cable system. The

main functions of a cable joint include:

1. Even distribution of electric field: To ensure reliable operation under all loading conditions, proper electric
field grading is necessary to avoid excessive electric stress at insulation interfaces.

2. Elimination of voids: The joint must ensure intimate contact and eliminate voids at the interface between
the cable insulation and the joint insulation body, as voids can lead to partial discharge and eventual failure.

3. Proper grounding: It is essential to provide continuity and grounding for the cable's metallic screen or sheath
to safely carry charging and fault currents.

4. Mechanical and environmental protection: The joint should offer adequate protection against external

mechanical damage and environmental factors (e.g., moisture, corrosion, contaminants).
High-voltage (HV) cable system joints can be categorized based on their installation context:

1. Factory joint (production joint): A joint between cable segments (extrusion lengths) created under
controlled factory conditions, often during the manufacturing process of long-length cables.

2. Repair joint: A joint made to reconnect or replace a damaged cable section, typically installed in the field
with full construction and repair materials.

3. Field joint (site joint): A joint assembled and installed on-site during initial cable installation, using pre-

designed components to connect separate cable lengths in the field.
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Prefabricated Joint

Radial metallic Conductor Filing Mechanical
moisture barrier clamp  material Prot?ction

Polymer Cable Deflector SiRslip-on  Middle electrode
insulation body

Fig. 2.3 Prefabricated joint design for HVDC land cable [29]. Reprinted with permission from © 2018 IEEE.

Cable joints come in a variety of configurations. for oil-impregnated and mass-impregnated cable joints and
terminations are coiled with paper and impregnated in oil [17, 12]. At sea, the length of a cable segment can
approach 100 kilometers due to the flexibility of large cable drums that can be transported on board. Factory
joints are most frequently used in this situation for extruded submarine cables. Due to the limited transport
capacity on land, the longest cable segment for land applications is less than 1 km. As a result, prefabricated

joints are mostly used in land applications.

The prefabricated joint body composed of four different material layers which designed for HVDC (Fig. 2.3).
The connector is electrically shielded by an inner deflector made of semi-conducting rubber. A continuous
layer of field grading material (FGM) covers the joint body, even covering the inner deflector. Outside the
FGM, an insulation of the rubber layer represents the actual joint insulation. Finally, the joint body's outer

shield is composed of a semiconducting rubber screen.
Factory Joint

Typically, land cables require numerous prefabricated joints that are ready to be deployed in the field. The
weight of the cable and transportation constraints limit the length of land cables that can be installed. On land,

cable lengths are often shorter than in underwater installations.

Different reasons limit the length of undersea cables. They are determined by the ability to continually extrude
high-quality cable over lengthy periods of time, as well as testing and storage capabilities. Installation lengths
are ultimately determined by such parameters, which are under the control of the production site. As a result,

flexible joints are commonly used to install joints at cable manufacturing (or factory joints) [13,14].

To employ larger cable lengths, intermediate couplings (factory joints) are required. Where an extrusion
molded junction (EMJ) has been used to operate on reinforced insulation, the factory joint must be roughly the

same diameter as the cable diameter.

10
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2.3.5. Terminator

The HVDC extruded cable termination illustrated in [12] is a real combination of a conventional alternating
current termination based on geometric field control with a continuous layer of FGM connecting the live
electrode to the ground. The termination for 150 kV HVDC [extruded cable stated in [12] is a flexible dry type
composed of separate rubber parts, including top sealing, weather-sheds, field grading adapters (FGA), and a
stress relief cone. Due to the termination's design, it can be used on practically any size of cable. Additionally,

the creepage distance can be adjusted easily by adjusting the amount of weather sheds and FGAs.

2.4. HVDC Cable System Failure Phenomena

Fig. 2.4 (a) surface discharge along the interface of cross-linked polyethylene (XLPE)/ silicone rubber (SiR), and
(b) breakdown caused by surface discharge [15]. Reprinted with permission from © 2024 Wiley Periodicals LLC.

Failures in HVDC cable systems often occur at interfaces, particularly in cable joints where multiple insulation
layers meet. Fig. 2.4 (a) surface discharge along the interface of cross-linked polyethylene (XLPE)/ silicone
rubber (SiR), and (b) breakdown caused by surface discharge [15] illustrates an example of (a) surface
discharge along the interface of cross-linked polyethylene (XLPE) and silicone rubber (SiR), and (b)
breakdown caused by the surface discharge [15].

Such failures are typically attributed to complex multilayer insulation coordination issues, because space
charge tends to accumulate on the interfaces between the various insulating and semi conductive layers which
compose HVDC cable joints, distorting the electric field distribution and fostering an increased aging and

possibly premature failure of the joint [16,17].

Understanding the mechanisms of space charge formation and its impact on insulation degradation is therefore
critical for improving the reliability of HVDC cable systems. In the following sections, space charge behavior

in polymeric insulation and relevant detection techniques will be discussed.

11
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2.5. Space Charge Formation in Polymer Insulation

Space charge refers to the accumulation of charge carriers (electrons or ions) within an insulating material
under DC stress [16,18,19,20,]. It is an important phenomenon in high voltage direct current (HVDC) cable
insulation systems, especially in polymeric materials, where even a weak electrical conduction could lead to

charge movement and accumulation under prolonged electrical stress.

At high electric fields, space charge can enter the insulation rapidly, even at room temperature. Once formed,
it may take several hours to decay after the applied voltage is removed. The accumulated charge does not
disappear immediately; instead, it gradually dissipates depending on factors such as the type of insulation
material and the temperature. Polymeric insulation generally retains charges longer than traditional lapped
insulation. The dynamics of space charge accumulation can be described using the continuity equation for
current density:
0
Vej+ a—’t’ ~0 2.1)

Where, j is the current density, p is the charge per unit volume (space charge density), and ¢ is time. This
equation implies that any imbalance between the inflow and outflow of charges within a region leads to charge
accumulation.
The resulting space charge field, denoted as E,, is related to the charge distribution according to Gauss’s
theorem:

p=V-(g¢&kE,) (2.2)

where g, is the vacuum permittivity and &, is the relative permittivity of the insulating material.

Therefore, the total electric field £ within the insulation in the presence of space charge is the sum of two
components the external field E (also called Laplacian field) induced by the applied voltage, and the space
charge field E,, , as described in Equation (1.3):

E=Ey+E, (2.3)

The accumulation of space charge within the insulation contributes to electric field distribution. The space
charge introduces an additional electric field that superimposes on the externally applied field, leading to the
field enhancement at certain location in the insulation. in some case, this contribution may high enough to
initiate a breakdown. This makes space charge could be the contributor to the electrical aging process in

polymeric insulation systems [21].

12
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2.6. Space Charge Detection Technique

According to the IEEE 1732-2017 standard, the recommended techniques for space charge measurement in
full-size cables are the Thermally Step Method (TSM) method and the Pulsed Electroacoustic (PEA) method.

These techniques are described as follows:

2.6.1. Thermal Step Method (TSM)

Measured Cable
Compensation e

Cable \\

(@)

High DC
Voltage

Compensation

(b)

High DC Voltage
disconnected

Fig. 2.5 Experimental setup for TSM under short circuit conditions [28], © 2009, IEEE.

The thermal step method (TSM) is a thermal space charge measurement technique that has been used since
around 1986 [23]. Since TSM is a nondestructive methodology for determining how the electric field and space
charge density are distributed over solid insulating materials. The thermal step method (TSM) is based on the
propagation of a thermal wave that causes a transient local displacement in the space charge. A change in the
induced charges at the electrodes reflecting it. Thus, allowing the distribution of the residual electric field and
charge density throughout the sample to be determined. TSM is used on any sample with a geometry that
allows the spatiotemporal temperature distribution to be computed, such as material specimens and industrial
components (power cables, capacitors, printed boards, and stator windings) [26]. Since the thermal step method
can be applied to cylindrical cables, it has become one of the most promising methods for non-destructive

space charge measurement of full-scale cables [24].

The thermal step method usually uses heating of one sample side compared to the other by applying a constant
temperature differential between the two electrodes by using a brief (100ms) laser pulse or a modulated light
beam, respectively, to illuminate (and therefore heat) the absorbing sample electrode [25]. Fig. 2.5 shows the
principal diagram of the thermal step method. An insulating sample is sandwiched between two electrodes.

When a temperature difference of AT is applied to the insulating sample, a thermal wave propagates, causing

13
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a local displacement of the space charge. Since the sum of all the charges is zero, this local charge displacement
generates an induced charge on the electrode. This method measures the space charge by short-circuiting two

electrodes across an insulating sample and detecting the change in induced charge by measuring the current.

2.6.2. Pulse Electroacoustic (PEA) Method overview

[28] proposed the pulsed electro acoustic method. The resolution is greater, and the lowest detectable charge
density is lower (higher sensitivity) than other space charge measurement methods, making it one of the most
widely used space charge measurement methods today. The pulsed electro acoustic technique has been used to

assess the space charge of full-size power cables, with varied study results [23].

The pulse electroacoustic method is illustrated in Fig. 2.6. To charge the insulating sample, an insulating

sample is placed between electrodes and a DC voltage V DC is applied between the electrodes [26].

The PEA Method concepts is based on the Coulomb force law, which states: In the presence of resident charges,
an externally applied pulse field generates a perturbing force density on the material. The charged bulk creates
an acoustic wave as a result of the disturbance. A piezoelectric transducer placed on one of the electrodes then
detects the acoustic signal [27]. Digital signal processing is used to extract and calibrate the space-charge
profile information included in the outgoing acoustic signal. Deconvolution is used to extract the charge density
distribution from the voltage signal. It should be noted that the acoustic wave is internally generated by the
space charge in contrast to the pressure wave propagation methods where the pressure wave is generated

externally.

V(t) e(t) | Cc

—Al

Backing Ground Electrode

material Electrode

Specimen

[
Backing

|
Transducer material

(sensor)
Fig. 2.6 Block diagram of the pulsed electroacoustic (PEA) method.

2.7. Summary

This chapter provides a comprehensive overview of HVDC power transmission systems with a focus on cable
technologies, failure mechanisms, and space charge phenomena. It begins by contrasting AC and DC power
transmission, highlighting the historical development and technical advantages that have led to the modern use

14
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of HVDC systems. The chapter then explores key components of HVDC cable systems, including various
insulation technologies such as Mass Impregnated Non-Draining (MIND) cables, oil-filled cables, and
polymer-based lapped thin-film cables. Accessories like cable joints and terminators are also introduced.

The chapter then shifts focus to the formation of space charges in polymer insulation, an issue critical to the

long-term reliability of HVDC cables. Finally, it outlines several techniques for detecting space charges,
including the Thermal Step Method (TSM) and the Pulse Electroacoustic (PEA) method, providing an
overview of their principles and applications.
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Chapter 3 Pulse Electro Acoustic Method

3.1. Introduction

Building upon the general overview provided in Chapter 2, this chapter presents the working principle, design,
and implementation of the Pulse Electro-Acoustic (PEA) method, as well as the data processing and calibration
methods used in this study. Emphasis is placed on understanding acoustic generation and propagation,
including the effects of geometry, attenuation, and dispersion on the acoustic signals. While this chapter
focuses on the fundamental aspects of the PEA method, the application of the PEA system and the advanced
signal processing techniques for full-size cable and joint models will be discussed in Chapters 5 and 6,

respectively.

3.2. Overview of the PEA Measurement System

This section introduces the core configuration of the Pulsed Electroacoustic (PEA) method and the essential

components of the measurement system, especially in its application to the geometrical systems.

In the pulsed electroacoustic method, consisting of devices are DC power supply, pulse generator, and

measurement cell. The measurement cell itself includes several components such as :

1. Coupling electrodes: as the acoustic coupler and placed to connect the surface of the specimen (or cable)
to the piezoelectric sensor directly and also serve as a delay line.

2. Piezoelectric sensor: Made of thin PVDF (polyvinylidene fluoride) film, which converts the acoustic
pressure wave into an electrical signal.

3. Backing material: Usually made of PMMA (polymethyl methacrylate) or another material with matching
acoustic impedance. Ensuring the signal propagation from the sensor (in conventional PEA). Enhancing
the sensor response by reflecting acoustic waves (new PEA cell)

4. Amplifier and signal acquisition: The electrical signal from the piezoelectric sensor is amplified and

captured on a device like an oscilloscope.

Fig. 3.1 shows a simplified diagram of the space charge measurement setup for a full-scale HVDC cable. The
cable consists of the central conductor, insulation, inner and outer semi-conducting layers, and is firmly held
against the Alground electrode. Guard electrodes are placed around the main measuring region to ensure
uniform electric field application during pulse excitation. In addition, due to the usage of pulse voltage
application for long cables, and the coupling electrode made of aluminum. An optical link is utilized in

measurement to properly separate the electronics device.
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The DC voltage source V. is connected to the cable conductor through the A bias resistor Rp while, pulse
voltage is applied directly to the measured section of the cable’s outer semiconducting layer. Further discussion
regarding pulse voltage application is provided in Chapter 4. Whilst, beneath the cable is the PEA cell, an
aluminum electrode detects the pressure waves generated by the vibration of charges inside the insulation. This

electrode is connected to a piezoelectric transducer, and the signals are then transmitted to an absorber.

The PEA method is based on detecting pressure (acoustic) waves which are generated by the vibrations of
charge carriers inside dielectric materials when a superimposed pulse voltage is applied across electrodes.
When the pulse is applied, the charge-induced pressure wave propagates through the dielectric reaches a
metallic grounded electrode in contact with a piezoelectric sensor. The sensor then converts the mechanical

wave into an electrical signal, which can be amplified and recorded.

Measuring section

|

- Semiconducting shield

D

“Metallic shield
T Measurement cell

75Q -2
— To Oscilloscope

T (50 Q)
1 MQ 40/60 dB

777

Fig. 3.1 Space charge measurement by means of PEA method in the cable.
3.3. Signal Propagation and Wave Behavior

3.3.1. Acoustic Wave Generation

V(1) Conductor
------- - o(@)

Insulation I dr
T ___________ O—(b)
7/7 ’—/ Acoustic
Al film /Jr

coupler

Piezoelectric

film ’_@

l Backing

Fig. 3.2 PEA method principle for coaxial cable sample.
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The application of the pulse leads to a modification of the electrostatic force distribution [1]. Fig. 3.2 shows
the method for a cable specimen, the inner and outer interface between the insulation and semicon layer are

a and b respectively. with thickness @ has the element space charge p(r)dr.

If a DC voltage V. is applied between both electrodes, surface charges induced on the electrodes by electric
field between both electrodes, surface charges are induced on the electrodes by electric field £ and the static

Maxwell stress f;,,,, generated on electrodes is expressed as :

2

1,1 Vg
frnw = €E% = Eg(r ln(b/a)) 3.1

Whereas according to Lorentz law, (3.2) shows the force Af (7, t) induced by the pulsed electric field on the

space charge p(r) at position & is
Af(r,t) = ey(t,r)p(r)dr 3.2)

where e, (t, 1) is the applied pulse electric field varies through the thickness of the insulation and is expressed

as
ey(t,7) = Vo (0)/(r In(b/a)) (3.3)
where V},(t) is the applied pulse voltage.

In the Fig. 3.2 charges o(a) and a(b) which represent the induced surface charge at the interface between

insulation and semiconducting layer given by:
o(a) = gy&E(a) (3.4)
o(b) = &ye,.E(b) (3.5)

Where E(a) and E(b) are the total static interfacial electric stress at a and b, which are distributed to the
applied dc voltage and the accumulated space charge in the bulk insulation. gy &, are vacuum permittivity and

relative permittivity, respectively. And the pulsed forced acting on this charge layer:

fla,t) = o(a)e,(t,a) + %sosrepz(t, a) (3.6)

f(b,t) = o(b)e,(t,b) + %soerepz(t,b) (3.7)
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3.3.2. Acoustic Wave Propagation

S S
Ts

1
Tt

v v v
Py (t) ps(t) pa(2)

|—€0

Fig. 3.3 The propagation of acoustic wave in coaxial geometry cable by means of PEA method.

During the application of the pulse voltage, the force from induced charges and space charge will result in the
charge layers moving slightly. This movement launches acoustic waves that propagate in both directions, one
towards the electrode and the transducer and another in the opposite direction, however only toward the piezo
transducer is considered in the calculation. The acoustic waves arriving at the transducer will be detected on
the other hand the opposite direction will not reach the sensor, unless they are reflected at the interface between

two different media depending on the acoustic impedance. The acoustic impedance denotes as :
Z=406v (3.8)

where § and v are density and acoustic velocity of material, respectively. The acoustic waves arriving at the
transducer are represented by p, (t), p,(t), ps(t), which correspond to the acoustic signals generated by the

surface charge at electrode a, the bulk space charge, and the surface charge at electrode b, respectively.

o(a) V(t — 14)

pa(t) = Kq A (3.9)
(@21 ()
py(t) = Ky, () Vot _bTb) (3.10)
)
K, [P
P = — o [ B v - var (3.11)

a
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T4, Tp, Tg Tepresent the time required by the acoustic wave initiated at each charge layer to reach the piezo
electric sensor as shown at Fig. 3.3. The terms of (a)'/2and (b)'/? in the equation derived from the effects of
the cylindrical attenuation of the acoustic wave propagating through the cylindrical geometry. K is the

transmission coefficient experienced while propagating and is expressed as

K - Zs 2Zb 27Zc 2Zp (3.12)
@ Zs+Za Zb+7Zs Zc+Zb Zp+Zc '
K — Zb 2Zc 2Zp (3.13)
YT Zb+ZsZc+Zb Zp + Zc '
Zb 2Z¢ 27
P (3.14)

K. = . .
S Zb+Zs Zc+Zb Zp+Zc

Where Za is the acoustic impedance of the outer semiconductor at point a, Zs is the acoustic impedance of the
cable insulation, Zb is the impedance of the outer semiconductor at point b, Zc is the impedance of the acoustic
coupler, and Zp is the impedance of the PVDF sensor as shown at Fig. 3.3. Therefore, the total sound wave

p(t) is expressed as in Equation 3.15, which is the sum of all acoustic waves.

p(t) = pa(t) +ps(t) + pp(t) (3.15)

3.4. Effect of the Cylindrical Geometry and propagation to the Amplitude of Acoustic
Wave

The thickness of the specimen and the geometry of the object being tested significantly influence the resolution
and accuracy of the PEA measurements. Thicker materials or larger cable geometries can lead to signal
attenuation, as the pressure wave must travel through a greater distance, which could reduce the intensity of
the detected signal, the application of correction process is discussed in Chapter 5 and Chapter 6, whereas the

following subchapter is discussing the effect of the cylindrical geometry and correction in general.

3.4.1. Cable Geometry Divergence

In coaxial geometries, it is required to correct the measured signal due to the divergence at the applied electric

field e, (1) from the pulsed voltage across the sample, the electric stress for the coaxial geometry given by:

Y

(/) (3.16)

€y (r) =
where 7, and r; are the positions of the outer and inner screen electrodes, V, is the applied pulse voltage.

Whereas the electric stress decreases across the insulation from the inner to the outer electrode in the PEA

method, thus with the variation of electric stress, the space charge density near the inner electrode will give a
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higher acoustic signal than the outer electrode, meaning the space charge distribution will be position

dependent.
Divergence of pulse field

As the space charge only changes in the radial direction, which result in a reduction in signal intensity
during the propagation to the outer sheath from the divergence of the pulsed field, the correction factor
Kp can be defined as:

ep(r) 1

K, =—27 -2 (3.17)
P ep(rout) r

Divergence of acoustic charge
Since the charge density is inversely proportional to the distance, the charge induced on the radius is rf

greater than that on the outer screen shown as,

qr To
K =—=—
" o T

Divergence of acoustic waves

The amplitude of the acoustic waves detected at the sensor is smaller than the amplitude of the wave at
the space charge location. Which, the acoustic waves magnitude reduces with the square root of the radius
as they propagate towards the acoustic sensor. In order to correct the detected signal from the divergence

of the acoustic waves, it written as:
K, = |— (3.18)

Geometrical correction factor
By combining all the divergence factor K, K;,, K, the total geometric divergence correction factor Kdiv

is the combination of the divergence define as:

T, T r 1,3/2
de(r)=7°-7o. r—=7" (3.19)
o

3.4.2. Acoustic Attenuation and Dispersion

As previously mentioned, in the PEA method, the measured space charge signal is obtained from acoustic
waves generated due to their interaction with a transient electric field. These acoustic waves propagate across
different materials before reaching the acoustic transducer. When the acoustic wave generated by inner screen
propagates to outer, the amplitude of acoustic wave decreases, and its width widens. Whereas, in dielectric

sample materials generally consist of lossy materials which attenuate and disperse the pressure waveform as it

22



Chapter 3 - Pulse Electro Acoustic Method

propagates. The expression for a planar acoustic wave p(x,t) propagating through a lossy and dispersive

medium can be represented as [2,3,4,9]:
p(x,t) = P(0, w) exp(—a(w)x) exp (—jB(w)x) (3.20)

where P (0, w) is the is magnitude of the pressure wave component at the location x=0 (before losses), a(w)
and B(w) correspond to the attenuation factor and dispersion factor respectively. During propagation, a(w)
cause a decrease in wave magnitude while it travels through the medium, whereas f(w) affects wave speed
and waveform shape. This results in the broadening of the acoustic wave, as different frequency components
travel at different velocities express as:
c
=— 3.21

B == (3.21)

As, w is the angular frequency, sound velocity ¢ and phase coefficient 5. By application of the fourier

transform, equation (3.19) in cylindrical coordinate is transformed into:
p(r,w) = P(w,7y) exp(—a(w)(r — 1)) exp (—jf(@)(r —11)) (3.22)

where p(r, w)and P(r;, w) are Fourier transforms of the acoustic wave at r; and r, respectively. r can be varied
from r; to 1,,, which also represent the position at the inner screen and outer screen respectively. In order to
calculate the coefficients a(w) and S (w)), the acoustic waveform at two different locations of the sample will
be used. Generally, the acoustic wave generated at the r = 1, and r = 1; are used [4,6,10]. In this particular

case acoustic transfer function H at » given by:

P(w,r)

Hw,r) = s = exp (—a(@)( = 1) exp (@) (r =) (3.23)
Whereas, r = 1, given by:
P(15, ) ,
H(w,15) = 50 =5 = exp (—a(@) (o — 1) exp (—jB(@) (% ~ 1) (3.24)

a(w) and B(w) can be derived from the following relations (which consider the geometric divergence):

(—a(@)(ry =) = |H(y )] = (@) = —— l‘ Pl ) (3.25)
exp a\w)(r, T = To, W a\w) = —— n P(a),ri) *\/% .
1
B@) = $(H, ) = B(@) = ——|$(@,7,) = $(w,1) (3.26)
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where /13 /7, correction factor in Equation (3.19) and ¢(w, ;) and ¢p(w, 1) are the phase for the acoustic

wave at the inner and outer semicon layer, respectively.

3.5. Data Processing in PEA Method

In space charge measurements using the PEA method, the raw signal is a convolution of the actual charge
distribution and the system’s transfer function. To extract the true signal from the specimen, signal post-
processing is essential. Therefore, deconvolution is applied after measurement. In this study, dual-domain

deconvolution approach is employed to improve accuracy and reliability.

3.5.1. Reference Signal Acquisition

— 40_ (a) at 20 kV
E 0 AV_{;_’:: N 20 Subtracted signal
e | S '/ : _h V _ (c) Reference
.% 40 Spdce charge | | | | . AV T N
g% (b) at 10 kV | — Vv
§D 0 /\v A -40O e
s 400 Time (us)
0 10

Time (us)

Fig. 3.4 Subtraction method to obtain reference signal.

In the deconvolution process used to reconstruct the space charge distribution, two types of signals are
essential: the reference signal (also known as the impulse response) and the target signal, which contains the
actual space charge information. Within the framework of the PEA (Pulsed Electroacoustic) method, the
reference signal plays a critical role, as it characterizes the system’s response in the absence of space charge.
Conventionally, this reference is obtained by applying a pulse voltage superimposed on a low-level DC voltage
to a sample that is assumed to be free of space charge. Under such conditions, the recorded signal is considered
to reflect only the dielectric properties of the materials such as permittivity distribution without contributions
from space charge. From this calibration signal, the reference signal is typically extracted using a window

function, isolating the portion of the waveform that corresponds to the system's impulse response.

However, in this study, a different approach was employed to derive the reference signal. Instead of acquiring
it through a low-voltage application on a charge-free sample, the reference signal was extracted by subtracting
the waveform obtained by low DC voltage application from the waveform with high voltage application as
shown in Fig. 3.4. This subtraction method isolates the system’s dynamic response related solely to the applied

voltage, effectively removing the space charge that has accumulated in the insulation [5,10]. The resulting
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signal is then used as the reference in the deconvolution process. This approach is particularly useful when it
is difficult to obtain a truly charge-free reference such as in full-size cables or specimens with prior voltage

application histories where residual or pre-accumulated space charge might already exist.

3.5.2. Deconvolution

p(t) vs(T) ydecon()
® hcircuit(t)__ H_l N
Pressure Detected Deconvolved
pulse signal Signal

heireuit () = System transfer function

Fig. 3.5 Diagram of deconvolution process.

This chapter presents the development and implementation of a dual-domain deconvolution method to extract
the true space charge distribution from raw PEA signals, which are inherently convolved with the system's
transfer function. Traditional frequency-domain deconvolution, while widely used, often suffers from

instability, particularly in the low-frequency spectrum, resulting in baseline shifts and artificial DC components.

To address these challenges, a combined time-frequency domain deconvolution approach was proposed [6,7]
which will be used in the deconvolution process in this study. The method begins by generating target and
reference signals through the subtraction procedure to obtain reference signal. These signals are then windowed

with a Tukey function isolating the main acoustic peak.

In the time domain, a matrix template of the system response is constructed, and the original space charge
profile is estimated via least squares minimization, providing a stable, noise-suppressed result. In parallel,
frequency-domain deconvolution is performed to retain high-frequency content, albeit with inherent risks of

instability.

By using dual-domain method it combines the strengths of both domains by applying a threshold frequency to
merge the low-frequency content from time-domain processing with the high-frequency details obtained from
frequency-domain division. This integration yields a final charge distribution that is both physically accurate

and free of unwanted low-frequency artifacts.

The resulting deconvoluted signals serve as the foundation for calculating space charge distributions, electric
field profiles, and potential within the insulation system. This methodology significantly enhances the

reliability and resolution of space charge measurements in high-voltage insulation diagnostics.
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The signal processing underpinning the dual-deconvolution technique in space charge measurement will be
discussed in this article. The deconvolution output is then used to determine charge and field intensity
distributions, as well as potential.

3.5.2.1. Target and Reference Signal

The signal processing stream begins with the target signal, which is acquired at various levels of applied DC
voltage. The reference signal is then generated by subtracting the lower-voltage signal (assumed to represent
the initial space charge-free condition) from each target signal. This subtraction isolates the additional response
induced by higher voltage stress. To minimize spectral leakage and focus on the most relevant signal
component, the resulting waveform is convolved with a Tukey window in the time domain. During this step,
only the first peak of the waveform corresponding to the initial acoustic response is retained, while the

remaining samples are set to zero. This is justified by the low noise content in the original waveform.

3.5.2.2. Time-Domain Deconvolution

Since the full frequency-domain deconvolution always leads to an unpredictable result located on its low-
frequency parts, the deconvolution in time-domain is then performed. The convolution between the space

charge that originally exists in the cable and the system response of the signal is expressed by equation (3.27).

Sior = Hsinput (3.27)

Where s, is the convolution between the original space charge and the system function. S is the original
space charge and H is a template matrix constructed by time-shifting the reference signal. The shape of the

template is expressed by equation (3.28).

_ho(to) e R By(2,)
H=|h(t,) - h(t) - hit,)
LA (8) - () - h(2,) ] (3.28)

The combination of the template is then obtained by weighting each component inside the matrix with g;. The

result is expressed by equation (3.30).

Stgt ‘= (ti) = Z(;h/ (ti )q./'
J=

(3.29)

The impulses with similar distribution with the original signal are obtained by minimizing the Least Square

error between the target signal and the template, as expressed by equation (3.30).
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2

:0 {Stgt (ti)_stgt '(ti)} izr::{stg, (ti)_jzi(;h‘i (tl. )q»/}

(3.30)

The final output is the time domain signal consisted of the distribution of impulses g; that represents the original
signal, expressed by equation (3.31). The detail of the signal processing had been discussed in the previous

research which is applied to extract the reflection coefficient from human cheek skin [8].
qO Stgt (tO )

g, |=(H"H) H"| 5,(t)

9, Stgt(tm) (3 31)

3.5.2.3. The Time Frequency Domain Deconvolution

The calculation is started by convolving both target and reference signal with an appropriate Tukey-typed
window function in order to avoid the spectral leakage. Both of the signal is then subjected into the Fourier
transform and the target signal is divided by the reference signal. The result will be a noisy waveform because
the division process sometimes encounters a “division by zero” which occur when the frequency components
of the reference signal is really small [4,5]. A low-pass filter is then applied to reduce the number of high-
frequency components in the signal. However, oftentimes, the output signal will be disturbed by an
unnecessary low-frequency component in the form of a baseline or an offset because of the improper division
in the Fourier domain which leads to the instability of the generated low-frequency components in the output

signal.

3.5.3. Charge and Electric Field

After performing the deconvolution process, the acquired signal q(r) represents the space charge intensity
profile. However, since the specimen has a coaxial structure, the profile must be compensated to account for

the divergence of acoustic wave propagation, as described in Equation (3.19).

q'(r) = Af{q(r) - B}\/rz0 (3.32)

Where 1y is the outer radius of the insulation, and 4 is the scale factor. The factor B represents a small offset

that inevitably arises from the measurement and deconvolution processes. The electric field at any point along

1
E(r) = Af ;{q(r) —B}r\/%dr (3.33)

0

the radius is expressed as:
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The potential at any point along the radius is given by:

V(r) = —frE (r)dr (3.34)

0

3.5.4. Deconvolution application

Application of deconvolution in this research (Chapter 5 and Chapter 6) In this research, the previously

described deconvolution method is applied to two main case studies:

1. Chapter 5: Space Charge Measurement in Full-size Cable
This chapter presents space charge measurements in a full-size cable using a PEA cell. Deconvolution is
applied to process the measured signals and retrieve the actual space charge distribution from the
convolution with the system's transfer function.

2. Chapter 6: Space Charge Measurement in Cable Joint
Cable joints have more complex structures due to the presence of material interfaces and triple junctions.
In this chapter, deconvolution will be conducted in the type the first deconvolution to calibrate the target
signal from the system transfer function and the second type of deconvolution is applied to compensate
several factors such as acoustic divergence due to geometry, pulse stress distribution caused by dielectric

differences, acoustic attenuation, and variations in the speed of sound.

By applying a deconvolution method in both chapters, it is expected that the obtained space charge distribution
can describe the internal electrical conditions of the insulation system with sufficient accuracy for engineering

analysis and diagnostics.

3.6. Summary

The Pulse Electro-Acoustic (PEA) method is a diagnostic technique used to measure space charge distributions
in dielectric materials, especially in high-voltage DC cable systems. This chapter outlines the working principle
of the method, where a superimposed pulse voltage generates acoustic waves through electro-mechanical
interactions with space charges and induced charges in the insulation. These waves are detected by a
piezoelectric sensor and analyzed to reconstruct the charge profile. The system involves components such as
coupling electrodes, piezoelectric film sensors, and backing materials. The chapter also explains signal
generation based on Lorentz force, acoustic wave propagation, and the impact of cylindrical geometry on wave
attenuation and signal accuracy. Corrections for electric field divergence and acoustic wave decay are

necessary for accurate space charge profiling in full-scale cable systems.
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Chapter 4 Pulse Voltage Application in Space
Charge Measurement

4.1. Introduction

To evaluate space charge behavior, non-destructive measurement techniques such as acoustic and thermal
methods are commonly used. However, the pulsed electroacoustic (PEA) method is particularly widespread,
as it enables direct space charge profiling by applying a pulse voltage in combination with a high DC voltage.
The pulse electric field interacts to electric stress accompanied by space charge to produce acoustic pulse wave.

The signal is captured by a piezoelectric device that is mounted outside the insulation [1].

In order to apply the pulse voltage together with a high DC voltage, a coupling capacitor is required. However,
when a full-size cable is used as a specimen, a certain length is needed to attach terminals for high DC voltage
application, increasing the capacitance of the specimen. As a result, the cable can no longer be considered a
lumped capacitor, and multiple reflections may take place if the pulse voltage is applied at the terminal. In
addition, the scale of the coupling capacitor may be so significant that a large inductance may be produced
between the specimen and pulse voltage source, leading to the loss of frequency characteristics of the

measurement system.

As full-size cables are normally tested under voltages as high as 500 - 1000 kV, depending on the rated voltage,
the above problems are very significant in performing the space charge measurement. The authors proposed a
suitable method for measuring the internal charge while applying a voltage to full-scale power cables [2, 3].
Our proposal does not need such a capacitor, because the cable specimen itself plays a roll of the pulse coupler.

This series of studies is to find the condition required for the measurement.

However, when a finite-length cable is used as a coupler, its impedance exhibits strong frequency dependence.
In this case, the cable behaves as a transmission line, and the propagation of the pulse voltage must be analyzed
accordingly. When a voltage pulse is sent through the cable, it travels toward the open end. Since an open end
presents an infinite impedance, the mismatch causes the signal to reflect back toward the source. These
reflections do not simply disappear; instead, they travel back along the line and may interfere with the original

signal.

The nature of these reflections is determined by the electrical length of the cable relative to the wavelength of
the signal components. If the cable length corresponds to a specific fraction of the signal's wavelength,
constructive or destructive interference may occur, a phenomenon known as resonance. Resonance can result
in standing wave formation, amplification of certain frequency components, and waveform distortion such as

ringing. If the length is not resonant, reflections still occur but typically cause less distortion.
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Therefore, in this chapter, the influence of the cable length on waveform behavior and signal fidelity will be
analyzed based on transmission line theory and pulse propagation characteristics, with a particular focus on

how these effects impact the accuracy of space charge measurements in full-scale cable systems.

4.2. Voltage application in PEA method

4.2.1. Measurement System

-_~Semiconducting shield

D

“Metallic shield

* Measurement cell

Fig. 4.1 Outline of the measurement system including the cable specimen (a) and its equivalent circuit (b), (c). Rg
represents the resistance across the gap between electrodes.

Fig. 4.1 shows a schematic diagram of the space charge measurement system for full-size cable. It basically
employs the principle of the pulsed electroacoustic (PEA) method. A part of the cable specimen is removed
with metallic shield, and a piezoelectric device is mounted. A high voltage pulse is applied across the
piezoelectric device and the shield layer. The acoustic coupler, made of polystyrene, makes it possible to apply
a high voltage pulse on the shield layer whereas the piezoelectric device is kept at the ground potential. The
acoustic coupler also has the ability to improve acoustic impedance matching and sensitivity due to its close
acoustic impedance to the polyethylene specimen and the piezoelectric element (PVDEF: polyvinylidene

fluoride) which will be discussed in Chapter 5.

A DC high voltage is applied at the terminal. For acoustic coupling an oil layer is interposed between the
specimen and acoustic coupler, on which the piezoelectric sensor is embedded. As the pulse voltage is applied
from the ground side of the specimen, no coupling capacitor is needed. In fact, as described above, cable

specimen itself plays a roll of coupling impedance.

The measurement system can be represented by an equivalent circuit as shown in Fig. 4.1 (c), in terms of the

pulse response. Zy; and Zy, represent the impedance looked from the measuring point, depending on the
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frequency component. The cable specimen may make resonance, if the pulse voltage has a certain frequency
component. In such a case, the impedance synthesized by Zx; and Zx, may be very high, so that the reduction
in the voltage across Cx takes place. In addition, as the resonance corresponds to multiple reflections across

the cable specimen, the shape of the applied single pulse may be disturbed because of ringing.

4.2.2. Resolution of the Measurement

Resolution of the space charge depends on the width of the pulse voltage. To simplify the analysis, the space
charge distribution is assumed to follow a Gaussian function. It can be transformed into the time domain using
the sound speed of cross-linked polyethylene (2000 m/s), which serves as the insulation. In this paper, two
cases with half-widths of 100 ns and 400 ns are considered, corresponding to spatial widths of 200 pm and 800

um, respectively.

4.3. Response of Pulse Width Depends on Cable Length

In order to retain a certain spatial resolution, a pulse voltage with an appropriate frequency component should
be applied at the measuring point. Assuming the voltage source generates a pulse voltage with a flat frequency
spectrum, the frequency spectrum at the measuring point was estimated. The equivalent circuit of the system
including the specimen and feeder cable is shown in Fig. 4.1 (c). The cable specimen is considered as a
distributed circuit of finite length with open ends. /; and [, are the lengths to the end terminal from the measured
section. As only a short length of the cable specimen is subjected to the measurement, the measured section
can be represented as a lumped capacitance Cx. The cables with /; and [, in length can be recognized as
frequency dependent impedances (open stubs) Z. and Z. respectively, when they are looked from the
measuring point. The system is thus simplified as to be a circuit composed of one small capacitance and two

frequency dependent impedances.

The impedance of the cable fragment with an open end and ¢; in length is described as

e]yll + I—ie_jyll e]Vlz + Ge_jylz
le - Oejyll_l—vle_jylll x2 _Zoej}’lz —]—'ze_jylzyzx _le//ZxZ (41)
y=a+jp (4.2)

where f'is frequency, ¢ is propagation speed along the cable specimen, y is propagation constant dependent on
frequency, and Z is the characteristic impedance of the cable specimen. /' and / are the reflection coefficients
at the distance /; and /, from the measuring point, respectively [4,5]. 1 and /> are assumed as to be 1 in this
particular case. To make the calculation simple, a and f are assumed to be in proportion to frequency as

a =2nfay, B =2nf/c (4.3)
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When a pulse voltage is applied through a coaxial cable with a characteristic impedance Z;, the reflection

coefficient /" at the application point (feeding point) is

_ (Zx +Zc) —Zs

C(Zy+Z) + Zg (4-4)

where Z, is the combined impedance of Zi, Zx,. The applied voltage V. across C; is subsequently calculated
by

Vc _ _ch
=+ (4.5)
X, = ! (4.6)
¢ j2mfCy '

where Vs is the voltage propagating through the feeder cable.

The length of the measured section was set to 1 m and was approximated by a 100 pF capacitor. The attenuation
at both ends of the cable was assumed to be approximately 10 dB per kilometer at 1 MHz. The characteristic
impedance of the sample cable was set to 50 Q to match the coaxial communication cable used in the
experiment. The surge impedance of power cables is approximately 20 Q. If the length of the measured section

and the cables on both sides are the same, the waveform shape is expected to remain approximately unchanged.

Table 4.1 Cable specimen and feeder cable specifications.

Cabel Specimen
Capacitance at the measuring point (C,) 100 pF
Length of the cable specimen (/; and /) 2m, 10 m
Spatial resolution 200 pm, 800 pm
Characteristic impedance of the cable specimen (Z) 50Q
Attenuation coefficient of the cable specimen () 10 dB/MHz/km
Propagation speed of the cable specimen (c) 200 m/ps

Feeder Cable

Characteristic impedance of the feeder cable (Z;) ‘ 50Q

4.4. Comparison Between Simulated and Measured Results

Fig. 4.2 Fig. 4.3,Fig. 4.4 Fig. 4.5, show the results of simulation and measurement. Diagram () in each figure
shows frequency characteristics of the applied voltage across Cy, and diagram (b) shows reproduced pulse
waveforms in time domain. The results of experiments carried out to verify the calculation results are shown
in diagrams (c) and (d). The circuit shown in Fig. 4.1(b) was constructed using RG-174/u coaxial
communication cable. The characteristic impedance was 50 Q, and the length of the section corresponding to

the measured section was 1 m. The length of the cable sections at both ends was either 2 m or 10 m (with both

33



Chapter 4 - Pulse Voltage Application in Space Charge Measurement

sections having the same length in each case). The pulse applied to the semiconducting outer shield electrode
was of negative polarity, so that a positive pulse voltage was applied to the conductor. A pulse voltage of
approximately 200V was applied and the voltages between A-G and between B-G were measured with high
impedance voltage probes across the DC to 200 MHz band, the results of which are shown in diagram (c). The
differential waveform (d) shows the voltage applied between the conductor and the outer shield electrode at

the measured section.
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Fig. 4.2 Comparison between simulated and measured results of /i = />: 2 m, Cx: 100 pF,
resolution: ~200 um. (a)(b): spectrum and time-domain profiles of the voltage across Cx as simulated.
(c)(d): Measured at points A and B (refer to Fig. 4.1) and their differential.

Fig. 4.2 and Fig. 4.3 show the results when the pulse width was about 100 ns. The spatial resolution is about
200 um when multiplied by the sound speed of polyethylene, which is about 2 mm/us. If the cable insulation

is about 3 mm thick, this corresponds to a relative spatial resolution of 7 %.

Fig. 4.2 shows the case of 2 m coupling cables. The resonance frequency of the open stub formed by the
coupling cable was high, and the pulse waveform applied to the measured section was not significantly
different from that of the fed pulse because of repeated multiple reflections and rapid attenuation. The coupling
cable acts almost as a capacitance. The voltage dividing ratio is 4/5, slightly lower than that of the input pulse.

The calculated and experimental results are in good agreement.

Fig. 4.3 illustrates the case where the coupling cables were 10 m long. In the low-frequency range, the
impedance of the open stub is reduced, resulting in a slightly higher signal intensity compared to Fig. 4.2.
However, the effect of multiple reflections (ringing) becomes more pronounced, with a resonance point around
10 MHz. If the insulation thickness of the cable is less than approximately 3 mm, it superimposes with the
signal from the conductor side, making the deconvolution process using signals from the external shielding

electrode more difficult.
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Fig. 4.3 Comparison between simulated and measured results of /i = >: 10 m, Cx: 100 pF,
resolution: ~200 pum. (a)(b): spectrum and time-domain profiles of the voltage across Cx as simulated.

(c)(d): Measured at points A and B (refer to Fig. 4.1) and their differential.

Fig. 4.4 and Fig. 4.5 show the results when the pulse width was approximately 400 ns, corresponding to a
spatial resolution of 800 um. Pulse widths of this magnitude are considered appropriate for cable insulation
thicknesses of 10 mm or more. Fig. 4.4 shows the result when the coupling cable was 2 m long. As in Fig. 4.2,
the resonant frequency of the open stub formed by the coupling cable is high and the shape of the waveform
applied to the measured section is not significantly different from that of the applied pulse voltage due to
repeated multiple reflections and rapid attenuation. The coupling cable acts almost as a capacitor, and the

voltage divider ratio is about 4/5 as in Fig. 4.2, which is slightly lower than the voltage at the feeding point.

Fig. 4.5 shows the case where the coupling cable was 10 m long. The multiple reflections decayed within a
time period of about the pulse width. In both cases shown in Fig. 4.4 and Fig. 4.5, when the cable insulation
thickness is sufficiently greater than about 3 mm, the signals from the outer shield electrode and the inner
electrode are completely separated, and the deconvolution process can be performed using the signal from the
outer shield electrode. Although there is a difference in the time domain waveforms because the calculations
use Gaussian waveforms as input while the experiments use pulse waveforms close to square waves, the
frequency band used is narrower when the spatial resolution is low, which allows the effect of ringing to be

eliminated.

Although it is considered that extremely long cable lengths is required to completely eliminate the effects of
multiple reflections at both ends of the cable, in practical cases where the measured section is as short as 1 m
and the attenuation coefficient is as high as 10 dB/MHz/km, a coupling cable of a few meters can provide a

resolution of several hundred pm without significant ringing. In such cases, no significant resonance takes
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place because damping at high frequencies reduces the degree of resonance. In addition, the frequency

component of the applied pulse voltage is limited so that high frequency components are not detected.
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Fig. 4.4 Comparison between simulated and measured results of /1 = />: 2 m, Cy: 100 pF,
resolution: ~800 pum. (a)(b): spectrum and time-domain profiles of the voltage across Cx as simulated.

(c)(d): Measured at points A and B (refer to Fig. 4.1) and their differential.
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Fig. 4.5 Comparison between simulated and measured results of /; = />: 10 m, Cx: 100 pF,
resolution: ~800 pum. (a)(b): spectrum and time-domain profiles of the voltage across Cx as simulated.

(c)(d): Measured at points A and B (refer to Fig. 4.1) and their differential.

36



Chapter 4 - Pulse Voltage Application in Space Charge Measurement

4.5. Summary

The pulsed electroacoustic method which requires a coupling capacitor to apply a sharp pulse voltage across
the insulation as well as applying a high DC voltage. In order to avoid the use of the capacitor that would be
very large in scale in the case of full-size cable measurement, we proposed to use the cable specimen itself as
a pulse coupler. However, as the cable is finite in its length, it may work as a resonator and disturb the pulse
voltage across the insulation, depending on the frequency component of the pulse voltage. A calculation in
frequency domain shows that the resonance is significant when the cable is as long as 10 m. Longer cable may
cause resonance at low frequency but it would be less significant because of attenuation thorough the cable
specimen. A good pulse waveform across the insulation was seen when the cable length was as short as 2 m,

however it is considered that too short cable specimen would lead to the reduction in the sensitivity.
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Chapter S Development of A High-Sensitivity PEA
System for Space Charge Measurement in Full-size
HVDC Cables

5.1. Introduction

During the development of insulation materials, researchers often use sheet-type specimens or miniature cable
models to assess insulating performance through space charge measurements. However, it's highly beneficial
and even necessary to directly measure space charge in full-size cables. This ensures that the insulation
performance observed in small-scale samples truly reflects the behavior in actual manufactured products. For

this reason, the authors strongly support the importance of space charge measurements on full-size cables.

The Pulsed Electro-Acoustic (PEA) method is one of the most effective techniques for space charge analysis.
It involves applying a narrow pulse voltage superimposed on a high DC voltage across the insulation. When
the electric pulse field interacts with space charge, it generates an acoustic pressure wave, which is then

detected by a piezoelectric sensor placed outside the insulation [1,2].

However, when testing full-scale cables, the physical length needed to connect high-voltage terminals
increases the sample’s total capacitance (or effectively lowers its impedance), which degrades the coupling
performance. For cables longer than a few meters, the cable can no longer be treated as a simple lumped
capacitor. Instead, the cable behaves more like a transmission line, where signal reflections become significant

during pulse application.

Furthermore, using a large coupling capacitor introduces considerable inductance between the cable and the
pulse generator, which negatively affects the system's frequency response [2]. Considering that full-size HVDC
cables often operate under voltages ranging from 500 to 1000 kV, these technical challenges are especially

critical for achieving accurate space charge measurements at such high ratings.

Previously, researchers at the Central Research Institute of Electric Power Industry in Tokyo, Japan, introduced
a method for measuring internal space charge in full-size power cables under high DC voltage conditions [3,
4]. Their approach eliminated the need for a separate coupling capacitor by allowing the cable specimen itself

to act as a pulse coupler.

However, one significant drawback of that setup was its limited sensitivity when used on full-size cables. The
main issue stemmed from poor acoustic impedance matching between the sample and the piezoelectric

transducer, which reduced the efficiency of acoustic wave transmission.
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In this chapter, we present a newly designed measurement cell that significantly improves acoustic matching
between components with differing acoustic properties. In the conventional design, an aluminum block served
as the acoustic coupler. In our new PEA device, we replaced this with polystyrene an insulating material with

lower acoustic attenuation and better impedance compatibility with cable insulation.

This improved configuration, combined with a polyvinylidene difluoride (PVDF) piezoelectric transducer and
a metallic backing layer, enhances the transmission of acoustic energy. As a result, the device achieves much
higher measurement sensitivity. Additionally, the use of a polymer-based acoustic coupler provides galvanic
isolation between the measurement cell and the cable’s insulation screen (outer electrode), where the high-

voltage pulse is applied.

The effectiveness of this new PEA device has been successfully demonstrated through testing on a full-scale

power cable.

5.2. New PEA Cell Design

In the conventional PEA system, metallic material, such as aluminum, is utilized as the acoustic coupling
medium that connects the outer semi-conductive layer and the acoustic sensor, whereas it also serves as an
electrode. This metal component serves a dual function: it acts as both an electrical electrode for high-voltage
pulse injection and as an acoustic transmission medium. However, this design inherently introduces a
significant acoustic mismatch, especially when measuring polymeric insulation systems such as polyethylene.
The difference in acoustic impedance between the metal and polymer results in energy reflection and signal

loss at the interface, reducing the measurement system’s sensitivity and fidelity.

Moreover, when polymer-based piezoelectric material such as PVDF is used as the sensor, a similar mismatch
occurs at the interface with the metallic coupler, further degrading signal intensity. The conventional method
typically uses polymer backing material with an acoustic impedance close to that of the sensor to suppress
internal reflections and broaden the sensor’s frequency response. However, even with this design, much of the

acoustic energy is transmitted to the backing, reducing the signal amplitude received by the sensor.

5.2.1. Comparison: New and Conventional Cell

Table 5.1 outlines the structure and materials used in both the proposed and conventional PEA cells, while Fig.
5.1 provides a visual diagram to clearly illustrate the differences in their composition. These serve as an
overview to help readers grasp the fundamental distinctions between the two designs. The detailed explanation

of the material choices and performance differences will be presented in the following subchapters.
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Fig. 5.1 The diagram of PEA cell by using polymeric acoustic coupler (proposed) for the space charge
measurement in full size HVDC cable (left) conventional PEA cell (right).

Table 5.1 Structure and material of Proposed and conventional PEA cell.

New Conventional
Acoustic Coupler Polymer Aluminum
Sensor PVDF PVDF
Backing Metal Polymer

5.2.1.1. Acoustic Coupler

In the conventional method of space charge measurement, metal electrodes are used as acoustic couplers to
connect the measurement system with insulating wires. The couple also plays an important role as a delay line,
preventing superposition of the measurement signal with spike noise due to the pulse voltage. Although the
measurement shown in this figure was obtained using the new PEA cell, the purpose is to demonstrate the
necessity of an acoustic coupler functioning as a delay line before the acoustic signal reaches the transducer

which will be discussed further in the next sub-chapter.

However, this approach has limitations, mainly due to the impedance mismatch between the aluminum
coupling capacitor and the cable insulation. As a result, signal reflection occurs, and measurement accuracy
decreases. To overcome this problem, a new method using polymer couplers has been developed and has been
shown to increase sensitivity up to four times compared to metal couplers. Further details of sensitivity

calculation is discussed in the next section.

In addition to enhanced sensitivity, the polymer coupler offers significant advantages in terms of electrical
isolation. It provides galvanic isolation by electrically separating the measurement system from the cable’s
shielding layer, which allows pulse voltage to be applied while keeping the measurement system safely
grounded. This setup removes the need for additional optical isolation, as was necessary in the conventional
method. As a result, the measurement system becomes simpler and safer to operate under high-voltage

conditions, while also delivering a clearer and more accurate signal compared to traditional metallic couplers.
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This method also offers better impedance matching with the insulating material, enabling more efficient
acoustic signal transmission and minimizing signal loss. As polymer, either PMMA and XLPS both were
generally used as the acoustic coupler for the new PEA cell. However, in this study, XLPS was selected as the
coupler material due to its acoustic properties specifically, its lower sound velocity and higher acoustic
transparency compared to PMMA. While PMMA is easily available in the market and can function as an
acoustic coupler, its relatively high sound velocity resulting a thicker layer to serve effectively as a delay line
compare to XLPS. Which makes XLPS the more suitable choice for the measurement needs in this study, as
supported by the comparison of acoustic absorption in polymers shown in Fig. 5.2. Regarding Fig. 5.2 , it is
considered that the frequency band required for full-size cable measurement extends up to several MHz.
Assuming an acoustic coupler thickness of about 20 mm is the least needed to avoid multiple reflections within
the time window, the absorption in PMMA and PS (polystyrene) is less than 6 dB/mm. This level of absorption
can be considered negligible when compared to the absorption occurring in polyethylene, which is used as the

specimen.

O PE: Polyethylene
A PMMA: Polymethylmethacrylate
O PS: Polystyrene

PMMA

R ————ps.

n FE——

1 10
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2k

Fig. 5.2 Sound absorption coefficient of various polymer materials [1,5]. Reprinted with permission from © 2024
IEEE.

5.2.1.2. Piezoelectric sensor

The design of the acoustic sensor plays a key role for the optimum performance of the measurement cell. The
transducer consists of a polarized PVDF piezo film. This Piezoelectric sensor is placed underneath the polymer
acoustic coupler, as to receive the signal propagates through the coupler. 110-um-thick PVDF film was used
as the piezoelectric sensor. In addition, an aluminum film (11 um-thick cooking foil) was used to obtain contact

between the upper electrode of the PVDF sensor and the shielding box.

The thickness of the piezoelectric sensor must be small enough to achieve a desired spatial resolution while at

the same time a higher thickness achieves a higher output signal magnitude, increasing the signal to noise ratio.

The induced voltage across the piezoelectric sensor is due to the integral of the existing pressure waves across

its thickness. This means that to optimize the spatial resolution, the sensor thickness must be smaller than the
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minimum wavelength of the acoustic pressure wave across the PVDF film, whereas the wavelength is depend
on the applied pulsed voltage, to achieve high spatial resolution, the sensor must be thinner than the minimum

wavelength of the pressure wave in PVDF, governed by:
At - vpypp > dpypr (5.1)

Where At the duration of the pulse and vpypris  the acoustic velocity of piezoelectric sensor, while dpypr
is the thickness of the polarized PFDV piezo film.

Additionally, increasing the sensor area also increases the RC constant, enhancing low-frequency response. It
is beneficial only if the entire sensor receives the acoustic wavefront nearly simultaneously. Due to the
cylindrical geometry of cables and the flat PVDF layout, acoustic waves arrive circularly, causing time delays

at peripheral areas and potentially degrading spatial resolution.

5.2.1.3. Backing material

As the backing material placed behind the acoustic sensor, the conventional method usually uses a polymer,
the acoustic impedance between the piezo film and the backing materials needs to be as close as possible to
avoid reflections at the interface which will have an impact in the output signal. This is to reduce multiple
reflections inside the sensor and to expand the frequency band of the received signal. Therefore, the signal that

reaches the acoustic sensor is mostly transmitted to the backing material.

However, in the proposed method, since the acoustic matching between the acoustic coupler and the PVDF
sensor is also good, a good energy transfer can be retained throughout the path from the measurement target
to the sensor. In addition, if a metal having a high acoustic impedance is used as the backing material, positive
reflection occurs on the back of the sensor, so that the sound pressure in the sensor can be approximately twice
as high as the incident sound pressure, which will be discussed in the next subchapter. Furthermore, the
acoustic coupler is a polymer of which acoustic impedance is close to the sensor, multiple reflections would
be effectively reduced. As a result, signals can be received with high sensitivity in a relatively good damping

condition.
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5.2.2. Signal Path and Acoustic Impedance
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Fig. 5.3 Signal propagation in the new and the classic PEA cell.

Table 5.2 Material Characteristic of PEA cell [13]. Reprinted with permission from © 2022 IEEE.

Acoustic
Material Sound Speed (m/s) Impedance
(MNs/m*3)
Cable Polyethylene 2300 1.7
Polymer 2320 2.42
The New PEA Cell PVDF 2300 4
Metal 2200 24.6
Aluminum 6420 17
The Classic PEA Cell PVDF 2300 4
PMMA 2757 3.2

In this study, we present a novel space charge measuring technique for full-size cable samples. The pulsed
electroacoustic technique is the measurement's fundamental concept, but we think it can also be used to the

pressure wave method.

In the new PEA cell suggested method like which has been discussed in the previous sub chapter, the aluminum
coupler is replaced with an insulating substance, such as an acrylic resin (PMMA or polystyrene). Its purpose
is to provide electrical isolation between the specimen and the acoustic sensor so that a high voltage pulse may

be applied across the specimen with the main body of the cable, and it acts as an acoustic coupler.
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In the pulse electroacoustic method, an acoustic signal is generated in the insulation and received by a sensor
fixed outside the insulation system. Fig. 5.3 shows the concept of acoustic energy transfer in a conventional
method and the proposed new method. An acoustic coupler is required to be inserted between the insulation
system and the measurement system. This acoustic coupler also functions as a delay line to avoid spike noise
caused by high voltage pulses. In addition, since it is required with a function as an electrode to make contact
with the insulating system, a metal conductor such as aluminum has conventionally been used. In such a case,
if the measured object is a polymer such as polyethylene, the acoustic matching with the metal coupling
medium would be downgraded due to a reflection and reduction in energy transfer rate. In addition, when a
polymer piezoelectric material such as polyvinylidene fluoride (PVDF) is used as an acoustic sensor, reflection
occurs at the end of metallic coupling media. As the backing material placed behind the acoustic sensor, the
classic method usually uses a polymer whose acoustic impedance is close to that of the acoustic sensor. This
is to reduce multiple reflections inside the sensor and to expand the frequency band of the received signal.

Therefore, the signal that reaches the acoustic sensor is mostly transmitted to the backing material.

In the proposed method, a polymer such as polystyrene is used as the acoustic coupler. This improves the
acoustic matching between the measurement object and the acoustic coupler itself. Since the acoustic matching
between the acoustic coupler and the PVDF sensor is also good, a good energy transfer can be retained
throughout the path from the measurement target to the sensor. In addition, if a metal such as lead having a
high acoustic impedance is used as the backing material, positive reflection occurs on the back of the sensor,
so that the sound pressure in the sensor can be approximately twice as high as the incident sound pressure.
Lead is the material that is used for the proposed PEA cell due to it is sound speed, and acoustic matching has
brought advantages to the improvement of the PEA cell. Brass was used before we decided to used lead, brass
has higher sound speed and acoustic impedance compared with lead material. The higher sound speed made
material must be thicker in order to avoid the reflection that occurred from the end of the brass. in the limited
space of the PEA cell case, lead becoming more advantageous due to its lower sound speed characteristic.
Therefore, thinner lead (compared with brass) can be used as the backing material and still can avoid the
reflection. Since the acoustic coupler is a polymer of which acoustic impedance is close to the sensor, multiple
reflections would be effectively reduced. As a result, signals can be received with high sensitivity in a relatively

good damping condition.

Thus, the proposed method is expected to provide higher sensitivity than the conventional method. On the
other hand, it is concerned that the acoustic attenuation of polymer coupler is larger than metal. Fig. 5.2
compares the sound absorption of various polymers. It is considered that the frequency band required for the
measurement of a full-size cable is up to several MHz . Assuming the required thickness of the acoustic coupler
to avoid multiple reflections appearing within the time window is about 20 mm, PMMA and PS (polystyrene)
absorb less than 60 dB. Hence the absorption can be ignored if it is compared with the absorption in the
polyethylene as the specimen. Thus, Polystyrene (PS) material with a small absorption is preferred as the

Acoustic coupler.
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If multiple reflections and acoustic absorptions are ignored, the acoustic signal having propagated through
each interface as shown in Fig. 5.3 reaches the sensor and is finally reflected at the interface with the backing

material. As the sensor is thin enough, the sound pressure at the sensor is represented as:

27, 22, ( L Zz)

: : 5.2
1 +vZy Zy+ 27, Z3+ 7, .2)

Note that PMMA is assumed as the backing material in the conventional method whereas it is used as the
acoustic coupler in the proposed method. By substituting each value in the above equation and comparing the

sound pressure generated inside the sensor,

Pnew - 2.6

Pconventionar ~ 0-62

4.3 (5.3)

By calculating the acoustic propagation through the materials, the sensitivity can be expected to increase by a
factor of 4. This type of acoustic coupler is advantageous as well to apply a probing pulse voltage on the cable

will be described in Pulse Voltage Application in Space Charge Measurement in Chapter 4.

5.3. Measurement Setup

5.3.1. Test Specimen

conductor

inner semicon

XLPE (20mm)

outer semicon

(insulation)

Conductive
screen

r= 2|8mm r= 4l8mm

Fig. 5.4 Measured cable with 20mm thick XLPE insulation.

The cable specimen is composed of XLPE dielectric insulation, with an inner screen radius of approximately
28 mm and an outer screen radius of about 48 mm, resulting in an insulation thickness of 20 mm. This specimen
is used for space charge measurement using the PEA method and is also employed to evaluate the influence of
spike noise on the system, as will be discussed in the following section. The center of the cable specimen
serves as the measurement region. In this area, the metallic shield layer is removed to expose the outer semi-

conductive layer, enabling proper attachment of the measuring device.
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5.3.2. Pulse Generator

+1 kV
G

—

47nF 50Q/75Q, 60 m

==

400 ns
2500 pluses/s

Fig. 5.5 Schematic of the pulse generator and its appearance.

Fig. 5.5 shows the schematic of the prototype pulse generator. To apply a pulse voltage to the cable insulation,
a 47-nF capacitor is charged with 1 kV dc voltage. By applying an appropriate driving pulse to the gate of a
field-effect transistor (Cree, C2M0080170P), drain source is short-circuited to produce —1 kV as an output. A

matching resistor (50€/75Q) is used to avoid multiple reflections across the feeder cable.

Q 0.5-

E;. 0 - A

i - \/ 09kV

S B A

8 —1_I T T T T
k= 0 4

Time (us)

Fig. 5.6 Pulse voltage measured at the cable outer screen [13]. Reprinted with permission from © 2022 IEEE.

Fig. 5.6 shows the pulse voltage with a 75 Q. feeder line applied to the outer screen of the cable object, with a
load impedance of 90Q. Details of the voltage application will be described in the nest section. It is seen that

the pulse voltage was appropriately applied and a pulse voltage of —0.9 kV was measured at the cable outer

screen.

5.3.3. Voltage Application to the Cable

Because of the semiconductive nature of the outer screen electrode, a probing pulse can be applied to the
measurement section making use of the cable itself as coupling impedance, while the shield layer is kept at

ground potential in terms of dc potential [4].
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Fig. 5.7 shows the guard electrodes which are wound around the outer semiconducting shield on both sides of
the measurement section. The guard electrodes are connected through a short wire to maintain the same
potential between them. The probing pulse is applied across the gap between the guard electrode and metallic

shield wrapped on the rest of the cable.

Previously, the high voltage probing pulse was applied to the measurement section via a metallic acoustic
coupler. Therefore, the space charge signal had to be transmitted over an optical fiber link to ensure isolation
from the ground potential [6]. In the method proposed here, since the acoustic coupler is an insulator, the pulse
voltage can be applied directly to the shield layer without using an optical fiber link. The acoustic signal is
boosted by a commercially available amplifier (Spectrum Instrumentation, SPA-1232), with a frequency range
between dc and 10 MHz.

Measuring section

| Semiconducting shield

) D

Metallic shield

1 MQ

75 Q
— Measurement cell

1

/
Fig. 5.7 Space charge measurement system by means of PEA method in full-size cable.
5.4. System Performance Evaluation

This section evaluates the sensitivity and signal clarity of the newly designed PEA cell compared with the

conventional PEA cell. Two sets of experiments were conducted as follows:

1. Quantitative comparison of sensitivity using identical specimens and voltage conditions.
2. Waveform acquisition under high-voltage conditions using thick cable insulation to demonstrate

practical applicability and spike noise suppression.

5.4.1. Sensitivity Comparison

To directly compare the sensitivity of the new and conventional PEA configurations, measurements were
carried out on a 9-mm-thick polymeric insulation sample subjected to 10 kV DC bias voltage, 0.5 kV Pulse

voltage and 400ns pulse width with 2500 repetition rate per second.
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Fig. 5.8 Comparison of sensitivities of the new method (right) and the conventional method (left), using a cable
with 9-mm thick insulation. DC 10 kV, pulse —0.5 kV 400 ns. PVDF: 110 pm-thick, metal backing: brass, Al
coupler thickness: 30 mm. Intensity is input equivalent of the amplifier (PVDF output).

(a) Coupler: Al (b) Coupler: PMMA [13]. Reprinted with permission from © 2022 IEEE.

In both cases, a coaxial cable was used not only to deliver the DC voltage but also as the coupling impedance

for the pulse injection, ensuring minimal distortion and consistent transient behavior.

To standardize the acoustic boundary condition at the measurement interface, a PMMA spacer was introduced
between the specimen and sensor stack in both systems. This guaranteed the equivalent acoustic coupling

conditions and identical electrical boundary impedance for the applied probing pulse.

Each waveform was acquired via a wideband 60 dB amplifier, and the PVDF sensor output was digitized with
a high-speed oscilloscope. The output voltage of the first arriving echo, corresponding to induced charge near
the outer screen of the cable (ground side), was used as the sensitivity index. This first peak results from a

rapid pressure change due to the displacement of space charges under the applied field.

Fig. 5.8 illustrates the comparative waveform outputs. The following observations were made, the conventional
PEA configuration (with metallic coupler and PMMA backing) yielded a sensor output of 2.3mV (peak).
Whereas The new PEA cell (using a polymeric coupler and lead backing) yielded a peak signal amplitude of
9.3mV under identical test conditions. This corresponds to a four-fold increase in output voltage amplitude,
confirming that the new PEA cell achieves ~4x sensitivity improvement. This improvement rises primarily

from:

1. Improved acoustic impedance matching which resulted in minimizing the wave reflection.
2. Enhanced piezoelectric conversion due to higher pressure transfer to the PVDF.

3. Reinforced reflective gain at the backing layer.
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5.4.2. Spike Noise in HV Waveform

As previously mentioned, the acoustic coupler also serve as the delay line from the spike noise due to the pulse
voltage application. A 55-mm-thick XLPS acoustic coupler (sound velocity ~ 2400 m/s) was placed between
the cable and PVDF sensor. This coupler serves as an acoustic delay line, introducing a propagation delay t;
of:

55 mm
ta = Sroomss = 20 bs. (5.4)

To verify performance under realistic high-voltage conditions, the new PEA cell was tested using cross-linked
polyethylene (XLPE) cable insulation with Inner screen radius ~28 mm and outer screen radius ~48 mm shows
in Fig. 5.4, with =50 kV DC bias voltage, 0.9 kV Pulse voltage, 400 ns Pulse width, and 80,000 Averaging

acquisitions (to suppress random noise).

The calculated delay agrees with the measured result as it delays = 20 ps, the delay effectively separates the
acoustic signal from the initial electrical spike noise generated by pulse application. The acquired waveform,

shown in Fig. 5.9, exhibits:

1. No observable overlap or ringing from the initial spike,
2. A first-peak amplitude of 4 pV at the PVDF sensor input, representing the charge density near the

outer screen.

—~ ]-OO_ . . . .
E ; LSplke noise Ifxcoustw signal
z > <
Z _ = ] A
5 <+ Vv U“ v
E l
_200_ T T T T T T T T
50 20 40
Time (us)

Fig. 5.9 20 mm-thick, DC 50 kV, pulse ~ 900V 400 ns. Intensity is input equivalent [13]. Reprinted with
permission from © 2022 IEEE.

5.5. Signal Acquisition

The signal as acquired when a dc —50 kV and a pulse voltage of 0.9 kV with a width of 400 ns was applied to
a 20-mm-thick cross-linked polyethylene (XLPE) cable insulation. 80000 acquisitions were averaged to obtain
a single waveform. The outer radius of the inner screen and the inner radius of the outer screen were
approximately 28 and 48 mm, respectively. A 55-mm thick XLPS block (sound velocity of about 2400 m/s)

was used as the acoustic coupler.
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Fig. 5.10 shows the acoustic signal waveforms obtained by applying dc 5, 10, 20, 30, 40, and 50 kV. It can be
seen that the acoustic propagation time between the two screen electrodes was approximately 10us. It is
remarkable that even though the pulse voltage was not very high, the signal was clear even at a dc voltage of

only —5 kV that corresponds to 0.25 kV/mm in average field strength.
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0 8 16
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Fig. 5.10 20 Acoustic signal waveforms as acquired with 20 mm-thick insulation, applying dc 5, 10, 20, 30, 40,
and 50 kV, pulse —0.9 kV 400 ns. Intensity is an input equivalent of the amplifier (PVDF output). (a) DC: positive.
(b) DC: negative [13]. Reprinted with permission from © 2022 IEEE.

5.6. Signal Processing and Charge Profile Reconstruction
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Fig. 5.11 Signal processing. (a) Reference as required. (b) Extracted reference signal. (¢) Deconvolved. (d)
Extracted peaks. (¢) Transfer matrix. (f) Reconstructed [13]. Reprinted with permission from © 2022 IEEE.
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Although the basics of signal processing can be found in the literature [6,7], we refer to Fig. 5.11 for an
overview. The difference between signals before and after changing the dc voltage is attributed only to the
charges on the screen electrodes, assuming that no change occurs in the space charge distribution during that
time. Details are provided in [8]. The indicated waveform Fig. 5.11(a) is the waveform acquired by applying
dc —50 kV and subtracting the waveform acquired immediately after the conductor was grounded. This process
was done to remove the potential effect of any preexisting space charge and extract only the signals at the

electrodes.

From the obtained differential signal Fig. 5.11(a), the one from the outer screen side is extracted using an
appropriate window function waveform Fig. 5.11(b). This can be considered as the impulse response of the
measurement system (including pulse waveform). This signal, namely sO(70, ¢), is proportional to the charge
on the outer screen electrode, represented as

Ve 1

o = &o&r "o
o In2

i

(5.5)

where roand r; are the positions of the outer and inner screen electrodes, &; is the vacuum permittivity, &, is
the relative permittivity of the cable insulation and v, is the equivalent applied voltage when acquiring the
above reference waveform. q, has the same dimension as the surface charge density in the cylindrical

coordinate system.

The entire signal is normalized (deconvolved) by this waveform, as it can be considered as the impulse
response of the measurement system (including pulse waveform). This process results in waveform Fig. 5.11(c).
In this process, the dual-domain deconvolution that combines time and frequency domain calculations has

proved to be efficient, as described in [9,10].

Three peaks can be seen in waveform Fig. 5.11(c), the first peak at 0.8 ps represents the induced charge at the
outer screen; the second peak at 10.4us represents the charge at the inner screen. The third peak represents an
artifact caused by the reflection at the conductor surface that should be eliminated from the analysis. Using
appropriate window functions, the first and second signals, namely s, (7, ¢) and s, (1;, ¢), are extracted as shown
in diagram Fig. 5.11(d).

In the Chapter 3 has been discussed that the amplitude of an acoustic signal (sound pressure) generated at r
decreases with the square root of the radius as it propagates to the outer screen, due to the divergence of the
acoustic wave. Therefore, the reduction in sound pressure is represented as (r/7,)"2. On the other hand, the
pulsed electric field at r is 1, /r compared to that on the external electrode. Considering both the divergence of
the acoustic wave and the divergence of the electric field, the sensitivity to unit charge density at position r

12

(assuming no acoustic absorption) is represented as (7, /r)"*. The charge density ratio of the inner to the outer
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screen is 1, /1 . Considering the propagation characteristics of sound in addition, the signals from the inner and

outer screen electrodes can be related as

1\3/2
$1000) = (2) - $10,0) - exp(=y (o 1)) (5.6)
Y = a(w) _|_]L (5.7)
c(w)

where S1 is the Fourier transform of sl, w is the angular frequency, and a and ¢ are frequency-dependent
attenuation constant and sound velocity. The normalized spectrum of the signal detected when there is a charge

of qq at position 7 is

Sp(r,w) = /15 (1/17) - S1(r, @) * exp(=y(w) - (1o — 7). (5.8)

A component of the transfer matrix in discrete form is represented as:
e (15, te) = IFT[ 1j/To " (To/17) * S1 (1o, wi) - exp (—Y(wk) +(ro — 7}))] (5.9)

where IFT denotes inverse Fourier transform. The signal (deconvolved using sy as a reference signal)

corresponding to the charge distribution q(r) is

Stge(t1) hyy o ham\ 79()/q0
: = Stgr = < P : )( : > = HQ (5.10)
Stgt(tn) hnl hnm Q(rm)/CIO

Diagram Fig. 5.11(e) shows some of the components of the transfer matrix. In practice, many more components
are generated so that the calculation result can be smoothly indicated. Several methods are known for solving

(8) [11,12]. When the least-squares method is applied, the estimated value of the charge distribution is:
Q = (HTH) T HTS;g, " (5.11)

where T denotes transposition. Electric field and potential can be determined by integrating the charge

distribution in the radial direction.

5.6.1. Charge and Field Profiles

Fig. 5.12 shows the measurement results of the full-scale (20 mm-thick insulation) cable at 5, 10, 20, 30, 40,
and 50 kV dc. Fig. 5.12 (I) shows the results when positive dc voltages were applied to the conductor, Fig.
5.12 (IT) shows the results for negative dc voltage. In both cases, the upper figure Fig. 5.12 (a) shows the
calculated charge distribution at each dc voltage. Even when the dc applied voltage was as low as 5 kV, the

peaks at the screen electrodes are clearly seen. The lower figure Fig. 5.12(b) shows the electric field distribution.
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Fig. 5.12 (a) Charge density and (b) field intensity profiles at 5, 10, 20, 30, 40, and 50 kV dc voltages on the
conductor. (I) Positive dc voltages. (II) Negative dc voltages [13]. Reprinted with permission from © 2022 IEEE.

The dashed line shows the calculated Laplace field at 50 kV dc. Each electric field distribution seems similar

to that of the Laplace electric field.

Fig. 5.13 shows the charge density induced at inner and outer screen electrodes. Although these charges are

surface charges the results measured with a finite spatial resolution have a dimension of volume charge density.

Integrating each peak in the radial direction yields a dimension of surface charge density. Since there is almost

no space charge in the insulation, the induced charges can be theoretically calculated assuming a Laplace field.

The charge density shown in Fig. 5.13 agrees well with the value calculated assuming a Laplace field. In

addition, the difference in charge density at 5 and 10 kV dc voltages is clearly discernible.
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Fig. 5.13. Intensity of charges induced at inner and outer screen electrodes as a function of bias voltage. The

dashed line corresponds to the Laplace field [13]. Reprinted with permission from © 2022 IEEE.
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Fig. 5.14. Electric field intensity profiles at (a) +50 kV dc and (b) =50 kV dc voltages on the conductor [13].
Reprinted with permission from © 2022 IEEE.

The results shown in Fig. 5.12 and Fig. 5.13 suggest that the charge and electric field distributions can
successfully be calculated even at 5 kV dc. The profiles were quite similar when negative dc voltages were
applied, as indicated in Fig. 5.12 (1I).

Fig. 5.14 shows the electric field distribution when +50 kV Fig. 5.14 (a) and —50 kV Fig. 5.14 (b) dc were
applied to the cable conductor for 1 h, respectively, at room temperature. The solid line shows the electric field
profile at 0 min, and the dashed line shows the electric field profile at 60 min. In the meantime, intermittent
waveform acquisitions were performed every 15 min. As was expected, no significant change was observed
because of the low applied voltage. However, the result showed the stability of the measurement including

signal processing.

5.7. Summary

In this chapter A new method for measuring the space charge in full-size power cables has been proposed. The
sensitivity of the new PEA cell using electrically insulative acoustic coupler was proved to be four times more
sensitive compared to the conventional one using a metallic electrode as an acoustic coupler. Furthermore,
since the electrically insulative acoustic coupler isolates the measuring system from the outer shielding layer
of the cable, a proving pulse voltage can be applied onto the measuring section through the shielding layer
while a DC high voltage is applied to the cable conductor. Data acquisition on a cable with 20 mm in insulation
thickness was performed using 0.9 kV, 400 ns probing pulses with 80000 times of waveform averaging. Charge
distribution and electric field distribution were successfully reconstructed by using an appropriate
deconvolution technique, taking frequency dependent acoustic attenuation and dispersion into account. As a
result of the experiment applying up to 50 kV DC, the accuracy of the electric field estimation was found to

be 0.25 kV/mm or less, that can realize 2% of precision assuming 250 kV as an operation voltage.
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Chapter 6 - Space Charge Measurement in Scaled Cable Joint

Chapter 6 Space Charge Measurement in Scaled
Cable Joint

6.1. Introduction

Space charge measurement is becoming the essential matter in the development process of an HVDC cable
system. The cable joints that are used to connect two cables are known to be the weakest points and a defective
joint could lead to a system failure. Poor installation or manufacturing process can be the cause of such defects.
One of the most common reasons of cable accessory failure is electrical breakdown at the interface of two
dielectric surfaces, which is a complicated phenomenon. The charge dynamic at the interface of the cable
insulation and the joint body insulation is an important consideration when designing HVDC cable joint, as
the space charge distribution at the cable joint is considered to be more complex than that of the cable body.
Therefore, Space charge measurements are recommended to realize a reliable system and increase the security

of electric power system.

Recent advancements in Pulse Electro-Acoustic (PEA) measurement technology have enabled accurate space
charge measurements in full-size HVDC cable bodies [1-2]. Several studies, both experimental and simulation-
based, have focused on space charge behavior in joint insulation systems [3-5]. However, literature remains
limited when it comes to axisymmetric two-dimensional joint structures, despite some progress in simplified

models such as multilayer flat samples [6-8] and coaxial joints without triple junctions [9-10].

As the new PEA cell has shown significant progress in term of sensitivity, it is discussed in chapter 5. This
chapter describes the results of space charge measurements on a scaled cable joint model by using a newly
proposed PEA cell with a 16-channel sensor array capable of automatically scanning along the joint and
resulting in faster data acquisition. The distribution of the space charge along the interface between the cable
and joint insulation, including the triple junction, was successfully obtained. From the results, the internal

electric stress distribution was derived.

6.2. 16-Channel Array Sensor Design and Layout

Previous studies have reported improvements of the PEA cell by improving the sensitivity by 4~5 times which
has been discuss in Chapter 5 Development of A High-Sensitivity PEA System for Full-Scale HVDC Cables.
These improvements have resulted in an estimated electric field calculation accuracy of 0.25 kV/mm. A
description of the new PEA device and signal propagation can be found in a previous report [11]. After
successfully conducting a space charge measurement in a full-size cable, attempts have been made to apply

this technique to measure space charge in a scaled cable joint model. However, the step of moving on from
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full size cable to a scaled cable joint presented some difficulties with the PEA cell. A longer time was required
when measuring the space charge in a cable joint with a single sensor, resulting in time inefficiency. To address
this issue, we have implemented a solution by increasing the number of sensors to measure the space charge
in the cable joint. This solution, which is called a PEA cell with 16-channel sensor array, because it is made up
of 16-channel piezoelectric sensor array positioned along the cable joint model. In Fig. 6.1 it is shown that the
components of the PEA cell for the cable joint model is principally the same as those of the PEA cell for full-
size cables we can refer to Chapter 5, except that the device is composed of 16-channel with mechanical relays

for sequential scanning.

For the PEA cell with 16-channel sensor array a 180 mm long polystyrene block is used, acting as an acoustic
coupler that maintains electrical isolation between the specimen and the acoustic sensor [1]. This allows us to
apply a high voltage pulse to the specimen using the main body of the cable as the coupling impedance, while
keeping the shielding layer at ground potential. Moreover, the trapezoidal shape is to retain the contact area
between the specimen and coupler. To maintain ground potential at the sensor, a thin layer of aluminum film
is used as an electromagnetic shield between the acoustic coupler and the sensor. A polyvinylidene difluoride
(PVDF) piezoelectric sensor is divided into 16 segments, each with an aperture length of 10 mm and a 1 mm
gap between the sensors created by removing the PVDF coating to allow each sensor to be separated from the
others. A 10 mm wide metal backing is placed behind the sensor to further amplify the signal through positive
reflection at the back of the sensor [1,11], each metal backing being separated by a 1 mm air gap. The scanner
is approximately 175 mm long and is designed with 16 relays and a controller. The program on a personal
computer controls the switching of the relays according to the timing, it allows the scanning process to be
automated and sequential. A photograph of the internal and external structure of the PEA cell is shown in
Fig. 6.2.

Acoustic coupler (polystyrene)
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Fig. 6.1 Schematic diagram of PEA system with 16-channel sensor array, capable of scanning along the cable joint
box [21]. Reprinted with permission from © 2024 IEEE.
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Fig. 6.2 Inside and outside view of the PEA cell completed with the controller these all are hand made in the lab
[21]. Reprinted with permission from © 2024 1EEE.

6.3. Sound Field and Crosstalk Analysis in the PEA cell

Based on the previous improvement [1], a 16-channel array PEA sensor was created to measure the space
charge in cable joint box. While PEA cell with 16 array sensor has been successfully assembled, the
interchannel crosstalk has been unknown. Crosstalk in an image sensor could result from image-generated
carriers having the ability to diffuse and be collected by a neighboring pixel which could result in invalid data.
Therefore, further research is required to evaluate the PEA 16 array cell regarding crosstalk. In this study, we
performed PEA measurement to evaluate the influence on the possibility of cross sound pressure detection
within the PEA 16 array cell.

6.3.1. Analysis of the Receiving Sound Field

WS = Conductor
"¢ Sound source (x, v)
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Fig. 6.3 A model for sound field analysis. ROI: Region of Interest.
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As shown in the Fig. 6.3, the axial direction of the cable is x and the insulation thickness direction is y, and the
two-dimensional received sound field in Cartesian coordinate system is analyzed. Since there is no significant
difference in the sound velocity and acoustic impedance between the acoustic coupler and the sample, values

of 2000 mm/ps as ¢ and 2 Ns/m2 , which are close to those of polyethylene, are used as rough values.

Supposed the sound source position is (x,)) and the sensor extends from x; = —5 mm to +5 mm. Assuming
the impulse signal as the sound source with an estimated intensity of s and a distance r from the sound source
to the sensor extend (x;), the signal detected by the sensor is:

Xd

1 r
s(x,y,t) « j S0 (t _E)dxd (6.1)

-xq

r=(x—x)?—y? (6.2)

The thickness of the acoustic coupler was set to 50 mm and the insulation thickness to 20 mm, and the signal
intensity detected by the sensor, the signal originating from each sound source located in the region of interest
(ROI), was calculated.

Fig. 6.4 shows the results of the calculation with different frequency characteristics of band-pass filters. In
addition to the two-dimensional intensity profiles, the axial intensity profiles at the position directly above the
acoustic coupler and at a position 10 mm above it are also shown in this figure. Each profile is normalized to

the maximum intensity.

In practical signal processing, a Gaussian filter that leads to a symmetric time-directional blur is often used. If

the half-width of the Gaussian filter in the time domain is 50 ns, which corresponds to a resolution of 100 pm

in the thickness direction, the cutoff frequency is estimated as v2 X In2/(2m X 50 ns/v2 X In2), which is
approximately 4.5 MHz.

Assuming a 4 - 4.5 MHz bandpass filter, the center wavelength is about 0.5 mm. The propagation distance
from the sound source to the sensor differs by a maximum of about 1 mm inside the ROI, which is close to the
wavelength, so interference fringes appear as shown in profile (a). If the frequency band is kept at 0.5 MHz
and the frequency range is 1 - 1.5 MHz, the center wavelength is about 1.6 mm, so interference fringes are not
visible as shown in profile (b), but the receiver sensitivity distribution becomes dull and the spatial resolution
in the axial direction decreases. When the frequency band is set from 0.1 MHz to 4.5 MHz, there are no

interference fringes and the spatial resolution in the axial direction is relatively good, as shown in profile (c).
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Fig. 6.4 (a) Band-pass filter with 4.0 - 4.5 MHz band width, (b) Band-pass filter with 1.0 - 1.5 MHz band width,
(c) Band-pass filter with 0.1 - 4.5 MHz band width.
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The results assuming a Gaussian filter with a half-width of 50 ns (standard deviation 42 ns) are shown in Fig.
6.5 The calculated results are close to those obtained assuming a bandpass filter with the frequency range from
0.1 MHz to 4.5 MHz.

The half-width of the axial intensity profile is about 10 mm, indicating that interference from adjacent sensors
is generally avoided. Since the Gaussian filter passes even the DC component, its effect appears in the profile
in Fig. 6.5, and the hem of the profile is wider than when a bandpass filter is applied, but the low-frequency
components from sources at different axial positions do not change significantly, so it is thought that it does

not have a significant effect on the spatial resolution.

To achieve conditions similar to those in the analysis, a PVDF transducer was placed in contact with an acoustic

coupler and 16 sensors were scanned to measure the received sensitivity.
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Fig. 6.5 Gaussian filter with 50 ns half width.
6.3.2. Measurement Method of Crosstalk Analysis

6.3.2.1. Application of The DC And Pulsed Voltage to the Cable Joint Model in Space
Charge Measurement

The PEA method measures sound pressure generated by the interaction of a space charge and a pulsed electric
field. Determining the magnitude and distribution of space charges at a cable joint is a critical process. A PEA
cell array shows in Fig. 6.1, which is mechanically aligned with the measurement area and electrically
connected to ground potential, is used for this measurement. The schematic diagram of the space charge
measurement on a cable joint is shown in Fig. 6.11 Schematic diagram of space charge measurement system

in cable joint model, with the joint box located between the cable bodies.
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A cylindrical electrical conductor made of aluminum foil is wound around the cable, with the ends connected
to ground potential. The guard electrode region around the measuring point is connected to a pulse generator
that sends electric pulses through a 60m feeder line. When an electrical pulse is applied to the cylindrical
conductor, it interacts with space charges in the insulation of the measurement section, generating acoustic
signals that the PEA cell array detects to evaluate the magnitude and distribution of space charges. The acoustic
signal is amplified by a commercial amplifier (Spectrum Instrumentation, SPA-1232) with a frequency range

up to 10 MHz.

Fig. 6.6 Photograph the configuration of the PEA cell array (left), 10mm PVDF transducer (right) placed in
between the rubber and acoustic coupler.

Fig. 6.6 shows the configuration of the PEA cell array in the crosstalk evaluation, where a 10 mm width and
0.11 mm thick PVDF transducer was placed between the lead and the acoustic coupler where in connection

with pulse voltage. The lead was used as a weight to hold the PVDF transducer in place.

The results are shown in Fig. 6.7 Comparing the case of contact directly above the acoustic coupler and the
case of contact through a 10 mm thick EPDM insulator, only the sensor directly below the transducer showed
a response in both cases, and few response signals were observed from the other sensors. It proves that the

cross talk between the sensor is minimum.
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Fig. 6.7 (a) Normalized result with PVDF transducer in between lead and acoustic coupler (b) normalized result
PVDF transducer in between 10mm rubber and acoustic coupler.
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6.4. PEA Cell Uniformity Experiment

Uniformity among the sensors is a critical factor in the PEA array scanner, which consists of multiple sensors.
Therefore, after assembling the PEA array scanner, the device is subjected to a uniformity test on a cable to
assess the consistency among its channels. As we know, the PEA cell used for cable joint measurement is
composed of 16 array sensors, and each sensor may exhibit different detection intensities. Hence, the
uniformity test is conducted using a cable that is assumed to have a uniform composition along its length,

making it suitable for evaluating the uniformity of the sensor array.

6.4.1. Measurement Test Specimen

The uniformity test is carried out on a cable with a 6mm thick insulation. It is believed that the cable's structure
is uniform which consists of the same material and thickness. The uniformity test was performed in a -30kV

DC and +1kV pulse. Fig. 6.8 shows the schematic diagram of the uniformity test.

Semiconducting shield

D

To Oscilloscope

Metallic shield

—1

PEA cell with 16 array sensor

/7

Fig. 6.8 Schematic diagram of PEA cell uniformity test.

6.4.2. Result

Channel 1
10

Channel 8 Channel 16

o == -
Position (mm)

Fig. 6.9 Uniformity test result on 6mm thick cable.

It is proven that the PEA scanner is uniform by looking at Fig. 6.9. The cable's intensity was determined to be

identical. The outer semiconductive layer of the cable, which is in contact with the acoustic coupler, indicated
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by the positive charge, exhibits uniformity of intensity across the 16 channels. The inner semiconductive layer,
indicated by the negative charge layer, exhibits the same uniformity of intensity across the 16 channels. Also,
Furthermore, the PEA cell is capable of detecting the signal shape originating from the conductor side. This
signal appears non-uniform, which can be attributed to the strand structure of the conductor and possible

internal reflections, causing the detected signal to appear distorted.

6.5. Space Charge Measurement Using the PEA Method — Experimental Setup

6.5.1. Measurement Test Specimen

50 mm
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Fig. 6.10 Diagram of cable joint model box specimen.

Table 6.1 Dielectric and Acoustic Properties of Tested Materials [21]. Reprinted with permission from © 2024

IEEE.
. . . Acoustic
. Thickness Relative Sound velocity
Material (mm) ermittivity (,) (m/s) Impedance Z,
P Y& (kg/m?/s)
EPDM 11 3.0 1400 1900
XLPE 6.6 2.2 2100

Fig. 6.10 shows the cross-section of the cable joint model, which has a diameter of 50 mm and consists of two
types of insulation materials. The two dielectric materials composing the insulation of the test specimen are
XLPE for the HVDC cable and EPDM for the joint. The thicknesses are 11 mm for EPDM and 6.6 mm for
XLPE, respectively. The electrical properties of these materials are summarized in Table 6.1 Dielectric and

Acoustic Properties of Tested Materials
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6.5.2. Experimental Method
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Fig. 6.11 Schematic diagram of space charge measurement system in cable joint model [21]. Reprinted with
permission from © 2024 IEEE.

In this study, the scaled cable joint box specimen consists of 11 mm thick insulating rubber (EPDM) and 6.6
mm thick XLPE cable insulation. The scaled joint box was in the center, with 2-m cable length on each side.
The deflector electrode is made of semi-conductive material and makes the field distribution as uniform as
possible. The stress control electrode is also installed on a cable joint serves as live electrode and electric screen
of the connector [12], where both the deflector and the stress control electrode are made of the same base

polymer as EPDM, but with added carbon filler.

Fig. 6.11 shows a schematic representation of the space charge measurement system for a scaled cable joint
model. The cable conductor is energized by a DC high-voltage source, whereas the shield layers of the cable

and joint are kept at ground potential in terms of DC voltage.

An 800V, 200 ns electrical pulse generated by the pulse generator was directly applied to the measuring region
1000 times at rate of 50 applications/second, and without employing the coupling capacitor [19,20] throughout
the guard electrodes which were wound on both sides of the measuring region and connected by a wire as
shown in Fig. 6.11. These electrodes were connected to a pulse generator through a 60m feeder line. The PEA

cell is mounted in the measuring region in order to acoustically couple together.

Following the successful assembly of a cable joint layout system, the PEA cell is installed on the sample as
shown in Fig. 6.12. The objective of this installation is to observe the accumulation of space charge at the
interface of the multi-dielectric material boundary. Therefore, the PEA cell is arranged along the joint, from
the deflector electrode to the stress control electrode. The acoustic signal is amplified by a commercial

amplifier (Spectrum Instrumentation, SPA-1232) with a frequency range up to 10 MHz.
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Upon the application of 1000 pulses to each channel and the subsequent averaging of the responses, the
scanning results were collected sequentially from channel 1 to 16, taking approximately 6 minutes. Fig. 6.13

shows the photograph of the layout of space charge measurement in the cable joint model.

800 V 200 ns

Stress control electrode
in contact with conductor

Fig. 6.12 Schematic diagram illustrating the arrangement of PEA cell onto the cable joint box [21]. Reprinted with
permission from © 2024 [EEE.

Fig. 6.13 Photograph of the layout of the space charge measurement system in the scaled cable joint model [21].
Reprinted with permission from © 2024 IEEE.

6.6. Measurement Results

The acquired signal consists of 16 waveforms, combined from the scanning results obtained using the PEA
cell. Fig. 6.14 (a) shows the complete acquired signal, measured from the deflector side to the steering electrode
side. The deflector side corresponds to the position near 0 mm, while the steering electrode side starts from the
middle. Fig. 6.14 (b) shows one of the individual waveform, specifically from the right end (channel 16, refer
to Fig. 6.1), which is part of the acquired signal shown in Fig. 6.14 (a). In summary, Fig. 6.14 (a) is composed

of 16 waveforms obtained from different scanning positions across the specimen.
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Fig. 6.14 Acquired joint box scanning result.

6.7. Signal Processing
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Fig. 6.15 Signal Processing (a) as acquired at -30 kV and 800 V pulse, (b) Reference signal taken by subtracting
the waveform acquired at 0 kV from the signal at +30kV, (c¢) deconvolved (A/Channel 16), (d) deconvolved
(B/Channell) [21]. Reprinted with permission from © 2024 IEEE.

The PEA method detects a pressure wave generated by the interaction between internal charges and an external

electric pulse [14], but the waveform as acquired does not directly correspond to the space charge distribution, as it
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has been affected by the frequency dependence of the measurement system including pulse signal and amplifier.

The signal has also been affected by the acoustic propagation properties of the specimen.

An example is shown in Fig. 6.15. Waveform (a) was taken by the sensor at channel 16 located close to the center
of the stress control electrode. This was acquired by applying DC -30 kV and a pulse voltage of 800 V peak between
the conductor and shield screen of the joint. The first and second peaks from the left side correspond to the outer

shield and stress control electrode, respectively.

Waveform (b) was taken by subtracting the waveform at 0 kV DC from the waveform at +30 kV DC in order to
eliminate a potential effect from pre-existing space charges [14]. This waveform, assumed to be similar to the result
when +30kV DC is applied which is composed of only induced charges on the electrodes. It was employed as a
reference signal in order to perform the deconvolution processing. The first peak represents the induced charge on
the outer semiconductor electrode of the joint, while the second peak represents the charge on the stress control
electrode, and the last peak is an artifact due to reflection, while the time difference between the first and second

peak is 7.4 microseconds.

Various deconvolution processes are required to obtain a signal corresponding to the charge distribution of the
acquired signal. In this study on PEA, the deconvolution of the first kind is defined as the correction of the frequency
characteristics of the measurement system, including the pulse voltage waveform and the signal detection system.
Deconvolution of the second kind is defined as the correction of the signal from each point within the specimen to
the detection point and involves variables such as the specimen geometry and material composition, the
electroacoustic conversion coefficients, and the acoustic propagation characteristics including frequency-dependent

attenuation and velocity dispersion [16,17].

Deconvolution of the first kind can be performed using waveform (b). The calibration signal sq ;.. £ (t) is obtained
by applying a bias voltage 1/, and eliminating the effect of space charge caused by the charges on the outer and inner
electrodes. When the outer electrode signal is separated from the reference signal without space charge, by using an
appropriate window function and indicated as sq (7, t), it corresponds to the impulse response of the measurement
system, and the magnitude is proportional to the charge that appears on the outer electrode represented as;
Vv, 1
qo (10, Vo) = €0&r —- T (6.3)
o In—
T
Where 1, and r; are the positions of the outer and inner screenelectrodes, &; is the vacuum permittivity, &, is the
relative permittivity of the insulation and Vj is the applied voltage during the acquisition of the above reference
waveform. g, has the same dimension as the surface charge density in a cylindrical coordinate system. Table 6.1

shows the acoustic properties which were used in this study.
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Normalizing the measured signal sg ;q¢(t) by so(7,, t) results in a signal s; ;4.(t) corrected for the frequency

response of the measurement system.

SO_tgt(w)

So(Tor @) 6-4)

S1 tge(t) = IFT [
And S denote the Fourier transform of's, o the angular frequency, IFT the Inverse Fourier transform, and t represent

time.

Next, deconvolution of the second kind is performed, for which it is necessary to obtain the acoustic propagation
parameters of the insulation system. The insulation system consists of two materials with different acoustic and
dielectric properties. Since the insulation employed at the location of channel 16 is EPDM only, the acoustic
parameters of EPDM can be obtained by extracting the signal from the two electrodes shown in waveform (c) and
comparing their frequency components. This method is similar to the signal processing of the cable body presented

in the previous report [1].

Waveform (c) is the reference waveform s, . (t) normalized by s, (1, t).

SO_ref (w)

So(ro'w) (6.5)

St ref(t) = IFT [
The signal components whose sources are the outer and inner electrodes are extracted and defined as s, (1;, t) and
s1(7;, t), where the peak polarity has been adjusted to calculate the attenuation factor [1]. The ratio of the pulse
electric field on the outer and inner electrode is 7, /1; and the ratio of the charge densities on the outer and inner

electrodes due to bias voltage is 1, /7;. Since the acoustic energy is proportional to 1;/7,, the sound pressure is

proportional to /7;/7,. Therefore:

Si(rpw) = (1,/1)%? - S1(1p, w) - exp(—y (@) - (rg — 17)) (6.6)
w
V=a(w)+jm (6.7)

where a and ¢ are frequency-dependent attenuation constant and sound velocity, respectively. Thus, y can

be determined as:

-3/2 Sl(ri' (U)

Sy /) 6.8)

y =1In|(@o/n)

Using the channel 1 signal in waveform (d), the peaks represent the outer and inner semiconductor of the cable, and

the acoustic parameters of the XLPE can be estimated in a similar way.
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Fig. 6.16 Two-dimensional profile of -30kV after the deconvolution of the first kind(a) shows a combination of
acquired waveforms presented in a two-dimensional profile and Fig. 6.16(b) shows profile Fig. 6.16(a) after

deconvolution of the first kind.
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Fig. 6.16 Two-dimensional profile of -30kV after the deconvolution of the first kind [21]. Reprinted with
permission from © 2024 IEEE.

Fig. 6.17 (a), (b), and (c) show the -30 kV and +30 kV profiles after the deconvolution of the first kind and the

potential distribution calculated by the finite element method, respectively.

Fig. 6.17 (c) illustrates the inception and propagation of the electroacoustic pressure wave. It is assumed that a space
charge is created by DC application and subjected to a pulsed electric field that is determined only by a permittivity
distribution. The pressure wave propagating to the sensor is assumed to travel radially (i.e., the formation of a
straight beam was assumed). The local electric field which interacts with the charge can be divided into radial and
axial components, of which only the radial component produces a pressure wave propagating to the sensor. The
axial component may produce a shear wave; however, it can be discriminated against because its sound speed is as

low as half the pressure wave.

Finite element method (FEM) was employed to perform the field analysis. Fig. 6.17 (a), (b), and (c) compare the
deconvolved intensity profiles and potential distribution calculated by FEM. Note that the profiles were up-sampled.
Each point of the intensity profile was correlated with the radial component, corresponding to the local field that
was calculated from the potential profile. The local charge intensity was normalized by the radial component of

local field intensity
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Fig. 6.17 Acoustic response profiles after applying -30 kV for 1 hr and +30 kV for 1 hr in comparison with the
pulse voltage distribution obtained using a finite element method (FEM) [21]. Reprinted with permission from ©
2024 TEEE.
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Fig. 6.18 Factors taken into account in order to construct the transfer matrix for deconvolution of the second kind
[21]. Reprinted with permission from © 2024 IEEE.

Fig. 6.18 shows the process of constructing the transfer matrix from this result and the acoustic parameters

determined by equation (6.7). In the absence of acoustic attenuation, the sound pressure decreases with

\/7 /1, when it is generated at position r and reaches 7, in the cylindrical coordinate system. The source strength is

71



Chapter 6 - Space Charge Measurement in Scaled Cable Joint

considered to be proportional to the radial component of the pulse electric field. The acoustic propagation
characteristics are taken into account, and the transfer function is calculated from each point to the outermost layer,

i.e., the position of contact with the acoustic coupler.

Multi-layer structure is not considered when the sound source is inside the EPDM. When the sound source is inside
the XLPE, the signal emitted from the source propagates to the outermost layer of EPDM. The signal arriving at the
sensor depends on the transfer function from the sound source to the outermost layer of XLPE and the transfer
function of the entire thickness of the EPDM. Since the EPDM insulation and the semiconducting deflector are
based on the same polymer, they are considered acoustically uniform. In addition, we assume that the reflection at
the XLPE-EPDM interface is small and not included in the components of the transfer matrix. Considering these
factors, the normalized spectrum of the signal detected when there is a charge (charge density) g, at position (7, z)

with z the coordinate along the axis of the joint is:

51(To, ) epy (1, 2)\ T [r0exp {=(r, = 1)Y*PPM (@)}, if 7> 1y

) 1S, 0) e T80 (=0 = T VPP (@) = (i = PR @, i 7 <o

epr (7, 2) is the radial component of the local pulsed electric field normalized by the pulsed electric field acting on
the reference point (outer electrode in Ch.16).

Tine 18 the location of the interface between EPDM and XLPE. Thus, the discretized transfer matrix is:

IFT[S1(r0 ) 9, (17,,2) [1/roexp {=(ro =)y @))|,  if 17> Tine

hine (15, tro 21) = (6.10)

IFT [51 (o, w)ep (1), 2)) |1j/T0 €xp{=(ro = Tine) YEPPM (W) — (Tie — Tj)VXLPE(CO)}] , T <Time

The signal (deconvolved by using s, as a reference signal) corresponding to the charge distribution q(r) is:

q(r1)
o)
: = HQ (6.11)

1 ie(t1)

<h11 hlm)
S]ftgt(tn) hnl "' hnm

(9) and (10) show some of the components of the transfer matrix. In practice, many more components are generated
so that the calculation result can be smoothly indicated. Several methods are known for solving (6.11) [15, 17,18].

When the least-squares method is applied, the estimated value of the charge density distribution is:
Q= (HTH)'HS,, " (6.12)

Where T denotes transposition. Electric field and potential can be determined by integrating the charge distribution

in the radial direction.
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6.7.1. The Result of Deconvolution Analysis
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Fig. 6.19 Deconvolved 2D waveform indicated by (1), (I), (IIT), (IV). Completed with (a) charge distribution
(b) electric field (¢) potential distribution (d) FEM calculation result [21]. Reprinted with permission from ©
2024 IEEE.

Fig. 6.19 shows the charge density (a), electric field (b) and potential distribution (c) after full deconvolution.
Profiles I to IV show the results immediately after applying -50 kV to the conductor, after 60 minutes,
immediately after applying +50 kV, and after 60 minutes, with the polarity reversal. The results obtained were

up-sampled in the axial direction. This was done to make the profile smoother.
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In addition to the profiles at each time, the electric field distribution assuming no space charge accumulation

calculated by FEM (d) is also shown for reference.

As shown in profile I, immediately after the application of the -50kV bias voltage, we can observe the charge
along the interface described in the figure, this is probably due to the difference in permittivity between XLPE
and EPDM which created a charge response at the interface. Furthermore, the charge profile was almost free
of space charge, the absence of any significant charge prior to the application of voltage indicates that the

distribution of the electric field can be assumed to be a Laplace field.

As a result, the potential distribution is briefly similar in shape to the potential induced by the pulse voltage,

which was calculated by the FEM analysis.

As shown in profile II, positive charge is distributed along the interface after a bias voltage of -50 kV has been

applied for 60 minutes.

This phenomenon is known as Maxwell-Wagner type interfacial polarization, in which a discontinuity between

the dielectric constant and conductivity causes an interface polarization with a certain time constant.

On the other hand, no significant charge is seen on the tip of the deflector, both shortly after and 60 min after
the bias voltage application. This is due to the potential peak on the deflector shifted towards the interface, and

as a result, the electric field in the XLPE region increased.

Immediately after the polarity reversal, negative charges appear relatively quickly along the interface around

the deflector, as shown in profile III, followed by no significant change, as shown in profile IV.

It was expected that the transient response would be approximately symmetrical between negative and positive
applications, but the present results contradict this. In other words, the time constant appears to be shorter

during the formation of interfacial polarization after polarity reversal than before polarity reversal.

Thus, apart from the permittivity difference that causes an immediate interfacial charge after voltage
application, the difference in charge formation under negative bias voltage and after polarity reversal can be
explained by the generation of carriers due to the charge injection property that might be different depending
on the polarity and the possibility that the polarity reversal occurred in the state of space charge formation,
which enhances the electric field on the rubber side resulting in higher conductivity (due to the non-linearity
of conductivity). However, the present experiment was terminated when the bias voltage was applied for 60
min each for negative and positive, so not enough information was available to study the electrical properties
in detail. We also realize that cable joints have non-uniform and complex components. Therefore, there are

still many possible improvements to optimize the results of our study.

In addition, the EPDM layer was a taped insulation, which is considered to have different electrical properties

to the actual cable joint insulation system.
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6.8. Summary

In this chapter, the application of the Pulse Electro-Acoustic (PEA) method for space charge measurement in
cable joint models was presented. A preliminary study was conducted on a scaled joint model using a 0.8 kV,
200 ns pulse voltage with 1000 waveform averages, confirming the feasibility of the approach. A newly
developed PEA cell in Chapter 5, incorporating a 16-channel piezoelectric sensor array and a polymer acoustic
coupler, was introduced. Signal reconstruction was successfully performed on a cable joint model with 6.6 mm
thick XLPE and 11 mm thick EPDM insulation layers, utilizing a deconvolution method that accounted for
acoustic divergence, pulse field intensity, and acoustic attenuation. The resulting charge, electric stress, and
potential distributions were visualized as 2D cross-sectional profiles, enabling the identification of space
charge accumulation along the interface of the joint. These studies demonstrate that the application of the PEA

method to full-size cable joints is not only practical but also promising for future diagnostics.
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Chapter 7 Conclusion and Future Perspectives

In this chapter, the conclusions of the overall research that has been carried out are presented. The main focus
of the study is the development of a measurement device, the improvement of the measurement system at the
cable joint, as well as an alternative approach to space charge measurement on HVDC cables. The evaluation
of the system was carried out taking into account the factors affecting the measurement accuracy. The main

results of this research are summarized and described in the following sections.

7.1. Conclusion
Measurement Cell

In chapter 5 it was experimentally demonstrated that the sensitivity of the newly proposed measurement cell
with a polymeric acoustic coupler was about four times higher than that of the conventional type that uses a
metal electrode as an acoustic coupling material. Moreover, the insulating acoustic coupler has the advantage
that the cable under test and the measurement system can be electrically isolated. This makes it possible to
create an axial potential difference in the outer screen electrode of the cable under test while keeping the
measurement system at ground potential, and consequently to apply a pulse voltage across the insulation layer

at the measurement section.

Central Research Institute of Electric Power Industry has proposed a similar method of applying voltage, but
since the metallic electrode was used as the acoustic coupler, an optical fiber link was used to ensure isolation
between the shielding layer of the cable and the measurement system, which made the measurement system

complicated. The electrically insulative acoustic coupler is believed to be a good solution.

In practical experiments, the amplifier and oscilloscope were yet connected through a fiber optic link for safety
reasons, but the amplifier and optical transmitter were placed at ground potential, realizing easier power supply

to these devices.

PMMA, which is easily available in the market, can be used as an acoustic coupler, however, since it has a
relatively high sound velocity among polymers, it is necessary to make this part thicker in order to let it function
sufficiently as a delay line to avoid the spike noise. Cross-linked polystyrene, which was used for the practical
cable measurement in this study, is considered to be more suitable for this purpose because of its higher

acoustic transparency and lower sound velocity compared to PMMA.
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Probing Pulse

Since the spike noise cannot be removed by taking an arithmetic average of the waveforms, the pulse voltage
must be kept as low as possible avoid the correlation noise. The pulse voltage used in this experiment was only
0.9 kV, which is relatively low for a measurement of this insulation thickness. On the other hand the pulse
width can be freely changed to increase the spectral intensity at low frequencies. In the measurement 400 ns

was preferable for realizing both good sensitivity and repetition rate.

If the pulse voltage is low, the time required to charge the capacitor in Fig. 5.5 can be shortened, and the voltage
repetition frequency can be increased. As long as the spike noise can be reduced, the number of additive
averages can be increased to reduce the random noise. In this experiment, we achieved 80,000 waveform

averages within 50 seconds due to the high repetition rate.

Even though many times of averaging may significantly reduce the random noise, a high dynamic range should
be retained in order to capture both noise and acoustic signal in each acquisition. The A/D conversion with 15-
bit resolution realized an apparent sensitivity of 1.5 nV per bit in terms of PVDF sensor output whereas as high

as 20 pV of noise signal was captured as well in each acquisition.

These measurement conditions were determined by try and error within the limitations of the hardware, so
there is a possibility that more favorable conditions can be found. Since various signal processing has been
performed for calculating the charge and electric field distribution, it is difficult to evaluate the effective

sensitivity only by means of the signal-to-noise ratio of the originally acquired waveform.

Pulse Voltage Application

In the application of pulsed electroacoustic method, a coupling capacitor is basically required to apply a sharp
pulse voltage across the insulation as well as applying a high DC voltage. In order to avoid the use of the
capacitor that would be very large in scale in the case of full-size cable measurement, we proposed to use the
cable specimen itself as a pulse coupler. However, as the cable is finite in its length, it may work as a resonator
and disturb the pulse voltage across the insulation, depending on the frequency component of the pulse voltage.
A calculation in frequency domain in Chapter 4 shows that the resonance is significant when the cable is as
long as 10 m. Longer cable may cause resonance at low frequency, but it would be less significant because of
attenuation thorough the cable specimen. A good pulse waveform across the insulation was seen when the
cable length was as short as 2 m, however it is considered that too short cable specimen would lead to the

reduction in the sensitivity.
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Accuracy of Electric Field Estimation

The purpose of this series of experiments was to verify that sufficient sensitivity could be obtained for space
charge measurement of full-scale cables. Due to the limitation of the facility a dc voltage much lower than the
operating voltage was applied. Therefore, almost no space charge evolution was found. However, induced
charges on the screen electrodes were clearly observed under 50 kV dc. The Laplace field in the absence of
space charge was reproduced even at dc voltages lower than 50 kV, and there was no significant difference in
the results even after multiple measurements. This suggests that the measurement performance was satisfactory,

taking into account that the measurement system treats both induced charge and space charge in the same way.

It is remarkable that even at pulse voltage as low as 0.9 kV, the sensitivity was sufficient to calculate the charge
and electric field distributions with an applied dc voltage of only 5 kV. Assuming the operating voltage to be
250 kV, this suggests that the charge distribution and electric field can be calculated with an precision better
than 2%. The method will be further improved and applied to various cable samples to help evaluate insulation

performance.

PEA Cell With 16 Array Sensor

The device relies on the previous improvements that have enhanced its sensitivity by a factor of four in Chapter
5. However, we found that the different compositions along the cable joint made our single-sensor PEA device
not effective enough for measuring multiple points, requiring an extended time period for the measurement
process. In order to deal with this issue, we have successfully created A new PEA cell composed of a 16-
channel piezoelectric sensor array and coupled with a polymer acoustic coupler for the space charge
measurement in cable joint. Furthermore, the results show the charge, electric stress, and potential distribution
were indicated as a 2D cross-sectional profile, which allowed identification of the charge distribution along the

interface of the cable joint.

7.2. Recommendations for Future Research

In this study, space charge measurements were successfully performed on a full-size HVDC cable as well as
on a scaled cable joint using the proposed PEA cell, which has four times higher sensitivity than the
conventional PEA cell. The measurement results at the cable joint are presented in the form of a two-
dimensional charge distribution on a cross section. In order to approximate the real field conditions, space

charge measurements at full-size cable joints need to be performed in the future.

The effect of temperature and time on charge accumulation was not fully evaluated in this study because the
measurements were terminated after 60 minutes of DC voltage and pulse application. Therefore, long-term

testing and temperature testing in PEA systems and cable joints are very important. To date, space charge
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measurements have been successfully performed on 23 mm thick XLPE cables under room temperature and

high temperature conditions [1].

In addition, longer duration and higher voltage tests are needed to understand the charge behavior under
extreme conditions at cable joints. This is important because space charge measurements on full-size XLPE
cables under load cycling conditions have also been successfully performed by [2]. Therefore, further
development needs to focus on full-size cable joints to complete the overall system understanding. Other
important parameters, such as material conductivity, which were not included in this study, should also be

investigated to gain a more complete picture of charge accumulation in HVDC joint systems.
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