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Abstract: The main insulation system in high-voltage direct current (HVDC) transformer
consists of oil-paper insulation. The formation of space charge in insulation paper is crucial
for the dielectric strength. Unfortunately, space charge behavior changes because of the
corrosive sulfur substance in oil. This paper presents the space charge behavior in insulation
paper induced by copper sulfide generated by corrosive sulfur in insulation oil. Thermal
aging tests of paper-wrapped copper strip called the pigtail model were conducted at 130 °C
in laboratory. Scanning electron microscopy (SEM) was used to observe the surface of
copper and paper. Pulse electroacoustic (PEA) and thermally stimulated current (TSC)
methods were used to obtain the space charge behavior in paper. Results showed that both
maximum and total amount of space charge increased for the insulation paper contaminated
by semi-conductor chemical substance copper sulfide. The space charge decay rate of
contaminated paper was significantly enhanced after the polarization voltage was removed.
The TSC results revealed that copper sulfide increased the trap density and lowered the
shallow trap energy levels. These results contributed to charge transportation by de-trapping
and trapping processes. This improved charge transportation could be the main reason for
the decreased breakdown voltage of paper insulation material.
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1. Introduction

Oil-paper is widely used as an insulating medium in various high voltage apparatuses, such as power
transformers, capacitors, and HVDC devices, which play a vital role in electrical power networks [1,2].
Aging of oil-paper can eventually threaten the safe operation of electrical devices. The space charge will
accumulate within the paper materials under the action of DC high voltage, leading to the distortion of
internal local electrical field distribution [3,4]. Therefore, the aging speed of paper material is
accelerated. Unfortunately, researchers have recently faced a new problem, namely, corrosive sulfur in
insulating oil. Corrosive sulfur can form the semi-conductor substance copper sulfide, which will be
deposited on the paper surface [5,6]. Insulating resistance and dielectric property of oil-paper insulation
have decreased because of emergence of this substance. The understanding of space charge behavior in
paper contaminated by copper sulfide is of significant interests.

The sources of corrosive sulfur in oil have not yet been completely identified, but the indications
suggest that they are the residuals of the refining process [7]. The emergence of copper sulfide by-product
caused by the chemical reaction between corrosive sulfur (mainly dibenzyl disulfide DBDS) in the
insulation oil and copper conductor greatly change the dielectric characteristic of paper. The deposition
of copper sulfide on the paper surface distorts the electric field, decreases the insulating resistance, and
accelerates the aging of insulating materials or even causes direct breakdown [5,8].

The space charge behavior of aged oil is complicated because of the formation of polar substances
such as water, acid, and organic molecules. The processes of charge injection, migration, and decay in
paper material are directly influenced by these substances. However, to date, knowledge about the
relationship between the copper sulfide deposition on paper and space charge behavior is still lacking.
On the other hand, distorted electric field caused by the copper sulfide deposition plays a vital role in the
decreasing breakdown voltage of insulation paper [9]. However, to the authors’ knowledge, space
charge behavior is likely to be one of the most fundamental reasons for the characteristic change in paper
material. The insulation risk caused by copper sulfide from the perspective of micros should be
determined. Thus, in this paper, we aimed to understand the effect of copper sulfide on the space charge
behavior of accelerated thermal aging paper material, and analyze the failure of paper material caused by
copper sulfide deposition.

2. Experiments

Selected corrosive sulfur DBDS was purchased from a local company. The insulation oil used in this
experiment was 25# mineral oil without any corrosive sulfur or DBDS substance. The corrosivity of the
oil was based on the procedures stipulated by IEC62535. Table 1 shows the typical properties of this 25#
commercially available insulation oil.
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Three oil samples were prepared: one was base oil (called sample I), which had no corrosive sulfur or
DBDS. The second oil sample was called sample II, in which 500 ppm DBDS was added. The third oil
sample was called sample III, in which 1000 ppm DBDS was added. Three oil samples with different
DBDS concentrations were prepared. Paper-wrapped copper windings and these oil samples were dried
at 90 °C/50 Pa and then finished the oil impregnation [10]. Windings and oil samples were thermally
aged for 24 days at 130 °C to obtain three paper samples. One aged paper was uncontaminated by copper
sulfide deposition, whereas the other two were contaminated by copper sulfide deposition with different
levels of severity. The detailed information is listed in Table 2.

Table 1. Properties of tested mineral base insulation oil.

Characteristics Items Properties
Density (20 °C), kg/m? 883.2
Function Viscosity (40 °C), mm?/s 9.67
Viscosity(—20 °C), mm?*/s 488.9
Breakdown voltage, kV 62
Stability Acidity, mg KOH/g 0.008
Corrosivity None

Table 2. Testing samples and condition of thermal aging tests.

Dibenzyl disulfide (DBDS)

Specimen Description concentration (mg/kg) Temperature (°C)
Sample 1 Oil + winding 0 130
Sample 2 Oil + winding + DBDS 500 130
Sample 3  Oil + winding + DBDS 1000 130

The paper-wrapped copper windings were provided by Chongqing ABB Transformer Co., Ltd.
(Chongqing, China). Figure 1a shows the winding, and copper strip is wrapped by insulation paper.
The windings were processed to pig-tail model and each model consists of two windings, the dimension
of this model is shown in Figure 1b. The length of the winding is 75.00 mm and the tail at the end of
winding is 15.00 mm.

75.00 30.0°

14

(a) (b)

Figure 1. Paper-wrapped copper winding and dimension pig-tail model. (a) winding;
(b) dimension of pig-tail model.

The alternating current (AC) breakdown voltage of oil samples was obtained according to the IEC
60156 standard. Partial discharge inception voltages (PDIV) of oil-impregnated papers were measured
based on the pig-tail model shown in Figure 1b. One of the windings in the pig-tail model was connected
with high voltage supply (AC) through the hole, which was located in the end of the winding, and
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another winding was connected with the ground electrode. The pig-tail model was immersed in insulation
oil during the PD test.

Scanning electron microscopy (SEM) was used to analyze the deposition on the paper surface.
The space charge behaviors in paper materials were measured by PEA method based on previous
studies [11,12]. Trap characteristics of paper samples were tested using TSC method. The setup and
operating procedure of PEA and TSC are described in detail in previous publications [13].

3. Results
3.1. Appearance of Copper Strip and Paper

The comparison of three samples, including the appearance of copper and paper surface, is shown in
Figure 2. No deposition was formed on the paper surface in sample I, as shown in Figure 2a. The paper
surface was clear without any contamination. However, some silvery white deposition could be clearly
observed in Figure 2b. The copper surface became darker compared with that in Figure 2a, and some
parts of the paper surface were covered by deposition. For sample III (Figure 2c), the surface copper became
darker than the former two copper samples. The whole surface of paper was covered by deposition.

(b) (©)

Figure 2. Appearance of copper and paper surface of samples (a) sample I; (b) sample II;
and (c¢) sample II1.

3.2. Scanning Electron Microscopy (SEM) of Copper Strips and Paper

SEM images of the three copper strip samples are shown in Figure 3. Lines were clear on the copper
surface in sample I, as shown in Figure 3. The copper strip had a flat surface without bulges. The surface
of the copper strip of sample II, which was contaminated by corrosive sulfur, became rough and
numerous granular sediments were present on the copper surface. White particles appeared and lines
were covered by particles. Nevertheless, the contamination condition in sample III was the most serious one.
The SEM images of the three paper samples at a magnification of hundreds of times (10 um) are shown in
Figure 3. The fiber texture of paper was clearly visible in paper sample I. By contrast, the fiber texture of
paper sample II was not easy to visualize, because deposition appeared on the paper surface.
This appearance became fuzzy and more serious in paper sample III. The gaps between fibers were filled
with white particles and some fibers were covered by particles.
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Figure 3. Scanning electron microscopy (SEM) of copper strip surface: (a) Sample I;
(b) Sample II; (¢) Sample III and paper surface: (d) Sample I; (e) Sample II; (f) Sample III.

3.3. Electrical Properties of Insulation Paper

Most studies have proven that the deposition on the copper surface and paper surface is copper sulfide
substance (mainly CuzS) [14]. The electrical properties of the paper material changed because of the
emergence of this kind of substance as result of its semi-conductive nature [15]. SEM and energy
dispersive X-ray (EDX) spectrum were used to analyze this substance, and the results are shown in
Figure 4 (working distance was kept at 1 pm, magnification = 4.66 Kx). As shown in Figure 4a, the copper
surface was covered by a large number of granules, the element composition of which was confirmed by
EDX (Figure 4b). Figure 4c shows that the atomic number between Cu and S was 39.70/11.22, which is
close to 4:1 (CuzS:4:1). Another study [16] also pointed out that the deposition is mainly CuzS,
which contains small amounts of CuO and CusS.

Element | Weight% | Atomic%
C 13.81 40.34
0 3.88 852
Al 0.17 022
S 10.25 11.22
Cu 71.89 39.70
FuIIScaI13285382dsCurjor: 0.003 e 1kUev Totals 10000 1000
(b) (c)

Figure 4. (a) SEM image; (b) energy dispersive X-ray (EDX) analysis; and (¢) element
composition of copper surface.

The breakdown strength of oil-impregnated paper wrapped copper winding with and without copper
sulfide deposition is shown in Table 3. Compared with paper-wrapped copper winding of sample I,
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the breakdown voltage of oil and PDIV of the winding of sample II decreased by 4.6% and 21.73%,
respectively. Nevertheless, the degree of decrease for sample I1I was more obvious. The breakdown and
partial discharge inception voltage of sample III decreased by 14.45% and 42.86%, respectively.
The variation in breakdown voltage and PDIV indicated that the presence of copper sulfide on paper

contributed to the decrease in electrical properties, and this contribution may be caused by the
semi-conductor properties of copper sulfide.

Table 3. Deposition effects on electrical strength of oils and paper-wrapped copper winding.
PDIV: partial discharge inception voltages.

Items Parameter Sample I Sample I  Sample II1
oil Breakdown voltage (kV) 49.8 47.5 42.6
Standard deviation (kV) 3.14 3.62 3.29
Paper Partial discharge (PD) inception voltage (kV) 16.1 12.6 9.2
PD pico-coulomb of PDIV (pC) 209 610 725

3.4. Space Charge Behavior of Insulation Paper

The charge transport characteristic in insulation paper will change with the introduction of copper
sulfide. The PEA method was used to obtain the space charge behavior in paper. After samples were
subjected to a DC electric field, the space charge distribution in paper samples is shown in Figure 5.
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Figure 5. Volt-on space charge distribution of paper samples: (a) sample I; (b) sample II;
and (¢) sample III.

The anode peak was sharp and evident. As shown in Figure 5b, the peak at the anode electrode
increased compared with that in Figure 5a. Copper sulfide deposition had a significant effect on the
space charge behavior. The maximum space charge in paper sample II (Figure 5b: 29 C/m®) was higher
than that of sample I (Figure 5a: 24 C/m?) when the same DC voltage was applied, implying that more
charge carriers were formed in the paper contaminated by copper sulfide. The maximum space charge
reached the highest value in sample III (Figure 5c: 40 C/m?). Notably, for oil-paper contaminated by
copper sulfide deposition, the positive charge injection behavior was different from that of paper without
contamination. For the oil/paper sample without contamination, negative charges were injected into the
inside of paper (around 500 um) immediately once an electric field was applied. The amount of negative
charge from this injection increased as the electric field applied. Therefore, most charges inside paper
(around 500 um) were negative, as shown in Figure 5a. For sample II, not only negative but also positive
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charge can be found inside of paper. A positive charge observed at the same position (500 um) initially
increased and then decreased after 1 min, as shown in Figure 5b. The positive charge bump increased,
indicating that the positive charge injection was strengthened when paper was contaminated by copper
sulfide. For sample III, a positive charge bump was found in the beginning of voltage application.
However, the maximum positive charge density inside paper reached 15 C/m?, which was higher than
that in sample II (10 C/m?). Results in Figure 5 demonstrated that higher deposition in paper, resulting in
a more obvious positive charge injection.

Figure 6 shows the space charge distribution measured after the removal of the applied voltage for
oil-paper samples with different contents of copper sulfide deposition. The maximum space charge in
contaminated paper around the anode (about —5.5 C/m? as shown in Figure 6b) was higher than that of
uncontaminated paper (about —2.5 C/m? as shown in Figure 6a). Nevertheless, the maximum space
charge in sample III was the highest (about —11 C/m? as shown in Figure 6¢). For all paper samples,
a majority of space charge in the bulk disappeared after 5 min. The space charge decay of sample II was
2.85-fold of that in sample I after the external electrical field was removed for 5 min. Thus,
the deposition on the paper could enhance the dissipation mobility of the charges.
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Figure 6. Volt-off space charge distribution of paper samples: (a) without contamination;
(b) with contamination; and (¢) with more contamination.

The decay speed of the three samples was determined using the following math model:

O(t) = 0(0) + e (1)

where () is space charge amount at time t, Q(0) is the residual space charge amount when the decay
1s moving toward stability, and 1 is the decay time constant. The relationship is shown in Table 4.

Table 4. Relationship between space charge amount and time for oil impregnated papers.

Sample Formula R-squared
I O(t) = 72.3exp(—t/4.1) + 27.5 0.989
I 0(f) = 522.8exp(—t/2.18) + 73.1 0.985
111 O(f) = 1217.6exp(—t/1.7) + 132.9 0.971

The t represents the decay speed of space charge. A low value 1 results in higher decay speed of
space charge. Thus, the space charge in contaminated paper had higher decay speed than that of
uncontaminated paper.
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4. Discussion

Copper sulfide deposition on paper exerted great effects on the electrical properties and space
charge dynamics in oil-paper samples. The emergence of copper sulfide deposition on paper not only
enhanced the charge accumulation but also improved the mobility of the charge in the samples.
Oil-paper degradation caused by thermal aging is irreversible. The aging by-products deposited on the
insulation paper cannot be removed. The decreased breakdown performance of sample II and
sample III was largely attributed to the by-product copper sulfide (Cu2S) because of the
physical/chemical interaction between DBDS and copper, as shown in Figure 7 [14].

Cu,S «—
2Cu+ DBDS —>DBDS-Cuz—-E DBS + Cu—

BiBZ «—
Hfsfsfcm«O H:—S—CH;-@ CHfCHZ—@
DBDS DBS BiBZ

Figure 7. Chemical structure of dibenzyl disulfide (DBDS) and the reaction between DBDS
and copper conductor.

DBDS, is a corrosive sulfur that can attack copper windings under certain conditions. The DBDS-Cu
complex, which is soluble in oil, formed. Part of the DBDS-Cu complex remained on the copper surface
and then decomposed into CuzS. Portions of the complex transferred from the copper surface to the
paper surface through bulk oil. Copper sulfide eventually formed on the paper surface.

Copper sulfide deposition can not only deposit on the paper surface but also permeate into paper [17].
The distribution of the electric field was distorted because of this deposition and permeation, leading to
the downtrend of PDIV and breakdown voltage [9]. The decreased PDIV and breakdown voltage was
related to space charge behavior. However, space charge distribution and decay are associated with
trapping/de-trapping processes and charge transport in insulation paper materials [18,19]. It was reported
that high conductivity leads to the high mobility of the charges trapped in the samples [20]. The CuzS could
enhance the dissipation mobility of the space charges and mobility of charges in insulation paper because of
its conductive characteristic. The higher this substance content in insulation paper, the faster the trapped
charge moves. Thus, the trap characteristics of two samples (uncontaminated paper and contaminated paper)
were tested to further investigate the charge behavior, and the results are shown in Figure 8.

—— (b) contaminated paper
75 -—— (a) uncontaminated paper

(b) Peak current

Current (pA)

,/ (a) Peak current

— \

n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
260 280 300 320 340 360 380 400 420
Temperature (K)

Figure 8. Thermally stimulated current (TSC) test results of two insulation paper samples:
(a) uncontaminated paper; (b) contaminated paper.
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The current peak related to trap energy level in sample I (contaminated by copper sulfide) shifted to
a lower temperature compared with that in sample I (from 356 K to 344 K). This phenomenon indicated
that shallower trap levels were generated in contaminated paper. Trapped charges and trap levels were
calculated to analyze the trap characteristics. The trap charge amounts QOisc and the trap level E could be
calculated according to the TSC test results using the following equations:

4 60 T

O = j H(de === [ 1T @)
2.47T *k

=TT 3)

where Tm is the corresponding temperature to the peak current (K); B is the heating rate (K/min); AT is the
temperature difference from the peak current to the half peak current (K); and k is the Boltzmann
constant. Table 5 shows the TSC parameters of two paper samples.

Table 5. Thermally stimulated current (TSC) test results.

Parameter Sample I Sample 11
Peak current (pA) 42.891 68.995
Temperature of peak current (K) 356 344
Trapped charges (nC) 0.546 0.912
Trap levels (eV) 0.819 0.476

As shown in Table 5, the trap level of contaminated paper was 0.476 eV, which is lower than that of
uncontaminated paper (0.819 eV). Nevertheless, the trap charge amount of contaminated paper showed
opposite characteristics (higher than that of uncontaminated paper). Lower trap level and higher trap
charge amounts indicated that numerous shallower traps were present in contaminated paper.
Furthermore, the shallower trap level could accelerate the de-trapping velocity of trapped electrons,
leading to a more frequently charged transport. Therefore, electrons could easily accumulate energy and
become thermion because of the decrease in trap levels. Electric tree and discharge channels formed
easily. Excessive amounts of shallower traps also had an adverse effect on the anti-aging properties of
insulation paper. However, the current peak, which was connected to the maximum trap density for
contaminated paper was higher than that of uncontaminated paper, indicating that contaminated paper
possessed higher trap density. These findings resulted in high-speed charge transportation via de-trapping
and trapping processes in shallower traps.

5. Conclusions

This paper presents the space charge behavior in insulation paper induced by copper sulfide in HVDC
power transformers. SEM, PEA, and TSC methods were used to conduct corresponding experiments and
analyses. The results of the reported work and analyses are summarized as follows:

(1) The electrical insulating characteristics of paper material contaminated by copper sulfide
decreased largely because of its semi-conductor properties.
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(2) Copper sulfide on paper not only enhanced charge accumulation but also improved the mobility of
the charge in the paper materials.

(3) The space charge behaviors of the thermally aged paper materials before and after contamination
demonstrated that shallower trap energy level and higher trap density were generated because of the
introduction of copper sulfide. These two reasons directly led to the rapid transfer of charge carriers via
de-trapping and trapping processes. This phenomenon may explain why dielectric strength and
breakdown voltage of aged paper materials contaminated by copper sulfide decreased compared with
uncontaminated paper.
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