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ABSTRACT There is a relative lack of research on the development of creepage discharge in aged oil-paper

insulation subjected to AC-DC combined voltage in converter transformers. In this study, based on the

physical and chemical properties of oil-paper, we propose a sphere-plate electrode model to study the

creepage discharge parameters and characteristic spectra of aged oil-paper subjected to AC-DC combined

voltage. The results show that the creepage discharge inception voltage of aged oil-paper is related to the

AC voltage component of the AC-DC combined voltage. However, when the DC voltage component is

60 kV, the flashover phenomenon was found to occur in one of the severely aged samples before the AC

voltage was applied. Despite being subjected to the same DC voltage, the flashover phenomenon did not

occur in three other samples aged to different degrees. Large-amplitude discharges were found to appear

earlier in the severely aged samples. At the same creepage discharge stage, as the aging time of the oil-paper

increased, the number of large-amplitude discharges was found to rapidly increase, and the time interval

between adjacent discharges was found to gradually decrease. At each stage of the creepage discharge,

the small-amplitude discharge has a ‘‘hump’’ shaped distribution. The larger the DC voltage component,

the shorter the endurance time of aged oil-paper, and the more severe the damage to the oil-paper. The DC

voltage component was found to have an accelerating effect on the development of creepage discharge in

aged oil-paper insulation.

INDEX TERMS Aging, oil-paper insulation, AC-DC combined voltage, DC voltage component, creepage

discharge, inception voltage.

I. INTRODUCTION

The internal insulation material of the converter transformer,

which is one of the major components of the ultra-high

voltage direct current (UHVDC) transmission system, is the

same as that of the traditional AC transformer. However,

unlike traditional AC transformers, converter transformers

have valve-side winding that can withstand multiple voltage

types such as AC voltage, harmonic voltage components,

and AC-DC combined voltage (ADCV) [1], [2]. The insu-

lation performance of oil-paper (OP) insulation, which is the

The associate editor coordinating the review of this manuscript and

approving it for publication was Pavlos I. Lazaridis .

primary insulating material of converter transformers, gradu-

ally deteriorates under the long-term effects of stress from

temperature and electric field. The transformer insulating

paper aging research team of the international council on

large electric systems (CIGRE) indicated in a 2007 report

that the average operating life of power transformers in most

countries is approximately 30 years [3]. As the operation

time of the UHVDC transmission project in China increases,

the performance of the OP insulation will gradually dete-

riorate, and the performance of the insulation system will

reduce due to aging. This will gradually increase the prob-

ability of accidents in the converter transformer. The failure

of converter transformers, which occupy a central role in the
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UHVDC transmission system, will cause severe losses to the

national economy and power grid.

In the past few decades, many scholars have studied the

discharge characteristics of aged oil-impregnated paper insu-

lation under AC, DC, and impulse voltages. These works

majorly include two aspects: 1) the influence of aging on the

electrical characteristics of OP insulation, such as breakdown

voltage, partial discharge, dielectric response, gas production

characteristics, and dielectric loss, etc. [4]–[10] and 2) the

study of the physical and chemical characteristics of aging

OP insulation, such as furfural in oil, acid value, micro-

water, degree of polymerization (DP), and aging assessment

[11]–[15]. Although some studies have been conducted on

the discharge characteristics of OP insulation under ADCV,

there have been few reports on the discharge characteristics of

aged OP insulation under such voltages [16]–[21]. However,

the insulating structure and operating conditions of converter

transformers differ from those of traditional AC transformers.

According to CIGRE statistics, the failure rate of the insulat-

ing structures of converter transformers is much higher than

that of the insulating structures of AC transformers (about

twice), and many of these insulating problems are caused by

creepage discharge at the OP interface [22]. As the use of

converter transformers is relatively recent when compared to

AC transformers, few research reports have studied the creep-

age discharge characteristics of aged OP insulation under

ADCV [23]. Therefore, it is necessary to conduct research on

the creepage discharge development characteristics of typical

aged OP insulation under ADCV.

In this study, OP insulation samples with different aging

degrees were prepared, where accelerated thermal aging was

performed at 130 ◦C. Then, combined with the physical

and chemical characteristics analysis method, the creepage

discharge parameters of the aged OP under ADCV were

studied. Finally, the discharge signal characteristics of the

aged OP insulation during the development of creepage dis-

charge were statistically analyzed, and the effects of aging

and ADCV on the creepage discharge characteristics of the

OP insulation were investigated.

II. EXPERIMENTAL SETUP AND METHODS

A. ELECTRODE MODEL

The experiment used a typical sphere-plate electrode

model recommended by CIGRE Method II. Both the

high-voltage and ground electrodes are made of stain-

less steel. Oil-impregnated insulating paper was placed

between the high-voltage electrode and ground electrode. The

electrode model parameters are marked as shown in Fig. 1

[23], [24].

B. SAMPLES

Karamay 25 transformer oil was used in the experiment.

After the transformer oil was degassed, dried, and purified,

the gas volume fraction was found to be less than 2%, and

the micro-water content was less than 5 µl/l, which met the

requirements of GB/ T7595 [23]–[26].

FIGURE 1. Sphere-plate electrodes configuration.

The insulating paper was dried for 72 h at 100◦ and then

immersed in oil for 72 h in an environment with a vacuum

of about 10 Pa and a temperature of 60◦. The transformer oil

used in the experiment was unaged oil. Then, the container

impregnated with the OP sample was filled with nitrogen,

sealed, and placed in a high-temperature drying box at 130◦

for accelerated thermal aging. Before aging, the moisture

content in the insulating paper was 2.239%. After aging,

the moisture content in the oil was 9µl/l, and the moisture

content in the insulating paper was 1.685%.

To study the thermal aging process of OP, the aging time

was selected according to the accelerated thermal aging

rules. The aging time of 0, 30, 60, and 100 days correspond

to the aging states Aging0, Aging1, Aging2, and Aging3,

respectively.

In the early stages of aging (Aging0–Aging1), the DP

of the sample decreased slowly from 1250 to 1001. In the

middle stage of aging (Aging1–Aging2), the DP decreased

rapidly. At the end of the aging period (Aging2–Aging3),

the DP decreased gradually, and the DP of the Aging3 sam-

ple reached 248, which was close to the end-of-life of the

insulating paper.

C. EXPERIMENTAL PLATFORM

Fig. 2 shows the configuration of the experimental sys-

tem. UDC is a 100 kV DC voltage source, which is con-

nected to the circuit through the current limiting resistor R2
[23]–[26]. UAC is a 100 kV AC voltage source, which is

connected to the circuit through a resistor R1 and blocking

capacitor C1 [23]–[26]. The partial discharge detection sys-

tem uses the pulse current method to detect partial discharge

signals. It can collect the discharge pulse signals in real time

to form the discharge characteristic spectra. The circuit was

tested and found to be discharge free up to 75 kV [23]–[26].

D. VOLTAGE APPLICATION METHOD

The experiment uses the parallel superposition method to

obtainADCV, as shown in Fig. 3. Firstly, theDCvoltage com-

ponent is accelerated to the preset amplitude at a rate of 1 kV/s

and maintained at this level for half an hour. Then, the AC

voltage component is increased to 20% of the breakdown
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FIGURE 2. Schematic of experimental platform. R1
= 10M�, R2 = 1M�, R3/R4 is a resistive voltage divider
(10000 : 1), R5 = 5M�, and C1 = 0.2µF. The component labeled 1 is the
partial discharge detection system, and the component labeled 2 is a
digitizing oscilloscope.

FIGURE 3. Voltage application method.

voltage of transformer oil at the rate of 1 kV/s, and the voltage

is maintained for 10 min. Later, the AC voltage component is

accelerated by 2 kV at a rate of 1 kV/s. A stable repetitive

discharge signal is generated, and the corresponding voltage

is the creepage discharge inception voltage (CDIV). In this

manner, the AC voltage components are continuously ampli-

fied until a discharge signal greater than 100 pC appears,

at which point the amplification is stopped. The applied

voltage is then kept constant, and the timer is started. The

discharge signal during the whole creepage discharge process

is collected until the flashover occurs and the timer is stopped.

The timemeasured during this process is called the endurance

time (ET).

III. RESULTS AND DISCUSSION

A. CREEPAGE DISCHARGE INCEPTION VOLTAGE OF AGED

OP

The ADCVwas applied to the OP with four degrees of aging,

and the CDIV under the different DC voltage components

was measured. Ten repeated tests were performed on samples

FIGURE 4. CDIV of differently aged samples.

of the same aging stage. The influence of aging and the

DC voltage component on the CDIV of the OP insulation

are analyzed. The CDIV of four aging stage showed similar

laws. Therefore, the Aging2 and the Aging3 were selected

to compare and analyze the characteristics of CDIV. The

CDIV of aged OP was measured under ADCV with the DC

voltage component varied from 0 to 60 kV, as shown in Fig. 4.

The DC voltage component of 0 kV corresponds to a pure

AC voltage.

Fig. 4 shows the relationship between the CDIV and theAC

voltage component in the Aging2 samples. The CDIV under

pure AC voltage is the smallest and is equal to approximately

36 kV. It can be seen from the figure that the CDIV increases

gradually with increasing DC voltage component. When the

DC voltage component is 60 kV, the inception voltage is

93 kV. As the CDIV increases, the AC voltage component

in the ADCV gradually decreases, but the reduction is small.

It can be seen from Fig. 4 that the variation trend of the

CDIV of the Aging3 sample is the same as that of the Aging2

sample. The CDIV of the Aging3 sample under pure AC

voltage is approximately 32 kV, which is lower than that of

Aging2. The AC voltage component required for the onset of

creepage discharge in the Aging3 sample is lower than that

required for the Aging2 sample.

As shown in Fig. 4, it can be found that with the increase in

the DC voltage component, the CDIV of the aged OP grad-

ually increases. Notably, in the Aging2 sample, a flashover

phenomenon occurs when the DC voltage component is

70 kV, and then the AC voltage component is increased

to 20 kV. At this stage, the flashover voltage of the aged

OP under pure DC voltage is about twice that under pure

AC voltage. However, in the Aging3 sample, when the DC

voltage component is 60 kV, a flashover phenomenon occurs

during the DC voltage component holding period. However,

under the same voltage, this phenomenon does not occur in

the other three aged OP insulation samples (Aging0, Aging1,

Aging2).
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FIGURE 5. Endurance time for samples with different aging time.

It can be seen that, under ADCV, the CDIV of aged OP is

related to the AC voltage component and the degree of aging

of the OP. However, the DC voltage component exacerbates

the damage of the insulating paper. With the deterioration of

the OP insulation aging, when the DC voltage component is

greater than a certain amplitude, a flashover phenomenonwill

occur in the DC voltage preloading process.

B. ENDURANCE TIME OF AGED OP INSULATION

As the time of aging increases, the DP of the OP insulation

gradually decreases, which has a significant effect on its

mechanical strength. This in turn affects the development of

the creepage discharge process in the OP. The ET of the OP

at different aging stages was measured under ADCV, and the

result is shown in Fig. 5.

Fig. 5 depicts that with the increase in the DC voltage com-

ponent, the ET of the OP in the same aging stage gradually

decreases. The more severe the aging of the OP, the greater

the decrease in the ET. Under the same voltage, the ET

gradually reduces with increase in the aging stage. The ET of

the Aging0 and Aging1 OP samples does not change signif-

icantly under the effect of different DC voltage components.

The ET of the Aging2 and Aging3 samples were lower than

that of the Aging1 sample, and the ET of the Aging3 sample

was the lowest. The ET is drastically shortened, specifically

when the DC voltage component is 50 kV. The ET does not

change considerably in the less aged samples. The larger the

DC voltage component, the shorter the ET.

The DP of the aged OP decreased, thereby reducing its

mechanical strength. Therefore, when a large energy dis-

charge occurs, the fibers of the aged OP are more easily

broken, and the fibers of the insulating paper can be ablated

and destroyed in a shorter time to easily form a discharge

channel between the fibers. This change makes it easier for

the creepage discharge to develop in the aged OP insula-

tion under the influence of the force from the electric field.

Correspondingly, the time required from the start of the

discharge to the final flashover breakdown will be reduced,

and a longer carbonization channel will be left on the sur-

face of the insulating paper simultaneously, as shown in

Figs. 6(c) and (f).

C. PHENOMENON OF CREEPAGE DISCHARGE AND

ANALYSIS ON DIFFERENTLY AGED OP INSULATION

During the research process, in order to avoid the influence

of randomness, ten repeated tests are performed on samples

of the same aging stage. After these tests, the carbonization

traces on the surface of the insulating paper at the same aging

stage show similar laws under the same ADCV. With the

increase in aging, the experimental phenomenon exhibited

by the aged OP under different applied voltages is differ-

ent. Fig. 6 shows the phenomenon after flashover of the

Aging2 and Aging3 samples. The damage characteristics of

the aged OP under the ADCV are explored.

It can be seen from Fig. 6 that after the breakdown occurs

under different voltages, different shapes of carbonization

marks are formed on the surface of the insulating paper. The

length of the carbonization marks formed on the surface of

the insulating paper by creepage discharge is denoted by d

in Fig 6(f).

It can be seen from Figs. 6(a)–(c) that as the DC volt-

age component increases, the carbonization traces on the

surface of the Aging2 insulating paper samples gradually

become elongated and the damage caused to the surface of

the insulating paper by the creepage discharge intensifies.

Under pure AC voltage, the damage to the surface of the

insulating paper is relatively light, and there is only one

breakdown point near the HV electrode. As the DC volt-

age component increases, a few carbonization marks appear

around the surface of the paper that is in contact with the

electrodes. d gradually increases, and dendritic white spots

appear around the carbonization traces. Figs. 6(d)–(f) show

the surface condition of the Aging3 insulating paper samples

under the AC and the ADCV. The change in the surface

damage of the Aging3 sample insulating paper with voltage

is the same as that of the Aging2 sample, and the damage to

the surface of the insulating paper under AC voltage is still

the least. However, under the same ADCV, the damage to the

insulating paper surface of the Aging3 sample is more severe

than that to the Aging2 sample. Moreover, the larger the DC

voltage component, themore severe the damage to the surface

of the insulating paper.

Overall, under pure AC voltage, the breakdown point of the

OP insulation occurs at the junction of the electrodes, trans-

former oil, and insulating paper. Under ADCV, the break-

down point appears on the upper surface of the insulating

paper at a distance from the high-voltage electrode, and it

continues to develop forward as the DC voltage component

increases. The longer the aging time, the more severe the

damage.

As the insulating paper is a porous material, the fibers

overlap each other. The micro-pores and the pore size dis-

tribution inside the insulating paper will have a significant

impact on the creepage discharge development in the OP.
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FIGURE 6. Characteristic parameters of creepage discharge in new OP under different ADCVs.

FIGURE 7. OP insulation pore size distribution with different degrees of
aging.

Fig. 7 demonstrates that as the degree of aging of the OP

increases, the diameter of the micro-pore shows an increasing

trend. The pore diameter of the insulating paper increases

from 140 nm to 237 nm after aging. The pores in the insulat-

ing paper gradually develop from micro-pores to fine pores.

Simultaneously, the pore volume at 140 nm increased by

approximately 4 times from 0.004 to 0.017 cc/g, and the

pore volume of other pores also gradually increased. As the

insulating paper ages, the porosity of the insulating paper

continues to increase. The compactness of the insulating

paper gradually decreases, resulting in a more loose structure.

These factors increase the permeability of the insulating paper

to the oil, which in turn affects the mechanical and electrical

properties of the insulating paper.

Aging causes evident changes in the surface morphology

and microstructure of the insulating paper. Consequently,

the diameter of micro-pores increases, which causes the oil

gap discharge to crack and form bubbles due to the creepage

discharge. Part of the gas bubbles will escape to the surface

of the insulating paper, and part of the gas bubbles will stay

inside the insulating paper. Under the ADCV, the AC electric

field is primarily concentrated on oil and gas bubbles. The

gas bubbles are discharged inside the insulating paper and

cause damage and ablation to the internal structure of the

insulating paper. These effects cause the surface fibers of the

insulating paper to be lifted. The DC electric field is primarily

concentrated in the insulating paper, and a large amount of

space charge is injected into the insulating paper under the

DC electric field [26], [27]. Under the combined effect of the

AC-DC electric fields, the trapped charges are de-trapped by

external disturbances and release a large amount of energy.

In addition, aging causes the mechanical strength of the insu-

lating paper to decrease. Therefore, the creepage discharge

easily develops on the surface of the aged OP and leaves

a long carbonization mark on the surface of the insulating

paper.

D. DEVELOPMENT RATE OF CREEPAGE DISCHARGE OF

OP INSULATION WITH DIFFERENT DEGREES OF AGING

The ET of the aged OP reduces with increase in the DC

voltage component in the ADCV. The developed velocity

of creepage discharge under different proportions of ADCV

under different degrees of aging is shown in Fig. 8.

The developed velocity of the creepage discharge is

defined as the ratio between the length of d and ET.

Fig. 8 illustrates that as the aging time increases and the DC
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FIGURE 8. Developed velocity of creepage discharge at different aging
time.

voltage component increases, the developed velocity of the

creepage discharge gradually increases.When the DC voltage

component is 50 kV, the flashover occurs in a short period of

more than 20 s after the discharge signal appears, specifically

in the Aging3 samples. As the aging stage increases, the

developed velocity under the same DC voltage component

gradually increases. This is because the fiber of the insulating

paper undergoes fiber hydrolysis and oxidative degradation

under heat. In severe cases, it can cause the decomposition of

cellulose, and even carbonization or graphitization reactions

to occur. Under 130 ◦C thermal aging, the water physically

absorbed by the fiber is desorbed, and some glucose groups

in the cellulose structure begin to dehydrate, causing the

intact cellulose to gradually degrade into multiple bundles

of cellulose. The mechanical strength of insulating paper is

reduced due to the thermal degradation of cellulose. This

process can be defined as the ‘‘embrittlement’’ process of

cellulose. Thus, under the action of the electric field, high-

energy electrons continuously bombard the fiber chain of

the insulating paper, and the fiber chain is easily broken.

Therefore, under the ADCV, the developed velocity gradually

accelerated with the degree of aging. Accordingly, the length

of d also gradually increases. The aging not only leads to

a decline in the mechanical strength of the insulating paper,

but also reduces creep resistance. The DC voltage component

has an accelerating effect on the development of creepage

discharge in the aged OP.

E. CHARACTERISTIC SPECTRA OF THE CREEPAGE

DISCHARGE DEVELOPMENT PROCESS OF AGED OP

INSULATION UNDER ADCV

Partial discharge is an effective method for detecting the insu-

lating state of OP. Here, the pulse current method is imple-

mented to collect the discharge signals of the aged OP under

ADCV. Then, these discharge signals are statistically com-

bined into a discharge characteristic spectra. As the OP under

ADCV is simultaneously subjected to the combined effects

of AC and DC voltage, the method of expressing discharge

characteristics is different from previously reported methods

where the sample was subjected to AC voltage alone. There-

fore, this study uses 1tpre-Q, n-Q, and Q-t as the statistical

parameters of the spectrum to explore the creepage discharge

development of aged OP under ADCV, whereQ, 1tpre, and n

corresponds to the discharge amplitude, interval time between

two adjacent discharges, and number of discharges in the

corresponding statistical time, respectively [23].

The characteristics of creepage discharge development

were studied in Aging1 and Aging3 samples. By compar-

ing the characteristics of the creepage discharge spectra of

the two aged samples, the development process of creepage

discharge in agedOP under ADCV is divided into four stages.

1) CHARACTERISTIC SPECTRA OF CREEPAGE DISCHARGE

DEVELOPMENT PROCESS OF AGING1 SAMPLE

OP insulation will accumulate polarized charges at the OP

interface under DC voltage. The results shown the space

charge achieved a balanced condition after 30 min of applied

DC voltage [27]. The polarization charge will affect the

creepage discharge development process and discharge char-

acteristic parameters of aged OP insulation. The creep-

age discharge development process of the Aging1 sample

under ADCV was studied. The discharge signals during the

creepage discharge are collected to obtain the characteristic

spectra, as shown in Fig. 9. Among them, the DC and AC

voltage components are 20 kV and 34 kV, respectively. The

initial stage of creepage discharge under ADCV is shown

in Fig. 9(a). The Q − t and the n-Q spectra show that the

discharge is relatively stable at this stage. The corresponding

discharge amplitude ismajorly concentrated at approximately

80 pC, and the number of discharges is approximately 4000.

The discharge amplitude of approximately 2500 pC appears

sporadically during the discharge process. The interval time

between two adjacent 2500 pC discharges is large. From

the 1tpre-Q spectra, it can be seen that 1tpre is primarily

distributed in the range from 0–0.04 s, and there are more

scattered discharges in this interval. There are also scattered

discharges in the range of 0.04–0.06 s, and the discharge

signal does not appear concentrated. The second stage of

the creepage discharge process is shown in Fig. 9(b). The

discharge amplitude at this stage is primarily concentrated at

140 pC, and a large number of discharges at this stage are

mainly concentrated in the range of 0–0.02 s. In this stage,

the number of 2500 pC discharges increased to more than

2,000. The Q − t spectra indicates that it takes 100 s for the

discharge amplitude to increase to 2500 pC from 100 pC.

The third stage of the creepage discharge process is shown

in Fig. 9(c), in which the number of 2500 pC discharges

increased to 3000. 1tpre is majorly distributed in the range

from 0–0.01 s, and there are some scattered discharges in the

interval between 0.02 s and 0.05 s. At this stage, the insula-

tion performance of the OP gradually deteriorates, and the

creepage discharge enters a period of rapid development.

Carbonization traces appear on the surface of the insulat-

ing paper, and its insulating performance is further reduced.
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FIGURE 9. Different stages of the characteristic spectra (1tpre − Q An-Q AQ-t) of creepage discharge in the Aging1 sample
under 34 kV AC and 20 kV DC.

The fourth stage of the creepage discharge process is shown

in Fig. 9(d). The Q − t spectra shows that the frequency

of occurrence of large-amplitude discharge (LAD, 2500 pC)

significantly increases in this stage, which exacerbates the

damage to the insulating paper. Due to the further reduction of

OP insulating performance, a large number of high amplitude

discharges occur, and the discharge repetition rate is higher.

Consequently, 1tpre at this stage is more concentrated than

the previous three stages andmainly distributed in the interval

between 0 s and 0.01 s, which exacerbates the deteriora-

tion of the insulating performance of OP and promotes the

development of insulating defects. The above process is a

feedback process that affects and interacts with itself. This

process repeats its development cycle until the last flashover

breakdown occurs.

2) CHARACTERISTIC SPECTRA OF CREEPAGE DISCHARGE

DEVELOPMENT PROCESS OF AGING3 SAMPLE

Fig. 10 shows the characteristic spectra of creepage discharge

of Aging3 sample. The voltage applied at this stage is the

same as that in the Aging1. The initial stage of creepage

discharge is shown in Fig. 10(a), which shows that the ampli-

tude of the discharge signal of the Aging3 sample rises much

faster than that in the first stage of the Aging1 sample, and

LAD occurs at the beginning of the creepage discharge.

This phenomenon did not occur in the initial stage of Aging1.

1tpre is scattered in the interval between 0.01–0.05 s, and the

2500 pC discharge is scattered in each interval. The second

stage of the creepage discharge process is shown in Fig.10(b).

LAD has a gradual upward trend. The number of LADs

increased to nearly 8000, and the number of small-amplitude

discharge (SAD, 110-220 pC) is far less than that of LAD.

The number of LADs increases rapidly in a short period

of time, and the damage to the surface of the insulating

paper is intensified. The LADs are mainly distributed in

the range from 0–0.01s and also in the interval between

0.02–0.05 s. As shown in Fig. 10(c), the number of LADs

rapidly increases to 13,500, showing a rapid increasing trend.

1tpre gradually moves closer to the interval between 0–0.01 s,

and a scattered distribution is observed in the interval between

0.02–0.06 s, which showed a significant decreasing trend.

In Fig. 10(d), 1tpre is primarily distributed in the interval

between 0–0.01 s, and the number of discharges in the interval

between 0.02–0.04 s is significantly less than the previous

three stages. The number of LADs is considerably larger

than the number of SADs. It can be seen that the number

of discharges increased sharply and 1tpre shortens at this

stage, intensifying the degree of damage to the insulating

paper surface and accelerating the development of creepage

discharge.
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FIGURE 10. Different stages of the characteristic spectra (1tpre − Q An-Q AQ-t) of creepage discharge in the Aging3 sample under
34 kV AC and 20 kV DC.

On comparing the two development processes, it can be

seen that the discharge amplitude of the initial stage of the

Aging3 sample is greater than that of the Aging1 sample.

In addition, the discharge interval time is shortened, and the

number of LADs increases. In the second and third stages of

the Aging3 sample, the number of LADs is greater than the

number of SADs. Near the flashover stage, the discharge in

the Aging3 is majorly composed of LADs, and the number of

LADs is significantly larger than that of the SADs. At each

stage of the creepage discharge, the SAD has a ‘‘hump’’

shaped distribution.

IV. CONCLUSION

When subjected to ADCV, the CDIV of aged OP is related

to the AC voltage component of the ADCV. As the CDIV

increases, the AC voltage component in the ADCV gradu-

ally decreases, but the reduction is small. However, the DC

voltage component exacerbates the damage to the insulating

paper. When the DC voltage component is greater than a

certain amplitude, a flashover phenomenon occurs in the

severely aged OP insulation during the DC voltage preload-

ing process, before the AC voltage component is applied.

Despite being subjected to the sameDC voltage, the flashover

phenomenon does not occur in three other samples aged to

different degrees.

Aging leads to a decline in the mechanical strength of

the insulating paper and reduces the creep resistance. The

greater the DC voltage component, the shorter the endurance

time of the aged OP and the more severe the damage to the

OP during the creepage discharge process. The DC voltage

component has the effect of accelerating the development of

creepage discharges on aged OP insulation.

At the same creepage discharge stage, for an OP with

greater degree of aging, the LAD appears earlier, the number

of LAD rapidly increases, and the interval time between adja-

cent discharges gradually decreases. The distribution range

of SAD at each stage of creepage discharge development is

‘‘hump-shaped’’.
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