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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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