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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Trends in Energy and Future Electric Power System

The world population is predicted to increase rapidly. According to the United
Nation in the world population prospect, it is expected to reach 9.1 billion and
grows 34 millions people annually by 2050 [1]. Therefore, energy consumption is
also predicted to strongly increase accompanying the population growth. The ratio
of the electric power consumption to total energy consumption will extremely
increase due to its easy transmit, convenience at the time of using and its
cleanliness from the environmental aspect. The world net electricity consumption
will nearly double over the next two decades. World energy demand is projected
to growth at an average rate of 2.6% per year, from 14.3 thousands GWh in 2002
to 26 thousands GWh in 2025 [2].

Natural energy resources on the other side, such as coal and natural gas, etc.,
will be exhausted within next few centuries. From the environmental view of
point, the problem of acid rain, global warming, and destruction of ozon layer, etc
also becomes a huge concern in the recent year. More over, recent trends of
deregulation in the global electric energy market also become one factor for
change in the electric power system.

Considering above conditions, the future electric power system should satisfy
the following properties: capable to carrying of mass power transmission and high
reliability; compact and offers significant saving in land use; esthetically
acceptable; environmental friendly and enable to be installed in cities very close
to the load. Especially in highly populated urban areas, space is so scarce in
comparison to population that it would be difficult to provide land for substation
facilities as well as for power transmission.

Dealing with the above objectives and technical requirements in the electric
power system, three-phase gas insulated system (GIS) is one of the suitable
alternatives.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Chapter 1 Introduction

1.2 Three-phase Electric Power

Three-phase electric power is a common method of electric power transmission.
It is a type of polyphase system mainly used to power motors and many other
devices. A three-phase system uses less conductor material to transmit electric
power than equivalent single-phase, two-phase, or direct-current systems at the
same voltage.

In a three-phase system, three circuit conductors carry three alternating currents
(of the same frequency) which reach their instantaneous peak values at different
times. Taking one conductor as a reference, the other two currents are delayed in
time by one-third and two-thirds of one cycle of the electrical current. This delay
between "phases™ has the effect of giving constant power transfer over each cycle
of the current, and also makes it possible to produce a rotating magnetic field in
an electric motor.

Three-phase systems may or may not have a neutral wire. A neutral wire allows
the three-phase system to use a higher voltage while still supporting lower voltage
single-phase appliances. In high voltage distribution situations, it is common not
to have a neutral wire as the loads can simply be connected between phases
(phase-phase connection).

Three-phase has properties that make it very desirable in electric power systems.
Firstly, the phase currents tend to cancel one another (summing to zero in the case
of a linear balanced load). This makes it possible to eliminate the neutral
conductor on some lines; all the phase conductors carry the same current and so
can be the same size, for a balanced load. Secondly, power transfer into a linear
balanced load is constant, which helps to reduce generator and motor vibrations.
Finally, three-phase systems can produce a magnetic field that rotates in a
specified direction, which simplifies the design of electric motors. Three is the
lowest phase order to exhibit all of these properties.

1.3 Gas insulated switchgear (GIS)

GIS was first developed in various countries between 1968 and 1972 [3]. After
about 5 years of experience, the use rate increased to about 20% of new
substations in countries where space is limited. Nowadays, gas insulated
equipment is a major component of power transmission and distribution system
all over the world, especially in densely populated area.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Chapter 1 Introduction

Generally, there are four major type of electrical equipment using gas-insulated
technology with SFg as insulation and or interruption purposes, those are:
gas-insulated switchgear (GIS), gas-insulated transformer (GITr), gas insulated
circuit breaker (GCB), and gas insulated transmission line (GITL). Sometimes
substation utilizing gas-insulated equipment is also named GIS (gas-insulated
substation). In this study, unless and otherwise stated, in general the system with
gas as insulation medium will be noted as gas-insulated system (GIS).

International experience with GIS is described in a series of CIGRE papers
(CIGRE, 1982; 1992; 1994). The IEEE (IEEE Std. C37. 122-1993; IEEE Std. C37.
122,1-1993) and the IEC (IEC, 1990) have standards covering all aspects of the
design, testing, and use of GIS. IEEE also has a guide for specifications for GIS
(IEEE Std. C37. 123-1996) [3].

Gas insulated substation are modular systems consisting of a gas tight (for
example coaxial) enclosure in which an insulating gas is confined. The high
voltage conductor is centered by spacers. Instead of pure SFg, gas mixtures of SFg
and N, can be used to reduce costs of the equipment and SF¢ leakages. A GIS has,
besides the straight parts, more complex parts such as circuit breakers,
disconnecting and earthing switches, T-junctions and bends. GIS offers the
following advantages [4]:

1. The space occupied by the switchgear is greatly reduces. Compared to

conventional open air substation, GIS needs only about 10-15% floor

area.

2. It is totally unaffected by atmospheric conditions such as polluted or
saline air in industrial and coastal areas, or desert climates.

3. It possesses a high degree of operational reliability and safety to
personnel.

4. It is easier to install in difficult site conditions (e.g., on unstable ground
or in seismically active areas).

5. In addition to having a dielectric strength much greater than that of air,

SFg gas has the advantages of being nontoxic and nonflammable.
It is safe, noise free, reliable and require minimum maintenance.
It is prefabricated and is of modular construction, thereby allowing easier
installation and flexible design even under adverse site conditions.
However, GIS requires continuous gas monitoring, gas tight construction and
pressure relief devices. More ever, due to sensitivity of the dielectric strength of
SF gas to several factors, extreme care is required in manufacture, installation,

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Chapter 1 Introduction

and maintenance. GIS can be located indoors or outdoors. Even though basic
design of both types is the same, the equipment for outdoor GIS requires
additional weatherproofing to suit the climatic conditions.

There are two basic types of designs of GIS. At low-rated voltage of <200kV,
all three-phases have usually a common enclosure, i.e., 3-in-1 construction;
whereas at higher-rates voltages, each phase uses its own separate enclosure, i.e,
single-phase construction. Recently, the application of three-phase GIS has been
increasing. Three-phase in one tank type GIS 550 kV has been applied [5-6]. If
single-phase auto/reclose is a requirement, then for the circuit breaker at least,
single-phase construction is preferable even at lower voltages. In a 3-in-1
construction, a single-phase fault within the GIS usually transforms into a
phase-to-phase fault and consequently an enclosure burn-through is avoided.
Sometimes a single-phase arrangement is adopted for the circuit breaker while a
3-in-1 arrangement is used for the “back parts”, i.e, bus bar, connectors, etc.

The GIS designs are in modular form and various components can be
assembled as desired. SFg gas pressure between 0.2 and 0.5 MPa is used and is
determined based on voltage rating, cost, and equipment size and reliability
considerations. Systems operating at low pressures will have relatively larger size,
but will more defect tolerant and comparatively more reliable than the high
pressure systems. Typical service stress levels used for GIS are about 7 to 8
kVrms per mm per MPa of gas pressure [3]. However, the barrier insulators are
restricted to stress levels of less than 4kVrms per mm [3]. Thus, the working stress
of GIS is significantly lower than the breakdown strength of SFs. By this approach,
the manufacturers hope to ensure the long-term dielectric integrity of SFg gas
equipment, provided normal quality and service procedures have been maintained.

Provision is generally made for a solid grounding of the entire GIS enclosure.
In addition, automatic grounding switches are provided for grounding of the
cables whenever the isolators are opened.

1.4 Three-phase GIS Common Enclosure Configuration

The GIS enclosure forms an electrically integrated, grounded casing for the
entire switchgear. The GIS enclosure can be either of three-phase type or of the
single-phase type. Figure 1.1 — 1.3 show one-line diagram, gas sectional and
sectional view of a typical three-phase common enclosure GIS, respectively. Fig.
1.4 shows photograph of three-phase gas-insulated switchgear.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Chapter 1 Introduction

Developing three-phase common-enclosure switchgear involves three major
considerations:

1. inter phase insulation coordination,

2. minimized inter phase electric field stress, and

3. maximized current capacity.

Insulation coordination between phases requires thorough EMTP surge analysis
for a wide variety of fault scenarios. The insulation strength ratio of 1.5
phase-to-phase to phase-to ground will provide enough protection.

Minimizing electromagnetic stress between phases involves spacing conductor
supports so as to suppress harmonics, then evaluating the optimal conductor
layout in both computer-based simulations and real-time experiments.

- CB
Si 4 cof oJooe—
cT c

Fig. 1.1 One-line diagram of a typical of three-phase enclosure GIS [7]

Fig. 1.2 Gas section of a typical of three-phase enclosure GIS [7]

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Maximizing current capacity entails analyzing eddy current losses due to
leakage flux. High current capacity GIS reduce such losses through the use of
internal magnetic shields.

Computer-based analysis plays an indispensable role in resolving these and
other design issues. Three dimensional analyses and a variety of simulation
devices help boost reliability from the design stage on.

iy

OFERATING

B0
CE  : CIRCUIT BREAKER CT ! CURRENT TRANSFORMER
D5 DISCONNECTING SWITCH VT @ VOLTAGE TRANSFORMER
E5 EARTHING SWITCH CHd : CABEL SEALING END

HSES @ HIGH SFEED EARTHING SWITCH EUS @ BUS BAR

Fig. 1.3 Sectional view of a typical of three-phase enclosure GIS [7]
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Fig. 1.4 Photograph of three-phase gas-insulated switchgear

The advantages of the three-phase common enclosure design are:

1. Three-phase common-enclosure designs offer less space and smaller parts
count. This of course means fewer parts to fail and thus greater reliability.

2. Asmaller number of enclosure is required per feeder (one-third).

In the case of a three-phase common enclosure, an arc between phase and
ground will, within a few milliseconds, evolve into a phase to phase fault
between conductors, owing to ionization of the gap, and at the same time the
phase-ground arc will extinguish. Consequently, an enclosure burn-through is
not possible.

4. For the same parameters (voltage level, conductor size, clearances between
phases and phase-to-ground) the resultant field stress in a common
three-phase enclosure is approximately 30% less that in a single phase
enclosure and hence less likely to cause failure.

5. The absence of complicated tie rods and linkages between poles for the
circuit breaker, isolator, and grounding switch drives simplifies the drive
system.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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1.5 PD Diagnosis on GIS

In order to keep GIS in a state in which it can perform a required function,
maintenance is essential in its whole lifetime. Maintenance of power system
equipment can be classified as:

1. Corrective maintenance (CM): actions carried out after functional failure,

I.e. repair, and overhaul, partial or total replacement of equipment.

2. Time based maintenance (TBM): preventive actions carried out at
predetermined intervals given by time or number of operations
independent of the equipment.

3. Condition based maintenance (CBM): preventive actions carried out
dependent on the condition of the equipment. The condition is inspection
on-line or at intervals that are fixed or dependent on the former inspection
results.

In practice, the TBM and CBM may include a certain degree of corrective
maintenance. In the past, TBM is the main maintenance strategy. Recently there
has been an indication of a change from TBM procedures — characterized by
fixed maintenance intervals — to CBM, which is scheduled in accordance with the
deterioration. The change is due to the intention of improving the reliability and
reducing the operation cost of power system.

The recent trend of deregulation of electricity industry stimulates intensive
competition among power corporations. They have to reduce their maintenance
and updating costs to survive in the competition. CBM can help power
corporations to control their maintenance and updating costs to survive in the
competitions. CBM can help power corporations to control their maintenance and
updating costs by three ways. CBM can improve the reliability of power system
by avoiding a major failure and the consequent unplanned outage. Then the repair
and outage costs can be reduced. Secondly, the maintenance cost can be reduced
by delimiting the unnecessary maintenance work. Finally, decommission might be
postponed while the condition of GIS is above a certain standard. CBM can offer
important savings by extending the lifetime of GIS.

The key factor of CBM is the knowledge of the condition of GIS. It allows
money to be saved and the electric network to be operated in a way that considers
reliability as well as economy. Therefore, it is important to develop suitable
diagnosis methods to determine this condition.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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1.6 PD Detection on GIS

Partial discharge (PD) detection is an effective method to diagnosis the
insulation condition of GIS. PD is electrical discharge that does not completely
bridge the electrodes. Many defects in GIS might cause PD, such as protrusions
on electrode and enclosure surface, free conducting particles, floating components,
etc. Although PD magnitudes are usually small, they cause progressive
deterioration and may lead to ultimate failure. Hence, it is essential to detect their
presence before major insulation failure occurs.

PD in SFs generates extremely short electrical pulse accompanied with
electromagnetic wave, mechanic vibration, chemical reaction, and optical
emission. PD detection methods have been developed based on these physical and
chemical phenomena. These methods can be divided into four classes:

1. Electrical method: to detect PD in the terms of current pulses, voltage

fluctuation on conductor and electromagnetic wave (EMW), for example:
IEC 60270 method and UHF sensor.

2. Mechanical method: to detect PD in the terms of mechanical vibration or
sonic wave, for example: acoustic emission sensor.

3. Chemical decomposition analysis: to detect PD-induced decomposition
gases, for example: gas detection tube, gas chromatography, CNT gas
Sensor.

4. Optical detection: to detect optical emission accompanied with PD, for
example PMT.

In these methods, optical detection methods seem to be hopeless due to the
difficulty of sensor installation and low sensitivity. The other three classes of
methods have been extensively studied in the past decades, especially ultra high
frequency (UHF) method, IEC 60270, and acoustic emission method.

IEC 60270 is a direct PD detection method to measure voltage fluctuation on
conductor due to PD. The apparent charge can be calibrated by using a pulse
signal generator. Now it is a standard detection method. A coupling capacitor is
essential for IEC 60270 method and the sensitivity is dependent on the
capacitances of object sample and coupling capacitor. Usually it is difficult to find
a coupling capacitor in the field.

UHF method has a high sensitivity of 0.3 pC and is insensitive to noise such as
TV and broadcasting, because the sensor is installed inside GIS. Now UHF
method is still an active research subject in the world.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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AE method is based on detection of acoustic signals arising both from pressure
wave caused by PD and free particles bouncing on the chamber floor. Usually AE
sensor can be easily attached to the outside of GIS chamber so it is suitable for PD
detection in the field. It can be used for PD location by finding the place where
the intensity is the largest. It is insensitive to electromagnetic interface but
sensitive to sonic interface.

Chemical analysis method has been continuously studied in the past decades.
PD in SF6 gas causes decomposition of the gas, mainly SF4. However, SF4 is a
highly reactive gas and it reacts further, typically with traces of water vapor, to
form the more stable compound SOF, and SO,F,. These are the two most
common diagnostics gases by using a gas chromatograph and mass spectrometer.
Recently, carbon nano tube (CNT) has been recognized as an effective PD
detection method [8].

1.7 Research Trend of PD Diagnosis on Three-phase
Equipment

Discharge investigations on single-phase power equipment have been
well-established for many years. However, there are only a few reports on
discharges in three-phase equipment. The investigation of partial discharge in
three-phase equipment conducted so far can be classified in some groups:

1. Three-phase electric field characteristics

2. Particle movement in three-phase GIS

3. Three-phase PD detection and measurement

1.7.1 Three-phase Electric Field Characteristics

There is a distinct difference between electrical field configurations of
single-phase and three-phase configurations. In a single-phase construction there
is a well defined field between two electrodes and the field strength at an arbitrary
spot has one unambiguous value. Zero electric field always occurs periodically in
the single-phase construction. When the voltage equals to zero volt, the electric
field is also zero. In three-phase construction the electrical field rotates and the
field changes continuously. Also, there is no zero electric field in three-phase
construction. When the voltage of one of phases equals to zero, the voltage in the
other phases is not zero. The differences on electric field characteristics result in
different electric field stress between single-phase and three-phase.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Electric field characteristics under three-phase voltage have been studied by
many researchers [9-15]. In the first step of three-phase equipment design, electric
field is calculated. The calculation method has been developed since more than
thirty years ago. The newest simulation method and the result in three-phase
electric field calculation are described in [14].

S. Yanabu, et al (1989) discussed periodic changes of the electric field at a
certain point in the three-phase construction. While the voltage phase varies from
0 to 2x, the locus of the field vector forms an ellipse, as shown in Figure 1.5. They
also showed the periodic change of field vector at different point as shown in
Figure 1.6.

o
e

A {eot) = 157

Fig. 1.5 Periodic changes of field vector in 3 phase GIB [6]

Figure 1.6 Periodic changes of field vector at different points
in three-phase GIB [6]
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The vector locus is elliptic. On the electrode surface ( a in number 1 through 18
in the figure), for example, the locus is linear because electric lines of force are
vertical to the conductor surface. In the center of the GIB, the locus is truly
circular. While at a given point (e.g. number 3 b in the GIB), the locus is nearly
linear, and at number 1b, it is elliptic, as shown in Fig. 1.6 [6,15].

Such complicated behaviors are very different with behavior of single-phase
field. The distinct differences between electrical field configurations of
single-phase and three-phase configurations lead us to think that discharge
characteristic under three-phase voltage is different from single-phase. Discharge
characteristic under three-phase electric field need to be investigated for
development of diagnosis technique in three-phase equipment.

1.7.2 Particle Movement in Three-phase GIS

Yanabu et al (1989) investigated the behavior of metallic particles motion in
three-phase SFs gas insulated bus. The test results revealed that in a three-phase
electric field, unlike in a single-phase field, metallic particles were trapped on and
around the high voltage conductors and revolved circumferentially as shown in
Fig. 1.7.

—— Time
(b)

Fig. 8 Particle motion example (2 = 40mm, d = 0.5mm,
initial velocity = 0.5 m/s)

(b)
Fig. 1.7 Simulation results of particle motion in three-phase GIB [6]

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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The simulation showed that it was closely related to location and periodic
changes in the electric field provided by the three-phase gas insulated bus (GIB)
[6].

Kumar et al (2003) made comparison of the free metallic particles movement in
single-phase and three-phase GIB by charge simulation method. The particle
movement in three-phase GIB under three-phase voltage was observed to be less
in magnitude as compared to the particle movement inside three-phase GIB with
voltage applied only to a single-phase, as shown in Fig. 1.8 and 1.9 [16].

Amarnath et al (2003) made simulation of coating effect on particle movement
in three-phase GIB. The particle movement on coated electrodes was found to be
very less compared to uncoated electrode system [17].

AN0mm Al 245 kY 3phase
6.0+
fo
Ba
0.0
aa 02 § Ell% a 8 04

Fig. 1.8 Simulation results of movement of aluminum particle with voltage
applied on all three-phase bus [16]
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Fig. 1.9 Simulation results of movement of aluminum particle with voltage
applied on one bus only [16]
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Kumar et al (2005) made simulation two dimensional movement of free
metallic particle in a three-phase 245 kV common enclosure GIS. The movement
of an aluminum particle for a given voltage is higher than that of cooper for the
identical conditions [18].

1.7.3 Three-phase PD Detection and Measurement

The first investigation on partial discharge detection in three-phase construction
has been done by Kreuger et al (1987). They developed three circuits that could be
chosen for discharge detection in three-phase construction. These circuits were
analyzed and their characteristics were given. They concluded that discharges in
three-phase constructions can be detected well in the presence of a three-phase
electric field. This way of detecting has advantage as compared with the usual
single-phase test which the electric field between electrodes is equal to the field
in practice and differs considerably from that in a single-phase test circuit. They
also have made test on three-phase belted-type cable using single-phase voltage
and three-phase voltage. They observed that there are considerable differences
between results with the conventional single test and those with the three-phase
circuit as shown in Fig. 1.10 [19].

pe
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Fig. 1.10 Comparison of three-phase vs single-phase test [19]
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Shihab et al (1989) developed single-phase testing techniques which yield PD
results similar to those obtained when using three-phase detection. They
constructed four types of PD measurement circuits. They found that single-phase
test voltage, floating sheath, and straight PD detection has sensitivity similar to
three-phase detection. They concluded that PD characteristics of three-cores
belted-type cables determined using single-phase testing technique may differ
greatly from the actual discharge performance of the cable when subjected to
three-phase voltage condition in service. In order to achieve meaningful results
concerning the voltage rating and the life expectancy of the cable, careful
consideration must be given as to the way of energizing the cable and the PD
response characteristics of single-phase test configurations [20].

Knapp et al (1999) reports results with the new sensitivity verification for ultra
high frequency (UHF) partial discharge (PD) detection applied to three-phase SF6
gas-insulated substations (GIS) for rated voltages up to 170 kV. The procedure
was developed by CIGRE WG 15/33.03.05. The aim is to examine the practical
use of the proposed procedure and to investigate its extension to an
unconventional sensor type. UHF PD measurements were carried out on a typical
GIS section via potential grading electrodes. The results demonstrate the ability of
these already built-in devices to serve as UHF sensors, to replace additional
sensors sufficiently, and to make further design efforts unnecessary, if UHF
diagnostics are required. Measurements, the experimental setup and the adequate
test-vessel are described. The sensitivity of the new sensor is compared to the
sensitivity of the IEC 60270 method and to other UHF sensors. Results
concerning the detection of characteristic defects demonstrate the sensitivity of
the new sensor arrangement [21].

Idea on development of multi terminal measurement system to measure partial
discharge in three-phase equipment started from 1997, since Lortie et al published
their paper about multi-terminal measurement method in ISH 1997 [22, 23].

Heinrich et al (2003) developed new method for multi-channel
time-synchronous PD measurements and a special evaluation procedure to
distinguish PD signals from common mode noise. The synchronous PD
measurement technique is based on a new developed digital PD measurement
device, which allows a high precision synchronous PD measurement on multiple
locations. Fig. 1.11 shows the schematic of digital synchronous PD measurement
system [24].

They also developed three-phase amplitude relation diagram (3PARD) to
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evaluate measurement results. The first application of this method was recognition
of different PD sources at a stator of a high voltage machine and the investigation
of PD signal coupling between windings [24]. The construction of 3PARD setup
is showed in Fig. 1.12. First step of the construction of the 3PARD is to determine
the PD pulse with the highest apparent charge, which is normally the original PD
impulse caused by the high voltage stress in the winding insulation system,
whereas two other impulses measured on other two phases are usually product of
cross talk between the phases.
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Fig. 1.11 Digital synchronous PD measurement system [24]
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Fig. 1.12 Construction of 3PARD [24]
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In Fig.1.12 (left), the highest magnitude is recorded at the phase Ls.
Subsequently the highest charge will be divided with the charge of other two
impulses and subtract with 1. The subtraction of 1 is needed to distinguish the
electrical interferences, which usually have the pulse-like nature of PD but occur
with almost same amplitude on all three-phases of the machine,
La/L1-1=L3/L,-1=0 if L;=L,=L3s. Finally, the results of the subtractions will be
vectorial added as shown in Figure 1.12. Through the repetition of this procedure
for great number of recorded PD impulses and due to the unique PD pulse to
coupling magnitude ratio, every PD source within the machine as well as outer
noise appears as clear distinguishable concentration of vector sum points (cluster)
in a 3PARD. Subsequently each cluster can be separated for further investigation.

The transformation is done for a large number of pulses, e.g. 1,000 to 100,000.
The frequency of occurrence is displayed in different colors from blue (=rare) to
red (=very often). This allows a statistical differentiation of random coupling
and very strong coupling. Thus PD signals and noise from all three-phases can
clearly be separated in the 3PARD, as shown in Fig. 1.13.

Schaper et al (2003) developed new synchronous digital multi terminal PD
measurement technique to detect partial discharge in three-phase transformer. This
technique is based on the determination of cross-talk PD signals between
three-phases of the power windings. The result from this PD measurement is an
amplitude relation between adjacent phases that can be displayed in a three-phase
amplitude relation diagram (3PARD) [25].

Fig. 1.13 Example of the 3PARD separation of PD calibration on three-phases
(L1, L2, L3) and star point (N) [24]
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Kalkner et al (2005) used the measurement system in [36] to detect
three-phase PD on rotating machines simultaneously. Synchronous multi-terminal
PD measurement technique in combination with the new 3PARD evaluation
method enables distinction and separation of several parallel active PD sources
within stator winding of rotating machine and external interference [26].

Kalkner et al (2005) also reports about the investigation of PD signal
propagation and coupling between windings in rotating machine and about the
correlation between results of the evaluation achieved with 3PARD and the
location of the test pulse injection point. Fig. 1.14 shows the example of PD
online data and Fig. 1.15 shows the related 3PARD diagram. Discharge signals
contain two frequency components; first one “fast” mode is present for higher
frequency while the second is the “slow” mode for lower frequency. “Slow”
component travels through entire winding conductor and can be measured after
transient time that depends on the origin of the discharge. “Fast” mode propagates
due to capacitive and inductive coupling [27].

Figure 1.14 On-line PD pattern [27] Fig. 1.15 3PARD analysis [27]
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Jafari et al (2005) found diagnosis problem in three-phase transformer whether
the discharge came from one source or multiple source. They investigated
multi-source PD in three-phase transformer. They concluded that when three
distinct PD sources exists on three-phases, the generated PD pulse sets are not
synchronous and if PD source are completely similar, there is 120° phase
difference between PD sets [28].

Akbari et al (2005) developed new multi channel PD detection system to
measure PD in three-phase transformer. They developed methods to localize PD
in three-phase transformer based on pilot signal and based on amplitude the
detected pulses [29].

Reid et al (2005) introduced an integrated measurement strategy for
simultaneous fault identification by combining the UHF and IEC 60270
techniques. Using a combined measurement system, PD activity has been
recorded simultaneously in terms of radiated UHF pulse energy and the apparent
charge measured according to IEC 60270. When the energy of UHF pulses is
plotted against the corresponding apparent charge for a variety of PD test cells,
characteristic patterns appear. Various elements within these patterns will depend
on different aspects of the PD mechanism, which will in turn be governed by the
type and number of defects in the insulation sample. In addition, investigation of
UHF frequency band energies may also help identify specific mechanisms
associated with PD. This simultaneous measurement strategy may allow us to
classify PD activity with a greater degree of confidence than conventional
phase-resolved measurements when several sources are active or if interference is
present [30].

From some reviews above, it is found that the number of reports on three-phase
PD detection increases recently. Although research on this field increased recently,
it is mostly related to development of three-phase PD measurement technique.
There are still many unclear and unsettle problem. PD characteristics and PD
mechanisms under three-phase voltage have not been clear yet. Localization of
PD, assessment of insulation condition, and electromagnetic wave propagation
characteristic under three-phase voltage has also not been clear yet. Further, PD
signal processing and development of diagnosis on three-phase equipment have
not been developed yet. Therefore, there are still wide opportunities for research
development in this field. Because of the difference in characteristic between
three-phase and single-phase equipment and increase of application of three-phase
equipment, research on three-phase PD characteristic and diagnosis will increase
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in the future.

1.8 Research Objective

In summary of the above review of research trend of PD diagnosis on
three-phase equipment, the investigation of partial discharge (PD) characteristics
under three-phase electric field on three-phase equipment is needed because of the
following. Firstly, there is a distinct difference in electric field characteristics
between single-phase and three-phase construction. The electric field in
single-phase equipment is linear, while one in three-phase equipment rotates and
changes continuously [6,15]. It can be expected that the PD characteristics in
three-phase equipment are different from ones in single-phase equipment. Further,
the particle movement inside the three-phase gas insulated system is influenced
strongly by three-phase electric field [6]. Secondly, for the reason of its
compactness and low cost, the application of three-phase equipment (three-phase
in one tank), such as three-phase GIS and three-phase gas insulated bus (GIB), has
been increasing [5,6]. Thirdly, application of single-phase testing technique to
three-phase equipment may give some erroneous results [19, 20]. Fourthly,
three-phase equipment is energized by three-phase voltage on on-line PD
monitoring of medium and high voltage equipment [15]. It differs from common
practice for off-line test which is to energize only one phase. Therefore,
investigation on PD characteristics in three-phase equipment is very important.

As stated in the preceding sections, PD investigations on three-phase equipment
have been reported. The topics included rotating electric field in three-phase
equipment [6,15] and its effects on PD characteristics [32-39] and particle
movement on three-phase equipment [6,16-18], development of three-phase PD
detection method using single-phase test voltage [19-20], and development of PD
measurement technique on three-phase equipment [21-31]. Although
fundamentals aspects of excitation and propagation of PD signal in three-phase
power cable have been reported, PD excitation was only explained with
simulation [15]. PD characteristics, mainly explained from measurement on
three-phase construction, more specific on three-phase GIS, have not been
reported.

From these viewpoints, the author has studied characteristics of PD and its
electromagnetic wave signal propagation from a particle in a three-phase
construction of GIS model under three-phase voltage as a fundamental study on
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development of diagnosis technique in three-phase GIS [32-39].

Three-phase equipment differs from single-phase equipment in two aspects:
configuration (three conductors in a duct) and applied voltage (three-phase
voltage). Effect of these differences on the electric field, electrical discharge, and
electromagnetic wave propagation in three-phase gas insulated system is studied
in this dissertation.

The objectives of the present study are to clarify partial discharge phenomena
and electromagnetic wave propagation emitted by partial discharge in three-phase
gas insulated system, as a fundamental study of diagnostic technique
improvement on three-phase equipment. The following research steps are
conducted to achieve the objectives:

1. Clarification of electric field characteristics in three-phase construction

under three-phase voltage.

2.  Clarification of effect of three-phase configuration and three-phase

voltage on PD characteristics in three-phase GIS.

3. Clarification of effect of three-phase electric field on PD characteristics in

three-phase GIS.

4. Clarification of PD induced electromagnetic wave propagation

characteristics in three-phase GIS.

1.9 Dissertation Outline

This dissertation presents the results of an investigation of PD and its
electromagnetic wave propagation in three-phase gas insulated system. The
obtained results are expected to be useful for development of an advanced
insulation diagnostic technique on three-phase GIS. This dissertation consists of
six chapters including this chapter.

Chapter 1 consists of introduction..

Chapter 2 consists of experimental setup and measurement system. Two different
types of three-phase GIS model used in the experiment are explained.
Experimental setup, experiment apparatus, and partial discharge measurement

system, are explained.

In Chapter 3 PD characteristics of a particle adhered at different positions in
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three-phase construction are reported. The position dependent sensitivity, PDIV
characteristics, phase dependence of PD on applied voltage, and cross interference
phenomena are discussed.

Chapter 4 deals with the effect of elliptical nature of rotating electric field on PD
distribution pattern in three-phase equipment. This chapter explains the
characteristics of electric field in three-phase electric equipment. The rotating
electric field phenomena and its parameters are discussed. The difference in the
electric field between single-phase and three-phase equipments is explained. The
effect of elliptical nature of rotating electric field on PD distribution pattern in
three-phase equipment is explained.

Chapter 5 reported the propagation properties of EMW emitted by PD in
three-phase GIS.

Chapter 6 presents the conclusions, the practical significance of the present
investigation and future development.
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Chapter 2

Experimental Setup and Measurement System

2.1 Introduction

This chapter contains experimental setup and partial discharge (PD)
measurement system used in this research. The measurement system was developed
to investigate discharge and its electromagnetic wave (EMW) signal propagation
characteristics in three-phase gas insulated system (GIS). The model of
three-phase GIS, experimental setup, and PD measurement device are described.

Measurement systems developed in this study are as follows:

Measurement of PD current signal using IEC 60270

Measurement of PD current signal flowing on three-phase conductor and the

tank simultaneously using wide band current transformer.

3. Measurement of EMW emitted by PD using UHF method.

The apparatus used for investigating the PD and EMW emitted by PD consists
of two systems:

1. Simplified model of three-phase GIS in air at atmospheric pressure (Model I).
The IEC 60270 method and CT are used simultaneously in this model. The
measurement system is called measurement system I. This system is to
investigate PD phenomena in three-phase GIS.

2. Model of three-phase GIS filled with SF¢ gas at atmospheric and higher
pressure (Model I1).

The UHF method is used in this model. The measurement system is called

measurement system Il. This system is to investigate EMW emitted by PD in

three-phase GIS.

2.2 Three-phase GIS Model

There are two types of three-phase GIS model used in the experiment. The first
model is a trial model (Model 1). It was used to observe basic phenomena in
three-phase GIS. The second model is close to the actual three-phase GIS. It was
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used to observe PD and EMW propagation characteristics in three-phase GIS. The
electrode system was arranged to simulate three-phase electric field in three-phase
equipment. The conductors were arranged in an isosceles triangle construction. The
maximum voltage of three-phase transformer used for the experiment was 52 kV. The
dimensions of the tank and the conductors were about one fifth of an actual 275 kV
three-phase GIS. The measurement system attached on two types of three-phase
GIS model was different. The first model used CT, detecting impedance, and
coupling capacitance in PD measurement. The second model used UHF sensors.
The specifications of each GIS model and their measurement system are shown in
Table 2.1 and Table 2.2, respectively. The measurement system | is attached to
model | while the measurement system Il is attached to model 1.

Table 2.1 GIS Model Specification

Model | Model 11
GIS Model open tank close tank
Length (mm) 300 1506
Tank diameter (mm) 150 155 /490
Tank thickness (mm) 2 5
Conductor diameter (mm) 25 20/ 40
Tank material Aluminum Aluminum
Conductor material Steel Aluminum
Insulation Air SFe
Pressure (Mpa) constant (0.1) | variable (0.1 -1)
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Table 2.2 Measurement System

Measurement System | Measurement System |
PD current sensor PD induced EMW sensor
PD Sensor
1 k ohm
Detecting Impedance UHF (0-1.5MHz)
CT (10kHz-250MHz)
Coupling capacitor
Oscilloscope Oscilloscope
(Tektronix TDS3034, (Infinium
Measurement 300MHz, 2.5GSa/s) 1.5 GHz, 8GSa/s)
device PD Monitoring (PDM)
Spectrum Analyzer ]
(Anritsu 9kHz-3GHz) . Device
(Hitachi 9kHz - 1.5 GHz)
PD measurement device
(paradise)
2.2.1 Model |

Three-phase GIS model | was composed of a tank model 150 mm in diameter, 300
mm in length, 2 mm in thickness, and three-phase conductors 25 mm in diameter.
The shape of the tank is designed in the form of corona cage [1]. The tank is designed
by considering the capacitances between high voltage conductors and the tank and the
electric field caused by high voltage conductors. Both edge parts of the tank are bent
to reduce the electric field on the edge of the tank. The capacitance between high
voltage conductors and the tank is designed very small to get higher voltage on the
capacitance and to increase the measurement sensitivity. The small capacitance is
reached by shortening the length of the tank. The layout and photograph of the model
are shown in Fig. 2.1 until Fig 2.3.
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Figure 2.1 Layout of the tank model |

Figure 2.3 Layout (left side) and photograph (right side) of three-phase conductor
of three-phase GIS model |
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2.2.2 Model 11

Fig. 2.4 — 2.7 shows the layout and photograph of three-phase SFs GIS model
used in the experiment. It was composed of two different size tanks, separated by
a spacer. The smaller tank (TANK ) 155 mm in diameter, 800 mm in length, 5
mm in thickness, is observation tank in which the particle was put. The
dimensions of the tank and the conductors were about one-fifth of an actual 275
KV three-phase GIS.

The bigger tank (TANK 11) 490 mm in diameter, 450 mm in length, and 5 mm
in thickness was connected to the three-phase voltage supply. The conductors
inside tank A and tank B are 20 mm and 40 mm in diameter, respectively. The
three-phase conductors were composed in isosceles triangle arrangement. The
tank contains SFg gas. The gas pressure inside the GIS can be changed for
experiment purposes. .

1250
‘ 450
190
k — 800
300 , 200 | 300
oL 200,
UHF C
o UHF B LURFA [T
2| —— ® 0@ |0
L — e ——— - v
UHF D
TANK Il TANK |

Fig. 2.4 Layout of three-phase GIS model 11

$72  $155

20

TANK I TANK |

Fig. 2.5 Layout of three-phase conductor inside three-phase GIS model 11
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Fig. 2.7 Photograph of three-phase conductors inside GIS model 11
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2.3 Experimental Setup of Model |

The experimental circuit is shown in Figure 2.8. The experiments were conducted in
laboratory air. Three-phase AC voltage was supplied from a three-phase 200 V/52
kV, 5 kVA corona free transformer through 20 kQ limited resistor. PD signal
flowing on each phase was measured with three current transformers, namely CTg,
CTs, and CTr. They were clamped on the line connecting the coupling capacitors
and the capacitive dividers on R, S, and T phases, respectively. PD signal flowing
from the tank to ground was detected by CT, namely CTrank, and 1 kQ detecting
impedance (DI). The frequency response of the CT (ETS Lindgren 94430-1)
covers from 10 kHz to 250 MHz. Applied voltage was measured with capacitive
dividers consisting of 500 pF and 450 nF capacitances. PD signals and applied
voltage were observed simultaneously with a four-channel oscilloscope (Textronix
3034, 300 MHz, 2GS/sec). Photograph of experimental equipments is shown in
Figure 2.9.

c, i oD 30 GIS
MODEL

39200V 200v /52Ky 20kQ

R —
T HM
/-\_/
/\/t TT_/W\/_

PT 13kVv/100V

Ck =500 pF — PD
CT+ V; oscC
Cd =450 nF I

Fig. 2.8 Equivalent circuit of experimental setup |
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Figure 2.9 Photograph of experiment equipment |

2.4 Experimental Setup of Model |1

The experimental setup is shown in Fig. 2.10. The three-phase GIS model was
energized by the same transformer previously described. The maximum voltage of
three-phase transformer used for the experiment was 52 kV. The experiment was
conducted until 70% of the maximum voltage, 36 kV, due to the safety reason.

PDM: 9kHz-1.5GHz

3-PHASE GIS
TRANSFORMER MODEL OSC: 1.5GHz, 4GSa/s
200V / 52kV
3¢ 200V 20kQ UHF B
- r | R o JUHFC | G
~_ \S S O
NS G PDM /
g Jt | (4 7 Y . UHFA 0sC
UHF D
PT 13kVv/100V

TANK I TANK |

Fig. 2.10 Equivalent circuit of experimental setup |1
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Figure 2.11 Photograph of experiment equipment I

The internal UHF sensors, UHF A, B, and C, are installed inside the
three-phase GIS for measurement of EMW signals excited by PD. The position of
sensors was shown in Fig. 2.4, 2.10, and 2.11. The UHF sensors have frequency
band 500-1500 MHz with the sensitivity below 0.3 pC [2]. The principle of UHF
technique is that the current pulse which forms PD has very short rise time less
than 50 ps [3]. These pulses excite the EMW in the GIS tank into multiple
resonances at frequencies up to 20 GHz. Although the duration of the current
pulse is only a few nanoseconds, these microwave resonances persist for several
microseconds. They may readily be picked up by UHF couplers fitted either inside
the GIS chambers, or over dielectric apertures in the chamber wall. The PD
signals can then be amplified and displayed. Unless otherwise mentioned, the
measurement was carried out using UHF A sensor

A digital four channels oscilloscope (1.5 GHz, 8 GSa/s) and the portable type
PD monitoring device (PDM) with three channels were utilized to carry out
various measurements. The oscilloscope was used to measure EMW signal
waveform in time domain. The PDM contains spectrum analyzer with frequency
band 9 kHz-1.5 GHz. The PDM detects UHF EMW emitted by PD and display

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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two kind of waveform: frequency and phase spectrum. It automatically identifies
its cause by expert diagnostics software. It contains data base of PD pattern in
single-phase GIS. It needs to be examined whether it can be used properly for PD
diagnosis on three-phase GIS.

2.5 Partial Discharge Source

A needle electrode made from cooper was adhered on the conductor or on the
tank to produce PD. The diameter of a particle was 0.1 mm. The radius of particle
tip was 0.05 mm. The particle length was 5mm and 27 mm for model | and model
I1, respectively. It was fixed to the tank or to the surface of the conductor using
copper tape. The particle position is normal to the surface of the conductor or the
tank. For model I, the particle was put inside the tank at the middle of the tank.
For model 11, the particle was put in the observation tank (small tank / tank 1), at
the position 500 mm from the spacer, or 300 mm from the end side of the tank.
The particle position can be changed in the experiment. The particle positions and
their notations in the cross section of the tank are shown in Fig. 2.12. Particle
position is notated with a big character and an index in front of the character, P,,.

Fig. 2.12 Particle position and notation

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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The character is used to explain the particle position at R, S, T conductors or on
the tank. Particle on R, S, T conductor, and particle on the tank or on the enclosure
(E) is notated as R, S, T, and E, respectively. The index o is used to explain the
particle position (in degree) relative to the positive x axis in the counter clock
wise direction. For example, S270 means the particle at S conductor, 270°or -90°
from positive x axis. The example of photograph of the particles is shown in Fig.
2.13.

Fig. 2.13 Photograph of S135 particle inside three-phase GIS Model II

2.6 PD Measurement System and Devices

2.6.1 PD Measurement System According to IEC 60270

Figure 2.14 shows a standard partial discharge measurement method system based
on the IEC 60270 recommendations. This standard PD detection circuit is
composed of a coupling capacitor, a coupling device and a partial discharge
detector. The coupling capacitor provides the closed circuit required for the
discharge displacement. The coupling device converts the input current (discharge

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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displacement in the leads) into voltage pulses. These voltage pulses are registered
by an oscilloscope and recorded by computer for further analyze.

HIGH VOLTAGE

HV
EQUIPMENT

COUPLING CAPACITOR

COUPLING DEVICE

PD DETECTOR

Fig. 2.14 PD measurement system according to IEC 60270

2.6.2 Detecting Impedance

Detecting impedance (DI) is a self developed PD measurement device. The
impedance is chosen as 1 kQ rather than 50 Q to enhance the measurement
sensitivity. The DI enable to measure PD current signal which has frequency
range up to 300 MHz. The equivalent circuit of DI is shown in Fig. 2.15. The
main component of DI is 1 kQ resistor. The other components are capacitance,
inductance, diode, and arrester. Arresters and diode were placed in the circuit in
order to have an extra protection from the surge pulses generated when the

breakdown occurs.

DIODE

TOSHIBA
1ISS403 ARRES

TER

f COAXIAL
5 CABLE
{ ARRESTER
O O g J
@ i §1kQ
3PHASE |
GIS MODEL |

OSCILOSCOPE

Figure 2.15 Detecting Impedance Circuit (in the dashed line box)
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2.6.3 Current transformer (CT)

The ETS-Lindgren CT model 94430-1 was used in the measurement of PD
current. It is a clamp-on CT designed for use with electromagnetic interference
(EMI) test receiver or spectrum analyzer or with any similar instrument having 50
ohm input impedance to determine the intensity of current present in an electrical
conductor. The CT has a frequency range from 10 kHz to 250 MHz with 50 ohm
output impedance. It can simply clamped around the test conductor, consisting of
one turn primary winding with the current probe forming the core and secondary
winding of an radio frequency (RF) transformer [4] . The equivalent circuit of the
CT is illustrated in Fig. 2.16. The sensitivity of the CT in microamperes is
dependent upon the sensitivity in microvolt of the receiving equipment which is
used. Table 2.3 shows the relationship of the receiver sensitivity in microvolt to
that of CT in microampere based on 8 ohm of transfer impedance of this model
[4]. The discharge current (lg) in microamperes in the conductor under test is
determined from reading of CT output in microvolts (Es) divided by CT transfer
impedance (Z7) [4].

Table 2.3 Typical sensitivity of 94430-1 series CT [4]

Test Equipment Sensitivity in 94430-1
Microvolts Zr=6Q
5 0.625
2 0.25
1 0.125
0.1 1.0125
o)

Outputto CoaxialCahble
50 Ohms Impedance

Secondary W inding

N ACAALALS

Electrostatic
Shield (Case)

TN,
Primary (Test Sam ple Lead}ﬂ Noise Currents"fﬂ?

Fig. 2.16 Equivalent circuit of CT [4]
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Table 2.4 Electrical specification of CT [4]

Electrical
Specifications

94430-1
94430-1L

Frequency Range
(L Models 20 Hz)

10 kHz to 250 MHz

Transfer Impedance

6 Ohms 10 to 250 MHz,
3 Ohms @ 1 MHz,

0.6 Ohms @ 100 kHz,
0.1 Ohms @ 10 kHz

RF Current Range (RF 16.0 Amps

CW)

RF Current Range 70 Amps

(Pulse) See Table 3

Maximum Power 200 Amps (DC to 400 Hz)
Current

Maximum Power
Voltage

No limitation, subject to
adequate conductor
insulation

Sensitivity Under

0.125 microamperes with one

Rated Load microvolt sensitivity receiver
and 8 Ohms transfer
impedance

The equation is as follow,
ly=Es/ Zt (2.1)
or, indB
lg (dBHA) = E, (dBuV) — Z1 (dB) (2.2)

The transfer impedance (Z7) of CT is determined throughout the frequency range
as shown in the electrical specification in table 2.4 and Fig. 2.17 [4].

2.6.4 PD Monitoring Device (PDM)

In the second experiment, PDs are measured with UHF sensor and the portable
PD monitoring device (PDM). The PDM detects UHF electromagnetic waves
emitted by a PD, and automatically identifies its cause. Fig. 2.18 shows the
photograph of PDM.

Measurement Principle

The PD generated in SF6 gas serves as a steep pulse waveform, and emits
electromagnetic waves, with broad band frequencies, especially UHF band
(300MHz - 3 GHz). EMW spreads insides the GIS with little attenuation, because

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Model 94430-1 Transfer Impedance

[ 4B

20

20—

FREQ MHz | [
01 1 1.0 10 100 500

o2
S

Fig. 2.17 Transfer impedance as a function of frequency response [4]

GIS plays a role of a waveguide. UHF sensors may be built in the GIS or mounted
on the GIS spacers or inspection windows. The portable type PDM device
measures UHF electromagnetic waves and diagnoses the insulation status inside
the GIS by expert diagnostic software.

The system detects these electromagnetic waves as a partial discharge signal by
PD sensor mounted on spacer and output two kind of waveform (frequency
spectrum and phase spectrum) analyzed by spectrum analyzer as result of the
measurement. The existence and cause of PD can be presumed by these
waveforms. Frequency spectrums are acquired by sweeping central frequency of
band-path filter from 9 kHz to 1.5 GHz at high speed repeatedly. Phase spectrums
are acquired by fixing the central frequency of band-path filter at frequency at
where maximum value is detected in frequency spectrum. A measured signal is
compared with the reference waveforms stored in a PC. At the first stage, actual
PD and external noise signals are classified by means of phase patterns. Then,
through the Neural Network one reference waveform is selected to identify the PD
cause. Fig. 2.19 shows phase pattern characterized by each defect. Fig. 2.20 shows
procedure of diagnosis by neural network having special branch structures.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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Fig. 2.18 PD Monitoring Device

-10 ."’-’ﬁ\
‘E" =3
2 =5
= N

-8l particle on cond. floating electrode

undm:tnr *‘1" ,L:I ~—hield

tank _H__,,?’.'IIIL'("
LA

free particle maobile phone

Fig. 2.19 Phase pattern characterized by each defect [2]
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Neural Network
proirusion

float
free particle

particle
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mobile phone PD

corona in air SOUrces
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Fig. 2.20 Procedure of diagnosis by neural network having special branch
structures [2]
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Chapter 3 PD Characteristics

Chapter 3

Partial Discharge Characteristics under
Three-phase Electric Field

In a Three-phase Construction

3.1 Introduction

This chapter deals with PD characteristics from a particle in a three-phase
construction under three-phase voltage. Analysis of three-phase PD measurement
system, PD occurrences and cross-interference phenomena in three phase

construction are reported.

3.2 Experimental Setup

The measurement system was developed to investigate discharge characteristics
under three-phase voltage. The model, the experiment setup, and PD sources have
been explained in Chapter 2. GIS Model I and the measurement system I were

used in the experiment. The experiments were conducted in laboratory air.

3.3 Analysis of Three-phase PD Measurement System

The measurement system was calibrated to verify the relation between the
reading of the PD measurement system (mV) and injected charge (pC) and to
verify sensitivity of the measurement system. The calibration of PD measurement
system was done by injecting positive and negative known charges from a pulse
calibrator to some injecting points as follows: phase to phase (R-S, R-T, S-T) and
phase to tank (R-Tank, S-Tank, T-Tank) respectively. The high frequency current
was measured with the PD measurement system and observed with the
oscilloscope. The schematic of calibration circuit is shown in Figure 3.1. The

examples of calibration results are shown in Figures 3.2 and 3.3.
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CALIBRATION PULSE

GENERATOR
D204 CALIBRATION PULSE GENCRATOR ,“Fo .
e O
- MEASUREMENT
¥ PHASE-PHASE SYSTEM
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N
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{
R T R T N i
Os O OsO| p |
O 9 O :
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GROUND OSCILLOSCOPE
N, P : INJECTED POINTS

Figure 3.1 Calibration circuit of PD measurement system

Figure 3.2 shows the response of CT clamped on S phase (CTs) when charges
are injected to some different points. It appears that CTs detected charges injected
to S phase. In addition, it also detected charges injected to another points, such as
R-T, R-tank, and T-tank. It means that charges injected to one phase were also
induced to the other phases and to the enclosure. It appears that the response of
charges injected to S phase is higher than that injected to the other points. It
means that CTg has high sensitivity for discharge occurring around S phase.

Figure 3.3 shows the response of CT clamped on the line connecting the tank
and ground (CTtank) when charges are injected to some different points. It
appears that the response of charges injected to the tank (phase-tank or
tank-phase) is higher than those injected to the other points (phase-phase). It
means that CTpank has high sensitivity for discharge occurring between the

conductor and the tank.
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Voltage (mV)
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200

300 400

Charge (pC)

Figure 3.2 Calibration results of CTS

The results indicate some guidance for PD measurement on three-phase

construction as follows.

1. PD occurring on one of three phase conductor induces charges to the other

phases and the enclosure.

2. Measuring PD current flowing in one of three-phase conductors is sensitive

for discharges which occur around the conductor (between the conductor and

the tank, and between the conductor and the other conductors), but less

sensitive for discharges which occur between the other two conductors and

between the other conductors and the tank (Figure 3.2).

-47 -
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Figure 3.3 Calibration results of CTTANK

3. Measuring PD current flowing from the enclosure (tank) to ground is
sensitive for discharges which occur between each conductor and the tank,
but less sensitive for discharges which occur between the conductors (Figure
3.3).

4. Measuring PD current only at the enclosure of three phase construction or

only at one of the phases will result in position dependent sensitivity for PDs.

The calibration results indicate that PD measurement must be conducted on
three phases simultaneously to obtain measurement results of PD occurring in

entire region of three-phase construction with high sensitivity.
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3.4 Experimental Results

3.4.1 The Dependence of PDIV on Particle Position

Partial discharge from a particle placed at different positions on high voltage
(HV) conductor and the tank was measured. The particle positions and their
notations have been explained in 2.5. The diameter of a particle was 0.1 mm. The
particle length is 5 mm.

PD inception voltage (PDIV) of these particles is shown in Figure 3.4. The
results show that negative PDIV (PDIV N) is lower than positive PDIV (PDIV P)
for the particles on HV conductor. On the contrary, PDIV N is higher than PDIV P
for the particles on the tank. PDIVs of a particle adhered on different positions
differed, depending on the particle position. PDIVs vary between 4 kV and 6 kV
for a particle adhered on the different positions on the conductor and between 8
kV and 11 kV for a particle on the different positions on the tank. Namely, PDIV
of a particle on the tank is higher than PDIV of a particle on the conductor. PDIV
of a particle on the region between phases (R315, S90, and S135) is around 4 kV,
lower than PDIV of a particle on the other places. The interpretation on these
results will be discussed further in sub chapters 3.5.1 and 3.5.2.

12
¢ PDIV N o o o
10 7o pDIVP
< 8 0 o o 0
h'4
N
26*<> o & o o o o o
) ¢ o4 @ L SN
QO 4 ¢ o
2,
0

RO R180 R270 R315 S90 S135 S180 S270 EO E180 E270
Particle Position

Figure 3.4 PDIV of particles on the conductor and on the tank
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3.4.2 The Phase Dependence of PD Occurrence on
Particle Position

Figures 3.5 to 3.7 show experimental results of PD occurrence at PD inception
voltage (PDIV) from a particle on some different positions. Figure 3.8 and 3.9
show the examples of PD occurrences during two cycles of applied voltage at
PDIV for a particle adhered on the conductor and a particle adhered on the tank
respectively. It appears in Figure 3.8 that PD pulse of S45 particle occurs when
the phase Os of S voltage is around 247°. On the other hand, PD pulse of S270
particle occurs when 0s = 270°. Then, it appears on Figure 3.9 that PD pulses of
particle on the tank E180 and E270 occur at 6s = 330° and Os = 900, respectively.
The other experimental results are summarized on Figure 3.7. It is found from the
Figure 3.7 that phases where PD appears at PDIV depended on the particle

position. The interpretation on these results will be discussed further in 3.5.2.

(AY) abeljon paiddy

PD Current (mA)

Time (ms)
Particle S45, PDIV-, 4.7kV

15

1.0

0.5

0.0 —

-0.5

PD Current (mA)
Applied Voltage (kV)

-1.0

-1.5

Time(ms)

Particle S270, PDIV-, 4.71 kV

Figure 3.5 PD occurrences on 2 cycles of applied voltage at PDIV
(Particle on the conductor)
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Figure 3.6 PD occurrences on 2 cycles of applied voltage at PDIV
(Particle on the tank)
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Figure 3.7 Experimental result resume of phase of applied voltage at PDIV for a
particle on some different positions
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3.4.3 Cross Interference Phenomena

Figure 3.8 shows waveform of discharge current flowing on each phase for S90
particle. PD currents measured by CTg, CTs, CTr, and CTpank were 0.40mA,
0,88mA, 0.48mA, and 0.25mA, respectively. It appears that discharge caused by
particle on S phase caused currents to flow on R, S, and T phases and to the
enclosure. It means that the discharge occurring on one phase was induced and
detected on the other phases. The charge was also induced to the tank.

For further analysis the magnitude of PD currents flowing on each phase
measured by CT is classified. The magnitude of PD current flowing on each phase
and the enclosure are normalized. Then, the maximum of normalized currents
flowing on each phase, that is further called as magnitude ratio (A), were
determined. The magnitude ratio is classified as follows: low (L) for A <0.4;
medium (M) for 0.4<A<0.7; and high (H) for A>0.7.

Dl

- 0.25mA 0281 L CTrank

0.0 —flusosinrnity A\ AN Ny AP, P o et

] 0.40mA 0451 M CTs

PD Current (mA)

0.5 - 0.48mA 0551 M CT,

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Time (us)

Figure 3.8 PD current waveform measured for S90 particle
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Based on the classification, PD pulses from S90 particle as shown in Figure 3.8
result in low and negative current detected by CTrank, medium and negative
current detected by CTr and CTr, high and positive current measured by CTs.
Example of the other results is summarized in Table 3.1. Even though it is not
shown here, the repetition of the experiment on the same condition showed that
the magnitude ratio is constant and independent of magnitude of PD current pulse.
These results indicate that the ratio of magnitude of PD current flowing on each
phase provides information of the particle position on the cross section of three
phase construction. The interpretation of these results will be discussed further in

sub chapter 3.5.3 in terms of cross-interference phenomena.

Table 3.1 Polarity and magnitude level of discharge currents measured for

particles on S conductor

Particle | PD Discharge Current
Position | Polarity | CTrank | CTr | CTs | CTr
S90 PD- L- M- | H+ | M-
S90 PD+ L+ M+ | H- [ M+
S45 PD- L- L- | H+ | H-
S45 PD+ L+ L+ | H- | H+
S270 PD- H- L- | H+ | L-
S270 PD+ H+ L+ | H- | L+
S135 PD- L- H- | H+ | L-
S135 PD+ L+ H+ | H- | L+

3.5 Discussion

3.5.1 PDIV Occurrence

The PDIV characteristics are discussed first. The results show that PDIV- is
lower than PDIV+ for the particles on HV conductor, while PDIV- is higher than
PDIV+ for the particles on the tank. Let us discuss these results. Positive PD is
generated by an electron initiated by collision detachment of negative ions in high
electric field region [14]. Thus, positive PD generation depends on whether or not
negative ions exist around the particle tip. The negative ions at positive PD

inception phase can be derived from PD in the previous cycle and or cosmic rays.
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The high field region initiating PD is so restricted that, even under continuous
three-phase AC voltage application, the generation of an initial electron would be
necessary condition for PD initiation. On the other hand, negative PD is generated
by an initial electron derived from the field emission from the electrode surface
[14]. Thus, the generation of an initial electron for negative PD depends only on
the electric field strength on the electrode surface. Therefore, an initial electron
can be generated more easily for negative PD than for positive PD.

In the case of the particle on S conductor and faced to the bottom of the tank,
the polarity of particle tip is negative when applied voltage S phase is in negative
half cycle. Therefore, the first PD occurs in the negative half cycle of S voltage. In
the case of the particle is attached on the bottom of the tank and faced to S
conductor, the polarity of the particle tip is negative when the polarity of S voltage

is positive. Therefore, the first PD occurs in the positive half cycle of S voltage.

3.5.2 Relation between Electric Field inside the
Three-phase Construction and PD Occurrences

PDIV is determined by PDIV criterion which depends on effective ionization

coefficient, o [14-15]. PDIV criterion is given by Schumann equation as follows.

XC

[ @ dx=k

0
where o = a-1. a is Townsend’s first ionization coefficient and 1 is the attachment
coefficient, and both are functions of the electric field, atmospheric pressure, and
temperature. Xc is the distance from the highly electrode surface and the point
near electrode surface where o=n. It is sometimes called the critical avalanche
length or the boundary of the corona layer. K = 20 for air at 1 atm [15].

PDIV therefore depends on the electric field on the tip and the field distribution
along the axis of the particle since o is a function of the electric field intensity.
For air [15]:

o/ p=22 (Elp — 0.244)* for 0.244 <E/p < 0.5

where E is electric field intensity in kV/cm, while p is air pressure in kPa.
Because the electric field on the particle tip is much higher than on the other part,
PDIV is influenced mainly by the electric field on the particle tip.

Let’s observe the electric field characteristics inside the three-phase

Kyushu Institute of Technology, Graduate School of Electrical Engineering
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construction. The electric field on each particle tip was calculated at 1 kV applied
voltage for the comparison convenience. Figure 3.9 shows periodic change of
absolute electric field on the particle tips during one cycle of S applied voltage at
different positions (R315, S45, E270, and TO). The electric field calculation point
is determined so that the electric field at the point at PDIV is equal to critical
electric field E in air at atmospheric pressure ( Ei= 3 kV/mm ). The critical
electric field is the field at which the ionization begin to take place if a= n.
The electric field calculation point is X¢ = 0.02 mm from the particle tip surface.
Let’s observe Figure 3.9. At certain position (x,y) inside the three phase
construction the electric field is rotating with varying magnitude, i.e sinusoidal in
two perpendicular directions without necessarily coinciding zero crossings. The
electric field stress on each point inside the construction varies with the phase of
the applied voltage. Every half cycle the field achieves the minimum and the

maximum values. Every a half cycle the pattern of the electric field stress is

repetitive.
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Figure 3.9 Periodic change of absolute electric field on the particle tips
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It is found in Fig. 3.9 that the phase and value of the maximum electric field
depends on the particle position. For example, the maximum electric fields occur
at 05 = 30", 05 =90", 65 = 127°, 6 5 = 247° for TO, E270, S45, and R315 particles,
respectively (see lines A, B, C and D). These electric field characteristics result in
the phase dependence of PD occurrence at PDIV on the particle position. The
maximum electric fields are 0.58 kV /mm, 0.33 kV / mm, 0.67 kV / mm, and 0.69
kV / mm for TO, E270, S45, and R315 particles, respectively. It is reasonable
because the gap distance and the electrode configuration of the three-phase
construction depend on the particle position.

Figure 3.10 shows the maximum electric field on the particle tip of a particle at
various positions at 1 kV of applied voltage. It is found that the electric field on
the particle tip depends on particle position. More ever, the electric field of the
particle on the conductor faced to the other conductor (phase-phase region), for
example R315 and S135, is higher than that on the other place. These electric field
calculations explain reasonably the experimental results: PDIV of particles with
the same size depend on the particle position; and PDIV of the particles on the
conductor facing to the other conductor (phase-phase region) is lower than that on

the conductor facing to the tank.
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Figure 3.10 Electric field on the particle tip at 1 kV applied voltage
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Figure 3.11 summarizes phase angle of S applied voltage at maximum electric
field for a particle attached on the different position on R, S, and T conductors and
on the tank. In general, PD of a particle set on one phase conductor occurs on the
peak of applied voltage at the related phase. The effects of the other phases take
place when the particle faces to another conductor, resulting in the shifting of the
phase of maximum electric field and PDIV from the peak of applied voltage.
These calculation results explain the experimental results summarized on Figure
3.10. For example, both calculation and experimental results indicate that negative
PDIV of S45 particle occurred at Os = 247°, while negative PDIV of E270 particle
occurred at Os =90°. Note that negative PDIV is easier to occur than positive
PDIV for a particle adhered on the conductor and on the contrary for a particle
adhered on the tank.

360
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300 ¢ o

270 (] [ ] (I
240 r ®

210 ¢
180
150
120 ®

90  J ®
60 ®

30

at PDIV

Phase angle of S phase voltage

RO
R90
R180

R270

R315

SO
S45
S90

S135

S180

S270

TO
T90
T180

T225

T270

EO
E90
E180

E270

Particle Position

Figure 3.11 Phase where the maximum electric field appears for a particle on the

different position

3.5.3 Cross Interference Phenomena

The experimental results revealed that discharge from a particle on one phase

conductor caused currents to flow on the other phases, not only on the phase

where the particle exists. The equivalent circuit of three-phase configuration with

S90 particle and the measurement system are shown in Figure 3.12 to explain the
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phenomena. PD resulting from S90 particle is described as a pulse source.
Insulation regions between the tank and each conductor and between conductors
are described as their equivalent coupling capacitors; those are Cg, Cs, Cr and Cgsg
Csr and Cgr. By LCR meter, the capacitances are estimated to be Cr=9.5 pF,
Cs=7.9 pF, C1=9.6pF, Crs=5.3 pF, Crr=3.7 pF, Cs1=6.1 pF.

Let us analyze the circuit. If negative discharge occurs in S90 particle, a small
amount of charge is induced to R and T phase. A large amount of charge flow in S
phase conductor to ground (path S). Since the current flows toward positive sign
of CTS, it is measured as positive current by CTs. Then the current is divided into
three directions: R conductor (path R), T conductor (path T), and the tank (path
TANK). Since they flow toward negative sign of each CT, it is measured as
negative current by CTg, CTr, and CTrank. The currents are transmitted from R
and T conductor to tank, and then from tank to S phase conductor, because of the
presence of coupling capacitances between the two conductors and between

conductor and the tank. These discharge current path are depicted in Figure 3.12.

Path R

i=46%l

Rc
Dg — C
e Path CT TANK K L

— —
- TANK — 0SC TS$ osc
|: DI Path S L CD

i=1%I I

Figure 3.12 Equivalent circuit and path of PD current of S90 particle

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-58 -



Chapter 3 PD Characteristics

The discharge current flowing in each phase was estimated based on the
equivalent circuit and dominant frequency of discharge current. The frequency
was estimated based on the rise time of PD current waveforms measured for
particles attached on different positions. Average rise time (t;) of PD current was
17.5 ns so that the dominant frequency of PD current can be determined by the
relation f = 0.35/tr, giving f = 20 MHz.

If the current flowing in path S is I (high), the currents flowing in R, T, and tank
paths are 0.461 (medium), 0.531 (medium), and 0.011 (low), respectively. These
calculation results agree with the magnitude of discharge current resulting from
the measurement in the term of magnitude level, although there are small

differences in values.

3.6 Conclusions

PD characteristics in three-phase construction under three-phase voltage were
investigated. The measurement system for observing discharge characteristics in
three-phase construction was developed. PD from a particle on the different
positions on the conductor and on the tank was observed. The conclusions are as
follows.

1. Measuring PD signals only at the enclosure or on one of the phases of three
phase construction will result in the position dependent sensitivity for
partial discharges.

2. Partial discharge inception voltage of a particle adhered on different
position differs depending on the particle position.

3. Phase where PD occurs at PDIV depends on particle position.

4. PD caused by a particle on one phase conductor is induced and detected on
the other phase conductors.

5. Magnitude ratios of PD current flowing on each phase are unique for each
particle on different positions. The ratio is constant and independent of
magnitude of PD current pulse.

6. Polarity of PD current flowing on each phase depends on particle position.

Calibration and measurement results indicate that PD measurement on three
phase construction must be conducted on three phases simultaneously to obtain
measurement result of PD occurring in entire region with high sensitivity and to

obtain information of the location of PD source. Experimental results indicate that
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phase of applied voltage at PDIV and magnitude ratio of discharge current
flowing on each phase provides information of the particle position on the cross
section of three phase construction. Therefore, they can be considered as
parameters for estimation of particle position on the cross section of three phase

equipment.
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Chapter 4

Effects of Elliptical Nature of Rotating Electric
Field on Partial Discharge Pattern
in a Three-phase Construction

4.1 Introduction

Discharge investigations on single-phase power equipment have been
well-established for many years. However, there are only a few reports on
discharges in three-phase constructions such as three core belted power cable [1,2]
and three-phase gas insulated switchgear (GIS) [3]. On the other hand, due to its
compactness and low cost, application of three-phase equipment (three-phase in
one tank) such as three-phase GIS and three-phase gas insulated bus (GIB), has
been increasing. A three-phase in one-tank design has also been developed for 550
kV GIS [4]. Therefore, to improve diagnostics techniques in three-phase
equipment, it is very important to develop a partial discharge (PD) measurement
system and investigate PD characteristics in three-phase equipment.

The characteristics of PD under three-phase voltage, i.e., cross interference
phenomena and phase angle dependence of PD occurrence on particle position
have been reported previously [5,6]. It was explained that the phase angle
dependence of PD occurrence is caused by the electric field characteristics in
three-phase equipment. It can be expected that the PD characteristic will be
different from that in single-phase equipment because the electric field in
three-phase equipment is not linear, but rotates with power frequency. The electric
field vector locus in three-phase construction is elliptical, although the shape
differs locally.

In this chapter, the effects of the elliptical nature of the rotating electric field on
PD distribution pattern are studied. It is known that PD distribution pattern is
often used for PD diagnostics. A study on PD distributions is useful for
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interpreting PD measurement results in three-phase equipment.

A simplified model of three phase GIS with air inside was used in this research.
The electric field in the construction was analyzed and the discharge
characteristics were observed. The experimental results showed that the phase
widths where PD current pulses appeared, also called phase width dpp, were
different depending on the elliptical nature of rotating electric field at the same
applied voltage. The results also showed that the phase width 6pp was also
influenced by the applied electric field. These results were analyzed based on the

relationship between the locus of the applied electric field and the critical electric

field of air.

4.2 Model of Three-phase Equipment

A simplified model of three phase GIS with air inside was used in this research.
It was composed of a tank model 150 mm in diameter, 300 mm in length, 2 mm in
thickness, and three-phase conductors 25 mm in diameter. The electrode system
was arranged to simulate three-phase electric field in three-phase equipment. The
conductors were arranged in an isosceles triangle construction. The maximum
voltage of three-phase transformer used for the experiment was 52 kV. The
dimensions of the tank and the conductors were about one fifth of an actual 275
kV three-phase GIS. The layout and dimensions of the model are shown in Figure

4.1.

Fig. 4.1 Layout of simplified model of three-phase GIS
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4.3 Electric Field Analysis
4.3.1 Electric Field inside Three-phase GIS without

Particle

The electric fields inside the insulation of the construction were determined
from a boundary element method simulation: along a circle among the phases and
the tank, along vertical line starting from the bottom of the tank, along line
connecting the centers of conductor phases, and around the conductor. The electric
field calculation is two dimensional.

Figure 4.2 shows the change of electric field distribution with phase of applied
voltage. The blue color in the figure reveals that the electric field intensity is the

lowest, while the red color reveals that the electric field intensity is the highest.

0s=90° fs=180° Bs=270°

0s=210° B8s=300°

6s=60° 0s=150° 6s=240° Bs=330°

Figure 4.2 Change of electric field distribution with phase of applied voltage
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The electric field distribution pattern varies with phase of applied voltage. Every a
half cycle the pattern of electric field stress is repetitive.

Figure 4.3 shows the difference in electric field distribution between
single-phase and three-phase equipment. The electric field distribution pattern in
single-phase equipment is independent of phase of applied voltage, while one in
three-phase equipment changes with the change of applied voltage.

Figure 4.4 shows the change in the pattern of the electric field vector at 5 mm
below the centre of the tank (Point B in Figure 4.3) during one cycle of applied
voltage. It seems that there are periodic changes in electric field distribution
produced by three-phase voltage at any point. While the voltage phase varies from
0 to 2, the electric field vector changes and rotates continuously.

Figure 4.5 shows the locus of the electric field vector at different points.
Here, while the vector locus is elliptic, its shape varies locally. On the electrode
surface the locus is linear because the electric field lines are vertical to the
conductor surface. At some regions, for example at point A, the locus is elliptic.
Meanwhile, at point B, which is 5 mm below the centre of the tank, the locus is
truly circular. It is also found that the electric field vector locus between the
phases and the tank is almost linear, resembling that in a single-phase
configuration; while that between phases has variations: linear, elliptic, and

circular.

Single Phase Three Phase

Fig. 4.3 Electric field distribution inside single-phase equipment and
three-phase equipment
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Fig. 4.4 Pattern of the electric field vector at 5 mm below the centre of the tank (B

point in Figure 4.5) during one cycle of applied voltage

Fig. 4.5 Electric field vector loci in isosceles triangle arrangement of three-phase

construction without particle

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-67 -



The rotating electric field at a certain position (x,y) can be described by four
parameters: the maximum Ep. (X,y) and minimum E;, (x,y) field strength, the
phase angle of applied voltage Omax (X,y) at maximum field Enax (X,y), and field
direction ¢max (X,y) at maximum field [1]. These parameters are illustrated in
Figure 4.6. oy in the figure is defined as the angle that designates the intersection
width of the electric field vector locus and critical electric field circle.

The elliptical nature of rotating electric field is expressed as electric field ratio,
n. It is defined as the ratio between the magnitudes of the elliptical field along the
main axes,

1N = Emin/ Emax (ON<1)e oo, (4.1)

\4

Fig. 4.6 Rotating electric field parameters
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where:
Emin: minimum electric field intensity at a certain point during a cycle of
applied voltage
Emax: maximum electric field intensity at a certain point during a cycle of

applied voltage

4.3.2 Electric Field inside Three-phase GIS in the

Presence of Particle

The background electric fields on the calculation points with and without
particle were calculated to observe the effects of the presence of a particle on the
electric field ratio n at the same points.

The diameter of a particle is 0.1 mm. The radius of the particle tip is 0.05 mm.
Particles of 5 mm, 10 mm, 15 mm and 20 mm in length were laid at the S90
position to observe the effects of changes in electric field ratio n on PD
distribution pattern. The particle position is shown in Fig. 4.7.

The electric field vector locus at the distances 0 mm (A), 5 mm (B), 10 mm (C),
15 mm (D), 20mm (E), and 25 mm (F) away from S conductor in the absence of
particle are shown in Figure 4.8. The points are laid between S conductor and the
center of three-phase GIS. If a point approaches the center of the cross section of
the tank, the maximum electric field reduces; while the minimum electric field

increases as shown in Figure 4.9.

o dee

L=5mm L=10mm L=15mm, L=20mm,

Fig. 4.7 Particle at S90 position with various lengths
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Figure 4.8 The electric field vector locus at the distances 0 mm (A), 5 mm (B),
10 mm (C), 15 mm (D), 20mm (E), and 25 mm (F) away from S conductor in the

absence of particle.

The minimum and maximum electric fields are same at point E (20 mm from S
conductor). The electric field vector locus changes from linear to circular when
the points keep away from S conductor (point A) to the point 5 mm below the
center of the three-phase construction (point E). The electric field ratio (n)
changes from 0 until 1 from point A until E.

Fig. 4.10 shows minimum and maximum electric field from point B (Smm
from S conductor) until point E (20mm from S conductor) in the presence of
particle. The presence of particle increases significantly the maximum electric
field on the particle tip, but its effect on minimum electric field is not significant.
Therefore, the electric field ratio in the presence of particle is lower than one

without particle as shown in Fig. 4.11..
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Fig. 4.9 Minimum and maximum electric field from point B (Smm from S

conductor) until point E(20mm from S conductor) without particle
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Fig. 4.10 Minimum and maximum electric field from point B (Smm from S

conductor) until point E(20mm from S conductor) in the presence of particle
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Fig. 4.11 Electric field ratio n from point B (Smm from S conductor) until

point E(20 mm from S conductor)

4.4 Experiment

The experiment aims to clarify PD characteristics in the region having linear,
elliptic, and circular fields of three-phase construction. In more specific terms, the
experiment aims to clarify the effects of the elliptical nature of the electric field
vector on the PD distribution pattern in a three-phase construction. Because the
electric field vectors are different at different points, it is desired to understand the
effect of the shape of the vector locus on discharge characteristics. Therefore, the
particle model and position were designed so that the electric field ratio n on the
particle tips was different. For each particle position and type, the discharge
current pulse was observed at various values of applied voltage.

The experimental setup is same as explained in Chapter 2. The experiments
were conducted in laboratory air. Because the particle is laid on S phase conductor,
the highest PD signals are observed from the sensor connected to S phase

conductor [6]. Thus, in this chapter we only analyze PD signals measured in CTs.
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4.5. Experimental Results

PD distribution pattern was observed in the term of phase width where PD
pulses appear as shown in Figure 4.12. Phase width 6pp where PD pulses appear is
defined as the widest phase width of the sequence of PD pulses which appear in a
cycle of applied voltage.

PD Current
abeljoA palddy

0 60 120 180 240 300 360
Phase (degree)

Fig. 4.12 Definition of Phase width 6pp where PD pulses appear

4.5.1 Effects of Electric Field Ratio on PD Distribution
Pattern

Effects of the electric field ratio n on PD pattern were observed at the same
applied voltage.

Figure 4.13 shows PD distribution pattern of S90 L=10 mm and S90 L=15 mm
particles at V=7.64 kV. The electric field ratio n on the particle tip of S90 L=10
mm and S90 L=15 mm particles were 0.008 and 0.009 respectively. The phase
widths 8pp are different: 8pp = 109° and 122° for S90 L=10 mm and S90 L=15
mm particles, respectively. These results indicate that the phase width opp is

influenced by electric field ratio n.
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4.5.2 Effects of Applied Electric Field on PD Distribution

Pattern
Figure 4.14 shows the PD distribution pattern of the S90 L=5mm particle for

two values of applied voltage. It is obvious that dpp becomes wider as the applied
voltage increases; i.e. at 7.64 kV, dpp = 77° while at 10.18kV, dpp =103°. These
results indicate that the phase width dpp is also influenced by applied voltage Va,
and hence by applied electric field Ea.

Figure 4.15 summarizes the results of PD measurements from S90 L=5 mm, 10
mm, 15 mm, and 20 mm particles on several values of applied voltage. The
electric field ratio n on the particle tip is 0.007, 0.008, 0.009, and 0.01 for S90
L=5 mm, 10 mm, 15 mm, and 20 mm particles, respectively. The results shown in
figure 4.13 reconfirm the previous results that the higher the electric field ratio n

and the higher applied voltage are, the larger dpp is.

8pp =109 0 o0
n=0.008 _, .~ V=7.64kV 1 =0.009 Bpp = 122

1.0+ 1.0

0.5 0.5

0.0 0.0

PD Current (mA)
(A1) abelon paiddy

0.5 -0.5+

& A N o N A o
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-1.0
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- 0
) Ti Time (ms)
S90 L=10mm 7.64kV ime (ms) S90 L=15mm 7.64kV

Fig. 4.13 PD pattern of S90 L=10 mm and L=15mm particles at V=7.64 kV

=770

V=7.64KV Beo V=10.18KV 8pp = 103°
> —t b
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Fig. 4.14 PD pattern of S90 L=5 mm particle (n=0.007) at various applied
voltage
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Fig. 4.15 Measurement results of phase width dpp resulted from S90 particles

with various lengths

4.6 Discussion
4.6.1 Effects of Applied Electric Field on Phase Width épp

The experimental results show that the phase widths dpp were different
depending on the applied voltage Va. Because Va is proportional to the electric
field inside the construction, the phase width dpp depends on the applied electric
field Ea. These results were analyzed and explained from the electric field
characteristics on the particle tip.

Figure 4.16 shows the absolute electric field on the particle tip of the S90 L=5
mm particle during a cycle for some values of Va. Here, it is assumed that PD
occurs when the electric field in the insulation exceeds the critical electric field
(Ecr). Because air is used as insulating gas inside the construction, E; = 3 kV/mm,

which is designated by a dashed line.

10
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Fig. 4.16 Relation of electric field E and phase width dpp for S90 L=5mm
particle

The intersection points between the electric field curve and the Ecr line express
the beginning and the end of the phase angles of PD pulses appearances. Thus,
phase width Opp can be estimated. This calculation method of dpp is called
“Calculation 1”. At PDIV 4.4 kV, the intersection becomes a point, so PD is
estimated to appear as a single pulse. At 6.36 kV, Spp is estimated to be 86°, while
at 10.18 kV, 8pp increases to 125°. It appears in Figure 4.16 that the higher Va is,
and thus the higher Ea is, the wider dpp is.

4.6.2 Effects of Electric Field Ratio on Phase Width dpp

Based on the previous analysis, it seems that dpp is only influenced by
maximum electric field E.,x. However, the experimental results show that dpp
were different depending on the electric field ratio n. This means that the electric

field vector locus also contributes to Opp. These results were analyzed and
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explained from the electric field characteristics in the three-phase construction.

At a certain position (X,y) inside the three-phase construction, the field is
rotating with varying magnitudes, i.e, sinusoidal in two perpendicular directions
without necessarily coinciding at zero crossings. Figure 4.17 illustrates the
absolute electric field for three different positions during one cycle of applied
voltage Va.

Emax at each position is the same, while the electric field ratio n is different,
designated by n, 12, and 13, where 1n; > 1, > n3. Note that E.; of air is designated
by a dashed line.

It is apparent that for the same applied electric field E, dpp are different, where
Opp1 > Opp2 > Opps. This indicates that i also influences Opp. It appears that for the
same E,, the higher n is, the larger dpp is.

6PD2

6PD1

Emaxl = Emax2 = Emax3

Electric Field (pu)

Ny =Mz > N3

8PDl > 8PD2 > 8PD3

0O 30 60 90 120 150 180 210 240 270 300 330 360

Phase of applied voltage (°)

Fig. 4.17 Relation of electric field ratio n and phase width opp
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4.6.3 Relations among E, n, and dpp

The relations among E, m, and 0pp are analyzed and explained from the
relationship between the locus of the applied electric field E, and the critical
electric field E; of air.

At Eax < Ec, PD does not occur. Under this condition, the electric field vector
locus is inside the circle of E;. At Enax = Ecr, PD occurs. At E.x=E., the electric
field vector locus intersects the circle of E. at a point every half cycle. It is
predicted that PD appears as a single pulse at PDIV. At E;>Ec, it is predicted
that dpp becomes wider. On the other hand, the intersection line between the
electric field vector locus and the circle of E., and thus &y, becomes wider.
Therefore, Oy is considered to have a relation with dpp because the wider Oy is, the
wider Opp 1S.

However, dv is not equal to dpp, because the angular velocity of Va is not equal
to the angular velocity of the electric field vector. The angular velocity of Va is
constant, while the angular velocity of the electric field always changes.

Then, the dpp can be estimated as follows. The calculation method of opp
including the effects of electric field ratio is called as “Calculation 11”.

S0 = (AUT) X 3607 ... oo 4.2)

where At is the time duration of PD pulses appearance and T is period of power
frequency. It is estimated as:
AL = F Vit et (4.3)

where F is the length of the vector locus trajectory during PD, designated by F
arch in Figure 4.16 (from Q to C to P), while v,,, is the average linear velocity of
electric field vector movement. F is approximated as the sum of the length of the
standing sides of isosceles triangle PCQ shown in Figure 4.18. dy is determined
from the intersection of electric field vector locus and E; circle.

Fr 2 x\/ (E,, sin (0.5 8,)) +(E,,- E., cos (0.5 5,))

and

\/ 112 (Emaxz- Ecr2
o, =2 tan’!
R ———



Chapter 4 Effect of Rotating Electric Field on PD Pattern

o)

Cr

min

Fig. 4.18 Approximation of the length of F arch (QCP arch) as the sum of
isosceles side F;+F, of PCQ triangle

The linear velocity of electric field vector locus is estimated from the
assumption that the areal velocity of the electric field vector locus is constant.
This assumption is based on the fact that the electric field vector moves slowly in

a high electric field area, but moves quickly in a low electric field area.

Vavr =V= (,Omln Emax = (Dmax Emln ................................................................... (4.6)

The maximum angular velocity wm.x of electric field vector locus is estimated as
change in the direction of the electric field vector with time at minimum electric
field, i.e.

Omax =dd/dt .o (7))
at Ea = Epin.
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Finally, the relation between Emax, Ecr, 1, and Opp is derived using equations
(4.1) — (4.7). The result is:

43.2 x J [ (B, sin(0.58)?2+ (E,_,-E, cos (0.58))?]

opp ~ T N EPEuemm W ma e T Y (4.8)
(Dmax Emin
where:
112 (Emax2 - Ecrz)
O, = 2tan T e (4.9)
! ( Ecr2 - Emin2 )

Based on equations (4.8) and (4.9), it appears that opp depends on 1, Ea, the
critical electric field E;, and the angular velocity o of rotating electric field. Two

conditions can be chosen for the calculation of dpp as follows.

a. o is fixed at Omax = 1/M and omin= 1. This condition can be examined with
Omax = Omin = 1 at M =1, and ®max = o0 at = 0. The “Calculation II”” method
with this condition is called “Calculation Il A”. It enables us to describe the

dependence of dpp on 1 and Ea.

b. o is estimated by a precise calculation of the change in direction of electric
field vector with time using equation (4.7). o is approximated as: ®max = Ad
/ At around E = E,. The shorter At is, the better ® is. The calculation
method II with this condition is called “Calculation 11 B”.

At the fixed angular velocity of the rotating electric field, the dependence of dpp
on 1 and Ea can be described. Figure 4.19 shows the relation among opp, 1, and
Emax/Ecr for different values of Epa/Eer at Omax = 1/Mm and opin= 1. It is clear
from the figure that dpp, depends on N and E..«/Ec. For the same n, the higher
Emax is, the wider dpp is. For the same Ea, the higher n is, the wider Opp is.
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Spp ()

0 1 2 3 4 5
Emax/ Ecr

Fig. 4.19 Relation of electric field ratio 1, applied electric field Eax/Ecr, and

phase width dpp based on equation 4.8 and 4.9 for ®m.,x = 1/ and ®min= 1

Figure 4.20 shows a comparison between the experimental and calculation
results for a S90 L=5 mm particle. As mentioned previously, the dpp calculation
method as shown in Section 4.6.1 is called Calculation I. The dpp calculation
method shown in Section 4.6.3 for ®max = 1/M and omin = 1 is called Calculation II
A, while that for oy, = d¢/dt at E = Ei, 1s called Calculation II B. It is apparent
from Figure 4.20 that the dpp obtained by these calculation methods are different
from those obtained by the measurements. The differences may be caused by
some simplifications in the calculation methods and parameters which are not
considered in the calculation such as space charge behavior, sensitivity of PD
measurement system, signal coupling mechanism between conductors and
between the conductors and the tank, etc.

The calculation method II B gave the best fit with the measured results because
the angular velocity in this method is estimated by a precise calculation of the
change in direction of the electric field vector with time.

Although there are differences in values, the experiment and calculation results
using the above methods show the same trend. Thus, the results indicate that the
analysis methods (I, II A, and II B) may be considered for estimating PD

distribution pattern, in the terms of dpp, in three-phase construction.
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Fig. 4.20 Comparison between the experiment and calculation results

for particle at S90 position with L=5 mm

4.7 Conclusions

The electric field in a three-phase construction of a simplified GIS model was
analyzed. The effects of electric field ratio n of rotating electric field on PD
distribution pattern in a three-phase construction were investigated. The following
conclusions were drawn:

1. The electric field characteristics in a three-phase construction are as follows:
a. The electric field rotates and changes continuously.
b. The electric field vector locus is elliptic although the shape differs locally.
2. Electric field vector locus in the region between conductor and the enclosure
is almost linear, resembling a single-phase construction; while ones between

conductors have variations: linear, elliptic, circular.
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The presence of a particle on the conductor increases the electric field while it
reduces the electric field ratio n on the particle tip.

The rotating electric field influences PD distribution in the terms of phase
width dpp where PD pulses appear and phase angle of applied voltage at PD
occurrence.

The phase widths opp differ depending on electric field ratio n and applied
electric field Ea, and hence applied voltage Va.

a. For the same Ea, the higher 7 is, the wider the dpp is.

b. For the same 1, the higher Ea is, the wider dpp 1is.

The effect of n and Ea on dpp can be estimated by considering E, E,, of air,
and the angular velocity of rotating electric field.
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Chapter 5

Propagation Properties of Electromagnetic Wave
Emitted by Partial Discharge in Three-phase Gas
Insulated Switchgear using UHF Method

5.1 Introduction

Ultra high frequency (UHF) band signal of electromagnetic wave (EMW)
emitted by partial discharge (PD) for PD diagnosis on gas insulated switchgear
(GIS) has been investigated and applied for many years. However, there are
mostly related to single-phase GIS. There are only a few reports on three-phase
GIS. On the other hand, application of three-phase GIS and three-phase gas
insulated bus (three-phase in one tank) has been increasing due to its compactness
and low cost.

Recently, the special phenomena in three-phase equipment such as
cross-interference phenomena, rotating electric field and its effect on PD
characteristics, have been reported [1]. In those investigations, PD signals were
measured by detecting impedance and current transformer. The particle metallic
movement in three-phase GIS has been also simulated and investigated [2]. PD
signals were measured by a tuning-type PD detector coupled to the isolated sheath
conductor while particle motion was measured using ultrasonic detector. The
investigation on PD detection in three-phase GIS using UHF method is still not
adequate. The existing reports are mainly related to sensitivity verification of
UHF method [3,4].

Based on the above view points, the investigation on PD detection on
three-phase GIS using UHF method was conducted. There are some matters
which must be considered in the diagnosis of three-phase GIS. First, the
possibility of application of single phase detection method in three-phase GIS. It
needs to be investigated whether single-phase PD detecting device be able to
cover special phenomena in three-phase GIS. The detection capability and the
level of erroneous in amplitude and location determination must be also
investigated. Second, the PD characteristics (frequency and phase spectrum) from
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different type sources at different positions. Third, the propagation and resonance
characteristics of EMW emitted by PD in the three-phase GIS. These matters are
investigated in this dissertation. In this chapter, the frequency spectrums of EMW
signal emitted by PD from a particle at different positions in three-phase GIS is
reported. The propagation and resonance characteristics of EMW emitted by PD
in the three-phase GIS are studied based on the frequency spectrums.

This chapter deals with PD detection on three-phase gas insulated switchgear
(GIS) using UHF method. A simplified model of three-phase GIS with SFg gas
inside is used. A particle was adhered on different positions on the conductor and
on the tank to produce PD. Electromagnetic wave (EMW) induced by PD was
measured with UHF sensors. Frequency spectrums of EMW signals excited by PD
from a particle in different position were observed.

5.2 Experiment

The particles were put on S45 to produce PD in the phase-phase region and
S270 and E270 to produce PD in the phase-tank region. The model, the
experiment setup, and PD sources have been explained in Chapter 2. GIS Model
Il and the measurement system Il were used in the experiment. The particles were
put on S45 to produce PD in the phase-phase region and S270 and E270 to
produce PD in the phase-tank region.

5.3 Experimental Results

5.3.1 PDIV, BDV, and Measurement Points

Fig. 5.1 shows the breakdown voltage (BDV) and PD inception voltage (PDIV)
of S45 and E270 particles for 0.1, 0.2, and 0.3 MPa. It is shown that the PDIV and
BDV of E270 particle was higher than ones of S45 particle. The effect of the gas
pressure on PDIV and BDV was observed. The higher the pressure was, the
higher the PDIV was. At 0.2 and 0.3 MPa BDV was not achieved for both
particles because the limitation of the applied voltage. The measurement points
(MP) were the points between PDIV and BDV or the maximum voltage: 16 kV,
24 kV, 32 kV, and 36 kV.

5.3.2 Frequency spectrum of EMW emitted by PD

Fig. 5.2 shows frequency spectrum of EMW emitted by discharge for S45,
E270, and S270 particles at gas pressure p=0.3 MPa and applied voltage Va=36
kV.
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Fig. 5.2 Experimental results: frequency spectrum of EMW signals emitted by

PD from S45, E270, and S270 particles
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There are many peaks in the frequency spectrum. For E270 particle, the peak
frequencies appear at 15 frequencies: 54, 92, 124, 178, 254, 412, 532, 626, 822,
1027, 1120, 1182, 1250, 1332, and 1396 MHz. The most dominant frequencies
(fg) are 1018 MHz, 1027 MHz, and 1025 MHz for S45, E270, and S270 particles,
respectively. It also appears that there is no significant difference in the peak
frequencies of frequency spectrums from these particles.

5.3.3 Phase spectrum of EMW emitted by PD

Phase spectrums are acquired by fixing the central frequency of band-path filter
at frequency where maximum value is detected in frequency spectrum. Fig. 5.3 —
Fig. 5.5 show phase spectrum of EMW emitted by PD measured with UHF A for
S270, E270, and S45 particles at gas pressure p=0.3 MPa and applied voltage
Va=16 kV.

There are two mountains of phase spectrum in a cycle. 6pp is defined as phase
of single-phase voltage or S applied voltage at the middle point of larger mountain
in PD phase spectrum measured in the experiment. 6pp is shown as dashed line in
Fig. 5.3-5.5 and the next figure. 6pp = 60°, 240°, and 100° for $270, E270, and
S45 particles, respectively.

<Phase Spectrum>

[dEm] [pC1
-20

_ﬁl] 4

=100

0 60 180 360

Fig. 5.3 Frequency and phase spectrum of EMW emitted by PD for S270
particle (p=0.3 MPa, Va=16 kV)
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Fig. 5.4 Frequency and phase spectrum of EMW emitted by PD for E270
particle (p=0.3 MPa, Va=16 kV)
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Fig. 5.5 Frequency and phase spectrum of EMW emitted by PD for S45 particle
(p=0.3 MPa, Va=16 kV)
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5.3.4 Diagnosis Results of PDM Device

Phase spectrums are acquired by fixing the central frequency of band-path filter
at frequency where maximum value is detected in frequency spectrum. A
measured signal is compared with the reference waveforms stored in a personal
computer. The reference waveform is obtained from single-phase GIS. At the first
stage, actual PD and external noise signals are classified by means of phase
patterns. Then, through the neural network, one reference waveform is selected to
identify the PD cause. PDM provide synchronization facility so that the phase of
PDM power source and the phase of experiment power source can be
synchronized. Moreover, PDM also provide phase shift setting facility so that
phase of PD pattern may be shifted. First, phase shift p was set at p = 0°.

Fig. 5.6 summarizes diagnosis results of PDM based on EMW signals measured
with UHF A when a particle at S45, E270, or S270 position was attached in GIS
model. Diagnosis is success if a protrusion is detected as protrusion. Success rate
p means presentation of success diagnosis results to all diagnosis results.

It is found that success rate p is 69%, 6%, and 1% for S45, E270, and S270
particles, respectively. p for particles on HVC / tank in the phase-tank region
(S270 and E270) is very low.

PD SOURCE: PROTRUSION

E270
PDM PHASE SHIFT = (° Free;zf“c'e
UHF A
Protrusion

P = Success Rate

S45 S270
Free Particle
23%
: “Protrusion
p=69% Protrusion p=1% Particel on 1%
69% Spacer
79%
48 data

Fig. 5.6 PD diagnosis results by PDM
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5.4 Discussion
5.4.1 Frequency spectrum of EMW signal and EMW
propagation in GIS

As shown in Fig. 5.2, there are many peaks in the frequency spectrum.
Frequency spectrum of EMW emitted by PD describes EMW propagation
characteristics inside GIS. At low frequency conditions where the wavelength is
long compared to the diameter of the structure, the wave propagation is TEM
wave. At higher frequencies, thus shorter wavelength, more complex
configuration becomes possible: TE and TM modes. The electromagnetic waves
in TEmn, and TMpy,, modes can not exist at frequencies below the cutoff frequency
(fo). The characterization and identification of each mode is very useful to
understand PD phenomena in GIS. Generally, the peaks in the frequency spectrum
excited by PD describe cutoff frequencies (f;) and resonant frequencies (f;) of
each mode [7].

5.4.1.1 The most dominant frequency (fy) and the cutoff
frequency (f.)

Let’s analyze the most dominant frequency of the frequency spectrum shown in
Fig. 5.2 by estimation of cutoff frequency of each mode in three-phase GIS. In the
calculation of cutoff frequency, the models as shown in Fig. 5.7 are examined.
The model A approximates f. considering only tank A, while the model B
approximates f. considering only tank B. For each model, there are three types
calculation: I, 11, 111.

Model I considers the actual three-phase GIS structure. Model Il approximates
fc using single phase formula of f;, with the single phase conductor radius equal to
one of three-phase conductor radius. Model 111 is same with model II, with the
single-phase conductor radius equal to the radius of the circle connecting
three-phase conductors. The special formula of cutoff frequency f. for three-phase
GIS has not been derived yet. Therefore, the calculation of cutoff frequency f. of
three-phase GIS will be estimated with the formula for single-phase GIS.

The cutoff frequency f. for single-phase GIS, with the outer radius of the
conductor r; and the inner radius of the tank be r,, can be estimated by these
formulas [7,8]:
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fe=c/ A
TMmn wave:
Ah=2(ro—1i)/n for (m=0,1,...,n=1,2,...)
TEmn wave:
A=m(ro+r)/m for (m=1, 2, ..., n=1)
he=2(ro—ri)/ (n-1) for (m=1, 2, ..., n=23,...) (5.1)

Since the model is three-phase lumped buses and not in coaxial cylindrical
shape, this analytical equation can not be applied strictly speaking. However,
because the equivalent r; is a small value with respect to r,, that much large error
may not occur even by assuming a similar form with single-phase bus.

5 $155 $155
A @
AI A” A|||
$490 $490
$40 W%
s '
B| Bll B|||

Fig 5.7 Model for calculation of cutoff frequencies
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Table 1 contains the calculation results of TE;; mode for Ay, Ay, By, and By,
model and the comparison with the frequency dominant of frequency spectrum
resulted from the measurement.

Table 1 Cutoff frequency f. (calculation results) and
dominant frequency fq(measurement results)

METHODE fc CALCULATION (MHz) fa MEASUREMENT (MHz)

MODEL A A B Bui S45 E270 S270

TEw 1,092| 842| 361 265 1,018 | 1,027 1,025

It appears that only f. TE;; of A model be close to fs. As mentioned
previously, model A, only considers the small tank and approximates f. using
single phase formula of f., with the single phase conductor radius equal to one of
three-phase conductor radius. This result indicates that formula of f. for
single-phase GIS may be used for the f. calculation on three-phase GIS. This
result also indicates the most dominant frequency fy of the frequency spectrum
emitted by PD can be attributed to TE;; mode with cutoff frequency of 1018 MHz,
1027 MHz, and 1025 MHz for S45, E270, and S270 particles, respectively.

5.4.1.2 Frequency above the most dominant frequency

Let’s discuss the peaks in the frequency spectrum at frequency above cutoff
frequency of TE;; mode until 1.5 GHz. TEM and higher order TE and TM modes
propagating through the GIS are partly absorbed in, and partly reflected and
transmitted at discontinuities. Standing wave occurs which result in a measurable
pattern of resonance frequencies. Supposing the cavity length to be L, the p-th
resonance frequency fmnp of the TEn, mode can be expressed by the following
equation [7]:

foo=]f 2+ (PV)2 (5.2)
mn.p J ! (2L)

where f. mn is the cutoff frequency of the TE,, mode and v is the velocity of light.
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The resonance frequencies of TE;; mode in tank A calculated using model A, are
f111=1108 MHz, f1; ,=1155 MHz, f1; 3=1228 MHz, f;; 4,=1325 MHz, and f1; 5=1439
MHz. The resonance frequencies of TE,; mode and other higher modes are
more than 2 GHz. Thus, there are 5 resonant frequencies between f; and 1.5 GHz.
As shown in Fig. 5.2, there are 5 peaks between f. and f=1.5 GHz. Therefore, the
peaks in the range of f. until 1.5 GHz of frequency spectrum may be attributed to
resonance frequency of TE;; mode.

5.4.1.3 Frequency below the most dominant frequency

As shown in Fig. 5.2, there are some peaks in the frequency spectrum below the
cutoff frequency. These peaks may be generated by resonance frequency of TEM
mode. The resonance in the tank B may also give contribution on the peaks
frequencies since the f; TE;;= 361 MHz and f; TE»;=721 MHz in the tank B.

5.4.2 Comparison of EMW signals emitted by PD between
single-phase and three-phase GIS

Finite difference time domain (FDTD) simulation was conducted to examine
the effect of the number of the conductors on the EMW signal waveform and the
cutoff frequency of TE;; mode. The validity of an analytical result by FDTD has
been proven [9]. The GIS model size in the simulation was the same as the size of
tank A or the small tank in the experiment model. Two different models A, and Ay,
were simulated. The model size, particle, and sensor position for single-phase (A
model) and three-phase GIS (A, model) are shown in Fig. 5.8 and Fig. 5.9
respectively. Position of sensors and particle location are same with in the
experiment. The pulse input was Gaussian pulse with pulse width 1 ns.

Fig. 5.10 and Fig. 5.11 show the simulation results of Fast Fourier Transform
(FFT) of EMW signals emitted by PD of a particle on the tank (E270) measured
with UHF A, B, and D, for three-phase GIS and single-phase GIS models,
respectively. It is found that there are many peaks in the frequency spectrum. The
vertical lines in the figures represent cut-off frequency of TEy;, TE;, and TEs;
modes of EMW signals in three-phase GIS model. The horizontal lines at -40
dBm in the figures are used for the comparison purpose of EMW signals
magnitude.
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Figure 5.8 FDTD model of three-phase GIS (A, model)
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Figure 5.9 FDTD model of single-phase GIS (A;; model)
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Figure 5.10 Simulation results of EMW signals emitted by PD of E270 particle

inside three-phase GIS.
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Figure 5.11 Simulation results of EMW signals emitted by PD of E270 particle

inside single-phase GIS.
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Some facts are observed in Fig. 5.10 and 5.11. The cutoff frequencies of TEj;
modes measured with all sensors in the single phase and three-phase GIS models
are almost same, around 1 GHz. It confirms the previous calculation in sub
chapter 5.4.1 that the cutoff frequency of three-phase GIS can be estimated from
the single-phase formula. This significance of this finding in terms of application
is in selecting center frequency for phase spectrum measurement.

However, there is a little difference in the cut off frequency of EMW signals
measured with all sensors between single-phase and three-phase GIS model
mainly for the cutoff frequencies above f. of TE;; mode. The difference is found
to be the shifting of f. to lower value for three-phase GIS. Figure 5.12 shows
comparison of f. obtained from calculation using equation 5.1, measurement, and

FDTD simulation.
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Fig. 5.12 Comparison of cut off frequency resulted
from calculation using equation 5.1, measurement, and FDTD simulation
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The difference in cut off frequency f. between single-phase and three-phase
GIS is discussed as follows. Because f. 3-phase is lower than f; 1-phase, the cutoff
wavelength . of three-phase GIS is longer than A of single-phase GIS based on
equation 5.1. Based on equation 5.2, the A is proportional to the radius of the tank
ro and the conductor r; of GIS. Because both the radius of the tank and the
conductor is same in three-phase GIS and single-phase GIS model, the different in
wavelengths A is caused by the difference in the number of conductor inside the
tank. The effect of the number of conductor can be estimated by introducing one
equivalent conductor inside three-phase GIS tank with radius r; equal to certain
equivalent radius rieq Which may be calculated using equation 5.1 and 5.2. The
radius equivalent is predicted larger than the radius of single phase conductor (rieq
> 1) based on equation 5.2. The calculation results are summarized in Table 5.2.

Table 5.2
The calculation results of equivalent radius of three-phase conductor

Parameter 10 3D
f, TEx, (MHz) 1090 1030
A TE11(m) 0.29 0.36
ro (Mm) 775 77.5
ri (mm) 10 23.5

It is found that equivalent radius of three-phase GIS is 2.3 times larger than the
radius of single-phase conductor (rieq = 2.3 r;). Therefore, the presence of three
conductors can be considered as increase in radius equivalent rieq Of three-phase
conductor which reduces the cutoff frequency f..

5.4.3 Comparison of EMW signals emitted by PD between

particle on phase-phase and phase-tank regions

Figure 5.13 shows simulation results of frequency spectrum of EMW signal
emitted by PD measured with UHF A for S45 particle (a particle on the
phase-phase region (P-P)) S270 particle (a particle on the phase-tank region
(P-T)). The differences in EMW signals between particle on phase-phase region
(P-P) and phase-tank region (P-T) can be observed. TE11 mode appears clearly at
S45 (P-P), while it almost diminishes at S270 (P-T). It is considered that the
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electric field of TE11 mode of S270 particle has no direction to sensor UHF A. It
is found that in general EMW intensity of particle on the phase-phase (P-P) region
is higher than one of particle on the phase-tank (P-T) region mainly in the region
f<f. TEj; and f>f; TEs;. The electric field intensity of S45 particle is higher than
S270 because the electrode gap of S45 particle is smaller than one of S270
particle.

TE11 TE21 TE31 TE41
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! — UHF A S270
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EMW Intensity (dBm)
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-80
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Figure 5.13 Simulation results of EMW signals emitted by PD of S45 and S270
particles inside three-phase GIS.

5.4.4 Discussion on PDM Diagnosis Results

It is found that success rate p is 69%, 6%, and 1% for S45, E270, and S270
particles, respectively. p for particles on HVC / tank in the phase-tank region
(S270 and E270) is very low. It may be caused by the error in phase recognition
of PD pattern. Note that the reference waveform in PDM is obtained from
single-phase GIS data base. In single-phase GIS PD caused by protrusion always
occurs at the peak of applied voltage [10] while in three-phase GIS there is
dependence of phase where PD pulse occurs on particle position [1].

By trial and error, the phase shift p=150° results in the better diagnosis result

of S270 and E270 particles, but no improvement in diagnosis result of S45
particles as shown in Table 5.3.
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Table 5.3 Success rate p of PD diagnosis by PDM
at phase shift =0° and p=150°

PARTICLE P P
POSITION at p=0°| at p=150°
S45 | P-P | HVC | 69% 51%
S270| P-T| HVC | 1% | 99.5%
E270| P-T [TANK| 6% | 98.2%

These results are explained as follows. Fig. 5.14 shows electric field on the
particle tip of S45, S270 and E270 particles at 1 kV during one cycle of S phase
voltage. 6s max is defined as the phase angle of S applied voltage when the electric
field on the particle tip achieves maximum value. PD pulse sequence of protrusion
appears around Os max [10]. s max is shown as solid line in Fig. 5.14.
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Fig. 5.14 Electric field on the tip of S270, S45, and E270 particles
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A is defined as the phase differences between 65 max and Opp. It is found that in
a cycle of S applied voltage 8smax = 113° and s max = 293° for S45, while 85 max =
90° and O5 max = 270° for S270 and E270. It is estimated that A = 150° or A = -210°
for $270 and E270, while A = -193° or A = 167° for S45. Therefore, setting of
phase shift p = 150° in PDM gave success diagnosis for $270 and E270 but it still
gave erroneous diagnosis result for S45 particle. Based on the electric field
calculation above, the best phase shift setting for S45 particle is estimated to be 3
=-193% or B = 167°.

In actual situation, the particle position is unknown, so that the proper phase
shift B can not be determined. Therefore, PD data base resulted from different PD
types at different positions inside three-phase GIS is needed to achieve correct
diagnosis results. More ever, modification in PD diagnosis algorithm is needed
because three-phase PD data base may be more complicated than single-phase one.
These matters need further investigation.

5.5 Conclusions

We investigated partial discharge in three-phase GIS using UHF method.
Frequency spectrums of EMW signals emitted by PD on different positions were
observed. The results are summarized as follows.

There are many peaks in the frequency spectrum of EMW signals emitted by
PD. Cutoff frequency of EMW in three-phase GIS can be estimated from the
cutoff frequency formula for single-phase GIS. The most dominant frequency in
frequency spectrum can be attributed as cutoff frequency of TE;; mode. The peaks
in the frequency spectrum between cutoff frequency and 1.5 GHz can be
attributed as resonance frequencies of TE;; mode. The peaks in the frequency
spectrum below cutoff frequency may be attributed as resonance frequency of
TEM mode and the influence of the bigger tank.

The main difference in frequency spectrum between three-phase and
single-phase GIS was found to be the shifting of f. to lower value for three-phase
GIS. It was also found that the presence of three conductors can be considered as
increase in an equivalent radius of three-phase conductor by a factor of 2.3.
Frequency spectrums were influenced by GIS structure (three-phase or
single-phase) and particle position (phase-phase or phase-tank; HVC or tank).

Application of single-phase PDM device in three-phase GIS gave some
erroneous in diagnosis results. The error may be caused by error in phase
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recognition of PD pattern. The change in phase shift B setting in PDM device
based on the phase angle of applied voltage at maximum electric field on the
particle tip gave better diagnostics.
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Chapter 6

Concluding Remarks

Discharge characteristics in single-phase equipments are a well-known and
well-established art; however, those in three-phase equipment are far less
understood. On the other hand, due to its compactness and low cost, application of
three-phase equipment (three-phase in one tank) such as three-phase gas insulated
switchgear and three-phase gas insulated bus has been increasing. Therefore, to
improve diagnostics techniques in three-phase equipment, it is very important to
understand partial discharge (PD) characteristics in three-phase equipment.

Three-phase equipment differs from single-phase equipment in two aspects:
configuration and applied voltage. In this dissertation, effects of these differences
on electric field, PD, and electromagnetic wave (EMW) emitted by PD in
three-phase gas insulated system (GIS) were studied. This dissertation contains
the investigation results of PD and EMW emitted by PD in three-phase GIS.

The experiment setup and the measurement system were constructed. There are
two types of three-phase GIS model used in the experiment. The first model was
simplified model of three-phase GIS with open tank and air insulation at
atmospheric pressure. The investigation was emphasized on the effect of
three-phase configuration and three-phase applied voltage on electric field and PD
characteristics. A particle was put on different positions on the tank or on the
conductor. Coupling capacitors were installed on each phase. PD signals induced
on the tank were measured with detecting impedance while ones induced on
three-phase conductors were measured by current transformer (10 kHz-250 MHz).
PD signals were observed by a four-channel oscilloscope (300 MHz, 2.5GSa/s).
The second model was three-phase GIS model with closed tank and SFs gas
insulation at atmospheric and higher pressure up to 0.3 MPa. The investigation
was emphasized on the propagation properties of EMW emitted by PD in
three-phase GIS. EMW emitted by PD were measured with ultra high frequency
(UHF) sensors (0-1.5GHz) and observed by oscilloscope (1.5GHz, 8GSa/s) and
PD monitoring (PDM) device (9 kHz — 1.5GHz). Diagnostic of PD source is also
performed by PDM.
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6.1 Results

Results on the effects of the presence of three-phase conductors and three-phase
voltage on PD characteristics are as follows. Measuring PD signals only at the
enclosure or on one of the phases of three phase conductor resulted in the position
dependent sensitivity for PDs. PD inception voltage (PDIV) of a particle adhered
on different position differed depending on the particle position. Phase angle 6 of
applied voltage Va where PD occurs at PDIV also depended on particle position.
PD caused by a particle on one phase conductor was induced and detected on the
other phase conductors. Magnitude ratios of PD current flowing on each phase
were found to be unique for each particle on different positions. The ratio was
constant and independent of magnitude of PD current pulse. Polarity of PD
current flowing on each phase depended on particle position.

Electric field inside the three-phase GIS model with and without particle was
analyzed. In three-phase construction and under three-phase applied voltage, the
electric field rotates and changes continuously. The electric field vector locus is
elliptic although the shape differs locally. In the region between conductor and the
enclosure, it is almost linear, resembling a single-phase construction; while one
between conductors has variations: linear, elliptic, circular. The elliptical nature of
electric field vector locus at certain point was defined as electric field ratio, n. It
was defined as ratio between maximum Emax and minimum electric field Emin at
that point. The presence of a particle on the conductor increased the electric field
while it reduced 1 on the particle tip.

The rotating electric field influences PD distribution in the terms of phase width
dpp Where PD pulses appear and 6 at PD occurrence. épp Was found to differ
depending n and applied electric field Ea, and hence Va. For the same Ea, the
higher n is, the wider dpp is. For the same n, the higher Ea is, the wider dpp is.
The effect of n and Ea on dpp can be estimated by considering Ea, critical electric
field of air E¢, and angular velocity o of rotating electric field. 6 at PDIV was
influenced by the field direction at Emax.

Using the second model, EMW propagation characteristics were examined
from frequency spectrum of EMW signal measured by PD measurement system.
In addition, it was also analyzed by finite difference time domain (FDTD) method.
There are many peaks in the frequency spectrum of EMW signals emitted by PD.
Cut off frequency f. of each mode in three-phase GIS was estimated from the f,
formula for single-phase GIS. The most dominant frequency in frequency
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spectrum can be attributed to f. of TE11 mode. The peaks in the frequency
spectrum between fc and 1.5 GHz were attributed as resonance frequencies of
TE11 mode. The peaks in the frequency spectrum below f. may be attributed as
resonance frequency of TEM mode and the influence of the bigger tank. The main
difference in frequency spectrum between three-phase and single-phase GIS was
found to be the shifting of f. to lower value for three-phase GIS. It was also found
that the presence of three conductors can be considered as increase in an
equivalent radius of three-phase conductor by a factor of 2.3. Frequency
spectrums were influenced by GIS structure (3 phase or 1 phase) and particle
position (phase-phase or phase-tank; HVC or tank).

6.2 New Findings in terms of Academic

In terms of academic outcome from this dissertation, the special characteristics
of electric field, PD, and EMW emitted by PD in three-phase equipment were
found in this study. Namely, the special characteristics, which are different with
ones in single phase equipment, are rotating electric field, cross-interference
phenomena, position dependent sensitivity for PDs, the dependence of applied
voltage phase at PD occurrence on particle position, the dependence of magnitude
of PDIV on particle position, the dependence of PD pattern on electric field ratio
n, the shift of cutoff frequency to lower value. The development of PD diagnostic
device for three-phase equipment should consider these special characteristics of
three-phase GIS.

6.3 Practical Significance of the Presence Work

The practical significances of these finding in term of practical application are
as follows. PD detection on three phase equipment should be conducted on three
phases simultaneously to obtain measurement result of PD occurring in entire
region with high sensitivity and to obtain information of the PD source location.
Phase angle of applied voltage at PDIV and magnitude ratio of discharge current
flowing on each phase provides information of the particle position on the cross
section of three phase construction. They can be considered as parameters for
estimation of particle position on the cross section of three phase equipment. PD
diagnostic device for three-phase equipment should provide simultaneous
three-phase PD measurement system and data base of PD from different source
and different location in three-phase equipment. Application of single-phase PD
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diagnostic device to three-phase equipment needs data base of PD in three-phase
equipment and modification in diagnostics algorithm.
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DESIGN AND CONSTRUCTION
OF EXPERIMENT SYSTEM |

Construction of Experiment System

Design

Order

Test of equipment individually
Assemble experimental equipment

Write procedure of turning on and turning off
experimental equipment

Test: protection circuit; applied voltage
PD Calibration

Free corona Test

Make artificial defects
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SENSITIVITY
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 Electric field stress

(electric field
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Design (2)

» Experiment circuit design

« Lay Out of experimental equipment
» Power supply

» Electrode for experiment

 PD measurement system
 Protection circuit

« Grounding circuit

« Atrtificial Defects
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Capacity : 3 phase, 5 KVA
Input voltage : 200V

Output voltage : 30 kV (52 kV L-L)
Output current : 55 mA

Frequency : 60 Hz
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Lay Out of 3 Phase Tank

Max testing voltage: 52 kV
Air inside

Real GIS: 275 kV
SF6 gas inside

3¢ model tank

Size of Tank:
1/5 of real GIS
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Conductor Arrangement
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80 Vs / "
N NF N
LN @
© / \\j o3 i
25 425 L
INJIN
WWf 5|5
a ol
6
O 0) S 22
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CONDUCTOR
SUPPORTER 1

352

1

CONDUCTOR
SUPPORTER 2

1200

23

80

121

n O |0 B

(o [o B

24
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Screw M12
Pitch 1.75

Material: Aluminum Length 27

50

$40

g

>

R=5
FoE ) Aluminum
8 3
END ELECTRODE FOR — LEFRE
LIMITING RESISTOR Y Sy
27.5
15
N
$25 $22.9
R 1.05 M Aluminum
= 3
END ELECTRODE FOR CONDUCTOR R THE#HRE
Material: Aluminum i EALIZANE

25

26
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Al / Cu wire

HV conductor /

[ ]
‘ Conductive tape

Tank

Coaxial Cable

= To Measurement System

Protrusion on HV Conductor
27

HV conductor
[

Conductive tape

T
Tank /
( ) Al Cu wire

Coaxial Cable

= To Measurement System

Protrusion on Tank
28
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Method for Supporting of Floating Metallic Particle

29
‘ 340 \
K 300 j

| ]
HV conductor
,,,‘{ ],,,,
[ ]
é R=20 Particle Tank )
Coaxial Cable
i - To Measurement System i
Nylon Acrylic
Method for Supporting of Floating Metallic Particle A
30

15



340

300

N

)

Acrylic

HV conductor

],,,,

]

Nylon

E R=20

~ Ta@
Particle

Coaxial Cable

= To Measurement System

Method for Supporting of Floating Metallic Particle B

31
Particle
Nylon
Acrylic
Method for Supporting of Floating Metallic Particle C
32
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Short Circuit Current

L-L L-G
20 kQ
20 kQ
52 kV y
30 KV
20 kQ
Secondary . 52000[V] 30000[V ]
. - 1. I, = -1
Side ? 40000[Q] L3A] 1. 20000[] 13lA]
Primary | _ 1.5[A]XM = 390[A]
Side 2001V ]

33

Zero Current Relay (ZCR)

e Balance Condition
IR+1Is+1r=0

* Unbalance Condition
R+Is+Ir=1#0

ZCR works if | 230 mA

34
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Over Current Relay

O:E 5 T EHERM ST (EEE)
W 02 T T
* T o S
L] ae Kk
START — | _
3 Time lag 1|l
OCR 3 =) as
=T
MC \
Time chart M
| 100 200 500 400 500 GO0 700

AT (%)
35

Rating current of cable is 30 A
Over relay current is set at 8 A

115% (9.2 A) 0.12 sec (7.2 cycle)
400 % (32 A) 0.02 sec (1.2 cycle)

36
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Voltage (V)

Secondary Voltage (kV)

Three Phase Applied Voltage Waveform

o

20
18
16
14
12

ON ~ O

37

Transformer Voltage

-R
// S
T
0 20 40 60 80

Primary Voltage (V) -
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R,S, T Voltages of C Divider

12 4
S
+
g °
S ——R
p -
§ ——T
2 4T
o
o

0

0 5 10 15 20
HV Side (kV)

39

Calibration of PD Measurement

PD CURENT
DETECTING
DEVICE

-

Charges
(pC) > Voltage (V) .,
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Voltage (mV)

Voltage (mV)

Calibration Curve of PD Measurement System
( S Phase — Tank Center )

1200 /
900 /
600 /
300
0/
0 100 200 300 400 500
Charge (-pC)
41
Calibration Curve of PD Measurement
System ( S Phase — Tank Center )
12
“ /
8
6
Al
2 ¢
0
0 1 2 3 4 5
Charge (—pC)

PD Measurement Sensitivity: 2 pC  «
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APPENDIX Il CALIBRATION

CALIBRATION PURPOSE:

* To verify the relation between the
reading of the PD detector (mV) and
injected charge (pC)

 To verify sensitivity of measurement
systems in some PD positions.

43
Alternative position -
for CD
'
I i
k
U- 2 o
LGk
cc . __:
Zmi co HL ) M
ne
= G 2229/2000
Figure 1a ~ Coupling device CD in series with the coupling capacitor
Components
U-  high-voltage supply
Zmi  input impedance of measuring system
CC connecting cable
c J_ Ca OL optical link
U~ k== Ca test object
Ck  coupling capacitor
CD coupling device
Ml measuring instrument
Zmi ] ©D oM zZ  fitter
I cc
—_L
= 1EC 2230/2000
Figure 1b — Coupling device CD in series with the test object
44

Figure 1 — Basic partial discharge test circuits
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\ ca
U~

|
=n
B

<4

Cat
or

(Ci)

1EC 2231/2000

Figure 1c — Balanced circuit arrangement

Cat

Ca

——

* cC
Zmi (Zmi)s
MI

i

Components

U.  high-voltage supply

Zmi  input impedance of measuring system
CC connecting cable

OL  optical link

Ca test object

Ck  coupling capacitor

CD coupling device

Mi  measuring instrument

z filter

IEC 2232/2000

Figure 1d - Polarity discrimination circuit arrangement

. . . . N 45
Figure 1 — Basic partial discharge test circuits
PD Measurement System A (DI)
R=20kQ TANK
3¢
=5 DIODE
TOSHIBA
R=20kQ P COAXIAL CABLE |Ss403 ARRESTER OSC
n "}
= — vd
A 1o U
T ‘
Ck = 500 pF
? Cd =450 nF .
4 -
— ] — vr
’ T
COAXIAL CABLE C=1nF TNR
0 y i Vs
COAXIAL CABLE C=1nF TNR
L : - vt
ESd
COAXIAL CABLE C=1nF TNR
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PD Measurement System B (CT)

R=20kQ

47

osc

3¢ 52kV TANK MODEL
O Ck =500 pF
CT1
Cd =450 nF
_ —L—  NEEDLE
Ck=500pF —— g\ ecTRODE osc
CT2
—— Ck =500 pF
Cd =450 nF ——
CT3
—— Cd =450 nF
R=20kQ TANK
3¢ MODEL
—= DIODE
1 1 ECTRODE TOSHiBA
COAXIAL CABLE 1SS403 ARRESTER
L
| —
A 1kQ
I
= Ck =500 pF w0
[ Cd=450nF
0 —
COAXTAL CABLE
0!
COAXIAL CABLE
—0
COAXIAL CABLE

vd

Vo

48




PD MEASUREMENT SYSTEM D (A+B)

3¢ 200V

EH ) e

VR
0-200V.

TRANSFORMER
200V / 52kV 20kQ

PT 13kVv/100V

CTS % osc TANK
cd DI

T Vs 1kQ

Ck =500 pF = PD
—
CTT vr OsC
Cd =450 nF

Calibration Circuit

— B, C:INJECTED POINTS

MEASUREMENT
SYSTEM
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Voltage(mV)

Voltage(mV)

Positive Charge

R-S P500pC

400
300
200
100

— DI(mV)

— ZC(mV)
CT R(mV)
CT S(mV)

-100
-200
-300
-400

-01 00 01 02 03 04 05 06 07 08 09 10
Time(us)

51

Negative Charge

R-S N500

400
300
200
100

CT R(mV)
CT S(mV)

1
"L] —DImV)
A g afas o DN e — ZC(mV)
| i ' V 'Y ‘v 1% e

-100
-200
-300

-400
-0.1 0.1 0.3 0.5 0.7 0.9

Time(us)

52
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Voltage(mV)

Voltage(mV)

1200
1000
800
600
400
200

350
300
250
200
150
100

50

Calibration Curve A

Detecting Impedance Respons

—R-S
—T-s

R-T
S-Tank

0 100 200 300

Charge(pC)

Calibration Curve B

500

Zero Sequence Current Detection Response

0 100 200 300

Charge(pC)

400

500

53

—R-S
—T-S
R-T

S-Tank
— Tank—Ground
— S—Ground

54
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Voltage(mV)

Voltage (mV)

350
300
250
200
150
100

50

350
300
250
200
150
100

50

Calibration Curve Cr

CT (in R phase) Respons

—R-S
—T-S
R-T
S-Tank
— Tank—Ground
— S-Ground

100 200 300 400 500

Charge(pC)

Calibration Curve Cs

CT (in S phase) Respons

100 200 300 400 500
Charge (pC)

55

—R-S
—T-S
R-T
S-Tank
— Tank—Ground
— S-Ground

56
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DETECTING IMPEDANCE SENSITIVITY

CIRCUIT D

1200 DETECTING
1000 IMPEDANCE
E |y :?:: High sensitivity
& 600 —r-1 | for discharge
S 400 —S-Tank] occurring
= 200 - between phase
0 l=—=——— and tank
0 100 200 300 400 500
Charge (pC)
CTs SENSITIVITY
350
300
< 250 -
\GE-; 200 —T-S
‘_fso 150 —R-T
CTs = 100 / —
High sensitivity * | __——
. 0
for dIS_Charge 0 100 200 300 400 500
occurring around Charge(sC) 57
S phase
om0 CIRCUIT D
CLASSIFICATION OF AMPLITUDE LEVEL oo et [{M il vvisnmmssssssmconnDinees
OF PD CURRENT MEASURED BY CT I TR AU L N
g 7183“"" g i . cTS
g 1gj cTT
PD Current Curve Y 0z 0a 08 08 10
T R-S P200 Time(us)
. Imax =1 max CT S =9.28 mA
Find Imax
g:éMWWWWM
¢ S 'U'i o, CTR
Normalized < ﬂ“x e T
PD Current Curve § e
¢ e éf] cTT
O<Imaxi<04 L e tmews
0.4<Imaxi<0.7 M
0.7 <1 maxi<1l H Imax CT R =0.89 H
1 Imax CT S =1 H
Amplitude Level of Imax CTT=0.12 L
PD Current

R-S P200 H, H, L 58
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Table Circuit Sensitivity

CIRCUIT D

Amplitude Level of Discharge Current

Injecting Points

R=1kQ/CT CTR CTS CTT

R-Tank H H L L
S-Tank H L H L
T-Tank H L L H
R-S L H H L
R-T L H L H
S-T L L H H

We may distinguish discharge positions based on magnitude

of discharge current flowing in every phase

59

CIRCUIT D

Table Polarity and Amplitude Level of Discharge Current

Injected ng?al:ﬁmr Discharge Current
No Charge y +
Points R|S| T DI CTR CTS CTT
1 R-S + + | - + [k H+ L=
2 R-S = -+ = H+ iz L+
3 R-T i i - + H- L+ H+
. = ; - ; - - - CT}E % }E DI
5 T-S + -+ + L- H+ H-
6 T-S = + = L+ iz H+ T T T
7 R-Tank < i < H- L L+ 010 T
8 | RTank : : H+ ir L QOOM/\/\/\/\/\/\J W
__010
9 S-Tank + + + L+ H- L+ E 10 CTR
10 | s-Tank } - L H+ =
g crs
11 | T-Tank + + + L+ L+ H- £ %W I e e
12 | T-Tank - - L L H+ 2 4
a 10 CIT
13 R-G + + + H- L L+ 183_“’\/\,“\/“
- 1 1
14 S-G + + + L- H L+ 01 00 a1
15 T-G + + + L+ L H- RSP0 Tine(s)
16 | Tank-G + + L- L L=

60
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APPENDIX I

PD MEASUREMENT RESULT
( GIS MODEL 1)

61

EXPERIMENTAL SETUP |

VR TRANSFORMER
0-200V 200V / 52kV _  20kQ

r r R
' !
JAN) J T
PT 13kv/100V
CTS osc TANK
cd DI

T Vs 1kQ

Ck =500 pF = PD
—
Figure CTT vr OSC

_ Cd =450 nF
Experimental Setup | T

3¢ 200V

_’
osC
4'
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PD MEASUREMENT S90

S90 %
R T s> A A DL.
.57
054 - | 025mA 0281 L CTp
0.0 —flinbmaus
S 2~057
L cr £ o5 -| [o40mA 0451 M cT,
g 0.0
cT = 5 0°
% % % DI 454 M 088mA | H CTs
:l__ :I__ :|'_ D 0.0 —peheaes]
| [ 1 -0.5 -
- T T = 0.5 - 48mA 0551 M CT,
O-O*WEEJE%MWWW*
O<Imaxi<04 L| 57 : : : : : .
0.4<Imaxi<0.7 M -0.1 0.0 0.1 0.2 0.3 0.4 0.5
0.7<Imaxi<l H Time (us)

Fig. 1 PD Current Waveform measured for S90 defect 63

PD MEASUREMENT S45

10de
0 >
S45 -10
R T = 8.:5)—@ ] '0.33mA
© g @ E 0s-
e £ o5 -0.16mA
CT 5 0.5
[ TANK o oo L\mﬁ\/\/\/\/\/\f
CT%C%CT% > & 007
R slt1 '
I :l'_ :|'_ DI 05}_" 0.65m
0.0 MMMWWW
= = - = 05

[
0.1 0.0 0.1 0.2 0.3 0.4 0.5

Time (us)
Fig. 2 PD Current Waveform measured for S45 defect 64
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PD MEASUREMENT S270

S270
R T |- 0.04I
. 0.06mA DI
S oo \[W\M/\//“\/"\/W
< O WMWWWWWWWWW
> ‘1’
T E T || otema  om L
F N B B S
TI1Ire BOT
: '17 + &
= 5 1 34mA , H
:l__ :I__ I O ow
- - - \T_ E -1
Ll ouma on
O<Imaxi<04 L 14 = ‘ ‘ ‘ ‘ ‘
0.4<Imaxi<0.7 M 0.0 0.2 0.4 0.6 0.8 1.0
0.7<Imaxi<l H Time(us)
Fig. 3 PD Current Waveform measured for S270 defect 65
PD MEASUREMENT S180
79
S180 18 8
R T -10
=< 0.2
S E 00
-0.2
-E' 0.2
s 0 OWWW 'WWNWWN
ECT = g9
>
11T 3y
L a 0.0
LLIL *°,
= = = = 0.2
- B o7 0.0
-0.2
I T T i T ' T '
-0.2 0.0 0.2 0.4
Time (us) 66
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PD MEASUREMENT T90

L 01X

OTFTONNOAN NOAN NOAN NO N
- . . . L Ce . L

| OO0 OO0 OO0 OO0

| I I |

(VW) Ju84iny (d

0. 0.2 0.3 0.4 0.5

0.0

-0.2 -0.1

Time (us)
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PD MEASUREMENT T45

QO OO TNONT TNONT TNONT TNONT
e S
_

COOPP COOPP OOOPP COOPP

(Yw) 3uetiny qd

0.4

0.3

0.2

0.1

Time (us)

0.5

0.0

68
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PD MEASUREMENT T225
T225 3 1 o
oo oot A A AP Pttt

CT

PD Current (mA)
doo

DI

I
| W
o bdoo

.0 0.1 0.2
Time (us)

PD MEASUREMENT T180

I

PD Current (mA)

boo boo boo oo

|
S~ O B S~ O B S~ O B S~ O B~ 2O N
E i X

|

[ T T T T T 1
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

Time (us)
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PD MEASUREMENT T135

PD Current (mA)

boo boo boo oo

N O N N o N O N N O N OOJLO
% ; } % x.%

[ T
-0.2 -0.1 00 01 0.2 0.3 0.4 0.5

Time (us)
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PD MEASUREMENT R45

R45

©) X
Ok

CT

PD Current (mA)

1 [y | |
[N

O OO0 O0OO0 oo o o oo '
OMN NDN—=O—=N NO N N O N DODENO
% { i ; x10 %

DI

A
™

0.2 -0.1 00 0.1 0.2 03 04 0.5

Time (us)
72
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PD MEASUREMENT RO

N

RO

x10

o oo .
Ow-&NO

wm
V'V
(@]
_|
PD Current (mA)

@]
Al
A—ir
J—lH
| W

o

-0.2  -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Time (us)

PD MEASUREMENT R315

R315 4 =
R T 3%‘\&\"‘*’*"“"“”‘""%"’“
-4
0.4
2 2 i
E o
0.4
4
5 §%WWMWW
E CT el :
> 0.2
5 01
CT © o4
FEPFra 2 o S
= o o
0.4
111 T
— — —_ = 0.2
= = = = 0.0
0.2
-0.4
T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.
Time (us)
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PD MEASUREMENT R270

PD Current (mA)
=5

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Time (us)
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PD MEASUREMENT R225

0
-15
0.3
0.0
=-0.3
E 3
£ 00
©.0.3
5 0.3
D (). () M gt M M R AR AV
2—0.3—
0.3
0. 0 P e
-0.3
T T T T 1

T
0.0 0.1 02 03 04 05

|
e
-

Time (us)
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PD MEASUREMENT R135

PD Current (mA)
doo boo boo boo i

|

NDON NON NON NON Tlogo
-3
X

-0.2 -0.1 00 01 02 03 04 0.5

Time (us)

i

PD MEASUREMENT EO
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j E AV

il

-0.2 -0.1 0.0 0.1 0.2 03 0.4 0.5
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PD MEASUREMENT E270

o

(1] R

50K_u N O NN O NN © NN
S O 0O © 0o © oo

(VW) JU24NY (d

o
o

N
<

T T T
0.2 0.5
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0.3
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PD MEASUREMENT E180

01

OFTNO TNOANT TAONT TNONT FNONT

0.5

0.2

0.1

Time (us)

0.0

-0.1

-0.2

0.4

0.3
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APPENDIX IV

PD MEASUREMENT RESULT Il
( GIS MODEL |)

PD MEASUREMENT DATA:

1. Frequency Spectrum of PD Current
2. ¢,0, npattern

3. PD current waveform

4. Light emission of PD

PARTICLE POSITION:
1. Floating F2;

2. S45,

3. S90

81

The PURPOSE of the present experiment
Investigation of PD characteristics in the
region having high eccentricity

82
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PARTICLE POSITION 1590
OBSERVATION POINTS

B(0,-5) CIRCULAR @

EXPERIMENT SETUP

TRAFO

200V / 52kV
3¢ 200V 20kQ

r R
NNIVAN| -
@)t (5

PT 13kVv/100V

F)DOSC/SA )
Paradise

Tuning
= Amplifier/

Ck =500 pF PD
CTT % OSC/SsA OSC/SA -

Cd=450 nF == v
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DEFECT POSITION AND CALCULATION

POINTS (FLOATING F2)

d(0,-5.9)
0.1lmm o
o [N\ ol ¢0.2-6.1)
e(-0.2,-6.1) |
f(-0.2,-8.5) | | Smm
o| ¢ |o| b0.2-85)
£2(0,-8.5)
9(-0.2,-10.9) !
o t—— 0| a(0.2,-10.9)
o h(0,-11.1)
o i(0,-18)
o j(0,-24.9)

1. Spectrum Frequency of Id F2

Spectrum Intensity (dB)

_ High S/N between
-20

404 13 -20 MHz; 28-43 MHz

-60
-80 -
-20
-40
-60

W A VL T

S/N max at 15,8 MHz F2 48

F2 25

S
-80 - L"\M—M
_20 -
-40
0]
-60
-80 -

L. AN

F2 11

BGN

T T T

T

T

T T T T I T T T T [

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100

F2

Frequency (MHz)

86
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2. PD
PATTERN F2

Current (mA)

There is a little
difference in A
between

OSCILLOSCOPE
and PARADISE
results

Charge (pC)

— T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Phase of S voltage (degree)

FS0-14 L=5mm 19.09kV Al — 150

(A%) ebeljoA palddy

(A1) abeljoA paiiddy

T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360

Phase of S voltage (degree)

FS0-14 L=5mm 23,33 kV

87

A, = 669

Change of PD waveform with applied voltage F2

0.00T

-0.05

-0.10 1

-0.15+

Current (mA)

-0.20

-10 -8 -6 -4 -2 0 2 4 6 8 10

FO 5mm 12.73kV  Time (us)

0.0

Current (mA)
[
g

T T T T T T T T T 1
-10 -8 -6 -4 -2 0 2 4 6 8 10

FO5mm 16.97 kv Time (us)

Current (mA)

Current (mA)

-0.05 -

-0.10 +

-0.15

-0.20 +

-0.25

T T T
10 -8 6 4

FO 5mm 14.85 kV

0.2

0.0

T
-2 0 2 4 6 8 10

Time (us)

02
-0.4 4
06

0.8

1.0

T T T
10 8 -6 -4

FO 5mm 19.09 kV

-2 0 2 4 6 8 10

Time (us) 88
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Light emissions of PD F2

12.73kV 14.85kV

The light emission appears on the

. L . 89
conductor 1, 2, 3 The light emission appears on the particle 4

DEFECT POSITION AND
EXPERIMENT RESULTS (S45)

90
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1. PD waveform S45

1 1

R CTR
O sty A DA g Agarpsntond 0
-1 1
z ] s z ! CTS
g 0 -Wm e 0
€ 1 € 1
o T o 1
= 0 _FOMMWW 5 CTT
O o ©
o T 5 4l
E o 10 8 DI
(U PR L P 0 <
-1 -10
T T 1 [ | | | T T 1
0.0 0.5 1.0 -020.00.20406081.0
Time (us) Time (us)
S45 5mm 8.49kV CT S45 L=5mm 8.49kV

Phase dependence S45

>
< S PD pulses consist of
6 < sequences of small pulses
= o . .
5} 5§ and single big pulse
[a) ®
o —
z
~  PD Measurement using CTS
10x10° LM and CTT gave same
a5 0| s jlo o 0 |15 results in the term:

5
$45 L=5mm 12.73kv (CTS) [Time (ms)
1 A=DP4°-[110° » Phase width where PD
pulses appears

* Phase of PD occurrence

A =94° —-110°

PD Current (A)
(A) sbeyjon paiddy

¢ = around S240 or RO

S45 L=5mm 12.73 kv (CTT) "



140
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100
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40
20

Phase width where PD pulses
appear

S45

—- Ameas L5

- Ameas L14

5

10

Applied Voltage (kV)

15

93

@, g, n pattern S45 at f=15.8 MHz

100

Charge (pC)
°

(M) eseyd y Jo abeyjop paiddy

50
~100- T T T T T T T T T T
0 30 60 9 120 150 180 210 240 270 300 330 360
Phase of R phase
S45 6.36 kV

100 —

Charge (pC)
°

-100
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e -200.

\
(M) asel

S$45 7.85 kv

~
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Phase of R phase

100

Charge (pC)
i

-100-1

() eseyd y jo abeloA payddy

0 30 60 o

e

Charge (pC)

-100-
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S45 7.43 kV

120 150 180 210 240 270 300 330 360
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(A¥) eseyd Y Jo abeljoA paiddy

0 30 60 o

S45 8.28kV
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120 150 180 210 240 270 300 330
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®, g, n pattern S45 a

Charge (pC)
°

8 >
bl
¢ 7
2
4 <
S
2 5
o e
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/ B
E
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\ / §
. € =
\ / 3
\\/,/ g =

0 32 60 9%

S458.49 kv

100 3 P
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100

Charge (pC)
i b
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S4514.85 kV

Phase of R phase
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Change of PD waveform with applied voltage S45
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Light emissions of PD S45

The change in PD waveform is related to the change in PD mechanism

When the light emission appears in the other electrode, the waveform change g7

Light emissions of PD S45
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DEFECT POSITION AND
EXPERIMENT RESULTS (S90)

©)

0

T S90

99

Spectrum Frequency of Id

High S/N between 13 — 20 MHz

-30 abuj— S/N max at 15,8 MHz
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DEFECT POSITION AND CALCULATION POINTS
(S90)

a(0.56,-20.05)  a(0.56,15.05) a(0.56,10.05) a(0.56,5.05)
b(0,-19.9) b(0,-14.9) b(0,-9.9) b(0,-4.9)

0.05mm
il c(-0.56,-20.05)  ¢(-0.56,15.05) c(-0.56,10.05) c(-0.56,5.05)
d(0,-5) d(0,-5) d(0,-5) d(0,-5)
e(0,0) e(0,0) e(0,0) e(0,0)

L=5mm

e

L=5mm L=10mm L=15mm L=20mm
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S90 measurement
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APPENDIX V

DESIGN AND CONSTRUCTION OF
EXPERIMENTAL SYSTEM Il
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SKETCH OF THREE-PHASE GIS MODEL

s - SENSOR1_
e . 2

o - a2
280 ._\%ﬂ_._w@. N
92|U5
i s

104

Figure 1 Sketch of 3-phase GIS model
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THREE-PHASE GIS MODEL I

1250
450 TANK A
190
800
300 . 200 | 300 072 $155
UHF C - ’
UHF B UHF A 0 &
= a 49
||
UHF D $20

Figure 2 Lay out of three-phase GIS Model
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EXPERIMENTAL SETUP I

PDM: 9kHz-1.5GHz

3-PHASE GIS
TRANFORMER MODEL OSC: 1.5GHz, 4GSa/s
200V / 52kV
3¢ 200V 20kQ UHF B
: r | R UHFC | L
A~ s KAM o)
Y A O PDM /
</\/: t l = T U oscC
UHF D
PT 13kV/100V

Figure 3 Equivalent Circuit of Experimental Equipment
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PHOTOGRAPH OF EXPERIMENTAL EQUIPMENT I

SENSITIVITY:

I
1:5 SIZE OF
275kV THREE-PHASE GIS MODEL

Figure 4 Photograph of GIS Model

LAYOUT 0100
1350 | 1500 i H
ill]
1 g C Iy
A HREES °© 1180
B. 3#8GIS MODEL G 3 A G
C. COOPER SHEET || 1500 © i e
D. SF, GAS TUBE
E. PUMP
F. GAS PIPE 1 S| a
G. GAS PIPE 2 818
H. GAS OUTLET
K. CABLE DUCT B
SUPPLY 570 | K 5
= IR S| 2000 1000 | 2000 8
EJCIOMN R g (R
MEASUREMENT|\ /o | . 108
INSTRUMENTS Fig. 5. Layout of experiment equipment




DIAGRAM OF POWER SUPPLY, CONTROL
AND PROTECTION EQUIPMENT

e
NFB :;LAI\I(-:::' VR TRAFO
MA-IVBSBL\J;:;;A]_ KYONANDENKI KYONANDENKI
21200 NS R S I 35P-213 YPS-3550
11 — . 21 /l\ /I\ 0-200V 3¢ 200V ‘ ‘ 3¢ SZKVR
A~ s 22 | AN < > &M 36 GIS
%> — M2 | Ap /\v/\ ZZ ‘ [+ +[|mopEL
CL <2 P P PT 13KV/100V
OCR ZCR
INTER OMRON OMRON
OCRCT LOCK K2CM KG6EL30 STOP  STAR
OJS;N Tl 1c 8| 11 Lj
0TG L21 ] 1 3
K30N-EH
Figure 6 Three Phase Equivalent Circuit of Experimental Circuit 109
won (@)
i " -
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Figure 7 Three Phase Equivalent Circuit of Experimental Circuit and Operation

Sequences
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CALCULATION OF SHORT CIRCUIT CURRENT

|
20 kQ 'zt Lo
20kQ —

52 kv
30 kv

20 kQ
a. Line-Line b. Line-Ground

Figure 8 Equivalent Circuit of Secondary Side of Experimental Circuit

at Short Circuit Condition

- M =1 [A]
Ls 20000[Q]

52000V
Primary Side 1, =1.5[A]x 200[\£]] = 390[A]

111

Secondary 52000[V ]
. l,=——>—==13|A
Side 2L 40000[Q] (A <.

SETTING OF OVER CURRENT RELAY

O:8 & i EERRI RS (BREFE)
m W 02 it‘i E
I o 00 s
START Time lag i boow bl
OCR — | )
'
MC LA | 1|l
Figure 9 Time chart of OCR operation \
\h
Rating current of cable is 30 A ) S S S N
Over current relay is set at 8 A T

Figure 10 Current time

115 % (92 A) 120ms (72 CyCleS) characteristic of OCR
400 % (32 A) 20ms (1.2 cycles)
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Zero Current Relay (ZCR)

» Balance Condition
IR+1Is+1r=0

* Unbalance Condition
R+Is+Ir=1#0

ZCR works if | 230 mA

Figure 11 ZCR Relay

VACUUM EVACUATION AND GAS SUPPLY SYSTEM

FLEXIBLE  LEAK OIEMIST]
SEPARATOR
PIPELINEN VALVE
425; 2m =5
' RV
Swagelok %" i‘ I:N ‘ PUMP
‘ L GVD-050A
" — 25
NEEDLE ADAPTER
VALVE @
o wel
Yooy ORI
ADAPTER <3( ° 3
GAS oo o
Swagelok 1/4” 10m OUTLET x

FLEXIBLE PIPE LINE Il | GAs
(PLASTIC) OUTLET
$25;10m

Need information of:
1. Valve maker and model

2. Gauge specification

Vi
Swagelok 1/4" 6m FLEXIBLE PIPE LINE |
| X =is

Fig. 12. Setup of gas evacuation and gas supply system for 3-phase GIS model

SF,
GAS
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GAUGE
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SEPARATOR

GVD-050A

GAUGE
0—6 atm
ff e
SF,
GAS

116

58



77777777777777777777777777777777777777777777 Gas Gas I
L \
3-0 GIS o & @CC@ Outlet Outlet g
MODEL 28 —
L G o %%
VB % % L‘;H LEAK OIL MIST
VALVE SEPARATOR
v, Vo Vi —
X = Nﬂ%@iﬂ] PUMP
,,,,,,,,,,,,,,, Q e =m0 GVD-050A
(O VALVE AT OPEN CONDITION %’f‘ga?mE
GAS SUPPLY "
77777777777777777777777777777777777777777777 Gas Gas [T
L \
3-0 GIS o & @QCQO Outlet Outlet g
MODEL 28 —
I R %%
V ; % % OIL MIST
N O
VA Vc | F q I —
EXHE— NM@_LU] PUMP
e OO GVD-050A
(O VALVE AT OPEN CONDITION %’f‘ga?mE
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GAS /AIR EVACUATION

®

Gas/air p atm inside the tank l
- ’ OPEN Valve V,, V, ‘
Va Vg, Ve, Vp at CLOSED condition T
v
’ Connect Vy, & Vg r Internal pressure of
} the tank P < 100 Pa
’ Vacuum pump ON ‘
!
| oPenvavev, | ’ CLOSE Valve V, ‘
1
’ Vacuum pump OFF ‘
Internal pressure of 1

the duct P < 100 Pa

Vacuum Tank

®

Flowchart of gas / air evacuation 119

SFg GAS SUPPLY

Vacuum Tank

v

’ OPEN valve V, (SF; Gas Supply) [+—

Internal pressure
of GIS
P=0.3 MPa

’ CLOSE Valve V,Vg &V, ‘

!

’ Disconnect V, & g ‘

'

SF, p atm inside the tank V,, Vg,
Ve, Vp at CLOSED condition

Flowchart of gas supply 120
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APPENDIX VI

DATA OF EXPERIMENTAL
RESULTS OF GIS MODEL Il

121

EXPERIMENT- PDIV TEST

* Particle S45 L=20mm;

* Gap length g =11mm

e At p=1 atm, PDIV=24 kV
No breakdown until 36 kV

e At p=3atm, 2.5 atm, 2 atm, 1.5 atm, S
PD did not occur until 36 kV (70% Vmax)

The gap length was reduced until about 5 mm

122
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PARTICLE POSITION AND NOTATION

123

Figure 1 Particle Position and Notation

Table 1 Type and shape of particles

Particle Type

Particle on HVC

Particle on the tank

Position

S45, S135, R225,
S90 (phase-phase)

E270 (phase-tank)

R0,S270
(phase-phase)
Diameter (mm) 0.1 0.1
Length (mm) 27 27
Gap Length (mm) 4 4.5
Material copper copper

124
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Figure 2

Figure 3
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DEFINITION 1: EMW magnitude (Vpp)

[EnY

[

o
|

[EnY

o

o
T

EMW Intensity (mV)
I o g
T
g <
J

pp

a
o
T

-100 =

-150 | | | | |

-10 0 10 20 30 40
Time (ns)

Figure 8 Definition of peak to peak voltage (Vpp) 131

DEFINITION 2: EMW signal duration (t)

50

o

EMW Intensity (mV)
én
(@]

-100

-150 L L L L L

0 100 200 300 400
Time (ns)

Figure 9 Definition of EMW signal duration (t) 132
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PDIV

PDIV (kV)

Voltage (kV)

16
| ® S45 O
O E270 &
12
10
L
8 ()
6
4 o
2
0
0.0 0.1 0.2 0.3 0.4
_ Pressure (MPa) 133
Figure 10 PDIV
MEASUREMENT POINTS (MP)
40
35 />< X
+ +
30 A -@-PDIV S45
-O-PDIV E270
25 - — —A—BDV S45
20 A BDVE270
X MP I
15 X X & — MPII
O/M + MP I
10 | X MP IV
| ./0///‘
0
0.0 0.1 0.2 0.3 0.4

Gas Pressure (MPa)

Figure 11 Measurement Points
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EXPERIMENTAL RESULTS:
OBSERVATION OF
EMW SIGNALS IN TIME DOMAIN

135

Effect of particle position on EMW signals

S45 L=27mm p=3atm V=36kV 50ns

50 Vpp=201 mV t=208.4 ns UHE A
—~ 0
E -50
<-100
2100
g SOF |y Vpp=55 mV t=77.5ns UHF B
g 0 L
= -sok
;-100
< 100
w 58 Vpp=36.7mV =685 ns UHF C

-50

-100 I ) |

0 100 200
Time (ns)

136

Figure 12 EMW induced by PD on S45 patrticle



Effect of sensor position on EMW signals

E270 L=27mm p=3 atm V=36kV

Vpp=1965mV t=241ns UHF A

100+ Vpp=289mV -
N =170ns - juER
0

-50

-100

-1501

200+ Vpp=464mV  t=98ns

100+ UHF C
0

-100+

-200 | | |

0 100 200
Time (ns)

EMW Intensity (mV)
u
o

Figure 13 EMW induced by PD on E270 particle 17

Time differences of PD detected in each sensor

EMW Intensity (mV)

S45 L=27mm p=3atm V=36kV 5ns

Vpp=94.6 mV UHF A
1.78ns L’,,=533 mm L,,=200 mm
B Vpp=31.8 mV UHF B
—1—"\/ v//\NWV\/V\AAN\A/\/’\,,/\ﬁfW
L ons  L'bc=600mm Lp=490 mm
- Vpp=15.5 mV UHF C
C | | | |
0 5 10 15 20
Time (ns)
3.78ns
L’,.=1133 mm L,.=990 mm
Figure 14 EMW induced by PD on S45 particle 138
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Effect of particle position on EMW
signals

« S45 p1, p2, p3 16kV, 36KV, UHF A
. E270 p1,p2, p3 16 KV, 36KV, UHF A

Effect of particle position on EMW:

waveform,
magnitude (Vpp), VPP si5 < VPP e270
duration (t), t sas < t e

139

Effect of sensor position
UHF A, UHF B, UHF C on EMW signals

» 545 p3 36kV, UHF A,UHF B, UHF C
« E270 p3 36kV, UHF A,UHF B, UHF C

For S45:
EMW Magnitude V, »> V5
EMW Duration tha > tg >t
For E270:
EMW magnitude V, 5
EMW Duration t, > tg >t

>Vipc

>VPPC>VDPB

140
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Effect of applied voltage on EMW signals

Data: S45 p=1atm, V=4kV, 8kV, 12kV, 16kV

S45 L=27mm p=1latm V=4kV 50ns

4 t=61.1ns Vpp=6.59mv  UHF A
s 0
E t=249ns  Vpp=5.96 mV
2
(2]
c
()
€ .
; t=21.2ns  Vpp=1.54 mV
E 4 UHF C

0

-4

0 100 200
Time (ns)
Figure 15 EMW induced by PD on S45 particle o
S45 L=27mm p=1atm V=8kV

4 Vpp=10.1 mV t=1162ns  UHF A
<) 0
s
=
o 4 Vpp=6.77 my 1=31.9 ns UHF B
) 0
€ 4
-
m| g VPP=229MV o4 1ns  UHF C

-4

0 100 200
Time (ns)

Figure 16 EMW induced by PD on S45 particle 12
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S45 L=27mm p=1atm 12kV 50ns

Vpp=17.9 mV t=132 ns UHF A

Vpp=5.77mv  t=45.9ns UHF B

UHF C

EMW Intensity (mV)

Vpp=3.01 mV t=36.5 ns

0 100 200 300 400
Time (ns)

Figure 17 EMW induced by PD on S45 particle

S45 L=27mm p=1atm V=16kV 50ns

400 Vpp=1233mV =221 ns UHF A
/>\ 0 r ot
£ -400
N—r
2
@ 400 Vpp=401mV  t=111ns UHF B
o 0 o
g
£-400
E 400 Vpp=399 mV  t=106 ns UHF C

0
-400
0 100 200 300 400
Time (ns)

Figure 18 EMW induced by PD on S45 particle
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Effect of V on Vpp
Vpp vs V (S45, p=0.1 MPa)

14

ol /

1.0

08 r

06 r

Vpp (V)

04

0.2

&
g

0.0 *>—
0 5 10 15 20

Applied Voltage V L-L (kV)
Figure 19 Effect of applied voltage on Vpp (S45 patrticle)

The higher V, the higher PD activity is, the lower Vpp is

Effect of gas pressure p on EMW signals

Data: S45 V=16kV p = 1 atm, 2 atm, 3 atm

S45 L=27mm p=1atm V=16kV 50ns

400} Vpp=1233mV =221 ns UHF A
of M
-400 C

Vpp=401mV  t=111ns UHF B

EMW Intensity (mV)
B B
8 o 8
L B B

Vpp=399 mV  t=106 ns UHF C

| | | |
0 100 200 300 400

Time (ns)
Figure 20 EMW induced by PD on S45 particle
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EMW Intensity (mV)

IRy
o

'
=
o

EMW Intensity (mV)

N o v ANvon s

o

S45 L=27mm p=2atm 16 kV

t=251 ns UHF A

Vpp=30 mV

Vpp=13 mV t=91 ns

UHF B
= t=66
Vep=7mv " UHEC
0 100 200 300 400
Time (ns)

Figure 21 EMW induced by PD on S45 particle

S45 L=27mm p=3atm 16 kV

Vpp=11.61mV t=140ns UHF A

Vpp=4.89mV t=64ns UHF B

MR oRN Abonvao

Vpp=3.61mV t=35.5ns UHF C

0 100 200 300 400
Time (ns)

Figure 22 EMW induced by PD on S45 particle
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Effect of p on Vpp
Vpp vs p (S45, V=16 kV)

0.0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Gas pressure (MPa)

Figure 23 Effect of gas pressure on EMW magnitude

149

The higher p, the lower PD activity is, the lower Vpp is

CONCLUSION

1. Effect of PARTICLE POSITION on EMW:
magnitude (Vpp), Vpp S45 < Vpp E270
duration (t), t S45 < t E270

2. Effect of SENSOR POSITION on EMW
For S45: EMW Magnitude V4>V, 5>V, ¢
EMW Duration ta > tg >t
For E270: EMW magnitude V0 >V, c >V, 5
EMW Duration t, > tg >t
3. Effect of APPLIED VOLTAGE on EMW
The higher V, the higher PD activity is, the lower Vpp is

4. Effect of GAS PRESSURE on EMW

The higher p, the lower PD activity is, the lower Vpp is
150
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EXPERIMENTAL RESULTS
OBSERVATION OF
FREQUENCY AND PHASE
SPECTRUM

151

Frequency and Phase
Spectrum of S45 particle

Data PDM S45

1 atm UHF A: 16kV

2 atm UHF A: 16 24 36 kV

3 atm UHF A: 12 16 24 32 36 kV

latm 16kV: UHF A,B,C
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1 atm

S45 27mm 1 atm UHF A 16 kV

<{Frequency Spectrum>

[dBm1
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<Phase Spectrum>
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<Phase Spectrum>

[dBm]
-20
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S45 27mm 2 atm UHF A 16 kV
<Freguency Spectrum’

dEm]1
20 e

Li] 500 1000
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—100 +
o s00 1000
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2 atm
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<FPhace Spacirum>
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(Fhace Spectrum>
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S45 27mm 2 atm UHF A 24 kV

<Fregquency Specirum>

MdBm1
-20

—100
500
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—20 ¢
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o 500 1000
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S45 27mm 2 atm UHF A 36 kV
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<FPhase Specirum>
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Phase Spectrum
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<Phase Spectrunr>
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S45 27mm 3 atm UHF A 12 kV

<Frequency Specirum>

iy 07/10 20:30

-zn

R == =
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-z0

3 atm
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<FPhase Spectrum>
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S45 27mm 3 atm UHF A 16 kV 161

<Erequency Spectrum> 07/10 20 54 <Fhase Spectrum>
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S45 27mm 3 atm UHF A 24 kV 162
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S45 27mm 3 atm UHF A 32 kV
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S45 27mm 3 atm UHF A 36 kV
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<Phase Spectrum>
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UHF A vs UHF B vs UHF C

S45 27mm 1 atm UHF A 16 kV

<{Frequency Spectrum>

[dBm1
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<Phase Spectrum>
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S45 27mm 1 atm UHF b 16 kV
07/10 17.04
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S45 27mm 1 atm UHF ¢ 16 kV
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S45 27mm 1 atm UHF A 16 kV (1) 169

<Frequency Spectrum> <Phase Spectrum>

UHF A [dBm] [dBm]

-zo - - 5 —-20

<Frequency Spectrum> <Phase Spectrum>
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S45 27mm 1 atm UHF A 16 kV (2) 170
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S45 27mm 1 atm UHF A 16 kV (3) 171

UHF A

UHF B

UHF C
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Effect of applied voltage on frequency and
phase spectrum of PD ( S45 UHF A)
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Effect of applied voltage on frequency and phase
spectrum of PD ( S45 UHF A 1 atm)

<Frequency Spectrum’> <Fhase Spectrum>
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Effect of applied voltage on frequency and phase
spectrum of PD ( S45 UHF A 2 atm) 175
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Effect of applied voltage on frequency and phase
spectrum of PD ( S45 UHF A 3 atm) 176
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Effect of gas pressure on frequency and phase
spectrum of PD ( S45 UHF A)

177

Effect of gas pressure on frequency and phase
spectrum of PD ( S,5 UHF A 16kV ) 178
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Effect of gas pressure on frequency and phase
spectrum of PD ( S45 UHF A 24kV)
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1atm
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Effect of gas pressure on frequency and phase
spectrum of PD ( S45 UHF A 36kV )
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Freqguency and Phase
Spectrum of E270 Particle

Data PDM E270

1 atm UHF A: 16,24,36 kV
2 atm UHF A: 16, 24, 36 kV
3 atm UHF A: 16, 24, 36 kV

latm 16kV: UHF A,B,C
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E270 27 mm latm 16 kV UHF A

CFrequancy Spectril CPhaze Spactrum>

[dBm] C [dBm]
_2p - - -20

CFrequency Spectrum> <PRase Spectrun.

[dBm]1 [dBm1
-20 -20

CFragquency Spectri CPhase Spectrum.

dBm1 C [4Bm1
-z0

E270 27 mm latm 24 kV UHF A

CFrequency Spectrum> <Phase Spectirar

[ABm] [ARm]
2n - | 20

<Frequency Spectrnd <Phase Spectrum>

[dBm1 ] [dBm1
-20 - - € -z20

CFrequency Spectrums

[dBm1
-20




2 atm

E270 27 mm 2atm 16 kV UHF A
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E270 27 mm 2atm 24 kV UHF A

CFrequency Spe
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CFrequency Spectrum’

CFragquency Spectriem>

[dBm]
-20

<Phaze Spectrum>

dBm1
-z0

“Phase Spectrun>

[dBm1
-20

-100

~Phase Specirum>

[dBm]
z0

<Phase Spe

[dBm1

CPhase Spectrum>

[dBm1
-z0

<Phase Spectrun?

[HBm]
-20




3 atm

E270 27 mm 3atm 16 kV UHF A
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E270 27 mm 3atm 24 kV UHF A
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Effect of applied voltage on frequency and
phase spectrum of PD ( E,;,, UHF A)
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Effect of applied voltage on frequency and phase
spectrum of PD ( E,;; UHF A 1 atm)
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Effect of applied voltage on frequency and phase

16 kV

24 kV

spectrum of PD (E270 UHF A2 atm) 1¢5
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Effect of applied voltage on frequency and phase

16 kV

24 kV

36 kV

spectrum of PD ( E,;o UHF A 3 atm) 196

<Frequency Spectrum> <FPhase Spectrum?

[dBml [dBm]

CFreauency Spectrum>

[dBm1
-zo

<Phase Spectrum>

[dBm1

<Freguency Specirum>

[dBm]

98



Effect of gas pressure on frequency and phase
spectrum of PD ( E,;,, UHF A)
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Effect of gas pressure on frequency and phase
spectrum of PD ( E,;g UHF A 16kV)
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Effect of gas pressure on frequency and phase

spectrum of PD ( E270 UHF A 24kV)

CFreauency Spectrum> <Phase Spectrum>
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Effect of gas pressure on frequency and phase
spectrum of PD ( E270 UHF A 36kV)
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S45 45135 DL E(UHF A)

$45 16KV 3atm UHF/A | Protrusion | ——»

{Fraquency Specirum> 1026Hz
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S45 45135 DL E(UHF B)

,,,,,,,,,,,,,,

S45 16kV 3atm UHF|B
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S270(UHF BAUHF D DA #R)

S270 36kV 3atm UHF B
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S270 R0 DL E{UHF A)

$270 36KV 3atm UHF A | Protrusion | ——» | Spacer Crack
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RO 3atm 32kV UHF

A [0

2007/12/06 20:51:32 | internal 10281 i1pC | —73dim || Normal |\ Wobile Phone | 0
2001/12/06 20:47:56 Internal 1028 Hz 0.8 G -1 dBn Normal " Mobile Phone ! 0
2007/12/06 20:44.21 Internal 1028 Hz 1.6 pC =11 dBm Normal 1 Mobile Phone | 0
2007/12/06 20:40:41 Internal 1030 Hz 0.9 pG -5 dBn Normal . Mbile Phone | 0
2007/12/06 20:31:18 Internal 1028 Hz 0.9 pG 16 dBn Normal I Mobile Phone 1 0
2007/12/06 20:33:49 Internal 1028 Hz 1.8 pC -69 dBm Normal i Mabile Phone 0
2007/12/06 20:30:21 Internal 1030 Hz 1.5 pC =11 dBm Normal " Mabile Phone ! 0
307/i2/06 20:26:53 | irternal 08 He | 0,766 [ ~7idm | Normal | T Mbile Fhone 1 | 0
2007/12/06 20:23:25 Internal 1030 Hz 0.9 pG =15 dBm Normal . Mobile Phone | 0
e ____ 1
<Frequency Spectrum> <Phase Specirum>
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RO 3atm 32kV UHF B ’

2007/12/06 20:52:44 || Internal 970 Hz 3.8 pC —63 dBm Normal 1__Nobile Phone 0
2007/12/06 20:49:08 | Internal 970 Hz 1.5 pG —57 dBm Normal . NMobile Phone ! 0
2007/12/06 20:45:33 Internal 970 Hz 4 8 pC —-61 dBm Abnormal ' Protrusion 1 5
2007/12/06 20:41.59 Internal 968 Hz 6.6 pC -58 dBm Normal 1__Mobile Phone | 0
2007/12/06 20:38:26 || _Internal 970 Hz 4 pC 63 dBm Normal ' Mobile Phone ! 0
2007/12/06 20:34.59 Internal 970 Hz 2.6 pC 66 dBm Normal 1__Nobile Phone | 0
2007/12/06 20:31:30 || _Internal 970 Hz 1.2 pC =57 dBm Normal ,__Mobile Phone ! 0
2007/12/06 20:28:02 || Internal 970 Hz 6.6 pC -58 dBm Normal ! Nobile Phone 1 0
2007/12/06 20:24:34 || _Internal 968 Hz 3.8 pC 63 dBm Normal 1__Mobile Phone | 0
[, 1
<Frequency Spectrum> <Phase Specirum>
[dBm] [pG1

-20

-60

-100
0
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RO 3atm 32kV UHF

c (&5

2007/12/06 20:53:56 Internal 1282 Hz 1.2 pG -73 dBm Normal ||' Mobile Phone ! 0
2007/12/06 20:50:20 Internal 1286 Hz 1.1 pC -14 dBm Normal |ii Mobile Phone i 0
2007/12/06 20:46:44 Internal 1282 Hz 0.8 pC 17 dBm Normal ||| Mobile Phone | 0
2007/12/06 20:43:10 Internal 1282 Hz 1.2 pG -73 dBm Normal | Mobile Phone ! 0
2007/12/06 20:39:36 Internal 1280 Hz 0.8 pC -6 dBm Normal |ii Mobile Phone i 0
2007/12/06 20:36:09 Internal 1284 Hz 1.4 pC -72 dBm Normal || Mobile Phone | 0
2007/12/06 20:32:40 Internal 1284 Hz 0.9 pC -76 dBm Normal | Mobile Phone ! 0
2007/12/06 20:29:11 Internal 1282 Hz 1 pC -14 dBm Normal |li Mobile Phone i 0
2007/12/06 20:25:44 Internal 1282 Hz 1 pC -74 dBm Normal ||| Mobile Phone 0
L 1
<Frequency Spectrum> <Phase Specirum>
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180 360

R225 8kV 3atm UHF A ‘

2007/12/05 17:53:10 Internal 1026 Hz 0.9 pC |[ =75 dBm|[ Abnormal Protrusion 1
2007/12/05 17:49:36 Internal 1026 Hz 0.9 pC |[ =75 dBm|[ Abnormal Protrusion 1
2007/12/05 17:46:03 Internal 1028 Hz 1.1pC || =74 dBm| Abnormal Protrusion 4
2007/12/05 17:42:30 Internal 1024 Hz 0.7 pC |[-78 dBm|[ Abnormal Protrusion 1
2007/12/05 17:38:58 Internal 1028 Hz 0.9 pC || ~76 dBm| _Abnormal Protrusion 1
2007/12/05 17:35:26 Internal 1026 Hz 0.7 pC |[-78 dBm|[ Abnormal Protrusion 1
2007/12/05 17:31:56 Internal 1028 Hz 0.5 pC |[ -81 dBm|[ Abnormal Protrusion 1
2007/12/05 17:28:26 Internal 1026 Hz 0.8 pC || =77 dBm|| Abnormal Protrusion 1
<Frequency Spectrum> <Phase Spectrum>
[dBm] [pc1 [dBm] pcl
=20 -20 500
-60
-100 +
1] 180 360
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R225 8kV 3atm UHF B ‘

2007/12/05 17:54:21 Internal 604 Hz 0.2 pC -89 dBm Norma | Normal 0
2007/12/05 17:50:47 Internal 602 Hz 0.2 pC -90 dBm Normal Normal 0
2007/12/05 17:47:13 Internal 530 Hz 0.2 pC —90 dBm Normal Normal 1]
2007/12/05 17:43:41 Internal 970 Hz 0.2 pC -89 dBm Norma | Protrusion 0
2007/12/05 17:40:08 Internal 968 Hz 0.2 pC -89 dBm Normal Protrusion 0
2007/12/05 17:36:37 Internal 530 Hz 0.2 pC -90 dBm Normal Normal 0
2007/12/05 17:33:06 Internal 602 Hz 0.2 pC =90 dBm Norma | Normall 0
2007/12/05 17:29:36 Internal 602 Hz 0.2 pC -90 dBm Normal Normal 0
2007/12/05 17:26:06 Internal 970 Hz 0.2 pC —87 dBm Normal Protrusion 0
<Frequency Spectrum> <Phase Specirum>
IpG1 [dBm] IpG1
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R225 8KV 3atm UHF C ’

2007/12/05 17:55:33 Internal 530 Hz || 0.5 pC || -81 dBmn Normal External Noise 0
2007/12/05 17:51:58 Internal 530 Hz | 0.5pC | -81 dBm Normal External Noise 0
2007/12/05 17:48:25 Internal 530 Hz || 0.5 pC || —81 dBm Normal External Noise 0
2007/12/05 17:44:51 Internal 530 Hz || 0.5 pC || -81 dBm Normal External Noise 0
2007/12/05 17:41:19 Internal 916 Hz | 0.8 pC | —77 dBm Normal Normal 0
2007/12/05 17:37:41 Internal 530 Hz || 0.5 pC || —81 dBm Normal External Noise 0
2007/12/05 17:34:16 Internal 530 Hz || 0.5 pC || -81 dBm Normal External Noise 0
2007/12/05 17:30:46 Internal 530 Hz || 0.5 pC || -81 dBmn Normal External Noise 0
2007/12/05 17:21:16 Internal 530 Hz | 0.5 pC || -81 dBm Normal External Noise 0
CFrequency Spectrum> <Phase Spectrum>
[dBm] [pC1 [dBm] pG1
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R225 12kV 3atm UHF A‘

2007/12/05 18:26:25 Internal 1028 Hz 6.3 pC || -59 dBm|[ Abnormal Protrusion 5
2007/12/05 18:22:45 Internal 1024 Hz 7.2 pC || -57 dBm|[ Abnormal Protrusion 5
2007/12/05 18:19:05 Internal 1026 Hz 6.3 pC || -59 dBm|[ Abnormal Protrusion 5
2007/12/05 18:15:27 Internal 1028 Hz 4.8 pC || 61 dBm| Abnormal Protrusion 5
2007/12/05 18:09:33 Internal 1024 Hz 6.9 pC || -58 dBm|| Abnormal Protrusion 5
2007/12/05 18:06:02 Internal 1028 Hz 6.6 pC || -58 dBm|| Abnormal Protrusion 5
2007/12/05 18:02:32 Internal 1026 Hz 4.3 pC || 62 dBm| Abnormal Protrusion 5
2007/12/05 17:59:02 Internal 1026 Hz 4.5 pC || 61 dBm| Abnormal Protrusion 5
CFrequency Spectrum> <Phase Spectrum>
d [4Bm] Ipc1

-20 _20

-60

-100
o

R225 12kV 3atm UHF B‘

2007/12/05 18:27:38 || Internal 970 Hz 1.4 pC =71 dém || Abnormal Protrusion 4
2007/12/05 18:23:58 | Internal 970 Hz 1.2 pC || =73 dBm || Abnormal Protrusion 4
2007/12/05 18:20:18 || Internal 1192 Hz 0.9 pC | -75 dBm || _Abnormal Protrusion 1
2007/12/05 18:16:40 || Internal 972 Hz 0.9pC || 75 dBm || Abnormal Protrusion 1
2007/12/05 18:10:44 | Internal 972 Hz 0.8 pC || =77 dBm || Abnormal Protrusion 1
2007/12/05 18:07:12| Internal 972 Hz 0.8 pC_|( -76 dBm || Abnormal Protrusion 1
2007/12/05 18:03:42 || Internal 970 Hz 1.6 pC |[ =70 dBm || Abnormal Protrusion 4
2007/12/05 18:00:12 || Internal 968 Hz 1.1 pC || 74 dBm || Abnormal Protrusion 4
<Frequency Spectrum> <Phase Specirum>
»G1 [dBm] I»C1
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R225 12kV 3atm UHF C‘

-20

-60

2007/12/05 18:28:52 | " Internal [/, 1330 Hz | 0.5 pC || —80 dBn || Abnormal Protrusion 1
2007/12/05 18:25:11 | Internal (! 1332 Hz | 0.7 pC || —78 dBn | Abnormal Protrusion 1
2007/12/05 18:21:31 || Internal |' 530 Hz | 0.5 pC | 81 dBn Normal External Noise 0
2007/12/06 18:17:52 || Internal |1 1288 Hz i 0.7 pC || =77 dBm || Abnormal Protrusion 1
2007/12/05 18:14:16 || Internal | 530 Hz Yl 0.5 pC || 81 dBmn Norma| External Noise 0
2007/12/05 18:13:06 || Internal |} 530 Hz il 0.5 pC | 81 dBn Normal External Noise 0
2007/12/05 18:11:55 (| Internal |[' 530 Hz i 0.5 pC || -81 dBm Normal External Noise 0
2007/12/05 18:08:23 || Internal |' 530 Hz || 0.5 pC || 81 cBm Normal External Noise 0
' 2
<Frequency Spectrum> <Phase Specirum>
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R225 16kV 3atm UHF A‘

2007/12/05 19:02:03 Internal 1024 Hz 10.4 pC (| -54 dBm Abnormal Protrusion 5
2007/12/05 18:58:23 Internal 1026 Hz 8.7 pC —56 dBm Abnormal Protrusion 5
2007/12/05 18:54:44 Internal 1028 Hz 6.9 pC [ -58 dBm | Abnormal Protrusion 5
2007/12/05 18:51:06 Internal 1030 Hz 11.9 pC (| -53 dBm Abnormal Protrusion 5
2007/12/05 18:47:29 Internal 1024 Hz || 13.1 pC_| 52 dBm || _Abnormal Protrusion 5
2007/12/05 18:43:53 Internal 1028 Hz 11.4 pC (| -53 dBm Abnormal Protrusion 5
2007/12/05 18:40:18 Internal 1028 Hz || 15.7.pC_| 51 dBm || _Abnormal Protrusion 5
2007/12/05 18:36:44 Internal 1024 Hz 13.7 pC (| -52 dBm Abnormal Protrusion 5
2007/12/05 18:33:10 Internal 1026 Hz 14.4 pC | 51 dBm Abnormal Free Particle 2
<Frequency Spectrum> <Phase Spectrum>
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R225 16kV 3atm UHF B‘

2007/12/05 19:03:16 Internal 972 Hz 1.7 pG -70 dBm Abnormal Protrusion 4
2001/12/05 18:59:36 Internal 92 Hz 246 -6/ dBm Abnormal Protrusion 4
2007/12/05 18:55:57 Internal 970 Hz 2.1 pC -68 dbm Abnormal Protrusion 4
2001/12/05 18:52:19 Internal 972 Hz 1.2 pC —73 dBm Abnormal Protrusion 4
2001/12/05 18:48:42 Internal 966 Hz 0.9pC || -75 dm Abnormal Protrusion 1
2007/12/05 18:45:05 Internal 972 Hz 2.2 pC -68 dBm Abnormal Protrusion 4
2001/12/05 18:41:30 Internal 910 Hz 1.9pC | -69 dBm Abnormal Protrusion 4
2007/12/05 18:37:55 Internal 972 Hz 1.4 pC =12 dBm Abnormal Protrusion 4
2007/12/05 18:34:21 Internal 968 Hz 3.3 pC —64 dBn Abnormal Protrusion 5
<Frequency Spectium> <Phase Spectrum>
[pc1 [dBm] Ipcl
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r—-——=--= 1
2007/12/05 19:04:30 || _Internal 1006 Hz ,| 0.7 pC Z78 dBm Abnormal Protrusion 1
2007/12/05 19:00:49 || Internal 1052 Hz !l 0.9 pC || =75 dBm Abnormal Protrusion 1
2007/12/05 18:57:10 | _Internal 1162 Hz 1] 1.1 pG || —74 dBm Abnormal Protrusion 4
2007/12/05 18:53:32 | Internal 1108 Hz ,|[ 0.6 pC =19 dBm Abnormal Protrusion 1
2007/12/05 18:49:54 || Internal 1106 Hz || 0.6 pC || 79 dBm Abnormal Protrusion 1
2007/12/05 18:46:17 || Internal 1288 Hz 1] 0.6 pC || =79 dBm Abnormal Protrusion 1
2007/12/05 18:42:42 || Internal 1332 Hz ;] 0.6 pC || =79 dBm Abnormal Protrusion 1
2007/12/05 18:39:07 || Internal 1332 Hz |l 0.8 pG || —77 dBm Abnormal Protrusion 1
2007/12/05 18:35:32 || Internal 1286 Hz 1] 0.6 pC || -79 dBm Abnormal Protrusion 1
1
<Frequency Spectrum> <Phase Specirum>
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S135 3atm 12kV UHF A.

1
2007/12/07 14:06:01 Internal : 516 Hz || 1.2 pC || -13 dBm Normal External Noise 0
2007/12/07 14:02:25 Internal (' 502 Hz 1|| 3.4 pC | -64 dBm Normal External Noise 0
2007/12/07 13:58:52 Internal |1 916 Hz || 2.5 pC || 67 dBm Normal External Noise 0
2007/12/07 13:55:20 Internal ||, 502 Hz ' 1.9 pC || 69 dBm Normal External Noise 0
2007/12/01 13:51:47 Internal (' 612 Hz 1| 1.5 pC | -71 dBm Normal External Noise 0
2007/12/07 13:48:17 Internal [ 516 Hz || 1.1pC || -74 dBm Normal External Noise 0
2007/12/07 13:44:49 Internal ||, 502 Hz '|| 1.8 pC || 69 dBm Normal External Noise 0
2007/12/07 13:41:20 Internal (' 504 Hz 1|| 1.6 pG || -70 dBm Normal External Noise 0
2007/12/07 13:37:53 Internal |1 502 Hz ,|| 3.3 pC || 64 dBm Normal External Noise 0
| 1
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S135 3atm 12kV UHF B‘

GO 0T | kel T O RS | Vel Partiole on Spacer [0
~5001/15/07 140537 |~ Tternal |5 B 561 dn | Nome Normal 0
207/12/07 14:00:03 nterna 9 H 3pC || 85 dBn Norma Normal 0
200//12/07 13:56:30 Internal o34 Hz 0.2pC || -89 din Norma| Normal 0
“O01/40/07 135058 | internal | TR 02 pe S i | Nomel | Particle on Spacer |0
/2707 138097 | Trternal || TR 0200 | -8 din | Nomm] Particle on Spacer |0
M/12/07 13:45:58 Internal 912 hz 0.2pC || -8/ dbn Norma| Particle on Spacer 0
01007 30 | Tnternal IR 02 pe 1SS | Nomel | Particle on Specer |0
Zlﬂfl?](-ﬂ 13:39:02 Internal 968 Hz 0.3pC [ -85 cbn Norma| Particle on Spacer 0
<Frequency Spectrum’> <Phase Spectrum>
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S135 3atm 12kV UHF C.

2007/12/07 14:08:25 Internal | 648 Hz '| 0.3 pC | 86 dBm Normal Normal 0
2007/12/07 14:04:49 Internal |1 650 Hz 1| 0.2 pC | -87 dBm Normal Normal 0
2007/12/07 14:01:14 Internal |, 648 Hz | 0.2pC | -87 dBn Normal Normal 0
2007/12/07 13:57:41 Internal || 648 Hz ||| 0.2 pC | -87 dBm Normal Normal 0
2007/12/07 13:54:09 Internal |1 926 Hz ' 0.7 pG | —77 dBm Normal Normal 0
2001/12/07 13:50:37 Internal ||\ 650 Hz i 0.2 pC | -87 cBm | Normal Normal 0
2007/12/07 13:47:08 Internal |, 648 Hz ||| 0.2 pC || 87 diim Normal Normal 0
2007/12/07 13:43:39 Internal ' 1322 Hz ' 0.5 pG || 81 dBm | Abnormal | Particle on Spacer| 5
2007/12/07 13:40:11 Internal |1 650 Hz 1| 0.2 pC | -88 dBm Normal Mobi le Phone 0
<Frequency Spectrum> <Phase Specirum>
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2007/12/07 14:39:32 Internal |/ 536 Hz ' 0.9 pC || =75 Bn Normal External Noise 0
2007/12/07 14:35:56 Internal ' 502 Hz +f| 3.6 pC | 63 dBn Normal External Noise 0
2007/12/07 14:32:21 Internal |1 502 Hz ;|| 3.6 pC || 63 cAn Normal External Noise 0
2007/12/07 14:28:46 Internal [I, 502 Hz 'l 1.5pC || =/1 dBm Normal External Noise 0
2007/12/07 14:25:13 Internal (1! 502 Hz 1| 1.4 pC || 72 dBm Normal External Noise 0
2007/12/07 14:21:40 Internal [|" 502 Hz || 1.5pC || —/1 dBn Normal External Noise 0
2001/12/07 14:18:08 Internal |} 502 Hz ||| 22 pC || 68 cBn Normal External Noise 0
2001/12/07 14:14:31 Internal ||| 502 Hz 1| 2 pC -69 dim Normal External Noise 0
2001/12/07 14:11:07 Internal ||' 502 Hz | 26 pC | -66 dBn Normal External Noise 0
<Frequency Spectrum> <Phase Specirum>
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S135 3atm 16kV UHF B ‘

2007/12/07 14:40:44 Internal 924 Hz 0.6 pC =79 dbm Normal Normal 0
2007/12/07 14:37:08 Internal 970 Hz 0.3 pC -84 dBn Abnormal Particle on Spacer 5
2007/12/07 14:33:32 Internal 970 Hz 0.3pC || -84 dBm || Abnormal Particle on Spacer 5
2007/12/07 14:29:58 Internal 970 Hz 0.4pC_ || 82 dBm || __Abnormal Particle_on Spacer 5
2007/12/07 14:26:24 Internal 968 Hz 0.3 pC -85 dBm Abnormal Particle on Spacer 5
2007/12/07 14:22:51 Internal 1228 Hz 0.3pC_ || -84 dBm || _Abnormal Floating Electrode 1
2007/12/07 14:19:19 Internal 970 Hz 0.7 pC -18 dBm Abnormal Particle on Spacer 5
2007/12/07 14:15:47 Internal 972 Hz 0.8 pC —77 dBm Abnormal Particle on Spacer 5
2007/12/07 14:12:17 Internal 972 Hz 0.4 pC 82 dBm Abnormal Particle on Spacer 5
<Frequency Spectrum> <Phase Specirum>
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S135 3atm 16kV UHF C‘

2007/12/07 14:41:58 || Internal 918 Hz 3.6 pC_|| 63 dBm Norma| Normal 0
2007/12/07 14:38:20 || Internal 648 Hz 0.2 pC | -87 dBm Normal Normal 0
2007/12/07 14:34:44 Internal 916 Hz 1.7 pC ~70 dBm Normal Normal 0
2007/12/07 14:31 :09 Internal 652 Hz 0.2 pC -89 dBm Normal Particle on Spacer 0
2007/12/07 14:21:35 Internal 530 Hz 0.2 pC -88 dBm Normal Normal 0
2007/12/07 14:24:02 Internal 648 Hz 0.3 pC -86 dBm Normal Normal 0
2007/12/07 14:20:29 Internal 648 Hz 0.3 pC -86 dBm Normal Normal 0
2007/12/07 14:16:58 Internal 648 Hz 0.2 pC -88 dBm Normal Normal 0
2007/12/07 14:13:21 Internal 1334 Hz 0.2 pC -87 dBm Normal Particle on Spacer 0
<Frequency Spectrum> <Phase Specirum>
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S135 3atm 24kV UHF A

207/12/07 15:34:26 | Internal 1028H | 55pC | -60 dBn || Aormal | Particle on Spacer 5
2007/12/07 15:31:00 (| Internal 1028H | 69pC | 58 din | Anormal | Particle on Spacer 5
207/12/01 15:271:3 || Internal 1028Hz | 36pC | -63din | Anormal | Particle on Spacer 5
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S135 3atm 24kV UHF B(*,"

2007/12/07 15:35:34

Interral 120Hz | 09pC | -odBn | Anomal | Particle on Spacer | 6
2007/12/07 15:32:09 || Internal 910 Hz 1.4 pC =N dn Aonormal || Particle on Spacer | 5
2001/12/07 15:28:42 || Internal 970 Hz 230 -67 din Aonormal || Particle on Spacer | 5
CFrequency Spectrum> <Phase Spectrum>
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S135 3atm 24KV UHF A ("

2007/12/07 15:36:44| Internal 926 Hz 1.5 pC -71 dBm Normal Normal 0
2007/12/01 15:33:17| _Internal || 1330 Hz || 0.6 pC -19 dBn Abnormal || Particle on Spacer 5
2007/12/07 15:29:51 | Internal 644 Hz 0.6 pC -79 dBn Abnormal Particle on Spacer 5
<Frequency Spectrum> <Phase Specirum>
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S270 3atm 24kV UHF A ‘

2007/12/07 22:56:37 Internal 1026 Hz 18.1 pC || 49 dBm|| Abnormal || iParticle on Spacer, || 5
2007/12/07 22:53:07 Internal 1024 Hz 15 pC -51 dbn|| Abnormal | |Particle on Spacer' | 5
2007/12/07 22:49:37 Internal 1022 Hz 13.7 pC || 52 dBm || Abnormal || 'Particle on Spacer: || 5
2007/12/07 22:46:07 Internal 1026 Hz 21.7 pG || 48 dBmn || Abnormal || Particle on Spacer, | 5
2007/12/07 22:42:38 Internal 1024 Hz 15 pC -51 dbin|| Abnormal | |Particle on Spacer' | 5
2007/12/07 22:39:09 Internal 1024 Hz 7.2 pGC || -57 dBm|| Abnormal || 'Particle on Spacer: || 5
2007/12/07 22:35:41 Internal 1026 Hz 3.1pC | 65 dBn| Abnormal || Particle on Spacer, | 5
2007/12/07 22:32:12 Internal 1024 Hz 9.9 pC | -55 dbm|| Abnormal || Particle on Spacer' || 5
2007/12/07 22:28:45 Internal 1028 Hz 9.1 pC | 55 dBm|| Abnormal || 'Particle on Spacer: | 5
o _ H
<Frequency Spectrum> <Phase Specirum>
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2007/12/07 22:57:47 || _Internal 1026 Hz 0.5 pC [ 81 dBm [ Abnormal [; Particle on Spacer 5
2007/12/07 22:54:11 Internal 1184 Hz 0.9 pC —75 dBm Abnormal |[! Floating Particle ! 3
2007/12/07 22:50:47 Internal 1176 Hz 0.4 pC —83 dBm Abnormal ||+ Floating Particle ! 3
2007/12/07 22:47:17 Internal 1188 Hz 0.9 pC 76 dBm Abnormal |1 Particle on Spacer 5
2007/12/07 22:43:48 Internal 1188 Hz 0.5 pC -80_dBm Abnormal |1 Floating Particle ! 3
2007/12/07 22:40:19 Internal 640 Hz 0.3 pC —85 dBm Abnormal ||, Floating Particle | 3
2007/12/07 22:36:50 Internal 1188 Hz 0.4 pC —83 dBm Abnormal |[! Particle on Spacer ! 5
2007/12/07 22:33:22 Internal 1190 Hz 0.8 pC =71 dBm Abnormal ||+ Floating Particle ! 3
2007/12/07 22:29:54 Internal 1188 Hz 0.3 pC -84 dBm Abnormal ||, Floating Particle , 3
] 1
<Frequency Spectrum> <Phase Specirum>
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S270 3atm 24kV UHF D ’

[-—————==== 1
L

2007/12/07 22:58:51 Internal 1048 Hz 0.2 pC —89 dBm_|( Abnormal Protrusion 1 1
2007/12/07 22:55:21 Internal 1048 Hz 0.3 pC -85 dBm Abnormal Floating Particle 3
2007/12/07 22:51:57 Internal 1052 Hz 0.5 pC —81_dBm Abnormal Floating Particlel 3
2007/12/07 22:48:21 Internal 638 Hz 0.2 pC -89 dBm Normal Particle on Spacer || 0
2007/12/07 22:44:58 Internal 1052 Hz 0.2 pC —87 dBm Normal Floating Particle! 0
2007/12/07 22:41:29 Internal 1056 Hz 0.3 pC —86 dBm Normal Floating Particle | 0
2007/12/07 22:38:00 Internal 638 Hz 0.2 pC -91 dBm Normal Normal ! 0
2007/12/07 22:34:31 Internal 640 Hz 0.2 pC —91_dBm Normal Normal | 0
2007/12/07 22:31:03 Internal 1244 Hz 0.2 pC =90 dBm Normal Normal ! 0
L.
<Frequency Spectrum> <Phase Specirum>
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2007/12/07 22:71:48 Internal 1024 Hz 18.9 pC —-49 dBm Abnormal ;Particle on Spacer 5
2007/12/07 22:18:19 Internal 1024 Hz 26.1 pC —-46 dBm Abnormal ||'  Spacer Crack ! 5
2007/12/07 22:14:54 || Internal 1024 Hz 15.7 pC =51 dBm Abnormal |1 Spacer Crack 5
2007/12/07 22:11:27 Internal 1024 Hz 13.7 pC -b2 dBm Abnormal ||| Spacer Crack ! 5
2007/12/07 22:07:58 || Internal 1026 Hz 18.9 pC -49 dBm Abnormal [+ Spacer Crack 5
2007/12/07 22:04:26 Internal 1022 Hz 15 pC -51 dBm Abnormal | Spacer Grack ! 5
2007/12/07 22:00:55 || _Internal 1026 Hz 13.1pC | _-52 dBm_|( Abnormal || '  Spacer Grack .|| 5
2007/12/07 21:57:25 || Internal 1022 Hz 9.9 pC -55 dBm Abnormal || ,Particle on Spacer' 5
2007/12/07 21:53:56 Internal 1024 Hz 14.4 pC -b1 dBm Abnormal || 'Particle on Spacer 5
v T
I e e 1
<Frequency Spectrum> <Phase Specirum>
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2007/12/07 22:22:56 Internal 1188 Hz__ || 0.9 pG [ —75 dBm_| Abnormal {| | Protrusion j 1
2001/12/01 22:19:21 Internal 1182 Hz_ {1 0.7 pC| —78 dBm_|f Abnormal || 1 Particle on Spacer ! 5
2007/12/07 22:16:02 Internal 1186 Hz_ [ 0.7 pC |l —78 dBm_|| Abnormal , Particle on Spacer 5
2007/12/07 22:12:39 Internal 1190 Hz || 0.7 pC| —78 dBm | Abnormal || ' Particle on Spacer' 5
2007/12/07 22:09:08 Internal 1188 Hz 1 pC —74 dBm || Abnormal | | Particle on Spacer 5
2007/12/07 22:05:37 Internal 1190 Hz_ [ 0.6 pC |l —79 dBm_| Abnormal " Particle on Spacer 5
2007/12/07 22:02:06 Internal 1188 Hz 1.4 pC| -72 dBm || Abnormal | 1 Particle on Spacer! 5
2007/12/07 21:58:3b Internal 1186 Hz || 0.5 pC|| —80 dBm | Abnormal || , Particle on Spacer 5
2007/12/07 21:55:06 Internal 1180 Hz || 0.3 pC|| —84 dBm | Abnormal | ' Particle on Spacer' 5
] 1
<Frequency Spectrum> <Phase Specirum>
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S270 3atm 36kV UHF D @

r--——------=-=
1
!

2007/12/07 22:24:04 | _Internal || 1054 Hz || 0.3 pC 86 dBm Abnormal Particle on Spacer || 5
2007/12/07 22:20:40 | _Internal || 1052 Hz || 0.4 pC -82 dBm Abnormal__ [ 1 Floating Particle || 3
2007/12/07 22:17:11 Internal 1052 Hz || 0.4 pC -82 dBm Abnormal , Particle on Spacer '| 5
2007/12/07 22:13:46 | Internal 1054 Hz || 0.4 pC -83 dBm Abnormal 'Particle on Spacer ||| 5
2007/12/07 22:10:19( Internal 1052 Hz || 0.4 pC -83 dBm Abnormal i Particle on Spacer '| 5
2007/12/07 22:06:47( Internal 1050 Hz || 0.4 pC -83 dBm Abnormal ' Floating Particle 1| 3
2007/12/07 22:03:16 | Internal 1050 Hz || 0.5 pC -81 dBm Abnormal 1 Particle on Spacer || 5
2007/12/07 21:59:45 (| Internal 1050 Hz || 0.4 pC -83 dBm Abnormal , Particle on Spacer '| 5
2007/12/07 21:56:15( Internal 1054 Hz || 0.3 pC -86 dBm Normal 'Particle on Spacer || 0
1
e n
<Frequency Spectrum> <Phase Spectrun>
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2007/12/10 14:17:27 Internal 1026 Hz 1.5 pC =71 dBm Abnormal Protrusion 4
2007/12/10 14:13:58 Internal 1026 Hz 1.1 pC 73 dBm Abnormal Protrusion 4
2007/12/10 14:10:28 Internal 1026 Hz 1.1 pC =74 dBm Abnormal Protrusion 4
2007/12/10 14:06:59 Internal 1028 Hz 1.4 pC —I1_dBm || Abnormal |l Floating Particle 3
2007/12/10 14:03:30 Internal 1028 Hz 1.1 pC —-73 dBm Abnormal Protrusion 4
2007/12/10 14:00:06 Internal 1028 Hz 1.5 pC =71 dBm Abnormal Protrusion 4
2007/12/10 13:56:38 Internal 1028 Hz 1 pC =15 dBm Abnormal Protrusion 1
2007/12/10 13:53:10 Internal 1028 Hz 1.6 pC =71 _dBm Abnormal Protrusion 4
2007/12/10 13:49:43 Internal 1024 Hz 0.9 pC =15 dBm Abnormal Protrusion 1
<Frequency Spectrum> <Phase Specirum>
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S45 3atm 12kV UHF B ‘

2007/12/10 14:18:38 Internal 964 Hz 0.6 pC =79 dBm Abnormal Protrusion 1
2007/12/10 14:15:08_| _Internal 962 Hz 0.9pG [ =75 dBm [ _Abnormal Protrusion 1
2007/12/10 14:11:38 Internal 960 Hz 0.7 pC -78 dBm Abnormal Protrusion 1
2007/12/10 14:08:09 Internal 962 Hz 0.6 pC =79 dBm Abnormal Protrusion 1
2007/12/10 14:04:40 | Internal 964 Hz 0.7pG [ =77 dBm [ _Abnormal Protrusion 1
2007/12/10 14:01:14 Internal 962 Hz 0.7 pC -78 dBm Abnormal Protrusion 1
2007/12/10 13:57:47 Internal 962 Hz 0.8 pC -76 dBm Abnormal Protrusion 1
2007/12/10 13:54:19 Internal 960 Hz 0.6 pC =19 dBm Abnormal Protrusion 1
2007/12/10 13:50:52 Internal 962 Hz 0.8 pC =71 dBm Abnormal Protrusion 1
<Frequency Spectrum> <Phase Specirum>
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2007/12/10 14:19:48 Internal 1638 Hz 1 0.2 pC -88 dBm Abnormal Protrusion 1
2007/12/10 14:16:17 Internal '638 Hz || 0.3 pC -85 dBm Abnormal Protrusion 1
2007/12/10 14:12:48 Internal 1 534 Hz 0.2 pC -89 dBm Normal Normal 0
2007/12/10 14:09:18 Internal 1640 Hz o 0.2 pC -87 dBm Abnormal Protrusion 1
2007/12/10 14:05:49 Internal 1638 Hz || 0.3 pC -84 dBm Abnormal Protrusion 1
2007/12/10 14:02:22 Internal 1638 Hz 1| 0.2 pC -88 dBm Normal Protrusion 0
2007/12/10 13:58:55 Internal "534 Hz || 0.2 pC -87 dBm Normal Normal 0
2007/12/10 13:55:29 Internal 1532 Hz 0.2 pC -87 dBm Normal Normal 0
2007/12/10 13:52:01 Internal "532 Hz | 0.2 pC -88 dBm Normal Normal 0
L 4
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S45 3atm 16kV UHF A ‘

2007/12/10 14:52:30 || internai || 1026 Hz 6 pC =59 dn_ ||~ Abnormal Protrusion 5
2007/12/10 14:49:00 Internal 1028 Hz 2.4 pC —67 dBm Abnormal Protrusion 4
2007/12/10 14:45:30 Internal 1026 Hz 4.8 pC —61 dBn || Abnormal Protrusion 5
2007/12/10 14:41:59 Internal 1028 Hz 2.1 pC —68 dBn || Abnormal Protrusion 4
2007/12/10 14:38:35 Internal 1028 Hz 3.6 pC —63 dBn | Abnormal Protrusion 5
2007/12/10 14:35:04 Internal 1026 Hz 3 pC —65 dBn || Abnormal Protrusion 4
2007/12/10 14:31:31 Internal 1026 Hz 2.7 pC —66 dBn || Abnormal Protrusion 4
2007/12/10 14:28:00 Internal || 1028 Hz || 2.1 pC || —68 dBm | Abnormal Protrusion 4
2007/12/10 14:24:32 Internal 1028 Hz 2.4 pC —67 dBm_|| Abnormal Protrusion 4
<Frequency Spectrum> <Phase Specirum>
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-20

-100
o

S45 3atm 16KV UHF B (°.°)

2007/12/10 14:53:41 Internal 964 Hz 1.5 pC =71 dBm Abnormal Protrusion 4
2007/12/10 14:50:10 Internal 962 Hz 1.1 pC -73 dBm Abnormal Protrusion 4
2007/12/10 14:46:40 Internal 960 Hz 1.1 pC =13 dBm Abnormal Protrusion 4
2007/12/10 14:43:09 Internal 964 Hz 1.6 pC =11_dBm Abnormal Protrusion 4
2007/12/10 14:39:43 Internal 1188 Hz 1.4 pC -712 dBm Abnormal Protrusion 4
2007/12/10 14:36:15 Internal 958 Hz 1.5 pC -1 dBm Abnormal Protrusion 4
2007/12/10 14:32:42 Internal 962 Hz 2.1 pC —68 dBm Abnormal Protrusion 4
2007/12/10 14:29:10 Internal 960 Hz 2 pC —69 dBm Abnormal Protrusion 4
2007/12/10 14:25:41 Internal 964 Hz 1.5 pC =71 dBm Abnormal Protrusion 4
<Frequency Spectrum> <Phase Specirum>
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S45 3atm 16kV UHF D ‘

r-——-1
'

2007/12/10 14:54:51 Internal 1 642 Hz 1 0.5 pC -81 dBm Abnormal Protrusion 1
2007/12/10 14:51:20 Internal 644 Hz | 0.4 pC -83 dBm Abnormal Protrusion 1
2007/12/10 14:47:50 Internal 1638 Hz! 0.3 pC -84 dBm Abnormal Protrusion 1
2007/12/10 14:44:20 Internal 1 642 Hz 1 0.5 pC -81 dBm Abnormal Protrusion 1
2007/12/10 14:40:51 Internal 1640 Hz | 0.9 pC -15 dBm Abnormal Protrusion 1
2007/12/10 14:37:27 Internal 1640 Hz'! 0.3 pC —86 dBm Abnormal Protrusion 1
2007/12/10 14:33:53 Internal 1 640 Hz | 0.9 pC ~15 dBm Abnormal Protrusion 1
2007/12/10 14:30:20 Internal 642 Hz | 0.7 pC -18 dBm Abnormal Protrusion 1
2007/12/10 14:26:50 Internal 1642 Hz! 0.4 pC -83 dBm Abnormal Protrusion 1
<Frequency Spectrum> <Phase Specirum>
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EFFECT OF PARTICLE POSITIONS AND
PHASE SHIFT SETTING ON SUCCES RATE

EXPERIMENT RESULTS: UHF A, 3 atm (B=0), 2 atm (B=A)
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EFFECT OF SENSOR POSITIONS AND PHASE

SHIFT SETTING ON SUCCES RATE

EXPERIMENT RESULTS: S270, 3 atm, 36 kV, p=1500

100 A A A B
® B=0
— AB=A @ A
X 75
w D
|_
<
@ 50
n
L
s
D 25
n
0 e ® O
UHF A UHF B UHF D
SENSOR POSITION 213
S270 36kV 3atm UHF A shift 150
207/12/0 18:24:2|  Intermal 1024H | 27.4 G| 46 dBn| Aol Protrusion 5
@ | X07/12/0 18:0:0|  Intemal 100H | 31.4pC| 45 dn | Arormal Pratrusion 5
207/12/9 18:16:59 |  Intermal 1026 H [ 17.3pC | 50 dBn| Aoronmal Protrusion 5
207/12/09 18:13:29|  Intermal 1026H (| 208pC| 48 dn| Arommal Protrusion 5
A01/12/09 18:09:58|  Interral 106H || 286pC | 45 dn | Arormal Protrusion 5
207/12/9 18:06:9|  Intemal 1026 H [ 125pC | 53 dBn| Aorormal Protrusion 5
207/12/09 18:03:00|  Intermal 1026H [ 15.7pC| -51 dBn| Aol Protrusion 5
207/12/09 17:59:31 | Intermal 1026H | 17.3pC| S0 dn| Arormel Protrusion 5
A01/12/09 17:5601 || Interral 1024H | 1.5pC | =M dBn|  Arormal Protrusion 4

CFrequency Spectrum>

<Phase Spectrum>

[dBm]
-20
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S270 36kV 3atm UHF B shift 150

2001/12/09 18:25:13 Internal 1180 Hz 0.70C [ —78 i || Abnormal Protrusion 1
2007/12/09 18:21:41 Internal ngahz 0.8 pC || -76 dim || Abnormal Protrusion 1
2007/12/09 18:18:10 Internal 1188 Hz 0.7pC || /8 din ||  Abnormal Protrusion 1
2001/12/09 18:14:39 Internal 1190 Hz 0.7pC (| =77 dBn || Abnormal Protrusion 1
2007/12/09 18:11 09 Internal 1190 Hz 0.6 pC || 79 din ||  Abnormal Protrusion 1
2001/12/09 18:07:39 Internal 1190 Hz 0.5pC | 80 din || Aonormal Protrusion 1
2001/12/09 18:04:09 Internal 1188 Hz 0.5pC | 80 dBn | Abnormal Protrusion 1
2007/12/09 18:00:40 | Internal 110K | 1.1pC || —74 dBn | Aonormal Protrusion 4
2001/12/09 17:57:12 Internal 1178 Hz 0.4pC | -82 din |  Abnormal Protrusion 1
<Frequency Spectrum> <Phase Specirum>
[pG1 [dBm] [pG1
B 500 -20 h00
i 00 . t200
: 100 100
SRR PR & O PR PRPRPROYS 1
: 20 : : 20
: 10 : 10
: 5 -60 : 5
: 1 : 1
- 8.8 : 83
1500 e 180 360
245
S270 36KV 3atm UHF D shift 150 @
2001/12/09 18:96:23 | internal 1004 Hz 0.4 pC -8 din Abnormal Protrusion 1
007/12/09 18:22:52 || Internal 1054 Hz 0.5 pC —81 din Abnormal Protrusion 1
2007/12/09 18:19:20 ||  Internal 1050 Hz 0.5 pC -81 din Abnormal Protrusion 1
2007/12/09 18:15:49 | Internal | 1062 Hz | 0.5 pC -81 din Abrormal Protrusion 1
2007/12/09 18:12:19 ||  Internal 1054 Hz 0.4 pC —-83 din Abnormal Protrusion 1
2007/12/09 18:08:49 || Internal 1052 Hz 0.4 pC -83 din Abnormal Protrusion 1
2007/12/09 18:05:19 | Internal | 1062 Hz | 0.3 pC -84 din Abrormal Protrusion 1
2007/12/09 18:01:50 || Internal 1062 Hz 0.5 pC -80 din Abnormal Protrusion 1
007/12/09 17:58:21 | Internal 1050 Hz 0.3 pC -84 din Abnormal Protrusion 1
<Frequency Spectrum> <Phase Spectrum>
[pC1 [dBm] [pC1
B 500 -20 500
i 200 200
: 100 100
P -is50 50
: 20 : : 20
: 10 : : 10
: 5 -50 : : 5
o b : : 85
ot o1 ,__,___w o1
-100
0 500 1000 1500 0 180 360
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S270 3atm 36kV shift 0 UHF D

2007/12/07 22:24:04 1054 Hz 0.3 pC —86 dBm Abnormal Particle on Spacer 5
2001/12/07 22:20:40 1052 Hz 0.4 pG 82 dBm Abnormal Floating Particle 3
2007/12/07 2:17:11 1052 Hz 0.4 pC -82 dBn Abnormal Particle on Spacer 5
2001/12/07 22:13:46 1054 Hz 0.4 pC -83 dBn Abnormal Particle on Spacer 5
2007/12/07 22:10:19 1062 Hz 0.4 pC —83 dBn Abnormal Particle on Spacer 5
2001/12/07 22:06:41 1080 Hz 0.4 pC —83 dBn Abnormal Floating Particle 3
@ |__2007/12/07 22:03:16 1080 Hz 0.5 pC —-81 dBm Abnormal Particle on Spacer 5
2007/12/07 21:59:45 1050 Hz 0.4 pC —-83 dBm Abnormal Particle on Spacer 5
2007/12/07 21:56:15 1054 Hz 0.3 pC —-86 dBm Normal Particle on Spacer 0
<Frequency Spectrum> <Phase Spectrum)>
[pC1 [dBm] [pG]
h00 -20 N s00
1200 o0
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1500 o 180 360
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EFFECT OF SENSOR POSITIONS AND PHASE
SHIFT SETTING ON SUCCES RATE

EXPERIMENT RESULTS: S270, 2 atm, 16 kV, p=1500
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SENSOR POSITION 248
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S270 2atm 16kV UHF A

Measurement time ter frequel| detection [|detection [ GIS Condition Confidence Risk
__2008/02/21 1026 Hz 2.7 pC -66 _dBm Abnorma | Protrusion 4
008/02/21 1024 Hz 2.9 pC -65 _dBm Abnorma| Floating Particle 3
008/02/21 1026 Hz 2.2 pC -68 dBm Abnorma | Protrusion 4
_..2008/02/21 1024 Hz 4.1 pC -62 dBm Abnorma| Protrusion 5
___2008/02/21 1026 Hz 4.1 pC =62 dBm Abnorma | Protrusion 5
2008/02/21 1028 Hz 2.7 pC -66 dBm Abnorma | Protrusion 4
2008/02/21 1018 Hz 1.4 pC —72 dBm Abnormal Floating Particle 3
2008/02/21 1.3 pG ~12 dBm Abnormal Floating Particle 3
2008/02/21 2.3 pC —-67 dBm Abnorma | Protrusion 4
2 2.3 pC -67 dBm Abnorma| Protrusion 4
6.9 pC —58 dBm Abnormal Protrusion 5
(41: 2.5 pC =67 dBm Abnormal Protrusion 4
16:38:02 1028 Hz 6.6_pC —58 dBm Abnorma| Protrusion 5
16:34:34 1020 Hz 2.5 pC =67 dBm Abnormal Protrusion 4
2008/02/21 16:31:06 1024 Hz 2.7 pC —66 dBm Abnormal Protrusion 4
2008/02/21 16:27:39 1026 Hz 3.8 pC -63 dBm Abnormal Protrusion 5
:-“2-1]“8[()212] 16:24:12 26 2.6 pC ~66 dom || Abnormal Protrusion 4
<Frequency Spectrum> <Phase Spectrum>
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S270 2atm 16kV UHF B

[ Measurement nter frequen{ detection detection [dH[ GIS Condition Confidence Risk
: P!
: p
: P
: P
) : P g na
2008/02/ : p Abnormal Particle on Spacer
_.2008/02/! : p Abnormal Protrusion
2 H p
: P
: P
02/ . ]
2008/02/ . p
_.2008/02/! 1427 [
02, :10:59 p
107:32 p
. /02/ -04: p Protrusion
2008,/02/ B p Norma
2008/02/ : p Protrusion
02, : p Protrusion
[02/21 16:42 ] Norma
/02/! 'H 1302 Hz p Protrusion
<Frequency Spectrum> <Phase Spectrum>
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S270 2atm 16kV UHF D

EFFECT OF SENSOR POSITIONS AND PHASE

SHIFT SETTING ON SUCCES RATE

EXPERIMENT RESULTS: S45, 2 atm, 16 kV

N
a1
T

100 z ] @
® =0
~ og 150 ¢
= -
E’\/ 75 TAB=A
LU
|_
<
5) 50 .
LU
O
O
-]
0p]

UHFA UHFB UHFD

SENSOR POSITION

T 2008/02/21 18:36:33 638 iz 0.5 pC -80_dBm Normal External Noise 0
____2_(_)08/02/21 18:33:02 638 Hz 0.5 pC -81 dBm Normal External Noise 0
|___2008/02/21 18:29:32 636 Hz 0.4 pC -82 dBm Normal External Noise 0
2008/02/21 18:26:02 640 Hz 0.5 pC -80_dBm Abnormal Protrusion 1
____2_(_)08/02/21 18:22:33 638 Hz 0.5 pC —81 dBm Normal External Noise 0
|___2008/02/21 18:19:05 640 Hz 0.6 pC —19_dBm Abnormal Protrusion 1
2008/02/21 18:15:36 640 Hz 0.5 pC —80_dBm Abnormal Protrusion 1
____2_(_)08/02/21 18:12:09 638 Hz 0.5 pC —81 dBm Normal External Noise 0
|___2008/02/21 18:08:41 1028 Hz 0.6 pC —719_dBm Abnormal Protrusion 1
2008/02/21 18:05:13 640 Hz 0.5 pC -81_dBm Abnormal Protrusion 1
____2_(_)08/02/21 16:54:13 640 Hz 0.5 pC —81 dBm Abnormal Protrusion 1
|___2008/02/21 16:50:50 640 Hz 0.5 pC -80_dBm Abnormal Protrusion 1
2008/02/21 16:47:20 640 Hz 0.5 pC —80 dBm Abnormal Floating Particle 3
____2_(_)08/02/21 16:43:50 638 Hz 0.5 pC —80 dBm Normal External Noise 0
|___.2008/02/21 16:40:21 640 Hz 0.6_pC —719_dBm Abnormal Protrusion 1
2008/02/21 16:36:53 640 Hz 0.5 pC —80 dBm Abnormal Protrusion 1
2(_)08/02/21 16:33:25 638 Hz 0.5 pC —81 dBm Normal External Noise 0
|___2008/02/21 16:29:57 640 Hz 0.5 pC -80_dBm Abnormal Protrusion 1
2008/02/21 16:26:30 640 Hz 0.5 pC -81 dBm Abnormal Particle on Spacer 5
<Frequency Spectrum> <Phase Spectrum)>
pG1 [dBm] [pC]
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S45 2atm 16kV shift 0 UHF D

2008/02/15 17:52:02 1296 Hz 1.5 pC |[=71 _dBm Abnorma| Protrusion 4
2008/02/15 17:48:29 970 _Hz 0.8 pC (| -77 dBm Abnormal Protrusion 1
08/02/15 17:44: 968 Hz 2 pC_|(~69 dBm Abnorma Protrusion 4
08/02/15 17:41: 972 Hz 1.5 pC || -71_dBm Abnorma Protrusion 4
08/02/15 17:31: 1312 Hz 1.pC || =75 dBm Abnorma Protrusion
08/02/ 7:34: 972 Hz 1.8 pC || -69 dBm Abnorma Protrusion 4
2008/02/15 17:30:48 1298 Hz 0.8 pC (| -77 dBm Abnorma | Protrusion 1
2008/02/15 17:27:16 972 Hz 1.6 pG || 70 dBm Abnormal Protrusion 4
2008/02/15 17:23:44 972 Hz 1.1 pG || 73 dBm Abnorma | Protrusion 4
2008/02/15 17:20:13 970 Hz 1.4 pG || ~72 dBm Abnormal Protrusion 4
@ |_2008/02/15 17:16:42 972 Hz 2.1 pC |68 dBm Abnorma | Protrusion 4
2008/02/15 17:13:11 972 Hz 1.4 pG || ~72 dBm Abnormal Protrusion 4
2008/02/15 17:09:41 974 Hz 1.pC _||~-75 dBm Abnormal Protrusion 1
2008/02/15 17:06:11 972 Hz 1.2 pG || 73 dBm Abnormal Protrusion 4
2008/02/15 17:02:42 972 Hz 1.pC _||-74 dBm Abnorma| Protrusion 1
2008/02/15 16:59:13 1266 Hz 0.8 pC (|-76 dBm Abnormal Protrusion 1
2008/02/15 16:55:45 972 Hz 1.6 pC |[-71 dBm Abnorma | Protrusion 4
<Frequency Spectrum> <Phase Spectrum)>
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<Frequency Spectrum>

Normal| 0.
External Noise . 0.
S45 16kV 2atm UHE A ’;Aobile Phone 22 20%Void in Spacer 0. 00%
Shift 150 Protrusion 50.10%(F loating Electrode 0. 00%|
Free Particle 6.80f
Floating Particle 0.10"
2008/01/17 20:36:08|  Internal 1026 Kz 8.3pC [ 56 dim | Abnormal Protrusion 5
2008/01/17 20:32:38|  Internal 1026 Hz 5.7pC || -59 dim || Abnormal Free Particle 2
2008/01/17 20:29:08| Internal 1028 Hz 1.2pC [ 57 dBn Normal Mobi le Phone 0
2008/01/17 20:25:39|  Internal 1028 Kz 41pC || 62 dim || Abnormal Free Particle 1
2008/01/17 20:22:10| Internal 1030 Kz 6.6 pC | -58 din Normal Mobi le Phone 0
2008/01/17 20:18:42(  Internal 1024 Kz 3.8pC | 63 dim Normal Mobi le Phone 0
2008/01/17 20:15:14|  Internal 1026 Kz 3.3pC | —64dAn | Abnormal Protrusion 5
2008/01/17 20:11:4](  Internal 1026 Kz 3.1pC [ —65dim || Abnormal Protrusion 5
(] _g(_!_BgOVﬂ 20:08:21 Internal 1026 Hz 41pC || 62 dAn || Abnormal Protrusion 5

<Phase Specirum>
pC1 [dBm]

rG1

500 -20

5 -60
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S45 16kV 2atm UHF B
shift 150

[
[Normal

External Noise

Mobi le Phone

Protrusion

Free Particle

Floating Particle

@ [72008/01/17 20:37:18 || Internai 970 Hz 0.8 pC |[ -77 d?m Abnormal Protrusion 1
2008/01/17 20:33:48 | Internal 970 Hz__ || 0.6 pC || -79 dBm Normal Mobi le Phone 0
2008/01/17 20:30:18 || Internal 970 Hz 1.9 pC || -69 dBm Normal Mobile Phone 0
2008/01/17 20:26:49 || Internal 970 Hz 0.7 pGC || -78 dBm Abnormal Protrusion 1
2008/01/17 20:23:20 | Internal 974 Hz 1.2 pC || -13 dBm Normal Mobi le Phone 0
2008/01/17 20:19:51 [ Internal 968 Hz 1.2 pC || ~13 dBm Normal Mobi le Phone 0
2008/01/17 20:16:24 || Internal 972 Hz 0.7 pC |[ -78 dBm Abnormal Protrusion 1
2008/01/17 20:12:56 || Internal 972 Hz 0.7 pGC || -77 dBm Abnormal Protrusion 1
2008/01/17 20:09:30 || Internal 1216 Hz || 0.4 pC ]| 82 dBm Normal Mobi le Phone 0

<Frequency Spectrum> <Phase Specirum)>
rC1 [dBm] [pC1
500 -20 N T 500
200 S AP &-2111]
100 : : 100
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20 . - 20
10 : : 10
5 -60 : : 5
t : Mﬁg
R o WY O . : : o1
1000 1600 [} 180 360 255
r SR ik g ]
Normal O.IW%CI Particle on Spacer 0.00%
S45 16kV 2atm UHF A External Noise 0.00%(Spacer Crack 0.00%
. Mobile Phone 0.00%|Void in Spacer 0. 00!
Shlft 167 Protrusion 98.90%||F loating Electrode 0. 00!
Free Particle 0.907
Floating Particle 0.
5008/01/17 21:12:14 || _Internal 1028 Hz || 6.3 pC || -b9 dBm || Abnormal Protrusion 5
2008/01/17 21:08:46 Internal 1024 Hz 1.9 pC -69_dBm Abnormal Protrusion 4
2008/01/17 21:05:18 Internal 1028 Hz 1.2 pG -b7 dBm Abnormal Protrusion 5
2008/01/17 21:01:51 Internal 1026 Hz 8.3 pC -56 dBm Abnormal Protrusion 5
__2_QQ§/01/17 20:56:40 Internal 1026 Hz 4.8 pC -61 dBm Abnorma | Protrusion 5
200§/01/17 20:53:17 Internal 1032 Hz 4.5 pGC -61 dBm Abnormal Protrusion 5
1.2008/01/17.20:49:54 || _Internal 1028 Hz || 10.9 pC || -54 dBm Abnorma| Protrusion 5
2008/01/17 20:46:27 Internal 1030 Hz 4 pC =63 dBm Abnormal Protrusion 5
2008/01/17 20:43:00 Internal 1028 Hz 5 pC -61 dBm Abnormal Protrusion 5
<Frequency Spectrum> <Phase Specirum)>
[dBm] [pC1
-20
-60
-100
[} 180 360 256
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[Normal
External Noise
S45 16kV 2atm UHF B o5t Te Frore
shift 167 Protrision
Free Particle
Floating Particle
2008/01/17 21:13:24 Internal 968 Hz 0.8 pC =71 dBm Abnormal Protrusion 1
2008/01/17 21:09:55 Internal 972 Hz 1.1 pC =13 dBm Abnormal Protrusion 4
2008/01/17 21:06:21 Internal 970 Hz 1.3 pC -13 dBm Abnormal Protrusion 4
2008/01/17.21:03:00_|| _ Internal 910 Hz 1.0C =15 dBn Abnormal Protrusion 1
2008/01/17 20:57:48 Internal 974 Hz 0.6 pC -79 dBm Abnormal Protrusion 1
@ | 2008/01/17 20:54:25 Internal 970 Hz 1.4 pC =11 _dBm Abnormal Protrusion 4
2008/01/17 20:51:02 Internal 970 Hz 0.8 pC -71 dBm Abnormal Protrusion 1
2008/01/17 20-47:36 Internal 970 Hz 0.8 pC —71 dBm Abnormal Protrusion 1
2008/01/17 20-44:09 Internal 972 Hz 0.9 pC -16_dBm Abnormal Protrusion 1
<Frequency Spectrum> <Phase Specirum)>
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EFFECT OF APPLIED VOLTAGE AND PHASE
SHIFT SETTING ON SUCCES RATE

EXPERIMENT RESULTS: S270, 3 atm, UHF A, A=150°
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EFFECT OF APPLIED VOLTAGE AND PHASE
SHIFT SETTING ON SUCCES RATE

EXPERIMENT RESULTS: S270, 2 atm, UHF A, A= 1500

100 A
8 75 LAP=A
L
l—
&
& 50
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3
S5 25
w

0 ° °
0 10 20 30 40

259
APPLIED VOLTAGE (kV)

S90 1atm 24kV shift 0 UHF A

2007/12/20 20:55:26 1028 Hz 1.5 pC -71 dBmn Spacer Crack 5
@ | 2007/12/20 20:51:55 1028 Hz 3.4 pC —64 dBm Spacer Crack 5
2007/12/20 20:48:26 1028 Hz 1.5 pC -71 dBn External Noise 0
2007/12/20 20:44:57 1028 Hz 2.4 pC —67 dBn Spacer Crack 5
2007/12/20 20:41:28 1030 Hz 1.7 pC -70 dBm Particle on Spacer 5
2007/12/20 20:38:00 1028 Hz 2 pC —69 dBmn Spacer Crack 5
2007/12/20 20:34:32 1028 Hz 1.9 pC —69 dBn Spacer Crack 5
2007/12/20 20:31:05 1028 Hz 1.8 pC —69 dBn Spacer Crack 5
2007/12/20 20:27:41 1028 Hz 1.6 pC =70 dBm Spacer Crack 5
<Frequency Spectrum> <Phase Spectrum>
[dBm] [pG1
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S90 latm 24kV shift 150 UHF A
2007/12/20 19:53:10 1028 Hz 2.3 pC —67 dBm Free Particle 1
2007/12/20 19:49:40 1028 Hz 1.8 pC —69 dBm Free Particle 1
2007/12/20 19:46:10 1030 Hz 1.9 pC —69 dBm Free Particle 1
2007/12/20 19:42:41 1028 Hz 3.1 pC —65 dBm Free Particle 1
2007/12/20 19:39:13 1030 Hz 2.1 pC —68 dBm Free Particle 1
2007/12/20 19:35:45 1028 Hz 3.1 pC —65 dBm Free Particle 1
2007/12/20 19:32:18 1028 Hz 1.4 pC =11 dBm Free Particle 1
2007/12/20 19:28:50 1030 Hz 1.4 pC =11 dBm Free Particle 1
2007/12/20 19:25:24 1028 Hz 2.1 pC —68 dBm Free Particle 1
2007/12/20 19:21:58 1030 Hz 1.6 pC =11 dBm Free Particle 1
<Frequency Spectrum> <Phase Spectrum>
[dBm] [dBm] [pG1
_20 -20
_60 -60
o " 100 | |261
S90 latm 24KkV shift 30 UHF A
2007/12/20 19:11:18 1026 Hz 1.4 pC =11 _dBm Floating Electrode 1
2007/12/20 19:07:48 1028 Hz 1.4 pC =12 dBn Floating Electrode 1
2007/12/20 19:04:20 1028 Hz 1.7 pC =70 dBn Particle on Spacer 5
2007/12/20 19:00:50 1028 Hz 1.8 pC —69 dBn External Noise 0
2007/12/20 18:57:21 1024 Hz 1.8 pC —69 din Particle on Spacer 5
2007/12/20 18:53:51 1028 Hz 1.5 pC =11 dBm Particle on Spacer 5
2007/12/20 18:50:23 1030 Hz 1.6 pC =11 &Bn_ | Particle on Spacer 5
2007/12/20 18:46:55 1028 Hz 1.3 pC =12 dBn Particle on Spacer 5
CFrequency Spectrum> <Phase Spectrum>
[dBm! [pcl [dBm] [pG1
=20 -20
_60 -60
-100 -0, 1s.u 260 262

131



S90 latm 16kV shift 0 UHF A

2007/12/20 21:30:02 1028 Hz 1.1 pC =14 din Particle on Spacer 5
2007/12/20 21:26:32 1028 Hz 1.2 pC =13 dim Particle on Spacer 5
2007/12/20 21:23:02 1028 Hz 1.1 pC -13 din Particle on Spacer 5
2007/12/20 21:19:32 1028 Hz 1 pG —74 dBn Particle on Spacer 5
207/12/20 21:16:03 1028 Hz 1.6 pC =/0 dBn Particle on Spacer 5
2007/12/20 21:12:3% 1028 Hz 1.6 pC -/0 dBn Particle on Spacer 5
2007/12/20 21:09:07 1026 Hz 1.4 pC -1 dBn Particle on Spacer 5
2007/12/20 21:06:40 1026 Hz 1 pC =75 din Particle on Spacer 5
{Frequency Spectrum> {Phase Spectrum)>
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S90 latm 16kV shift 150 UHF A
2008/01/17 15:26:44 1026 Hz 1pC | -74 dBm Free Particle 1
2008/01/17 15:23:13 1028 Hz 1 pC -14 dBm Free Particle 1
2008/01/17 15:19:42 1028 Hz 1.1 pG || =73 dBm Free Particle 1
2008/01/17 15:16:12 1026 Hz 1.1 pC || =713 dBm Free Particle 1
@ | 2008/01/17 15:12:43 1030 Hz 1.4 pC || =72 dBm Protrusion 4
2008/01/17 15:09:14 1030 Hz 1.1 pC || =74 dBm Free Particle 1
2008/01/17 15:05:50 1030 Hz 1.4 pG || =71 dBm Free Particle 1
2008/01/17 15:02:23 1028 Hz 1.7 pG || =70 dBm Free Particle 1
2008/01/17 14:58:54 1028 Hz 1.1 pC || =74 dBm External Noise 0
<Frequency Spectrum> <Phase Spectrum)>
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S90 latm 16kV shift 270 UHF A

2008/01/17 16:01:00 1026 Hz 1.1 pC =14 dBm External Noise 0
2008/01/17 15:57:30 1028 Hz 1.5 pC —11_dBm External Noise 0
2008/01/17 15:54:01 1026 Hz 1.2 pC =13 dBm External Noise 0
2008/01/17 15:50:32 1030 Hz 1.5 pC =11 dBm External Noise 0
2008/01/17 15:47:02 1028 Hz 0.9 pC =15 dBm External Noise 0
2008/01/17 15:43:33 1028 Hz 1.4 pC =12 dBm External Noise 0
2008/01/17 15:40:03 1030 Hz 1.3 pC -12 dBm External Noise 0
@ |__2008/01/17 15:36:35 1028 Hz 2 pC =69 dBm External Noise 0
2008/01/17 15:33:07 1030 Hz 1.8 pC —69 dBm External Noise 0
{Frequency Spectrum> {Phase Spectrum)>
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