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Analysis on Statistical Characteristics of Partial Discharges

in SF¢ Gas under HVDC

by Guoming Wang

Department of Electrical and Electronics Engineering
The Graduate School of Korea Maritime and Ocean University

Busan, Republic of Korea

Abstract

With the rapid development of HVDC technology and the issue of
smart grid, it is a new challenge to monitor and diagnose performance of the
related power facilities. This thesis dealt with the statistical characteristics of
partial discharge (PD) pulse in SFs gas under HVDC in terms of discharge
inception voltage (DIV) and discharge extinction voltage (DEV), discharge
magnitude, and pulse count as well as the statistical characteristics extracted
from the discharge distribution and density function.

To simulate the typical insulation defects in gas insulated switchgear
(GIS), celectrode systems such as a protrusion on conductor (POC), a
protrusion on enclosure (POE), a free particle (FP), a void inside spacer
(Void), and a crack inside spacer (Crack) were fabricated. All of them were

filled with SF¢ gas in ranges from 0.1 MPa to 0.5 MPa. A HVDC source



was generated by a rectifying circuit which is composed of a 100kV diode,
and a 0.5 uF capacitor. PD signal produced from the electrode systems was
detected through a 50 & non-inductive resistor and was analyzed by a digital
storage oscilloscope (DSO) with a sampling rate of 5 GS/s and a DAQ system
based on LabVIEW program.

The DIV and DEV in POC, POE, and Crack increased with the gas
pressure. The gas pressure did not strongly affect the DIV and DEV in FP.
The DIV and DEV in Void were almost similar to the increase of the SFs
gas pressure. The maximum discharge magnitude Q.. and pulse count in 5
seconds of each electrode system increased as the applied voltage was raised.
However, the mean discharge magnitude Q... did not change significantly.
For each electrode system, the discharge distribution and density function
presented distinguishable patterns. Therefore, it is possible to identify the type
of defects in gas insulated equipment operated under HVDC by analysing
statistical characteristics extracted from the discharge distribution and density

function.
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Chapter 1 Introduction

With the development of high voltage valves, the high voltage direct
current (HVDC) transmission has been applied in the electricity industry for
60 years since the first HVDC system was commissioned in Gotland in 1954.
As the result of advantages of asynchronous interconnections, lower
investment, environmental concerns, and long distance transmission, there are
increasing demands for HVDC solution, which is expected to double within
the next five years from a current 2.8 billion dollars per year. Fig. 1.1 shows
the HVDC transmission systems that have been installed around the world. In
Korea, the first HVDC project was commercially operated to link Jeju Island
with the mainland via a submarine connection of 300 MW and 101 km in
1998. In 2012, Jeju #2 project with 400 MW was finally completed and Jeju
#3 project is to be completed by 2018. Also the large scale off-shore project
in West Sea and metropolitan project for enhancement of the system
reliability are under consideration'?,

The gas insulated power equipment such as gas insulated switchgear (GIS)
and gas insulated transmission line (GIL) play important roles in HVDC
distribution and transmission. However, failures of such power facilities
caused by electrical, thermal, mechanical, and environmental stress lead to
considerable financial loss and personal injure. It is therefore essential to
diagnose their condition to ensure the reliable operation of power system
especially under the background of smart grid. Due to the availability of

sensors and computer aided signal processing technology, the diagnostic



technique have been promoted from classical off-line method to on-line
monitoring. The partial discharge (PD), which is regarded as the initial stage
of deterioration, has been researched a lot under AC voltage for insulation
evaluation of power apparatus. Up to now, the PD under DC voltage has not
been investigated in detail and the experience from AC PD measurements can
not be applied to DC directly. Therefore, it is necessary to study PD
behavior under DC voltage for condition monitoring of HVDC equipment!..
This thesis dealt with the PD characteristics in SF¢ gas under HVDC.
Typical insulation defects were fabricated to simulation PD sources in GIS.
The discharge inception and extinction voltage as a function of gas pressure,
discharge magnitude and pulse count as a function of applied voltage as
well as the statistical characteristics of discharge distribution and density

function were analyzed.

Ref. : Roberto Rudervall et al, "High Voltage Direct Current (HVDC) Transmission Systems Technology Review Paper"

Fig. 1.1 HVDC transmission systems around the world



Chapter 2 Theory

2.1 Partial discharge

Gases are the simplest and the most widely used dielectrics in the
insulation system of power facilities. The initial physical process of gas
discharge is called ionization, which means separation an electron from an
atom or a molecule in case the atom or the molecule achieves the ionization
energy from collision, photon, thermal energy or cathode processes. Once a
free electron is available in the gas, it is accelerated in the direction of
electric filed and leads to avalanches, making further ionization of other atom
or molecule. The positive ions generated in the avalanche process are also
accelerated by the applied field towards the cathode and self-sustaining
discharge occurs if sufficient secondary electrons are released from the
cathode. These are called Townsend mechanism and explain breakdown
phenomena only at low gas pressure and short distance between two
electrodes. For a large pressure-distance value, usually the streamer theory is
applied. The Streamer mechanism emphasizes that the distortion of electric
field due to the space charge and the photons created by recombination affect
the ionization process'”.

The PD is defined as a localized electrical discharge that only partially
bridges the insulation between conductors and which can or cannot occur
adjacent to a conductor. PD activity can occur at any point in the insulation
system, where the electric field strength exceeds the breakdown strength of

that portion of the insulating material. Although the magnitude of such



discharge is usually small at its early stage, it causes progressive deterioration
and finally results in the failure of power apparatus such as power
transformer, GIS, and GIL. It is therefore essential to detect PD for condition
monitoring and diagnosis of the insulation system™®.

Fig. 2.1 shows the well-known a-b-¢ circuit which describes the behaviour
of internal discharge inside a solid or liquid dielectric under AC voltage.
Capacitance C. represents the capacity of the cavity where the discharge
occurs, the capacity of the dielectric in series with the cavity is represented
by capacitance C, and the sound part of the dielectric is represented by
capacitance C,. In Fig. 2.1, the faulty part of the dielectric corresponds to I

and II is the sound part.

% / - // IR
/ % =G

Fig. 2.1 Equivalent circuit of internal discharge under AC



The total capacitance in this circuit is equal to:

C=0C + GC 2
] Clr)+0 (1)

C

If AC voltage V, =V sinwt is applied to this sample, the voltage across

the cavity V. is equal to:

Tgra

V. sinwt (2.2)

which is shown in dotted line in Fig. 2.2. When voltage V. reaches voltage
U', which is called partial discharge inception voltage (DIV), a discharge
occurs in the cavity. As a result of the opposite field induced by space
charge, voltage V. drops to V' at which the discharge extinguishes, this

voltage is called partial discharge extinction voltage (DEV).

0 : ; TV §ar
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Fig. 2.2 Recurrence of discharge




A discharge finishes in the cavity and causes a current impulse. This
process takes place in less than 107s, so the current impulse appears a
vertical line in corresponding phase. As the applied voltage increases,
discharge recurs when V. reaches U’ again. The same phenomenon occurs at
the negative half of the applied voltage.

Transfer charge g, which is released from the cavity is equal to:

_ GG B GG
W4Q+Q+QXMWW4Q+Q+QMV (2.3)
while C,>> C,, thus
q=(G+C)AV (2.4)

However, g, can not be measured and it is therefore not a practical choice to
evaluate PD.
The voltage drop AV caused by discharge distributes inversely with

capacitance C, and Cj, the voltage drop in capacitance C, is equal to:

AV, = AV (2.5)

which means that, when discharge occurs in the cavity, there will be a
voltage drop in the sample and corresponding charge g will be released from

the test object:



q=(C,+G)AV, =GAV (2.6)

The discharge magnitude ¢ is defined as apparent charge, which is an
important parameter for evaluation of PD and wusually expressed in
picocoulomb (pC). According to IEC 60270, the apparent charge g of a PD
pulse is the charge which, if injected within a very short time between the
terminals of the test object in a specified test circuit, would give the same
reading on the measurement instrument as the PD current pulse itself. The
measurement of apparent charge is carried out by calibration process which is
made to determine the scale factor .

By comparing equation 2.4 with 2.6, the ratio of ¢ to g, is given by:

o 2.7)

it verifies the proportional relation between apparent discharge and transfer
discharge and ¢ can be used as a measure for discharge!” ",

Different from that under high voltage AC, as a result of absence of
change both in amplitude and polarity of the DC voltage, once PD occurs in
the cavity, the opposite field induced by space charge makes PD extinguish.
Discharge will recur until the induced field decreases to some degree due to
the dissipation of space charge through the dielectric conductivity. In other

words, the space charge disappears in the form of leakage current. Based on

above consideration, the equivalent circuit for internal discharge under DC is



presented by the a-b-c model extended with some resistive elements in
parallel with the corresponding capacitances, which is shown in Fig. 2.3. C.
and R, represent the cavity, C, and R, represent the property of the sound
part in serious with the cavity, C, and R, represent the property of the rest

part.

. HV
Cavity 0 |

Fig. 2.3 Equivalent circuit of internal discharge under DC
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Fig. 2.4 Voltage across a cavity in a solid dielectric under DC



The voltage across a cavity in a solid dielectric under DC is shown in
Fig. 2.4. For PD occurrence, two conditions must be satisfied: a initiatory
electron and a sufficient electric field. The initiatory electron may come from
external environment such as radiation and field emission or from previous
discharge. Since the acquirement of initiatory electrons is a stochastic process,
statistical time lag # is needed, during which the voltage across the cavity
increases from the minimum breakdown voltage V,; to the DIV. A discharge
occurs at ty and then drops voltage across the cavity to the residual value V..
For recurrence of PD, recovery time #z is required, during which the voltage
across the cavity increases from V, to V. The time interval At between two

successive PD is the sum of # and /1!,

2.2 Detection and analysis methods

With the development of sensors and computer aided data acquisition
technology, the condition based maintenance (CBM) based on the continuous
on-line monitoring has became the most modern and popular technique for
asset management. Regarded as a powerful tool for evaluation of the insulation
performance and condition monitoring of the power facilities, PD has been
studied in the aspects of detection, analysis, identification, and localization.
Based on the different phenomenon generated by PD such as current result from
the movement of charges, emission of sound wave and electromagnetic radiation
due to the acceleration and deceleration of space charges, as well as the chemical
reaction, detection methods can be classified into electrical method complying
with IEC 60270 and non-electrical methods including the acoustic emission (AE)
method, the ultra high frequency (UHF) method, and the chemical method!'*'?],

_9_



2.2.1 Detection methods
1) Electrical method

The electrical method based on the current flowing in the test circuit is
suitable for quantitative measurement of PD in the form of apparent charge.
The calibration procedure should be carried out by injecting current pulses
with known charge magnitude into the terminal of the test object. There are
three typical test circuits for the electrical discharge detection depending the
connection manner of the coupling capacitor and the detection impedance:
series circuit, parallel circuit, and balanced circuit. The series test circuit is
shown in Fig. 2.5, which consists of test object C,, coupling capacitor C; to
separate PD current from the power current, a detection impedance, a amplifier,

and measurement instruments®.

According to this method, PD analysis
methods such as phase resolved partial discharge (PRPD), time frequency (TF)
map, and time resolved partial discharge (TRPD) can be established for the

defects identification and the condition assesment of power facilities.

Cr ——
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® 1000000
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Fig. 2.5 Series PD test circuit
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2) Non-electrical methods
A. AE method

When PD occurs, the ultrasonic wave is generated in frequency ranges
from 20 kHZ to 500 kHZ, which can be detected by the AE sensor mounted
on the outside of transformer tank or GIS chamber. Since the acoustic signal
transmits in all direction from the PD source, the piezoelectric element of
sensor can respond to this signal and transduce it into electrical signal. The
localization of PD can be carried out by all-acoustic method and
electrical-acoustic method. The peak detection, energy criterion (EC), and cross
correlation method are recommended to determine the time of arrival. The AE
method has the advantages of convenience of use, non-invasive and immune to
the electromagnetic noise while it has the disadvantage of signal attenuation,
which can be compensated by applying the preamplifier' "], Fig. 2.6 shows

an AE signal and its corresponding EC curve.

1.5= - 800
1 -600
-400
E 0.5
o - 200
ER u
a _
2 0
< 05
—-200
1 - s
\\l 400
-1.5-4 1600
0 0.5 1 1.5 2
Time [ms]

Fig. 2.6 AE signal and its EC curve
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B. UHF method

The UHF (300 MHz ~ 3 GHz) method shows obvious advantages such as
high sensitivity, robustness to external noise as well as the possibility of
on-line monitoring, and is widely applied for PD detection, identification and
localization. Generally, the UHF sensors can be classified into internal sensors
such as valve sensor for power transformer, internal coupler for GIS and
external sensors, for instance, the barrier sensor and window sensor for GIS.
Sensors must have a broadband response to cover all frequency contents of
PD UHF signal. The background noise including digital video broadcasting
(470 MHz ~ 800 MHz) and mobile telephone (800 MHz ~ 2300 MHz) should be
taken into consideration when the UHF method is used. The wavelet method
is suggested to eliminate interference at specified frequency for the
enhancement of the accuracy of measured spectrum. The attenuation and
sensitivity check are also important parts for UHF method!"*"!'" Fig. 2.7

shows a valve sensor for power transformer and a window sensor for GIS.

Ref : Omicron (left), Doble (right)
(a) Valve sensor for power transformer (b) Window sensor for GIS

Fig. 2.7 UHF sensors
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C. Chemical method

When the electrical or abnormal thermal faults occur in oil- or gas-insulated
apparatus, gases such as H,, CHi, C,H,, C,Hs4, C,Hs, and etc. will be
produced from the decomposition of insulation material. The dissolved gas
analysis (DGA) in accordance with IEC 60599 and IEEE C57.104 is a
popular diagnostic method for oil-immersed transformers, which is possible to
identify the abnormal conditions by the detected gas ratio. Table 2.1 gives
the DGA interpretation recommended in IEC 60599. The types of faults such
as PD, discharge of low energy, discharge of high energy, and thermal faults
can be distinguished by the analysis of three basic gas ratios. Three other
ratios including the CO,/CO ratio, the O, /N, ratio, and the C,H,/H, ratio

can be used to complement the basic ratios!'®).

Table 2.1 DGA interpretation

- GH, cH, G.1,
Case Characteristic fault CH, I GH,
PD Partial discharge NS <0.1 <0.2
D1 Discharge of low energy >1 0.1~0.5 >1
D2 | Discharge of high energy | 0.6~2.5 0.1~1 >2

Thermal fault
> <
T1 £<300 C NS 1 but NS 1
Thermal fault
< > ~
T2 300 °C < £ <700 C 0.1 1 1~4
Thermal fault
< > >
T3 > 700 °C 0.2 1 4

NS : Non-significant whatever the value

_13_



2.2.2 Analysis methods
1) PRPD

The PRPD method is an accumulation of the PD data within a certain time
including the phase on which discharge occurs, discharge magnitude, and
number of discharge, which is also called @-g-n pattern. This method is
unavailable under DC because of the absence of phase. The PD data can be
acquired by the electrical or UHF method. For PD data acquisition, the single
sampling time (ST) should be equal to the period of applied AC voltage, the
relation between the sampling rate (SR) and the record length (RL) is
therefore given by:

SR

Fig. 2.8 illustrates an example of PRPD detected by electrical method.

10m 7

Magnitude [W]

b ,
h
\ i /

e ATy

1
6 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Phase [7]

Fig. 2.8 Example of PRPD detected by electrical method
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2) TF
The TF method is an analysis of PD in time and frequency domain by

extracting the equivalent time o, and the equivalent frequency o, from each

PD pulse. The detected signal s(#) is normalized by:
~ t
=2t 29)

op and o, are the standard deviations which mean the effective range of

time around the time gravity and the effective range of the bandwidth around

the frequency gravity, respectively and given by:

e \//OT(t—tO)Zg(t)Zdt (2.10)

0p= \/fo Pls@ldf @.11)

where 3’ (f) is the Fourier transform of the normalized signal, ¢, is the time

gravity of s () and given by:
T _
ty = f ts (t)*dt (2.12)
0

Based on the above analysis, the TF map can be established. The TF map
provides method for separation of PD signal from the noise and for PD

identification".
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3) TRPD and statistical characteristics

In this thesis, the method based on TRPD was used to investigate the
statistical characteristics of PD under HVDC. The TRPD is a time-based
discharge analysis method based on the PD sequence and it includes two
basic quantities: discharge magnitude ¢; and time of discharge occurrence ¢,
The derived quantity named time interval A¢ between two consecutive
discharges is important since it is related to the discharge recurrence
mechanism.

Fig. 2.9 demonstrates the PD sequence. The measured quantities are
time-based discharge sequence (g, f), i=I, 2, 3N and N is the record
length of acquisition data. At is the time interval between two consecutive
discharges. At,.=t-ti; and Aty.~t+-t; are the time intervals of ¢, to its
preceding discharge and successive discharge, respectively. Based on the basic
quantities and derived quantity, the discharge distribution and density function

can be established: PD magnitude as a function of time ¢(#) which

4 Qi
g Qi+1
gn E
= At-pre Atsuc
£
ti—l tx ti+1
Time [ms]

Fig. 2.9 PD sequence
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is also called as TRPD, relation between discharge magnitude and time
interval to its preceding discharge ¢q(4t,.), relation between discharge
magnitude and time interval to its successive discharge ¢(<4t,.), density
function of the discharge magnitude H(g), and density function of the time
interval H(At). Three parameters such as skewness, kurtosis, and peak were
used to describe the statistical characteristics of discharge distribution and
density function?-126],

Skewness is a measure of symmetry of a distribution around the sample

and defined as:

n (a;—p)?
= ;T T (2.13)
where 4 is the mean and o is the standard deviation. Negative values for the
skewness indicate data are skewed left and positive values for the skewness
indicate data are skewed right. Symmetric data which are called normal
distribution have a skewness value of zero.
Kurtosis is an indicator for the steepness of a probability distribution and

defined as:
K= i (2.14)

The normal distribution has a kurtosis value of 3. Data with kurtosis higher
than 3 tend to a steep distribution while data with kurtosis lower than 3 tend

to distribute evenly.

_17_



Chapter 3 Experiment and Analysis

3.1 Experiment
3.1.1 Insulation defects

The PD is generated from the insulation defects of the power equipment
due to the electrical stress concentration in the insulation or on the surface of
the insulation. The insulation defects may be caused in the manufacture,
assembly, transportation, and operation procedure. The defects have different
types and therefore result in different discharge patterns and different risk
levels. To simulate the  typical insulation defects in GIS, five types of
electrode systems such as a protrusion on conductor (POC), a protrusion on
enclosure (POE), a free particle (FP), a void inside spacer (Void), and a crack
inside spacer (Crack) = were fabricated. Photographs and schematics are
illustrated in Fig. 3.1.

In POC and POE, the curvature radius of the needle was 10 um and the
plane electrode was made of tungsten copper alloy with a diameter of 80 mm
and a thickness of 20 mm. To prevent the concentration of electric field, the
edge of plane electrode was rounded. The distance between needle and plane
electrode was 3 mm. The FP made by a 1 mm-diameter aluminum sphere was
placed between two plane electrodes. It was used to simulate the free moving
metal in the GIS chamber. The Void was made of epoxy insulator with a
cavity. And the Crack was fabricated to simulate a impacted epoxy spacer.
The diameter and thickness of the epoxy insulator were 80 mm and 5 mm,

respectively.

_18_



(a) POC

(b) POE

(c) FP
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(d) Void
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(e) Crack

Fig. 3.1 Electrode systems

_20_



3.1.2 Measurement system

The measurement system was developed based on real time operation
system (RTOS) by LabVIEW, which is able to run the applications with very
precise timing and high degree of reliability. The virtual instrument (VI) in
LabVIEW Project Explorer were categorized into two parts by the hardware
platform that they will run on: the HOST VI running on the general-purpose
computer and the RT VI running on the NI PXI. All of the VI were
developed on PC and then connected to the NI PXI via Ethernet to
download and run the RT VI. The shared variables were used for command
and data communication. between two platforms. The blockdiagram of

measurement system is shown in Fig. 3.2.

HOST VI 3 RT VI
Shared variable
(PC) (NI PXI)
. 1 ., 1
I Command I
! ] ‘ | m_
| —b[ Measurement ) : I q Read waveform | :
| |
| ¥ | | |
: | | Data | |
: | Data analysis [ 1 |
| ' ! * !
I v | I l Band pass filter | |
I | Graph generation | : | :
| |
| ‘ | | |
| ' ! '
| | Result save | | | v |
I : I ‘ Peak detection | :
| i | i
| ' ! '
| ' | '
I | I v |
| o |
| | Array arrangement
| i i |
o I U U U |

Fig. 3.2 Blockdiagram of measurement system
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In the HOST VI, the standard state machine design pattern was built,
which allows distinct states to operate in programmatically determined
dynamic sequence. It consisted of four states: data analysis, graph generation,
results save, and standby. The RT VI included four parts as shown in Fig. 3.3:
(1)read waveform from digitizer, (2)software band pass filter, (3) peak
detection, and (4)array arrangement. The multi fetch more than available
memory and producer-consumer design pattern based on queue operation were
used in RT VI. For communication between two platforms, two shared
variables were designed. One was used to send commands such as digitizer
setting, threshold for peak ‘detection, and configuration of the filter from PC
to PXI while another was used to send data from PXI to PC. By applying
this proposed system, PD pulse can be measured and analyzed in real time

within a specified period.

st
Pos. & N

Positive ~]

) ke e ey
u=  niScope H = = niScope 3 <
[ Acveal Rocard tergi L Lkl [Pl BEEES T2 5 1 =
- = ¥ |[Analog Edge RefTrigger ~]|  S¥cich Record Nurmber 10 BAL ~|
=) )
FAmER T Wavelorm
— (- == | 5
| s 3 !3) 4
e
i)y [
e y =il B
He
;
= o] e
= = :
=g ‘@l b e

Fig. 3.3 Blockdiagram of RT VI
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3.1.3 Experimental setup

The experimental setup is demonstrated in Fig. 3.4. A HVDC source was
generated by a rectifying circuit which is composed of a transformer, a 100kV
diode, and a 0.5 pF capacitor. For limiting the current, a resistor R was used
in the test circuit. Electrode systems filled with SFs gas in ranges from 0.1
MPa to 0.5 MPa were placed in a shielding box to reduce the external
interference. The applied voltage was measured by a high voltage divider. The
PD signal produced from the electrode systems was detected through a 50 Q)
non-inductive resistor and analyzed by a digital storage oscilloscope (DSO)
with a sampling rate of 5 GS/s and a DAQ system based on LabVIEW program.

In this thesis, the DIV was defined as the voltage at which discharge with
magnitude over than 5mV occurred at least one time per minute, and the
DEV was defined as the voltage at which no discharge with magnitude over
than 5mV was observed when the applied voltage was gradually decreased
from the PD onset voltage®™ . The DIV and DEV as a function of gas
pressure, the maximum discharge magnitude (Qn.), the mean discharge
magnitude (Opeqn), and pulse count in 5 seconds as a function of applied voltage

as well as the statistical characteristics of each electrode system were analyzed.
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Fig. 3.4 Experimental setup
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3.2 Results and Analysis
3.2.1 DIV and DEV

The DIV and DEV as a function of gas pressure of each electrode system
are shown in Fig. 3.5. In POC, POE, and Crack, DIV and DEV increased as
the gas pressure was raised. However, DIV in POC was somewhat higher
than that in POE. It was due to the different mechanisms for generation of
the starting electron. In POC, the starting electron is generated by
photo-ionization while the starting electron in POE is generated by field
emission from the cathode®*”. DIV and DEV in FP which were dependent
on the position and state of particle on the plane electrode were not strongly
affected by the gas pressure. Since the void was inside the epoxy insulator
and there was no seeped SF¢ gas in the cavity, DIV and DEV in Void were

almost similar with the increasement of gas pressure.
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Fig. 3.5 DIV and DEV as a function of gas pressure
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3.2.2 Discharge magnitude and pulse count

The maximum discharge magnitude QO,., mean discharge magnitude Qe
and pulse count in 5 seconds as a function of applied voltage of each
electrode system are shown in Fig. 3.6. For each electrode system, Q. and
pulse count increased as the applied voltage was raised. However Qpe. did
not change greatly.

In POC, Qg ranged from 16.48 mV to 29.77 mV when the applied voltage
was raised from 14.2kV to 20.3kV and QOue.n Were nearly 11.5 mV. The pulse
count in 5 seconds increased from 317 to 2,771. Qua range in POE as the
voltage was increased from 14.2kV to 19.9kV was 110.38 ~207.54 mV and
Omean Were about 25 mV. The range of pulse count was 145 ~994. When the
voltage applied to FP reached about 23 kV, the aluminum particle jumped in
the electrode system. As a result, the pulse count increased rapidly and QO
also increased from 42.05mV before the particle jumping to 104.57 mV. In
Void, the range of O, was 31.30~4942mV as the voltage was raised
from 11.6kV to 16.4kV, the pulse count in 5 second increased from 104 to
1,190 and Qean were about 11.5 mV. When the voltage applied to Crack was
raised from 11.5kV to 17.5kV, the range of Q.. and pulse count were
19.77 ~90.60 mV and 83 ~ 511, respectively. Queqn in Crack increased linearly

with the applied voltage.
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3.2.3 Statistical characteristics

The discharge distribution and density function such as TRPD, relation
between discharge magnitude and time interval to its preceding discharge q(2\t,.),
relation between discharge magnitude and time interval to its successive
discharge q(Atu), density function of discharge magnitude H(g), and density
function of the time interval H(A¢?) of each electrode system are illustrated in
Fig. 3.7~3.11. The distribution of statistical characteristics are shown in Fig. 3.12.

In POC, the peak value of g(2t,.) and q(t..) were the lowest compared
to these of other four electrode systems. H(g) of POC was scattered and was
with high value of kurtosis. Since H(42t) of POC was almost symmetrical, it

had a skewness value about 3. The peak value of g(2t,.) and q(tuw) in
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POE were highest compared to other four electrode systems. Also the
statistical characteristics of q(At,.) and g(At.) in POE were most widely
distributed. In FP, the statistical characteristics of the discharge distribution
and density function distributed in small range. In both Void and Crack,
there was low similarity between ¢(4t,.) and q(Aty.). Also both of them
had great value of skewness and kurtosis of H(At) since the H(At) were
peaked with longer right tail. However, the statistical characteristics of H(g)
can be used to distinguish between Void and Crack. Therefore, it was
verified that defects had different, patterns and the defects identification
algorithm for HVDC power facilities can be developed by the analysis of the

statistical characteristics.
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Chapter 4 Conclusions

This thesis dealt with the PD characteristics in SFgs gas under HVDC on
purpose of condition monitoring and diagnosis of gas insulated equipment
operated under HVDC. Five types of electrode systems such as POC, POE,
FP, Void, and Crack were fabricated to simulate typical insulation defects in
GIS. Each electrode system was filled with SFs gas in ranges from 0.1 MPa
to 0.5 MPa. The measurement system was developed based on RTOS by
LabVIEW in which the PD pulse was measured and analyzed in real time
within a specified period.

The DIV and DEV as a function of gas pressure, the discharge magnitude
Omar, Omean as well as pulse count as a function of applied voltage, the
discharge distribution and density function such as TRPD, relation between
discharge magnitude and time interval to its preceding discharge g(2t.),
relation between discharge magnitude and time interval to its successive
discharge q(4tu), density function of the discharge magnitude H(g), and
density function of the time interval H(At) were investigated. Also the
statistical characteristics such as skewness, kurtosis, and peak value of the
discharge distribution and density function were analyzed.

The DIV and DEV in POC, POE, and Crack increased with the gas
pressure while the DIV in POC were about 1kV higher than that in POE.
The gas pressure did not strongly affect the DIV and DEV in FP since they
depended on the position and state of the particle on the plane electrode. The

DIV and DEV in Void kept almost similar values of 7.1 kV and 6.0 kV with
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the increase of the gas pressure, respectively.

In each electrode system, the maximum discharge magnitude Q.. and
pulse count in 5 seconds increased as the applied voltage was raised.
However, the mean discharge magnitude Q... did not change greatly.

The discharge distribution and density function of each electrode system
presented distinguishable patterns, based on which it is possible to identify
the type of defects in gas insulated equipment operated under HVDC. The
defects identification algorithm such as centour score and artificial neural
network method can be developed by analyzing the statistical characteristics
such as skewness, kurtosis, and peak value extracted from the discharge

distribution and density function®.
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