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ABSTRACT

This paper presents the design and calibration method of an improved pulsed electroacoustic (PEA) system for space charge measurements,
including a novel nanosecond pulse generator and an improved electrode system, which can be used under various temperatures and arbitrary
waveform voltages. The measurement principle of the PEA system is first analyzed, and the calibration method for the applied voltage is
proposed to solve the problem of waveform distortion caused by voltages with different frequency components. For the pulse generator, the
main parameters of output pulses are an amplitude of ~700 V, a full width of 4.6 ns, a jitter of 0.24 ns, and a repetition rate of 10 kHz on
the 50 Q load. For the electrode system, the flexible upper electrode design is first introduced to achieve consistently close contact between
the sample and the electrode. Besides, the hybrid heating method and the replaceable coupling capacitor and high voltage electrode head are
adopted. Space charge measurements are conducted at different conditions using this PEA system, which includes different temperatures and
different voltage waveforms. The experimental results verify the effectiveness of the calibration method and the feasibility of the improved

PEA system.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5113693

. INTRODUCTION

High voltage direct current (HVDC) systems have many irre-
placeable advantages, such as higher stability, lower loss, and more
economy compared to high voltage alternating current (HVAC)
systems.'” Many pieces of equipment in the HVDC system oper-
ate at very complicated conditions, which includes high temper-
atures, AC-DC combined voltages, and even high frequency har-
monic waves.” ° Understanding the space charge characteristics of
the insulation materials under these special circumstances is critical
to the prevention of field distortion and potential damage to the elec-
trical equipment.” ’ Therefore, the precise measurement of charge
dynamics inside insulation materials at different temperatures with
complex waveform voltages applied is very necessary.

The pulsed electroacoustic (PEA) method was first proposed
by Takada in 1983 and has become widely used for space charge
measurements in insulation materials. The basic principle is as fol-
lows: with the excitation of an impulse voltage, the charges inside

the sample are stimulated and an acoustic wave is generated, which
can be detected and converted into electrical signals by a piezo-
electric sensor. By analyzing the electrical signals, the distribu-
tion of space charges inside the sample can be obtained.'”'" Mea-
surements were usually carried out on plate samples or cables at
room temperature and under DC voltages.'”'* Efforts have been
made to develop PEA systems that are suitable for different occa-
sions and a significant improvement has been made. On the one
hand, to enlarge the temperature scope, band heaters were placed
around the test cavity or the test cavity was placed in an oven for
heating.'”'® Then, space charge measurements under a tempera-
ture gradient were realized by adopting a double-circulating-bath
design.'” " Even though a stable temperature environment can be
achieved, the efficiency of heating could be further increased. On the
other hand, for measurements under AC voltages, two factors need
to be taken into consideration, which are the measurement of charge
profiles at different phase angles and the phase synchronization
between the stimulating pulses and the applied voltage, respectively.
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At first, pulses were only applied to the sample at a certain phase
angle in each test due to the relatively low repetition rate of the
pulse generator.”’ Then, the pulse repetition rate was increased to
3 kHz and the eclipse system was adopted to increase the data acqui-
sition speed.”’ The automatic equal phase shift principle was also
proposed to obtain charge profiles at more phase angles through
measurements in more cycles.”” To obtain a higher phase resolution
in one cycle, pulse generators with a higher repetition rate should
be developed.”” *’ Besides, similar phenomena, such as the unsyn-
chronized influence charge density and the applied voltage, were
observed in many AC space charge experiments while the reasons
were not clear. In these tests, the deviation of phase angle ranged
from 15° to 50°, which increased with the increasing frequency.
Apart from the explanations in the papers, like the influence of
injected charges, it is important to note that the equivalent elec-
tric circuit of the measurement system under AC voltages is com-
pletely different from that under DC voltages, which might result in
a great difference between the applied voltage and the voltage under-
taken by the sample. This problem is worse when the applied voltage
contains complex frequency components. In addition to the prob-
lems of heating and AC testing, special attention should be paid to
the consistency of contact between the electrodes and the sample,
which influences the transmission of acoustic signals but was rarely
discussed before.

In order to measure space charge distributions under high
temperatures and complex voltages, an improved heating effi-
ciency, a higher sampling rate, an accurate method of voltage cal-
ibration, and a good consistency of contact should be achieved.
This paper first presents the theoretical analysis on how differ-
ent kinds of voltage waveforms influence the voltage undertaken
by the sample, based on which the calibration method for the
application of arbitrary waveform voltages is proposed. Second,
the design principle and test results of the novel pulse gener-
ator are introduced in detail. Third, the modified structure of
the electrode system is explained, which includes a flexible upper
electrode, an oil circulation bath, and the electric heating wires
installed in the lower electrode. The new PEA electrode system can
greatly improve the efficiency of heating and the consistency of
measurements.

Il. THEORETICAL ANALYSIS

The typical PEA measurement system consists of four parts,
the nanosecond pulse generator, the high voltage source, the elec-
trode system, and the piezoelectric sensor. The principle of the
PEA method can be briefly summarized as follows: A plate sam-
ple is placed between two electrodes. The applied nanosecond
pulses generate electric stresses that stimulate small vibrations of
space charges and form acoustic pressure waves in each charge
layer. The acoustic signals are transmitted through the sample and
the electrode to the piezoelectric sensor, which are later trans-
formed into voltage signals. After data calibration and recovery,
the charge distribution characteristics inside the sample can be
obtained.'”""

The equivalent electric circuit for the measurement system is
shown in Fig. 1. High voltage V and pulse voltage V, are applied
to the sample simultaneously. The sample can be regarded as a
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FIG. 1. The equivalent electric circuit of the PEA measurement system.

capacitor Cyx in parallel to a resistor Ry. The current limiting resis-
tor R; is used for protection of the high voltage source from over-
currents in case the sample breakdowns. The blocking capacitor
C, is used for protection of the pulse source from the high volt-
age source. A 50 Q matched resistor Ry is used to prevent the
reflection of pulse voltages at the end of the cable. From Fig. 1,
the values of capacitance C, and resistance Ry will influence the
division characteristics of the high voltage and the pulse voltage.
Thus, C, and R, should be chosen after careful calculation in order
to achieve high efficiency, which means that most proportion of
the voltages is undertaken by the sample. Even if C, and R are
carefully chosen, there still might be some differences between the
voltage undertaken by the sample and the applied high voltage V
when a high frequency AC component is included, which may result
in a lowered amplitude and a phase shift from the expected volt-
age. Therefore, a voltage calibration method is needed to adjust
the applied voltage. These two issues are addressed one by one
as follows.

Based on the superimposition theorem, the voltage division
characteristics of high voltage Vs and pulse voltage V, are consid-
ered separately. When the pulse voltage is solely applied, the equiva-
lent circuit is as shown in Fig. 2(a). Since the resistance of the sample
Ry, usually in the order of 10% Q, is much larger than the resistance
Rs, usually in the order between 10° and 10% Q, the branch of Ry is
neglected. For pulses with a rising time smaller than 5 ns, its equiva-
lent frequency f;, is larger than 100 MHz. Since the capacitance Cx is
in the order of 107" to 1072 F, its impedance is in the order of 1073
to 107* Q, which makes the branch of R, also neglectable. The pulse
voltage undertaken by the sample is

1/ (2o Cx)
1/(j2nfpCy) +1/(j27fp Cx)

—

— G
Uy = Up x

>085>
C+C,

—
:UPX

1)

For more than 80% of the pulse voltage to be undertaken by the
sample Cy but not Cy, the capacitance C, should be

Cp > 4Cy. 2

When the high voltage V is solely applied, the equivalent cir-
cuit is as shown in Fig. 2(b). For DC voltages, the branches of Cy and
Cp can be considered as an open circuit. Therefore, the equivalent
circuit is simplified as R; in series with Ry. Since Ry is much larger
than R, most of the applied DC voltage is undertaken by the sam-
ple. However, for AC voltages with a frequency of f, the situation is
more complicated since the branches of Cx and C,, can no longer be
considered as an open circuit. The branch of R, can be neglected as
Ry is much larger than the impedance of other branches. The voltage
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FIG. 2. The equivalent electric circuit at
different circumstances. (a) The pulse
voltage V/, is solely applied. (b) The high
voltage Vs is solely applied.

amplitudes, and phase angles through Fast Fourier Transform (short

Uab = ., Uisin(27fit + ¢5). (10)

| — |
Co Rs
[I Ry = Cx Rm I:I Q/D CV; G R« G —Z
_— JT_
(@ ()
undertaken by the sample is
FFT),
— o Ypafh(Co+C)  — 1 as FFT)
x = Us x . = Us x - .
1/j2nf(Cp + Cx) + R 1+ 2nfRs(Cp + Cx)
3)

To guarantee that more than 80% of the AC voltage is under-
taken by the sample, not the protection resistor R, the impedance of
parallel Cx and C, should be

— — 1 —
Uy| = |Uy| x > 0.8|Us|, (4)
1+ [27fiRs(Cp + Cx) ]
1 (3
Gy < - Cy. 5
P 2nf, (4RS) )

From the above equation, Ry should be as small as possible in
order to extend the suitable range of capacitance Cp,. From Egs. (2)
and (5), the suitable range of C;, is

1 (3
4C <Gy < - Cx. 6
P 2ﬂfs(4RS) (©)

Choosing appropriate values of Rs and C, based on the above-
mentioned equations could make full usage of the voltage sup-
plies. However, there still exist some differences between the voltage
undertaken by the sample Ujsin(2nfit + ¢i), where ¢ is time, U;
is the amplitude, f; is the frequency, and ¢; is the phase angle of
the voltage undertaken by the sample, and the applied AC voltage
Usi sin(2nifit + ¢si), where Uy; is the amplitude and ¢s; is the phase
angle of the applied AC voltage, especially for high frequencies. The
relationship is

1
U; sin(27fit i) = Usi sin(27fit si 4
SIH( ﬂf +(P) Sll‘l( ﬂf ¢ )X 1+j27Tfi(CP+Cx)Rs
7
e TG TORT. ®
@si = @i + arctan[271fi (C, + Cx )R] ©)

Therefore, for AC voltage U;sin(2nfit + ¢) to be under-
taken by the sample, the amplitude of the applied voltage should
be Uil + [2nfi(C, + Cx)]*} and the phase angle should be
{@:i + arctan[2nf;(C, + Cy)]}. This is the calibration method when
the applied voltage is a single-frequency sinusoid function.

For arbitrary waveform voltage Uy, it can be decomposed
to the sum of many sinusoid functions with different frequencies,

i=1

For each frequency component, Eqgs. (8) and (9) are used for
calibration. Then, the actual voltage waveform that needs to be
applied can be obtained by summing up each component of the
calibrated sinusoid function, which is as follows:

n
Uwp = . Ui sin(27fit + ¢7). (11)

i=1
It is important to note that the influence of temperature and
frequency on capacitance Cp, and Cx should also be taken into con-
sideration if its relative permittivity has an obvious change that can-
not be neglected. Here, the blocking capacitor used in the system is

not sensitive to either frequency or temperature.

lll. DESIGN OF THE NANOSECOND
PULSE GENERATOR

Space charge measurements under arbitrary waveform voltages
pose new challenges to the PEA system. In order to capture the
charge dynamics at different phase angles continuously and pre-
cisely, the pulse generator should be able to generate pulses with a
higher amplitude, a higher repetition rate, a lower jitter, and a com-
paratively shorter width. Compared with most solid state switches,
avalanche transistors are most suitable for this application due to
its ultrafast switching speed, high hold-off voltage, low jitter, tiny
size, and commercial availability. In this paper, a nanosecond pulse
generator based on avalanche transistors is developed for the PEA
system.

O

es [‘]Rl R> Ru
Trigger ’—I |_
O—I Qi Q2 - Qi
N
Ry Rio’

FIG. 3. The schematic diagram of the improved Marx generator based on
avalanche transistors.
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FIG. 4. The picture of the 1 x 12-stage Marx circuit based on avalanche
transistors.

The schematic diagram of this nanosecond pulse generator is
shown in Fig. 3, which consists of two main parts, the trigger unit
and the Marx circuit. The trigger unit is also a small circuit based on
the avalanche transistor and can produce a trigger pulse with a rise
time of 5 ns and an amplitude of 60 V between the base and emitter
of Q; through capacitor Cy. In order to avoid the electromagnetic
interference from the Marx circuit during the switching process of
avalanche transistors, the 5 V transistor-transistor logic (TTL) sig-
nal from the microcontroller is transferred through a photoelectric
transducer with the optical fiber. For the Marx circuit, it includes
three key elements: the avalanche transistors Q;-Qi2 (FMMT417,
SOT-23 package), the main capacitors C;-Cy, (Mica, in-line pack-
age, 100 pF), and the charging/isolating resistors R;-R;> and
Ri-R;y’ (1812 package, 10 kQ). Thus, the charging time con-
stant, T = (R; + R;")Cy, is ~2 us and the maximal repetition rate,
f = (57)7", is ~100 kHz when the speed of charging and cooling
can be satisfied. The number of stages of the circuit is chosen as 12
considering the voltage superposition efficiency, and each stage is
charged to +300 V. Except for Qi, the bases and emitters of all the
other avalanche transistors are short-connected.

ARTICLE scitation.orgljournal/rsi

The operation principle of this generator can be summarized as
follows: First, capacitors C;-Ci; are charged to 300 V through the
resistors R;-R1» and R;'-Ry,’, and are kept in a critical avalanche
state. When a pulse needs to be generated, a 5 V TTL signal pro-
duced by the microcontroller and transmitted through the photo-
electric transducer will be applied to the trigger unit. At this time,
a fast trigger pulse is generated between the base and emitter of Q.
After that, Q is switched on and its collector, i.e., the left end of
Cy, is connected to the ground. When neglecting the residual volt-
age on the transistor, the potential at the right end of C; becomes
-300 V and the potential of C, remains +300 V at the instant due
to the existence of isolating resistors. Thus, Q, bears almost 600 V
and is switched on immediately under the overvoltage ramp. The
avalanche transistors in the subsequent stages are switched on in a
similar pattern. When all stages complete the switching process, a
nanosecond high voltage pulse with negative polarity is generated on
the load. Finally, after the charges in the capacitors are fully released,
the capacitors will be charged again by Vcc and be ready for the
generation of next pulse. It should be mentioned that the above anal-
ysis does not consider the residual voltage on the transistors, and
it is assumed that the transistors in subsequent stages switch on
almost simultaneously. Therefore, the actual overvoltage ramp on
each transistor is smaller than two times of V¢ or it may destroy the
transistors.

The generator is as shown in Fig. 4. The size of the printed
circuit board (PCB) is only 130 x 95 mm?. There are two control
signal ports on the board. One is for the microcontroller built in the
pulse generator that is usually used in occasions without phase cor-
rection. The other one is for the external microcontroller that can
be synchronized with the arbitrary voltage waveform generated by
the high voltage power supply. The output port of the generator is
connected with the pulse input port of the electrode system through
a 15 m-long coaxial cable with an impedance of 50 Q.

Figure 5 shows the output waveform of the pulse generator on
a 50 Q resistive load. The amplitude is ~700 V and the full width is
~5 ns. Here, we regard the standard deviation of the time difference
between the rising edge of the trigger pulse and the rising edge of
the output pulse as the time jitter. By testing and calculation, the
time jitter is only 0.24 ns, which indicates the great stability of this
generator. Then, the generator is tested continuously for 2 h with a
repetition rate of 10 kHz, and no failures are observed.

FIG. 5. The output pulses at the end of
the cable. (a) The single pulse at 10 kHz:
the amplitude is —660 V and the rise time
is 2 ns. (b) The pulses at 10 kHz.

T T
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IV. DESIGN OF THE IMPROVED PEA
ELECTRODE SYSTEM

The schematic diagram and the picture of the improved PEA
measurement system are shown in Figs. 6(a) and 7, respectively. The
pulse generator is externally triggered by channel 1 of the dual chan-
nel function generator. The applied voltage is generated by channel
2 of the dual channel function generator and the power amplifier.
In order to achieve practical convenience, temperature consistency,
and better repeatability of measurement results under high tempera-
tures and arbitrary waveform voltages, the electrode system has been
redesigned. The improved electrode system can be divided into four
units: pulse coupling unit, sample testing unit, temperature control
unit, and signal transmission-amplification unit.

The pulse coupling unit, installed in the upper chamber, con-
sists of the matching resistor Ry, and the blocking capacitor Cj.
Usually, for the convenience of insulation and fixing, an epoxy resin
is used to cast the RC circuit in the upper chamber. In that way, nei-
ther the RC unit nor the high voltage electrode can be replaced. As
analyzed in Sec. II, when applying voltages with different waveforms
on different samples, the blocking capacitor C, needs to be changed

[}
Temperature Control
Thermal | | Unit for Electric /
Oscilloscope Sensor | Heating Wires

Electric
Heating Wires

Duael '
Function Generator

FIG. 7. The picture of the improved PEA measurement system.
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Exterior
electrode

FIG. 6. The schematic diagram of the
- improved PEA measurement system.
- (a) General view. (b) The design of the
% Spring flexible electrode unit.

= ‘ Internal
electrode

Cap
Electrode
head

(b)

from time to time. Instead of pouring, the upper chamber in this
paper is insulated by transformer oil. In this way, its internal com-
ponents can be easily replaced. This provides great convenience for
PEA tests under arbitrary waveform voltages.

In traditional design, the blocking capacitor, the matching
resistor, the input line of pulses, and the upper electrode were casted
into a metal cylindrical chamber by the epoxy resin. The upper
electrode system was usually placed at a concentric place with the
sample. Then, the whole electrode system was fixed by the mount-
ing screws. On the one hand, keeping the upper electrode system
horizontal is very important. Since if one side of the upper elec-
trode is slightly higher than the other side, the close contact between
the sample and the upper electrode cannot be guaranteed. On the
other hand, the force of external screws is a rigid connection to some
extent. It is difficult to control the force on the screws to be exactly
the same each time. For hard samples, like the epoxy resin, this
would result in a different tightness of connection between the sam-
ple and the electrodes. The tightness of contact has a great influence
on the transmission of acoustic signals, which further compromises
the accuracy and repeatability of testing results. For soft samples,
like polyethylene, different forces bring about different deforma-
tions of the sample, which further results in a different field strength.
To overcome this shortcoming, an improved flexible electrode unit,
which is installed in the middle chamber, is designed and developed,
as shown in Fig. 6. The high voltage electrode is split into five parts:
the external electrode, the spring, the internal electrode, the cap, and
the electrode head. Specially, the external electrode is with a hollow
structure. The spring and the internal electrode are both mounted
inside the outer electrode and fixed by the cap. The internal electrode
can compress the spring and move along the axis. Besides, the inter-
nal electrode and the electrode head are connected by screw threads,
so the electrode heads with different diameters and materials can
be easily replaced. This design can be used to study the influence
of different electrode materials and sizes on the charge injection
characteristics. Meanwhile, when the thickness of the sample varies
between hundreds of micrometers and several millimeters, the com-
pression of the spring barely changes. Therefore, the force applied
on the sample is basically constant. This ensures the consistency of
the measurement conditions and the stability of the experimental
results.
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Space charge measurement at high temperatures requires strict
consistency of temperature near the sample. Any small tempera-
ture difference between the upper and lower surface will lead to a
large space-resolved testing error of the space charge. The traditional
heating methods, which include wrapping a heating band around or
putting the whole device into a high temperature oven, cause prob-
lems of low heating efficiency and difficulty in changing the samples.
Here, we adopt the hybrid heating method of oil bath and electric
heating wires. Six holes are drilled evenly on the side of the grounded
aluminum electrode plate. Five of them are used to install the elec-
tric heating wires and the other one is used to install the tempera-
ture sensor. The external temperature control circuit monitors the
temperature sensor and guarantees the constant temperature of the
grounded electrode through a negative feedback control. At the same
time, high temperature silicone oil is being circulated continuously
in the upper chamber. Measurement results on the temperatures of
the upper surface of the sample and the grounded electrode show
that there is no temperature difference, which could guarantee the
temperature consistency around the sample. It only takes around
10 min to rise from room temperature to 80 °C. On the other hand,
the heating area is concentrated near the sample, which can avoid
interference and influence on temperature sensitive elements, such
as the amplifier.

The most sensitive part of the whole PEA system is the signal
transmission-amplification unit. The PVDF/TrFE film (Piezotech
FC™25) with a thickness of 20 um is adopted as the piezoelectric
sensor due to its higher Curie temperature and better heat tolerance,
which can function well at 100 °C. The upper surface of the film is
in close contact with the lower surface of the aluminum electrode.
The piezoelectric transducer converts acoustic signals into voltage
signals, which is amplified by a high-bandwidth, low-noise ampli-
fier. It is important to note that the state of the interface between
the film and the electrode has a great influence on the test sig-
nal. Thus, the installation of the piezoelectric sensor should be very
careful.

To summarize, the improved PEA electrode system in this
paper has three main innovations:

(1) The flexible electrode unit. This ensures that the contact
between the electrodes and the sample is almost the same in
each experiment and guarantees the consistency of measure-
ment conditions.

ARTICLE scitation.orgljournal/rsi

(2) The hybrid heating method of oil bath and electric heating
wires. While ensuring no temperature difference exists near
the sample, it has a higher efficiency of heating. In the mean-
time, it will cause minimum influence on other temperature-
sensitive devices, like the amplifier, since the heating area is
very concentrated.

(3) Thereplaceable coupling capacitor and high voltage electrode
head. This provides convenience not only for the accurate
measurement of charge dynamics under arbitrary waveform
voltages but also for the long-term maintenance.

V. EXPERIMENTAL MEASUREMENTS
A. Measurements at different temperatures

In order to test the performance of the measurement sys-
tem at different temperatures, especially high temperatures, space
charge measurements were conducted on both low density polyethy-
lene and epoxy resin samples, the thicknesses of which are around
210 pym and 250 pm, respectively. The measurement results at
different temperatures are shown in Fig. 8.

As it can be seen, the shapes of the waveforms seem alike, which
all include a negative peak followed by a positive overshoot and a
positive peak followed by a negative overshoot. The negative peak
represents the capacitive charges near the lower electrode, while the
positive peak corresponds to the capacitive charges near the higher
electrode. The overshoot following the peak is closely related to the
system’s response. In order to eliminate the influence of overshoots
and obtain an accurate charge distribution inside the sample, the
measured waveforms need to be calibrated by using a reference of
the system’s response. Since attenuation and dispersion might influ-
ence the transmission of acoustic signals through the sample, the
peak and the following overshoot near the lower electrode is used
as the reference. The similarity of waveforms proves that the system
is functioning properly at different temperatures.

There are some differences in the amplitude of waveforms
and their positions on the time axis. To be more specific, with
the increasing temperature, the waveform gradually shifts to the
right direction, the amplitude decreases, and the waveform becomes
wider. This phenomenon is similar to previous experimental obser-
vations, which is caused by the decreased acoustic velocity with
the increasing temperature.”* Since the reference waveform used in
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space charge calibration is measured at the same temperature, the
influence of temperature can be eliminated.

By comparing Fig. 8(a) with Fig. 8(b), the shape difference
between the first negative peak and the second positive peak is larger
in polyethylene than that in the epoxy resin, which means that the
attenuation and dispersion of acoustic signals transmitted through
polyethylene is larger than that through the epoxy resin. Further-
more, for polyethylene, the temperature dependence of attenuation
and dispersion of acoustic signals is also larger than that for the
epoxy resin.

B. Validation of the flexible electrode unit

The close and consistent contact between the sample and the
electrodes is very important for the transmission of acoustic sig-
nals. In order to verify that the improved flexible electrode with a
spring could guarantee a better contact between the sample and the
electrodes, the measurements were conducted on the epoxy resin
sample at the same field strength of 10 kV/mm for three times
using the old and the improved upper electrode. Specifically, the old
upper electrode system is not horizontal when it is placed on the
sample.

The results are shown in Fig. 9. As shown in Fig. 9(a), there
is a huge difference in the signals at the upper electrode. This is
because when using the old system, there is one side of the upper

electrode that is higher than the other side. In this case, the poor con-
tact severely compromises the consistency of measurement results.
Furthermore, the way of applying fixing forces through external
screws provides a rigid connection. Since the applied forces are dif-
ficult to control precisely, the contact between the sample and the
electrodes is hardly consistent each time. In contrast, the improved
electrode unit ensures the close and consistent contact, and the
results are highly consistent in the three measurements, as shown
in Fig. 9(b).

In addition, the fourth waveform in Fig. 9(b) is when the
pulse voltage is solely applied without any DC stresses. It could
be seen that the influence of the pulse voltage itself is negligi-
ble, which proves that the amplitude of the pulses is not too
high.

C. Measurements under arbitrary waveform voltages

From previous experiments, the improved PEA system can
measure space charge distributions accurately in a wide temperature
range under DC voltages. As for measurements under AC voltages,
first, the blocking capacitor C, should be carefully chosen based on
Eq. (6), which requires the capacitance of the sample Cy. The sam-
ple used in the following measurements was an epoxy resin with a
thickness of 250 ym. At 20 °C, the relative permittivity of the epoxy
resin between 100 Hz and 500 Hz is around 3.4. The area of the
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upper electrode is 2.0 cm®. The capacitance of the sample C, is
24.2 pF. Based on Eq. (6), a capacitor with a nominal value of 200 pF
is selected as the blocking capacitor. Through measurements using
a bridge, the actual capacitance of C;, is 204.3 pF. Second, the oscil-
loscope is switched to “sequence” mode to realize continuous data
acquisition at different phase angles. Due to the low signal-to-noise
ratio, charge profiles should be averaged with the ones measured at
the same phase angle in the following cycles for at least 20 times to
suppress the interferences of noises. In this paper, charge profiles at
20 different phase angles were measured and 100 cycles of data were
acquired and recorded each time.

When the applied voltage is a 500 Hz AC voltage with a peak
value of 6 kV, the repetitive frequency of the pulse generator is set
as 10 kHz. The acquired data in one cycle consist of 20 segments
of data, as shown in Fig. 10(a). After averaging and calibration, the
acquired charge distributions are shown in Fig. 10(b). The results
proved that the improved PEA system could realize a precise mea-
surement of charge profiles at different phase angles when a high
frequency AC voltage is applied. Furthermore, the first segment of
space charge data is not measured at phase angle 0°. There is a dif-
ference of phase angle between the applied voltage, which is the
output voltage of the power amplifier and function generator, and
the voltage undertaken by the sample, which is in accordance with
our theoretical analysis in Sec. I1.

In order to measure the voltage undertaken by the sample more
accurately, a high voltage probe was connected to the high voltage

TABLE I. Parameters of the voltage components before and after calibration.

Time (ms)

(b)

electrode, as shown in Fig. 6. The expected voltage undertaken by
the sample is 6000 x sin(27 x 500 x t). Before voltage calibration,
the applied voltage is set as 6000 x sin(27 x 500 x t). After the
voltage calibration based on Egs. (8) and (9), the applied voltage is
set as 7380 x sin(2m x 500 x ¢ + 35.57°). The voltages undertaken
by the sample before and after calibration are measured, respec-
tively, as shown in Fig. 11(a). The amplitudes and phase angles of
the voltages obtained through fitting are shown in Table 1. Before
calibration, the deviation of phase angle from the expected voltage
is 40.95°. The amplitude is about 24.05% smaller. In comparison,
after calibration, the difference in phase angle decreased from 40.95°
to 4.98°, and the deviation of amplitude decreased from 24.05% to
6.05%, which proved the effectiveness of the theoretical analysis and
the calibration method.

For voltages with arbitrary waveforms, they can be decom-
posed to the sum of many sinusoidal voltage components. A volt-
age with three frequency components: 1500 x sin(27 x 100 x t),
3000 x sin(27 x 200 x t) and 4500 x sin(27 x 500 x t) is taken
as an example to be the expected voltage. The voltage undertaken
by the sample before and after calibration is shown in Fig. 11(b),
and the parameters obtained through fitting are shown in Table I.
The voltage waveform undertaken by the sample is distorted before
calibration. The maximum positive voltage is 5.53 kV, while that
of the expected voltage is 6.89 kV. For each frequency component,
the deviation from the expected voltage is different. The deviation
becomes larger at higher frequencies, which is reasonable according

Items Frequency f (Hz) Amplitude |A| (V) Phase Angle ¢ (deg)

Before calibration 500 4557 —40.95

500 Hz AC voltage After calibration 500 5637 —4.98
Component 1: before calibration 100 1465 —8.74

Component 1: after calibration 100 1487 —1.09

An arbitrary voltage with Component 2: before calibration 200 2814 —18.09
three AC components Component 2: after calibration 200 2942 —3.69
Component 3: before calibration 500 3396 —42.24

Component 3: after calibration 500 4187 —6.68
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to Egs. (8) and (9). After calibration, the deviation from the expected
voltage significantly decreased, which also proved the feasibility
of the proposed method of voltage calibration for arbitrary wave-
forms. However, there are still some minor deviations caused by
the stray capacitances, for instance, the silicone oil inside the sam-
ple testing unit and the pulse coupling unit, and loop inductances
of the measurement system, which were not taken into consider-
ation in the theoretical analysis. Since the stray capacitances and
loop inductances are really hard to calculate or measure accu-
rately and the deviation is comparatively small, its influences can be
neglected.

VI. CONCLUSIONS

In this paper, an improved PEA system used for space charge
measurements under high temperatures and arbitrary voltage wave-
forms was developed and a voltage calibration method was proposed
to realize accurate voltage application under arbitrary voltage wave-
forms, especially for the applied voltages containing high frequency
components. The sampling rate, the resolution, and the accuracy
of the measurement system are enhanced by developing the novel
pulse supply that can generate pulses with an amplitude of 700 V, a
width of 4.6 ns, and a repetitive frequency of 10 kHz. The improve-
ment on the electrode system mainly consists of three parts: the more
efficient way of heating through a combination of oil bath and elec-
tric heaters, the flexible electrode unit with a spring that guarantees
the close contact between the sample and the electrodes, and the
replaceable blocking capacitor that provides great practical conve-
nience. Through experimental validation, the improved PEA system
presents a more stable and consistent performance under various
temperatures. Despite some minor deviations, the proposed method
of voltage calibration could effectively solve the problem of large
deviation from the expected voltage.
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