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Abstract

This paper proposes an evaluation method for the observable trap depth range of space charge when using
the pulsed electro-acoustic (PEA) method and its complementarity with the current integration charge (Q(t))
method. Based on the measurement process of the PEA method and the hopping conduction principle
of space charge, the relationship between the trap depth and the residence time of charge is analysed.
A method to analyse the effect of the measurement speed and the spatial resolution of the PEA system on
the observable trap depth is then proposed. Further results show when the single measurement time needs
1 s and the resolution is 10 um at room temperature, the corresponding trap depth is larger than 0.68 eV.
Meanwhile, under high temperature or with voltage applied, the depth can further increase. The combined
measurement results of the PEA and Q(t) methods indicate that the former focuses on charge distribution in
deep traps, which allows to calculate the distorted electric field. The latter can measure the changing process
of the total charge involved in all traps, which is applicable to analysing the leakage current. Therefore, the
evaluation of HVDC insulation properties based on the joint application of the two methods is more reliable.
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1. Introduction

The accumulation of space charge in insulating materials is an important factor leading to
severe distortions of internal electric field, development of partial discharge and appearance
of electric tree, which is also a key characteristic for evaluating the aging and deterioration
status of equipment insulation [1-3]. Generally, the insulation of an HVDC system withstands
the joint effect of high voltage and high temperature which can cause a large amount of space
charge accumulation [4, 5]. An accurate measurement and reasonable analysis of charge state
in equipment insulation has thus become an important way to evaluate insulation properties
effectively.
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After decades of rapid development, the mature measurement methods for charge-related
characteristics currently comprise both types for measuring the charge distribution along the
insulation thickness direction and ones for measuring the total charge amount through the insu-
lation. The former mainly includes the pulsed electro-acoustic (PEA) method, thermal methods
and pressure wave methods. Among them, the PEA method proposed by T. Takada [6], has been
widely used in charge measurements in high-voltage DC and AC, high temperature and irradi-
ation environments [7-10]. At the same time, the method is also developed to directly measure
cables [11, 12], and recent studies have focused on signal distortion, optimal system design, and
deconvolution algorithm for cable measurement [ 13—16]. The PEA method is mainly based on the
pressure waves generated by space charge under the excitation with high-voltage pulses, which can
be measured using a transducer to further obtain the charge information. In practical applications,
the PEA method has two key features, i.e., measurement speed and spatial resolution. Due to
weakness of a single measurement signal, it usually needs multiple measurements for averaging
to obtain a waveform with a high signal-to-noise ratio. Moreover, the spatial resolution of the
method indicates that the results in this area can only display the total net charge [17]. However,
the migration speed of space charge inside a sample depends on the trap depth [18, 19], and the
trap depth of various materials depends, in turn, on their molecular structure [20,21]. During
the averaging process of multiple PEA measurements, the migration distance of the space charge
in shallow traps may be very large, and, so far, its impact on the measured results has not been
analyzed. The research on the effect of the measurement system performance from the perspective
of the charge migration process will help to understand the trap depth range information when
using the PEA method.

The current integration charge (Q(t)) method for measuring the total charge amount through the
insulation was also proposed by T. Takada in 1972 [22]. The process of the total charge caused by
surface-induced charge, absorption current and leakage current can be detected with this method,
the reliability of which is also verified in comparison with the results of the PEA method [23].
Meanwhile, the Q(t) method can also be used for multi-layer materials, direct measurement of
cables, IGBT modules and other devices in high-temperature environments [24-27]. It has the
potential to be directly used for the equipment insulation since the measuring device can be
connected to the high-voltage side for measurement. However, there is currently no analysis of
the difference between the PEA and the Q(t) methods, and further discussion on joint application
of the two measurement methods is also needed.

In the previous research work [3], the leakage current and conductivity calculation method
of insulating materials based on the Q(t) method is proposed, which shows that the Q(t) method
can measure the charge in shallow and deep traps. In this paper, the method of evaluation for
observable charge trap depth in the PEA method is analyzed. The hopping conduction model is
used to describe the space charge migration process, and an evaluation method for the relationship
between the trap depth and the residence time of space charge is derived. The trap depth of
accumulated charge that can be observed when using the PEA is then analyzed considering the
system under the effect of measurement speed and spatial resolution. Further, the measurement
results using the PEA and the Q(t) methods are studied, and the necessity of using the methods
to jointly evaluate the insulation performance is discussed.

2. Measurement principles of the PEA and Q(t) methods
The measurement process of the PEA method is shown in Fig. 1. The space charge is injected

and accumulates in the sample as a result of DC voltage applied. At the same time, high-frequency
pulse voltages are applied to the sample with the accumulated charge, and the charge generates
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pressure waves due to slight displacement of the charge layer. Then the pressure waves propagate
towards the two electrodes. A piezoelectric transducer installed on the back of the grounded
electrode converts the received pressure waves into a voltage signal which is amplified by an
amplifier and finally recorded on a computer. Due to the time delay caused by the speed of
acoustic waves when the signal propagates in the sample, the measured result can present the
space charge distribution along the thickness direction of the sample [28].
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Fig. 1. Schematic diagram of the PEA system and measurement process. (a) PEA system, (b) measurement process.

The composition of pressure waves measured by the PEA system is shown in (1). p(0, ¢) and
p(ds, t) represent the two surface-induced charge signals of o7 (0) and o (dy). Ap(z, t) is the signal
from the internal space charge p;(x).

p() = p(0,1) + ZAp(z,1) + p(ds, 1) . )]

In actual measurements, the measured voltage signal is very weak, i.e. only about a few
microvolts before the amplification. Therefore, the measured single waveform using the PEA
method usually contains a lot of random noise. It usually needs multiple-time measurements for
averaging to improve the signal-to-noise ratio of the obtained waveform, as shown in Fig. 1b.
When the frequency of pulse voltages is set as 1 kHz and 1000 measurement times for averaging
are used, it takes 1 second to obtain a complete waveform. In addition, affected by the width of the
pulse voltages and the thickness of the transducer, the spatial resolution of the system is usually
at the micrometer level, and the final obtained results indicate the net charge within the resolution
range.
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When the space charge accumulates and migrates inside the sample under the applied DC
voltage, the observed distribution is mainly affected by the characteristic of the charge trap depth
in addition to the applied electric field. The migration process of charges affected by traps can be

divided into the following two types in the PEA measurement:
1. The residence time of the charge at trap sites is longer than the single measurement time

of the PEA system, or within a single measurement time, the migration distance of charge
affected by the traps is shorter than the spatial resolution of the PEA system.

2. The single measurement time of the PEA system is longer than the residence time of the
charge at trap sites, or within the measurement time, the migration distance of charge
affected by the traps is longer than the spatial resolution of the PEA system.

The space charge distribution in the former state can be accurately measured using the PEA
method. However, for the charge in the latter state, since it can make a long-distance movement
before getting sufficient measurement times for averaging, the signal generated from this kind of
charge is likely to be obscured by random noises at different locations. Therefore, it is difficult
for the finally averaged waveform to show this part of charge distribution effectively.

Compared to the PEA method, the Q(t) method can measure all the charge information through
the sample under the applied DC voltage [23, 24]. Its principle is shown in Fig. 2. The sample is
surrounded by a three-electrode structure. Since the current /(¢) passing through the integrating
capacitor Cint and the high-voltage electrode in contact with the sample is the same, the total
charge amount flowing through the sample can be obtained by integrating the current. The output
of the high-voltage power source is automatically controlled by the computer, and the measured
results are transmitted to it via a wireless transmission mode, i.e. with a ZigBee transmitter and
receiver. The details of the measurement system were described elsewhere [23,24].

ZigBee
-~ Transmitter
Wireless - - O()=J1(r)dt
transmission _ = { I >
- Cint I
on -~ R3
A~ Y Q(t) module
ZigBee AMA
. VW
Receiver R Rin % Ill
electrode —H———=—==
. High Voltage
Computer —>; Power Source Sample (1)

cntrol L | T

Fig. 2. Basic system of the Q(t) method.

From Fig. 3, it can be seen that after applying a DC voltage to the sample, the current flowing
through the sample mainly contains three parts. Using the system in Fig. 2 to integrate the current,
the corresponding Q(t) results also contain three parts, namely, initial induced charge amount Qy,
the space charge component Qgp,c(f) and the leakage charge amount Qjeqx (7), as shown in (2).
The initial induced charge amount is equal to the product of the sample capacitance Cy and the
applied voltage V. Ospac(t) and Qieax (¢) are the products of integration of the absorption current
Ispac(¢) and the leakage current fieqx (7), respectively.

Q@) = Qo + Qspac(t) + Oeak (1)
= GV, f f @
= CsVace + Ispac(t)dt + Ileak(t)dt .

0 0
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Fig. 3. The three charge components measured with the Q(t) method with a DC voltage applied. a) the current components,
b) the corresponding charge components.

When establishing the Q(t) system, the effect of surface leakage current, integrating capacitor
Cint and protection resistor R should be considered. The ring electrode in Fig. 2 is used to reduce
the effect of surface leakage current. Since high voltage is applied to the ring electrode and high
voltage electrode, only a small surface leakage current is formed between these two electrodes
which means that the measurement of Q(t) module connected to the high voltage electrode is not
affected by this current.

The influence of integrating capacitance Cint is discussed here. For the system in Fig. 2,
when a high voltage V is output from the power source, the current flowing through the Q(t)
module and the sample is the same, and thus the total charge amounts calculated by the current
integration are the same. The charge amount Q can also be calculated by (3).

0 = CG(V = Vint) = CinTVANT 3

where Vinr is the voltage withstood by the capacitor Cinr.
To sufficiently apply voltage V to the sample, it is required that V' is much larger than Vint.
Thus, equation (4) can then be derived.

Cint _ V-¥nr _ V
Cs VINT VINT

“)

Let us consider a film sample as an example. The polymer material with a thickness of 200 pm
has a capacitance about C; = 80 pF when the electrode area is about 8 cm?. The maximum voltage
that the Q(t) module can withstand is about 3 V. If the maximum voltage applied to the sample is
V = 5 kV, the value of the capacitor should be about Ciyt = 0.133 uF based on (4). We usually
select Cint = 0.15 uF for this situation. Thus, the ratio of Cint to Cy is only about 0.05%.
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It means that only a very small voltage proportion from the power source is applied to the Q(t)
module. In addition, the performance of the Q(t) module was also tested for more than 12 hours.
It is confirmed that the module can operate stably for a long time and its leakage charge is little.
Therefore, the integrating capacitor Cint has little effect in the method.

In addition, the protection resistor R in Fig. 2 is usually selected as 1 MQ. Since the Q(t)
method is used under DC voltages, the capacitive reactance of the sample is much bigger than
this resistance. Thus, the protection resistor also has little effect on the measurement.

In the Q(t) measurement process, the induced charge is usually generated quickly at the
beginning of the voltage application. Then space charge is injected into the sample and its
distribution is gradually stabilized and, eventually, the absorption current tends to be zero. When
the injected charge reaches the opposite electrode, the leakage current begins to appear and
gradually reaches a stable value under the applied electric field. Since the Q(t) method measures
all the current information from the beginning of the measurement after applying a high voltage,
it can get all the charge information affected by deep and shallow traps.

Based on the criteria above for judging whether the PEA method is applicable to measuring
the charge affected by traps, we propose an evaluation method for analyzing the trap depth range
of the charge signal that can be observed using the PEA method. Then, we will discuss the
effectiveness of the evaluation method of the joint use of the Q(t) and PEA methods on the charge
accumulation characteristics in insulating materials.

3. The evaluation method for the observable trap depth range of the PEA method

3.1. The evaluation method based on the relationship between trap depth and residence time
of space charge

The process of space charge hopping inside the sample affects its migration distance directly,
and thus it can influence the observable information obtained with the PEA method according
to the criteria above. Therefore, a hopping conduction model is used in this section to analyze
the relationship between charge migration and sample trap depth [29], as shown in Fig. 4. In the
figure, d; is the sample thickness. T, is the total time of charge hopping and trapping in the
sample with traps. T, means the hopping time of charge across the whole sample without traps.
v and v are the corresponding migration speeds of charge. N is the assumed number of traps in
the sample. The distance between adjacent trap sites is c. The migration of an electron is used
here as an example.

Fermi level  Conduction level

E¢
Anode VO = d\' /T:. V= ds / 7::
d, .
=z
c
: z ;
e T trapping
o / -
o
8 ¥
z - LoTe Ty
opping: t
0 >
Cathode 0 TL = NTC —> Time t Ta = N(Tc + T/)

Fig. 4. Hopping conduction model of space charge inside the insulating material.
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Under the effect of the electric field applied, the electron captured by a trap migrates toward
the opposite electrode with a hopping probability 6y,op, which is determined by the residence time
7; and the hopping time 7. between adjacent trap sites, as shown in (5).

®)

O = Tc _ t
A e (_k_T)’
where ¢;, k and T represent the trap depth, the Boltzmann constant and the thermodynamic
temperature, respectively.

Based on (5), the relationship between the residence time 7; of charge and the trap depth ¢,
can be further derived, as shown in (6).

(1, +7) = T, €Xp (+f—}) . 6)

The hopping time of electrons between trap sites can be estimated by the following derivation.
The electron has both particle and wave properties. Its momentum p and energy E can be calculated
using the following (7) and (8).

h
P =myve = I» (7)
1
E = Emvg = hvw, ®)

where m is the mass of an electron. v, is its velocity. A represents the wavelength of the electron
wave. h is the Planck constant, and vy is the vibration frequency.

In order to facilitate the estimation of the hopping distance of electrons, a linear model
of polyethylene containing ketone functional groups as trap sites is taken as an example, as
shown in Fig. 5. The electrons and holes distributed in polyethylene molecules are assumed to
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Fig. 5. Charge transport model controlled by trap sites. a) linear model of polyethylene,
b) periodic potential between carbon atoms.
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have the property of a one-dimensional stationary wave. It should be noted since various polymer
materials can be used for electrical insulation, the calculation of the hopping distance c is expected
to become a future research topic.

In the model shown in Fig. 5, the relationship between wavelength A and spacing § between
the carbon atoms in the molecular chain is 4 = 26. A periodic potential distribution is formed
between carbon atoms, and electrons can move under this electric field. When the vibration
frequency at this time is vy, its corresponding period 7y can be derived from (7) and (8), as shown

in (9).
7 (: i) S g ©)
o

Further, from Fig. 5b, it can be assumed that the hopping speed of the electron between the
two trap sites is close to its movement speed in the molecule. The movement speed v, can be
derived from (7) and (8), and the relationship shown in (10) is then obtained.

24
L2, (10)
Tc 70
Based on (10), the relationship between the hopping time and the trap spacing can be obtained,
as shown in (11).
2mo
Te = TC . (1 1)
For the polyethylene material, the atom spacing & is 1.54 A. With the mass of an electron and
the Planck constant, the wave period in (9) can be calculated as 2.61 X 1016 5. The vibration
frequency can then be calculated as 3.84 x 10'> Hz. Therefore, the distance between trap sites
determines the hopping time of the electron. The above derivation forms an evaluation method
for the observable charge trap depth for the PEA method. The following evaluation will assume
the distance between traps.

3.2. Evaluation of the Charge Trap Depth Range for the PEA method

Based on the evaluation method above and the obtained wave period, the change of trap
depth under the effect of trap distance is analyzed. Fig. 6 shows the results of the trap depth with

Sum of trapping time and hopping time (T .+ 7,) [sec] — 1 . <<, _5‘
10714 10712 10710 1078 1076 104 1072 100 102 104 l 106 108
— ol | ! ! { ! ! ! Py
= ~ ~
N _
u0.5 RS
S X X
-
- A A
=] > 3
R e N S T
o —~ ~ :I T=300 K (27°C)
E (¢} (¢}
k i1
S = ] T=373 K (100°C)
S S K

Fig. 6. Relation between the trap depth and the sum of hopping time and residence time.
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different time calculated by (6). The abscissa of the figure indicates the sum of the residence time
of the charge in a trap and the hopping time to the adjacent trap, and the ordinate indicates the
trap depth. The curves under the two temperature conditions correspond to the two cases where
the distances between the adjacent traps are 200 A and 1.0 um, respectively. If there are no traps
in the sample, the residence time is zero. At this time, the lines in Fig. 6 intersect the abscissa
axis, and the intercept is the hopping time. The selected trap depth in the figure is in the range of
0-1.5 eV. From the figure, it can be seen that within a large range of trap depth, the corresponding
time is much longer than the hopping time. Therefore, the increase of residence time of charge
mainly affects the change of the trap depth.

As stated in Section 2, one of the conditions for the PEA method to accurately measure the
space charge is that “the single measurement time of the method is less than the residence time
of the charge in the trap”. When the measurement needs a large amount of averaging times, the
criterion for the PEA method to observe the charge distribution accurately is the measurement
time 7, < (7. + 7). Since the hopping distance and time of charge residence are very short, it can
be assumed that the residence time 7; is the main influencing factor in the time axis. In addition,
from Fig. 6, we can learn that temperature can also affect the range of the trap depth that can be
observed using the PEA method. When the distances between the adjacent traps are determined,
the condition at a higher temperature corresponds to a larger trap depth. It indicates that when
measurement time 7, is determined, the corresponding measured space charge distributes in the
trap range above a larger depth at a higher temperature.

let us now take the trap distance of ¢ = 200 A and the temperature of T = 300 K as an
example, as shown in Fig. 7. The single measurement time of the PEA method is assumed to be
1 s and the resolution is 10 pm.

c Ax
> —. (12)
Te + T Tm
Sum of trapping time and hopping time (7 .+ 7,) [sec] — 7 . <<71, E
10714 10712 1010 1078 1076 107 1072 100 102 104 l 108 108
0 ol l | | | ] | l l | |
T T & T T T T T T T T T T T T T T 1
Tm=5ns g T.=1s
i ~
% o ¢=0.34eV >¢ 1l (a) ¢:<0.84eV m
— . TR I Space charge is difficult to
.05 o\o‘ be measured -
© x ¢ =0.68eV - ¢ Ile.
5 o +=0.84eV
o & T=3
K T Sttt R @y, (o4 [ LT
a o
& (b) ¢ >0.84eV ™~ lﬁ
= ?I Space charge can be Tt
15 1. § _____________________________________ measured | e
z

Fig. 7. Analysis of the measurement time and spatial resolution on observable trap depth.

Further analysis is shown below:

1. If there is an ideal PEA device, a signal with a high signal-to-noise ratio can be obtained
under a single pulse excitation. If the pulse width for excitation is 5 ns, it can be seen from
Fig. 7 that the trap depth corresponding to this time is 0.34 eV. Therefore, an ideal PEA
device can detect the charge in a trap with a trap depth larger than 0.34 eV. However, in the
actual measurement, the signal is obscured by the noise.

573


https://doi.org/10.24425/mms.2021.137136

H. Renetal.: AN EVALUATION METHOD OF OBSERVABLE CHARGE TRAP DEPTH FOR THE PEA METHOD.. ..

2. When a single measurement time is 1 s due to the measurement speed limited by the
averaging process, Fig. 7 shows the trap depth is 0.84 eV. For the range of 7,,, < 7; shown
by the yellow area in Fig. 7, the PEA method can accurately measure the trapped charge
in the trap depth larger than 0.84 eV. By contrast, for the part with the trap depth less than
0.84 eV, the charge can move a lot before the single complete measurement is completed.
It is difficult to accurately measure the elastic waves generated by this part of the charge.

3. The relationship between the spatial resolution and the effectively measured signal: Set the
pulse width is 5 ns, and the spatial resolution of the system is Ax = 10 um. Let us consider
the other condition described in Section 2 i.e. that the space charge distribution can be
observed using the PEA system within the single measurement time, the migration distance
of charge is less than the spatial resolution. Then equation (12) can be used to indicate the
residence time of the observable charge using the PEA system.

This equation can be considered as that the migration speed of charge in adjacent traps is
smaller than the speed threshold representing the ratio of the spatial resolution to the single
measurement time. Combining with Fig. 7, the trap depth can be calculated as 0.68 eV. Therefore,
this spatial resolution of the PEA system determines that it can only measure the trapped charge
with the trap depth larger than 0.68 eV.

In addition, the detrapping probability of trapped charges actually changes with the increase
of the applied electric field. The traps in polymer materials are caused by physical or chemical
structures, e.g. traps are prone to generate at positions where polar groups exist or molecules are
close to each other [20,21]. Let us now consider a kind of rectangular trap with depth ¢, and
width b, as shown in Fig. 8. When an electric field is applied to it, the trap depth decreases by
A@¢(E) in the application direction, thereby easily releasing the trapped charge.

«— ph —

. Trap depth

Fig. 8. Rectangular trap model.

Again, let us consider the effect of the applied electric field on the trap depth, as shown in
(13). According to the size of the polar group in the polymer materials, the trap width is set to
b =10 A. When the applied electric field is 10, 100, and 500 kV/mm, the trap depth can decrease
by 0.01, 0.1 and 0.5 eV, respectively. Therefore, when the electric field is in the range of 100-500
kV/mm, the depth of insulation traps can decrease significantly. When combined with the results
in Fig. 6, it becomes that the temperature condition can also affect the trap depth. Under high
electric field and/or high temperature conditions, the information on space charge that can be
observed by the PEA method will be reduced.

b
AY(E) = JE. (13)

Based on the discussion in this section, the spatial resolution and the single measurement time
of the PEA system actually affect the trap depth range of the observable space charge captured
in it. When the resolution is 10 pm with the measurement time of 1 s, these two conditions
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correspond to the trap depth of 0.68 eV and 0.84 €V, respectively, i.e., by using this PEA system,
we can only obtain the charge information that is affected by the trap depth larger than 0.68 eV.
Meanwhile, the temperature and applied electric field can also affect the range of the trap depth.
The change of temperature is related to the time results calculated by (6), which has no effect on
the spatial resolution part according to (12). The observable trap depth threshold should take the
smaller of the two values calculated by the two equations.

3.3. Joint application of the PEA and Q(t) methods

Based on the conclusion analyzed above that the PEA method observes the charge information
in the traps of deep depths, the PEA and Q(t) methods are used together here to analyze the charge
performances of different materials when combined with the characteristic of the Q(t) method.
Three gourps of measurement results under different samples are firstly selected, as shown in
Fig. 9.
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Fig. 9. Comparison between PEA data and Q(t) data [3]. Copyright Clearance Center’s RightsLink®
License Number: 5079690125049.

575


https://doi.org/10.24425/mms.2021.137136

H. Renetal.: AN EVALUATION METHOD OF OBSERVABLE CHARGE TRAP DEPTH FOR THE PEA METHOD.. ..

For the Sample A, the PEA results show that the amount of accumulated charge inside it is
very small. At the same time, the charge amount flowing through it observed in the Q(t) data
is basically equal to the initial induced charge amount which indicates that there are no charge
accumulation and leakage current in it. By contrast, both the PEA and Q(t) results of Sample
B indicate that the material cannot maintain good insulation properties under this measurement
condition, and there are space charge accumulation and leakage current inside it.

However, the two methods differ in the evaluation for Sample C. From the PEA results, we
can see that the accumulated charge is small, while the Q(t) data shows that the charge amount is
increasing, which means that there is a large amount of charge accumulation and leakage current.
When the two methods are used to analyze the insulation properties of the sample, opposite
conclusions are obtained.

The charge amount measured with the two methods is further processed, as shown in Fig. 10.
As stated in (2), the Q(t) data mainly contains three parts. The initially induced charge Qy is
generated at the moment of voltage application, which is shown by the green part in Fig. 10. The
integral result of the internal charge measured using the PEA method is shown by the red part in
the Q(t) data.
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e ] y e
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Fig. 10. Explanation of accumulated space charge Qspac(?) and leakage charge Qjeak (¢). a) PEA results, b) Q(t) results.

Let us consider the transition process from space charge accumulation to leakage current in
the sample. When the measurement time reaches 300 s, the space charge distribution shown by
the PEA results is basically stable. The charge in shallow traps that is difficult to detect by the PEA
method gradually becomes the part of leakage current, and the Q(t) data continues to increase
due to the existence of the large leakage current. After the leakage current stabilizes, the Q(t)
result begins to increase linearly. At this time, a constant leakage current can be calculated from
the increased slope AQ/At.

Based on the analysis above, the PEA method can directly show the space charge distribution
captured by deep traps, which can be further used to analyze the distorted electric field. By
contrast, the Q(t) method mainly monitors the total amount of charge flowing through the sample,
which makes it possible to analyze the characteristics such as leakage current under the effect of
shallow traps. The Q(t) method can also be used to calculate material conductivity based on the
measured leakage charge [3]. At the same time, previous experimental results have also accounted

576



Metrol. Meas. Syst.,Vol. 28 (2021), No. 3, pp. 565-580
DOI: 10.24425/mms.2021.137136

for some joint use of the two methods. Similar with the results in Fig. 9, reference [23] finds that
the total charge amount in PP material is much larger than that in PS material based on the Q(t)
measurement, while the PEA results show the amounts of close accumulated space charge and
distorted electric fields in both materials. The further analysis indicates that these phenomena are
due to the charge with different polarities injected into the sample, which can be clearly shown by
the PEA method. The research in [24] explores the space charge characteristics of double-layer
samples. The results under DC voltages based on both methods indicate that space charge can
be easily injected into an LDPE material in the LDPE/EPDM double-layer samples. However,
under voltage polarity reversal conditions, the EPDM part shows a much more severe problem
of charge accumulation in the case of the PEA method. In contrast, the Q(t) method still cannot
be used under polarity reversal situation. In addition, reference [26] shows the advantage of the
Q(t) method in direct evaluation of performances of the whole degraded cables as compared to
the PEA method. Therefore, the two methods can present the different charge information on the
measured material. It is recommended that both the PEA and Q(t) methods should be used to
get the comprehensive information on induced surface charge, space charge accumulation, and
leakage charge under the effect of deep and shallow traps.

4. Conclusions

According to the key performance of the PEA method and the hopping conduction model of
space charge in insulation traps, the basic relationship between the trap depth and the residence
time of charge in the trap is derived, based on which an evaluation method for observable charge
trap depth is proposed. Theoretical analysis indicates that the measurement speed and the spatial
resolution of the PEA system can determine the trap depth range of space charge that can be
observed, which is also affected by temperature and applied voltage. When it takes 1 s to obtain
a waveform after averaging with the spatial resolution of 10 um, only the charges captured by
traps with depths larer than 0.68 eV can be observed using the PEA system.

Combined with the comparative results of the PEA and Q(t) methods, it is further verified that
the PEA method can only show the trapped charge distribution in deep traps inside the sample,
while the Q(t) data reflect the change process of all charges flowing through the sample. When
the charge distribution measured using the PEA method appears to be stable, the Q(t) data can be
used to calculate the leakage current. The joint application of the PEA method for the research
on distorted electric field distribution and the Q(t) method for the analysis on leakage current is
necessary for the reliable evaluation of insulation properties.

In addition, the single measurement time and spatial resolution of the PEA method are set as
constant values in this study. Meanwhile, the hopping time of the charge between adjacent traps is
analyzed based on the example of the linear polyethylene chain. The researches related to polymer
materials, such as the trap morphology depending on the structure of insulating molecules and
the trap depth of various polymer materials which we can observe in the PEA measurement, still
need further advancement.
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