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The construction of long-distance power grids connecting large-scale renewable energy sources
with demand areas is gaining momentum in Europe and Asia, increasing the demand for
ultra-high-voltage DC cables to carry the submarine portion of the lines. When DC voltage is applied
to insulators for a long period of time, an internal charge is generated, which becomes a space charge
and distorts the internal electric field, which should be uniform, leading to dielectric breakdown in
the worst case. In quality assurance testing at the final stage of manufacturing and development,
evaluation has been based mainly on the presence or absence of dielectric breakdown, since there was
no technology to measure the space charge of thick insulators. The pulsed electro-acoustic method
uses an external sensor to detect acoustic signals generated by the interaction of a pulsed electric field
and space charge, but has been used only for the evaluation of basic physical properties of thin
samples, mainly due to sensitivity issues. The purpose of this paper is to construct a measurement
system and develop a calibration method for charge and electric field distribution to realize space
charge measurement in full-scale ultra-high voltage insulation systems.

Chapter | describes the background and purpose of the study. Chapter Il describes the construction
of the measurement system using a polymer insulator with a thickness of about 10 mm or more, which
is similar to an ultrahigh-voltage insulation system. The conventional metallic acoustic coupler was
replaced with a polymer one to improve the acoustic matching, and the sensitivity was increased
about 5 times. The space charge of an 88 mm polyethylene sample, the thickest in the world in this
category, was successfully measured.

In Chapter 111, we developed a method for calibrating the charge distribution and electric field
distribution of practical insulating systems. In the past, a bias voltage was applied to a sample with no
internal space charge, and the acoustic signal generated from the electrodes alone was used as a
reference waveform for calibration. However, in many cases, it is impossible to obtain a reference
waveform for practical insulating systems because space charge is already present due to the
manufacturing process and charging history. Therefore, we proposed a method of applying a time
variation to the bias voltage and extracting only the components correlated with the bias voltage from
the response signal to obtain a reference waveform. In addition, since the space charge may follow the
bias voltage as the sample temperature increases, we proposed a method to decompose the bias
voltage and response signal variations into frequencies and correlate them using only the frequency
components that the space charge cannot follow. These methods enable calibration at arbitrary times,
even for samples with inherently mobile space charge.

In Chapter IV, we examined the effects of baseline and sensitivity fluctuations, which are
problematic when actual measurements are made over long periods of time, and discussed how to
compensate for these fluctuations. We have shown that the signal intensity is low in measurements of
thick insulators and that calculation errors due to fluctuations in the waveform baseline and
sensitivity become apparent and uncalibratable, and we have proposed a method to correct all
measured acoustic signals so that the fundamental theorem of electrostatic fields holds true. This
method is shown to be capable of displaying the electric field distribution with an accuracy of about




0.1 kv/mm, or 0.5% of the average electric field of practical ultrahigh-voltage insulation systems.
Chapter V describes the results of space charge measurements on a cable with an insulation
thickness of 10 mm as a demonstration of the proposed method. It is shown that stable analysis results
can be obtained by frequency-resolved analysis even when the space charge fluctuates.
In Chapter VI, as a result of this thesis, it is shown that accurate space charge measurement is now
possible in any phase during quality assurance testing of full-scale extra-high voltage insulation
systems, and application developments are discussed.
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Calibration Method for Space Charge Measurement of Ultra-High Voltage Insulating Systems

Chapter 1

Introduction

In Chapter I, the background of this research will be discussed. The chapter starts with Positioning of space charge
measurement in electrical insulation, followed by a brief introduction about the development of HVDC cable and the
reasons behind space charge generation inside insulation materials and its effects on these insulation materials. In
addition, the historical development of space charge measurement methods with spatial resolution is presented, as
well as an overview of the pulsed electroacoustic (PEA) method and issues related to the use thereof, followed by

the practical issues related to space charge measurement on thick insulating systems.

1.1 Positioning of space charge measurement in electrical insulation

In recent years, the dramatic growth in demand for electricity and the expanding range of human activities have
also accelerated the need for long-distance power transmission, power trading between asynchronous AC grids, and
the integration of renewable energy sources. In this context, high voltage direct current transmission (HVDC),which
is used for high-power transmission utilizing stable direct current, which has advantages in long-distance, high-
capacity transmission, asynchronous interconnection and long-distance traversal of submarine cables due to its non-
inductive and non-capacitive reactance, as well as the advantages of large line transmission capacity, low loss,
asynchronous operation of AC systems on both sides, has been steadily researched and developed over the past
century and is now recognized as a viable option. In recent years, an increasing number of high-voltage direct current
transmission projects have been commissioned or are under consideration around the world [1]-[5].

For example, the Hokkaido—Honshtit HVDC Link, Japan's first direct current transmission facility, directly
interconnects the Hokkaido and Honshu power grids to form the Kanto Regional Power Circle and to achieve stable
operation over a large area of Japan. The Hokkaido—Honshit HVDC Link is especially significant in Hokkaido, where
electricity consumption is high in winter, and in Honshu, where electricity consumption is high and peaks are unstable
in summer [6].

Another HVDC transmission system in Japan, the Kii Channel HVDC system, connects Shikoku with Honshal. As
both Electric Power Transmission and Distribution of Kansai and Shikoku use a 60 Hz power frequency, AC
transmission is also possible. However, DC transmission is used as AC transmission can create loops in the power
system, leading to some control problems. In addition, DC transmission is less expensive to construct [7].

For example, outside of Japan, in a country as vast as China, most of the centers of economic development are
currently located in the eastern coastal regions, where electricity consumption is much higher than in the central and
western regions. This uneven distribution of electricity use has caused localized power shortages, leading to
shutdowns at many companies, including, for example, Japanese-owned factories. In order to improve this situation,
China has developed a transmission program called “West-East Power Transmission. The western region contains a

1
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large amount of hydroelectric and coal resources, and has a low demand for energy due to its small population and
relatively underdeveloped economy. Therefore, developing the hydropower and coal resources in the western region
for the purpose of generating and transmitting electricity to the eastern region will not only alleviate the problem of
power shortage in the eastern region, but also help to alleviate the pressure of the increasing environmental pollution
in the eastern coastal region, and make full use of the natural resources in the western region [§].

As a key part of the long-distance power transmission mentioned in the above example, insulation materials play
a vital role in ensuring the safe operation of DC high-voltage cables. Generally speaking, the higher the transmission
voltage, the lower the power transmission loss in a particular transmission situation. However, the higher the
transmission voltage, the higher the requirements for cable insulation materials. Compared to low-voltage cables,
high-voltage cable insulation materials need to withstand higher electric field strengths and be less sensitive to space
charge buildup and temperature dependent resistivity.

Cross-linked polyethylene (XLPE), as a cable insulation material suitable for power transmission, transforms the
molecular structure of polyethylene into a meshed molecular structure. For this purpose, thermoplastic polyethylene
is crosslinked through chemical or physical methods, which greatly improves its heat resistance and mechanical
properties, reduces its shrinkage and increases its maximum operating temperature, and maintains its excellent
electrical properties. XLPE has the advantages of simple structure, light weight, good resistance, high load capacity
and high mechanical strength.

In addition, the magnitude of the local electric field strength in XLPE insulation is also affected by the space charge
density. As shown in Fig. 1-1, when there is space charge inside the cable insulation, or when space charge is easily
generated due to defects in the insulation material, the electric field distribution will be significantly distorted. When
the charge density in XLPE insulation is too high, the local field strength will be higher than the breakdown field of
XLPE, resulting in local bond breaking, and the accumulation of space charge will eventually cause insulation aging
at low field strengths, resulting in insulation defects and possibly electrical breakdown.

From a technical point of view, the generation and accumulation of space charge in XLPE insulated cables during

HVDC transmission is the most important problem to be solved.
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Without
space charge

Fig. 1-1 Conceptual illustration of the distortion of the electric field distribution. The broken lines are

equipotential lines.

The problem of space charge in cable insulation first arose in 1978 during a submarine cable project in Japan, when
excessive space charge build-up led to cable insulation breakage and an electrical accident [9], Space charge is usually
defined as the free charge that is trapped locally in the polymer, or the interfacial polarization charge that results from
uneven polarization.

There are reasons for space charge to be generated, which are shown in the following.

A. Space charge formed by electrode injection under high electric field

Due to the influence of the applied electric field and polarization, the potential barrier for electrons or holes to
escape from the electrode is lowered, causing electrons or holes to migrate under the action of the electric field.
During this migration, they can be captured by traps, forming space charge. Traps, acting as centers of attraction for
charges, can form anywhere in the molecular structure where there is a local minimum in the potential energy, such
as due to impurities, chain breaks, or bonds composed of different atoms. Typically, at electric field strengths above
10 kV/mm, charge injection occurs on almost all the conductor-insulation interfaces, and the accumulation of space
charge increases with the field strength and duration of application. This type of space charge, which usually occurs

under high electric field applications, is typically homopolar charge [10] - [ 11].

B. Space charge formed by dissociation of impurity ions such as cross-linked by-products

XLPE, which is often used as cable insulation material, contains impurities such as catalysts, antioxidants and
voltage stabilizers, as well as cross-linking agents and cross-linking byproducts. These impurities decompose into
positive charges and electrons under the action of an external electric field, move to the cathode and anode
respectively, and form space charges in the insulation material. This space charge formed by cross-linking byproducts

and impurities is a heterogeneous charge [12].
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C. Polarized charge due to dipole turning

The dipoles tend to disperse on the surface of the insulation material and form bound charges, which induce an
equal amount of anisotropic charge on the electrode surface, changing the local electric field at the interface between
the insulation material and the electrode. Noting that it is noy space charge according to most definitions but bound
charge. But during the PEA measurement, the signal causing by it seems to have a similar shape with the space charge
[13].

It can be seen that in DC voltage transmission, the accumulation of space charge is common in cable insulation
materials. This leads to local field distortion, and the strength of the distorted electric field can be as high as several
times that of the external electric field, which is an important reason for the breakdown of cable insulation at rated
voltage and causing serious accidents. In addition, space charge is considered to be one of the causes of polymer
aging. During the operation of the cable, the participation of electrical aging and thermal aging makes it easier for
space charge to accumulate inside the cable. With the increase of aging time, the space charge injected and
accumulated in the insulation material gradually migrates into the insulation and causes distortion of the internal field
strength [14].

1.2 Historical development of space charge measurement methods with spatial resolution

Space charge limits the application of polymer insulation materials in high-voltage DC cables. Therefore, the
accumulation mechanism and suppression strategies of space charge, including the interface properties of
semiconductor-insulating materials, the interface properties of semiconductor-insulating materials in corresponding
polymer insulated cables, the influence of temperature gradient on the generation of space charge and the
accumulation process of space charge, have been the focus of research [15]-[16]. Among them, the measurement of
space charge is regarded as a key link in improving the properties of insulation materials.

Considering the relevance of the space charge phenomenon, many space charge measurement methods have been
developed and practiced since 50 years ago. At first, most of the measurement methods were destructive to the
insulating material because they needed to be cut mechanically before measuring the internal space charge [17].

Over the past 40 years, methods have been developed to measure space charge in solid insulating materials using,
electron beams, thermal pulse method, pressure wave method and voltage wave method. Compared to the earliest
sectioning methods, these latest techniques can be used to quantitatively measure space charge distribution in
insulating materials non-destructively [18].

The electron beam method was proposed in the late 1970s. It uses an electron beam as an excitation source to
irradiate solid samples with a stepped energy level electron beam. In the irradiated area of the material, the
conductivity of the sample increases, and the space charge in this area is compensated. The electron beam acts as a
virtual probe. Under short-circuit conditions or when a biased DC voltage is applied, the induced charge on the back
electrode will be released with each increase in the electron beam energy. Depending on the thickness of the sample
penetrated by the electron beam, the distribution of the space charge in it can be measured.

The thermal pulse method was proposed in the mid-1970s. By irradiating a metallized sample with a light pulse,
the light pulse is absorbed by the sample surface and converted into heat energy. The heat energy diffuses into the

sample body, generating a temperature distribution on the sample that varies with time. The thickness and dielectric
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constant of the sample also vary with temperature. Since the surface potential on the metallized sample electrode
varies with time, the spatial charge distribution in the sample can be obtained by deconvolution [19].

The pressure wave method was proposed in the late 1970s [20]. Pressure waves can be generated by lasers, shock
wave tubes or piezoelectric devices. When pressure waves propagate in the sample, the material will locally
experience uneven deformation, the space charge will undergo a slight displacement, and the dielectric constant will
also change. The charge distribution density can be calculated by using the relationship between the voltage and
current measurements applied to the sample and the internal field strength using deconvolution [21].

The thermal step method (TS) was used for the measurement of full-scale cable. This method relies on applying a
thermal step to the insulator to temporarily maintain the charge still, which affects the amount of charge on the

interface, and leads a current signal occur. The current signal is used in the deconvolution process and being amplified,
for the acquisition of the connection between the space charge density and cylindrical coordinates [22].

The thermal step method (TS method) was used to measure full-scale cables. In this method, a thermal step is
applied to the outside of the cable to produce thermal diffusion and the displacement of charge due to thermal
expansion is measured as a current flowing in an external circuit. This current signal is subjected to the deconvolution
process to obtain the charge density distribution along the radial direction.

1.3 Overview and issues of pulsed electroacoustic method

As one of the commonly used methods today for space charge measurement, the pulsed electroacoustic (PEA)
method was developed in 1987 by Takada [23]. The principle is shown in Fig. 1-2. In this measurement method, a
DC voltage and a pulse voltage with given characteristics are applied to the sample through an external circuit. The
pulse voltage generates a corresponding pulse electric field in the sample, which vibrates the charge and generates a
corresponding acoustic wave. The acoustic wave then reaches the piezoelectric transducer polyvinylidene fluoride
(PVDF), which outputs an electrical signal proportional to the space charge in the sample. The PEA method has been
widely used for the measurement of space charge in cable. The conventional typical PEA method has a spatial
resolution of > 10 um, and it is suitable for the measurement of film specimen > 50 um. Using a deconvolution
process facilitated one of the first implementations of the PEA method for a resolution as high as 2 um [24].

For a sample free from space charge, the pressure wave generated by the PEA method is shown as Fig. 1-1 (a).
The static Maxwell stress Py, generated at the electrodes under the DC high voltage can be presented as

1

“e(29?2 (11

PM =

Where ¢ is the conductivity (F/m) and d is the thickness (m) of the specimen. The pressure P, acts in the
direction of attraction between the electrodes. This pressure e caused by DC voltage will not be generated in a long
time after the DC voltage application. When a pulse voltage is applied during the DC voltage application, the Maxwell

stress p(t) can be expressed as

_ 1 (Voct®ON 1 Voeva | Voe%® L 1 wp(®)y,
p(0) = e (BEET) = e +e BB 2 (B (1)
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For this Equation, the first component is the static Maxwell stress, and the second and the third components are
dynamic Maxwell stress which change with time and generate pressure waves in pulse shape when the pulse voltage
is applied.

The specimen with space charge is shown in Fig. 1-2(b). For simplicity of presentation, a specimen with space
charge distributed inside, density p(z) (C/m3) and thickness Az (m) is used as an example. When a pulsed voltage
V,(t) isapplied, a pressure wave is generated and propagates in two directions. The space charge induced at positions

z=0 and z = d can be expressed by the following equations,

o(0) = —¢ (M) - %p(z)Az (1-3)

d

o(d) = +e(2) —2p(2)hz (1)

The equations show that the dynamic Maxwell stress acts on ¢(0), o(d) and p(z)Az, and generates a pressure

wave at each part inside the sample under the pulse voltage V,(t).

g! Vp(t@ cl! Vp(t@

R v R
————— e
PVDF PVDF p(z) Az
Backin \ P i N
g S Backing D
D P(t) Drdy @ P(O t)
o P(t) —_—
P
P P(z, t)
z=d z=0 z=d
(a) (b)

Fig. 1-2 Conceptual illustration of PEA method.

A piezoelectric (PVDF) transducer attached to the specimen receives the pressure wave generated by the interaction
of a pulsed electric field and a space charge and converts it into an electrical signal. The PVDF used in the
measurement is a transducer that generates a potential difference at both ends generated by an external pressure in
the thickness direction, by which the potential difference caused by the space charge can be obtained. However, the
signal obtained directly from the PEA method does not correctly represent the space charge distribution because it
contains distortions due to the applied pulse voltage, as well as distortions caused by the acoustic and electric
characteristics of the PVDF and the measurement system, and therefore a calibration process is required to recover
the signal.

In the calibration, deconvolution is seen to be an important part for signal processing, it is to calculate the output

waveform by the system transfer function of the measurement system. This processing is shown below.
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Representing the input signal as x(t), the output signal as y(t) and the system impulse response as g(t). In the

condition that the system is a linear time invariant type, the equation bellows is established,

y(t) = fj;g(t —Dx(t)dt  (1-5)

After the Fourier transformation, equation (1-5) can be represented as
Y(w) = G(w)X(w) (1-6)

Where Y(w), G(w) and X(w) correspond to y(t), g(t) and x(t), in addition, the G(w) stands for the
transfer function of the system. Besides, the applied pulse voltage is considered as v(t), the space charge
accumulates inside the insulation material as p(t), both can be observed at oscilloscope. So, the equation below can
be established.

y() = g®)p(t) (1-7)

After the Fourier transformation, the connection between input signal and output signal can be represented in the

frequency domain, shown as
V(w) = G(w)p(w)  (1-8)

According to Equation (1-8), the transfer function G(w) can be acquired for the condition that space charge
does not exist inside the insulation material. In this condition, the induced charge at the electrodes can be
represented as g, the pressure waves generated at electrodes can be obtained by the convolution results of g, and
the pulse voltage applied. So, the measured space charge at the electrodes p,- is shown as

pr(t) = acov, () (19)

Where a is constant, and the values of integral of p,.(t) and the o is the same. Therefore, the voltage signal

obtained in condition that the insulation material is free from space charge is shown as
v (t) = g®py (1)  (1-10)

The transfer function of the system G(w) can be obtained in the frequency domain by Fourier transform as

G((D) = vr(w)/pr(w) — er((l)) (1_11)

vp(w)

where b = ﬁ, p(w) can be represented as
0

p(@) = @ P 1)

By the inverse Fourier transform for p(w), the space charge distribution in the time domain p(t) can be
calculated. Moreover, the spatial distribution of the space charge along the position axis can be calculated using the

speed of sound of the insulation material.
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Fig. 1-3 Results of calibration process (conceptual graph).

By integrating the space charge signal in the direction of the specimen thickness, the electric field distribution
inside the specimen can be obtained, and the potential distribution can be obtained by further integration, as shown
in Fig. 1-3.[25]-[28]

1.4 Practical issues related to space charge measurement of thick insulating systems

As a commonly used method of space charge measurement, a basically complete system has been established in
recent years for the measurement of space charge in film specimens with a thickness of less than 1 mm using the
pulsed electroacoustic method (PEA). However, when measuring insulating materials with a thickness of more than
1 mm, the sensitivity decreases significantly. Therefore, during the development of high-voltage DC insulation
systems, measurements are usually made on thin film specimens with a thickness of up to 1 mm in order to
characterize the space charge distribution. However, since the proportionality law for insulation properties often does
not hold, it is necessary to use full-size insulation specimens (typically >10 mm thick) to confirm the space charge
distribution. Regarding the measurement of thick insulating materials, some pioneering researchers have attempted
to increase the strength of the signal by increasing the intensity of the applied pulse voltage, for example. At the same
time, some researchers have focused on the propagation characteristics of acoustic signals in insulating materials,
and have investigated, in particular, the characteristics of attenuation and velocity dispersion that occur when acoustic
waves propagate through them [29]. Specific examples will be given in Chapter II. However, experience with space
charge measurements on full-size UHV DC insulation systems is still very limited, and measurements on the cables
themselves have only recently reached a satisfactory level of accuracy. Therefore, it is unlikely that the problem of
measuring insulation materials such as junction boxes, which are even thicker than the cable body, can be solved by

extending existing measurement methods.
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Measurement of insulation materials thicker than 10 mm requires an improvement of the measurement system
itself to overcome the problem of reduced sensitivity.

The author is conducting research on the measurement of space charge in full-scale thick insulators, mainly ultra-
high voltage power cables, and has obtained the following results.

(1) Methods to efficiently apply the pulse voltage necessary for measurement

(2) Increasing the sensitivity and miniaturization of the measurement system using polymer acoustic couplers

(3) Correction of the frequency response of the measurement system

In addition, application research is being conducted in cooperation with the Central Research Institute of Electric
Power Industry and power cable manufacturers to test full-scale ultra-high-voltage cables.

On the other hand, the calibration method for accurately estimating charge distribution and electric field
distribution in insulators has been based on the method used for film samples, and some electro statistically
inconsistent results have been obtained. The work described in this PhD thesis was aimed at analyzing the problems
of measurement and calibration in full-scale insulating systems and proposing a calibration method that is as accurate
as possible without the need to prepare special samples for calibration.

1.5 The organization of the thesis

This thesis contains 6 chapters, as shown below.

Chapter I is an introduction to the background of the study, which briefly describes the practical significance of
space charge measurements for power insulation systems, the history of the development of space charge
measurements in terms of their generation and the impact they have brought about, and a brief description of the PEA
method and the principle of deconvolution. At the same time, it is illuminated that in the measurement of practical
insulation systems, the existing measurement system is not applicable to the thickness of insulation materials in
practical scale.

Chapter II describes a proposed PEA measurement system using a non-metallic acoustic coupler for the
measurement of space charge in thick insulating materials. Both hardware and software configurations of the system
are described and experimental results are presented to demonstrate that the maximum thickness of the insulating
material that can be measured has been increased to 88 mm.

Chapter I1I describes lock-in calibration, waveform correlative method and frequency-resolved analysis calibration.
In this study, by considering the various measurement environments, the author provides multiple calibration methods.
This chapter compares the three new calibration methods with the established conventional one and experimentally
verifies the methods for practicality.

Chapter IV discusses methods to reduce the fluctuations in the offset and tilt of the baseline of the response signal
caused by the spike noise generated by the application of a high-voltage pulse, using as an example the measurement
results of a parallel-plate electrode insulation system.

Chapter V shows actual measurements of a cross-linked polyethylene cable with an insulation thickness of 10 mm
using the method proposed in Chapter 111, which decomposes the changes in bias voltage and response signals into a
spectrum over a frequency range suitable for analysis and extracts a reference waveform based on the correlation.
The measurements were performed at room temperature and at high temperature (conductor temperature 90°C).

Chapter VI provides some thoughts on the future direction of the research.

9
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Chapter 11

Measuring system for thick insulation systems

Space charges are usually formed inside the insulation when high DC voltage is applied [1]. The localized
accumulation of space charges is considered to be one of the main reasons for the degradation of the insulating
properties of materials [2]. As a countermeasure, the generation of space charges is usually suppressed by means such
as the addition of nanofillers to the insulating material [3]. During the development of high-voltage DC insulation
systems, thin-film specimens with a thickness of up to 1 mm are usually measured to characterize the space charge
distribution. Since the law of similarity for insulating properties often does not hold so that the insulation properties
change when it goes to thick specimen such as full-scaled cables, it is necessary to confirm the space charge
distribution by using full-size insulating specimens with thicknesses typically greater than 10 mm [4]-[7]. In relation
to measurements of thick insulating materials, Fukuma et al. measured a 27 mm thick insulating material using a 7
kV pulse voltage to increase signal strength [8]. Ozaki et al. analyzed acoustic propagation in insulating materials,
suggesting the need to consider velocity dispersion in addition to attenuation [9]. However, the experience of space
charge measurements on full-scale ultra-high-voltage DC insulation systems is limited, and satisfactory accuracy has
only recently been achieved for the cable itself. Although there is hope for successful measurements on thicker cable
junction boxes, it is unlikely that this can be solved by extending the measurement methods established so far.

The signal strength obtained by the pulsed electro-acoustic (PEA) method is roughly proportional to the DC field
formed by the space charge and the probing pulsed electric field. As a result, the signal strength is inversely
proportional to the square of the specimen thickness as the attenuation inside the thick specimen cannot be ignored.
The thicker the specimen it is, the smaller the acoustic signal will be [10]-[12]. Therefore, some improvements to the
measurement system are needed to overcome the problem of reduced sensitivity. As the signal intensity strongly
relates to the pulse voltage, enhancing the pulse voltage maybe can be considered as a solution, however, the high
pulse voltage application is difficult to achieve. On the other hand, high pulse voltage may cause strong noise which
is hard to avoid.

In this chapter, a PEA space charge measurement system for thick insulating materials with a polymer acoustic
coupler is presented. The PEA device presented in this chapter allows direct measurement on insulation materials
larger than 10 mm, thus making insulation performance measurements possible for full-size insulation systems such
as high-voltage DC cables and GIS. The new equipment utilizes non-metallic acoustic couplers (e.g., polystyrene)
with acoustic impedance close to the specimen to improve acoustic matching and sensitivity. In this chapter, the
improvements made to the sensitivity of the PEA unit are discussed, to allow stable data acquisition and analysis.
The author will improve the sensitivity by several direction: (1) to increase the frequency of the applied pulse voltage;

(2) to use polymer acoustic coupler with similar acoustic impedance as specimen; (3) to change backing material.
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2.1 Hardware
2.1.1 Pulse generator

An improved pulse generator which can provide pulse voltages in high repetition rate was used in the measurement
system for improving the signal accuracy, the circuit is illustrated in Fig. 2-1. By using an appropriate square wave
to excite the circuit, a pulse with an amplitude of up to 1 kV can be generated, and the wave width can be changed
within the range of 300 ns ~ 1 ps by adjusting the excitation circuit. The maximum pulse generation frequency is
5000 cycles per second. The improved pulse generator makes it possible to increase the averaging times for noise

reduction.

590 ~1000 V
300ns~1us
§ ~5000 pulses/s

T
-

mn

Drive pulse

Fig. 2-1 Circuit of pulse generator.

2.1.2 Measuring cell

To maximize the measurement sensitivity of a PEA system, the acoustic matching within the system structure
needs to be considered. However, there are other factors that may not always result in optimal acoustic conditions.
For example, thick metal block electrodes are often used as acoustic couplers for electromagnetic shielding in order
to escape strong spike noise. In many cases, the acoustic impedance of the polymer material being measured as a
specimen is much smaller than that of the metal, so that most of the acoustic power generated inside the specimen
will be reflected at the interface between the specimen and the metal electrodes, with only a very small portion
reaching the transducer. In addition, when using polymer-based piezoelectric transducers, the interface between the
transducer and the metal electrode produces negative reflections, which may further reduce the intensity of the
acoustic power detected by the transducer.

The acoustic signal propagation of the newly proposed PEA cell structure is compared with the conventional
structure in Fig. 2-2. The use of acoustically transparent polymers, such as polystyrene, as acoustic couplers improve
the acoustic matching between the specimen and the transducer, resulting in high sensitivity. Although a thin metal
electrode is required between the acoustic coupler and the specimen, it is negligible from an acoustic point of view

because it is sufficiently thin compared to the shortest wavelength in the acoustic signal component. Therefore, an 11
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um thick aluminum foil was used as the electrode in this device. Also, when heavy metals such as brass or lead are
used as backing materials, the acoustic signal that passes through the PVDF film will be directly reflected, thereby
approximately doubling the sensitivity.

Assuming that the acoustic parameters are as shown in Fig. 2-2, a system using a non-metallic acoustic coupler
produces 4 to 5 times the signal strength of a conventional system using a metallic coupler. The measurement system
is illustrated in Fig. 2-3. Silicone oil was used for acoustic matching between each layer. The specimens were found
to be internally charged at the time of manufacture. The hot end of the pulse generator was connected to the lower
electrode, and the DC feed line was used as the coupling impedance for the pulse voltage. This connection has the
advantage that the coupling capacitor can be omitted, but protection is necessary because if the specimen is

breakdown, the effect will spread to the measurement system.

Sensor (PVDF)

Zy Z4 \Zz Z4 (characteristic acoustic impedance)
1.7 3.2 4 41 MNs/m3
Insulation Coupler Backing

® (PE Pol B
. (PE) (Polymen) || (Brass) | New  goung pressure at the sensor :

®
27 27 Zy— 7
@ <,=j &f p 1 2 1+ 3 2
Z3+ 27,

« . .
W+ Zy Zy+ 274

17 17 4 3.2 MNs/m3
Insulation | Coupler Backing Pnew _ 2.64 43
® (PE) (AI) (POIymer) CIaSS|C Pciassic 0.62

® =

® [

Fig. 2-2 Propagation of the acoustic signal power of the PEA method.

Mental Rod I-

Buffer (same as
the specimen)

PE (specimen)

1 MQ, 60 dB,
DC~10 MHz

Fig. 2-3 Space charge measurement system for thick specimen
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Figure 2-4 illustrates the modification based on the use of a polymer acoustic coupler in the previous section 2.1.2.
The figure depicts the acoustic pressure signal detected when the thickness of the PVDF sensor is 100 um and the
acoustic pressure pulse is a square wave of 400 ns width. To simplify the calculations, only the propagation of the
longitudinal wave (pressure wave) is considered. The characteristic acoustic impedance of the polymer coupler and
the polymer backing material are the same, about 3.2 MNs/m?, and the characteristic acoustic impedance of the PVDF
transducer is assumed to be about 4 MNs/m?, ignoring multiple reflections in the transducer. The acoustic impedances
of aluminum and cast iron were assumed to be about 17 MNs/m? and 40 MNs/m?, respectively.

The signal intensities obtained with conventional Al electrodes as acoustic couplers and those with acrylic material
(PMMA) were compared. Figure 2-4 shows the results. The difference between the signals obtained by applying a
DC voltage of 10 kV to the specimen and those obtained by DC short-circuiting the specimen is shown. The signal

intensities are compared by considering the charge peak at the lower electrodes.
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Type (a) Configuration with aluminum electrodes as acoustic couplers.
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Type (b) Configuration using polymeric acoustic couplers.
Fig. 2-4 Increased sensitivity with polymeric acoustic couplers.

Type (a) is a conventional used structure. Since the acoustic impedance between the specimen and the PVDF
transducer is large, most of the incoming sound waves are reflected at the interface between the specimen and the
aluminum, and at the interface between the aluminum and the PDVF transducer, resulting in reduced sensitivity.

Type (b) was proposed by the author, and since the values of acoustic impedance from the sample to the polymer
coupler and PVDF transducer are close, the reflection of the signal is suppressed and the intensity of the incoming

signal is further enhanced by the positive reflection at the interface between the PVDF transducer and the metal
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backing material. As assumed, the sensitivity is improved by a factor of 4 to 5 compared to type (a). The measurement

results fit the calculation at Fig. 2-2.

2.1.3 Backing material

In the proposed method, a metal backing material is placed behind the transducer to increase sensitivity, but as the
specimen becomes thicker, signals reflected further behind the backing material are returned to the transducer and
overlap with signals from inside the specimen. To avoid this, it is necessary to increase the thickness of the backing
material. However, since the sound speed of metal is high, for example, when the insulation thickness of the specimen
is 100 mm, the required thickness of the backing material exceeds 150 mm, resulting in a larger size of the system.
Therefore, we proposed a method to obtain the same signal strength (voltage stroke) as when a metal backing material
is used by placing a thin polymer plate and an air layer behind the transducer, and confirmed the effect by actual
measurement.

For the measurement cell shown at section 2.1.2, the acoustic reflection from the back of the backing material
returns. Since the round-trip sound pressure transmission from the metal backing material to the PVDF transducer is
about 33%, sound pressure attenuation inside the backing material cannot be expected, and if the sample is thick, it

will be superimposed on the signal related to space charge, causing errors, as Fig. 2-5 shows.
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Fig. 2-5 Back-end reflection of metal backing.

Although it is possible to solve this problem by increasing the thickness of the backing material, the specimen
thickness is expected to reach 120 mm or more for extremely thick insulation systems, such as cable joint. If the
sound velocity of the rubber specimen is 1500 m/s and that of the metal backing material is 4500 m/s, it is necessary
to increase the thickness of the backing material to 180 mm or more. Assuming the sound velocity in the polymer
acoustic coupler is about 2500 m/s, the thickness required to avoid multiple reflections here is about 100 mm. Adding
this to the thickness (length) of the entire measurement cell, it will reach to about 280 mm, making the measurement

system larger.
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Therefore, in this section, a method to eliminate multiple reflections in the backing material while minimizing the
decrease in sensitivity was investigated. In ultrasonic engineering, a cone-shaped backing material is sometimes used
to eliminate reflections from the back of the cell, but this design was excluded from this study because it is difficult
to design a method that can handle all frequency components from the direct current component to the maximum
frequency band, as in the PEA method.

Figure 2-6 illustrates the elimination of multiple reflections through an air backing. In type (c), the PVDF
transducer is backed by a layer of air, and the incident acoustic wave is negatively reflected at the interface between
PVDF and air backing. Since the signal does not propagate through the air layer, the effect of multiple reflections
inside the backing material is eliminated. However, because the positive and negative signals cancel each other out,
the final signal strength obtained is greatly reduced.

In contrast, type (d) has a polymer backing material placed behind the transducer with an acoustic thickness of
about half the pulse width and an air layer was placed behind it. Because the acoustic impedance values of the PVDF,
polymer coupler, and polymer backing material are close, most of the sound wave passes through the polymer backing
material and reaches the air layer interface. Due to the time delay caused by the polymer backing material, the positive
and negative reflected signals do not overlap, and two peak waveforms of almost the same intensity are obtained.
The voltage stroke definition is expected to be almost the same as when metal backing material is used (shown at

Fig. 2-4 type (b)).
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Type (c) Configuration with an air layer behind Type (d) Configuration in which a coupling layer is inserted

the transducer. between transducer and the air layer.

Fig 2-6 Removal of multiple reflections by air backing.

For the measurement cell using type (d) as the backing, the acoustic coupler between the specimen and the PVDF
transducer was made of 40 mm thick acrylic resin (PMMA); the PVDF transducer was a stack of two 110 pm thick,
15 mm diameter polarized films; the coupling layer behind the PVDF transducer was a 500 pm thick sheet made of
the same material as the acoustic coupling material, with an air layer behind it.

The installation is shown in Fig. 2-7. When an air layer is used in the substrate, the PVDF signal extraction
electrode polymer sheet needs to be adhered to the backside of the polymer coupler via oil of the appropriate viscosity,
and the backside of the polymer plate needs to be brought into direct contact with the air. Since some interfacial
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pressure is required to provide adhesion, a porous polymer material is used in this study rather than air layers. Some

of these materials have limited apparent acoustic impedance, resulting in a slight reduction in receive sensitivity.
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Fig. 2-7 Backing Layer Implementation.

The acoustic impedance was measured and was found that the use of commercially available sponge tape provided
sufficient reflection. The measurement used a frequency band above 100 kHz, and it was assumed that the acoustic
signal propagating inside the sponge tape would not reach the back of the tape due to its large attenuation, and thus
no reflection signal would be detected from the back of the tape. When the thickness of the sponge tape was about 5
mm, no reflection from the back of the tape was detected, suggesting that the detection system from the PVDF
detector to the air layer does not limit the thickness of the specimen.

For the signal sensitivity comparison, -10 kV DC voltage was applied and measured, then the voltage was removed,
resistively short-circuited, and the measured waveform was subtracted to extract only the signal caused by the induced
charge of the electrode. Fig. 2-8 shows the measurement results.

The signal comparison between type (a), which uses a metal acoustic coupler, and type (b), which uses a polymeric
material has been reported at Section 2.1.2, showing that type (b) is approximately 4 to 5 times more sensitive than
type (a). For type (¢), in which the back of the PVDF transducer is in direct contact with air. The measurement was
not performed because the direct and reflected signals cancel each other out.

In Fig. 2-8, a comparison is made between type (b), which uses metal backing, and types (d-1) and (d-2), which
use different air layer materials. Comparing the signals from the electrode closer to the transducer, the (d-1) and (d-
2) types show larger positive and negative swings than the (b) type, indicating that the negative reflection from behind
the polymer plate enters the transducer with a time delay. Compared to (d-1), which uses low foamed polyvinyl
chloride resin (PVC) as the air layer, (d-2), which uses a sponge, shows a larger voltage stroke and its value is almost
the same as that of (b), which uses metal backing.

It was found that by using a polymer bonding layer and an air layer as backing materials, the signal intensity was
equivalent to that using metal. Fig. 2-9 compares the spectral intensities of the two types (type (b) and (d-2)). Only
the portion of the signal component obtained from the induced charge on one side electrode was cut out by an
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appropriate window function and Fourier transformed. The frequency components are shown as well. The low-
frequency component is large for type (b), which uses brass backing material, while the DC component is very small
and the low-frequency component is suppressed for type (d-2), which combines a polymer bonding layer and an air
layer as the signal oscillates positively and negatively, but the high-frequency component is large. When the two

signals were integrated separately, the areas obtained were found to be almost the same.
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Fig. 2-8 Comparison of sensitivity based on actual measurements.
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Fig. 2-9 Comparison of intensity spectrum.

In the measurement cell proposed in Section 2.1.2, metals such as copper and lead were used as backing materials,
and a certain thickness of the metal backing material was necessary to avoid superposition of the reflected signal
from the back of the backing material on the target signal caused by the electric charge in the specimen. If lead is
used instead of brass, the thickness of the backing material can be reduced because of its slow sound velocity of about
2000 m/s. However, the use of large amounts of lead is not recommended because of its tendency to be avoided in
technical fields. The apparatus using air as backing material proposed in this section can significantly reduce the size
of the apparatus required for thick specimen. The proposed measurement system avoids multiple reflections from the

backing material and, at the same time, provides a signal intensity equivalent to that of a metal backing.
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2.1.4 Signal recording system

The amplifier was 1 MQ in input impedance, 60 dB in voltage gain, and DC - 10 MHz in bandwidth. By an A/D
converter with a sampling interval 16 - 50 ns and 15-bit resolution, 80,000 times maximum averaging was available
in a few tens of seconds.

2.2 Software (signal processing)

The following description is given in the software (signal processing) by way of an example of space charge
measurement on a thick polyethylene specimen. A specimen of 1 to 8 stacked low-density polyethylene plates of 11
mm thickness was prepared and space charge was measured by applying a DC voltage of 10 kV and a pulse voltage
of 500 V or 1 kV with a width of 400 ns (Fig. 2-10), noted that the PE plate at top is used as a coupler attached to the
metal rod electrode, and it was covered by aluminum film, so it is not counted in to specimen system. Cross-linked
polystyrene (XLPS), which is considered acoustically transparent, was used as the acoustic coupler, cut to a thickness
of about 55 mm; to avoid multiple reflections inside the backing material, lead, which has a slow sound velocity, was

cut to 45 mm.
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Fig. 2-10 Measurement of multi-layer polyethylene stacked specimen.

Figure. 2-11 illustrates the results of acquiring a reference signal for calculating the space charge using an 11 mm
thick specimen.

As the polyethylene plate was expected to have already been internally charged during the manufacturing process,
the signal was obtained when a DC voltage of 10 kV was applied, then the DC voltage was switched to -10 kV and
the signal measured immediately after that was subtracted. This was used as the signal unaffected by space charge
(reference signal A), and only the signal component caused by the electrode on one side was cut out using a window
function to form reference signal B. When reference waveform A is deconvolved with reference waveform B, the
signals from both electrodes appear as narrow peaks, but the acoustic signal propagating through the specimen is
attenuated and the peak caused by the electrode farther from the piezoelectric sensor becomes smaller. This is
recovered and the signal is proportional to the charge intensity. This was integrated to give the electric field, which
was further integrated to give the applied voltage, and the proportionality constant was set to match the actual applied

voltage.
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Fig. 2-11 Acquisition of reference waveform

(11 mm thick single layer specimen, equivalent 20 kV DC voltage application)

In Fig. 2-12 through 2-15, to get a stronger reference signal, the subtracted signal of 10 kV and -10 kV was acquired,
which can be seen as the reference signal when an equivalent DC of 20 kV is applied, and is shown as a red line in
(a). And the target signal which contains space charge component under 10 kV DC is represented as a thick black
line, respectively. If the DC and pulse voltages remain the same, the signal from the electrode closer to the
piezoelectric sensor is inversely proportional to the square of the thickness, so that the signal from an 88 mm-thick
specimen is 1/64 of that from an 11 mm-thick specimen, but 1/32 because the pulse voltage is doubled for the 88
mm-thick measurement. Figures (a) to (b) in Fig. 2-12 to 2-15, respectively, display the signals when an equivalent
DC of 20 kV is applied. The signals near the piezoelectric sensor from the two specimens are approximately 28 mV
for a thickness of 11 mm and 1.1 mV for a thickness of 88 mm, which are generally consistent with the estimates.
The signal on the far side from the piezoelectric sensor is almost the same as that near the piezoelectric sensor for the
11-mm-thick specimen, but for the 88-mm-thick specimen, the signal drops to about 0.1 mV due to acoustic
attenuation. The space charge distribution, electric field, and potential distributions obtained after correcting for
acoustic attenuation are shown in Fig. 2-12 to 2-15 (c) through (e), respectively.

From Fig. 2-12 (¢), a positive charge is spread inside the single layer specimen, while a negative charge is formed
on the surface side, keeping the specimen neutral. It is difficult to distinguish this negative charge from the charge
on the electrode when measuring a single layer specimen, but when measuring a stacked specimen, a negative charge
appears at the boundary between the layers, as shown in Figures 8-10 (¢) and (d).

Since the space charge in a stacked specimen appears periodically in the thickness direction, the electric field
intensity obtained by integrating it in the thickness direction also fluctuates periodically in the thickness direction.
This pattern is displayed in (d) in Fig. 2-14 and Fig. 2-15. Since the charge density of each layer is almost the same,

the fluctuation of the electric field intensity is almost the same regardless of the total thickness.
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The electric field distribution when 10 kV DC was applied to each specimen is shown in Fig. 2-16, with the scales
aligned. In this experiment, positive space charge spreads at a density of about 2 ~ 3 pC/mm? in the single layer state,
and as a result, fluctuations of about 0.5 kV/mm in the electric field strength are observed.

On the other hand, since the average electric field strength exactly corresponds to the value obtained by dividing
the applied DC voltage by the thickness, the average electric field strength is 0.91 kV/mm for the specimen with a
thickness of 11 mm, and decreases as the thickness increases, reaching 0.11 kV/mm for the 88 mm specimen (12.5%

of the value).
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Fig. 2-16 Comparison of electric field distribution at 10 kV DC application.

Since the above results are consistent with electromagnetic findings, we believe that the space charge
measurements are generally accurate over a wide thickness range of 11 mm to 88 mm.

To examine the effect of the modified backing material, the signals obtained through the modified device were
analyzed and processed in this section as well.

Space charge, electric field, and potential distribution were calculated from signals measured with a DC voltage
of -10 kV applied to a 22 mm thick laminated polyethylene specimen and a pulse voltage of 1 kV and 400 ns width.
The results are shown in Fig. 2-17. The signals before and after the application of a DC voltage of 10 kV were
acquired and the differentiated signal can be calculated, shown as signal (a), which can be considered as the signal
without the influence of space charge. The component on one side electrode of signal (a) was extracted by the window
function and used as a reference signal showing the impulse response of the system. For the deconvolution process,
it has been found that when the low-frequency component is small, the deconvolution calculation in the frequency
domain causes low-frequency spuriousness and disturbs the resultant baseline. In the case of the (d-2) type of Fig. 2-
8, where the received signal oscillates positively and negatively, the low-frequency component is suppressed, so it is
disadvantageous to perform deconvolution processing in the frequency domain. However, if an algorithm that
includes deconvolution processing in the time domain is used, the entire waveform is referenced instead of
decomposing it into frequency components, which suppresses low-frequency spuriousness and produces stable
results [13].
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The red lines in (c), (d) and (e) show the space charge, electric field and potential distribution when there is no
space charge. The peak waveforms from both electrodes after correction were proportionally distributed to construct
the transfer matrix [10].

The results obtained by signal processing the target signal (b) based on the above transfer matrix are shown in (c),
(d), and (e) as black lines. Positive space charge is uniformly distributed inside the two stacked specimen, and the
counter charge cancels out the electrode-induced charge due to the application of voltage, so that the charge at the
left electrode is close to zero. This situation can be inferred from the fact that a negative charge is observed at the
interface of the two polyethylene plates. Integration of the signal in (c) yields the electric field distribution in (d),
which shows that the electric field distribution fluctuates periodically due to the internal charge. The above results

are in general agreement with those obtained by using metal for backing [14].
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Fig. 2-17 Signal correction by reverse convolution process.
Specimen thickness 22 mm, DC -10 kV, pulse 1 kV 400 ns.

2.3 Summary

In this chapter, space charge measurements were investigated using the pulsed electroacoustic method with a very
thick flat insulation material as the specimen. By using a polymer as the acoustic coupler, the sensitivity was about 5
times higher than that of a conventional system in which an aluminum electrode was used as the acoustic coupler. By
reducing the noise by performing an additive averaging of up to 100,000 times with a pulse generation frequency of
up to 5,000 times/second, it was shown that the space charge inside a laminated polyethylene specimen from 11 mm
to a maximum thickness of 88 mm can be measured under the measurement conditions of 10 kV DC voltage and 0.5
to 1 kV pulse voltage.
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This chapter also discussed the solution to the problem that the thickness of the backing material required to be
placed behind the detector increases with the thickness of the specimen to be measured when using the pulsed
electroacoustic method for space charge measurements on thick insulating materials.

Section 2.1.3 of this chapter proposed a backing structure that combines a thin polymer binder and an air layer
instead of using a metal or polymer material as the usual backing material. In this way, even if a very thin backing
material is used, it will not be affected by multiple internal reflections, independent of the thickness of the specimen
thickness.

When using a PVDF transducer as a detector, it is appropriate to use a material with a characteristic acoustic
impedance close to the transducer as the backing polymer coupler layer and to make its acoustic thickness more than
half of the pulse voltage variation width.

For installation, a structure was designed to replace the air layer with a thin sponge tape to create a surface thickness
between the detector and the acoustic coupler. And the practical measurements showed that voltage stroke signals
comparable to those obtained when using metal as the substrate material could be obtained.
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Chapter 111

Method of reference signal acquisition for calibration

Space charge in high voltage insulation alters the internal electric field, which should be as homogeneous as
possible, leading to a degradation of the dielectric properties. Therefore, space charge measurements to evaluate the
dielectric properties have been considered as one of the important steps to improve the performance of insulation
materials. For example, cross-linked polyethylene, commonly used in extra-high voltage transmission cables,
generates a large amount of internal space charge when exposed to high DC voltages. At this point, space charge
measurements are required to verify the stability of the internal electric field [1][2].

For space charge distribution measurement, by using pulse electro-acoustic method (PEA method), to determine
the distribution of space charge in an insulation system by applying a pulse voltage and detecting the acoustic
response With using piezoelectric device and signal amplifier [3].

It estimates the location and magnitude of charges from time-domain signals. For quantitative analysis, a bias
voltage is applied to a specimen with no space charge, and the acoustic signal generated from the electrodes only is
used as a reference waveform for calibration. However, for some specimen, such as a full-scale, extra-high voltage
insulation system often already contains space charges in it. In this situation, the conventional methods for reference
signal acquisition will be impractical, especially when the possibility of the space charge distribution changing in
that process is counted into consideration.

Therefore, methods of acquiring a reference signal under such conditions are studied in this chapter. The
acquisition has been applied in practical experiments when space charge is pre-existing, or when the space charge
distribution changes due to the varying bias voltage.

For the space charge pre-exist specimen, the author considered to use the lock-in calibration to avoid the space
charge effect, but it seems difficult to apply stable bias voltages at different values in practical measurement for real
insulating system. For this, the waveform correlative method is proposed, which can be applied during the bias
voltage variation. And to take the situation that space charge may vary along with the bias voltage variation into
account, the author proposed the frequency-resolved analysis calibration to response to the case. These three methods

are explained in this chapter, and the analyzed results are shown as well.

3.1 Conventional method

In common situation of PEA method, calibration signal is obtained by applying pulse and DC voltages on the
specimen which is supposed to be completely without space charge.

For this reason, the acquisition of the reference signal is commonly performed by applying a low voltage prior to
the evolution of space charge. Then the reference signal will be extracted by means of an appropriate window function.

Up to now, when the measurement is performed, it was necessary to measure the specimen that is absolutely

without space charge prior to the measurement of the target. This can be done by two different ways; one is to bring
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a different material that can hardly generate space charge [4], and the second is to acquire the reference signal in the
target itself by applying a low voltage prior to the evolution of space charge.

The former is time consuming and may lead to a measurement error because of using two different specimens. The
latter is often employed when the specimen unique like a full-size cable, but it often happens that the specimen
already has space charge inside, under which the reference signal can hardly be acquired.

3.2 Lock-in calibration
3.2.1 Introduction

Space charge in high voltage insulation modifies the internal electric field that is supposed to be as uniform as
possible, and may reduce dielectric strength. For this reason, space charge measurement has been widely performed
in many scenes of evaluation of dielectric performance. For instance, the cross-linked polyethylene that is commonly
used as extra high voltage transmission cables may generate a significant space charge, when it is exposed to a high
DC voltage. Space charge measurement is thus necessary to validate the stability of the internal electric field [1][2].

For space charge distribution measurement, by using pulse electro-acoustic method (PEA method), in a position
to get some sound pulse with using piezoelectric device and signal amplifier from which the signal of the space
charge distribution can be obtained by analyzing [3]. In this section, measurement has been done on XLPE based
specimens, and the signal acquired by the piezoelectric device can be interpreted to the signal describing the
distribution of space charge.

In this section, a solution by applying two different levels of DC voltages on the identical specimen is proposed.
The reference signal that derives from only induced charges at the electrodes will be extracted by subtracting the
responses. The lock-in measurement by giving a periodical change in applied voltage will be proposed in order to
obtain the difference of waveforms while stably maintaining the space charge distribution.

3.2.2 Methodology

The concept of the proposed methodology is illustrated in Fig. 3-1. As shown in the diagram (a), charge distribution

with space charge can be represented as:
pH(x) = phha() + psc(x) (-1
pH(0) = pha(®) + psc()  (3-2)

where H and L stand for high and low voltages, ind and SC stand for induction and space charges, respectively.
Although the equations are composed of volume densities (p) in the diagram, the induction charge is sheet charge
and space charge is volume charge. However the equations include no contradiction if a finite spatial resolution is
assumed. If the space charge can be assumed as stable, the calibration signal composed of only induced charges can

be found as:

pCAL(x) = p"(x) — pt(x) = plit(x)  (3-3)
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Fig. 3-1 The concept of the proposed methodology.

The calibration signal can be acquired in a same manner even in the case of dealing with practical signal that is
given as a convolution of the charge distribution and system function.

If the space charge is unstable, the period at lower voltage (represented by TL in Fig. 3-2) needs to be reduced,
however it may lead to a reduction in S/N ratio, as only a limited number of averaging may be available. In such a
case, the disturbance with a short time may be given periodically in order to avoid the change in space charge

distribution, as illustrated in Fig. 3-2.
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Fig. 3-2 Conceptual illustration of the lock-in acquisition.

3.2.3 Specimen

In the experiment, an XLPE film with a thickness of 500 um was employed as the specimen. The XLPE film was
cut into an appropriate size to match the shape of electrode of the measurement system. In order to compare the
conditions in terms of space charge distribution the XLPE film was soaked with acetophenone for 48 hours.
3.2.4 Measurement condition

The proposed method assumes that the space charge remains stable throughout the term of disturbance 7*. As

vg = uE (3-4)
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where v, is velocity of carrier, | is carrier mobility and E is applied field, displacement of space charge under
the same condition must be less than
d=v,T:  (3-5)
Therefore, the required condition for taking the reference signal by means of lock-in measurement must be
T! & Ax /vy = Ax/uE (3-6)
where Ax is spatial resolution of the measurement.

In this report DC voltages applied to 500 um-thick specimens in experiment were -4 kV and -3 kV, corresponding
to 8kV/mm and 6kV/mm, respectively. The spatial resolution of the space charge measurement was as fine as 20 pm.
Assuming that the carrier mobility of a polymer is as less as 10713 m?/Vs [5], term of disturbance should be short
enough compared with 25 s.

In the experiment the disturbance was set at 1 s. It might lead to less than 1.6 um in displacement of the space
charge. However as space charge is indicated as the net charge of all the carriers, displacement of the space charge
distribution might be much less significant than the order of carrier mobility. In order to upgrade the S/N ratio, 32
times of data acquisitions were performed to average the waveforms. Furthermore this disturbance of 1 s was given
periodically with an interval of 1 + 10 s (7* + T in Fig. 3-2), the acquisitions being locked in the periodical
disturbance. It was realized by applying a modulation bias voltage superposed onto the DC poling voltage. In this
particular study as many as 10 times of periodical acquisition were performed. After finding that the space charge
was stable the term of disturbance in some cases was set as long as 5 s.

3.2.5 Results and discussion

A. Waveform Acquisition

The measurement devices were connected as the schematic diagram shown in Fig. 3-3. After placing a drop of
silicone oil on the surface of specimen and electrode, it was made sure that there was no air bubble between the
contact surface of specimen and electrode. The as-received XLPE was subjected to the experiment at first, applying
voltages as periodically -4 kV for 10 seconds and -3 kV for 1 second assuming that carrier mobility was lower than
1013 m?/Vs.

In this section, an XLPE film which has been treated with acetophenone was employed as specimen as well.
Acetophenone is a kind of chemical oily liquid with easy volatility. In XLPE cable insulation, it is naturally included
as a byproduct after cross-linking. In many cases it has an effect of modifying the characteristic of space charge
accumulation [6]. For instance, it will make the specimen easier to be evolved with hetero space charges, and once it
has been evolved it can hardly be reduced [7].

The signal acquisitions were done with subtraction procedure as shown in Fig. 3-4, the signal after 32 times of
averaging contains much noise which should be avoided. It is obvious that by increasing the times of averaging, the
obtained signal had become smooth and with less noise, as shown in signals (b) through (d) in Fig. 3-4, which are
indicated in the same scale. The reference signal for deconvolution was finally extracted by applying an appropriate

cosine tapered window function.
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Fig. 3-3 Schematic diagram of the measurement system.
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Fig. 3-4 Subtracted signals under various averaging conditions.

B. Deconvolution
The deconvolution process is illustrated in Fig. 3-5. In the experiment, waveform at two different voltages were

obtained, both of them already might contain signal component of space charge. After extracting the reference signal,
both the target and reference signals were Fourier transformed, and each frequency component of the target signal
was divided by the corresponding frequency component of the reference signal. The result was subjected to the

Gaussian filter before performing the inverse Fourier transform. The process was partially helped by the dual-domain
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deconvolution [8] in order to retain the straightness of the baseline. The result of the deconvolution performed on the
XLPE specimen is shown in Fig. 3-6. In this particular case no significant space charge is seen.

The result of field analysis is shown in Fig. 3-7. As it had been expected, the XLPE as received had only a small
intensity of space charge, making field distribution flat and potential distribution strait. On the other hand, strong

hetero charges were observed, strongly distorting the field and potential distribution.
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Fig. 3-5 Deconvolution process.
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Fig. 3-6 Deconvolution on the XLPE specimen.
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Fig. 3-7 Deconvolution on the XLPE specimen.
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C. Discussion

In addition to its practical importance, it is of interest to the researchers in insulating materials to examine the
specific condition of the space charge, like the accumulation in terms of intensity and location inside insulation.
Although the XLPE specimen as received had almost no space charge in it under voltages up to 4 kV, the specimen
soaked with acetophenone had a significant space charge as expected. As the space charge had been build up in a
short time it was not easy to acquire the reference signal shortly after the application of the step voltage. In addition,
acquisition under a very low voltage prior to space charge build up ended with a noisy signal that leads to a poor
result in signal processing.

Using a different specimen like PMMA film that can hardly build up space charge is widely employed for acquiring
the reference signal; however, different specimen may change the impedance at the end of the feeder line of the pulse
source and may change the spectrum of the applied pulse voltage, which may lead to a different measurement
conditions for the target and reference signals. The proposed method has no such a problem as it can be performed
with the identical specimen.

Furthermore, if the specimen is something like full-size cable, an adequate specimen like PMMA block that can
be applied with extra high voltage can hardly be found. The proposed methodology can be applied even in such a
case.

3.2.6 Conclusion

In this section, a measurement method was proposed, with which the calibration as well as target signal can be
obtained at the same time without changing the specimen in the whole process.

A modulation bias voltage was superimposed onto the DC poling voltage. Probing pulse voltages were applied
synchronized to the modulation bias voltage. After differentiating between signals with high and low levels of bias
voltage, the signal without the influence of space charge was acquired.

In this process, a reference signal can be obtained by using a window function, which was applied to the subtracted
signal. Then the distribution of space charge can be calculated accurately.

This process can be performed even when space charges have been built up, by using the identical specimen at the
same time when the target signal with space charges is being acquired.

3.3 Waveform correlative method
3.3.1 Introduction

To obtain quantitative estimation, a bias voltage is applied when there is no space charge, and acoustic signals
produced by electrode’s surface charge are used as reference for calibration [9]-[10]. However, in measurement of
extra-high voltage cables and other real-scale insulation systems, there are many cases when space charge was already
produced through charging history and thermal history; thus, reference signals must be acquired in that state. In
Section 3.2, we acquired differential waveforms of acoustic signals when two different bias voltages were applied,
thus canceling the influence of existing space charge, and considered use of these waveforms as reference signals. In
addition, voltage application and measurement take much time in testing of real-scale extra-high voltage insulation
systems; particularly, there is concern that space charge conditions may change during tests in high temperature
environments. In this context, we considered correlating transient changes in bias voltage and acoustic signals as a
method for fast acquisition of reference signals.
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This section proposes on results of this consideration as well as of measurement using an 11-mm thick polyethylene
specimen.
3.3.2 Calibration using differential waveforms

Measurement of space charge by the pulsed electroacoustic method [11]-[13] is illustrated in Fig. 3-8. A specimen
put between parallel plate electrodes has uniform permittivity; space charge that occurs in the middle induces charge
in the electrodes. With zero bias voltage, the total charge is zero. On the other hand, the charge induced in the
electrodes changes when bias voltage is applied. Pulsed voltage is applied to measure space charge, and acoustic
signals produced through interaction with the charge are detected with a piezoelectric sensor. A coupler including
acoustic matching and a backing are used to improve sensitivity. Signal intensity and delay correspond to charge
density and location, respectively. Detected signals are affected by pulsed voltage waveform, acoustic propagation

route, and frequency characteristics of piezo element and amplifier.

Cathode  Anode
Backing [|[Coupler gSpecima‘% Backing
A\ .

Acousticéﬂ ®

signal i
Sensor vp (bias)
> | | R c
Amplifier

vp(pulse)

Fig. 3-8 Schematic diagram of the measurement.

Induced charge is a surface charge, and acoustic signals produced by this charge can be interpreted as impulse
response of the measuring system. Signals from the electrode closest to the sensor are extracted using an appropriate
window function. Using these signals as a reference, space charge distribution can be estimated by deconvolution of
acoustic signals from the specimen. In Fig. 3-9, bias voltage vy, and pulsed voltage v, are applied between the

electrodes. When there is no space charge, stress applied between the electrodes is as follows.

gEz(t) = ;7{1},0 + vp(t)}2 = % E Vg + vpv,(8) + %vﬁ (t)] (3-7)

where E is instantaneous electric field, € is permittivity, and d is specimen thickness. Bias voltage in Equation (3-
7) can be considered as a constant, and the 1st term does not generate any acoustic signals. The 2nd term can be
considered as Coulomb force produced by interaction between the charge induced on electrode surface due to the
bias voltage and pulsed electric field. The 3rd term is Maxwell stress due to the pulsed electric field. Assuming that
vy, > v, only evpv,/d remains. According to reports by IEE Japan, this is proportional to surface charge density
on the electrode, and therefore, used as a reference signal [14]-[16]. When a difference of waveforms is taken under
application of positive and negative pulses with same waveforms, signals produced by Maxwell stress can be
extracted; signal components due to Coulomb force can be obtained by subtracting these from target waveforms
[17].
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Fig. 3-9 Extraction of signal corresponding to space charge. (a) Pulse voltage, (b)(c) response at different bias
voltages, (¢) differential waveform, (d) signal component corresponding to space charge. (e) signal component

due to the Maxwell stress.

If space charge exists, it is difficult to separate a signal generated by the space charge from the reference signal
used for calibration; however, when difference between two different bias voltages v,y and vy, is taken, the

following is obtained because the signal component due to space charge does not depend on bias voltage.
= (Who = V1)V (1) (3-8)

This signal is proportional to the pulsed voltage. Thus, the influence of Maxwell stress in the 3rd term of Equation
(3-7) can be eliminated in Equation (3-8). Here the differential waveform in response to the bias voltages vy, and
Vpq 1s multiplied by vy0/(Vpo — Vp1) to determine reference signal s.o¢(t) under reference voltage vy,. Signal
components due to Maxwell stress overlap with target signals in space charge measurement, and therefore, must be
removed for accurate measurement as explained below. Reference signal sp.¢¢(t) is a convolution of the product
Vpo * Vp(t) of bias voltage and pulse voltage with impulse response h(t) of the system including specimen.

Sref(t) = Vpo " Vp(t) * h(1) (3-9)

where the symbol * denotes convolution. The 3rd term in Equation (3-7) is proportional to squared pulsed voltage,

irrespective of bias voltage and space charge; therefore, h(t) is found from Equation (3-9) by deconvolution, then

convoluted with vg (t) and multiplied by Y% to obtain signal component sy;(t) due to Maxwell stress.

su(t) = SV(0) *h(t) = LIFT [FT[vg G) Sf—(“’)] (3-10)

17b0'Vp((‘U)
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where FT and IFT denote Fourier transform and inverse Fourier transform; V,(w) and Syef(w) are Fourier
transforms of v, (t) and sye¢(t), respectively. Thus, signal components due to Maxwell stress can be calculated
from pulsed waveforms, and then subtracted from target waveforms.

3.3.3 Calibration to correlate bias voltage and signals

Time of several minutes is required for voltage to settle after a change in DC source used in testing of extra-high
voltage insulation systems; in addition, more averaging iterations are needed to compensate for decline in sensitivity
in measurement of thick insulators, which adds several minutes to time taken by acquisition of reference signals for
calibration. In the meantime, calibration accuracy declines if space charge conditions have changed [18]. There were
attempts at resolving this issue synchronizing bias voltage changed periodically within a short time, and lock-in
detecting differential response waveforms [19]-[20]; in so doing, however, a new control system must be introduced,
which is difficult in testing of extra-high voltage insulation systems. Thus, we considered a method to acquire
reference signals through fast measurement by applying transient changes to bias voltage, and correlating them with
transient changes in response signals.

Figure 3-9 illustrates how reference signals are extracted by correlating bias voltage with signals. Positive space
charge exists in the middle of a specimen and acoustic signal (II) varies in response to bias voltage (I). For example,
considering instantaneous signal components at sampling points (a)—(c), different variations occur in each point as
shown by (III). Point (a) corresponds to the cathode, and signal component swings negative as bias voltage swings
positive. As can be seen from the diagram (IV) showing correlation between voltage bias (I) and acoustic signal
component (III), the gradient «; at point (a) is negative. Because of charge induced by space charge, negative signal
component is obtained when bias voltage is zero; therefore, the offset @, (y-intercept in the diagram) is negative.
Similarly, considering signals at the sampling point (b) and (c), the former is signal component due to positive space
charge in the middle of a specimen, thus being unrelated to bias voltage variation. Thus, in the correlation diagram,
the gradient a; is close to zero, and the offset a, is positive. Point (c) corresponds to the anode, and signal
component swings positive as bias voltage swings positive. In the correlation diagram, the gradient a; becomes
positive. Because of charge induced by space charge, negative signal component is obtained when bias voltage is
zero, and the offset a, is negative.

Response component unaffected by space charge when bias voltage vy, is applied can be extracted through
linking a; when sampling time t; is changed, and multiplying by vy,o. Component related to one of the electrodes
is clipped with an appropriate window function, and used as a calibration signal for conversion to electric space
charge distribution or electric field distribution. Similarly, signal component under zero bias voltage is obtained by
linking a,; therefore, component due to space charge is extracted by removing component due to Maxwell stress in
Equation (3-10).

This is explained below in mathematical terms. Let vy, (t;) denote instantaneous value of bias voltage. Here t; is
the time of signal waveform acquisition, being of the millisecond or second order. Let s(t;,t;) denote acoustic signal.
Here ¢; is waveform sampling time, being of the nanosecond order. Let s, (¢;) = sref(tj) denote reference signal
that should be obtained as a signal under bias voltage vyg; then response signal s(t;,t;) for arbitrary bias voltage

vp(t;) is as follows.
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Vb

s(t,6;) = sp(ti tj) + ssc(t;) + sm(t) +n(ti ;) = (?) sbo(6)) + Ssc(t)) + sm(ty) + n(e, t) (3-11)

Vb

where s5(t;,t;) is signal component due to bias voltage vy, (¢;), and ss(t;) + sm (tj) is signal component due
to space charge and Maxwell stress (not depending on bias voltage); besides, n(t;, t;) is noise component. The
following is obtained by fixing sampling time t; and applying linear regression to relationship between acquired
signal s(¢;t;) and bias voltage vy, (¢;).

s(tity) = aq (t)vp(ty) + azx(ty) + ity t)) (3-12)

where ay = Spo(t))/Vpo, @z = Ssc(tj) + Sm (tj) . Now, sy (tj) can be estimated from Equation (3-10) and
subtracted from target signal.

a, and a, can be estimated by least squares method.

s(ty, ty) vp(t,t) 1 a n(ty, t;)
: = : ; a; + : (3-13)
S(tm: tj) Up (tm' tj) 1 n(tm' tj)
The above can be written in the following way.
s=va+n (3-14)

Then a to minimize the square sum of n(ty,t;) - n(ty ,t;)can be expressed as follows. Here T denotes

transposition.
a=(wwhHyTs (3-15)

3.3.4 Results of measurement

Figure 3-10 shows experimental system for measuring an 11-mm thick low-density polyethylene plate. The system
includes an acoustic coupler with acoustic impedance close to that of specimen, and a backing [21]-[22] The upper
limit of bias voltage was +10 kV, and pulsed voltage of 0.9 kV, 400 ns was applied to the specimen; polarity of applied
voltage was defined as positive at the upper electrode. Bias voltage was applied via a common 50 Q coaxial cable;
open-circuit stub was used for pulsed voltage, but the line was short as compared to propagation length about 80 m
corresponding to the pulse width, and worked as a coupling capacitor about 300 pF. The pulsed power line had

impedance of 75 Q including output impedance of pulse generator.
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Fig. 3-11 Differential waveform of response when different bias voltages are applied.

Figure 3-11 shows response waveforms (amp input referred) at bias voltage of 10 and 0 kV as well as the
differential waveform. When acquired quickly, this waveform can be used as reference signal. When bias voltage
control takes time, the correlation-based method considered in Section 3.3.3 may be useful.

Figure 3-12 shows an overlay of response signal (II) at varied bias voltage (I); actually, about 200 waveforms are
recorded. Acoustic signals were sampled at 1000 points; the waveforms (III) are result of tracking time variation of
signal components at (a)—(c) in Fig. 3-9. Point (a) corresponds to the cathode, and the signal swings negative when
bias voltage grows. Negative offset is observed here due to charged induced by space charge. At point (b), wave tail
of response due to cathode charge overlaps with signal due to positive space charge. Point (c) corresponds to the
anode, and the signal swings positive when bias voltage grows; besides, because of the induced charge, negative
offset is observed. Figure 3-13 shows correlation between bias voltage and response signal at certain sampling time.
Here correlation is obtained at all sampling point; thus, Fig. 3-14(a) presents a waveform obtained by linear regression
at gradient al; this agrees completely with the differential waveform in Fig. 3-11(c), and therefore, can be used as
reference signal. The waveform (c) corresponding to space charge distribution in uniform electric field is obtained
when the waveform (b) due to one electrode is clipped, the entire waveform is deconvoluted, and frequency-

dependent acoustic attenuation of the specimen is compensated [23]-[24].
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Figure 3-15(a) shows signal obtained under bias voltage of 10 kV; the signal contains components due to internal
space charge and Maxwell stress. The waveform (d) is obtained by using Equation (3-10) to calculate Maxwell stress-
related component from the reference signal (b) and pulsed voltage waveform (c). The bias voltage is 10 kV, and
pulsed voltage is 0.9 kV; thus, assuming square pulses, v,(t) and vg (t) have the same shape, and according to
Equation (3-7), signal strength due to Maxwell stress is 4.5% of that due to Coulomb force. In this measurement, the
ratio is about 4.2%, which is a good agreement. The diagram (e) shows the waveform (a) less the component due to
Maxwell stress, but both waveforms are almost same because the pulsed voltage is low. However, removal of

Maxwell stress-related signal component is necessary to improve accuracy in some cases, for example, when
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evaluating extremely small space charges. The diagram (f) shows the waveform (e) less waveform (b), that is, signal

component due to space charge only.
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Fig. 3-15 Extraction of signal corresponding to space charge from practically acquired signal.

Figure 3-16 presents distributions of (I) charge density, (II) electric field, and (III) potential; these distributions
were calculated by deconvolution with reference to waveform of the left electrode obtained from the reference signal
(b) in Fig. 3-15. The dotted lines pertain to deconvoluted waveforms expressing uniform electric field. Here positive
space charge expands in the dielectric regardless of bias voltage. This charge induces negative charge in both
electrodes; this induced charge is smaller or bigger in the anode when positive or negative bias voltage is applied. As

a result of expansion of positive space charge, electric field swings negative on the left and positive on the right.
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Distortion of electric field due to space charge reaches about 0.4 kV/mm against the uniform field. Electric field
under zero bias voltage (II-(b)) swings positive and negative around the center, while potential (III-(b)) has a

symmetric shape, its value at the center being about 1.5 kV.
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Fig. 3-16 Distributions of (a) charge density, (b) Electric stress and (c) potential at 10 kV of bias voltage.

Dashed lines represent distributions assuming uniform electric field.

3.3.5 Discussion

When different bias voltages are applied to obtain a differential waveform, a reference waveform can be extracted
even in presence of space charge; however, in testing of extra high voltage insulation systems, this method requires
voltage control and certain time for measurement; moreover, reference waveforms may be affected by space charge
variation. Lock-in detection techniques address this problem be repeatedly extracting signals synchronously to
periodic variation of bias, but his requires a separate control system, which is unsuitable for extra-high voltage power
sources. In correlation method that uses correlation between bias voltage and response signal, data can be collected
asynchronously with respect to irregular variation of bias voltage. In both differential and correlation methods,
influence of space charge and Maxwell stress can be eliminated in calibration.

As shown in Fig. 3-16, electric field distortion about 0.4 kV/mm caused by original space charge in specimen (11-
mm thick polyethylene plate) was measured. This corresponds to accuracy of 2% assuming operating field of 20
kV/mm in extra-high voltage DC cables.

In case of high bias voltage, space charge may change during measurement; therefore, one has to assign an
appropriate weight to bias voltage in analysis, or to take some measures to suppress bias voltage variation and/or to
speed up measurement. Dealing with substantial variation of space charge is somewhat complicated issue to be

considered separately.
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3.3.6 Conclusion

1. As regards space charge measurement using pulsed electroacoustic method, a technique was proposed to extract
reference signals (expressing impulse response) required for calibration by changing bias voltage, and correlating it
with acoustic signal variation.

2. Distributions of electric charge, field, and potential can be calibrated by acquiring reference signals after
eliminating influence of space charge and Maxwell stress.

3. No additional functions are needed for data sampling even if an extra-high voltage source is used for bias.

4. Calibration signals can be acquired under unchanged conditions of a specimen and measuring system even if
temperature distribution varies or a charging history exists.

3.4 Frequency-resolved analysis calibration
3.4.1 Introduction

In Section 3.3, the author proposed the correlating calibration method, providing a way to record the acoustic signal
as well as the calibration voltage simultaneously [25]. The signal without any effect of space charge can then be used
as a reference signal, is obtained by determining the slope for all the sampling points, which represents the intensity
of the free charge induced at the electrode depending on the bias voltage, when space charge in the specimen stays
still. For this method, the premise is that the space charge distribution in the specimen does not change when the bias
voltage is varied during the measurement.

However, in an actual measurement, it is difficult to guarantee that the space charge distribution remains static if
the bias voltage applied to the insulating material is in a constantly changing and unpredictable state [26].

To solve this problem, the author now introduce frequency - resolved analysis to the calibration measurement,
determining the dielectric response spectrum and observing the change of the imaginary component in the frequency
domain after performing a Fourier transform. The dielectric relaxation spectrum is used to estimate the optimal
frequency to acquire the reference signal.

For simulation and experimental validation, EVA (ethylene-vinylacetate copolymer) film was used as a test
specimen, and the acoustic signal during the bias voltage application was analyzed. The author exploited the fact that
the electrode charge responds immediately to a change in bias voltage, whereas the space charge distribution changes
with a time delay due to a change in bias voltage. The space charge formation acquired from both the high frequency
domain, where the imaginary part is close to zero, and the low frequency domain, which is still affected by the moving
space charge, are compared by a practical measurement.

3.4.2 Methodology

Figure 3-17 illustrates a space charge measurement by the PEA method [27]-[29]. The dielectric constant
(permittivity) of a specimen sandwiched between parallel plate electrodes is uniform across the specimen thickness,
with a space charge in the center and its induced charges on both electrodes. The sum of the charges is always zero
because of the Gaussian law. In this figure, it is assumed that when the bias voltage is applied, the induced charge on
the electrodes changes, whereas the space charge and its induced charges stay stable. However, it is considered that
the space charge may vary along with the bias voltage especially when high DC voltage is applied or the conductor
is at high temperature. And the waveform correlative method mentioned at former section has a necessary condition,
which is that the space charge stays still during the measurement and makes it not fit this situation.
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In order to measure the charge distribution, a pulse voltage is applied. The acoustic signal generated by the
interaction with the charge is detected by a piezoelectric sensor. The linearity of the piezoelectric sensor and amplifier
is assumed to be ensured. The intensity and time lag of the signal correspond to the charge density and position,
respectively. The detected signal is affected by the pulse voltage waveform, the acoustic propagation path, and the
frequency response of the piezoelectric element and amplifier. To reconstruct the true charge distribution, a
deconvolution process is required, using an appropriate reference signal.

The induced charge on the electrode is a surface charge, and the signal component obtained from this source of
acoustic signal (sound source) can be regarded as the impulse response of the measurement system including all the
factors mentioned above. In case of a parallel electrode system, the signal from the electrode closer to the sensor is
normally used as the impulse response. An appropriate window function is applied to remove the signal component
originated from the other electrode. To obtain a reference signal, it is necessary to eliminate the effect of space charge.

Referring to the signal obtained in this way, the signal from all the sound sources in the specimen can be processed

by deconvolution to obtain a signal proportional to the charge distribution.
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Fig. 3-17 Extraction of signal corresponding to space charge. (a) Pulse voltage, (b)(c) response at different

bias voltages, (c) differential waveform, (d) signal component corresponding to space charge. (e) signal

component due to the Maxwell stress.

Figure 3-17 also illustrates basic idea of the extraction of the reference signal and the signal corresponding to space

charge. Under the application of bias voltage vy, and pulse voltage v, the Maxwell force between the electrodes in

the absence of space charge can be represented as:

gEz(t) = #{vb + vp(t)}2 = % Evg + vpup (1) + %vﬁ(t)] (3-16)
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where E is the instantaneous electric field, ¢ is the dielectric constant and d is the thickness of the specimen,
respectively. The first term is caused by the bias voltage which can be considered as a constant, so this component
does not generate any acoustic signal. The second term comes from the interaction between the pulsed electric field
and the induced charge at the electrodes caused by the bias voltage (as space charge is not assumed). The third
component represents the Maxwell force caused only by the pulsed electric field. In most cases, the bias and pulse
voltages conform to the condition [v},| > |vp |/2, so this term can be ignored.

When the specimen contains space charge, the process to extract the reference signal is to apply two different
levels of DC voltage to the specimen, vy, and vy;. Two signals, s(vyg) and s(vy,), in diagrams (b) and (c), are
thus obtained. Both of them contain three components, induced charge generated by the bias voltage, the space charge
and induced charge generated by the space charge. As the signal components due to space charge are independent of

the bias voltage, they cancel out after taking the difference between the two signals as:
— (Vo = Vo)1) (3-17)

The resulting signal is proportional to the pulse voltage. The signal without the effect of space charge at v}, = v}

can be assumed as shown in the diagram (d) as:

oo lsWho) b)) — ¢ (313
— °re

sp(Wpo) = === —

In addition, the signal containing only the component associated with space charge can be obtained as:
Ssc = S(Vpo) — Srer (3-19)
as indicated in diagram (e).

The above methods assume that the space charge does not fluctuate over time. However, there is a concern that the
space charge may fluctuate in the process of acquiring the calibration signals, especially when measuring at high
temperatures or when the voltage change takes time. For this reason, it is necessary to acquire the signals for
calibration at intervals of as short time as possible before and after the voltage fluctuation, but the condition for this
is not clear. This section describes the signal processing when the space charge changes with a certain relaxation time
(delay) following the change in the bias voltage.

Figure 3-18 illustrates the reference signal extraction by means of frequency domain analysis. The extraction is
explained in detail below. The instantaneous value of the fluctuating bias voltage v}, (t;) and corresponding acoustic
signal s(ti, tj) are simultaneously recorded, t; represents time correlated to the specimen location of each signal
acquisition, and ¢; represents j-th sampling point of each acquired waveform. In general, t; is of the order of
seconds or milliseconds, and ¢t; is of the order of nanoseconds or microseconds.

Let spo(tj) = srer(tj) be the reference signal that is obtained with the bias voltage vy,q. Then, the response signal

s(t;,t;) for any bias voltage vy (t;) is:

S(ti, t]) = Sb(ti' t]) + Ssc(ti, t]) + Tl(ti, t]) = vzk()?) SbO(ti' t]) + SSC(ti' t]) + n(ti, t]) (3-20)

where sb(ti, tj) is the component due to the induced charge on the electrodes caused by the instantaneous bias
voltage vy, (t;), Ssc(t,tj) is the component due to space charge and the resulting induced charge on the electrodes,

and n(t; t;) is the noise component. Equation (3-20) represents the relationship between the bias voltage vy (t;)
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and the response signal component s(ti, tj) assuming the sampling point t; is fixed. The Fourier transform of each

signal component at ¢; gives:

Vp(wi)
S((I)i,tj) = Sb(a)i,tj) +Ssc(a)i, t]) +N((l)l,tj) = Vbol Sbo((l)i,tj) +Ssc(wi,tj) +N((L)l,tj) (3-21)
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Fig. 3-18 Extraction of the reference signal using frequency domain analysis.

If the space charge does not fluctuate, the signal component ssc(ti,tj) will be constant, so the spectrum
Ssc(wj, t;) will have only a DC component at any sampling point, which is independent of the fluctuation component
of the bias voltage. n(ti, t]-) has no correlation with the bias voltage variation. If the noise is small, S(w;, t;) is
proportional to the frequency component of the bias voltage, V;,(w;), forall w; # 0. The estimate of Sy, ( ¢;), which
can be considered as the reference signal under the bias voltage vygis obtained by using W;(w;) as a weight
function:

Wi(w)VpoS(wit;)

Svo(t)) = X ey ZiWi(w) (3-22)

w; #0
If the signal component ssc(ti,t]-) due to the space charge varies with the signal acquisition time ¢;, then
Ssc(wy, t7) will have frequency components other than the DC component. However, in such a case there must be a
delay in the response and an imaginary component must appear in the spectrum. Therefore, analysis in such a
frequency range should be avoided or the weight in such a frequency range should be significantly reduced.
The space charge, whose transition follows the bias change with a certain delay, dominates the signal component

at (b) in Fig. 3-18. The signal components at (a) and (c) are influenced by induced charges due to the space charge as
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well as induced charges strictly proportional to the bias voltage. The transition in each component is normalized in
the frequency domain by the transition of the bias voltage by drawing a trajectory. Each trajectory shows a semicircle
as the frequency changes from zero (DC) to high frequency, its imaginary component indicates that there is a
component that follows the bias voltage with a certain delay time. The results analyzed for signals from the electrode
surface have the same meaning as the dielectric relaxation spectrum as seen from the external circuit. The real
component at high frequency represents the signal component that is linearly proportional to the change in bias
without delay. Therefore this component can be attributed to the signal without the influence of the space charge.

Extracting this number (@) along the sampling time like @,, a, and a. in Fig. 3-18, a waveform without any
influence of space charge can be extracted. The first component of the waveform that represents the impulse response
of the measurement system is subsequently extracted, and used for deconvolving the signal that may include the
space charge component.
3.4.3 Numerical simulation

A numerical simulation was carried out to illustrate the calibration methods described in Section 3.4.2.

The response signal was calculated by hypothetically varying the bias voltage, assuming that there is a space charge

in the center of the specimen with a relaxation time t = 27 s, where the relaxation time is defined as:

g=gq(1—exp(—1)) (3-23)

In Fig. 3-19, the bias voltage is indicated as diagram (I), and transition of the response signal (II) corresponding to
the sampling point (b) in Fig. 3-18. The imaginary component shows a peak at low frequency (8 mHz) and
subsequently decreases gradually. The value of the imaginary component is almost 0 in the high frequency region
(approximately above 105 mHz), which indicates that space charge no longer moves along with the bias voltage
variation in this frequency region.

Figure 3-20 illustrates the comparison between signals extracted as the reference signals at different frequency
points (8 mHz and 105 mHz). Signal extracted at 8 mHz shows a component suspected to be caused by space charge,
indicating that it is not available to be used in the calibration process. On the other hand, the signal extracted at 105

mHz does not show such a component, suggesting that it can be considered as free from the effect of space charge.
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Fig. 3-20 Reference signals extracted by correlating the frequency component of bias voltage and that of

response signal. (a) signal obtained at 8 mHz; (b) signal obtained at 105 mHz. Note that signal (a) is not

suitable as a reference signal for practical calibration as it contains space charee component.
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Fig. 3-21 Extraction of the impulse response. Voltage is output equivalent at the sensor (t = 27 s, f =

210 mHz).

The reference signal shown in Fig. 3-21(a) is extracted from the frequency component at 210 mHz, which is well
above 105 mHz. In this frequency region, the imaginary component of the spectrum is almost zero. The signal (c),
which is affected by space charge, is subsequently deconvolved referring to the signal component (b). As a result, the
space charge component is reproduced at the center of the specimen.

3.4.4 Practical measurement and discussion

A. With Mobile Space Charge

To demonstrate the accuracy of the proposed methodology, we measured a 150 pum-thick EVA (ethylene-
vinylacetate copolymer) film specimen, and analyzed the dielectric relaxation spectrum at different sampling points.
Fig. 3-22 shows the result by applying a bias voltage changing from zero to -8 kV, its transition is indicated in diagram
(I). The diagram (II) indicates the transition of the PEA signal intensity at sampling points (a) and (b), their sampling
points are indicated in the diagram (IIT) with several PEA waveforms. Note that only a selection of the waveforms is

shown for easier visibility.
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Fig. 3-22 Measurement results of mobile space charge.

Through the Fourier analysis, both transitions ((a) and (b) in diagram (II)) were normalized in the frequency
domain to draw spectrum curves and trajectory as shown in the diagram (IV). The real part represents the component
caused by the charge which is strictly proportional to the bias voltage. The imaginary component is due to the induced
charge at the electrodes caused by space charge inside the specimen that changes its intensity following the bias
voltage variation with a certain delay.

As the frequency changes from zero (the DC component) to higher frequency, each trajectory shows as a half circle.
The peak in the imaginary part for each electrode signal appears at almost identical frequency, although the polarity
of the peak depends on the sampling point. At higher frequencies the value of the imaginary component gradually
decreases to zero. The reference signal should be extracted at a frequency range where the space charge component
no longer follows the bias voltage variation, i.e. the value of the imaginary component should be close to zero.

Figure 3-23 compares reference signals by the frequency analysis, taken from different frequencies. The solid black
curve (a) indicates the signal acquired at 9.1 mHz, and the red dashed curve (c) indicates the signal at 1.4 mHz.

For control, the signal acquired by differentiating two signals, namely the signals before applying -8 kV bias
voltage and 2 s later is indicated as (b) with a black dashed curve. As curves (a) and (b) are quite identical, it seems
that 2 s of interval with 8 kV stroke of bias voltage is not enough for space charge to change its distribution in the
specimen. So both these curves can be employed as the reference signal. However, if only the differential signal (b)
is obtained, there is no way to check whether it is appropriate as a reference signal. Frequency analysis is considered
to be an effective method for checking this. In addition, in this measurement example, the rise time of the bias voltage

was set to approximately 60 s, indicating that even if a steeply rising step voltage cannot be obtained, the reference
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signal can be extracted if it has sufficient frequency components for analysis. On the other hand, the signal (c)

extracted at 1.4 mHz is supposed to be still influenced by the space charge component.
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Fig. 3-23 Extracted calibration signals. (a): signal acquired at 9.1 mHz; (b): signal acquired by differentiating
two signals in 2 s intervals; (c): signal acquired at 1.4 mHz.
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Fig. 3-24 Compensation of acoustic signal propagation in the measurement and specimen systems.

Figure 3-24 shows the deconvolution process taking into account the transfer function through both the
measurement system and specimen system. The diagram (a) indicates the reference signal taken from 9.1 mHz (s yef).
A signal component corresponding to the left side electrode (closer to the acoustic sensor) was extracted as s (X, t)
using an appropriate window function. This can be recognized as the impulse response of the measurement system.
The whole signal sq .of Was deconvolved referring to sq(xo,t). The result is shown as the solid curve in Fig. 3-
24(b) as Sq ref

The component corresponding to the right-side electrode, s;(x4,t), was normalized in frequency domain by one
corresponding to the left side electrode s;(x(,t). Note that s;(x4,t) was rearranged to the polarity was identical to

51(xg,t). The transfer function from any point in the specimen to the left side electrode was calculated as:

&@ﬂ—mﬂ ”“ﬂ (3-24)

Xg—Xo S1(X0,w)
where S represents the Fourier transform of s, x is a position, x, and x; are the positions of two electrodes.

Diagram (c) represents these transfer functions in discreet and thinned out form. After creating a transfer matrix using
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these transfer functions, the signal s; ¢ can be deconvolved again to show the waveform corresponding to charge
intensity.

Figure 3-25 shows the process to calculate the charge intensity distribution after acquiring the target signal s g
The signal as acquired was deconvolved referring to s¢(xg,t) in Fig. 3-24, and deconvolved again referring to the
transfer matrix indicated in Fig. 3-24(c). The signal s; o in Fig. 3-24 corresponds to the charge produced by

applying a bias voltage v},.

Qo = o —2— (3-25)

Xd—Xo

qo has the dimension of surface charge density. Therefore, the signal in Fig. 3-25(b) multiplied by q, represents
the charge density distribution (c).

Electric stress and potential distributions are:

E(x) = —goe, [* p ()dx  (3-26)

®(x) = [*_E (x)dx (3-27)

En
g;’; 407 (a) As acquired|
- - So_tgt
'40 1 1 1 1 1 1 1 — [
g 047 i (b) Deconvolved
83 O-W
- 1 1
2 :
0.4 ] \ 1 1 1 " 0 | i
0 1 . N 160
' Time (ns) \\
& 100 ! ¢) Charge intensi
h—1~ | &
w g I 1
g{ 0'_/:_\%:/‘—
N2 ! !
—t | 1
'100 1 [ 1 [] [] ] 1 [ 1 ] 1
7 100 l d) Electric stress
I
‘B g | i
g5 O Wl [ [ LT
7]
£ | I
=100 T : T T T T T T : T T 7
I 0+ ' (e) Potential
as | |
8% s !
= |
'10 1 1 ] ] 1 ] ] [l ]
0 250

Position (um)

Fig. 3-25 Calculated charge distribution, electric field distribution and potential distribution when -8 kV is
applied to 150 pm-thick EVA.
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Fig. 3-26 Charge distribution at time variation. The bias voltage is considered to reach to its final value (- 8
kV)atOs.

To analyze the formation of space charge during continuous bias voltage application, the processes above were
applied to all the target signals. Fig. 3-26 (a) and (b) represent the results using the reference signals taken at 9.1 mHz
and 1.4 mHz, respectively. Fig. 3-26 (b) shows a slight residual space charge at the time of applying the bias voltage,
the induced charge formed on the electrode immediately after applying the voltage, and the space charge formation
process in the vicinity of the electrode.

In the profile (a), almost no space charge is seen shortly after the bias voltage reached to -8 kV. The space charge
inside the specimen started to increase from the electrode and spread inside the specimen. As time increases, the
number of space charges of positive and negative polarities within the specimen tends to be similar, so that a region
of charge density close to zero due to the cancellation of positive and negative charges occurs in the latter part of the
time axis. This result is consistent with previous experiments using EVA as a specimen [29].

On the other hand, as can be seen in profile (b), when the reference signal is taken at 1.4 mHz, both positive and

negative space charges seem to be pre-existent near the electrodes, and decrease to zero as with time. This is because
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the signal not affected by the space charge has been deconvolved by the reference signal affected by the space charge.
This suggests that the signal extracted using the low-frequency component is not suitable as a reference signal.

B. With stable space charge

Figure 3-27 shows the result of a space charge measurement and calibration using an 11 mm-thick low-density
polyethylene sample which was assumed to have a stable pre-existing space charge. The bias voltage was changed
as in diagram (I), and the signal at sampling point (a) of the acoustic waveform was extracted, as shown in diagram
(IT). The signal at sampling point (a) is affected by induced charge due to the bias voltage, as well as the counter
charge caused by space charge that exists inside the specimen. So the signal at sampling point (a) has two components,
namely, dynamic induced charge which is proportional to the bias voltage, and a stable induced charge caused by the
pre-existing space charge. As shown in diagram (IV), the imaginary component is very low through the analyzed
frequency. In addition, the trajectory was limited to a single point on the Re-axis, except for one plot at 0 mHz. For
plot at 14 mHz, where the bias voltage transition spectrum seems to be near to 0, so the frequency spectrum shows a
fluctuation, which leading a high value during the normalization. These features suggest that the space charge inside

the specimen is stable even when the bias voltage is varying.
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Fig. 3-27 Measurement results of stable space charge.

The same process as in Fig. 3-25 was performed to extract the reference signal as shown in Fig. 3-28 (b), and
compared with the signal (a) under the DC bias voltage of 10 kV. The result of deconvolution was compensated
considering acoustic attenuation depending on the depth along the specimen thickness and interpreted into charge
density distribution (c). It is seen that the specimen was positively charged along a wide range through the thickness.

As a result, the electric stress distribution (d) was not flat, and the potential distribution (e¢) was not straight.

54



Calibration Method for Space Charge Measurement of Ultra-High Voltage Insulating Systems

iy :
2~ '

> :
8E :
E a
. |
PN SR
E~ 20- i i (b) Reference

0 16
¢/ Time(us)

é‘ f 0.05 EE]ectrode Electrode !
£E o v«——‘/x
Lo - Do
= ~.0.05- ' (c) Charge density
= 0
2> : Ik
s o ' (d)Electric! stress
S :
2o 4 :
52 | :
E - 0 ; (e) Potential

-1 15
Position (mm)

Fig. 3-28 Calculated charge distribution, electric field distribution and potential distribution when -8 kV is
applied to 11 mm-thick low-density polyethylene.

C. The space charge response to bias voltage

The space charge buildup time is represented in Equation (3-24) by the relaxation time 1. In thick insulating systems
such as power cables, the space charge buildup time is expected to be longer than the order of seconds (and it is in
many cases). When the bias voltage changes, the orientation polarization with a low response frequency follows.
However, as € in Equaition (3-16) is the dielectric constant for the high frequency region of the pulsed electric field,
it is not affected by the occurrence of uniform orientation polarization with a much lower response frequency.
Therefore such polarization is not detected by the PEA method.

If the time variation of the space charge follows the time variation of the bias voltage, it becomes difficult to
separate the signal due to the space charge from the signal due to the free charge on the electrode. However, if the
change in bias voltage has a broad frequency spectrum and only the appropriate frequency components are extracted
from it and correlated with the response signal, the signal components caused by the space charge can be removed
and the signal caused by the free charge on the electrode can be extracted as a reference signal.

Figure. 3-22 (I) shows a voltage variation that can be manually applied in a high voltage laboratory and has a
frequency component up to about 100 mHz. In the figure, the characteristic frequency due to relaxation of the
dielectric response due to space charge is assumed to be 6 mHz (corresponding to 27 seconds in relaxation time),
which is sufficiently lower than 100 mHz. If the frequency at which the bias voltage is correlated with the response

signal is set to 100 mHz, a correct reference signal can be extracted because the space charge cannot follow the
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change in bias voltage. However, when this is set to 8 mHz, the space charge follows the change in bias voltage,
indicating that the correct reference signal cannot be extracted.

This relaxation time varies significantly with temperature, even for the same material. Under conditions where the
space charge relaxation time is short, for the reference signal acquisition, the bias voltage must change faster, i.c.,
have a higher frequency component.

Polarity reversal or short-circuiting the sample produces a steep time variation in the bias voltage that may be
suitable for obtaining a reference signal. However, since this can damage the sample and interfere with subsequent
testing, it is practical to manipulate the output of the high voltage power supply to vary the bias voltage. Since it takes
several tens of seconds for the voltage to stabilize in an extra-high-voltage DC power supply, experiments were
conducted to show that a reference signal can be retrieved even when assuming a rise time of that magnitude.

3.4.5 Conclusion

A method for acquiring the reference signal necessary for calibrating the space charge distribution of a specimen
whose space charge is prone to movement was studied. And the proposed frequency - resolved analysis is proved to
be feasible in a space charge moving circumstance based on both simulation and practical experiment

(1) The relationship between the bias voltage and the change in time of the response signal is analyzed with the
aid of the Fourier transform to obtain a spectrum of the response.

(2) In the low-frequency region where the space charge follows the change in bias voltage, an imaginary component
appears in the spectrum because of the delay in the response.

(3) In the high-frequency region, where the spectrum has only a real component, only the induced charge on the
electrode follows the bias voltage without delay, so this component is extracted and used as a reference signal that is
not affected by the space charge.

(4) Using this reference signal, deconvolution of the target signal yields a profile representing the charge
distribution.

(5) The methodology was explained with the aid of simulations. Experiments were conducted using thin EVA film,
in which space charge is easily changed, and a thick LDPE slab, in which space charge is stable. The distribution of
charge density, electric field, and potential were analyzed and the feasibility of the proposed methodology was
demonstrated.
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Chapter IV

Reduction of the calculation error due to noise fluctuation

During measurements of UHV DC insulation systems (e.g., full-size DC cables) by pulsed electroacoustics (PEA)
method and the calibration methods in chapter 111, the spike noise generated by the applied high-voltage pulses leads
to fluctuations in the offset and tilt of the response signal baseline, which can lead to errors in the measurement and
analysis results. For the measurement of thick specimens, it is difficult to eliminate this effect due to the small
response signal. In this chapter, method to minimize such errors will be discussed using measurement results from a

parallel plate electrode insulation system as an example.

4.1 Experiment and analysis

In solid insulating systems, mainly polymer insulation, the space charge generated in insulation materials under a
high DC electric field is one of the factors that determine the insulating performance [1]-[3]. Space charge
measurement is becoming indispensable as an evaluation method for insulating materials, and recently it has become
practical to measure space charge in full-scale extra-high voltage insulating systems such as extra-high voltage DC
cables [4].

The PEA method, which is often used as a measurement method, applies a pulse voltage to an insulation system
and detects acoustic signals generated by the interaction of space charge and electric field using a piezoelectric sensor.
For quantitative measurement, a bias voltage is applied in the absence of space charge, and calibration is performed
with reference to the acoustic signals generated from the surface charges on the electrodes. The calibration method
for 1D measurements described in IEEJ Technical Report [8]-[9] is considered correct under limited conditions, i.e.,
(1) signals generated from both electrodes and free from space charge are available and (2) the dielectric constant is
known and uniform. Regarding (1), there was a problem that a reference signal for calibration could not be obtained
for practical specimens such as cables that were internally charged at the time of acceptance due to charging history,
but this problem was generally solved by changing the bias voltage and correlating it with the response signal [10].
When the space charge follows the change in bias voltage, we proposed a method to analyze the relationship between
the bias voltage and the response signal by frequency analysis, and to take out and correlate only the high-frequency
components to the extent that the spectrum of the normalized response signal has no imaginary components [11]. The
dielectric constant in (2) is the dielectric constant in the high frequency band of the pulse voltage waveform, and it
is assumed that the frequency characteristics are flat, which is usually true for most polymer insulating materials.

Electromagnetically, the distribution of space charge, electric field, and potential in a specimen obtained as a result
of calibration are described by the Poisson equation, and if one of them is known, the other two can be calculated.
However, when the measurement results are calibrated and analyzed according to the method described in the IEEJ
technical report, discrepancies may occur between the above three parameters even after making corrections for
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acoustic attenuation and acoustic matching. Specifically, for example, results in which the electric field appears to
leak from a specimen sandwiched between parallel-plate electrodes. Although this does not seem to be a major
problem when investigating the basic properties of materials, the use of inaccurate measurement results should be
avoided as much as possible when using them as basic data for measurement and insulation design. In this chapter,
this problem is illustrated and a method is proposed to avoid it in the calibration process. For simplicity of discussion,
the measurement was considered to be applied at an acoustically uniform insulator sandwiched between parallel plate
electrodes.

Figure 4-1 illustrates the calibration of space charge using the widely practiced PEA method. When the acoustic
signal (b) generated from the left electrode is taken as the reference signal when bias and pulse voltages are applied
in the absence of space charge, and the target signal (c) is processed by deconvolution, a response signal proportional
to the space charge distribution is obtained. The previous report (10) as well as Chapter 3 shows the details of this
calculation. The reference signal is the surface charge density of V}, of/ed as the source. V}, 1o is the bias voltage
at which the reference signal is acquired, ¢ is the dielectric constant of the specimen, and d is the distance between
the electrodes. Converting time to position using sound velocity ¢ to produce a waveform representing the charge
density distribution in the specimen (in Fig. 4-1, the charge density distribution without bias voltage). Hereafter, the

reference signal is identified by “ref” and the target signal to be calibrated by “tgt” as necessary.
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Fig. 4-1 Schematic diagram of the measurement and extraction of signal corresponding to space charge.

When acoustic attenuation is not negligible, the detection sensitivity changes depending on the location of the
sound source charge, so the acoustic propagation parameters are obtained and corrected by comparing the signals
generated by the electrodes on both sides in the reference signal to obtain the spatial charge distribution p(x) in the

specimen. X is the position in the thickness direction, x = ct, t is time. The charge distribution obtained is
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integrated in the thickness direction to obtain the electric field distribution, which is further integrated to obtain the

electric potential distribution in the specimen.

E(x) =17, p(x)dx (4-1)
V(x) = — [ E(x)dx (4-2)

These are described in detail in the IEEJ Technical Report [8]-[9]. Since the specimen is sandwiched between
electrodes and there are no lines of electric force entering or leaving the sample system, the electric field outside the
electrodes should be zero and the potential difference between the electrodes should match the applied bias voltage,
but this condition is not met in some previous published papers, for example, a finite electric field seems to be
generated outside the electrodes. In the following, the experimental results for explanation and discussion of possible
solutions are shown.

4.2 Measurement cell

Figure 4-2 shows the measurement system for a low-density polyethylene plate 11 mm thick. An acoustic coupling
material with an acoustic impedance close to that of the specimen and a metallic backing material are used [10]. The
pulse voltage applied to the sample was about 1 kV with a width of 400 ns, and the polarity of the applied voltage
was defined on the upper electrode side.

The bias voltage feed line is a 50 Q coaxial cable, which is open stub for the pulse voltage, but functions as a
coupling capacitor of approximately 300 pF because of its short propagation distance of approximately 80 m, which
corresponds to the pulse width. The pulse feed line was 75 Q to match the output impedance of the pulse generator.
The electrode on the side away from the piezoelectric sensor (110 um-thick polyvinylidene fluoride (PVDF)) was
made of the same polyethylene plate as the specimen with a thin electrode attached to it to ensure acoustic matching,

so no acoustic signal reflection occurs in this area.
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Fig. 4-2 Measurement system and equivalent electric circuit.

PS: polystyrene, PE: polyethylene, PVDF: polyvinylidene fluoride.

4.3 Analysis overview and calculation error due to baseline fluctuation
Figure 4-3(a) shows a reference waveform obtained by varying the bias voltage for a short time and correlating it

with the variation component of the response waveform, which equivalently shows the response waveform when
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there is no space charge. The method of acquiring this waveform is described in detail in a previous report [10].
Hereafter, the intensity of the directly measured signal is indicated in pV as the value converted to the piezoelectric
sensor output. From this waveform, the signal whose source is the left electrode (the lower electrode in Fig. 4-2) is
extracted as the reference waveform sy(x,,t), which represents the transfer function of the measurement system,
and the target signal is deconvolved. This process is defined as the first type of deconvolution processing in the PEA

method for convenience, and the obtained signal is denoted as s; (t).

Sl_ref(tk) =IFT FT (5o (Xo,t1)) (4 3)
FT and IFT represent Fourier transforms and inverse transforms, respectively. However, for obtaining stable results,
the numerical Laplace deconvolution was applied in this process [12]. From the obtained waveforms, the signals
whose sources are the electrodes on both sides were extracted, and the acoustic propagation characteristics y(w) =

a(w) + jw/c(w) are calculated.

— —v(wp) — FTi1(Xenti)} )
51 (xel’ wk) =¢ * FT{s1(xeo,ti)} (4-4)

Xqo and x.q are the left and right electrode positions, and w 1is the angular frequency. The transfer function from
each point x; to the left electrode (thinned out in Fig. 4-3(c)) is
hir(xj, ti) = IFT[e 7V (%) = xe0) / (Xe1 — Xeo)] (4-5)
The deconvolution process using this transfer matrix is defined as the second type of deconvolution process for

convenience, and the resulting signal is denoted as s, (x;).

(51(t1)> (hll hm1> s2(x1)
: =S, = -~ : ( : ) = HS, (4-6)
S1 (tn) hnl hmn S2 (xm)

The estimate of s,(x;) by the least squares method is
S, = (HTH)'H"S," (4-7)

Figure 4-3(d) shows the result of these deconvolution processes on the waveform sg ;¢ When there is no space
charge, and the charges of the electrodes on both sides are displayed with the same magnitude.

Figure 4-4 shows the converting result of the signal (a), which includes the effect of space charge, into the
distribution of charge density, electric field, and electric potential by deconvolution processing using the transfer
function of the measurement system and the transfer matrix of the specimen system obtained in Fig. 4-3. In Fig. 4-
4(c), a positive space charge, which seems to have been generated at the time of specimen preparation, is observed
spread over the entire area. This charge was found to be stable for more than three years. The charge on the electrode
is a surface charge, but the measurement results have a certain spread because high-frequency components are usually
removed by a Gaussian filter or the like. However, the problem in this chapter refers to the electric field component
(arrowed area in Fig. 4-4(d)) that appears to be generated further outside of the surface charge. The integrated

potential distribution (e) appears as if a potential distribution is generated within the electrode.
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Vp_tgt = —7.5 KV. Intensity in pV is input equivalent of the amplifier (piezo-sensor output).

Among the possible noise factors, high-frequency noise is considered to be mainly due to electromagnetic noise
received from the outside and thermal noise of the amplifier, and since it is uncorrelated with the response signal, it
can be reduced by averaging the waveforms. On the other hand, baseline offset and tilt are mainly due to spike noise
caused by high-voltage pulses, and continue until the saturated amplifier output recovers due to overvoltage input,
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affecting the measurement results as the offset and tilt of the response signal. Since this noise has a strong correlation
with the response signal, it cannot be reduced by additive averaging of waveforms. This effect remains as the same
offset and slope after the deconvolution process. Figure 4-5 defines the offset and tilt within the time window of the
signal measurement. x; and Xxp are the positions corresponding to the two ends of the time window of the analysis,
converted from time based on sound velocity, and s, (x) is the signal representing the true charge density distribution.
When the specimen is thick, the response signal is small and over a wide time domain, so the offset and tilt effects
are relatively large. When calculating the electric field and potential, the integration of Equations (4-1) and (4-2) is

performed along the time axis, so the error propagates backward and becomes apparent.
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Fig. 4-5 Definition of (a) offset and (b) tilt of the baseline.

4.4 Measurement of the baseline fluctuation

Figure 4-6(a) shows the noise of the system measured prior to the space charge measurement. For this measurement,
a small gap as thin as less 1 mm has been voluntarily set between the specimen and the acoustic coupler, to prevent
any signal from the specimen.. Therefore, all the signals in this case could be recognized as noises. During signal
acquisition, the acoustic signal is superimposed on this baseline. In (b), the offset and tilt are calculated from this
waveform, and their time trends are displayed every 20 seconds. The tilt is converted to the difference between the
values on both sides (t; and tg) of the time window of analysis and displayed. In this measurement example, the
offset fluctuates about 1% and the tile fluctuates up to about 2% with respect to the signal intensity (sensor output
equivalent of about 5 pV) during the space charge measurement described below. (d) is the spectrum of the slope
variation, which shows that long-period variations reaching several mHz are included.

This degree of baseline and its variation does not introduce a large error in the charge distribution, but it does
introduce a non-negligible error as it is integrated along the time axis in the process of calculating the electric field
and potential. The reference signal also has a baseline offset and tilt, but this effect can be cancelled if the reference
waveform is obtained by correlating the change in response when the bias voltage is varied. The baseline of the target
signal is considered to vary during the measurement.

Figure 4-7 shows the results of 10 measurement analyzes under the same conditions as in Fig. 4-4, calculated from
waveforms continuously acquired every 20 seconds. The charge density distribution is relatively uniform, but the

electric field and potential distributions vary widely.
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4.5 Recovery
The waveform s, (xj), obtained as a signal representing the charge distribution after the first and second type
deconvolution process, and is done by Taylor Expansion around the leftmost x; (x; in the continuous system

display) as,

s2(x;) = s,(x1) + ax + 52’(?1) (4-8)
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The leftmost value s,(x;) is the offset. a is the tilt of the baseline. s, (xj) is the correction value excluding the

effect of the baseline and is proportional to the charge density, so integrating from the leftmost x; to the rightmost
X, Wwill be zero at the right end according to Gaussian law. And based on
271:1 Sz(x]) = Z;'n=1{52 (xj) —s(xq) — axj} =0 (49
1
Ea(xm—xl)z = 25'11{52 (xj) -5 (x1)} (4-10)

a and s;(—aa) are obtained. Expressing the charge density as p(x) = Ks,(x) (shown in a continuous system for
consistency with Equations (4-1) and (4-2)),

E() =K [} s;()dx (4-11)
V(xg) = — f;LRE(x)dx =V, (4-12)

where V;, is the bias voltage at waveform acquisition. Numerically integrating s,(x) to obtain K yields the charge

density Ks,(x), which is integrated to obtain the electric field distribution E(x) and potential distribution V(x).
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The results of the above recovery are shown in Fig. 4-8. The waveforms used in the analysis are the same as those
in Fig. 4-5, but there is almost no variation in the charge density, electric field, and potential distribution. The fact
that the electric field is zero and the electric potential is equal to the applied voltage at the right end is a natural result
of such recovery, but there is no variation in the distribution within the specimen, indicating that the analysis is stable.

However, this method is less accurate when the bias voltage is low, and when V, = 0, the condition is
indeterminate and K is not determined. Therefore, from s, ref(x) + 55 g¢(x), which is the sum of s, ref(x) and
sz_tgt(x), the result of deconvolution of the reference and target signals, we obtain Sz_ref(xmz_tgt(x) after
recovery for offset and tilt, which represents the charge distribution when the bias voltage Vj, ver + Vi tgr 18
superimposed. According to

E(x) = Kif;{sz_ref(xmz_tgt(x)}dx (4-13)
Vixg) = = [["E()dx = Vo rer + Voo~ (4-14)
the coefficient K can be obtained. By subtracting the charge distribution corresponding to the reference waveform

(charge only on the electrode) from the obtained charge distribution, the charge distribution can be obtained when
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the bias voltage V}, ¢ is applied. The electric field and potential distribution also follow this procedure. When the
voltage polarity of the reference waveform and the target waveform are different, the polarity of either reference
signal and the bias voltage is reversed, and the sum of the both voltages is considered as the actual applied voltage
and is brought into analysis.

Figure 4-9 illustrates the analyzing process. The bias voltages at the reference and target waveform acquisition are
-7.5 kV and 0 kV, respectively. The electric field distribution obtained by applying baseline recovery to (a-3), which
is the result of adding (a-1) and (a-2), which are the result of inverse superimposition of the first and second types of
each waveform, is shown in (b-1). Since it represents the distribution when a bias voltage of -7.5 kV is applied to the
specimen, the electric field distribution due to space charge when the bias voltage is 0 kV is obtained by subtracting
the electric field distribution (b-2) acquired from the reference waveform. Space charge density distribution and
electric potential distribution can also be calculated in a similar way.

Figure 10 shows an analysis of the results of 5 measurements made every 20 seconds with the bias voltage set to
zero, followed by 5 similar measurements made with the bias voltage set to -7.5 kV, which shows stable results for

space charge density, electric field, and potential.

g@ 0.057 o (a-2)Reference

= _ D

ﬁéi 0 —%“'1) \/1(a-3)Added

= - arget |/ (a)Deconvolution
-0.016 17

Time (pus)

g 10 O DReference [T =T

z g i ‘ =

E‘S (b-1)Added

S50 (bl—3)Slubtr;1cte(|1 (b) ]:Ilectric stress

0 . 16
Position (mm)

Fig. 4-9 Process for a signal acquired without bias voltage.

B 0.037 ! Vige = —7.5 kv {-(a) Charge intensity
1

EE ] .\Vfgf:UkVM
— -003 T T 1 1 1 1 1 1 1] 1 1
2E Vg = 75KV !
< -

! H
Ei 1 Vigr = 0KV ~(D) Electric stress|
=i -1.5-% 1 T T T T T T ] o
é"__\ 5 Vtglt =0kv (c) Potential
£z i
Q2 | i
2= 1 Vg =-75kv :
= -1.5 T t T T T T T T T T

0 o 11
Position (mm)

Fig. 4-10 Distributions of (a) charge density, (b)electric stress and (c) potential at 0 and -7.5 kV of bias voltages.

4.6 Investigation

As the author's goal is to accurately measure space charge in thick insulation systems such as ultra high-voltage
cables and joints, and especially to evaluate the maximum electric field, which is problematic in insulation design. It
is assumed that baseline fluctuations due to spike noise, which are treated in this chapter, especially affect the electric
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field distribution and have been an obstacle to accurate electric field calculations even in measurements of thin-leaf
specimens where sufficient S/N ratio can be obtained. As a result, there are cases where the electric field leaks outside
the right electrode in this paper (i.e., the electric field does not converge to zero away from the electrode interface)
even after recovery for acoustic propagation. This violates Gaussian Law and is expected to cause errors in the
calculation of the internal electric field as well.

As the specimen becomes thicker, the pulsed electric field tends to decrease, resulting in a lower S/N ratio, and the
effect of baseline fluctuations becomes more significant. Fluctuations of 1-2% of the signal intensity measured in this
chapter do not significantly affect the results of charge distribution calculations, but will introduce large errors in the
field and potential distributions with thickness integration. According to Gaussian Law and the known applied voltage,
it is considered to be available to do the analysis without the influence of baseline fluctuations based on the recovery.
The previously reported reference signal acquisition method, in which a disturbance is applied to the bias voltage to
obtain a correlation with the response signal, provides the shape of the impulse response (transfer function) of the
measurement system at an arbitrary time during the measurement. The calibration method proposed in this chapter
also takes into account the baseline information of the target signal, and in combination with the reference waveform
acquisition method described above, it should be possible to deal with fluctuations in the measurement system,
including the impulse response.

In this chapter, it was assumed that a perfectly acoustically matched system at the electrode interface on the far
side from the piezoelectric sensor. In an ultra-high voltage power cable, there is no need to compensate for acoustic
mismatch at this interface because there is a semiconducting layer inside the insulating layer that is almost
acoustically identical to the insulating layer. However, if there is a metal electrode, which has different coefficients
converted from charge density to acoustic signals at the top and bottom electrodes shown in Fig. 4-2, the recovery is
necessary. Several methods have been proposed to compensate for known acoustic properties [13], but the quality of
the analysis results is not sufficient, so the investigation for a method to extract acoustic property values directly from
the reference signal has been made in this chapter. For temperature distribution in the insulation, it is possible to
perform the compensation by referring to previous reports such as Morita et al.'s report on full-scale power cables
[14].

4.7 Summary

In space charge measurements using the pulsed electroacoustic method on full-scale ultra high-voltage insulating
systems, a method to display as accurately as possible the distribution of charge density, electric field, and electric
potential was investigated. Although the thicker the specimen, the higher sensitive the measurement is necessary, it
is shown by an actual example that non-negligible time fluctuations occur in the offset and tilt of the baseline of the
acquired waveforms. In response to this, a method of correcting the signal to the extent that a contradiction with
electromagnetism can be avoided was proposed, and its validity has been demonstrated through experiments.
Combined with the reference waveform acquisition method described in the previous chapter, a relatively stable
analysis was achieved, and the effectiveness of this method will be confirmed by applying it to measurements of full-

scale ultra-high-voltage cables.
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Chapter V

Demonstration measurement using 66 kV-class cable

In quantitative analyses using PEA method, a bias voltage is applied to a specimen without space charge and the
signal generated by the electrodes only is considered as a reference waveform for calibration [1]. However, many
full-size UHV insulation systems already contain space charge [2]. Therefore, in previous published paper (as well
as in chapter 3), a way has been proposed to correlate the bias voltage with the response signal fluctuations to obtain
a signal equivalent to the space-charge-free state [3].

For deconvolution, the signal generated by the electrodes when a bias voltage is applied to the specimen with no
space charge. When there is a pre-existing space charge, the differential waveform of the response of different bias
voltages can be used as an alternative reference signal. However, under high-temperature conditions, changes in
space charge may appear within a few minutes after the bias voltage is applied, whereas voltage sources for ultra-
high-voltage testing may take several minutes to change the voltage, and there is concern that the space charge may
change during this time and the correct reference signal may not be obtained.

Therefore, the variations of bias voltage and response signal were decomposed into spectra and extracted reference
waveforms based on the correlation, in a frequency range suitable for analysis [4]. This chapter presents the results
of analyses of actual measurements using cross-linked polyethylene cables with an insulation thickness of 10 mm.

The measurements were carried out at room temperature and at high temperature (conductor temperature 90°C).

5.1 Calibration method schematic

The upper portion of Figure 1 shows a space charge measurement on a parallel plate electrode system. For a
specimen with a voltage imprinted history or thermal history, the space charge may be present prior to the application
of a bias voltage. When a pulsed voltage is superimposed, the interaction between the charge and the pulsed electric
field produces an acoustic pressure that is measured by a piezoelectric sensor. The acoustic pressure indicates the
charge density and the propagation delay time indicates the charge position. The charge induced on the electrodes is
a surface charge, and the signal from the electrodes close to the piezoelectric sensor represents the transfer function
(impulse response) of the measurement system, so that deconvolution can be performed with reference to this signal
to recover the charge distribution. Here, the signal obtained from the single side electrode as the source when there
is no space charge is defined as the reference signal and the extraction method is discussed. For details, see references
[3]-[4].

When the bias voltage varies, the acoustic signal fluctuates accordingly. For example, the main components of the
signal at sampling points (a) and (c) in Fig. 5-1 correspond to the induced charge on the electrodes caused by the bias
voltage and the space charge inside the specimen. The bias voltage fluctuates on the order of milliseconds to seconds,
and the acoustic signal is sampled at intervals on the order of nanoseconds to microseconds. If the space charge is
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stable, this signal component is proportional to the change in bias voltage (with a constant offset), but if the space
charge fluctuates with the bias voltage, the signal component due to the induced charge lags behind the change in
bias voltage. The signal at sampling point (b) comes mainly from the space charge. If the space charge fluctuates
with the change in bias voltage, this signal component will also be delayed with the change in bias voltage. When the
variation of the acoustic signal in the frequency domain is normalized by the variation of the bias voltage, the
trajectory of the signal component associated with the space charge takes on a shape close to a semicircle in the
complex plane. No imaginary component appears on the high-frequency side of the trajectory, which indicates that
signal component from this region follows the bias voltage without any time delay, and therefore it can be considered

as unaffected by the space charge. Extraction of this component yields a reference signal.
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Fig. 5-1 Illustration of the analysis.

5.2 Experiment method

AC cross-linked polyethylene cables with an insulation thickness of 10 mm and a conductor radius of about 9.5
mm (including the internal semi-conductive electrodes) were used as test material. As shown in Fig. 5-2, the
measurement loop was configured with a measurement loop and a dummy loop and the two loops were heated
equivalently using a current transformer at currents up to 1500 A. the dummy loop was not applied with the DC
voltage in order to monitor the temperature of the conductor by using a thermocouple. The temperature of conductor
was maintained either at room temperature or 90 C referring to the conductor temperature of dummy loop. The
measurement loop was fitted with a temperature sensor only on the surface, whereas the dummy loop was fitted with
a temperature sensor on the inner layer of the conductor in addition to the surface. Under high-temperature
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measurement conditions, the temperature was controlled by directly detecting the conductor temperature of the
dummy loop, which is assumed to be equal to the conductor temperature of the measurement loop [5]. The acoustic
signals were detected by piezoelectric transducer through an amplifier and electro-optical converter with a bandwidth
from DC to 10 MHz. In the experiment, the bias voltage and acoustic waveforms were recorded simultaneously while
the bias voltage was varied. The measurements were carried out at room temperature and at a conductor temperature

of 90 °C.
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Fig. 5-2 Overview of experimental method.

5.3 Result and analysis
5.3.190°C

Figure 5-3 shows a bias voltage with a finite rise time applied at a conductor temperature of 90°C and its
corresponding acoustic signals. The bias voltage (I) records 250 points every 2 seconds. The number of the
corresponding response signals (III) is also 250, but the waveforms have been thinned out for ease of reading. Figure
(IT) shows the signal intensity at sampling points (a) and (b) near the electrodes. The specimen has a charging history
and preliminary measurements indicate that a stable space charge already exists at the time of reception, and this can
explain the offset appear in the figure (II) before the voltage application. The offset of the signal represents that the
space charge was already existent when the measurement has been started. Since this component is independent of
the bias voltage change, frequency analysis is performed after removing this component from the response signal.

Under this temperature conditions, space charge is generated and moves with the application of the bias voltage.
At the sampling point (a), corresponding to the inner electrode, an imaginary component can be observed in the
normalized spectrum and appears as a trajectory close to a semicircle. Since it is not an exact semicircle, the dielectric
spectrum is treated as a multiple relaxation system.

The temporal variation of space charge is more pronounced on the side of the inner electrode where the temperature
is higher and the electric field is stronger, which is thought to be due to the complex space charge polarization that

occurs. This means that the polarization cannot be described by a single relaxation, but given that the space charge
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change in an insulator is always slower than the change in the bias voltage, it is possible to extract a reference signal
from a band with no imaginary component on its high-frequency range, regardless of the shape of the semicircle.
Above a frequency of about 7 mHz, there is almost no imaginary component, indicating that the fluctuations of the
space charge do not follow the fluctuations of the bias voltage in this frequency range. The trajectory of the sampling
point (b) on the side of the external electrode is almost centered on a single point and has almost no imaginary

component. This indicates that the space charge fluctuations occur mainly on the side close to the inner electrode.
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Fig. 5-3 Measurement results at conductor temperature 90°C.
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Fig. 5-4 Extracted calibration signals.
(a): components above 10 mHz are used; (b): components at 1 mHz are used.

Measurement results at conductor temperature of 90°C.

The signal reconstructed by averaging the normalized spectral intensities from 9 mHz to 10 mHz, where the
frequency is relatively high, is shown in Fig 5-4(a). The reconstructed signal (b), based on the normalized spectral
intensity at 1 mHz, is affected by space charge and shows a different shape from (a). This signal is not appropriate as
a reference signal.

A schematic of the deconvolution process is shown in Fig. 5-5 [6]. S s representing the signal obtained by the
above correlation algorithm. The signal Sy(7,,t) on the left side of the reference signal Sy ...y shown in (a) can be
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considered as the induced charge generated on the left (outer) electrode surface by the bias voltage, so the signal
S1 rey shown in (b) is obtained when the whole system is deconvolved with this as the impulse response (transfer
function) of the system. Comparing S;(1,,t) and S;(r;,t), corresponding to the charges on the external and internal
electrodes respectively, the frequency dependence of the sound velocity dispersion and acoustic attenuation over the
specimen thickness can be determined. Note that S;(r;,t) is the component from the inner electrode and was
inversed into positive value to fit the calculation. This is interpolated to obtain the transfer function of the signal from
the source at each point in the insulation layer to the electrode outside the sensor. These are enumerated to form the
transfer matrix (c). The representation in diagram (c) is thinned out for clarity. The reconstructed signal (d) based on
the transfer matrix represents the charge distribution. As the reference signal is not affected by space charge, signal

(d) is a Laplace solution showing only the charges on the electrodes.
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Fig. 5-5 Correction of acoustic signal propagation in the measurement and specimen system.

Figure 5-6 shows the result of using this transfer matrix for the signal (a) obtained after applying a 90 kV bias
voltage for about 300 seconds. In the region of higher temperature, near the inner electrode, space charge of the same
polarity (positive) is observed. Therefore, the electric field on the inner electrode side (d) is much lower than the
Laplace solution. The slight positive charge on the outer electrode side was observed before the bias voltage was
applied and is presumed to be a space charge stabilized by the charging history of the specimen.

At a conductor temperature of 90°C, the insulator has a temperature distribution and the acoustic characteristics
vary with the distance from the center. Since the signal on the inner electrode side is the integral of this transfer
function over the entire thickness of the insulator, it is necessary to correct for the temperature dependence of the
acoustic properties to obtain an accurate transfer matrix [5]. Although this correction has not yet been made, the
transfer functions of the signals originating from the bilateral electrode positions have been calculated, and since they
are constrained (i.e., the transfer functions corresponding to the start and end points of the transfer matrix), the results

calculated assuming uniformity of the acoustic properties (i.e., the results obtained in this report) do not differ
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significantly from those obtained by taking into account the temperature dependence. This will be discussed in more

detail in the future.
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Fig. 5-6 Calculated results of charge, electric field and potential distributions at 90°C conductor temperature.
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Fig. 5-7 Time variation of charge distribution when conductor temperature is 90°C and 90 kV is applied to the

conductor. The bias voltage is considered to reach to its final value (90 kV) at 0 s.

Figure. 5-7 shows the change in time of the charge distribution after the bias voltage reached 90 kV, with the
process of space charge formation starting from the warmer side of the inner electrode evident. It can also be seen

that a stable space charge exists on the left side of the figure.
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5.3.2 Ambient

Figure 5-8 shows the measurement results at room temperature (no loop current). The spectrum of the transition at

points (a) and (b), which correspond to the electrode position, normalized by the transition of the bias voltage shows

that almost no imaginary components are observed over a wide frequency range at any sampling point. This indicates

that the intrinsic space charge is very stable and no new space charge is generated regardless of the bias voltage.
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Fig. 5-8 Measurement results at ambient conductor temperature.

Under such conditions, the signal extracted from any frequency component is the same and can be used as a

reference signal. The noise can sometimes be reduced by extracting an average signal weighted by spectral intensity.

Figure 5-9 shows the results of charge and electric field distribution calculations based on the reference signal

obtained, using a process similar to that shown in Fig. 5-5 and 5-6. The signals obtained immediately after the bias

voltage reaches 90 kV and 240 seconds later are completely identical (Fig. 5-9 (a)), and the charge and field

distributions are unchanged. The slight positive charge seen on the left side was generated by the history of voltage

application before the specimen was received and remained stable.
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Fig. 5-9 Calculated results of charge, electric field and potential distributions at ambient conductor temperature.

5.4 Summary

Assuming a situation in which space charge tends to move in space charge measurement by the pulsed
electroacoustic method, a method for acquiring a reference signal that is not affected by space charge, which is
necessary for calibration, was studied.

While changing the bias voltage, the voltage and the response signal by the pulse electroacoustic method are
sequentially acquired. When the space charge fluctuates in response to changes in the bias voltage, there is a delay in
the response. When the spectrum of the response variation is normalized by the spectrum of the bias variation, a
frequency trajectory similar to a semicircle associated with space-charge polarization is drawn.

In the frequency region where there is no imaginary component on the high-frequency side of the semicircle, the
space charge fluctuation does not follow the bias voltage fluctuation, so the frequency component represents only the
induced charge on the electrode caused by the bias voltage. It is extracted and used as the reference signal.

Using a cable specimen with an insulation thickness of 10 mm, measurements were made at room temperature,
where there is almost no movement of space charge, and at conductor temperature of 90°C, where the space charge
moves relatively quickly, to show that the above calibration method is applicable.
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Chapter VI

Engineering Application Development

In this chapter, an overall summary of the research work is given. Further, an outlook for future research will be
described.

6.1 Summary

In the following, the thesis work is summarized.

The main objective of space charge measurements in insulators is to observe charge behavior, while measuring
and analyzing the spatial distribution and temporal variation of the resulting charge density is the most important
focus of attention. The samples for space charge measurement experiments are mainly in the form of thin films with

the aim of evaluating the fundamental properties of the material.

In the design of insulating systems, the maximum value of the electric field distribution distorted by space charge
cannot exceed the maximum electric field allowed for practical insulating systems at high or very high voltages, but
calculations based on the assumption of temperature dependence of the electric field and conductivity have been the
main method of evaluation so far. Most researchers in prior studies have utilized measurements of thin film samples
for their calculations, but it is difficult to obtain reliable results by applying thin film measurements directly to thick
insulating systems because the similarity law is usually not valid for insulating systems. The author has therefore
constructed devices capable of making direct measurements on materials with thicknesses similar to those of actual

insulating systems by using polymer acoustic coupler with a metallic material as a backing.

And for a single test material that has been internally charged during the manufacturing process, lock-in calibration
method is proposed that allows space charge measurements to be made even if there is only one sample. This method

can be used to measure extra-high voltage insulation systems with charge histories.

In addition, the accuracy of the measurement is degraded due to the possibility that the distribution of space charge
may change during the process before the varying measurement voltage reaches a stabilized state in real high-voltage
insulation systems. In this regard, in this study, we have proposed the waveform correlation method to obtain the
reference signal required for calibration by simply varying the bias voltage over time, which is calibrated by varying
the bias voltage and correlating it with the change in the acoustic signal. By obtaining the reference signal after
removing the effects of space charge and Maxwell stress, the distributions of charge, electric field and potential can
be calibrated. Even with ultra-high voltage source biasing, no additional data sampling functions are required. In
addition, the calibration signal can be acquired without changing the sample and measurement system conditions,

even if the temperature distribution changes or a charging history exists.

Therefore, in this study, we propose the waveform correlation method, which can be used to obtain the reference
signal required for calibration by simply varying the bias voltage over time, is calibrated by varying the bias voltage

and correlating it with changes in the acoustic signal. Obtaining the reference signal after removing the effects of

80



Calibration Method for Space Charge Measurement of Ultra-High Voltage Insulating Systems

space charge and Maxwell stresses makes it possible to calibrate the distribution of charge, electric field and potential.
No additional functions are required for data sampling, even when an ultra-high voltage source bias is used. In
addition, even if the temperature distribution changes or a charging history exists, calibration signals can be acquired

without changing the conditions of the sample and the measurement system.

Meanwhile, the time variation of space charge cannot be neglected in real insulating systems. Due to various factors
such as the application of high-voltage DC field and high temperature, the condition of rapid movement of space
charge with changing voltage occurs from time to time. Considering the situation, the author propose a frequency-
resolved analysis method, which enables measurements in the case of space charge movement through simulations
and practical experiments. In this method, the relationship between the bias voltage and the response signal change
time is analyzed by Fourier transform to obtain the response spectrum. In the low-frequency region, an imaginary
part of the spectrum appears due to the delay of the space charge with the bias voltage, whereas in the high-frequency
region, the spectrum contains only the real part, indicating that the induced charge on the electrodes varies with the
bias voltage without any delay. This reference signal is used to deconvolve the target signal to obtain a profile of the

charge distribution.

It is also shown that in thick insulated systems, the charge density is integrated along the thickness direction when
determining the electric field distribution, and therefore the computational errors propagate backwards, leading to
large errors. In particular, it is noted that baseline and sensitivity fluctuations are not a major problem in thin-film
measurements, but cause large errors in the electric field distribution in thick insulators, and therefore a method is

proposed to address this problem with electromagnetically consistent calibration.

The method proposed above allows multiple calibrations to be performed at any time by applying small
perturbations to the bias voltage as required, even when the signal transmission characteristics in the sample change
during long-term pre-qualification tests (mainly due to temperature variations), so that accurate calibration can be
performed at any stage during the test. This makes it possible to obtain an accurate electric field distribution at any

stage of the test. This has been verified in experiments using power cables.

6.2 Engineering Applications

In the future outlook of the master's thesis, the researcher suggests that the future direction of research will be the
size and complexity of insulators. Space charge measurements close to the actual full size of solid insulators have
become a reality through the Ph.D. program phase of the research. As for the measurement of space charge
distribution of insulating materials in cables, researchers in the same field have proposed the use of polymer materials
as a sound coupler in the measurement system, and have fabricated devices that can be used for actual measurements
[1]. Meanwhile, for actual cable under different voltage conditions for long periods of time in high-temperature
environments, measurements of AC cross-linked polyethylene cables with an insulation thickness of 10 mm have
also been obtained through a joint study with the Central Research Institute of Electric Power Industry, the
experimental setup and conditions are shown in Fig. 6-1 [2]. However, there are still several pressing problems, as
follows.

1. The upgrading of high-voltage insulation systems requires an in-depth study of various parameters of the
insulation material, for which higher accuracy measurements of actual cables are required. The current proposal's

correction method, which already allows for electromagnetic consistent calibration, does not yet provide an accurate
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assessment of accuracy, which will need to be evaluated when the measurement analysis method is proposed as a
standard.

2. At present, there is still a lack of standardized specimen for high-voltage insulation systems, i.e., “touchstones”
against which other materials can be compared and evaluated by means of their measurement data. To find or produce
such standard materials, a sufficient wealth of measurement data is required. At the same time, there is a demand for
more accurate corrective methods and reliable measurement systems.

3. Most of the results obtained by the calibration method proposed and the measurement equipment constructed in
the PhD project were obtained in a laboratory environment. In order to use the proposed correction method as an
international standard measurement method, it is necessary to develop standard samples with known intrinsic space
charge distributions and to carry out a comparison activity of the measurement results, i.e. a round robin test, at
various institutes as part of the process.

4. At the same time, to ensure that the proposed space charge measurement device can be adapted to the needs of
actual field measurements, further modifications to the carrier material of the device are needed to achieve portability,
sensitivity and accuracy. The combination of polymer material and air layer used in this paper basically realizes the
miniaturization of the measurement device while ensuring the sensitivity of the measurement signal. However, the
large oscillation of the signal in the structure inevitably results in the loss of the low-frequency components required
for signal analysis and processing. Therefore, as a future research direction, it is necessary to conduct the necessary
research toward realizing miniaturization of the measurement device while using metallic backing materials.

The aim of this study is to achieve quality assurance testing of, for example, extra-high voltage DC power cables
by means of a proposed measurement analysis method. The measurement analysis method is flexible and allows
calibration by applying slight disturbances to the bias voltage at any time during the test, thus ensuring the accuracy
and reliability of the test results. The strategy of monitoring quality changes during actual operation was therefore
also found to be practical. The sampling technique used in the measurements, on the other hand, can provide a strong
support for the continuous monitoring of high-voltage insulation systems.

In addition to this, the potential for application of the research in the field of engineering is extensive.

Firstly, CRIEPI plans to build a long-term current test system that continuously monitors the electric field in order
to track the performance of UHV DC cables in real time. In addition, 2D and 3D measurement techniques of space
charge will be used to analyze cable connections, power electronics, etc., helping to gain a deeper understanding of
their operating conditions. The introduction of charge microscopy will make it possible to measure the electric field
around ultra-thin and ultra-small printed circuits, thus providing important data to support the development of micro-
electronic devices.

In addition, for practical oil-immersed insulation systems, such as high-viscosity oil-immersed insulated cables,
electric field measurements will be able to be monitored with high sensitivity in environments with high acoustic
attenuation. The realization of this capability will depend on further improvements in measurement and analysis
systems. The development of government standards for measurement and analysis methods is being undertaken in
the IEEE DEIS Technical Committee ‘High Voltage DC Cable Systems (Cables, joints and terminations)’to ensure
that the technology is standardized and scientifically sound. This series of research and practice will provide an
important guarantee of safety and efficiency in the field of power transmission.
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Fig. 6-1 The experimental setup and conditions of actual cable.
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