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Abstract – In order to study the development of partial discharge (PD) under typical protrusion 
defects in gas-insulated switchgear, we applied step voltages on the defect and obtained the φ–u and 
φ–n spectrograms of ultra-high frequency (UHF) PD signals in various PD stages. Furthermore, we 
extracted seven kinds of features to characterize the degree of deterioration of insulation and analyzed 
their values, variation trends, and change rates. These characteristics were inconsistent with the 
development of PD. Hence, the differences of these features could describe the severity of PD. In 
addition, these characteristics could provide integrated characteristics regarding PD development and 
improve the reliability of PD severity assessment because these characteristics were extracted from 
different angles. To explain the variation laws of these seven kinds of parameters, we analyzed the 
relevant physical mechanism by considering the microphysical process of PD formation and 
development as well as the distortion effect generated by the space charges on the initial field. The 
relevant physical mechanism effectively allocated PD severity among these features for assessment, 
and the effectiveness and reliability of using these features to assess PD severity were proved by 
testing a large number of PD samples. 
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1. Introduction 
 
Gas-insulated switchgear (GIS) is highly secure and 

reliable. During the process of its manufacture and long-
term operation, however, inevitable defects in insulation 
result in partial discharge (PD) or insulation breakdown. 
This breakdown significantly affects social stability and 
economic development adversely [1]. PD is a main factor 
that causes insulation deterioration [2]. As such, PD 
severity can be monitored to determine the insulation 
condition of GIS and prevent insulation faults in reasonable 
and effective condition-based maintenance. 

To develop a targeted maintenance strategy for GIS, 
we must identify defect types and evaluate PD severity. 
However, the existing research of PD online monitoring 
focus on signal de-noising [3-6], PD sources location [7] 
and pattern recognition [8-11], PD severity assessment 
was rarely involved. To evaluate PD severity, the insulation 
dielectric property of GIS is the basic characteristic of 
the PD development process. SF6 gas acts as the 
insulation dielectric of GIS and differs from solid dielectric. 

Moreover, it does not age. Therefore, the developing 
process of PD in GIS varies from that in solid dielectric 
significantly. To understand the insulation condition of GIS, 
studying the development of PD in GIS is urgent and 
necessary. 

As a result of different degrees of insulation deterioration, 
the local electric field is distorted to different degrees. Thus, 
the characteristics of PD signals vary significantly in the 
development of PD. The investigation of PD development 
process mainly aims to extract the PD characteristics that 
guide equipment condition-based maintenance. Research 
has determined the statistical characteristics of PD, 
including discharge times, amplitudes, and phases [12-18]. 
According to the analysis, the ratios of discharge times 
between positive and negative half-cycles are regular, as 
well as the ratios of discharge times and amplitudes. These 
features are closely related to PD severity. However, they 
cannot represent the sole criterion in the diagnosis and 
assessment of PD severity [16], although discharge times 
and amplitudes display a certain monotonic property and 
regularity, which are closely related to the development 
of PD. Thus, we should also consider other reference 
characteristics. In brief, we cannot characterize PD severity 
precisely through only a single or a few features without 
properly understanding the developing process of PD. 

Therefore, we examined PD development in GIS under 
typical protrusion defects systematically. To characterize 
PD severity, we extracted seven kinds of features according 
to the differences in ultra-high frequency (UHF) PD 
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characteristics in different PD stages, namely, the maximum 
pulse amplitudes of PD, discharge times, maximum ratios 
of adjacent PD pulse amplitudes, average time intervals of 
adjacent PD pulses, maximum time intervals of adjacent 
PD pulses, equivalent cumulative discharge quantities, and 
signal entropies. Besides, we analyzed the microphysical 
process of the formation and development of PD together 
with the distortion effect caused by space charges to 
determine the variation laws of the seven parameters. 
Finally, the effectiveness and reliability of using these 
features to assess PD severity were proved by testing a 
large number of PD samples. 

 
 

2. Experimental Study 
 

2.1 Schematic of the experiment 
 
As shown in Fig. 1, T1 is the voltage regulator, T2 is the 

test transformer (YDTCW-1000/2×500) without corona, 
C1/C2 is the capacitive divider (TAWF-1000/600), and R 
is the protective resistor (GR1000-1/6). PD signals were 
acquired by a microstrip antenna (bandwidth: 340 MHz 
to 440MHz; center frequency: 390MHz) [19] and were 
displayed and stored on a digital oscilloscope (analog 
bandwidth: 1GHz; maximum sampling rate: 20GS/s; 
memory depth: 48MB). Based on the characteristics of 
typical metal protrusion defect, we designed a needle-plate 
model (distance: 5mm, radius of curvature: 0.3mm) to 
simulate the protrusion defect [20]. The model was 
placed in a simulated GIS, which was filled with 0.4MPa 
of SF6 gas. 

 
Fig. 1. Schematic of the experimental circuit 

 
2.2 Experimental method 

 
To investigate the developing process of PD under 

protrusion defect, we can apply the test voltage in two 
ways, namely, the constant and step voltage methods [17]. 
However, the constant voltage method is time-consuming; 
hence, it is unsuitable for regular experimental studies. 
In contrast, the step voltage method accelerates defect 
deterioration through high-voltage stress. It can not only 
simulate PD development, but also obtain much effective 
data within a short time period. Consequently, we used the 
step voltage method to study the development of PD in 
GIS under protrusion defect. 

The results of previous tests showed that although the 
applied voltage was high enough to induce defect 
breakdown, the simulated GIS did not generate PD because 
of its high insulating strength. All experimental PD signals 
were induced by the needle-plate defect. In the experiment, 
the applied voltage was increased slowly until stable PD 
signals were detected. The initial discharge voltage was 
measured at 9.4kV. The single PD pulse waveform was 
acquired when the oscilloscope sampling rate was set at 
5GS/s. And the oscilloscope sampling rate was set at 
50MS/s to acquire the PD signals in each power cycle per 
second. Each PD sample underwent 100 power cycles, and 
50 samples were obtained. The applied voltages were 
increased by 2.5kV every 2h, and all of the PD signals of 
each voltage were collected. At 26.3kV, we heard a strong 
corona. At 27.6kV, the defect broke down. To ensure 
oscilloscope security, the PD signals under 26.3kV were 
derived as the representative PD signals near the defect 
breakdown instead of the PD signals under 27.3kV. Fig. 2 
depicts the experimental voltages and durations. 

 
 

3. Analysis of Discharge Spectrograms 
 
To study the PD development process in a simulated 

GIS under needle-plate defect, we conducted a total of 
five experiments. The results of these experiments were 
repeatable and the variation tendency of the PD evolution 
was similar. As such, we analyzed the PD development 
process using only one set of test results. Fig. 3 displays 
a typical UHF PD pulse waveform and its frequency 
spectrum. Fig. 4 displays the φ–u and φ–n spectrograms of 
the UHF PD signals. 

PD pulses first appeared near the peak voltages in 
negative half-cycles, which mainly distributed from 250° 
to 310°. In contrast, few PD pulses were observed in 
positive half-cycles, which mainly distributed from 75° to 
105°. PD pulses amplitudes in negative half-cycles were 
evidently bigger than those in positive half-cycles, as 
shown in Fig. 4(a). When the voltage reached 11.9kV, 
PD pulses amplitudes increased significantly, and the 
maximum PD pulse amplitude was twice that of the 
initial discharge voltage. In addition, discharge times in 
negative half-cycles increased significantly. PD pulses  

 
Fig. 2. Experimental voltages and durations 
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were concentrated around 270°, and discharge phases 
ranged from 230° to 320°. However, the determining PD 
pulses in positive half-cycles remained challenging, as 
presented in Fig. 4(b). 

When the voltage reached 14.4kV, the amplitudes and 
times of PD pulses increased sharply in both positive and 
negative half-cycles. Furthermore, PD pulses amplitudes 
in positive half-cycles reached approximately 10mV. 
However, discharge times remained short in these half-
cycles and far shorter than those in negative half-cycles. 
Moreover, φ–n spectrogram of negative half-cycles was 
approximately triangular and deviated to 180°. In contrast, 
the φ–n spectrogram of positive half-cycles had no clear 
inclination. 

Although discharge times in positive and negative 
half-cycles increased significantly at a voltage of 16.9kV, 
those in positive half-cycles were far shorter than those in 
negative half-cycles. In negative half-cycles, PD pulses 
amplitudes did not increase significantly; however, they 
did so in positive half-cycles. Furthermore, the amplitudes 
of some PD pulses in positive half-cycles exceeded those 
in negative half-cycles. In addition, the φ–n spectrogram of 
negative half-cycles continually deviated to 180°, and 
several PD pulses were observed near 200°. 

In both positive and negative half-cycles, PD pulses 
amplitudes and discharge times increased at a voltage of 
19.4kV. The φ–n spectrogram of negative half-cycles 
continually deviated to 180°. Furthermore, the triangular 
φ–n spectrogram of positive half-cycles was skewed 
toward 0°. As the voltage increased to 21.9kV, the φ–u 
spectrograms of positive and negative half-cycles were 
trapezoidal. The value of the maximum PD pulse amplitude 
of positive half-cycles was approximately equal to that of 
negative half-cycles, so as the distribution width of 
discharge phase. Discharge phase of positive half-cycles 
ranged from 5° to 125°, whereas the phase of negative half-
cycles ranged from 190° to 310°. In this discharge stage, 
the discharge times increased sharply, and the maximum 
discharge times in positive half-cycles were basically equal 
to those in negative half-cycles. The φ–n spectrogram of 
positive half-cycles is continually skewed toward 0°. 

When the voltage increased to 24.4kV, PD pulses 
appeared at 0°. The amplitudes of PD pulses ranging from 
0° to 100° did not increase significantly, whereas those of 
PD pulses ranging from 100° to 125° did so in areas with 
only a few pulses. The maximum PD pulse amplitude 
reached 53mV. Moreover, PD pulses of positive half-cycles 
mainly distributed in areas near 0°, and the maximum 
discharge times were observed around 30°. The peak of the 
φ–n spectrogram of positive half-cycles was clear. The 
discharge times were maintained at approximately 25 times 
in the area ranging from 100° to 125°. In contrast, PD pulse 
amplitudes in negative half-cycles did not increase sharply 
as the discharge times increased continually. Thus, the 
distribution of discharge pulses in the φ–u spectrogram 
became uniform at each discharge phase. 
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(b) Frequency spectrum 

Fig. 3. A single UHF PD signal 
 

 
Fig. 4. φ–u and φ–n spectrograms at different PD stages 
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When the voltage reached 26.3kV, the sound of corona 
could be heard. Discharge intensified and approached the 
breakdown stage. In this stage, PD pulses were almost 
observed in all phases, although discharge times in the 
phases ranging from 155° to 175° and 320° to 360° were 
far shorter than in the rest phases, as exhibited in Fig. 4(h). 
Furthermore, the width of the main discharge phase in 
positive half-cycles was significantly greater than that in 
negative half-cycles. In positive half-cycles, the main 
phase ranged from 0° to 155° in positive half-cycles and 
from 180° to 300° in negative half-cycles. In addition, 
discharge times in positive half-cycles were distinctly 
larger than those in negative half-cycles. Discharge times 
reached 100 times in the phase ranging from 5° to 80°, 
which suggests that PD pulses appeared at that phase in 
every power cycle. In the phase ranging from 100° to 125°, 
PD pulses amplitudes continued to increase. The phase 
expanded to both sides, which had ranged from 80° to 140°. 
However, the discharge phase and the amplitudes of 
discharge pulses in other phase ranging from 0° to 80° and 
180° to 300° had no significant increase. 

 
 
4. Discharge features and their variation laws 

 
4.1 Features extraction 

 
4.1.1 Maximum ratio of adjacent PD pulse amplitudes 

Rmax 
 
PD pulses amplitudes increased with the development of 

PD. By analyzing the PD pulses amplitudes of positive and 
negative half-cycles, we observed that the ratio of adjacent 
PD pulses amplitudes possessed meaningful properties that 
could direct the assessment of PD severity. Fig. 5 shows a 
schematic of the PD pulses in a power cycle. In positive 
and negative half-cycles, Rmax values were calculated using 
Eqs. (1) and (2), respectively. 
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Where N+ and N− represent the discharge times of 

positive and negative half-cycles in a power cycle, 
respectively; iu+  (i=1,2,…,N+) and iu-  (i=1,2,…,N−) 
denote the PD pulses amplitudes of positive and negative 
half-cycles in a power cycle, respectively; and maxR+  and 

maxR-  indicate the maximum ratios of the adjacent PD 
pulses amplitudes of positive and negative half-cycles in a 
power cycle, respectively. 

 
4.1.2 Time interval of adjacent PD pulses ∆T 

 
Based on the φ–u and φ–n spectrograms, the intensities 

of PD pulses and ∆T varied in positive and negative half-
cycles with PD development. Moreover, discharge phases 
of both positive and negative half-cycles expanded in PD 
developing process. ∆T of negative half-cycles was similar 
to that of positive half-cycles, and both changed regularly. 
To describe the fingerprint information at different PD 
stages, we extracted three features by calculating Eq. (3) 
to (5). 
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Where N+ and N− are the discharge times of positive and 

negative half-cycles in a power cycle, respectively; it+D  
(i=1,2,…, N+) and it-D  (i=1,2,…, N−) are the intervals of 
the adjacent PD pulses of positive and negative half-cycles 
in a power cycle, respectively; T

+
D  and T

-
D  are the 

average intervals of the adjacent PD pulses of positive and 
negative half-cycles in a power cycle, respectively; N 
denotes the discharge times of one power cycle; ∆ti 
(i=1,2,… N−1) represents the intervals of adjacent PD 
pulses in a power cycle; and ∆Tmax is the maximum interval 
of PD pulses in a power cycle. 

 
4.1.3 Equivalent cumulative discharge quantities Qacc 

 
With the increase in PD intensity, the quantities of 

discharge per unit time increase. As a result, PD damage to 
the insulation is serious. Hence, discharge quantities within 
a certain period can characterize PD severity. Research has 
indicated that the apparent discharge quantities had 
quadratic integral relation with the pulses amplitudes of 
UHF PD signals [21, 22]. Qacc is calculated using Eq. (6). 

ktD
1kt -D

 
Fig. 5. Schematic of PD pulses in a power cycle 
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Where N represents the discharge times within a power 

cycle and ui is the i-th PD pulse amplitude. 
 

4.1.4 Signal entropy En 
 
For a PD pulse sequence within a power cycle, signal 

complexities can represent the differences in PD pulses 
amplitudes, discharge times, and discharge phases in 
various PD stages. Information complexity is denoted by 
information entropy, where an increase in the former 
enlarges the latter [23]. En can be computed using Eq. (7). 
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Where N indicates the discharge times within a power 

cycle and ui is the i-th PD pulse amplitude. 
 

4.2 Variation laws of the features 
 

4.2.1 Maximum PD pulse amplitude umax 
 
Fig. 6 depicts the variation curves of umax in negative and 

positive half-cycles. Each data point in the curves is the 
average value of 100 power cycles. In negative half-cycles, 
umax was increasingly saturated. Specifically, umax increased 
slightly from 11.9kV to 16.9kV. It then reached a saturation 
value. In positive half-cycles, umax increased exponentially 
throughout the entire PD developing process. In the range 
of the initial discharge voltage to 19.4kV, umax in positive 
half-cycles was less than that in negative half-cycles. 
However, umax in positive half-cycles exceeded that in 
negative half-cycles and increased rapidly when the 
voltage was above 19.4kV. When the voltage reached 
26.3kV, umax approached 65mV. 

 
4.2.2 Discharge times N 

 
Fig. 7 displays the variation curves of the average N 

values of positive and negative half-cycles of a power 
cycle at different PD stages. In both positive and negative 
half-cycles, N increased, although the discharge times of 
negative half-cycles increased relatively gradually. In 
the initial discharge stage, N of positive half-cycles was 
small and increased slowly. However, when the applied 
voltage reached 16.9kV or above, N of positive half-cycles 
almost doubled. In addition, it increased significantly and 
exceeded that of negative half-cycles when the applied 
voltage reached the breakdown voltage. 

 
4.2.3 Maximum ratio of adjacent PD pulses amplitudes 

Rmax 
 
Fig. 8 exhibits the variation curves of Rmax in negative 

and positive half-cycles. Each data point in the curves is 
the average value of 100 power cycles. In both positive 
and negative half-cycles, the variation laws of Rmax were 
similar to those of umax. Rmax of positive half-cycles 
increased significantly, especially at a voltage exceeding 
21.9kV. However, Rmax of negative half-cycles was 
increasingly saturated, and the increment in total ratios was 
small. In positive half-cycles, however, Rmax growth was 
steeper than that of umax when the applied voltage reached 
to the breakdown voltage. In negative half-cycles, the 
growth of Rmax was gentler than that of umax in negative 
half-cycles during the PD development process. 
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4.2.4 Average time intervals of adjacent PD pulses TD  
 
Fig. 9 shows the variation curves of the TD  values of 

the positive and negative half-cycles in 100 power cycles. 
In negative half-cycles, TD  decayed exponentially and 

TD  decayed in S-shaped curve in positive half-cycles. 
Furthermore, TD  was greater in positive half-cycles than 
that in negative half-cycles. With the development of PD 
and the nearness of the insulation defect to the breakdown 
stage, these differences gradually narrowed until they were 
basically equal. 

 
4.2.5  Maximum time intervals of adjacent PD pulses 

∆Tmax 
 
According to φ–n spectrograms, ∆Tmax of a power cycle 

is identical to the time interval of two recent PD pulses 
originating from positive and negative half-cycles, 
respectively. ∆Tmax represents the change trend of the phase 
distribution of positive and negative half-cycles to some 
extent. Fig. 10 displays the variation curve of ∆Tmax, and 
each data point is the average value of 100 power cycles. 
With the development of PD, ∆Tmax decreased, which 
indicated that the phase of positive half-cycle gradually 
approached that of negative half-cycle. 
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4.2.6 Equivalent cumulative quantities Qacc 
 
Fig. 11 presents the variation curve of the averaged Qacc 

values of a power cycle. Qacc increased exponentially with 
the development of PD intensity. The increase in PD 
intensity was induced by the increase of the applied voltage. 
Furthermore, Qacc increases rapidly when the insulation 
degraded severely, especially near the breakdown stage. 

 
4.2.7. Signal entropy En 

 
At different PD stages, the average En of a power cycle 

increased exponentially, as shown in Fig. 12. As the 
applied voltage increased, PD intensified. Moreover, PD 
signals were complicated, thus enriching information. 
Hence, En increased during the developing process of PD. 

In conclusion, the variation laws of these features vary 
with the development of PD. Furthermore, these features 
provide rich, integrated information for PD severity 
assessment. As such, the differences in these features can 
be used to deconstruct and assess the severity of PD. Given 
the fuzzy division of PD severity, the application of a 
single feature to describe different PD stages is unreliable. 
But, the unreliability can be removed by using these 
features to assess the severity of PD. 
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5. Mechanism Analysis of the Variation Laws  
of the Features 

 
During the developing process of PD, numerous charged 

particles are formed in the needle-plate gap as a result of 
electron emission, SF6 ionization, and attachment. Positive 
and negative particles move in opposite directions under 
the action of electric field. They either strengthen or 
weaken the front electric field of the needle electrode. Fig. 
13 illustrates electric field distribution under the influence 
of space charges in positive and negative half-cycles, 
respectively. Ein is the initial electric field and Ecom is the 
composite electric field under the influence of space 
charges [24-26]. 

 
(a) Positive half-cycle     (b) Negative half-cycle 

Fig. 13. Electric field distribution under the influence of 
space charges 

 
5.1 Change mechanism of umax 

 
The local electric field near the tip is too weak to ionize 

SF6 gas molecules due to its high dielectric strength. 
Therefore, the applied voltage must be adequately high. 
The injection of charged particles into the electrode or 
electrons emission from the electrode generates a certain 
pulse current and excites the UHF electromagnetic wave. 
As such, the signal amplitude of UHF PD increases with 
the increase of the pulse current amplitude. 

In negative half-cycles, PD is easily produced because 
positive space charges enhance the electric field near the 
tip. When the voltage range from the initial discharge 
voltage to 16.9kV, the increase of the applied voltage 
strengthens the local electric field near the tip and 
improves the ionization of SF6. This intensified ionization 
results in the enhanced absorption of positive ions into the 
needle electrode and electrons emission of the needle 
electrode per unit time. Thus, umax increases with the 
increase of the applied voltage. Furthermore, adequate high 
voltage causes secondary electrons to neutralize some of 
the positive ions near the needle electrode, although the 
positive ions are likely to be absorbed into the cathode. 
These secondary electrons are formed from the cathode 
surface stricken by positive ions. The number of positive 

ions absorbed into the cathode and the number of electrons 
emitted from the cathode per unit time reach a saturation 
value when the concentration of positive ions is at or 
above a certain level because of their large mass and bulk, 
slow migration, and high probability of collision among 
these ions. Hence, umax is increasingly saturated with the 
development of PD in negative half-cycles. 

In positive half-cycles, the residual positive space charges 
near the tip impair the local electric field. Therefore, the 
initial discharge voltage of positive half-cycles is higher 
than that of negative half-cycles. When the applied 
voltage is low, umax of positive half-cycles is small due to 
the weak ionization of SF6. As the voltage increases, SF6 
ionization intensifies and produces abundant charged 
particles. Because the mass of electron is much lighter than 
that of positive ion, electrons are rapidly absorbed into the 
anode during ionization. Thus, the increase of the applied 
voltage enhances umax. In addition, the electric field 
established by the increased applied voltage accelerates 
the migration of all positive ions toward the cathode and 
diminishes the impairing effect of positive space charges. 
Positive space charges enhance the local electric field 
near the tip. Furthermore, this electric field increases umax. 
Consequently, this rapid ionization sharply enhances umax 
when the voltage is close to the threshold voltage of the 
breakdown. 

 
5.2 Change mechanism of N 

 
In negative half-cycles, positive ions migrate to the 

needle electrode and some of them disappear in the needle 
electrode, whereas electrons migrate toward the plate 
electrode. Some of these electrons neutralize some positive 
space charges, whereas other electrons attach to the neutral 
molecule. Thus, the strengthening effect of positive space 
charges on the initial electric field weakens. As a result, 
PD ceases. When the voltage is adequately high, the SF6 
gas molecules ionize to generate PD pulses again. As is 
known, a high voltage forms a strong electric field, thus 
simplifying PD. Meanwhile, the electric field built by the 
applied voltage and space charges quickly reaches a critical 
level. As such, the next PD pulse generate in a short time. 
Therefore, a high voltage intensifies PD pulses and 
increases N. 

Similar to the negative half-cycles, a high voltage 
increases instantaneous voltage increments in an equal 
period in positive half-cycles, as well as N. Moreover, the 
electric field constructed by the increased voltage accelerates 
the migration of positive ions toward the cathode. This 
process weakens the effect of space charges. Hence, N 
increases with the increase of the applied voltage. 

The differences of the increase in N values are caused 
by positive space charges. In positive half-cycles, positive 
space charges weaken the local electric field, which 
complicates PD. The applied voltage must increase to 
facilitate SF6 ionization. Hence, N of positive half-cycles is 
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smaller than that of negative half-cycles. When the voltage 
approaches the breakdown voltage, the impairing effect 
caused by positive charges will decrease sharply with the 
decline of instantaneous value of sinusoidal voltage, because 
positive ions migrate toward the cathode. In contrast, this 
strengthening effect is always weak in negative half-cycles. 
As such, the compound field reduces more significant than 
that in positive half-cycles as the instantaneous voltage 
declines. This reduction complicates PD. Consequently, N 
of positive half-cycles exceeds that of negative half-cycles 
near the breakdown stage. 

 
5.3 Change mechanism of Rmax 

 
In positive half-cycles, each strong PD generates 

numerous positive ions, which can weaken the electric 
field around the needle electrode. Under the influence of 
positive space charges, the compound electric field reduces 
and discharges are weak when the instantaneous voltage 
reaches to the critical voltage value. Therefore, each 
significant PD always produces many small PD pulses. 
The weakening effect of positive space charges decreases 
after a period because of the migration of positive ions. A 
significant PD pulse generates again when the instantaneous 
voltage increases. Therefore, the electric field is 
strengthened when the applied voltage is near the peak. 
Furthermore, ionization intensifies and the amplitudes of 
PD pulses increase. As a result of the weakening effect of 
mass positive space charges on the local electric field, 
the pulse amplitudes that follow the significant PD pulse 
are not significantly enhanced. Therefore, Rmax increases 
exponentially. 

In negative half-cycles, umax is increasingly saturated 
with the increase of the applied voltage. After each intense 
discharge, numerous secondary electrons produce when 
positive ions strike the cathode surface and migrated to the 
anode. Some electrons neutralize some of positive space 
charges and other electrons attach to neutral molecules to 
form negative ions. Negative ions impair the strengthening 
effect of positive ions on the local electric field. Therefore, 
the PD pulse amplitude beside the significant amplitude of 
PD pulse remains small. Rmax is also increasingly saturated. 

 
5.4 Change mechanism of TD  

 
When the applied voltage is low in positive half-cycles, 

PD generation is difficult because of the weakening effect 
of positive space charges on the local electric field near the 
tip. In order to ionize SF6 gas molecules, the instantaneous 
voltage value must increases. As such, TD  is relatively 
large. In negative half-cycles, the positive space charges 
strengthen the local electric field, thus simplifies PD. 
Hence, TD  of these half-cycles is smaller than that of the 
positive half-cycles. As the applied voltage increases, the 
compound electric field near the tip is strengthened, thereby 
resulting in easy PD generation. Therefore, TD  gradually 

decreases in both positive and negative half-cycles, so as 
the differences between TD  of positive half-cycles and 
that of negative half-cycles. 

 
5.5 Change mechanism of ∆Tmax 

 
∆Tmax values are equal to the interval of the closest PD 

pulses of positive and negative half-cycles. In positive half-
cycles, some of positive ions remain near the tip after each 
discharge. In positive half-cycles, as discharge intensifies 
with the increase of the applied voltage, the number of 
residual positive ions increases. In negative half-cycles, the 
strengthening effect of positive space charges accumulated 
from positive half-cycles in the electric field near the tip 
increases. Simultaneously, PD generation is simplified 
and the PD pulses approach 180°. Therefore, ∆Tmax values 
decrease. 

 
5.6 Change mechanism of Qacc 

 
Qacc is the quadratic sum of all PD pulse amplitudes in a 

power cycle. With the increase of the applied voltage, the 
local electric field near the tip is increasingly strengthened. 
In the process of discharge, ionization intensifies and the 
amount of charges transferred as discharge increase. This 
phenomenon indicates that PD pulse amplitudes and 
discharge times increase. Therefore, Qacc increases with the 
development of PD. 

 
5.7 Change mechanism of En 

 
Entropy is a measurement of complexity. In PD develop-

ment, a high applied voltage intensifies ionization near the 
tip. With the strong electric field, the velocity of charged 
particles increases. The movements of these particles are 
disorganized as a result of violent collisions. PD pulses 
are intensified with the increase of discharge times and PD 
pulse amplitudes. Moreover, the distribution of discharge 
phase expands. In brief, PD pulses in a power cycle are 
increasingly complex. Finally, En increases with the 
development of PD. 

In conclusion, all of the change characteristics of these 
features are closely related to the electric field built by the 
applied voltage and space charges during the development 
of PD. In the process, positive space charges can be 
accumulated and distort the initial electric field. Furthermore, 
PD pulses are produced when positive ions or electrons are 
absorbed into the electrode, or electrons are emitted from 
the electrode. The essential characteristics of positive ions 
and electrons vary and result in the dissimilar variation 
laws of these features of negative and positive half-cycles. 
In view of the close relationship of the features with the 
development of PD and considering the differences among 
the features, we can utilize the seven kinds of features to 
deconstruct and assess PD severity. 
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6. Evaluation of the Effectiveness  
of the Features 

 
In order to evaluate the effectiveness of the seven kinds 

of features extracted in this paper, the degree of PD 
severity is divided into three stages, namely normal state, 
attention state and warning state, as shown in Table 1. In 
the normal state, there is a small amount of stable PD 
pulses in negative half-cycles and no obvious discharge in 
positive half-cycle, or even no discharge in the whole 
frequency-cycles. In the attention state, the amplitudes of 
PD pulses of negative half-cycles increase and have a 
tendency toward a saturation value. Besides, a small 
amount of weak PD pulses appear in positive half-cycle, 
and their amplitudes and discharge times are much smaller 
than that in negative half-cycles. In the warning state, the 
amplitudes of PD pulses in negative half-cycles reach to a 
saturate value, and discharge times increased significantly. 
While, both the amplitudes and discharge times of PD 
pulses in positive half-cycles increase sharply, and begin to 
exceed that in negative half-cycles. 

 
Table 1. Definition of the severity degrees of PD 

Voltage/kV State State description maintenance strategy 
9.4/11.9 Normal Initial discharge stage Regular maintenance 

14.4/16.9/ 
19.4 Attention Discharge 

development stage 
Real-time detection or 

minor overhaul 
21.9/24.4/ 

26.3 Warning Pre-breakdown  
stage 

Overhaul or replacement 
of equipment 

 
Support vector machine (SVM) is an intelligent algorithm 

based on the structural risk minimization machine learning 
theory [27]. It overcomes the problems, such as over-
learning, inadequate learning and local convergence, and 
achieves an excellent balance between learning accuracy 
and generalization ability, which make it suitable for 
solving the small sample, high-dimensional and nonlinear 
model case in classification and prediction problems, 
and has been widely applied in the transient stability 
assessment of power system. Therefore, SVM classifier 
and the “one to one” classification method were adopted in 
this paper to assess the severity of PD. Gaussradial basis 
kernel function was chosen as kernel function of SVM, as 
displayed in Eq. (8): 

 

 
2

2
( , ) exp( )

2
x y

K x y
s
-

= -  (8) 

 
Where, σ is its default value 1/Nr, and Nr is the 

dimension of features. The penalty factor C is 10.  
Twenty samples are selected randomly as the training 

samples under each voltage, and the rest are treated as 
testing samples. In order to conduct comparative analysis, 
two kinds of the input feature F1 and F2 are set. F1 
contains all the seven kinds of features extracted in this 
paper. F2 is normal statistical discharge characteristics, 

namely F2=[ maxu+ maxu- N + N - ]. The final test results are 
shown in Table 2. 

It can be obtained that the accuracy of PD severity 
evaluation increased significantly when adopt the features 
F1 instead of F2, and all the correct rates are above 91%, so 
it is effective to use the seven kinds of features extracted in 
this paper to assess PD severity and it would have a high 
assessment reliability compare to using a single feature or a 
few features to assess the PD severity. 

 
Table 2. Assessment results of the severity of PD 

Accuracy/% State degrees Training 
samples 

Testing 
samples F1 F2 

Normal 20/20 30/30 100 100 
Attention 20/20/20 30/30/30 97.78 80 
Warning 20/20/20 30/30/30 91.11 86.67 

 
 

7. Conclusion 
 
1)  The characteristics of the spectrograms vary at 

different PD stages. In the initial discharge stage, PD 
pulses are first observed in negative half-cycles. As the 
applied voltage increases, PD pulses appear in positive 
half-cycles. In these half-cycles, N and umax are smaller 
than those in negative half-cycles. However, N and umax 
increase significantly in positive half-cycles and exceed 
those in negative half-cycles when the applied voltage 
reaches to the breakdown voltage. During the development 
process of PD, umax increases slowly in negative half-cycles, 
whereas N increases significantly. The distribution of 
discharge phase expands gradually, and φ–n spectrograms 
of positive and negative half-cycles deviate to 0° and 180°. 

2)  In positive half-cycles, umax and Rmax increase 
exponentially, whereas they are increasingly saturated in 
negative half-cycles. Moreover, N typically increases with 
the development of PD in both positive and negative 
half-cycles. ∆T decays exponentially in both positive 
and negative half-cycles. ∆Tmax decreases significantly, 
although it does not display typical exponential decay. Qacc 
and En increase exponentially with the development of PD. 

3)  The strong electric field established by the applied 
voltage and space charges induces SF6 ionization and PD 
generation. On the basis of the microphysical process of 
PD formation and development, this paper elucidates the 
effect mechanism of space charges on each feature. By 
considering the PD pulses, we deduce that the intrinsic 
differences between electrons and positive ions result in 
variations in the features of positive and negative half-
cycles. Subsequently, we explain the relationship between 
the features and the development of PD, which confirms 
that the seven kinds of features can deconstruct and assess 
PD severity. Finally, by testing a large number of PD 
samples, it is proved that it is effective and reliable to use 
the features to assess PD severity. 



Yu-lin Dong, Ju Tang, Fu-ping Zeng and Min Liu 

 http://www.jeet.or.kr │ 353

8. Discussion 
 
In this study, we investigated the process of PD 

development in simulated GIS under simulated protrusion 
defect. Moreover, we extracted seven kinds of features that 
were closely related to PD development. In fact, the 
characteristics of PD are closely associated with specific 
insulation defects and environmental factors. Given that 
the needle-plate models different from the real protrusion 
defect in GIS and because environmental factors such as 
trace moisture and temperature are ignored, comprehensive 
studies on PD development must be conducted under real 
protrusion defectsand in consideration of environmental 
factors. Furthermore, we analyzed the microphysical process 
of PD simply by dividing the charged particles into ions, 
electrons, and neutral molecules. However, the process of 
PD involves many complex plasma reactions. To enrich our 
knowledge of the generation and development of PD, 
specific physical and chemical reactions in PD must be 
examined. In addition, certain simulation software can be 
used to study the PD process under an electric field with 
alternating current. By extracting the features of different 
PD stages, we intend to address PD severity in GIS and 
monitor GIS online. Therefore, the results of this preliminary 
study can be applied to the assessment of PD severity. 
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