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Abstract: Transient earth voltage (TEV) signals propagate on metal surfaces when partial discharge (PD) occurs due to

the deterioration of insulation performance in the operation of gas-insulated switchgears (GIS). A TEV sensor has

advantages of high sensitivity and convenient installation for detecting PD defects. However, the TEV sensor depends

on imports in domestic and detailed studies have not been conducted. In this study, a sensor was designed and fabricated

by the TEV principle and its response characteristics were evaluated for detecting PD defects, which were simulated as

protrusion on conductor (POC), protrusion on enclosure (POE), and free moving particle (FMP) defects. Finally, the

PD-induced TEV signals were measured and phase-resolved partial discharge (PRPD) patterns were analyzed to identify

the type of defect.
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1. INTRODUCTION

Partial discharge (PD) is one of the important indicators of
insulation deterioration for high- and medium-voltage power
equipment. In IEC 60270, PD is defined as a localized electrical
discharge that only partially bridges the insulation between
conductors and which can or cannot occur adjacent to a
conductor [1]. PD can occur at any point in the insulating
system, where the electric field strength exceeds the breakdown

strength of that portion of the insulating material. Although the
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magnitude of such discharge is usually small in the early stage,
it causes progressive deterioration and finally results in the
failure of power facilities such as high-voltage power
transformers, gas-insulated switchgears (GIS), and medium-
voltage switchgears. Therefore, it is essential to detect PD in
the early deterioration process of insulating system to prevent
their failure [2-4].

The on- and off-line PD measurement methods have been
developed to improve their performances over several decades.
PD measurement methods can be divided into a conventional
method based on IEC 60270 and non- conventional methods
including ultra high frequency, acoustic emission, and
transient earth voltage (TEV). One of them, the non-contact
TEV method has advantages to install sensors conveniently
without any intrusion in service and it does not affect the

insulation since the sensor detects the TEV signals induced by
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PD. In the past, TEV sensor was used to measure time-varying
electric field but recently it has been widely used as a high-
sensitive sensor to detect high-frequency signals such as PD
and electrical arc for condition monitoring and power asset
management [5]. The research and development of the TEV
sensor, however, were mainly performed in foreign countries
and detail studies have not been conducted in Korea [6].

In this paper, the high-sensitive TEV sensor was designed
and fabricated to detect PDs and phase- resolved partial
discharge (PRPD) patterns were analyzed to identify types of
PD causes for GIS. The performance of TEV sensor proposed
in this paper was confirmed to be appropriate for PD
diagnosis of GIS and would be utilized for asset management
through optimal maintenance of power equipment in the
future.

2. METHOD FOR EXPERIMENT
2.1 TEV Sensor
2.1.1 Detection principle

TEV is induced on the grounded metal surface when PD
occurs owing to insulation deterioration in power equipment.
When PD occurs on the discontinuous shielding point between
an insulator and a flange joint, electromagnetic waves with high
frequencies are produced and induced on the metal surface.
The TEV sensor is used to detect voltage of stray capacitance
between a grounded metal enclosure and a metal plate with a
gap of a few millimeters. The magnitude of TEV signal V is
obtained by

Vzc(fiij)/(/fsEodS)dt (1)

here £ is electric field parallel to the surface of metal plate,
C'is capacitance between the grounded metal enclosure and
the metal plate, S is the cross-sectional area of the electrode,
¢ is the skin depth, o is the conductivity, and j is the current
density induced on metal enclosures. The magnitude of
signal detected by the TEV sensor is proportional to the
cross-sectional area and is non-proportional to the capacitance
and impedance of metal surface.
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Fig. 1. TEV sensor. (a) Structure and (b) prototype.

The TEV sensor was designed considering above detection
principle. The structure and prototype are shown in Fig. 1. For
high-sensitive PD detection, a copper plate with a diameter of
70 mm and a thickness of 1 mm was used. The shape of the TEV
sensor was circular in order to avoid concentration of non-linear
electric field at the edges, and a BNC connector and PVC
insulation paper were directly attached on its contact surface.
The thickness of insulation layer for fabricating sensor enclosure

was 1 mm.

2.1.2 Response characteristics

In order to verify the response characteristics of the
fabricated TEV sensor, experimental system consisted of a
signal generator (SG, 1710), a pulse generator (PG, CALIA),
a metal-clad enclosure, and digital storage oscilloscope (DSO, DL
9140) was configured. The experimental setup is shown in Fig.
2. The signal generator with frequency range up to 1 GHz was
used to identify the characteristic of frequency response and
the pulse generator with apparent charge up to 100 pC was
used to identify the characteristics of sensitivity and response
time. The metal- cylindrical enclosure with size of 180 mm x
50 mm was used for simulating metallic surface of the GIS.
The pulse produced from the signal generator propagated on
the metal-cylindrical enclosure by skin effect and the TEV
sensor installed on the enclosure detected the TEV signal.

The DSO was used for signal acquisition.
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Fig. 2. Configuration of experimental setup for verifying the
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Fig. 3. Frequency spectrum of TEV sensor.

The characteristic of frequency response was analyzed
using the signal generator. The sinusoidal wave with a
magnitude of 1,000 mVrms was changed from 1 Hz to 150
MHz considering the frequency ranges of TEV signal. Figure
3 shows the result of frequency response of the fabricated
TEV sensor. The sensitivity was relatively higher in the
vicinity of 15 MHz to 30 MHz and was relatively lower in
the vicinity of 60 MHz and 90 MHz but the magnitude at a
specific frequency may be amplified due to the inherent
capacitance by the resonance phenomenon.

The characteristics of sensitivity and time response were
analyzed using the pulse generator. The pulse generator is
usually used to calibrate the experimental system by generating
a signal similar to the PD magnitude up to 100 pC. In this
experiment, it was used to identify the sensitivity and time
response. Figure 4(a) shows the example of response time
between the direct detection waveform of the current signal
applied by the pulse generator and the signal detected by the
TEV sensor. It can be seen that the time difference was 8ns.
Since average repetition time of PD pulse is a few hundred
microseconds to a few milliseconds when PD occurs, there is
no problem in sampling all the PD pulses detected from TEV
sensor which has response time of several nanoseconds.
Figure 4(b) shows sensitivity of TEV sensor depending on
magnitude of apparent charge produced by the pulse

generator. The results showed that sensor output was linear

309
Pulse generator TEV sensor
(a) 30 T T T £ T T
>
&
L
<
£
s
g .
<
0 50 100 150 200 250 300
Time [ns]
(b) 10 . ! : ! .
1204 ‘ 3 A
= | o
: [
£ 100 ; x i
] 80 | AT
S f A f
IS ; ;
o 60 LA : -
Z | A i
o ~ H
& 40 A ; -
5 - : i
2 0] A : :
20_ S ‘,/ e S AP
0 T T T T T
0 20 40 60 80 100

Injection charge [pC]

Fig. 4. Result of response characteristics. (a) Response time and
(b) sensitivity.

and proportional to magnitude of apparent charge. Its
sensitivity was 1.2 mV/pC.

3. RESULTS AND CONSIDERATION

3.1 Partial discharge measurement

3.1.1 Experimental setup

In order to simulate PD generated by the insulation
deterioration in GIS, the experimental system was set up as
shown in Fig. 5. The high voltage was applied by a dry-type
transformer with a maximum output of 50 kV and was
measured by a voltage divider with a ratio of 10,000:1.
PD-induced and TEV

simultaneously detected by a 50 & non-inductive resistor and

voltage pulse signal  were
a TEV sensor mounted on the shielding box, respectively. A
DSO with and a data acquisition (DAQ) were used for
recording the signals. The PRPD patterns depending defect
types were acquired based on the developed LabVIEW

program [7].
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Figure 6 shows PD electrode systems including protrusion
on conductor (POC), protrusion on enclosure (POE), and free
moving particle (FMP) to simulate the defects inside the GIS.
Each of them was placed in a shielding room to minimize the
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Fig. 5. Configuration of experimental setup.
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Fig. 6. Electrode systems. (a) Protrusion on conductor, (b) protrusion
on enclosure, and (c) free moving particle.
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influence of external interference. The POC and POE, which
were respectively used for simulating defect on GIS
conductor and enclosure, consisted of a needle electrode and
a plane electrode. The curvature radius of needle electrode
was 10 um and the plate electrode with a diameter of 50 mm
was made of tungsten- copper alloy. The edge of plate
electrode was rounded to prevent the concentration of the
electric field. The distance between the needle and the plate
electrode was 3 mm. In the FMP, the diameter of free particle

was 2 mm.

3.1.2 Detection and analysis

Figures 7 and 8 show typical detected voltage pulse and
TEV signal in time and frequency domain, respectively. It
can be seen that the voltage pulse had a pulse width of 0.34 1
s and a frequency up to 60 MHz. On the other hand, the
PD-induced TEV signal had a pulse width of 2 ps. The
frequency of TEV signal was distributed at a few MHz and
nearby 100 MHz. In addition, it was hard to distinguish the
type of insulation defect by comparing the waveform and the
frequency spectrum.
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Fig. 7. PD voltage pulse. (a) In time domain and (b) in frequency
domain.
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Fig. 8. PD-induced TEV signal. (a) In time domain and (b) in
frequency domain.

3.1.3 PRPD patterns

PRPD analysis of signal measured by the TEV sensor was
performed to identify type of insulation defects. PRPD
pattern was found to be very useful for identifying the type of
PD defect using phase angle, discharge magnitude, and count
of discharge occurrence by accumulating discharge pulses
within one cycle of the applied voltage. Figure 9 shows the
PRPD patterns depending on the electrode systems. The
applied voltage was about 8 kV. In the POC, most of the PD
pulses were distributed in the positive half of the applied
voltage with phase ranges from 30° to 130°. In the POE, on the
other hand, most of the PD pulses were distributed in the
negative half of the applied voltage with phase ranges from
215° to 320°. This was because discharge initiated at the
needle tip in the positive and negative of the applied voltage
in the POC and POE, respectively. Both of them, pulse counts
were almost same. PD pulses in the FMP were distributed
over whole phases and pulse counts were much less then other
two  defects. PRPD patterns
distinguishable features, they can be used to identify the

Since the presented

defect type for on-line condition monitoring of GIS.
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Fig. 9. PRPD patterns. (a) POC, (b) POE, and (c) FMP.

4. CONCLUSIONS

The research and development of TEV sensor were not
conducted in detail in domestic even though it has significant
advantages in PD detection for condition assessment of GIS.
In this paper, the TEV sensor was fabricated with theoretical
analysis and its response characteristics were analyzed to
check the performance for detecting PD signals. From this
paper, the following conclusions can be obtained.

1) It is well known that PD-induced TEV signal has
frequency range up to 150 MHz and the fabricated
sensor can detect the signal in the whole frequency
range.

2) Discharge pulse has average repetition time from a few
hundred microseconds to a few milliseconds when PD
occurs. The time differences between the directly
detected voltage signal and the TEV signal was 8ns, the
proposed sensor therefore can acquire all the PD pulses.

3) PRPD patterns were analyzed to distinguish types of
PD defects. The results showed that most of PD pulses

were distributed in the positive and negative half of the
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applied voltage in the POC and POE, respectively. PD
pulses in the FMP were distributed over the whole
phases and PD counts were much less than other two
defects.
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